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Abstract
LL-37, the only cathelicidin family member of cationic host defence peptides in humans,
has been shown to mediate multiple immunomodulatory effects and as such is thought to be an
important component of innate immune responses. A growing body of evidence suggests that
LL-37 affects lung mucosal responses to pathogens through altered regulation of cell migration,
proliferation, wound healing, and cell apoptosis. The aforementioned functions are consistent
with LL-37 playing a role in regulating lung epithelial inflammatory responses, a role that is,
however, not yet clearly defined. The effect of LL-37 on cytokine and chemokine production
and signalling regulation in airway epithelial cells were investigated here. In this report I
demonstrated that LL-37 induced protein release and transcriptional up-regulation of IL-6 and
GRO-a in airway epithelial cells. LL-37 stimulation activated

NF-KB

signalling, which was

further demonstrated herein to robustly regulate production of IL-6 and GRO-a in airway
epithelial cells.. With respect to receptor regulation, LL-37-stimulated IL-6 release was
demonstrated to be regulated by EGFR and a G-protein coupled receptor, possibly FPRL-1.
Furthermore, E G F R was shown to regulate LL-37-stimulated GRO-a. M A P kinase pathways
mediated partial signalling regulation of both IL-6 and GRO-a release, while PI3K did not
regulate this response. The evidence presented in this report shows that LL-37 is indeed a potent
regulator of lung immune responses mediated through activation of multiple signalling
pathways.
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1. Introduction
1.1

Lung innate immunity
The lung mucosal surface is constantly bombarded by microbes and particulate matter

delivered through respiration. Considering the amount of microbial stimulation, infections and
colonization of the mucosa occur relatively infrequently, due to highly evolved host defense
mechanisms (1). The primary lines of lung mucosal defense are the innate immune mechanisms
of the epithelial cell layer, and the interacting hematopoietic cells (neutrophils, macrophages,
and eosinophils, for example) (2, 3). In particular, airway epithelial responses of the conducting
airways, which will be discussed in more detail herein, have several described mechanisms of
host defence: 1) physical sequestration and removal of microorganisms; 2) recruitment of
hematopoietic cells that can modulate or trigger the inflammatory response; and 3) secretion,
into the mucus, of an array of compounds with a variety of activities (e.g. cytokines,
chemokines, host defence peptides, proteases) (3).
The first line of defence of respiratory epithelium is its barrier function (3). The luminal
surface of airways is lined with a pseudostratified layer of highly differentiated polarized
epithelial cells. The ciliated apical cell surface is covered with airway surface fluid (ASF),
which is^composed of a periciliary serous layer and an outer viscous mucus layer (3, 4). The
majority of inhaled particulate matter and potential pathogens that become trapped in the mucus
layer are expelled through mucociliary movement and cough (1, 3, 4). The basal surface of the
polarized epithelium overlays the basement membrane, in close proximity to underlying
capillaries and various neighboring cells, including muscle cells and leukocytes in the
connective tissue matrix (4). Cell polarization is a means of constraining the availability of
receptors to an enormous dose of stimuli delivered through respiration, and represents yet
1

another method of avoiding excessive stimulation/inflammation. Furthermore, cell polarization
allows for tightly controlled ion, water and cell-derived molecule flow between

the

compartments, which subsequently allows a coordination between luminal stimuli and mucosal
responses (4).
The importance of epithelial cells in lung immunity well exceeds their role as an
effective physical barrier to invading pathogens: a wealth of studies indicate that these cells are
also active participants and modulators of inflammatory responses that aid to maintain the lower
airways free of pathogens (2, 5, 6). Airway epithelial cells express a variety of receptors such as
the Toll-like receptors (TLRs 1-9), various growth factor receptors [e.g. epidermal growth factor
receptor (EGFR)], and an abundance of cytokine/chemokine receptors [e.g. tumor necrosis
factor (TNF) and interleukin-1 (IL-1) receptors], through which a cornucopia of signalling
pathways [such as Nuclear factor

K B (NF-KB),

Phosphatidylinositol-3-kinase (POK) and

Mitogen-activated protein (MAP) kinases] can be activated. Activation of these pathways
governs the course of inflammation and infection in the airway mucosa, and commonly results
in production and release of a variety of compounds that modulate lung mucosal immunity.
Various cytokines, chemokines, proteases, and cationic antimicrobial peptides produced by the
epithelial cells, and by infiltrating leukocytes, have immunomodulatory and/or antimicrobial
functions in lung immune responses (2). Thus it is clear that the function of the respiratory
epithelium is diverse. It can orchestrate the onset of inflammation in response to luminal
stimulation by potential pathogens and environmental irritants, and it can modulate the extent of
the immune response by recruiting effector immune cells, which can in turn activate/modulate
epithelial cell responses through paracrine stimulation (4).

2

1.2

Effectors of lung innate immunity - cationic peptides

Airway epithelial cells produce a variety of compounds with antimicrobial and
immunomodulatory properties through which they modulate host defence responses. Lysozyme,
lactoferrin, secretory leukoprotease inhibitor (SLPI), cytokines/chemokines, human P defensins
(HBD), and LL-37 (cathelicidin), among others, regulate processes such as polymorphonuclear
cell (PMN)/macrophage influx and activation, wound healing, angiogenesis, microorganism
removal, and activation of adaptive immunity (3, 5, 7). The role of HBDs and cathelicidins in
lung innate immunity is of particular interest since these molecules may modulate host
inflammatory responses in addition to potentially participating in direct killing of pathogens
under appropriate physiological circumstances (8, 9). Both HBDs and cathelicidin LL-37 are
classified as cationic peptides, the structural characteristics of which are summarized below. A n
increase in H B D and LL-37 concentrations in the lung fluid has been described in many lung
conditions such as chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF),
pneumonia, and sarcoidosis (7, 10, 11). Furthermore, it has been shown that knock-out mice
deficient in mouse P-defensin 1 (mBD-1) show delayed clearance of Haemophilus influenzae
from the lung (12), while viral vector mediated over-expression of LL-37 results in
augmentation of host defences in a CF xenograft model, and in murine models of septic shock
and pneumonia (7, 13, 14). Induction of these cationic peptides in various lung diseases and
inflammatory conditions, as well as their ability to affect lung host defence responses, suggests
the relevance of these peptides in lung immunity.

1.3

Chemokines and cytokines - role in regulation of lung responses

Cytokines and chemokines released into the lung airways are an important part of lung
host defenses. Numerous lung diseases such as COPD, acute respiratory distress syndrome
(ARDS), and cystic fibrosis have characteristic patterns of induced cytokines and chemokines
3

(11, 15-17). These small molecules, such as C X C L - 8 [interleukin-8 (IL-8)], interleukin-6 (IL-6),
CXCL-1 [growth-regulated oncogene a (GRO-a)], interleukin-1(3 (IL-1 (3), to name a few, are
incidentally the very ones known to be potent modulators of lung innate responses. In addition
to being produced by infiltrating leukocytes," cytokines and chemokines can be produced by
airway epithelial cells. Lung epithelial cells have been shown to produce a variety of cytokines
and chemokines such as IL-8, TNF-a, IL-1 (3, IL-6, CCL3 [macrophage inflammatory protein-la
(MIP-la)], GRO-a, C X C L - 5 [epithelial-derived neutrophil-activating protein-78 (ENA-78)],
and

granulocyte-macrophage

colony-stimulating-factor

(GM-CSF),

among

others,

thus

displaying an ability to regulate initiation, amplification and progression of inflammatory
responses (18, 19).
Cytokines are multifunctional molecules that orchestrate various aspects of lung
immunity. TNF-a and IL-1 (3 are potent pro-inflammatory regulators of airway epithelial cells.
Both have been shown to induce release of various chemokines and cytokines from airway
epithelial cells, including IL-8, IL-6, GM-CSF, CCL20 [macrophage inflammatory protein-3a
(MIP-3a)] and GRO-a (6, 18, 20). They also affect other processes in the lung such as
apoptosis, tissue remodeling and wound healing (1, 19, 21). Another example of such
molecules, IL-6, is a pleiotropic cytokine and an important player in inflammatory responses
(22). Depending on other factors present at the site of infection, IL-6 has been described as
having pro- and anti-inflammatory properties in the lung (23, 24). Numerous studies have
shown that IL-6 can regulate neutrophil recruitment, clearance and apoptosis (24, 25),
inflammatory cytokine and chemokine expression in monocytes/macrophages (26), and T cell
adhesion, migration and apoptosis (27, 28), thus modifying the transition from P M N infiltration
(innate response) to mononuclear cell influx (adaptive response initiation).
Chemokines are structurally-related low molecular weight peptides involved primarily in
the recruitment of various effector cells to infection foci. They can be divided into two groups,
4

according to the position of first two conserved cysteine residues, C X C and C C chemokines.
C X C chemokine family members pertinent to lung immunity include C X C L - 8 (IL-8), C X C L - 1
(GRO-a), C X C L - 2 (GRO-(3), C X C L - 5 (ENA-78), C X C L - 7 [neutrophil activating protein-2
(NAP-2)], among many (4, 29). These chemokines predominantly regulate, with variable
potency, chemotaxis and activation of neutrophils and other granulocytes (4, 29). Furthermore,
members of the E L R - C X C subgroup of C X C chemokines, of which IL-8 and GRO-a are
prominent examples, have been shown to mediate angiogenesis - a shared feature of this group
(6, 30). The C C family chemokines which include CCL5 (RANTES), CCL3 ( M I P - l a ) , CCL20
(MIP-3a), and CCL2 [monocyte chemoattractant protein-1 (MCP-1)], to name a few, are mainly
involved in chemoattraction of macrophages, monocytes, and T cells (4, 6, 29)

1.4

Signalling pathways that regulate airway cell responses -

NF-KB

Signalling regulation of cytokine and chemokine induction is complex. It involves T L R
pathway activation by microbial antigens (a common mechanism of activation of

NF-KB

transcription factor), growth factor receptor signalling (activation of M A P kinases, PI3 kinases,
etc.), as well as signalling induced by other cytokines/chemokines themselves (such as I L - i p ,
TNF-a acting through their respective receptors).

NF-KB

activation and signalling is one of the

most common signalling pathways that regulate numerous complex events of lung innate and
adaptive immune responses. The

NF-KB

family of transcription factors consists of 5 members:

p65 (RelA), Rel-B, c-Rel, p50/pl05 (NF-Kpl), and p52/pl00 ( N F - K B 2 ) which can form
homodimers/ heterodimers that are sequestered in the cytoplasm by any of the seven members
of the Inhibitor of nuclear factor-KB (iKB)-family proteins, including I K - B a and
The best studied

NFKB

IK-BP

(31, 32).

subunit dimer is the p65/p50 heterodimer, which is activated most

commonly in lung innate immune responses. The p65/p50 heterodimer is associated with I K - B a
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in the cytosol (33). Alternatively, p50 and p52 homodimers have been shown to repress gene
expression as these proteins lack transactivation domains (32, 33). Binding of the

NF-KB

subunits to I K - B proteins via their Rel homology domains prevents the complex from
translocating to the nucleus, binding to D N A , and initiating transcription of a variety of pro- and
anti-inflammatory molecules (31-33). In order to alleviate negative regulation of the pathway
mediated by IK-Ba, these molecules need to be phosphorylated; phosphorylation of IK-Ba is
followed by ubiquitination, and subsequent proteosomal degradation (32, 34). Once inhibition
by I K - B a is relieved, N F - K B dimers are free to translocate to the nucleus. Phosphorylation of

IK-

B molecules is mediated by I K B kinases (IKK), which can in turn be activated by multiple
upstream pathways, including mitogen-activated protein kinase kinase kinase 1 (MEKK1),
M E K K 3 , transforming-growth-factor-(3-activated kinase (TAK1) and NF-KB-inducing kinase
(NIK) (34).

NF-KB

signalling is an important mediator of innate immune responses in many

lung diseases. Activation of

NF-KB

signalling has been shown in A R D S , where it potentially

mediates lung injury and neutrophil infiltration (31). Furthermore, increased activation of N F K B has been demonstrated in asthma and CF, which are characterized by an increase of proinflammatory cytokines/chemokines and adhesion molecules (31, 35).

1.5

Cationic peptides - structural classification and functional diversity

Cationic peptides, often referred to as antimicrobial peptides, are evolutionarily
conserved innate immunity effectors ubiquitously expressed in all forms of life ranging from
bacteria, fungi, plants,'insects, amphibians, to mammals (3, 36). These amphiphilic peptides are
between 12 to 50 amino acids in length and have a net positive charge of +2 to +9 due to an
excess of positively charged lysine and arginine residues (3, 36, 37). Though very diverse in
sequence, these peptides can be classified in four groups based on 3-D structures they form
upon interaction with biological membranes: 1) (3-sheets with 2 or 3 disulphide bonds (e.g. P6

defensins), 2) amphipatic a-helices (e.g. cathelicidin LL-37), 3) extended molecules (e.g.
indolicidin), and 4) loops with a single disulphide bond (e.g. bactenecin) (Structures shown in
Figure 1) (3, 36, 37). A l l cationic peptides are derived from a larger precursor molecule by
proteolysis, and can include a variety of post translational processing methods (e.g.
glycosylation), depending on the specific peptide (38). Initial studies of cationic peptide
function indicated that some peptides are potent microbicidal agents, with a wide spectrum of
specificity ranging from bacteria, fungi, and parasites to viruses (36, 37), although this function
can be inhibited at physiological mono- and divalent cation concentrations. In addition, many of
these molecules also have been shown to exhibit an amazing range of other functions, such as
innate immune modulating, wound healing, anti-cancer, and chemotactic activities [See (3, 36,
37, 39) for reviews]. Due to the multitude of functions that these "antimicrobial peptides" were
determined to possesses, a new, more descriptive name has been coined for these molecules host defence peptides (8, 40). Cathelicidins comprise a well-described and diverse family of
host defence peptides, and together with defensins represent the two major cationic peptide
groups found in mammals (41).

