This information is current as
of December 21, 2009

The Human Cationic Peptide LL-37
Induces Activation of the
Extracellular Signal-Regulated Kinase
and p38 Kinase Pathways in Primary
Human Monocytes
Dawn M. E. Bowdish, Donald J. Davidson, David P.
Speert and Robert E. W. Hancock
J. Immunol. 2004;172;3758-3765
http://www.jimmunol.org/cgi/content/full/172/6/3758

References

This article cites 46 articles, 24 of which can be accessed free at:
http://www.jimmunol.org/cgi/content/full/172/6/3758#BIBL

Subscriptions

Information about subscribing to The Journal of Immunology is
online at http://www.jimmunol.org/subscriptions/

Permissions

Submit copyright permission requests at
http://www.aai.org/ji/copyright.html

Email Alerts

Receive free email alerts when new articles cite this article. Sign
up at http://www.jimmunol.org/subscriptions/etoc.shtml

The Journal of Immunology is published twice each month by The American Association
of Immunologists, Inc., 9650 Rockville Pike, Bethesda, MD 20814-3994.
Copyright ©2004 by The American Association of Immunologists, Inc. All rights reserved.
Print ISSN: 0022-1767 Online ISSN: 1550-6606.

Downloaded from www.jimmunol.org on December 21, 2009

29 online articles that cite this article can be accessed at:
http://www.jimmunol.org/cgi/content/full/172/6/3758#otherarticl
es

The Journal of Immunology

The Human Cationic Peptide LL-37 Induces Activation of the
Extracellular Signal-Regulated Kinase and p38 Kinase
Pathways in Primary Human Monocytes1
Dawn M. E. Bowdish,* Donald J. Davidson,† David P. Speert,† and Robert E. W. Hancock2*

C

ationic host defense peptides are a primitive and conserved component of the innate immune response. These
peptides can be expressed either constitutively or induced in response to pathogen-associated molecular patterns, such
as bacterial LPS, or inflammatory mediators, such as IL-6 and
TNF-␣ (1, 2). Although some of these peptides have the ability to
kill microorganisms (3, 4), leading to their categorization as antimicrobial peptides, they also appear to have functions in modulating immune responses (5–7). The role of cationic peptides has
been considered of primary significance to the innate immune response. However, it is becoming increasingly apparent that they provide a key link between the innate and adaptive responses (8, 9).
The cathelicidins are an evolutionarily conserved group of peptides, of which human cationic antimicrobial peptide 18
(hCAP18)/LL-37 is the only human member. In neutrophils,
hCAP18 is found in its unprocessed form; however, upon release
from cells the C-terminal domain, LL-37, is cleaved from the Nterminal cathelin domain (10). LL-37 is a potent modulator of the
immune response, and to date a wide variety of interactions with
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the effector cells of the immune response have been described (11).
Monocytes, the precursors of both macrophages and certain lineages of dendritic cells, have been shown to demonstrate chemotaxis toward LL-37 (12), which is also able to stimulate the production of chemokines and chemokine receptors (13). A variety of
cationic peptides can also reduce proinflammatory cytokine production by macrophages to Toll-like receptor agonists, such as
LPS (14). Consistent with this function, LL-37 can suppress endotoxin-mediated lethality in animals (15). Dendritic cells are also
affected by LL-37 treatment. Recent studies have shown that the
differentiation, function, and surface expression of a variety of cell
surface markers of human monocyte-derived dendritic cells are
altered by exposure to LL-37, which generates cells with enhanced
Ag uptake and presentation capacity (50). LL-37 also has a variety
of other functions, including promotion of histamine release from
mast cells, inhibition of tissue proteases, stimulation of wound
healing, and angiogenesis (16 –19).
Despite burgeoning interest in the immunomodulatory properties of cationic peptides, little is known about their mechanism of
stimulation of the effector cells of the innate immune response.
The only receptor described for LL-37 to date is formyl peptidelike receptor 1 (FPRL-1),3 a pertussis toxin-sensitive, G proteincoupled receptor that has been proposed to be the chemotactic
receptor on monocytes, neutrophils, and subsets of T cells (12).
The recently demonstrated ability of LL-37 to induce mast cell
chemotaxis is also pertussis toxin sensitive and thus mediated by a
G protein-coupled receptor; however, the FPRL-1 receptor was not
found to be involved (20). These studies indicated that there may
be two types of receptors for LL-37 on mast cells, a high affinity
receptor that is responsible for LL-37-induced chemotaxis and a

