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Abstract Limiting microbial threats, maintenance and re-establishment of the mucosal barrier are vital for intestinal
homeostasis. Antimicrobial peptides have been recognized as essential defence molecules and decreased expression of
these peptides has been attributed to chronic inflammation of the human intestinal mucosa. Recently, pluripotent
properties, including stimulation of proliferation and migration have been suggested for a number of antimicrobial
peptides. However, it is currently unknown, whether the human b-defensin 2 (hBD-2) in addition to its known
antimicrobial properties has further effects on healing and protection of the intestinal epithelial barrier. Caco-2 and HT-29
cells were stimulated with 0.1–10 mg/ml hBD-2 for 6–72 h. Effects on cell viability and apoptosis were monitored and
proliferation was quantified by bromo-deoxyuridine incorporation. Migration was quantified in wounding assays
and characterized by immunohistochemistry. Expression of mucins was determined by quantitative PCR and slot-blot
analysis. Furthermore, anti-apoptotic capacities of hBD-2 were studied. Over a broad range of concentrations and
stimulation periods, hBD-2 was well tolerated by IECs and did not induce apoptosis. hBD-2 significantly increased
migration but not proliferation of intestinal epithelial cells. Furthermore, hBD-2 induced cell line specific the expression of
mucins 2 and 3 and ameliorated TNF-related apoptosis-inducing ligand (TRAIL) induced apoptosis. In addition to its
known antimicrobial properties, hBD-2 might have further protective effects on the intestinal epithelium. Results of this
in vitro study suggest, that hBD-2 expression may play a dual role in vivo, i.e. in impaired intestinal barrier function
observed in patients with inflammatory bowel disease. J. Cell. Biochem. 104: 2286–2297, 2008. � 2008 Wiley-Liss, Inc.
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Mucosal surfaces of vertebrates such as the
one in the human gastrointestinal tract are
constantly exposed to environmental threats
including a multitude of microbial organisms.
In addition to forming a physical barrier, the

intestinal epithelium has been identified to
actively participate in host defence by sensing
and responding to luminal and invading micro-
organisms [Rakoff-Nahoum et al., 2004]. Anti-
microbial peptides expressed and secreted by
epithelial cells representessential effectormole-
cules of the innate immune system [Boman,
2000]. One member of the cathelicidin family
and three subfamilies of the so-called defensins,
a-, b- and y-defensins have yet been identified in
vertebrates including humans [Lehrer, 2004].
Defensins have been shown to most effectively
kill microbes mostly by compromising their
membrane integrity [Matsuzaki et al., 1999;
Shai, 1999]. Limiting invasion by pathogens as
well as controlling the composition of the
luminal flora are one prerequisite of intestinal
homeostasis, the other being re-establishment
of the barrier integrity once the epithelial layer
has been disrupted. Proliferation and migration
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have been described as key mechanisms of
mucosal repair, which are induced by a plen-
itude of mitogens via autocrine and paracrine
pathways [Podolsky, 1997]. In addition to its
direct antimicrobial capacities, hBD-2 has been
reported to exert additional receptor mediated
effects. It has been shown to promote adaptive
immune responses by attracting dendritic and
T cells as well as neutrophils by specifically
binding to expressed CCR6 receptors [Yang
et al., 1999; Niyonsaba et al., 2004]. Further-
more, hBD-2 exerted dose dependent effects on
viability and proliferation of cultured human
cervical cells [Markeeva et al., 2005]. Putative
mitogenic and motogenic effects of this anti-
microbial peptide on intestinal epithelial cells,
however, have not been reported yet. Interest-
ingly, we recently demonstrated that the CC
chemokine ligand (CCL) 20 (MIP-3a, LARC,
Exodus), which is – similar to hBD-2 – also a
chemokine receptor (CCR) 6 ligand, increases
IEC migration and proliferation [Brand et al.,
2006a].