1.6

Cathelicidins
Cathelicidins are expressed in many mammalian species including dogs, cattle, mice,

rats, monkeys, pigs, horses, rabbits, to name a few (41-43). However, several recent studies have
identified cathelicidin-related peptides in various species of fish (hagfish, trout, and salmon) and
in chickens (44-48). Thus the distribution of cathelicidins is not restricted to mammalian species
only, suggesting that they might be part of an ancient and highly relevant host defence
mechanism.
Cathelicidins were discovered in early 1990's, and they were named based on similarity
of their pro-region to a porcine peptide cathelin, a putative cysteine-proteinase inhibitor (49).
7

Members of this peptide group are synthesized as precursor molecules consisting of an N terminal signal sequence (29-30 amino acids) and a conserved pro-region (cathelin domain - 99114 residues), with a highly variable C-terminal sequence that is the host defence peptide (12100 amino acids) (Figure 1.) (43, 49). These inactive pro-peptides are often stored in neutrophil
granules and require proteolytic processing to release the mature, biologically active C-terminal
portion of the peptide (42, 49, 50). Even though numerous bovine and porcine cathelicidins have
been described, the sole member of this cationic peptide group in humans is hCAP-18/LL-37
(51-53).
PROCESSING
SITE

SIGNAL
PEPTIDE
(29-30 residues)

Pre

CONSERVED
CATHELIN
REGION
(98-114 residues)

Pro

B-Turn Loop

MATURE
PEPTIDE
(12-100 residues)

Peptide

a-Helix

Figure 1. Basic structures of cathelicidin peptides
Schematic depiction of cathelicidin pre-pro-peptide sequence with proposed secondary
structures that processed mature peptides can fold into. Modified from (36, 49).
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1.7

hCAP-18/LL-37 - the only human cathelicidin
hCAP-18, an 18 kDa peptide, has the characteristic cathelicidin pre-pro-peptide structure

described in Figure 1 (54). hCAP-18, upon exocytosis from neutrophils is processed by
proteinase-3 (serine protease from azurophilic granules) to yield the biologically relevant host
defence peptide LL-37 (55). LL-37 ( L L G D F F R K S K E K I G K E F K R I V Q R I K D F L R N L V P R T E S )
is a 37 amino acid peptide, predicted to form an amphiphatic helix structure (56). In addition to
proteinase 3 action, other processing mechanisms of hCAP-18/LL-37 have been described. For
example, in sweat, differential processing of hCAP-18 by the kallikrein-family of serine
proteases results in a variety of shorter peptides (57, 58), while in seminal plasma, hCAP-18 is
processed by a prostate-derived gastric acid protease gastricsin to generate the ALL-38 peptide,
hypothesized to play a role in preventing post-coital infections (59).
LL-37 is expressed in a variety of cell types and tissues in the human body. It is
abundant in neutrophils and was also shown to be expressed by macrophages, monocytic cells,
B cells, subsets of T cells, and skin mast cells (60-64). LL-37 expression was furthermore
demonstrated in gastric, colon, gut, gingival and sinus epithelial cells, as well as squamous
epithelium of many sites (skin, mouth, tongue, esophagus, cervix, and vagina) under numerous
inflammatory conditions (20, 52, 65-68).
In the lung, expression of LL-37 has been demonstrated in respiratory epithelial cells of
proximal and distal airways, as well as the cells of submucosal glands (11, 64, 67). Under a
number of pathological lung conditions such as cystic fibrosis, sarcoidosis, and chronic
obstructive pulmonary disease, studies have reported an increase of LL-37 in bronchioalveolar
lavage fluid (BALF) of patients (10, 11, 64, 67). Similar increases in LL-37 concentrations were
also observed in B A L F experiments of premature and mature infants with infections (69). The
widespread distribution of this peptide, and its induction during inflammation suggest that it
plays a highly relevant, though not yet fully understood role in lung immune defence
9

mechanisms.

1.8

LL-37 and modulation of innate immune responses
Although quite small in size and simple in structure, LL-37 has been shown to have

multiple immunomodulatory properties. One of these widespread functions is chemotaxis,
through which LL-37 exerts remarkable effects on innate and adaptive immune responses. L L 37 is directly chemotactic for neutrophils, eosinophils, monocytes, T cells, and mast cells (7072). LL-37 has been demonstrated to be a potent inducer of chemokines in a variety of cells. For
example, peptide stimulation induced IL-8 release in human primary monocytes (73), P B M C s
(Yu, Mookherjee and Hancock, submitted for publication), and airway smooth muscle and
epithelial cells (74, 75). Alternatively, MCP-1, MCP-3, M l P - l a , and MIP-1(3 gene expression
upregulation has been shown in human primary monocytes (73, 76), however protein release
was only demonstrated for MCP-1 (76). In addition, LL-37 has been shown to induce mast cell
degranulation, and release of leukotriene B4 and histamine, which can further modulate cell
influx to the site of infection by increasing vascular permeability (62, 77). Another well
described function of LL-37 is the ability to neutralize endotoxin (LPS) and its TLR-4-mediated
effects in both in vivo (rodent models) and in vitro studies (monocytes, macrophages,
neutrophils) [(40, 78, 79); Yu et al., 2007, submitted for publication]. Furthermore, LL-37 has
been demonstrated to influence dendritic cell (DC) maturation and DC-mediated T cell
polarization (80), while recent studies have shown that LL-37 can influence dendritic cell
activation by modulating T L R activation via T L R ligand stimulation (81). In keratinocytes, L L 37 exerts a multitude of functions. Namely, it has been shown to induce cell migration,
proliferation, and wound healing (82, 83). In addition, LL-37-stimulated keratinocytes were
shown to release a variety of pro- and anti-inflammatory cytokines and chemokines, such as IL6, IL-10, IL-18, IL-20, CCL5, IP-10, MCP-1, and MIP-3a (82, 84).
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A prominent increase in peptide concentration during lung inflammation and its ability
to improve clearance of pulmonary pathogens in overexpression studies, indicate that LL-37 is
very likely a significant effector molecule of lung immune responses (13, 14). In in vitro studies,
LL-37 has been shown to induce IL-8 production from bronchial epithelial cells in a dose- and
time-dependent manner (73, 74, 85). Furthermore, LL-37 is able to induce proliferation,
migration and wound healing in bronchial epithelial cells in a serum-dependent manner at
relatively low concentrations (86). Peptide concentration and serum are important factors with
respect to LL-37-mediated effects on lung epithelial cells. For example, LL-37 was shown to
induce caspase-3-mediated apoptosis in bronchial epithelial cells in a serum-dependent manner
(78, 86, 87). The high concentrations of LL-37 shown in these studies to induce apoptosis in
epithelial cells might occur at inflammation foci

due to neutrophil and macrophage

degranulation. At concentrations higher than 30 |a,g/ml in the absence of all sera, LL-37 can
induce apoptosis after 24 h in lung epithelial cell lines (87). In the presence of FBS, >50 ug/ml
of peptide is required to observe this effect. Human serum, or rather the H D L component,
completely protected epithelial cells from apoptosis induced by LL-37 at aforementioned
concentrations (87). Human serum also inhibited IL-8 release and LL-37 uptake into lung
epithelial cells, while these processes were observed in FBS or no serum conditions (87).

1.9

LL-37 - receptor-mediated immunomodulation?
A l l of the aforementioned LL-37 effects share a common theme with respect to

signalling pathway regulation. LL-37-mediated effects on target cells have been proposed to be
induced by a receptor-mediated interaction. For example, Lau and colleagues (85) have shown
that LL-37 interaction with alveolar epithelial cell membranes and subsequent uptake are
necessary in order to observe the peptide-mediated IL-8 induction. To date, three receptors have
been proposed to mediate the effects of LL-37 on various cells, namely - epidermal factor
11

receptor (EGFR), a G-protein coupled formyl peptide receptor-like-1 (FPRL-1), and a purinergic
P 2 X receptor (72, 74, 88). However, regulation by these proposed receptors cannot account for
7

many peptide-mediated responses. The discovery and identification of additional novel LL-37
receptor(s) is an ongoing effort in the LL-37 research community.
One of the first proposed LL-37 receptors reported to be involved in chemotactic activity
of the peptide towards various hematopoietic cells was FPRL-1 (72). In addition to chemotaxis,
FRPL-1 was also shown to be involved in LL-37-mediated angiogenesis and artheriogenesis by
mediating the responses of endothelial cells (89). In alveolar epithelial cells, Lau and colleagues
(85) demonstrated by binding assays that there are two classes of receptors with which LL-37
can interact, a high affinity receptor, and a low affinity receptor identified to be FPRL-1. FPRL1 is a G-protein coupled receptor (GPCR), and is therefore sensitive to pertussis toxin (Ptx)
inhibition; however, Ptx is not a specific inhibitor for FPRL-1, as functions of other GPCRs can
also be impaired by this molecule. A number of studies show that Ptx-sensitive events induced
by LL-37 are not necessarily regulated through FPRL-1. For example, mast cell chemotaxis, IL8 production in keratinocytes, as well as lung epithelial wound closure and cell proliferation are
regulated by a GPCR (Ptx sensitive) other than the FPRL-1, since a specific FPRL-1 agonist
W K Y M V , used as a positive control, failed to induce these effects (70, 86, 90).
Furthermore, LL-37 has been shown to regulate IL-ip processing and release in LPSprimed monocytes via the purinergic receptor P 2 X (88). P 2 X is a member of P2X family of
7

7

nucleotide-gated receptors most efficiently activated by ATP and Benzyl-ATP (BzATP) (88).
The potential involvement of P 2 X in LL-37-mediated inhibition of neutrophil apoptosis and
7

LL-37-induced extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation and IL-8
release in airway smooth muscle cells has also been described (75, 78, 91).
Tjabringa and colleagues (74) were the first to show LL-37-mediated trans-activation of
EGFR, subsequent regulation of ERK1/2 phosphorylation and IL-8 release in bronchial
12

epithelial cells. The aforementioned activation was proposed to occur through an indirect step
where the peptide activates an A D A M metalloprotease that in turn cleaves E G F R ligands from
the membrane, thus allowing receptor activation. Thereafter, E G F R was proposed to regulate
wound closure and proliferation in lung epithelial cells, and proliferation, migration, and IL-8
induction in keratinocytes (84, 86, 90).

1.10

Signalling pathways implicated in LL-37-stimulated effects
Another common theme in LL-37-induced responses is the activation of M A P kinases.

LL-37-mediated ERK1/2 and p38 M A P kinase pathway activation has been demonstrated in
mast cells, monocytes, lung epithelial cells, and keratinocytes (73, 74, 77, 82, 86). LL-37 has
been demonstrated to induce phosphorylation of EGFR, as well as the ERK1/2, p38, and c-Jun
N-terminal kinase (JNK) M A P kinases in bronchial epithelial cells, while inhibitor studies have
shown that EGFR, ERK1/2 and p38 all regulate IL-8 release from these epithelial cells (73, 74).
Similarly, ERK1/2 activation was determined to regulate IL-8 release from airway smooth
muscle cells (75). As compared to p38, ERK1/2 has been demonstrated to have a more
prominent role in regulation of wound healing, migration and proliferation of bronchial
epithelial cells (86). Moreover, regulation of ERK1/2 and p38 has been described with respect to
LL-37-mediated IL-18 release

from primary human keratinocytes,

and in mast

cell

degranulation (77, 82). Therefore, ample evidence suggests that LL-37-induced activation of
M A P kinases is a central regulatory mechanism for a variety of responses in numerous cells and
tissues.
In addition to M A P K regulation, other signalling pathways have been implicated in the
regulation of LL-37 responses. Our laboratory (Yu, Bowdish and Hancock submitted for
publication, and unpublished results) has demonstrated that LL-37 induces the transient
degradation of phosphorylated I K - B a , and subsequent p50 and p65

NF-KB

subunit translocation
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into the nucleus in PBMCs. L i and Hancock (unpublished results) have also shown that the N F K B pathway is involved in regulation of chemokine production in primary human neutrophils.
Alternatively, the PI3K pathway has been shown to be involved in regulation of LL-37-induced
IL-8 release in human PBMCs (Yu, Mookherjee and Hancock, submitted for publication), as
well as in apoptosis inhibition of human neutrophils (78). Moreover, in endothelial cells, LL-37mediated activation of the FPRL-1 receptor required for angiogenesis was also shown to induce
activation of the PI3K, M A P K , protein kinase C (PKC), and N F - K B pathways (89).

1.11

Rationale
Lung innate immunity depends heavily on cytokines and chemokines to regulate

inflammation and tight infections. Bronchial epithelial cells have been shown to produce a
variety of cytokines and chemokines such as IL-8, IL-6, M l P - l a , GRO-a, ENA-78, and G M CSF, among others, consequently displaying an ability to regulate initiation, amplification and
progression of inflammatory responses (18, 19). Defensins have already been shown to be
potent regulators of these responses, in that they were demonstrated to regulate MCP-1, IL-8,
IL-6, GM-CSF, and ENA-78 in epithelial cell lines and primary cells (92). Considering the fact
that there is an increase in LL-37 and H B D production in B A L fluids of patients with
inflammatory and infectious lung diseases that is frequently associated with an increase in
several cytokines, and chemokines (e.g. IL-8, IL-6), it was of interest to investigate i f LL-37
could regulate airway epithelial cell responses and induce additional cytokines or chemokines.

1.12

Hypothesis and experimental goals
The aim of this study was to further describe the effects of LL-37 on lung epithelial cell

responses. LL-37 has previously been shown to induce IL-8 release from bronchial epithelial
cells, but induction of other cytokines and chemokines has not been examined to date, even
14

though LL-37 is a potent inducer of these small effector molecules in other cell types. As these
molecules are critical regulators of lung innate responses, I hypothesized that there were other
chemokines and cytokines induced by LL-37 stimulation of bronchial epithelial cells.
Furthermore, I wanted to determine the signalling pathways through which LL-37 induces
production of these cytokines and chemokines, including the
and the

EGFR

ERK1/2

and p38 M A P kinases,

pathway (known to be regulated by LL-37 in lung epithelial cells). In addition, I

aimed to examine i f there are any other signalling pathways involved in cytokine/chemokine
regulation, which have not to date been described to be activated in LL-37-stimulated airway
epithelial cells, particularly

NF-KB.
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2. Materials and Methods
2.1

Cell culture
The SV40-transformed, immortalized human bronchial epithelial cell line 16HBE4o-

was a gift from Dr. D. Gruenert (University of California, San Francisco, CA) (93). 16HBE4ocells were cultured in Minimum Essential Medium (MEM) with Earle's salts (Life Technologies
Invitrogen),

supplemented

with 10% heat-inactivated

fetal bovine serum (FBS) (Life

Technologies Invitrogen) and 2 m M L-glutamine (Life Technologies Invitrogen). 16HBE4ocells were routinely cultured to 85-90% confluence in 100% humidity and 5% C O 2 at 37° C and
were used between passages 5 and 15.
When indicated, 16HBE4o- cells were polarized in Corning 6-well Transwell plates
(PET Membrane Clear Inserts, 0.4 u M pore size; Corning, Acton, M A ) . Cultures were started
with 1 x 10 cells, and a total of 1.5 ml of M E M with antibiotics (1% penicillin/streptomycin;
5

