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Abstract

Host defense (antimicrobial) peptides (HDPs) are produced by virtually all organisms and have an
important role in protection against microbial infections. Some naturally occurring peptides such as the
human cathelicidin LL-37 and the bovine peptide indolicidin have been shown to inhibit bacterial biofilm
development. Rearrangement and substantial modification of the amino acid sequence of these and
other HDPs has led to the identification of small synthetic peptides with increased, broad-spectrum anti-
biofilm activity that is independent of activity vs. planktonic cells. Some of these peptides have also
been shown to act in synergy with antibiotics commonly used in the clinic to prevent biofilm formation
and eradicate pre-existing biofilms. Recently, the mechanism of action of one of these peptides (i.e.,
1018) was shown to involve binding to and causing degradation of the second messenger stress
response nucleotide ppGpp, which plays an important role in biofilm formation and maintenance. Here,
we review recent progress in the field of anti-biofilm peptides and propose future directions to further
develop these therapeutic agents.
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Introduction

Host defense peptides (HDP) are molecules
produced by all living organisms. They have been
conserved throughout evolution and serve as
defense mechanisms against insults such as
those imposed by microbial infections and
inflammation [1, 2]. These peptides are generally
small in size (from 12 to at least 50 amino acids
in length) and are cationic due to the presence of
excess lysine and arginine amino acid residues [1,
2]. HDPs also contain a high proportion (usually
>50%) of hydrophobic residues, which allows
them to interact with, and often translocate
across bacterial and host membranes, thus
enabling their antimicrobial, immunomodulatory
and anti-biofilm activities. Here, | will review
recent progress on the anti-biofilm properties of
synthetic peptides derived from HDPs. Biofilms
are multicellular aggregates of surface-
associated microorganisms that are estimated to
cause at least 65% of all infections in humans,
being particularly prevalent in infections
affecting medical devices such as catheters,

infections on body surfaces (e.g. skin infections,
wounds, mucosa, etc.), and in chronic infections
[3-7]. Biofilm-related infections are very difficult
to treat in the clinic due to their adaptive
resistance to most antibiotics and consequent
recalcitrance to treatment with conventional
antibiotics. Moreover, there are currently no
drugs available that selectively target bacterial
biofilms and all antibiotics were developed for
treating planktonic (free swimming) cell
infections [8]. Consequently, there is an urgent
need for new strategies to treat biofilm
infections.

Based on the observation that the human
cathelicidin LL-37 exhibits anti-biofilm activity
[9], recent findings have identified small
synthetic peptides with increased potency
towards biofilms formed by both Gram-negative
and Gram-positive bacterial pathogens [10-17].
Results from some of these studies have
concluded that the anti-biofilm properties of
peptides are independent of their direct
antimicrobial activity, since potent anti-biofilm
peptides that lacked anti-planktonic cell activity
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were identified and vice versa, while
Burkholderia cenocepacia which is completely
resistant to peptides in its planktonic state is
susceptible when growing as biofilms [11,17]. In
addition, anti-biofilm peptides have been shown
to synergize with different classes of
conventional antibiotics to eradicate biofilms
[18, 19]. Here, | will outline some of the most
significant advances made in recent years in the
field of anti-biofilm peptides.

Synthetic peptides with anti-biofilm activity

Synthetic peptides exhibiting activity against
biofilms are increasingly being reported in the
literature [10-17]. The smallest appears to be a
cationic peptide of only 9 amino acids in length
that can prevent biofilm formation by Gram
negatives  Pseudomonas  aeruginosa  and
Burkholderia cenocepacia and the Gram-positive
microorganism Listeria monocytogenes, despite
its very high MICs for bacteria grown under
planktonic conditions [11]. More recently, a
synthetic dodecapeptide (called 1018;
VRLIVAVRIWRR-NH,), based loosely on the amino
acid sequence of a peptide (termed Bac2a;
RLARIVVIRVAR-NH,) derived from the naturally
occurring bovine HDP bactenecin, was identified
as an anti-biofilm peptide [17]. Despite
presenting very modest direct antimicrobial
activity (similar to parent peptide Bac2a) against
both Gram-negative and Gram-positive bacteria,
peptide 1018 was found to exhibit potent broad-
spectrum anti-biofilm activity against P.
aeruginosa, Escherichia coli, Acinetobacter
baumannii, Klebsiella pneumoniae, methicillin-
resistant S. aureus, Salmonella Typhimurium, and
Burkholderia cenocepacia at sub-MIC
concentrations (Figure 1) [17]. Interestingly, the
effect of the peptide on biofilm development
varied according to the peptide concentration
used. For instance, treatment with very low
doses of the peptide (0.8 pg/ml) triggers
dispersal of cells from pre-formed biofilms, while
it induces cell death within biofilms at higher
concentrations (10 pg/ml) [17] (Figure 2).
Furthermore, peptide 1018 was shown to target

the common stress response nucleotides
(p)ppGpp (termed hereafter ppGpp which is the
actual effector that binds to RNA polymerase),
which play an important role in biofilm
development contributing to both biofilm
formation and maintenance [17]. Indeed, NMR
and thin layer chromatography studies showed
that the peptide acted on live bacterial cells to
cause degradation of ppGpp and its precursor
pppGpp, and in vitro directly interacted with
ppGpp [17]. These results indicate that peptide
1018 targets ppGpp and marks it for
degradation, thus providing a mechanistic
explanation for the broad-spectrum activity of
the peptide, since ppGpp is produced by both
Gram-negative and Gram-positive bacteria [20].
It is also worth noting that peptide 1018 was
originally identified as an immunomodulatory
peptide that can selectively enhance chemokine
production and polarize cellular differentiation
while  suppressing the  pro-inflammatory
response [21, 22]. A range of synthetic peptides
based on the amino acid sequence of 1018 were
developed and shown to have anti-biofilm and
immunomodulatory properties [23].

