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LL-37 is a human cationic host defense peptide that is an essential component of innate immunity. In
addition to its modest antimicrobial activity, LL-37 affects the gene expression and behavior of effector cells
involved in the innate immune response, although its mode of interaction with eukaryotic cells remains
unclear. The interaction of LL-37 with epithelial cells was characterized in tissue culture by using biotinylated
LL-37 and confocal microscopy. It was demonstrated that LL-37 was actively taken up into A549 epithelial cells
and eventually localized to the perinuclear region. Specific inhibitors were used to demonstrate that the uptake
process was not mediated by actin but required elements normally involved in endocytosis and that trafficking
to the perinuclear region was dependent on microtubules. By using nonlinear regression analysis, it was
revealed that A549 epithelial cells have two receptors for LL-37B, with high and low affinity for LL-37,
respectively. These results indicate the mode of interaction of LL-37 with epithelial cells and further our
understanding of its role in modulating the innate immune response.

Cationic host defense peptides are key components of innate
immunity that have both direct, broad-spectrum antimicrobial
activity and an ability to stimulate immunity against bacteria,
fungi, parasites, and viruses (14). In evolutionary terms, the
peptide immune system is ancient, with a diverse repertoire of
molecules, but has been maintained in virtually all advanced
eukaryotes from insects to mammals. In mammals, selected
gene-encoded peptides have been loosely conserved and play
an important role as a first line of immune defense. Peptides
appear to be a major player in local innate immunity, especially
at mucosal and epithelial surfaces, providing an early line of
defense against infection (2).

Peptides of the cathelicidin family are synthesized as pre-
propeptides and are characterized by the conserved amino-
terminal sequence of the peptide pro-piece and the variable
carboxy terminus (37, 38). The pro-sequence is termed “cathe-
lin,” because this domain inhibits the activity of the first mem-
ber of the cathelicidin family, cathepsin L (cathepsin L inhib-
itor). Molecules with a cathelin-like propeptide sequence have
been isolated from multiple species including humans, mon-
keys, horses, cows, sheep, pigs, rabbits, and mice (35). The
cathelin pro-sequence has been proposed to be involved in
protecting the peptide from proteolysis during synthesis and
trafficking of the peptide and/or mediating trafficking to the
appropriate cellular compartment (36). The human cathelici-
din hCAP18 was first cloned from cDNA isolated from human
bone marrow (1). LL-37 is a proteolytically processed form of
hCAPI1S8 that is released upon stimulation of cells and is
cleaved extracellularly by proteinase-3 (26). LL-37 is not only
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a major protein in the large granules of human neutrophils
(24) but is also produced by epithelial cells, including those in
the squamous epithelium (12) and lung (4), and by the epider-
mis and is up-regulated in response to inflammatory stimuli
(11). It can be found at unstimulated mucosal surfaces at
concentrations of around 2 pg/ml, and at concentrations ex-
ceeding 50 pg/ml in inflamed epithelium (4). In addition,
plasma has been reported to contain hCAP18 bound to li-
poproteins at a concentration of 1.2 wg/ml (25). Thus, LL-37 is
an important component of both the phagocyte and epithelial
defense systems in humans and has a number of activities
related to its role in the immune response.

It has been demonstrated that LL-37 stimulates the expres-
sion of a wide variety of genes involved in the innate immune
response, including those encoding chemokines (i.e., interleu-
kin-8 [IL-8] and monocyte chemoattractant protein 1 [MCP-
1]), differentiation factors, and anti-inflammatory cytokines
(i.e., IL-10) (23). LL-37 has also been reported to be directly
chemotactic for human neutrophils, monocytes, and T cells
through formyl peptide receptor like-1 (FPRL-1, a G; protein-
coupled receptor) (34) and is also chemotactic for human mast
cells using two different receptors, a high-affinity (dissociation
constant [K,], 2.3 nM) receptor that is not a G; protein-cou-
pled receptor and a low-affinity, G; protein-coupled receptor
(K, 112 pM), but neither of these are the FPRL-1 receptor.
LL-37 has also been found to induce IL-8 production through
phosphorylation and activation of the mitogen-activated pro-
tein kinases ERK-1 and -2 and p38 in human peripheral blood-
derived monocytes and human bronchial epithelial cell lines,
but not in B or T lymphocytes, independently of the FPRL-1
receptor (6, 30). Indeed, it was found that LL-37-induced cell
signaling in a human epithelial cell line was mediated through
the epidermal growth factor receptor (30). Thus, LL-37 clearly
has the ability to utilize several different receptors. LL-37 also
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has a variety of other functions in immunity, including promo-
tion of mast cell histamine release (19), stimulation of wound
healing (15), angiogenesis (16), and modulation of dendritic
cell differentiation (9).