Life Technologies Invitrogen) in each Transwell insert, and with 2.6 ml of media in each well of
the 6-well Transwell plate. Media changes were done every other day, until the cells were
polarized. Cell polarization was assessed by the increase and stabilization of transepithelial
resistance (Q) using the Milicell Electrical Resistance System (Milipore, Billerica, M A ) . On
average, 10-14 days were required to polarize 16HBE4o- cells, with recorded transepithelial
resistance values ranging from 210 to 260 Q/cm .
Clonetics primary normal human bronchial epithelial (NHBE) cells were purchased from
Cambrex Bioscience Inc. (Walkersville, M D , USA) and were cultured and maintained in B E G M
bronchial epithelial growth medium (Cambrex Bioscience Inc.), according to manufacturer's
instructions. B E G M is a basal medium (Cambrex Bioscience Ltd.) supplemented with bronchial
epithelial cell SingleQuots growth factors and supplements (Cambrex Bioscience Ltd.), as a
serum substitute optimized for growth and appropriate differentiation of these primary cells.
16

SingleQuots includes human epidermal growth factor (EGF), triiodothyronine, bovine pituitary
extract, epinephrine, transferrin, insulin, hydrocortisone, gentamycin/amphotericin, and retinoic
acid. According to manufacturer's instructions, cells were cultured in complete B E G M media to
85-90% confluence in 100% humidity and 5% CO2 at 37° C, and were used between passages 3
to 10.
Human tumorigenic alveolar epithelial cell line A549 was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). A549 cells were routinely cultured in
D M E M (Dulbecco's Modified Eagle Medium) supplemented with 10% heat-inactivated FBS
and 2 m M L-glutamine (Life Technologies Invitrogen, Burlington, ON) in 100% humidity and
5%C0 at37°C.
2

2.2

Peptides, inhibitors, antibodies, and other reagents

LL-37

(sequence

LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES)

was

synthesized by A^-(9-fluorenyl)methoxy carbonyl chemistry (F-moc) chemistry at the Nucleic
Acid/Protein Synthesis Unit at the University of British Columbia. Human recombinant
epidermal growth factor (EGF), and interkeukin-ip (IL-1 P) were purchased from Research
Diagnostics (Flanders, NJ). The EGFR inhibitor AG1478, pertussis toxin (Ptx), the

NF-KB

inhibitor parthenolide, and the FPRL-1 agonist W K Y M V were purchased from Calbiochem
(San Diego, C A , U S A ) . The

NF-KB

inhibitor Bay 11-7085 was purchased from Biomol

International (Plymouth Meeting, PA), while the PI3K inhibitor (LY294002) was purchased
from Cell Signalling Technology, Inc. (Mississauga, O N , Canada). A n inhibitor of P2X7, K N 62, and the P2X7 receptor agonist Benzyl-ATP (Bz-ATP) were purchased from Sigma-Aldrich
(Oakville, ON, Canada).
Mouse monoclonal antibody anti-phospho-lK-Bcc, rabbit anti-total-lK-Ba, anti-p50, anti-
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p65, anti-phospho C R E B and HRP-conjugated goat anti-rabbit antibodies were purchased from
Cell Signalling Technology Inc (Danvers, M A , USA). The mouse monoclonal anti-GAPDH
antibody and anti-mouse IgG antibody were purchased from Amersham (Piscataway, NJ, USA).
LPS from Pseudomonas aeruginosa strain HI03 was purified free of proteins and lipids using
the Darveau-Hancock method as previously described (94). Salmonella typhimurium flagellin
was obtained from Cedarlane Laboratories Ltd. (Burlington, ON, Canada).

2.3

Detection of cytokines and chemokines
16HBE4o- cells were seeded in 24-well plates (Sarstedt Inc., Montreal, QC) in 10%

FBS/2 m M L-glutamine M E M medium at a concentration of 1.5 x 10 cells/ml (1 ml per well),
5

and cultured to confluence at 37°C and 5% CO2 for 2 days. Unless otherwise indicated, cells
were treated in M E M supplemented with 2% FBS and 2 m M L-glutamine. When confluent,
cells were washed with 1 ml per well of serum-free M E M , and 1 ml of 2% FBS/2 m M L glutamine M E M was added to each well. If chemical inhibitors were used, they were first
dissolved in 2% FBS M E M , and then added to the cells after the washing step. Cells were rested
for 1 hour, and were subsequently treated with the peptide/other stimuli. After the desired
incubation time supernatants were collected and stored at -20° C in aliquots.
Primary N H B E cells were seeded at 5 x 10 cells/ml (1ml per well) in 24-well plates
4

(Sarstedt Inc.) in complete B E G M , and were cultured for 2 days at 37° C and 5% CO2. When
confluent, cells were washed with 1 ml per well of Hank's Balanced Salt Solution (Cambrex
Bioscience Ltd.), and 1 ml of complete B E G M (without EGF) was added to each well. Cells
were rested for 1 hour, and were subsequently treated with the peptide or other stimuli. After the
desired incubation time, supernatants were collected and stored at -20° C in aliquots.
A549 cells were seeded at 1 x 10 cells/ml (1 ml/well) in 24-well plates (Sarstedt Inc.) in
5
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complete D M E M , and were cultured for 24 hours. When confluent, cells were washed with 1 ml
per well of serum-free media, and then 1 ml of 2% FBS/2 m M L-glutamine D M E M was added
to each well. Cells were rested for 1 hour, and were subsequently treated for 6 hours.
Supernatants were collected and stored at -20° C in aliquots.
The concentrations of IL-8, IL-6, GRO-a, R A N T E S , TNF-a, IL-lp, IP-10, CCL22,
M l P - l a , and IL-10 in cell culture supernatants were measured using capture ELISA as per the
manufacturer's suggestion (GRO-a, IP-10, CCL22, and Rantes ELISA from R & D Minneapolis,
M N ; TNF-a, IL-lp, IL-10 and IL-6 ELISA from eBioscience San Diego, C A ; IL-8 and M l P - l a
ELISA from BioSource International, Camarillo, CA).

2.4

R N A isolation and real-time P C R
16HBE4o- cells were seeded in 15 x 30 mm plates (Sarstedt Inc.) at 2.8 x 10 cells/ml,
5

and cultured to sub-confluence at 37° C and 5% C 0 and in 10%FBS/2mM L-glutamine M E M
2

media for 2 days. On the day of treatment, media was removed from the plates, and subconfluent cells were washed with 1 ml/plate of serum-free M E M , and then 1 ml of 2% FBS/2
m M L-glutamine supplemented M E M was added. After the medium change, cells were rested
for 1 hour, and subsequently treated and incubated over a time-course of 1, 2, and 4 hours. Total
R N A was isolated using the RNAeasy Mini kit (Qiagen, Maryland, U S A ) , as per the
manufacturer's instructions, and was DNAse treated using the RNAse-Free DNAse kit (Qiagen,
Maryland, USA). After R N A integrity was confirmed by 1% agarose electrophoresis and
spectrophotometry, 1 u.g of total R N A was converted to c D N A as per the manufacturer's
instructions using the Superscript III Platinum CellsDirect Two-step qRT-PCR kit with
SyberGreen (Invitrogen), with a non-template negative control for each of the treatments.
Quantitative real-time P C R was done using the A B I Prism 7000 system, with a Dissociation
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Curve program, at 50° C for 2 minutes, 95° C for 2 minutes, then 50 cycles at 95° C for 15
seconds and 60° C for 30 seconds. G A P D H was used as the house keeping gene control. The
P C R was conducted i n a 12.5 u l reaction volume containing 2.5 p i o f 1/10 diluted c D N A
template, and 10 p i o f a master m i x (0.25 ul o f R o x , 6.25 p i o f U D G , 0.5 p i o f 10 u M primer
mix, and 3 p i o f nuclease-free H2O per reaction). A melting curve was performed to ensure that
any product detected was specific to the desired amplicon. F o l d changes were calculated after
normalization to endogenous G A P D H and using the comparative Ct method (95). P C R primers
used in this study are listed in Table 1.

Table 1. Primer sequences used in this study.
Primer

Forward Sequence (5'-3')

Reverse Sequence (5'-3')

IL-6

AATTCGGTACATCCTCGACGG

GGTTGTTTTCTGCCAGTGCC

IL-8

CACCACACTGCGCCAACAC

CTTCTCCACAACCCTCTGCAC

GRO-a (CXCL-1)

GCCAGTGCTTGCAGACCCT

GGCTATGACTTCGGTTTGGG

RANTES (CCL5)

GAGCTTCTGAGGCGCTGCT

TCTAGAGGCATGCTGACTTC

GAPDH

GAAACTGTGGCGTGATGG

GTCGCTGTTGAAGTCAGAGG

2.5

Western immunoblotting
16HBE4o- cells were seeded i n 15 x 30 m m plates (Sarstedt Inc. Montreal, Q C ) at 2.8 x

10 cells/ml, and cultured to sub-confluence i n M E M (with 1 0 % F B S / 2 m M L-glutamine) at 37°
5

C and 5% CO2 for 2 days. O n the day o f treatment, medium was removed from the plates, and
sub-confluent cells were washed with 1 ml/plate o f serum-free M E M . Cells were incubated with
l m l o f serum-free M E M (with 2 m M L-glutamine) for 4 hours, followed by a medium change
o f l m l o f 2% F B S / 2 m M L-glutamine M E M and an immediate treatments o f cells. Before lysis,
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cells were washed with ice cold PBS, with I m M sodium vanadate. Samples were solubilized on
ice with 200 pi of NP-40 lysis buffer (1% NP-40, 20 m M Tris-HCl pH 8, 137 m M NaCl, 10%
glycerol, 2 m M EDTA) supplemented with protease and phosphatase inhibitor cocktails (SigmaAldrich), scraped, and were subsequently centrifuged. The protein concentration of sample
lysates was quantified using the B C A Protein Assay Kit (Pierce). Lysates were denatured at 95°
C for 10 minutes, and were resolved on a 12% SDS-PAGE, followed by subsequent transfer at
100 V. for 1 hour to Immuno-blot PVDF membranes (Bio-Rad).
Membranes were probed with specific antibodies at 1/1000 dilution in TBST (20 m M
Tris pH 7.4, 150 m M NaCl, and 0.1% Tween 20) containing 5% skimmed milk powder
(TBST/milk) or 5% B S A (TBST/BSA), for incubation times specified by the manufacturer.
Incubation with an appropriate secondary antibody (HRP-conjugated goat anti-mouse or antirabbit antibodies) was performed following the primary antibody incubation. Finally, the
membranes were developed using the E C L chemiluminescence peroxidase substrate (SigmaAldrich), according to the manufacturer's instructions. The blots were re-probed with an antiG A P D H antibody to ensure that equal amounts of protein were loaded

2.6

Statistical Analysis
Student's t-test was performed in order to determine the statistical significance of results,

with p < 0.05 being considered statistically significant. Values shown are expressed as mean ±
standard deviation or standard error as indicated in the Results section and Figure legends.
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3. Results
3.1

LL-37-induced cytokines in airway epithelial cells IL-6 release is regulated by N F - K B signalling

3.1.1

Introduction

LL-37-mediated

With respect to cytokine release and regulation, a lot is known about LL-37-mediated
effects in hematopoietic cells and keratinocytes (40, 84, 96). In airway epithelial cells however,
LL-37 has only been shown to induce IL-8, via E G F R and M A P K regulation (73, 74). As
discussed in the Introduction, cytokines and chemokines are potent and important effectors of
lung innate immunity, therefore it is of interest to examine i f LL-37 can alter regulation and
affect the expression of these small molecules, other than IL-8. In this chapter, I assessed
induction of cytokines by LL-37 using the human bronchial epithelial cell line 16HBE4o- and
primary normal human bronchial epithelial (NHBE) cells as biological models. Regulation of
particular LL-37-induced cytokines was determined with the use of specific chemical inhibitors
and ELISA assays, while gene expression and signalling pathway regulation were assessed via
qPCR and Western blotting.

3.1.2

LL-37 stimulated release of IL-6 cytokine from bronchial epithelial cells
To determine which cytokines are induced by the host defence peptide LL-37,

16HBE4o- or primary N H B E cells were stimulated with LL-37 at 50 ug/ml or 100 ng/ml of LPS
for 6 hours. Cytokines released into the cell culture supernatants were assayed by ELISA. LL-37
induced a significant amount of IL-6 (p<0.05), without inducing detectable IL-lp, TNF-a, or IL10 from 16HBE4o- cells (Figure 1A). LL-37 stimulation of primary N H B E cells resulted in a
comparable response to that of the 16HBE4o- cell line, with IL-6 as the only measured cytokine
induced by the peptide treatment (p<0.05) (Figure IB).
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Figure 1. LL-37 induced IL-6 release from 16HBE4o- cells and primary normal bronchial
epithelial cells.

Confluent A. 16HBE4o- or B. primary NHBE cell monolayers were treated with 50 pg/ml LL37 or 100 ng/ml LPS for 6 hours. IL-6, TNF-a, IL-lp\ and IL-10 release in cell culture
supernatants was determined via ELISA. Results are expressed as mean values of cytokine
produced (Y scale-log scale) ± standard deviation of three independent experiments. Paired
sample Student's t-test analyses were used to compare LL-37 and LPS-treated samples to
control treatments (* p<0.05 denotes significance relative to untreated controls).
Thus, LL-37-induced IL-6 release was a specific peptide-mediated response and not just
a reflection of a general inflammatory response, e.g. due to contaminating endotoxin, nor a
secondary effect of autocrine stimulation with IL-lp7TNF-a. Similar results were observed in
both primary cells and a bronchial cell line, therefore corroborating the physiological relevance
of obtained results.
LL-37 mediated IL-6 release from both 16HBE4o- cells and primary NHBE cells in a
dose-dependent and time-dependent manner, as shown in Figure 2. A statistically significant
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accumulation of released IL-6 was seen with as low as 10 pg/ml of LL-37 (p<0.05), with a
rather modest 1.7-fold change (Figure 2A). A more prominent increase was observed with 25
and 50 pg/ml of the peptide with, respectively, 4 and 9 fold up-regulation of IL-6 production and
release. In 16HBE4o- cells, LL-37 stimulation induced IL-6 release at the earliest time point
evaluated, while the peak of accumulation was observed between 6 and 10 hours (Figure 2B).
Comparable results were obtained with primary normal human bronchial epithelial cells (Figure
2C, 2D), further demonstrating the physiological relevance of these results. Primary N H B E cells
were even more sensitive to LL-37 stimulation with significant IL-6 release upon stimulation
with as low as 2.5 pg/ml of LL-37 (p<0.05), while a 17-fold increase in induction was observed
with 25 pg/ml of LL-37 (Figure 2C). As described for the 16HBE4o- cell line, LL-37-stimulated
primary cells released IL-6 in a time-dependent manner (Figure 2D), with significant
accumulation of the cytokine as early as 6 hours post-stimulation, and a continuing build-up of
IL-6 until 24 hours post-stimulation.
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Figure 2. LL-37 induces IL-6 release from the 16HBE4o- bronchial epithelial cell line and
primary NHBE cells in a dose-dependent and time-dependent manner.
Confluent 16HBE4o- monolayers were treated with A. LL-37 at 5, 10, 25, and 50 pg/ml
concentrations, or IL-lp at 10 ng/ml for 6 hours, or B. 50 pg/ml of LL-37 for 2, 4, 6, 10, and 24
hours respectively. Confluent primary N H B E monolayers were treated with C. 1, 2.5, 5, 10, 25,
24

and 50 ng/ml of LL-37 or IL-lp for 6 hours, or D. 5 and 10 ug/ml of LL-37 for 6, 24, or 48
hours. IL-6 release in culture supernatants was monitored via ELISA. Results are expressed as
mean values ± standard deviation of three independent experiments (* p<0.05 denotes
significance relative to untreated controls).

