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Abstract: Growing resistance to antibiotics is one of the biggest threats to human health. One of
the possibilities to overcome this resistance is to use and develop alternative molecules such as
antimicrobial peptides (AMPs). However, an increasing number of studies have shown that bacterial
resistance to AMPs does exist. Since AMPs are immunity molecules, it is important to ensure that their
potential therapeutic use is not harmful in the long term. Recently, several studies have focused on the
adaptation of Gram-negative bacteria to subinhibitory concentrations of AMPs. Such concentrations
are commonly found in vivo and in the environment. It is therefore necessary to understand how
bacteria detect and respond to low concentrations of AMPs. This review focuses on recent findings
regarding the impact of subinhibitory concentrations of AMPs on the modulation of virulence and
resistance in Gram-negative bacteria.
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1. Introduction

Antimicrobial resistance is one of the most significant public health threats that the world is facing
today. Resistance to antibiotics increases health costs, severity of infections, and death rates. It has
been estimated that 10 million premature deaths will occur by 2050 due to antimicrobial resistance,
with a cumulative cost of US$100 trillion [1]. Even though these figures have been criticized, there is a
consensus on the urgent need to develop alternative treatments to counteract the antibiotic resistance
crisis [2,3]. The alternatives can be classified in two groups: (i) drugs that can kill bacteria, including
new antimicrobials or phages, and (ii) drugs that can disarm the pathogens, such as anti-virulence or
anti-signaling molecules. Among all challenges of the bacterial resistance, Gram-negative pathogens
are particularly worrisome, because they are becoming resistant to nearly all antimicrobial drugs [4].

One of the proposed alternatives to antibiotics are antimicrobial peptides (AMPs). AMPs are
ubiquitous oligopeptides, often cationic and amphipathic, a property that facilitates their interaction
with the anionic charge of bacterial membranes and their integration into these hydrophobic membranes.
Antimicrobial peptides are usually categorized according to their structure: «-helical, 3-sheet, extended,
or loop. At a lethal concentration, AMPs can form pores in the bacterial membrane, leading to the
leakage of periplasmic and cytoplasmic content and to the death of the cells. Alternatively, AMPs can
cross the bacterial membrane and interfere with intracellular components involved in nucleic acid,
protein, or cell wall synthesis. The mechanisms of action of AMPs have already been extensively
reviewed elsewhere [5,6]. Because of their multiple targets in the bacterial cells, it was expected
that the risk of developing resistance by bacterial pathogens is low. However, several studies
demonstrated otherwise. In Gram-negative bacteria, the resistance to AMPs involves modifications of
the lipopolysaccharides (LPS) on the outer membrane, modifications of the phospholipids within the
inner membrane, activation of efflux pumps, trapping of AMPs by a capsule or by membrane vesicles,
and proteolytic degradation of AMPs (for review: [7]).
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Besides their antimicrobial activities, AMPs also display immunomodulatory functions including
the induction or the modulation of cytokine and chemokine production, the inhibition of
pro-inflammatory pathways, the modulation of host gene expression, or the chemo-attraction of
immune cells (for review: [8]). At a low concentration, AMPs can also induce the modulation of the
expression and secretion of virulence, resistance, or colonization effectors by bacterial pathogens. This
review will focus on the modulation of the expression of genes and resistance or virulence effectors
from Gram-negative bacteria in the presence of sublethal concentrations of AMPs.

2. Global Response to AMPs in Gram-Negative Bacteria

Most of the works addressing the effects of sublethal concentrations of AMPs on Gram-negative
bacteria are global transcriptomic and proteomic studies. In all these studies, many genes or proteins
are deregulated in the presence of AMPs, which reflects the active response of bacteria to the stress
induced by AMPs. Among these genes or proteins, some are involved in resistance or in virulence
and might reflect a specific response of the bacteria to AMPs. For instance, a microarray analysis
of Neisseria meningitidis demonstrated that the expression of more than 200 genes was modified
after a 1 h of contact with a sublethal concentration of LL-37, including the genes encoding for
capsule polysaccharides, a major virulence factor of this pathogen [9]. In Pseudomonas aeruginosa,
a microarray analysis demonstrated that 420 genes were deregulated in the presence of a sublethal
concentration of LL-37, including genes involved in quorum sensing, virulence, and resistance [10].
In Escherichia coli, 175 genes were differentially expressed in the presence of ApoEdpL-W, an AMP
derived from human apolipoprotein E, some of them being involved in stress response, iron acquisition,
and membrane synthesis [11]. Besides transcriptomic analyses, global proteomic profiles have also
been studied in the presence of sublethal concentrations of AMPs. In Salmonella enterica serovar
Typhimurium, a bi-dimensional analysis of total proteins demonstrated that six proteins were more
abundant and one protein was less abundant in the presence of the human Bactericidal Permeability
Protein (BPI), a protein with antimicrobial activity [12]. However, only one protein was affected in the
presence of polymyxin B, suggesting that the bacterial response to sublethal concentrations of AMPs
is AMP-dependent [12]. In Clostridium difficile, a quantitative mass spectrometry analysis identified
61 and 54 proteins for which the abundance differed in the strains 630 and 6477, respectively, in the
presence of a sublethal concentration of LL-37 [13]. Among them, only 16 were common to both strains,
indicating a strain-dependent response to sublethal concentrations of AMPs. Altogether, these studies
demonstrate that Gram-negative bacteria can detect the presence of subinhibitory concentrations of
AMPs and globally respond by modulating the expression and secretion of series of genes and proteins
including virulence and resistance effectors.

3. Resistance Modulation

3.1. Effect of a Pre-Challenge with AMPs on Resistance

An increasing number of studies demonstrated that a pre-challenge with sublethal concentrations
of AMPs can provide protection against AMPs. This effect is usually lost after several rounds of freezing
and growing, indicating an inducible mechanism. Thus, a pre-incubation of Klebsiella pneumoniae
with polymyxin B resulted in increased resistance to polymyxin B and cross-resistance to other AMPs
such as the human defensins hBD1, hBD2, and HNP1 and magainin 2 [14]. This increased resistance
is partly due to the upregulation of the cps genes coding for capsule polysaccharides (CPS), which
are released in the environment and act as a shield, trapping the AMPs before they can reach the
bacterial cells [14,15]. Similarly, an up-regulation of the capsule constituents has also been observed in
N. meningitidis in the presence of a sublethal concentration of LL-37 [9]. In addition to the induction
of cps expression, in K. pneumoniae, a modification of LPS with the addition of aminoarabinose and
palmitate has also been observed and might contribute to the protective effect in K. pneumoniae
observed after a pre-incubation with polymyxin B [14]. In Neisseria gonorrhoeae, a pre-incubation with a
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sublethal concentration of polymyxin B increased the resistance to this AMP. The mechanism behind
this protective effect is dependent on MisR, a global transcriptional regulator controlling membrane
integrity [16].

