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Antimicrobial peptides (AMPs) are part of the innate immune system and are generally defined as cationic,
amphipathic peptides, with less than 50 amino acids, including multiple arginine and lysine residues. The
human cathelicidin antimicrobial peptide LL37 can be found at different concentrations in many different
cells, tissues and body fluids and has a broad spectrum of antimicrobial and immunomodulatory activi-
ties. The healing of wound is a complex process that involves different steps: hemostasis, inflammation,
remodeling/granulation tissue formation and re-epithelialization. Inflammation and angiogenesis are
two fundamental physiological conditions implicated in this process. We have recently developed a new
method for the expression and purification of recombinant LL37. In this work, we show that the recombi-
nant peptide P-LL37 with a N-terminus proline preserves its immunophysiological properties in vitro and
in vivo. P-LL37 neutralized the activation of macrophages by lipopolysaccharide (LPS). Besides, the pep-
tide induced proliferation, migration and tubule-like structures formation by endothelial cells. Wound
healing experiments were performed in dexamethasone-treated mice to study the effect of LL37 on angio-
genesis and wound regeneration. The topical application of synthetic and recombinant LL37 increased
vascularization and re-epithelialization. Taken together, these results clearly demonstrate that LL37 may

have a key role in wound regeneration through vascularization.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Cationic antimicrobial peptides (AMPs) represent the first line
of defense against many invading pathogens. These small amphi-
pathic peptides are part of the innate immune system and have a
broad-spectrum activity against bacteria, fungi [1] and viruses [17].

However, direct antimicrobial action is not the only, and proba-
bly not even the most important task of mammalian AMPs. In fact,
these peptides present low antimicrobial activities under serum
and tissue conditions [16,17]. Nevertheless, they have affinity for
lipopolysaccharide (LPS) and can prevent from lethal endotoxemia
by suppressing cytokine production [15]. Moreover, these AMPs
appear to be involved in the orchestration of many aspects of innate
immunity and the inflammatory response [17].

In mammals, at least two distinct groups of AMPs are found.
Defensins are the more representatives and cathelicidins form the
second group of mammalian AMPs. Cathelicidins share a highly
conserved N-terminal cathelin domain, flanked by a rather variable
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antimicrobial peptide on the C-terminus [32]. The hCAP-18/LL37 is
the only known human cathelicidin. Upon stimulation, hCAP-18 is
cleaved extracellularly by proteinase 3 to generate the peptide LL37
[36]. The antimicrobial peptide is referred to as LL37, since it has a
37 amino acids sequence starting with two leucines. It is a 4.5 kDa,
cationic (+6), amphipathic a-helical peptide, with a broad spectrum
of antimicrobial activity. LL37 and its precursor hCAP18, were first
described in leucocytes and testis, but were soon found in a large
variety of cells, tissues and body fluids, as summarized by Durr
etal.[11]. Upon injury or infection, there is a strong upregulation of
hCAP18/LL37, indicating that LL37 assists the immune system. The
downregulation of LL37 has been associated with several diseases:
a deficiency of LL37 in the skin of patients with atopic dermatitis
[29] or chronic ulcers [18] may account for the increased risk for
skin infections. Nizet et al. [28] showed that mice with disrupted
Cnlp, the gene coding for cathelin-related antimicrobial peptide
(CRAMP), showed increased susceptibility to skin infections.
Besides its antimicrobial properties LL37 plays a central role in
innate immune responses and inflammation. It has been identi-
fied as a potent chemoattractant for mast cells [27], monocytes,
T lymphocytes and neutrophils [42] through formyl peptide
receptor-like 1 (FPRL1). The fact that LL37 can attract leukocytes
contributes to host defense against infections. LL37 also promotes
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wound healing [18], angiogenesis and arteriogenesis [20] and acts
as immune adjuvant [21].

Acute wounds normally heal in a very orderly and efficient
manner characterized by four distinct, but overlapping phases:
hemostasis, inflammation, proliferation and remodeling. All these
phases are strictly connected and play a key role for a complete
and proper restoration of the injured tissue [10]. The inflammatory
phase is initiated immediately upon injury. Several inflammatory
cells migrate to the wound site to fight infection and remove
debris. The proliferative phase is characterized by the formation
of granulation tissue, epithelialization, and angiogenesis. Then, the
new collagen matrix becomes cross-linked and organized during
the final remodeling phase. Numerous cell-signaling events are
required to generate this efficient and highly controlled repair pro-
cess.

