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Introduction

Summary

Immune defence against microbes depends in part on the production of
antimicrobial peptides, a process that occurs in a variety of cell types but
is incompletely understood. In this study, the mechanisms responsible for
the induction of cathelicidin and B-defensin antimicrobial peptides were
found to be independent and specific to the cell type and stimulus. Vita-
min D; induced cathelicidin expression in keratinocytes and monocytes
but not in colonic epithelial cells. Conversely, butyrate induced cathelici-
din in colonic epithelia but not in keratinocytes or monocytes. Distinct
factors induced B-defensin expression. In all cell types, vitamin Dj; activa-
ted the cathelicidin promoter and was dependent on a functional vitamin
D responsive element. However, in colonic epithelia butyrate induced
cathelicidin expression without increasing promoter activity and vitamin
D; activated the cathelicidin promoter without a subsequent increase in
transcript accumulation. Induction of cathelicidin transcript correlated
with increased processed mature peptide and enhanced antimicrobial
activity against Staphylococcus aureus. However, induction of B-defensin-2
expression did not alter the innate antimicrobial capacity of cells in cul-
ture. These data suggest that antimicrobial peptide expression is regulated
in a tissue-specific manner at transcriptional, post-transcriptional and
post-translational levels. Furthermore, these data show for the first time
that innate antimicrobial activity can be triggered independently of the
release of other pro-inflammatory molecules, and suggest strategies for
augmenting innate immune defence without increasing inflammation.

Keywords: Cathelicidin; colon mucosa; defensin; gene regulation; human;
skin

synthesis and secretion of small cationic peptides by epi-
thelia has become recognized as an important mechan-

Defence of the skin and gastrointestinal epithelia against
microbial pathogens involves both innate and adaptive
immune responses. Several elements contribute to the
innate immune defence system in these tissues, inclu-
ding physical and chemical barriers (e.g. the stratum
corneum or the production of mucin) and recruitment
of leukocytes such as neutrophils, macrophages, etc. In
addition to these diverse antimicrobial strategies, the

ism for host defence.! As effectors of innate immunity,
antimicrobial peptides (AMPs) directly kill a broad
spectrum of microbes including Gram-positive and
Gram-negative bacteria as well as fungi and certain vir-
uses. In addition, these peptides interact with the host
itself, triggering events that complement their role as
antibiotics.> When combined, the functions of the AMPs
suggest that they are an important, and previously

Abbreviations: AMP, antimicrobial peptides; EGF, epidermal growth factor; HBD-1, human B-defensin-1; IGF-1, insulin-like
growth factor-1; IL-1, interleukin-1f3; NHEK, normal human epidermal keratinocytes; 1,25(OH),VD3, 1,25-dihydroxy-vitamin
Ds; PBS, phosphate-buffered saline; SELDI-TOF, surface-enhanced laser desorption ionization time-of-flight; VDR, vitamin D

receptor; VDRE, vitamin D responsive element.
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underappreciated, component of the human immune
defence system.

Most AMPs are cationic molecules binding to and
interacting with the negatively charged membranes of
microbes. In recent years an array of AMPs expressed by
epithelial cells has been identified including the gene fam-
ilies known as defensins and cathelicidins.>* Cathelicidins
are AMPs of which the pro-peptide precursors contain a
conserved N-terminal ‘cathelin® domain. In man, one
cathelicidin gene, named CAMP, has been identified as
coding for the pre-pro-protein hCAP18 which includes a
C-terminal antimicrobial peptide called LL-37.” LL-37 can
be further processed to smaller peptides with enhanced
antimicrobial activity or signalling properties.*” The AMP
domain from cathelicidins of different species varies
widely in sequence, composition and structure. In con-
trast, defensins are more uniform in their appearance.
They are small cysteine-rich AMPs that mainly form
B-sheet structures. Several human defensins have been
identified and studied with respect to their expression,
regulation and function.*

Cathelicidins and defensins are expressed at various
epithelial surfaces, including the skin, colon and lower
small intestine.*”'> Their relevance in human disease has
been illustrated by several clinical correlations. Patients
with atopic dermatitis lack appropriate AMP expression
and are more susceptible to bacterial superinfections
while psoriasis patients, who rarely develop bacterial skin
infections, show high expression of epidermal AMPs."
In the gastrointestinal tract, cathelicidins are involved in
the gastric mucosal defence against Helicobacter pylori."*
Crohn’s disease patients with NOD2 mutations show
decreased levels of B-defensin expression. This deficiency
has been suggested to lead to altered tolerance towards
the intestinal flora and subsequently to trigger inflamma-
tion."” In the colon, Shigella bacteria are able to penetrate
the mucosa after down-regulating epithelial cathelicidin
expression.'® Taken together, these clinical observations
have supported laboratory models and have established a
role for AMPs in the epithelial defence against microbial
pathogens.

