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The antimicrobial peptides human (3-defensin-1 (hBD1), hBD2, hBD3, and CAP18 expressed by keratino-
cytes have been implicated in mediation of the innate defense against bacterial infection. To gain insight into
Staphylococcus aureus infection, the susceptibility of S. aureus, including methicillin-resistant S. aureus (MRSA), to
these antimicrobial peptides was examined. Based on quantitative PCR, expression of hBD2 mRNA by human
keratinocytes was significantly induced by contact with S. aureus, and expression of hBD3 and CAP18 mRNA
was slightly induced, while hBD1 mRNA was constitutively expressed irrespective of the presence of S. aureus.
Ten clinical S. aureus isolates, including five MRSA isolates, induced various levels of expression of hBD2,
hBD3, and CAP18 mRNA by human kertinocytes. The activities of hBD3 and CAP18 against S. aureus were
found to be greater than those of hBD1 and hBD2. A total of 44 S. aureus clinical isolates, including 22 MRSA
strains, were tested for susceptibility to hBD3 and CAP18. Twelve (55%) and 13 (59%) of the MRSA strains
exhibited more than 20% survival in the presence of hBD3 (1 pg/ml) and CAP18 (0.5 pg/ml), respectively.
However, only three (13%) and two (9%) of the methicillin-sensitive S. aureus isolates exhibited more than 20%
survival with hBD3 and CAP18, respectively, suggesting that MRSA is more resistant to these peptides. A syn-
ergistic antimicrobial effect between suboptimal doses of methicillin and either hBD3 or CAP18 was observed with
10 MRSA strains. Furthermore, of several genes associated with methicillin resistance, inactivation of the fintC
gene in MRSA strain COL increased susceptibility to the antimicrobial effect mediated by hBD3 or CAP18.

Staphylococcus aureus is one of the pathogenic bacteria that
cause suppurative diseases, food poisoning, and staphylococcal
scaled skin syndrome. Chemotherapy is an effective treatment
for these diseases, and various agents have been used, such as
B-lactam antibiotics, aminoglycosides, and quinolones. -Lac-
tam antibiotics are often employed, but the emergence of
methicillin-resistant S. aureus (MRSA) has become a serious
problem in chemotherapy (30). MRSA exhibit resistance to
B-lactam antibiotics because of acquisition of the mecA gene,
which encodes PBP2’ (PBP2A), which exhibits low affinity for
penicillin (37, 46). Also, recent clinical isolates have exhibited
multiple resistances to various antibiotics, making control of S.
aureus infections by chemotherapy more difficult. Moreover,
recent reports have suggested that there has been emergence
of MRSA strains that exhibit low susceptibility to glycopeptide
antibiotics, such as vancomycin and teicoplanin, which are con-
sidered the only effective antibiotics for use against multiply
resistant MRSA (5, 16, 31, 43, 45). Therefore, it is becoming
more difficult to treat MRSA infections with the current anti-
microbial agents, and the demand for new chemotherapeutic
agents that can be used against these microorganisms is in-
creasing.
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For the most part human antimicrobial peptides are classi-
fied into three types: defensins, cathelicidins, and histatins (2,
9,12, 28, 48, 51). Defensins are cysteine-rich, cationic peptides
and are divided into a- and B-defensins on the basis of struc-
ture and the cells that produce them (17, 18, 51). a-Defensins
(human neutrophil a-defensin 1 [HNP1] to HNP4) are pro-
duced by neutrophils (9, 42), and a-defensin-5 and a-defen-
sin-6 are found in Paneth cells in the gastrointestinal tract (20,
36). B-Defensins (human B-defensin-1 [hBD1] to hBD3) are
produced in the epithelium (7, 13, 14, 38, 47). Recently, hBD4
was also identified as an inducible and salt-sensitive peptide
(10). CAP18 (LL37) is the only human antimicrobial peptide
that has been identified in the cathelicidin family, and it is
produced in the epithelium and in neutrophils (27). Histatins
belong to a family of histidine-rich peptides found in human
saliva (11, 12, 48). These peptides have activities against some
microorganisms, and some of them have been reported to play
a role as chemotactic factors for T cells or dendritic cells (50,
51). Also, it has been demonstrated that CAP18 binds and
neutralizes lipopolysaccharide and lipoteichoic acid, which are
considered mediators of inflammation (27, 40). Since B-de-
fensins and CAP18 are produced by epithelial cells that are the
first line of defense against pathogens (1), it has been sug-
gested that these peptides are responsible for innate defense
against microorganisms in the skin epithelium. Therefore, de-
fensins and CAP18 could be new chemotherapeutic agents for
use against bacterial infections, including S. aureus infections.
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TABLE 1. Primers used in this study