Disruption of the barrier integrity and inva-
sion of microbes with subsequent chronic
inflammation and further disturbance of the
mucosal architecture are hallmarks of inflam-
matory bowel disease such as Crohn’s disease
(CD) and ulcerative colitis (UC). The sought
for key pathophysiological mechanisms has
identified a decreased response to microbes
due to the mutated intracellular pattern recog-
nition receptor NOD2/CARD15 with subse-
quent decreased expression of alpha-defensins
in individuals with ileal Crohn as well as
decreased gene copy numbers of hBD-2 in
patients with colonic CD [Hampe et al., 2001;
Hugot et al., 2001; Ogura et al., 2001; Wehkamp
et al., 2005a; Fellermann et al., 2006]. Of note,
the decrease of Paneth cell defensins can be
found in all patients with ileal CD with NOD2
mutations further aggravating this decrease.
This lack of defensins has been shown to result
in a lack of antibacterial killing as well as in
changes of the intestinal flora [Wehkamp
et al., 2005b]. It is intriguing to speculate that
decreased expression of hBD-2 contributes to
perpetuated intestinal inflammation not only
by diminished microbial clearance but addition-
ally by impaired mucosal healing. The current
study was therefore designed to characterize
potential effects of hBD-2 on intestinal epithe-
lial cell survival and mucosal repair. Data from
this study indicate, that hBD-2 is not toxic for

IEC, but rather exerts anti-apoptotic proper-
ties. This peptide was furthermore identified
to promote migration of IEC and to induce the
expression of protective mucins.

MATERIAL AND METHODS

Reagents and Chemicals

Recombinant hBD-2 was purchased from
Platon (Kiel, Germany) and diluted to final
concentrations as previously described [Sahly
et al., 2006].

Cell Types and Culture Conditions

Analysis was performed utilizing the human
intestinal epithelial cell lines HT-29 and Caco-2,
which were obtained from the American Type
Culture Collection (LGC-ATCC; Wesel, Germany)
and cultured in DMEM (4 g/l glucose) supple-
mented with 10% (vol/vol) heat-inactivated fetal
bovine serum (Gibco BRL, Life Technologies
GmbH, Eggenstein, Germany), 2 mM L-glutamine
and 1.5 g/l NaHCO3. Cells were maintained at
378C in 5% CO2.

MTT and BrdU Assays

Cell viability in hBD-2 stimulated cultures
was monitored by means of a colorimetric
thiazolyl blue (MTT, Roche Diagnostics, Man-
nheim, Germany) assay. Briefly, 104 cells/ml
IEC were cultured until subconfluency and then
exposed to 0.1–10 mg/ml hBD-2 for 6–72 h.
Utilizing the same concentrations of hBD-2
and stimulation periods, proliferation of IEC
was monitored utilizing the 5-bromo-2-deoxy-
uridine incorporation method following the
manufacturer’s instructions (BrdU labelling
and detection kit II, Roche Diagnostics). Pro-
liferation was quantified as the index of BrdU-
positive cells.

Apoptosis Assays

A putative induction of apoptosis in IEC
challenged with various doses of hBD-2 was
analyzed using a commercial detection kit
following the manufacturer’s guidelines (Cell
Death Detection Elisa plus; Roche Diagnostics).
Ameliorating effects of hBD-2 on TRAIL (10 ng/
ml; Roche Diagnostics) induced apoptosis of IEC
were furthermore analyzed by co-incubation
versus a 12 h pre-incubation of the cells with
2 mg/ml hBD-2 followed by a 6 h exposure to
TRAIL.
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RNA Extraction and Expression Analysis

Total RNA was isolated from hBD-2 stimu-
lated IEC utilizing the Qiagen Rneasy Mini
kit (Qiagen, Hilden, Germany) with additional
DNase treatments included. The RT reaction
was performed utilizing a M-MLV (Promega,
Mannheim, Germany) and PCR amplification
was performed with Taq polymerase (Perkin-
Elmer, Wiesbaden, Germany) for 32 cycles at
958C for 45 s, 568C for 45 s, and 728C for 1 min.
Expression of GAPDH served as internal con-
trol and amplification of samples without prior
RT was used as negative control. Primers for the
detection of mucins 1, 2, 3 and 5AC as well as the
chemokine receptor CCR6 were chosen accord-
ing to published gene sequences and are
provided in Table I.

