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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.

(Michl et al,, 2001; Santin et 4k, 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 Pseudomionas 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 pg/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: Hls‘tagged
C-CPE mutant protein, were transduced into Escherichia coli strain
BL21 (DE3) (Novagen, Darmstadt, Germany), and. productxon 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, 5mM MgCl3; 0.'mM phenyl-
methylsulfonyl fluoride, 1 mM 2-mercaptoethanol, and 10% [v/v]
glycerol). Each lysate was applied to a HiTrap chélating HP column
(GE Healthcare, Chalfont St Giles, Buckmghamshlre 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 electrophore51s followed by staining
with Coomassie brilliant blue,_Protem 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 pg/kg or C-CPE-fused PSIF at 0, 5, 10, or 20 pg/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 pug/100 ul of PBS per mouse.
Mice were sacrificed 10 min, 30 min, 60 min, 3h, 6 h, 24 h, 48 h,
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Fig. 4. Histological analysis of the livers of mice injected with protein synthesis
inhibitory factor (PSIF) fused to the C-terminal fragment of Clostridium peifringens
enterotoxin (C-CPE). Mice were intravenously injected with PSIF at 20 ug/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). FluoreSéegge 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 pg/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 pm). 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-B-
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 ul of C-CPE-fused
PSIF at 0, 5, 10, or 20 pg/kg, or with 100 pl of PSIF at 20 pg/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-ClII 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 (Talahashi
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—bmdmg
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 pg/kg every 2 days for 14 days had anti-tumor activity without
hepatotoxicity or nephrotoxicity (Sagki ¢t 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. 2A and B). In contrast, injection of
C-CPE-fused PSIF, even at 20 pg/kg, did not increase the serum
BUN level (Fig. 3C). Injection of C-CPE-fused PSIF at 10 or 20 ug/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 (Fiz. <A, 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 ( 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., 1989), and C—CPE-fused PSIF was the sec-
ond (Ebihara et al., 2006; 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 (Lo: Q
et al.,, 2001; Neesse et al,, 2013; Saeki et al, g
et al., 2005). However because CL-3 and CL-4 are expressed in var-
ious normal tissues (Morita eral, 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 Iobular 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: eplthehal ~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 (FHou et al., 2010: Milatz et al., 2010).
In-contrast, hepatocytes do not have a barrler function, w1th 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 (Ebiliava 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 (Talkahashi et al., 2012). Ves-
hnyakova et Z) showed that the C-CPE re51dues Leu223,
Asp225, and Arg227, were involved in binding to CL-3, whereas
Leu254, Ser256, 11258, 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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