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Introduction

The upper airways serve as an important physical and immu-
nological barrier against inhaled antigens and allergens. As a first 
line of defense against invading airborne pathogens, bronchial epi-
thelial cells are important contributors to innate mucosal immu-
nity.1 This vital barrier function is enhanced by the formation of 
apical intercellular junctional complexes between bronchial epi-
thelial cells. The dynamic regulation of tight junctions, which are 
the most apical junctions in the junctional complex, is essential to 
many physiological processes, as their disruption leads to drastic 
changes in paracellular permeability, a feature of many pathologic 
conditions of the respiratory tract, such as cystic fibrosis.2,3

Tight junctions (TJ) are composed of transmembrane pro-
teins including occludin, claudins, junctional adhesion molecule 

(JAM), and cytoplasmic plaque proteins, including the zonula 
occludens (ZO) proteins (ZO-1, ZO-2 and ZO-3), cingulin, and 
polarity complex proteins.4-7

Toll-like receptors (TLRs) are a family of receptors that moni-
tor the presence of pathogens by their ability to identify microbial 
structural patterns. Studies have reported that bronchial epithe-
lial cells express functional TLRs 1–6 and TLR9.8 Of these, 
TLR4 is found to be expressed basolaterally, whereas TLR2 is 
found primarily at the apical surface of the airway epithelial cells, 
and is recruited to the cell surface in response to the presence of 
pathogenic bacteria.9

Despite the presence of TLRs at the apical surface, bron-
chial epithelial cells are functionally hyporesponsive to TLR2 
ligands. However, Gram-negative bacteria and respiratory syn-
cytial virus (RSV), which are ligands of TLR4 and TLR3, 
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We investigated the role of Toll-like receptor (TLR) 2 in maintaining the integrity of the airway epithelial barrier using 
the human bronchial epithelial cell line calu-3. activation of TLR2 by its ligands, Pam3cyssK4 and Peptidoglycan showed 
a concentration dependent increase in epithelial barrier function, as measured by transepithelial electrical resistance 
(TeeR). This was confirmed by a decrease in paracellular flux of fluorescein sodium. This TLR2 induced increase in TeeR 
was significantly reduced by pretreatment with polyclonal anti-human TLR2-neutralizing antibody. TLR2 stimulation 
in calu-3 cell monolayers resulted in an increased expression of the tight junction proteins claudin-1 and ZO-1, and a 
decreased expression of occludin, at both the mRNa and protein levels. a pseudosubstrate inhibitor to PKcζ significantly 
prevented the TLR2 mediated increase in barrier function. It also prevented the increase in claudin-1 in a concentration 
dependent manner up to 1 µM. TLR2 stimulation led to an increase in phosphorylation of atypical PKc ζ, which was pre-ζ, which was pre-, which was pre-
vented by the pseudosubstrate inhibitor in a concentration dependent manner. Taken together, our observations sup-
port a model whereby increased tight junction barrier function induced by activation of TLR2 occurs through increased 
expression of claudin-1, and through modulation of PKc ζ activity.
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respectively, provoke elevated responsiveness.1 Although the 
molecular basis of microbial recognition by TLR2 receptors is 
unknown, its downstream functions are found to involve pro-
tein kinase C (PKC).10 PKC is a super-family of 11 isozymes, 
which are involved in the regulation of epithelial barrier func-
tion through tight junctions. The PKC isoforms are classified 
as conventional (α, β

1,
 β

2,
 γ), novel (ᵟ, ε, η, µ, θ), and atypical 

(ζ, ι/λ) isoforms, based on their structure and cofactor regula-
tion.11 Interestingly, atypical protein kinases C have also been 
implicated in the regulation of the assembly of tight junctions 
in polarized epithelial cells.12

Since TJs play a key role in epithelial protection and signaling 
at the airway epithelial cellular level,13,14 in this study, we inves-
tigated the role of TLR2 activation in modulating airway bar-
rier function, and the possible molecular mechanisms through 
which TLR2 activation operates. We used the Calu-3 cell-line as 
a model system, an established airway epithelial in vitro model 
that exhibits many morphological features of the airway epithe-
lium like cilia, production of mucus, metabolic pathways, and 
transport systems.15,16 Our results show a clear role of TLR2 in 
promoting enhancement of barrier function through the selective 

increase of expression of specific TJ proteins, and the involve-
ment of the PKC-ζ isoform in this process.