conventional

Synergistic interactions with

antibiotics

Anti-biofilm peptide 1018 showed strong synergy
with different classes of conventional antibiotics
to prevent biofilm formation and eradicate pre-
existing biofilms [19]. Indeed, when low doses of
the peptide were added in the presence of the
clinically-important  conventional antibiotics
ceftazidime, ciprofloxacin, imipenem, or
tobramycin, the concentration of antibiotics
required to treat biofilms formed by Gram-
negative P. aeruginosa, Escherichia coli,
Acinetobacter baumannii, Klebsiella pneumoniae
and Salmonella enterica, and the Gram-positive
bacterial pathogen methicillin-resistant .
aureus, was reduced substantially (up to 64-fold)
[19]. Other cationic peptides have also been
shown to synergize with different antibiotics to
inhibit biofilms formed by methicillin-resistant S.
aureus and P. aeruginosa [12, 18]. This
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represents a new approach to potentiate
antibiotic action against biofilms. Peptides that
show synergy with clinically relevant antibiotics
hold great potential as an adjunctive therapy
with antibiotics against drug-resistant infections.
Testing these combinations of antibiotics plus
peptide in animal models of biofilm-related
infections will likely be a major focus of future
research.

Therapeutic potential of anti-biofilm peptides

There are several factors limiting the translation
of this approach to the clinic. These include
potential toxicities, the relatively cost of peptide
production, their stability to proteases that
abound in the body, and the lack of knowledge
about the optimal method of therapeutic
administration. In this regard, for example,
peptide 1018 exhibits a low toxicity profile both
in vitro and in vivo as shown in different studies
looking at its effect in animal models [22]. Its
small size addresses the cost of goods limitation.
In addition, radiolabeling studies have shown
that peptide 1018 is rapidly removed from the
blood but hits a stable (for 4 hours) level of
around 5 pg/ml within 2 minutes of delivery.
Moreover it distributes rapidly into the blood,
liver, brain and spleen, reaching steady state
concentrations that are again stable for up to 4
hours [24]. These positive therapeutic
properties, added to the potent anti-biofilm
activity of the peptide, make it a good candidate
against infected catheters and skin
infections/wounds caused by biofilms.

Future directions

Antibiotic resistance is a major health problem
worldwide as our entire arsenal of antibiotics is
rapidly loosing effectiveness against bacteria that
are resistant to multiple antibiotics [25, 26]. This
situation is even more worrying in the case of
biofilm-related infections, since biofilms are even
more resistant to antibiotics compared to free-
swimming (planktonic) bacteria and are
extremely prevalent in clinical settings, while
there are currently no available drugs that
effectively target biofilms. Another limitation of

the majority of anti-biofilm peptides previously
described in the literature is that they are
composed entirely of L-amino acids, which can
be recognized by bacterial or host proteases that
abound during infections and can break down
peptides, thus hindering their biological activity
[27]. Indeed, bacterial resistance strategies to
antimicrobial peptides have been described that
include enzymatic degradation of L-amino acid
peptides, while host proteases can also degrade
such peptides during treatment [28], thus
limiting their activity in vivo. Future research is
aimed at overcoming this limitation by designing
D-enantiomeric peptides, which cannot be
recognized by proteases [29] and this strategy
has been shown to improve in vivo efficacy in
treating model infections. Further rational design
of previously identified anti-biofilm peptides will
allow deeper characterization of structure-
activity relationships, which will likely lead to the
identification of improved peptides that
selectively target biofilms formed either by
individual Gram-negative and/or Gram-positive
bacteria, or mixed biofilms such as for example
can occur in the oral cavity. Additionally, these
studies should take into account important
properties, such as the ability to penetrate
bacterial cells, synergize with antibiotics and
prevent ppGpp accumulation. Finally, efforts
should be directed towards establishing different
animal models of infection using a multi-host
approach. For example, the effect of the
peptides may be evaluated in murine biofilm
infection models or in invertebrates such as
Caenorhabditis elegans, Drosophila
melanogaster or Galleria mellonella that enable
high throughput screening of potential anti-
biofilm drugs. These models will provide a good
experimental setting to assess the in vivo anti-
biofilm activity of the novel peptides and to test
their ability to synergize with different classes of
antibiotics.
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Figures

Figure 1. Broad-spectrum anti-biofilm activity of peptide 1018. Inhibition of biofilm development was
tested by adding peptide 1018 into the flow-through medium at day O for a total of 3 days. Eradication
conditions involved allowing biofilms to grow for 2 days before treating them with peptide 1018. After 3
days, bacteria were stained green with the all bacteria stain Syto-9 and red with the dead-bacteria stain
propidium iodide (merged images show as yellow to red) prior to confocal imaging. Each panel shows
reconstructions from the top in the large panel and sides in the right and bottom panels (xy, yz and xz
dimensions). Representative images are shown in each case. Taken from reference [17].
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Figure 2. Concentration-dependent effect of peptide 1018 on P. aeruginosa biofilm development.
Two-day old P. aeruginosa biofilms were treated with either 0.8 or 10 pug/ml of peptide 1018 and viable
dispersed cells were collected from the effluent of the flow cell and viable counts were determined after
the indicated times of treatment. Representative confocal microscopy images are shown in each case.
Bacteria in flow cell chambers were stained with Syto-9 and propidium iodide as described in the legend
of Figure 1. Reprinted from reference [17].
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