In this work, we demonstrate that P-LL37 produced by recom-
binant techniques in our laboratory [33] preserves its immuno-
physiological properties and promotes wound healing through
re-epithelialization and vascularization in dexamethasone-treated
mice.

2. Materials and methods
2.1. Animals

Animal experiments were conducted according to accepted
standards of humane animal care (Declaration of Helsinki, Euro-
pean Community guidelines (86/609/EEC) and Portuguese Act
(129/92) for the use of experimental animals).

2.2. Reagents

All chemicals, media and reagents were purchased from
Sigma-Aldrich except stated otherwise. Synthetic LL37 (LLGDF-
FRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) was purchased
from Bachem, Switzerland. Recombinant P-LL37 (PLLGDFFR-
KSKEKIGKEFKRIVQRIKDFLRNLVPRTES) was expressed and purified
as described previously [33]. Briefly, the DNA encoding the fusion
protein LK-CBM3-LL37 was successfully cloned in pET21a and
expressed in Escherichia coli BL21 DE3 (Novagen) in Luria-Broth
(LB) medium. The fusion protein was purified on cellulose CF11
and formic acid was applied to cleave LL37 from the fusion carrier
(LK-CBM3). The resulting recombinant P-LL37 was finally purified
by reverse-phase HPLC.

2.3. Culture of murine bone marrow-derived macrophages
(BMDM); suppression of TNF production by LPS-activated
macrophages

Macrophages were obtained from mouse bone marrow as fol-
lows: mice were sacrificed and femurs and tibias removed under
aseptic conditions. Bones were flushed with Hanks’ balanced salt
solution. The resulting cell suspension was centrifuged at 500 x g
and resuspended in RPMI 1640 medium supplemented with 10 mM
HEPES, 10% heat-inactivated fetal bovine serum (FBS), 60 pg/ml
penicillin/streptavidin, 0.005mM [3-mercaptoethanol (complete
RPMI [cRPMI]), and 10% L929 cell conditioned medium. To remove
fibroblasts or differentiated macrophages, cells were cultured on
cell culture dishes (Sarstedt, Canada), overnight at 37 °Cin a 5% CO,
atmosphere. Then, nonadherent cells were collected with warm
cRPMI, centrifuged at 500 x g, distributed in 96-well plates (Sarst-
edt, Canada) atadensity of 1 x 10° cells/well, and incubated at 37 °C
in a 5% CO, atmosphere. Four days after seeding, 10% of L929 cell
conditioned medium was added, and the medium was renewed
on the seventh day. After 10 days in culture, cells were com-
pletely differentiated into macrophages. This method allows for the

differentiation of a homogenous primary culture of macrophages
that retain the morphological, physiological and surface markers
characteristics of these phagocytic cells [26,39,43]. LPS was then
incubated with the macrophages culture. At the same time, syn-
thetic LL37 and P-LL37 were added at different concentrations.
After 24 h, the supernatants were removed and tested for TNF-a
production by ELISA (eBioscience).

2.4. Cell culture experiments

Human microvascular endothelial cells (HMECs) and human
umbilical vein endothelial cells (HUVECs) were used in the experi-
ments. HMECs were cultured in RPMI 1640 medium supplemented
with 10% FBS, 1% penicillin/streptomycin, 4.76 g/l of HEPES, 1 ml/1
of epidermal growth factor (EGF) and 1mg/l of hydrocortisone.
HUVECs were cultured in medium 199 (M199) supplemented
with 0.1 mg/ml of heparin, 20% FBS, 1% penicillin/streptomycin
and 2 pl/ml endothelial cell growth supplement (ECGS). Rat
bone-marrow mesenchymal stem cells (MSCs) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS and 1% penicillin/streptomycin. The cells lines were main-
tained at 37 °C in a humidified 5% CO, atmosphere.