Results

TLR2 ligands enhance tight junction barrier function in 
Calu-3 cell monolayers

To investigate the effect of TLR2 ligands on the TJ barrier 
function of human bronchial epithelial cells, polarized Calu-3 
cells were treated with 20 or 50 µg/ml of Pam3CysK4 (P3C) and 
peptidoglycan (PGN), and successively examined for changes in 
TEER and paracellular permeation of fluorescein sodium. As 
shown in Figure 1A, P3C at concentrations of 20 and 50 µg/ml 
induced an increase in TEER at 20.30 h (126% ± 7% and 165% 
± 13%, respectively). As shown in Figure 1B, PGN at concentra-
tions of 20 and 50 µg/ml induced an increase in TEER at 25 h 
(122% ± 4% and 153% ± 11%, respectively). Thus, both bacte-
rial ligands induced an increase in TEER in a dose dependent 
manner. Stimulation with PGN led to an increase after 20.30 h, 
and with P3C after 25 h. A similar variation in duration of bio-
logical activity was noticed between P3C and PGN in intestinal 
epithelial cells. This may be explained by the changes encoun-
tered by these ligands due to the environmental conditions such 
as oxidation, de-esterfication and micelle formation.17,18

The paracellular flux of fluorescein sodium was measured 
between 24.30 h and 25.30 h after treatment with 20 µg/ml 
P3C. The apparent permeability (Papp) of the control group was 
measured as 7.27 * 10−5cm/s, treatment with P3C decreased the 
apparent permeability to 6.42 * 10−5 cm/s (Fig. 1C). The decrease 
in paracellular flux after treatment with P3C was significant as 
compared with the control group (P < 0.05). For PGN, the flux 
was measured between 20 and 21 h. The apparent permeability 
(Papp) of the control group was measured as 9.37 * 10−5cm/s, 
treatment with PGN significantly decreased the apparent perme-
ability to 7.56 * 10−5 cm/s (Fig. 1D) (P < 0.05).

Figure 1. Barrier function measured as TeeR (A, B) in calu-3 cell mono-
layers treated with bacterial ligands. A, P3c and B, PGN significantly 
increased the TeeR of calu-3 cells in a dose dependent manner. all TeeR 
values are expressed as percentage relative to control (the baseline 
value was > 520 Ω*cm2). Values represent mean ± sD *P < 0.05, **P < 
0.01, ***P < 0.001. The data were analyzed using one-way analysis of vari-
ance (aNOVa). all the experiments were performed atleast 3 times dur-
ing different days with number of replicates (n = 4). Paracellular flux of 
fluorescein sodium (C, D) after treatment with TLR2 ligands. C, P3c and 
D, PGN significantly decreased the flux of fluorescein sodium compared 
with the control. The data shown are representative figures of at least 
3 independent experiments with number of replicates (n = 3). The data 
are shown as means ± sD *P < 0.05 as determined by the student’s t-test.

Figure  2. Pretreatment with TLR2-neutralizing antibody significantly 
reduced the increase in TJ-associated barrier function by A, PGN and B, 
P3c. all TeeR values are expressed as percentage relative to control (the 
baseline value was > 520 Ω*cm2). Values represent mean ± sD *P < 0.05, 
**P < 0.01, ***P < 0.001. The data were analyzed using one-way analysis 
of variance (aNOVa). all the experiments were performed atleast 3 times 
during different days with number of replicates (n = 3).
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In order to confirm the specificity of TLR2 signaling in the 
upregulation of TJ-associated barrier function caused by TLR2 
stimulation, a polyclonal TLR2-neutralizing antibody was used 
to block the TLR2 receptor. Treatment with isogenic IgG (rat 
IgG) control had no effect on the barrier function (Fig. 2A 
and B). Treatment with PGN and P3C on isogenic IgG con-
trol pretreated monolayers resulted in a significant increase in 
TEER when compared with isogenic IgG control treated mono-
layers (Fig. 2A and B). Pretreatment of monolayers with TLR2-
neutralizing antibody significantly (P < 0.01) reduced TEER 
when compared with monolayers treated with TLR2 ligands 
PGN and P3C (Fig. 2A and B). These observations indicated 
that the effects of PGN and P3C are specifically mediated by the 
TLR2 receptor.