Despite the importance of AMP expression to immune
defence, the molecular mechanisms of AMP regulation
are poorly understood. Several studies on the regulation
of expression of AMPs have been published, some with
conflicting results. Recent work has found that stimuli
not previously considered to be involved in innate
immune activation, such as vitamin Dsj, can increase the
expression of antimicrobial peptides. A vitamin D respon-
sive element (VDRE) has been identified in the human
cathelicidin gene (CAMP) promoter and activation of this
VDRE by 1,25-dihydroxy-vitamin D5 [1,25(0OH),VDs]
will induce cathelicidin expression in keratinocytes and
myeloid cells.'””'® Topical treatment of human skin with
1,25(OH),VD; has also been shown to enhance cathe-
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licidin peptide expression.'” However, the capacity of
1,25(0OH), VD3 to alter the antimicrobial function of cells
or tissues is unknown. Furthermore, the significance
of this finding in light of observations of cathelicidin
induction in vivo, a process that is initiated upon injury'?
and that is not associated with any known alteration in
vitamin signalling, is unclear. On the other hand, stimuli
that are more consistently present in the wound environ-
ment, such as insulin-like growth factor-1 (IGF-1), or
molecules present at tissues that express cathelicidin, such
as the short-chain fatty acid butyrate, have been reported
to increase cathelicidin abundance.'*® The molecular
mechanisms, however, are largely unknown. Short-chain
acids such as butyrate inhibit histone deacetylation, which
leads to chromatin remodelling and subsequent changes
in the expression of various genes and alterations of a
variety of signalling pathways.”> Other cationic peptides
with antimicrobial activity but less clear function in vivo,
such as the human B-defensins (HBD-1 to HBD-4), have
been reported to have other stimuli for expression.”' Tt
is unclear whether these stimuli overlap or are suitable
for therapeutic use.

Based on current observations we hypothesized that
antimicrobial peptides of the cathelicidin and B-defensin
family would have distinct regulatory systems. In this
study we examined the regulation of AMP expression in
different tissues to gain insight into the mechanisms
responsible for their expression and function. Distinct
factors that reflected the respective microenvironments of
the cell were found to modify cathelicidin and B-defensin
expression; unique regulatory events were uncovered that
depended on cell type. Furthermore, a direct association
between the induction of antimicrobial peptide expression
and antimicrobial activity was shown for the first time.
Factors involved in the increase of antimicrobial activity
are distinct from factors that induce classical chemokine
responses, suggesting that a mechanism for the regulation
of innate antimicrobial defence exists distinct from trig-
gers of inflammation.

Materials and methods

Cell culture and stimuli

Normal human epidermal keratinocytes (NHEK) were
grown in serum-free EpiLife® cell culture media (Cascade
Biologics; Portland, OR) containing 0-06 mMm Ca?" and
1 x EpiLife® defined growth supplement (EDGS) at 37°
under standard tissue culture conditions. Stock cultures
were maintained for up to six passages in this medium
with the addition of 50 U/ml penicillin and 50 pg/ml
streptomycin. HaCaT keratinocytes were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) with 4-5 g/l
glucose (BioWhittaker; Walkersville, MD) supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 50 U/ml
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penicillin and 50 pg/ml streptomycin. HT-29 colon cells
and U937 monocytes were grown in RPMI-1640 media
(Sigma, St Louis, MO) and FET colon cells were grown
in DMEM/F12 (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum, 2 mwm L-glutamine, 50 U/ml
penicillin and 50 pg/ml streptomycin. Cells at 50-70%
confluence were stimulated with tumour necrosis factor-o
(20 ng/ml; Chemicon, Temecula, CA), interleukin-1f (IL-
1B; 20 ng/ml), IL-4 (50 ng/ml), IL-6 (50 ng/ml), IL-8
(20 ng/ml), IL-12 (50 ng/ml), IL-13 (50 ng/ml; all inter-
leukins from R & D Systems, Minneapolis, MN), inter-
feron-y (200 U/ml; Sigma), interferon-f (200 U/ml;
Roche, Indianapolis, IN), IGF-1 (100 ng/ml, Sigma), epi-
dermal growth factor (EGF; 20 ng/ml; R & D Systems),
flagellin (50 ng/ml; Alexis Biochemicals, Carlsbad, CA),
lipopolysaccharide (1 pg/ml;  Sigma), peptidoglycan
(1 pg/ml; Fluka, Buchs, Switzerland), lipoteichoic acid
(10 pg/ml;  Sigma), phorbol 12-myristate 13-acetate
(PMA; 20 puM; Sigma), Malp-2 (2 pum;  Alexis), CpG
(10 pg/ml; Sigma), poly(I:C) (25 pg/ml; Amersham, Pis-
cataway, NJ), butyrate (2 mm; Sigma), lithocholic acid
(50 pum, Sigma), calcium (1-7 mm), 1,25(OH),VD; (1-
200 nM; Sigma), 25-OH vitamin Ds; (100 nm; Fluka),
all-trans retinoic acid (1 pum; Sigma), 9-cis retinoic acid
(1 pm; Sigma) or ciglitazone (10 pm; Cayman Chemical,
Ann Arbor, MN) for up to 24 hr. Furthermore, cells were
irradiated with UVB light (100 mJ/cm?) or stimulated
with Staphylococcus aureus or group A Streptococcus
extracts. For analysis of the involvement of signalling
pathways in the induction of cathelicidin cells were pre-
incubated with the MEK-ERK inhibitor U0126 (20 um;
Calbiochem, San Diego, CA) for 30 min before stimula-
tion. For inhibition of transcriptional activity cells were
treated with actinomycin D (5 pg/ml; Sigma).