PCR Conditions for Real-Time Analysis

PCR amplification was done with Fast Start
DNA Sybr Green I (Roche) and automated
quantification in real-time utilizing the Light
Cycler (Roche). Two microliters of the total
reverse transcription volume were used for
individual PCRs, which were performed in a
total volume of 20 ml containing 1� PCR buffer
[3 mM MgCl2; 10 mM Tris–HCl (pH, 8.3); 50 mM
KCl; 5% glycerol; 200 mM dATP, dCTP, and
dGTP; 400 mM dUTP], 500 nM of each primer,
H2O and Fast Start DNA Sybr Green I. Thermal
cycling was edited to include 10 min at 958C, and
then 45 cycles at 958C for 15 s, 54–568C for
5 s and 728C for 15 s followed by a melting
curve analysis. For individual primer pairs,
optimal annealing temperatures were calculat-
ed and adapted under experimental conditions.
All analysis comprehended independent RNA
extraction and reverse transcription, which

were performed in duplicate. In addition to
GAPDH, which served as a positive control,
two standard negative controls were included.
Quantitative PCR results were calculated by
the DDCt cycle threshold method. For quality
analysis, PCR products were subjected to
electrophoresis on 1.5% agarose gels and
ethidium bromide staining.

Wounding Assays

Effects of hBD-2 on IEC migration was
analyzed in wounding assays as described
previously [Dignass et al., 1994]. Briefly, stand-
ard wounds were set in confluent IEC mono-
layers cultured under serum-free conditions.
Cellular debris was removed and the cells were
stimulated with hBD-2 in concentrations rang-
ing from 0.1–10 mg/ml for 12–48 h. Migration of
IEC across the wound margins was documented
by video microscopy of four to five locations per
wound at the times indicated.

A putative role of the CCR6 receptor in hBD-2
mediated migration of IEC was furthermore
characterized by pre-incubating the cells for 1 h
with a blocking anti-CCR6 antibody [Wang
et al., 2004] (4 mg/10 ml/106 cells; R&D Systems
Inc., Minneapolis, MN). Using an isotype con-
trol, the migration assay was performed as
described above. Furthermore, an involvement
of heterotrimeric G protein components was
analyzed by adding pertussistoxin (100 ng/ml;
Sigma; Munich, Germany) to the culture
medium 1h prior to stimulation with hBD-2
(5 mg/ml; 24 h).

Immunohistochemistry

IEC were plated into 6-well plates containing
glass coverslips at a density of 3� 106/well.
Twenty-four hours later the cultures were
rendered quiescent by serum withdrawal for
an additional 24 h. At various times, unstimu-
lated and hBD-2 or TGF-b stimulated cells were
fixed in 4% paraformaldehyde and washed in
serum-free cell culture medium. The cells were
permeabilized for 10 min with 0.2% Triton X-
100 and then blocked with 5% dry milk in PBS
containing 0.1% Tween 20 (TBS-T). To visualize
filamentous actin, TRICT-coupled phalloidin
(1:5,000; Sigma) was applied to cultures for
1 h. Following staining procedures, coverslips
were washed and mounted (Vectashield anti-
fade mounting medium; Vector Laboratories,
Burlingame CA). Labeling of the cells was

TABLE I. Sequences of Primer Pairs
Utilized for Specific Amplification of the

Genes Indicated

Gene Sequence

GAPDH fwd 50-cggagtcaacggatttggtcgtat-30

GAPDH rev 50-agccttctccatggtggtgaagac-30

CCR6 fwd 50-gcattagcatggaccg-30

CCR6 rev 50-gcagcttccacctgat-30

MUC1 fwd 50-gtgccccctagcagtaccg-30

MUC1 rev 50-gacgtgcccctacaagttgg-30

MUC2 fwd 50-actgcacattcttcagctgc-30

MUC2 rev 50-attcatgaggacggtcttgg-30

MUC3 fwd 50-cctcattgcaaacttcactc-30

MUC3 rev 50-agcccacattttctgtactg-30

MUC5AC fwd 50-ccaaggagaacctcccatat-30

MUC5AC rev 50-ccaagcgtcattcctgag-30
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analyzed by fluorescence microscopy including
digital processing of the images (Zeiss Axioplan,
Zeiss, Göttingen, Germany).

