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isothiocyanate-labeled dextran with an average weight of 4 kDa; FNa, sodium 

fluorescein; mAb, monoclonal antibody; PBS, phosphate-buffered saline; TEER, 

trans-epithelial/endothelial electrical resistance; TJ, tight junction; T-TBS, Tris-buffered 
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saline containing 0.05% Tween-20; ZO, zonula occludens. 
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Abstract 

 

A current bottleneck in the development of central nervous system (CNS) drugs is the 

lack of drug delivery systems targeting the CNS. The intercellular space between 

endothelial cells of the blood brain barrier (BBB) is sealed by complex protein-based 

structures called tight junctions (TJs). Claudin-5, a tetra-transmembrane protein is a key 

component of the TJ seal that prevents the paracellular diffusion of drugs into the CNS. 

In the present study, to investigate whether CLDN-5 binders can be used for delivery of 

drugs to the CNS, we generated monoclonal antibodies specific to the extracellular 

domains of CLDN-5. In an in vitro model of the blood–brain barrier, the anti-CLDN-5 

mAbs dose-dependently attenuated TEER and enhanced solute permeation. These 

anti-CLDN-5 monoclonal antibodies are potential leads for the development of novel 

drug delivery systems targeting the CNS. 
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Introduction 

 

The regulatory success rate for central nervous system (CNS) drugs is less than half 

that of non-CNS drugs (Kaitlin, 2014). Current bottlenecks in the development of CNS 

drugs include delay in development of conventional experimental models to accurately 

predict the efficacy of drug candidates in vivo and a lack of drug delivery systems to 

efficiently deliver drugs to the CNS (Pardridge, 2005; Gribkoff and Kaczmarek, in 

press). Recent progress in genome editing and induced pluripotent stem cell 

technologies has led to the development of several experimental models useful for the 

development of CNS drugs (Heidenreich and Zhang, 2016; Liu and Deng, 2016; 

Gribkoff and Kaczmarek, in press); however, efficient delivery of drugs to the CNS 

remains a challenge. 

The blood–brain barrier (BBB) is a membrane barrier formed by brain capillary 

endothelial cells that protects the brain from harmful materials circulating in the blood 

(Rubin and Staddon, 1999). Ninety-eight percent of small-molecule drugs and nearly all 

large-molecule drugs, including antibodies, recombinant proteins, and antisense 

therapeutics, do not readily cross the BBB (Pardridge, 2005). Drugs that readily cross 

the BBB do so via either transcellular transport (i.e., through cell bodies via receptors 

and transporters in the cell membrane) or paracellular transport (i.e., through the 

intercellular space between cells) (Laksitorini et al., 2014). To date, most studies aimed 

at enhancing the delivery of drugs across the BBB have focused on transcellular 

transport-based methods such as increasing the passive diffusion of drugs by altering 

their physicochemical properties (Betz et al., 1980; Lipinski et al., 2001) or using 

receptor-mediated transport and carrier proteins such as transferrin receptors (Pardridge, 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 17, 2017 as DOI: 10.1124/jpet.117.243014

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET/2017/243014 

6  

2007; Pardridge and Boado, 2012). 

Tight junctions (TJs) are complex biochemical structures that seal the intercellular 

space between adjacent endothelial cells, which prevents the diffusion of solutes from 

the systemic circulation into the CNS via the BBB. Thus, the strategy underlying the 

delivery of drugs to the brain via paracellular transport is to disrupt, or open, the TJ seal 

in the BBB (Pardridge, 2005). Osmotic opening of the TJ seal by injection of mannitol 

has been used clinically to deliver anticancer drugs directly to brain tumors, with 

transient adverse effects, such as the leakage of albumin into the brain, but without 

clinically significant adverse effects (Rapoport, 2000). In addition, phase 1/2a studies 

have revealed that repeated opening of the BBB by using a pulsed ultrasound system is 

safe and well tolerated in patients with brain tumor (Carpentier et al., 2016). However, 

the potential applications of this method are limited because it opens the BBB to all 

large molecules, not just the target drug (Laksitorini et al., 2014).  

TJs are composed of transmembrane proteins (e.g., junctional adhesion molecules, 

occludin, claudins, tricellulin, angulins) and intracellular adaptor proteins (e.g., zonula 

occludens [ZO]) (Furuse, 2014; Zihni et al., 2016). Claudins, which comprise a 

27-member protein family of tetra-transmembrane proteins, are the major structural and 

functional components of the TJ seal (Markov et al., 2015). The expression profile and 

TJ-sealing functions of the claudins differ among tissues. However, it has been reported 

that the BBB is more permeable to molecules with a molecular weight <800 Da in 

claudin (CLDN)-5-deficient mice than in wild-type mice (Nitta et al., 2003). In addition, 

knockdown of Cldn-5 in mice leads to accumulation of small-molecular-weight 

molecules (562 Da) in the brain (Campbell et al., 2008). Together, these findings 

suggest that CLDN-5 is a potential target for targeted delivery of drugs to the CNS via 
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paracellular transport. 

Here, we generated four anti-CLDN-5 monoclonal antibodies (mAbs) and examined 

the effects of these mAbs on the integrity of the TJ seal and the permeation of solutes in 

a model of the mammalian BBB. 
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Materials and methods 

 

Animals 

Male BXSB mice (6 weeks old), female BALB/c nu/nu mice (6 weeks old), and 

female Wistar rats (6 weeks old) were purchased from Shimizu Laboratory Supplies 

(Kyoto, Japan). All animals were maintained under controlled conditions of a 12:12-h 

light:dark cycle at 23 ± 1.5 °C. The rodents were given ad libitum access to food and 

water. Animal experiments were approved by Osaka University (Osaka, Japan). 

