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Clone FRI CDR1  FR2 CDR2 FR3 CDR3 FR4 (G48)3 Amino - FLAG
acids tag
VL
MADIVMTQSH GVPDRFTGSGSG
1 KFMSTSVGDR $:3§DVS ;V’;(SSEYPGO SASYRYT TDFTFTITNVQAE QQHYTTPLT 'lngGTKLEL gggg;GGGGS
VTIAC DLAVYYC
MADIVMTQSH GVPDRFTGSGSG
2 KFMSTSVGDR ,}::\?AQDVG \gggfgsaa WTSTRHT TDFTLTISNVQSE QQYSSYPLT iiAGTKLE] ggggEGGGGS
VSITC DLADYFC
MANIVMTQSH GVPDRFTGSGSG
4 KFMSTSVGDR .};:\S/\(/}DVS ‘ggggﬁsc‘o WASTRHT TDYILTISSVQAED QQHYSTPLT i(;AGTKLEL gggngGGGS
VSITC LALYYC
MADILLTQSQ GVPDRFTGSGSG
5 KFMSTSVGDR :Q\?AQNVG \gg}((}/?gsea SASYRYS TDFTLTISNVQSE QHYITYPYT iﬁGGTKLEI gggggGGGGS
VSVTC DLAEYFC
10 HGRYCDDPDSQIPACISRRQGYHNLQGQSECES*CSLVPTEARAVS*TADILYIQSLHWSP*SLHWQWIWDGFHFH  GGGGSGGGGS
HQHCAG*RPGTLLLSTTL*HSVDVRWRHQIGEIR (5 ¥§ 4 &) GGGGS
VH
DVHLVESGPG WVRQPPGK KSRLSISKDKSKS
1 LVAPSQSLSI i\é:\é\s/ﬁp\ GLEWLGMIW DGSTDYNSAL QVFLKMDSLQTD QgiDGGWYA WGQGT 248 (@)
TCTVSGFSLT G DTARYYCAR
EVQLVESGGG KGRFTISRDNPKD
2 LVQPGGSRKL SFGMH th/V!:\?:PEKG lY;,?VSGSSTlYYA TLFLQMTSLRSED ;SZZRCLLGP QCLGCSGR 244 O
SCAASGFTFS TAMYYCAR
4 RFSFSSLGQSLRDLGLQ*SCPARLLATPLLATGFS G¥NRGLDRVWNGLGLFILEMVI*GTLRS SRARPH*LQINPPA VHAS % 244 o
QPTCNSAAWHLRTLPSITVICIGSMLWTTGVKEPRSLSLQRP (5 $87])
EVQGVESGGG
KGRFTISRDNAKN
LVKPGGSLKL WVRQTPEKR TISGGGGNTYYP WGQGTLVT
5 SCAASGFTFS SYTMS LEWVA DSV TLYLQMSSLKSE SGSPFAY VSA 243 (@]
AA DTAMYYCAS
EVKGVESGGG T TGRFTISRDNAKN
10 LVKPGGSLKL SYAMS VLVQI\S\?SPEKR EI.?\'/SGG Fyp TLYLEMSSLRSED SPYGNYEYFD X/Vggf:l‘LT VLA x 247 (e}
SCAASGFTFS TAMYYCAR
Table 1 Amino acid sequence of scFv phage library.

Phage clones were randomly picked up from the scFv phage library, and the amino acids
sequences of scFv clones were analyzed.
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ABSTRACT

We previously found that claudin (CL) is a potent target for cancer therapy using a CL-3 and -4-targeting
molecule, namely the C-terminal fragment of Clostridium perfringens enterotoxin (C-CPE). Although CL-3
and -4 are expressed in various normal tissues, the safety of this CL-targeting strategy has never been
investigated. Here, we evaluated the tissue distribution of C-CPE in mice. Ten minutes after intravenous
injection into mice, C-CPE was distributed to the liver and kidney (24.0% and 9.5% of the injected dose,
respectively). The hepatic level gradually fell to 3.2% of the injected dose by 3 h post-injection, whereas
the renal C-CPE level gradually rose to 46.5% of the injected dose by 6h post-injection and then
decreased. A C-CPE mutant protein lacking the ability to bind CL accumulated in the liver to a much lesser
extent (2.0% of the dose at 10 min post-injection) than did C-CPE, but its renal profile was similar to that
of C-CPE. To investigate the acute toxicity of CL-targeted toxin, we intravenously administered C-CPE-
fused protein synthesis inhibitory factor to mice. The CL-targeted toxin dose-dependently increased
the levels of serum biomarkers of liver injury, but not of kidney injury. Histological examination
confirmed that injection of CL-targeted toxin injured the liver but not the kidney. These results indicate

that potential adverse hepatic effects should be considered in C-CPE-based cancer therapy.

© 2013 Published by Elsevier B.V.

1. Introduction

Most lethal cancers are derived from epithelial tissues (Jemal
et al., 2008), and many therapeutic strategies targeting such can-
cers have been developed. Selective delivery of anti-cancer agents
to cancer cells is a popular anti-cancer strategy (Adair et al., 2012;
Yewale et al., 2013). Many membrane proteins that are present at
much higher levels in cancer cells than in normal cells have been
identified. Antibodies have recently become available as anti-can-
cer drugs targeting breast cancer (pertuzumab, directed against
human epidermal growth factor receptor-2) and colon cancer
(panitumumab, directed against epidermal growth factor receptor)
(Dent et al,, 2013; Zouhairi et al.,, 2011).

Normal epithelial cells develop complex intercellular tight junc-
tions (TJs) that prevent the free movement of solutes across epithe-
lial cell sheets and of membrane proteins and lipids between apical
and basolateral membranes (Furuse and Tsukita, 2006;

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransfer-
ase; BSA, bovine serum albumin; BUN, blood urea nitrogen; CL, claudin; CPE,
Clostridium perfringens enterotoxin; C-CPE, C-terminal fragment of CPE; FACS,
fluorescence-activated cell sorter; PBS, phosphate-buffered saline; PSIF, protein
synthesis inhibitory factor; TJ, tight junction.