Increased expression and junctional accumulation of tight 
junction proteins after TLR2 stimulation

Next, we evaluated the effect of TLR2 stimulation on the 
expression and localization of TJ proteins. In Calu-3 cells, 
RT-PCR analysis revealed an upregulation of claudin-1 and 
ZO-1 mRNA by about 200-fold and 30-fold increase, respec-
tively, when compared with the control (Fig. 3A). In contrast, 
the expression of claudin-2 and occludin was decreased by about 
50-fold and 70-fold, respectively (Fig. 3A). Immunofluoresence 
analysis showed that treatment with P3C leads to an increase 
in the junctional labeling of claudin-1 and ZO-1, a decrease in 
occludin labeling and no effect on cingulin labeling (Fig. 3B). 
Western blotting analysis for claudin-1, ZO-1 and occludin 
showed an increase in the levels of claudin-1 and ZO-1, while 
a decrease in occludin compared with control was observed. 
(Fig. 4B and C).

TLR2 dependent increase in bronchial epithelial barrier 
function is mediated by atypical PKC ζ

We investigated the pathways involved in the TLR2-dependent 
increase in bronchial epithelial barrier function by focusing on 
PKC, which has been shown to be involved in TLR2 signaling.17 
To investigate the role of PKC isoform ζ, we used the PKC ζ pseu-
dosubstrate inhibitor (PSI), which can act as a specific antagonist 
to PKC isoform ζ. Treatment with PSI (25 µM) significantly 
prevented the increase in TEER induced by TLR2 stimulation 
(Fig. 4A). Importantly, immunoblotting analysis showed that pre-
treatment with PSI inhibitor prevented the PGN induced increase 
in claudin-1 protein levels in a concentration dependent manner 
up to 1 μM concentration (Fig. 4D and E), indicating that PKC ζ 
mediates the increase in claudin-1 expression.

Finally, we asked whether treatment with PGN modified the 
phosphorylation level of atypical isoform PKC ζ, which is known 
to affect PKC ζ activity.19,20 As shown in Figure 4E, the rela-
tive phosphorylation of PKC ζ was increased by about 1.5-fold 

following PGN treatment, this effect was reduced by the PSI in 
a concentration dependent manner at 25 and 10 µM (Fig. 4F 
and G). It is therefore concluded that TLR2-dependent increase 
in bronchial epithelial barrier function occurs through modula-
tion of the function of the atypical PKC isoform ζ.

Figure 3. RT-PcR (A) for claudin-1 and 2, ZO-1, occludin in calu-3 cells 
after treatment with P3c. Upregulation of mRNas of claudin-1, ZO-1 but 
not claudin-2 and occludin is observed. (B) Immunofluoresence for clau-
din-1, ZO-1, occludin and cingulin in calu-3 cell monolayers treated in the 
absence or presence of P3c. Junctional labeling of claudin-1 and ZO-1 
increased, occludin decreased, while cingulin remained unchanged. all 
the experiments were performed three times with the number of repli-
cates (n = 3).
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Discussion

Barrier function of epithelial tissues is modulated by a 
large number of physiological and pathological signals and 
stimuli, including pathogenic organisms and their molecular 

components.21 Toll-like receptor 2 is implicated in microbial 
recognition, and studies on human intestinal epithelial cells 
and epidermal keratinocytes have shown that TLR2 activation 
enhances tight junction barrier function.17,22 In intestinal epi-
thelial cells, TLR2 activation was associated with activation of 

