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The human (3-defensin 3 (hBD-3) is an inducible epithelial peptide antibiotic that has potent antistaphylococcal
activity. Infection of skin epithelial cells with viable Staphylococcus aureus, a common skin pathogen, induces
increased gene expression of hBD-3 and other antimicrobial peptides. The aim of this study was to identify signaling
pathways and nuclear responses that contribute to the gene expression of hBD-3 in primary human Kkeratinocytes
upon contact with S. aureus. Increased hBD-3 peptide was observed by immunofluorescence microscopy in keratino-
cytes exposed to S. aureus and to lipoteichoic acid (LTA). Both are ligands for the cell surface Toll-like receptor 2
(TLR2), and thus the contribution of TLR2 signaling in hBD-3 expression was examined. Functional inhibition of
TLR2 prior to S. aureus stimulation significantly decreased hBD-3 mRNA levels by 37%, attesting to the involvement
of this surface receptor in the initial recognition and downstream signaling for hBD-3 expression. Treatment of
keratinocytes with a p38 mitogen-activated protein kinase (MAPK) inhibitor prior to either S. aureus or LTA
stimulation was associated with reduced hBD-3 mRNA transcripts and peptide. We also propose a role for the
MAPK-regulated transcriptional activating protein 1 in S. aureus-induced hBD-3 gene expression. Combined, these
studies indicate a role for TLR2 signaling and MAPK activation in the upregulation of hBD-3 and demonstrate the
innate immune capacity of skin keratinocytes under conditions of S. aureus challenge to enhance the local expression

of this antistaphylococcal peptide antibiotic.

Skin keratinocytes constitute a protective mechanical barrier
against invading microorganisms. These epithelial cells also
serve as active participants in cutaneous host defense by gen-
erating innate immune responses upon exposure to microbial
pathogens that trigger inflammatory cascades. Stimulated ke-
ratinocytes also produce endogenous peptides that have direct
antimicrobial activity against a broad spectrum of pathogens,
including most bacteria, certain fungi, and enveloped viruses
(2). The biological relevance of these peptides has been dem-
onstrated in animal models showing that host antimicrobial
peptide expression in the skin is critical to resisting infection
(19). In addition, the finding of deficient antimicrobial peptide
levels in the involved skin of patients with atopic dermatitis
provides an explanation for the increased propensity toward
Staphylococcus aureus colonization and infection in this condi-
tion (20, 21).

The B-defensins are cysteine-rich peptides of 36 to 42 amino
acids in length and are stabilized by three disulfide bonds (5).
The three best-characterized human B-defensins—human
B-defensin (hBD-1), hBD-2, and hBD-3—have been detected
in human skin and cultured keratinocytes. hBD-1 expression is
primarily constitutive, whereas the expression of hBD-2 and
hBD-3 is inducible by cytokines such as tumor necrosis factor
alpha and interleukin-18 (IL-1B), various microorganisms, lipo-
polysaccharide, and other microbial products (1, 7, 8). The
mechanism by which B-defensins kill or inactivate bacteria is
not precisely understood but is generally thought to be a func-
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tion of their pore-forming activity upon the microbial mem-
brane (13).

S. aureus is an occasional skin flora resident, as well as a
major cutaneous pathogen. Both hBD-1 and hBD-2, which
display salt-sensitive antimicrobial activity against most gram-
negative bacteria, are relatively inactive against S. aureus and
other gram-positive organisms in vitro. However, each may
have additive or synergistic antistaphylococcal activity with
other antimicrobial peptides, as has been demonstrated with
hBD-2 and the cathelicidin LL-37 (3, 17). On the other hand,
hBD-3 exhibits potent killing activity against S. aureus and other
gram-positive bacteria in addition to activity against gram-nega-
tive organisms (6, 7). Moreover, the antimicrobial action of
hBD-3 is retained even at physiologic salt concentrations. hBD-3
peptide has been localized to the intercellular spaces in keratino-
cyte layers of the upper epidermis, where it is released from
lamellar bodies (23). A keratinocyte cell line engineered to over-
express hBD-3 within epidermal sheets demonstrated significant
antimicrobial activity against S. aureus (23). Thus, endogenous
production of hBD-3 in the epidermis may provide an antimicro-
bial shield to protect cutaneous tissues from bacterial invasion
against pathogens such as S. aureus.