Real-time reverse transcription—polymerase chain
reaction (RT-PCR)

After cell stimulation, total RNA was extracted using Tri-
zol® (Invitrogen) and 1 pg RNA was reverse transcribed
using iScript® (Bio-Rad, Hercules, CA). The expression of
cathelicidin was evaluated using a FAM-CAGAGGATT
GTGACTTCA-MGB probe with primers 5-CTTCACCA
GCCCGTCCTTC-3 and 5-CCAGGACGACACAGCAG
TCA-3. For GAPDH expression a VIC-CATCCATGAC
AACTTTGGTA-MGB probe with primers 5-CTTAG
CACCCCTGGCCAAG-3' and 5-TGGTCATGAGTCCTT
CCACG-3' was used. Predeveloped Tagman® assay probes
(ABI, Foster City, CA) were used for the analyses of the
expression of IL-8, CYP24A1 and involucrin. HBD-1 (for-
ward primer: 5-GTCGCCATGAGAACTTCCTACC-3,
reverse: 5-CATTGCCCTCCACTGCTGAC-3') and HBD-2
(forward: 5'-GGTGTTTTTGGTGGTATAGGCG-3/, re-
verse: 5'-AGGGCAAAGACTGGATGACA-3') expression
was evaluated using a SYBR Green® protocol according
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to the manufacturer (ABI). All analyses were performed
in triplicate from two to five independent cell stimulation
experiments in an ABI Prism® 7000 Sequence detection
system. Fold induction relative to the vehicle-treated
control was calculated using the 224Y method, where
ACt is ACt(stimulant) - ACt(vehicle)’ ACt is Ct(cathelicidin) -
Ctgappuy and Ct is the cycle at which an arbitrary
detection threshold is crossed. Results were considered
significant when at least a three-fold difference in
expression levels was detected and statistical analysis
revealed P-values < 0-05.

Fluorescence immunohistochemistry

NHEK, HaCat, FET and HT-29 cells were grown on
chamberslides and stimulated with 1,25(OH),VD; and
butyrate for 24 hr. After methanol fixation and subse-
quent washings in phosphate-buffered saline (PBS), slides
were blocked in 3% bovine serum albumin in PBS for
30 min at room temperature and stained with a poly-
clonal chicken anti-hCAP-18/LL-37 primary antibody or
preimmune serum as described elsewhere.> After washing
in PBS 3 X 15 min, slides were reprobed with a fluoresc-
ein isothiocyanate-labelled goat anti-chicken antibody.
After subsequent washings with PBS, slides were mounted
in ProLong Anti-Fade reagent (Molecular probes, Eugene,
OR) and evaluated with an Olympus BX41 microscope
(Olympus, Melville, NY) at 400x magnification.

Promoter analysis and site-directed mutagenesis

To analyse cathelicidin promoter activity, different-sized
fragments of the 5 untranslated region of the human
cathelicidin gene CAMP were cloned into a luciferase
reporter plasmid and transfected into HaCat keratinocytes
and HT-29 colon cells. Fragments of the 5untranslated
region of CAMP were amplified with sense 5-CA
CACAGCTAGCGGCTCTCTTCCTCTCTGG-3' (pGL3-
300), 5-CACACAGCTAGCCTCATGCCTCAGCTTGTA-
3" (pGL3-600), 5-CACACAGCTAGCCTTCAGTGGCCT
TCAGCA-3"  (pGL3-1000), 5'-CACACAGCTAGCCTTG
GGTGGTGTCTGCCTA-3"  (pGL3-1200), 5-CACACAG
CTAGCGGAACCCCTGGACAACGG-3' (pGL3-1500) and
antisense 5'-GAGAGACTCGAGGTCTGCCTCCCTCTAG
CC-3’ primers using human genomic DNA as a template.
Primers were designed to introduce an Nhel restriction
site at the 5 end and an Xhol restriction site at the 3’
end of the amplicon. The amplification products were
cloned into the TOPO vector (Invitrogen) and trans-
formed into Escherichia coli TOP10 OneShot competent
cells (Invitrogen), following the manufacturer’s guidelines.
After DNA purification using the WizarpPLus, SV Mini-
prep purification system (Promega, Madison, WI) con-
structs were digested with Nhel and Xhol and then
subcloned into the promoterless pGL3-basic firefly lucif-
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erase vector (Promega) to generate reporter plasmid
pGL3-300, pGL3-600, pGL3-1000, pGL3-1200 and pGL3-
1500. The functional role of a previously described
VDRE'" for the transcription of CAMP was studied by
site-directed mutagenesis of the VDRE. The VDRE at
position — 619 base pairs (bp) to —633 bp relative to the
translation start site was deleted with sense 5'-AA
CTTCTGCTTCAGTGATTCTCAT-3" and antisense 5'-AT
GAGAATCACTGAAGCAGAAGTT-3' primers using a
protocol published by Prinzen et al.>> The resulting plas-
mid lacking the VDRE binding site cloned in the pGL3-
basic vector was termed pGL-3-1500-VDRE. All resulting
constructs were confirmed by sequencing. All promoter
fragments started at position —9 bp relative to the trans-
lation initiation site. The actual sizes of the promoter
elements were 299 bp for pGL3-300, 602 bp for pGL3-
600, 1003 bp for pGL3-1000, 1287 bp for pGL3-1200 and
1569 bp for pGL3-1500.

