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Although the in vitro metastasis activity of CL4-B16 cells
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 migration and
invasion activity involved in the early stage of metastasis
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 TJs
(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

Days after tumor inoculation

of the strands differs among tissues and determines the
properties of Td 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 barrier might
contribute to am 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 antigenicity.
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 carcinoma
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 deliver a cytokine to claudin-4-expressing
cells by genetic fusion (Yuan et al., 2009). Humanized antibody
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 Tds; 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 BV, 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.
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Introduction 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].

Tight junctions (T]) are intercellular adhesion complexes in
epithelial and endothelial cells; TJs are located in the most apical
part of the complexes [1]. I'Js 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. I'Js maintain cellular polarity by preventing

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

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 'I'J 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 IJ 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. CLI-deficient mice lack the epidermal
barrier, while CL5-deficient mice lack the blood-brain barrier
[8,9], indicating that the regulation of the IJ 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

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 infact form, we performed enzyme-
linked immunosorbent assay (ELISA) with CL4-BV-coated
immunoplates. C-CPE binds to the extracellular loop domain of
CGL4 [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 C-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 G-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 S304, 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 4.5x10 7
to 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).

?@: PLoS ONE | www.plosone.org
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Figure 1. Preparation of CL4-displaying BV. A) Immunoblot
analysis. Wild-BV and CL4-BV (0.1 ug/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 (T'able 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 IJ 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 immunoplate 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.0016611.9002

Treatment of the cells with C-CPE resulted in decreased
transepithelial electrical resistance (TEER) values, a marker of
'I] 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 N S K
Clone 1 \ T (& % N K
2 C P A H L T
3 A G G \Y P P
4 R G H L E H
5 A A P S R Q
6 P A P 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 % I G N M R
12 P P A T F R
13 G D C S N L
14 F R \'A 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 C.L,
appears to be the C-CPL-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
sckv 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 C-CPE phage library containing C-
CPLE 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 C-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 Y S A R R
2 R S \% A R K
3 G D G R T R
4 S A P R S A
5 R 5 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 Z0-2 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 0 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 CL1 and CL4
cDNA (kind gifts from Dr. M Furuse, Kobe University, Japan)
were inserted into pFastBacl, and the resulting plasmids were
transduced into DHI10Bac 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 CL1 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 (S304, S305,
$307, N309, S313 and K318) [24] were randomly mutated were
prepared by polymerase chain reaction (PCR) with pET-H,,PER as a
template, a forward primer (5'-catgccatggecgatatagaaaaagaaatcettgatt-
tagetgetg-3', Nco I site is underlined) and a reverse primer (5'-
ttttcettitgegaccgcaaasnntigaaataatatsnnataagggtasnntccsnnatasnnsnnat-
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/Notl sites {22]. The resultant phagemid
containing the C-CPE mutant library was transduced into E. coli TG1
cells, and then the cells were stored at —80°C.

Preparation of phage

TG1 cells containing phagemid coding a scFv, C-CPE, C-CPE
mutant or G-CPE mutant library were culture in 2YT medium
containing 2% glucose and ampicillin. When the cells grew to a
growing phage, M13KO07 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 ng/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). G-
CPEs or phages were incubated in the immunoplate, and the BV-
bound C-CPLs 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 pg 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 HCL TG 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'-gtaaatgaattttcigtatgagg-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. cofi 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 MgCl,, 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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TEER assay

Claco-2 cells were seeded in Transwel chambers (Corning,
NY)..at:a subconfluent density. The TEER of the Caco-2
monolayer cell sheets on the chamber was monitored by using a
Millicell ERS epithelial volt-ohmmeter (Millipore, Billerica, MA).
When TEER values reached a plateay, indicating that TJs were
well-developed in the cell sheets, the Caco-2 monolayers were
treated with C-CPE or C-CPE mutants on the basal side of the
chamber. Changes in TEER values were monitored. The TEER
values were normalized by the area of the Caco-2 monolayer, and
the TEER value of a blank Transwell ™ chamber (background)
was subtracted.

1’!‘&1
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ARTICLE INFO ABSTRACT

Article history:

Tumor necrosis factor-o. (TNF) is one of the attractive targets for the development of anti-inflammatory
and anti-tumor drugs, because it is an important mediator in the pathogenesis of several inflammatory
diseases and tumor progression. Thus, there is an increasing need to understand the TNF receptor (TNFR1
and TNFR2) biology for the development of TNFR-selective drugs. Nonetheless, the role of TNFRs,
especially that of TNFR2, remains poorly understood. Here, using a unique competitive panning, we
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ge{:;g;‘f: optimized our phage display-based screening technique for isolating receptor-selective TNF mutants, and
N{olecular biology identified several TNFR2-specific TNF mutants with high TNFR2 affinity and full bioactivity via TNFR2.
Protein Among these mutants, the R2-7 clone revealed very high TNFR2-selectivity (1.8 x 10° fold higher than
Affinity that for the wild-type TNF), which is so far highest among the reported TNFR2-selective TNF mutants.
Bioactivity Because of its high TNFR2-selectivity and full bioactivity, the TNF mutant R2-7 would not only help in