We and others have previously demonstrated that contact of
cultured epidermal keratinocytes with S. aureus triggers the
upregulation of hBD-3 and other B-defensins (16, 17). Fur-
thermore, we showed that highly purified lipoteichoic acid
(LTA), a major staphylococcal cell wall constituent, was re-
sponsible at least in part for the induction of hBD-3 in skin
keratinocytes. The signaling mechanisms involved in the up-
regulation of hBD-3 in skin epithelia upon contact with micro-
organisms, including S. aureus, are incompletely understood.
The hBD-3 gene promoter has no discernible NF-kB binding
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elements but does contain transcriptional binding motifs for ac-
tivator protein 1 (AP-1), interferon gamma interferon (IFN-y)
response elements, and NF-IL-6 response elements (22).
IFN-v is a potent inducer of hBD-3 in most epithelial cells,
including keratinocytes. Chemical inhibitors of IFN-y and
JAK?2 kinase downregulate IFN-y-stimulated hBD-3 expres-
sion, thereby, attesting to the involvement of the JAK/STAT
signaling pathway (11). In the present study, we examine the
intracellular signaling pathways and nuclear responses in skin
keratinocytes that contribute to gene induction of hBD-3 upon
stimulation with S. aureus and its bacterial components.

MATERIALS AND METHODS

Reagents. Pyrrolidine dithiocarbamate (PDTC) was obtained from Sigma-
Aldrich (St. Louis, MO), and the inhibitors SB203580 and SP600125 were pur-
chased from Calbiochem (San Diego, CA). PDTC was resuspended in H,O, and
the other inhibitors were reconstituted in dimethyl sulfoxide (DMSO) and stored
according to the manufacturer’s directions. Antibodies to phospho-p38 mitogen-
activated protein (MAPK) and total p38 MAP were purchased from Cell Sig-
naling (Beverly, MA). S. aureus LTA was a generous gift of Thomas Hartung and
Siegfried Morath (University of Konstanz, Konstanz, Germany) and had been
purified via a butanol extraction method (18). S. aureus peptidoglycan (PGN)
was obtained from Fluka. Both LTA and PGN preparations were determined to
be endotoxin-free by the Limulus amebocyte assay (<3 X 10~ endotoxin units/ml).
Anti-human Toll-like receptor 2 (TLR2) monoclonal antibody (IMG-416E;
Imgenex, San Diego, CA) was used in blocking experiments at 10 pg/ml for 1 h
prior to the stimulation of keratinocytes.

S. aureus growth conditions. S. aureus strain DK2076, a clinical strain that is
methicillin sensitive, was cultivated overnight in tryptic soy broth and then di-
luted into fresh TSB for logarithmic growth over ~2 h. The culture was centri-
fuged, and the bacterial pellet was washed twice in phosphate-buffered saline
(PBS) and then adjusted to an optical density at 600 nm of 0.40, which corre-
sponds to ~2 X 10® bacteria/ml. Further dilutions for keratinocyte stimulations
were done using keratinocyte growth media (KGM; Clonetics, Walkersville,
MD). For heat-killed preparations of S. aureus, the washed and adjusted inoc-
ulum was incubated at 68°C for 30 min. S. aureus cell-free conditioned medium
was prepared by cultivating the bacteria in KGM to logarithmic growth phase,
pelleting the bacteria by centrifugation, and then filtering the supernatant
through a 0.2-pm-pore-size filter (Acrodisc; Gelman, Ann Arbor, MI).

Cultivation of human keratinocytes. Pooled human neonatal epidermal kera-
tinocytes derived from foreskins were obtained from Clonetics and propagated in
KGM serum-free medium supplemented with a BulletKit (Clonetics) containing
bovine pituitary extract, human epidermal growth factor, insulin, hydrocortisone,
gentamicin, and amphotericin at 37°C in a CO, incubator. Cells were passaged
by trypsinization into 6-well, 24-well, or 100-mm plates. When the monolayers
reached 80% confluence, the extracellular calcium concentration was increased
by the addition of CaCl, to 1.15 mM to permit differentiation. Keratinocytes
were then cultivated for an additional 3 to 4 days before stimulation or infection
assays.