 

Cells 

L cells stably expressing mouse CLDN-5 were kindly provided by Dr. S. Tsukita 

(Kyoto University, Kyoto, Japan). HT-1080 cells stably expressing human CLDN-1, -2, 

-3, -4, -5, -6, or -7 were developed as described previously (Hashimoto et al., 2016). 

P3U1 mouse myeloma cells, MDCKII cells, Phoenix-A packaging cells, and Caco-2 

and T84 human intestinal cells were purchased from ATCC (Manassas, VA). 

HT1080 cells (a cell line of human fibrosarcoma) are used for characterization of 

claudin binders because HT1080 cells are claudin-negative cells (Neesse et al., 2013; 

Mosley et al., 2015; Nakajima et al., 2015; Fukaswa et al., 2015). MDCKII cells (a cell 

line of canine epithelial cell) are a representative model for characterization of 

CLDN-5-based paracellular permeation and tight junction integrity (Amasheh et al., 

2005; Del Vecchio et al., 2012; Piehl et al., 2010; Wen et al., 2004). HT-1080 cells and 

MDCKII cells expressing various claudins were prepared as described previously with 

minor modifications (Hashimoto et al., 2016). cDNAs encoding cynomolgus monkey 

CLDNs and four human CLDN-5/human CLDN-1 chimeric mutants were commercially 
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synthesized by Invitrogen (Carlsbad, CA) and inserted into pCX4pur vector (Akagi et 

al., 2000). The cDNAs encoding the four human CLDN-5/mouse CLDN-5 chimeric 

mutants were generated by means of site-directed mutagenesis of pCX4pur encoding 

human or mouse CLDN-5. The resulting vectors were transfected into Phoenix-A cells 

by using the X-tremeGENE HP DNA transfection reagent (Roche Diagnostics, 

Mannheim, Germany), and the retrovirus-containing supernatant was harvested 48 h 

after transfection. The retrovirus-containing supernatant was mixed with 8 µg/mL 

Polybrene (hexadimethrine bromide; Sigma-Aldrich, Melbourne, Australia) and used to 

transduce HT-1080 or MDCKII cells. Stably transduced cells were selected by using 5 

µg/mL puromycin (InvivoGen, San Diego, CA). 

L cells, HT-1080 cells, MDCKII cells, and Phoenix-A cells were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS) (Nichirei Biosciences, Tokyo, Japan), 100 

U/mL penicillin, and 100 µg/mL streptomycin (Nacalai Tesque, Kyoto, Japan). P3U1 

cells were maintained in RPMI1640 medium supplemented with 10% heat-inactivated 

FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin. All hybridomas were 

maintained in Hybridoma-SFM medium (Gibco, Grand Island, NY) supplemented with 

10% BM Condimed H1 (Roche Diagnostics). Caco-2 cells were maintained in modified 

Eagle’s medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL 

streptomycin. T84 cells were maintained in a 1:1 mixture of DMEM and Ham’s F-12 

supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin. All 

cells were incubated at 37 °C under 5% CO2. 

 

Generation and purification of anti-CLDN-5 mAbs 
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Male BXSB mice and female Wistar rats were immunized every 2 weeks for 8 weeks 

with a eukaryotic expression vector encoding human CLDN-5, which is proprietary 

technology of GENOVAC GmbH (Freiburg, Germany). To generate hybridoma cells, 

lymphocytes were harvested 7 days after the final immunization and fused with P3U1 

cells by using polyethylene glycol 1000 (Roche Diagnostics). Hybridoma cells 

producing antibody that reacted with human CLDN-5 were screened for the selectivity 

of their antibodies to bind to HT-1080/human CLDN-5 but not HT-1080/mock cells. 

The mAb subclass was determined by using a mouse or rat immunoglobulin isotyping 

enzyme-linked immunosorbent assay kit (BD Biosciences, Franklin Lakes, NJ). 

  Purified mAbs were prepared as described previously (Hashimoto et al., 2016). 

Briefly, hybridoma cells were inoculated intraperitoneally into pristane-injected female 

BALB/c nu/nu mice, resulting in the production of ascitic fluid containing the mAbs. 

The mAbs were purified from the ascitic fluid by using Protein G Sepharose 4 Fast 

Flow columns (GE Healthcare, Princeton, NJ). The purified mAbs were then dialyzed 

against phosphate-buffered saline (pH 7.4, PBS) and stored at −30 °C. The 

concentration of mAbs was quantified with a BCA protein assay kit using bovine serum 

albumin (BSA) as the standard (Pierce Chemical, Rockford, IL). 

 

Preparation of C-CPE mutant 

A mutant of the C-terminal half of a Clostridium perfringens enterotoxin 

(C-CPEY306W/S313H, C-CPEmt) that recognizes a broad range of claudins, including 

CLDN-5, was prepared as described previously with minor modifications (Takahashi et 

al., 2012; Protze et al., 2015). Briefly, Escherichia coli BL-21 (DE 3) was transformed 

with the pET16b vector encoding C-CPEmt, and protein expression was induced by the 
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addition of isopropyl-d-thiogalactopyranoside. The cells were then harvested and lysed 

in buffer A (10 mM Tris–HCl [pH 8.0], 400 mM NaCl, 5 mM MgCl2, 0.1 mM 

phenylmethanesulfonyl fluoride, 1 mM 2-mercaptoethanol, and 10% glycerol). The 10× 

His-tagged C-CPEmt was isolated from the cell lysate by means of affinity 

chromatography with an immobilized metal affinity chromatography column (HisTrap 

HP column, GE Healthcare). The buffer was exchanged with PBS by gel filtration 

(PD-10, GE Healthcare) and stored at −80 °C. The concentration of C-CPEmt was 

quantified with a BCA protein assay kit. 

