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Background & Aims: Protein kinase C (PKC) has been
implicated in regulation of intestinal epithelial integrity
in response to lumenal bacteria. Intestinal epithelial
cells (IECs) constitutively express Toll-like receptor
(TLR)2, which contains multiple potential PKC binding
sites. The aim of this study was to determine whether
TLR2 may activate PKC in response to speciﬁc ligands,
thus potentially modulating barrier function in IECs.
Methods: TLR2 agonist (synthetic bacterial lipopeptide
Pam3CysSK4, peptidoglycan)–induced activation of PKCrelated signaling cascades were assessed by immunoprecipitation, Western blotting, immunoﬂuorescence,
and kinase assays— combined with functional transfection studies in the human model IEC lines HT-29 and
Caco-2. Transepithelial electrical resistance characterized intestinal epithelial barrier function. Results: Stimulation with TLR2 ligands led to activation (phosphorylation, enzymatic activity, translocation) of speciﬁc PKC
isoforms (PKC␣ and PKC␦). Phosphorylation of PKC by
TLR2 ligands was blocked speciﬁcally by transfection
with a TLR2 deletion mutant. Ligand-induced activation
of TLR2 greatly enhanced transepithelial resistance in
IECs, which was prevented by pretreatment with PKCselective antagonists. This effect correlated with apical
tightening and sealing of tight junction (TJ)-associated
ZO-1, which was mediated via PKC in response to TLR2
ligands, whereas morphologic changes of occludin, claudin-1, or actin cytoskeleton were not evident. Downstream the endogenous PKC substrate myristoylated
alanine-rich C kinase substrate (MARCKS), but not transcriptional factor activator protein-1 (AP-1), was activated signiﬁcantly on stimulation. Conclusions: The
present study provides evidence that PKC is an essential
component of the TLR2 signaling pathway with the physiologic consequence of directly enhancing intestinal epithelial integrity through translocation of ZO-1 on activation.

he intestinal epithelium constitutes an anatomic as
well as immunologic barrier that forms a bipolar
interface between the diverse populations of lumenal
microbes and immune cells of the underlying lamina
propria. Barrier function is maintained by a complex

T

interplay of numerous proteins within the tight-junction
(TJ) complex.1 Biogenesis of TJ is regulated selectively
by protein kinase C (PKC), and the TJ protein zonula
occludens-1 (ZO-1) appears to be a specific target of
PKC.2
Disruption of the sensitive equilibrium of TJs may be
elicited by a number of pathogenic bacteria and proinflammatory cytokines, exacerbating and perpetuating intestinal inflammation in disease.3 To counteract potential
harmful effects of lumenal toxins and to protect barrier
homeostasis, intestinal epithelial cells (IECs) exhibit several defensive features, including production of intestinal
trefoil peptides and mucins.4 Commensals also may assist
the host to confer intestinal epithelial barrier integrity.5,6
However, the underlying mechanisms of these beneficial
host-microbe interactions that may tighten the paracellular seal are largely unclear.
Toll-like receptors (TLRs) comprise a class of patternrecognition receptors that specifically discriminate between self- and microbial non–self-based on the recognition of broadly conserved molecular patterns.7 TLRs
play a key role in microbial recognition, control of
adaptive immune responses, and induction of antimicrobial effector pathways, leading to efficient elimination of
host-threatening pathogens. We and others recently have
shown that IECs express several TLRs, including TLR2
and TLR4, in vitro and in vivo.8 –14 As the frontline of
the mucosal immune system, the intestinal epithelium
constantly is exposed to large amounts of various TLR
ligands that appear to coexist in the intestinal mucosa.15
To maintain mucosal homeostasis, inflammatory reAbbreviations used in this paper: AP-1, activator protein-1; FITC,
ﬂuorescein isothiocyanate; IEC, intestinal epithelial cell; LPS, lipopolysaccharide; MARCKS, myristoylated alanine-rich C kinase substrate;
PGN, peptidoglycan; PKC, protein kinase C; PMA, phorbol 12-myristate
13-acetate; TER, transepithelial resistance; TJ, tight junction; TLR,
Toll-like receptor; TLR2DN, dominant-negative construct of Toll-like
receptor 2; TLR4DN, dominant-negative construct of Toll-like receptor
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sponses are suppressed toward commensals, leading to
the phenomenon of tolerance in the healthy gut. Decreased expression of TLRs and high levels of Tollip
appear to correlate with inhibition of proinflammatory
responses in the face of commensals.11,16,17 However,
lipopolysaccharide (LPS) may acutely elicit several proinflammatory responses in some IECs.8,18 Cytokine-induced imbalance in inflammation also might lead to
intestinal intolerance toward LPS by altering TLR4 expression and triggering exaggerated downstream events
that promote disease.18,19
The PKC superfamily is known to consist of at least
11 isozymes with selective tissue distribution and cell
localization as well as numerous activators and substrates, thus modulating a complex array of diverse cellular functions and immune responses. Based on their
structure and cofactor regulation, PKC isoforms have
been classified into 3 groups: conventional (␣, ␤I, ␤II, ␥),
novel (␦, ⑀, , , ), and atypical (, /). Differential
mechanisms of PKC-isozyme regulation include phosphorylation, which modulates the active enzymatic site
and subcellular trafficking.20,21 In Drosophila, atypical
PKC is required for stimulation of the Toll-signaling
pathway, leading to activation of the nuclear factor  B
homologues Dif and Dorsal, controlling the transcriptional activity of the Drosomycin promoter.22 Inhibition
of various PKC isoforms using pseudosubstrate peptides
or pharmacologic inhibitors are thought to impair LPS
signaling in human dendritic cells23 and murine macrophages.24 Moreover, LPS-stimulated macrophages from
PKC⑀ ⫺/⫺ appear to be deficient in the induction of
nitric oxide synthase, suggesting that PKC⑀ is an essential downstream target of LPS signaling.25 However, a
direct causal connection of PKC activation with the
TLR-signaling pathway has not been established in the
mammalian system so far.
It recently has been suggested that IECs remain
broadly hyporesponsive to TLR2 ligands16 and, so far, no
functional role has been ascribed to TLR2 in IECs.
Because TLR2 contains multiple potential PKC-binding
sites, we speculated that specific isoforms of PKC might
be activated in response to TLR2 ligands. To understand
the specific biologic consequence of PKC activation via
TLR2 in IECs, we analyzed PKC-induced signaling
events and morphologic changes in response to bacterial
ligands in this study.