hBD-3 immunofluorescence. Primary human keratinocytes were seeded onto
sterile four-well chamber slides (Nalge Nunc International) until near confluence
and then exposed to CaCl, 1.15 mM for differentiation. After stimulation with
viable S. aureus for 2 h, the monolayers were washed with PBS and then incu-
bated with lysostaphin (Sigma) at 5 pg/ml to kill the extracellular staphylococci.
The medium was replaced with fresh KGM containing lysostaphin for continued
overnight incubation. Control wells were treated with KGM only. After 24 h of
incubation, the monolayers were washed with PBS and then fixed for 5 min with
freshly prepared 4% paraformaldehyde in PBS. The cells were permeabilized
with a 10-min treatment of 0.5% Triton X-100, washed with PBS, and then
blocked with 5% goat serum for 1 h. Slides were then incubated overnight at 4°C
with a 1:100 dilution of polyclonal hBD-3 antibody (Orbigen, San Diego, CA)
diluted in 0.1% bovine serum albumin. Controls were treated with normal rabbit
serum only. After a washing step, the slides were incubated with fluorescein
isothiocyanate-labeled goat anti-rabbit immunoglobulin G (IgG; Sigma) in PBS
containing 1% bovine serum albumin for 1 h. After three washes with PBS (5 min
each), the slides were mounted using Vectashield mounting medium with DAPI
(4',6'-diamidino-2-phenylindole; Vector Laboratories, Burlingame, CA), and
fluorescent images were captured by using the Zeiss Axioplan microscope at-
tached to a cooled charge-coupled device camera and analyzed by using
MCID-M2 (version 4.0) software.
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RNA isolation from stimulated keratinocytes. Confluent keratinocyte mono-
layers in 24-well plates were washed with PBS and then incubated with either
heat-killed or viable S. aureus suspensions as prepared above. At various time
points, wells were harvested for total RNA isolation by using the Absolutely
RNA Miniprep kit (Stratagene, La Jolla, CA) according to the manufacturer’s
directions. To examine the role of MAPKs and NF-kB transcription, cells were
preincubated 60 min with the vehicle control DMSO or specific inhibitor resus-
pended in DMSO. The cells were next incubated with S. aureus at a multiplicity
of infection (MOI) of 50 to 100, LTA, or PGN.

Real-time RT-PCR. Total RNA (250 to 500 ng) was reverse transcribed using
oligo(dT)VN,; primers (New England Biolabs, Ipswich, MA). An aliquot of the
reverse transcription (RT) reaction was used as a template for real-time PCR
using a SYBR Green Mastermix (ABI Biosystems, Tokyo, Japan) on an ABI
Prism 7000 sodium dodecyl sulfate with SYBR green I dye as the amplicon
detector and ROX as the passive reference. The gene for B-actin was amplified
as an endogenous reference. Quantification was determined by using both the
standard curve and the comparative AAC; methods. The primers used and
methods are presented in a prior investigation (17).

Electrophoretic mobility shift assay (EMSA). Primary human keratinocytes in
six-well tissue culture dishes were stimulated with viable S. aureus or heat-
inactivated S. aureus at an MOI of 50 to 100 for various time intervals. After
stimulation, the medium was aspirated, and ice-cold PBS was added. The cells
were scraped gently and placed into 15-ml tubes for centrifugation (130 X g for
5 min 4°C). The pellet was resuspended in 1 ml of ice-cold lysis buffer (10 mM
HEPES [pH 8.0], 1.5 mM MgCl,, 10 mM KCI, 1 mM dithiothreitol, protease
inhibitor cocktail [Sigma catalog no. P8340]) and then incubated on ice for 15
min. Igepal-CA630 (Nonidet P-40) was added to 1%, and the solution was vortex
mixed vigorously. The homogenates were centrifuged 2 to 3 min at 15,000 rpm,
and the pellets were resuspended in ice-cold nuclear extraction buffer (200 mM
HEPES [pH 8.0], 1.5 mM MgCl, 25% glycerol, 420 mM NaCl, 0.2 mM EDTA,
1 mM dithiothreitol, protease inhibitor cocktail). The samples were vortexed and
incubated with vigorous shaking at 4°C for 30 min. The samples were then
centrifuged at 15,000 rpm for 15 min, and the collected supernatants (nuclear
extracts) were stored in aliquots at —80°C until use. The protein concentration
was determined by the bicinchoninic acid method (Pierce, Rockford, IL).

A nonradioactive EMSA method was developed by using a DNA biotinylation
kit (Pierce) to label single-stranded oligonucleotide probes. The AP-1 binding
motif for the hBD-3 gene was identified at position —1258 in the promoter
region by using Matinspector of Genomatix suite (Pub Med accession no.
NMO018661). The oligonucleotide sequence of the primer containing the AP-1
site in the hBD-3 promoter region was as follows: 5'-CATCACGGTGACTTC
AGCTCCCAATTG-3'. The binding reaction consisting of nuclear extract (1 to
2 ng) with labeled oligonucleotide (0.1 to 0.3 pmol) and poly(dI-dC) in 10 mM
HEPES (pH 8.0) and containing 5 mM KCl, 0.2 mM EDTA, 5 mM MgCl,, and
1 mM DTT was incubated at room temperature for 20 min. For the supershift
assay, 5 pl of polyclonal antibody to the fos or jun family proteins (Santa Cruz)
was incubated with the nuclear extract for 30 min prior to addition of the
oligonucleotide. For competition controls, a 100-fold excess of unlabeled oligo-
nucleotide was added in addition to other binding reaction components. Protein-
DNA complexes were separated from free labeled probe by electrophoresis on a
1.2% agarose gel in 40 mM Tris acetate-1 mM EDTA (pH 8.0; 1X) at 70 V over
several hours. After electrophoresis, the gel was transferred overnight onto nylon
membranes by using the capillary transfer method. The membrane was then UV
cross-linked and processed for chemiluminescence detection by using the Pho-
totope-Star kit (New England Biolabs).