A pre-challenge with AMPs can also increase the resistance to antibiotics. In P. aeruginosa, the
resistance to fluoroquinolone and aminoglycoside increased following a pre-incubation with the
human cathelicidin LL-37 [10]. The authors suggested that the increased resistance to the antibiotics
was due to an upregulation of efflux pumps and to membrane modifications involved in antibiotic
resistance [10]. Similar cross-resistance observations have been reported for Streptococcus pneumoniae,
a Gram-positive pathogen [17]. Since AMPs are usually produced at the site of infection, these
cross-resistance mechanisms are particularly worrisome. Indeed, antibiotic resistance might be more
severe at the site of infection than predicted in vitro. Cross-resistance mechanisms have also been
reported between different AMPs in several Gram-negative bacteria [18-20]. Conversely, synergistic
effects between AMPs and antibiotics, as well as therapies combining these antimicrobial compounds,
have been proposed [21]. However, the synergy and cross-resistance mechanisms between AMPs and
between AMPs and antibiotics are still poorly understood. Identifying these mechanisms would be
of great interest for the development of AMP-antibiotic dual therapies and for the prediction of the
repercussions of using an exogenous antimicrobial cocktail on the efficacy of the AMP produced by the
host at the site of infection.

3.2. Activation of Signaling Pathways Leading to Resistance

The detection of AMPs by bacteria usually involves sensor proteins located at the bacterial surface,
i.e., in the membrane. Among these signal detection systems, the PhoP/PhoQ two-component system
of Salmonella has been widely studied for its implication in AMP detection and resistance. PhoQ
is a sensor histidine kinase activated by phosphorylation in the presence of AMPs. Following the
activation of PhoQ, the transcriptional regulator PhoP is activated by transfer of the phosphate from
the conserved histidine residue of PhoQ. Activation of PhoP will result in the binding of PhoP to
target DNA sequences and modulation of the expression of specific genes. Among those genes, pagL
is specific to Salmonella and is involved in the deacylation of lipid A. The expression of pmrD is also
induced by phoP in the presence of subinhibitory concentrations of AMPs. PmrD is an activator of
PmrA, the transcriptional response regulator of the PmrA/PmrB two-component system. The activation
of PmrA also leads to the expression of genes involved in LPS modification and AMP resistance,
including the arnBCADTEF and pmrCAB operons and the genes cptA and pmrE. Altogether, these
genes are involved in the modification of LPS by the addition of positively charged arabinosamines,
which reduce the anionic charge of the membrane and decrease the interaction with the AMPs [22],
and of phosphoethanolamines which promote a conformational rearrangement of LPS [23], leading to
increased resistance to AMPs. Two-component systems activated by sublethal concentrations of AMPs
have been described in other Gram-negative bacteria, e.g., the CprRS [24] and PmrAB [22] systems of
P. aeruginosa, the CpxRA system of E. coli [25], and the MirRS system of N. meningitidis [26]. In regard to
the number of potential two-component systems annotated in the genomes of Gram-negative bacteria,
it is likely that some of them respond to the presence of sublethal concentrations of AMPs in order to
promote resistance.

Besides the two-component system, porins, located in the outer membrane of Gram-negative
bacteria are also involved in detecting AMPs in order to activate resistance mechanisms. For instance,
in Vibrio cholerae, the OmpU porin serves as a sensor for membranolytic AMPs [27,28]. In the presence
of AMPs, OmpU is destabilized and exposes a YDF motif in the periplasm, leading to the activation of
the DegS protease. Subsequently, DegS cleaves RseA, the inner membrane anchoring system for the
alternative sigma factor E, while the liberated sigmaFE induces the expression of genes involved in LPS
modification and AMP resistance [27,28].
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3.3. Induction of AMP Trapping Mechanisms

Several bacteria have developed entrapping mechanisms of AMPs for resistance, which limit the
concentration of AMPs reaching the bacterial cell. Therefore, because of AMPs dilution, the impact
of AMPs on the bacteria is reduced. In V. cholerae, we demonstrated that growing the bacteria with
polymyxin B produced membrane vesicles with a bigger size and a modified protein profile, which
conferred cross-resistance to LL-37 [18]. This cross-resistance was mediated by the trapping of LL-37
by the biofilm matrix protein Bap1 associated with OmpT at the surface of the membrane vesicles of
V. cholerae only when the bacteria were grown in the presence of polymyxin B [18]. In another Vibrio
species, Vibrio tasmaniensis, we observed a similar effect. The membrane vesicles of V. tasmaniensis
can trap polymyxin B in a dose-dependent manner, which confers resistance by a dilution effect [29].
Similarly, the membrane vesicles of E. coli can trap polymyxin B, and incubation of E. coli with a
sublethal concentration of polymyxin B induced the massive release of membrane vesicles, conferring
higher resistance to polymyxin B [30].

Some Gram-negative bacteria express a surface capsule composed of polysaccharides. Since
the capsule is anionic, it can trap cationic AMPs, leading to the inactivation of their antimicrobial
activity and to increased bacterial resistance [15]. The expression of capsule biosynthesis genes can be
activated in the presence of AMPs. For instance, in K. pneumoniae, the expression of the cps operon
is activated in the presence of polymyxin B and enhances resistance to this AMP [31]. The authors
of this study also reported a positive correlation between the quantity of CPS and the resistance to
polymyxin B [31]. Similarly, in N. meningitidis, the presence of the capsule protects the bacteria against
various AMPs, including defensins, cathelicidins, protegrins, and polymyxin B [32]. The release of the
capsule in N. meningitidis increases the resistance to human cathelicidin LL-37 [9], and subinhibitory
concentrations of AMPs induce the expression of the capsule biosynthesis genes [9,32].

An indirect trapping of AMPs by the host cells and induced by P. aeruginosa has been described.
This mechanism involves the secretion of LasA, a virulence factor of P. aeruginosa, which induces the
shedding of syndecan-1, one of the main human cell surface heparan sulfate proteoglycans and a
receptor of extracellular ligands [33]. The syndecan-1 ectodomain generated from the shedding can
trap cathelicidins rich in proline and arginine and inhibit their antimicrobial activity [34]. The shedding
of syndecan-1 by LasA of P. aeruginosa is enhanced in vivo in the lung, an environment rich in cationic
AMPs [34]. Whether the increased activation of the shedding process is due to an increased secretion
of LasA as well as the role of the AMPs in this process remain to be determined.

3.4. Induction of Proteases

Another recognized mechanism of AMP resistance is the extracellular degradation of AMPs by
secretion of proteases. In S. enterica, the PgtE protease is involved in the proteolytic degradation of
AMPs [35]. The regulation of PgtE is mediated by PhoPQ, a two-component system activated in the
presence of AMPs (see section: Activation of signaling pathways leading to resistance), and the abundance
of PgtE is enhanced upon PhoP activation. PgtE belongs to the Omptin family, a group of aspartate
proteases located in the outer membrane of enterobacteria, which includes OmpT from E. coli and Pla
from Yersinia pestis [35]. Proteases from this family cleave AMPs with «-helical structure only, such as
LL-37 [36,37].

Other proteases belonging to the metalloprotease family are also involved in AMP resistance.
The metalloproteases ZmpA and ZmpB from Burkholderia cenocepacia can cleave various AMPs, but
only ZmpA cleaves the linear LL-37, and only ZmpB cleaves the nonlinear HBD-1 [38]. However, the
expression of these metalloproteases was not modified in the presence of sublethal concentrations of
polymyxin B [39], which might be explained by the major structural differences between polymyxin B
and the AMPs targeted by ZmpA and ZmpB. In V. cholerae, we reported the activation of the secretion of
PrtV in the presence of sublethal concentrations of cathelicidin LL-37 [40]. Even though no deleterious
effect on AMP resistance has been demonstrated upon prtV mutation, the bacteria sur-expressing PrtV
are more resistant to LL-37 [40]. PrtV is a metalloprotease with high homology to InhA of Bacillus [41],
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which degrades cecropin A [42], an AMP that shares a similar helical structure with LL-37. Therefore,
it is reasonable to hypothesize that the resistance mechanism mediated by PrtV involves the proteolytic
degradation of LL-37.