Western Blot Analysis

Quiescent and hBD-2 (5 mg/ml) stimulated
HT-29 and Caco-2 cells were lyzed and homo-
genized in ice-cold buffer containing protease
inhibitors. Protein contents were determined
using the Bradford method. Ten micrograms of
total protein were transferred onto nitrocellu-
lose membranes (BioRad, Munich, Germany)
following 10% sodium-dodecyl sulfate polyacry-
lamide gel electrophoresis. Membranes were
blocked with 5% dry milk in PBS containing
0.1% Tween 20 (TBS-T) and incubated for 2 h
at room temperature with a monoclonal anti-
CCR6 antibody (1:1,000; Santa Cruz, Santa
Cruz, CA). Following multiple washing steps in
TBS-T and incubation with a secondary anti-
body (45 min; 1:1,500; Santa Cruz) specific
bands were detected by use of the enhanced
chemiluminescence Western blotting system
(GE Healthcare, Munich, Germany). Blots
were scanned (Epson Perfection 1640SU-Photo
scanner; Epson, Meerbusch, Germany) and
quantified by densitometry (BioRad).

Mucin Expression

Expression of mucins 1, 2, 3 and 5AC was
quantified in unstimulated and hBD-2 stimu-
lated IEC by real-time PCR. IEC were directly
stimulated for 24–48 h with 2 mg/ml hBD-2.
Expression of mucins 2 and 3 was furthermore
characterized by slot-blot analysis utilizing
specific antibodies (Santa Cruz Biotechnology
Inc., Santa Cruz, CA). Briefly, 10 mg protein
were applied to a slot-blot apparatus and
transferred to nitrocellulose membranes (Bio-
Rad), air dried and blocked for 1 h in 5% dry
milk in PBS containing 0.1% Tween 20 (TBS-T).
Blotted proteins were detected by use of specific
primary antibodies (Santa Cruz Biotechnology
Inc.), visualized and quantified as described
above for Western blot analysis.

Statistical Analysis

Data are expressed as mean�SEM of at least
three independent experiments. Comparison
between two experimental groups was per-
formed using the Student’s t test. Mean values
among more than two groups were compared by
the one-way analysis of variance. A P value of
less than 0.05 was considered as significant.

RESULTS

Cell viability is not Affected by hBD-2

hBD-2 is not toxic for IEC. Over a broad range
of concentrations (0.1–10 mg/ml) and incubation
periods (6–72 h) hBD-2 did not affect incorpo-
ration of MTT in Caco-2 and HT-29 cells.
Figure 1A shows data obtained in Caco-2 cells
following 24 h of stimulation with various doses
of hBD-2. Comparable results were detected in
HT-29 cells incubated with hBD-2 (data not
shown). Furthermore, a challenge to hBD-2 for
6–72 h in concentrations ranging from 0.1–
10 mg/ml did not significantly increase the level
of apoptosis in Caco-2 (Fig. 1B) and HT-29 cells
(data not shown).

Fig. 1. Effects of hBD-2 on cell viability and apoptosis in IEC.
Caco-2 cells were incubated for 24 h with hBD-2 using
concentrations as indicated (cross hatched bars). Cell viability
was determined by a MTT assay (A) with results detected in
unstimulatedcontrols set as 1 (white bar). Furthermore, apoptotic
cells were identified by labeling histone-complex DNA frag-
ments in unstimulated (white bar) and hBD-2 stimulated IEC
(cross hatched bars). Incubation with TRAIL (10 ng/ml; black bar)
served as a positive control (B). Shown are results obtained
with Caco-2 cells after 24 h of stimulation with hBD-2 in the
concentration indicated. Values are means� SEM of five
independent experiments. AU, arbitrary units; BrdU, 5-bromo-
2-deoxy-uridine; FCS, fetal calf serum; MTT, colorimetric
thiazolyl blue assay; MUC, mucin; ns, non-significant.
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hBD-2 Does not Induce
IEC Proliferation

Proliferation of intestinal epithelial cells
Caco-2 and HT-29 as assessed by means of a
BrdU incorporation assay was not significantly
altered by hBD-2 (0.1–10 mg/ml) applied to
cultured cells for 12–72 h. Results determined
after 24–48 h of stimulation in Caco-2 cells
are shown in Figure 2. Similar results were
observed in HT-29 cells (data not shown).

hBD-2 Significantly Stimulates
Migration of IEC

Effects of hBD-2 on cell migration as an
important characteristic of intestinal wound
healing was monitored in IEC following stim-
ulation with hBD-2 in various concentrations
(1–5 mg/ml) for 12–72 h. A significant increase
in cells migrating across wound margins was
observed in IEC monolayers after 24 h of
stimulation with hBD-2 with a further increase
observed up to 72 h. Maximal increase in cell
migration compared to unstimulated controls
was detected when cells were stimulated for 48 h
with 2 mg/ml hBD-2. Figure 3 shows represen-
tative photographs and data obtained with
HT-29 cells. A migratory response upon stim-
ulation with hBD-2 was also observed in Caco-2

cells although due to morphological character-
istic the effect was difficult to quantify in that
cell line.