* Corresponding author. Tel.: +81 6 6879 8196; fax: +81 6 6879 8199.

E-mail address: masuo@phs.osaka-u.acjp (M. Kondoh).

0928-0987/$ - see front matter © 2013 Published by Elsevier B.V.
Jdx.doi.org/10.1018 2013.10.018

Rodriguez-Boulan and Nelson, 1989; Vermeer et al, 2003). In
contrast, T] functionality is frequently abnormal in transformed epi-
thelial cells. As a result, cellular polarity and intercellular contact are
often lost, both in the early stages of carcinogenesis and in advanced
tumors (Wodarz and Nathke, 2007). Such findings indicate that the
membrane proteins of TJs, which are difficult to access in normal
epithelia but are exposed in malignant cells, may be candidate
targets for cancer therapy.

Freeze-fracture replica electron microscopy has shown that TJs
present as a series of continuous, anastomotic, intramembranous
particulate strands, or fibrils (Farquhar and Palade, 1983;
Staehelin, 1973). The TJ-containing strands are composed of both
intracellular and integral membrane proteins, including claudin
(CL) (Anderson and Van ltallie, 2009). CL comprises a tetraspan
protein family with 27 members (Mineta et al, 2011). Interest-
ingly, the expression of CL-3 or -4, or both, is increased in breast,
gastric, intestinal, ovarian, pancreatic, and prostatic carcinomas
(Singh et al, 2010; Tsukita et al., 2008; Turksen and Troy, 2011).

Clostridium perfringens enterotoxin (CPE) causes food poisoning
in humans (McClane and Chakrabarti, 2004). CL-3 and CL-4 serve
as receptors for CPE, and CPE is cytotoxic to cells expressing these
CLs (Long et al, 2001; Sonoda et al., 1999). Intratumoral adminis-
tration of CPE attenuates pancreatic tumor growth, and intraperi-
toneal administration of CPE inhibits ovarian tumor growth
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Fig. 1. Flow cytometric analysis of the interaction of claudins (CLs) with the CF750-labeled C-terminal fragment of Clostridium perfringens enterotoxin (C-CPE). Mouse
fibroblast L cells were incubated with 10 pg/ml CF750-labeled C-CPE or a mutant form of C-CPE (also labeled with CF750) for 1 h and then subjected to fluorescence-activated
cell sorter analysis as described in the Materials and Methods. Unfilled curves show the results obtained when cells were not treated with C-CPE proteins. Filled curves show
data from C-CPE-treated cells. FL1-H indicates fluorescent intensity and M1 indicates C-CPE-bound cells.

(Mtichl et al,, 2001; Santin et al,, 2005). Moreover, the C-terminal
fragment of CPE (C-CPE) is a ligand of CL-3 and CL-4 (Sonoda
et al., 1999). We previously prepared a CL-targeting cytotoxic mol-
ecule via fusion of C-CPE and a protein synthesis inhibitory factor
(PSIF) derived from Pseudomonas exotoxin (Ebihara et al., 2006).
We found that intratumoral or intravenous administration of
C-CPE-fused PSIF attenuated the growth of murine breast cancer
cells (Saeki et al, 2009, 2010). Thus, drugs that include all or part
of CPE may be useful for targeting CLs in cancer therapy.

CLs are expressed throughout the body. Evaluation of the possi-
ble adverse effects of CL-targeting molecules is critical if the CPE
technology described above is to be used for cancer therapy. How-
ever, no such hazard assessment has been performed to date. Here,

we investigated the tissue distribution of C-CPE and the tissue
injury caused by C-CPE-fused PSIF.

2. Materials and methods

2.1. Cell cultures

Mouse fibroblast L cells expressing mouse CL-1, CL-2, CL-3,
CL-4, or CL-5 were kindly provided by Dr. S. Tsukita (Kyoto Univer-
sity). Cells were cultured in Eagle’s minimum essential medium
with 10% (v/v) fetal calf serum and 500 pg/ml G418 at 37 °C under
a 5% (v/v) CO, atmosphere.
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Fig. 2. In vivo distribution of the CF750-labeled C-terminal fragment of Clostridium
perfringens enterotoxin (C-CPE). Mice were intravenously injected with 2 ug/mouse
CF750-labeled C-CPE or a CF750-labeled C-CPE mutant. Tissues were removed at the
indicated times after injection and the intensity of fluorescence of each tissue was
measured as described in the Materials and Methods. Tissue C-CPE levels were calculated
as percentages of injected doses. Data are means + SEM (n = 5). ID, injected dose.

2.2. Preparation of C-CPE and C-CPE mutant protein

C-CPE, and a mutant form thereof, in which Ala was substituted
with Tyr and Leu at positions 306 and 315, were prepared as
described previously (Takahashi et al., 2008). Briefly, recombinant
plasmids derived from pET-16b, pET-C-CPE encoding histidine
(His)-tagged C-CPE, or a pET-C-CPE mutant encoding His-tagged
C-CPE mutant protein, were transduced into Escherichia coli strain
BL21 (DE3) (Novagen, Darmstadt, Germany), and production of
recombinant proteins was induced by adding isopropyl-p-D-thio-
galactopyranoside, Harvested cells were lysed in buffer A (10 mM
Tris-HCl [pH 8.0], 400 mM NaCl, 5 mM MgCls, 0.1'mM phenyl-
methylsulfonyl fluoride, 1 mM 2-mercaptoethanol, and 10% [v/v]
glycerol). Each lysate was applied to a HiTrap chelating HP column
(GE Healthcare, Chalfont St Giles, Buckinghamshire, UK), and the
recombinant protein was eluted with buffer A containing imidaz-
ole. This buffer was exchanged for phosphate-buffered saline
(PBS) by using a PD-10 column (GE Healthcare), and the purified
proteins dissolved in PBS were stored at —80 °C until use. The pur-
ity of the recombinant proteins was confirmed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis followed by staining
with Coomassie brilliant blue. Protein concentrations were quanti-
fied with a BCA protein assay ‘kit, using bovine serum albumin
(BSA) as a standard (Pierce Chemicals, Rockford, IL).