3
Abbreviations used in this paper: FPRL-1, formyl peptide-like receptor 1; ERK1/2,
extracellular signal-regulated protein kinase; HBE, human bronchial epithelial cell;
LDH-1, lactate dehydrogenase-1; MAPK, mitogen-activated protein kinase; MCP, monocyte chemoattractant protein; hCAP18, human cationic antimicrobial peptide 18.
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LL-37 is a cationic peptide that is found in the granules of neutrophils and is secreted by epithelial cells from a variety of tissues.
Levels of LL-37 in vivo increase upon infection, and its production and secretion are increased upon stimulation with proinflammatory mediators. It has been postulated that LL-37 modulates the immune response by interacting with the effector cells of innate
immunity; however, the mechanism of this interaction is unknown. LL-37 induced phosphorylation and activation of the mitogenactivated protein kinases, extracellular signal-regulated kinase 1/2 (ERK1/2) and p38, in human peripheral blood-derived monocytes and a human bronchial epithelial cell line, but not in B or T lymphocytes. Phosphorylation was not dependent on the G
protein-coupled formyl peptide-like receptor 1, which was previously proposed to be the receptor for LL-37-induced chemotaxis
on human monocytes and T cells. Activation of ERK1/2 and p38 was markedly increased by the presence of GM-CSF, but not
M-CSF. Exposure to LL-37 also led to the activation of Elk-1, a transcription factor that is downstream of and activated by
phosphorylated ERK1/2, the up-regulation of various Elk-1-controlled genes, and the transcription and secretion of IL-8. Inhibition of either p38 or ERK1/2 kinases led to a reduction in LL-37-induced IL-8 secretion and inhibition of the transcription of
various chemokine genes. The ability of LL-37 to signal through these pathways has broad implications in immunity, monocyte
activation, proliferation, and differentiation. The Journal of Immunology, 2004, 172: 3758 –3765.
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Materials and Methods
Cell purification and culture
Blood monocytes were prepared using standard techniques (21). Briefly,
100 ml of fresh human venous blood was collected in sodium heparin
Vacutainer collection tubes (BD Biosciences, Mississauga, Ontario, Canada) from volunteers according to University of British Columbia clinical
research ethics board protocol. The blood was mixed, at a 1:1 ratio, with
RPMI 1640 medium (supplemented with 10% (v/v) FCS, 1% L-glutamine,
and 1 nM sodium pyruvate) in E-toxa-clean (Sigma-Aldrich, Oakville, Ontario, Canada)-washed, endotoxin-free bottle. PBMC were separated using
Ficoll-Paque Plus (Amersham Pharmacia Biotech, Baie D’Urfé, Quebec,
Canada) at room temperature and washed with PBS. Monocytes were enriched with the removal of T cells by rosetting with fresh sheep RBC
(University of British Columbia animal care unit) pretreated with Vibrio
cholerae neuraminidase (Calbiochem Biosciences, La Jolla, CA) and repeat separation by Ficoll-Paque Plus (22). The enriched monocytes were
washed with PBS, then cultured (⬃2–3 ⫻ 106/well) for 1 h at 37°C, followed by the removal of nonadherent cells; monocytes were ⬎95% pure,
as determined by flow cytometry (data not shown). B lymphocytes were
isolated by removing nonadherent cells and adding them to a new plate for
1 h at 37°C. This was repeated a total of three times. Any remaining
monocytes adhered to the plates, and residual nonadherent cells were primarily B cells. Cells were cultured in Falcon tissue culture six-well plates
(BD Biosciences). The adherent monocytes were cultured in 1 ml of medium at 37°C in which LL-37 and/or cytokines dissolved in endotoxin-free
water (Sigma-Aldrich) were added. Endotoxin-free water was added as a
vehicle control. For studies using pertussis toxin the medium was replaced
with 1 ml of fresh medium containing 100 ng/ml of toxin and incubated for
60 min at 37°C. LL-37 and cytokines were added directly to the medium
containing pertussis toxin.
For the isolation of T lymphocytes, rosetted T cells and SRBC were
resuspended in 20 ml of PBS, and 10 ml of distilled water was added to
lyse the latter. The cells were then centrifuged at 1000 rpm for 5 min, after
which the supernatant was removed. The pelleted T cells were promptly
washed in PBS, and increasing amounts of water were added until all sheep
RBC had lysed. The remaining T cells were washed once in PBS, and
viability was confirmed using a 0.4% trypan blue solution. Primary human
blood monocytes and T cells were cultured in RPMI 1640 supplemented
with 10% (v/v) heat-inactivated FBS, 1% (v/v) L-glutamine, and 1 nM
sodium pyruvate (Life Technologies Invitrogen, Burlington, Ontario, Canada). For each experiment between two and eight donors were used.
The SV40-transformed, immortalized 16HBE4o- cell line was a gift
from Dr. D. Gruenert (University of California, San Francisco, CA) (23).
Cells were routinely cultured to confluence in 100% humidity and 5% CO2
at 37°C. They were grown in MEM with Earle’s salts (Life Technologies

Invitrogen) containing 10% FBS (HyClone, Logan, UT) and 2 mM Lglutamine. For experiments, cells were seeded at 1 ⫻ 105 cells/ml medium
in 24-well plates and cultured at 37°C and 5% CO2 for 2 days. The cells
were used between passages 8 and 20.