elucidating the functional role of TNFR2 but would also help in understanding the structure-function
relationship of TNF/TNFR2. In summary, our one-step competitive panning system is a simple, useful
and effective technology for isolating receptor-selective mutant proteins.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Tumor necrosis factor-o. (TNF) is a major inflammatory cytokine
that plays a central role in host defense and inflammation via two
receptor subtypes, TNF receptor (TNFR)1 and TNFR2 [1,2]. Elevated
serum levels of TNF correlates with the severity and progression of
the inflammatory diseases such as rheumatoid arthritis (RA),
inflammatory bowel disease, septic shock, multiple sclerosis and
hepatitis [3—5]. Currently, TNF-neutralization therapies have
proven successful for the treatment of RA [4,6,7]. However, these
therapies can cause serious side effects, such as tuberculosis,
because TNF-dependent host defense functions are also inhibited
[8,9]. Therefore, understanding the function of TNF/TNFRs is
important for optimal therapy of various TNF-related autoimmune
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diseases. TNFR1 is constitutively expressed in most tissues and
seems to be the key mediator of TNF signaling [10,11]. In contrast,
the expression of TNFR2 is more restricted and is found mainly on
certain T-cell subpopulations [12], endothelial cells, cardiac myo-
cytes [13] and neuronal tissue [14,15]. Recent studies suggested that
TNFR2 signaling is associated with T-cell survival [16], car-
dioprotection [17,18], remyelination [19], and survival of some
neuron subtypes [20,21]. Although the two TNFRs have been shown
to have distinct functions in some cells [22], the physiological
significance of the presence of both receptors is not fully under-
stood. Especially TNFR2-induced signaling remains elusive and
need further investigation.

In order to understand the mechanism of TNFRs, we have
investigated the relationship between the biological activities
and structural properties of a large number of TNF mutants by
phage-display technique [23,24]. However, screening efficiency of
isolating TNFR2-selective TNF mutants using this technique is
extremely low, and it is difficult to prepare large repertoire of
TNFR2-selective TNF mutants for the structure-activity relation-
ship study. In our previous study, we screened 500 phage clones
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Fig. 1. Screening scheme for isolating TNFR2-selective TNF mutants using competitive panning. To concentrate TNFR2-selective mutant TNFs, phage libraries were pre-incubated
with TNFR1 Fc chimera (TNFR1-Fc), and subsequent biopanning against the TNFR2 was carried out in the presence of TNFR1-Fc using the BlAcore biosensor. After several rounds of
panning, phage clones were isolated and screened by ELISA.

for isolating TNFR2-selective mutants using the conventional competitive panning technique, phage libraries were pre-
panning method [23]. Out of the 500 clones, only 2 clones showed incubated with TNFR1 Fc chimera (TNFR1-Fc), and subsequent
selectivity for TNFR2 binding that was 10-times higher than the biopanning against the TNFR2 was carried out in the presence of
wild-type TNF (WtTNF). Furthermore, bioactivities of these two TNFR1-Fc using the BlAcore biosensor. Since TNFR1-binding
TNFR2 selective TNF mutants were lower than that of wtTNF clones could not bind to TNFR2 due to steric hindrance, TNF
(<30%). To improve the screening efficacy, we optimized our mutants binding only to TNFR2 were selectively enriched with
phage display-based cytokine mutagenesis technology [25] with high efficiency. Using this optimized competitive panning tech-
an unique competitive panning technique for identifying TNFR2- nique, we have identified TNFR2-selective TNF mutants with full
specific TNF mutants with higher affinity and bioactivity. In this bioactivity via TNFR2.
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Fig. 2. Optimization of competitive panning using BlAcore biosensor. 0.1 pmol, 1 pmol or 10 pmol of human TNFR1-Fc was mixed with 1 x 10'® CFU phages displaying wtTNF for 2 h

at 4 °C, and the mixture was passed over the TNFR2-immobilized CM3 sensor chip and real-time biomolecular interaction analyses were performed with BlAcore biosensor. Anti-
CD25 single chain Fv-displaying phage was used as a negative control.
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than 70% of that of the wtTNF, and that for TNFR1 was less than 30% of that of the wtTNF.

2. Materials and methods
2.1. Cells

HEp-2 cells, a human fibroblast cell line, were provided by Cell Resource Center
for Biomedical Research (Tohoku University, Sendai, Japan) and were maintained in
RPMI 1640 (Sigma—Aldrich Japan, Tokyo, Japan) supplemented with 10% bovine fetal
serum (FBS) 1 mm sodium pyruvate, 50 mm 2-mercaptoethanol, and antibiotics.
hTNFR2/mFas-PA cells are preadipocytes derived from TNFR17/"R27" mice expressing
a chimeric receptor, the extracellular and transmembrane domain of human TNFR2,
and intracellular domain of mouse Fas; these cells were cultured in RPMI 1640
supplemented with 10% FBS, 5 pg/ml Blasticidin S HCI (Invitrogen, Carlsbad, CA), and
antibiotics [26].