LL-37 has been described as an antimicrobial peptide, but its
activity against most bacteria is quite modest (32, 36) and may
be confined to body compartments where the concentration is
relatively high or the ionic strength and divalent cation con-
centrations are reasonably low. Nevertheless, despite its mod-
est antibacterial activity (13), exogenously added LL-37 pro-
tects mice against Staphylococcus aureus infections (M. G.
Scott and R. E. W. Hancock, unpublished data), whereas trans-
genic overexpression of LL-37 in mouse airways results in
decreased bacterial load and mortality following challenge with
either Pseudomonas aeruginosa or Escherichia coli (3). This
may reflect the ability of LL-37 to boost mechanisms of innate
immunity. In addition, the induction of anti-inflammatory gene
products (23) has an in vivo corollary in the ability of LL-37 to
demonstrate potent protection against bacterial endotoxin (li-
popolysaccharide) in animal models (3, 23).

Although the effects of LL-37 on eukaryotic cells have been
studied extensively, the mechanism of how LL-37 interacts
with eukaryotic cells is not well understood. The aim of this
study was to characterize the interaction of LL-37 with a lung
epithelial cell line. By using confocal microscopy with biotin-
ylated LL-37, in conjunction with specific inhibitors, we were
able to shed light on the mechanism of uptake and localization
of LL-37. Our results show that this is an active process and
that LL-37 becomes localized to the perinuclear region of lung
epithelia. Binding assays also reveal that there are high- and
low-affinity receptors; the low-affinity receptor appears to be
FPRL-1.

MATERIALS AND METHODS

Peptide synthesis. LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNL
VPRTES) and LL-37C (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPR
TESC) were synthesized at the Nucleic Acid/Protein Synthesis Unit at the Uni-
versity of British Columbia (UBC) by N-(9-fluorenyl)methoxy carbonyl (Fmoc)
chemistry using an Applied Biosystems model 431 peptide synthesizer.

Biotinylation of LL-37. LL-37C was biotinylated at the C-terminal cysteine
side chain with N-a-(3-maleimidylpropionyl) biocytin (Molecular Probes, Eu-
gene, Oreg.). LL-37C (2 mmol) and N-a-(3-maleimidylpropionyl) biocytin (23
mmol) were dissolved separately (430 and 1 mM, respectively) in 50 mM Tris
buffer (pH 7) and mixed. The mixture was reacted by shaking for 2 h at room
temperature. Excess N-a-(3-maleimidylpropionyl) biocytin was quenched by us-
ing 2-mercaptoethanol (Bio-Rad, Montreal, Quebec, Canada). Biotinylated
LL-37 (LL-37B) was purified by using a reversed-phase fast-performance liquid
chromatography column (Resource 15RPC; 3 ml; Pharmacia, Piscataway, N.J.)
with a water-acetonitrile gradient containing 0.1% trifluoroacetic acid. The yield
of LL37B after purification was 66% as determined by amino acid analysis.
Peptide purity was confirmed by high-performance liquid chromatography and
matrix-assisted laser desorption ionization—time-of-flight (MALDI-TOF) mass
spectroscopy.

Liposome preparation. A chloroform solution of either 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
glycerol (POPG) (both from Avanti Polar Lipids Inc., Alabaster, Ala.), or an
equimolar mixture of both lipids was dried under a stream of N,. Residual
solvent was removed by desiccation under a vacuum for 2 h. The resulting lipid
film was rehydrated in 10 mM phosphate buffer (pH 7.0). The suspension was put
through five freeze-thaw cycles to produce multilamellar liposomes, followed by
extrusion through 0.1-pm-pore-size double-stacked Poretics filters (AMD Man-
ufacturing Inc., Mississauga, Ontario, Canada) by using an extruder device (Li-
pex Biomembranes, Vancouver, British Columbia, Canada).

CD spectrometry. Circular dichroism (CD) spectra were obtained by using a
J-810 spectropolarimeter (Japan Spectroscopic Company, Tokyo, Japan). Each
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spectrum (190 to 250 nm) was the average of 10 scans using a quartz cell with a
1-mm path length at room temperature. The scanning speed was 50 nm/min, with
a step size of 0.1 nm, a response time of 2 s, and a 1-nm bandwidth. Peptide
concentrations utilized were 4.0 wM for LL-37 and 4.3 uM for LL-37B in 10 mM
Tris buffer (pH 7.4). The concentration of lipid was 1 mM (POPC-POPG at a
molar ratio of 1:1). Spectra were baseline corrected by subtracting a blank
spectrum of a sample containing all components except the peptide. Ellipticities
were converted to mean residue molar ellipticities (6), expressed in degrees times
square centimeters per decimole.

Cytokine production in A549 epithelial cells. The human epithelial cell line
A549 was obtained from the American Type Culture Collection (Manassas, Va.).
The A549 epithelial cell line was maintained in complete Dulbecco’s modified
Eagle medium (DMEM; GIBCO Laboratories, Grand Island, N.Y.), which con-
sists of DMEM supplemented with 10% heat-inactivated fetal bovine serum
(Medicorp, Montreal, Quebec, Canada). A549 cells were seeded in 24-well plates
at a density of 10° cells per well in complete DMEM and were incubated
overnight at 37°C under 5% CO,. The medium was removed from cells grown
overnight and was replaced with fresh complete DMEM. Cationic peptides were
added, and cells were incubated for 24 h at 37°C under 5% CO,. The supernatant
was removed and quantified for IL-8 by an enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s directions (Biosource, Montreal, Que-
bec, Canada).