Media and reagents
LL-37 (sequence LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES)
and CP29 (sequence KWKSFIKKLTTAVKKVLTTGLPALIS) were synthesized by F-moc chemistry at the Nucleic Acid/Protein Synthesis Unit at
University of British Columbia . Human recombinant GM-CSF, IL-4, and
M-CSF were purchased from Research Diagnostics (Flanders, NJ). Pertussis toxin was supplied by List Biological Laboratories (Campbell, CA). SB
203580, a specific inhibitor of p38 kinase, was purchased from SigmaAldrich, and PD98059, a specific inhibitor of ERK1/2 kinase, was purchased from Cell Signaling Technology (Braintree, MA). Peptide
WKYMVM was a gift from Dr. C. Dahlgren (University of Goteborg,
Goteborg, Sweden).

Analysis of cytotoxicity and cell viability
Viability after cell isolation was determined by resuspending cells in a
0.4% trypan blue solution (Life Technologies, Gaithersburg, MD). Peptide
cytotoxicity was assessed by collecting culture supernatants after stimulation with LL-37 or vehicle control. The concentration of lactate dehydrogenase-1 (LDH-1) in the supernatants was quantified using a cytotoxicity
detection kit (Roche, Laval, Quebec, Canada) according to the manufacturer’s instructions.

Analysis of endotoxin contamination
The media, peptide and chemokine stocks, and vehicle controls were tested
for endotoxin contamination using a LAL Chromagenic Endpoint Assay
(HyCult Biotechnology; Cedarlane Laboratories, Hornby, Ontario, Canada). Endotoxin levels were ⬍0.3 EU/ml.

Western immunoblotting
After stimulation, cells were washed with ice-cold PBS containing 1 mM
vanadate (Sigma-Aldrich). Next, 125 l of RIPA buffer (50 mM Tris-HCl
(pH 7.4); 1% Nonidet P-40; 0.25% sodium deoxycholate; 150 mM NaCl;
1 mM EDTA; 1 mM PMSF; 1 g/ml each of aprotinin, leupeptin, and
pepstatin; 1 mM sodium orthovanadate, and 1 mM NaF) was added, and
the cells were incubated on ice until they were completely lysed, as assessed by visual inspection. The lysates were quantitated using a bicinchoninic acid assay (Pierce, Rockford, IL). Thirty micrograms of lysate was
loaded onto 1.5-mm-thick gels, which were run at 100 V for ⬃2 h. Proteins
were transferred to nitrocellulose filters for 75 min at 70 V. The filters were
blocked for 2 h at room temperature with 5% skim milk in TBST (10 mM
Tris-HCl (pH 8), 150 mM NaCl, and 0.1% Tween 20). The filters were then
incubated overnight at 4°C with the anti-ERK1/2-P or anti-p38-P (Cell
Signaling Technology) mAbs. Immunoreactive bands were detected using
HRP-conjugated sheep anti-mouse IgG Abs (Amersham Pharmacia Biotech, Piscataway, NJ) and chemiluminescence detection (Sigma-Aldrich).
To quantify bands, the films were scanned and then quantified by densitometry using the software program ImageJ. The blots were reprobed with
a ␤-actin Ab (ICN Biomedical, Irvine, CA), and densitometry was performed to allow correction for protein loading.

Kinase assay
An ERK1/2 activity assay was performed using a nonradioactive kit (Cell
Signaling Technology). Briefly, cells were treated for 15 min and lysed in
lysis buffer. Equal amounts of proteins were immunoprecipitated with an
immobilized phospho-ERK1/2 Ab that reacts only with the phosphorylated
(i.e., active) form of ERK1/2. The immobilized precipitated enzymes were
then used for the kinase assay using Elk-1, followed by Western blot analysis with Abs that allow the detection and quantitation of phosphorylated
substrates.

Quantification of IL-8
Human IL-8 from supernatants of 16HBE40- cells and blood-derived
monocytes was measured using the commercially available ELISA kit
(BioSource International, Camarillo, CA) according to the manufacturer’s
instructions.