2.3. Animals

Female BALB/c mice (6-8 weeks of age) were purchased from
SLC, Inc. (Shizuoka, Japan). Mice were housed at 23 + 1.5 °C with a
12-hlight/12-h dark cycle and had free access to water and commer-
cial chow (Type MF; Oriental Yeast, Tokyo, Japan). Mice were al-
lowed to adapt to these conditions for at least 1 week after arrival.
All animal experiments adhered to the ethical guidelines of the
Graduate School of Pharmaceutical Sciences, Osaka University.
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Fig. 3. Serum markers of liver and kidney injury in mice injected with protein
synthesis inhibitory factor (PSIF) fused to the C-terminal fragment of Clostridium
perfringens enterotoxin (C-CPE). Mice were intravenously injected with PSIF at
2 pgfkg or C-CPE-fused PSIF at 0, 5, 10, or 20 ug/kg. Twenty-four hours later, serum
ALT (A), AST (B), and BUN (C) levels were measured as described in the Materials
and Methods. Data are presented as means + SEM (n = 5).

2.4. Preparation of CF750-labeled C-CPE proteins

C-CPE and the mutant form of the protein were labeled with the
fluorescent dye CF750 by using a XenoLight CF750 rapid antibody-
labeling kit (Caliper Life Sciences, Inc., Hopkinton, MA), in accor-
dance with the manufacturer’s instructions. The concentrations of
labeled C-CPEs were calculated according to the manufacturer’s pro-
tocol by using the following equation: Concentration (mg/
ml) = {[absorbance at 280 nm minus (absorbance at 755 nm x
0.3)]/0.46} x dilution factor.

2.5. Fluorescence-activated cell sorter (FACS) analysis

L-cells expressing various CLs were harvested with trypsin and
suspended in PBS. The cells were incubated with C-CPE or the
mutant form of C-CPE for 1 h at 4 °C; this was followed by incuba-
tion with anti-His-tag antibody. Cells were next incubated
with fluorescein-labeled secondary antibody, and cells that bound
the test proteins were detected and analyzed by flow cytometry
(FACScalibur, Becton Dickinson, Franklin Lakes, NJ).

2.6. Tissue distribution of injected proteins

C-CPE, or the mutant form thereof, labeled with CF750, was
intravenously injected into mice at 2 ug/100 ul of PBS per mouse.
Mice were sacrificed 10 min, 30 min, 60 min, 3h, 6 h, 24 h, 48 h,

137

138
139
140
141
142
143
144
145

146

147
148
149
150
151
152
153

154

155
156
157



158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174

4 X. Li et al./ European Journal of Pharmaceutical Sciences xxx (2013) xxx—xxx

C-CPE-fused PSIF
0 ug’kg 20 pg/kg

A PSIF
20 pg/kg

B Hepatocellular necrosis
3
2 3
g 21 -
7]

08" 5 " 10 ' 20
PSIF C-CPE-fused PSIF
(Hg/kg) (Hg/kg)
Hepatic hyaline droplet degeneration
4 - R -
3 - .
. )
1 - } -
0 e T 4 T T ¥ H
20 0 5 10 20
PSIF C-CPE-fused PSIF
(ug/ka) (uglkg)

Fig. 4. Histological analysis of the livers of mice injected with protein synthesis
inhibitory factor (PSIF) fused to the C-terminal fragment of Clostridium perfringens
enterotoxin (C-CPE). Mice were intravenously injected with PSIF at 20 pug/kg or C-
CPE-fused PSIF at 0, 5, 10, or 20 pg/kg (n=7 or 8). Twenty-four hours later, the
livers were removed and fixed in formaldehyde. Sections were stained with
hematoxylin-eosin and examined microscopically for pathology. A representative
micrograph is shown in panel A; arrows indicate regions of injury (scale bar,
60 um). The extents of hepatocellular necrosis and hepatic hyaline droplet
degeneration were scored (panel B) as follows: 0, none; 1, very mild; 2, mild; 3,
moderate; or 4, high. Each horizontal dash represents the score of one sample. Data
are means £ SEM (n=7 or 8).

72 h, or 96 h later. The blood, heart, lung, liver, spleen, kidney, thy-
roid, stomach, intestine, and brain were excised from each mouse.
The blood and organs from each mouse were placed side-by-side
and imaged by using a Maestro EX in vivo imaging system, version
2.10.0 (Cambridge Research & Instrumentation Inc., Woburn, MA).
The imaging system was equipped with an excitation filter (wave-
length 229-684 nm). Fluorescence was detected by a CCD camera
equipped with a C-mount-lens and a long-pass emission filter
(745 nm). Spectral data “cubes” were created by acquisition of a
series of images obtained by using different wavelengths. In such
cubes, each pixel is associated with a spectrum. Maestro software
can be used to analyze these data; any autofluorescence can be
identified, separated from the CF750 fluorescence, and removed.
The resulting signals (counts) from each tissue were used to eval-
uate C-CPE distributions. The levels of C-CPEs in each tissue, as per-
centages of injected doses, were calculated. Total blood volume
was calculated as 8% of body weight.
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Fig. 5. Histological analysis of the kidneys of mice injected with protein synthesis
inhibitory factor (PSIF) fused to the C-terminal fragment of Clostridium perfringens
enterotoxin (C-CPE). Mice were intravenously injected with PSIF at 20 pg/kg or C-
CPE-fused PSIF at 0, 5, 10, or 20 ug/kg (n=7 or 8). Twenty~four hours later, the
kidneys were removed and fixed in formaldehyde. Sections were stained with
hematoxylin-eosin and examined microscopically for pathology. A representative
micrograph is shown in panel A; arrows indicate regions of injury (scale bar,
240 um). The extent of clustering of the renal pelvis transitional epithelium and the
level of hyaline degeneration of the tubular epithelium were scored (panel B) as
follows: 0, none; 1, very mild; 2, mild; 3, moderate; or 4, high. Each horizontal dash
represents the score of one sample. Data are means + SEM (n=7 or 8).