3.5. Transport Systems

Membrane transport systems are key effectors of antimicrobial resistance. Efflux systems are
especially important for antibiotic resistance [43—45], and drugs inhibiting these systems represent
promising alternatives to antibiotics [46—49]. Similarly, efflux pumps can be involved in AMP
resistance [50]. In Yersinia enterocolitica, the temperature-regulated efflux pump/potassium antiporter
RosA/RosB, is involved in antibiotic and AMP resistance [51]. The mechanism seems to involve
the efflux of AMPs by RosA after they enter the cytoplasm, using the energy provided by RosB.
The expression of the ros locus encoding for the RosA/RosB system increases with temperature and
in the presence of subinhibitory concentrations of polymyxin B [51], demonstrating the ability of the
efflux pump/potassium antiporter system to activate the resistance mechanism on demand. Other
efflux pumps with a role in AMP resistance in Gram-negative pathogens have been reported in Vibrio,
Salmonella, Klebsiella, and Neisseria, but their modulation by AMPs remains to be determined [52-56].

An unexpected resistance mechanism involving the influx of AMPs has been described in
non-typeable Haemophilus influenzae. This mechanism involves the uptake of AMPs through the sap
(sensibility to antimicrobial peptides) operon, which encodes ABC transporter proteins including
the periplasmic substrate-binding protein SapA, SapD and SapF ATPases, and SapB and SapC
permeases [57,58]. Once inside the bacterial cell, AMPs are degraded by cytoplasmic proteases [58].
The authors propose that the Sap import system is important to limit the accumulation of AMPs, such
as the host cathelicidin LL-37 and defensin hBD3, in the membrane and in the periplasm, therefore
limiting their lethal pore-forming effect [58]. Finally, sapA gene expression is increased in the middle
ear of chinchilla, in a model of otitis media caused by non-typeable H. influenzae [59]. The chinchilla
and the human middle ear contain AMPs, especially (3-defensins [60,61]. Due to the sensitivity of the
middle ear pathogens to 3-defensins [62], it has been proposed that this AMP plays a key role in the
defense against pathogens. However, there is currently no evidence that AMPs are involved in the
upregulation of the sap operon.

3.6. Modulation of Biofilm Formation

A significant part of antimicrobial resistance is associated with biofilms. Biofilms are structured
bacterial communities embedded within an extracellular matrix that protects them from environmental
stressors, including antimicrobials. Bacterial biofilms represent a major public health problem because
they are up to 1000 times more resistant to antimicrobial agents than the planktonic form and often lead
to therapy failure. Therefore, biofilms are often associated with pathogen resistance and persistence
inside the host. Similarly, in the environment, bacteria organized in biofilms display a better survival
than their planktonic counterparts. The effects of subinhibitory concentrations of antimicrobial peptides
on biofilm formation have been studied, and both positive and negative effects have been reported.

Pro-biofilm effects of subinhibitory concentrations of AMPs have been reported for Gram-negative
bacteria. For instance, biofilm formation is activated by polymyxin B and colistin in Acinetobacter
baumanii, an opportunistic pathogen often associated with nosocomial infections [63]. Conversely,
inhibition of biofilm formation by cationic AMPs has been reported. A decrease in biofilm formation
has been observed in the presence of subinhibitory concentrations of several synthetic antimicrobial
peptides for P. aeruginosa and Burkholderia cenocepacia [64]. Similarly, a reduction in biofilm formation
has been reported in P. aeruginosa in the presence of polymyxin B, but the mechanism of biofilm
inhibition remains to be elucidated [65]. This reduction is accentuated by the combination of polymyxin
B with gramicin S, another AMP. We recently demonstrated that a subinhibitory concentration of PmB
can inhibit biofilm formation in V. cholerae [66]. This inhibition occurred during the early stage of
biofilm formation and was correlated with a reduction in the number of flagellated bacteria. Therefore,
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besides biofilm formation, V. cholerae motility was also impaired in the presence of PmB [66]. A similar
effect of indolicin has been reported on P. aeruginosa motility and biofilm formation and involves PsrA,
a positive regulator of the type III secretion system important for virulence [67,68].

4. Virulence Modulation

A role for AMPs in the modulation of pathogens’ virulence has been reported. This modulation
usually occurs by interference with the signaling pathways leading to virulence expression, such as the
quorum sensing pathway. This modulation can lead to the regulation of the expression and secretion of
virulence factors or to a missed communication between cells. In both cases, virulence can be affected,
either positively or negatively.

4.1. Quorum-Sensing Interference

In many Gram-negative bacteria, the expression of virulence factors is under the control of quorum
sensing, a system dependent on bacterial density. It has been demonstrated that some AMPs can
interfere with quorum sensing by a mechanism known as quorum quenching. The production of
violacein by Chromobacterium voilaceum is quorum-sensing-dependent and is inhibited in the presence
of subinhibitory concentrations of subtolisin A, an AMP produced by Bacillus subtilis [69]. In this study,
the authors also demonstrated that E. coli biofilm formation was inhibited in the presence of subtolisin
A [69]. Since quorum sensing is essential for inter-bacterial communication and virulence expression
in several pathogenic bacteria, the ability of AMPs to act as quorum-quenching molecules is of great
interest in the development of anti-biofilm drugs.

Conversely, some AMPs can act as quorum-sensing activators. Indeed, a subinhibitory
concentration of colistin induced the upregulation of the Pseudomonas quinolone signal (PQS) genes [70].
It has been proposed that the PQS molecules are associated with the membrane lipids and are therefore
transported from cell to cell by membrane vesicles [71]. Since the outer membrane is a target of colistin,
the release of PQS molecules might increase in the presence of subinhibitory concentrations of colistin,
especially the PQS contained in the membrane vesicles. Therefore, the effect of colistin as an activator
of quorum sensing is dual, i.e., it increases the expression of the PQS genes and it increases the release
of PQS in the extracellular environment by membrane vesicles.

4.2. Virulence Factor Production

The presence of subinhibitory concentrations of AMPs in the bacterial environment can lead to
the activation of virulence factors expression and secretion. This is the case for P. aeruginosa in the
presence of subinhibitory concentrations of LL-37 [10]. In this study, the authors demonstrated that the
secretion of toxic metabolites, such as pyocyanin, elastase, the PQS system, and some proteases, was
increased in the presence of LL-37. This accrued secretion might be the reflection of the overexpression
of pgsE encoding PqsE, a major regulator of virulence controlling the production of virulence factors
and required for full virulence of P. aeruginosa in mice [72]. Conversely, the presence of subinhibitory
concentrations of synthetic AMPs with linear structure was not able to induce the secretion of virulence
factors, suggesting that this response is specific to the host LL-37 or to AMPs with similar helical
structure [10].

