Journal of

Moual et al., J Clin Cell Immunol 2013, S13
DOI: 10.4172/2155-9899.S13-004

Clinical & Cellular Immunology

Review Article Open Access

Antimicrobial Peptidesas an Alternative Approach to Treat Bacterial

Infections

Hervé Le Moual*, Jenny-Lee Thomassin and John R Brannon

Department of Microbiology and Immunology, and Faculty of Dentistry, McGill University, Montreal, QC, H3A 2B4, Canada

Abstract

The spread of antibiotic resistance genes amongst microbes, the emergence of multi-drug resistant bacterial
pathogens and the paucity of antibiotics in development have caused a major health care crisis. With few options
available to treat multi-drug resistant bacteria, it is critical to develop alternative therapies to conventional antibiotics.
An auspicious alternative strategy stems from antimicrobial peptides (AMPs), which are the host’s own “endogenous
antibiotics”. AMPs are produced at mucosal surfaces, where they exert both bactericidal and immunomodulatory
activities making them important components of the innate immune system. To date, the development of AMP-
based therapies has focused on developing synthetic peptides with tailored activity and boosting endogenous
AMP-expression. These therapies may be confounded by the multiple bacterial AMP-resistance mechanisms that
have arisen during the co-evolution of bacteria with their hosts’ innate immune system. Therefore, approaches
that counteract bacterial AMP-resistance mechanisms can be added to the arsenal of novel therapies. This review
provides an overview of human AMPs and summarizes the current strategies used to develop AMP-based therapies
with particular focus on a novel strategy that aims to boost AMP activity by inhibiting bacterial AMP-resistance

mechanisms.
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Introduction

The rise and spread of antibiotic resistance among bacterial
pathogens has created a major health care crisis. Among Gram-
positive bacteria, the incidence of methicillin-resistant Staphylococcus
aureus exceeds 50% in most countries [1]. Vancomycin-resistant
enterococci have spread over the last 20 years to become a major cause
of nosocomial infections. In Gram-negative pathogens, production of
extended spectrum B-lactamasesis reported in 5-8% of Escherichia coli
and Klebsiella pneumoniae isolated in North America and can reach
more than 30% in some countries [2]. Until recently, carbapenem was
the antibiotic of choice to treat these infections. However, carbapenem
resistance mediated by carbapenemases, such as the New Delhi metallo-
B-lactamase 1, arose and spread internationally [3]. The therapeutic
options to treat these infections are limited to very few antibiotics such
as colistin and tigecycline, which are not necessarily optimal therapies
because of toxicity or tissue penetration issues. Since there are very few
new antibiotics in the drug development pipeline, especially for the
treatment of Gram-negative infections, it becomes critical to develop
alternatives to classical antibiotics and identify new approaches to treat
infectious diseases.

Antimicrobial peptides (AMPs) are critical components of the host
innate immune system that serve as “endogenous antibiotics” [4,5]. Most
organisms produce AMPs, including bacteria, fungi, plants, insects and
vertebrates. They are multifunctional molecules with antimicrobial
activity against bacteria, fungi, viruses and protozoan parasites; they
also have numerous immunomodulatory functions. Some AMPs also
exhibit antitoxic activity; they neutralize bacterial toxins, including
lipid A of lipopolysaccharide (LPS) [6,7]. AMPs are also able to prevent
biofilm formation and act on pre-formed biofilms [8]. Mature AMPs
are small (<50 amino acid residues), positively charged (+1 to +11) and
have amphipathic properties. They are diverse in amino acid sequence
and adopt various secondary structures. In mammals, there are two
major groups of AMPs, the a-helical cathelicidins and the B-sheet
defensins. Both cathelicidins and defensins are found in large amounts

in neutrophil granules and are expressed at mucosal surfaces, where
they are synthesized as inactive prepropeptides that are processed into
biologically active peptides by host proteases [9,10].