2.2. Library construction

Protocol for the construction of phage-display library displaying structural
mutants of human TNF has been described previously [23]. In brief, multiple-

mutations were introduced into the wtTNF gene by PCR to randomly replace the
codons of 6 amino acid residues at positions 29, 31, 32, 145, 146 and 147, respec-
tively, of the TNF protein. The PCR product was digested with the restriction
enzymes Hind IIl and Not I, and ligated into the Hind Ill/Not I digested pY03’
phagemid vector for displaying the TNF mutants on the phage surface as g3p-
fusion proteins.

2.3. Optimization of competitive panning using BlAcore biosensor

Human TNFR2-Fc (R&D systems, Minneapolis, MN) was diluted to 50 pg/ml
in 10 mm sodium acetate buffer (pH 4.5) and immobilized onto a CM3 sensor
chip using an amine coupling kit (GE Healthcare, UK), which resulted in an
increase of 5000—6000 resonance units (RU). 0.1 pmol, 1 pmol or 10 pmol of
human TNFR1-Fc (R&D systems) was mixed with 100 pl of wtTNF-displaying
phage (1 x 10" CFU/ml) for 2 h at 4 °C, and the mixture was passed over the
TNFR2-immobilized CM3 sensor chip at a flow rate of 3 pl/min. The binding
kinetics of the mixtures to TNFR2-Fc were analyzed by BlAcore 2000 (GE
Healthcare).
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Table 1

Amino acid sequences of wtTNF and TNFR2-selective TNF mutants.
Clone Residue position

29 31 32 145 146 147

WtTNF E R R A E S
R2-6 L R R H E D
R2-7 \% R R D D D
R2-8 b R R N D D
R2=9 L R R T S D
R2-10 L R R Q D D
R2-11 1 R R T D D
R2-12 L R R D G D
R2-13 L R R D E D

2.4. Selection of phage displaying TNFR2-selective TNF mutants by competitive
panning

1 % 10'° CFU phages displaying TNF mutants were pre-incubated for 2 h at 4 °C,
with serially diluted TNFR1-Fc. The mixtures were injected at 3 pl/min over the
sensor chip. After injection, the sensor chip was washed using the rinse command
for 3 min. Elution was carried out using 20 pl of 10 mm glycine-HCI (pH 2.0) and the
eluted phage was neutralized with 1 m Tris—HCI (pH 6.9). The recovered phages
were amplified by infection of E. coli strain TG1 (Stratagene, La Jolla, CA), which
allow read-through of the amber stop codon located between the TNF and g3p
sequences of pY03’ phagemid vector. These steps were repeated twice. After final
round of panning, the phage mixture was used to infect E. coli and plated on LB agar/
ampicillin plates. Single clones of transfected TG1 were randomly picked from the
plate and each colony was grown in 2-YT medium with ampicillin (100 pg/ml) and
glucose (2% w/v) at 37 °C until the ODggg of the culture medium reached 0.4. Each
culture was centrifuged, the supernatants were removed, and fresh 2-YT media with
ampicillin (100 pg/ml) was added to each E. coli pellet. After incubation for 6 h at
37 °C supernatants were collected and used to determine affinity for TNFRs by
capture ELISA as described previously [24]. After the procedure, the phagemid
vectors were sequenced using a Big Dye Terminator v3.1 kit and ABI PRISM 3100
(Applied Biosystems Ltd., Pleasanton, CA).

2.5. Expression and purification of TNF mutants

Preparation of purified recombinant protein was described previously [25]. In
brief, TNF mutants recombined into pYas1 vector, under the control of T7 promoter,
were produced in E. coli (BL21ADE3). Mutant TNFs recovered from inclusion body,
which were washed in Triton X-100 and solubilized in 6 m guanidine-HCl, 0.1 m
Tris—HCI, pH 8.0, and 2 mm EDTA. Solubilized protein was adjusted to 10 mg/ml and
was reduced with 10 mg/ml dithioerythritol for 4 h at RT and refolded by 100-fold
dilution in a refolding buffer (100 mm Tris—HCl, 2 mm EDTA, 1 wm arginine, and
oxidized glutathione (551 mg/L)). After dialysis with 20 mm Tris—HCI, pH 7.4, con-
taining 100 mm urea, active trimeric proteins were purified by Q-Sepharose (GE
Healthcare)chromatography and size-exclusion chromatography (Superose 12; GE
Healthcare).

2.6. Analysis of binding kinetics using surface plasmon resonance (SPR)

The binding kinetics of the wtTNF and TNF mutants were analyzed by the SPR
technique (BIAcore 2000; GE Healthcare). TNFR1-Fc or TNFR2-Fc were separately

immobilized on to CM5 sensor chip, resulting in an increase of 3000—3500 RU.
During the association phase, wtTNF or TNF mutants diluted in running buffer (HBS-
EP) at 156.8, 52.3, 17.4, 5.8 or 1.9 nm were passed over the immobilized TNFR2 for
2 min at a flow rate of 20 pl/min. During the dissociation phase, HBS-EP was run over
the sensor chip for 1 min at a flow rate of 20 ul/min. The SPR measurements for
TNFR1 were performed using much higher concentrations of TNF mutants (392.1,
130.7, 43.6, 14.5 or 4.8 nm). The data were analyzed globally with BlAevaluation 3.1
software (GE Healthcare) to apply a 1:1 Langmuir binding model. The obtained
sensorgrams were fitted globally over the range of injected concentrations and
simultaneously over the association and dissociation phages.