Binding assays. A549 cells were placed in 96-well plates in complete DMEM,
at a concentration of 10* cells/well, and incubated overnight at 37°C under 5%
CO,. The medium was then removed from the cells, and to block uptake, the
cells were treated with brefeldin A (5 pg/ml in complete DMEM) or equilibrated
at 4°C for 1 h prior to the addition of LL-37B. For competition studies, the
FPRL-1 agonist peptide WKYMVM (W-peptide; a generous gift from Claes
Dahlgren, Phagocyte Research Laboratories, Department of Rheumatology and
Inflammation Research, University of Goteborg, Goteborg, Sweden) was added
at the same time as LL-37B. Cells were incubated with LL-37B (and W-peptide
for the competition studies) for 15 min at 37°C. Following incubation, the cells
were gently washed with phosphate-buffered saline (PBS) and incubated with
streptavidin (1/200 dilution; R&D Systems, Minneapolis, Minn.) at 23°C for 60
min. Cells were washed extensively with PBS and were then incubated with
3,3',5,5'-tetramethylbenzidine liquid substrate (Sigma) at room temperature for
30 min and protected from light. The plates were read with a Bio-Tek plate
reader at an absorbance wavelength of 450 nm (correcting for background by
subtracting the absorbance at 570 nm). The maximum specific binding (B,,.,)
and K, were obtained by using nonlinear regression with GraphPad Prism (ver-
sion 4.0; GraphPad.com, San Diego, Calif.).

RNA isolation. A549 cells were placed in 150-mm-diameter tissue culture
dishes at 10° cells/dish in complete DMEM and incubated overnight at 37°C
under 5% CO,. DMEM was removed from cells grown overnight, fresh medium
was added, and cells were then incubated with peptides for 4 h. After stimulation,
cells were washed with PBS. Total RNA was isolated according to the manufac-
turer’s directions by using RNAqueous (Ambion, Austin, Tex.). RNase inhibitor
(Ambion) was added to the RNA sample to prevent RNA degradation. To
remove contaminating genomic DNA, the RNA sample was incubated with
DNase I (Ambion) for 30 min at 37°C. DNase I was subsequently inactivated by
using DNase inactivation reagent (Ambion). RNA quality and quantity were
assessed by using a Bioanalyzer (Agilent, Palo Alto, Calif.).

Microarrays. Fourteen-thousand-human-oligonucleotide expression arrays,
which were printed on glass slides by using the 70-mer library PRHU04 from
QIAGEN (Venlo, The Netherlands; see www.operon.com for details of the
library), were obtained from the Genome BC Array Facility (Vancouver Hospi-
tal, Vancouver, British Columbia, Canada). cDNA probes were prepared by
reverse transcription from cellular RNA, labeled with either biotin or fluorescein
from 2 pg of total RNA by using a QTAGEN LabelStar array kit labeling module
according to the manufacturer’s instructions, and cleaned up by using the
cleanup module of the same kit. Microarray slides were subsequently hybridized
by using the resonance light scattering (RLS) array detection system (Invitrogen/
Genicon, San Diego, Calif.) according to the manufacturer’s instructions. The
array hybridization image was captured by using a GSD-501 RLS detection and
imaging instrument (Invitrogen/Genicon). Hybridization signals were then quan-
tified by using ArrayVision (version 8.0; Imaging Research Inc., St. Catherine’s,
Ontario, Canada) and analyzed by GeneSpring (Silicon Genetics, Redwood City,
Calif.). The data were normalized by using the 50th-percentile parameter of
GeneSpring. All results were derived from three independent experiments, each
involving two technical replicates obtained through dye swapping. All experi-
mental information and procedures were entered into a MIAME (minimum
information about a microarray experiment)-compliant database and are avail-
able online at www.cmdr.ubc.ca/arraydata/.
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LDH assay for cytotoxicity. A549 cells were maintained and passaged as
described above. The epithelial cells were seeded in 24-well plates at a density of
10° cells/well in complete DMEM and incubated at 37°C under 5% CO, over-
night. The medium was removed from the cells and replaced with fresh complete
medium. Cells were treated with LL-37 at a range of concentrations (5 to 50
pg/ml) for 24 h. Two wells of cells were treated with 1% Triton X-100 as a
positive control for maximum lactate dehydrogenase (LDH) release. After 24 h
of incubation at 37°C under 5% CO,, the supernatants were removed and
centrifuged at 4,500 X g for 5 min to remove contaminating cells, and the level
of LDH was measured in duplicate by using a cytotoxicity detection kit (Roche,
Mannheim, Germany) in a 96-well plate.

