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a b s t r a c ta r t i c l e i n f o

Available online 21 April 2017 Antimicrobial peptides (AMPs) have evolved through billions of years as part of our innate immune system.
These agents are produced by various cells throughout the human body and play important roles in our ability
to respond to infections. In this review,weoutline evidence linking AMP expressionwith a range of inflammatory
and autoimmune human diseases. Finally, we highlight the promise of endogenous AMP induction for the treat-
ment of disease (i.e., host-directed therapy) and briefly mention the different peptide drugs that are currently
undergoing clinical trials.
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1. Introduction

Antimicrobial peptides (AMPs), also called host defense peptides
(HDPs) for their immunomodulatory properties, are produced by virtu-
ally all organisms known on Earth. So far, N2500 such peptides have
been identified. Although AMPs display a diversity of primary and
secondary structures, they share certain commonalities, such as their
overall positive charge due to their many Arg and Lys amino acid resi-
dues, and the presence of ~50% hydrophobic amino acids within their
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sequence that facilitate their interaction with membranes and further
translocation into cells.

AMPs are capable of killing a broad range ofmicroorganisms, includ-
ing bacteria, fungi, parasites and viruses (Silva et al., 2016). Recently, a
subset of these peptides and their synthetic derivatives have also been
shown to act as potent inhibitors of microbial biofilms, which are asso-
ciated with the majority (about two-thirds) of all infections in humans,
and exhibit increased tolerance to treatment with numerous clinically
available antibiotics (Anunthawana, de la Fuente-Núñez, & Hancock,
2015; Haney, Mansour, Hilchie, de la Fuente-Núñez, & Hancock,
2015). AMPs have also been shown to control the function of host
cells and tissues involved in the host immune response, for instance
by modulating the inflammatory response while boosting immunity
by increasing the recruitment recruitment of leukocytes to the site of in-
fection (Silva et al., 2016).

AMPs constitute excellent templates for the production of novel syn-
thetic optimized agents with enhanced potency. However, the use of
naturally occurring AMPs as therapeutic agents has some limitations
that need to be overcome. These include lack of stability (particularly
in vivo), potential toxicities of some AMPs (either towards host cells
or in animal models), and their relatively large size (N20 aa), which in-
creases overall production and manufacturing costs limiting the poten-
tial of these drugs as therapeutics. Rational design and computational
biology strategies have been used to optimize the biological functions
of AMPs in an attempt to eliminate adverse effects against host cells
while retaining activity against target microbes (Fjell, Hiss, Hancock, &
Schneider, 2011). Rational design of AMPs has also been used to reduce
production costs by generating shorter primary structures without af-
fecting biological function (Deslouches et al., 2013).

2. Natural AMPs and human diseases: roles in innate and adaptive
immunity responses

Natural AMPs belong to an evolutionarily ancient and diverse group
of molecules that are important components of the innate immune sys-
tem (Nijnik & Hancock, 2009). As outlined earlier, AMPs are mostly cat-
ionic (net charge generally +2 to +9, due to excess Lys and Arg
residues), short (10–50 amino acids), amphipathic molecules with het-
erogeneous structures and multiple modes of action (Wang & Wang,
2004). The role of AMPs in innate immunity is complex and includes
protecting the host from infections through their rapid and broad-spec-
trum antimicrobial activity and immunomodulatory functionalities
(Ganz, 2003). Indeed, AMPs are produced by virtually all organisms re-
ported to date, and constitute an effective, rapid and non-specific first
line of defense against invading pathogens. Interestingly, in humans
these bioactive peptides can be generated by the cleavage of pro-pep-
tides. Indeed, various researchers have demonstrated that endogenous
human peptides can be generated by cleavage of other proteins belong-
ing, for example, to the complement system or the coagulation cascade,
which have also been shown to play important roles in host defense
against pathogens (Nordahl et al., 2004; Papareddy, Kalle, et al., 2010;
Papareddy, Rydengård, et al., 2010), or may be included within the
structure of proteins or precursors, which may be defined as “cryptic”
(Gaglione et al., 2017; Pane et al., 2016, 2017). The main feature of
these peptides is the presence of a heparin-binding region, which has
been used as a template to search for sequences that may correspond
to new endogenous peptides (Andersson et al., 2004; Baglia, Badellino,
Ho, Dasari, & Walsh, 2000; Shimazaki et al., 1998). Various other
AMPs have been found in humanswith a primary role in host protection
against microbial infections (Wang, 2014). AMPs have been found in a
wide variety of tissues or exposed surfaces including the skin (Bardan,
Nizet, & Gallo, 2004), eyes (McDermott, 2004), oral cavity (Dale &
Fredericks, 2005), ear (Bøe et al., 1999), airway (Bals, Wang, Zasloff, &
Wilson, 1998), lung (Agerberth et al., 1999), female reproductive tract
(King, 2000), cervical-vaginal fluid (Stock et al., 2009), intestines

(Cash, Whitham, Behrendt, & Hooper, 2006), and urinary tract (Bates
et al., 2004), in addition to other tissues and organs of the human body.