2.7. Preparation of C-CPE-fused PSIF

PSIF and C-CPE-fused PSIF were prepared as described previ-
ously (Saeki et al, 2009). In brief, plasmid pET-PSIF or pET-C-
CPE-PSIF was transduced into E. coli BL21 (DE3) and recombinant
protein production was induced by adding 0.25 mM isopropyl-p-
D-thiogalactopyranoside. Harvested cells were lysed in buffer A.
The lysates were centrifuged and the supernatants applied to Hi-
Trap chelating HP columns. Recombinant proteins were eluted
with imidazole-containing buffer A. This buffer was exchanged
for PBS by using a PD-10 column, and the purified protein solutions
were stored at —80 °C until use. Protein concentrations were quan-
tified with a BCA protein assay kit, using BSA as a standard.

2.8. Biochemical assays

Mice were intravenously injected with 100 pl of C-CPE-fused
PSIF at 0, 5, 10, or 20 ug/kg, or with 100 pl of PSIF at 20 ug/kg.
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Twenty-four hours after the injection, serum levels of alanine ami-
notransferase (ALT), aspartate aminotransferase (AST), and blood
urea nitrogen (BUN) were measured with commercial kits (Trans-
aminase-ClI kit [ALT, AST] and Blood Urea Nitrogen-B Test [BUN];
Wako Pure Chemicals, Osaka, Japan).

2.9. Histological analysis

Livers and kidneys were removed and fixed in 4% (v/v) parafor-
maldehyde. Thin sections were stained with hematoxylin and eo-
sin before histological observation. The extent of injury was
scored as 0, none; 1, very mild; 2, mild; 3, moderate; or 4, high.

3. Results
3.1. Tissue distribution of the CL-3/-4-binding agent C-CPE

The fluorescent dye CF750 was conjugated to the CL-3/-4-bind-
ing agent C-CPE to allow the tissue distribution of C-CPE to be
monitored. FACS analysis revealed that CF750-labeled C-CPE
bound to CL-3- or CL-4-expressing L-cells but not to mock-,
CL-1-, CL-2-, or CL-5-expressing L cells (Fig. 1). Thus, labeling of
C-CPE with CF750 did not affect the binding profile of C-CPE to
CLs. As a control, we also prepared a CF750-labeled C-CPE mutant
protein lacking CL-binding activity; Ala was substituted for the
wild-type Tyr306 and Leu315 in the mutant protein (Takahashi
et al., 2008). The C-CPE mutant did not bind to the cells (Fig. 1).

C-CPE was evident in the kidney (24.0% of the injected dose),
liver (9.5%), intestine (3.3%), and thyroid (1.2%) 10 min after intra-
venous injection (Fig. 2). The levels of C-CPE in the liver, intestine,
and thyroid gradually fell thereafter, to 0.4%, 0.7%, and 0.4% of the
injected dose, respectively, at 96 h post-injection. In contrast, the
level of C-CPE in the kidney increased to 46.5% of the injected dose
6 h after injection and only then began to fall, reaching 14.4% of the
injected dose 96 h post-injection. The control C-CPE mutant pro-
tein became distributed in the liver (2.0% of the injected dose),
intestine (1.4%), and thyroid (0.7%) at levels much lower than those
of C-CPE at 10 min post-injection, but the levels of the mutant pro-
tein in the kidney were comparable to those of C-CPE (Fig. 2).
Therefore, the liver may be a major target tissue of CL-3/-4-binding
protein, whereas accumulation in the kidney may not be associ-
ated with CL-3/-4 targeting.

3.2. Effects of a CL-3/-4-targeting toxin on the liver and kidney

We previously found that tail vein injection of C-CPE-fused PSIF
at 5 pug/kg every 2 days for 14 days had anti-tumor activity without
hepatotoxicity or nephrotoxicity (Saeki et al., 2010). Here, to evalu-
ate the acute toxicity of a CL-targeting toxin to the liver and kidney,
we intravenously injected mice with C-CPE-fused PSIF, or control
PSIF alone, and measured biochemical markers of liver (ALT and
AST) and kidney (BUN) injury 24-h later. Injection of PSIF alone
(20 pg/kg) did not increase serum ALT, AST, or BUN levels. Injection
of C-CPE-fused PSIF at doses of 0, 5, 10, and 20 pg/kg increased ser-
um ALT and AST levels in a dose-dependent manner (ALT: 21, 49,
668, and 3053 karmen unit (KU) respectively; AST: 49, 68, 764,
and 3781 KU, respectively) (Fig. 3A and B). In contrast, injection of
C-CPE-fused PSIF, even at 20 ug/kg, did not increase the serum
BUN level (Fig. 3C). Injection of C-CPE-fused PSIF at 10 or 20 pg/kg,
but not at 5 pg/kg, caused body weight loss and reduced mobility
(data not shown). Histologically, C-CPE-fused PSIF caused hepato-
cellular necrosis and hyaline droplet degeneration (Fig. 4A, B).
Although injection of C-CPE-fused PSIF caused slight hyaline degen-
eration of the tubular epithelium of the kidney, injection of PSIF
alone had a similar effect (Fig. 5A and B). Therefore, the low-level

kidney injury evident after administration of C-CPE-fused PSIF
may not have been associated with the targeting of CLs.

4. Discussion

CPE was the first CL-3/-4-targeting toxin to be described (Fujita
et al,, 2000; Sonoda et al,, 1999), and C-CPE-fused PSIF was the sec-
ond (Ebihara et al,, 2008; Saeki et al., 2009). A series of studies
using CPE and C-CPE have provided proof-of-concept that CL tar-
geting is a strategy for cancer therapy (Long et al, 2001; Michi
et al, 2001; Neesse et al, 2013; Saeki et al,, 2009, 2010; Santin
et al,, 2005). However, because CL-3 and CL-4 are expressed in var-
ious normal tissues (Morita et al., 1999; Turksen and Troy, 2011),
risk assessment of CL-targeting molecules is needed when CPE
technology is applied to cancer therapy. Here, we found that sys-
temic injection of a C-CPE-fused toxin resulted in acute hepatic,
but not renal, toxicity 24 h after injection in mice.