2.7. In vitro assessment of bioactivity via TNFR1 or TNFR2 with TNF mutants

HEp-2 cells were seeded at 4 x 10* cells/well in 96-well plates and incubated for
18 h with serially diluted wtTNF (Peprotech, Rocky Hill, NJ) or TNF mutants in the
presence of 50 mg/ml cycloheximide. After incubation, cell survival was determined
by methylene blue assay as described previously [25]. In the case of analyzing TNFR2-
mediated biological activity, hTNFR2/mFas-PA were seeded on 96-well micro titer
plates with a density of 1.5 x 10* cells/well in culture medium. Serial dilutions of
WITNF (Peprotech) and TNF mutants were prepared with 1 ug/ml cycloheximide and
added to each well. After 48 h-incubation at 37 °C, the cell viabilities were analyzed
using a WST-8 assay kit (Nacalai Tesque) according to the manufacturer’s instructions.

3. Results
3.1. Optimization of one-step competitive panning protocol

To improve identifying TNFR2-selective TNF mutants with
better bioactivity, we have introduced a step to remove the TNFR1-
binding phages from the library by competitive panning using
TNFR1-Fc. We postulated that TNFR1-binding clones could be
eliminated when panning for the TNFR2-binding clones is per-
formed in the presence of TNFR1 protein (see Fig. 1). Although an
immunoplate or immunotube is commonly used for the panning
[27-29], these techniques cannot make real-time observation of
the interaction between phage library and receptor, and are difficult
to automate and control the precise settings. Therefore, we first
utilized the BIAcore biosensor and optimized the concentration of
TNFR1-Fc required for eliminating the TNFR1-binding clones.
Serially diluted human TNFR1-Fc was mixed with 1 x 10'° CFU
phages displaying wtTNF, and the binding avidity of the phage-
displayed WtTNF for TNFR2 was assessed using a BlAcore
biosensor. As shown in Fig. 2, TNFR1-Fc inhibited the binding of
phage-displayed wtTNF to TNFR2 in a dose-dependent manner.
10 pmol of TNFR1-Fc virtually abolished the binding of wtTNF not
only to TNFR2 (last panel in Fig. 2) but also the binding of wtTNF to
TNFR1 (data not shown). These results clearly suggest that 10 pmol
of TNFR1-Fc would be sufficient for competitively subtract
unwanted TNFR1-binding phage clones from a phage library dis-
playing structural TNF mutants.

Table 2
Biding kinetics of TNFs to TNFR1 and TNFR2.
TNFR1 TNFR2
Kon® (106 M1s71) Kof® (1074 s71) Kp© (1071 M) Relatived (%) Kon® (10° M5~ 1) Kot (1074 571) Kp¢ (1071° M) Relative? (%)
WETNF 0.45 13 29 100.0 2.0 12.1 6.1 100.0
R2-6 0.79 54.5 68.8 4.2 3.2 7.8 2.4 251.4
R2-7 0.44 116.0 262.0 1.1 2.1 7.4 36 169.7
R2-8 1.22 50.3 411 7.1 3.1 6.6 24 291.0
R2-9 1.19 50.1 423 6.9 38 126 3.3 185.2
R2-10 0.67 439 63.7 46 22 53 24 253.5
R2-11 0.81 87.5 108. 2.7 23 5.4 23 264.5
R2-12 1.36 988" 72.6 4.0 4.1 10.6 26 235.0
R2-13 0.97 104.0 107.0 2.7 2.9 8.2 29 2122

Kinetic parameters for each TNF were calculated from the respective sensorgram by BlAevaluation 3.1software, and taking into consideration that the TNF binds as a trimer.

? kon is the association kinetic constant.

b kot is the dissociation kinetic constant.

€ Kp is the equilibrium dissociation constant (Kp = Kofi/kon).

4 Relative values were calculated from the Kp (WtTNF)/Kp (TNF mutants) x 100.
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Fig. 4. In vitro bioactivity assay of TNF mutants via TNFR1 or TNFR2. The bioactivity of mutant TNFs via TNFR1 or TNFR2 were measured by cytotoxicity assay against HEp-2 cells (A
and B) or hTNFR2/mFas-PA (C and D), respectively. Each point represents the mean =+ S.D. of triplicate measurements.

3.2. Selection of TNFR2-selective TNF mutants by one-step
competitive panning

To concentrate TNFR2-selective mutant TNFs, the TNF struc-
tural mutant displaying phage library was subjected to two
rounds of conventional panning or competitive panning against
TNFR2 using the BlAcore biosensor. After the second round of
panning, Escherichia coli (TG1) supernatants of 54 randomly
picked clones from each panning procedure were further
screened by capture ELISA to analyze their binding specificities
for each TNFR (Fig. 3). Consequently, we obtained numerous
clones with high-affinity for TNFR2 under all panning conditions.
Binding avidities of these clones for TNFR1 tended to decrease
depending on the concentration of TNFR1-Fc used for premixing.

Table 3
In vitro bioactivities of TNF mutants via TNFR1 or TNFR2.