Materials and Methods
Reagents and Antibodies
The synthetic lipopeptide Pam3Cys-SKKKKx3HCl
(Pam3CysSK4 [PCSK]; lots #D06, G05, K05, F06, G06) was
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obtained from EMC Microcollections GmbH (Tübingen, Germany) and were prepared as recommended by the manufacturer. In brief, Pam3CysSK4 was dissolved in sterile (endotoxin ⬍ 0.005 EU/mL) H20 (ICN, Aurora, OH), thoroughly
vortexed, stored in small aliquots for up to 8 weeks at ⫺20°C,
and treated with ultrasonics before use. Peptidoglycan (PGN)
from Staphylococcus aureus (lot #14427/1) was purchased from
Fluka (Buchs, Switzerland) and dissolved in sterile Dulbecco’s
phosphate-buffered saline (PBS) without Ca2⫹/Mg2⫹ (PAA
Laboratories, Linz, Austria), thoroughly sonicated for 5 minutes on ice, and stored in small aliquots at ⫺20°C. Highly
purified (99.9% free of DNA and protein) LPS from Escherichia
coli, serotype R515 (lot #L11290) was obtained from Alexis
Biochemicals (Grünberg, Germany). Rottlerin and Gö6976
were purchased from Merck Biosciences (Schwalbach, Germany). Phorbol 12-myristate 13-acetate (PMA) was obtained
from Sigma-Aldrich (Taufkirchen, Germany).
Rabbit polyclonal antibodies to conventional PKC␣ (C-20),
novel PKC␦ (C-17),26 and panPKC (H-300) were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit
polyclonal antibodies to phospho-panPKC, phospho-PKC␣/␤II
(threonine 638/641), phospho-PKC␦/ (serine 643/676), and
phospho–myristoylated alanine-rich C kinase substrate (MARCKS) (serine 152/
156) were purchased from Cell Signaling Technology (Beverly,
MA). As indicated by the manufacturer, phospho-panPKC
antibody detects endogenous levels of PKC␣, ␤I, ␤II, ␦, ⑀, ,
and  isoforms only when phosphorylated at a carboxy-terminal residue homologous to serine 660 of PKC␤II and does not
detect PKC phosphorylated at other sites. Extracts of U937
cells treated with 0.2 mol/L PMA for 30 minutes were kindly
provided by Cell Signaling Technology as proven positive
control for phosphorylation of pan-PKC and PKC␦.27 Mouse
monoclonal antibodies to ␤-actin and flag-M2 were obtained
from Sigma-Aldrich. Rabbit polyclonal antibodies to occludin
and claudin-1 and mouse monoclonal to ZO-1 were purchased
from Zymed (South San Francisco, CA). Horseradish-peroxidase– conjugated anti-rabbit and anti-mouse antibodies were
purchased from Amersham Pharmacia Biotech (Freiburg, Germany). Fluorescein isothiocyanate (FITC)-conjugated goat
anti-rabbit immunoglobulin (Ig)G antibody was purchased
from Vector Laboratories (Burlingame, CA). FITC-conjugated
goat anti-mouse IgG antibody was obtained from Jackson
ImmunoResearch Laboratories (West Grove, PA). CY5-conjugated goat anti-rabbit IgG antibody was a gift from Dr. Jens
Nürnberger (Division of Nephrology, University Hospital of
Essen, Germany). Normal rabbit IgG (Santa Cruz) and mouse
IgG (Ebioscience, San Diego, CA) were used as negative controls. All other reagents were obtained from Sigma-Aldrich
unless otherwise specified.

Cell Culture
Two different IEC lines, Caco-2 (#5-23) and HT-29
(#3-20), were obtained from the American Type Culture Collection (Manassas, VA) through LGC Promochem, Teddington, Middlesex, United Kingdom, (lot #1537739 [HTB-37]
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and lot #1467609 [HTB-38], respectively) and kept in a
humidified incubator at 37°C with 5% CO2. Caco-2 were
maintained in high-glucose (4.5 g/L) Dulbecco’s modified
Eagle medium (PAA Laboratories), supplemented with 20%
vol/vol non– heat-inactivated fetal calf serum (PAA Laboratories, endotoxin-free, lot #A01121-245), 100 U/mL penicillin,
and 100 g/mL streptomycin (PAA Laboratories). When cultured on semipermeable membranes, Caco-2 cells spontaneously differentiate into a highly functionalized epithelial barrier exhibiting similar structural and biochemical
characteristics as mature enterocytes. HT-29 were maintained
in glucose (3.0 g/L)-containing McCoy’s 5A medium (Invitrogen, San Diego, CA), supplemented with 10% vol/vol non–
heat-inactivated fetal calf serum, 100 U/mL penicillin, and
100 g/mL streptomycin. In contrast to Caco-2 cells, HT-29
cells thus were kept undifferentiated with very low transepithelial resistance after reaching confluence.28 When subconfluent, Caco-2 cells were passaged by gentle mechanical disruption and HT-29 cells by treatment with enzyme-free, Hanks’based, cell dissociation buffer (Invitrogen). Media of Caco-2
and HT-29 cells was changed 2 and 3 times, respectively, per
week.

Western Blotting and Immunoprecipitation
Cells were subjected to last media change 24 –36 hours
before stimulation. After incubation with stimuli, cells were
rinsed twice in cold PBS (without Ca2⫹/Mg2⫹) with 100
mol/L Na3VO4 , and then lysed in ice-cold lysis buffer (1%
NP-40 [Pierce, Rockford, IL], 50 mmol/L NaCl, 20 mmol/L
Tris-HCl, pH 7.4, 2 mmol/L ethylenediaminetetraacetic acid,
containing 10 mmol/L NaF, 10 mmol/L dithiothreitol, 10
mmol/L Na3VO4 , complete miniprotease inhibitor cocktail
tablet [Roche, Mannheim, Germany], and 2 mmol/L phenylmethyl sulfonyl fluoride plus [Roche]). Lysates were centrifuged (12,000 ⫻ g, 15 min, at 4°C), and protein concentration
in each supernatant was determined by colorimetric Bradford
protein assay (Bio-Rad, Hercules, CA). For immunoprecipitation, the supernatants were precleared at 4°C overnight by
adding 2.5 g of anti-rabbit IgG and 100 L protein A
agarose (3% vol/vol; Amersham) and then incubated with
primary antibody (1:200) and 100 L of protein A agarose
(3%) overnight at 4°C. Beads were washed 4 times with
ice-cold lysis buffer and processed for further Western blotting. Proteins were heated in NuPAGE LDS sample buffer
(Invitrogen) after addition of 1 mmol/L dithiothreitol (85°C, 2
min), subjected to sodium dodecyl sulfate–polyacrylamide gel
(10-, 12-, or 15-well, 4%–12% Bis-Tris; Invitrogen) electrophoresis at 130 V, transferred onto a polyvinylidene difluoride
membrane (Millipore, Eschborn, Germany) at 30 V, followed
by blocking (Tris-buffered saline tween-20 with 5% nonfat
dry milk or 1%–5% bovine serum albumin) for 1 hour at room
temperature, washing with Tris-buffered saline tween-20 for 5
minutes 3 times, immunoblotting with primary antibody
(1:500 –1:1000 in 5% nonfat dry milk or 0.1%–5% bovine
serum albumin) for overnight at 4°C, and then with horseradish-peroxidase– conjugated secondary antibody (1:8000 in 4%
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nonfat dry milk in Tris-buffered saline tween-20) for 1 hour at
room temperature. After washing with Tris-buffered saline
tween-20 for 5 minutes 3 times, the membrane was developed
with the enhanced chemiluminescence detection kit Renaissance (NEN Life Science, Boston, MA) and exposed for different time periods (10 s–20 min) to Kodak BioMax Light film
(Kodak GmbH, Stuttgart, Germany) followed by manual processing (Adefo Chemie, Nürnberg, Germany) in a standardized
way (developing, 10 s–2 min; rinsing, 30 s; fixation, 5 min;
washing, 5–10 min). To confirm equal loading, immunoblots
were stripped with 62.5 mmol/L Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate, containing 100 mmol/L 2-ME at 50°C
for 30 minutes and reprobed with anti–␤-actin (1:10,000) or
anti-panPKC (1:500). Images of Western blots were acquired
in a standardized way (800 dpi) using an Epson Perfection
1640SU-Photo scanner (Seiko Epson Corp., Nagano, Japan)
and digitized with Adobe Photoshop 5.0LE (Adobe Systems,
Inc., Palo Alto, CA). All experiments were repeated at least 3
times; representative results are shown for each experiment.