Primer Sequence
RT-PCR primers
AGC CTC
GGC CTT CCC

AGC CAT GAG GGT

GCT ATG AGG ATC

TGT CCT GGG TAC
AAG TGC TCC TTC CAG G

TTC TCC ACA AGC GC
TCA GGC TGG ACT G
AAG CTG GCC GIG GCT
TCT TCA AAA ACT TCT C
GAG CTG GCC GAG GAG
GIT ATC TCT CAG CTC

primers
hBD1-67F"............ CTT CCT ACC T
hBD1-195R” CGC AAT TGT A
hBD1-136T¢.. ATC TCA GAC AAA AGT AAG
CCA TCA G
hBD2-144R... CCA AAG GA
hBD2-107T... CTG GAA GAG GCA TCA
hBD3-346F ... CAA AGG A
hBD3-414R... ATT TTC G
hBD3-367T ... AGT GCT CGA CGC
CAP18-284F CAG AGG ATT G
CAP18-366R GGT CAC T
CAP18-341T ACC AGC CCG TCC

“ Sense primer.
b Antisense primer.
¢ TagMan probe.

However, little is known about the interaction of these pep-
tides and S. aureus cells in the context of the skin epithelium.
In this study, we demonstrated the patterns of hBD1 to hBD3
and CAP18 mRNA expression in human skin keratinocytes in
response to exposure to heat-killed S. aureus. The activities of
these peptides against S. aureus, including MRSA, were also
evaluated along with the combined effects of peptides and
antibiotics.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. aureus COL and clinical isolates,
including methicillin-sensitive S. aureus (MSSA) and MRSA strains, were grown
in Trypticase soy broth (TSB) at 37°C. When necessary, a chemically defined
medium for staphylococci was used (15). The chemically defined medium con-
sisted of five solutions, as follows. Solution 1 contained 20.1 g of Na,HPO,*
12H,0, 3 g of KH,PO,, 150 mg of L-aspartic acid, 150 mg of L-gultamic acid, 150
mg of L-isoleucine, 150 mg of r-leucine, 150 mg of L-proline, 150 mg of L-
threonine, 150 mg of L-valine, 100 mg of L-alanine, 100 mg of L-arginine, 100 mg
of glycine, 100 mg of L-histidine, 100 mg of L-lysine, 100 mg of L-methionine, 100
mg of L-phenylalanine, 100 mg of L-serine, 100 mg of L-tryptophan, 100 mg of
L-tyrosine, and 50 mg of L-cystine dissolved in 700 ml of distilled water, and the
pH was adjusted to 7.2. Solution 2 contained 0.1 mg of biotin, 2 mg of nicotinic
acid, 2 mg of p-pantothenic acid, 4 mg of pyridoxal, 4 mg of pyridoxamine
dihydrochloride, 2 mg of riboflavin, and 2 mg of thiamine hydrochloride dis-
solved in 100 ml of distilled water. Solution 3 contained 20 mg of adenine sulfate
and 20 mg of guanine hydrochloride dissolved in 0.1 M HCI, and the volume was
adjusted to 50 ml with distilled water. Solution 4 contained 10 mg of CaCl, -
6H,0, 5 mg of MnSO,, and 3 mg of (NH,),SO, - FeSO, - 6H,O dissolved in 10
ml of 0.1 M HCI. Solution 5 contained 10 g of glucose and 500 mg of MgSO,
7H,0 dissolved in 100 ml of distilled water. Solutions 1 to 4 were mixed, and the
volume was adjusted to 900 ml with distilled water. The mixed solution and
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solution 5 were autoclaved separately, and the two solutions were mixed prior to
use.

Keratinocyte culture. Normal human skin obtained from plastic surgery was
incubated with 250 U of dispase (Sigma-Aldrich, Tokyo, Japan) per ml overnight
at 4°C. After separation of the epidermis from the dermis, the epidermal sheets
were incubated in a 0.25% trypsin solution (Sigma-Aldrich) for 10 min at 37°C.
After centrifugation, normal human keratinocytes were cultured in MCDB153
medium supplemented with insulin (5 pg/ml), hydrocortisone (5 X 1077 M),
ethanolamine (0.1 mM), phosphoethanolamine (0.1 mM), and bovine hypotha-
lamic extract (100 wg/ml). When necessary, kanamycin (50 pg/ml) was added to
the medium. Confluent third- or fourth-passage cells were used in this study.

