Drug Discovery Today * Volume 00, Number 00+March 2012

REVIEWS

TJ dynamics

TJs are complexes of transmembrane and peripheral membrane
proteins, including occludin, claudins, ZO-1 and ZO-2 {6]. The TJ
structure is highly dynamic and undergoes continuous remodel-
ing through unique kinetics [32]. The properties of TJs are deter-
mined by these dynamics [33].

Occludin 5408 dephosphorylation reduces paracellular cation
influx by stabilizing the occludin-ZO-1 interaction, leading to
enhancement of claudin-1 and claudin-2 exchange and reduction
of their pore formation at the TJ. By contrast, occludin $408
phosphorylation enhances homotypic occludin-occludin interac-
tions, leading to the release of ZO-1 and formation of claudin-1-
and claudin-2-based pores. Therefore, occludin $408 phosphoryla-
tion is a key factor in the remodeling of the claudin-occludin-ZO-
1 interaction [34].

Claudin-1 is stably localized in TJs [35]. Most occludin is mobile
and diffused within the junctional membrane. By contrast, most
ZO-1 is continuously exchanged between the membrane and
cytosol pools [34]. Fluorescence recovery after photo-bleaching
(FRAP) analysis provided new insights into the dynamics of TJs.
The perijunctional actomyosin ring contributes to myosin light
chain kinase (MLCK)-dependent TJ regulation. FRAP analysis
showed that TJ-associated ZO-1 exists in three pools: a fixed pool,
a fast exchangeable pool associated with the cytosolic pool, and a
slow exchangeable pool associated with the cytosolic pool. The
exchange between the TJ pools and the cytosolic pool is regulated
by MLCK [36]. Claudin dynamics differ depending on the parti-
cular claudin. Claudins forming TJ strands showed slower
dynamics than those not forming TJ strands. Distinct claudin
stabilities might affect how TJs regulate paracellular permeability
by altering paracellular flux and paracellular ion permeability [37].

These insights into the dynamics of TJs address the molecular
mechanism of paracellular homeostasis and will hopefully lead to
the development of TJ-targeted tissue-specific and solute-specific
drug delivery systems.

Epithelial barrier as the first line of defense against
pathological microorganisms

The human mucosa has a surface area equivalent to 1.5 tennis
courts. This large surface area means that there is significant risk of
infection by pathological microorganisms; therefore, homeostasis
of the epithelial barrier is important. Indeed, some pathogens
modulate the epithelial barrier to facilitate easy and widespread
infection (Fig. 2a).

Modulation of the epithelial barrier by pathogens

Human immunodeficiency virus-1 (HIV-1) infection is often asso-
ciated with increased permeability of mucosal epithelial cells. Viral
envelope glycoprotein (gp)120 is a crucial viral protein that
increases the permeability of the epithelial barrier. When HIV-1
binds to cells it induces production of TNF-«, leading to a decrease
in mucosal epithelial barrier integrity and spread of HIV-1 infec-
tion [38].

Atopic dermatitis (AD) is the most common inflammatory skin
disease [39], and susceptibility to cutaneous infections is increased
in AD patients. Widespread skin infection by the herpes simplex
virus (HSV) causes severe viral complications, such as eczema
herpeticum in AD patients. Defects in the epidermal TJ barrier
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Regulation of the first line of defense, the epithelial barrier. () Pathological
microorganism-epithelial barrier interaction. Infection of epithelial cells by
HIV-1, EHEC, or EAEC decreased epithelial barrier integrity [38,41,42]. By
contrast, RSV infection increased the barrier function [44]. (b) Lymphocyte-
epithelial barrier interaction. LPLs regulate the integrity of the epithelial
barrier via direct interaction with epithelial cells through notch signaling [49].
Abbreviations: EAEC: enteroaggregative Escherichia coli; EHEC:
enterohemorrhagic Escherichia coli; HIV-1: human immunodeficiency virus-1;
LPLs: lamina propria lymphocytes; RSV: respiratory syncytial virus.

increase the susceptibility of patients with AD to widespread
subcutaneous infection with HSV or other viral pathogens [40].
In the early stage of infection with enterohemorrhagic Escherichia
coli (EHEC), non-bloody diarrhea occurs in the absence of shiga
toxin. EHEC infection increases expression of claudin-2 and redis-
tribution of claudin-3 and occludin. These changes correlate with
increased intestinal permeability [41]. Infection by enteroaggre-
gative Escherichia coli (EAEC) causes dissociation of claudin-1 from
the TJs between epithelial cells, leading to disruption of the TJ
barrier [42]. By contrast, respiratory syncytial virus (RSV) increases
TJ integrity. RSV is the major cause of bronchitis, asthma and
severe lower respiratory tract diseases in infants and young chil-
dren [43]. RSV infection induces expression of claudin-4 and
occludin in human nasal epithelial cells. Induction of T] compo-
nents has a crucial role in epithelial cellular polarity, leading to
budding of the virus from the epithelial apical surface [44]. There-
fore, prevention of TJ barrier modulation by pathogens might be a
viable therapeutic strategy.

Lymphoepithelial cross talk in the epithelial barrier

Mucosa-associated lymphoid tissues (MALTs) are lymphoid
immune tissues that are located in the mucosal epithelium. By
activating mucosal immune responses, they function as the first
line of defense against pathogens invading the body through the
epithelium [45]. MALTSs comprise gut-associated lymphoid tissues,
nasopharynx-associated lymphoid tissues and bronchus-asso-
ciated lymphoid tissues. MALTs contain lymphocytes, M cells, T
cells, B cells and antigen-presenting cells. Recently, lamina propria
lymphocytes (LPLs) underlying the intestinal epithelium have
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been shown to have a crucial role in the homeostasis of the
epithelial barrier (Fig. 2b). Direct interaction of LPLs with intest-
inal epithelial cells is essential for the barrier function of the
intestinal epithelium [46]. The notch signaling pathway regulates
cell fate decisions through cell-cell interactions [47]. Notch sig-
naling determines the differentiation of intestinal stem cells into
secretory cells, absorptive cells, or enterocytes [47,48]. The absence
of LPLs in mice causes increased intestinal permeability and a lack
of activation of notch in colonocytes [49]. Transfer of LPLs to LPL-
deficient mice decreased intestinal permeability and activated
notch signaling in colonocytes. In Caco-2 cells, knockdown of
notch mRNA reduced the epithelial barrier function, and was
accompanied by upregulation of claudin-2 proteins, reduction
of occludin and cytoplasmic localization of claudin-5 [49]. There-
fore, lymphoepithelial cross talk might regulate epithelial differ-
entiation and barrier integrity. Notch signaling is highly activated
in the mucosa of patients with Crohn’s disease, leading to dysre-
gulation of the differentiation of epithelial cells [49]. Normal-
ization of disruption of this cross talk might be a potent
strategy for treating immune-mediated intestinal disorders.

Proof-of-concept for TJ-targeted drug development

As mentioned in the introduction, epithelial cells are a potent
target for drug development. TJ-targeted drug development has
been attempted [14,50], and proof-of-concepts for TJ-targeted drug
absorption, cancer targeting and mucosal vaccination have been
established. Recent findings indicate that TJ-targeted therapy for
hepatitis C virus (HCV), diabetes and inflammatory diseases might
be possible.

HCV infection

Atotal of 170 million people worldwide are infected with the HCV.
Hepatitis C is the leading cause of chronic liver inflammation,
cirrhosis and cancer. Claudin-1 and occludin are co-receptors for
HCV infection, indicating that binders to claudin-1 or occludin
might be potent inhibitors of HCV entry [16]. DNA immunization
enabled successful preparation of monoclonal anti-claudin-1 anti-
bodies against the extracellular loop of claudin-1, and these anti-
claudin-1 antibodies prevented HCV infection. Antibodies effec-
tively blocked cell entry of highly infectious escape variants of
HCV that were resistant to neutralizing antibodies [51]. When
hepatitis C patients reach end-stage liver failure, liver transplanta-
tion is the only choice for curative treatment; however, reinfection
of the transplanted liver by HCV often occurs. There is a significant
correlation between hepatic levels of claudin-1 and occludin and
HCYV reinfection after liver transplantation [52]. Inhibition of HCV
reinfection of the transplanted liver by using anti-claudin-1 anti-
bodies might be a potent treatment for patients with liver trans-
plantation.