In Vitro Kinase Assay
HT-29 monolayers, grown at 70% confluence on
100-mm tissue culture dishes, were stimulated and washed
twice with cold PBS (without Ca2⫹/Mg2⫹) containing 100
mol/L Na3VO4. Proteins were extracted by 10-minute incubation on ice with 750 L of lysis buffer (1% NP-40, 50
mmol/L HEPES, pH 7.4, 100 mmol/L NaCl, 2 mmol/L ethylenediaminetetraacetic acid, 2 mmol/L ethylene glycol-bis(␤aminoethyl ether)-N,N,N⬘,N⬘-tetraacetic acid, 50 mmol/L
NaF, 1 mmol/L Na3VO4 , 5 mmol/L ␤-glycerophosphate, and
2 mmol/L phenylmethyl sulfonyl fluoride). After centrifugation for 10 minutes at 12,000 ⫻ g at 4°C, and adjustment of
protein concentrations, lysates (600 L/sample) were incubated immediately with polyclonal antibodies against cPKC␣
(3 g) or nPKC␦ (3 g) and protein-A Sepharose beads for
overnight rotation at 4°C. After centrifugation for 10 minutes
at 12,000 ⫻ g at 4°C, beads were washed twice with ice-cold
lysis buffer, resuspended in 20 L of prewarmed kinase buffer
using a brightly colored, fluorescent PKC-specific peptide
substrate (PepTag nonradioactive protein kinase C assay; Promega, Madison, WI), and incubated for 30 minutes at 30°C.
Samples then were boiled for 10 minutes, vortexed, and centrifuged at 12,000 ⫻ g for 5 minutes at room temperature,
followed by electrophoresis (100 V, 15 min) on a 0.8% agarose
gel (50 mmol/L Tris-HCl, pH 8.0). Phosphorylation by PKC
of the substrate alters the peptide’s net charge from ⫹1 to ⫺1,
thereby allowing the active and inactive versions of the substrate to be separated rapidly by electrophoresis and visualized
under ultraviolet light. The PKC positive (active) and negative
(inactive) controls were used as supplied by the manufacturer.
All experiments were repeated at least 3 times; representative
results are shown for each experiment.

Confocal Immunoﬂuorescence
Caco-2 cells were cultured on 4-well permanox slidechambers (NalgeNunc, Naperville, IL) until differentiated
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(unless otherwise indicated in the Results section), stimulated,
and washed twice with PBS (without Ca2⫹/Mg2⫹) at 37°C.
For assessment of protein kinase C isoform translocation,
cells were fixed with fresh, ice-cold 4% paraformaldehyde
containing 0.1% Triton X-100 for 60 minutes at 4°C followed
by washing with ice-cold PBS. Cells were blocked with 1%
goat serum (Vector) and 1% bovine serum albumin in PBS for
60 minutes at room temperature and incubated with primary
antibody (cPKC␣ or nPKC␦; 1:100) or normal rabbit IgG
(equivalent dilution) as negative control (data not shown) in
blocking buffer containing 0.1% Triton X-100 overnight at
4°C.
For assessment of TJ assembly and transfection efficiency,
cells were fixed with methanol/acetone (50:50) for 5 minutes at
⫺20°C, air-dried, and washed with TBST. Cells were blocked
with normal goat serum (1:100 in PBS) for 60 minutes at room
temperature and incubated with primary antibody (claudin-1,
occludin, ZO-1, or flag-M2; 1:100) or normal rabbit/mouse
IgG (equivalent dilution) as negative controls (data not shown)
in PBS overnight at 4°C.
FITC-conjugated goat anti-rabbit, anti-mouse, and CY5conjugated goat anti-rabbit IgG antibodies were used as secondary antibody (1:250 or 1:200, 60 min, room temperature).
rhodamine- or Alexa Fluor647– conjugated phalloidin (1:40,
Molecular Probes, Eugene, OR) were added to counterstain
filamentous actin to mark cell boundaries (data not shown for
all results). Samples were mounted (Vectashield mounting
media with or without DAPI; Vector Laboratories) and assessed within the next 24 hours by using a laser-scanning
confocal microscope (Plan-Apochromat 63⫻/1.40 (oil) DIC
objective, Zeiss Axiovert 100M-LSM 510; Carl Zeiss,
Oberkochen, Germany). At least 5 individual sites of image
capture were chosen randomly in areas of uniform monolayer
thickness for each sample. To establish comparable conditions
between individual cell monolayers, equivalent images of
equal number of horizontal slices (1024 ⫻ 1024 pixels) with
the same vertical depth from apical tip to basal membrane
between nonstimulated and stimulated monolayers (as indicated in the Results section) were acquired. Height of intestinal epithelial monolayers was used as an indirect marker of
cell differentiation.14,29,30 All images were captured under
identical laser settings. Results were considered significant
only if more than 70% of the scanned sections per field
exhibited the observed effect. Single XY planes (parallel to cell
monolayer) and reconstructed XZ/YZ planes (orthogonal to
cell monolayer) were processed using standardized 2-color or
monochannel settings (software LSM510 v3.2) and exported to
Adobe Photoshop 5.0LE. All experiments were repeated at
least 3 times; representative results are shown for each experiment.

Assessment of Intestinal Epithelial Barrier
Function
Transepithelial resistance (TER) was used as a measure
of paracellular permeability and barrier function in confluent
Caco-2 monolayers that were maintained on 6-well cellulose
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transwell permeable inserts (BD Falcon, Franklin Lakes, NJ;
0.4-mol/L filter pore size, high density). Confluency of
Caco-2 monolayers usually was reached within 5–10 days and
cells were used for experiments 21–30 days after seeding.
Twenty-four–36 hours before stimulation, cells were equilibrated with fresh medium with an apical and basolateral
volume of each 2 mL. Each individual stimulation was performed in triplicate with matched negative controls on the
same 6-well plate. For TER measurements, Millicell-ERS epithelial volt-ohm meter (Millipore) was used under standardized conditions with electrodes equivalently placed and washed
with warm medium between each measurement. After subtraction of the media and filter resistance (⬃145 ⍀), TER
values were adjusted for the filter surface (4.2 cm2) and expressed as ⍀ 䡠 cm2.