To evaluate the effect of LL-37 on regulation of IL-6 at the transcriptional level,
16HBE4o- cells were treated with 50 pg/ml of LL-37 or 10 ng/ml of IL-1 P over a time-course of
1, 2, and 4 hours. Total R N A was extracted from treated samples, and interleukin-6
transcriptional profile was subsequently assessed by qPCR (Figure 3).

Control

LL-37 50 ug/ml

IL-1 (310 ng/ml

Figure 3. LL-37 enhances IL-6 gene expression in 16HBE4o- cells.

Sub-confluent 16HBE4o- cells were exposed to LL-37 at 50 ug/ml, or I L - i p at 10 ng/ml (as a
positive control) for 1, 2 and 4 hours. Transcriptional regulation was assessed via quantitative
RT-PCR. Fold changes (Y-axis) were normalized to G A P D H and are relative to the gene
expression in un-stimulated cells (normalized to 1) using the comparative Ct method (refer to
Materials and Methods for details). Results are expressed as mean values ± standard deviation
of three independent experiments (* p<0.05 designates significance relative to the respective
untreated control at a given time-point).
LL-37 induced IL-6 gene expression up-regulation in a time-dependent manner in
16HBE4o- cells. As shown in Figure 3, 50 ug/ml of LL-37 (the dose that induced a peak of
protein release) increased IL-6 transcription by 20 ± 4.9 fold within an hour of peptide addition.
This up-regulation decreased to 5.5 ± 1.4 fold at 2 hours (p<0.05), and ultimately approached
near-control levels at 4 hours post-stimulation (p>0.05). A similar pattern of transcriptional upregulation was observed with 10 ng/ml of IL-ip, used as a positive control, which induced a
peak of transcription at 1 hour (28 ± 5 . 6 fold, p<0.05), and a subsequent decrease at 2 and 4
25

hours post-stimulation to 2.37 ± 1.26 and 1.98 ± 0.78 fold, respectively (p> 0.05).
LL-37-mediated IL-8 induction has been demonstrated in primary bronchial epithelial
cells (74), bronchial epithelial cell lines (73, 74), and an alveolar epithelial cell line A549 (87).
Thus, I wanted to examine if, in addition to inducing IL-6 in 16HBE4o- cell line and primary
N H B E cells (Figure 2), LL-37 would induce IL-6 release from the A549 alveolar cell line as
well (Figure 4). As expected, LL-37 induced a significant release of both IL-6 and IL-8 from
16HBE4o- cells, as did the positive control IL-(3 (Figure 4A). While LL-37 induced a significant
release of IL-8 in A549 cells (Figure 4 B.), it did not induce any IL-6, however. IL-1 P
significantly increased both IL-6 and IL-8 from A549 cells, while LPS only affected IL-8
release. Therefore, LL-37-mediated induction of IL-6 is an event exclusive to bronchial (airway)
epithelial cell, but not to cells of alveolar origin (limited to the A549 cells), which might
indicate that the peptide has slightly different modes of activity depending on a particular site in
the lung (alveoli versus bronchi).
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Confluent monolayers of A. 16HBE4o- cells, or B. A549 cells were treated with LL-37 at 50
ug/ml, IL-ip at 10 ng/ml (as a positive control), or 100 ng/ml of LPS for 6 hours. IL-6 and IL-8
release in cell culture supernatants was monitored by ELISA. Results are expressed as mean
values ± standard deviation of three independent experiments (* p<0.05 denotes significance
relative to untreated control samples).

3.1.3

LL-37 induced biased IL-6 and IL-8 release in the apical chamber of polarized
16HBE4o- cells
A specific property of 16HBE4o- cells is that they can form polarized monolayers on

semi-permeable support Transwell plates, where the cells develop tight and gap junctions upon
prolonged culture, and the differentiated monolayer tightly regulates molecule traffic between
distinct apical and basolateral compartments (93). In vivo, this structured organization of the
epithelium controls water, ion and protein content of the air surface fluid (ASF), limits cell
exposure to environmental irritants, and also, through compartmentalized receptor expression,
regulates immune receptor activation by the vast antigen stimulation delivered in the air (4).
Furthermore, a polarized release of cytokines and chemokines into either of the distinct
compartments aids in the directionality of the immune response, for example: apical antigen or
pathogen stimulation could cause an increase of apically secreted chemokines to attract, into the
affected area, effector cells such as neutrophils and macrophages, to help limit the infection.
As such, these polarized 16HBE4o- cells should represent the cellular structure
expected in vivo in the bronchi (93). Using polarized 16HBE4o- cells as the model, I aimed to
examine the effect of stimulating the cells via each of the compartments, and observe how or i f
this differential stimulation would affect cytokine production. A polarized release of cytokines
or chemokines into the apical chamber (equivalent to the bronchial luminal space) or basolateral chamber (equivalent to the cell basement membrane or tissue side of the monolayer),
would provide information on how LL-37 acts with respect to modulating bronchial cell
responses to invading pathogens delivered by inhalation.
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Therefore, polarized 16HBE4o- cells were stimulated with 50 ug/ml of LL-37 via the
apical or the baso-lateral chamber for 6 hours, and the levels of IL-6 and IL-8 released into the
cell supernatants were determined by ELISA (Figure 5).
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Figure 5. L L - 3 7 stimulation of polarized 1 6 H B E 4 o - cells induced differential I L - 6 and I L 8 secretion pattern in apical and baso-lateral compartments.

Polarized 16HBE4o- cell monolayers established on Transwell plates, as described in Materials
and Methods, were stimulated with 50 pg/ml of LL-37 via the apical or the basolateral chamber;
IL-1 B (10 ng/ml) treatment was applied to the apical chamber. Cells were incubated for 6 hours,
and apical and baso-lateral chamber supernatants were assayed for A . IL-6 and B. IL-8 release
by Elisa individually. Results are expressed as averages ± SEM of three independent
experiments (* p<0.05).

Peptide treatment in the apical chamber of polarized 16HBE4o- cells resulted in the
maximal IL-6 release overall, with substantially more cytokine detected in the apical chamber
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(p<0.05) (Figure 5A). Conversely, basolateral stimulation by LL-37 induced less total IL-6
release, and there was no significant difference between the chambers. Similar results were
observed with IL-8 release (Figure 5B), with apical peptide stimulation inducing the most
chemokine overall, while significantly more IL-8 was released into apical chamber (p<0.05). On
the contrary, baso-lateral LL-37 stimulation induced an IL-8 release in the basolateral chamber
only. In summary, the location of LL-37 stimulation in polarized bronchial epithelial cells
determined the magnitude and the polarity of the induced cytokine/chemokine release.

3.1.4

LL-37-mediated IL-6 release is regulated by serum type and concentration
As previously described in the Introduction, serum is an important factor in LL-37-

mediated effects on lung epithelial cells. As Lau and colleagues from our lab (2006) have
demonstrated, the presence of human serum (10%), in contrast to FBS, can inhibit LL-37
uptake, reduce cell cytotoxicity, and abolish IL-8 release. Therefore, it was of interest to
examine i f serum type (pooled human serum or FBS), or serum concentration (2 or 10%)
affected LL-37-induced IL-6 release from 16HBE4o- cells. To test this, 16HBE4o- cells were'
treated with 50 ug/ml of LL-37 or 10 ng/ml of IL-1 B in medium containing either 2 or 10%
FBS, or 2 or 10% pooled human serum, for 6 hours; subsequent IL-6 release in cell culture
supernatants was assayed via ELISA (Figure 6A). The strongest IL-6 induction was observed in
2% FBS medium (8 fold, p<0.05), followed by 10% FBS (2 fold, p<0.05). Alternatively, 10%
human serum prevented any significant LL-37-induced IL-6 release, while 2% human serum
induced a modest 2 fold increase that was nevertheless significant (p<0.05) (Figure 6A).
To make the experimental conditions even more physiologically relevant, I aimed to
examine if substituting pooled human serum for pooled human plasma would affect LL-37induced IL-6 release from 16HBE4o- cells (Figure 6B). 16HBE4o- cells were treated as
described above, in medium containing either 2 or 10%) pooled human serum, or 2 or 10%
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p o o l e d h u m a n p l a s m a f o r 6 hours, a n d released IL-6 w a s q u a n t i f i e d b y E L I S A . A s i g n i f i c a n t
increase o f IL-6 w a s o b s e r v e d w i t h b o t h 2% serum a n d p l a s m a c o n d i t i o n s (p<0.05), w h i l e w i t h
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Figure 6. LL-37-induced IL-6 release in 16HBE4o- cells is dependent on serum type and
concentration.
C o n f l u e n t 1 6 H B E 4 o " m o n o l a y e r s w e r e treated w i t h L L - 3 7 at 5 0 p g / m l o r IL-1 P at 10 ng/ml (as

a p o s i t i v e control) i n either A . 2% a n d 1 0 % F B S , o r 2% a n d 1 0 % p o o l e d h u m a n serum
s u p p l e m e n t e d m e d i u m , o r B. 2% a n d 1 0 % p o o l e d h u m a n s e r u m , o r 2% a n d 1 0 % p o o l e d h u m a n

p l a s m a s u p p l e m e n t e d m e d i u m f o r 6 hours. IL-6 release i n culture supernatants w a s m o n i t o r e d
via E L I S A . R e s u l t s are expressed as the m e a n values ± S E M o f three independent e x p e r i m e n t s
(* p<0.05 denotes s i g n i f i c a n c e relative to the untreated c o n t r o l ) .
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3.1.5

LL-37-induced IL-6 release is regulated partly by EGFR and a Ptx-sensitive
receptor

Even though it is not very clear whether LL-37 acts through a specific receptor(s), a variety of
different receptors have been proposed to play various roles in mediating the biological
activities of this host defence peptide, including E G F R (in epithelial cells) (74, 82-84), G protein coupled FPRL-1 (epithelial cells, leukocytes) (70, 72, 85, 91), and the P 2 X receptor
7

(monocytes, neutrophils) (78, 88, 91). In epithelial cells, E G F R appears to play a significant role
in regulation of a multitude of processes including IL-8 release (74), cell migration, wound
healing and proliferation (83, 84, 86). Therefore, to evaluate i f any of these proposed receptors
play a potential role in regulation of LL-37-induced IL-6, 16HBE4o- cells were pre-treated with
specific chemical inhibitors including A1478 (EGFR inhibitor), Ptx (G-protein coupled
receptors, including FPRL-1), and KN-62 (P2X inhibitor) for. 1 hour. Following the inhibitor
7

pre-treatment, cells were exposed to LL-37 and a specific receptor agonist for 6 h.
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Figure 7. LL-37-induced IL-6 release in 16HBE4o- cells is partially regulated by E G F R
signalling.
Confluent 16HBE4o- monolayers were pre-treated with A . A G 1478 (1 uM), an EGFR inhibitor,
or B . Pertussis toxin (Ptx) (100 ng/ml), or C . KN-62 at 10 and 20 u M (P2X inhibitor) for 1
hour, prior to the stimulation with A . LL-37 at 50 ug/ml and EGF at 20 ng/ml, or B. LL-37 at 50
Ug/ml and W K Y M V at 10 uM, or C. LL-37 at 50 ng/ml and Benzyl-ATP (BzATP) at 100 nM.
Cell culture supernatants were collected after 6 hours of incubation, and were assayed for IL-6
content via ELISA. Results are expressed as means ± S E M of three independent experiments (*
p<0.05 relative to untreated control; ** p<0.05 relative to the respective treatment without the
inhibitor).
7
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Specific receptor agonists were used as positive controls for inhibitor efficiency; these
were E G F (EGFR agonist), W K Y M V (FPRL-1 agonist), and Benzyl-ATP (BzATP) (P2X

7

agonist). ELISA analysis of the resultant IL-6 release indicated that AG1478, a specific E G F R
inhibitor, significantly reduced LL-37-stimulated IL-6 release by 38 ± 15 %, while epidermal
growth factor-induced IL-6 was completely inhibited (p<0.05) (Figure 7A). Ptx inhibited IL-6
by a modest, but significant, 16 ± 4 %, while it completely abrogated WKYMV-induced IL-6, a
process known to be dependent on Gi-coupled protein receptors (Figure 7B). KN-62 at 10 or 20
u M did not inhibit LL-37-induced IL-6 production, but rather increased its release (Figure 7C).
Similarly, in my hands, KN-62 incubation failed to inhibit any BzATP-induced IL-6.

3.1.6

LL-37-mediated IL-6 release is regulated by ERK1/2 and p38 MAP kinases, but not
by PI3K signalling
In addition to receptor regulation mediated by EGFR, LL-37-stimulated release of IL-8

from bronchial epithelial cells and monocytes is regulated by the ERK1/2 and p38 M A P kinases
(73, 74). Given that M A P kinases have also been shown to play a significant role in regulation
of other LL-37-induced lung responses including airway epithelial cell proliferation and wound
closure (86), these pathways were good candidates to investigate for IL-6 regulation. To test this
assumption, 16HBE4o- cells were pre-treated with specific chemical inhibitors of ERK1/2
activation (PD98059 at 12.5 uM), and p38 (SB208350 at 12.5 uM), and were subsequently
stimulated with LL-37 at 50 ug/ml or IL-ip at 10 ng/ml for 6 hours. IL-6 ELISA results
indicated that ERK1/2 and p38 inhibitors individually reduced LL-37-mediated IL-6 release by
-20 %, while the inhibitors in combination additively decreased IL-6 by 40 ± 10% (Figure 8A).
Yu et al. (submitted for publication) have demonstrated that PI3K regulates LL-37-induced IL-8
production in PBMCs, while other groups have also demonstrated PI3K regulation in other L L 37-mediated responses (78, 89).
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• No inhibitor
• SB208350 12.5 uM
• PD98059 12.5 uM

Control

LL-37 50 ug/ml

IL-1010 ng/ml
•
•
•
•

Control

LL-37 50 ug/ml

No inhibitor
LY294002 5 uM
LY 294002 10 uM
LY294002 25 uM

IL-1 (310 ng/ml

Figure 8. LL-37-mediated IL-6 release in 16HBE4o- cells is regulated by ERK1/2 and p38
signalling, but not by PI3K pathways.
Confluent 16HBE4o- monolayers were pre-treated with A. SB208350 (p38 inhibitor) at 12.5
p M alone, PD98059 (MEK/ERK1/2 inhibitor) at 12.5 p M alone, or with both inhibitors at 12.5
uM; or B. LY294002 (PI3K inhibitor) at 5, 10, and 25 p M for 1 hour prior to exposure to LL-37
at 50 pg/ml or IL-1 B at 10 ng/ml for 6 hours. Cell culture supernatants were assayed for IL-6
release by ELISA. Results are expressed as mean values ± S E M of three independent
experiments. (* p<0.05 denotes significance relative to the respective treatment without the
inhibitor).

