
Regulation of antimicrobial peptide expression in human
gingival keratinocytes by interleukin-1α

Yuka Hiroshimaa, Mika Bandoa, Masatoshi Kataokab, Yuji Inagakia, Mark C Herzbergc,
Karen F Rossc, Kazuo Hosoid, Toshihiko Nagataa, and Jun-ichi Kidoa,*

aDepartment of Periodontology and Endodontology, Institute of Health Biosciences, The
University of Tokushima Graduate School, 3-18-15 Kuramoto, Tokushima, 770-8504, Japan
bNano-bioanalysis Team, Health Technology Research Center, National Institute of Advanced
Industrial Science and Technology, Hayashi-cho 2217-14, Takamatsu 761-0395, Japan
cDepartment of Diagnostic and Biological Sciences, School of Dentistry, University of Minnesota,
Minneapolis, MN 55455 USA
dDeartment of Molecular Oral Physiology, Institute of Health Biosciences, The University of
Tokushima Graduate School, 3-18-15 Kuramoto, Tokushima, 770-8504, Japan

Abstract
In the oral cavity, mucosal keratinocytes resist bacterial infection, in part, by producing broad-
spectrum antimicrobial peptides (AMPs) including defensin, adrenomedullin and calprotectin.
Epidermal keratinocyte expression of many AMPs increases in response to interleukin-1α
(IL-1α). IL-1α is produced by epidermal keratinocytes and regulates cell differentiation. To better
understand innate immunity in the oral cavity, we sought to determine how IL-1α might regulate
expression of AMPs by human gingival keratinocytes (HGKs) using DNA microarray and western
blot analyses. HGKs from three subjects expressed eleven AMPs, including S100A7, S100A8,
S100A9, S100A12, secretory leukocyte protease inhibitor, lipocalin 2 (LCN2), cystatin C and β-
defensin 2. Of the expressed AMPs, S100A7, S100A12 and LCN2 were up-regulated by IL-1α
(inducible AMPs); the other AMPs were considered to be constitutive. Human gingival
keratinocytes, therefore, express constitutive and IL-1α-inducible AMPs to provide a rapid and
robust innate response to microbial infection.
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1. Introduction
In the oral cavity, the epithelium functions as a barrier against many microbes. In addition to
physically separating the mucosal microflora from the connective tissues and circulation, the
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oral epithelium produces innate immune effector molecules, providing a more direct attack
against infecting microbes. Oral keratinocyte innate immune effector molecules include the
antimicrobial peptides (AMPs) defensin, cathelicidin, adrenomedullin and calprotectin.1

Human β-defensin 2 and β-defensin 3 have broad-spectrum antimicrobial activities against
oral anaerobic bacteria including Porphyromonas gingivalis (P. gingivalis) and
Aggregatibacter (Actinobacillus) actinomycetemcomitans, facultative anaerobes such as
Streptococcus sanguinis, S. gordonii and S. mutans, and the opportunistic fungal pathogen,
Candida.2,3 Human cathelicidin shows antimicrobial activity against periodontopathic
bacteria and other bacteria.3 Calprotectin, a heterocomplex of S100 calcium binding protein
(S100) A8 (S100A8) and S100A9, is also expressed in human oral and gingival
keratinocytes.4,5 Calprotectin inhibits growth of P. gingivalis and adhesion and invasion into
epithelial cells.4,6,unpublished data Functioning in defense against periodontopathic bacteria,
calprotectin also appears to increase resistance to invasion by transient enteric bacteria.7,8

Interleukin-1α (IL-1α), which is produced by and signals epithelial cells9–11, regulates
expression of selected AMPs including lipocalin 2, S100A7, S100A8, S100A9 and secretory
leukocyte protease inhibitor (SLPI) in epidermal keratinocytes.12 Extracellular IL-1α signals
through the IL-1α receptor (IL-1R1) to regulate epidermal keratinocyte differentiation in an
autocrine manner and modulate keratinocyte growth factor production by fibroblasts in a
paracrine manner.9–11 In human gingival keratinocytes, IL-1α induces cell differentiation
and up-regulates calprotectin expression.13 To better understand the potential of gingival
mucosal keratinocytes to contribute to innate immunity, we sought to develop a more
comprehensive analysis of the constitutive and regulated AMPs. In the present study, AMPs
expressed in human gingival keratinocytes (HGKs) were analyzed using DNA microarray
and western blots. Constitutive and IL-1α-inducible AMPs were also distinguished.