2.5. MTS toxicity assay

HMECs (2 x 10° cells/ml) were grown until 70-90% conflu-
ence and incubated with different concentrations of synthetic
and recombinant LL37 for 24 h in 96-well plates. Toxicity was
confirmed using 10% DMSO. Cells were washed twice with PBS
and their viability was assessed using Cell Titer 96®Aqueous
ONE Solution Reagent (MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium] col-
orimetric assay (Promega, Madison, USA), according to the
instructions provided by the manufacturer. Optical density was
measured at 492 nm. Results are expressed as percentage of control,
which was considered to be 100%.

2.6. BrdU proliferation assay

HMECs and HUVECs (6 x 10% cells/ml) were cultured in 24-
well plates to adhere overnight. The cells were then incubated
for 48 h with synthetic and recombinant LL37, in the presence
of 5-bromodeoxyuridine (BrdU) solution at a final concentration
of 0.01 mM. Proliferation was quantified using In-Situ Detection
Kit (BD Biosciences Pharmigen, USA), according to manufacturer’s
instructions. The results are given as mean + SEM and are expressed
as percentage of control, which was considered to be 100%.

2.7. Migration analysis

Migration assays were performed in transwell BD-matrigel
basement membrane matrix inserts (BD-Biosciences, Belgium).
The chemotactic capacity of LL37 was evaluated by counting the
cells that migrated through the membranes. Transwell inserts
containing an 8 wm pore-size PET membrane coated with a uni-
form layer of matrigel basement membrane were used. HUVECs
(5 x 10%cells/ml) were seeded on inserts in serum-free medium,
and placed on wells containing medium complemented with
FBS 2% and recombinant or synthetic LL37 at a concentration of
5 wg/ml. For MSCs (5 x 10%cells/ml), the inserts were placed on
wells containing DMEM with BSA 0.1% and recombinant LL37 at
a concentration of 5 pg/ml. After incubation for 24 h membranes
were removed from inserts, stained with DAPI-methanol for 5 min
and visualized under a fluorescence microscope. The invading cells
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of each membrane were counted and the results are expressed as
percentage of control, which was considered to be 100%.

2.8. Angiogenesis

The ability of LL37 to promote the formation of capillary-like
structures was examined in Matrigel assay. HMECs and HUVECs
(3 x 10% cells/well) were incubated with 5 pg/ml of recombinant
and synthetic LL37 for 24 h on matrigel-coated 96-well plates. The
capillary-like structures in each well were then counted and results
are expressed as percentage of control, which was considered to be
100%.

2.9. Wound healing assay

C57BL/6 mice (purchased at Charles River, Wilmington, MA)
with 8-12 weeks old were used in this study. After general anes-
thesia, hair on the dorsal side of the animals was shaved and the
skin was cleaned with 70% ethanol. A 5 mm skin biopsy punch was
used to create full thickness cutaneous wounds under aseptic con-
ditions. Two wounds were created on the dorsal surface with one
on each side of the midline. LL37 (recombinant or synthetic) and
sterile water were applied topically twice aday (2 x 10 pgin 50 ).
Wounds were left open and not covered by any type of dressing.
To impair healing, mice were treated daily with dexamethasone
(0.25 mg/kg body weight, intramuscularly). Mice were examined
daily for wound-healing progression. After 7 days, the animals
were euthanized and wound tissue was collected for histological
and immunohistochemistry studies. Skin wound tissue specimens
were fixed in 10% neutral-buffered formalin solution and paraffin-
embedded. Histological analyzes were performed in 5-pm tissue
sections.

2.10. Immunohistochemistry

Microvesseldensity (MVD)was evaluated in each formalin-fixed
paraffin-embedded wounded tissue section by immunohistochem-
istry. Tissue slides were incubated overnight 8 h with an anti-CD31
antibody. Briefly, six areas with the highest visible blood vessel den-
sity (marked by the vessel marker) per section were selected, and
the number of blood vessels was counted per high-power field.

3. Results

3.1. Recombinant P-LL37 neutralizes the activation of
macrophages by LPS

Murine macrophages are known to induce several cytokines,
including tumor necrosis factor-a (TNF-a), upon LPS activation. LPS
was added to macrophage cultures to a concentration of 10 ng/ml,
either alone or in the presence of 20 ug/ml of recombinant P-
LL37 or synthetic LL37. Cultures were then incubated for 24 h. The
absence of LPS in the recombinant protein was confirmed using the
limulus amoebocyte lysate test (data not shown). As expected, the
recombinant P-LL37, as well as the synthetic peptide, neutralized
the LPS-mediated activation of macrophages (Fig. 1).