Semiquantitative RT-PCR
Total RNA was isolated from donor blood-derived monocytes using an
RNaqueous Microkit (Ambion, Austin, TX) as described by the manufacturer. The samples were DNase-treated, and then cDNA synthesis was
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low affinity receptor with an undefined function (20). The downstream signaling and consequences of LL-37 binding to these receptors have not been characterized.
Although there is ample evidence that cationic host defense peptides interact directly with effector cells of the innate and adaptive
immune responses, very little is known about eukaryotic cell signaling induced by peptide interaction. In this paper we demonstrate
that LL-37 can signal via the induction of phosphorylation of the
mitogen-activated protein kinases (MAPK), extracellular signalregulated kinase 1/2 (ERK1/2) and p38, in peripheral blood-derived monocytes and in a human bronchial epithelial (HBE) cell
line. We demonstrate that LL-37 promotes the activation of
ERK1/2 and p38 at concentrations equivalent to those likely to be
found at the site of acute inflammation (25–50 g/ml). In addition,
in the presence of the cytokine GM-CSF, activation of these kinases occurs at concentrations of LL-37 as low as 5–10 g/ml,
which would be predicted to be present at the onset of inflammation. Thus, we hypothesize that low levels of peptide are homeostatic and do not possess a major immunomodulatory effect unless
they are expressed in the presence of other agonists, such as cytokines. Lastly, we demonstrate that at least two of the immunomodulatory properties of LL-37, increases in secretion of IL-8 and
in the transcription of the chemokines, monocyte chemoattractant
protein 1 (MCP-1), MCP-3, and IL-8, are dependent upon the activation of p38 and ERK1/2 kinases.
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accomplished using a first-strand cDNA synthesis kit (Life Technologies,
Invitrogen). The resultant cDNAs were used as a template in PCRs for
various cytokine genes: MCP-1 (5⬘-TCATAGCAGCCACCTTCATTC-3⬘,
5⬘-TAGCGCAGATTCTTGGGTTG-3), MCP-3 (5⬘-TGTCCTTTCTCA
GAGTGGTTCT-3⬘, 5⬘-TGCTTCCATAGGGACATCATA-3⬘), IL-6 (5⬘ACCTGAACCTTCCAAAGATGG-3⬘, 5⬘-GCGCAGAATGAGATGAGT
TG-3⬘), and IL-8 (5⬘-GTGCAGAGGGTTGTGGAGAAG-3⬘, 5⬘-TTCTC
CCGTGCAATATCTAGG-3⬘), TNF-␣ (5⬘-AGGGAGCCTTTGGTTCT
GG-3⬘, 5⬘-TCAGCAATGAGTGACAGTTGG-3⬘), and IL-␤ (5⬘-GGATA
TGGAGCAACAAGTGG-3⬘, 5⬘-ATGTACCAGTTGGGGAACTG-3⬘).
Each RT-PCR reaction was performed at least in duplicate. Results were
analyzed in the linear phase of amplification and normalized to the housekeeping control, GAPDH. Reactions were verified by including controls
generated without reverse transcriptase.

Results
LL-37 induces ERK1/2 and p38 phosphorylation in peripheral
blood-derived monocytes.

A serum component is required for LL-37-induced activation
It has been proposed that LL-37 binds to at least one serum protein,
and that this binding modifies its activities (24). Thus, we tested
the ability of LL-37 to activate ERK1/2 and p38 in the presence
and the absence of serum. No cytotoxicity was observed in response to a 15-min LL-37 exposure in the presence or the absence
of serum, as assessed by trypan blue exclusion or the LDH-1 assay
(data not shown). In the absence of serum, no detectable activation
of ERK1/2 or p38 was observed using Abs specific for the phosphorylated forms of the kinases, in contrast to the activation observed in the presence of FCS (n ⫽ 3; Fig. 2). In addition, a
functional assay for ERK1/2 activation was performed. In this assay, activation of an ERK1/2-controlled transcription factor, Elk-1,
was detected in medium containing serum, but not in serum-free
medium (n ⫽ 2; Fig. 2). This indicates that LL-37 requires the
addition of at least one serum component to induce activation of
the MAPKs, ERK1/2 and p38.
LL-37 activation of MAPK pathways is specific for monocytes
and epithelial cells
To assess whether LL-37-induced activation of the ERK1/2 and
p38 kinases was specific to effector cells of the innate immune
response, phosphorylation of p38 and ERK1/2 was studied in
freshly isolated primary monocytes, B cells, T cells, and the human
epithelial cell line 16HBE4o- (Fig. 3). No cytotoxicity was detected in any cell type under the assay conditions, as assessed by
trypan blue exclusion or the LDH-1 assay (data not shown). Western blot analysis demonstrated that both the epithelial cell line
(n ⫽ 2 experiments) and primary monocytes (n ⫽ 8 donors)
showed substantial increases in ERK1/2 and p38 phosphorylation
upon exposure to LL-37 for 15 min (as assessed after normalization for loading differences by reprobing with an Ab for ␤-actin).
However, no phosphorylation of either ERK1/2 or p38 kinases was
evident in human T cells or B cells (n ⫽ 4 donors and n ⫽ 2
donors, respectively). This cellular specificity indicates that activation of the MAPKs is specific to certain cell types and therefore

FIGURE 1. Exposure to LL-37 induces phosphorylation of ERK1/2 and
p38. Human peripheral blood-derived monocytes were exposed to 50
g/ml LL-37 (⫹) or endotoxin-free water (⫺) as a vehicle control for 15
min. Abs specific for the phosphorylated forms of ERK1/2 and p38 were
used to detect activation of ERK1/2 and p38 in cell lysates. ␤-Actin was
quantified to allow correction for protein loading. All donors tested showed
increased phosphorylation of ERK1/2 and p38 in response to LL-37 treatment. A, One representative donor is shown. B, The phosphorylation of
ERK1/2 (n ⫽ 9 donors) and p38 (n ⫽ 4 donors) was quantified by densitometry. Student’s one-tailed t test was performed. ⴱⴱ, p ⬍ 0.01; ⴱ, p ⬍
0.05. The mean ⫾ SE are shown.