Effects of hBD-2 on IEC migration were
furthermore characterized by analyzing the
hBD-2 stimulated dissolution and re-organiza-
tion of stress fibres. As shown in Figure 4,
F-actin staining revealed a striking organiza-
tion of stress fibres in quiescent IEC (Fig. 4A).
Stimulation with hBD-2 for 15 min dramati-
cally reduced both the number and the intensity
of stress fibres (Fig. 4B). On later time points,
the stress fibres were re-organized and showed
an expression concentrated in the periphery of
cells (Fig. 4C).

To test the hypothesis that the migratory
response evoked by hBD-2 is mediated via CCR6
receptors, expression of this receptor was ana-
lyzed by real-time PCR (data not shown) and
Western blotting. As shown in Figure 5, quies-
cent IEC express CCR6 protein with a further,
significant increase observed in hBD-2 stimu-
lated cells (Fig. 5A). Furthermore, following
blockage of expressed CCR6 receptors by use
of a specific antibody, a significant decrease in
hBD-2 induced migration of IEC was observed
(Fig. 5B).

Inaddition,aputative roleofG-protein coupled
receptors in hBD-2 stimulated migration was

Fig. 2. Effects of hBD-2 on IEC proliferation. Proliferation in hBD-2 stimulated IEC was analyzed by a BrdU
incorporation assays. IEC were incubated with hBD-2 (0.1–10 mg/ml; cross hatched bars) for 12–72 h with
BrdU being added during the last hour of incubation. Shown is the percentage of the BrdU-positive Caco-2
cells (BrdU incorporation index) after 24 h and 48 h of stimulation. Serum stimulated cells served as positive
control (black bars). Data are expressed as means� SEM of four independent experiments, **P< 0.01
(compared to unstimulated controls; white bars). Refer Figure 1 for abbreviations.
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Fig. 3. Effect of hBD-2 on intestinal epithelial wound healing. Mechanically wounded HT-29 cells
were incubated with different concentrations of hBD-2 (cross hatched bars) or, as a control, 5 ng/ml TGF-b
(grey bars). Photomicrographs at 100� magnification were taken at 24 and 48 h after wounding, and the
number of cells migrated across the wound margin were counted. Shown are representative photographs and
the means� SEM of six independent experiments (n¼ 15 per group); **P< 0.01; *P< 0.05 (compared to
unstimulated controls; white bars). Refer Figure 1 for abbreviations.

Fig. 4. Acute effect of hBD-2 on the reorganization of cytoskeletal actin in IEC. HT-29 cells remained
unstimulated (A) or were stimulated with 5 mg/ml hBD-2 for 15 min (B) or 60 min (C). Effects on the number
and intensity of stress fibres was determined by phalloidin staining. Shown are representative photographs of
n¼5 independent evaluations.
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analyzed by pre-incubating IEC with PTX
prior to stimulation with hBD-2. As shown in
Figure 5C, blockage of G-proteins significantly
decreased the migratory response of IEC to
hBD-2.

It was furthermore analyzed whether wound-
ing of epithelial layers induces expression of
hBD-2. Expression of this defensin was there-
fore analyzed in resting and wounded IEC.
HBD-2 was detected at low levels in quiescent

Fig. 5. Role of CCR6 in hBD-2 induced migration of IEC.
Protein expression of the CCR6 receptor was analyzed in
quiescent and hBD-2 (5 mg/ml; 12–48 h) stimulated IEC. Shown
are the means� SEM (**P<0.01) of 6 independent experiments
compared to unstimulated controls) and a representative,
original Western blot (A). CCR6 receptors were furthermore
blocked by pre-incubating IECs prior to stimulation with hBD-2

(1 and 5 mg/ml; 24 h) with an anti-CCR6 antibody. Shown are the
means� SEM (*P< 0.05; **P<0.01) of four independent assays
obtained in HT-29 cells (B). IEC were incubated with PTX (100
ng/ml) and stimulated with hBD-2 (5 mg/ml; 24 h). Migration was
assayed as described. Shown are the results of n¼6 independent
assays; **P< 0.01 (C). Refer Figure 1 for abbreviations.
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IEC (Caco-2), with no further increase observed
in wounded or migrating cells (data not shown).