However, binding avidity of a TNFR2-selective clone, which binds
only to TNFR2 (Fig. 3, black bar), tended to increase depending on
the concentration of TNFR1-Fc used for premixing. Almost all
clones obtained from the conventional and competitive panning
with 0.1 pmol of TNFR1-Fc (Fig. 3A and B, respectively) bound to
TNFR1, and the panning efficiency for isolating the TNFR2-
selective TNF mutants was <2%. In contrast, clones obtained
from the subtracted panning with 1 or 10 pmol of TNFR1-Fc
(Fig. 3C and D, respectively) contained many TNFR2-selective
TNF mutants (>20%). From these panned clones, we eventually
identified eight candidate agonists that selectively and strongly
bound to the TNFR2. Amino acid sequences of these eight
candidate TNFR2-selective TNF mutants are shown in Table 1.
TNFR2-slective mutants were mutated near residue 145 and

TNFR1? TNFR2P TNFR2/TNFR1¢

EC50¢ (ng/ml) Relative Activity? (%) EC50° (ng/ml) Relative activity? (%)
WHTNF 0.6 100 0.56 100 1.0
R2-6 8.1 x 10° 73 x 1073 0.39 144 2.0 x 10*
R2-7 >1.0 x 10° <6.0 x 1074 051 110 1.8 x 10°
R2-8 46 x 10° 1.2 x 1072 0.67 84 7.0 x 10°
R2-9 2.1 x 103 2.8 x 1072 0.21 267 9.5 x 10°
R2-10 1.1 x 104 54 x 1073 0.72 78 1.4 x 10*
R2-11 6.7 x 10* 89 x 1074 0.95 59 6.6 x 10*
R2-12 2.6 x 10* 22 x 1073 0.23 243 1.1 x 10°
R2-13 >1.0 x 10° <6.0 x 107* 0.63 89 1.5 x 10°

* Bioactivities of the wtTNF and TNF mutants via TNFR1 were measured by determining the TNF-induced cytotoxicity in HEp-2 cells.

P o n o

Relative activities were calculated from the EC50 (WtTNF)/EC50 (TNF mutants).

Bioactivities of the wtTNF and TNF mutants via TNFR2 were measured by determining the TNF-induced cytotoxicity in hTNFR2/mFas-PA.
Experimental data were analyzed by a logistic regression model to calculate the mean effective concentration (EC50).

Selectivity for TNFR2 was calculated from the ratio of the relative activity (via TNFR2)/relative activity (via TNFR1).
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conserved near residue 30. These findings indicate that the amino
acid residues near position 30 are an essential for TNFR2 binding.

3.3. Binding kinetics of TNFR2-selective TNF mutants

To investigate the properties of eight TNFR2-selective TNF mutants
in detail, we prepared recombinant protein using the previously
described methods [30,31]. TNF mutants expressed as an inclusion
body in E. coli (BL21ADE3) were denatured and refolded. Then, active
TNF mutants were purified by ion—exchange and gel—filtration chro-
matography. TNF mutant purity was greater than 90% in sodium
dodecyl sulfate—polyacrylamide gel electrophoresis, and all mutants
were confirmed to form homotrimers in the same manner as the wtTNF
by gel-filtration analysis (data not shown). To analyze the binding
properties of these TNFR2-selective TNF mutants, we determined their
binding dissociation constants (kinetic on- and off-rates) for TNFR1 and
TNFR2, respectively, in detail using the surface plasmon resonance
technique (Table 2). Our analysis showed that all eight mutant TNFs
bound to the TNFR2 with high affinity; in contrast, they bound to the
TNFR1 with greatly reduced affinity (typically between 1 and 7% of the
WtTNF affinity). The dissociation constants (Kp) of these mutants for
TNFR2 were between 2.1-3.6 x 10~ v, and their relative affinities for
TNFR2 were between 169 and 291% of that of the wtTNF. Thus, using the
competitive panning technique we successfully obtained a large
repertoire of TNFR2-selective TNF mutants with different binding
parameters (on- and off-rates and dissociation constants).

3.4. Bioactivities of TNFR2-selective TNF mutants

To examine the bioactivity of these TNF mutants via TNFR1, we
subsequently performed a cytotoxicity assay using HEp-2 cells
(Fig. 4A and B). All TNF mutants (R2-6 ~ R2-13) showed almost no
cytotoxicity, and the bioactivity was much lower than that of the
WITNF. Next, we evaluated the TNFR2-mediated activity of TNF
mutants using the hTNFR2/mFas-PA, which were previously con-
structed in our laboratory [26]. The TNFR2-mediated bioactivities of
these 8 mutant TNF proteins were at least same or higher than that
of the wtTNF (Fig. 4C and D). As a negative control, we determined
TNF cytotoxicity in parental TNFR17'R27 preadipocytes and
observed no wtTNF- or mutant TNF-mediated cell death (data not
shown). Results of the cytotoxicity assay are summarized in Table 3.
R2-7, the most highly TNFR2-selective mutant, exhibited 1.8 x 10°
fold higher TNFR2-selectivity than that for the wild-type TNF.