Coculture of keratinocytes with heat-killed S. aureus. Overnight cultures of
S. aureus cells grown in TSB at 37°C were harvested and washed with phosphate-
buffered saline (PBS) twice. Then the S. aureus cells were suspended in PBS and
incubated at 68°C for 30 min to kill them. The cells were subjected to mild
sonication, and dissociation of clumps was confirmed by microscopic observation.
At 12 h prior to bacterial contact, confluent keratinocytes in MCDB medium
with supplements was replaced with MCDB without supplements, and this was
followed by addition of heat-killed bacteria (final concentration, 10® cells/ml) to
the medium. The culture was incubated for an appropriate time up to 24 h. This
experiment was carried out three times independently, and then the following
reverse transcriptase PCR (RT- PCR) and real-time PCR experiments were
performed.

RNA extraction and RT-PCR. After exposure to bacterial cells, total RNA was
extracted from the keratinocytes with ISOGEN (Nippon Gene, Tokyo, Japan)
used according to the manufacturer’s protocol. RT-PCR was performed as fol-
lows. Two micrograms of total RNA was subjected to cDNA synthesis with a
first-strand cDNA synthesis kit (Roche, Tokyo, Japan) in a 20-pl (total volume)
mixture. For first-strand synthesis, each antisense primer listed in Table 1 was
used. Then one-tenth of each cDNA preparation generated was used as the
template DNA for a subsequent PCR performed with the High Fidelity Expand
system (Roche). A battery of sense and antisense primer sets, including primers
for B-defensins, CAP18, and cytokines, are listed in Table 1. The housekeeping
gene B-actin was also amplified as a control.

Quantitative (real-time) PCR. Real-time PCR was performed with the ABI
7700 system (Applied Biosystems, Tokyo, Japan). By using a Core Reagent kit
(Applied Biosystems), reactions were carried out according to the manufactur-
er’s protocol. The TagMan probe, sense primers, and antisense primers used for
detection of B-defensins and CAP18 are listed in Table 1. The primer set for
glyceraldehyde-3-phosphate dehydrogenase (GADPH) is commercially available
(Applied Biosystems).

Synthetic peptides. To examine the effects of antimicrobial peptides on S.
aureus, all of the peptides listed in Table 2 were synthesized with a Shimazu
peptide synthesizer. Then the peptides were purified by reversed-phase high-
performance liquid chromatography with an octadecyl-4PW column (Tosoh,
Tokyo, Japan). Separation was performed with a linear gradient of aqueous
0.05% trifluoroacetic acid to 100% acetonitrile containing 0.05% trifluoroacetic
acid at a flow rate of 1 ml/min for 30 min. Major peak fractions (as determined
by absorbance at 230 nm) were collected and lyophilized to remove the organic
solvent completely. To confirm the purity and the quality of the peptides, matrix-
assisted laser desorption ionization—time of flight mass spectrometry was per-
formed with Voyager (PerSeptive Biosystems, Framingham, Mass.). The time of
flight mass spectrometry analysis revealed that the molecular masses of hBD1,
hBD2, hBD3, and CAP18 were 4,532.6, 4,227.7, 5,151.3, and 4,173.1 Da, respec-
tively. The molecular mass of synthetic CAP18 was identical to the molecular
mass calculated from the primary sequence, while the molecular mass of each
B-defensin (hBD1, hBD2, and hBD3) was 6 Da less than the value expected from
the primary sequence. Native B-defensins have three disulfide bonds involving six

TABLE 2. Synthetic peptides used in this study

Peptide Amino acid sequence Mer Mol wt*

hBD-1  GLGHRSDHYNCVSSGGQCLYSACPI FTKI QGTCYR 42 4,539
GKAKCCK

hBD-2 G GDPVTCLKSGAI CHPVFCPRRYKQ GTCGLPGT 40 4,234
KCCKK

hBD-3 G | NTLQKYYCRVRGGRCAVLSCLPKEEQ GKCST 45 5,157
RGRKCCRRKK

CAP18 LLGDDFFRKSKEKI GKEFKRI VORI KDFLRNLVPR 34 4,173

“ The molecular weight was calculated from the amino acid sequence without
disulfide bonds.
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cysteine residues and form three B-sheets and one o-helix (17, 18). Our molec-
ular mass data suggested that each synthetic B-defensin had three disulfide
bonds.

Antibacterial assay. Overnight cultures of S. aureus strains were harvested,
washed with PBS, and suspended in 10 mM sodium phosphate buffer (NaP;) (pH
6.8). Each bacterial suspension was subjected to mild sonication to disperse
clumping cells and diluted to a concentration of 10 cells/ml with NaP; (pH 6.8).
Ten microliters of a bacterial suspension (10° cells) was inoculated into 200 pl of
NaP; with or without various concentrations of the antibacterial peptides and
incubated for 2 h at 37°C. An appropriate dilution of the reaction mixture (100
wl) was plated on Trypticase soy agar and then incubated at 37°C overnight. The
number of CFU was determined from the number of colonies on each plate. The
antibacterial effect was estimated by determining the rate of survival of cells in
comparison with the total number of cells. The same experiment was carried out
three times. To evaluate the effect of NaCl, 10 mM NaP; (pH 6.8) containing
various concentrations of NaCl (10 to 300 mM) was used in the antibacterial
assay described above.

