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The antimicrobial peptide LL-37 enhances IL-8
release by human airway smooth muscle cells

Suzanne Zuyderduyn, MSc, Dennis K. Ninaber, BSc, Pieter S. Hiemstra, PhD, and

Klaus F. Rabe, MD, PhD Leiden, The Netherlands
Background: Human airway smooth muscle (HASM) cells

release various chemokines that are involved in recruitment of

inflammatory cells, which can be found within or in the vicinity

of the airway smooth muscle layer in patients with

inflammatory lung diseases. Inflammatory cells contain

antimicrobial peptides including the cathelicidin LL-37 and

neutrophil defensins (HNP1-3).

Objective: The aim of the study was to determine the effects of

antimicrobial peptides on IL-8 (CXC chemokine ligand 8) release

by HASM cells, and to study the underlying mechanisms.

Methods: Human airway smooth muscle cells were stimulated

with LL-37 and HNP1-3, and IL-8 protein and mRNA levels

were determined by sandwich ELISA and PCR.

Phosphorylation of extracellular signal-regulated kinase

(ERK) 1/2 was detected by using Western blot.

Results: LL-37 enhanced IL-8 release by HASM cells, which

was dependent on ERK1/2 activation. Receptors known to be

involved in LL-37–induced signaling, including the epidermal

growth factor receptor and formyl peptide receptors, were not

involved in LL-37 signaling in HASM cells. The purinergic

receptor antagonist suramin did block LL-37–induced ERK1/2

phosphorylation and IL-8 release, and expression of mRNA for

the purinergic receptor P2X7 was detected in HASM cells.

HNP1-3 did increase ERK1/2 phosphorylation, but did not

enhance IL-8 release by HASM cells.

Conclusion: These data show that HASM cells respond to

the antimicrobial peptide LL-37 by releasing IL-8,

suggesting that LL-37 is a regulator of the inflammatory

process in various inflammatory lung diseases by enhancing

IL-8 production.

Clinical implications: LL-37 released by inflammatory cells

may amplify inflammation through induction of IL-8 release

by airway smooth muscle. (J Allergy Clin Immunol

2006;117:1328-35.)
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Human airway smooth muscle (HASM) cells are the
main contractile elements in the airway wall, and are the
functional basis for the bronchoconstriction observed in
asthma. It is increasingly recognized that inflammatory
cells colocalize with smooth muscle cells in the bronchial
wall in several airway diseases. In asthma, increased
numbers of mast cells are found in the airway smooth
muscle layer, whereas in chronic obstructive pulmonary
disease (COPD), this layer is infiltrated by neutrophils.1-3

This colocalization suggests that these cells may interact
with each other through release of mediators. Studies
have shown that mediators released from mast cells affect
HASM function, whereas HASM products may act in
recruitment and retention of mast cells (see reviews4,5).
Tryptase, for instance, is mitogenic for HASM cells,
whereas TNF-a and IL-1b released by mast cells stimu-
late production of proinflammatory cytokines and chemo-
kines by HASM cells. Supernatants from HASM cells
stimulated with TNF-a, IL-1b, and IFN-g are chemotac-
tic for mast cells through activation of the IP10 (CXC
chemokine ligand [CXCL] 10)/CXC chemokine receptor
(CXCR) 3 axis.6 Neutrophils and HASM cells may also
interact; neutrophil elastase alters the survival of HASM
cells by inducing apoptosis.7

Mast cells and neutrophils contain many mediators
including antimicrobial peptides, which are involved in
host defense of the airways. Both cell types express the
human cationic antimicrobial protein (hCAP18)/LL-37,
whereas neutrophils also contain neutrophil defensins.8-10

hCAP18/LL-37, the only human member of the family of
cathelicidins,11 is present in high concentrations in the
specific granules of neutrophils, and is cleaved on release
by proteinase 3 to form the active peptide LL-37.12

Defensins are the other family of antimicrobial peptides
important in host defense of the airways. Human defensins
are small cationic peptides that are subdivided in 2 groups
on the basis of their structure: the a-defensins (human neu-
trophil peptides [HNPs] 1-4, produced by neutrophils, and
human defensins 5 and 6, expressed by Paneth cells and
epithelial cells of the female reproductive tract), and the
b-defensins (mainly expressed by epithelial cells).