 

Flow cytometric analysis 

To analyze the binding specificity of the anti-CLDN-5 mAbs, cells expressing the 

various claudins were detached from the culture plates. The cells were then incubated 

with the supernatants of hybridomas or with purified mAbs (5 µg/mL) and then stained 

with fluorescence-conjugated goat anti-mouse or rat IgG (Jackson ImmunoResearch, 

West Grove, PA). A mixture of C-CPEmt and anti-His tag antibody (Sigma-Aldrich) 

was used as the positive control.  

 

Western blotting 

To examine the expression level of several TJ proteins in CLDN-5-expressing 

HT-1080 and MDCKII cells, Caco-2 cells, and T84 cells, cell lysates were subjected to 

SDS-polyacrylamide gel electrophoresis and then transferred to polyvinylidene 

difluoride membranes. After blocking with 5% skimmed milk containing T-TBS 

(Tris-buffered saline containing 0.05% Tween-20), the membranes were incubated with 

rabbit anti-ZO-1 (Invitrogen, cat. no. 40-2200), rabbit anti-occludin (Invitrogen, 
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71-1500), rabbit anti-CLDN-1 (Invitrogen, 51-9000), rabbit anti-CLDN-2 (Invitrogen, 

51-6100), rabbit anti-CLDN-3 (Invitrogen, 34-1700), mouse anti-CLDN-4 (Invitrogen, 

32-9400), or rabbit anti-CLDN-5 (Sigma-Aldrich, SAB4502981) in 2% skimmed milk 

containing T-TBS for 12 h at 4 °C. Mouse anti-β-actin (Sigma-Aldrich, AC-15) was 

used as the loading control. 

After incubation of the primary antibodies, the membranes were incubated with a 

horseradish peroxidase–conjugated anti-mouse or anti-rabbit antibody (Jackson 

ImmunoResearch) in T-TBS and then incubated for 2 h at room temperature. After 

washing with T-TBS, the membranes were treated with Chemi-Lumi Super (Nacalai 

Tesque) to detect the horseradish peroxidase, and chemiluminescent signals were 

imaged with an LAS4100 imager (GE Healthcare, Princeton, NJ). 

 

Measurement of the electrical resistance of cell monolayers 

Trans-epithelial/endothelial electrical resistance (TEER), which reflects the integrity 

of the TJ seal, was measured by using a Millicell ERS Ohmmeter (Millipore, Eschborn, 

Germany) and a culture plate warmer. 

  To measure the TEER of monolayers of CLDN-5-expressing MDCKII cells, 0.8 × 

10
5
 cells of mock MDCKII cells or MDCKII cells expressing human, cynomolgus 

monkey, or mouse CLDN-5 were seeded onto Falcon cell culture inserts (polyester 

membrane, 0.4 µm pore size, 0.3 cm
2
 culture area, BD Bioscience) and cultured for one 

week (upper compartment 0.3 mL, lower compartment 0.9 mL). After exchange of 90 

µL of medium from the lower compartment with 90 µL of 300 or 900 µg/mL of mAb in 

PBS (final concentration, 30 or 90 µg/mL, respectively), the TEER of the monolayer 

was measured for 12 h. Treatments with PBS (vehicle), mouse IgG, or rat IgG were 
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used as negative controls, and treatment of the lower compartment with 60 µg/mL of 

C-CPEmt was used as the positive control. 

   To measure the TEER of a monolayer of cynomolgus monkey brain 

microvasculature cells, a triple co-culture model (PharmaCo-cell, Nagasaki, Japan) was 

cultured for 5 days (Nakagawa et al., 2009). After exchange of 30 µL of medium from 

the upper compartment with 30 µL of 500 or 1500 µg/mL of mAb in PBS (final 

concentration, 50 or 150 µg/mL, respectively), the TEER of the monolayer was 

measured for 12 h. Treatment of the upper compartment with 100 µg/mL of C-CPEmt in 

was used as the positive control for TEER alteration. 

  To measure the TEER of a monolayer of Caco-2 or T84 human intestinal cells, cells 

(0.8 × 10
5
 cells) were seeded into Falcon cell culture inserts and cultured for 10 days. 

After exchange of 30 and 90 µL medium from the upper and lower compartment with 

30 and 90 µL of 1500 µg/mL of mAb in PBS, respectively (final concentration, 150 

µg/mL), the TEER of the monolayers was measured for 12 h. Treatments with PBS 

(vehicle), mouse IgG, and rat IgG were used as negative controls, and treatment with 

100 µg/mL of C-CPEmt in both compartments was used as the positive control. 

 

Measurement of the permeation of solutes through cell monolayers 

After measurement of the TEER of monolayers of cynomolgus monkey brain 

microvasculature cells, the permeability of the monolayers to sodium fluorescein (FNa; 

376 Da; Wako Pure Chemical, Osaka, Japan) or fluorescein isothiocyanate-labeled 

dextran with an average molecular weight of 4 kDa (FD-4, Sigma-Aldrich) was 

determined. After washes with DMEM (without FBS), cell culture inserts were 

transferred to 24-well plates (Grainer, Frickenhausen, Germany) containing 0.9 mL of 
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DMEM (without FBS). The medium in the upper chamber was then changed to 0.2 mL 

of 10 µg/mL FNa or 1 mg/mL FD-4 in DMEM (without FBS), and the culture inserts 

were incubated for 30 min on a plate warmer. Samples were collected from the lower 

compartment, and the concentration of tracer was measured by using a TriStar LB 941 

plate reader (Berthold Technologies, Bad Wildbad, Germany). Apparent permeability 

coefficients (Papp) (cm/s) were calculated by using the following equation: 

 

Papp = 
������	��	��	�
	����
�����	×	������	�
��
	�������
����	

���	����	×	��
���	
�	��	���	�����
�	����
��	×	�������
����	��	�
��
	��	���	�����
   

   