Antibodies. Murine monoclonal anti-golgin 97 (a-golgin 97), used at a 1/200
dilution, was obtained from Molecular Probes; rabbit monoclonal «-calnexin,
used at a 1/1,000 dilution, was obtained from Sigma; murine monoclonal
a-LAMP-2, used at a 1/200 dilution, was obtained from the Developmental
Studies Hybridoma Bank (Iowa City, Iowa); murine monoclonal a-nucleolin,
used at a 1/200 dilution, was obtained from Molecular Probes; anti-LL-37 clone
3D11, used at a 1/200 dilution, was a generous gift from Pieter S. Hiemstra and
G. Sandra Tjabringa, Department of Pulmonology, Leiden University Medical
Center, Leiden, The Netherlands; a-cathepsin D, used at a 1/200 dilution, was
obtained from Scripps Laboratories (San Diego, Calif.); and Alexa-conjugated
secondary antibodies, used at a 1/200 dilution, were obtained from Molecular
Probes.

Immunofluorescence and inhibition studies. A549 cells were seeded onto
12-mm-diameter coverslips at a density of 10° cells per coverslip in complete
DMEM (see above) and incubated overnight at 37°C under 5% CO,. The
following day, the medium was removed from cells grown overnight and replaced
with fresh complete DMEM. For experiments at low temperatures, cells were
maintained for 15 min on ice before addition of peptide and were kept on ice
throughout the experiment. Biocytin was used as a control for all conditions. To
induce microtubule depolymerization, cells were treated with 2 pg of nocoda-
zole/ml for 30 min prior to addition of LL-37B. Actin polymerization was blocked
by using 2 u.g of cytochalasin D (Sigma)/ml for 30 min prior to LL-37B addition.
To inhibit G;-coupled receptors, cells were treated with 100 ng of pertussis toxin
(List Biological Laboratories Inc., Campbell, Calif.)/ml for 2 h prior to LL-37B
addition. The W-peptide was added at 50 and 500 nM with LL-37B to compete
for FPRL-1 receptor binding. Endocytosis was inhibited by treating A549 cells
with 5 pg of brefeldin A (Sigma)/ml for 1 h prior to LL-37B addition. Biocytin
(Sigma) was used as a negative control for all conditions.

LL-37B was incubated with cells for 30 min to 4 h at 4 and 37°C under 5%
CO,. Following peptide incubation, coverslips were washed with PBS and fixed
with 4% paraformaldehyde. The coverslips were washed extensively after fixing,
and the cells were permeabilized by using 0.1% Triton X-100 in PBS and probed
with streptavidin (Molecular Probes). Cells were washed extensively with PBS
and then probed with biotin-Oregon green (Molecular Probes) to detect LL-37B
and Alexa-conjugated phalloidin (Molecular Probes) to detect actin. LL-37 lo-
calization was confirmed by using unlabeled LL-37, which was detected by using
a-LL-37 clone 3D11 (1/200 dilution) and an Alexa-conjugated secondary anti-
body (Molecular Probes). Coverslips were mounted in VectaShield with 4',6'-
diamidino-2-phenylindole (DAPI) to stain for host cell DNA (Vector Labora-
tories, Burlingame, Calif.). Coverslips were viewed by using a Bio-Rad Radiance
confocal microscope.

Colocalization studies with endocytic markers. A549 cells were prepared as
described above for immunofluorescence. Following fixation and extensive wash-
ing with PBS, cells were permeabilized with 0.2% saponin in PBS and then
probed with antibodies specific for components of the endocytic transport mech-
anism along with streptavidin (Molecular Probes). Coverslips were washed ex-
tensively with 0.2% saponin in PBS and probed with Alexa-conjugated antibodies
and biotin-Oregon green (Molecular Probes). Coverslips were mounted in
VectaShield with DAPI to stain for host cell DNA (Vector Laboratories) and
were viewed by using a Bio-Rad Radiance confocal microscope.

Statistical analysis. Results are generally expressed as means * standard
errors from three independent experiments. The paired Student ¢ test was used
to test for significance.

RESULTS

Biotinylated LL-37 and LL-37 have similar structural and
biological properties. CD spectroscopy was used to compare
the secondary structures of LL-37 and LL-37B in aqueous
solution and in the presence of large unilamellar POPC-POPG
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FIG. 1. Structural and biological properties of LL-37 and LL-37B.
(A) CD spectra of LL-37 and LL-37B. LL-37 (4 M) and LL-37B (4.3
wM) were incubated in 10 mM Tris-HCI buffer (pH 7.4) in the pres-
ence and absence of 1 mM POPC-POPG (1:1) liposomes. PC, POPC;
PG, POPG. (B) A549 cells were incubated with LL-37 or LL-37B for
4 h, the RNA was harvested, and total RNA was used to make labeled
cDNA probes (biotin or fluorescein), which were hybridized onto
microarrays spotted with 14,000 human genes in duplicate and labeled
as described in Materials and Methods. RLS images were quantified,
the densities were normalized, and the average intensities for LL-37
were plotted against those of LL-37B on a log scale. The plot repre-
sents averages of three biological replicates and two technical repli-
cates for each biological replicate.