may relate to similar receptors in these types of cells or to similarities in membrane organization.
G-coupled proteins are not involved in LL-37-induced activation
of MAPK
FPRL-1, a pertussis toxin-sensitive, G-coupled protein has been
proposed to be a receptor for LL-37 on monocytes, certain subsets
of T cells, and neutrophils (12). To test whether FPRL-1 or other
G protein-coupled receptors were involved in LL-37-induced signaling, sensitivity to inhibition with pertussis toxin was examined.
No significant reduction of ERK1/2 phosphorylation was observed
as a result of incubation with pertussis toxin. ERK1/2 phosphorylation upon stimulation with 50 g/ml LL-37 was increased an
average of 8.3-fold in the absence (n ⫽ 9) and 7.6-fold in the
presence (n ⫽ 3) of pertussis toxin (Fig. 4A). A synthetic peptide
activator/agonist (WKYMVM) of FPRL-1 and FPRL-2 was used
as a positive control. The FPRL-1 agonist induced massive
ERK1/2 phosphorylation, which was partially inhibited by the incubation with pertussis toxin (⬃6- and 9-fold inhibition was seen
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To determine whether LL-37 induced activation of the MAPKs,
ERK1/2 and/or p38, peripheral blood-derived monocytes were
treated with 50 g/ml LL-37 or water (as a vehicle control) for 15
min. To visualize the activated (phosphorylated) form of the kinases, Western blots were performed with Abs specific for the
dually phosphorylated form of the kinases (phosphorylation on
Thr202 and Tyr204 and on Thr180 and Tyr182 for ERK1/2 and p38,
respectively). The gels were reprobed with an Ab for ␤-actin to
normalize for loading differences. In all cases, increases in the
phosphorylation of ERK1/2 (n ⫽ 8) and p38 (n ⫽ 4) were observed in response to LL-37 treatment (Fig. 1).

The Journal of Immunology

FIGURE 2. LL-37 is unable to induce MAPK activation in human
monocytes under serum-free conditions. Cells were exposed to 50 g/ml
LL-37 (⫹) or endotoxin-free water (⫺) as a vehicle control for 15 min. A,
After exposure to LL-37 in medium containing 10% FCS, phosphorylated
ERK1/2 was detectable; however, no phosphorylation of ERK1/2 was detected in the absence of serum (n ⫽ 3). B, Elk-1, a transcription factor
downstream of ERK1/2, was activated (phosphorylated) upon exposure to
50 g/ml LL-37 in medium containing 10% FCS, but not in the absence of
serum (n ⫽ 2).

LL-37-induced activation of ERK1/2 and p38 is dose dependent
and demonstrates synergy with GM-CSF
The precursor hCAP18 is found at low levels in blood and serum,
whereas LL-37, the processed form of the peptide, is found at
much higher concentrations in the context of infection (25–27).
We hypothesized that LL-37-induced activation of the MAPKs
may be more pronounced in the presence of cytokines that are
up-regulated during the course of infection. To test this hypothesis
we added GM-CSF, IL-4, or M-CSF (each at 100 ng/ml) concurrently with LL-37 and measured phosphorylation of ERK1/2 in
freshly isolated human blood monocytes (Fig. 5). ERK1/2 phosphorylation was evident when cells were treated with 50 g/ml
LL-37 (8.3-fold increase over untreated; n ⫽ 9), but not at lower
concentrations (n ⫽ 2). In the presence of 100 ng/ml GM-CSF,
LL-37-induced ERK1/2 phosphorylation increased markedly (58fold greater than untreated; n ⫽ 5). This synergistic activation did
not occur in the presence of 100 ng/ml M-CSF or IL-4. Further-

FIGURE 3. Activation of ERK1/2 and p38 phosphorylation by LL-37 is
induced in cells of the innate immune system. Freshly isolated human
peripheral blood-derived monocytes (PBDM), T cells, B cells, and HBE
cell line were stimulated for 15 min with 50 g/ml LL-37 (⫹) or endotoxin-free water as a vehicle control (⫺) in medium containing 10% FCS.
Abs specific for the phosphorylated forms of ERK1/2 and p38 were used
to detect their activation in cell lysates. Activation of ERK1/2 and p38 was
evident in monocytes and the bronchial epithelial cell line, but not in T or
B cells. For monocytes, T cells, and B cells, one representative donor is
shown from eight, four, and two donors, respectively. For the 16HBE4ocell line, one representative experiment of two is shown. ␤-Actin was
quantified to allow correction for protein loading.