Figure 4. (A) Pretreatment with 25 µM PKc ζ pseudosubstrate inhibitor (PsI) significantly prevented the increase in TeeR induced by PGN. all TeeR val-ζ pseudosubstrate inhibitor (PsI) significantly prevented the increase in TeeR induced by PGN. all TeeR val- pseudosubstrate inhibitor (PsI) significantly prevented the increase in TeeR induced by PGN. all TeeR val-
ues are expressed as percentage relative to control (the baseline value was > 520 Ω*cm2). Values represent mean ± sD *P < 0.05, **P < 0.01, ***P < 0.001. 
The data were analyzed using one-way analysis of variance (aNOVa). all the experiments were performed at least 3 times during different days with 
number of replicates (n = 4). Western blotting (B) for claudin-1, occludin and ZO-1. Upregulation of claudin-1 and ZO-1 was observed in calu-3 cells after 
treatment with P3c and PGN. Occludin was decreased. The images are representative of 3 independent experiments. β–actin was used as a lane loading 
control. The number of replicates is (n = 2). (C) the corresponding expression levels of claudin-1, occluding and ZO-1 are shown as bar graphs. (D) Western 
blotting for claudin-1. The PsI inhibited the claudin-1 expression induced by PGN treatment in a concentration dependent manner (25 µM, 10 µM and 
1 µM). E, the corresponding expression levels of claudin-1 are shown as bar graphs. (F) Western blotting for phospho-PKc ζ in calu-3 cell monolayers 
treated with PGN. stimulation by PGN increased phosphorylation of PKc ζ in the treated cells which was inhibited by pretreatment with PsI 25 µM and 
10 μM. expression of phospho-PKc ζ and total PKc ζ was examined using Western-blot analyses of total cell lysates. The images are representative of 3 
independent experiments. The number of replicates is (n = 2). (G) the corresponding expression levels of phospho-PKc ζ are shown as relative to total 
PKc ζ expression.
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PKC, an increase in TEER, and an apical redistribution of ZO-1, 
although no changes in the expression or localization of clau-
din-1 and occludin were observed.17 In epidermal keratinocytes 
the increase in barrier function upon stimulation of TLR2 by 
peptidoglycan correlated with an increased association of atypical 
protein kinase CZ/I with occludin, but no changes in the levels 
of ZO-1, claudin-1, claudin-4 and occludin were reported.22 In 
a more recent study, however, an increased expression of clau-
din-1, ZO-1 and other TJ proteins was observed in keratinocytes 
after activation of TLR2.23 In our present study, ligand-induced 
TLR2 activation significantly increased the barrier integrity of 
the Calu-3 human bronchial epithelial cells, and this enhance-
ment in barrier function was associated with an upregulation in 
expression levels of TJ proteins ZO-1 and claudin-1, mediated 
by atypical protein kinase C ζ. Our results provide a mechanisti-
cally plausible molecular pathway to explain the increase in bar-
rier function, considering the known role of claudin-1 as a major 
determinant of “tightness” of the paracellular seal. Indeed, in 
kidney epithelial cells the expression of claudin-1, in the absence 
of the leaky claudin-2, is a hallmark of the “tight” TJ of distal 
tubule cells.24 In addition, knockout of claudin-1 in mice leads 
to early post-natal death, due to disruption of the epidermal bar-
rier, and water loss through the skin.25 In lung cancers, claudin-1 
expression differentiates squamous carcinomas, where claudin-1 
is upregulated, from adenocarcinomas, where it is downregu-
lated.26 Concerning the observed increase in ZO-1 expression, 
although ZO-1 by itself is not directly implicated in regulating 
the TJ barrier to ions, it is involved in controlling the barrier per-
meability to large solutes and, redundantly with other ZO pro-
teins, it forms the scaffold upon which claudins polymerize in the 
membrane, to form TJ pores for ion permeation.27-29 In contrast, 
neither cingulin nor occludin have been shown to play a major 
role in the structural assembly and regulation of the TJ barrier in 
knockout model systems.30-32

In a more recent study by Rezaee et al.21 it was observed that 
P3C had no effect on TEER in 16HBE cells after 24 h. In Calu-3 
cells increase in barrier function induced by P3C stimulation 
of TLR2 in bronchial epithelial cells is an effect that starts at 
24.30 h, reaching a maximum by 25 h and declining slowly from 
around 120% at 25 h to about 105% at 27.30 h. Hence it is prob-
able that the effect might have been left unnoticed in the study 
published by Rezaee et al. In case of PGN, the effect starts at 
20 h, reaching a maximum by 21 h and declining slowly from 
around 120% to about 105% by 24.30 h.