After injection, C-CPE accumulates to the greatest extent in the
liver and kidney. The expression profiles of CL-3 and CL-4 differ in
these two tissues. In the liver, CL-3 is locally expressed in the lat-
eral membranes of all lobular hepatocytes (Rahner et al,, 2001); the
liver does not express CL-4 (Morita et al., 1999). In contrast, CL-3
and CL-4 are locally expressed, in the kidney, in the lateral mem-
branes of epithelial-cell sheets of the loop of Henle, the distal
tubule, and the collecting duct (Balkovetz, 2009). Epithelial cells
of the kidney form a boundary between the inner and outer re-
gions, and the TJs act as barriers, preventing free movement of sol-
utes across epithelial sheets (Hou et al,, 2010; Milatz et al,, 2010).
In contrast, hepatocytes do not have a barrier function, with the
exception of those located in the canaliculi. Therefore, CL-targeting
molecules can access CL-3 in parts of the liver other than the can-
aliculi, but not CL-3 and CL-4 in the renal epithelium. C-CPE-fused
PSIF must be taken up by cells if the drug is to be cytotoxic, because
inhibition of ribosomal elongation factor-2 by the PSIF domain is
the cause of cell death (Ebihara et al., 2006: Kreitman and Pastan,
2006; Ogata et al., 1990).

Here, we found that hepatic accumulation of a toxin fused to
C-CPE could have adverse effects if C-CPE-based cancer therapy
were prescribed. C-CPE binds to both CL-3 and CL-4. Levels of CL-
4 are increased more frequently than those of CL-3 in cancers such
as breast, gastric, intestinal, ovarian, pancreatic, and prostate carci-
nomas (Singh et al., 2010; Tsukita et al,, 2008; Turksen and Troy,
2011). Thus, development of a C-CPE mutant that binds to CL-4
but not to CL-3 may be useful in cancer therapy. We previously
found that modulation of the electrostatic profile of the C-CPE sur-
face can change the CL-binding profile (Takahashi et al., 2012). Ves-
hnyakova et al. (2012) showed that the C-CPE residues, Leu223,
Asp225, and Arg227, were involved in binding to CL-3, whereas
Leu254, Ser256, 1le258, and Asp284 were involved in binding to
CL-4. Manipulation of the electrostatic surface and the C-CPE
residues may allow us to develop a C-CPE mutant that binds specif-
ically to CL-4.
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In this study, we evaluated a baculoviral display system for analysis of viral entry by using a recombi-
nant adenovirus (Ad) carrying a luciferase gene and budded baculovirus (BV) that displays the adenoviral
receptor, coxsackievirus and adenovirus receptor (CAR). CAR-expressing B16 cells (B16-CAR cells) were
infected with luciferase-expressing Ad vector in the presence of BV that expressed or lacked CAR (CAR-BV
and mock-BYV, respectively). Treatment with mock-BV even at doses as high as 5ug/mL failed to attenuate the
luciferase activity of B16-CAR cells. In contrast, treatment with CAR-BV with doses as low as 0.5 ug/mL sig-
nificantly decreased the luciferase activity of infected cells, which reached 65% reduction at 5Sug/mL. These
findings suggest that a receptor-displaying BV system could be used to evaluate viral infection.

Key words baculovirus; virus; infection; receptor

The process of viral infection involves entry of the virus
into the cell, followed by replication of the viral genome and
other viral components in the host cell.” Whereas the molecu-
lar mechanisms underlying viral replication have largely been
elucidated, the key molecules for entry, the viral receptors on
host cells, have never been fully identified. Most host recep-
tors are integral membrane proteins, and it is difficult to pre-
pare their recombinant proteins because of their hydrophobic-
ity. Since recombinant proteins are needed to screen inhibitors
for viral entry and to produce antibodies against host recep-
tors, preparation of inhibitors, such as chemicals, peptides and
antibodies, for viral entry has been delayed.

The baculoviral expression system in insect cells has
been widely used for preparation of recombinant proteins.”
Hamakubo and colleagues found that baculoviral particles
are released from baculovirus-infected cells; the membranes
of these budded baculovirus (BV) display host-cell-derived
membrane proteins.” Interestingly, the activity and topology
of these host-origin proteins remain intact in the baculoviral
membrane.” Moreover, a baculoviral envelope protein gp64
trasngenic mice were generated, and method to generate
monoclonal antibodies against membrane proteins by im-
munization of gp64 transgenic mice with membrane protein-
displayed baculovirus has been established.”’ These findings
suggest that a baculoviral display system may be useful for
assaying viral entry, leading to creation of monoclonal anti-
bodies against host receptors.

In the present study, we investigated whether a baculoviral
display system work as an assay system for viral entry using
recombinant adenovirus (Ad) vector and a receptor for Ad,
coxsackievirus and adenovirus receptor (CAR).%

MATERIALS AND METHODS
Cell Culture Mouse melanoma BI6-CAR cells” were

cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS) and 2mg/mL
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G418. 293 cells were cultured in DMEM supplemented with
10% FCS. Sf9 cells (Invitrogen, Gaithersburg, MD, U.S.A)
were cultured in Grace’s insect cell culture medium supple-
mented with 10% FCS.

Preparation of Recombinant Ad Vector An improved
in vitro ligation method® was used to generate a recombinant
type 5 Ad vector that encoded a fusion protein comprising
enhanced green fluorescence protein and firefly luciferase
(EGFPLuc). The recombinant Ad vector (Ad-EGFPLuc) was
purified from transfected cells by using CsCl, gradient cen-
trifugation. Viral titers were determined spectrophotometri-
cally.”