Transfection and determination of promoter activity

For cathelicidin promoter studies HT-29, U937 and Ha-
Cat cells were seeded in 24-well plates (BD Biosciences,
San Jose, CA) and used for transfection at 50-70% con-
fluence. Cells were transfected with the indicated CAMP
reporter plasmids and 0-1 pg of an internal-control Ren-
illa luciferase expression plasmid (pRL-TK; Promega)
by using 1-5 pl transfection reagent Fugene 6 (Roche)
according to the manufacturer’s instructions. Cells were
stimulated with butyrate or 1,25(OH),VD; 30 min before
transfection and incubated for 24 hr before harvesting
with 50 pl passive lysis buffer (Promega). Firefly luciferase
activity from the CAMP pGL3 reporter vectors and Renilla
luciferase activity were measured by the Dual Luciferase
Assay system (Promega) in a luminometer (Optocomp I,
MGM Instruments, Hamden, CT). Promoter activity was
reported as the ratio between firefly and Renilla luciferase
activities in each sample.

Western blot

HT-29 and HaCat cells were stimulated with butyrate,
1,25(OH),VDs or the vehicle for 24 hr and subsequen-
tly lysed in ice-cold lysis buffer (1% Triton-X in PBS
containing proteinase inhibitors). After centrifugation,
10 min, 10 000 g, equal amounts of protein were mixed
with loading buffer (0-25 m Tris—HCI, 10% sodium dode-
cyl sulphate (SDS), 10% glycerol, 5% B-mercaptoethanol)
and loaded onto a 16% Tris—Tricine gel (GeneMate,
Kaysville, UT). After separation, proteins were blotted
onto a PVDF membrane (Millipore, Billerica, MA) and
blocked in 5% milk (Bio-Rad) in Tris-buffered saline
(TBS) with 0-1% Tween-20 for 1 hr at room temperature.
After washings in TBS/0-1% Tween-20, membranes were
stained with a rabbit polyclonal anti-vitamin D receptor
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(VDR) antibody (Abcam, Cambridge, MA), washed again
in TBS/0-1% Tween-20 and reprobed with a horseradish
peroxidase-coupled goat anti-rabbit antibody (DakoCyto-
mation, Glostrup, Denmark). Stained protein was visual-
ized using the Western Lightning® system (Perkin Elmer,
Boston, MA). In another experiment HT-29 and HaCat
cells were serum starved for 24 hr and subsequently sti-
mulated with butyrate, 1,25(0OH),VD; or EGF for 15 min
with or without prior incubation with the MEK-ERK
inhibitor U0126 (20 um, 30 min). Cells were harvested,
subjected to SDS—polyacrylamide gel electrophoresis using
a 16% Tris—Tricine gel and blotted. Membranes were
stained with a rabbit anti-phospho p44/42 MAPK anti-
body (Cell Signaling, Beverly, MA) and protein was visu-
alized with the Western Lightning® system.

Surface-enhanced laser desorption ionization
time-of-flight mass spectrometry (SELDI-TOF-MS)

Stimulated and control NHEK, HaCat and HT-29 cells
were harvested in 1 ml of 1-M HCl and 1% trifluoroacetic
acid, sonicated for 3 min on ice, rotated at 4° overnight
and subsequently centrifuged for 10 min at 18 000 g.
Supernatants were transferred to new tubes, lyophilized,
and dissolved in 100 pl of RIPA buffer containing prote-
ase inhibitors (Roche). Protein chips (RS100 ProteinChip
array®, Ciphergen Biosystems, Fremont, CA) were coated
with 4 pl of anti-LL-37 rabbit antibody for 2 hr at room
temperature, followed by blocking with 0-5 M ethanol-
amine in PBS (pH 8-0). After washing three times with
PBS/0-5% Triton X-100, proteinchips were assembled in
the BioprocessorTM (Ciphergen) reservoir, samples (50 pl)
were applied in duplicates and incubated 2 hr at room
temperature. Protein chips were washed twice with RIPA
buffer, once with PBS/0-5% Triton X-100, and three times
with PBS. Proteinchips were then soaked in 10 mm HE-
PES buffer and spots were air-dried. Then 0-5 pl of
energy absorbance matrix (50% saturated o-cyano-4-hyd-
roxy cinnamic acid in 50% acetonitrile, 0-5% trifluorace-
tic acid) was applied twice, and all spots were air-dried
again. Samples were analysed on a SELDI mass analyser
PBS IIC with a linear time-of-flight mass spectrometer
(Ciphergen) using time-lag focusing. Mass was calibra-
ted with peptide standards (All-in-1 peptide standard,
Ciphergen).

Antimicrobial assay

Antimicrobial activity of stimulated and unstimulated epi-
thelial cells was determined using a modified protocol
described elsewhere.** Cells were grown and stimulated
without antibiotics, harvested in 100 pl sterile H,O and
sonicated on ice for 20 min. For solution killing assays,
S. aureus AmprF* was grown in tryptic soy broth (TSB;
Sigma) over night and then subcultured in 20% TSB,
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25 mM NaHCO;, 1 mm NaHPO, until log phase was
reached. Twenty thousand bacteria (optical density at
600 nm of 1-0 corresponds to 3-75 x 10° colony-forming
units/ml) were incubated with various cell lysate conc-
entrations at 37° in 20% TSB, 25 mm NaHCO;, 1 mMm
NaHPO,. Bacterial growth over time was determined by
optical density at 600 nm.