Western blot analysis of phospho-specific MAPK activation. For immunode-
tection of phosphorylated forms of p38 MAPK, stimulated keratinocytes in
six-well dishes were washed with ice-cold PBS and incubated for 15 min on ice in
200 pl of lysis buffer containing 50 mM Tris-HCI (pH 7.4), 1% (vol/vol) Igepal-
CA630, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM sodium orthovanadate, 1 mM sodium fluoride,
and protease inhibitor cocktail. The cells were then scraped from the wells into
microcentrifuge tubes, suspended into an additional 100 pl of lysis buffer, and
incubated on ice for 30 min. The extracts were centrifuged for 5 min, and the
supernatant was retained and stored at —80°C until further use. The protein
concentration of each extract was determined by the BCA method (Pierce), and
40 pg of each extract was resolved on a 10 or 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel. Separated proteins were transferred onto
nitrocellulose membranes by using the Mini Trans-Blot apparatus (Bio-Rad).
The membrane was blocked with 5% (wt/vol) nonfat dry milk in TBS and then
incubated overnight at 4°C with phospho-specific p38 polyclonal antibody (Cel-
lular Signaling Technology, Beverly, MA) diluted in buffer according to the
manufacturer’s recommendation. After being washed with Tris-buffered saline
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FIG. 1. hBD-3 expression in human keratinocytes in response to S. aureus and staphylococcal components. (A) Real-time PCR analysis of
hBD-3 transcripts after stimulation with keratinocyte growth medium (control); heat-killed S. aureus (SA) for 5 h; viable S. aureus at 90 min, 5 h,
and 24 h; LTA, at 150 ng/ml for 5 h; PGN at 5 pg/ml for 5 h; and S. aureus conditioned medium (SA CM) for 5 h. (B) Immunofluorescence staining
of hBD-3 in S. aureus-stimulated keratinocytes. Cells were cultured on glass chamber slides and treated with viable S. aureus or with KGM medium
only (unstimulated). After 2 h of incubation, the medium was replaced with fresh KGM containing lysostaphin to kill extracellular staphylococci
and allowed to incubate for 24 h before immunostaining hBD-3. Slides were fixed and reacted with polyclonal antibody against hBD-3, and then
fluorescein isothiocyanate-conjugated goat anti-rabbit IgG was used in detection. Cells were photographed with a X40 objective lens. A control
using normal rabbit serum showed no immunoreactivity (data not shown).

containing 0.1% Tween 20, the membrane was probed for 1 h with peroxidase-
conjugated goat anti-rabbit IgG (Cellular Signaling). Chemiluminescence detec-
tion was performed with the LumiGlo substrate from Cellular Signaling. To
evaluate the amount of protein loading per sample, the blots were stripped and
probed with antibody recognizing the nonphosphorylated form of p38.
Statistics. The data were collected from at least three independent experi-
ments. Statistical significance was determined by using the paired Student ¢ test.
Differences were considered to be statistically significant for P values of <0.05.

RESULTS

S. aureus and LTA but not staphylococcal exoproducts in-
duce hBD-3 expression in primary keratinocytes. We have
previously demonstrated that hBD-3 transcripts are upregu-
lated upon contact of skin keratinocytes with viable S. aureus
and LTA (16). This upregulation was most marked when viable

staphylococci rather than heat-inactivated staphylococci was
used as a stimulus (Fig. 1A). In the present study, we investi-
gated whether exoproducts released by viable S. aureus organ-
isms could induce B-defensin gene transcription. S. aureus
DK2076, a methicillin-sensitive clinical isolate, was cultivated
to late-logarithmic-growth phase in KGM, and the supernatant
from the centrifuged culture was passed through a 0.2-pm-
pore-size filter to remove bacterial cells. We then examined the
effect of this cell-free conditioned S. aureus filtrate upon B-de-
fensin gene expression in cultured keratinocytes by real-time
PCR analysis. Incubation of staphylococcal conditioned me-
dium containing bacterial exoproducts with keratinocyte cul-
tures for 1.5- and 5-h periods did not significantly alter the
hBD-3 mRNA levels from that of untreated controls (Fig. 1A).
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Throughout the incubation periods, the keratinocytes exhib-
ited no signs of toxicity by light microscopy. We also evaluated
the effect upon hBD-3 gene expression by PGN, another staph-
ylococcal cell wall component. Keratinocytes stimulated with
PGN at 5 pg/ml did not show a significant increase in hBD-3
mRNA levels compared to untreated controls (Fig. 1A).