Expression of Mucins 2 and 3 is Significantly
Upregulated by hBD-2

Mucins (MUC) are known as essential ele-
ments of the protective barrier separating the
luminal content from the epithelial cells. To test
the possibility of the induction of this protective
factor by a defensin, expression of MUC1, 2, 3
and 5AC was analyzed in IECs stimulated with
hBD-2 (1–10 mg/ml). Maximal and significant
alterations were observed following 24 h and
more pronounced after 48 h of incubation with
5 mg/ml hBD-2. Whereas expression of MUC1
and 5AC was not significantly altered in HT-29
cells, expression levels for MUC2 and 3 were
significantly upregulated (Fig. 6). In Caco-2
cells, hBD-2 significantly upregulated the
expression of MUC2 only, whereas the other
mucins were not upregulated (data not shown).
In correlation to mRNA data, protein of MUC2
and 3 was upregulated following stimulation of
IEC with hBD-2. Following a 24 h incubation
period significantly upregulated MUC2 and 3
levels were detected in HT-29 cells by slot-blot
analysis, whereas in Caco-2 cells expression
of MUC2 only was upregulated. Regulation of
mucin expression was dose dependent with an
increase already detected following stimulation

of IEC with 2 mg/ml of hBD-2 and maximum
levels reached at 10 mg/ml.

Effect of hBD-2 on IEC Apoptosis

As indicated above, various concentrations of
hBD-2 did not affect the rate of apoptosis in
stimulated IEC whereas TRAIL, a well known
pro-apoptotic substance [Begue et al., 2006],
induced a significant increase in apoptotic cells
in Caco-2 and HT-29 cultures when applied for
6 h (10 ng/ml). However, after a 12 h pre-
incubation period with 2 mg/ml hBD-2 followed
by a 6 h challenge to TRAIL (10 ng/ml), the
TRAIL induced increase in IEC apoptosis was
significantly diminished (Fig. 7). This effect was
not observed when the IEC were co-incubated
with hBD-2 and TRAIL (Fig. 7).

DISCUSSION

Defensins as endogenous peptides with broad
antimicrobial activity have been recognized
as key effector molecules of innate immune
responses [Lehrer, 2004]. Expression of these
peptides has been detected in various human
tissues including the epithelial lineages of
the gastrointestinal tract [Bevins et al., 1999;
Ouellette, 2004; Wehkamp et al., 2005b].
In addition to constitutively expressed defen-
sins such as hBD-1, inducible forms of this

Fig. 6. hBD-2 induced mucin expression in IEC. Basal and hBD-2 induced expression of MUC1 (white
bars), 2 (black bars), 3 (cross hatched bars) and 5AC (striped bars) in intestinal epithelial cells. Shown are
results of HT-29 cells stimulated with 2 mg/ml hBD-2 for 24 h. Expression of mucins was quantified by
real-time PCR (means� SEM of four independent assays) Also shown are representative blots for MUC2
expression in HT-29 and Caco-2 cells as well as the densitometric evaluation of 3 independent experiments;
**P<0.01 (compared to unstimulated controls). Refer Figure 1 for abbreviations.