In Klebsiella spp., the capsule is an important effector of virulence [73]. Indeed, it has been
demonstrated that virulence is correlated with the type and the amount of CPS produced by
K. pneumoniae [74]. In addition, CPS are used as a decoy to trap and inactivate AMPs [15,31].
In K. pneumoniae, the presence of subinhibitory concentrations of polymyxin B or human neutrophil
x-defensin 1 (HNP-1), induced the release of CPS by the bacterial membrane, which in turn increased
the resistance to AMPs [15]. There is currently no evidence that the increased release of CPS in the
presence of subinhibitory concentrations of AMPs is correlated with an increase in virulence. However,
given the role of the CPS in virulence, it is possible that subinhibitory concentrations of AMPs have a
role in the virulence potential of K. pneumoniae.
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In V. cholerae, we demonstrated that subinhibitory concentrations of LL-37 induced over-secretion
of PrtV associated with membrane vesicles [40]. PrtV is a protease and a virulence factor of V. cholerae
identified in a Caenorhabditis. elegans model. PrtV is also essential for the survival from grazing by
predators in aquatic environment [75]. However, the effect of this over-secretion on virulence remains
to be established.

4.3. Invasion

During the infectious process, the enteric pathogen Shigella flexneri crosses the mucosa and adheres
to epithelial cells. After adhesion, S. flexneri actively invades the epithelial cells and spreads to
neighboring cells causing tissue damage and inflammation [76]. The adhesion is therefore essential for
S. flexneri virulence. It has been demonstrated that subinhibitory concentrations of AMPs located in
neutrophils granules and released during the infection increase the adhesion of S. flexneri to human
cells [77,78]. Membrane-binding AMPs are usually cationic, which facilitates their interaction with
the bacterial membrane. Because host cells also exhibit an anionic charge, it has been proposed that
human AMPs such as the enteric «-Defensin 5 (HD-5) are used as a scaffold between the bacteria and
the host cells [77,78]. In addition, a subinhibitory concentration of human defensin 5 increases the
phagocytosis of S. flexneri by human macrophages, leading to increased cytotoxicity and lysis of the
macrophages [79]. Therefore, S. flexneri, which is devoid of the major adhesion apparatus, subverts the
human immune system and exploits AMPs’ properties to adhere and invade human epithelial cells.

5. Conclusions

Given the evidence presented above, bacteria can detect and respond to the presence of
subinhibitory concentrations of AMPs (Figure 1). Initially, it was thought that bacteria were less
likely to develop resistance toward AMPs than toward antibiotics because of the multiple AMPs
targets and because of the membranolytic activity of most AMPs. We now know that this assumption
is not entirely true, and different mechanisms of resistance have been described [50]. In addition,
membrane-independent mechanisms of action have been described, and some AMPs can kill the
bacteria without altering their membranes [80]. Low concentrations of antimicrobials are usually found
in the environment or in the host. Evidences suggest that these low concentrations can be used as
signals for the activation of resistance mechanisms. Recent studies have examined the ability of AMPs
to modulate the virulence of pathogenic bacteria. As presented in this review, several Gram-negative
bacteria, including pathogenic bacteria, appear to have the ability to detect the presence of AMPs
at subinhibitory concentrations. Following this detection, the production and secretion of several
virulence factors can be enhanced. Conversely, some AMPs negatively impact intraspecies signaling
systems, such as quorum sensing. The quorum-sensing system is often implicated in the activation
of colonization or virulence and in biofilm formation by Gram-negative bacteria. From this point of
view, AMPs represent a promising alternative to conventional antibiotics. Indeed, interfering with
the signaling pathways allowing communication between bacteria at subinhibitory concentrations
does not jeopardize their survival, thereby limiting the risk of developing resistance. However, the
concentration of AMPs at the site of infection remains to be determined. Also, interactions between
antimicrobials does exist, including synergistic effects, and their impact on bacterial virulence is difficult
to predict. A subinhibitory concentration of a single AMP might become lethal in the presence of other
AMPs, including those from the host. As a result, pathogenic bacteria might develop resistance to
survive to the combined effects of several AMPs. We also demonstrated that the exogenous use of
AMPs might lead to cross-resistance against host AMPs [18], which could reduce the effectiveness of
the immune defenses. These elements have been very little studied to date. A deeper understanding
of the consequences of using AMPs as an alternative to antibiotics or in food conservation needs to
be obtained. To do this, studies aimed at determining the impact of subinhibitory concentrations of
AMPs on the metabolism, physiology, and behavior of bacteria will be necessary.
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Figure 1. Impact of subinhibitory concentrations of antimicrobial peptides on resistance, virulence, and
biofilm formation in Gram-negative bacteria. The double arrows illustrate the connections between
virulence, resistance, and biofilm formation. Examples of Gram-negative bacteria responding to
subinhibitory concentrations of antimicrobial peptides (AMPs) are provided in each section.

Funding: This research was funded by the Natural Sciences and Engineering Research Council of Canada (NSERC
http://www.nserc-crsng.gc.ca/index_eng.asp) Discovery grant number RGPIN-2017-05322.

Conflicts of Interest: The author declares no conflict of interest.

References

1. O'Neill, J. Review on Antimicrobial Resistance Antimicrobial Resistance: Tackling a Crisis for the Health and Wealth
of Nations; Review on Antimicrobial Resistance: London, UK, 2014.

2. Piddock, L.J.V. Reflecting on the final report of the O’Neill Review on Antimicrobial Resistance. Lancet Infect.
Dis. 2016, 16, 767-768. [CrossRef]

3.  De Kraker, M.E.; Stewardson, A.]J.; Harbarth, S. Will 10 Million People Die a Year due to Antimicrobial
Resistance by 2050? PLoS Med. 2016, 13, e1002184. [CrossRef]

4. Rossolini, G.M.; Arena, E; Pecile, P; Pollini, S. Update on the antibiotic resistance crisis. Curr. Opin. Pharmacol.
2014, 18, 56-60. [CrossRef] [PubMed]

5. Brogden, K.A. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria? Nat. Rev. Microbiol.
2005, 3, 238-250. [CrossRef] [PubMed]

6. Cruz, J,; Ortiz, C.; Guzman, F; Fernandez-Lafuente, R.; Torres, R. Antimicrobial peptides: Promising
compounds against pathogenic microorganisms. Curr. Med. Chem. 2014, 21, 2299-2321. [CrossRef] [PubMed]

7. Band, VI; Weiss, D.S. Mechanisms of Antimicrobial Peptide Resistance in Gram-Negative Bacteria. Antibiotics
2015, 4, 18-41. [CrossRef] [PubMed]

8. Steinstraesser, L.; Kraneburg, U.; Jacobsen, F; Al-Benna, S. Host defense peptides and their
antimicrobial-immunomodulatory duality. Immunobiology 2011, 216, 322-333. [CrossRef] [PubMed]

9.  Jones, A.; Georg, M.; Maudsdotter, L.; Jonsson, A.B. Endotoxin, capsule, and bacterial attachment contribute
to Neisseria meningitidis resistance to the human antimicrobial peptide LL-37. ]. Bacteriol. 2009, 191, 3861-3868.
[CrossRef]

10.  Strempel, N.; Neidig, A.; Nusser, M.; Geffers, R.; Vieillard, J.; Lesouhaitier, O.; Brenner-Weiss, G.; Overhage, J.
Human host defense peptide LL-37 stimulates virulence factor production and adaptive resistance in
Pseudomonas aeruginosa. PLoS ONE 2013, 8, e82240. [CrossRef]