Therefore, the role of PI3K was tested using a chemical inhibitor LY294002 (Figure 8B). None
of the inhibitor doses tested (5, 10, 25 pM) resulted in a significant decrease of LL-37-induced
IL-6 release after a 6h incubation (p>0.05), as determined by ELISA.

3.1.7

NF-KB signalling is a major regulator of LL-37-induced IL-6 in 16HBE4o- cells.
LL-37-mediated induction of IL-6 in bronchial epithelial cells stems from transcriptional

up-regulation (Figure 3). The literature shows that IL-6 transcription is mediated through the
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transcription factors

NF-KB,

cAMP-responsive element binding protein (CREB), activator

protein-1 (AP-1) and nuclear factor IL-6

(NF-IL-6) (97, 98). In particular, studies performed in

bronchial epithelial cells show that IL-6 is

NF-KB

regulated (99-101), thus making this

transcription factor an excellent candidate to study in LL-37-mediated IL-6 production. To
examine i f

activation was involved in IL-6 production in LL-37-exposed 16HBE4o-

NF-KB

cells, I used two chemical inhibitors, Bayl 1-7085 and parthenolide, previously demonstrated to
inhibit N F - K B pathway activation (Figure 9).
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Figure 9. LL-37-induced IL-6 release in 16HBE4o- cells is robustly regulated
signalling.

via N F - K B

Confluent 16HBE4o- monolayers were pre-treated with A. Bay 11-7085 ( I K - B a phosphorylation
inhibitor) at 10 u M , or B. Parthenolide ( N F - K B inhibitor) at 10 u M for 1 hour, prior to
stimulation with LL-37 at 30 and 50 ug/ml, or IL-1 B at 10 ng/ml for 6 hours. Supernatants were
assayed for IL-6 release by ELISA. Results are expressed as averages ± SEM of A. three, or B.
two
independent experiments (* p<0.05 relative to the respective treatment without the
inhibitor).
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16HBE4o- cells were incubated with Bayl 1-7085 or parthenolide at 10 u M for l h prior
to stimulation with L L - 3 7 (30 and 50 ng/ml) or I L - i p (10 ng/ml) for 6h. Bay 11-7085 abrogated
all I L - 6 induced by both L L - 3 7 concentrations tested, as well as the IL-1 B treatment (p<0.05;
Figure 9A), as did the parthenolide incubation (Figure 9B).
To further corroborate that N F - K B pathway was implicated in LL-37-mediated responses
in bronchial epithelial cells, I investigated the activation of this pathway. Specifically, serumstarved 16HBE4o- cells were treated with 50 p.g/ml of L L - 3 7 , or 10 ng/ml of IL-1 (3 (as a
positive control), over a time course of 15, 30 and 60 minutes, while phosphorylation and
degradation levels of

IK-BO

were examined by Western blots. L L - 3 7 induced

IK-BO,

phosphorylation within 15 min of stimulation (Figure 10A.), and this effect was confirmed by
the LL-37-induced degradation of total

IK-BO

15'

A.

Ctr

LL-37 IL-1B

over a time-course of 15 to 60 min (Figure 10B.).
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Figure 10. LL-37 induces I K - B a phosphorylation and total I K - B a degradation in
16HBE4o- cells.
16HBE4o- cells were treated with 50 ng/ml LL-37, 10 ng/ml IL-1 p, or were left untreated (Ctr control), over a time course of 15, 30, and 60 minutes. Whole cell protein lysates were prepared
and analysed by SDS-PAGE and Immunoblotting. A . Immunoblot for phosphorylation of I K - B O ,
with expression of the housekeeping protein G A P D H assessed as a loading control. B.
Immunoblot for total I K - B O , with expression of the housekeeping protein G A P D H assessed as a
loading control. Results are from one experiment for each panel, representative of three
experiments.
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Therefore, in addition to demonstrating that LL-37 stimulation could lead to

NF-KB

pathway

activation (Figure 10), I established that this signalling pathway is a major regulator of LL-37induced IL-6 production in bronchial epithelial cells (Figure 9).

3.1.8

LL-37 can induce IL-6 release additively with I L - l p in bronchial epithelial cells

Studies done by Yu et al. (2007, submitted for publication), and Barlow et al. (78), have
demonstrated that LL-37 (at low doses, < 20 ug/ml) often demonstrates synergistic or additive
cytokine/chemokine regulation in the presence of the endogenous cytokine IL-ip in monocytes,
THP-1 cells and neutrophils. IL-1 B is an important mediator of lung immune responses (3, 4),
and is known to be present and activating and regulating bronchial epithelial cell responses
during inflammation/infection. Therefore, it was of interest to examine how LL-37 and IL-1 P
stimulation affected IL-6 release from bronchial epithelial cells (Figure 11).
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Figure 11. Low doses of LL-37 and I L - l p induce IL-6 from 16HBE4o- cells in an additive
(synergistic) manner.

Confluent 16HBE4o- cells were treated with LL-37 at 5 and 10 pg/ml alone, IL-ip at 10 ng/ml
alone, with IL-ip and LL-37 (at 5 and 10 pg/ml) in combination, or were left untreated (control)
for 6 hours. IL-6 release in culture supernatants was monitored via ELISA. Results are
expressed as the mean values ± S E M of three independent experiments (* p <0.05 relative to the
IL-1P alone treatment).

37

To examine i f LL-37 at lower doses can additively increase IL-ip-mediated IL-6 release,
16HBE4o- cells were treated with 5 and 10 ug/ml of LL-37 and/or IL-1 (3 at 10 ng/ml for 6
hours. Cell culture supernatants were tested for IL-6 release by ELISA. As shown in Figure 11,
a statistically significant increase in IL-6 was observed when cells are treated with LL-37 in
presence of IL-1 (3, relative to cytokine treatment alone (p<0.05). These results indicate that L L 37 can act with the pro-inflammatory cytokine IL-ip and co-stimulate bronchial epithelial cells
to release IL-6 in an additive manner.

3.1.9 LL-37 increased flagellin-induced IL-6 release from bronchial epithelial cells
LPS stimulation and TLR4 expression and signalling in bronchial epithelial cells have
been a subject of considerable debate to date. Many studies indicate that bronchial epithelial
cells respond poorly to LPS stimulation, possibly due to low expression or the lack of the LPS
receptor TLR4, or certain accessory molecules required for TLR4 pathway induction (19, 102,
103). Consistently with these studies, in bronchial epithelial cells LPS did not induce IL-8 or IL6, which are known to be induced by the TLR4 pathway (Figure 4A). TLR5 signalling pathway
expression and its role in pathogen recognition in the lung has been well described (102, 104).
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Figure 12. LL-37 increased flagellin-induced IL-6 release in 16HBE4o- cells.
Confluent 16HBE4o- cells were treated with LL-37 at 30 and 50 pg/ml alone, flagellin at 1
pg/ml alone, with flagellin and LL-37 (at two concentrations) in combination, or were left
untreated (control) for 6 hours. IL-6 release in culture supernatants was monitored via ELISA.
Results are expressed as means ± S E M of three independent experiments (* p <0.05 relative to
the respective treatment without flagellin).

To examine i f LL-37 would have any effect on flagellin-mediated cytokine release.
16HBE4o- cells were treated with 30 and 50 pg/ml of LL-37 and/or flagellin at 1 pg/ml for 6
hours. Cell culture supernatants were tested for IL-6 release by ELISA. LL-37 at both 30 and 50
pg/ml enhanced flagellin-induced IL-6 release significantly (p<0.05) (Figure 12). These results
indicate that LL-37 can act as a co-stimulatory molecule to increase TLR5-mediated cytokine
release in bronchial epithelial cells.

3.1.10 Summary
LL-37-induced cytokine release and signalling regulation in 16HBE4o- and primary
N H B E cells were examined using ELISA, and qPCR. Among the tested cytokines, LL-37
significantly induced IL-6 in both examined cell types. This LL-37-mediated IL-6 induction was
dose and time-dependent, and was dependent on serum type and concentration. Furthermore,
LL-37 mediated up-regulation of IL-6 at the transcriptional level. Specific chemical inhibitors of
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various pathways were used to evaluate signalling regulation of LL-37-stimulated I L - 6 release.
The major pathway that could be shown to robustly regulate I L - 6 release was N F - K B , while
regulation via M A P K and

EGFR

pathways was more modest. Western blot studies confirm

NF-

KB pathway activation by L L - 3 7 by the peptide induced phosphorylation of IK-BOI, and
degradation of total IK-BOI.
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3.2

LL-37-induced chemokine release from human respiratory epithelial
cells and signalling regulation of this LL-37-mediated response

3.2.1

Introduction
Very much like cytokines, chemokines are potent regulators of lung inflammatory

processes. This large family of small molecules plays an important role in recruitment of various
effector cells to the site of the infection/inflammation, and thus greatly affect its course and
outcome. As previously stated, a well described LL-37 effect on airway epithelium is induction
of IL-8, a potent C X C L family chemokine (73, 74). However, it would be of great importance to
examine i f LL-37 has the ability to induce other chemokines. In this Chapter, I tested the ability
of LL-37 to induce chemokines using the human bronchial epithelial cell line 16HBE4o- and
normal primary bronchial epithelial cells as biological models. LL-37-mediated induction of
chemokines was determined using specific chemical inhibitors and ELISA assays, while
transcriptional regulation was assessed by qPCR.

3.2.2

LL-37 induced GRO-a, RANTES and IL-8 release from bronchial epithelial cells
To investigate i f any chemokines other than IL-8 were induced by LL-37 in airway

epithelial cells, 16HBE4o- monolayers were treated with 50 pg/ml of the peptide, or IL-1 (3 at 10
ng/ml, for 6 hours. Cell culture supernatants were assayed by ELISA for released chemokines.
In addition to an expected, significant increase in IL-8, a significantly enhanced release of
C X C L - l / G R O - a and CCL5/RANTES was observed (p<0.05) (Figure 13). However, LL-37 did
not induce C C L 3 / M I P - l a , CCL22 or CXCL-10/IP-10. To further describe this LL-37 effect on
chemokine induction in bronchial epithelial cells, I exposed monolayers of 16HBE4o- and
primary N H B E cells to a range of LL-37 concentrations or IL-1 B (as a positive control) for 6
hours, to determine the kinetics of the chemokine response; produced chemokines were
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quantified via ELISA.

10000 i

Control

LL-37 50 ug/ml

IL-1 p 10 ng/ml

Figure 13. LL-37 induces G R O - a , IL-8 and Rantes release from 16HBE4o- cells.
Confluent 16HBE4o- cell monolay ers were treated with 50 pg/ml of LL-37, IL-1 B at 10 ng/ml,
or were left untreated (controls). Cell culture supernatants were assayed for GRO-a, IL-8,
Rantes, CCL22, M l P - l a and IP-10 by ELISA. Results are expressed as the mean values of
chemokine produced (Y axis - log scale) ± standard deviation of three independent experiments
(* p<0.05 denotes significance relative to untreated controls, as determined by Student's t-test
analyses).

As presented in Figure 14, LL-37 induced GRO-a release in a dose-dependent manner in
both 16HBE4o- cells (Figure 14A) and primary N H B E cells (Figure 14B). Specifically, LL-37
at 10 pg/ml induced a 2-fold increase of GRO-a release (p<0.05), with the peak of chemokine
induction detected with 50 pg/ml of LL-37 in 16HBE4o- cells (Figure 14A). Primary N H B E
cells released significant GRO-a at concentrations as low as 2.5 pg/ml of LL-37, while the
highest magnitude of the response was detected with 25 pg/ml of the peptide, at 4.8 ± 0.6 fold
(p<0.05) (Figure 14B). As expected, a corresponding effect was observed with respect to LL-37mediated IL-8 release. LL-37 induced a dose-dependent release of IL-8 from 16HBE4o- and
primary N H B E cells, with LL-37 inducing a significant chemokine release in the 10 to 50 pg/ml
range in 16HBE4o-, and 2.5 to 50 pg/ml range in primary N H B E cells (Figure 15B).
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As established in Figure 13, LL-37 induced a statistically significant increase of
R A N T E S (p<0.05), however the increase was only ~2 fold. Given that a very high dose of L L 37 (50u.g/ml) mediated an unexceptional increase of R A N T E S , a dose-response of this induction
was not warranted. A brief time-course (6 and 24 hours) with 50 ug/ml of LL-37 or I L - i p at 10
ng/ml was performed with 16HBE4o- cells. LL-37 induced a significant increase in R A N T E S at
both 6 and 24 hours (p<0.05) (Figure 16A). However, the difference in chemokine induction
between the two time points was miniscule, with a slight increase from 2.4-fold at 6 hours to
2.9-fold at 24 hours. Curiously, there was no detectable R A N T E S released when primary N H B E
cells were treated with a range of different LL-37 concentrations (from 1 to 50 Lig/ml) (Figure
16B), thus suggesting that this effect may not be physiologically relevant.
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Figure 14. LL-37 induces G R O - a release from 16HBE4o- bronchial epithelial cell line and
primary N H B E cells in a dose-dependent and time-dependent manner.

Confluent A. 16HBE4o- or B. Primary N H B E monolayers were stimulated with a range of L L 37 concentrations A . 5, 10, 25, and 50 Lig/ml or B . 1, 2.5, 5, 10, 25, and 50 ng/ml, or IL-1 B at 10

ng/ml for 6 hours. GRO-a release in culture supernatants was monitored via ELISA. Results are
expressed as averages ± standard deviation of three independent experiments (* p<0.05 denotes
significance relative to untreated controls).
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Figure 15. LL-37 induces IL-8 release from 16HBE4o- bronchial epithelial cell line and
primary NHBE cells in a dose-dependent manner.
Confluent A. 16HBE4o- or B. Primary N H B E monolayers were treated with a range of LL-37
concentrations A. 5, 10, 25, and 50 pg/ml or 10 ng/ml of IL-1(3 or B. 1, 2.5, 5, 10, 25, and 50
pg/ml for 6 hours. IL-8 release in culture supernatants was monitored via ELISA. Results are
expressed as mean values ± standard deviation of three independent experiments (* p<0.05
denotes significance relative to untreated control samples).
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Figure 16. LL-37 induces RANTES release from 16HBE4o- bronchial epithelial cell line,
but not from primary NHBE cells.

