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Abstract: The discovery void of antimicrobial development has occurred at a time when the world has
seen a rapid emergence and spread of antimicrobial resistance, the ‘perfect storm” as it has often been
described. While the discovery and development of new antibiotics has continued in the research
sphere, the pipeline to clinic has largely been fed by derivatives of existing classes of antibiotics,
each prone to pre-existing resistance mechanisms. A novel approach to infection management
has come from the ecological perspective whereby microbial networks and evolved communities
already possess small molecular capabilities for pathogen control. The spatiotemporal nature of
microbial interactions is such that mutualism and parasitism are often two ends of the same stick.
Small molecule efflux inhibitors can directly target antibiotic efflux, a primary resistance mechanism
adopted by many species of bacteria and fungi. However, a much broader anti-infective capability
resides within the action of these inhibitors, borne from the role of efflux in key physiological and
virulence processes, including biofilm formation, toxin efflux, and stress management. Understanding
how these behaviors manifest within complex polymicrobial communities is key to unlocking the full
potential of the advanced repertoires of efflux inhibitors.

Keywords: efflux; polymicrobial infections; biofilms; antimicrobial resistance; microbiome; effluxome;
symbiosis

1. Introduction

Efflux pumps are ancient transport systems ubiquitous across all the domains of life.
Perhaps best known for their role in antimicrobial resistance (AMR), there is a growing
awareness that efflux pumps play important, but poorly understood ecological and physio-
logical roles in natural ecosystems. This is demonstrated by their evolutionary conserved
nature (at DNA and protein sequence levels) [1]. Efflux pumps are generally chromoso-
mally encoded and largely considered part of the “core genome”, although many appear
not to be essential for growth [2]. This could either be due to the functional redundancy of
efflux pump systems or may simply reflect the non-essential nature of these systems under
the specific testing conditions. The absence of defined natural substrates for many classes
of efflux system hampers the extent to which their physiological role can be understood.
Furthermore, in some cases efflux pump genes can also be acquired via horizontal gene
transfer, increasing the complexity of efflux potential available within communities [1].

The current Post-Antibiotic Era we are facing describes the rise in AMR and even more
worryingly, multi-drug resistance (MDR) mechanisms in pathogens and the subsequent
lack of novel antibiotic discovery [3]. “Common infections”, such as urinary tract infections
(UTIs) and sexually transmitted infections (STIs) that are currently manageable via antibi-
otic administration will eventually no longer be treatable, leading to a rise in morbidity
and mortality rates. Currently, many chronic infections are being treated with “last resort”
antibiotics to prolong the patient’s life, despite cytotoxicity issues, such as treating sepsis
with carbapenems [4]. Currently, AMR and MDR infections are responsible for 1.2 million
deaths annually. The WHO has listed five pathogens, the ‘ESKAPE’ pathogens, as of
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most concern regarding AMR and lack of effective treatments. ESKAPE is an acronym for
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, Enterobacter spp. [5]. S. aureus, particularly methicillin-resistant
S. aureus (MRSA) infections currently have a 60% increased mortality rate compared to drug-
sensitive infections; and K. pneumoniae resistance to carbapenems is increasing worldwide.
This is an overall global trend with microbial pathogens [6]. Though there are multiple
reasons behind this AMR and MDR trend, such as natural selection and anthropogenic
activities such as over-use/improper antibiotic usage, resistance mechanisms via efflux
pumps are a leading contributing cause [7].

Efflux pumps can be divided into superfamilies and classes (Table 1) according to the
(i) number of components (single or multiple), (ii) number of transmembrane-spanning
regions, (iii) energy source, and (iv) sequence similarity [8]. These major families are
the adenosine triphosphate (ATP)-binding cassette (ABC) superfamily; the resistance-
nodulation division (RND) family; the major facilitator superfamily (MFS); the small mul-
tidrug resistance (SMR) family; the multidrug and toxic compound extrusion (MATE)
family; the proteobacterial antimicrobial compound efflux (PACE) family; and the p-
aminobenzoyl-glutamate transporter (AbgT) family [2]. Efflux pumps in Gram-negative
bacteria can be further classified on whether they span both membranes (tripartite systems)
or just span the inner membrane (single component efflux pumps) [2]. These single-
component efflux pumps work in conjunction with tripartite systems, where they transport
their substrates to the periplasmic space, followed by extracellular extrusion via tripartite
systems. Genes encoding these functionally and structurally diverse efflux pump systems
are widespread in the microbial world with significant repertoires of most efflux pump
families present in each species or strain [1]. With respect to the community level function-
ing of efflux systems, the prevalence of efflux systems encoded in genome may impact on
strain dynamism, virulence, defense against host-derived molecules, and biofilm formation,
though for the most part the specific signals involved remain to be characterized [9,10].

Table 1. The Major (Super)Families of Efflux Pumps in Bacteria.