Preparation of Recombinant Baculoviruses Recombi-
nant BVs were prepared by using the Bac-to-Bac Baculovirus
Expression System (Invitrogen) according to the manufac-
turer’s protocol. Sf9 cells were transduced with the CAR-en-
coding bacmid, recombinant CAR-BV were recovered by cen-
trifugation of the conditioned medium,'” and Sf9 cells were
infected with recombinant CAR-BV. At 72h after infection,
the culture supernatant of the infected Sf9 cells was centri-
fuged to pellet recombinant CAR-BV, which were resuspended
in Tris-buffered saline and stored at 4°C until use.

Western Blotting Mock-BV, CAR-BV, and BI16-CAR
cells were lysed in lysis buffer 25mm Tris~HCI [pH 7.5], 1%
Triton X-100, 0.5% sodium deoxycholate, 150mm NaCl, 5mm
ethylenediaminetetraacetic acid (EDTA)) containing protease
inhibitors (Sigma, St. Louis, MO, U.S.A.). The protein content
of the resulting lysates was measured by using the BCA pro-
tein assay kit (Pierce Chemical, Rockford, IL, U.S.A), with
bovine serum albumin as the standard. Samples of cellular
lysates (20 ug) and BV lysates (5ug) underwent sodium do-
decyl sulfate—polyacrylamide gel electrophoresis followed by
blotting of proteins to a polyvinylidene difluoride membrane.
The membrane was treated with 5% skim milk to inhibit non-
specific binding, incubated with an anti-goat CAR antibody
(R&D Systems, Minneapolis, MN, U.S.A)), and then incu-
bated with a peroxidase-labeled secondary antibody. Immuno-
reactive bands were visualized by using chemiluminescence
reagents (GE Healthcare, Buckinghamshire, U.K.).

Infection Assay Aliquots of Ad-EGFPLuc vector (4x10’

© 2013 The Pharmaceutical Society of Japan
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viral particles per mL) were incubated with mock-BV or CAR-
BV (0.5 or 5ug/mL) and an anti-BV gp64 antibody (0.065 or
0.65 ug/mL; AcV1, Santa Cruz Biotechnology, CA, U.S.A)) for
2h at 37°C to prevent non-specific binding of gp64 to cells.
B16-CAR cells were seeded onto 96-well plates (2X10* cells
per well); 50 4L of the mixture of Ad vector and BVs was
added to each well and incubated for 15min, after which the
medium was replaced with fresh growth medium. After an
additional 24h of culture, the luciferase activity in the lysates
was measured by using a luminometer.

Statistical Analysis The data were analyzed for statistical
significance by Student’s z-test.

RESULTS AND DISCUSSION

First, we prepared CAR-displaying BV. Lysates of CAR-B16
cells, a mouse myeloma line that expresses mouse CAR, yield-
ed two bands, at 40 and 46kDa (Fig. 1). In contrast, lysates of
CAR-BV showed not only the 40-kDa form but also several
bands lower and upper than 40kDa (Fig. 1); these bands likely
represent post-translational modifications. CAR contains two
N-glycosylation sites and two disulfide-bonded loops in the
extracellular domain. The putative molecular sizes of CAR are
40 and 46kDa, in its non-glycosylated form and glycosylated
forms, respectively.” Protein folding and post-translational
processing, particularly N-glycosylation, in insect cells dif-
fers markedly from that in mammal cells.'"'® For example,
prolactin receptor expressed in insect cells was 29kDa larger
than that expressed in mammalian cells; this difference was
attributed to N-glycosylation and ubiquitination."

To investigate whether CAR-BV inhibited adenoviral entry,
B16-CAR cells were infected with Ad vector expressing lu-
ciferase in the presence of mock-BV or CAR-BV. Whereas
treatment with mock-BV at doses as high as 5 ug/mL did not
attenuate the luciferase activity of the infected B16-CAR cells,
treatment with as little as 0.5 yg/mL CAR-BV significantly
decreased their luciferase activity, which reaching 65% reduc-
tion at 5 yg/mL (Fig. 2). These findings indicate that CAR-BV
prevented the infection of cells by Ad vector. In support of
our finding, recombinant prolactin receptor expressed in insect
cells and prolactin receptor purified from rabbit mammary
gland showed similar specificity and affinity to prolactin.'¥
Accordingly, the post-translational modification of CAR in
insect cells may not hamper the ability of Ad vector to bind
to its receptor.

Our current findings suggest that a baculoviral display
system may be useful in the analysis of viral infection, which
involves binding of the viral envelope to the viral receptor in
the membrane of the host cell. Baculoviral display systems
have also been used widely to generate monoclonal antibodies
against the extracellular regions of membrane proteins.>'>
Future applications of baculoviral display systems might con-
tribute the analysis of the mechanisms underlying the entry of
pathogens into host cells and the generation of inhibitors of
viral entry.
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Introduction

Abstract

Eph receptor A10 (EphA10) is a valuable breast cancer marker that is highly
expressed in breast cancer tissues by comparison with normal breast tissues, as
we previously reported. However, the role of EphAl0 expression in breast can-
cer is not well understood. Here, we have analyzed the expression of EphA10 at
the mRNA- and protein-level in clinical breast cancer tissues and then evaluated
the relationship with clinicopathological parameters for each sample. EphAl0
mRNA expression was quantified by real-time polymerase chain reaction using
complimentary DNA (cDNA) samples derived from breast cancer patients.
Lymph node (LN) metastasis and stage progression were significantly correlated
with EphA10 expression at the mRNA level (P = 0.0091 and P = 0.034, respec-
tively). Furthermore, immunohistochemistry (IHC) staining of breast cancer
tissue microarrays (TMAs) revealed that EphA10 expression at the protein level
was also associated with LN metastasis and stage progression (P = 0.016 and
P = 0.011, respectively). These results indicate that EphA10 expression might
play a role in tumor progression and metastasis. Our findings will help eluci-
date the role of EphA10 in clinical breast cancer progression.

development such as neural development [1] and

glucose homeostasis [2]. In addition, several Eph family

Eph receptors comprise the largest subgroup of the
receptor tyrosine kinase family of proteins. Currently,
nine type-A (EphAl-A8, EphAl0) and five type-B
(EphB1-B4, EphB6) molecules are known in mammals.
Eph family receptors play important roles in physiological

receptors were implicated in various aspects of the
tumor malignancy, including tumorigenesis [3, 4], pro-
liferation [5, 6], vasculogenesis [7, 8] or metastasis [9—
11]. Indeed, EphA2 is highly expressed in several kinds
of tumor, and this enhanced expression is thought to

972 © 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. This is an open access article under the terms of
the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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be related to tumor progression [3, 5, 9, 10]. Currently,
clinical trials of a EphA2-targeting drug are ongoing
[12]. Therefore, the expression profiles, function, and
targeting therapy for Eph family receptors are directly
related to cancer biology and drug development.