11.  Audrain, B.; Ferriéres, L.; Zairi, A.; Soubigou, G.; Dobson, C.; Coppée, J.Y.; Beloin, C.; Ghigo, ]. M. Induction

of the Cpx envelope stress pathway contributes to Escherichia coli tolerance to antimicrobial peptides. Appl.
Environ. Microbiol. 2013, 79, 7770-7779. [CrossRef]


http://www.nserc-crsng.gc.ca/index_eng.asp
http://dx.doi.org/10.1016/S1473-3099(16)30127-X
http://dx.doi.org/10.1371/journal.pmed.1002184
http://dx.doi.org/10.1016/j.coph.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25254623
http://dx.doi.org/10.1038/nrmicro1098
http://www.ncbi.nlm.nih.gov/pubmed/15703760
http://dx.doi.org/10.2174/0929867321666140217110155
http://www.ncbi.nlm.nih.gov/pubmed/24533812
http://dx.doi.org/10.3390/antibiotics4010018
http://www.ncbi.nlm.nih.gov/pubmed/25927010
http://dx.doi.org/10.1016/j.imbio.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20828865
http://dx.doi.org/10.1128/JB.01313-08
http://dx.doi.org/10.1371/journal.pone.0082240
http://dx.doi.org/10.1128/AEM.02593-13

Microorganisms 2020, 8, 280 90f12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Qi, S.Y; Li, Y.; Szyroki, A.; Giles, 1.G.; Moir, A.; O’Connor, C.D. Salmonella typhimurium responses to a
bactericidal protein from human neutrophils. Mol. Microbiol. 1995, 17, 523-531. [CrossRef] [PubMed]
McQuade, R.; Roxas, B.; Viswanathan, V.K.; Vedantam, G. Clostridium difficile clinical isolates exhibit variable
susceptibility and proteome alterations upon exposure to mammalian cationic antimicrobial peptides.
Anaerobe 2012, 18, 614-620. [CrossRef] [PubMed]

Llobet, E.; Campos, M.A.; Giménez, P.; Moranta, D.; Bengoechea, J.A. Analysis of the networks controlling
the antimicrobial-peptide-dependent induction of Klebsiella pneumoniae virulence factors. Infect. Immun.
2011, 79, 3718-3732. [CrossRef] [PubMed]

Llobet, E.; Tomas, ].M.; Bengoechea, J.A. Capsule polysaccharide is a bacterial decoy for antimicrobial
peptides. Microbiology 2008, 154, 3877-3886. [CrossRef] [PubMed]

Kandler, J.L.; Holley, C.L.; Reimche, J.L.; Dhulipala, V.; Balthazar, ].T.; Muszynski, A.; Carlson, RW.;
Shafer, WM. The MisR Response Regulator Is Necessary for Intrinsic Cationic Antimicrobial Peptide and
Aminoglycoside Resistance in Neisseria gonorrhoeae. Antimicrob. Agents Chemother. 2016, 60, 4690—4700.
[CrossRef]

Zidhner, D.; Zhou, X.; Chancey, S.T.; Pohl, J.; Shafer, W.M.; Stephens, D.S. Human antimicrobial peptide LL-37
induces MefE/Mel-mediated macrolide resistance in Streptococcus pneumoniae. Antimicrob. Agents Chemother.
2010, 54, 3516-3519. [CrossRef]

Duperthuy, M.; Sjostrom, A.E.; Sabharwal, D.; Damghani, F.; Uhlin, B.E.; Wai, S.N. Role of the Vibrio cholerae
matrix protein Bap1 in cross-resistance to antimicrobial peptides. PLoS Pathog. 2013, 9, €1003620. [CrossRef]
Napier, B.A.; Burd, EIM,; Satola, S.W.; Cagle, S.M.; Ray, S.M.; McGann, P.; Pohl, J.; Lesho, E.P.; Weiss, D.S.
Clinical use of colistin induces cross-resistance to host antimicrobials in Acinetobacter baumannii. MBio 2013,
4,e00021-13. [CrossRef]

Lofton, H.; Pranting, M.; Thulin, E.; Andersson, D.I. Mechanisms and fitness costs of resistance to antimicrobial
peptides LL-37, CNY100HL and wheat germ histones. PLoS ONE 2013, 8, e68875. [CrossRef]

Zharkova, M.S.; Orlov, D.S.; Golubeva, O.Y.; Chakchir, O.B.; Eliseev, IL.E.; Grinchuk, T.M.; Shamova, O.V.
Application of Antimicrobial Peptides of the Innate Immune System in Combination with Conventional
Antibiotics-A Novel Way to Combat Antibiotic Resistance? Front. Cell. Infect. Microbiol. 2019, 9, 128.
[CrossRef]

Moskowitz, S.M.; Ernst, R.K.; Miller, S.I. PmrAB, a two-component regulatory system of Pseudomonas
aeruginosa that modulates resistance to cationic antimicrobial peptides and addition of aminoarabinose to
lipid A. J. Bacteriol. 2004, 186, 575-579. [CrossRef] [PubMed]

Salazar, J.; Alarcon, M.; Huerta, J.; Navarro, B.; Aguayo, D. Phosphoethanolamine addition to the Heptose I
of the Lipopolysaccharide modifies the inner core structure and has an impact on the binding of Polymyxin
B to the Escherichia coli outer membrane. Arch. Biochem. Biophys. 2017, 620, 28-34. [CrossRef] [PubMed]
Fernandez, L.; Jenssen, H.; Bains, M.; Wiegand, I.; Gooderham, W.]J.; Hancock, R.E. The two-component system
CprRS senses cationic peptides and triggers adaptive resistance in Pseudomonas aeruginosa independently of
ParRS. Antimicrob. Agents Chemother. 2012, 56, 6212-6222. [CrossRef] [PubMed]

Weatherspoon-Griffin, N.; Yang, D.; Kong, W.; Hua, Z.; Shi, Y. The CpxR/CpxA two-component regulatory
system up-regulates the multidrug resistance cascade to facilitate Escherichia coli resistance to a model
antimicrobial peptide. J. Biol. Chem. 2014, 289, 32571-32582. [CrossRef] [PubMed]

Tzeng, Y.L.; Datta, A.; Ambrose, K.; Lo, M.; Davies, ].K.; Carlson, R.W.; Stephens, D.S.; Kahler, C.M.
The MisR/MisS two-component regulatory system influences inner core structure and immunotype of
lipooligosaccharide in Neisseria meningitidis. |. Biol. Chem. 2004, 279, 35053-35062. [CrossRef]

Mathur, J.; Davis, B.M.; Waldor, M.K. Antimicrobial peptides activate the Vibrio cholerae sigmaE regulon
through an OmpU-dependent signalling pathway. Mol. Microbiol. 2007, 63, 848-858. [CrossRef]

Davis, B.M.; Waldor, M.K. High-throughput sequencing reveals suppressors of Vibrio cholerae rpoE mutations:
One fewer porin is enough. Nucleic Acids Res. 2009, 37, 5757-5767. [CrossRef]