Role of b-Defensin 2 in Intestinal Wound Healing 2293



antimicrobial peptide family including hBD-2
have been described [Wehkamp et al., 2002;
Fahlgren et al., 2004]. hBD-2 is expressed at
low levels in epithelial cells of the intestinal
mucosa with a significantly upregulated ex-
pression being observed in inflammation, i.e.
following microbial invasion or stimulation
by pro-inflammatory cytokines [Ogushi et al.,
2001; Wehkamp et al., 2002]. In addition, an
induction of hBD-2 expression has been identi-
fied as a unique mechanism of action of the
probiotic organism E. coli Nissle 1917 [Weh-
kamp et al., 2004]. Collectively, these data
suggest an important role for hBD-2 in mucosal
defence and intestinal barrier function. Fur-
thermore, lack of hBD-2 has been attributed
to diminished antimicrobial capacity thereby
facilitating the attachment and invasion of
microbial organisms with a potential subse-
quent chronification of inflammatory responses

as detected in inflammatory bowel disease such
as CD [Fellermann et al., 2006]. Perpetuated
mucosal inflammation is associated with exten-
sive disturbance of the mucosal architecture
which might facilitate further infiltration
of microbial components. Protection and re-
establishment of the intestinal barrier function
are therefore prerequisites for the limitation of
inflammatory processes and the maintenance of
intestinal homeostasis. However, putative func-
tions of defensins, namely hBD-2, on conserva-
tion and healing of the intestinal mucosa have
not been reported yet. Indeed, antimicrobial
proteins are increasingly regarded as pluripo-
tent peptides [Hiemstra, 2006]. LL-37, the
only cathelicidin found in humans, has been
shown to promote proliferation and migration of
epithelial cells of the respiratory tract as well as
migration of keratinocytes [Shaykhiev et al.,
2005; Tokumaru et al., 2005].

In the current study, hBD-2 did not alter IEC
viability or cell proliferation, but dose depend-
ently induced migration of IEC, a key feature of
intestinal wound healing. Exposure of IEC to
hBD-2 resulted in a reorganization of stress
fibres, a well-known features of migratory
actions. Although the individual effects were
only moderately pronounced, a pro-migratory
potential of hBD-2 can be assumed as it has
also been described for human mast cells and
neutrophils. In those cells, the migratory res-
ponse was most likely mediated by the chemo-
kine receptor CCR6, which is also expressed
on IEC as shown in this study in agreement
with previous reports [Niyonsaba et al., 2002;
Niyonsaba et al., 2004; Brand et al., 2006a].
In addition, we demonstrate that blockage of
CCR6 receptors resulted in a significantly
decreased migratory response in hBD-2 stimu-
lated IECs without reaching baseline levels.
These data suggest, that hBD-2 induced migra-
tion is at least in part mediated by CCR6
receptors. Furthermore, inhibition of the heter-
otrimeric G protein i/o by pertussistoxin (PTX)
significantly decreased the hBD-2 elicited
migratory response of IEC, suggesting the
involvement of serpentine G-protein-linked
transmembrane receptors such as the chemo-
kine receptor CCR6. In agreement, an involve-
ment of the CCR6 receptor in hBD-2 elicited
migration has previously been reported [Yang
et al., 1999]. However, hBD-2 induced activa-
tion of different cell types such as mast cells has
been shown to involve alternative pathways

Fig. 7. Anti-apoptotic properties of hBD-2 in IEC. Putative
modulating effects of hBD-2 on induced apoptosis in IEC were
assayed by pre-incubating intestinal cells for 12 h with 2 mg/ml
hBD-2 (striped bars) with a subsequent challenge to TRAIL
(10 ng/ml) for 6 h. In addition, cells were co-incubated with
hBD-2 (spotted bars) and TRAIL for 6 h. Shown are results from
analysis with Caco-2 cells. Values are means� SEM of three
independent experiments; **P<0.01; *P< 0.05 (compared to
cells treated with 2 mg/ml hBD-2 (cross hatched bars) or 10 ng/ml
TRAIL (black bars) only). The apoptotic index in unstimulated
controls is represented by white bars. Refer Figure 1 for
abbreviations.
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including the G protein-phospholipase C signal-
ling pathway [Niyonsaba et al., 2002] as well as
G-alpha proteins and the MAPK pathway in
macrophages [Soruri et al., 2007]. Furthermore,
we have previously shown that binding of the
chemokine CCL20 in IECs results in activation
of ERK1/2, SAPK/JNK and Akt [Brand et al.,
2006a]. CCL20, although structurally un-
related to hBD-2 has been shown to share a
number of similarities with this defensin,
including antimicrobial and chemotactic activ-
ities, binding to the CCR6 receptor, regulation
by IL-1b and TNF-a, and the coordinated
regulation by IL-17 [Kao et al., 2005].