The Cathelicidins

The number of cathelicidin genes varies between mammalian
species. Humans and mice have a single cathelicidin gene (human
CAMP and murine Camp). Human CAMP encodes hCAP18, an 18
kDa inactive precursor, which upon secretion is processed into the
N-terminal cathelin prodomain and the C-terminal LL-37 active
peptide [11]. LL-37, a 37 amino acid peptide with two leucines at the
N-terminus, adopts an amphipathic a-helical structure. Murine Camp
encodes the precursor of the murine cathelicidin-related antimicrobial
peptide (mCRAMP) [12]. Mature mCRAMP consists of a 34 amino
acid peptide that also adopts an amphipathic a-helical structure [13].
Several host proteases are responsible for cathelicidin maturation in a
tissue-specific manner. For example, LL-37 is cleaved from its precursor
hCAP-18 by proteinase-3 in neutrophils and proteases of the kallikrein
family in skin [14,15]. Further proteolytic processing of LL-37 by various
proteases, including bacterial proteases, may lead to peptide fragments
with different biological functions [16]. The key role of human and
murine cathelicidins in the outcome of bacterial infections in vivo is
supported by a number of studies and was facilitated by the generation
of Camp™~ mice [17-19]. Several external signals affect cathelicidin gene
expression. For example, vitamin D, induces the expression of LL-37
in several cell types by interacting with its receptor that activates the
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vitamin D3-responsive elements (VRE) of the CAMP promoter [20,21].
The level of induction of CAMP expression by vitamin D, is partially
dependent on the inflammatory status of the tissue [22]. Conversely,
the promoter of the murine cathelicidin gene lacks VREs and its
expression is not regulated by vitamin D, [20]. Butyrate is a short fatty
acid produced in the colon by the microbiota through fermentation
of dietary fibers. Butyrate and its derivative phenylbutyrate induce
cathelicidin expression and were shown to improve outcome in a rabbit
model of Shigella infection [23,24].

The Defensins

Mature defensins are characterized by the presence of six cysteines
forming three intramolecular disulfide bonds. Based on the connectivity
of these disulfide bonds, defensins are further divided into a- and
B-defensins. In contrast to cathelicidins, there are many defensin genes
in humans and mice. In humans, five DEFA genes code for a-defensins,
the human neutrophil peptides 1-4 (HNP-1 through-4) that are present
in the azurophilic granules of neutrophils and human defensins 5 and
6 (HD-5 and -6) that are secreted in the small intestine by Paneth cells
[25]. Although there are close to forty p-defensin genes in humans, only
four B-defensin peptides have been well characterized (hBD-1 through
-4). These genes show extensive copy-number polymorphism [26].
Human B-defensins are found at most mucosal epithelia and tissues.
While hBD-1 is constitutively expressed in most tissues, the expression
of hBD-2 and hBD-3 is induced by the presence of infectious stimuli
and/or cytokines [27-29]. Similar to the LL-37 promoter, VREs are also
found in the hBD-2 gene promoter region, but hBD-2 induction by
vitamin D, is more modest than for LL-37 [30]. Several studies have
highlighted the important role played by defensins in vivo. Transgenic
mice expressing the human a-defensin HD-5 showed enhanced
resistance to intestinal infection with Salmonella enterica, providing
strong evidence that HD-5 restricts bacterial growth in vivo [31]. In
addition, HD-5 was also shown to shape the composition of the small
intestine microbiota [32].

Mechanisms of Action of AMPs

The mechanisms of action of AMPs are diverse and in some
cases AMP specific. AMPs have both direct bactericidal and
immunomodulatory activities. Most AMPs appear to exert their
bactericidal activity by interacting with the negatively charged bacterial
membrane through electrostatic interactions and then forming pores
into the cytoplasmic membrane, which leads to bacterial cell lysis.
Several studies have suggested alternative targets such as intracellular
proteins or lipid II and the cell-wall biosynthesis pathway [33,34].
The in vivo bactericidal activity of AMPs has been questioned due
to the facts that AMP-mediated killing is salt sensitive and that the
AMP concentration at most sites is below the minimum inhibitory
concentration. Nonetheless, it is most likely that the abundance of
a-defensins inside phagocytes and in crypts of the small intestine
allows direct bacterial killing. Some AMPs like hBD-1 and HD-6 are
known for their weak bactericidal activity. A recent study has shown
that the bactericidal activity of hBD-1 is enhanced upon reduction of
the peptide, a process that may occur in vivo due to the thioredoxin
system [35]. Another recent study revealed that HD-6 affords protection
against invasion by enteric bacterial pathogens by binding to bacterial
surface proteins and forming fibrils that entangle bacteria [36].