FIGURE 4. LL-37-induced phosphorylation of ERK1/2 and p38 kinases is not mediated by G protein-coupled receptors. Abs were used to
detect the phosphorylated forms of ERK1/2 and p38 in cell lysates from
human peripheral blood-derived monocytes. ␤-Actin was quantified to allow correction for protein loading. A, Cells were exposed to 50 g/ml
LL-37 (⫹) or endotoxin-free water (⫺) as a vehicle control for 15 min in
medium containing 10% FCS. Phosphorylation induced by LL-37 was not
inhibited by 100 ng/ml pertussis toxin (⫹) added 30 min before exposure
to LL-37 and present during LL-37-induced stimulation. B, Cells were
exposed to 100 ng/ml WKYMVM, a synthetic agonist of FPRL-1 (⫹).
Phosphorylation of ERK induced by FPRL-1 was reduced ⬃9-fold by the
addition of pertussis toxin (⫹). One representative experiment of two is
shown.

more, in the presence of GM-CSF, activation of ERK1/2 occurred
in response to concentrations of 5 and 10 g/ml LL-37, respectively (as confirmed by densitometry), in the two donors tested
(Fig. 5). This demonstrates that LL-37-induced activation of

FIGURE 5. ERK1/2 activation is amplified and occurs at lower concentrations of LL-37 in the presence of GM-CSF. A, Freshly isolated monocytes were stimulated with LL-37 (50 g/ml) or endotoxin-free water (0
g/ml LL-37) as a vehicle control in medium containing 10% FCS and no
cytokines, GM-CSF (100 ng/ml), M-CSF (100 ng/ml), or IL-4 (100 ng/ml).
A minimum of three donors were used for each experiment. LL-37-induced
phosphorylation of ERK1/2 was significantly enhanced in the presence of
GM-CSF, but not IL-4 or M-CSF. Values are the mean ⫾ SE. ⴱ, p ⫽ 0.004.
B, The concentration of LL-37 required to induce phosphorylation of
ERK1/2 was decreased from 50 to 5 g/ml. One representative donor of
two is shown.
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in two donors; Fig. 4B), indicating that the incubation with pertussis toxin under the conditions studied did indeed inhibit G protein-coupled receptor signaling. As LL-37-induced signaling was
not affected by pertussis toxin treatment, these data suggest that
activation of ERK1/2 was not linked to a pertussis toxin-sensitive
receptor and, in particular, was not linked to the FPRL-1 receptor.
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ERK1/2 occurred at a lower threshold in the presence of GM-CSF,
a cytokine found locally at sites of infection. The presence of GMCSF also enhanced LL-37-induced phosphorylation of p38 (data
not shown).
LL-37-induced MAPK activation is not related to cytotoxicity in
human blood-derived monocytes
Some cationic peptides induce lysis of eukaryotic cells. Previous
gene array experiments (13) demonstrated that 50 g/ml LL-37
did not cause the up-regulation of any known stress- or cytotoxicity-regulated genes (e.g., heat shock proteins, apoptosis genes,
etc.). To test whether LL-37 was cytotoxic in our model system
over longer exposure periods, human blood-derived monocytes
from two donors were incubated with LL-37 (10 –50 g/ml), the
cytotoxic peptide CP29 (50 g/ml), or a vehicle control for 0.5– 4
h (Fig. 6A). The concentration of LDH-1 in the supernatants was
quantified as a measure of cytotoxicity. The cytotoxic peptide,
CP29, induced significant cell lysis beginning at 0.5 h. In contrast,
cells exposed to up to 50 g/ml LL-37 demonstrated no more lysis
than the controls (Fig. 6A). These data demonstrate that MAPK
phosphorylation induced by 15-min exposure to LL-37 in human

LL-37 ACTIVATES p38 KINASE AND ERK1/2
blood-derived monocytes does not correlate with later cytotoxicity
at the concentrations used in this study.
LL-37 exposure induces IL-8 secretion in human blood-derived
monocytes
We have recently demonstrated that LL-37 induced the secretion
of chemokines in the human A549 epithelial cell line (IL-8) and
whole human blood (MCP-1 and IL-8) (13). In addition to testing
for LDH levels, the supernatants from human blood-derived monocytes treated with 10 –200 g/ml, the cytotoxic peptide CP29 (50
g/ml), or a vehicle control for up to 4 h were assayed for IL-8
secretion by ELISA. In both donors tested, the addition of LL-37
led to an increase in IL-8 secretion; however, the cytotoxic peptide
CP29 did not induce IL-8 secretion (Fig. 6B). These data confirm
that the immunomodulatory properties of LL-37 and cytotoxicity
are independent.
Activation of ERK1/2 and p38 is necessary for transcription of
Elk-1-controlled genes and secretion of IL-8

Activation of ERK1/2 and p38 is necessary for LL-37-induced
transcription of certain chemokines

FIGURE 6. LL-37 induces IL-8 production in human blood-derived
monocytes in the absence of cytotoxicity. A, Human peripheral bloodderived monocytes from two separate donors were exposed to 10 –50
g/ml LL-37 or the cytotoxic peptide CP-29 or to endotoxin-free water as
a vehicle control for up to 4 h. The concentration of LDH-1 in the supernatants induced a colorimetric change that provided a measure of cytotoxicity. The average release of LDH by the two donors is shown. Bars represent the range of results for the two donors. B, After assaying for
cytotoxicity, the supernatants were assayed for IL-8 by ELISA. The average of two donors is shown. Error bars represent the range of results for the
two donors.