Statistical analysis 

Data were analyzed by using One-way ANOVA followed by Bonferroni’s post hoc 

test. Statistical significance for all comparisons was set at P < 0.05. 
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Results 

 

Generation and characterization of mAbs targeting the extracellular loop domains of 

human CLDN-5 

Previously, we generated anti-CLDN-1 and anti-CLDN-4 mAbs by using DNA 

immunization methods (Fukasawa et al., 2015; Hashimoto et al., 2016). In the present 

study, we used these techniques to generate anti-CLDN-5 mAbs by immunizing BXSB 

mice and Wistar rats with a plasmid encoding human CLDN-5. Four mAbs targeting the 

extracellular loop domains (ECLs) of human CLDN-5 were isolated: M11 and M48 

from the mice and R2 and R9 from the rats (Figure 1A). All four mAbs specifically 

bound to CLDN-5 but not to CLDN-1 to -4, -6, or -7 (Figure 1B). A cross-species 

reactivity analysis of the mAbs revealed that all four mAbs bound to human and 

cynomolgus monkey CLDN-5, but not to mouse CLDN-5, except for R9, which also 

weakly bound to mouse CLDN-5 (Figure 1C). 

We next investigated the epitopes of CLDN-5 recognized by the anti-CLDN-5 mAbs 

by swapping amino acids 26–78 in ECL1 and amino acids 147–162 in ECL2 of human 

CLDN-5 with the corresponding amino acids in human CLDN-1 (chimeric mutants 1-5, 

and 5-1, respectively; Figure 2A). C-CPEmt, which is a broad-specific binder of 

CLDN-1 to -7, bound to these mutants (Figure 2B), indicating that these chimeric 

mutants had normal tropism as transmembrane proteins and were correctly recruited to 

the cell membrane. However, substitution of ECL1 of human CLDN-5 with that of 

human CLDN-1 (chimeric mutant 1-5) attenuated the binding of M11 and R2, but not 

that of M48 or R9 (Figure 2B), and substitution of ECL2 of human CLDN-5 with that 

of human CLDN-1 (chimeric mutant 5-1) attenuated the binding of M48 and R9, but not 
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that of M11 or R2 (Figure 2B). These findings suggested that the epitope for M11 and 

R2 was contained in ECL1, whereas that for M48 and R9 was contained in ECL2. 

Alignment of the amino acid sequences of human, cynomolgus monkey, and mouse 

CLDN-5 revealed three candidate epitopes (Figure 2C): aspartic acid (D) at position 68 

in ECL1, threonine (T) at position at 75 in ECL1, and serine (S) at position 151 in 

ECL2. Therefore, we next generated transfectants stably expressing mutant human 

CLDN-5 containing the substitutions D68E, T75A, and S151T (Figure 2D). The D68E 

substitution attenuated the binding of M11 and R2, and the S151T substitution partly 

attenuated the binding of M48 and R9 (Figure 2E). These results suggest that in human 

CLDN-5, the dominant epitope of M11 and R2 is D68 in ECL1 and that of M48 and R9 

is S151 in ECL2. 

 

Effects of the anti-CLDN-5 mAbs on TJ integrity in MDCKII transfectants 

Next, to investigate whether the anti-CLDN-5 mAbs decreased TJ integrity in a 

CLDN-5-dependent manner, MDCKII transfectants expressing human (h), cynomolgus 

monkey (c), or mouse (m) CLDN-5 were established (Figure 3A). TJ integrity, as 

determined by TEER, peaked at 20–30, 230–250, 250–270, and 400–420 Ω·cm
2
 in 

MDCKII/mock, MDCKII/hCLDN-5, MDCKII/cCLDN-5, and MDCKII/mCLDN-5 

cells, respectively (Supplementary figure 1). Treatment of all transfectants with 

C-CPEmt decreased TJ integrity (Figure 3B). All four of the anti-CLDN-5 mAbs dose- 

and time-dependently decreased TEER in the hCLDN-5- and cCLDN-5-expressing 

transfectants. In contrast, none of the anti-CLDN-5 mAbs affected TJ integrity in the 

mCLDN-5-expressing transfectant (Figure 3B). These findings suggest that M11, M48, 

R2, and R9 decreased TJ integrity by interacting with CLDN-5. TEER values returned 
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to baseline 24 h after the anti-CLDN-5 mAbs were removed (Supplementary figure 2). 

The binding affinity of R9 to mouse CLDN-5 may not have been strong enough to 

decrease TJ integrity in the mouse CLDN-5 transfectant (Supplementary figure 3).  

  Next, we investigated the effects of the anti-CLDN-5 mAbs on the BBB by using a 

commercially available BBB model composed of a co-culture of cynomolgus monkey 

brain microvasculature endothelial cells, rat pericytes, and rat astrocytes (Nakagawa et 

al., 2009). Treatment of the model BBB with the anti-CLDN-5 mAbs dose- and 

time-dependently reduced TEER (Figure 4A). In addition, no cytotoxicity was observed 

after treatment with the anti-CLDN-5 mAbs (Supplementary figure 4). M48 and R9 

modulated TJ integrity more than did M11 and R2, suggesting that binders targeting 

ECL2 of CLDN-5 may modulate TJ integrity more than binders targeting ECL1. 

Next, we clarified whether the anti-CLDN-5 mAbs increased the permeability of the 

model BBB to solutes by using a fluorescein dye with a molecular mass of 376 Da and 

fluorescein isothiocyanate-labeled dextran with an average molecular mass of 4 kDa 

(FD-4). Control IgG did not increase the permeability of the model BBB to the 

fluorescein dye or FD-4 (Figures 4B and 4C). However, treatment with the 

anti-CLDN-5 mAbs significantly and dose-dependently increased the permeability of 

the model BBB to the fluorescein dye and FD-4 compared with vehicle (p < 0.05; 

Figures 4B and 4C). R9 was the most potent permeation enhancer: Papp of fluorescein 

dye: vehicle, 3.8 × 10
−6

 cm/s vs. R9 (150 µg/mL) 12.3 × 10
−6

 cm/s; Papp of FD-4: 

vehicle, 1.0 × 10
−6

 cm/s vs. R9 (150 µg/mL) 6.0 × 10
−6

 cm/s (Figures 4B and 4C).  