Diabetic retinopathy

Breakdown of the blood-retinal barrier (BRB) is a halimark of
diabetic retinopathy [53]. Alterations to the BRB occur early in
the progression of diabetic retinopathy and eventually lead to
macular edema, which is responsible for vision loss [54]. Diabetic
patients show elevated levels of TNF-a in the vitreous humor.
TNF-a increases the permeability of retinal endothelial cells.
TNF-a decreases ZO-1 and claudin-5 expression and alters cellular

localization of ZO-1 and claudin-5 [55]. Thus, regulation of BRB-
integrity might be a potent strategy for treating vision loss owing
to diabetes. Indeed, a chemical already in clinical use for the
treatment of diabetic retinopathy, calcium dobesilate, attenuates
the decrease in occludin and claudin-5 and prevents BRB break-
down [56]. Berberine, a plant alkaloid, has also been used for the
treatment of diabetes. Berberine prevents barrier defects in retinal
epithelial cells [57]. Inducers of occludin and claudin-5 or pro-
moters of TJ integrity could be a potent treatment for diabetic
retinopathy.

Inflammatory diseases

Berberine has been also used in the treatment of gastroenteritis
and diarrhea. TNF-a disrupts TJ integrity in inflammatory bowel
diseases (IBD). Regulation of the TNF-a-dependent signaling path-
way is a potent strategy for the treatment of IBD. TNF-a removes
claudin-1 from TJs and induces claudin-2 expression, leading to
disruption of the TJ barrier. Attenuation of TNF-a signaling is a
potent strategy for IBD therapy. Berberine also attenuates TNF-a-
induced TJ barrier defects by removing claudin-1 and inducing
claudin-2 expression [58]. Spontaneous colitis was observed in
interleukin (IL)-10—/- mice in which paracellular permeability
was increased in conjunction with decreased expression and redis-
tribution of ZO-1, occludin and claudin-1. Treatment with a
probiotic, Lactobacillus plantarum, restored expression of TJ com-
ponents and TJ integrity, resulting in prevention of bacterial
translocation and proinflammatory responses in IL-10—/— mice
[59]. Recovery of TJ integrity might be a potent strategy for
inflammatory intestinal diseases. Ouabain, which is an inhibitor
of Na*, K*-ATPase, increased TJ integrity through signaling path-
ways involving c¢-Src and ERK1/2 and by modulating the expres-
sion of claudin-1, claudin-2 and claudin-4 [60,61]. Several natural
products have been found to be therapeutically useful against
epithelial barrier defects.

Paracellular drug transport

The claudin protein family comprises 27 members [7]. Claudins
form homo- and hetero-type strands in the lateral membrane.
Adjacent claudin-based TJ strands associate with each other, lead-
ing to sealing of the intercellular space. The combination of the
claudin members is a determinant factor for the properties of the
TJ barrier [S]. These findings suggest that optimization of claudin
modulators with narrow-specificity in certain cases, or broad-
specificity in other cases, might regulate solute- and tissue-speci-
ficity in paracellular transport. The most important issue in TJ-
targeted drug absorption is the development of claudin modula-
tors. Claudin is an integral membrane protein with a tetra-trans-
membrane domain. Claudin binders are the first choice for claudin
modulators. The first extracellular loop contains approximately 50
amino acids and the second contains approximately ten amino
acids. Claudins are hydrophobic proteins, and preparation of a
recombinant protein is only currently possible for claudin-4 [62].
Therefore, the development of claudin binders, including anti-
bodies, has been slow. Budded baculoviruses display functional
forms of membrane proteins on their surface [63]. Claudin-dis-
playing budded baculoviruses possess a native form of claudin and
can be used as a screening system for claudin binders [64]. Func-
tional membrane proteins are heterogeneously expressed on
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budded baculoviruses [63]. Functional information using FRAP
analysis will enable development of a screening system for claudin
modulators with narrow- or broad-specificity using the heteroge-
nous claudin-displaying baculoviral system. We predict that, in
the near future, proof-of-concept for tissue- and solute-specific
paracellular transport by modulating the claudin-barrier will be
demonstrated.

Coupling of transcellular and paracellular transport systems con-
trols permeability to solutes [65]. Claudin-based TJs function as
charge-selective paracellular channels [6]. Claudin-15 is responsible
for transepithelial permeability to extracellular monovalent cations,
especially Na*. Claudin-15-deficient mice exhibit low luminal Na*
levels and low glucose absorption in the intestine, indicating that
paracellular transport of Na* through claudin-15-based TJ strands
might be coupled to transcellular transport of glucose through a
glucose transporter [66]. These findings suggest that modulation of
the claudin-mediated paracellular transport of solutes might regulate
the transcellular transport of drugs through a transporter.

Concluding remarks

To our knowledge, the first report of TJ-targeted drug development
was the discovery in 1961 of enhanced mucosal absorption
of drugs by co-administration of ethylenediaminetetraacetic acid
[67]. TJs were identified in 1963 [17]. Modulation of the TJ-barrier
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has been a major strategy for enhancing mucosal absorption;
however, the biochemical structure of TJs was unclear until
1998. Until that year, absorption enhancers were screened mainly
by modulating epithelial cell sheets. Recent imaging studies have
begun to reveal the dynamics of TJs and also how these dynamics
are regulated [36,37]. Future detailed analyses using FRAP will
provide us with new insights into strategies for modulation of
the TJ barrier. In addition to TJ-modulated drug absorption, TJ-
targeted therapy for HCV infection and diabetic retinopathy has
recently been proved effective [51,56]. The questions of how TJ
dynamics are regulated, and how expression of T] components is
regulated are still to be answered. The molecular pathology of
deregulation of the TJ barrier is not yet fully understood. TJ-
targeted drug development has been spearheaded by rapid pro-
gress in our understanding of the biology of the TJ barrier.
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Claudin-4, a member of a tetra-transmembrane protein family that comprises 27 members, is a key func-
tional and structural component of the tight junction-seal in mucosal epithelium. Modulation of the clau-
din-4-barrier for drug absorption is now of research interest. Disruption of the claudin-4-seal occurs
during inflammation. Therefore, claudin-4 modulators (repressors and inducers) are promising candi-
dates for drug development. However, claudin-4 moduiators have never been fully developed. Here,
we attempted to design a screening system for claudin-4 modulators by using a reporter assay. We pre-
pared a plasmid vector coding a claudin-4 promoter-driven luciferase gene and established stable repor-
ter gene-expressing cells. We identified thiabendazole, carotene and curcumin as claudin-4 inducers, and
potassium carbonate as a claudin-4 repressor by using the reporter cells. They also increased or
decreased, respectively, the integrity of the tight junction-seal in Caco-2 cells. This simple reporter sys-
tem will be a powerful tool for the development of claudin-4 modulators.
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1. Introduction

Tight junctions (TJs), the most apical components of intercellu-
lar junctional complexes, function as fences that maintain cellular
polarity and provide a barrier to regulate intercellular permeability
of epithelia [1,2]. Disruption of cellular polarity and the TJ-seal is
frequently observed during carcinogenesis and inflammation [3].
Modulation of TJ-seals for drug absorption is now of research inter-
est [4,5]. A series of studies has revealed that TJs are composed of
transmembrane proteins (such as occludin and claudins), junction
adhesion proteins, and cytoplasmic scaffolding proteins, including
Z0-1, Z0-2, and ZO-3 (see reviews [6-8]). Of these, claudins are
thought to be the main structural and functional components of
TJs.

Claudins, tetra-transmembrane proteins with a molecular mass
of approximately 23 kDa, comprise a multigene family containing
over 20 members [8]. The barrier-function and the expression
patterns of claudin members differ among tissues [6,8,9].
Claudin-1-, -5-, and -11-deficient mice show dysfunction of the

Abbreviations: TJs, tight junctions; C-CPE, the carboxy! terminus of Clostridium
perfringens enterotoxin; TGF-B, transforming growth factor-B; EGF, epidermal
growth factor; PMA, phorbol 12-myristate 13-acetate; DMSO, dimethy! sulfoxide;
PCR, polymerase chain reaction; RT-PCR, reverse transcription-PCR; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; qPCR, quantitative PCR; SDS, sodium
dodecyl sulfate; SDS-PAGE, SDS-polyacrylamide gel electrophoresis; TER, transepi-
thelial electric resistance.
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epidermal barrier, blood-brain barrier, and blood-testis barrier,
respectively [10-12]. The expression levels and the barrier-
functions of claudins are often altered in various cancer cells; they
can be down-regulated or up-regulated, depending on the type of
cancer [13]. Changes in claudin expression have also been observed
in the mucosal epithelium under inflammatory conditions [14].
Claudins are thus potent targets for drug development, such as
drug delivery, anti-cancer agents, and anti-inflammatory agents.

Since claudins play a role in TJ-seals, modulation of the claudin-
barrier is a potent strategy for drug absorption. The carboxyl-ter-
minus of Clostridium perfringens enterotoxin (C-CPE) is a modulator
of the claudin-barrier [15]. Treatment of cells with C-CPE causes a
decrease in claudin-4 proteins in TJs, followed by an enhancement
of the paracellular transport of solutes without causing cytotoxic-
ity [15]. C-CPE also enhances jejunal, nasal, and pulmonary absorp-
tion of drugs [16]. Thus, proof-of-concept for claudin-targeted drug
absorption has been demonstrated. A decrease in claudin-4 in the
intestinal epithelium often occurs in colitis [17]. Down-regulation
of claudin-4 is also observed in some cancer cells [18]. Induction of
claudin-4 is involved in the chemo-preventive effect of nonsteroi-
dal anti-inflammatory drugs [19]. A modulator of claudin-4 expres-
sion would therefore be a potent molecule for claudin-targeted
drug absorption and drug development for some inflammatory dis-
eases and cancers. However, an effective system to screen for clau-
din modulators is lacking.