In addition to their antimicrobial activity, LL-37 and
defensins have been shown to display other activities.
Defensins are involved in modulation of inflammatory
responses, and regulation of wound repair.13-15 LL-37
can induce chemotaxis of inflammatory cells,16,17
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Abbreviations used
COPD: Chronic obstructive pulmonary disease

EGFR: Epidermal growth factor receptor

ERK: Extracellular signal-regulated kinase

FPRL-1: Formyl peptide receptor-like 1

HASM: Human airway smooth muscle

hCAP18: Human cationic antimicrobial protein (18 kd)

HNP: Human neutrophil peptide

MAPK: Mitogen-activated protein kinase

tBoc-MLP: Tert-butoxy-carbonyl-methionyl-leucyl-

phenylalanine

stimulate angiogenesis,18 stimulate airway epithelial
wound closure,19 and activate airway epithelial cells20

through various receptors. LL-37–induced chemotaxis is
dependent on the G protein–coupled formyl peptide recep-
tors, whereas LL-37 induces processing and release of
IL-1b by monocytes through the purinergic P2X7 recep-
tor.21 Previously, we have shown that LL-37 activates mi-
togen-activated protein kinases (MAPKs) and enhances
IL-8 (CXC ligand 8) release by epithelial cells.20 This
seems to be mediated through a receptor other than formyl
peptide receptor-like 1 (FPRL-1), because inhibitors of
formyl peptide receptors did not block extracellular sig-
nal-regulated kinase (ERK) 1/2 activation or chemokine
release. Instead, LL-37 was suggested to transactivate
the epidermal growth factor receptor (EGFR) by increas-
ing metalloproteinase-mediated shedding of ligands for
the EGFR from the cell membrane. A study with keratino-
cytes has shown that LL-37–induced migration of these
cells is also dependent on transactivation of the EGFR.22

These data suggest that LL-37 may function through dif-
ferent mechanisms on different cell types. The receptors
used by the neutrophil defensins to activate airway epithe-
lial cells are not known.

Human airway smooth muscle cells have been shown
to secrete a variety of inflammatory mediators such as
cytokines and chemokines in response to stimuli, includ-
ing proinflammatory cytokines and TH2 cytokines.23,24

Previously, we have shown that HASM cells release the
eosinophil-selective chemokines eotaxin (CC chemokine
ligand [CCL] 11) and eotaxin-3 (CCL26) after stimulation
with TH2 cytokines IL-4 and IL-13.25 Release of these
chemokines was differentially regulated by the fibrotic
cytokine TGF-b. HASM cells also produce IL-8, a
chemokine that attracts neutrophils, eosinophils, T lym-
phocytes, and monocytes, in response to inflammatory
mediators.26 Several studies have shown that chemokine
release by HASM cells is dependent on activation of the
MAPKs ERK1/2, p38, and stress-activated protein kinase
(SAPK)/c-Jun N-terminal kinase.27-29

On the basis of our earlier observations on the effects of
LL-37 and HNP1-3 on chemokine release by epithelial
cells,14,20 the increasingly recognized role of HASM as a
source of chemokines, and the colocalization of inflamma-
tory cells and HASM cells, we hypothesized that LL-37
and HNP1-3 may activate airway smooth muscle function
with respect to chemokine production. Therefore, we in-
vestigated the effects of LL-37 and HNP1-3 on IL-8
release by HASM cells, and studied the involvement of
receptors and intracellular signaling pathways.

METHODS

Reagents

Synthetic LL-37 and HNP1-3 isolated from neutrophil granules

were prepared under LPS-free conditions and characterized as

previously described.20,30 For reagents used to study signal transduc-

tion pathways and receptors, refer to this article’s Methods section in

the Online Repository at www.jacionline.org.

Cell culture and stimulation

Human airway smooth muscle cells were purchased from

Stratagene (La Jolla, Calif). Cells were characterized by staining for

a-smooth muscle actin. Cells were cultured in Dulbecco’s Modified

Eagle Medium: F-12 Nutrient Mixture (DMEM/F-12) 1:1 mixture

(Invitrogen, Carlsbad, Calif) containing 25 mmol/L HEPES

(Invitrogen), 10% (vol/vol) FCS (Invitrogen) supplemented with

2.5 mmol/L L-glutamine (Cambrex, East Rutherford, NJ, 1% (vol/

vol) nonessential amino acids (Invitrogen), 50 U/mL penicillin, and

50 mg/mL streptomycin (Cambrex). Cells were seeded at 5000 cells

per cm2, and medium was replaced every 72 hours. Confluent cells

from passage 5 to 7 were used for experiments. Cells from 2 different

donors were used in all experiments.