Viable S. aureus organisms elicited higher levels of induction
of hBD-3 mRNA in keratinocytes compared to that observed
from stimulation with bacterial cell wall components and from
stimulation with staphylococcal exoproducts that were devoid
of inducing activity. We considered whether the host cell up-
take of viable staphylococcal organisms was required for
hBD-3 gene expression. Intracellular invasion of S. aureus in
keratinocytes has previously been demonstrated (15, 16). To
determine whether bacterial invasion was required for maxi-
mal S. aureus-induced hBD-3 expression, we undertook two
approaches. First, we used cytochalasin D, an inhibitor of actin
polymerization that has been shown to reduce S. aureus uptake
in keratinocytes and in other nonprofessional phagocytic cells
prior to bacterial challenge. However, our preliminary studies
showed that cytochalasin D treatment of keratinocytes alone,
in the absence of bacterial treatment, significantly diminished
hBD-3 mRNA expression, as well as that of another defensin,
hBD-2, thereby rendering further study invalid. We next ex-
amined hBD-3 mRNA induction in keratinocytes that were
stimulated with the invasion-deficient S. aureus strain DU5883.
This strain, which is defective in the expression of fibronectin-
binding proteins A and B, was compared to its parent, the
laboratory strain 8325-4. Neither the parent strain nor the
mutant strain elicited any upregulation of hBD-3 mRNA (data
not shown), although each was equally capable of upregulating
expression of the chemokine IL-8 upon challenge with S. au-
reus (~32-fold) in real-time PCR experiments.

We next examined hBD-3 peptide expression in S. aureus-
stimulated keratinocytes by immunofluorescence to determine
whether inducible mRNA transcripts correlated with increased
defensin peptide. We have previously reported findings of el-
evated hBD-3 transcripts in cells 20 to 24 h after stimulation
with S. aureus. Keratinocytes cultivated in chamber slides were
treated with viable S. aureus for 2 h, and then the cells were
washed to remove nonadherent staphylococci and treated with
lysostaphin to kill adherent extracellular staphylococci. Kera-
tinocytes harboring intracellular viable staphylococci were then
incubated further for overnight cultivation prior to fixation and
immunostaining with a polyclonal antibody to hBD-3. Immu-
nofluorescence microscopy revealed basal hBD-3 peptide lev-
els in unstimulated keratinocytes and markedly increased
hBD-3 peptide expression in staphylococcus-treated cells (Fig.
1B). Keratinocytes were also treated with LTA at 5 pg/ml or
with PGN at 5 pg/ml for 5 h prior to fixation and immunoflu-
orescence staining. LTA-treated keratinocytes exhibited in-
creased hBD-3 staining compared to untreated cells; however,
no increased staining was detectable for PGN-treated cells
(data not shown).

Staphylococcus-induced hBD-3 gene expression is TLR2 de-
pendent. We sought to identify the keratinocyte host factors
involved in the initial recognition of S. aureus that would lead
to increased hBD-3 transcription. In general, recognition of
pathogen-associated molecular patterns by host receptors re-
sults in the activation of intracellular signaling molecules and
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transcription pathways, such as the MAPK family and the
NF-kB and AP-1 transcription families. TLR2 is considered
the major receptor for gram-positive bacteria by virtue of its
capacity to recognize cell wall constituents such as LTA (24).
Stimulation of cells of myeloid or epithelial origin with S.
aureus organisms or with the TLR2 ligand LTA activates
MAPK cascades and transcription gene programs, thereby reg-
ulating the expression of a myriad of inflammatory effector
molecules such as cytokines, chemokines, and hBD-2. With the
involvement of TLR2 ligands in hBD-3 gene regulation, we
sought to determine whether hBD-3 gene expression was
TLR2 dependent. Primary keratinocytes were preincubated
for 1 h with a TLR2 neutralizing monoclonal antibody or an
IgG2a isotype control antibody and then stimulated for 2 h
with viable S. aureus. RNA was extracted and analyzed by
real-time RT-PCR for hBD-3 transcript expression. hBD-3
mRNA levels were attenuated ca. 37% compared to that of
infected keratinocytes pretreated with the isotype control an-
tibody (Fig. 2A). To validate the functional inhibition of the
TLR2 monoclonal antibody, IL-8 gene transcription was sim-
ilarly analyzed since this gene is upregulated by gram-positive
stimuli in part due to TLR2-initiated signaling (1, 9, 25). IL-8
gene expression was upregulated ~33-fold by S. aureus chal-
lenge of keratinocytes and TLR2 inhibition reduced gene ex-
pression 28% (Fig. 2B).