3.2. Toxicity

In order to evaluate the cytotoxicity of recombinant P-LL37,
HMECs were cultured for 24 h in the presence of the peptide and the
cell viability was evaluated by MTS. DMSO 10% was used as cyto-
toxic agent, a positive control. As shown in Fig. 2, P-LL37 did not
affect viability of HMECs at any of the concentrations used. Actually,
with 50 and 500 ng/ml of P-LL37, a slight increase of viability was
observed, indicating that the recombinant peptide P-LL37 might

1200 4
Fekede

1000 - -

800 -
600 -
400 ~

200 -

N B S —

Control rec. LL37 synt. LL37 LPS LPS+rec. LPS+synt.
(RPMI) 20 pg/ml 20 pgiml 10 ng/ml LL37 LL37

TNF-a production (pg/ml)

Fig. 1. Recombinant and synthetic LL37 inhibits the TNF-a production by LPS-
activated macrophages. ***P < 0.001 vs. control.

have promoted proliferation, as previously shown by Koczulla et al.
[20].

3.3. P-LL37 promotes proliferation, migration and tubule-like
structures formation by endothelial cells

Proliferation of HMECs and HUVECs was evaluated using the
BrdU incorporation assay. Synthetic LL37 (5 pg/ml) was used as a
positive control and 100 wM of deoxycholic acid (DCA), an antag-
onist of FPRL-1, as negative control. DCA attenuates the activation
of FPRL-1, by binding to the cell membrane and interfering with
the access of the receptor to its agonists [23]. Fig. 3 demonstrates
that P-LL37 promoted proliferation with concentrations as low as
50 ng/ml in HMECs (a) and the effect at 5 pg/ml was very similar
to the one obtained using the synthetic LL37. The proliferation of
HUVECs (b) was inferior but once again there were no significant
differences between synthetic and recombinant peptides.

Next, the chemotactic and angiogenic activities of P-LL37 were
evaluated. Fig. 4 illustrates the invasion assays performed with
HUVECs (a) and MSCs (b). Again, P-LL37 was able to increase cell
invasiveness capacity both in HUVECs and in MSCs. The capacity of
LL37 to promote the formation of capillary structures was assessed
with HUVECs and HMECs using matrigel as three-dimensional scaf-
fold (Fig. 5). The use of LL37 had a strong effect in angiogenesis. In
fact, it almost doubled the number of capillaries formed by HUVECs
and HMECs.

3.4. Wound healing assays

To further examine the effects and biological activities of
synthetic and recombinant LL37, wound healing experiments in
dexamethasone-treated mice were performed. The peptides or
vehicle were topically applied daily for 7 days in the 5mm skin
wounds. Dexamethasone was used to impair healing. Fig. 6 illus-
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Fig. 2. Cytotoxicity of P-LL37 in confluent HMECs using MTS assay. Three indepen-
dent experiments were performed in duplicate. ***P < 0.001 vs. control.
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trates the wounds after daily treatment with recombinant LL37
(two applications of 10 g each) or vehicle, on day seven. The effect
of the peptide on wound closure is very strong when comparing to
control.

The wound sections stained with hematoxylin and eosin are
shown in Fig. 7. No significant differences are found in the gran-
ulation tissue with a high number of granulocytes in both cases.
However, regarding re-epithelialization, the lesions treated with

control or synthetic and recombinant LL37 present large differ-
ences. In the control, it is clear that the keranocytes layer is
incomplete. On the contrary, in the wounds treated with LL37,
the re-epithelialization is almost complete, demonstrating that the
healing process is accelerated. More, a high number of blood ves-
sels can be identified in the wounds treated with LL37 (pointed
by the arrows), indicating that synthetic or recombinant LL37
strongly promote angiogenesis in vivo. These results were ver-
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Fig. 5. Recombinant and synthetic LL37 promote angiogenesis in vitro. (Left) Capillary-like structures formation of HMECs, after treatment with 5 p.g/ml of LL37, visualized
under a phase-contrast microscope. Figures are representative of the whole cultures. (Right) Quantification of capillary-like structures assembly. Results are means + SEM of
three independent experiments performed in triplicate and expressed relatively to control. *P < 0.05 and **P < 0.01 vs. control.
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Fig. 6. Macroscopic examination of the wounds at day seven.