AMPs exert various biological functions within the immune system
(innate and adaptive), including recruiting cells, inducing or modulat-
ing pro-inflammatory responses, stimulating cell proliferation, promot-
ing wound healing, modifying gene expression, and killing cancer cells
(Choi, Chow, & Mookherjee, 2012; Lai & Gallo, 2009; Steinstraesser,
Kraneburg, Jacobsen, & Al-Benna, 2011). To date, the most thoroughly
characterized mechanism of AMP activity within the immune system
is the antagonistic effect they exert on the endotoxin lipopolysaccharide
(LPS) of the outer membrane of Gram-negative bacteria. LPS is known
to stimulate to stimulate the secretion of pro-inflammatory cytokines
and, in severe cases, can lead to endotoxic shock (Mueller, Lindner,
Dedrick, Schromm, & Seydel, 2005). Inhibition of LPS-induced cellular
responses is a well-established property of several AMPs; however,
the exact underlying mechanism has not yet been fully elucidated. In
addition, peptides are capable of eliminating extracellular LPS through
direct interactions with this molecule (Scott, Vreugdenhil, Buurman,
Hancock, & Gold, 2000). Indeed, several studies have suggested that
peptide binding to LPS leads to an aggregated LPS structure complex
that can induce a series of cellular responses (Mueller et al., 2005).
Some peptides also interfere with processes such as LPS ligation, thus
preventing interactions between LPS and its receptor (Rosenfeld,
Papo, & Shai, 2006; Scott et al., 2000). It has also been observed that cer-
tain AMPs can block interactions between the differentiation pool 14
(cluster of differentiation 14-CD14) and LPS, thus inhibiting subsequent
release of proinflammatory cytokines (Rosenfeld et al., 2006; Scott et al.,
2000). Human cathelicidin LL-37 and β-defensin represent classical ex-
amples of AMPs with immunomodulatory activity, as both peptides are
capable of repressing LPS-induced responses, and target the nuclear
pathway kappa B (NF-κB) (Mookherjee et al., 2006; Semple et al.,
2011). Examples of interconnections between AMPs and human dis-
eases are shown in Fig. 1

2.1. Skin infectious diseases

The skin has the largest surface area and is the most exposed of any
organ of the body. Despite the effective protection provided by the skin
barrier against external hazards, infections caused by bacteria, fungi or
viruses are still very common. These infections often result from a
break in the integrity of the skin, which enables pathogen entry into
the dermis and subsequent establishment of the infection (O'Dell,
1998).

As mentioned earlier, AMP production constitutes one of the early
mechanisms by which the host immune system provides protection
against invaders. In fact, the skin plays a fundamental role in keeping
pathogens at bay, as it is the first barrier of mammalian defense. Certain
AMPs have been shown to be constitutively expressed in the skin (Rieg,
Garbe, Sauer, Kalbacher, & Schittek, 2004), while others are induced fol-
lowing infection by microbes or skin lesion (Kreuter et al., 2006). Over
the past decades, numerous studies have demonstrated the roles of dif-
ferent AMPs in the context of infectious and inflammatory diseases of
the skin. Examples include psoriasis (Christophers & Henseler, 1987),
atopic dermatitis (Ong et al., 2002), rosacea (Yamasaki et al., 2006),
Kostmann syndrome (Pütsep, Carlsson, Boman, & Andersson, 2002), se-
vere congenital neutropenia (Kostmann, 1956), lupus erythematosus
(Frohm et al., 1997), nickel contact hypersensitivity (Frohm et al.,
1997), erythema toxicum neonatorum (Marchini et al., 2002), lesions
of acne vulgaris (Chronnell et al., 2001), folliculitis (Oono, Huh,
Shirafuji, Akiyama, & Iwatsuki, 2003), scleroderma (Kreuter et al.,
2006), cutaneous T-cell lymphoma (Escher et al., 2006), basal cell carci-
noma (Gambichler et al., 2006), viral infection (Conner, Nern, Rudisill,
O'Grady, & Gallo, 2002), and skin wounds (Gallo et al., 1994; L. Zhang
et al., 2015).

Several studies in the last two decades have further reported on the
role of AMPs as an important defense mechanism in the skin. These
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