To determine the downstream transcriptional effects of LL-37-induced MAPK activation, the expression of genes known to be
regulated by ERK1/2 or p38 was assessed. Semiquantitative RTPCR was performed on RNA collected from monocytes isolated
from two donors and pretreated with the ERK1/2 and p38 inhibitors or vehicle control before a 4-h exposure to 50 g/ml LL-37
(n ⫽ 2). MCP-1 and IL-8 have been demonstrated to be under the
transcriptional control of both ERK1/2 and p38 (29, 30). Consistent with these observations, the expression of these genes was
up-regulated after exposure to LL-37, and this up-regulation was
abolished in cells pretreated with either ERK1/2 or p38 inhibitors
(Fig. 7C). Transcription of the gene encoding MCP-3 was also
increased in the presence of LL-37 and was dependent on the activation of both p38 kinase and ERK1/2. Conversely, there were no
increases in the transcription of the genes encoding the proinflammatory cytokines TNF-␣, IL-1␤, and IL-6 in either donor (data not
shown). These data are consistent with the hypothesis that activation of the ERK1/2 and p38 signaling pathways has functional
effects on the transcription of cytokine genes with immunomodulatory functions.
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IL-8 release is known to be governed at least in part by activation
of the ERK1/2 and p38 kinases (28). To determine whether activation of the MAPKs was required for IL-8 release, cells were
incubated with a p38 kinase-specific inhibitor, SB 203580, and/or
an ERK1/2-specific inhibitor, PD98059, for 1 h before a 4-h incubation with 50 g/ml LL-37. IL-8 in the culture medium was
assayed by ELISA. In both donors tested, LL-37-induced IL-8 secretion was reduced by the presence of either 10 M ERK1/2 or
p38 kinase inhibitors and was abrogated in the presence of the
combination of both inhibitors (Fig. 7A).
When HBE cells were stimulated with 50 g/ml LL-37 for 4 h,
a significant increase in the amount of IL-8 released into the medium was detected (Fig. 7B). This LL-37-induced secretion of IL-8
was reduced in the presence of either the p38 inhibitor or the
ERK1/2 inhibitor. In the presence of both inhibitors in combination, IL-8 secretion was not significantly different from the baseline level of IL-8 secretion (Fig. 7B). These data indicate that both
p38 and ERK1/2 kinases are involved in LL-37-mediated IL-8
secretion in blood-derived monocytes and epithelial cells.
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Discussion
There is a paucity of information on how antimicrobial peptides
exert their effects on eukaryotic cells. Despite the fact that there
have been hundreds, if not thousands, of antimicrobial peptides
characterized to date, many of which have immunomodulatory
properties, little or nothing is known about how they initiate sig-