(1:1) vesicles. The CD spectra are shown in Fig. 1A. Both
LL-37 and LL-37B were largely unstructured in free solution,
as indicated by the minima near 205 nm. Upon addition of lipid
vesicles, both peptides adopted an a-helical structure, as indi-
cated by the two minima at 210 and 222 nm and the maxima at
195 nm. The similarity of the secondary structures of LL-37
and LL-37B both in the absence and in the presence of a
membrane environment indicated that the structure and mem-
brane-binding properties of LL-37 were not affected by bioti-
nylation. LL-37 and its biotinylated counterpart were also
tested in certain biological assays to confirm their functional
similarity. A549 cells were exposed to either LL-37 or LL-37B
at 10 pg/ml for 4 h, and RNA was isolated, converted to
labeled cDNA, and used to probe microarrays for patterns of
gene expression essentially as described previously (23). Of the
14,000 genes for which expression levels were tested, only 14
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genes had expression levels that differed more than fourfold
between the two peptides (Fig. 1B). Because this was a control
experiment demonstrating that the patterns of gene expression
were very similar for the two peptides, and LL-37-induced
gene expression has been reported previously (23), this data set
has been made available only through the Internet at www
.cmdr.ubc.ca/arraydata/. LL-37 has previously been demon-
strated to induce production of IL-8, a potent neutrophil che-
mokine, in lung epithelial cells (23, 33). IL-8 production in
A549 cells in response to treatment by LL-37 or LL-37B at a
range of concentrations was studied by ELISA. Production of
IL-8 increased with increasing LL-37 and LL-37B stimulation
at concentrations between 5 and 50 pg/ml: levels of IL-8 were
53 £8.9,95 = 123,123 = 9.1, and 295 = 14.2 pg/ml at LL-37
or LL-37B concentrations of 5, 10, 25, and 50 pg/ml, respec-
tively. No significant differences were observed between the
two peptides (P > 0.05) (data not shown).

It has been well documented that LL-37 can be cytotoxic to
certain eukaryotic cell lines (20), although we recently pub-
lished the finding that LL-37 is not cytotoxic to human primary
monocytes at the concentrations used in this study (6). LDH
release experiments were done to ensure that the level of
cytotoxicity exhibited by LL-37 toward A549 cells was known.
There were no significant differences (P > 0.05) in LDH re-
lease between LL-37 and LL-37B. The level of LDH release in
response to 10 pg of LL-37 or LL-37B/ml was less than 3%, not
statistically significantly different from that of control cells not
treated with peptide. At the highest concentrations studied
here (50 pg/ml), we observed 35 to 44% LDH release from the
AS549 epithelial cells.

Uptake of LL-37 into cells is an active process resulting in
localization to the perinuclear region. The human lung epithe-
lial cell line A549 was incubated with 10 g of LL-37B/ml at
37°C. LL-37B was taken up into the cells and at 30 min was
already detected in small circular structures reminiscent of
vesicles throughout the cytosol (Fig. 2A). By 1 h, most of these
vesicles had congregated around the perinuclear region. At
4 h, the majority of the peptide was localized around the
perinuclear region, with some peptide accumulating around
the nuclear membrane (Fig. 2A). Similar observations were
made by using unlabeled LL-37, visualized with specific anti-
body (Fig. 2B), although in this case, because labeling was
direct, the signal strength was somewhat lower. To determine
whether LL-37 was taken up into cells through an active or a
passive mechanism, A549 cells were incubated with 10 pg of
LL-37B/ml at 4°C. Under these conditions, LL-37B bound to
and colocalized with actin at the edge of the cell after 4 h (Fig.
2C), indicating that uptake into cells was temperature depen-

FIG. 2. Localization of LL-37 in A549 epithelial cells. A549 cells
were incubated with (A) 10 ug of LL-37B/ml (2.2 M) for 30 min, 1 h,
2 h, and 4 h at 37°C, (B) 10 pg of LL-37/ml (2.2 uM) for 30 min and
4 h at 37°C to confirm uptake and localization of LL-37, (C) 10 pg of
LL-37B/ml (2.2 pM) for 4 h at 4°C, or (D) 50 pg of LL-37B/ml (11
uwM) for 4 h. Immunohistochemical analysis was performed with the
appropriate antibody to detect LL-37B or LL-37. Detection of LL-37B
or LL-37 (left panels) and detection of F-actin (center panels) are
shown merged in the panels on the right (green, LL-37B; red, F-actin).
Bars, 20 pm.
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dent, as would be expected if uptake was dependent on recep-
tors.

At a higher, somewhat cytotoxic concentration of LL-37B
(50 pg/ml), the peptide was localized to the nucleus and
around the nuclear membrane after 4 h (Fig. 2D), although
colocalization studies demonstrated that the peptide was ex-
cluded from the nucleoli (data not shown).

Uptake of LL-37 incorporates elements of endocytosis, and
LL-37 trafficking is mediated by microtubules. Three separate
experiments were performed to determine whether LL-37B
was entering cells through an endocytotic pathway. The effects
of specific inhibitors on intracellular accumulation and local-
ization were investigated.