Here, we developed a simple system to monitor claudin-4
expression using a reporter gene, and we screened chemical clau-
din-4 modulators.
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2. Materials and methods
2.1. Reagents and cells

Recombinant human transforming growth factor-g (TGF-B) and
epidermal growth factor (EGF) were purchased from R&D systems
(Minneapolis, MN) and Peprotech Inc. (Rocky Hill, NJ), respectively.
The recombinant proteins were dissolved in water and stored at
—80 °C before use. Phorbol 12-myristate 13-acetate (PMA) were
dissolved in dimethyl sulfoxide (DMSO) and stored at —20 °C be-
fore use. List of the chemicals used in this study for screening for
claudin-4 modulator is shown in Table 1. All reagents were of re-
search grade.

MCF-7, and Caco-2 cells were cultured in Dulbecco’s modified
minimal essential medium supplemented with 10% fetal bovine
serum in 5% CO, at 37 °C. MCF-7 cells were obtained from the RI-
KEN cell bank (Ibaragi, Japan). Caco-2 cells were obtained from
the American Type Culture Collection (Manassas, VA). MCF-7 cells
stably expressing snail or HRasV12 were prepared by infection
with a recombinant retroviral vector coding for snail or HRasV12
gene.

2.2. Preparation of a reporter plasmid

Genomic DNA was extracted from MCF-7 cells by using a geno-
mic DNA isolation kit (Sigma-Aldrich, St. Louis, MO). The claudin-4
promoter region was cloned by polymerase chain reaction (PCR)
using genomic DNA as a template and paired primers (forward pri-
mer, 5-GCGCTAGCGGTTGCCCCCTGGCCTTAAC-3'; reverse primer,
5-CGCTCGAGGTCCACGGGAGTTGAGGACC-3'). The resultant frag-
ments (500 bp) were subcloned into the pGV-B2 vector encoding
the luciferase gene (Toyobo, Osaka, Japan). The sequence of the
claudin-4 promoter region was confirmed.

2.3. A transient expression of transfection snail or HRasV12 gene

Transfection was performed with FUuGENE HD (Roche, Mann-
heim, Germany) according to the manufacturer’s protocol. Briefly,
cells were seeded onto 24-well plates. When the cells reached to
80% confluent cell density, 20 pl of medium containing 0.6 pl of Fu-
GENE HD and 200 ng of plasmid carrying snail or HRasV12 gene
was added to the wells. After 48 h of transfection, the luciferase
activity of the cell lysates was measured as described below.

2.4. Luciferase assay

Luciferase activity was measured using a commercial available
luciferase assay system (Toyo Ink, Tokyo, Japan). Cells were lysed
with a cell lysis reagent, LCB (Toyo Ink). The cell lysates were then
centrifuged at 18,000g for 5 min. The luciferase activity in the
resulting supernatant was measured using a TriStar LB 941 micro-
plate reader (Berthold, Wildbad, Germany).

2.5. Establishment of a stable reporter cell line

MCF-7 cells were transfected with the reporter plasmid and a
plasmid carrying the puromycin resistance gene. Stable transfec-
tants were selected in the presence of puromycin.

2.6. Screening for claudin-4 modulators

The clone 35 cells were seeded onto 96-well plates at a density
of 4 x 10* cells/well. On the following day, vehicle or compound
was added, and the cells were cultured for an additional 24 h.

The luciferase activity in the cells was then measured as described
above.

2.7. Cytotoxicity assay

Clone 35 cells or Caco-2 cells were seeded onto a 96-well plate
at a density of 4 x 10% or 6 x 10% cells/well, respectively. On the
following day, cells were treated with chemicals at the indicated
periods. The cell viability was measured by using a WST-8 assay
kit (Nacalai, Kyoto, Japan).

2.8. Reverse transcription-PCR (RT-PCR) analysis

RT reaction and PCR amplification were performed with a cDNA
synthesis kit (Roche, Mannheim, Germany) and ExTaqTM (Takara,
Shiga, Japan), respectively, according to the manufacturer’s instruc-
tions. Briefly, total RNA was prepared with TRIzol reagent (Invitro-
gen, Carlsbad, CA). For reverse transcription, 5 pig of total RNA was
used. PCR was performed for 23 cycles for claudin-4 (94 °C for 30 s,
55 °Cfor 15 s, 72 °C for 30 s) and for 20 cycles for GADPH (94 °C for
305,55 °Cfor 155,72 °C for 60 s). The PCR products were separated
by use of agarose gel electrophoresis and stained with ethidium
bromide. The sequences of the primers are as follows: forward pri-
mer for claudin-4, 5'-CAACATTGTCACCTCGCAGACCATC-3’; reverse
primer for claudin-4, 5'-TATCACCATAAGGCCGGCCAACAG-3'; for-
ward primer for glyceraldehyde 3-phosphate dehydrogenase (GAP-
DH), 5'-TCTTCACCACCATGGAGAAG-3'; reverse primer for GAPDH,
5'-ACCACCTGGTGCTCAGTGTA-3'.

2.9. Quantitative PCR (qPCR) analysis

gqPCR was performed with SYBR Premix Ex Taq Il (Takara) using
an Applied Biosystems StepOne Plus (Applied Biosystems, Foster
City, CA). Relative quantification was performed against a standard
curve and the values were normalized against the input deter-
mined for the housekeeping gene, GAPDH. The primer sequences
used for gPCR were as follows: forward primer for claudin-4, 5'-
TTGTCACCTCGCAGACCATC-3’ and reverse primer for claudin-4,
5'-CAGCGAGTCGTACACCTTG-3'; forward primer for GAPDH, 5'-
GGTGGTCTCCTCTGACTTCAACA-3’ and reverse primer for GAPDH,
5-GTGGTCGTTGAGGGCAATG-3'.

2.10. Western blot analysis

Cells were lysed with RIPA buffer (0.15 M NaCl, 50 mM Tris-
HCl, pH 7.4, 1 mM ethylenediaminetetraacetic acid, 1% Triton X-
100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
1% protease inhibitor cocktail [Sigma-Aldrich]). The cell lysates
were subjected to 15% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), followed by blotting onto polyvinylidene difluoride
membrane. The membranes were incubated with anti-claudin-4
mouse monoclonal (Zymed, South San Francisco, CA) and anti-B-
actin mouse monoclonal (Sigma-Aldrich) antibodies, respectively,
and subsequently treated with horseradish peroxidase-conjugated
anti-mouse IgG (Zymed). The reactive bands were detected by
using an enhanced chemiluminescence reagent (GE Healthcare,
Buckinghamshire, UK).

2.11. Transepithelial electric resistance (TER) assay

Caco-2 cells were seeded into Transwell™ chambers (Corning,
NY) at a density of 8 x 10* cells/well. On 7 days after the seeding
or when TER values reached a plateau, claudin-4 inducers (thia-
bendazole, carotene, or curcumin) or claudin-4 repressor (potas-
sium carbonate), respectively, was added. The TER values were
then monitored at 0, 24, and 48 h using a Millicell-ERS epithelial
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Chemicals used in this study as screening sources.