Before use, confluent cells were washed with PBS and cultured

in serum-free Dulbecco’s Modified Eagle Medium: F-12 Nutrient

Mixture (D-MEM/F-12) 1:1 mixture containing 1% (vol/vol) Insulin-

Transferrin-Selenium-A liquid media supplement (stock: 1 g/L insu-

lin, 0.55 g/L transferrin, 0.67 mg/L sodium selenite; Invitrogen) for

24 hours. When inhibitors were used, cells were preincubated with

these inhibitors 1 hour before stimulation.

Measurement of IL-8 release

Supernatants were harvested after 24 hours of stimulation. IL-8

protein levels were detected by using the hu-IL-8 cytoset from

Biosource Europe SA (Nivelles, Belgium).

PCR

After 6 hours of stimulation, RNA was isolated by using the

RNeasy Minikit (Qiagen, Valencia, Calif) according to manufac-

turer’s instructions. The RNA concentration and purity were assessed

by using OD measurements. Reverse-transcription of 1 mg total RNA

was performed by using Moloney-Murine Leukemia virus reverse

transcriptase (Invitrogen) as described previously.25

For primers used to detect IL-8, P2X7, and b-actin mRNA and

PCR conditions, refer to this article’s Online Repository at www.

jacionline.org. PCR products were visualized by electrophoresis on

a 1.5% agarose gel containing ethidium bromide as a fluorescent

dye and subsequent UV luminescence.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay

For the protocol used for the mitochondrial metabolic activity

assay, refer to this article’s Methods section in the Online Repository

at www.jacionline.org.

Gel electrophoresis and Western blotting

For detection of ERK1/2 phosphorylation, HASM cells were

cultured until 90% confluence and subsequently starved for growth

http://www.jacionline.org
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factors for 24 hours. Cells were incubated with LL-37, HNP1-3, and

TGF-a for 5 minutes. Inhibitors of several pathways were incubated

1 hour before stimulation. After stimulation, cells were washed with

washing buffer (5 mmol/L Tris-HCL pH 7.4, 100 mmol/L NaCl,

1 mmol/L MgCl2, 1 mmol/L CaCl2) and lysed with lysis buffer (0.5%

[vol/vol] Triton-X100, 1 mmol/L Na3VO4, and complete protease in-

hibitor cocktail [Roche, Basel, Switzerland] in washing buffer) on ice

for 10 minutes. Cells were scraped and collected. After centrifugation

for 5 minutes at 13,000 rpm, supernatants were collected and stored at

220�C until further use. Protein concentrations were measured by the

bicinchoninic acid protein assay system (Pierce, Rockford, Ill). Three

micrograms of total protein was separated on a 10% glycine-based gel

using the Mini-protean 3 (Biorad, Hercules, Calif) SDS-PAGE sys-

tem. Proteins were transferred to a polyvinylidene difluoride mem-

brane (Biorad). Nonspecific binding sites were blocked (0.5% [wt/

vol] casein, 0.05% Tween, PBS), and blots were incubated with rab-

bit polyclonal antibodies against phosphorylated and total ERK1/2.

A secondary horseradish peroxidase–conjugated goat-antirabbit

antibody together with the ECL Western Blotting Analysis system

(Amersham Biosciences, Little Chalfont, United Kingdom) was

used to visualize immunoreactivity.

Statistical analysis

Statistical analysis was performed by using a paired samples t test.

Differences were considered to be significant when P values were

smaller than .05.