Host p38 MAPK activity contributes to enhanced hBD-3
gene transcription and peptide expression by S. aureus. The
p38 and other intracellular MAPK pathways have been impli-
cated in the regulation of another B-defensin, hBD-2, in a
number of bacterial stimulation models (4, 12). To examine the
overall level of p38 activation (phosphorylation) in keratino-
cytes challenged with S. aureus, the cells were lysed at various
time points after exposure to viable S. aureus, and the lysate
was used for detection of the phosphorylated form of p38 by
immunoblotting. At baseline, unstimulated cells contained a
discernible level of activated p38; however, the level of phos-
phorylated p38 rapidly increased within 5 min of exposure to S.
aureus and remained elevated for at least 60 min (Fig. 3A). In
addition, treatment of keratinocytes with 5 pg of LTA/ml in-
creased p38 activation by 30 min, and this level of activation
persisted for at least 60 min (Fig. 3A).

The contribution of p38 MAPK activation by S. aureus in the
enhanced gene expression of hBD-3 was investigated by using
the selective inhibitor SB203580, which specifically inhibits
phosphorylation by downstream kinases of p38 isoforms a and
B. The levels of hBD-3 mRNA in cells treated with SB203580
in the vehicle DMSO were not different from that of untreated
cells. Pretreatment of cells with SB203580 (50 wm) for 1 h
prior to challenge with heat-killed S. aureus, viable S. aureus, or
LTA significantly attenuated hBD-3 mRNA levels (Fig. 3B and
C). The reduction in mRNA transcripts by the p38 inhibitor
correlated with reduced hBD-3 peptide immunostaining in cul-
tured keratinocytes (Fig. 3D). Although the c-Jun-NH,-termi-
nal kinase (JNK) inhibitor, SP600125, did not effectively lower
the induction of hBD-3 mRNA levels by S. aureus, when com-
bined with the p38 inhibitor, the two markedly abrogated S.
aureus-induced hBD-3 transcripts by 71% (Fig. 3C). In sum-
mary, these experiments highlight a role for the p38 signaling
pathway and, to a lesser extent, JNK, in the inducible hBD-3
gene regulation during S. aureus infection.
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FIG. 2. S. aureus-induced hBD-3 gene expression is TLR2 dependent. Cultured human keratinocytes were preincubated with 10 pg of
anti-TLR2 or an IgG2a isotype control antibody/ml for 1 h prior to and during challenge with viable S. aureus (SA). After bacterial stimulation
for 2 h, RNA was harvested for the cDNA preparation, which was then used in quantitative real-time PCR for analysis of hBD-3 (A) and IL-8
(B) expression relative to 3-actin expression. The data shown are representative of two independent experiments performed in quadruplicate and
are expressed relative to the values measured in the IgG2a-treated controls. *, P < 0.05.

Pretreatment of keratinocytes with a combination of the p38
inhibitor SB203580 and the NF-«B inhibitor PDTC resulted in
an additive inhibition of hBD-3 mRNA levels, whereas PDTC
pretreatment alone prior to S. aureus challenge did not signif-
icantly alter relative hBD-3 mRNA levels (Fig. 3C). The addi-
tive inhibition of hBD-3 transcripts with the use of p38 and
NF-«B inhibitors was unexpected since the hBD-3 promoter
region has no discernible NF-«B binding sites (22). Using the
Matinspector software program of Genomatix Suite, we also
were unable to detect NF-kB motifs.

AP-1 transcription factors are involved in the induction of
hBD-3 gene transcription in keratinocytes stimulated with S.
aureus. MAPK signaling pathways, notably JNK and p38, are
known to regulate the transcription factor AP-1 by increasing
transcription of AP-1 family proteins and altering their phos-
phorylation (27). AP-1 regulates gene activity in response to a
plethora of stimuli, including cytokines, growth factors, and
bacterial and viral infections. Therefore, for the putative AP-1
site at the hBD3-promoter, we investigated S. aureus induction
of AP-1 nuclear translocation by EMSA analysis. The AP-1
binding motif for the hBD-3 gene was identified at position
—1258 in the promoter region. Nuclear extracts from S. aureus-
treated keratinocytes were prepared and analyzed by EMSA
using biotinylated AP-1 oligonucleotides that contained the
putative AP-1 binding site of the hBD-3 promoter or the AP-1
consensus sequence. AP-1 binding was observed in the nuclear
extracts of keratinocytes challenged with live S. aureus for 30
min, and the specificity of binding was demonstrated using a
100-fold excess of unlabeled probe (Fig. 4A, upper panel). A
time course analysis revealed that with either labeled probe
there was a low level of constitutive AP-1 binding in unstimu-