EphA10 is a novel breast cancer marker that was
originally discovered by ourselves using a proteomics
approach [13]. Prior to this discovery, EphAl0 was
only known to be expressed in the testis at the mRNA
level [14]. Our group has developed an “antibody pro-
teomics system”, which facilitates the validation of bio-
marker candidates identified from proteome analyses
[13]. Using this method, we previously revealed that
EphA10 is expressed in many breast cancer tissues com-
pared to normal tissues [13]. However, the function of
EphAl0 has not been fully analyzed. Consequently, the
relationship between EphAl0 and clinical tumor pro-
gression is poorly understood.

Here, we first analyzed the statistical relationship
between EphA10 mRNA expression in clinical tumor tis-
sues and their clinicopathological parameters. Next, we
evaluated the correlation with EphA10 expression at the
protein level, which is important to fulfill the EphAl0
function. This data will help elucidate the role of EphA10
in clinical breast cancer progression.

Material and Methods

Analysis of EphA10 mRNA expression by
real-time polymerase chain reaction

Complimentary DNAs (cDNA) derived from human breast
tumors were purchased from OriGene Technologies (Rock-
ville, MD). The 20 uL polymerase chain reaction (PCR)
mixture included 1 uL of ¢cDNA template, 10 uL of Tag-
Man Gene Expression Master Mix, and 1 uL of TagMan
probe (EphA10:Hs01017018_m1 or actin-beta:Hs99999903
_ml) (Life Technologies, Carlsbad, CA). Reactions were
performed according to the manufacturer’s instructions.
The threshold cycles were determined using the default set-
tings. EphA10 mRNA expression levels were normalized
against actin-beta. Cases with greater or less than the med-
ian value were classified into a high or low expression
group, respectively (Table 1). In Figure 1, we display the
EphA10 mRNA expression level as the ratio against the
median.

Analysis of EphA10 protein expression by
immunochistochemistry staining

Breast cancer tissue microarrays (TMAs) (US Biomax,
Rockville, MD) were deparaffinated in xylene and rehy-
drated in ethanol. Epitope retrieval was performed by

© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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maintaining the Target Retrieval Solution (Dako, Glo-
stup, Denmark) according to the
instructions. After treatment, endogenous peroxidase
was blocked with 0.3% H,O, for 5 min. The slides
were then incubated with anti-human EphAl0 poly-
clonal antibody (Abgent, San Diego, CA) for 30 min.
After washing three times, the slides were incubated for
30 min with Envision+Dual Link (Dako, Glostup, Den-
mark). Finally, the slides were washed three times and
treated in 3,3'-diaminobenzidine and counterstained
with hematoxylin. For statistical analysis, study samples
were divided into high and low expression groups
based on the following two criteria. In terms of distri-
bution, the percentage of positive cells in all tumor
cells was scored as 0 (0%), 1 (1-50%), and 2 (51—
100%). In terms of quantity, the signal intensity was
scored as 0 (no signal), 1 (weak), 2 (moderate), or 3

manufacturer’s

Table 1. Correlation between EphA10 mRNA expression and clinico-
pathological characteristics.

EphA10 mRNA

expression P value
High Low Mann-
Characteristics n n (%) n (%) Va Whitney
Age
<45 5 2 (40.0) 3 (60.0) 1.00 -
245 30 15 (50.0) 15 (50.0
Gender
Male 0 0 (0.0) 0 (0.0 - -
Female 35 17 (48.6) 18 (51.4)
Histological classification
Invasive ductal 32 15 (46.9) 17 (53.1) 0.21 -
carcinoma
Invasive lobular 2 2 (100.0) 0 (0.0)
carcinoma
Squamous cell 1 0 (0.0) 1 (100.0)
carcinoma
pT
™ 13 6 (46.2) 7 (53.8) 0.23 0.25
T2 18 8 (44.4) 10 (55.6)
T3 3 3(100.0) 0(0.0)
T4 1 1(100.0) 0(0.0)
pN
NO 17 5(29.4) 12 (70.6) 0.045 0.009
N1 9 6 (66.7) 3(33.3)
N2 5 3 (60.0) 2 (40.0)
N3 4 4 (100.0) 0(0.0)
pStage
| 10 4 (40.0) 6 (60.0) 0.022 0.034
i 13 4(30.8) 9(69.2)
Il 12 10(83.3) 2(16.7)

indication of each pathological parameter is as follows: pT, degree of
size of the primary tumor; pN, degree of spread to regional lymph
nodes; pStage, degree of cancer progression.
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Figure 1. EphAT0 mRNA expression level analysis in lymph node
(LN)-positive and -negative cases, or stage |, I, and Ill. EphA10 mRNA
expression level in each case was normalized to that of actin-beta.
The ratio of EphAT0 mRNA expression level against median value was
plotted for LN-positive and -negative cases (A), or stage |, I, and Ill,
respectively (B). Differences were evaluated using the Mann-Whitney
test (P =0.025) (A) and Kruskal-Wallis test (P = 0.044) (B). Bar and
range show the median with interquartile range in each group.

(marked). Cases with a total score of >3 were classified
into the high expression group.