2. Material and methods
2.1. Culture of human gingival keratinocytes

Human gingival fragments were obtained from three subjects (No.1: age 23 years, female;
No.2: 15 years, female; No. 3: 26 years, male) during extraction of impacted mandibular
third teeth. The Ethics Committee of Tokushima University Hospital approved the protocol
(Approval No. 570) and informed consent was obtained from gingival tissue donors. Normal
HGKs were isolated from excised gingival tissues as reported by Matsuyama et al.14 Briefly,
gingival tissue was cut into 2–3 mm fragments, immobilized as explants on collagen I-
coated dishes (IWAKI, Tokyo, Japan), and cultured for 1–2 days in Dulbecco’s Modified
Eagle’s Minimal Essential Medium (NISSUI PHARMACEUTICAL Co., Tokyo, Japan)
supplemented with 10% fetal bovine serum (FBS; HyClone, Utah, USA), 100 U/ml
penicillin and 100 µg/ml streptomycin. HGK explants were further cultured for 20 days in
Keratinocyte-SFM (Gibco Invitrogen Co., Carlsbad, CA, USA) containing 1 ng/ml
epidermal growth factor (Gibco Invitrogen) and 30 µg/ml bovine pituitary extract (Gibco
Invitrogen). After out-growth from gingival explants, cells were cultured until the third
passage. HGKs (4.8 × 104 cells/cm2) were seeded on collagen I-coated dishes, cultured for 6
days, and some cultures were then supplemented with 30 ng/ml IL-1α (Wako, Osaka, Japan)
for 36 (microarray and RT-PCR) or 48 h (Western blot).

2.2. RNA isolation and microarray analysis
Total RNA was isolated from IL-1α-treated or non-treated HGKs using an RNeasy kit
(Qiagen, Valencia, CA, USA). Microarray analysis was performed by the modification of
previous method12, using GeneChip® Human Genome U133 Plus 2.0 Array (Affymetrix,
Santa Clara, CA, USA). Gene expression data were analyzed using Affymetrix® Expression
Console™ Software (Affymetrix). Genes showing fluorescence intensity of less than 100 in
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any HGK sample were excluded from further analysis. HGK genes up-regulated more than
2-fold or down-regulated 0.5-fold by IL-1α treatment are listed in Table 1; AMP genes
expressed in HGKs are shown (Table 2).

2.3. Reverse transcription-polymerase chain reaction (RT-PCR)
As we reported previously6,12, total RNA was isolated from cultured cells using RNeasy kit
(Qiagen), cDNA was synthesized from 1 µg of the RNA sample using ReverTra Ace -α-®

(TOYOBO, Osaka, Japan). The cDNA was added to the PCR mixture, which contained
primers (Table 3), dNTPs, TaKaRa Taq™ HS (TaKaRa Bio, Otsu, Japan) and PCR Buffer,
and amplified for 30–40 cycles under the following conditions: denature 94°C for 1 min,
anneal at 50–60°C for 1 min, and extension at 72°C for 1 min. The PCR products were
analyzed by electrophoresis on a 1.5% agarose gels containing 0.1 µg/ml ethidium bromide.
The expression of AMPs and IL-1R1 genes was verified by RT-PCR.

2.4. Western blotting
HGKs were cultured for 6 days and then for 48 h with or without IL-1α (30 ng/ml),
harvested, and suspended in 10 mM Tris-HCl (pH 7.4) with a protease inhibitor cocktail
including phenylmethylsulfonyl fluoride (174 µg/ml), leupeptin (1 µg/ml), pepstatin (1 µg/
ml), N-p-tosyl-L-phenylalanine chloromethyl ketone (1 µg/ml) and N-α-p-tosyl-L-lysine
chloromethyl ketone hydrochloride (1 µg/ml). After sonication in an ice water bath, the
suspended cells were analyzed for production of AMPs by western blotting using a
modification of a method described previously.15 Briefly, 25 µg of cellular protein was
electrophoretically separated on 15% polyacrylamide gels and electrically transferred to
Hybond-P (GE-Healthcare Life Sciences, Amersham, Buckinghamshire, UK). After
blocking with Starting Block™ blocking buffers (PIERCE, Rockford, IL, USA), membranes
were separately incubated at 4°C overnight with 1 µg/ml anti-human β-defensin 2 (Santa
Cruz Biotechnology, INC; Santa Cruz, CA, USA), 0.2 µg/ml anti-lipocalin 2 (R&D Systems
Inc; Minneapolis, MN, USA), 1 µg/ml anti-S100A7 (Acris Antibodies GmbH;
Hiddenhausen, Germany) or 0.2 µg/ml anti-S100A12 (R&D Systems Inc; Minneapolis, MN,
USA) antibody. Bound primary antibodies were then incubated with horseradish peroxidase-
conjugated anti-goat or mouse IgG (1/5000 dilution, Cell Signaling Technology) for 1.5 h at
room temperature. The AMP protein antigens were detected using an ECL Western Blotting
Detection System (GE-Healthcare Life Sciences Co., Piscataway, NJ, USA) and resolved by
exposure to Hyperfilm-ECL (GE-Healthcare Life Sciences Co.).

