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a  b  s  t  r  a  c  t

The  human  cathelicidin  peptide  LL-37  plays  a crucial  role  in  the  immune  system  on  many  levels,  from
the  first  line  of  defense  in  epithelial  cells  to restoring  the tissue  after  infection.  On  host  cells,  the majority
of  the  LL-37-induced  effects  are  mediated  via  the  direct  or indirect  activation  of several  structurally
unrelated  cell  surface  receptors  or  intracellular  targets.  How  LL-37  is  able  to  affect  multiple  receptors  is
currently  not  well  understood.  So  far, the  mechanistic  details  underlying  receptor  activation  are  poorly
investigated  and  evidence  for  a conventional  ligand/receptor  interaction  is  scarce.  Over  the  past  few
decades,  a large  number  of  studies  have  reported  on the  activation  of a receptor  and/or  components
of  the  downstream  signal  transduction  pathway  induced  by LL-37.  This  review  summarizes  the  current
knowledge  on  molecular  mechanisms  underlying  LL-37-induced  receptor  activation.

©  2016  Elsevier  Inc.  All  rights  reserved.
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1. Introduction

Antimicrobial peptides and proteins (AMPs) are key com-
ponents of the innate immune system, warding off invading
pathogens such as bacteria, fungi, viruses and parasites [1,2]. More
than hundred human AMPs have been identified and characterized
from various host tissues and epithelial surfaces (for an overview
see the Antimicrobial Peptide Database (APD)) [1]. AMPs are cus-
tomarily positively charged and amphipathic low molecular weight
proteins with a broad-spectrum antibiotic activity [1,3]. A wide
variety of cell types express AMPs in a constitutive fashion or after
exposure to a specific stimulus, such as vitamin D or interferon
(IFN) � [2,3]. In vertebrates, a small number of AMPs can also modu-
late and/or stimulate adaptive immunity via the specific activation
of cell surface receptors or intracellular targets. Because of their
prominent role in the human immune system and low inherent
toxicity, AMPs are considered attractive templates to engineer new
antimicrobials or therapeutics [1,4].

Cathelicidins are among the most studied classes of AMPs. In
humans, there is only one representative, called LL-37 that exerts
its function in concert with defensins [5]. The cathelicidin peptide
plays a prominent role in innate host defense mechanisms against
bacteria and some specific viruses, fungi and parasites [3,6–9]. LL-
37 is expressed by cell types that are likely to encounter pathogens,
such as epithelial cells of the skin, intestine, airway, ocular sur-
face or reproductive tract, but are also localised in innate immune
cells like neutrophils, dendritic cells (DC), mast cells, B-cells, natural
killer (NK)-cells, ��-T-cells, monocytes and macrophages [10,11].
The direct microbicidal activity of LL-37 is predominantly medi-
ated by disrupting the integrity of microbial membranes, due to
its inherent cationic and amphipathic nature [12]. Additionally, a
multi-hit mechanism in which the peptide also interacts with sev-
eral cytoplasmic targets appears to enhance microbial extirpation
[13,14].

The discovery that LL-37 acts as a potent chemoattractant to
guide monocytes, neutrophils and T cells to the site of infection led
to a more thorough understanding of the role of the peptide [15].
LL-37 is not only involved in the innate immune system, but also
exerts immunostimulatory and immunomodulatory effects. Upon
infection, LL-37 acts as a danger signal and bridges the innate and
adaptive immune system by recruiting immunocompetent cells
to the site of infection. Additionally, LL-37 modulates the levels
of inflammatory cytokines, serving to control the delicate bal-
ance between pro- and anti-inflammatory responses [16–18]. This
‘alarming’ effect of the peptide complements its role as endogenous
antibiotic. Moreover, LL-37 is implicated in many key biological
processes involving non-immune cells such as apoptosis, angio-
genesis, re-epithelialization, wound closure and the maintenance
of the intestinal epithelial barrier integrity [11,19–23]. Defects in
LL-37 expression or processing are therefore frequently associ-
ated with the pathogenesis of several human diseases including
psoriasis, rosacea, cystic fibrosis and cancer [18,24,25]. Detailed
knowledge about the exact molecular mode of action on a variety
of host cells and tissues is therefore a prerequisite to understand
the pathology of these diseases.