Sample number

Sample name

Concentration®

Relative luciferase activity®

W00V WN -

Tartrazine

Potassium nitrate
Potassium carbonate
Sodium chlorous

Zinc sulfate

New coccine
Amaranth (Bordeaux S)
Allura red AC

Sunset yellow FCF
Potassium hydroxide
L-ascorbic acid

Sodium nitrite
Propionic acid

Sodium carbonate

Zinc gluconate

Benzoic acid

Sorbic acid

Aspartame
Dibutylhydroxytoluene
Allyl isothiocyanate
Saccharin

-Ascorby! palmitate
Hydroxy biphenyl
Aluminium potassium sulfate
t-Lysine

Calcium pantothenate
Carrageenin

Tartaric acid

Sodium acetate
Glycine

Sodium alginate
Ammonium chloride
Magnesium sulfate
5-Ribonucleotide
Calcium chloride
Valine

Erythrosine

Annatto

Maltitol

Sodium dehydroacetate
Nicotinic acid
Isoleucine

Mannitol

Ascorbic acid (Vitamin C)
Phenylalanine

Gallic acid

Erythorbic acid (Sodium isoascorbate)

Magnesium chloride
Cochineal extract

Calcium dihydrogen pyrophosphate

Calcium citrate
Polyviny! acetate
Fumaric acid

Sodium methyl p-hydroxybenzoate

Tocophenol (Vitamin E)
Rennet

lonone

Isoeugenol

Allyl isosulfocyanate
Propylene glycol

Ethyl isovalerate

Pectin

Cysteine

Tragacanth gum
Thiamin

Gum arabic

Cellulose

Thiabendazole

Isopropyl citrate
y-oryzanol

Calcium carbonate
Propylene glycol alginate
Chlorophyll

Sodium chondroitin sulfate

10 mM
1 mM
10 mM
10 mM
0.1 mM
0.01 mM
1mM
1mM
1mM
1mM
1mM

10 mM
0.0001%
1 mM
0.01%
0.01 mM
1mM
1mM
0.01 mM
0.0001%
1mM
1mM

0.01 mM
0.1 mM
10 mM

10 mM
0.01 mM
1mM
10mM
10 mM
10 mM
10 mM
10 mM
0.001 mM
1mM
10 mM
0.01 mM
0.01 mM
10 mM
1mM
1mM
1mM
10 mM
10 mM
1mM
0.1 mM
1mM
0.1%
0.1%
1mM
0.01 mM
0.1 mM
0.01 mM
1 mM
0.0001%
0.01%
0.01%
0.001%
0.001%
0.1%
0.001%
0.001%
0.01 mM
0.01%
0.1%
0.01%
0.001%
0.1 mM
10 mM
0.01%
0.001%
0.01%
0.1%
0.1%

1.29
0.94
0.56
0.95
0.95
0.98
1.34
1.49
1.59
0.83
1.02

0.91
0.82
0.91
1.76
1.3

1.51
1.59
1.81
1.72
1.5

1.21

1.87
0.94
142

1.61
1.56
1.01
1.02
1.68
1.52
1.91
1.56
1.15
1.62
1.08
1.22
1.96
1.44
1.98
1.55
1.06
1.29
1.17
0.95
1.41
1.03
1.26
1.02

0.92
1.13
1.24
2.04
2.14
0.89
1.15
1.15
1.06
0.87
0.89
0.98
0.76
0.83
1.15
0.91
0.84
3.24
1.04
1.02
0.857
0.87
1.02
1.04
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Table 1 (continued)

Sample number Sample name

Concentration® Relative luciferase activity®

75 Biphenyl

76 Sodium cytidylic acid
77 Stevia rebaudiana

78 Calcium stearoyl! lactylate
79 Ferrous sulfate

80 Calcium sulfate

81 Benzoy! peroxide

82 Dibenzoyl thiamine
83 Carotene

84 Guar gum

85 Xanthan gum

86 Curcumin

0.1 mM 0.99
1 mM 0.77
0.01% 0.96
0.01% 0.83
0.1 mM 137
0.1 mM 0.93
0.1 mM 1.13
1 mM 0.88
0.1 mM 2.09
0.001% 0.84
0.001% 0.77
0.01 mM 2.0

* The chemical concentrations were set at the maximum level to show no cytotoxicity.
® The relative luciferase activities were calculated as the ratio of that in the chemical-treated cells to that in the vehicle-treated cells. The treatment period was 24 h.

volt-ohmmeter (Millipore Corporation, Billerica, MA). The TER
values were normalized to the area of the Caco-2 cell monolayers,
and the TER value of a blank chamber was subtracted.

3. Results

3.1. Preparation of a reporter plasmid encoding a claudin-4-promoter-
driven luciferase gene

As a first step toward developing a simple screening system for
claudin-4 modulators, we cloned the promoter region of claudin-4.
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We searched for a region that was highly conserved among ani-
mals by using a UCSC Genome Bioinformatics program and cloned
a 500 bp fragment corresponding to ~293 to +194 bp of the clau-
din-4 gene. This 500 bp fragment contained various transcription
factor-binding sites: an E-box (-276 to -271, —262 to -257,
—221 to -216, —19 to —14, +10 to +14), a smad-binding element
(SBE; —212 to —209, —103 to —100, —38 to —35), and Sp1 (-66
to —57, —53 to —44) [20,21], indicating that this region is a potent
candidate for a regulatory region of claudin-4 expression. We
constructed a reporter expression vector, in which the 500 bp frag-
ment was inserted upstream of a luciferase gene Suppl. Fig. 1A). To

Cc

1.27

1.01

0.61

0.4

0.2

Relative claudin4 expression

Mock Snail

Reldtive claudin4 expression
o

0 ‘ l

Mock HRasV12

Fig. 1. Preparation of a reporter system monitoring claudin-4 expression. (A, B) Effects of snail and HRasV12 on the luciferase activity in transiently expressing cells. Snail-
expressing MCF-7 cells (A) or HRasV12-expressing MCF7 cells (B) were transfected with the claudin-4 reporter plasmid. Two days later, the cells were recovered, and the
luciferase activity in the lysates was measured. The data are means £ S.D. (n = 3). The results are representative of two independent experiments. (C, D) qPCR analysis of
claudin-4 expression in transiently expressing cells. After 2 days of the transfection with the claudin-4 reporter plasmid, total RNA was extracted from snail-expressing MCF-
7 cells (C) or HRasV12-expressing MCF-7 cells (D). Expression level of claudin-4 of the transfected cells was quantified by qPCR as described in the Section 2. Claudin-4
expression level was shown as ratio to that of the mock cells. The data are means + S.D. (n = 3). The results are representative of two independent experiments.
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Relative luciferase activity

0 0.1 1 10
PMA (mM)

Fig. 2. Effect of PMA on the luciferase activity in clone 35 cells. Clone 35 cells were
treated with PMA at the indicated concentrations for 24 h. Luciferase activity in the
lysates was measured. The relative [uciferase activity is shown as the ratio of the
luciferase activity in the treated cells to that of the vehicle-treated cells. The data
are means+S.D. (n=3). The results are representative of two independent
experiments.

evaluate expression of the reporter gene, we checked the endoge-
nous claudin-4 expression level in various cell lines and selected
MCF-7, HaCat, HT1080, and SiHa cells, which have different
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claudin-4 expression levels for our analyses (Suppl. Fig. 1B). We
transiently transfected the reporter plasmid into these cell lines
and found that the luciferase activity of each was correlated with
the endogenous expression level of claudin-4 (Suppl. Fig. 1C). We
also investigated expression of the reporter gene in MCF-7 cells
stably expressing snail or HRasV12, which suppress or induce clau-
din-4 expression, respectively [22,23]. Transfection of snail- or
HRasV12-expressing MCF-7 cells with the reporter plasmid de-
creased or increased, respectively, the luciferase activity compared
to that of mock-transfected MCF-7 cells (Fig. 1A and B). The differ-
ence in luciferase activity paralleled the level of claudin-4 mRNA in
the cells (Fig. 1C and D), suggesting that the cloned promoter
region was functional.

3.2. Preparation of a screening system for claudin-4 modulators

We transfected MCF-7 cells with the claudin-4 reporter plasmid
and isolated stable transfected clones. We investigated the effect of
transient expression of snail and HRasV12 on luciferase activity in
these clones and found that several clones showed altered lucifer-
ase activity when transfected with the claudin-4 suppressor (snail,
Suppl. Fig. 2A) or the claudin-4 inducer (HRasV12, Suppl. Fig. 2B).
TGF-B suppresses claudin-4 expression [23], whereas EGF en-
hances claudin-4 expression [24]. Therefore, we also investigated
the effects of TGF-B and EGF on the luciferase activity in the clones
(Suppl. Fig. 2C and D, respectively). Since clone 35 showed the best

: |

Relative claudin4 expression
N

RN =N

Potassium Thiabendazole Carotene
carbonate

Curcumin

Vehide

Thiabendazole Curcumin
Vehide rot

-~ Claudin4

- B-actin

Fig. 3. Screening claudin-4 modulators using the reporter system. (A, B) Dose-dependent effects of the claudin-4 modulator candidates on luciferase expression. Clone
35 cells were treated with potassium carbonate (A), or thiabendazole, carotene, or curcumin (B) at the indicated concentrations for 24 h. Luciferase activity was measured in
the lysates. Relative luciferase activity is shown as the ratio of the luciferase activity in the chemical-treated cells to that in the vehicle-treated cells. The data are means + S.D.
(n = 3). The results are representative of three independent experiments. (C, D) Effects of the claudin-4 modulator candidates on claudin-4 mRNA expression (C) and claudin-4
protein (D) levels. Clone 35 cells were treated with potassium carbonate (5 mM), thiabendazole (0.1 mM), carotene (0.2 mM), or curcumin (10 pM) for 24 h (C) or 48 h (D).
Total RNA was used for qPCR analysis to detect claudin-4 mRNA (C). The relative mRNA expression of claudin-4 normalized to GAPDH expression. The cell lysates were
subjected to SDS-PAGE, followed by immunoblotting for claudin-4 (D). GAPDH or B-actin served as loading controls. The result is representative of three independent

experiments.
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Fig. 4. Effects of claudin-4 modulator on the TJ-barrier in Caco-2 cells. (A) Effect of
claudin-~4 inducers on the T}-barrier. Cells were seeded in Transwell™ chambers.
Seven days after seeding, the cells were treated with thiabendazole (0.05 mM),
carotene (0.2 mM), or curcumin (10 pM). TER values were monitored every 24 h. (B)
Effect of a claudin-4 repressor on the TJ-barrier. Cells were seeded in Transwell™
chambers. When the TER values reached a plateau, the TJ-developed cells were
treated with potassium carbonate {10 mM). After 48 h of treatment, the medium
was replaced with fresh medium. The cells were then cultured for an additional
24 h. TER values were monitored every 24 h. TER values are shown as percentages
of the TER values before treatment relative to those in treated cells, as described in
the Section 2. The data are means + S.D. (n = 3). These results are representative of
three independent experiments.

response to the various claudin-4-modulating treatments, we se-
lected it for further analysis. The clone 35 cells were treated with
PMA, which enhances claudin-4 expression [25]. PMA increased
luciferase activity in a dose-dependent manner (Fig. 2). These re-
sults indicate that clone 35 could be used to screen for modulators
of claudin-4 expression.