Plasmids, Transfection, and Luciferase
Assay
The flag-tagged dominant-negative TLR2 (TLR2DN)
and dominant-negative TLR4 (TLR4DN) expression plasmids
were kindly provided by Tularik Inc. (South San Francisco,
CA) through Dr. Carsten J. Kirschning (Institute of Medical
Microbiology, Immunology, and Hygiene, Technical University of Munich, Munich, Germany) and both were confirmed
by sequencing (Sequencing Core Facility, Institute of Human
Genetics, University Hospital of Essen) and restriction analysis. Mammalian TLRs contain a very divergent ligand-binding
ectodomain and a highly conserved cytoplasmic signaling domain (Toll/interleukin-1R domain). Mutagenesis and functional studies previously have shown that human TLRs interact via Toll/interleukin-1R domain with downstream
signaling partners to transmit immune responses.31 Therefore,
TLR2DN and TLR4DN were generated by deletion of this
intracellular signaling domain with truncation of the carboxylterminal portion of the wild-type molecule, implying that
overexpression of these nonsignaling proteins impairs activation of downstream signaling pathways in response to specific
ectodomain-binding ligands, as described earlier.32–34 pCMV(cytomegalovirus)-Flag1 (Sigma) was used as appropriate control vector. pAP1(PMA)-TA-Luciferase Vector35 was obtained
from BD Clontech and pSV-␤-Galactosidase Control Vector
was obtained from Promega. Plasmids were prepared using the
EndoFree Maxi plasmid kit (Qiagen, Hilden, Germany).
HT-29 or Caco-2 cells were transfected transiently overnight
(Lipofectamine 2000; Invitrogen), according to the manufacturer’s instructions, with optimal concentrations of the plasmids (as specified later) in serum-free Optimum I media
(Invitrogen), which was changed to full media the following
day after transfection. Cells were stimulated 2 days after transfection and subsequently assayed as indicated in the Results
section.
For assessment of PKC phosphorylation (as described earlier), HT-29 cells (1–5 ⫻ 105/mL) were transfected with
TLR2DN or control vector at a final concentration of 1 g/
well the following day after seeding. Caco-2 cells grown to
100% confluency on inserts of 6-well plates were transfected
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with TLR2DN, TLR4DN, or control vector at final concentrations of 0.1 ng– 0.4 g/chamber (as indicated in the Results
section). To normalize for individual transfections, protein
concentrations were equalized36 and confirmed by reprobing
for constitutively expressed ␤-actin (data not shown) and
pan-PKC.
For measurements of TER (as described earlier), Caco-2
monolayers fully differentiated onto inserts were transfected
with TLR2DN, TLR4DN, or control vector 14 –21 days after
seeding at a final concentration of 0.4 g/chamber in triplicate. Directly after TER measurements, cells were fixed (as
described earlier) and filters were cut out. Transfection efficiency subsequently was visualized by immunostaining with
anti–Flag M2 monoclonal, as described earlier. The number of
nuclei (DAPI) of at least 5 identical field sizes per sample were
counted and the percentage of green fluorescing cells was
determined.37 Transiently transfected cells presented optimal
and consistent expression of flag-tagged deletion mutants under pCMV-promoter at day 2 posttransfection. The transfection efficiency was estimated at an approximate range from
80%–90% (data not shown).
For activator protein-1 (AP-1) luciferase assays, Caco-2 cells
grown onto 6-well plates at 90% confluency were cotransfected
with 0.5 g/well of pAP1(PMA)-TA-Luc and 0.1 g/well of
pSV ␤-galactosidase in triplicate. Cell lysates were assayed for
firefly luciferase activity using the Luciferase Reporter Assay
System (Promega) in a luminometer (TD20/20; Turner Biosystems, Sunnyvale, CA) under standardized conditions. Data
were normalized to ␤-galactosidase activity (as an internal
control for transfection efficiency), measured by the luminescent ␤-galactosidase detection kit II (BD Clontech). All individual experiments were performed in triplicate.

Statistical Analysis
Data are expressed as mean ⫾ SD of 3 or more independent experiments. Differences between means were evaluated by using the heteroscedastic, 2-sided t test (Microsoft
Excel; Microsoft, Redmond, WA) where appropriate. P values
of ⬍0.05 were considered significant.

Results
TLR2 Ligands Rapidly Phosphorylate PKC
Complex
As previously shown, IECs constitutively express
TLR2. A synthetic, protein-free, and sterile preparation
of a TLR2-specific lipopeptide,38 Pam3CysSK4, was used
to study TLR2 stimulation to exclude effects of potential
contaminants39 that might contribute to PKC activation.
Results were confirmed using phenol-extracted PGN
from S. aureus, as a second TLR2-binding ligand.40 To
exclude that PGN-responsive NOD2/CARD1541,42 may
be involved in PKC signaling, Caco-2 cells, which do not
express NOD2,43 were used in all experiments and re8
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Figure 1. TLR2 ligands induce phosphorylation of PKC complex in a
time- and concentration-dependent manner. (A) Caco-2 monolayers
were treated with Pam3CysSK4 (20 g/mL), PGN (20 g/mL), LPS (1
g/mL), or PMA (1 g/mL) for the indicated time periods (15–120
min). (B) HT-29 monolayers were treated with different doses (10
ng–20 g/mL) of TLR2 ligands, Pam3CysSK4 or PGN, for the indicated time periods (30 or 120 min, respectively). Cell lysates were
immunoblotted and probed with anti–phospho-panPKC antibody, as
described in the Materials and Methods section. To confirm equal
loading and to exclude effects on total PKC expression, blots were
reprobed with either anti-panPKC (nonphosphorylated) or anti–␤-actin
(data not shown). *PMA-treated U937 cells.

sults were compared with those in the NOD2-expressing
cell line HT-29.
Stimulation of the 2 different IEC lines (HT-29,
Caco-2) with the 2 TLR2 ligands resulted in significant
phosphorylation of PKC complex in a time- and concentration-dependent manner (representative blots are
shown in Figure 1A, B). Both Pam3CysSK4 and PGN
induced significant phosphorylation of PKC complex
after 15 minutes of stimulation. Pam3CysSK4-induced
activation returned to resting levels after 60 minutes,
whereas PGN-induced activation lasted up to 120 minutes (Figure 1A). It recently has been shown that the
specific activity of lipopeptides varies with environmental conditions (e.g., oxidation, de-esterfication,44 and micelle formation [according to the manufacturer]), which
may have caused the short and variable duration of
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Figure 2. TLR2 ligands specifically phosphorylate conventional
PKC␣/␤II and novel PKC␦/. (A) Caco-2 monolayers were treated with
low-dose Pam3CysSK4 (100 ng/mL) for various time periods (5–120
min) and subjected to immunoprecipitation followed by immunoblotting with isoform-specific antibodies to phosphorylated PKC␣/␤II or
phosphorylated PKC␦/. PMA (500 ng/mL) was used as presumed
positive control (60-min stimulation). (B) Caco-2 monolayers were
treated with Pam3CysSK4 (20 g/mL) or PMA (1 g/mL) for indicated
time periods (15–120 min). Cell lysates were immunoblotted and
probed with anti–phospho-PKC␦/ antibody, as described in the Materials and Methods section. To confirm equal loading, blots were
reprobed with anti-PKC␦ (nonphosphorylated). *PMA-treated U937
cells.