naling within eukaryotic cells. In this paper we demonstrate for the
first time that the human cathelicidin, LL-37, induces activation of
both the p38 and ERK1/2 kinases in monocytes and epithelial
cells. Activation of these kinases has been demonstrated to have
pleiotropic influences on the effector cells of the immune response,
including cytokine production, cellular activation, proliferation,
and differentiation (31). As LL-37 has been demonstrated to modulate all these processes, it is tempting to speculate that its immunomodulatory abilities may be regulated in part by its ability to
signal through these pathways.
In a study by De Yang et al. (12), LL-37 was demonstrated to be
a chemoattractant for monocytes, neutrophils, and T cells. This
activity of LL-37 was proposed to be receptor mediated, functioning via the G protein-coupled receptor FPRL-1 and inhibited by an
peptide agonist of FPRL-1 (12). Due to the insensitivity of LL37-induced MAPK activation to both pertussis toxin (Fig. 4) and
cholera toxin (data not shown), we believe that activation of
ERK1/2 and p38 by LL-37 is not linked to a G protein-coupled
receptor, such as FPRL-1. Indeed, although FPRL-1 is expressed
on both monocytes and T cells, LL-37-induced activation of
ERK1/2 and p38 was observed in monocytes and epithelial cells,
but not on T or B cells, indicating that this receptor is not the
mechanism by which the MAPKs are activated. Niyonsaba et al.
(20) demonstrated that FPRL-1 was not the receptor on mast cells,
which undergo both chemotaxis and degranulation in response to
LL-37. In fact, these researchers suggest that LL-37 has two receptors in this cell type: one high affinity pertussis toxin-sensitive
receptor that is linked to LL-37-induced chemotaxis, and one low
affinity receptor with an as yet undefined function (20). Our study
indicates that LL-37 induces activation of p38 kinase and ERK1/2,
directly or indirectly, through a pertussis toxin-insensitive
mechanism.
LL-37-induced signaling was not observed in the absence of
serum. The properties of LL-37 have been demonstrated to be
altered in the presence of serum (32). In fact, in the absence of
serum, moderate concentrations (30 –100 g/ml) of LL-37 and related peptides were cytotoxic toward both prokaryotic and eukaryotic cells (24, 33, 34). However, in the presence of serum, cytotoxicity toward both cell types was substantially reduced (33, 35).
In the current study it was demonstrated that in medium containing
serum, LL-37 does not induce substantial cytotoxicity in human
blood-derived monocytes. In other studies we have shown that in
the absence of serum, 50 g/ml LL-37 does result in increased cell
lysis in as little as 2 h (data not shown). LL-37-induced activation
of MAPK is not a result of cytotoxicity, as it does not occur in the
absence of serum. When LL-37 is found in the blood or tissues
during the course of infection, it may exist coupled to one or several proteins. The presence of apolipoprotein 1 has been proposed
to reduce LL-37-induced cytotoxicity while also inhibiting its antimicrobial functions (24). It will be of interest to determine
whether the presence of apolipoprotein can restore the ability of
LL-37 to induce signaling in serum-free medium; however, it is
not unreasonable to assume that there are multiple components in
serum that may interact with the positively charged LL-37. These
data illustrate the importance of studying the immunomodulatory
effects of LL-37, and perhaps other cationic peptides, in the presence of serum.
LL-37 induces chemokine secretion in airway epithelial cell
lines, human whole blood, and mouse models (13, 36, 37). In this
study we demonstrated that the activation of ERK1/2 and p38 kinases is required for LL-37-induced transcription of the chemokines IL-8, MCP-1, and MCP-3 in human blood-derived monocytes. We also demonstrated that this transcription is specific for
chemokine genes and not proinflammatory cytokines such as
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FIGURE 7. LL-37 induces IL-8 secretion and chemokine transcription
in a p38 kinase- and ERK1/2-dependent manner. A, Human peripheral
blood-derived monocytes from two donors were incubated with 10 M p38
kinase-specific inhibitor SB 203580 (10 SB) and/or 10 M ERK1/2-specific inhibitor PD98059 (10 PD) for 1 h, after which the cells were exposed
for 4 h to 50 g/ml LL-37 or endotoxin-free water as a vehicle control.
IL-8 was assayed in the culture medium by ELISA. B, Approximately 1 ⫻
105 cells of the HBE cell line 16HBE4o- were seeded per well of a 24-well
plate and grown for 2 days. The cells were then incubated with 50 M p38
kinase-specific inhibitor SB 203580 (50 SB) and/or 50 M ERK1/2-specific inhibitor PD98059 (50 PD) for 1 h, after which the cells were exposed
for 4 h to 50 g/ml LL-37 or endotoxin free water as a vehicle control. IL-8
was assayed in the culture media by ELISA. Values are the mean ⫾ SE of
three independent experiments. ⴱ, p ⬍ 0.05. C, Human peripheral bloodderived monocytes were incubated with kinase inhibitors and LL-37 as
described above. After 4 h, RNA was collected, and RT-PCR was performed. The mRNA expression of the chemokine genes was corrected for
GAPDH expression. MCP-1, MCP-3, and IL-8 were up-regulated by
LL-37 treatment, and this up-regulation was abrogated by treatment with
inhibitors of either ERK1/2 or p38. Representative data for one of two
donors tested are shown.
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ogous to those found in vivo, LL-37 is a weak antimicrobial agent
(data not shown). Conversely, it is one of the most potent antiendotoxic agents among cationic host defense peptides, is directly
chemotactic, and induces dramatic changes in the phenotype of
monocyte-derived dendritic cells, indicating a substantial role in
the innate immune response (13). Thus, it is becoming increasingly
clear that peptides are more than simply nature’s antibiotics, but,
rather, play a complex role in resolving infection, attenuating inflammation, and, when this attempt at resolution is not sufficient,
alerting the adaptive immune response. Characterization of the
mechanism of action of these peptides is shedding light on the
properties that make them potential therapeutic agents. We propose that LL-37-induced activation of ERK1/2 and p38 kinases is
a pivotal function of this peptide, acting via an as yet undetermined
G protein-coupled receptor-independent, but serum-dependent,
mechanism. We demonstrate that this MAPK activation displays
synergy with other modulators of the immune response and hypothesize that the direct downstream signaling consequences are
fundamental to many of the immunomodulatory activities of
LL-37 with regard to their physiological role and also as potential
therapeutics.
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