In addition to their direct antibacterial activity, AMPs participate in
multiple aspects of immunity [37-39]. In respect to their immunological
functions, AMPs are also known as host-defense peptides [40]. By
interacting with a variety of host cell receptors, AMPs promote the

recruitment of leukocytes to the site of infection through both direct
chemotactic activity and stimulation of chemokine production by
leukocytes, epithelial cells and other cell types [41,42]. AMPs also
modulate host responses to microbial compounds, inducing both
pro- and anti-inflammatory signals; for example LL-37 inhibits TNFa
production and other host responses to LPS [43]. AMPs can impact
the adaptive immune response by influencing antigen presentation, cell
recruitment, and by modulating B- and T-cell responses [41,44-46].
Finally, some AMPs also play a role in angiogenesis and wound healing
(47,48].

Bacterial Resistance to Host AMPs

During the co-evolution of hosts and microbes, bacteria have
developed several strategies to resist and survive the activities of
AMPs [49-51]. Since bacterial AMP-resistance could potentially
confound therapeutic approaches using AMPs, learning more about
the mechanisms at play becomes important, particularly in pathogens
of importance to human health. Both Gram-positive and negative
bacteria are able to sense the presence of AMPs in the environment
through two-component regulatory systems. For example, Salmonella
enterica and Streptococcus pyogenes use the PhoPQ and CsrRS two-
component systems, respectively, to sense LL-37 [52,53]. Activation of
these signaling pathways by AMPs results in the upregulation of genes
associated with AMP resistance. These AMP resistance mechanisms
can be grouped according to their mode of action into shielding
structures, proteases, surface charge alterations, ABC transporters, and
modulation of AMP gene expression.

Shielding of the bacterial cell surface

Surface structures external to the bacterial cell envelope, such as
capsule polysaccharides (CPS), play a role in AMP resistance. They
are proposed to act as a protective shield binding AMPs and reducing
the amount of AMPs that reaches the bacterial membrane [54-57].
Specifically, anionic CPS of both Gram-positive and negative bacteria
bind cationic AMPs to promote resistance [55]. CPS are not the only
bacterial shielding structures, curli fimbriae from uropathogenic
Escherichia coli and the M1 protein from group A Streptococci bind
LL-37 to promote resistance [58,59].

Proteolytic degradation of AMPs

Both Gram-positive and negative bacteria produce membrane-
bound and/or secreted proteases that can degrade and inactivate
AMPs. For example, the outer-membrane protease OmpT of
enterohemorrhagic E. coli (EHEC) cleaves and inactivates the a-helical
LL-37 but cannot cleave HNP-1, which is stabilized by disulfide bonds
[60,61]. Secreted proteases, such as the Zn**-metalloprotease ZapA
from Proteus mirabilis degrades LL-37 and hBD-1, whereas aureolysin
from S. aureus inactivates LL-37, indicating specific substrate preference
for AMPs [62,63].

Charge alterations

Bacteria minimize their interaction with AMPs by reducing the
net negative charge of their membrane. Due to the basic physiological
differences in the composition of the Gram-positive and negative
bacterial cell walls, they use different mechanisms to reduce their net
negative charge. In Gram-positive bacteria, the net negative charge of
the cell wall is decreased by the addition of D-alanine to the phosphates
of teichoic acids using a process that occurs nearly ubiquitously among
species [49]. In Gram-negative bacteria, the phosphate groups present
on the lipid A and core moieties of LPS are responsible for the net

J Clin Cell Immunol

Innate Response to Infectious

ISSN:2155-9899 JCCI, an open access journal

Diseases



Citation: Moual HL, Thomassin JL, Brannon JR (2013) Antimicrobial Peptidesas an Alternative Approach to Treat Bacterial Infections. J Clin Cell

Immunol S13: 004. doi:10.4172/2155-9899.S13-004

Page 3 of 6

negative charge of the outer-membrane. To neutralize the net negative
charge of LPS, the lipid A and core are covalently modified with
positively charged moieties that mask the phosphate groups, thereby
preventing AMP binding [64,65].

ABC transporters

ABC transporters are general transport systems that are used to
import or export a variety of substrates across the membranes of both
Gram-positive and negative bacteria. In Gram-positive bacteria, these
transporters have developed a unique relationship with two-component
signal transduction systems to promote greater AMP resistance [66].
In Gram-negative bacteria, the import and/or export activities of ABC
transporters are used by various species to resist killing by AMPs.
For example, the MtrC export-type transporter is used by Neisseria
gonorrhoeae and Haemophilus ducreyi to resist hBDs and LL-37,
whereas the SapA import-type transporter is used by Haemophilus
influenzae to deliver AMPs into the cytosol where they are degraded by
proteases and recycled as nutrients [67,68].