Electron microscopy. Thin-section electron microscopy was performed to ob-
serve the influence of each antimicrobial peptide on cultured S. aureus. Over-
night cultures of S. aureus 2PF-18, which was isolated from S. aureus 209P as a
protein A-deficient mutant (49), were harvested, washed with 10 mM NaP; (pH
6.8), and suspended in the same buffer. Antimicrobial peptides were added at a
final concentration of 100 pg/ml and incubated for 2 h at 37°C. S. aureus cells
were washed with Dulbecco’s PBS, and then the cells were doubly fixed with
2.5% glutaraldehyde. The samples were dehydrated in a series of ethanol con-
centrations and then embedded in Spurr’s Epon. Thin sections were cut with an
ultramicrotome with a diamond knife and were examined with a JOEL JEM-
2000 EX II electron microscope at 80 kV.

Effects of combinations of antibacterial peptides with antibiotics on S. aureus
cells. Since more than two antibiotics are sometimes used for chemotherapy, we
evaluated the effects of combinations of antimicrobial peptides with antibiotics.
The following two methods were employed.

(i) Checkerboard titration method. The effects of combinations of antibac-
terial peptides (hBD3 and CAP18) with antibiotics (methicillin, imipenem,
vancomycin, gentamicin, chloramphenicol, and ofloxacin) were analyzed by a
checkerboard titration method by using a 96-well titer plate (Nalge Nunc Inter-
national, Tokyo, Japan) as described elsewhere (24). This procedure was per-
formed at 30°C to decrease the growth rate, because peptides had a greater effect
on nongrowing or slowly growing cells than on rapidly growing cells. Since the
antibacterial activities of the peptides were influenced by NaCl, a chemically
defined medium without NaCl was used in this assay. Test strains grown over-
night at 37°C in 10 ml of TSB were diluted to a concentration of 10° CFU/ml and
incubated in TSB containing serially twofold diluted antibacterial peptides and
antibiotics at 30°C. After 24 h, MICs were determined by determining the
minimum concentration at which no growth was visible. The fractional inhibitory
concentration (FIC) was calculated as follows: FIC = (MIC of drug A in com-
bination/MIC of drug A alone) + (MIC of drug B in combination/MIC of drug
B alone). The minimal FIC of corresponding FICs was defined as the FIC index.
Synergy was defined as an FIC index of <0.5; an additive effect was defined as 0.5
< FIC index < 1; indifference was defined as an FIC index of 1 to 2; and
antagonism was defined as an FIC index of >2.

(ii) Effect of pretreatment with methicillin. S. aureus cells grown in the pres-
ence or absence of methicillin were used for the antibacterial assay described
above. Small portions of an overnight culture grown without antibiotics were
inoculated into fresh TSB containing 1/16 MIC of methicillin and then incubated
for 3 h at 37°C. Then the cells were harvested and used for the assay. Bactericidal
activity was estimated by determining the rate of survival of cells in comparison
with the total number of cells. Finally, the ratio of bactericidal activity in meth-
icillin-treated cells to bactericidal activity in control cells was calculated.

Effects of combinations of antibacterial peptides on S. aureus cells. Epithelial
cells produce several antimicrobial peptides. Therefore, we investigated the
effects of combinations of antimicrobial peptides on S. aureus. To evaluate the
combined effects of peptides, the antibacterial effect of each paired set of pep-
tides (1 pg/ml) or each peptide alone (1 and 2 ug/ml) was measured by the
method described above.

Susceptibilities to antimicrobial peptides of MRSA mutants that exhibited
reduced methicillin resistance. A number of genes have been reported to be
associated with resistance to methicillin in S. aureus (4, 6, 19, 22, 23). We found
that methicillin resistance in MRSA is affected by the fmtC gene (22), which
turned out to be the same gene as mprF, which affects the susceptibility to
defensins (34). Therefore, we investigated the susceptibilities of mutants to
hBD3 and CAP18. Mutants that exhibited reduced methicillin resistance (femA,
fmtB, fmtC, and femD mutants) (4, 19, 22, 23) and a vancomycin-resistant mutant
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(21) were employed. All mutants were derived from the MRSA COL strain. The
susceptibilities of the mutants to hBD3 and CAP18 were determined by the
method described above.