  To examine the cell specificity of the TJ-integrity modulating activity of the 

anti-CLDN-5 mAbs, we investigated the effect of the anti-CLDN-5 mAbs on TJ 

integrity in two human intestinal epithelium models: Caco-2 and T84 cells. Immunoblot 
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analyses showed that both Caco-2 and T84 cells expressed CLDN-5, but the expression 

of CLDN-5 in the Caco-2 cells was much lower than that in the T84 cells (Figure 5A). 

Although C-CPEmt decreased the TEER in monolayers of both Caco-2 and T84 cells, 

the anti-CLDN-5 mAbs did not even at 150 µg/mL (Figure 5B), suggesting that 

anti-CLDN-5 mAbs might be BBB-specific modulators.  
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Discussion 

 

Although the concept of CLDN-5-targeted drug delivery to the brain was proposed 

more than a decade ago (Nitta et al., 2003), the concept remains unproven because no 

CLDN-5-specific binders have been developed. Here, we used DNA immunization to 

generate CLDN-5-specifc mAbs that targeted the extracellular domains of CLDN-5, and 

we found that these mAbs time- and dose-dependently decreased TJ integrity and 

increased the permeation of solutes across a model BBB. 

CLDN-5 is ubiquitously expressed in the mammalian body, and CLDN-5 deficient 

mice die within 10 h after birth (Morita et al., 1999; Nitta et al., 2003). This suggests 

that treatment with CLDN-5 binders may induce severe side effects. However, the 

expression level of CLDN-5 in peripheral organs and peripheral microvascular 

endothelial cells is lower than that in brain microvasculature cells (Morita et al., 1999; 

Rahner et al., 2001). In addition, in the peripheral organs, other claudins are also likely 

involved in maintenance of TJ integrity and organ homeostasis (Tamura and Tsukita, 

2014), and the TJs between peripheral microvascular endothelial cells are not well 

developed compared with those in the BBB (Morita et al., 1999). This may explain why 

knockdown of Cldn-5 in mice increases permeation of solutes to the brain without any 

apparent adverse effects (Campbell et al., 2008; Keaney et al., 2015). Indeed, in 

brain-injured mice, knockdown of CLDN-5 mRNA expression by using short 

interfering RNA leads to improved cognitive outcomes without significant histological 

abnormalities in the major organs (Campbell et al., 2012). Consistent with this, we 

found in the present study that treatment with anti-CLDN-5 mAbs did not result in 

cytotoxicity in vitro or toxicity. Taken together, these findings suggest that CLDN-5 is a 
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promising target for the development of drug delivery systems targeting the CNS. 

  Claudins form TJ strands via cis-interactions between ECLs in the same cell 

membrane, and adjacent TJ strands interact via trans-interactions between ECLs of 

adjacent cells, leading to sealing of the paracellular space (Zihni et al., 2016). The 

crystal structure of CLDN-15 revealed that the cis- and trans-interactions among ECLs 

may determine the permeability of TJs (Suzuki et al., 2014; Suzuki et al., 2015). We 

previously found that a CLDN-3/-4 binder (C-CPE) enhanced the permeation of solutes 

across the mucosal membrane, indicating that CLDN binders may enhance permeation 

via the paracellular pathway by modulating the TJ seal (Kondoh et al., 2005; Uchida et 

al., 2010). Cysteine 54, cysteine 64, leucine 50, and tryptophan 51 in ECL1 of CLDN-5 

are involved in paracellular barrier formation (Wen et al., 2004). Phenylalanine 147, 

tyrosine 148, glutamine 156, tyrosine 158, and glutamic acid 159 in ECL2 of CLDN-5 

are involved in the trans-interactions between cells (Piontek et al., 2008). In the present 

study, we found that C-CPEmt, M11, M48, R2, and R9 decreased TJ integrity in a 

model of the BBB. C-CPEmt mainly binds to CLDN-5 at aspartic acid 149/threonine 

151 (Protze et al., 2015), M48 and R9 interacted with ECL2 of CLDN-5, and M11 and 

R2 interacted with ECL1 of CLDN-5. These findings indicate that binders targeting 

ECL1 and ECL2 of CLDN-5 may prevent the cis- and trans-interactions of CLDN-5 in 

the TJ seal, resulting in enhancing permeation of molecules across the BBB. 

Treatment of cynomolgus monkey brain endothelial cells with anti-CLDN-5 mAbs 

altered the localization of CLDN-5 from the borders between cells to the cytosol 

(Supplementary figure 5). This finding is consistent with previous reports that a 

CLDN-4 binder decreased the amount of CLDN-4 in TJs and a CDLN-1 and -5 binder 

increased the intracellular localization of CLDN-1 and -5 (Staat et al., 2015). Together, 
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these findings suggest that the binding of mAbs to the ECLs of CLDN-5 may induce 

intracellular uptake of the binder-bound CLDN-5, thereby disrupting the CLDN-5 

trans-interactions in the TJ seal between adjacent cells and loosening the seal in the 

paracellular space.  

The currently available drug delivery systems targeting the CNS, injection of 

mannitol and treatment with pulsed sound, disrupt the TJ seal and open the paracellular 

space to 200 nm and 50 nm, respectively, leading to the diffusion of substances, such as 

albumin, into the brain (Rapoport, 2000; Chen and Konofagou, 2014; Kovacs et al., 

2017). Claudins in TJs form charge-selective pores with a diameter of 4 nm, and 

therefore have unique roles in the size- and charge-selective paracellular transport of 

solutes across the membrane (Furuse and Tsukita, 2006; Van Itallie and Anderson, 2013). 