Results

We hypothesized that the regulation of AMP expression
would be dependent on the peptide, the tissue environ-
ment in which it is expressed, and the stimulus. To
investigate if stimuli of AMP gene expression are similar
between the skin and the colon, we performed a system-
atic analysis of the expression of human cathelicidin,
HBD-1 and HBD-2. Cathelicidin expression was studied
in normal keratinocytes, the keratinocyte cell line HaCat
and the colon epithelial cell lines HT-29 and FET. An
array of potential stimuli was examined including hor-
mones, biological stimuli, cytokines and microbial prod-
ucts. Of all the factors tested, 1,25(OH),VD; and its
precursor, 25-OH VD;, induced the largest increase in
cathelicidin expression in normal keratinocytes (Fig. 1).
Cathelicidin expression was induced after 8 hr with
strongest effects after 24 hr, and similar effects were
observed in the keratinocyte cell line HaCat (not shown).
In contrast, butyrate was the major inducer of cathelicidin
expression in colon epithelial cells (Fig. 1). Importantly,
the induction of cathelicidin by vitamin D; in keratino-
cytes, or butyrate in colon epithelia, was cell-type specific;
each was inactive in the other epithelial cell.

To investigate whether induction of cathelicidin mRNA
correlates with cathelicidin protein expression, stimu-
lated cells were stained with an antibody specific to
LL-37. Keratinocytes (NHEK) showed enhanced immuno-
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Figure 1. Cathelicidin mRNA expression in keratinocytes and colon
epithelial cells. Normal human keratinocytes (NHEK) and colono-
cytes (HT-29) were stimulated with hormones, biological stimuli, cy-
tokines or microbial products for 24 hr. Concentrations selected for
this study exceeded those previously described to be effective in these
cells (see Materials and methods). Abundance of mRNA was deter-
mined by real-time RT-PCR for cathelicidin and the housekeeping
gene GAPDH and normalized to vehicle treated controls. Data
shown are means (£ SD) of the results from a single stimulation
experiment performed in triplicates and are representative of at least
three independent experiments. (**: P < 0-01; Student’s t-test).

reactivity after stimulation with 1,25(OH),VD; while
colon cells (HT-29) showed more cathelicidin peptide
expression after butyrate treatment (Fig. 2). Butyrate had
no effect on cathelicidin immunoreactivity in keratino-
cytes and 1,25(0OH),VD; had no effect on colon epithe-
lial cells (not shown). To confirm that immunostaining

() 4494.8+5

|
M mﬁii.l""‘%x’;ﬁl'nr‘\-‘l,wm

m/z

Figure 2. Cathelicidin peptide expression in keratinocytes and colon epithelial cells. (a—c) NHEK grown on chamber-slides were stimulated with
the vehicle, or 1,25(0OH), VDs; (d—f) colonocytes (HT-29) were stimulated with the vehicle or butyrate. Cells were stained with a polyclonal anti-
LL-37 antibody and nuclei were detected with DAPI in (a,b,d,e). Immunofluorescence is displayed at 400x magnification. Processing to active
cathelicidin peptide was evaluated by SELDI-TOF analyses of NHEK and HT-29 cells in (c) and (f) after stimulation with VD3 or butyrate,
respectively. A peak at 4 494 Da corresponding to the mature LL-37 peptide was detected in NHEK and HT-29 cells. Data from one representa-

tive of three independent experiments are displayed.
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correlates with the presence of active cathelicidin peptide,
stimulated cells were subjected to acid extraction and
SELDI-TOF analysis. In both cell types a peptide with a
molecular mass of 4494 Da corresponding to LL-37 was
detected (Fig. 2).

To investigate cell-specific expression of HBD-1 and
HBD-2, and directly compare with cathelicidin expres-
sion, keratinocytes, colon epithelial cells and monocytes
were exposed to a similar panel of potential stimuli. IL-
1B and PMA were identified as strong inducers of HBD-2
in keratinocytes (Fig. 3a) and HaCat cells (not shown).
None of the factors tested induced HBD-2 expression in
HT-29 (Fig. 3b) and FET colon epithelial cells (not
shown). Tumour necrosis factor-o, an extract of group A
Streptococcus, PMA and butyrate were found to induce
HBD-2 in monocytes (Fig. 3¢). None of the stimuli chan-
ged HBD-1 expression under these conditions.

To test whether keratinocytes and colon cells show a
correlation between the expression of cathelicidin and the
induction of pro-inflammatory chemokines, changes in
IL-8 mRNA expression were evaluated. Flagellin was the
strongest inducer of IL-8 in keratinocytes (Fig. 4a), flagel-
lin, Staphylococcus aureus extract and lipopolysaccharide
were the strongest inducers of IL-8 in colon cells
(Fig. 4b). Vitamin D3 and butyrate had no effect on IL-8
expression in these assays.