Statistical methods

All analyses were performed using GraphPad Prism 5 ver-
sion (GraphPad Software Inc., La Jolla, CA). Chi-square
or Fisher’s exact test were used to compare the categorical
variables. Differences between two or three groups were
analyzed by the Mann-Whitney or Kruskal-Wallis test,
respectively. All hypothesis testing was two-tailed with a
significant level of 0.05.
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Table 2. Correlation between EphA10 protein expression and clinico-
pathological characteristics.

EphA10 protein

expression P value
High Low Mann-—
Characteristics n n (%) n (%) 7 Whitney
Age
<45 103 61(59.2) 42 (40.8) 0.19 -~
245 199 133 (66.8) 66 (33.2)
Gender
Male 2 2 (100.0) 0(0.0) 0.54 -
Female 300 192(64.0) 108 (36.0)
Histological classification
Invasive ductal 272 177 (65.1) 95(34.9) 059 -
carcinoma
Invasive lobular 10 5 (50.0) 5 (50.0)
carcinoma :
Invasive 6 5 (83.3) 1(16.7)
papillary
carcinoma
Mucinous 2 1 (50.0) 1(50.0)
carcinoma
Medullary 2 2 (100.0) 0(0.0)
carcinoma
Carcinosarcoma 1 1 (100.0) 0(0.0)
pT
T 21 15(71.4) 6(28.6) 035 096
T2 200 127 (63.5) 73 (36.5)
T3 46 26 (56.5) 20 (43.5)
T4 35  26(74.3) 9(25.7)
pN
NO 154 90 (58.4) 64 (41.6) 0.044 0.016
N1 116 80 (69.0) 36 (31.0)
N2 26 22 (84.6) 4(15.4)
N3 6 3 (50.0) 3(50.0)
pStage
| 9 4 (44.4) 5(55.6) 0.037 0.011
I 232 143 (61.6) 89 (38.4)
1l 61 47 (77.0) 14 (23.0)

Indication of each pathological parameter is as follows: pT, degree of
size of the primary tumor; pN, degree of spread to regional lymph
nodes; pStage, degree of cancer progression.

Results and Discussion

In order to analyze the contribution of EphA10 to clinical
breast cancer progression, we evaluated a possible correla-
tion between EphA10 mRNA expression in the clinical
tumor tissues and clinicopathological parameters such as
primary tumor size (pT), lymph node (LN) metastasis
(pN) and stage grouping as indicators of cancer progres-
sion (Table 1). Statistical analysis showed that EphAl0
expression was independent of age, histological classifica-
tion, and pT indexes. Nonetheless, EphA10 mRNA
expression was positively associated with the progression

®© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Figure 2. Immunohistochemical staining images in tissue microarray (TMA) with breast tumor and normal tissues. TMAs with breast tumor and
normal tissues were stained using anti-EphA10 antibody. Representative images of normal breast tissue (A), EphA10 negative breast cancer tissue
(B), and EphA10 positive breast cancer tissues (C) are shown. Scale bar: 200 um.

of the stage, which strongly supports our previous TMA-
based analysis [13]. Furthermore, we found that EphA10
expression was also positively correlated with LN metasta-
sis. Given that a combination of pT and pN values in
each case defines stage I-III, these data suggest a signifi-
cant correlation with LN metastasis might contribute to
that with stage progression.

For detailed evaluation of the contribution of EphAl10
expression to LN metastasis, we divided all the cases into

© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

LN metastasis positive and negative, and then plotted the
EphAl10 expression levels for the two groups. Figure 1A
indicates that patients with elevated levels of EphAl0
expression in tumor tissues were positive for LN metasta-
sis. Indeed, a significant difference between LN-positive
and -negative cases was observed. Moreover, we similarly
analyzed for pStage. Figure 1B indicated that, with the
exception of one outlier observed in stage II, EphAl0
expression also displayed a significant positive correlation
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with stage progression. Taken together, these data suggest
that the level of EphAl0 expression partly contributes to
breast cancer progression.

Next, we evaluated the relationship between EphA10
protein expression and clinicopathological characteristics.
Immunohistochemistry (IHC) staining of TMAs showed
that EphA10 was expressed in approximately 60% of
breast tumor tissues, but not in normal breast tissues,
which is consistent with our previous studies [13]
(Fig. 2).

Statistical analysis revealed that EphAl0 expression at
the protein level was also independent of age, gender, his-
tological classification and pT indexes. However, EphA10
protein expression was positively associated LN metastasis
and stage progression (Table 2). Moreover, in order to
validate this correlation, we also performed an analysis
using a different anti-EphA10 antibody that we had iso-
lated from a naive phage antibody library, which gave
similar results (data not shown). In addition, we also ana-
lyzed the possible correlation between EphAl0 protein
level and LN metastasis or stage progression, using the
[HC staining total score as an indicator of the protein
expression level. As shown to Figure S1, the total score is
significantly associated with LN metastasis, but not stage
progression. Taken together, our findings indicate that
EphA1l0 expression is related to LN metastasis as well as
stage progression in breast cancer, although improved
quantitative analysis of protein expression level by mass
spectrometry is needed.

Other Eph receptors such as EphA2 or EphB3 have
invasive, migrating and anoikis-inhibiting abilities, so that
EphA2- or EphB3-expressing cancer cells promote metas-
tasis [3, 9-11]. Thus, EphAl0 could also elicit a similar
biological effect on disease progression, although further
investigations are needed to elucidate the mechanism by
which EphAl10 expression is correlated with LN metasta-
sis. Moreover, aiming for LN metastasis prediction, we
should set up the criteria by more sample analyses and
evaluate LN metastasis prospectively.

In conclusion, we demonstrated that EphA10 expression
at both the gene and protein level in clinical breast cancer
tissues is significantly associated with LN metastasis as well
as stage progression. We believe that the data will help
elucidate the biological function of EphAl10 and facilitate
the development of novel breast cancer drugs.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. EphAl10 protein expression level analysis in
LN-positive and -negative cases, or stage I, I, and III.
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