Confluent A. 16HBE4o- monolayers were treated with LL-37 at 50 ng/ml or IL-lp at 10 ng/ml
for 6 and 24 hours. B. Primary NHBE monolayers were treated with a range of LL-37
concentrations (1, 2.5, 5, 10, 25, and 50 (xg/ml), or IL-1 P at 10 ng/ml for 6 hours. Rantes release
in culture supernatants was monitored via ELISA. Results are expressed as averages ± standard
deviation of two independent experiments (* p<0.05 denotes significance relative to untreated
control samples).

3.2.3

LL-37-induced chemokine production is a transcriptionally-regulated response

In addition to focusing on LL-37-mediated protein release, transcriptional regulation of
GRO-a, IL-8 and Rantes was also evaluated. 16HBE4o- cells were stimulated with 50 pg/ml of
LL-37, or IL-1 P at 10 ng/ml, over a time-course of 1, 2, and 4 hours. Gene expression profiles
were obtained through a subsequent quantitative PCR analysis (Figure 17).
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Figure 17. LL-37 up-regulates G R O - a , IL-8 and Rantes gene expression in 16HBE4o- cells.
Sub-confluent 16HBE4o- cells were stimulated with LL-37 at 50 pg/ml, or IL-1P at 10 ng/ml
(as a positive control) for 1, 2 and 4 hours. Transcriptional regulation was assessed via
quantitative RT-PCR. Fold changes (Y-axis) were normalized to G A P D H and are relative to the
gene expression in un-stimulated cells (normalized to 1) using the comparative Ct method (refer
to Materials and Methods for details). Results are expressed as averages ± S E M of three
independent experiments (* p<0.05 designates significance relative to the respective untreated
control at a given time-point).

As presented in Figure 17, all of the chemokine genes examined were transcriptionally
up-regulated by LL-37. Both GRO-a and IL-8 had similar temporal regulation patterns, with the
peak of gene expression observed at 1 hour post-stimulation, and with relative fold changes of
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16.7 ± 1 . 7 and 28.4 ± 2.3 respectively (p<0.05). Moreover, LL-37-mediated transcriptional upregulation of GRO-a and IL-8 remained statistically significant at 2 hours, with respective 8.3 ±
2.4 and 14.4 ± 2.1 fold change (p>0.05). Both subsequently reached near-control levels at 4
hours post-stimulation (p>0.05). LL-37-mediated up-regulation of R A N T E S expression was
considerately more subtle, reaching a modest 2 fold up-regulation (p<0.05) at the 4 hour time
point only.

3.2.4

Signalling regulation of LL-37-stimulated G R O - a in airway epithelial cells is
mediated by E G F R , M A P kinase, and N F - K B signalling pathways
As LL-37-mediated IL-8 release and regulation in airway epithelial cells is a well

described phenomenon (73, 74), and RANTES induction appeared insignificant (Figure 13, 16),
the emphasis of the remainder of this study was on the peptide-induced GRO-a response. GROa was strongly induced at the transcriptional level upon LL-37 stimulation (Figure 17), and at
the protein release level in both 16HBE4o- cell line and the primary N H B E cells (Figure 13,
14). As such, a closer evaluation of signalling regulation of this C X C L type chemokine was
warranted to extend knowledge of the mechanism of action of host defence peptide LL-37 on
bronchial epithelial cells.
EGFR is a potent regulator of most LL-37-mediated effects in epithelial cell types, thus I
tested whether EGFR was involved in LL-37 induction of GRO-a. Confluent monolayers of
16HBE4o- cells were pre-treated with a specific EGFR kinase inhibitor A G 1478 for 1 hour, and
cells were subsequently stimulated with LL-37 (30 and 50 pg/ml) or EGF (20 ng/ml), a specific
EGFR agonist, for 6 hours. The resulting GRO-a increase was quantified by ELISA. A G 1478
significantly inhibited GRO-a release by ~ 60 % (p<0.05) for the two tested LL-37
concentrations, while it completely inhibited EGF-induced GRO-a (Figure 18). Thus, signalling
through EGFR is required in part for LL-37-mediated GRO-a release, in addition to IL-6
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(Figure 7A) in bronchial epithelial cells.
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Figure 18. LL-37-induced IL-6 release in 16HBE4o- cells is partially regulated by EGFR
signalling.
Confluent 16HBE4o- monolayers were pre-treated with AG1478 (1 pM), an EGFR inhibitor for
1 hour prior to treatment with LL-37 at 50 pg/ml or E G F at 20 ng/ml. Cell culture supernatants
were collected after 6 hours of incubation, and were assayed for GRO-a content via ELISA.
Results are expressed as averages ± S E M of three independent experiments (* p<0.05 relative to
untreated control; ** p<0.05 relative to the respective treatment without the inhibitor).

Furthermore, other signalling pathways that could possibly regulate LL-37-mediated
GRO-a release in airway epithelial cells were examined with the use of specific chemical
inhibitors. The literature indicates that GRO-a regulation occurs through

NF-KB

signalling

activation (105, 106), which might be mediated in part through the M A P kinases, ERK1/2, p38
and/or J N K (105, 107), or other pathways such as PI3K and P K C (108). To examine signalling
regulation, 16HBE4o- cells were pre-treated with specific pathway inhibitors, namely PD98059
(MEK1/2 inhibitor of ERK1/2 activation), SB208350 (p38 inhibitor), LY294002 (PI3K
inhibitor), and Bayl 1-7085

(NF-KB

pathway inhibitor) prior to the treatment with LL-37 (50

pg/ml) or IL-1 P (10 ng/ml) for 6 hours. Subsequently, released GRO-a was quantified from cell
culture supernatants by ELISA assays.
The PI3K inhibitor LY294002 did not inhibit LL-37-induced GRO-a production over a
range of inhibitor concentrations (5, 15, and 25 pM) (Figure 19B). Alternatively, ERK1/2 and

48

p38 M A P kinase inhibitors independently reduced peptide-stimulated GRO-a by -34% and 30%
respectively (Figure 19A.). The two M A P K inhibitors combined reduced GRO-a release by
55±4.1% relative to the LL-37 treatment alone (p<0.05) (Figure 19A). The inhibitor of the N F K B pathway (Bay 11-7085) reduced GRO-a to control levels in LL-37-treated cells at both 30
and 50ug/ml of the peptide (p<0.05), thus suggesting

NF-KB

signalling is a major regulator of

LL-37-induced GRO-a production in 16HBE4o- cells (Figure 20), as was previously observed
for LL-37-stimulated IL-6 (Figure 9).

• No inhibitor
• SB208350 12.5MM
• PD98059 12.5pM
• SB + PD

Control

LL-37 50ug/ml

IL-1 (3 10ng/ml

B.
• No inhibitor
• LY294002 5uM

• LY294002 15uM

• LY294002 25uM

D )

Q.
O

I

o
or
o

Control

LL-37 50ug/ml

IL-1B 10ng/ml

Figure 19. LL-37-induced G R O - a release in 16HBE4o- cells is regulated by E R K 1 / 2 and
p38 signalling, but not by PI3K pathways.
Confluent 16HBE4o- monolayers were pre-treated with A. SB208350 (p38 inhibitor) at 12.5
u M alone, PD98059 (ERK1/2 inhibitor) at 12.5uM alone, both inhibitors at 12.5 u M , or B .
LY294002 (PI3K inhibitor) at 5, 10, and 25uM for 1 hour prior to stimulation with LL-37 at 50
ug/ml or IL-lp at 10 ng/ml for 6 hours. Supernatants were assayed for GRO-a release by
ELISA. Results are expressed as averages ± S E M of A . three, and B . two independent
experiments (* p<0.05 relative to the respective treatment without the inhibitor).
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Figure 20. LL-37-induced G R O - a release in 16HBE4o- cells is robustly regulated via N F KB signalling.

Confluent 16HBE4o- monolayers were pre-treated with Bay 11-7085 ( I K - B O phosphorylation
inhibitor) at 10 uM for 1 hour, prior to stimulation with LL-37 at 30 and 50 ug/ml or IL-1 B at 10
ng/ml for 6 hours. Supernatants were assayed for GRO-a release by ELISA. Results are
expressed as the mean values ± SEM of three independent experiments (* p<0.05 relative to the
respective treatment without the inhibitor).

3.2.5

Summary

LL-37-induced chemokine release and the signalling events involved in this response in
16HBE4o- and primary NHBE cells was examined using ELISA, and qPCR. Among the tested
chemokines, LL-37 significantly induced GRO-a, IL-8 and RANTES in 16HBE4o- cells, but
only GRO-a and IL-8 in primary NHBE cells. LL-37 increased GRO-a and IL-8 release in a
dose-dependent manner in both cell types. In 16HBE4o- cells, gene expression of GRO-a, IL-8
and RANTES was up-regulated by LL-37 over a time-course. Specific chemical inhibitors of
various pathways were used to evaluate signalling regulation of LL-37-stimulated GRO-a
release. The major pathway by which LL-37 regulated GRO-a release was the

NF-KB

pathway,

while the contribution of the MAPK and EGFR pathways was more modest. These results
correspond to those obtained for LL-37-induced IL-6 regulation, thus indicating that the

NF-KB

pathway is a major mechanism by which LL-37 exerts its effect in bronchial epithelial cells.
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4. Discussion
4.1

Introduction
As the already plentiful evidence keeps accumulating, it is becoming more apparent that

cationic peptides truly are a vital component of host defence mechanisms. Host defence peptide
deficiencies that have been described in humans are rare, which might be due to their crucial
role in innate immune defences; one in particular has been described as an LL-37 deficiency the morbus Kostmann'disorder (109). Morbus Kostmann patients suffer from severe congenital
neutropenia, and until granulocyte-colony stimulating factor (G-CSF) treatments became
available, these patients were plagued by frequent infections and would die at a young age
(109) . G-CSF treatments have been shown to result in normal neutrophil counts in these
patients, however there is still an inherent absence of LL-37 in neutrophil secondary granules
(110) . Even with G-CSF treatment, individuals with morbus Kostmann suffer from recurrent
oral infections and chronic periodontal disease (109, 110).
LL-37,

the

only human

cathelicidin, has

been

shown to

mediate

multiple

immunomodulatory effects. Substantial increases in the local concentration of LL-37 have been
described in inflammation and infection of various sites. This increase has been demonstrated in
psoriatic lesions (52, 111), in subcutaneous wounds (112), in nasal secretions of patients with
chronic rhinitis (15), and cystic fibrosis, pulmonary sarcoidosis and COPD (7, 10, 11, 69).
Increased LL-37 at the affected site would stimulate surrounding cells to induce various effects,
including modulation of LPS-stimulated responses of macrophages/monocytes

(79, 113),

chemotaxis of hematopoietic cells (70-72), proliferation and wound healing of different
epithelial models (84, 86), regulation of cell apoptosis (78, 87, 91), and release of cytokines and
chemokines (73, 74, 76, 84).
As discussed beforehand, host defence peptides, cytokines and chemokines are essential
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defence components of the airway epithelium. Cationic host defence peptide LL-37 is an
important effector molecule of lung immune responses, however the mechanism by which L L 37 modulates airway cell responses is not entirely clear. As previously mentioned, increased L L 37 concentrations have been observed in several lung pathologies including CF and COPD, and
in other inflammatory conditions (7, 11, 69). In addition, LL-37 induction associated with these
lung afflictions often correlates with cytokine/chemokine induction, which strongly suggests
that these effects might be mediated by peptide stimulation of airway epithelial cells. Thus, a
closer examination of this peptide's ability to induce cytokines and chemokines from airway
epithelial cells was warranted.

4.2

LL-37 and IL-6 induction in airway epithelial cells - a novel peptide response
In this report I have shown that LL-37 is able to induce IL-6 release from 16HBE4o- and

primary N H B E cells in a dose-dependent and time-dependent manner (Figure 2 ) , without
inducing any IL-ip or TNF-a (Figure 1). Furthermore, LL-37 was able to enhance IL-6 gene
expression in a time dependent manner in 16HBE4o- cells. LL-37-mediated induction of IL-6
has previously been demonstrated in keratinocytes (84), but this is the first report of such an
effect in airway epithelial cells. It is particularly significant and interesting to observe induction
of IL-6, but not IL-1 P and TNF-a, since this cytokine group is commonly induced as part of a
general pro-inflammatory response mediated, at least in part, through the same signalling
pathways, such as N F - K B . Mookherjee et al. (79) from our laboratory have demonstrated that
LL-37 can selectively modulate gene transcription profiles in LPS-treated human primary
monocytes through a complex mechanism of action. For example, LL-37 has been proposed to
alter gene expression through selective modulation of N F - K B subunit translocation in endotoxin
stimulated monocytes (79). Furthermore, the expression of many cytokine and chemokine genes
is regulated by numerous transcription factors acting together to induce efficient transcriptional
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activation. Thus, a mechanism involving differential effects on ancillary transcription factors
(activated via multiple pathways, e.g LL-37 up-regulates M A P kinases) could account for the
observed selective cytokine induction. In summary, the demonstrated absence of potential ILlp/TNF-a autocrine stimulation, and absence of induction of any cytokines by LPS (ruling this
out as a contaminant), indicate that the aforementioned IL-6 response is specific to LL-37
stimulation, and it is not a secondary effect.
Furthermore, LL-37-induced IL-6 was shown to be a cell-type specific response: IL-6
was induced in bronchial epithelial cells, but not in alveolar epithelial cells (Figure 4). This
differential IL-6 induction indicates that perhaps LL-37 modulates cell responses in a distinctive
manner depending on the site of stimulation. Van Wetering et al. (114) have shown a similar
discrepancy with respect to chemokine release in A549 and primary bronchial epithelial cells in
response to defensins.
IL-6 is a particularly interesting cytokine with respect to lung immunity. A n increase in
IL-6 secretion and expression has been described in several lung conditions, such as cystic
fibrosis, COPD, and A R D S (15, 20, 115). The anti-inflammatory or pro-inflammatory role of
IL-6 in the lung appears to depend on the stimulus and inflammation context. In an IL-6 knockout mouse model of systemic endotoxaemia and in an endotoxic lung, results indicate that IL-6
plays a crucial anti-inflammatory role (24). This anti-inflammatory response in the endotoxic
lung was mediated through negative regulation of pro-inflammatory molecules TNF-a and MIP2, and decreased neutrophil influx. In the systemic endotoxin challenge model, IL-6 negatively
regulated serum levels of proinflammatory TNF-a, MIP-2, GM-CSF, and interferon-y (IFN-y)
(24). A similar anti-inflammatory effect was also seen in IL-6 knock-out mice in lipoteichoic
acid-mediated lung inflammation, while a more pro-inflammatory response was seen in
peptidoglycan-induced inflammation (23). Furthermore, results from an in vitro study have
shown responses consistent with the anti-inflammatory role of IL-6. Schindler et al. (116) have
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demonstrated that this cytokine can suppress production of the pro-inflammatory cytokines IL1P and TNF-a induced by a variety of stimuli in human PBMCs through a negative feed-back
transcriptional regulation; a more recent study suggested that IL-6 could mediate this negative
regulation by inhibiting N F - K B binding activity (117). Aside from inflammation regulation, IL-6
also appears to be a regulator of lung injury and angiogenesis responses. In a lung injury model
of IL-6 knock-out mice, it has been shown that IL-6 is essential for neovascularization (118).
Furthermore, several studies have also described IL-6-mediated protection against lung injury,
postulated to likely occur through inhibition of pro-inflammatory mediators (e.g. TNF-a, IL-lp)
and signalling pathways (e.g. N F - K B ) shown to exacerbate injury (22). Though not directly
demonstrated in the lung, IL-6 has been proposed to mediate transition from the early-response
neutrophilic infiltration to the late-response mononuclear cell recruitment through chemokinedirected effects on endothelial cells and neutrophils in a model of peritoneal inflammation (119).