Brefeldin A is a fungal metabolite that is widely utilized as
an endocytosis inhibitor but has been reported to have multiple
effects, dependent on cell type and species (10). This com-
pound targets the ADP-ribosylation factor GTPase exchange
factor in the secretory pathway, leading to the blockage of
protein transport from the endoplasmic reticulum to the Golgi
apparatus. It also affects endocytosis and related events such as
vesicular assembly and secretion and antigen presentation.
Control confocal microscopy experiments were performed to
confirm that, after 1 h of treatment, brefeldin A caused the
characteristic disappearance of the Golgi apparatus in A549
cells (data not shown). Cells were pretreated with brefeldin A
for 1 h prior to addition of 10 wg of LL-37B/ml. In brefeldin
A-treated cells after 4 h, there was no intracellular accumula-
tion of LL-37B, and the majority of the peptide was seen on the
outside of the cell (Fig. 3A), consistent with the requirement
for functional endocytic pathways for the uptake of LL-37.

Conversely, A549 cells were pretreated for 30 min with cy-
tochalasin D, which binds G-actin and prevents the polymer-
ization of actin monomers, prior to addition of 10 wg of LL-
37B/ml. There was no observable difference in the uptake and
accumulation of LL-37B after 4 h (Fig. 3B), demonstrating that
uptake and trafficking of LL-37 did not require the polymer-
ization of actin. However, when cells were treated with no-
codazole, which depolymerizes microtubules, no accumulation
of peptides in the perinuclear region occurred (Fig. 3C). Un-
der these conditions, after 4 h, LL-37B was retained close to
the periphery of the cell, rather than migrating to a perinuclear
location as was observed with control cells. These results are
consistent with the conclusion that the trafficking of LL-37B
from the cell periphery to the perinuclear region was mediated
by microtubules. Colocalization studies were also performed
with endocytic markers that included LAMP-2, golgin-97,
nucleolin, calnexin, and cathepsin D at 15 and 30 min and at 1,
2, and 4 h, but no colocalization was observed (data not
shown).

Uptake of LL-37 is not mediated by G, protein-coupled re-
ceptors. LL-37 was recently proposed to be chemotactic for
macrophages, neutrophils, endothelial cells (via FPRL-1), and
mast cells (by different G; protein-coupled receptors) (18, 34),
although other events, including induction of the chemokine
IL-8, have been shown to be independent of the G; protein-
coupled receptor FPRL-1 in human monocytes and epithelial
cell lines (16). It has been previously reported that epithelial
cells express FPRL-1 (5, 17), and indeed FPRL-1 expression at
the mRNA level was confirmed by reverse transcription-PCR
in the A549 epithelial cell line (data not shown). To determine
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if the uptake of LL-37B was mediated by a G; protein-coupled
receptor, such as FPRL-1, cells were incubated with pertussis
toxin (100 ng/ml) for 2 h prior to addition of 10 pg of LL-
37B/ml in order to inactivate all G; protein-coupled receptors.
LL-37B uptake and localization to the perinuclear region were
unaffected at 4 h (data not shown). In addition, the FPRL-1
hexapeptide agonist WKYMVM (8) was investigated as a po-
tential competitive inhibitor. LL-37 was still able to enter and
traffic to the perinuclear region of the cell in the presence of
this agonist at 50 and 500 nM (data not shown), results com-
parable to the K, of 160 nM for agonist binding to FPRL-1.

LL-37B is bound by two receptors, and the low-affinity re-
ceptor appears to be FPRL-1. To determine whether A549
epithelial cells have a specific receptor(s) for LL-37, binding
assays were performed on cells that had been treated with 5 pg
of brefeldin A/ml to inhibit LL-37B uptake. Nonlinear regres-
sion analysis indicated that LL-37 is able to bind to two classes
of receptors, a higher-affinity receptor with a K, of 0.76 = 0.21
puM (3.90 pg/ml) and a lower-affinity receptor with a K, of 2.46
+ 0.29 uM (12.6 pg/ml) (Fig. 4A). When the binding kinetics
experiment was repeated using a low temperature (4°C) in-
stead of brefeldin A to inhibit uptake, the K, values obtained
were within 30% of each other. Competitive binding assays
using a 60-fold molar excess of the FPRL-1 agonist W-peptide
showed that the binding of LL-37B to the low-affinity receptor
was inhibited by the presence of W-peptide, favoring the con-
clusion that FPRL-1 was the low-affinity receptor (Fig. 4B).
The K, values were somewhat lower (i.e., affinity was higher)
than the estimated values of 2.2 and 123 wM based on radio-
active analysis of mast cell receptors (12). However, W-peptide
was unable to block binding to either receptor, consistent with
the idea that this receptor was absent from mast cells.

DISCUSSION

The mechanism of interaction of cationic host defense pep-
tides with human cells has not been well characterized to date.
There have been a number of studies looking at the uptake by
eukaryotic cells of several peptides belonging to different struc-
tural classes (7, 10, 27-29). In this study, we examined the
interaction of the human cathelicidin peptide LL-37 with the
human lung epithelial cell line A549. Using LL-37B together
with confocal microscopy, we were able to visualize the uptake
of this peptide by epithelial cells.