biologic activity of Pam3CysSK4 compared with PGN in
our experiments. In the absence of TLR2 stimulation,
minimal baseline PKC activity was detectable, presumably reflecting primarily physical stress. Concentration
response experiments indicated that 10 ng/mL of either
Pam3CysSK4 or PGN was sufficient to cause significant
phosphorylation of PKC complex after 30 minutes or
120 minutes, respectively (Figure 1B). In contrast, stimulation with the TLR4 ligand LPS did not lead to
sufficient phosphorylation of PKC complex at any time
point tested (Figure 1A). PMA broadly activates PKC
complex in U937 cells,27 detecting several isoforms as
part of the PKC complex between 78 and 85 kilodaltons
(Figure 1A). However, in comparison with TLR2 ligands, our results show that PMA strongly stimulated
phosphorylation of other isoforms of PKC complex with
different kinetics in IEC.
TLR2 Ligands Speciﬁcally Activate 2
Isoforms: PKC␣ and PKC␦
To identify the involved isoforms of PKC complex activated in response to Pam3CysSK4, immunoprecipitation studies were performed with specific antibod-
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ies to individual phosphorylated PKC isoforms (Figure
2A). Addition of small amounts of Pam3CysSK4 (100
ng/mL) led to significant time-dependent phosphorylation of conventional PKC␣/␤II and novel PKC␦/, both
reaching maximum peaks after 30 minutes and thus
confirming initial kinetic results with the antibody
against the broad range of phosphorylated PKC isoforms.
Phosphorylation of both PKC isozyme groups already
was evident after 15 minutes of stimulation. By using
this sensitive method, phosphorylation of PKC␣/␤II was
detectable for up to 120 minutes, whereas phosphorylation of PKC␦/ no longer was evident after 45 minutes.
The positive control (PMA-treated U937 cell extracts)
supplied by the manufacturer confirmed specificity of the
antibody detecting phosphorylated PKC␦/ at 78 kilodaltons (Figure 2B). In contrast to Pam3CysSK4, PMA
did not lead to significant phosphorylation of PKC␦/
between 15 to 120 minutes of stimulation in IECs
(Figure 2A, B), implying selective activation of specific
PKC isoforms by different ligands in different cell lines.
Specific ligand-induced activation of PKC isoforms is
not only reflected by the status of phosphorylation but
also by the level of enzymatic activity and evidence of
subcellular translocation.45 To confirm that Pam3CysSK4
indeed activates specific PKC isoforms, 2 additional
methodologic approaches were included in our studies:
in vitro kinase assay for enzymatic activity and confocal
immunohistochemistry for subcellular localization of
PKC isoforms. In vitro kinase assays confirmed that
phosphorylation initiated enzymatic activation of the 2
PKC isoforms ␣ and ␦ in response to Pam3CysSK4. As
shown in Figure 3, Pam3CysSK4 led to significant enzymatic activation of PKC␣ and ␦ after 60 minutes of
stimulation, which already was evident after 30 minutes
(data not shown). Consistent with the preceding finding
in Figure 2, stimulation with PMA (1 g/mL, 60 min)
induced significant enzymatic activation of PKC␣, but
only minimally of PKC␦.

Figure 3. The TLR2 ligand Pam3CysSK4 induces enzymatic activation
of conventional PKC␣ and novel PKC␦. HT-29 monolayers were
treated with Pam3CysSK4 (20 g/mL) or PMA (1 g/mL) for 60
minutes. Cell lysates were immunoprecipitated with isoform-specific
antibodies and subjected to in vitro kinase reaction with the PepTag
nonradioactive PKC assay for assessment of PKC␣ and PKC␦ activity,
as described in the Materials and Methods section. Negative and
positive controls represent inactive and active PKC included in the
assay.
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Figure 4. The TLR2 ligand Pam3CysSK4 induced apical translocation of PKC␣ and PKC␦. Caco-2 cells were grown on chamber slides until
confluent and treated with Pam3CysSK4 (20 g/mL) or PMA (1 g/mL) for 60 minutes and translocation of (A) PKC␣ or (B) PKC␦ isoforms was
visualized by immunostaining with isoform-specific nonphosphorylated antibodies followed by FITC-conjugated secondary antibody and confocal
microscopy, as described in the Materials and Methods section. Negative controls were left untreated. Cells were counterstained with phalloidin
to outline cell boundaries (data not shown). Vertical height of cell monolayer was used as an indirect marker of the state of cell differentiation:
(A) differentiated, (B) nondifferentiated.14,29,30 Representative images of XZ, YZ, and XY stacks are shown (monochannel: FITC). Grey lines
indicate location of XZ/YZ-stacks in XY-stack, as well as location of XY-stack in XZ/YZ-stacks, respectively. White arrow indicates localization of
PKC-isoform. (63⫻/1.4 oil, scan zoom 1.0, total scanning depth of 15–30 Z-stacks per monolayer is indicated per individual image.)

In parallel, translocation of both isoforms, PKC␣ (Figure 4A) and PKC␦ (Figure 4B), from cytosolic compartments to apical membrane and subapical cytoplasmic
domains was apparent at 30 minutes (data not shown)
and maximal at 60 minutes after addition of
Pam3CysSK4 in Caco-2 monolayers—regardless of
whether they were differentiated (Figure 4A) or nondifferentiated (Figure 4B). In nontreated monolayers (negative control), both PKC isoforms were dispersed in the
cytosolic compartments without distinct apical or basolateral preference. In contrast, PMA induced translocation of PKC␣, but not of PKC␦, in Caco-2 monolayers.
As shown in Figure 1A, the TLR4 ligand LPS did not
induce significant phosphorylation of PKC complex.
Neither enzymatic activation nor translocation of PKC

isoforms in response to LPS was detected (data not
shown).
Activation of PKC Is Mediated Directly Via
TLR2
To confirm that TLR2 ligand–induced PKC activation was mediated directly via TLR2, Caco-2 or
HT-29 cells were transfected transiently with deletion
mutants of TLR2, TLR4, or appropriate control vector
and incubated in the presence or absence of Pam3CysSK4
or PGN (Figure 5). Although it has been shown that
PMA-induced myeloid cell differentiation correlates
with up-regulation of TLR2 messenger RNA and TLR4
messenger RNA expression after long-term stimulation,46 PMA is not known to bind directly or activate
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Figure 5. TLR2 ligand–induced phosphorylation of PKC complex is blocked specifically by dominant-negative TLR2. (A–C) Caco-2 and (D) HT-29
cell monolayers were transfected transiently with dominant-negative versions of TLR2 (TLR2DN), TLR4 (TLR4DN), or pCMV vector control (0.1
ng–1.0 g/well), as described in the Materials and Methods section. Two days after transfection, cells were treated with (A) PMA (1 g/mL, 30
min), (B, C) Pam3CysSK4 (20 g/mL, 30 min), or (D) PGN (20 g/mL, 120 min), respectively. Cell lysates were immunoblotted and probed with
anti–phospho-panPKC antibody, as described in the Materials and Methods section. To exclude alteration of PKC expression owing to
transfection and to confirm equal loading, blots were reprobed with anti-panPKC and anti–␤-actin (data not shown), respectively.