RESULTS

Detection of antimicrobial peptide transcripts in keratino-
cytes. To evaluate the expression of antimicrobial peptides,
RT-PCR was performed with total RNA extracted from hu-
man keratinocytes derived from skin. Using primers specific
for hBD1, hBD2, hBD3, and CAP18, we found PCR products
of the expected sizes in each reaction mixture (data not
shown). We found no PCR products (no RT reaction) when
total RNA was used as the template (data not shown). We
cloned the products into the pGEM-T Easy vector, a PCR
cloning vector, and determined their DNA sequences, which
exhibited perfect matches with sequences reported in a data-
base, including the sequences of CAP18 (accession no.
U19970), hBD1 (U73945), hBD2 (NM_004942), and hBD3
(NM_018661).

Expression of antimicrobial peptides and cytokines by ker-
atinocytes in contact with S. aureus. We investigated the levels
of expression of antimicrobial peptides in keratinocytes incu-
bated with heat-killed S. aureus in a kinetic experiment (Fig. 1a
and 2b). The amount of hBD1 mRNA was relatively large
compared to the amounts of other peptide mRNA, whereas
hBD2 mRNA was not clearly found in keratinocytes without
any bacterial contact. The amount of hBD2 mRNA gradually
increased during the first 4 h following exposure of keratino-
cytes to S. aureus COL (the amount was twofold larger). After
8 h, the amount of hBD2 mRNA was significantly larger (25-
fold larger), and the level of expression was constant up to
24 h. The amount of hBD3 mRNA was larger after 4 h (two-
fold larger), and this level was maintained for 24 h. The
amount of CAP18 mRNA was larger only at 8 h (twofold
larger) after bacterial exposure. On the other hand, the
amount of hBD1 mRNA was not affected by exposure to S.
aureus.

Also, we investigated the expression of cytokines, including
interleukin-18 (IL-1B), IL-6, IL-8, and tumor necrosis factor
alpha (TNF-a), in keratinocytes exposed to S. aureus cells (Fig.
la). The amount of IL-13 mRNA increased gradually until 8 h
after the initial bacterial contact and then decreased gradually.
IL-8 and TNF-a mRNA were found after 4 h of bacterial
contact, and both mRNA disappeared after 8 h of bacterial
contact. IL-6 mRNA was not observed during bacterial con-
tact.

Both MRSA and MSSA induce expression of 3-defensin and
CAP18 mRNA by keratinocytes. All 10 clinical isolates of S.
aureus induced expression of hBD2 mRNA (10- to 80-fold),
while 5 of 10 strains induced expression of hBD3 mRNA (2- to
6-fold) and 9 of 10 strains induced CAP18 mRNA expression
(2- to 7-fold) (Fig. 2). Expression of hBD1 mRNA was less
induced or not induced (one- to twofold) by bacterial expo-
sure. Altogether, both MRSA and MSSA induced production
of hBD2, hBD3, and CAP18 by keratinocytes, and the levels of
expression of these peptides were different for different strains
of S. aureus used to stimulate keratinocytes.

Activities of peptides against S. aureus. The activities of four
peptides against S. aureus COL were analyzed (Fig. 3). The
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FIG. 1. Expression of B-defensins, CAP18, and cytokine mRNA by human keratinocytes in contact with heat-inactivated S. aureus 209P cells.
Total RNA was extracted from cells after contact with S. aureus for various times and then used for RT-PCR (a) and real-time PCR (b) performed
by using the methods described in Materials and Methods. The results of the real-time PCR are expressed as a ratio in comparison to the value
at zero time and are means * standard deviations from three independent experiments.

antibacterial activity of hBD1 was weaker than those of the
other peptides. The concentrations that killed 100% of the
bacteria were 5 pg/ml for both hBD3 and CAP18 and 10 pg/ml
for hBD2, while hBD1 killed only 82% of the bacteria even at
the highest dose used in this experiment (50 pg/ml).

The effect of NaCl on the antimicrobial activities of the
peptides is shown in Fig. 4. hBD1 and hBD2 were more sen-
sitive to NaCl than hBD3 or CAP18. The antibacterial activi-
ties of hBD1 and hBD2 were completely inhibited by 50 and
100 mM Nadl, respectively. The activities of hBD3 and CAP18
were greatly suppressed (80% suppression of CAPI1S8, 90%

suppression of hBD3), but both of these peptides maintained
antimicrobial activity, in contrast to hBD1 and hBD2, which
were completely inactivated at the same concentration of NaCl.