FIG 1. Cells were stimulated with various concentrations of LL-37

and HNP1-3. A, IL-8 protein levels, mean 6 SEM of 4 indepen-

dent experiments in 2 donors, each experiment performed in

triplicate. *P < .05, compared with medium-treated cells. B, Rep-

resentative PCR for IL-8 and b-actin. C, representative blot for

ERK1/2. Similar results were obtained in experiments using cells

from another donor. pERK1/2, Phospho ERK1/2; tERK1/2, total

ERK1/2.
RESULTS

LL-37 enhances IL-8 release and ERK1/2
phosphorylation

To study the effect of LL-37 and HNP1-3 on chemokine
release, serum-deprived HASM cells were incubated
with1 and 10 mg/mL LL-37 and HNP1-3. LL-37
enhanced IL-8 release by HASM cells, whereas HNP1-3
did not (Fig 1, A). Using a higher concentration of LL-37 or
HNP1-3 (50 mg/mL), IL-8 release was not increased com-
pared with the levels found with 10 mg/mL peptide (data
not shown). At the mRNA level, IL-8 was increased by
LL-37 at 10 and 50 mg/mL, whereas HNP1-3 slightly
reduced the IL-8 mRNA levels at 10 and 50 mg/mL
(Fig 1, B).

To study the effect of LL-37 on activation of the MAPK
ERK1/2, HASM cells were stimulated with 1, 10, and 50
mg/mL of LL-37 or HNP1-3 for 5 minutes. In a time
course experiment, 5 minutes was found to be the most
optimal time for detection of ERK1/2 phosphorylation
(data not shown). TGF-a was used as a positive control for
ERK1/2 phosphorylation. Both LL-37 and HNP1-3 in-
duced ERK1/2 activation in a dose-dependent manner
(Fig 1, C).

Cytotoxic activity of LL-37 and HNP1-3
on HASM cells

The effects of LL-37 and HNP1-3 on viability of
HASM cells were determined by measuring mitochondrial
metabolic activity using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay. Concen-
trations of LL-37 as high as 10 mg/mL did not alter
mitochondrial activity, whereas at the higher concen-
tration of 50 mg/mL activity was reduced. HNP1-3 did not
reduce mitochondrial activity at any of the concentra-
tions used (see this article’s Fig E1 in the Online Reposi-
tory at www.jacionline.org).

LL-37–induced ERK1/2 activation and IL-8
release are not dependent on transactivation
of the EGFR

In airway epithelial cells, it has been shown that LL-37
activates ERK1/2 through metalloprotease-mediated
transactivation of the EGFR.20 Therefore, we studied
the effect of inhibitors of this pathway on LL-37–induced
ERK1/2 activation in HASM cells. Cells were pre-
incubated with inhibitors for 1 hour and subsequently
stimulated with LL-37 for 5 minutes. In 3 independent
experiments, the tyrosine kinase inhibitor AG1478, which
inhibits phosphorylation of the EGFR and subsequent sig-
nal transduction, did not markedly affect LL-37–induced
ERK1/2 activation (Fig 2, A). In contrast, ERK1/2 activa-
tion induced by an excess of TGF-a was largely inhibited
by AG1478, showing that the inhibitor was functional
(Fig 2, B). The MAPK kinase (MEK) inhibitor U0126
did inhibit ERK1/2 activation by LL-37. GM6001, a
broad-spectrum metalloprotease inhibitor that blocks
metalloproteases involved in cleavage of ligands for the
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EGFR, did not affect LL-37–induced ERK1/2 activation
(Fig 2, A).

To study the effect of the inhibitors of the EGFR
pathway on IL-8 release, HASM cells were incubated with
AG1478, U0126, and GM6001 for 1 hour. Subsequently,
cells were stimulated with 10 mg/mL LL-37 for 24 hours,
supernatants were harvested, and IL-8 levels were mea-
sured. LL-37–induced IL-8 levels were not altered by
AG1478 or GM6001, suggesting that transactivation of
the EGFR by cleavage of ligands through metalloprotease
activity is not involved in LL-37–induced IL-8 release. In
contrast, the MEK inhibitor U0126 caused a marked
inhibition (P 5 .05) of LL-37–induced IL-8 release, sug-
gesting that ERK1/2 is involved (Fig 2, C).

LL-37–induced ERK1/2 activation and IL-8
release are not dependent on activation of
formyl peptide receptors

The involvement of formyl peptide receptors in LL-37–
induced ERK1/2 activation was studied by preincubating
the cells with the antagonistic peptide tert-butoxy-
carbonyl-methionyl-leucyl-phenylalanine (tBoc-MLP).
Pretreatment of cells with tBoc-MLP did not affect LL-
37–induced ERK1/2 activation, suggesting that formyl
peptide receptors are not involved in LL-37–induced
ERK1/2 activation (Fig 3, A). The inhibitory activity of
the tBoc-MLP preparation used in the current study was
confirmed in experiments on formyl-methionyl-leucyl-