3.3. Screening for claudin-4 modulators

When we eat, fragments of partially digested food, which still
have antigenicity, exist in the intestine. This suggests that claudin
modulators that tighten TJ-barriers may be contained in food.
Therefore, we screened 86 chemicals used as food additives for
claudin-4 modulators (Table 1). At first, we checked the cytotoxic-
ity of these compounds in the clone 35 cells (Table 1). Then, we
treated the cells with the compounds at non-toxic concentrations
and identified the following claudin-4 modulator candidates:
potassium carbonate (No. 3), thiabendazole (No. 68), carotene
(No. 83), and curcumin (No. 86) (Suppl. Fig. 3). Each chemical mod-
ulated luciferase activity in a dose-dependent manner (Fig. 3A and
B). qPCR analysis revealed that thiabendazole, carotene, and curcu-
min increased claudin-4 expression in the clone 35 cells (Fig. 3C),
whereas potassium carbonate decreased claudin-4 expression.

Similar results were obtained from Western blot analysis of clau-
din-4 (Fig. 3D).

To test whether the screened compounds also modulated the
TJ-barrier, we investigated the effect of the compounds on the
TER value, a marker of TJ-integrity, in Caco-2 cell monolayers,
which is a popular model for mucosal barrier. Treatment of cells
with thiabendazole, carotene, and curcumin increased the TER val-
ues (Fig. 4A). In contrast, potassium carbonate decreased the TER
value. Moreover, the TER values recovered when the potassium
carbonate was removed (Fig. 4B), and treatment with potassium
carbonate did not cause cytotoxicity (data not shown). Thus, we
successfully identified claudin-4 modulators.

4. Discussion

Claudin-4 inducers have been the focus of attention in drug
development to treat inflammatory diseases and cancers [17-
19]; however, their development has been slow. Some chemicals
that modulate TJ integrity have been identified: glutamine, bryost-
atin-1, berberine, quercetin, and butyrate [26-30]. Here, we estab-
lished a simple monitoring system for claudin-4 expression using a
reporter gene, luciferase, and successfully identified chemical clau-
din-4 modulators: one suppressor of claudin-4 expression, potas-
sium carbonate, and three inducers of claudin-4, thiabendazole,
carotene, and curcumin.

Curcumin is an active ingredient of the spice turmeric, which is
used in curry powders and as a food preservative. It is also used in
traditional medicine to treat various inflammatory conditions, such
as arthritis, colitis, and hepatitis [31]. Curcumin has various biolog-
ical activities, such as anti-inflammatory, anti-oxidant, and anti-
cancer effects [32]; however, the underlying mechanisms have
never been fully understood. Here, we found that curcumin in-
duces claudin-4 expression and increases TJ] integrity. This
enhancement of T] integrity by curcumin may be associated with
its therapeutic activities.

Carotene is a precursor of vitamin A. Retinoic acid, a metabolite
of vitamin A, enhances T] integrity in epithelial cells accompanied
by expression of claudin-1, -4, and occludin [33]. These findings
suggest that metabolized B-carotene-activated expression of clau-
dins enhances the epithelial barrier in Caco-2 cells. Retinoic acid is
a biologically active regulator of cell differentiation, proliferation,
and apoptosis in various cell types [34]. The activities of retinoic
acid are mediated by two types of nuclear receptors: retinoic acid
receptors and their heterodimeric counterparts, retinoid X recep-
tors [35]. Specific heterodimer-mediated transcriptional activation
increases TJ integrity [36]. The increase in claudin-4 expression
and TJ integrity induced by carotene may be caused by the forma-
tion of the heterodimer, followed by transcriptional activation.

Thiabendazole is used as a broad spectrum anthelmintic in var-
ious animal species and is also used to control parasitic infections
in humans [37]. It is also used as an anti-fungal agent for the treat-
ment of fruits [38]. Here, we found that thiabendazole increases
claudin-4 expression and TJ integrity, but the mechanism for these
activities remains unclear.

Our screening system identified a repressor of intestinal epithe-
lial barrier function as well as three enhancers. We showed that
potassium carbonate reduces claudin-4 expression and epithelial
barrier function in Caco-2 cells without causing cytotoxicity. Potas-
sium carbonate is used as an acidity regulator, and paracellular
permeability is sensitive to pH [39]. Thus, potassium carbonate
might reduce epithelial barrier integrity by changing the pH.

In conclusion, we developed the simple screening system for
claudin-4 modulator, and we identified several claudin-4 modula-
tors, including three inducers and one repressor. The screening sys-
tem will thus be a tool for the development of claudin-4
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modulators, thereby contributing to basic and pharmaceutical
researches.
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Aim: Tumor necrosis factor receptor 1 (TNFR1) participates importantly in arterial inflammation in
genetically altered mice; however it remains undetermined whether a selective TNFR1 antagonist
inhibits arterial inflammation and intimal hyperplasia. This study aimed to determine the effect and
mechanism of a novel TNFRI1 antagonist in the suppression of arterial inflammation.

Methods: We investigated intimal hyperplasia in IL-1 receptor antagonist-deficient mice two weeks
after inducing femoral artery injury in an external vascular cuff model. All mice received intraperito-
neal injections of TNFR1 antagonist (PEG-R1antTNF) or normal saline twice daily for 14 days.
Results: PEG-R1antTNF treatment yielded no adverse systemic effects, and we observed no signifi-
cant differences in serum cholesterol or blood pressure in either group; however, selective PEG-
R1antTNF treatment significantly reduced intimal hyperplasia (19,671 4,274 vs. 11,440%3,292
pm?% p=0.001) and the intima/media ratio (1.86%0.43 vs. 1.34%0.36; 2=0.029), compared with
saline injection. Immunostaining revealed that PEG-R1antTNF inhibits Nuclear factor-« B (NF-«B),
suppressing smooth muscle cell (SMC) proliferation and decreasing chemokine and adhesion mole-
cule expression, and thus decreasing intimal hyperplasia and inflammation.

Conclusions: Our data suggest that PEG-R1antTNF suppresses SMC proliferation and inflamma-
tion by inhibiting NF-«B. This study highlights the potential therapeutic benefit of selective
TNFRI1 antagonist therapy in preventing intimal hyperplasia and arterial inflammation.

J Atheroscler Thromb, 2012; 19:36-46.
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Introduction

Tumor necrosis factor-a (TNF-a) possesses
important proinflammatory properties that participate
crucially in innate and adaptive immunity”. Due to
its numerous effects on different cell types (e.g., mac-
rophages, endothelial cells, and smooth muscle cells
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(SMCs)), TNF-a might contribute to arterial inflam-
mation and intimal hyperplasia, including the induc-
tion of adhesion molecule expression of cell migration
and proliferation®?.