3. Results
3.1. Genes expressed in human gingival keratinocytes in response to IL-1α

In RNA samples from three subjects, the average expression of 10 genes was increased after
incubation with IL-1α more than two-fold compared to un-treated controls; IL-1α decreased
expression of one gene to less than 0.5-fold of control (Table 1). Of the ten genes found to
be up-regulated by IL-1α, three are putative AMPs: β-defensin 2 (Defensin, beta 4
[DEFB4]; 52.4-fold), S100A7 (8.1-fold), and ribonuclease 7 (ribonuclease, RNase A family,
7 [RNASE7]; 2.6-fold). Other seven are as follows; Chromosome 15 open reading frame 48
(8.4-fold), Small proline-rich protein 2G (8.3-fold), Serpin peptidase inhibitor, clade B,
member 4 (7.0-fold), Late cornified envelope 3D (6.1-fold), Small proline-rich protein 2C
(5.6-fold), Similar to FRAS1 related extracellular matrix protein 2 (5.5-fold) and
Dehydrogenase/Reductase member 9 (3.1-fold). IL-1α decreased the expression of
chemokine ligand 14 (0.29-fold).
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3.2. AMP expression in human gingival keratinocytes
The three HGK samples expressed eleven AMP genes with signal intensity of more than 100
(Table 2). The S100A8, SLPI and S100A9 genes appeared to be expressed in greatest
abundance, showing the highest signal intensity among 11 AMP genes. Lipocalin 2 (LCN2),
cystatin C (CST3) and adrenomedullin (ADM) showed moderate gene expression levels,
whereas S100A12, β-defensin 1 (DEFB1), S100A7, RNASE7 and DEFB4 were expressed
at low levels.

In the conditions of our experiments, however, the expression of the S100A8 (1.07-fold),
SLPI (1.20-fold) and S100A9 (1.25-fold) appeared unaffected by IL-1α. Similarly, the
expression of DEFB1 (1.05-fold), CST3 (0.89-fold) and ADM (0.97-fold) were not up-
regulated by IL-1α. In contrast, IL-1α up-regulated the expression of LCN2 (2.3-fold),
S100A12 (4.3-fold), S100A7 (8.1-fold), RNASE7 (2.6-fold) and DEFB4 (52.4-fold). AMPs
such as azurocidin 1, cathelicidin, dermcidin, β-defensin 3 (DEFB103A), hepcidin, mucin
5B and seminal plasmin (PYY2) showed signal intensities less than 100 in IL-1α-stimulated
and non-stimulated HGKs.

3.3. Validation of AMP gene expression up-regulated by IL-1α
HGKs from three subjects expressed IL-1R1 gene; expression was not affected by IL-1α
(Figure 1). In microarray analysis, expression of AMP genes, including DEFB4, S100A7,
S100A12, RNASE7 and LCN2, increased at least two-fold in response to IL-1α. To confirm
the results of the microarray analysis, RT-PCR analysis of the five AMP genes was
performed using RNA samples from HGKs of the three subjects. Expression of DEFB4,
S100A7, S100A12, RNASE7 and LCN2 RNA was confirmed in HGKs using RT-PCR
analysis and expression of DEFB4, S100A7 and S100A12 were confirmed to be up-
regulated by IL-1α; IL-1α-dependent changes in expression of RNASE7 and LCN2 were
not apparent (Figure 1).

3.4. Up-regulation of AMP proteins by IL-1α
The effect of IL-1α on AMP expression in HGKs was investigated at the protein level by
western blot analysis (Figure 2). Incubation with IL-1α for 48 h increased S100A7,
S100A12 and lipocalin 2 protein antigens in HGKs. Using several different anti-human β-
defensin 2 antibodies, β-defensin 2 protein was below the limits of detection (data not
shown). S100A7, S100A12 and lipocalin 2 protein antigen level reflected the up-regulation
in gene expression in response to IL-1α.