4.3

LL-37-mediated I L - 6 release in physiological conditions

Since airway epithelium in vivo is structured as a polarized barrier, I sought to examine
how these structured epithelial monolayers would respond to differential peptide stimulation,
and how this would affect IL-6 release with respect to the two distinct chambers. As shown in
Figure 5 A, the greatest total induction of IL-6 was observed with apical LL-37 stimulation, and
there was also a greater amount of cytokine in the apical compartment. Basolateral LL-37
stimulation induced a lower total IL-6 response in both chambers equally. This polarized
cytokine release would correspond to an in vivo situation since the majority of LL-37 would be
present at the luminal surface (apical stimulation), and the apically-released IL-6 would be
ideally located to stimulate the recruited effector cells at the infection site. Similarly to the IL-6
result, apical LL-37 stimulation induced the most total IL-8, with an apically skewed chemokine
release (Figure 5B). This would create a chemotactic gradient to increase the influx of effector
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cells to the site of LL-37 stimulation.
LL-37 effects on airway epithelial cells greatly depend on peptide concentration and
serum conditions at the site of peptide challenge. LL-37 is present constitutively on pulmonary
mucosal surfaces at low concentrations (up to 2.5 pg/ml), but it increases in times of pulmonary
infections and in inflammatory conditions due to leukocyte degranulation and secretion from the
mucosa (67). For example, B A L F analyses of newborns with pulmonary infections have shown
peptide concentrations up to -30 pg/ml [(69), see (40) for a review]. However, higher peptide
concentrations, up to 50 pg/ml, could be expected in areas of neutrophil/macrophage
degranulation. One of the latest studies has shown that LL-37 can bind to mucin preparations in
vitro and mucus in patient sputum samples (120). The interesting observation is that the mucus
preparation from patients with severe cases of CF contained extremely high LL-37
concentrations - up to 30 mg/ml was reported (120).
In the 1-20 pg/ml concentration range, LL-37 has been demonstrated to increase
bronchial epithelial cell proliferation and migration (86). Furthermore, LL-37 has been found to
promote closure of mechanically created airway epithelial wounds at concentrations < 10 pg/ml,
in a serum-dependent manner (86). Serum regulation was shown to be highly relevant with
respect to apoptosis induction. At doses higher than 30 pg/ml, LL-37 has been shown to induce
caspase-3-mediated apoptosis in lung epithelial cells in serum-free conditions within 24 hours of
stimulation (87). In contrast, in 10% FBS conditions, 50 pg/ml of LL-37 was required to
observe apoptosis induction, while 10% of human serum protected epithelial cells from
apoptosis, even at a dose of 100 pg/ml of the peptide (87). Curiously though, the presence of
human serum was also inhibitory with respect to IL-8 gene up-regulation and release (87). The
human serum component responsible for the decrease of apoptosis induction, and likely
responsible for negative regulation of IL-8, has been shown to be serum/plasma high density
lipoprotein (HDL) (87), and not dependent on apolipoprotein A - l as previously demonstrated
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(121). Thus, considering the relevance of serum conditions to LL-37-mediated responses but
also the physiological conditions in which LL-37 stimulation of airway epithelial cells would
occur, I sought to examine i f serum content and serum type would affect peptide mediated IL-6
release from airway epithelial cells.
In vivo, airway epithelial cells are in an environment that is considered serum-free/low
serum, unlike hematopoietic cells which would reside in a plasma/serum-rich environment (87).
Making conditions more physiological also implied initially using human serum, and
subsequently human plasma, as compared to FBS routinely used in cell culture. As
demonstrated in Figure 6A, the greatest induction of IL-6 was observed with 2% FBS, while
equal human serum concentration induced a modest 2 fold IL-6 increase that was comparable to
the 10% FBS condition. Alternatively, 10% of human serum ablated the peptide-mediated IL-6
response. It should be noted that the peptide response with 2% FBS was comparable to that of
when no serum was used (data not shown), and therefore these conditions were used throughout
this study. Furthermore, since the true physiological condition would be cell stimulation in
presence of plasma, a comparison of LL-37-cell stimulation in either human serum or plasma
was performed. No major difference between human plasma and serum was observed with
respect to peptide-mediated IL-6 response (Figure 6B), which indicated that human serum
commonly used in in vitro experiments is representative of in vivo conditions.
Thus it can be assumed that cells are most sensitive to LL-37 stimulation in organs like
the healthy lung, where they would be stimulated to release the optimum dose of IL-6 in a
serum-depleted environment. As the peptide concentration increases during lung inflammation/
infection, the peak production of cytokines/chemokines would occur under these conditions. If
the LL-37 concentration increased sufficiently to reach the cytotoxic levels, peptide would act to
initiate the onset of apoptosis in the epithelial cells, which would limit the source of cytokines
and chemokines to resolve inflammation.'The local serum/plasma concentration in the lung can
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increase due to tissue damage in infection/inflammation state, for example in the epithelium
during ARDS and COPD (15, 20). The increase in serum would subsequently promote the
angiogenic function of LL-37, and would protect the epithelium from excessive apoptosis
mediated by the peptide. Importantly, a serum increase would also inhibit peptide-stimulated IL6 production, as demonstrated in this thesis, and IL-8 release, as previously shown by Lau et al.
(85), which could act to limit the inflammatory response and prevent it from worsening the
existing tissue damage. Any residual IL-6 and IL-8 left at the inflammatory site could
potentially act to further promote healing, angiogenesis and return to homeostasis (6, 118). IL-6
appears to promote transition from innate to acquired immune response through differential
regulation of cell recruitment and clearance from the site of the infection (119). Dysregulation of
this effect could potentially lead from acute inflammatory' responses to chronic inflammation.
IL-6 has been implicated as a marker of several chronic inflammatory diseases, such as Crohn's
disease and cystic fibrosis (11, 122), and is considered a contributor to the pathogenesis of these
chronic conditions. Thus, inhibition of peptide-induced

IL-6 and IL-8 by increased

concentrations of human serum, which would be a characteristic of injured lungs, could be
considered as a mechanism promoting a return to homeostasis.

4.4

LL-37 and NF-KB-mediated regulation of IL-6
In airway epithelial cells, T L R agonists such as flagellin, IL-ip and TNF-a have been

shown to mediate N F - K B

activation, most commonly through promotion of nuclear

translocation and transcriptional activity of the p65/p50 heterodimer (31, 99, 100, 104). This
N F - K B activation in the lung mucosa has been described to regulate a multitude of responses
including cytokine regulation (IL-6, IL-8, IL-ip, TNF-a to name a few), chemokine regulation
(for

example IL-8, GRO-a, RANTES), adhesion molecule expression, and other processes

central to inflammatory responses (31).
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A role for N F - K B has already been described with respect to LL-37-mediated
immunomodulation. In a monocytic cell line, LL-37 was shown to inhibit LPS-stimulated
nuclear translocation of various N F - K B subunits, which was proposed to be one of the
mechanisms by which LL-37 suppresses LPS-induced gene transcription and exerts an antiendotoxin effect (79). In contrast, LL-37 stimulation alone has been described to induce the
transient phosphorylation of IK-BO and nuclear translocation of p50 and p65 N F - K B subunits in
primary PBMCs (Yu et al, 2007; submitted for publication). Furthermore, a relevant role for
this transient translocation of N F - K B has been demonstrated in LL-37-stimulated production of
IL-8 and other chemokines, as well as in induction of MCP-3 by the synergistic combination of
LL-37 and IL-lp, through inhibitor studies in PBMCs (Yu et al,

2007; submitted for

publication).
In this report, I have demonstrated for the first time a contribution of N F - K B signalling
in LL-37-mediated responses of airway epithelial cells. Phosphorylation of IK-BO is a signal that
induces ubiquitin-mediated proteasome degradation of this regulator, and this degradation
allows N F - K B subunits sequestered in the cytosol to migrate to the nucleus, and activate the
transcription of many genes, including IL-6 (33). In addition to demonstrating the induction by
LL-37 of IK-BO phosphorylation and total IK-BO degradation (Figure 10), I showed through
inhibitor studies that this N F - K B signalling activation is required for LL-37-stimulated IL-6
release (Figure 9). A more direct study to examine LL-37-mediated N F - K B subunit translocation
into the nucleus would further affirm these conclusions, and will be conducted in the near
future.
In airway epithelial cells in particular, the significance of N F - K B signalling in the
production and regulation of IL-6 has been previously demonstrated (99, 100, 123). In the
majority of cases, M A P K activation, in particular p38, was associated with N F - K B activation
and cytokine regulation (100, 123), which is to some extent the case with LL-37-mediated IL-6
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production. A detailed analysis of the regulatory region of the IL-6 gene shows putative binding
sites for a variety of response regulators including N F - K B , AP-1,

CREB,

and N F - I L - 6 (124-

126), an observation consistent with the possibility that IL-6 transcriptional regulation requires a
complex of transcriptional factors for optimal expression.
15'
Ctr

LL-37 IL-10

30'
Ctr

LL-37 IL-10

Phospho-CREB

GAPDH

Figure 21. LL-37 induces CREB phosphorylation in 16HBE4o- cells.
16HBE4o- cells were treated with 50 ug/ml LL-37, lOng/ml IL-1 (3, or were left untreated (Ctr control), over a brief time course of 15 and 30 minutes. Whole cell protein lysates were prepared
and analyzed by SDS-PAGE and Immunoblotting. Immunoblot for phosphorylation of
transcriptional factor C R E B , with expression of the house-keeping protein G A P D H assessed as
a loading control. Results are from one experiment, representative of three experiments.

Further evidence supporting the putative involvement of multiple transcription factors in
cytokine gene regulation is that LL-37 was able to induce cAMP-responsive element binding
protein (CREB) phosphorylation in 16HBE4o- cells (Figure 21), in addition to activating N F K B . Though not directly demonstrated in airway epithelial cells, LL-37 was furthermore shown
to activate other transcription factors such as Elk-1 in monocytes (via M A P K ) (73) and STAT
transcription factors (via EGFR) in keratinocytes (83). Thus, it appears that host defence peptide
LL-37 induces its immunomodulatory effects through a complex mechanism.
Activation of these multiple transcriptional factors implies activation of multiple
signalling pathways (such as ERK1/2 and p38, for example) and provides an explanation as to
how convergent signals might regulate IL-6 gene transcription and protein expression. Both the
p38 and ERK1/2 pathways have been shown to affect NF-KB-mediated IL-6 transcription by
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modulating transactivation capacity of the p65 subunit of N F - K B (127). The p38 pathway has
also been implicated in IL-6 transcript stabilization, possibly through activation of a downstream effector MAPK-activated protein kinase-2 ( M A P K A P - K 2 or MK-2) (128). In addition,
ERK1/2 signalling via p90 ribosomal S6 protein kinase 1 (Rskl) activation has been shown to
regulate C R E B phosphorylation in airway epithelial cells (129). Therefore, even though IL-6
gene expression in the lung is usually associated with NF-KB-mediated regulation, the actual
mechanism is likely to involve complexes of transcription factors that might potentially regulate
gene expression in a cell-specific manner.
None of the proposed LL-37 receptors could completely account for LL-37-indced IL-6
production, indicating that there may be multiple receptors and more than one signalling
pathway(s) responsible for NF-kB activation mediated by this host defence peptide. In addition
to the traditionally recognized N F - K B activator receptors such as TLRs, IL-1 receptor, or the
TNF receptor, receptor tyrosine kinases, such as E G F R have been implicated in NF-kB
activation in human fibroblasts, proximal tubule cells, and smooth muscle cells among others
(101, 130, 131). In airway epithelial cells, a study reported that stimulation by metals from
ambient air particles can activate Ras, which in turn activated N F - K B and M E K to ERK1/2
signalling independently (132). Therefore, a possibility exists that LL-37 trans-activation of
E G F R could participate in N F - K B activation and IL-6 regulation described in this report. M y
own preliminary studies indicate that there are several other receptor tyrosine kinases, in
addition to EGFR, that appear to be activated in response to LL-37. This area of LL-37 research
is relatively unresolved, and the identification of other receptors will provide further insight into
other signalling pathways and processes mediated by the host defence peptide LL-37.
In conclusion, LL-37-mediated activation of the N F - K B signalling in airway epithelial
cells demonstrated in this report is a novel effect of this host defence peptide. This N F - K B
regulation proved to be the pivotal regulation mechanism with respect to selective peptide60

mediated cytokine and chemokine production.

4.5

LL-37 and receptor regulation of the IL-6 response
With respect to receptor regulation of LL-37-stimulated IL-6 release, the inhibitor

studies performed in this thesis indicated that E G F R signalling partially regulated IL-6 release
in airway epithelial cells by ~40 % (Figure 7A), a result I reproduced at a lower peptide
concentration of 30 pg/ml (data not shown). Epidermal growth factor receptor has been
implicated in various LL-37-mediated responses in epithelial cells. EGFR inhibitors were
previously shown to completely reduce LL-37-stimulated IL-8 release in airway epithelial cells
(74), and EGFR signalling was also shown to regulate airway wound closure and cell
proliferation (86). Though not shown in airway epithelial cells in particular, EGFR signalling
has been implicated in IL-6 regulation in thymic epithelial cells (133). In addition, EGFR has
been shown to regulate M A P K activation (134), and multiple reports have described the
reciprocal involvement of M A P kinases in IL-6 regulation (97, 98, 100, 106). Therefore, it
seems reasonable to conclude that LL-37 induces IL-6 expression in part through transactivation
of EGFR and subsequent M A P K signalling.
It appears that a Ptx sensitive receptor (Figure 7B) might be partially involved in
mediating LL-37-induced IL-6 release, but it is difficult to confidently conclude whether this
receptor is FPRL-1. I used a specific FPRL-1 agonist W K Y M V at a concentration that was
previously shown to potently induce FPRL-1-mediated responses (135); however, this
concentration of W K Y M V was only able to induce a quite modest, although significant, IL-6
release of - 1.6 fold above background.
Though P2X7 has been shown to regulate LL-37-induced IL-1 B processing and release in
LPS-primed monocytes (88), it has not been described to mediate LL-37-induced responses in
lung epithelial cells. However, P2X7 agonists have been shown to stimulate IL-6 release from
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various cell types, including epithelial cells (136-138), thus warranting the examination of
potential involvement of P2X7 in LL-37-induced IL-6 regulation. The P2X7 inhibitor KN-62
used in this report did not block LL-37-induced IL-6 release. The same inhibition experiments
were attempted with various newly purchased KN-62 inhibitor stocks, however identical results
were obtained. Moreover, KN-62 also failed to inhibit IL-6 release induced by a specific P2X7
agonist Bz-ATP (Figure IC). As the control experiment did not work it is difficult to make
definitive conclusions with respect to P2X7 involvement in regulation of LL-37-mediated IL-6
release until studies with an efficient P2X7 inhibitor are performed.