TNF-a elicits responses through two receptors,
TNF receptor 1 (TNFR1) and TNF-a receptor 2
(TNFR2). TNFRI1 activates the majority of biological
responses”. TNFR2 is mainly expressed in cells associ-
ated with the immune response, and TNFR2 signaling
plays an important role in the biophylactic system?.
Several previous studies have examined the effect of
TNFR1 signaling on vascular physiology using
TNFR1-deficient mice. Schreyer et al. demonstrated
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an anti-atherogenic effect of TNFRI signaling®. In
another study, TNFR1 did not affect atherosclerosis in
Apo E-deficient mice”. Conversely, Zhang et al. dem-
onstrated that TNFR1 expression in the arterial wall
contributed substantially to atherosclerosis in an arte-
rial grafting model using TNFR1-deficient mice®.
Furthermore, they demonstrated that TNF signaling
via TNFR2 attenuated neointimal hyperplasia by
reducing adhesion molecule expression and endothe-
lial cell apoptosis in an arterial grafting model using
TNFR2-deficient mice”. Xanthoulea et 4/ showed
that atherosclerotic plaques are smaller in LDL recep-
tor-deficient mice carrying TNFRI-deficient bone
marrow compared to controls'?. Taken together, these
studies suggest that the role of TNF-a, TNFR1 and
TNFR2 in vascular inflammation remains incom-
pletely understood. As referred to above, several
reports using genetically-altered mice suggested that
TNEFR1-specific blocking therapy may be the optimal
therapy for arterial inflammation; however, no current
data show that blocking with a TNFRI1 antagonist
contributes to the inhibition of arterial inflammation
and atherogenesis. We therefore attempted to reveal
the roles of these two TNF receptor subtypes in arte-
rial inflammation iz vitro and in vivo using a TNFR1
antagonist.

Recently, two types of TNF blocker, infliximab
(chimeric TNF-a monoclonal antibody) and etaner-
cept (soluble TNF receptor), have become available
for the treatment of rheumatoid arthritis, and have
proven to be efficacious. Previous reports showed that
anti-TNF therapy improved endothelial function and
decreased cardiovascular events associated with sys-
temic inflammation of rheumatoid arthritis'"'?, but
the therapy has its downsides. Inhibition of TNF-a
function by anti-TNF therapy increases the chance of
infection'?, whereas TNFR1-specific blocking therapy
(inhibiting only TNFRI signal, but not TNFR2 sig-
nal) has the potential to inhibit inflammation and off-
set the side effects of conventional TNF blockers.

More recently, our colleagues produced a novel
TNFR1-selective antagonistic mutant TNF-a
(R1antTNF) using phage display'?, and also devel-
oped PEGylated RlantTNF (PEG-RlantTNF), an
agent that further enhances potential anti-inflamma-
tory activity'® 7. The aim of the present study, there-
fore, was to clarify the effect of this novel TNFR1
antagonist on arterial inflammation and intimal

hyperplasia.

Materials and Methods

Novel Tumor Necrosis Factor-a Receptor 1
Antagonist; R1antTNF and PEG-R1antTNF

Our colleagues developed R1antTNF and PEG-
R1antTNF for use with a phage-display system.
Briefly, they constructed a phage library that displays
structural variants of human TNF, in which random
amino acid sequences replace the 6 residues (amino
acids 84-89) that are likely present in the TNF recep-
tor-binding site from the crystal structure of the LT-
a-TNFR1 complex. This phage library consisted of 1
%107 independent recombinant clones. The phage
selection that displays structural TNF variants (Pan-
ning) yielded the structural TNF variant RlantTNF
with selectively high affinity for TNFR1 and inhibi-
tion of TNFR1 signaling. Compared with wild-type
TNF-a, RlantTNF has superior affinity for TNFR1,
but only one fifty-thousandth of affinity for TNFR2.
PEG-R1antTNF is PEGylated RlantTNE which
PEG (polyethylene glycol; average molecular weigh
5,000) binds to N-terminal site of R1antINE thus
improving circulatory retention "7

To compare in vivo stability, we injected mice
intraperitoneally with PEG-R1lantTNF and
R1antTNE and measured serum levels at the indi-
cated time points. In the RlantTNF group, serum
concentration almost attained the limit of detection
12 h post-injection. In contrast, the retention time of
PEG-R1antTNF in the circulation was considerably
longer than R1antTNF!7.

Cell Culture

We purchased human umbilical vein endothelial
cells (HUVECs) and human aortic smooth muscle
cells (HASMCs) (Kurabo). After culturing HUVEC:s
in HuMedia-EG2 and HASMCs in HuMedia-SG2
(Kurabo) with growth factor, fourth and seventh pas-
sage cells, respectively, were used for our experiment.
HUVECs and HASMC:s were cultured to confluence.
After washing the dishes, HUVECs and HASMC;s
were cultured with 1 ng/mL human recombinant
TNF-a (R&D systems) and 1 pg/mL R1antTNF for
5, 10, 30, 60 and 120min. The cells were lysed with
Lysis Buffer (50 mM Tris-HCI, 150 mM NaCl, 1 mM
EDTA, 1% TritonX-100, 50 mM NaE 30 mM
Na4O7P2, 1 mM NasVOy, protease inhibitor) and used
for Western blotting,.

SDS-PAGE and Western Blotting
Cell lysate and 2x protein sample buffer for
SDS-PAGE (BIO-RAD) were mixed equally, and then

2-mercaptethanol was added at a final concentration
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of 5%. After incubation at 100T for 10min, these
samples were separated by 10-20% SDS-PAGE and
transferred to a polyvinylidene difluoride (PVDEF)
membrane (Hoefer). The membrane was incubated
with rabbit anti-phospho-nuclear factor-kappa B
(pNE-«B) (Cell Signaling) diluted 1:1000, rabbit anti-
phospho-endothelial/epithelial tyrosine kinase (pEtk)
(Cell Signaling) diluted 1:1000 and mouse anti-
human fB-actin (BD Bioscience) diluted 1:30000 in
4% BlockAce (Dainippon Sumitomo Pharma), and
then treated with goat anti-rabbit IgG-horseradish
peroxidase (Cell Signaling) diluted 1:2000 and goat
anti-mouse IgG-horseradish peroxidase (Sigma
Aldrich) diluted 1:50000, respectively. Immunodetec-
tion was performed with chemiluminescent reagent;
ECL-plus (GE Healthcare). The immunoblot was
analyzed with an imaging system (LAS3000; Fuji
Film), and bands density was estimated using Image ]
1.14 (National Institutes of Health).

Reverse Transcription Quantitative PCR in vitro
We cultured HUVECs with 1 ng/mL human
recombinant TNFa (R&D Systems) and 1 pg/mL
R1antTNF for 24 hours. Total RNA from HUVECs
was isolated with TRIzol (Invitrogen). Complimen-
tary DNA was obtained using SuperScript I Reverse
Transcriptase (Invitrogen) according to the manufac-
turer’s instructions. Quantitative mRNA expression
was assessed by real-time PCR with Tagman PCR
Master Mix (Applied Biosystems) using specific prim-
ers for ICAM-1 (Tagman gene expression assay;
Applied Biosystems). Samples were run in duplicate
on the 7900HT Fast Real-Time OCR system (Applied

Biosystems).

Mice and Genotyping

Interleukin-1 receptor antagonist deficiency (IL-
1Ra-/-) mice were generated in our laboratory by
replacing the exons encoding the secreted form with
the neo gene, as previously described'®. IL-1Ra-/-
mice showed excessive arterial inflammation and inti-
mal hyperplasia after cuff injury'?.

Embryonic stem cells were aggregated with 2
(C57BLG6J x DBA/2) F1 mice at the 8-cell stage. All 4
isoforms of IL-1Ra were destroyed and mutant mice
were a background to C57BL/6] strain mice for 8
generations. To obtain homozygous mutant mice, het-
erozygous mice were intercrossed with each other. All
studies were conducted according to the protocols
approved by the National Defense Medical College

Board for Studies in Experimental Animals.

Femoral Artery Injury and Treatment

To eliminate gender differences, we used only
male mice. Eight-week-old mice were anesthetized by
intraperitoneal injection of pentobarbital (50 mg/kg).
We dissected the left femoral artery from its surround-
ing, as described previously?®. Vascular injury was
inflicted by placing a non-occlusive polyethylene cuff
(length 2.0 mm; internal diameter 0.56 mm; Becton
Dickinson) around the femoral artery. Mice received
intraperitoneal injections of PEG-R1antTNF (experi-
mental model; 3 pg twice daily) or normal saline
(controls) twice daily for two weeks.

Plasma Lipid Measurement

A blood sample was collected from both groups
at 14 days post-injury. Plasma total cholesterol, low-
density lipoprotein (LDL) cholesterol, and high-den-
sity lipoprotein (HDL) cholesterol levels were mea-
sured by high performance liquid chromatography
(HPLC) at Skylight Biotech Inc. (Akita, Japan) as
described previously?”. Plasma lipoproteins were ana-
lyzed by an on-line dual enzymatic method for simul-
taneous quantification of cholesterol according to the
procedure described by Usui ez a/??.

Arterial Harvest and Morphometric Analysis

After measuring systolic blood pressure, the ani-
mals were euthanized by pentobarbital injection and
the vascular tree perfused with 0.9% NaCl followed
by 4% paraformaldehyde. Following perfusion, the
femoral artery was harvested and fixed with 10% neu-
tral-buffered formalin.