lated keratinocytes, and there was maximal AP-1 binding at 30
min after S. aureus stimulation (Fig. 4A, lower panel). Super-
shift analysis using polyclonal antibody to either jun or fos
family proteins demonstrated additional shifting of the bands,
indicating the presence of both jun and fos family proteins in
the protein-DNA complex (Fig. 4B [shown for jun only]).

DISCUSSION

S. aureus and, to a lesser extent, its cell wall component LTA
strongly induce keratinocyte expression of hBD-3, a potent
antistaphylococcal peptide. Although viable staphylococcal or-
ganisms were more potent in hBD-3 induction than heat-killed
staphylococci and LTA, we did not observe any inducible
hBD-3 expression from the contact of keratinocytes with con-
ditioned medium containing secreted bacterial exoproducts.
The observed differences in hBD-3 gene inducibility between
viable and heat-killed staphylococci may be explained by heat-
associated alterations in bacterial cell surface ligands that may
diminish host signaling or host cell-pathogen interactions that
only intact and viable staphylococci can efficiently elicit.

We provide evidence that S. aureus-induced hBD-3 gene
expression in cultured keratinocytes is subject to multiple reg-
ulatory pathways that are TLR2 dependent and involve acti-
vation of the p38 MAPK signaling pathway, as well as the AP-1
gene transcription network. Epithelial cells express TLR re-
ceptors, including TLR2, and demonstrate TLR2-dependent
activation and nuclear translocation of NF-kB for the upregu-
lation of IL-8 and another B-defensin, hBD-2, in response to
TLR2 ligands (9). In the present study, we have demonstrated
that functional inhibition of TLR2 in keratinocytes signifi-
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FIG. 3. Role of p38 activation in S. aureus-induced hBD-3 gene upregulation. (A) Activation of p38 MAPK in epidermal keratinocytes was
examined in cell lysates collected at various times after stimulation with either viable S. aureus (MOI of ~50) or LTA (5 wg/ml) and screened by
Western blotting for phosphorylated (phospho-) p38 and total p38. (B) Effect of p38 inhibition upon hBD-3 mRNA levels in stimulated
keratinocytes as determined by real-time RT-PCR analysis. Keratinocytes were pretreated with the specific p38 inhibitor SB203580 (50 uM) for
60 min prior to and during stimulation with heat-killed S. aureus or LTA at 5 pg/ml. After 5 h of stimulation, RNA was harvested for RT, and the
c¢DNA was used in real-time PCR analysis to quantitate hBD-3 transcripts using the B-actin gene as the internal control. Values are means and
standard deviations of at least three independent determinations and are expressed as relative hBD-3 mRNA transcripts normalized to the
housekeeping B-actin gene. (C) Keratinocytes were pretreated with SB203580 (50 wM) alone or in combination with the JNK inhibitor SP600125
(1 uM) or the NF-kB inhibitor PDTC (50 uM) for 60 min prior to and during stimulation with viable S. aureus. Total RNA was harvested for RT
and real-time PCR analysis. Values are the means and standard deviations of at least three independent determinations and are expressed as the
percentage of the S. aureus treatment control without the inhibitor, considered to be 100%. *, P < 0.05; **, P < 0.02 (compared to conditions
without inhibitor). (D) Immunofluorescence staining of hBD-3 in S. aureus-stimulated keratinocytes pretreated with the p38 inhibitor SB203580
(50 wM) for 60 min prior to and during stimulation with viable S. aureus (*, hBD-3 signal).

cantly reduces hBD-3 gene expression in response to challenge
with S. aureus.