TLR2 or TLR4. Accordingly, PMA-induced activation of
PKC complex neither was prevented nor altered by
TLR2DN or TLR4DN when compared with control
vector (Figure 5A) or nontransfected cells (Figure 1A),
thus excluding nonspecific inhibitory effects caused by
transfection. However, Pam3CysSK4-induced rapid
phosphorylation of PKC complex was blocked significantly in TLR2DN-transfected cells (Figure 5B, 0.4
g/chamber; Figure 5C, 0.01 g/chamber). A lesser
concentration of only 0.1 ng/chamber of TLR2DN was
suboptimal because Pam3CysSK4-induced PKC phosphorylation was not inhibited (Figure 5B), suggesting a
concentration-dependent mutant-specific effect. In the
control experiment, Pam3CysSK4-induced phosphorylation of PKC complex was not blocked by TLR4DN
(Figure 5C), implying that TLR2 is specifically mediating PKC phosphorylation in response to the TLR2 ligand Pam3CysSK4. In addition, PGN-induced activation of PKC was blocked significantly by TLR2DN, but

not by control vector in HT-29 cells (Figure 5D), confirming that PKC activation is a TLR2-specific signaling
effect. Kinetics of PKC phosphorylation induced by
TLR2 ligands were comparable between nontransfected
and control (TLR4DN or pCMV) transfected cells.
Transfection did not alter total protein expression of
nonphosphorylated PKC (Figure 5A–D).
Divergent Downstream Effects Via PKC
Downstream, Pam3CysSK4 led to rapid phosphorylation of the PKC-specific endogenous substrate
MARCKS after 15 and 30 minutes of stimulation (Figure 6A). PKC activation is known to lead to activation of
the transcriptional factor AP-1.47 However, TLR2 ligands did not induce AP-1– dependent luciferase activity
in Caco-2 cells (Figure 6B). In contrast, the phorbol ester
PMA (1 g/mL) induced a 3-fold increase in AP-1–
dependent luciferase activity (326% ⫾ 44% control)
after 4 hours of stimulation (Figure 6B), which was
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TLR2-Induced PKC Activation Leads to
Increase of TER in IECs
PKC activation has been implicated in the regulation of epithelial barrier integrity.2,51,52 To assess

Figure 6. TLR2 ligands induce selective downstream effects via PKC
substrates. (A) Caco-2 monolayers were treated with Pam3CysSK4
(20 g/mL) for varying time periods (15–120 min) and subjected to
immunoblotting with isoform-specific antibody to phosphorylated
MARCKS. PMA (1 g/mL) was used as presumed positive control
(30-min stimulation). To confirm equal loading, blots were reprobed
with anti–␤-actin. (B) Caco-2 monolayers grown on 6-well plates were
cotransfected with pAP1-specific luciferase construct (0.5 g/well)
and pSV–␤-galactosidase expression vector (0.1 g/well). Two days
after transfection, confluent cells were stimulated with Pam3CysSK4
(10 g/mL), PGN (10 g/mL), or PMA (1 g/mL) for 4 hours. Modulation of AP-1 activity was determined by luciferase assay in cell
lysates, normalized to ␤-galactosidase activity, and compared with
negative controls, as described in the Materials and Methods section.
Presented data reflect 3 independent experiments, each performed in
triplicate per condition. Data are expressed as means ⫾ SD% control.
#Pam3CysSK4 or PGN vs. negative control, P ⬎ 0.05; ⫹PMA vs.
Pam3CysSK4 or PGN, P ⬍ 0.001.

blocked almost completely by pretreating (30 min) the
cells with the conventional PKC isoform inhibitor
Gö6976 (5 mol/L48; 112% ⫾ 33% control), but only
partially with the specific PKC␦ inhibitor rottlerin (10
mol/L49; 169% ⫾ 30% control) (data not shown). In
contrast to Pam3CysSK4, which may be inactivated easily by, for example, oxidation in cell culture media,44
PMA appears to exhibit a longer half-life, resulting in
prolonged or delayed activation of certain PKC isoforms.50 Thus, these results suggest that biologic differences in kinetics of stimulus-dependent activation of
distinct PKC-isoform patterns may lead to contrasting
downstream signaling effects in IEC.