It was important to demonstrate that the labeling of LL-37
with biotin did not alter the structural or biological behavior of
this peptide. LL-37B and LL-37 adopted similar a-helical sec-
ondary structures upon membrane binding as assessed by CD
spectrometry that were consistent with findings of published
Fourier-transform infrared spectroscopy studies for LL-37
(20). Also, similar patterns of A549 cell gene expression were
observed in response to LL-37 and LL-37B, with only 14 of
14,000 genes differing more than fourfold in expression levels.
In addition, the two peptides stimulated similar levels of IL-8
expression and LDH release. These results indicate that LL-
37B provides an excellent model for visualizing the interactions
between epithelial cells and LL-37.

The images presented here demonstrate that, in the pres-
ence of fetal bovine serum, LL-37B is actively taken up into
AS549 cells. Over a period of 4 h, at concentrations that are
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FIG. 3. Uptake and trafficking of LL-37 in A549 epithelial cells. A549 cells were incubated with either (A) brefeldin A, to inhibit endocytosis,
(B) cytochalasin D, to disrupt actin polymerization, or (C) nocodazole, a microtubule-disrupting agent, prior to incubation with 10 ug of LL-37B/ml
(2.2 uM) for 4 h. Cells were prepared for immunofluorescence as described in Materials and Methods. Right panels represent a merger of LL-37
(from left panels) (green) and actin (A, C) or microtubules (B) (from center panels) (red). Bars, 20 pm.

achievable in vivo, the peptide first became rapidly dispersed
throughout the cytoplasm in small vesicles and then trafficked
to the perinuclear region. The localization of LL-37B to the
perinuclear region was confirmed by using unlabeled LL-37,
which was visualized with specific antibodies. The vesicular
structures seen at all time points were suggestive of an endo-
cytic process by which LL-37 was transported into the cell.
Similar observations have been made with SynB3 and SynBS5,
synthetic linear analogues of the B-hairpin structured peptide

protegrin-1 (10). By using the K562 cell line and TAMRA-
labeled peptide, it was demonstrated that uptake of SynB3 and
SynB5 was inhibited at low temperatures, but at 37°C these
peptides became localized to the perinuclear region in a punc-
tate pattern consistent with, but not proving, a location within
endocytic vesicles (10). It was recently shown that LL-37 can
bind extracellular DNA, that the LL-37-DNA complex is
taken up through caveola-independent membrane raft endo-
cytosis and cell surface proteoglycans, and that the resulting



VoL. 73, 2005

A

0.005 -
N
N
N
N
0.004 - \ %
N
N
\\
]
@ 0003 - \f
£ N
e ¢
8 0002 | \{
a " S \} %
~—e N g
T
0.001 | D S R
N Te—n_ % 0
N ~~_~
N -
N
0 . ‘ ‘ . ,
0 10 20 30 40 50

bound, ng/mi

,/¥/-"—_W~—

el
4~
A

Absorbance, 450nm

0 T T T T T T T
0 10 20 30 40 50 60 70

LL-37B, ug/ml

[+ LL-37B = LL-37B + 10 UM W-peptide]

FIG. 4. Kinetics of binding of LL-37B to A549 epithelial cells.
(A) Binding of LL-37B to A549 epithelial cells displayed by a Scat-
chard plot. A549 cells were preincubated with brefeldin A (5 pg/ml)
for 1 h prior to addition of 2 to 1,000 wg of LL-37B/ml for 15 min at
37°C. K, values were obtained by nonlinear regression analysis.
(B) Competitive binding studies with the FPRL-1 agonist W-peptide.
A549 cells were preincubated with brefeldin A (5 pg/ml) for 1 h prior
to addition of 2 to 1,000 wg of LL-37B/ml alone (4) or with 10 pM
W-peptide (m) for 15 min at 37°C. Streptavidin conjugated to horse-
radish peroxidase and tetramethylbenzidine were added sequentially
to visualize binding. Each point represents the mean of three individ-
ual experiments * standard error; each point was assayed in duplicate.

complex is found in vesicular structures at the cell membrane
and throughout the cytoplasm (22). Conversely, PR-39, a pro-
line-arginine-rich peptide, enters eukaryotic cells and localizes
throughout the cytoplasm, binding to several cytoplasmic pro-
teins (7).

Since cationic host defense peptides are reminiscent of pep-
tides with nuclear localization signals, we had anticipated that
LL-37 would migrate to the nucleus, something that was ob-
served in these studies only when higher, somewhat toxic con-
centrations were used. The observation of nuclear localization
can indeed be an artifact, as was, for example, demonstrated
for the cationic arginine-rich Tat peptide from human immu-
nodeficiency virus, which had been shown to localize to the
nucleus via protein transduction (28). Recently it has been
shown that cell fixation promotes penetration of the nucleus by
Tat due to the strong cationic nature of this peptide (10, 21).