ified by immunohistochemistry (Fig. 8). The angiogenic process
was confirmed, in our experimental model, by the augmented
micro vascular density evaluated by the means of newly formed
vessels counted after immunostaining. The wounds treated with
either synthetic or recombinant LL37 possess a significantly higher
number of new blood vessels. Moreover, the vessels in the tissues
treated with the peptide are much larger. Several experiments were
performed with both recombinant and synthetic LL37 and similar
results were observed. These results clearly demonstrate the ability
of LL37 to promote wound healing as a very promising result.

4. Discussion

A variety of endotoxins released by the outer mem-
brane of Gram-negative bacteria, namely the lipopolysaccharide
(LPS)-protein complex, play an important role in pathogenesis of
many exogenous respiratory diseases. The massive release of LPS
can lead in extreme cases to endotoxic shock and therefore, death
[14]. Many antibiotics release endotoxin by disrupting the cell wall
[9,31], and patients cured of bacterial infections can suffer from
endotoxic shock. The activation of macrophages is started when
LPS binds the LPS-binding protein (LBP). In turn, LBP binds the
macrophage surface protein CD14, the primary receptor of LPS,
and is 100-fold more potent than LPS alone [34]. The antimicro-
bial activity of the peptide LL37 results from the disruption of the
bacteria cell wall; however, LL37 can also neutralize LPS activity by
forming high affinity complexes [22,35].

The TNF-a production was very low in the presence of either
the recombinant or the synthetic peptides, indicating that recom-
binant P-LL37 has affinity for LPS. The recombinant peptide only
differs from the synthetic in one amino acid, a neutral proline
resulting from the formic acid hydrolysis [33]. Therefore, the
global net charge (+5) remains unaltered. Since electrostatic and
hydrophobic interactions are the predominant forces driving the
binding between antimicrobial peptides and LPS, these results were
expected. However, Rosenfeld et al. [34] described that a strong
binding of AMPs-LPS might not be sufficient to neutralize LPS-
induced macrophage activation. In fact, those authors showed that

the AMP magainin, although binding LPS with high affinity, did not
reduce the production of TNF-a. Some AMPs, including LL37, can
compete with LPS on its binding site within the CD14 receptor,
modulating the TLR signaling pathway involving NFkB [25]. There-
fore, the inhibition of TNF-a production by LL37 is not only caused
by the interaction with LPS. Overall, these results demonstrate that
the recombinant peptide P-LL37 is biologically active.

The human antimicrobial peptide LL37 was initially recognized
for its antimicrobial properties. In fact, it has a broad spectrum of
antimicrobial activity against bacteria, fungi, and viral pathogens,
as summarized by Durr et al. [11]. Several studies reported that
AMPs loose their antimicrobial activity in elevated salt concen-
trations and under serum conditions [2,13,24]. This inhibition is
less pronounced in the case of LL37, probably due to its a-helical
structure [30]; however, the peptide becomes inactive against cer-
tain organisms - susceptible under low salt conditions - in media
with 100 mM NaCl [38]. Furthermore, LL37 had no killing activ-
ity against Staphylococcus aureus or Salmonella typhimurium in the
presence of tissue-culture medium [5]. Therefore, the relevance of
antimicrobial activity in vivo is not clear. However, AMPs are imper-
ative in innate immunity, since animals lacking gene expression of
these peptides were more susceptible to infections [28]. Besides its
antimicrobial properties, many other activities have been reported
for the human peptide LL37. As already stated, LL37 is involved in
many aspects of innate immunity, like chemotaxis, angiogenesis or
wound healing. Although not completely understood, these activi-
ties have been associated to some cells receptors like FPRL-1, P2X5
and epidermal growth factor receptor (EGFR) [12,19,37]. Among
these, LL37 only binds directly to FPRL-1 [42], inducing cellular sig-
naling and Ca?* flux [20]. So, we have tested the effects of P-LL37
in proliferation, migration and angiogenesis of endothelial cells
to ascertain whether the recombinant peptide binds the receptor
FPRL-1. The results confirmed that P-LL37 promotes proliferation,
migration and tubule-like structures formation by endothelial cells.