Interestingly, we recently demonstrated that
IL-22 increases cell migration and wound
healing of IEC. IL-22 also increases mRNA
expression of hBD-2 [Brand et al., 2006b]. Given
the results of the current study, these IL-22
evoked effects may be mediated via hBD-2.
However, data obtained in wounded mono-
layers did not reveal an upregulated expression
of hBD-2 in migrating cells, making an auto-
crine fashion of stimulation implausible. In
addition, hBD-2 might have further protective
features by inducing expression of mucins,
which have long been regarded as the only
active defence mechanism of the intestinal
epithelium but are now considered as important
elements of the complex barrier network in IEC.
The mucus coat plays a central role in the
protection against mechanical insults, luminal
proteases derived from mucosal and bacterial
cells and the colonization by pathogenic bac-
teria and their toxins. In humans, up to date 20
different mucins have been identified, which are
divided into secreted and membrane-bound
mucins [Liévin-Le Moal et al., 2006]. In this
aspect, we analyzed the expression of secreted,
gel-forming mucins MUC2, MUC5AC and
prominent membrane-associated mucins MUC1
and MUC3 in quiescent and hBD-2 stimulated
IEC. As shown, hBD-2 significantly induced
the expression of MUC2 and 3 in IEC, suggest-
ing that the release of hBD-2 might induced
further protective mechanisms in the intestinal
mucosa. Furthermore, the decreased induction
of mucin expression following blockage of CCR6
receptors suggests that the observed effect of
hBD-2 on mucin expression is at least mediated
in part by CCR6. Of note, previous work has
detected the predominant expression and secre-
tion of MUC2 in the healthy colonic epithelium
of rodents and humans as well as in the

chronically inflamed intestinal mucosa [Tytgat
et al., 1994, 1995, 1996]. More recently, the
important role of MUC2 in intestinal barrier
formation and its potential (patho-) physiolog-
ical relevance in inflammatory conditions of the
intestine have been addressed in greater detail.
Utilizing MUC2 deficient mice, a lack of this
mucin has been associated with the onset an
perpetuation of colonic inflammation [Van der
Sluis et al., 2006].

It has been previously shown, that during
intestinal inflammation TRAIL activated the
intracellular caspase cascade in IEC leading to a
rapid and potent elimination of IEC ultimately
resulting in epithelial lesions as observed in
infectious or chronic inflammatory disorders of
the intestine [Begue et al., 2006]. We therefore
hypothesized that hBD-2 might strengthen the
mucosal barrier by alleviating TRAIL induced
IEC apoptosis, thereby contributing to the
maintenance of the epithelial barrier. As indi-
cated, pre-incubation with hBD-2 significantly
decreased TRAIL induced apoptosis in IEC.
Although these preliminary data suggest an
additional role of hBD-2 in the complex network
underlying mucosal integrity, further research
is needed to clarify the mechanisms involved.
Furthermore, up to date conflicting data have
been reported on the role of antimicrobial
peptides in cell survival [Barlow et al., 2006].
Based on the peptide used and the cellular
system studied, LL-37, for example, has been
shown to be toxic in pulmonary epithelial cells
but to suppress apoptosis of neutrophils and
leukocytes [Shaykhiev et al., 2005; Nagaoka
et al., 2006]. Differences in cellular systems and
concentrations applied require further studies
to fully elucidate the role of antimicrobial
peptides in apoptosis. In addition, since TRAIL
has been associated with the induction of the
pattern recognition receptor NOD2/CARD15 in
intestinal epithelial cells as well as to exert pro-
inflammatory properties, one might speculate
that hBD-2 also ameliorates innate immune
responses of the intestinal epithelium. This
should however be addressed in further studies.

In summary, the in vitro results obtained in
this study suggest, that hBD-2 may contribute
to the stability of the intestinal barrier function
by promoting intestinal epithelial cell survival,
expression of further protective factors and by
increasing intestinal wound healing. Lack of
or diminished expression in genetically altered
individuals may be associated with decreased
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microbial clearance delayed mucosal healing
with perpetuation of inflammatory processes by
continuous translocation of microbial compo-
nents through disrupted areas of the epithelial
cell layer. Further clinical studies will be
needed to corroborate this hypothesis.
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