FIG 2. Cells were preincubated for 1 hour with inhibitors and

stimulated with 10 mg/mL LL-37. A, Representative blot of LL-37–in-

duced ERK1/2 activation. Similar results were obtained by using

cells from another donor. B, Blot of TGF-a–induced ERK1/2 activa-

tion. C, IL-8 protein levels, mean 6 SEM of 4 independent experi-

ments performed in triplicate using cells from 2 donors. *P < .05,

paired samples t test. AG, AG1478; U, U0126; GM, GM6001;

pERK1/2, phospho ERK1/2; tERK1/2, total ERK1/2.
phenylalanine (fMLP)–induced neutrophil chemotaxis
(data not shown31). To study the involvement of formyl
peptide receptors in IL-8 release, we incubated cells with
tBoc-MLP for 1 hour; subsequently, cells were stimulated
with 10 mg/mL LL-37 for 24 hours. The antagonistic pep-
tide tBoc-MLP did not affect LL-37–induced IL-8 release,
suggesting that formyl peptide receptors are not involved
(Fig 3, B).

Inhibitors of p38, Src, and purinergic
receptors block LL-37–induced IL-8 release

We did not observe any effect of the inhibitors of p38
(SB230580), Src (PP1), and phosphoinositide 3-kinase
(LY294002) pathways on LL-37–induced ERK1/2 activa-
tion. However, suramin (a P2 receptor antagonist) did
inhibit basal and LL-37–induced ERK1/2 activation
(Fig 4, A).

Both SB230580 and PP1 inhibited LL-37–induced IL-8
release, suggesting the involvement of p38 and Src in
LL-37–induced IL-8 release (Fig 4, B). Suramin, the
antagonist for purinergic receptors, also inhibited LL-
37–induced IL-8 release.

To determine whether HASM cells express the puri-
nergic receptor P2X7 that has been implicated in LL-
37–induced monocyte activation,21 mRNA expression of
P2X7 on HASM cells was studied by using PCR. This
analysis, using monocyte cDNA as a positive control,
demonstrated the presence of P2X7 mRNA in HASM cells
from 2 different donors (Fig 4, C).

DISCUSSION

In the current study, we explored whether LL-37 and
neutrophil defensins activate HASM cells with respect to
chemokine release. Our study shows for the first time that
LL-37 enhances IL-8 release in HASM cells. LL-37–
induced IL-8 release was not dependent on transactivation

FIG 3. Cells were preincubated with tBoc-MLP for 1 hour and

stimulated with 10 mg/mL LL-37. A, Representative blot of ERK1/2

activation. Similar results were obtained by using cells from

another donor. B, IL-8 protein levels, mean 6 SD of 2 independent

experiments performed in triplicate using cells from 2 donors.

pERK1/2, Phospho ERK1/2; tERK1/2, total ERK1/2.
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of the EGFR or activation of formyl peptide receptors.
Experiments using inhibitors of several intracellular path-
ways showed that LL-37–induced IL-8 release is partly
dependent on ERK1/2, p38, and Src. Furthermore, we
found that suramin, an antagonist of purinergic receptors,
inhibited IL-8 release, suggesting a role for these receptors
in LL-37–induced IL-8 release. In line with this, we
demonstrated by PCR analysis that HASM cells express
the purinergic receptor P2X7. In contrast with the effects
of LL-37, HNP1-3 did not enhance IL-8 protein or
mRNA levels.

To our knowledge, this is the first study showing an
effect of an antimicrobial peptide on HASM cells. A study
with vascular smooth muscle cells showed that a-defensin
(HNP3) inhibits phenylephrine-induced contraction of rat
aortic rings through the low-density lipoprotein receptor–
related protein/a2-macroglobulin receptor.32 Our study
shows that the antimicrobial peptide LL-37, which is con-
sidered to be the major processing peptide product from
hCAP-18, activates ERK1/2 in airway smooth muscle
cells and enhances IL-8 release by these cells. It is likely
that HASM cells are exposed to LL-37 in lung tissue,
because cells that produce hCAP18/LL-37 (mast cells
and neutrophils) are present in the vicinity of airway
smooth muscle bundles as illustrated in Fig 5. At the con-
centration that induces activation (10 mg/mL), LL-37