The effect of P-LL37 in the migration of HUVECs and MSCs is
significant, with an increase of almost 100% invading cells being
observed in both cases. In the experiments with HUVECs, synthetic
LL37 promoted a very strong increase in invading capacity, much
superior than the one obtained with P-LL37. This result was surpris-
ing, since no significant differences were found in the proliferation
assays.P-LL37 is obtained by recombinant techniques and the batch
used in this experiment could not be as pure as expected, mis-
leading the concentration quantification. A smaller concentration
of the recombinant peptide might have been used, which would
explain this result. In fact, as illustrated in Fig. 5, the formation
of capillary structures was very similar using both peptides. The
invasion assay with MSCs was only performed with control and
recombinant LL37. Coffelt et al. [8] reported that LL37 was able to
chemoattract MSCs through the activation of FPRL-1. Considering
all the results obtained, we clearly demonstrate that the recombi-
nant LL37 produced in our laboratory is fully active in vitro. The
N-terminus proline, result of the formic acid hydrolysis, does not
interfere with the binding of LL37-LPS and to the receptor FPRL-1.

Glucocorticoids affect almost every phase of wound healing
because of their inhibitory effect on gene expression in various
cells [40]. Beer et al. [3] showed that dexamethasone inhibits
recruitment of various inflammatory cells and gene expression of
many key wound healing cytokines and growth factors. During the
proliferative and remodeling phases, dexamethasone can inhibit
the synthesis of several dermal extracellular matrix (ECM) pro-
teins, and delay re-epithelialization and fibroplasia. The healing
of a skin wound is a complex process requiring the collaborative
efforts of many different tissues and cell lineages and involves
the formation of new extracellular matrix, cell infiltration, and
tissue remodeling. Inflammation and angiogenesis are two fun-
damental physiological conditions implicated in this process. In
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Fig. 7. Hematoxylin and eosin stained micrographs of wound tissue sections treated with control, synthetic and recombinant LL37. The rectangle identifies an area further
investigated in a higher magnification picture. At day seven, re-epithelialization is almost complete in wound treated with LL37 and a high number of blood vessels are

present (pointed by arrows).

fact, the formation of new blood vessels is a prerequisite of tis-
sue repair and wound healing [6]. As already stated and confirmed
in this work, LL37 promotes angiogenesis. Moreover, LL37 appears
to have a very important role in wound healing. In fact, Heilborn
et al. [18] showed that the use of LL37 antibody inhibited re-
epithelialization in a concentration-dependent manner in an organ
cultured full-thickness ex vivo wound model. Moreover, Carretero
etal. [7] transferred an adenoviral vector containing LL37 via intra-
dermal injection to excisional wounds in ob/ob mice, improving
re-epithelialization and granulation tissue formation. Considering
all these results, we decided to study the effects of the topical
application of LL37 on wounds. Synthetic and recombinant LL37
strongly accelerated the healing process with a re-epithelialization
almost complete after 7 days. Moreover, a significant number of
new blood vessels were present in the wounds treated with the
peptide.

The importance of LL37 in wound healing has already been pre-
sented, but the topical application of LL37 on skin lesions with
impaired healing has not been studied so far. In this work, we
demonstrate that LL37 can be used topically to support wound heal-
ing. The topical application of the peptide allows a better regulation
of the process. The applied concentrations can be easily controlled
and the administration can be stopped at any moment. Moreover,
delivery systems can be used to obtain a regulated administra-
tion. The tight regulation of AMPs is very important since elevated
amounts may lead to a chronic inflammatory process, as it has
been demonstrated for psoriasis and rosacea [29,41]. In order to
better understand the role of LL37 in wound healing, further exper-
iments will be performed, namely with diabetic mice. Diabetic mice
have impaired healing and it is well known that the healing treat-
ments of diabetic ulcers did not deliver satisfactory results. In this
type of lesions, angiogenesis seems to be the most compromised
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phase with impairment in VEGF synthesis [4]. Regarding the posi-
tive results obtained in this work, we believe that the treatment of
diabetic ulcers with LL37 will improve wound healing.
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