Vanhove, A.S.; Duperthuy, M.; Charriere, G.M.; Le Roux, E; Goudenege, D.; Gourbal, B.; Kieffer-Jaquinod, S.;
Couté, Y.; Wai, S.N.; Destoumieux-Garzén, D. Outer membrane vesicles are vehicles for the delivery of Vibrio
tasmaniensis virulence factors to oyster immune cells. Environ. Microbiol. 2015, 17, 1152-1165. [CrossRef]
Manning, A.J.; Kuehn, M.]. Contribution of bacterial outer membrane vesicles to innate bacterial defense.
BMC Microbiol. 2011, 11, 258. [CrossRef]


http://dx.doi.org/10.1111/j.1365-2958.1995.mmi_17030523.x
http://www.ncbi.nlm.nih.gov/pubmed/8559071
http://dx.doi.org/10.1016/j.anaerobe.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23017940
http://dx.doi.org/10.1128/IAI.05226-11
http://www.ncbi.nlm.nih.gov/pubmed/21708987
http://dx.doi.org/10.1099/mic.0.2008/022301-0
http://www.ncbi.nlm.nih.gov/pubmed/19047754
http://dx.doi.org/10.1128/AAC.00823-16
http://dx.doi.org/10.1128/AAC.01756-09
http://dx.doi.org/10.1371/journal.ppat.1003620
http://dx.doi.org/10.1128/mBio.00021-13
http://dx.doi.org/10.1371/journal.pone.0068875
http://dx.doi.org/10.3389/fcimb.2019.00128
http://dx.doi.org/10.1128/JB.186.2.575-579.2004
http://www.ncbi.nlm.nih.gov/pubmed/14702327
http://dx.doi.org/10.1016/j.abb.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28342805
http://dx.doi.org/10.1128/AAC.01530-12
http://www.ncbi.nlm.nih.gov/pubmed/23006746
http://dx.doi.org/10.1074/jbc.M114.565762
http://www.ncbi.nlm.nih.gov/pubmed/25294881
http://dx.doi.org/10.1074/jbc.M401433200
http://dx.doi.org/10.1111/j.1365-2958.2006.05544.x
http://dx.doi.org/10.1093/nar/gkp568
http://dx.doi.org/10.1111/1462-2920.12535
http://dx.doi.org/10.1186/1471-2180-11-258

Microorganisms 2020, 8, 280 10 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Campos, M.A.; Vargas, M.A.; Regueiro, V.; Llompart, C.M.; Alberti, S.; Bengoechea, J.A. Capsule
polysaccharide mediates bacterial resistance to antimicrobial peptides. Infect. Immun. 2004, 72, 7107-7114.
[CrossRef]

Spinosa, M.R.; Progida, C.; Tala, A.; Cogli, L.; Alifano, P.; Bucci, C. The Neisseria meningitidis capsule is
important for intracellular survival in human cells. Infect. Immun. 2007, 75, 3594-3603. [CrossRef] [PubMed]
Park, PW.,; Pier, G.B.; Preston, M.].; Goldberger, O.; Fitzgerald, M.L.; Bernfield, M. Syndecan-1 shedding is
enhanced by LasA, a secreted virulence factor of Pseudomonas aeruginosa. J. Biol. Chem. 2000, 275, 3057-3064.
[CrossRef] [PubMed]

Park, PW.; Pier, G.B.; Hinkes, M.T.; Bernfield, M. Exploitation of syndecan-1 shedding by Pseudomonas
aeruginosa enhances virulence. Nature 2001, 411, 98-102. [CrossRef] [PubMed]

Guina, T.; Yi, E.C.; Wang, H.; Hackett, M.; Miller, S.I. A PhoP-regulated outer membrane protease of Salmonella
enterica serovar typhimurium promotes resistance to alpha-helical antimicrobial peptides. J. Bacteriol. 2000,
182, 4077-4086. [CrossRef]

Thomassin, J.L.; Brannon, J.R.; Gibbs, B.F.,; Gruenheid, S.; Le Moual, H. OmpT outer membrane proteases of
enterohemorrhagic and enteropathogenic Escherichia coli contribute differently to the degradation of human
LL-37. Infect. Immun. 2012, 80, 483-492. [CrossRef]

Galvan, E.M.; Lasaro, M.A.; Schifferli, D.M. Capsular antigen fraction 1 and Pla modulate the susceptibility
of Yersinia pestis to pulmonary antimicrobial peptides such as cathelicidin. Infect. Immun. 2008, 76, 1456-1464.
[CrossRef]

Kooi, C.; Sokol, P.A. Burkholderia cenocepacia zinc metalloproteases influence resistance to antimicrobial
peptides. Microbiology 2009, 155, 2818-2825. [CrossRef]

Loutet, S.A.; Di Lorenzo, F; Clarke, C.; Molinaro, A.; Valvano, M. A. Transcriptional responses of Burkholderia
cenocepacia to polymyxin B in isogenic strains with diverse polymyxin B resistance phenotypes. BMC Genom.
2011, 12,472. [CrossRef]

Rompikuntal, PK.; Vdovikova, S.; Duperthuy, M.; Johnson, T.L.; Ahlund, M.; Lundmark, R.; Oscarsson, J.;
Sandkvist, M.; Uhlin, B.E.; Wai, S.N. Outer Membrane Vesicle-Mediated Export of Processed PrtV Protease
from Vibrio cholerae. PLoS ONE 2015, 10, €0134098. [CrossRef]

Vaitkevicius, K.; Rompikuntal, PX.; Lindmark, B.; Vaitkevicius, R.; Song, T.; Wai, S.N. The metalloprotease
PrtV from Vibrio cholerae. FEBS |. 2008, 275, 3167-3177. [CrossRef]

Dalhammar, G.; Steiner, H. Characterization of inhibitor A, a protease from Bacillus thuringiensis which
degrades attacins and cecropins, two classes of antibacterial proteins in insects. Eur. J. Biochem. 1984, 139,
247-252. [CrossRef] [PubMed]

Hernando-Amado, S.; Blanco, P.; Alcalde-Rico, M.; Corona, E; Reales-Calderdn, J.A.; Sanchez, M.B.;
Martinez, J.L. Multidrug efflux pumps as main players in intrinsic and acquired resistance to antimicrobials.
Drug Resist. Updates 2016, 28, 13-27. [CrossRef] [PubMed]

Li, X.Z.; Plésiat, P.; Nikaido, H. The challenge of efflux-mediated antibiotic resistance in Gram-negative
bacteria. Clin. Microbiol. Rev. 2015, 28, 337—-418. [CrossRef] [PubMed]

Cannon, R.D.; Lamping, E.; Holmes, A.R.; Niimi, K.; Baret, P.V.; Keniya, M.V.; Tanabe, K.; Niimi, M.;
Goffeau, A.; Monk, B.C. Efflux-mediated antifungal drug resistance. Clin. Microbiol. Rev. 2009, 22, 291-321.
[CrossRef] [PubMed]

Wang, Y.; Venter, H.; Ma, S. Efflux Pump Inhibitors: A Novel Approach to Combat Efflux-Mediated Drug
Resistance in Bacteria. Curr. Drug Targets 2016, 17, 702-719. [CrossRef]

Spengler, G.; Kincses, A.; Gajdacs, M.; Amaral, L. New Roads Leading to Old Destinations: Efflux Pumps as
Targets to Reverse Multidrug Resistance in Bacteria. Molecules 2017, 22, 468. [CrossRef]

Holmes, A.R; Cardno, T.S.; Strouse, ].J.; Ivnitski-Steele, I.; Keniya, M.V.; Lackovic, K.; Monk, B.C.; Sklar, L.A;
Cannon, R.D. Targeting efflux pumps to overcome antifungal drug resistance. Future Med. Chem. 2016, 8,
1485-1501. [CrossRef]

Willers, C.; Wentzel, ].E,; du Plessis, L.H.; Gouws, C.; Hamman, J.H. Efflux as a mechanism of antimicrobial
drug resistance in clinical relevant microorganisms: The role of efflux inhibitors. Expert Opin. Ther. Targets
2017, 21, 23-36. [CrossRef]