Electron microscopic features of antimicrobial peptide-
treated S. aureus cells. As shown in Fig. 5, the microscopic
features of S. aureus 2PF-18 cells treated with hBD1, hBD2,
hBD3, or CAP18 were quite similar with regard to perforation
of the peripheral cell wall, which led to release of the cytoplas-
mic contents. Prior to bacteriolysis, morphological changes
were observed along with different degrees of cytoplasmic dis-
integration.
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FIG. 2. Expression of hBD1, hBD2, hBD3, and CAP18 mRNA by human keratinocytes in contact with heat-inactivated clinically isolated S.
aureus cells. Total RNA was extracted from cells in contact with S. aureus for 8 h and used for RT-PCR (a) and real-time PCR (b) performed by
using the methods described in Materials and Methods. (a) Lanes 1 to 5, MRSA strains; lane 6, no bacterial contact; lanes 7 to 11, MSSA strains.
(b) Ratio of defensin expression in comparison to the value obtained when there was no contact with S. aureus cells. Bars 1 to 5, MRSA strains;
bar 6, no bacterial contact; bars 7 to 11, MSSA strains. The results of the real-time PCR are means * standard deviations from three independent

experiments.
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FIG. 3. Antibacterial activities of B-defensins and CAP18. Each
peptide was incubated for 4 h at 37°C in 200 pl of 10 mM NaP; (pH 6.8)
containing 10° bacterial cells. Then serial dilutions were plated on
Trypticase soy agar, and colony counts were obtained after 24 h of
incubation at 37°C. Bacterial survival is expressed as a percentage
(number of cells that survived in the presence of peptides compared to
the number of cells that survived without peptide). The data are means
+ standard deviations from three independent experiments. Symbols:
m, hBD1; @, hBD2; A, hBD3; ¢, CAPIS.

Susceptibilities of S. aureus clinical isolates to hBD3 and
CAP18. Figure 6 shows the antibacterial activities of hBD3 and
CAPI18 for 44 S. aureus clinical isolates, including 22 MRSA
strains. The susceptibilities to these two peptides varied among
strains. Interestingly, the number of MRSA strains that exhib-
ited resistance to hBD3 or CAP18 was greater than the num-
ber of MSSA strains that exhibited resistance to these peptides.
Twelve (55%) of the MRSA strains had a cutoff level at a
survival rate of >20% in the presence of hBD3 (1 pg/ml),
whereas only three MSSA strains (9%) had survival rates of >
20% at the same cutoff level. In the presence of CAP18 (0.5
pg/ml), 13 MRSA strains (59%) and two MSSA strains (9%)
had survival rates of >20%.

Susceptibilities of S. aureus clinical strains to combinations
of antibacterial peptides with antibiotics. Using a checker-
board titration method, we observed synergistic effects of com-
binations of antibacterial peptides with B-lactam antibiotics
but not with other antibiotics (data not shown). We then in-
vestigated the effects of combinations of methicillin with either
hBD3 or CAP18 on each of 10 MRSA clinically isolated
strains. For all MRSA strains we observed a synergistic effect
(FIC index, <0.5) with a combination of methicillin and hBD3
or with a combination of methicillin and CAP18 (Table 3).
Also, S. aureus cells pretreated with methicillin were more
sensitive to hBD3 or CAP18 than nontreated S. aureus cells
were, although the degree of synergy varied among strains
(Table 3).

Susceptibilities of S. aureus clinical isolates to combinations
of antibacterial peptides. Since a combination of CAP18
(1 pg/ml) with hBD2 (1 pg/ml) or hBD3 (1 pg/ml) exhibited
greater bactericidal activity than each peptide alone exhibited
at a twofold-higher concentration (2 pg/ml), these combina-
tions had synergistic effects on MRSA strain COL (Fig. 7). In
contrast, combinations of B-defensins (hBD1, hBD2, and
hBD3) or a combination of CAP18 and hBD1 had an additive
effect.
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Susceptibilities of S. aureus mutants to the antibacterial
peptides. As shown above, MRSA clinical isolates were more
resistant to antimicrobial peptides than MSSA clinical isolates
(Fig. 6), and a combination of methicillin and a microbial
peptide (either hBD3 or CAP18) had a synergistic effect for
killing clinical isolates of MRSA (Table 3). Therefore, we
investigated whether any gene that is associated with resistance
to methicillin can influence the susceptibility to antimicrobial
peptides (Fig. 8). The fimtC mutant showed significantly in-
creased susceptibility to hBD3 and CAP18 compared to the
susceptibility of other mutants (femA . femD. fmtA, andfmtB) or
the wild type, as well as the vancomycin-resistant mutant.