A similar variation in duration of biological activity was 
noticed when comparing the effect of P3C and PGN in intestinal 
epithelial cells. This may explained by the changes encountered 
by these ligands due to the environmental conditions such as oxi-
dation, de-esterfication and micelle formation.17,18

The Calu-3 cells used here as a model system is a cell line 
derived from lung adenocarcinoma, which may not perfectly 
reflect the expression or function of human bronchial epithelial 
cells in vivo. However, Calu-3 cell line has been established as a 
reliable pulmonary epithelial model over several years now. The 
cell line has been characterized to display an mRNA and protein 
profile, typical of the lung epithelium.23

We also showed that in Calu-3 cells, TLR2 stimulation 
resulted in increased phosphorylation of atypical PKC ζ, indi-
cating that TLR2 stimulation activates PKC ζ by means of 
phosphorylation. TLR2 stimulation by bacterial lipopeptides 
has been shown to activate atypical PKC ζ and its association 
with RhoA. Inhibition of this isoform of protein kinase resulted 
in decreased NF-κB activation and p65/RelA trans activation, 
indicating that atypical PKC ζ and partially RhoA might medi-
ate the transcription of TJ proteins via the NF-κB activation 
pathway.33

In conclusion, activation of TLR2 of bronchial epithelial cells 
may help improve the barrier function, which is compromised 
in many airway inflammatory diseases. Fragile epithelia and 
increased epithelial barrier permeability is commonly seen in air-
way inflammatory conditions.34 In asthma, disruption of airway 
epithelial TJs by aeroallergens is an important cause for bronchial 
hyper-reponsiveness as the impairment of barrier function allows 
an easy access to the airway wall and thereby to immune and 
inflammatory cells.35

The specific targeting of TLR2 ligands could hold prom-
ise for the treatment of inflammatory airway diseases. The in 
vitro airway epithelial model used in the current study is rep-
resentative of the healthy epithelium and hence further studies 
should be directed to investigate the potential of TLR2 activa-
tion in enhancing epithelial barrier function under inflammatory 
conditions.

Materials and Methods

Cell culture
Calu-3 cells (used at passage numbers (PN) 29–38) were 

obtained from ATCC (Manassas, VA, USA) and cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM, GlutamaxTM-1, 
Invitrogen, Saint Aubin, France), containing 10% fetal calf 
serum (FCS), 100 U/ml of penicillin and 100 U/ml of strep-
tomycin (PAN® Biotech, GmbH, Aidenbach, Germany). The 
cells were cultured at 37οC under a humidified atmosphere of 
5% CO

2
 in air.

TLR2 ligands
TLR2 agonists Pam3CSK4 (P3C) and peptidoglycan 

(PGN) were purchased from Invivogen (Toulouse, France). The 
lipopetides were resuspended in endotoxin free water and stored 
at -20 °C as aliquots of 200 μg/ml for further dilution. The bio-
activity of lipopeptide TLR2 agonists is highly dependent on the 
dilution protocol employed. There might be a loss of activity of 
these lipopeptides when diluted in protein- and serum-free buf-
fers. This is due to the formation of large aggregates of lipopep-
tides when not solubilized properly.24