FIG 4. Cells were preincubated with inhibitors and stimulated with

10 mg/mL LL-37. A, Representative blot of ERK1/2 activation. Simi-

lar results were obtained by using cells from another donor. B, IL-8

protein levels, mean 6 SD of 2 independent experiments per-

formed in triplicate using cells from 2 donors. C, PCR for P2X7

and b-actin on cDNA from monocytes (mono) and HASM cells

from 2 donors. SB, SB230580; LY, LY294002; sur, suramin;

pERK1/2, phospho ERK1/2; tERK1/2, total ERK1/2.
does not affect morphology or mitochondrial activity.
However, at a higher concentration (50 mg/mL), cytotoxic
effects were observed. As previously discussed, the con-
centrations used in the current study may be relevant to
the in vivo situation in lung tissue.20

In our study, in contrast with LL-37, HNP1-3 did not
enhance IL-8 release by HASM cells, and IL-8 mRNA
expression was slightly decreased after stimulation with
HNP1-3. However, both LL-37 and HNP1-3 induced
activation of ERK1/2. Because ERK1/2 activation is
involved in a wide variety of cellular activities, we suggest
that HNP1-3 may stimulate processes other than protein
synthesis in HASM cells. In epithelial cells and fibroblasts,
a role in proliferation, wound repair, and production of
extracellular matrix has been established for HNP1-
3,15,30,33 whereas in vascular smooth muscle cells, a role
for these defensins in reducing phenylephrine-induced
contraction has been established.32 Therefore, we specu-
late that HNP1-3 are involved in regulation of contrac-
tion, proliferation, and/or matrix synthesis of HASM cells.
The receptors involved in the HNP1-3-induced ERK1/2
activation are unknown. Recently, it was shown that
P2Y6 is involved in defensin-induced IL-8 release by ep-
ithelial cells.34 Interestingly, in HASM cells activation of
purinergic receptors by UTP and ATP increases intracel-
lular calcium concentrations, suggesting a role for these
receptors in contraction.35 Whether P2Y receptors are
involved in defensin-induced ERK1/2 activation and regu-
late contraction and other cellular activities in HASM cells
needs further investigation.

Several receptors have been implicated in the cellular
response to LL-37, and we have addressed their role in LL-
37–induced activation of HASM cells. The first receptor
type identified in the chemotactic response of cells to
LL-37 is the formyl peptide receptor FPRL-1.17,31 We
observed that the formyl peptide receptor antagonistic
peptide tBoc-MLP did not reduce LL-37–induced

FIG 5. hCAP18/LL-37––expressing cells surrounding the airway

smooth muscle bundles in bronchial tissue. A section of a bron-

chial ring was stained by using a monoclonal anti–LL-37 antibody

(clone 1.1C1220). Immunoreactive (red) cells surround the airway

smooth muscle bundles (arrows). Inserted image shows high-

power magnification of hCAP18/LL-37–expressing cells.
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FIG 6. Comparison of putative mechanisms involved in activation of neutrophils, airway smooth muscle cells,

and epithelial cells by LL-37. A, LL-37 activates FPRL-1, which subsequently activates P2X7 and promotes sur-

vival of neutrophils. B, LL-37 activates Src, p38, and ERK1/2 pathways via a P2 receptor leading to release of

IL-8 by airway smooth muscle cells. C, LL-37 transactivates the EGFR via a metalloprotease (MP) leading to

ERK1/2 activation and IL-8 release in epithelial cells.
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ERK1/2 activation or IL-8 release by HASM cells, indi-
cating that this receptor is not involved. We have previ-
ously demonstrated the involvement of the EGFR in
activation of airway epithelial cells by LL-37.20 In these
cells, LL-37–induced ERK1/2 activation and IL-8 release
were dependent on metalloprotease-dependent shedding
of membrane-bound EGFR ligands, which subsequently
activate the EGFR. However, in HASM cells, LL-37–
induced ERK1/2 activation and IL-8 release were not
affected by the EGFR tyrosine kinase inhibitor AG1478
or by the metalloprotease inhibitor GM6001, indicating
that transactivation of the EGFR does not play a role in
the activation of HASM cells by LL-37. Finally, puriner-
gic receptors that mediate signaling by extracellular
nucleotides such as ATP were reported to be involved in
activation of monocytes and neutrophils,21,36 and of the
lung epithelial cell line A549 by neutrophil defensins.34

Our observations that suramin inhibits LL-37–induced
activation of HASM cells, and that these cells express
mRNA for the purinergic receptor P2X7, suggest involve-
ment of purinergic receptors in activation of HASM cells
by LL-37. Activation of the FPRL-1 receptor is upstream
of activation of P2X7 receptor in the effect of LL-37 on
neutrophil survival. Because FPRL-1 is not involved in
the effect of LL-37 on HASM cells, the pathways up-
stream of P2 activation in HASM cells remain to be iden-
tified (Fig 6).