As 1,25(OH),VDj; is known to induce differentiation
in keratinocytes,”® we next investigated the relationship
between keratinocyte differentiation and cathelicidin
expression. As expected, an increase in extracellular Ca*",
1,25(0H),VD; and all-trans retinoic acid each induced
keratinocyte differentiation as indicated by an increase
in involucrin expression. However, only 1,25(0H),VD;
induced cathelicidin (Figs 1 and 4c).

To investigate if the inability of vitamin Dj to induce
cathelicidin in colon cells was a result of a defect in
vitamin D signalling, the expression of the VDR and the
effect of 1,25(OH),VD; on vitamin D responsive genes
was investigated in HT-29 and FET colon cells. Colon
cells express the VDR, and this expression is not changed
after butyrate or 1,25(0OH),VD; treatment (Fig. 4d).
Furthermore, colon cells (HT-29, FET) responded to
1,25(0OH),VDj3 with an increase in the vitamin D respon-
sive gene Cyp24A1 (24-hydroxylase) (Fig. 4e). Lithocholic
acid — a recently identified VDR ligand in colon cells —
also induced Cyp24Al in colon cells but failed to induce
cathelicidin expression in these cells (not shown). As
expected 1,25(OH),VD; induced the expression of
Cyp24Al in NHEK and HaCat cells (Fig. 4f).

The MEK-ERK signalling pathway has been shown to
be involved in butyrate-mediated cathelicidin induction
in colon epithelial cells."' To determine if this pathway is
also required for vitamin Dj activity, keratinocytes were
first treated with inhibitors of MEK-ERK or other signal-
ling intermediates before attempted induction of cathelici-
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Figure 3. Differential expression of HBD-1, HBD-2 and cathelicidin.
The induction of human B-defensin 1 (HBD-1), human B-defensin 2
(HBD-2) and cathelicidin were directly compared by real-time RT-
PCR. (a) Normal human keratinocytes, (b) HT-29 colon epithelial
cells and (c) U937 monocytes were stimulated with a panel of poten-
tial stimuli at concentrations described in Materials and methods for
24 hr. Data shown are means (+ SD) of a single experiment per-
formed in triplicates and is representative of three independent
experiments. (*P < 0-05; **P < 0-01; ***P < 0-001; Student’s t-test).

din expression. The MEK-ERK inhibitor (U0126) blocked
the induction of cathelicidin by 1,25(OH),VDj; in kera-
tinocytes (Fig. 5a) and by butyrate in colon cells
(Fig. 5b). Inhibition of EGF signalling (AG1478) or pre-
treatment with a metalloproteinase inhibitor (Galardin)
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Figure 4. AMP expression dissociates from cytokine expression and induction of differentiation or vitamin D response. IL-8 expression was eval-
uated by real-time RT-PCR in (a) Normal keratinocytes and (b) HT-29 colon cells after stimulation with different factors as described in Materi-
als and methods. (c¢) Involucrin expression, as a surrogate marker for keratinocyte differentiation, was analysed by real-time RT-PCR. (d) The
expression of the vitamin D receptor and the effect of 1,25(OH), vitamin D3 on vitamin D responsive genes was investigated in colon epithelial
cells. HT-29 cells were stimulated with the control (lane 1), 1,25(OH), VDj; (lane 2) or butyrate (lane 3), harvested and analysed by Western blot
employing a specific anti-VDR antibody. A band at approx. 50 kDa was detected corresponding to VDR protein. In (e) and (f), the expression
of the vitamin D responsive gene Cyp24A1 (24-hydroxylase) was analysed by real-time RT-PCR in colon epithelial cells (e) or NHEK (f) stimula-
ted with butyrate, 1,25(OH), VD3, 25-OH VD; or the vehicle control. All data shown are means (+ SD) of a single experiment performed in

triplicate and representative of one of at least three independent experiments. (*P < 0-05; **P < 0-01; ***P < 0-001; Student’s t-test).

had no effect on cathelicidin induction in either cell type
(not shown). To determine if ERK phosphorylation was
critical for cathelicidin induction, both cell types were
evaluated for phospho-ERK by Western blot analyses
(Fig. 5¢,d). These data confirm the activity of the ERK
inhibitor U0126 and confirm that EGF induces ERK
phosphorylation despite not inducing cathelicidin expres-
sion. Therefore ERK phosphorylation was necessary but
not sufficient for cathelicidin induction.

To identify the promoter elements responsible for cath-
elicidin regulation, different-sized fragments of the 5 un-
translated region of the human cathelicidin gene CAMP
were cloned into a luciferase reporter plasmid and trans-
fected into HaCat keratinocytes and HT-29 colon cells.
Site directed mutagenesis was used to generate reporter
plasmids lacking the VDRE in this promoter. Constructs
lacking the VDRE (pGL3-300 and pGL3-600, Fig. 6a) or
constructs with a deleted VDRE site (pGL3 1500-VDRE),
lost responsiveness to 1,25(0OH),VD; stimulation when

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 509-519

transfected into HaCat cells and monocytes (Fig. 6b,c).
Interestingly, 1,25(OH),VD; resulted in enhanced promo-
ter activity in HT-29 cells (Fig. 6d) despite an inability of
1,25(0OH),VD; to increase steady-state levels of cathelici-
din transcript or protein in these cells. In contrast, none
of the CAMP promoter constructs was induced in colon
cells stimulated with butyrate but baseline activity was
decreased in constructs with a deleted VDRE site. Despite
the inability of butyrate to increase CAMP promoter
activity in colon cells, butyrate-induced cathelicidin
mRNA expression in colon cells was blocked by inhi-
bition of mRNA transcription with actinomycin D
(Fig. 6e).