We embedded the artery in paraffin and cut 10
sections (each 5-pm thick) from 10 equally spaced
locations. The slides were stained with hematoxylin-
eosin and elastica van Gieson, and then examined and
photographed using ECLIPS LV100 microscopy
(Nikon). The luminal, neointimal, and medial areas
were calculated using NIS element (Nikon). To deter-
mine the effect of PEG-R1antTNF on vascular
remodeling, we defined the vessel area as the area
inside external elastic lamina, and calculated the
intima area/vessel area ratio.

Immunohistochemistry

Using anti-proliferating cell nuclear antigen
(PCNA) antibody (1:100; Dako), a smooth muscle
actin (SMA) antibody (Dako), and pNF-«B antibody
(1:50; Santa Cruz Biotechnology, Santa Cruz), respec-
tively, we conducted immunohistochemistry for pro-
liferating, SMCs, and NF-«B activation on paraffin-
embedded sections. Before immunostaining, sections
were treated in a microwave oven in 0.1 mol/L citrate



TNFR1 Antagonist Reduces Neointima 39

buffer, pH 6.0. Endogenous peroxidase was blocked
by incubation with 3% H202 in methanol for 5 min.
Slides were incubated with normal swine serum (Vec-
tor Laboratories) for 10 minutes and then with pri-
mary antibody overnight at 4°C at the concentrations
described above. The sections were incubated with the
complementary secondary antibody for 60 min. We
visualized the sections using the Envison system
(Dako) with DAB as the substrate. Conversely, we
conducted immunohistochemistry on frozen sections
of monocytes/macrophages, leukocyte adhesion mole-
cules, and chemokines, using anti-CD11b antibody
(1:50; BD Bioscience), anti-intracellular adhesion
molecule 1 (ICAM-1) antibody (1:50 R&D Systems),
and monocyte chemoattractant protein 1 (MCP-1)
antibody (1:100; Santa Cruz Biotechnology), respec-
tively. The secondary antibody was the biotinylated
antibody (Dako). The sections were visualized with a
Vectastain ABC kit (Vector Laboratories), using DAB
as the substrate. The nuclei were counterstained with
Mayer’s hematoxylin solution. Negative control slides
were incubated without a primary antibody.

Reverse Transcription Quantitative PCR

Total RNA from the liver, lung, thymus gland
and femoral artery tissue was isolated with TRIzol
(Invitrogen). Complimentary DNA was obtained
using SuperScript Il Reverse Transcriptase (Invitrogen)
according to the manufacturer’s instructions. Quanti-
tative mRINA expression was assessed by real-time PCR
with Power SYBR Green PCR Master Mix (Applied
Biosysytems) using primers specific for TNF-a (for-
ward: TCC CAG GTT CTC TTC AAG GGA,
reverse: GGT GAG GAG CAC GTA GTC GG),
MCP-1 (forward: CCA CTC ACCTGC TACTCAT,
reverse: TGGTGA TCC TCTTGT AGC TCT CC)
and GAPDH (forward: AAC TTT GGC ATT GTG
GAA GG, reverse: ACA CAT TGG GGG TAG GAA
CA). Samples were run in duplicate on the 7900HT
Fast Real-Time PCR system (Applied Biosystems).

Statistical Analysis

Results are shown as the mean +SD. Differences
between groups were analyzed by Student’s ¢ test. P<
0.05 was regarded as significant.

Results

R1antTNF Limited TNFa Induced NF-«B Activation
in Endothelial Cells and Smooth Muscle Cells
Western blotting was used to examine pNF-«xB
expression in HUVECs and SMCs to ascertain whether
R1antTNF inhibited TNFR1 signaling. pNF-«B

peaked 30min after TNF-a stimulation and then
deteriorated quickly. R1antTNF decreased pNF-«B
expression in both HUVECs and SMCs compared
with the control (Fig. 1A). Calculation of the pNF-«B/
B-actin expression ratio 30 min after TNF-a stimula-
tion showed that R1antTNF inhibition of pNF-xB
expression was superior to the control in HUVECs
(2.03%0.57 vs. 1.30+0.08: p=0.045) and SMCs (1.74
£0.16 vs. 1.17£0.26: p=0.009) (Fig. 1B).

To determine the influence on TNFR2 signaling,
we investigated the specific effect of phosphorylated
pEtk on TNFR2 signaling. pEtk peaked 5 min after
TNF-a stimulation in endothelial cells. We observed
no significant differences in pEtk expression between
groups (Fig. 1C).

Next, we evaluated mRNA levels of ICAM-1 in
HUVEC:s using real-time PCR. Analysis revealed the
reduction of mRNA levels of ICAM-1 in HUVECs
with both TNF-a and RlantINF compared with
those with TNF-a only (2.11%+0.38 vs. 1.54%+0.23;
p=0.042) (Fig.2).

PEG-R1antTNF Treatment Yielded No Adverse in
IL-1Ra-/- Mice

We investigated intimal hyperplasia in IL-1Ra-/-
mice two weeks after femoral artery injury by an exter-
nal vascular cuff model. Mice received intraperitoneal
injections of PEG-R1antTNF (experimental model)
or normal saline (controls) twice daily for two weeks.
No adverse systemic effects of PEG-RlantTNF were
observed and systolic blood pressure was similar
between groups (Table 1). Moreover, plasma lipid
analysis revealed no statistically significant differences
in total cholesterol, LDL cholesterol, and HDL cho-
lesterol between these groups (Table 2).

To examine how RlantTNF influences the
whole body, we evaluated TNF-a mRNA expression
levels in the liver, lung, and thymus gland two weeks
after administration using reverse transcription quan-
titative PCR. We observed a tendency toward inhib-
ited TNF-a mRNA expression in the liver of the
PEG-R1antTNF group, but the difference was not
statistically significant compared with controls (1.98 +
1.41 vs. 0.66%0.33: p=0.075). Expression levels of
TNF-a mRNA in the lung and thymus gland of the
PEG-RlantTNF group did not differ significantly
from the controls (Table 3).

PEG-R1antTNF Inhibited Intimal Hyperplasia in
IL-1Ra-/- Arteries Post-Injury

We investigated the effect of PEG-R1lantTNF
treatment on the femoral arteries of IL-1Ra-/- mice
following cuff-induced injury. Fig. 3 shows representa-
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Fig.1. RlantINF significantly inhibited the expression of pNF-xB in HUVECs

and SMCs.

(A) Expression levels of pNF-xB peaked 30 min after stimulation in Western blot analysis.
(B) Bar graphs show band density 30 min after stimulation in control and RlantTNF
treatment. Data are expressed as the mean+SD (n=4). *»<0.05, **»<0.01. (C) There
was no difference in the expression levels of pEtk between R1antTNF and the control

group in Western blot analysis.

tive cross sections of femoral arteries harvested 14 days
post-injury. Immunostaining for a-SMA showed that
intimal hyperplasia consisted of SMCs. PEG-
R1antTNF but not saline treatment inhibited intimal
hyperplasia (Fig.3A). Morphometric analysis revealed
significantly decreased intimal hyperplasia in mice
receiving PEG-R1antTNF treatment compared with
controls (19,671+4,274 vs. 11,440%£3,292 pm?

»=0.001) (Fig.3B). PEG-R1antTNF treatment also
decreased the intima/media ratio (1.86%0.43 vs. 1.34
£0.36; p=0.029) and the intima/vessel area ratio
(0.35+0.06 vs. 0.21+0.11; p=0.011) compared with
saline controls (Fig.3C and D); therefore, our results
suggest that PEG-R1antTNF significantly decreases
intimal hyperplasia.
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Fig.2. R1lantTNF inhibited the expression of ICAM-1 mRNA
in HUVEGs after TNF-¢ stimulation. mRNA levels
of ICAM-1 were assessed with real-time PCR. Darta
are expressed as the mean+SD (n=4). *p<0.05.

Inhibition of NF-xB Activation by PEG-R1lantTNF
Decreased Expression of Chemokine and Adhesion
Molecule

To examine TNF-a and MCP-1 expression in
the injured artery 5 days post-surgery, real-time PCR
was performed to evaluate mRNA levels of TNF-a
and MCP-1. Mice receiving PEG-R1antTNF treat-
ment showed inhibited expression of TNF-a (2.62*
1.47 vs. 1.06+0.74; p=0.029) and MCP-1 (1.34=%
0.77 vs. 0.50%0.24; p=0.048) mRNA compared with
control mice (Fig.4A).

To determine the effect of PEG-R1antTNF on
injured arteries, immunostaining for pNF-«B was
performed at 7 and 14 days post-injury. Fewer pNF-«
B- positive nuclei were observed in the intima of
PEG-RlantTNF-treated mice at 7 and 14 days than
in controls (Fig.4B). ICAM-1 and MCP-1 expres-
sions were also investigated, and both increased in
endothelial cells from controls but not PEG-
R1antTNF-treated mice (Fig.4C). Immunostaining
also revealed fewer macrophages in the intima of
PEG-RlantTNF-treated mice than in controls
(Fig. 4C).