Figure 7. (A) The TLR2 ligand Pam3CysSK4 increases intestinal TER in
a PKC-dependent pathway. Caco-2 grown on inserts was used 21–30
days after seeding. After apical and basolateral stimulation with
Pam3CysSK4 (20 g/mL), with or without pretreatment of specific PKC
isoform antagonists rottlerin (10 mol/L) or Gö6976 (5 mol/L), LPS (1
g/mL) or PMA (1 g/mL) TER was measured under standardized conditions over indicated time periods with matched negative controls on
each 6-well plate, as described in the Materials and Methods section.
Data reflect at least 3 independent experiments per condition; each were
performed in triplicate. Data are expressed as means ⫾ SD% control.
#Pam3CysSK4, 0 vs. 30, 120 min, P ⬍ 0.05; 0 vs. 60 minutes, P ⬍
0.01. °Pam3CysSK4/rottlerin, 0 vs. 30, 60, 120 min, P ⬎ 0.17.
§Pam3CysSK4/Gö6976, 0 vs. 30, 60, 120 min, P ⬎ 0.16. ■,
PAM3CysSK4; , PAM3CysSK4 ⫹ rottlerin; , PAM3CysSK4 ⫹
Gö6976; 䊐, LPS; , PMA. (B) TLR2 ligand–increased transepithelial
resistance is blocked specifically by dominant-negative TLR2. Caco-2
monolayers grown on permeable inserts were transfected with dominantnegative versions of TLR2 (TLR2DN) or TLR4 (TLR4DN) (0.4 g/chamber).
After apical and basolateral stimulation with Pam3CysSK4 (20 g/mL), TER
was measured under standardized conditions over indicated time periods.
Data comprise at least 3 independent experiments per condition, each
performed in triplicate with matched negative controls. Data are expressed
as means ⫾ SD% control. (TLR4DN- vs. TLR2DN-transfected monolayers:
*P ⬍ 0.01; #P ⬍ 0.001; °P ⬍ 0.05.) ■, TLR2DN; X, TLR4DN.
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whether Pam3CysSK4-induced PKC activation may affect intestinal epithelial barrier function, Caco-2 cells
were grown on inserts and TER was measured in the
presence or absence of Pam3CysSK4 (20 g/mL) with or
without pretreatment of PKC isoform–selective antagonists. As shown in Figure 7A, stimulation with
Pam3CysSK4 (20 g/mL) rapidly led to an almost 2-fold
increase of TER after 30 minutes (165% ⫾ 36% control), which peaked after 60 minutes (180% ⫾ 27%
control) in parallel with PKC activation (Figures 1 and
2). TER decreased back toward baseline levels after 120
minutes of stimulation (133% ⫾ 14% control) in parallel with PKC inactivation. No further TER changes
were observed when followed-up for over 24 hours (data
not shown). The Pam3CysSK4-induced TER increase was
almost completely abolished when cells were pretreated
with the PKC inhibitor rottlerin (60 min, 115% ⫾ 6%
control) or Gö6976 (60 min, 124% ⫾ 11% control) for
30 minutes, suggesting a role for both conventional and
novel PKC isoforms in Pam3CysSK4-induced enhancement of intestinal epithelial barrier integrity. In comparison, the PKC activator PMA (1 g/mL) induced only
a 1.4-fold increase of TER (60 min, 135% ⫾ 24%
control; 120 min, 128% ⫾ 18% control), which was not
significant (0 vs. 60 min, P ⬎ 0.27; 0 vs. 120 min, P ⬎
0.32) and was comparable with recently published results by others.52 In contrast, the TLR4 ligand LPS,
which did not activate PKC complex, also did not affect
intestinal epithelial barrier function (60 min, 105% ⫾
10% control; 0 vs. 60 min, P ⬎ 0.81) at any time point
tested for up to 24 hours (data only shown up to 2 h),
implying selective specificity of TER increase in response
to TLR2 ligands via PKC.
To confirm that the Pam3CysSK4-induced TER increase was mediated via TLR2, Caco-2 cells were transfected with TLR2DN or TLR4DN and TER was assessed
after stimulation with Pam3CysSK4 (Figure 7B). Monolayers of the transfected cells showed steady-state TER,
with comparable baseline readings to age-matched nontransfected epithelia when followed-up for up to 120
hours after transfection (data not shown). In TLR4DNtransfected cells, the Pam3CysSK4-induced TER increase
reached a maximum of 148% ⫾ 17% compared with
nonstimulated TLR4DN-transfected cells after 60 minutes of stimulation, which was not altered significantly
compared with that observed in nontransfected epithelia
(Pam3CysSK4-stimulation, TLR4DN-transfected vs.
nontransfected, 0, 30, 60, and 120 min, P ⬎ 0.08).
However, the Pam3CysSK4-induced TER increase was
abolished completely in TLR2DN-transfected cells, suggesting that this effect specifically requires TLR2.
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TLR2-Induced TER Increase Correlates With
ZO-1 Redistribution Via PKC
To assess changes of subcellular distribution of
TJ-associated proteins that may occur during TLR2induced increase of TER, confocal microscopy of highly
differentiated Caco-2 monolayers was performed after
exposure to Pam3CysSK4 (20 g/mL, 60 min). After
stimulation, membrane-associated ZO-1 redistributed to
further apical TJ areas forming distinct and consolidated
lateral cell-cell contacts in comparison with same-depth
negative controls (85–90 m) analyzed by (X/Y-)Zsection confocal immunofluorescence (Figure 8A). Alteration of ZO-1 distribution was confirmed in all images
examined and correlated in a timely manner with
Pam3CysSK4-induced TER increase. When pretreating
monolayers with PKC inhibitors (Gö6976 and rottlerin)
for 30 minutes, Pam3CysSK4-induced alteration of ZO-1
distribution was blocked significantly after 60 minutes of
stimulation (Figure 8B), correlating with inhibition of
TER increase via PKC (Figure 6). In contrast, stimulation with Pam3CysSK4 did not induce any evident TJassociated morphologic changes of occludin or claudin-1
(Figure 8A). Pam3CysSK4 also did not affect organization of the actin cytoskeleton. In contrast, PMA (1
g/mL, 60 min) induced disruption of ZO-1 (Figure 9),
which correlated with a lack of significant TER increase.

Discussion
The present study provides evidence that PKC
functionally participates in the mammalian TLR2 signaling pathway in IECs. Our results show that TLR2
ligands lead to concentration- and time-dependent activation (i.e., phosphorylation, translocation, and increase
of enzymatic activity) of at least 2 PKC-specific isoforms
in IECs: conventional PKC␣ and novel PKC␦. In 2
different human IEC lines, activation of these kinases
after stimulation with TLR2 ligands was maximal at
15–30 minutes for phosphorylation and at 60 minutes
for translocation, consistent with observations in other
cell lines in response to the TLR4 ligand LPS.23,53,54
However, in contrast, our results also suggest that PKC
activation is not involved in TLR4 signaling in IECs,
implying ligand-dependent TLRx-specific features of
signaling via distinct PKC isoforms in different cell
types. Phosphorylation of PKC complex was blocked
completely by transfection with a TLR2 deletion mutant, but not with a TLR4 deletion mutant, confirming
that TLR2-ligand–stimulated activation of PKC is mediated specifically through TLR2 in IECs.
Based on the observation that TLR2 ligands induce
neither nuclear factor  B activation nor interleukin 8
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Figure 8. TLR2 ligand–induced increase of transepithelial resistance correlates with apical redistribution and tightening of ZO-1 in a PKCdependent manner. (A, B) Caco-2 cells grown on chamber slides until differentiated were treated with Pam3CysSK4 (20 g/mL) for 60 minutes
(B) with or (A) without pretreatment of specific PKC-isoform antagonists, rottlerin (10 mol/L) and Gö6976 (5 mol/L) for 30 minutes, and TJ
assembly was assessed by specific antibodies to (A, B) ZO-1, (A) claudin-1, or (A) occludin followed by FITC- (ZO-1; claudin-1)/CY5- (occludin)
conjugated secondary antibody and confocal microscopy, as described in the Materials and Methods section. Representative images of XZ-, YZ-,
and XY-stacks are shown. Red and green lines indicate location of XZ/YZ-stacks in XY-stack, blue lines indicate location of XY-stack in
XZ/YZ-stacks, respectively. (B) Cells were counterstained with phalloidin-rhodamine to outline cell boundaries. White arrow indicates localization
of ZO-1. (63⫻/1.4, oil, zoom 1.0, total scanning depth of 30 Z-stacks per monolayer is indicated per individual image.)

secretion in some IEC lines, it recently has been suggested that IECs are broadly hyporesponsive to TLR2
ligands.16 AP-1 is an abundantly expressed transcription
factor that is central to several immune and inflammatory
responses mediated via PKC.47 In this study, we show
that TLR2-induced PKC activation did not stimulate
AP-1 transcriptional activity in IECs. Instead, we provide evidence that TLR2 may stimulate other, previously
unappreciated, functional responses via PKC.
PKC has been implicated in the regulation of intestinal epithelial integrity.2,51,52 Ligand-specific activation
of distinct patterns of PKC isoforms can exert paradoxic
effects in intestinal epithelial monolayers: either increasing or decreasing intestinal permeability.2,48,52,55–57 In
this study, Pam3CysSK4 treatment led to a time-dependent increase in TER via TLR2, which correlated with
PKC␣/␦ activation. The TER increase was significantly
abolished when pretreating monolayers with the specific
PKC isoform inhibitors: rottlerin (a specific antagonist
for PKC␦ in the concentrations used here58) and Gö6976