Observations that induction of AMP expression is cell-
type specific and differs between cathelicidins, HBD-1
and HBD-2, permitted direct evaluation of a correlation
between AMP expression and antimicrobial activity.
Lysates of cells induced to increase each AMP were tested
for their ability to inhibit the growth of S. aureus AmprF
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Figure 5. MEK-ERK activation is necessary but not sufficient for
induction of cathelicidin expression in both skin and gut epithelial
cells. (a) Keratinocytes (HaCat) were stimulated with 1,25(OH),
VD; with or without prior incubation with the MEK-ERK inhibitor
U0126 (20 pm, 30 min) and cathelicidin expression assessed by real-
time RT-PCR. (b) HT-29 colon cells were stimulated with butyrate
with or without prior U0126 treatment and cathelicidin expression
was analysed. Data shown are means (+ SD) of a single experiment
performed in triplicates and are representative of three independent
experiments. (**P < 0-01; Student’s t-test). (c) To determine if
MEK-ERK activation was critical for cathelicidin induction keratino-
cytes were stimulated with the control (lane 1), 1,25(OH), VD3 (lane
3) or EGF (lane 5) for 15 min with or without prior incubation with
U0126 (lanes 2,4,6) and subjected to SDS-PAGE and Western blot.
(d) HT-29 colon cells were stimulated with the control (lane 1),
butyrate (lane 3) or EGF (lane 5) for 15 min with or without prior
incubation with U0126 (lanes 2,4,6) and analysed by Western blot.
As a positive control a phosphorylated ERK protein was used on
both blots (lane 8). Blots were stained with a specific phospho-ERK
antibody and visualized by chemiluminescence.

(Fig. 7). Lysates derived from keratinocytes stimulated
to increase cathelicidin expression with 1,25(OH),VD;
increased their ability to inhibit bacterial growth com-
pared to unstimulated cells (Fig. 7a). Similarly, the cathe-
licidin increase in colon cells stimulated with butyrate
also increased antimicrobial activity (Fig. 7b). Notably,
1,25(OH),VD;3; and butyrate showed no antimicrobial
activity themselves (data not shown). Conversely, kera-
tinocyte stimulation with PMA, a strong inducer of
HBD-2 expression, did not enhance antimicrobial activity
(Fig. 7c). Treatment of keratinocytes with a combination
of 1,25(0OH),VD; and PMA showed similar activity com-
pared to stimulation with 1,25(OH),VD; alone.

Discussion

Epithelial surfaces like the skin and gastrointestinal mu-
cosa depend on the expression of antimicrobial peptides
(AMP) for protection against microbes. This conclusion
is supported by observations in humans that deficient
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and by similar observations in animal models.”*>* Little
was known about the mechanisms that control AMP
expression and function. In the current study we show
that a unique system to control AMP function exists by
demonstrating that AMP expression is differentially regu-
lated between cell types and between AMP gene families,
and that expression is regulated at transcriptional and
post-transcriptional levels.

We found that different factors induced cathelicidin
and human B-defensin expression in the two epithelial
cell types investigated here. The hormonally active form
of vitamin D3, 1,25(OH),VD3, and its precursor were the
only large inducers of cathelicidin in keratinocytes and
butyrate was the sole inducer of cathelicidin in colon epi-
thelial cells. These responses were cell-type specific. Other
biological, hormonal and microbial factors had no effect
on cathelicidin expression in either cell type. IGF-1 has
been reported to induce cathelicidin in keratinocytes
grown in organotypic culture.”* However, in our experi-
ments IGF-1 had no significant effect on cathelicidin
mRNA abundance in monolayer keratinocytes. This dif-
ference probably reflects both the difference in culture
conditions from the previous study as well as the much
greater relative potency of 1,25(OH),VD; to increase
expression. In contrast to observations of cathelicidin
expression, experiments performed under identical culture
conditions showed that cytokines like IL-1B induced
HBD-2 in keratinocytes and monocytes but did not affect
cathelicidin expression. HBD-1 expression was not chan-
ged after stimulation in our experiments in either cell
type.

In contrast to observations in keratinocytes, colon cells
did not respond to 1,25(OH),VDj; treatment. However,
the short-chain fatty acid butyrate, which was inactive in
keratinocytes, did increase cathelicidin in colon cells.
Interestingly, butyrate did not increase activity of the
cathelicidin promoter constructs that were activated in
keratinocytes by 1,25(0OH),VD;. This lack of proximal
promoter activity was observed despite use of up to 6 kilo-
bases 5 upstream to the CAMP open reading frame and
evidence that inhibition of transcriptional activity by
actinomycin blocked an increase in steady-state cathelici-
din mRNA in colon cells. Further illuminating these
findings were the observations that 1,25(OH),VD; did
activate the cathelicidin promoter in colon epithelial cells
but had no effect on mRNA abundance and peptide
expression in these cells. These data suggest that control
of cathelicidin abundance can be influenced by trans-
acting enhancer elements as well as changes in transcript
stability. Importantly, the current work shows that such
factors involved in the control of cathelicidin expression
operate in a cell-specific manner and that, dependent
on the cell, control may occur transcriptionally or post-
transcriptionally.