Measurement of transepithelial electrical resistance
Transepithelial electrical resistance (TEER) of the cell mono-

layers was measured using an EVOM® voltohmmeter (World 
Precision Instruments, Aston, UK) equipped with STX-2 chop-
stick electrodes (WPI, Sarasota, FL, USA). Calu-3 cells of an 
initial seeding density of 5*105 cells/cm2, were seeded on collagen-
coated Transwell® permeable supports in cell culture inserts (0.4 
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μm pore size, 6.5 mm inside diameter, Corning Costar, Acton, 
MA, USA). The medium in the apical chamber was aspirated 
after 24 h and the Calu-3 cell monolayers were grown at an air-
liquid interface. The basolateral medium was changed every two 
days. Polarized Calu-3 cell monolayers grown over a time period 
of 14 d were used for the experiments. Measurements were made 
as described in.36 All TEER values are expressed as percentage 
relative to control (the baseline value was 520 Ω* cm2). Values 
represent mean ± SD *P < 0.05, **P < 0.01, ***P < 0.001. The data 
were analyzed using one-way analysis of variance (ANOVA). All 
the experiments were performed at least 3 times during different 
days with a number of replicates equal to four (n = 4).

Determination of paracellular permeability
To determine paracellular permeability, the cells were cultured 

on 6.5 mm Transwell, 0.4 μm pore size filters and then fluores-
cein sodium (molecular weight: 330 Da) at a concentration of 
50 µM in culture medium was added to the apical chamber.37 
The permeation of fluorescein sodium (NaF) (Fluka, Buchs, 
Switzerland) through control or stimulated cell monolayers was 
determined by measuring the fluoresence of the solution in the 
basolateral compartment at 458/528 nm (exicitation/emission 
wavelengths) using a fluorometer (FLx 800, BioTek Instruments 
Inc., Winooski, VT, USA).

Apparent permeability of Fluorescein sodium
The apparent permeability of NaF was calculated using equa-

tion 1:

(1) 
where C

0
 is the initial concentration (mmol/ml) of NaF in the 

donor compartment, A (cm2) is the surface area of the cell layers 
(0.33 cm2 for 24 well plate inserts) and dQ/dt (mmol/s) is the 
appearance rate of NaF in the receiver compartment.

Inactivation of TLR2
To investigate the effect of TLR2 blockade on PGN 

(Invivogen) induced increase in barrier function, the Calu-3 
cell monolayers were pretreated with rat polyclonal anti-human 
TLR2 antibody (10 μg/ml) or rat polyclonal IgG (Invivogen) as 
isogenic control for 2 h before PGN stimulation. After 20.30 h of 
co-incubation TEER measurements were taken.

Inhibitor
PKC inhibitor PKC-ζ pseudosubstrate myristoylated from 

Invitrogen (CA, USA), was used at different concentrations. The 
TLR2 ligands were tested after 1 h of pre-incubation with the 
inhibitor.

RNA isolation and RT-PCR analysis
Total RNA from Calu-3 cells was isolated with RNeasy mini 

kit (Qiagen, Valencia, CA, USA) according to the manufactur-
er’s protocol, with the DNase step. cDNA synthesis was achieved 
with 1 µg RNA using the iScript cDNA synthesis kit (Biorad, 
Reinach, Switzerland).

To quantify the transcript levels, SYBR-Green-based qRT-
PCR (Applied Biosystems, Rotkreuz, Switzerland) and a 
96-channel iCycler optical system (Biorad) were used. SYBR-
Green-based reaction of 25 µl contained 1x SYBR-Green mas-
termix (Biorad), a single gene-specific primer set (forward and 

reverse 2.5 µM), 20 ng of cDNA and 10 nM of fluorescein cali-
bration dye (Biorad) and 50% volume of PCR master mix. Each 
reaction was done in triplicate.

Primer sets for ZO-1, OCLN, CLDN-1, and CLDN-2 (human 
species) purchased from Microsynth (Balgach, Switzerland) had 
the following sequences; OCLN (sense 5′-CAGGA ACCGA 
GAGCC AGGT-3′ and antisense 5′-ATAAA CCAAT CTGCT 
GCGTC CTA-3), ZO-1 (5′- CAGCC GGTCA CGATC TCCT 
-3′ and antisense 5′- TCCGG AGACT GCCAT TGC -3′) 
CLDN-1 (5′-CTGCC CCAGT GGAGG ATTTA-3′ and anti-
sense 5′-CATGG CCTGG GCGGT 3′) CLDN-2 (5′-TCCC 
TGGCC TGCAT TATCTC-3′ and antisense 5′-CTTTG 
GCTCG GGATT CCTG-3′).