(a selective inhibitor of the conventional PKC subfamily
[PKC␣, ␤, ␥]59), suggesting that TLR2-induced activation of conventional and novel PKC isoforms increases
TER. Loss of TLR2 function did not induce impaired
barrier function in nonstimulated intestinal epithelial
monolayers, as shown by steady-state TER readings comparable with those in nontransfected monolayers constitutively expressing TLR2.
Little is known about the processes modulating distinct TJ assembly when TER increases in IECs. Standardized confocal analysis by uniform Z sections to describe morphologic changes of intestinal epithelial TJ
contacts mostly is used in studies when evaluating TER
decreases rather than increases. Activation of certain
PKC isoforms may involve the release of calcium stores,
which is critical for TJ formation and tightness.51,60 PKC
isoforms specifically may regulate the sorting and assembly of ZO-1, preserving proper development of TJs and
leading to an increase of TER.2,61 This study showed that
stimulation with the TLR2 ligand Pam3CysSK4 results
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Figure 9. PMA-induced disruption of ZO-1 correlates with lack of TER
increase. Caco-2 cells grown on chamber slides were treated with
PMA (1 g/mL, 60 min) or left untreated and ZO-1 was assessed by
staining with a specific antibody followed by FITC-conjugated secondary antibody and confocal microscopy, as described in the Materials
and Methods section. Cells were counterstained with phalloidin to
outline cell boundaries (data not shown). Representative images of
XZ-, YZ-, and XY-stacks are shown (monochannel: FITC). White arrow
indicates disruption of ZO-1 in response to PMA stimulation. (63⫻/
1.4, oil, zoom 1.0, total scanning depth of 30 Z-stacks per monolayer
is indicated per individual image.)

in apical tightening of ZO-1, which correlated with
activation of PKC␣/␦ and PKC-mediated TER increase
via TLR2 in Caco-2 cells. Of note, a similar morphologic
effect on ZO-1 distribution so far has not been described
in response to other PKC activators in IECs.
Pam3CysSK4-induced translocation of ZO-1 was prevented by pretreatment with selective PKC inhibitors
that correlated with the inhibition of Pam3CysSK4-induced TER increase. This finding suggests that TLR2induced activation of distinct PKC-specific isoforms
leads to a sealing pattern of apical ZO-1, resulting in an
increase in TJ-associated barrier integrity. It is possible
that TLR2 ligand-induced ZO-1 translocation could
trigger the tightening of other interconnecting TJ contacts between adjacent epithelial cells resulting in increased TER. It recently has been suggested that barrier
function may be augmented by enhancing the TJ complex via recruitment49 and up-regulation62 of claudin-1.
However, any other Pam3CysSK4-induced TJ alterations
must be subtle, because no changes in distribution of 2
major TJ proteins, claudin-1 and occludin, were detectable.
Moreover, reorganization of the actin cytoskeleton,
which also may be regulated by specific PKC isoforms,51
was absent. However, we found that Pam3CysSK4 led to
phosphorylation of MARCKS, one of the major cellular
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targets of PKC isoforms. It recently has been shown that
MARCKS also serves as an actin cross-linking protein,63
potentially participating in modulation of epithelial integrity. ZO-1 also may bind components of the TJ
complex to the actin cytoskeleton.64 It is possible that
TLR2-induced intestinal epithelial barrier enhancement
results from potential convergence of various signaling
interactions and pathways downstream of PKC, which
may interact by bridging to the actin cytoskeleton.
Because the most prominent intracellular targets of
diacylglycerol and of the functionally analogous phorbol
esters belong to the PKC family,65 PMA has been used as
presumed positive control of broad PKC isoform activation in this study, although the current knowledge regarding patterns and effects of PMA-induced PKC isoform activation is limited in IECs. In contrast to TLR2
ligands, PMA-induced phosphorylation of PKC complex
used other PKC isoforms with different kinetics. It is
already well known that differences between PKC isoforms for their ligand and substrate specificity may lead
to different physiologic responses in individual cell
types.66 Consequently, PMA-induced selective activation
of PKC complex led to downstream effects that were
distinct from those seen after treatment with TLR2
ligands (e.g., AP-1 activation). It recently has been
shown that intestinal epithelial monolayer disassembly
in response to prolonged exposure to PMA correlates
with PKC-associated alterations in the perijunctional
ring of actin and myosin,55 which may have accounted
for our observation of disruption of ZO-1 correlating
with a lack of TER increase. There also is emerging
evidence that several cellular processes induced by PMA
may depend on non–PKC–triggered targets, disproving
the notion that all phorbol-ester effects must be mediated solely by PKC isozymes.65,67 PMA-specific induction of different PKC- as well as non–PKC-associated
signaling events may have contributed significantly to
these contrasting downstream effects when compared
with TLR2 ligands in IECs.
Taken together, our data suggest that a specific physiologic consequence of the increase in certain PKC
isozyme activation by TLR2 is enhancement of intestinal
epithelial barrier function, which correlates with distinct
TJ-associated morphologic changes. Further studies are
needed to clarify in detail the TLR2-triggered Ca2⫹
pathways that may regulate the complex TJ-associated
interactions of membrane signaling partners leading to
enhancement of barrier integrity. It will be important to
determine whether PKC isoforms are central downstream
components of both the TIRAP/Mal- and MyD88-dependent signaling pathways via TLR2.68,69 Because PKC
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is known to comprise a large family of enzymes, additional isoforms may be involved in TLR2-induced phosphorylation of PKC complex. More importantly, parallel
or subsequent activation of opposing PKC isoforms may
cause differential downstream effects in epithelial
cells.48,51,70 In this context, further studies are required
to identify whether other TLRx ligands activate different
PKC isoforms, cooperatively or competitively increasing
or decreasing intestinal epithelial barrier permeability. It
is possible that bacterial ligands may counterbalance each
other via TLRs, maintaining barrier homeostasis of the
normal intestinal epithelium. It remains to be determined whether pathogenic bacteria-induced decreases in
TER also may be mediated via TLRx.
Our results suggest that impaired function of TLR2
itself does not lead to increased intestinal epithelial
permeability in vitro. In this context, it will be essential
to show whether lack of host-protective TLR2 ligands in
the lumen that may be present in the resident microflora
could lead to loss of barrier protection, facilitating invasion of pathogenic bacteria in disease. It recently has
been shown that probiotics, which may help some patients with inflammatory bowel disease,71 enhance intestinal epithelial barrier function.6 Although the underlying mechanisms remain to be determined, it is possible
that certain probiotic compounds may contain TLR2specific immunostimulatory features, leading to amelioration of colitis by restoring intestinal epithelial barrier
integrity. Specific targeting of TLR2 possibly could help
in the design of novel adjuvant therapeutic means to
enhance intestinal epithelial barrier function to protect
the underlying host.
In conclusion, the present study describes the induction of a novel innate immune pathway through certain
PKC isoforms by distinct bacterial ligands, critically
regulating intestinal epithelial barrier function by selective rearrangement of TJ-associated ZO-1 via a specific
mechanism dependent from TLR2 signaling. Further
studies are needed to investigate whether imbalance of
the resident microflora may lead to barrier dysfunction
induced by TJ disassembly through TLRx-PKC isozyme
dysregulation.
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