DISCUSSION

Inducible expression of hBD2, hBD3, and CAP18 has been
found in various inflamed regions in vivo (8, 29, 33, 44) and
also in cultured keratinocytes in contact with bacteria in vitro
(13, 14, 25, 26). However, coordinate expression of these
peptides in human keratinocytes was first demonstrated in this
study. Exposure of keratinocytes to S. aureus resulted in up-
regulation of hBD2, hBD3, and CAP18 production, whereas
hBD1 was constitutively expressed. Interestingly, the mode of
expression was different for different peptides (Fig. 1), suggest-
ing that different signals are associated with expression of each
peptide. Several reports have indicated that activation of NF-«kB
signaling by binding of lipopolysaccharide or a lipopolysaccha-
ride-CD14 (lipopolysaccharide-binding protein) complex to
Toll-like receptor 4 (TLR4) induces hBD2 expression in vari-
ous regions of the epithelium (3, 25, 38, 41). Lipoteichoic acid
or cell wall peptidoglycan in gram-positive bacteria has been
demonstrated to stimulate NF-«kB activation through binding
to TLR2 (39), suggesting that TLR2 binding molecules ex-
pressed by S. aureus may be responsible for expression of some
of these antimicrobial peptides. However, a variety of expres-
sion patterns also suggest that there are different pathways for
expression of each peptide. Contact of S. aureus with keratin-
ocytes also induced expression of IL-13, IL-8, and TNF-« (Fig.
1la). Some cytokines have been implicated in defensin produc-
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FIG. 4. Salt sensitivity of antimicrobial peptides. Various concen-
trations of NaCl (0 to 300 mM) were added to 10 mM NaP; (pH 6.8),
and each peptide (50 pg/ml) was reacted with S. aureus cells by using
the method described in Materials and Methods. The data are means
+ standard deviations from three independent experiments. Symbols:
m, hBD1; @, hBD2; A, hBD3; ¢, CAP1S.
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FIG. 5. Thin sections of S. aureus 2PF-18 exposed to antimicrobial peptides. S. aureus cells were reacted with no peptide (panel 1), with 200
wg of hBD1 per ml (panels 2a and 2b), with 200 g of hBD2 per ml (panels 3a and 3b), with 200 pg of hBD3 per ml (panels 4a and 4b), or with

200 pg of CAP18 per ml (panels 5a and 5b). Bars, 100 nm.

tion; these include TNF-a for hBD3 production (13), IL-1B
and TNF-a for hBD2 production (32, 38, 44), and IL-6 for
CAP18 production (33). Therefore, the autocrine secretion of
these proinflammatory cytokines may also induce expression of
B-defensins and CAP18 after exposure of S. aureus to keratin-
ocytes. Taken together, these data suggest that several path-
ways mediate the production of each peptide. Therefore, it is
plausible that more than one ligand and/or signaling molecule
of S. aureus is involved in induction of expression of these
peptides.

hBD1 exhibited weaker bactericidal activity than the other
three peptides exhibited, and the activity of hBD2 was compa-
rable to the activities of hBD3 and CAP18 (Fig. 3). Previous
reports have shown that hBD1 and hBD2 exhibit less activity
against gram-positive bacteria, including S. aureus, than against
gram-negative bacteria, and both peptides are salt sensitive

(14, 44). In particular, hBD2 had no bactericidal effect on S.
aureus and only a bacteriostatic effect even at concentrations
greater than 100 pg/ml (14). Our study supported the salt
sensitivity of these antimicrobial peptides, but our results for
activity against gram-positive bacteria are inconsistent with the
results of previous reports. This discrepancy might have been
due to the different assay systems used to measure antimicro-
bial activity. In previous studies, the assay was performed with
10 mM phosphate buffer containing 1% (vol/vol) TSB or
Luria-Bertani medium (13, 14, 44), while we used NaP; without
culture medium. We also measured the antibacterial activities
of B-defensins using authentic peptides (Peptide Institute, Inc.,
Osaka, Japan) with our assay and confirmed their activities
against S. aureus cells (data not shown). Furthermore, when we
measured the MICs of the peptides using TSB, we failed to
determine the MICs of hBD1 and hBD2 (>1,000 pg/ml), while
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FIG. 6. Activities of hBD3 and CAP18 against S. aureus clinical isolates. The susceptibilities of 22 MSSA strains and 22 MRSA strains to hBD3
(1 wg/ml) and CAP18 (0.5 pg/ml) were analyzed as described in Materials and Methods. Bacterial survival is expressed as a percentage of the viable
cells. The data are means * standard deviations from three independent experiments.

the MICs of hBD3 and CAP18 were both 100 pg/ml, suggest-
ing that the presence of culture media in antimicrobial assay
mixtures profoundly affects the antimicrobial activities of B-de-
fensins.