In addition, the claudin-based strands within TJs are dynamic structures that undergo 

continuous local annealing and breaking (Sasaki et al., 2003). Therefore, the 

pore-forming and dynamic movements of the TJ seal are determined by the specific 

combination of claudins in the strands, which differs depending on the tissue (Gunzel 

and Fromm, 2012; Van Itallie and Anderson, 2013). C-CPEmt, a broad-specific CLDN 

binder to CLDN-1~-7, decreased integrity of TJ seal in BBB models and intestinal 

models. In contrast, anti-CLDN-5 mAbs reduced integrity of TJ seal in only BBB 

models. These findings strongly indicate that inhibition of claudins modulates or 

controls the paracellular transport of drugs in a size- and charge-dependent manner. 

Mice in which the expression of CLDN-5 is silenced also allow increased passage of 

molecules with molecular weights up to 562 Da across the BBB while retaining normal 

TJ morphology in the BBB (Campbell et al., 2008). Removal of CLDN-5 was left to TJs 

containing CLDN-12 (Nitta et al. 2003). It is likely that CLDN-5 binders will provide 
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new options for the development of novel drug delivery systems targeting the CNS that 

are based on modulation, rather than disruption, of the TJ seal. 

In conclusion, the anti-CLDN-5 mAbs developed here are the first CLDN-5-specific 

binders. The present results suggest that CLDN-5 binders are a potential lead for the 

development of novel drug delivery systems targeting the CNS. 
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Figure legends 

 

Figure 1. Generation and characterization of monoclonal antibodies (mAbs) targeting 

human claudin (CLDN)-5. 

A) Flow cytometric analysis. Mock-transfected or human CLDN-5–expressing HT-1080 

cells were treated with the four generated mAbs (M11, M48, R2, or R9). The cells were 

then treated with fluorescein-labeled secondary antibodies, and mAb-bound cells were 

detected by flow cytometry. B) Claudin specificity of the mAbs. Mock-transfected or 

human CLDN–expressing HT-1080 cells were treated with the indicated mAbs or the 

C-terminal half of Clostridium perfringens enterotoxin (C-CPEmt). The cells were then 

treated with fluorescein-labeled secondary antibodies or anti-His-tag mAbs followed by 

fluorescein-labeled antibodies. mAb- or C-CPEmt-bound cells were detected by flow 

cytometry. C-CPEmt binding was used as the positive control. C) Species specificity of 

the mAbs. Human, cynomolgus monkey, or mouse CLDN-5–expressing HT-1080 cells 

were treated with the mAbs. The cells were then treated with fluorescein-labeled 

secondary antibodies, and mAb-bound cells were detected by flow cytometry. 

 

Figure 2. Epitope mapping of the generated anti-claudin (CLDN)-5 antibodies. 

A) Schematic illustration of the human CLDN-5/-1 chimeric constructs. Green 

represents the cell membrane. Amino acids 26–78 and 147–162 of the extracellular loop 

domains of human CLDN-5 were swapped with the corresponding amino acids of 

human CLDN-1 to generate the 1-5 and 5-1 mutant, respectively. B) Binding of the 

anti-CLDN-5 monoclonal antibodies (mAbs) to human CLDN-5/-1 chimeric mutants. 

Chimeric mutant–expressing HT1080 cells were treated with the anti-CLDN-5 mAbs or 
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C-terminal half of Clostridium perfringens enterotoxin (C-CPEmt), followed by 

incubation with fluorescein-labeled antibodies or anti-His-tag mAbs and 

fluorescein-labeled antibodies, respectively. mAb- or C-CPEmt-bound cells were 

detected by flow cytometry. C-CPEmt was used as the positive control for the chimeric 

mutants. C) Alignment of the amino acid sequences of human, cynomolgus monkey, 

and mouse CLDN-5. The sequences were obtained from the National Center for 

Biotechnology Information database (accession numbers: human, AAH19290.2; 

cynomolgus monkey, XP_005596069.1; and mouse, NP_038833.2). Gray highlights 

indicate putative transmembrane domains, predicted by the SOSUI program 

(http://harrier.nagahama-i-bio.ac.jp/sosui/). The amino acids at positions 68, 75, and 151 

are enclosed within dashed lines. D) Schematic illustration of the human/mouse 

CLDN-5 mutants. Human CLDN-5/mouse CLDN-5 chimeric CLDNs were generated 

by single amino acid substitution in the extracellular loop domains of human CLDN-5 

with the corresponding amino acids in mouse CLDN-5 (mutants D68E, T75A, and 

S151T). E) Binding of the anti-CLDN-5 mAbs to the human/mouse CLDN-5 chimeric 

mutants. Chimeric mutant–expressing HT1080 cells were treated with the anti-CLDN-5 

mAbs or C-CPEmt, followed by incubation with fluorescein-labeled antibodies or 

anti-His-tag mAbs and fluorescein-labeled mAbs, respectively. The mAb- or 

C-CPEmt-bound cells were detected by flow cytometry. C-CPEmt was used as the 

positive control for the chimeric mutants. 

 

Figure 3. Effect of the anti-claudin (CLDN)-5 mAbs on tight junction integrity in 

MDCKII transfectants. 