4. Discussion

Recently, it was revealed that the two TNFRs worked together by
crosstalk signaling, which suggested that the TNF-mediated signaling
in the presence of both TNF receptors actually correlates with their
physiological functions [32—34]. To understand the mechanism as
well as to analyze the structure—function relationship of the TNFRs,
several attempts were made in the past to create TNFR-specific
mutant TNFs by conventional site-directed mutagenesis methods
(such as Kunkel's method) [35—37]. However, these attempts were
not very successful in yielding a desired TNF mutant having high
receptor specificity and full bioactivity. For example, the TNFR2-
binding affinity of the double mutant D143N-A145R was about
5-10 fold less than the wtTNF [38]. To overcome these problems, we
applied phage-display technique and optimized panning method
using the BlAcore biosensor (Fig. 1). Using an adequate amount of
selective competitive inhibitor (>1 pmol TNFR1-Fc), this one-step
competitive panning is ten times more efficient for screening
TNFR2-selective TNF mutants, suggesting the competitive panning
technology described here is a simple and effective screening method
for fine-tuning TNF receptor-selectivity (Fig. 3). As a result of

screening, we obtained successfully obtained TNFR2-selective TNF
mutants with full bioactivity via TNFR2 (Table 3). Because of its high
TNFR2-selectivity and full bioactivity, the TNF mutant R2-7 would
help in elucidating the functional role of TNFR2.

One advantage of our phage-display-based technique is that it can
be used to obtain the sequence information of many mutants [39,40].
It was previously shown by site-specific mutagenesis technique that
mutations at positions 29, 31 and 32 (L29S, R31E and R32W)
remarkably reduced the TNFs affinity for binding to TNFR2
[35,37,38]. For most of the TNFR2-selective TNF mutants, amino acids
at positions 29, 31 and 32 were indeed identical (except for the R2-7
mutant which contained a conserved L to V substitution at position
29) to those of the WtTNF (Table 1), which is consistent with the
previously reported idea that these three amino acids play critical
roles in maintaining the binding between the TNF and TNFR2. The
amino acid sequence at positions 145, 146 and 147 of the TNFR2-
selective TNF mutants were, however, very different from those of
the wtTNF. For example, the amino acid residue at position 145 of the
TNF mutants R2-7, R2-12 and R2-13 contained an Asp residue in place
of the Ala residue, and all of them showed high TNFR2 selectivity.
Structural analysis and mutagenesis studies suggested that the loop
containing the residues 145—147 is involved in the receptor binding
[41-43]. Since Asp is a comparatively large residue, we speculated
that this substitution could lead to a steric hindrance disrupting the
interaction between the TNFR1 and TNFR2-selective mutants, which
may be why they are less TNFR1-selective. However, why this
replacement would increase the selectivity for TNFR2 is unclear at
this moment. Currently, we are working on determining the structure
of the TNF/TNFR2 complex by X-ray crystallography [44] so that
structure—activity relationship studies could be initiated in the near
future. Additionally, this structural information, in combination with
bioinformatics technology, will be useful for designing TNFR-
selective inhibitors (peptide mimics and chemical compounds).

5. Conclusions

In this study, we optimized our phage display-based screening
using a unique competitive panning technique, which is ten times
more efficient for screening TNFR2-selective TNF mutants compared
to the conventional panning method. As a result of screening, we
have succeeded in isolating several TNFR2-specific TNF mutants
with high TNFR2 affinity and full bioactivity via TNFR2. Further
analysis of the relationship between the structure and bioactivity of
the TNF mutants would offer highly valuable and useful information
regarding the TNF/TNFR biology. In conclusion, our fine-tuned
competitive panning system is a simple and effective technology
for isolating receptor-selective mutant proteins.
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Nanomaterials are used frequently in microelectronics, cosmetics and sunscreen, and research for the
development of nanomaterial-based drug delivery systems is promising. We previously reported that the
intravenous administration of unmodified silica particles with a diameter of 70 nm (SP70) caused hepatic
injury. Here, we examined the acute hepatic toxicity of SP70 modified with amino group (SP70-N) or car-
boxyl group (SP70-C). When administered intravenously into mice, SP70-N and SP70-C dose-dependently
increased the serum level of alanine aminotransferase (ALT). However, the toxicity levels of surface charge-
modified silica particles were much less weaker than the level of unmodified particles. When SP70 was
repeatedly administered at 40 mg/kg twice a week for 4 weeks into mice, the hydroxyproline content of
the liver significantly increased. Azan staining of the liver section indicated the extensive fibrosis. To the
contrary, the repeated administration of SP70-N or SP70-C at 60 mg/kg twice a week for 4 weeks into mice
did not cause the hepatic fibrosis. These findings suggest that the surface charge of nanomaterials could

change their toxicity.

1. Introduction

Recently, the scientific, medical, and technical applications of
nanomaterials have greatly increased. Nanomaterials are fre-
quently used in microelectronics, cosmetics and sunscreen, and
their potential use in drug-delivery systems is being investigated
(Dobson 2006). Nanomaterials have unique physicochemical
qualities as compared to micromaterials in regard to size, sur-
face structure, solubility, and aggregation. Thus, the reduction
in particle size from the micro- to nanoscale is beneficial for
many industrial and scientific applications. However, nanoma-
terials have potential toxicity that is not found in micromaterials,
and it is, therefore, essential to understand the biological activ-
ity and potential toxicity of nanomaterials (Warheit et al.
2008).