Joo, H.S.; Fu, C.I.; Otto, M. Bacterial strategies of resistance to antimicrobial peptides. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 2016, 371, 20150292. [CrossRef]


http://dx.doi.org/10.1128/IAI.72.12.7107-7114.2004
http://dx.doi.org/10.1128/IAI.01945-06
http://www.ncbi.nlm.nih.gov/pubmed/17470547
http://dx.doi.org/10.1074/jbc.275.5.3057
http://www.ncbi.nlm.nih.gov/pubmed/10652286
http://dx.doi.org/10.1038/35075100
http://www.ncbi.nlm.nih.gov/pubmed/11333985
http://dx.doi.org/10.1128/JB.182.14.4077-4086.2000
http://dx.doi.org/10.1128/IAI.05674-11
http://dx.doi.org/10.1128/IAI.01197-07
http://dx.doi.org/10.1099/mic.0.028969-0
http://dx.doi.org/10.1186/1471-2164-12-472
http://dx.doi.org/10.1371/journal.pone.0134098
http://dx.doi.org/10.1111/j.1742-4658.2008.06470.x
http://dx.doi.org/10.1111/j.1432-1033.1984.tb08000.x
http://www.ncbi.nlm.nih.gov/pubmed/6421577
http://dx.doi.org/10.1016/j.drup.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27620952
http://dx.doi.org/10.1128/CMR.00117-14
http://www.ncbi.nlm.nih.gov/pubmed/25788514
http://dx.doi.org/10.1128/CMR.00051-08
http://www.ncbi.nlm.nih.gov/pubmed/19366916
http://dx.doi.org/10.2174/1389450116666151001103948
http://dx.doi.org/10.3390/molecules22030468
http://dx.doi.org/10.4155/fmc-2016-0050
http://dx.doi.org/10.1080/14728222.2017.1265105
http://dx.doi.org/10.1098/rstb.2015.0292

Microorganisms 2020, 8, 280 11 of 12

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Bengoechea, J.A.; Skurnik, M. Temperature-regulated efflux pump/potassium antiporter system mediates
resistance to cationic antimicrobial peptides in Yersinia. Mol. Microbiol. 2000, 37, 67-80. [CrossRef]

Shafer, WM.; Qu, X.; Waring, A.].; Lehrer, R.I. Modulation of Neisseria gonorrhoeae susceptibility to vertebrate
antibacterial peptides due to a member of the resistance/nodulation/division efflux pump family. Proc. Natl.
Acad. Sci. USA 1998, 95, 1829-1833. [CrossRef] [PubMed]

Padilla, E.; Llobet, E.; Doménech-Sanchez, A.; Martinez-Martinez, L.; Bengoechea, J.A.; Alberti, S. Klebsiella
pneumoniae AcrAB efflux pump contributes to antimicrobial resistance and virulence. Antimicrob. Agents
Chemother. 2010, 54, 177-183. [CrossRef] [PubMed]

Bina, X.R.; Provenzano, D.; Nguyen, N.; Bina, ].E. Vibrio cholerae RND family efflux systems are required for
antimicrobial resistance, optimal virulence factor production, and colonization of the infant mouse small
intestine. Infect. Immun. 2008, 76, 3595-3605. [CrossRef] [PubMed]

Chen, Y.C.; Chuang, Y.C.; Chang, C.C.; Jeang, C.L.; Chang, M.C. A K* yptake protein, TrkA, is required
for serum, protamine, and polymyxin B resistance in Vibrio vulnificus. Infect. Immun. 2004, 72, 629-636.
[CrossRef] [PubMed]

Parra-Lopez, C.; Lin, R.; Aspedon, A.; Groisman, E.A. A Salmonella protein that is required for resistance to
antimicrobial peptides and transport of potassium. EMBO J. 1994, 13, 3964-3972. [CrossRef]

Mason, K.M.; Bruggeman, M.E.; Munson, R.S.; Bakaletz, L.O. The non-typeable Haemophilus influenzae Sap
transporter provides a mechanism of antimicrobial peptide resistance and SapD-dependent potassium
acquisition. Mol. Microbiol. 2006, 62, 1357-1372. [CrossRef]

Shelton, C.L.; Raffel, EK,; Beatty, W.L.; Johnson, S.M.; Mason, K.M. Sap transporter mediated import and
subsequent degradation of antimicrobial peptides in Haemophilus. PLoS Pathog. 2011, 7, €1002360. [CrossRef]
Mason, K.M.; Munson, R.S.; Bakaletz, L.O. Nontypeable Haemophilus influenzae gene expression induced
in vivo in a chinchilla model of otitis media. Infect. Immun. 2003, 71, 3454-3462. [CrossRef]

Lee, S.H.; Lim, H.H.; Lee, HM.; Choi, ].O. Expression of human beta-defensin 1 mRNA in human nasal
mucosa. Acta Oto Laryngol. 2000, 120, 58-61.

Lee, S.H.; Kim, J.E.; Lim, H.H.; Lee, H.M.; Choi, J.O. Antimicrobial defensin peptides of the human nasal
mucosa. Ann. Otol. Rhinol. Laryngol. 2002, 111, 135-141. [CrossRef]

Lee, H.Y,; Andalibi, A.; Webster, P.; Moon, S.K.; Teufert, K.; Kang, S.H.; Li, ].D.; Nagura, M.; Ganz, T.; Lim, D.J.
Antimicrobial activity of innate immune molecules against Streptococcus pneumoniae, Moraxella catarrhalis and
nontypeable Haemophilus influenzae. BVIC Infect. Dis. 2004, 4, 12. [CrossRef] [PubMed]

Sato, Y.; Unno, Y.; Ubagai, T.; Ono, Y. Sub-minimum inhibitory concentrations of colistin and polymyxin B
promote Acinetobacter baumannii biofilm formation. PLoS ONE 2018, 13, €0194556. [CrossRef] [PubMed]
De la Fuente-Nunez, C.; Korolik, V.; Bains, M.; Nguyen, U.; Breidenstein, E.B.; Horsman, S.; Lewenza, S.;
Burrows, L.; Hancock, R.E. Inhibition of bacterial biofilm formation and swarming motility by a small
synthetic cationic peptide. Antimicrob. Agents Chemother. 2012, 56, 2696-2704. [CrossRef]

Berditsch, M.; Jager, T.; Strempel, N.; Schwartz, T.; Overhage, J.; Ulrich, A.S. Synergistic effect of
membrane-active peptides polymyxin B and gramicidin S on multidrug-resistant strains and biofilms
of Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2015, 59, 5288-5296. [CrossRef]

Giacomucdi, S.; Cros, C.D.; Perron, X.; Mathieu-Denoncourt, A.; Duperthuy, M. Flagella-dependent inhibition
of biofilm formation by sub-inhibitory concentration of polymyxin B in Vibrio cholerae. PLoS ONE 2019, 14,
€0221431. [CrossRef]