4. Discussion
In the present study, HGKs derived from three subjects each expressed genes encoding
eleven putative AMPs. HGKs appeared to express constitutive and IL-1α-inducible AMPs.
In the conditions of these experiments, IL-1α did not induce S100A8, S100A9, SLPI, CST3,
ADM and DEFB1. Yet, these AMPs showed high or moderate gene array signal intensity in
non-stimulated HGKs and appear to be more tightly regulated in response to IL-1α than
AMP genes that are expressed at lower levels. The relative importance of each of the AMPs
to providing innate resistance against infection of HGKs is unclear.

Calprotectin (S100A8/S100A9) is expressed in human oral and gingival keratinocytes, and
its expression is increased by pro-inflammatory cytokines including IL-1β, IL-6 and TNF-α,
and stimulators of keratinocyte differentiation.12,13,16–18 IL-1α also increases expression of
calprotectin in keratinocytes, with a narrow dose-response range that differs with the cell
lineage.11–13,Sorenson et al., 2010, in preparation In the conditions of our experiments, we were
unable to see a regulatory effect of IL-1α on calprotectin expression. SLPI, a potent serine
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protease inhibitor, is constitutively expressed in human keratinocytes, and has been reported
to be up-regulated by IL-1α, IL-1β, TNF-αand epidermal growth factor12,19–22 but SLPI
was minimally up-regulated by IL-1α in our experiments. CST3 has been detected in
gingival crevicular fluid, tears and cerebrospinal fluid, and inhibits the replication of viruses
and bacteria.23–25 ADM, a potent vasoactive peptide, is actively secreted from human oral
and skin keratinocytes, and is increased by IL-1α, IL-1β, TNF-α and lipopolysaccharide.26

Human β-defensins including β-defensin 1, 2 and 3 are major cationic AMPs and expressed
in epidermal and epithelial keratinocytes, and have antimicrobial activity against Gram-
positive and -negative bacteria, and Candida.1,27–29 DEFB1 was not induced by IL-1α but
showed moderate expression in untreated HGKs as reported previously.30,31 Constitutive
AMPs are likely to contribute rapidly to innate oral immunity, assuming that like
calprotectin, the protein products are stored and provide intracellular protection against
invading microbes7,8,Sorenson et al. 2010, in preparation or are released to add to the antimicrobial
content of the mucosal surface fluids.

In contrast, IL-1α increased expression of five AMP genes including DEFB4, S100A7,
S100A12, RNASE7 and LCN2. These inducible AMPs showed low signal intensity in non-
stimulated HGKs, but highly responded to IL-1α. DEFB4 expression was most strongly up-
regulated by IL-1α among the eleven HGK AMPs and up-regulation by IL-1α mirrored
what we have reported in human skin keratinocytes.32 S100A7 and S100A12 are members
of the S100 family of calcium binding proteins. S100A7 is expressed in healthy skin and
mucosal epithelial cells, and increased in response to pro-inflammatory cytokines and
stimulators of keratinocyte differentiation.12,33,34 S100A12 is expressed in monocytes,
neutrophils and epithelial cells, and its expression markedly increased in response to
infection and inflammation.35,36 Ribonuclease 7 has ribonuclease activity and antimicrobial
activity with broad spectrum and is expressed in various epithelial cells.37,38 RNASE7
expression is up-regulated by pro-inflammatory cytokines and bacterial infection.37

Lipocalin 2 is an abundant protein in specific granules of human neutrophils and is also
secreted from lacrimal gland.39 As a major component in tears, lipocalin 2 inhibits bacterial
growth through binding to iron siderophores.40 LCN2 expression is up-regulated by IL-1α,
IL-1β and TGF-α in human keratinocytes.12,21 Inducible AMPs are produced in mucosal
and gingival tissues after microbial infection or exposure to pro-inflammatory cytokines.
When compared to the constitutive AMPs, the inducible AMPs would appear to function as
a secondary antimicrobial barrier in the human oral cavity. Constitutive AMPs are suggested
to contribute to oral epithelial health in the presence of the endogenous mucosal flora and
transient pathogens. The inducible AMPs appear to function as an early response to
infection or inflammatory injury. The dichotomous regulation of AMP expression in HGKs
may contribute to a robust innate immune response in health and during initial infections of
the oral cavity.