Mediators of downstream signaling pathways of TLRs fol-
lowing pathogen recognition include MAPKs. In our cell cul-
ture model, p38 MAPK is rapidly phosphorylated in staphylo-
coccus-infected and LTA-treated skin keratinocytes. We

provide evidence that the p38 MAPK pathway participates in
S. aureus-induced hBD-3 gene transcription. SB203580, a well-
characterized chemical inhibitor of p38, attenuated hBD-3 ex-
pression as induced by staphylococcal organisms. This re-
sponse to the p38 inhibitor was observed with stimulation with
either heat-inactivated or with viable staphylococci. The JNK
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FIG. 4. Activation of the transcriptional factor activator protein
(AP-1) at hBD-3-specific promoter sites in S. aureus-treated keratino-
cytes as determined by EMSA. Keratinocytes were treated with viable
S. aureus and then lysed at various time points for nuclear extract
preparation for biotinylated EMSA analysis using oligonucleotide
probes based on the AP-1 motifs in the hBD-3 promoter. (A, upper
panel) EMSA showing free probe control (lane 1), 100-fold excess
unlabeled probe control (lane 2), and AP-1 binding after challenge
with S. aureus for 30 min (lane 3). (A, lower panel) Time course of
AP-1 binding upon S. aureus stimulation. (B) Supershift of AP-1 com-
plexes binding to the hBD-3 gene promoter is shown in nuclear ex-
tracts from S. aureus-treated keratinocytes using polyclonal antibodies
to jun family proteins (second lane).

MAPK pathway is also a participant since stronger inhibition
of hBD-3 mRNA levels was observed with treatment with both
JNK and p38 inhibitors prior to S. aureus challenge. The
equally strong inhibition of hBD-3 mRNA levels observed with
both the NF-kB inhibitor PDTC and the p38 inhibitor was
unexpected since NF-kB binding elements are not apparent
within the immediate vicinity of the hBD-3 promoter. The
possibility exists for unrecognized NF-kB binding motifs lo-
cated elsewhere near the hBD-3 gene that may control gene
expression by mechanisms dependent upon p38 phosphoryla-
tion.

Although NF-«kB binding motifs are not apparent within the
immediate hBD-3 promoter region, we were able to identify a
putative motif for transcription factor AP-1 binding. The in-
volvement of the MAPK family in hBD-3 gene transcription
supports a role for AP-1 since members of the MAPK family
regulate AP-1 activation. We found that contact of S. aureus
with keratinocytes led to the nuclear translocation of AP-1 at
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a specific site within the hBD-3 promoter and that both fos and
jun family proteins were involved, supporting a role for AP-1 in
mediating hBD-3 gene transcription.

Our data add to an emerging framework for understanding
S. aureus-induced B-defensin expression in keratinocytes as
part of cutaneous host immunity. Both LTA, which is anchored
in the membrane, and PGN, which comprises the polymeric
cell wall structure, are considered critical ligands for host cell
recognition of S. aureus by TLR2 Recognition of staphylococ-
cal components by TLR2 transduces signals that alter the ex-
pression of a myriad of proinflammatory mediators through
activation of gene transcription factors such as NF-kB. Staphy-
lococcal and other microbial products also can rapidly activate
MAPK cascades, which in turn can modulate nuclear re-
sponses of transcriptional pathways.

Certainly, the involvement of TLR2 in hBD-3 gene upregu-
lation by staphylococci does not preclude the involvement of
other pattern recognition receptors. Internalized staphylococci
may activate nucleotide-binding oligomerization domain 2
(NOD-2), an intracellular family of proteins that act as sensing
receptors for muramyl dipeptide, the basic subunit of PGN (10,
14). As an intracellular PAMP receptor, NOD-2 mediates
NF-kB and MAPK activation, which leads to the induction of
a-defensins in macrophages. There is also evidence that
NOD-2 may be involved in the induction of another antimi-
crobial peptide, hBD-2, in keratinocytes (26). Nod proteins
have also been shown to be induced in murine osteoblasts in
response to bacterial challenge with S. aureus (14). We did not
observe significant hBD03 mRNA induction or AP-1 nuclear
translocation using PGN as a stimulus; however, this does not
exclude a NOD-2-activating role from PGN of intact staphy-
lococci from an intracellular site. Since viable staphylococcal
organisms were a more potent stimulus for hBD-3 upregula-
tion than cell wall components, bacterial invasion of metabol-
ically active staphylococci may be required to evoke this re-
sponse.

Of the human B-defensins thus far characterized, hBD-3 has
potent antimicrobial activity in vitro against S. aureus, includ-
ing strains of methicillin-resistant S. aureus, and is bactericidal
at low micromolar concentrations (7). Regulation of the ex-
pression of hBD-3 and perhaps other antimicrobial peptides by
pathogens such as S. aureus may be important in maintaining
or augmenting the endogenous antimicrobial barrier in the
skin in response to bacterial invasion. Elucidation of the host
signaling pathways that contribute to B-defensin expression
may aid in the understanding of host susceptibility to staphy-
lococcal infections during various disease states, e.g., atopic
dermatitis, and in identifying therapeutic targets for enhancing
innate defenses within the skin.
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