Each reaction was done in triplicate on a 96-channel iCycler 
optical system (BioRad). The housekeeping actin gene was used 
as internal control. The cycling conditions were as follows: one 
cycle at 95 °C for 10 min, followed by 40 cycles of PCR ampli-
fication, each at 95 °C for 10 s and 60 °C for 45 s. The iCycler 
MyiQ software v5.0 (Biorad) was used to analyze the real-time 
fluorescence signal. For each sample, a threshold cycle (Ct) was 
determined, using the exponential growth phase and the base 
line signal from fluorescence vs. cycle number plots. Cts were 
normalized to the level of expression of the actin gene.

Immunofluorescence
Immunofluorescent labeling of cells was performed by rins-

ing cells with cold phosphate buffered saline (PBS) pH 7.4 
(PAN® Biotech GmbH), followed by fixing for 10 min in cold 
methanol at -20 °C, washing with PBS, and incubating with the 
primary antibody (1 h, room temperature). This was followed 
by an additional washing step with PBS, incubation with the 
secondary antibody (30 min, 37 °C), washing, and mounting 
using Vectashield® with DAPI (Vector Laboratories, Servion, 
Switzerland). The following primary antibodies were used: rab-
bit anti-ZO-1 (Cell signaling, Leiden, The Netherlands), mouse 
anti-occludin (33–1500, Invitrogen AG, Basel, Switzerland), rab-
bit anti-claudin-1 (71–7800, Invitrogen), mouse anti-claudin-2 
(32–5600, Invitrogen), rabbit anti-cingulin.38 Secondary donkey 
anti-rabbit or anti-mouse antibodies labeled with Cy3 (Jackson 
Laboratories, ME, USA) were used at a dilution of 1:300. Images 
were taken using a confocal laser scanning microscope (Zeiss 510 
Meta, Carl Zeiss, Thornwood, NY, USA).

Western blot analysis
The cells were tested in the absence or presence of TLR2 

ligands after having reached 80% confluency. The cells were 
collected after treatment with PGN and P3C after 21 and 25 
h, respectively. Cells were detached by means of a cell scraper 
and total cell lysates were prepared for analysis. The dena-
tured proteins were separated by electrophoresis on 10% SDS-
polyacrylamide gels and transferred electrophoretically onto a 
nitro cellulose membrane (Biorad) (20 V, 20 mins, 1 A). The 
membranes were blocked using 5% non-fat milk and 0.05% 
Tween 20 in Tris-buffered saline at room temperature for 1 h 
and immunoblotted overnight with anti-phospho-PKC ζ (Santa 
Cruz Biotechnology, Heidelberg, Germany), anti-claudin-1 
(Invitrogen), anti-ZO-1, anti-occludin, and anti-actin anti-
bodies (Sigma-Aldrich) and anti-cingulin38 at the dilutions 
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recommended by the manufacturers at 4 °C. The membranes 
were incubated for 1 h at room temperature with horse-radish 
peroxidase labeled anti-mouse (Sigma-Aldrich) or anti-rabbit IgG 
(Merck KGaA). Detection was performed using enhanced che-
miluminescent western blotting system (Applichem, Darmstadt, 
Germany). To confirm equal loading, immunoblots were probed 
with anti-actin or anti-PKC ζ (Santa Cruz Biotechnology). All 
experiments were repeated at least 3 times; representative blots 
are shown for each experiment.

Statistical analysis
Data are reported as mean ± standard deviation (S.D.). 

Analyses of multiple groups were assessed using one way ANOVA 
followed by Tukey’s post-hoc test. P < 0.05 was considered as 
statistically significant. Significance is denoted as *P < 0.05, 
**P < 0.01, ***P < 0.001.
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