A) Immunoblot analysis of TJ protein expression in MDCKII transfectants expressing 
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human (h), mouse (m), or cynomolgus monkey (c) CLDN-5. Cell lysates were subjected 

to SDS-polyacrylamide gel electrophoresis followed by immunoblotting onto a 

polyvinylidene fluoride membrane. The membranes were incubated with primary 

antibodies and secondary peroxidase-labeled antibodies. The reacted bands were 

detected with a chemiluminescence agent. B) Effects of anti-CLDN-5 mAbs on TEER 

in MDCKII cells stably expressing CLDN-5. Monolayers of the MDCKII transfectants 

were treated with PBS (vehicle), mouse IgG, rat IgG, anti-CLDN-5 mAbs, or C-CPEmt 

at the indicated concentrations for 12 h. Trans-epithelial/endothelial electrical resistance 

(TEER) was then monitored during the treatment. Data are presented as percent TEER 

relative to the value at 0 h. Data are representative of three independent experiments. 

Data are presented as mean ± SD (n = 3).  

 

Figure 4. Effect of the anti-claudin (CLDN)-5 mAbs on an in vitro model of the 

blood–brain barrier. 

A) Effects of anti-CLDN-5 mAbs on trans-epithelial/endothelial electrical resistance 

(TEER) in a BBB model. Monolayers of cynomolgus monkey brain microvasculature 

endothelial cells were apically treated with phosphate-buffered saline (vehicle), mouse 

IgG, rat IgG, anti-CLDN-5 mAbs, or C-CPEmt at the indicated concentrations for 12 h. 

TEER was monitored during the treatment. Data are expressed as percent TEER relative 

to the value at 0 h. Data are representative of three independent experiments. Data are 

presented as mean ± SD (n = 3). B, C) Effects of the anti-CLDN-5 mAbs on permeation 

of solutes. Cynomolgus monkey brain microvasculature endothelial cells were treated 

with anti-CLDN-5 mAbs or C-CPEmt at the indicated concentrations for 12 h. The cells 

were then incubated on the apical side with a fluorescein dye with a molecular mass of 
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376 Da (B) or with fluorescence-conjugated dextran with an average molecular mass of 

4 kDa (C), and the apparent permeation of solutes (Papp) from the apical side to the basal 

side was measured. Data are representative of three independent experiments. Data are 

presented as mean ± SD (n = 3). *, P < 0.05 versus vehicle treatment. 

 

Figure 5. Effect of anti-claudin (CLDN)-5 monoclonal antibodies (mAbs) on tight 

junction integrity in human intestinal cell monolayers. 

A) Immunoblot analysis of tight junction proteins in Caco-2 and T84 cells. Cell lysates 

were subjected to SDS-polyacrylamide gel electrophoresis followed by immunoblot 

onto polyvinylidene fluoride membrane. The membranes were incubated with primary 

antibodies and secondary peroxidase-labeled antibodies. The reacted bands were 

detected with a chemiluminescence agent. B) Effects of the anti-CLDN-5 mAbs on 

trans-epithelial/endothelial electrical resistance (TEER) in Caco-2 and T84 monolayers. 

Monolayers of Caco-2 cells and T84 cells were treated with phosphate-buffered saline 

(vehicle), anti-CLDN-5 mAbs, mouse IgG, rat IgG, M11, or C-terminal half of 

Clostridium perfringens enterotoxin (C-CPEmt) at the indicated concentrations for 12 h. 

TEER was monitored during the treatment. Data are expressed as percent TEER relative 

to the value at 0 h. Data are representative of three independent experiments. Data are 

presented as mean ± SD (n = 3). 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 17, 2017 as DOI: 10.1124/jpet.117.243014

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET/2017/243014 

36  

Table 1 Summary of epitope mapping 

  
Human CLDN-5/CLDN-1 

chimera mutant 

Human/mouse  

chimera CLDN-5 mutant 

Clone Subclass 1-5 5-1 D68E T75A S151T 

M11 
Mouse 

IgG2b 
− +++ − +++ +++ 

M48 
Mouse 

IgG3 
+++ − +++ +++ − 

R2 
Rat 

IgG2a 
− +++ − +++ +++ 

R9 
Rat 

IgG2b 
+++ − +++ +++ + 

+++, +, and − indicate strong, weak, and negligible binding reactivity of anti-CLDN-5 

antibody against each chimera claudin (CLDN). 
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Supplementary data 

 

Title: Claudin-5-binders enhance permeation of solutes across the blood–brain barrier 

in a mammalian model 

Authors: Yosuke Hashimoto, Keisuke Shirakura, Yoshiaki Okada, Hiroyuki Takeda, 

Kohki Endo, Maki Tamura, Akihiro Watari, Yoshifusa Sadamura, Tatsuya Sawasaki, 

Takefumi Doi, Kiyohito Yagi, Masuo Kondoh 

Journal: J. Pharmacol. Exp. Ther. 

 

 

Supplementary materials and methods 

 

Measurement of the barrier integrity of MDCKII cell monolayer 

To examine the trans-epithelial/endothelial electrical resistance (TEER) of MDCKII 

cell monolayers, 8 × 10
4
 cells of mock MDCKII cells or MDCKII cells expressing 

human, mouse, or cynomolgus monkey claudin (CLDN)-5 were seeded in Falcon cell 

culture inserts (polyester membrane, 0.4 µm pore size, 0.3 cm
2
 culture area; BD 

Bioscience, Franklin Lakes, NJ). The cells were then maintained in Dulbecco’s 

modified Eagle’s medium supplemented with 10% heat-inactivated fetal bovine serum 

(v/v) (Nichirei Biosciences, Tokyo, Japan), 100 U/mL penicillin, and 100 µg/mL 

streptomycin (Nacalai Tesque, Kyoto, Japan). When the cell density had reached 

confluence, TEER was measured daily with a Millicell ERS Ohmmeter (Millipore) until 

the TEER value of all the cell monolayers had peaked. 

  To examine the reversibility of the barrier modulation effect of the anti-CLDN-5 
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monoclonal antibodies (mAbs) in the MDCKII mutants, the cells were treated with the 

mAbs for 12 h, washed with culture medium three times, and then cultured for 24 h. 

TEER was measured during the treatment.  