These results illustrate that the mechanism used by LL-
37 to activate cells may differ between different cell types.
Although the aforementioned receptors may mediate down-
stream signaling events after exposure to LL-37, it is not
known whether the initial interaction between LL-37 and a
target cell is receptor-dependent. Recently, it was shown
that D-LL-37 also induces high levels of IL-8 protein re-
lease from keratinocytes, suggesting that at least in these
cells, structure-dependent binding of LL-37 to a cell surface
receptor is not likely to be involved in cell activation.37

We have shown that the p38 inhibitor SB203580 and the
Src inhibitor PP1 inhibited LL-37–enhanced IL-8 release.
Studies with several cell types including human colonic
smooth muscle cells have shown that both Src and p38 are
involved in cytokine-induced expression of IL-8 mRNA
and protein,38,39 perhaps by stabilizing the IL-8 mRNA.40

Although not much is known about the mechanisms
involved in LL-37–induced IL-8 release, studies in airway
epithelial cells have shown that LL-37 induces phos-
phorylation of p38.20,41 Furthermore, in lung epithelial
cells, it has been shown that Src family kinases can regulate
the MAPKs p38 and ERK1/2 and subsequent IL-8 expres-
sion.42 Our results show that inhibitors of ERK1/2, p38, and
Src reduce LL-37–induced IL-8 release by HASM cells,
suggesting that these 3 pathways act together to induce
IL-8 release (Fig 6). Src may function upstream of p38
and ERK1/2 activation, although in our experiments, the
Src inhibitor PP1 did not affect ERK1/2 activation.
How LL-37 activates these 3 pathways and how they
interconnect to mediate IL-8 production need further
investigation.

Activation of P2X receptors induces ERK1/2 activation
in several cell types, including rat astrocytes.43 In human
astrocytoma cells, ERK1/2 was activated by P2X7

receptors through a cellular pathway that is dependent
on c-Src, PI3K, and MEK1/2.44 In human and rodent
macrophages, P2X7 activates the MAPK SAPK/c-Jun
N-terminal kinase.45 These studies suggest that the P2X7

receptor is capable of activating multiple pathways lead-
ing to ERK1/2 activation. Our results using suramin sug-
gest that P2 receptors are involved in LL-37–induced IL-8
release, which is dependent on p38, Src, and ERK1/2.
How these pathways are connected in this process remains
to be elucidated. In regard to the effect of suramin on LL-
37–induced ERK1/2 activation and IL-8 release, whereas
suramin is used as a P2 receptor inhibitor, it is not selective
or very potent,46 because it interacts with various pro-
teins.47 Suramin was shown to inhibit binding of growth
factors (eg, epidermal growth factor, platelet-derived
growth factor, and TGF-b) to their receptors.48 Therefore,
we cannot exclude the possibility that suramin inhibits
other receptors than the P2 receptors in LL-37–induced
IL-8 release.
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Our results demonstrate that LL-37 activates neutro-
phils, epithelial cells, and HASM cells by common
mechanisms using activation of P2 receptors and ERK1/2
pathways. However, whereas neutrophil activation by
LL-37 is characterized by the involvement of FPRL-1,
and epithelial cell activation by transactivation of the
EGFR, a distinct mechanism appears to operate in
HASM cells (Fig 6).

Recent studies and our own implicate LL-37 as a
regulator of inflammation by activating chemokine release
by airway epithelial cells,20 keratinocytes,37 and mono-
cytes,41 and as a novel finding, HASM cells. Our results
underline the role of LL-37 as a peptide important for ac-
tivating inflammatory processes. LL-37 produced by mast
cells and neutrophils present in the vicinity of the airway
smooth muscle layer from patients with asthma and
COPD may increase local IL-8 production and thereby en-
hance neutrophilia, eosinophilia, and mast cell numbers.
We speculate that these events might contribute to exacer-
bations of asthma and COPD.
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