HGKs derived from three subjects showed individual variations in AMP expression and
responses to IL-1α. For example, the inducible AMPs, DEFB4 (range, 5.8 ~ 116-fold) and
S100A12 (1.9 ~ 7.2-fold), showed a wide range of responses to IL-1α. Similar inter-
individual variability also occurs in primary human skin keratinocytes, whereby IL-1α up-
regulated DEFB4 (1.6 ~ 45.5-fold) and S100A12 (1.1 ~ 9.4-fold).36 While it is tempting to
speculate that the range of response reflects individual differences in innate immunity in the
gingiva and skin, we cannot rule out cell selection that occurs whenever primary cultures are
established from explants.

The response to IL-1α by keratinocytes is more generalized than an antimicrobial response.
IL-1α also regulates keratinocyte differentiation, proliferation and growth factor
production.13,41–44 In the present study, IL-1α increased the expression of small proline-rich
protein (SPRR) family including SPRR2G (8.3-fold) and SPRR2C (5.6-fold). The SPRR
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genes are conserved in the human epidermal differentiation complex45, and expressed in
stratified squamous epithelia, keratinized and non-keratinized mucosal epithelia.46,47 The
expression of SPRR genes increases during normal keratinocyte differentiation48, 49,
suggesting that IL-1α may regulate the expression of AMP genes coordinately with
keratinocyte differentiation.
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Figure 1.
Verification of AMP mRNA expression in IL-1α-stimulated HGKs by RT-PCR. HGKs
were cultured for 6 days and incubated with IL-1α (30 ng/ml) for 36 h. After RNA isolation,
three separate tissue samples were analyzed for expression of DEFB4, S100A7, S100A12,
RNASE7, LCN2, IL-1R1 and GAPDH mRNAs using RT-PCR.
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Figure 2.
AMP proteins up-regulated by IL-1α HGKs were cultured for 6 days and incubated with
IL-1α (30 ng/ml) for 48 h. HGKs were sonicated to disrupt the cells, and 30 µg of soluble
protein was analyzed for S100A7, S100A12, lipocalin 2 and β-actin by Western blotting. A
typical result for protein isolated from three separate HGK tissue samples is shown.
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Table 1

Genes differentially expressed in human gingival keratinocytes in response to IL-1α

Gene Accession No. Fold

Upregulated genes

   Defensin, beta 4  NM_004942 52.44

   Chromosome 15 open reading frame 48  AF228422 8.43

   Small proline-rich protein 2G  AA456642 8.32

   S100 calcium binding protein A7  NM_002963 8.13

   Serpin peptidase inhibitor, clade B, member 4 AB046400 7.00

   Late cornified envelope 3D  AB048288 6.08

   Small proline-rich protein 2C  NM_006518 5.57

   Similar to FRAS1 related extracellular matrix protein 2  BE669806 5.45

   Dehydrogenase/ Reductase member 9  AF240698
 (NM_005771)

3.10
(2.36)

  Ribonuclease, RNase A family, 7  AJ131212 2.60

Down-regulated genes

   Chemokine ligand 14  AF144103 0.29
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Table 3

RT-PCR primers

Gene Primer PCR product size (bp)

DEFB4 For: 5’-CCAGCCATCAGCCATGAGGGT-3’
Rev: 5’-GGAGCCCTTTCTGAATCCGCA-3’

255

GAPDH For: 5’-TCCACCACCCTGTTGCTGTA-3’
Rev: 5’-ACCACAGTCCATGCCATCAC-3’

451

IL-1R1 For: 5’-TGCCGCTCTTCTGTCATCCCGCTC-3’
Rev: 5’-GGGGGGACCGTTATTGACCTGAAA-3’

716

LCN2 For: 5’-TGTCACCTCCGTCCTGTTTAG-3’
Rev: 5’-TCTCCCGTAGAGGGTGATCTT-3’

226

RNASE7 For: 5’-TTTGGCTGACCTTCAATTCC-3’
Rev: 5’-TCTTGGGGATAAGCATCTGG-3’

199

S100A7 For: 5’-TGCTGACGATGATGAAGGAG-3’
Rev: 5’-ATTCTCCCAGCAAGGACAG-3’

151

S100A12 For: 5’-TTGAAGAGCATCTGGAGGG-3’
Rev: 5’-CTACTCTTTGTGGGTGTGG-3’

269
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