Shen, D.K,; Filopon, D.; Kuhn, L.; Polack, B.; Toussaint, B. PsrA is a positive transcriptional regulator of the
type III secretion system in Pseudomonas aeruginosa. Infect. Immun. 2006, 74, 1121-1129. [CrossRef]
Gooderham, W.].; Bains, M.; McPhee, ].B.; Wiegand, I.; Hancock, R.E. Induction by cationic antimicrobial
peptides and involvement in intrinsic polymyxin and antimicrobial peptide resistance, biofilm formation,
and swarming motility of PsrA in Pseudomonas aeruginosa. |. Bacteriol. 2008, 190, 5624-5634. [CrossRef]
Algburi, A.; Zehm, S.; Netrebov, V.; Bren, A.B.; Chistyakov, V.; Chikindas, M.L. Subtilosin Prevents Biofilm
Formation by Inhibiting Bacterial Quorum Sensing. Probiot. Antimicrob. Proteins 2017, 9, 81-90. [CrossRef]
Cummins, J.; Reen, FJ.; Baysse, C.; Mooij, M.].; O’Gara, F. Subinhibitory concentrations of the cationic
antimicrobial peptide colistin induce the pseudomonas quinolone signal in Pseudomonas aeruginosa.
Microbiology 2009, 155, 2826-2837. [CrossRef]


http://dx.doi.org/10.1046/j.1365-2958.2000.01956.x
http://dx.doi.org/10.1073/pnas.95.4.1829
http://www.ncbi.nlm.nih.gov/pubmed/9465102
http://dx.doi.org/10.1128/AAC.00715-09
http://www.ncbi.nlm.nih.gov/pubmed/19858254
http://dx.doi.org/10.1128/IAI.01620-07
http://www.ncbi.nlm.nih.gov/pubmed/18490456
http://dx.doi.org/10.1128/IAI.72.2.629-636.2004
http://www.ncbi.nlm.nih.gov/pubmed/14742502
http://dx.doi.org/10.1002/j.1460-2075.1994.tb06712.x
http://dx.doi.org/10.1111/j.1365-2958.2006.05460.x
http://dx.doi.org/10.1371/journal.ppat.1002360
http://dx.doi.org/10.1128/IAI.71.6.3454-3462.2003
http://dx.doi.org/10.1177/000348940211100205
http://dx.doi.org/10.1186/1471-2334-4-12
http://www.ncbi.nlm.nih.gov/pubmed/15125783
http://dx.doi.org/10.1371/journal.pone.0194556
http://www.ncbi.nlm.nih.gov/pubmed/29554105
http://dx.doi.org/10.1128/AAC.00064-12
http://dx.doi.org/10.1128/AAC.00682-15
http://dx.doi.org/10.1371/journal.pone.0221431
http://dx.doi.org/10.1128/IAI.74.2.1121-1129.2006
http://dx.doi.org/10.1128/JB.00594-08
http://dx.doi.org/10.1007/s12602-016-9242-x
http://dx.doi.org/10.1099/mic.0.025643-0

Microorganisms 2020, 8, 280 12 of 12

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Mashburn-Warren, L.; Howe, J.; Garidel, P; Richter, W.; Steiniger, F.; Roessle, M.; Brandenburg, K.; Whiteley, M.
Interaction of quorum signals with outer membrane lipids: Insights into prokaryotic membrane vesicle
formation. Mol. Microbiol. 2008, 69, 491-502. [CrossRef]

Déziel, E.; Gopalan, S.; Tampakaki, A.P.; Lépine, F,; Padfield, K.E.; Saucier, M.; Xiao, G.; Rahme, L.G. The
contribution of MvfR to Pseudomonas aeruginosa pathogenesis and quorum sensing circuitry regulation:
Multiple quorum sensing-regulated genes are modulated without affecting lasRI, rhIRI or the production of
N-acyl-L-homoserine lactones. Mol. Microbiol. 2005, 55, 998-1014. [CrossRef] [PubMed]

Podschun, R.; Ullmann, U. Klebsiella spp. as nosocomial pathogens: Epidemiology, taxonomy, typing
methods, and pathogenicity factors. Clin. Microbiol. Rev. 1998, 11, 589-603. [CrossRef] [PubMed]

Cortés, G.; Borrell, N.; de Astorza, B.; Gdmez, C.; Sauleda, J.; Alberti, S. Molecular analysis of the contribution
of the capsular polysaccharide and the lipopolysaccharide O side chain to the virulence of Klebsiella pneumoniae
in a murine model of pneumonia. Infect. Immun. 2002, 70, 2583-2590. [CrossRef] [PubMed]

Vaitkevicius, K.; Lindmark, B.; Ou, G.; Song, T.; Toma, C.; Iwanaga, M.; Zhu, J.; Andersson, A;
Hammarstrom, M.L.; Tuck, S.; et al. A Vibrio cholerae protease needed for killing of Caenorhabditis
elegans has a role in protection from natural predator grazing. Proc. Natl. Acad. Sci. USA 2006, 103,
9280-9285. [CrossRef] [PubMed]

Carayol, N.; Tran Van Nhieu, G. Tips and tricks about Shigella invasion of epithelial cells. Curr. Opin.
Microbiol. 2013, 16, 32-37. [CrossRef] [PubMed]

Xu, D,; Liao, C.; Zhang, B.; Tolbert, W.D.; He, W.; Dai, Z.; Zhang, W.; Yuan, W.; Pazgier, M.; Liu, J.; et al.
Human Enteric a-Defensin 5 Promotes Shigella Infection by Enhancing Bacterial Adhesion and Invasion.
Immunity 2018, 48, 1233-1244. [CrossRef]

Eilers, B.; Mayer-Scholl, A.; Walker, T.; Tang, C.; Weinrauch, Y.; Zychlinsky, A. Neutrophil antimicrobial
proteins enhance Shigella flexneri adhesion and invasion. Cell. Microbiol. 2010, 12, 1134-1143. [CrossRef]
Xu, D,; Liao, C.; Xiao, J.; Fang, K.; Zhang, W.; Yuan, W.; Lu, W. Human enteric defensin 5 promotes Shigella
infection of macrophages. Infect. Immun. 2019, 88. [CrossRef]

Ahmed, T.A.E.; Hammami, R. Recent insights into structure-function relationships of antimicrobial peptides.
J. Food Biochem. 2019, 43, e12546. [CrossRef]

@ © 2020 by the author. Licensee MDP], Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/j.1365-2958.2008.06302.x
http://dx.doi.org/10.1111/j.1365-2958.2004.04448.x
http://www.ncbi.nlm.nih.gov/pubmed/15686549
http://dx.doi.org/10.1128/CMR.11.4.589
http://www.ncbi.nlm.nih.gov/pubmed/9767057
http://dx.doi.org/10.1128/IAI.70.5.2583-2590.2002
http://www.ncbi.nlm.nih.gov/pubmed/11953399
http://dx.doi.org/10.1073/pnas.0601754103
http://www.ncbi.nlm.nih.gov/pubmed/16754867
http://dx.doi.org/10.1016/j.mib.2012.11.010
http://www.ncbi.nlm.nih.gov/pubmed/23318141
http://dx.doi.org/10.1016/j.immuni.2018.04.014
http://dx.doi.org/10.1111/j.1462-5822.2010.01459.x
http://dx.doi.org/10.1128/IAI.00769-19
http://dx.doi.org/10.1111/jfbc.12546
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Global Response to AMPs in Gram-Negative Bacteria 
	Resistance Modulation 
	Effect of a Pre-Challenge with AMPs on Resistance 
	Activation of Signaling Pathways Leading to Resistance 
	Induction of AMP Trapping Mechanisms 
	Induction of Proteases 
	Transport Systems 
	Modulation of Biofilm Formation 

	Virulence Modulation 
	Quorum-Sensing Interference 
	Virulence Factor Production 
	Invasion 

	Conclusions 
	References