 

Cytotoxicity of anti-CLDN-5 mAbs in the model blood–brain barrier (BBB) 

To examine the cytotoxicity of the anti-CLDN-5 mAbs in the model BBB 

(PharmaCo-cell, Nagasaki, Japan), the lactate dehydrogenase (LDH) activity of the 

model BBB culture medium was measured. The cells were treated with a mAb (150 

µg/mL) or C-CPEmt (100 µg/mL) and then cultured for 12 h. As the 100% cell lysis 

control, cells were treated with 0.2% Tween-20. The amount of LDH in the medium was 

measured by using an LDH Cytotoxicity Detection Kit (Wako Pure Chemicals, Osaka, 

Japan). 

 

Immunohistochemistry 

After measurement of the TEER of monolayers of cynomolgus monkey brain 

microvasculature cells, the localization of CLDN-5 or zonula occludens (ZO)-1 in the 

cells was examined by immunohistochemical analysis. After removing pericytes from 

the bottom of the cell culture inserts, the inserts were washed with PBS. The monkey 

brain microvasculature cells were then fixed with 4% paraformaldehyde containing 

phosphate-buffered saline (PBS) for 15 min and subjected to permeabilization with 

0.1% Triton-X containing PBS for 5 min. After being blocked with PBS containing 1% 

bovine serum albumin, the cells were incubated with rabbit anti-CLDN-5 

(Sigma-Aldrich, SAB4502981) or rabbit anti-ZO-1 (Invitrogen, 40-2200) for 24 h at 

4 °C to detect tight junction proteins. Alexa Fluor 488–conjugated goat anti-rabbit 
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antibodies (Invitrogen) were then added and the cells were incubated at room 

temperature for a further 2 h. After the membrane filters of the culture inserts were cut 

out, placed on a glass slide, and covered with a cover glass and Fluoro-KEEPER 

Antifade Reagent (Non-Hardening Type with DAPI, Nacalai Tesque), staining was 

visualized under a fluorescence microscope (BZ-X710; Keyence, Osaka, Japan). 
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Figure legends for supplementary figures 

 

Supplementary figure 1. Trans-epithelial/endothelial electrical resistance (TEER) 

measurement of MDCKII transfectants expressing human, cynomolgus monkey, or 

mouse claudin (CLDN)-5. 

Mock-transfected MDCKII cells or MDCKII cells expressing human (h), cynomolgus 

monkey (c), or mouse (m) CLDN-5 (8 × 10
4
 cells) were seeded in cell culture inserts. 

When the cells had reached visual confluence at around 2 days after seeding, TEER 

values were measured each day for 4 days. Each cell type had a different maximum 

TEER value: MDCK/mock, 50 Ω*cm
2
 at day 1 of confluence; MDCKII/human 

CLDN-5, 250 Ω*cm
2
 at day 2 of confluence; MDCKII/cynomolgus monkey CLDN-5, 

50 Ω*cm
2
 at day 2 of confluence; MDCKII/mouse CLDN-5, 420 Ω*cm

2
 at day 3 of 

confluence. Data are presented as mean ± SD (n = 3). 

 

Supplementary figure 2. Effect of anti-claudin (CLDN)-5 monoclonal antibodies 

(mAbs) on the recovery of trans-epithelial/endothelial electrical resistance (TEER) in 

MDCKII monolayer. 

Mock-transfected MDCKII cells or MDCKII cells expressing human (h), cynomolgus 

monkey (c), or mouse (m) CLDN-5 were basolaterally treated with phosphate-buffered 

saline (vehicle), anti-CLDN-5 mAbs, mouse IgG, rat IgG, anti-CLDN-5 mAbs, or 

C-terminal half of Clostridium perfringens enterotoxin (C-CPEmt) at the indicated 

concentrations for 12 h. The cells were then washed with culture medium and cultivated 

for a further 24 h. TEER was measured at 0 and 12 h after treatment and at after 24 h of 
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recovery. Data are expressed as percent TEER relative to the value at 0 h. Data are 

presented as means ± SD (n = 3). 

 

Supplementary figure 3. Binding of the anti-claudin (CLDN)-5 monoclonal antibodies 

to MDCKII transfectants. 

Cells expressing human (h), cynomolgus monkey (c), or mouse (m) CLDN-5 were 

treated with 5 µg/mL of the anti-CLDN-5 monoclonal antibodies (M11, M48, R2, or 

R9) and then with fluorescein-labeled secondary antibodies. Monoclonal 

antibody-bound cells were detected by flow cytometry. 

 

Supplementary Figure 4. Cytotoxicity of the anti-claudin (CLDN)-5 monoclonal 

antibodies in a brain endothelial cell monolayer. 

Twelve hours after treatment of brain microvascular endothelial cell monolayer with 

phosphate-buffered saline (vehicle), anti-CLDN-5 monoclonal antibodies, or C-terminal 

half of Clostridium perfringens enterotoxin (C-CPEmt), the concentration of lactate 

dehydrogenase (LDH) in the media was determined. Treatment with 0.2% tween-20 

was used as the positive control (100% cell lysis). Data are presented as mean ± SD (n = 

3). *, P < 0.05 versus vehicle treatment. 

 

Supplementary figure 5. Effects of anti-claudin (CLDN)-5 monoclonal antibodies on the 

localization of CLDN-5. Cynomolgus monkey brain microvasculature endothelial cells 

were treated with anti-CLDN-5 monoclonal antibodies or C-terminal half of 

Clostridium perfringens enterotoxin (C-CPEmt) at the indicated concentrations for 12 h. 

The cells were then fixed and subjected to immunofluorescence analysis. The green 
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signal represents CLDN-5 in left panel and zonula occludens (ZO)-1 in the right panel. 

The blue signal represents nuclei. Scale bar = 50 µm. 
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