Downregulation of AMP gene expression

Some pathogens actively suppress expression of AMP genes by
host cells. For example, Shigella flexneri inhibits the expression of LL-
37 in intestinal epithelial cells [69,70]. Similarly, Helicobacter pylori
selectively inhibits the expression of hBD-3, which is particularly active
against H. pylori, through a mechanism involving the virulence factor
CagA that interferes with cell signaling upon translocation into host
cells [71].

Therapeutic Approaches
Inhibition of bacterial resistance to AMPs

A novel approach to maximize the effects of AMPs would be to
sensitize microbes to endogenous AMPs by inhibiting bacterial AMP
resistance to promote the antimicrobial activities of AMPs. The main
challenge is to identify the specific AMP resistance mechanisms used
by a given pathogen in its infectious niche. For example, the closely
related intestinal pathogens EHEC and enteropathogenic E. coli (EPEC)
that colonize the large and small intestines, respectively, use different
mechanisms to resist the AMPs present in their niches [60,61]. EHEC
expresses high levels of the OmpT protease that cleaves and inactivates
LL-37 produced in the colonic epithelium [60]. In contrast, EPEC
produces CPS to shield its surface from the bactericidal activity of
the a-defensin HD-5, the most abundant AMP present in the small
intestine [Unpublished data]. The OmpT protease and related proteases
of the omptin family are targets of choice to test this novel therapeutic
approach. The enzyme active site faces the environment and is readily
accessible to drugs. In addition, omptins have a unique catalytic
mechanism and no specific inhibitors are currently available. Therefore,
inhibition of omptins is unlikely to interfere with host protease activity.
Inhibition of omptins is likely to result in increased levels of LL-37,
which will enhance both the bactericidal and immunomodulatory
activities of this AMP. However, it is unclear whether inhibition of a
single target like OmpT will be sufficient to sensitize the pathogen to
AMPs. Given the variety of resistance mechanisms, it may be necessary
to inhibit several bacterial targets at once to give the host an advantage.
The simultaneous inhibition of several AMP-resistance mechanisms
can also be achieved by targeting the two-component signal
transduction systems that regulate AMP resistance gene expression.
For example, small molecules could turn off two-component systems
that detect AMPs and, in turn, decrease expression of AMP-resistance

mechanisms. For this strategy to be successful, more study into the
complex regulatory networks controlling expression of AMP-resistance
mechanisms is required to select the most appropriate target.

Increase the synthesis of endogenous AMPs

The finding that compounds such as short-fatty acids, especially
butyrate, and vitamin D, are able to increase the production of LL-37
by host cells has provided an alternative or complementary approach
to promote the antimicrobial activities of endogenous AMPs. Both
sodium butyrate and vitamin D, are being tested in clinical trials
[72,73]. Remarkably, butyrate treatment was shown to induce LL-37
expression and reduce inflammation in the rectal epithelium of patients
affected by Shigellosis [73].

Synthetic bactericidal peptides

A number of synthetic peptides with potent bactericidal activity
against both Gram-negative and positive bacteria were developed
from natural AMPs. They were used as topical agents allowing the
achievement of bactericidal concentrations and ensuring that peptides
were minimally exposed to proteases. Several of these compounds went
through clinical trials. Omiganan is a derivative of bovine indolicidin
that was originally isolated from neutrophil granules. In phase ITI clinical
trials, omiganan showed significant reduction of catheter-associated
infections, but was dropped for further development [74]. Omiganan
is currently in phase III trials for treatment of papulopustular rosacea.
Another example is pexiganan, a synthetic analog of magainin isolated
from frog skin that was used for the topical treatment of diabetic foot
ulcer infections. Although Pexiganan demonstrated some efficacy, the
Federal Drug Administration (FDA) did not approve it because of its
lack of superiority over other therapies [75]. However, recent changes
in the FDA regulations will bring pexiganan through new clinical trials
[74].

Innate defense regulators (IDRs)

IDRs are synthetic peptides that were designed based on bovine
bactenecin to have immunomodulatory properties and to be devoid of
direct bactericidal activity [76]. Interestingly, these peptides selectively
enhance innate immune mechanisms such as chemokine production
and the recruitment of neutrophils and macrophages to the site of
infection. Consequently, IDRs protect mice against various bacterial
infections [77,78]. In addition, IDRs have been shown to favor wound
healing [79] and promote increased survival of animals in a murine
model of cerebral malaria [80]. These studies emphasize the importance
of the immunomodulatory properties of AMPs.