It is noteworthy that a greater number of MRSA strains than
of MSSA strains exhibited low levels of susceptibility to hBD3
and CAP18 (Fig. 6), suggesting that MRSA strains have great-

TABLE 3. Effects of combinations of methicillin and defensins on
survival of S. aureus strains

Bactercidal activity

Strain FIC index“ (ratio)’
hBD3 CAP18 hBD3 CAP18
MRSA-1 0.45 0.45 1.2 1.2
MRSA-4 0.26 0.84 8.8 1.3
MRSA-8 0.16 0.45 4.8 2.1
MRSA-9 0.11 0.09 1.8 1.3
MRSA-10 0.26 0.26 1.1 1.6
MRSA-11 0.09 0.16 1.2 1.1
MRSA-12 0.19 0.19 2.7 8.0
MRSA-13 0.22 0.15 1.5 2.6
MRSA-14 0.32 0.32 154 1.7
MRSA-22 0.15 0.12 1.1 1.6

“The FIC index was calculated as described in Materials and Methods.
® The ratio of bactericidal activity was determined as follows: bactericidal
activity for methicillin-treated cells/bactericidal activity for nontreated cells.

Bacterial survival (%)
(] 20 40 60 80 100

| I I A B R AR EE S B A

hBD1 1ug/mi
2ug/ml
hBD2 1ug/ml
2ug/ml
hBD3 tug/mi
2ug/ml
CAP18 1ug/ml
2ug/mi
hBD1+hBD2
hBD1+hBD3
hBD2+hBD3
hBD1+CAP18
hBD2+CAP18
hBD3+CAP18

FIG. 7. Effects of individual antimicrobial peptides and combina-
tions of antimicrobial peptides on S. aureus survival. Peptides alone (1
or 2 pg/ml) or combinations of two peptides (1 pg/ml each) were used
to determine the susceptibilities of the S. aureus COL strain as de-
scribed in Materials and Methods. The data are means * standard
deviations from three independent experiments.
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FIG. 8. Activities of hBD3 and CAP18 against S. aureus wild type
and mutants. The susceptibilities of S. aureus COL, femA, femD, fmtB,
and fmtC mutants, and a vancomycin-resistant mutant (VM) to hBD3
(1 pg/ml) and CAP18 (0.5 pg/ml) were determined by the method
described in Materials and Methods. Solid bars, hBD3; open bars,
CAPI18. The data are means * standard deviations from three inde-
pendent experiments.

er resistance to the components of innate immunity. Two fac-
tors, dit and mprF, which are associated with the susceptibility
to antimicrobial peptides, have been described previously (34,
35). A dit mutant lacks p-alanine incorporation into teichoic
acid, and an mprF mutant exhibits a defect in the incorporation
of lysine into phosphatidylglycerol, a component of the cell
membrane. Therefore, inactivation of dlt or mprF increases the
negative charge of the bacterial cell surface, consequently in-
creasing the affinity of the cell membrane for cationic peptides.
The factors responsible for low levels of susceptibility remain
unknown, but they are thought to decrease the negative charge
of S. aureus cells.

The fact that MRSA is relatively resistant to the peptides
investigated may argue against clinical use of these peptides.
However, these compounds continue to be candidates for che-
motherapeutic agents, because the approximately fivefold-
higher concentrations tested in this study (1 pg of hBD3 per
ml, 0.5 pg of CAP18 per ml) had bactericidal effects on more
than 90% of clinical isolates of both MSSA and MRSA. Fur-
thermore, synergistic effects of defensins with methicillin and
of B-defensins with CAP18 were observed for MRSA (Fig. 7
and Table 3). Exposure of S. aureus to concentrations of meth-
icillin less than the MIC decreased the cross-linking of cell wall
peptidoglycan and resulted in alteration of the composition of
the cell surface. This alteration may contribute to the increased
susceptibilities to antimicrobial peptides. Also, the synergistic
effects of B-defensins and CAP18 indicate that the modes of
action of the two peptides against S. aureus are not identical.

fmtC has been identified previously as the factor which af-
fects methicillin resistance in MRSA (22). Peschel et al. dem-
onstrated that the mprF gene, which is identical to fmtC, is
associated with defensin susceptibility and designated it mprF
(34). In this study, of five genes that are associated with resis-
tance to methicillin, only the fintC gene mutation affected the
susceptibilities to B-defensins and CAP18 (Fig. 8). Since fimtC
inactivation leads to increased susceptibility to both methicillin
and antimicrobial peptides, this gene could be a potential tar-
get for a new chemotherapeutic agent.

INFECT. IMMUN.

The present study demonstrated that exposure of human
skin keratinocytes to S. aureus triggered the production of
B-defensins and CAPI18. These peptides exhibited activity
against S. aureus, although the levels of this activity were dif-
ferent for all clinical isolates. MRSA strains had higher survival
rates than MSSA strains in response to hBD3 and CAP18. A
combination of B-defensins with CAP18 or with B-lactam an-
tibiotics and hBD3 or CAP18 had a synergistic effect on S.
aureus, including MRSA strains. These results demonstrated
that susceptibility to antimicrobial peptides plays a crucial role
in S. aureus infection and suggested that these peptides may be
useful clinically.
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