4.6

Other signalling regulation of LL-37-mediated IL-6
M A P K pathways have been shown to regulate numerous LL-37-mediated effects. In

bronchial epithelial cells in particular, ERK1/2 and p38 M A P kinases have been show to each
regulate IL-8 release to a degree, but when combined abrogated all IL-8 production (73). I
showed that M A P kinases are involved in regulation of LL-37-mediated IL-6 induction (Figure
8); however, this regulation was more subtle when compared to their effects on LL-37-mediated
IL-8 induction. ERK1/2, p38, and J N K M A P kinases have been described as IL-6 expression
regulators in various cells and conditions. In osteoblasts and chondrocytes, TNF and IL-lp
induced IL-6 regulation has been shown to occur through post-translational mRNA stabilization
mediated by p38 (106), whereas transcriptional upregulation of IL-6 by TNF and IL-ip in
monocytes was mediated by ERK1/2 and J N K regulation (139). While IL-lp-stimulated IL-6
release in skeletal muscle was regulated by both p38 and ERK1/2 (97), regulation of IL-6 in
pulmonary epithelial cells has been demonstrated to involve either both ERK/p38 or p38 only,
depending on the stimulus (100, 123). Thus, M A P K regulation of IL-6 release is a well
described occurrence, and the results shown in Figure 8A describe yet another LL-37-mediated
event that is significantly regulated by M A P kinases in airway epithelial cells.
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As interest in LL-37-mediated immunomodulatory effects and their regulation grows,
our knowledge of the range of signalling pathways that LL-37 activates or modulates is
continually expanding. In addition to the well-described involvement of M A P K signalling in
LL-37-mediated responses, a role for PI3 kinase is becoming more apparent. Barlow et al.
(2006) have recently illustrated the significance of PI3K signalling as a regulator of LL-37mediated inhibition of neutrophil apoptosis, while PI3K signalling has been shown to potently
regulate endothelial cell growth and partially regulate N F - K B translocation in peptide-stimulated
endothelial cells (89). Furthermore, the role of PI3K in regulation of LL-37-mediated IL-8
release, and combination IL-l(3/LL-37-mediated MCP-3 release has been demonstrated in
PBMCs (Yu et al. 2007, submitted for publication). However, PI3K signalling regulation did not
affect LL-37-mediated IL-6 release in airway epithelial cells. Therefore, in addition to affecting
different receptors and inducing different responses in various target cells, this host defence
peptide targets regulatory mechanisms in a cell-specific manner as well.

4.7

LL-37 can augment IL-6 release mediated by pro-inflammatory mediators
As previously discussed, LL-37 can induce a variety of responses in lung epithelial cells

over a range of concentrations. For example, low doses such as 2-5 ug/ml of LL-37 will mediate
wound healing and proliferation, while doses higher than 50 ug/ml will induce apoptosis in
various epithelial cell lines. Similarly LL-37-mediated induction of cytokines and chemokines
was shown to be a dose-dependent response [Figures 2, 14, 15; (74)]. Another important factor
that needs to be taken into consideration are the multiple stimuli usually present at the sites of
infection and inflammation. These sites contain, in addition to LL-37, a multitude of pro- and
anti- inflammatory stimuli acting simultaneously. A variety of effects are synergistically induced
in human PBMCs by IL-1B and LL-37 (at a moderate peptide dose of 20 pg/ml) (Yu et al, 2007
63

submitted for publication). Furthermore, the synergistic induction of chemokines with IL-1 B and
low doses of LL-37 has been demonstrated in neutrophils [Li, Y., M.Sc.thesis, U B C ; (78)].
Similarly, I have shown in this report that co-stimulation of 16HBE4o- cells with IL-1 (3
and LL-37 (low doses of 5 and 10 pg/ml) induced IL-6 release in an additive, rather than
synergistic fashion (Figure 11). IL-1 (3 is one of the major pro-inflammatory cytokines that can
modulate airway epithelial cell responses. IL-1 (3 stimulation has been shown to affect cytokine
and chemokine production from the airway epithelium, and adhesion molecule expression in
endothelial cells, which can directly influence epithelial layer permeability and neutrophil
transmigration (140, 141). Even though LL-37 was shown to induce a significant IL-6 release
over a range of concentrations, more than 10 pg/ml of peptide is needed to observe a greater
than 2-fold cytokine induction. In the early stages of inflammation which are characterized by
low LL-37 concentrations, the co-stimulation of cells with IL-1 (3 and LL-37 would result in an
augmented IL-6 release. Thus, the ability of low doses of LL-37 to increase IL-ip-mediated IL6 release indicates that LL-37 can act to selectively modulate certain innate inflammatory
signals relevant to normal host defence functions.
In addition to increasing IL-1 p-mediated IL-6 release from airway epithelial cells, LL-37
also augmented flagellin-mediated cytokine release (Figure 12). Flagellin-mediated activation of
TLR-5 signalling in lung epithelial cells has been demonstrated to induce transient cytosolic
calcium increase, M A P K signalling and subsequent N F - K B activation leading to production of
molecules such as IL-8 and IL-6 (102, 104). Since LL-37-mediated IL-6 production was shown
to be NF-icB-regulated (Figure 9), it is possible that LL-37/flagellin stimulation results in
additive increase in N F - K B stimulation. Since both flagellin and LL-37 have been shown to
modulate IL-8 release from airway epithelial cells, it would be of interest to examine how costimulation would affect production of this chemokine.
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4.8

LL-37 and chemokine regulation
In addition to the expected induction of IL-8, LL-37-mediated induction of G R O - a was

demonstrated in this report. LL-37 stimulated a dose-dependent release of G R O - a from
16HBE4o- and primary bronchial epithelial cells (Figure 14). Furthermore, LL-37 induced an
increase in G R O - a gene expression and protein release through EGFR, M A P kinases (ERK1/2
and p38), and N F - K B regulation. As previously described for peptide-mediated IL-6 regulation,
the PI3K pathway was not found to be a significant regulator of this chemokine. Though LL-37
was shown to mediate R A N T E S increase in gene expression and protein release from
16HBE4o- cells, there was no detectable R A N T E S induced in primary bronchial epithelial cells
stimulated by LL-37 (Figure 16). R A N T E S (CCL5) is a member of C C family of chemokines
and has been shown to regulate chemotaxis of eosinophils, basophils, monocytes and memory T
cells (142, 143). Though LL-37-mediated up-regulation of R A N T E S would be a novel and
interesting finding due to the involvement of this chemokine in allergic responses and viral
defences (142, 144, 145), its lack of induction in primary N H B E cells indicates that this result
may not be physiologically relevant.
Even though the direct EGFR regulation of G R O - a has not been described before,
ERK1/2 kinase activation by Raf-1 has been shown to be involved in regulation of this
chemokine (108). The activation of Raf-1 as one of the downstream targets of E G F R signalling
has been well documented (134), so it is possible to state that G R O - a is downstream of E G F R
activation. The roles of M A P K regulation and N F - K B activation in G R O - a production have
been demonstrated in airway epithelial and smooth muscle cells (105, 106, 108). In addition to
the

regulation

of p65 N F - K B

subunit,

other

transcriptional regulators

such as

the

CCAAT/enhancer binding protein (C/EBP) elements have been described to regulate G R O - a
transcription (106).
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Lung epithelial cells are the first cells to encounter potential pathogens, and one of their
essential roles in inflammation is to recruit effector cells to the site of pathogenic challenge.
PMNs are important effector cells of lung innate responses. In the healthy lung, approximately
40% of total body's PMNs reside in the pulmonary vasculature (1). However, PMNs are rapidly
and efficiently recruited to the site of infection through action of chemokines and cytokines
originating from the lung epithelium. Host defence peptide LL-37 in this sense is an important
factor in airway cells responses, as it can induce chemokines and cytokines at moderate
concentrations and act as a direct chemoattractant at higher concentrations, and as such can
affect progression of the inflammatory response. IL-8 and GRO-a shown to be regulated by L L 37 are potent modulators of P M N chemotaxis and activation.
IL-8 (CXCL-8) and GRO-a (CXCL-1) are structurally similar chemokines and members
of the E L R - C X C chemokine family. IL-8 has been described as a potent neutrophil chemotactic
factor, but also a neutrophil activator; it has been shown to regulate neutrophil adhesion,
degranulation and respiratory burst [reviewed in (131)]. Aside from neutrophil recruitment, it
may also induce chemotaxis of eosinophils, basophils, T cells, B cells, and macrophages (131).
Similarly, GRO-a has been shown to induce chemotaxis, elastase exocytosis, transient cytosolic
calcium increase and a modest respiratory burst, as compared to IL-8, in human neutrophils and
basophils (but not eosinophils or monocytes) (12, 21). Even though IL-8 is perceived as the
most potent neutrophil chemoattractant, in vivo studies show that IL-8 neutralization results in
only partial inhibition of neutrophil infiltration, thus indicating that other C X C chemokines as
GRO-a or ENA-78 are likely to be significant players (108). Furthermore, as members of the
E L R - C X C family, both IL-8 and GRO-a have been proposed to mediate angiogenesis, which is
likely relevant to wound repair or chronic inflammation (6).
Though neutrophil recruitment and activation are beneficial and necessary features of an
inflammatory lung response, a dysregulated response can result in excessive neutrophilia and
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tissue damage, characteristic of several lung inflammatory afflictions such as A R D S (17). As
discussed previously, LL-37 concentration in inflammatory lung conditions would be increased.
In turn, the increased LL-37 would act on airway epithelium to induce additional chemokines,
which would drive the infiltration of additional leukocytes that can further the amplification of
the inflammatory response through a positive feedback mechanism. However, under such
circumstances, high concentrations of LL-37 (>50 pg/ml) would induce apoptosis in airway
epithelial cells, which would act to reduce production of chemokines and cytokines and would
help establish homeostasis of the affected site. Furthermore, a local serum increase would act to
reduce excessive apoptosis and would inhibit cytokine and chemokine production.

4.9

Future areas for study
Even though a new facet of the role of host defence peptide LL-37 in lung innate

immunity was described in this report, there are still many questions left unanswered. In
addition to the panel of cytokines and chemokines I tested in this thesis, there are many that are.
relevant to lung immunity that could be potentially regulated by LL-37. A global transcriptional
and/or proteomic analysis of LL-37 induced responses over a time course would be valuable as
a tool for uncovering other potential processes that this host defence peptides could affect.
Chronic lung pathologies such as CF and COPD are characterized by mucus
hypersecretion, which can impair gas exchange and obstruct the airways (15, 20). The
differentiation of airway epithelial cells into mucus-secreting cells has been shown to occur
upon stimulation with cytokines such as IL-4, IL-13, and IL-6 (146). In addition to cytokines,
defensins have also been shown to affect mucin up-regulation in bronchial epithelial cells (147).
Considering that LL-37 activates

signalling pathways that commonly regulate mucin

production, and that this peptide induces an IL-6 increase shown to potentially regulate mucin
expression in airway epithelial cells, it is probable that LL-37 could affect mucin regulation and
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expression, similarly to defensins.
Furthermore, a study in keratinocytes has shown that LL-37 and HBD-2,-3, and -4
induced IL-18 release synergistically (82). While cationic peptide synergy has been considered
with respect to antimicrobial activity (148), it seems likely that synergy might be a more general
property with respect to host defence immunomodulation. Bowdish et al. (2005) have examined
this effect and have reported that LL-37 and indolicidin (bovine cathelicidin) synergistically
reduced LPS-stimulated TNF-a release in a human monocytic cell line. They have furthermore
described that LL-37 mediated endotoxin-induced TNF-a inhibition with either HBD-1 or H B D 2 in an additive manner (96). Given the important role of defensins in lung innate immunity
(114), and the substantial functional similarity between LL-37 and defensins with respect to
airway cells induced responses, it would be of interest to examine i f these cationic peptides
could synergistically mediate responses in the airway epithelium.

4.10

Conclusions
In conclusion, I have shown in this report that the host defence peptide LL-37 induced a

novel effect in airway epithelial cells - induction of IL-6 and GRO-a through regulation of N F KB, EGFR, and M A P kinase signalling pathways. The evidence presented in this report has
shown that LL-37 is indeed a potent regulator of lung immune responses mediated through
multiple signalling pathways. Alone or acting with other inflammatory mediators, this host
defence peptide was shown to participate in selective induction of pro-inflammatory signals
required for a proper immune response, while mediating the delicate balance of beneficial
inflammatory response with regulation of homeostasis.
The extensive, ever-increasing evidence of the ability of cationic peptides to modulate
diverse aspects of innate and adaptive immunity alike has fuelled an interest in the design of
therapeutics based on naturally occurring peptides. These synthetic derivative molecules should
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efficiently

modulate and boost intrinsic host defences,

without causing cell toxicity

characteristic of high doses of many host defence peptides. A prototype for such peptides termed
innate defence regulators was recently published (Scott, M.G., E. Dullaghan, N . Mookherjee, N .
Glavas, M . Waldbrook, A . Thompson, A . Wang, K . Lee, S. Doria, P. Hamill, J. Yu, Y. L i , O.
Donini, M . M . Guarna, B.B. Finlay, J.R. North, and R.E.W. Hancock. 2007. Innate defence
regulators as a new approach to anti-infective therapy. Nature Biotech., March 26 ). The
th

inherent ability of cationic peptides to enhance immune responses, without the adverse potential
for developing resistance mechanisms, makes host defence peptides especially attractive targets
for therapeutic development. However, before these synthetic analogues can be fully exploited
as therapeutics, the arrays of functions and effects of their natural counterparts will require
further clarification through rigorous in vitro and in vivo studies.
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