The physical properties of nanomaterials are changed by the
modification of their surface charge, which extends their pos-
sible applications. For example, charge-modified dendrimers
are expected to have applications in drug-delivery systems.
The physical properties and the toxicity of carbon nanotubes
change based on the surface charge (Smith et al. 2009), as
do the pharmacokinetics of liposomes. Future research will
undoubtedly lead to expanded applications of surface-modified
nanomaterials, however, little has been reported on their
toxicity.

Silica nanoparticles have been applied to diagnostic measures
and drug delivery methods. Intraperitoneal administration of
silica nanoparticles results in the biodistribution of the nanopar-
ticles to diverse organs, such as the liver, kidney, spleen and
lung (Kim et al., 2006). We previously found that nano-size
silica particles with a diameter of 70nm caused liver injury,
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while micro-size particles with a diameter of 300 or 1000 nm did
not (Nishimori et al. 2009a, b). In the present study, we exam-
ined the hepatic toxicity of surface charge-modified silica nano-
particles.

2. Investigations, results and discussion

The surface modification technology has been developed in the
field of nanotechnology (Schiestel et al. 2004), and many nano-
materials with new functions will be produced for cosmetics
and medicinal use. Thus, it should be important to investigate
the effect of surface charge of nanomaterials on living body.

We initially examined the acute toxicity of 70-nm diameter sil-
ica nanoparticles (SP70) modified with amino group (SP70-N)
or carboxyl group (SP70-C) at the maximal dose of 100 mg/kg.
Intravenous injection of 50 mg/kg of unmodified SP70 was lethal
inmice (Fig. 1A). The acute liver toxicity of SP70-N and SP70-C
increased in a dose-dependent manner (Fig. 1B, C). Intravenous
injection of SP70-C was lethal in all mice at 100 mg/kg and was
often lethal at 80 and 60 mg/kg. SP70-C was more toxic than
SP70-N. We examined the hepatic injury caused by 40 mg/kg
of unmodified SP70 and 60 mg/kg of modified SP70 (SP70-
C and SP70-N). The hematoxylin-eosin staining of liver tissue
from mice injected with the silica nanoparticles is shown in
Fig. 2A-D. The liver injury caused by SP70 was more extensive
than that caused by SP70-C and SP70-N. Significant increase in
the levels of BUN, a biochemical marker of kidney injury, was
not observed in mice that received the nanoparticles (Fig. 3).
The less amount of unmodified SP70 induced significant liver
damage than the surface-modified silica particles. Thus, the
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Fig. 1: Acute liver toxicity of SP70-N and SP70-C. SP70 (A), SP70-N (B) and
SP70-C (C) were intravenously administered at the indicated doses. At 24 h
after administration, blood was collected, and the resultant serum was used
for the ALT assay. Data are means & SEM (n=4). *p <0.05 as compared to
the vehicle-treated group.

Pharmazie 66 (2011)

modification of the surface charge decreased the amount of acute
hepatic injury caused by silica nanoparticles.

We then examined the chronic liver injury caused by 60 mg/kg of
SP70-C or SP70-N as compared to 30 mg/kg of SP70. Nanopar-
ticles were intravenously injected into mice twice a week for
4 weeks. We assessed the presence of liver fibrosis, because it
is a symptom of chronic liver injury. We determined the hep-
atic hydroxyproline contents in the silica nanoparticle—treated
mice (Fig. 4A). SP70, but not SP70-N or SP70-C, significantly
increased the hepatic hydroxyproline content by 3.5-fold over
the control value. Moreover, collagen, which accumulates in the
fibrotic liver, was stained with Azan reagent, and blue-stained
regions were observed in SP70-treated, but not SP70-C- and
SP70-N-treated, liver sections (Fig. 4B-E). Thus, the chronic
administration of SP70-C and SP70-N did not cause hepatic
fibrosis in mice.

In this study we found that the surface modification of nanosil-
ica particles with amino group and carboxyl group attenuated
liver toxicity. We suspect that this decreased toxicity is due to a
decrease in the amount of silica nanoparticles that accumulate
in the liver. Oku et al. (1996) reported that the accumulation of
liposomes in the liver changed depending on the surface charge
of liposomes. Although we confirmed the presence of SP70-N,
SP70-C and SP70 in the electron micrograph (data not shown),
we were unable to compare the accumulative amounts in the
liver. Therefore, an analysis of the accumulative amount of the
silica nanoparticles in the liver is necessary in future studies.
The surface charge of nanoparticles might change the pharma-
cokinetics in vivo: for instance, the silica nanoparticles with a
positive surface charge have increased paracellular permeabil-
ity (Lin et al. 2007). Moreover, the phagocytosis of liposomes
by hepatic Kupffer cells was promoted by a positive surface
charge (Schiestel et al. 2004). We previously reported that the
inhibition of phagocytosis by Kupffer cells increased the toxic-
ity of nanosilica particles (Nishimori et al. 2009a). Therefore, it
is thought that the nanoparticles with a positive surface charge
have decreased hepatic toxicity due to increased phagocytosis
by liver Kupffer cells.