Considering its small size and low structural complexity, it is
remarkable that LL-37 contains all the necessary information to
perform its pleiotropic tasks. On host cells, the majority of LL-
37-induced effects are mediated via specific activation of various
putative cell surface receptors, membrane channels or intracellu-
lar targets. LL-37 has been associated with at least nine receptors
belonging to different receptor classes, including four G protein-
coupled receptors (GPCRs), three receptor tyrosine kinases (RTKs),
a ligand-gated ion channel (LGIC) and Toll-like receptors (TLRs)
[2,26]. Recently, it has been demonstrated that LL-37 also inhibits
the CD36 fat receptor in adipocytes and hepatocytes [27].

It remains a conundrum how one peptide is able to directly
activate multiple receptors belonging to different receptor classes,
especially since most ‘ligand-receptor’ interactions are classically
thought to occur in a very specific manner. The current general
consensus hypothesis appears to be that LL-37 activates eukary-
otic cells by virtue of at least five distinctly different mechanisms,
including direct and indirect modes of action.

LL-37 either acts as a surrogate ligand for a specific recep-
tor or influences the formation or stabilization of membrane
microdomains containing the receptor [3,28]. Transactivation of
epidermal growth factor receptors (EGFRs) via metalloproteinase-
mediated cleavage of membrane-anchored EGFR ligands has also
been reported for LL-37 (e.g. ‘triple-membrane-passing-signaling’
model) [29]. More recently, LL-37 was found to contribute to
the activation of receptors by promoting their incorporation in
lipid rafts [30]. Receptors that congregate in lipid rafts can be
more sensitive for their cognate agonists or even show activa-
tion in the absence of agonists. Furthermore, LL-37 and LL-37
aggregates can penetrate a variety of host cells, mainly via receptor-
mediated endocytic pathways [26]. This provides a mechanism
for the selective uptake of extracellular anionic molecules such
as deoxyribonucleic acid (DNA) or lipopolysaccharide (LPS) and
allows access for LL-37 to several intracellular targets, such as
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [31].

Because of the large number of publications reporting on a
specific receptor and/or components of the downstream signal-
ing transduction pathway of LL-37, as well as functional effects on
host cells, this review primarily intends to provide the reader with
an updated and comprehensive synopsis on the subject. Also, dur-
ing the last few years, novel molecular targets of LL-37 have been
identified which have not been reviewed before, as exemplified by
studies from Hoang-Yen Tran et al., Zhang et al., and Gambade et al.
[27,32,33]. Our aim is to review these recent findings in order to
acquire a more thorough understanding of the complex modes of
action of LL-37 on host cells. Finally, many studies rely on a collec-
tion of broad-spectrum or receptor-selective antagonists to identify
the cognate receptor of LL-37. Administration of receptor-selective
antagonists to cell lines displaying a response to LL-37 suggests
direct interaction between the peptide and its receptor, but true
functional coupling of LL-37 to a defined receptor binding pocket
has been questioned by several research groups.

Currently, it is believed that LL-37 operates in a non-canonical
manner by first binding to the membrane interface and then inter-
acting with receptor transmembrane domains, but consensus on
this matter has not yet been attained [26]. In order to estab-
lish a starting point for novel drug development efforts, improved
knowledge on the interaction mechanism of LL-37 with its putative
receptors is imperative.

Therefore, we  want to provide the reader with an overview
of the receptors reported to be activated by LL-37 and investi-
gate whether there is compelling evidence for a direct interaction
between receptor and peptide. This review will help researchers to
compare their data with the current scientific literature (as of July
2016), or provide a source of inspiration for future experiments on
this fascinating peptide.

2. GPCRs

GPCRs, also known as seven-transmembrane domain receptors,
constitute a large and diverse family of cell surface proteins that
mediate a wide variety of physiological processes in multiple cell
types. In 2000, De Yang and colleagues identified N-formyl pep-
tide receptor 2 (FPR2; formerly known as formyl peptide receptor
like-1) as the first functional receptor for LL-37 [15]. FPR2 belongs
to a class of Gi protein-coupled receptors activated by a wide
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