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 509-519
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Enhanced cathelicidin expression following stimulation
of keratinocytes and monocytes with 1,25(0OH),VD; has
been reported earlier'”'® but the mechanism, relative
potency and functional consequences of this observation
were unclear. We confirmed by site-directed mutagenesis
that a VDRE is necessary for 1,25(OH),VDs to induce
cathelicidin transcription in keratinocytes and monocytes.
Overall, 1,25(OH),VD3 induced an increase in keratino-
cyte cathelicidin mRNA abundance, promoter activity,
immunoreactive protein and the biologically active form
LL-37. This correlated with increased antimicrobial activ-
ity, thus demonstrating that a single molecule can both
increase cathelicidin expression and activation.

Active LL-37 peptide was detected by SELDI-TOF in
both investigated epithelial cell types. Recently we identi-

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 509-519

fied serine proteases of the kallikrein family to be res-
ponsible for cathelicidin hCAP18 processing in skin
(Yamasaki ef al. in press). The proteases involved in cath-
elicidin processing in colon epithelium are unidentified.
Also, the site of hCAP-18 processing in our cell systems
is unknown. However, detection of active LL-37 and
increased antimicrobial activity in cell lysates suggests that
either processed cathelicidin peptide is stored in the cells
or is attached to the cell membrane after secretion.
Short-chain fatty acids such as butyrate are generated
in the colonic lumen by fermentation of ingested carbo-
hydrates.”® In contrast, skin is the major source of
1,25(OH),VD; in humans. Under the influence of UVB
irradiation vitamin Dj is produced and hydroxylated to
hormonally active 1,25(OH),VD;. Keratinocytes possess
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Figure 7. Antimicrobial activity of stimulated keratinocytes and
colon epithelial cells. (a) NHEK were stimulated with 1,25(0OH),
VDj; for 24 hr, cells were harvested and cell lysates were coincubated
with S. aureus AmprF and bacterial growth was monitored over time
to determine antimicrobial activity. Conditions not containing cell
lysates or containing cell lysates from unstimulated cells were used as
controls. (b) HT-29 colon cells were stimulated with butyrate for
24 hr and cell lysates were incubated with S. aureus AmprF.
(c) NHEK were stimulated with 1,25(OH), VD3, or PMA to induce
HBD2 expression and cell lysates were incubated with S. aureus
AmprF. Bacterial growth was measured by ODggo. All data shown
are means (+ SD) of triplicates. (*P < 0-05; **P < 0-01; Student’s
t-test).

the enzymatic machinery to produce 1,25(OH),VD; from
25-OH VD3, which also induced cathelicidin expression
in this study. In our experiments UVB did not induce
cathelicidin expression in cultured keratinocytes. This is
in contrast to the recent report by Mallbris et al. obser-
ving that UVB irradiation of healthy skin leads to induc-
tion of cathelicidin expression.® In their study, UVB
simultaneously induced VDR expression, suggesting a
dual mechanism through which UVB might increase cath-
elicidin in the skin: by increasing 1,25(OH),VD; con-
centration and/or enhancing vitamin D responsiveness.
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Consideration of these observations as a whole sup-
ports the conclusion that the activity of factors which
influence AMP expression is relevant to the cell micro-
environment.

The pattern of cathelicidin expression in skin and colon
tissues also suggests a correlation of cathelicidin abun-
dance and the state of cellular differentiation.'*"?
1,25(0OH),VD; induces differentiation in keratinocytes,26
however, induction of differentiation is not sufficient to
induce cathelicidin expression as other differentiation-
inducing agents like calcium or retinoic acid did not
affect cathelicidin abundance. This dissociation of cell dif-
ferentiation and cathelicidin expression is in accordance
with data reported earlier for colon cells and mono-
cytes. 118

Taken together, the observations here show that dis-
tinct mechanisms function to regulate the ability of epi-
thelial cells to express cathelicidins or B-defensins. In
some cases this response leads to a direct increase in the
capacity of the cell to inhibit bacterial growth. This pro-
tective effect was observed subsequent to an increase in
cathelicidin while no such activity could be seen with an
increase in HBD-2. Care must be taken in drawing con-
clusions from this observation because the inability of
HBD-2 to provide protection may be a consequence of
the microbial challenge examined or the cell system
used. Antimicrobial activity of cathelicidin and defensins
is affected by test conditions such as salt concentrations
or the presence of bicarbonate.®® It is noteworthy that
cathelicidin was functional under these conditions while
not permissive for antimicrobial activity mediated by
HBD-2.

We demonstrate for the first time that selective phar-
macological manipulation of AMP expression results in
enhanced antimicrobial activity and that this can be
accomplished through activation of elements that are not
typical of pro-inflammatory signalling events. These
observations suggest the potential for therapeutic approa-
ches through the induction of AMP expression as an
alternative in preventing or treating infections. As AMP
expression is cell specific, the modulation of AMP expres-
sion may be approached in a targeted and tissue-specific
manner without enhancing local inflammation.
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