This report is the first to indicate that altering the surface charge
of nanomaterials changes their toxicity. Further studies based on
these data will provide useful information regarding the safety
of the nanomaterials.

3. Experimental
3.1. Materials

Silica particles with a diameter of 70 nm were obtained from Micromod Par-
tikeltechnologie GmbH (Rostock, Germany). Silica particles with a diameter
of 70 nm that were modified with the amino group or the carboxyl group were
obtained from Micromod Partikeltechnologie GmbH (Rostock, Germany).
The size distribution of the particles was analyzed using a Zetasizer (Sysmex
Co., Kobe, Japan), and the mean diameters were 61.5 and 70.5 nm, respec-
tively. The electric charge of the particles, also measured using the Zetasizer,
was found to be —19.7 and —-52.4 mV, respectively. The particles were spher-
ical and nonporous and were stored at 25 mg/mL in an aqueous suspension.
The suspensions were thoroughly dispersed by sonication before use and
then diluted in ultrapure water. All reagents used were of research grade.

3.2. Animals

Eight-week-old BALB/c male mice were purchased from Shimizu Labora-
tory Supplies Co., Ltd. (Kyoto, Japan) and were maintained in a controlled
environment (23 £ 1.5 'C; 12-h light/dark cycle) with access to standard
rodent chow and water ad libitum. The mice were left to adapt to the new
environment for 1 week before commencing with the experiment. Mice
that received a single treatment of silica nanoparticles were anesthetized
for sacrificing 24 h after intravenous injection. Mice in the frequent treat-
ment group received intravenous administration of silica nanoparticles twice
a week for 4 weeks. The experimental protocols conformed to the ethi-
cal guidelines of the Graduate School of Pharmaceutical Sciences, Osaka
University.
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Fig. 2: Hematoxylin and eosin staining of the liver sections. Twenty-four h after administration, the liver was excised from the mice treated with vehicle (A), SP70 (B), SP70-N
(C) or SP70-C (D) and fixed with 4% paraformaldehyde. Tissue sections were stained with hematoxylin and eosin and observed under a microscope. The arrows indicate

areas of hepatic injury.
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Fig. 3: Effect of SP70-N and SP70-C on kidney. SP70, SP70-N and SP70-C were
intravenously administered at 40 mg/kg, 60 mg/kg, and 60 mg/kg,
respectively. At 24 h after administration, blood was collected, and the
resultant serum was used for the BUN assay with a commercially available
kit. Data are means + SEM (n=4).
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3.3. Biochemical analysis

Serum alanine aminotransferase (ALT) and blood urea nitrogen (BUN) were
measured with commercially available kits according to the manufacturer’s
protocols (Wako Pure Chemical Industries, Osaka, Japan).

3.4. Histological analysis

Theliver was excised and fixed with 4% paraformaldehyde. After sectioning,
thin tissue sections of tissues were stained with hematoxylin and eosin for
histological observation. Liver sections were stained with Azan-Mallory for
observation of liver fibrosis.

3.5. Measurement of hydroxyproline content

Hepatic hydroxyproline (HYP) content was measured using Kivirikko’s
method (Kivirikko et al. 1967), with some modifications. Briefly, liver tissue
(50 mg) was hydrolyzed in 6 mol/L HCl at 110 "C for 24 h in a glass test
tube. After centrifugation at 3000 rpm for 10 min, 2 mL of the supernatant
was neutralized with 8 N KOH. Two grams of KCI and 1 mL of 0.5 mol/L
borate buffer were then added to the resultant solution, followed by incu-
bation for 15 min at room temperature and a further incubation for 15 min
at 0 C. Freshly prepared chloramine-T solution was then added and the
solution was incubated at 0 'C for 1 h, followed by the addition of 2 mL
of 3.6 mol/L sodium thiosulfate. The samples were incubated at 120 "C for
30 min, and then 3 mL toluene was added with incubation for a further 20 min
at room temperature. After centrifugation at 2000 rpm for 5 min, 2 mL of the
supernatant was added to 0.8 mL of buffer containing Ehrlich’s reagent and
incubated for 30 min atroom temperature. The samples were then transferred
to a plastic tube and the absorbance was measured at 560 nm. Hydroxypro-
line content was expressed as micrograms of hydroxyproline per gram of
liver.
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Fig. 4: Effect of SP70-N and SP70-C on chronic liver injury. SP70 was injected into
mice every 3 days for 4 weeks at 30 mg/kg. SP70-C and SP70-N was injected
into mice every 3 days for 4 weeks at 60 mg/kg. Three days after the last
injection, the mice were sacrificed. Hydroxyproline levels (A) in the liver
were measured. The liver was excised from mice treated with vehicle (B),
SP70 (C), SP70-N (D) or SP70-C (E) and fixed with 4% paraformaldehyde.
Tissue sections were stained with Azan and observed under a microscope.

The arrows indicate areas of hepatic fibrosis. Data are means + SEM (n=4).
*p <0.05 as compared to the vehicle-treated group.
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3.6. Statistical analysis

The data were analyzed for statistical significance using Dunnett’s test. P
values less than 0.05 were considered statistically significant.
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