LOCALIZATION OF LL-37 IN A549 CELLS 589

At 37°C, such cell-penetrating peptides, including Tat, appar-
ently are not localized to the nucleus, as previously proposed,
but instead are distributed throughout the cytoplasm in a punc-
tate pattern in epithelial cells (21). As observed here for LL-37,
endocytosis is decreased in cells at low temperatures, and at
4°C there was no intracellular accumulation of peptide; the
majority of the peptide was seen around the peripheries of
cells.

At higher concentrations, LL-37B was taken up into the
nuclei of cells, and it was observed that in these cells, staining
of F-actin by phalloidin was lost, presumably reflecting the
binding of LL-37 to F-actin (31). At lower concentrations,
when cells were not permeabilized for immunohistochemical
analysis, cells treated with LL-37 still stained for actin (Fig. 2).
This indicates that LL-37 itself is able to permeabilize the
eukaryotic membrane. Similarly, it has been demonstrated that
Tat can permeate cell membranes without disturbing mem-
brane integrity (27, 28). In contrast, the host defense peptide
PR-39 has been shown to enter mesenchymal cells without
permeabilizing the plasma membrane (7).

Specific inhibitors were utilized to explore the possibility
that LL-37 was taken up by an endocytic process. Uptake of
LL-37 was inhibited when endocytosis was disrupted with
brefeldin A; however, disruption of actin polymerization by
cytochalasin D did not block the uptake and perinuclear local-
ization of the peptide. Thus, although actin is not required for
uptake of LL-37, it seems possible that other elements of
endocytosis are required. LL-37 trafficking to the perinuclear
region was dependent on an intact network of microtubules,
since the microtubule-disrupting agent nocodazole prevented
cellular accumulation of the peptide. Cellular markers in-
volved in endocytic transport such as LAMP-1, golgin-97, cal-
nexin, and cathepsin D were also examined but did not colo-
calize with LL-37B at the time points studied. Since LL-37 is a
highly charged molecule, it is possible that this alters the en-
dosomal/lysosomal compartment and therefore prevents the
association of some of the markers normally involved in endo-
cytosis. Alternatively, LL-37 may be colocalizing with compo-
nents of the endocytic pathway at time points different from
those used in this study. In contrast to our LL-37 observations,
it has been suggested that, once internalized, linearized prote-
grin-1 peptides follow a conventional endocytic pathway to-
ward late endosomes and lysosomes (10). LL-37-DNA com-
plexes have been shown to colocalize with a marker for lipid
rafts, cholera toxin subunit B, in vesicular structures, but no
colocalization was seen with caveolin, a well-established
marker of caveolae at the site of endocytosis (22).

It is worth speculating on the significance of the pattern of
uptake and localization observed. L-37 has been shown to
induce the production of IL-8, a neutrophil-specific chemo-
kine, in whole human blood (23) as well as in cultured epithe-
lial cell lines (23, 33). Therefore, correlations were sought
between the process of uptake and this functional end point.
Using real-time reverse transcription-PCR, we were able to
confirm the 2.5-fold up-regulation of IL-8 (data not shown) in
response to LL-37. Using brefeldin A to inhibit the uptake and
localization of LL-37, we were able to demonstrate that IL-8
levels remained unchanged relative to those for the control
(P > 0.05). This is consistent with the conclusion that IL-8
expression was dependent on the localization of LL-37 to the
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perinuclear region within epithelial cells, although this conclu-
sion is somewhat weakened by the known pleiotropic nature of
brefeldin A.

Since LL-37 is internalized into epithelial cells, we wanted to
characterize the binding of LL-37 to the surfaces of cells that
would precede uptake. Binding of LL-37B to A549 epithelial
cells was demonstrated to involve two receptors, and the low-
affinity binding receptor appeared to be FPRL-1. These obser-
vations are consistent with other studies of LL-37 interaction
with cells indicating multiple receptors on the cell surface (6,
18, 30, 34). The binding was concentration dependent and
saturable. Although binding experiments are indeed often per-
formed for 1 to 2 h at 4°C, we determined in preliminary
experiments that equilibrium binding was achieved in less than
15 min; thus, all subsequent binding studies assessed binding
after 15 min. Receptor densities were estimated at more than
107 binding sites/cell. However, we consider these numbers to
be overestimates caused by the requirement for us to use an
amplification step to assess LL-37B, as well as by quenching of
fluorescence due to the presence of cells.

We were able to demonstrate that the FPRL-1 agonist
WKYMVM inhibited the binding of LL-37B to the low-affinity
receptor, favoring the concept that the G; protein-coupled
receptor FPRL-1 is this low-affinity receptor. Nevertheless, we
have demonstrated that pertussis toxin does not affect uptake
or localization, and in agreement with this finding, it has been
shown previously that FPRL-1 is not a functional receptor for
mast cell chemotaxis (18) or for monocyte or epithelial cell
signaling (6, 30). Therefore, since uptake of LL-37B was not
affected by competition with the FPRL-1 agonist, it seems
likely that the high-affinity receptor is responsible for uptake.
Current unresolved questions include the nature of the LL-37
high-affinity receptor and the impact of different serum com-
ponents on uptake.
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