To determine cell proliferating activity, immu-
nostaining for PCNA was performed 14 days post-
injury. PEG-R1antTNF decreased the number of
PCNA-positive nuclei compared with controls. Fur-
thermore, the expression of PCNA-positive nuclei
considerably accorded with a-SMA-positive cells
(Fig.5A). Quantitative analysis also revealed that

Table 1. Measurement of blood pressure and heart rate at 14
days post-injured

Control RlantTNF  pvalue

Blood pressure (mmHg) 106.6£10.0 110.6%5.3 0.451
654.2+48.6 666.6x56.9 0.721

Heart rate (bpm)

Results are expressed as the mean * SD

Table 2. Plasma lipid analysis at 14 days post-injured

Control RlantTNF  p value

Total Cholesterol (mg/dL) 73.11+8.30 68.87+8.37 0.399
LDL Cholesterol (mg/dL) 21.69+4.47 18.37+2.33 0.137
HDL Cholesterol (mg/dL) 46.73%6.75 44.79+9.02 0.683

Results are expressed as the mean = SD

Table 3. TNF-a mRNA expression at 14 days post-injured

Control RlantTNF p value
Liver 1.98%1.41 0.66x0.33 0.075
Lung 1.10+0.18 1.10£0.74 0.994
Thymus Gland 0.98%0.53 1.09%0.32 0.728

Value is TNF-& mRNA/GAPDH mRNA ratio. Results are expressed
as the mean = SD

PEG-R1antTNF-treated mice had fewer PCNA-posi-
tive nuclei than controls 14 days post-injury (Fig. 5B).
These data suggest that PEG-R1antTNF exerts a vas-
cular anti- inflammatory effect by inhibiting NF-xB.

Discussion

We demonstrate here for the first time that a spe-
cific TNFRI antagonist inhibited intimal hyperplasia
following arterial inflammation induced by cuff injury
in IL-1Ra-/- mice with excessive post-injury inflam-
mation. Previous reports demonstrated that TNFR1
participates in exacerbated intimal hyperplasia in wire-
injured artery® or arteriovenous grafts® using the
mouse carotid artery. Moreover, a study using double-
deficient (TNFR1 and LDL receptor) mice showed
decreasing sizes of atherosclerotic plaque®”. Thus,
TNEF-a plays an important role, and TNF signaling
through TNFRI1 participates significantly in the devel-
opment of intimal hyperplasia and atherosclerosis;
however, these findings were observed in genetically
altered mice, and the current literature does not show
how the TNFR1 antagonist might affect arterial
inflammation.
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Fig.3. PEG-R1antTNF significantly inhibited intimal hyperplasia in IL-1 Ra~/- arter-

ies post-injury.

(A) Microscopic appearance of hematoxylin and eosin staining (left), elastica van Gieson stain-
ing (middle) and a-SMA staining (right) of femoral artery from control (upper panels) and
PEG-R1antTNF (lower panels) groups 14 days post-injury. Scale bar=50 pm. Bar graphs show
intimal area (B), intima/media area ratio (C), and intima/vessel area ratio (D). Data are
expressed as the mean = SD (n=7 for each). *»p<0.05, **p<0.01.

The present study investigated the relationship
between TNF signaling and arterial inflammation,
revealing for the first time that TNFRI1 signaling
blocked by a TNFR1 antagonist might affect arterial
inflammation and intimal hyperplasia in cuff-injured
IL-1Ra-/- mice with severe inflammation around the
artery, similar to Takayasu's disease?. Initially, we
used wild-type C57BL/6] mice for the cuff injury
model, but treatment induced little neointima forma-
tion in the control group. The lack of significant dif-

ferences in intima area (3,222.9+1,640.3 vs. 2,383.9
+618.7 pm?* p=0.267) and the intima area/media
area ratio (0.278+0.119 vs. 0.201+0.060; p=0.179)
between the control and R1antTNF treatment group
made it difficult to examine whether R1antTNF sup-
presses arterial inflammation and intimal hyperplasia.
Previously, we reported that deficiency of IL-1Ra
promotes intimal hyperplasia after femoral artery
injury'® 2?9, We further determined that TNF-a defi-
ciency suppresses aortitis in IL-1Ra-/- mice?”. Thus,
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Fig.4. PEG-R1antTNF suppressed TNF-a, adhesion molecule and che-
mokine, and activation of NF-xB.

(A) These graphs showed the amount of TNF-a (left; n=7) and MCP-1 (righg;
7n=5) mRNA expression 5 days post-injury. Data are expressed as the mean*
SD. *»<0.05. The result of immunostaining for pNF-«B-positive nucleus 7
and 14 days post-injury (B), expression of ICAM-1 (C; left), MCP-1 (C; mid-
dle), and CD11b (C; right) 7 days post-injury. Scale bar=50 pm.

our findings suggest that TNF-a participates impor-
tantly in the development of arterial inflammation in
IL-1Ra-/- mice. Consequently, we used IL-1Ra-/-
mice in the present study because we believe that these
mice were suitable for evaluating the effect of TNFR1
blocking therapy in active arterial inflammation
induced by cuff injury.

The dose of PEG-R1antTNF in our study was

determined according to a previous report showing
PEG-R1antTNF was effective for the suppression of
collagen-induced arthritis in mice'”. The PEG-
R1antTNF dose was not changed based on body
weight, as infliximab and etanercept are also injected
at the same dose independently of the body weight of
the patients. Taken together, we think that the dose of
PEG-R1lant TNF must be relevant in our study.
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Fig.5. PEG-R1antTNF inhibited cell proliferation in injured
arteries.

(A) Representative photographs of a-SMA and PCNA staining of

injured arteries 14 days post-injury. Scale bar=50 pm. (B) Bar

graph shows the number of PCNA-positive nuclei in the intima.

Data are expressed as the mean = SD (7=6). **p<0.01.

A previous report showed that TNF-a activates
IKK, induces the phosphorylation and ubiquitination
of 1xB, and activates NF-«B?. NF-«B is activated
mainly via TNFRI1 signaling, but only poorly via
TNFR2-TNF receptor-associated factor 2 signaling®.
NF-xB regulates macrophage migration and the
expression of adhesion factor (ICAM-1)%? and che-
mokine (MCP-1). NF-«B also regulates both the pro-

liferation and migration of vascular SMCs*%%. Our
results showed that blocking TNFR1 with R1antTNF
decreased macrophage accumulation as well as
ICAM-1 and MCP-1 expression by inhibiting NF-xB
activation in endothelial cells and SMCs in the injured
artery. Thus, TNFRI1 signaling participates impor-
tantly in the development of intimal hyperplasia fol-
lowing arterial inflammation. Additionally, we show a
relationship among inhibited intimal hyperplasia, sup-
pressed NF-«B activation, adhesion factor and che-
mokine expression.

Zhang ez al. examined the effect of TNF signal-
ing through TNFR2 for intimal hyperplasia, demon-
strating that TNFR2 signaling inhibits neointimal for-
mation by decreasing adhered cells and endothelial
cells apoptosis. They also showed that Etk/Bmx, a
non-receptor tyrosine kinase, contributed to these
results”. A previous study observed the anti-apoptotic
effect of TNFR2, which specifically activates Etk/
Bmx. TNFR2 also induces the activation, prolifera-
tion and migration of endothelial cells. Another study
suggested that Etk/Bmx participates importantly in
angiogenesis induced by TNF-a3%. Thus, TNFR1-
specific blocking therapy might aid the earlier regen-
eration of endothelial cells and inhibit intimal hyper-
plasia compared with TNF blocking therapy, which
blocks both TNFR1 and TNFR2 signaling. Therefore,
we examined whether R1antTNF treatment altered
pEtk/Bmx expression in endothelial cells. Our results
revealed no significant difference in pEtk/Bmx expres-
sion between groups. Similarly, our colleague, who
used an index of GM-CSF production by TNF-¢ in
PC60-R2 cells (a mouse-rat fusion hybridoma consist-
ing of human TNFR2-transfected PCG60 cells)',
reported that R1antTNF did not affect bioactivity via
TNFR2. These data suggest that RlantTNF does not
stimulate endothelial cell regeneration in in vitro stud-
ies. In the future, we will examine whether RlantTNF
treatment exerts an effect on Etk/Bmx activation via
TNFR2 in vivo.

TNF-a forms a trimeric structure with various
bioactivities®®. We found that R1antTNF reacted with
endogenous TNF-¢ to form a heterotrimer in vitro
(unpublished data), possibly affecting the half-life and
bioactivity of endogenous TNF-a iz vive. Thus, it
remains undetermined whether the 7 vivo effects of
R1antTNF might result only from inhibited TNFR1
signaling. Determining whether the trimer formation
of R1antTNF and endogenous TNF-a might change
the effect will require further study.

TNF blocking therapy improves vascular endo-
thelial dysfunction and reduces cardiovascular events
associated with inflammation in patients with rheu-