Current Clinical Use of AMPs

The production of AMPs is not limited to multicellular organisms;
bacteria can also synthesize AMPs that are active against other bacteria.
These AMPs of bacterial origin that consist of non-ribosomally
synthesized peptides such as polymyxins, bacitracin and gramicidins
and ribosomally synthesized peptides such as bacteriocins, have been
used for years [81,82]. Polymyxin E (also known as colistin) is a cyclic
lipopetide produced by Bacillus polymixa [83]. Since 1959, polymyxin E
has been used for the treatment of infections caused by Gram-negative
bacteria. It was replaced by aminoglycosides in the 1980s, because of
concern about toxicity. Polymyxin E has reemerged over the last 15 years
and is currently one of the last-resort drugs for treatment of multi-drug
resistant Enterobacteriaceae, Pseudomonas spp. and Acinetobacter spp.
[84]. Gramicidin S, a cyclic decapeptide produced by Bacillus brevis,
has been used as a topical antibiotic against Gram-positive bacteria

J Clin Cell Immunol

Innate Response to Infectious

ISSN:2155-9899 JCCI, an open access journal

Diseases



Citation: Moual HL, Thomassin JL, Brannon JR (2013) Antimicrobial Peptidesas an Alternative Approach to Treat Bacterial Infections. J Clin Cell

Immunol S13: 004. doi:10.4172/2155-9899.S13-004

Page 4 of 6
A. W w ﬁ —~ B. MWW Vl.i,t:]tr:ri;teD : =
e’ M | S % ‘
)’* = 7%MMM/ % L8

Figure 1: Inhibition of bacterial resistance to host AMPs: A. Bacterial pathogens have developed the ability to resist the antimicrobial activities of AMPs. For
example, bacterial omptin proteases (orange pacman) degrade and inactivate AMPs (long black helices) produced by epithelial cells into inactive fragments (short
black helices). B. Therapeutic approaches such as treatment with a bi-therapy consisting of an inhibitor of AMP bacterial resistance (e.g. omptin protease inhibitor)
and an inducer of AMP production (e.g. vitamin D, or butyrate) are likely to increase the local concentration of AMPs and, in turn, promote both bactericidal and

immunomodulatory activities [e.g. production of interleukin 8 (IL-8)].

since 1946 [85]. Nisin is a bacteriocin produced by Lactococcus lactis
that acts primarily against Gram-positive bacteria and has been used
safely as a food preservative for over fifty years [86].

Concluding Remarks

Although AMPs play a critical role in defending the host against
potential infections, these defenses are sometimes overwhelmed by
pathogens. It is possible to consider strategies aimed at boosting innate
defenses and more specifically at promoting the various activities of
AMPs. AMPs and their derivatives can be used in different ways to
boost innate defenses and clear infections. They can be used alone as
bactericidal and/or immunomodulatory agents, in combination with
conventional antibiotics, or as endotoxin neutralizing compounds.
In addition, bacterial pathogens may be sensitized to AMP killing
by inhibiting their AMP-resistance mechanisms. This requires the
characterization of the bacterial virulence factors involved in AMP
resistance. These strategies are not mutually exclusive and can be
combined to achieve resolution of infections. For example, inhibition
of bacterial resistance to AMPs can be combined with the induction of
AMP expression to enhance the local concentration of AMPs, this will
promote both bactericidal and immunomodulatory effects of AMPs
(Figure 1). The combination of AMPs with conventional antibiotics
may also be considered. For example, bacteria living in biofilms may
be sensitized to antibiotics by the biofilm-dispersing property of AMPs.

Nonetheless, there are a number of challenges or unknowns that
currently impede the in vivo use of AMPs. Although it was suggested
that AMPs are less likely than conventional antibiotics to induce
resistance, several recent studies show that bacteria can rapidly develop
AMP resistance mechanisms [87-89]. A major concern with synthetic
peptides is their susceptibility to proteases. Several strategies including
the use of D-amino acids, cyclisation and acylation were shown to
increase AMP stability [90]. However, caution should be exerted when
trying to stabilize AMPs, as this could have undesired consequences due
to their multiple properties. Despite these challenges, the development
of AMP-based therapies is a promising avenue that requires further
exploration.
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