Efflux Pump Energy Source for Membrane-Spanning . .
(Super) - . Gram-Positive Example Gram-Negative Example
. Functionality Nature
Family
Forms a tri-partite complex - HlyB and MacB
Su l:?fmﬂ ATP Hydrolysis [1] in Gram-negative Sav186surjf:;[7iz¥]lococcus (TolC-dependent)—Escherichia coli
P y bacteria [1] [11]
RND Famil lzrpci\t/ﬁ?)i/[f; t;v:lF(\)/rize Forms a tri-partite Unique to Gram-negative MexAB-OprM in
y _argely complex [1] bacteria [12] Pseudomonas aeruginosa [13]
respiration [1]
. MdrM and MdrT in Listeria
Proton Motive Force Forms a tri-partite complex monocytogenes;
MFS (PMF)—largely via in Gram-negative bacteria ~ NorA—Staphylococcus aureus EmrKY—Shigella flexneri [15]
respiration [1] [14]
Proton Motive Force
SMR Family (PMF)—largely via .NOt lfnown to form QacA/B—I;"ntemcoccus AbeS—Acinetobacter baumannii [14]
. tri-partite complexes [9] faecalis [14]
respiration [14]
Proton Motive Force
MATE Family (PMF)—largely via .NOt @own to form MepA—Staphylococcus NorM—Vibrio cholerae [14]
. tri-partite complexes [9] aureus [16]
respiration [14]
Proton Motive Force :
PACEFamily ~ (PMF)—largely via Not known to form Not known to be found in -y o} 4 ivotobacter baumannii [14]
. tri-partite complexes [9] Gram-positive bacteria [17]
respiration [17]
Proton Motive Force Forms a tri-partite complex Homolog in
AbgT Family (PMF)—largely via in Gram—negative & MtrF—Neisseria gonorrhoeae [18]

respiration [18]

bacteria [18]

Streptomyces coelicolor [18]

The number of efflux pumps/multi-drug efflux pumps in a genome of a particular
species is related to the overall genome size, which correlates with the bacteria’s ecology
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and the environment(s) it inhabits. Environmental, free-living bacteria tend to have large
genomes and, thus, code for a large variety of efflux pump types to enable them to survive
the various harsh conditions they are exposed to [19]. In contrast, due to reductive evolution,
pathogens and endosymbionts typically possess a reduced genome size and thus, less efflux
pumps in their arsenal [19]. Pathogenic clinical isolates make up for this reduced variety of
efflux pump systems by overexpressing their efflux pump arsenal in response to various
host triggers [20]. Pseudomonas aeruginosa, a Gram-negative nosocomial pathogen with
a large genome size, benefits from the overexpression of the MexEF-OprN efflux pump
without conferring a fitness cost [20]. This is perhaps an anomaly, rather than the status quo,
as metabolic rewiring of its aerobic respiratory chain (via increased expression of anaerobic
nitrate respiratory chain under aerobic conditions) was the trade-off for the lack of fitness
cost. Thus, oxygen gradients are important inducers/repressors of efflux pump expression,
perhaps as means of extruding toxic anaerobic waste build-up [21]. Pathogens also make
up for their reduced variety of encoded efflux pumps by encoding multi-drug resistant
(MDR) efflux pumps. In fact, the expression of a single efflux pump can confer MDR due
to substrate promiscuity. These resistant species are then selected during infection and
treatment with antibiotics and are both beneficial to these MDR efflux pump producers and
non-producers in the community [22].

Understanding the physiological basis of efflux systems and how they function at the
community level is critical to deciphering the dynamic networks that underpin polymicro-
bial communities or microbiomes. Efflux does not occur in a singular context, but rather
within complex microbial consortia, often encased within a biofilm structure. It follows
therefore that efflux from one organism may often necessitate or facilitate uptake by a
neighboring cell or species [8,23]. Where this is the case, the impact of efflux inhibition may
extend beyond pathogen inhibition, and the consequences of this need to be understood
(Figure 1). Some key physiological roles of efflux pumps in bacteria will be discussed, such
as homeostasis and waste extrusion, cell-cell signaling, the role of outer membrane vesicles
(OMVs), host colonization and AMR, with a focus on exploring the role of efflux systems in
the context of mixed microbial communities.
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NG e A~ e '? & //’j .
L“"“ LD dms g® o . ( -

Host
Factor

as autoinducer T 4+

B(ii). Metabolism in a Polymicrobial Community B(iii). Cross-Protection in Polymicrobial Communities
)' L4 » . 0y “ i »
/' /" }' indol b <
/. } efflux 1 Lﬁ:ﬁ%’ \ .
Al antibiotic 4 | (.
++ + — Y 27\

iron acquisition by
siderophore non-producers

Figure 1. (A) Efflux in monoculture has been studied extensively, with a broad spectrum of systems
for which substrates have been profiled and characterized. Perhaps the best studied of these have been
antibiotics in the context of AMR mediated through efflux of specific classes of intracellular targeting
drugs. (B) Efflux in a polymicrobial context. (i) Host signaling and interspecies/interkingdom
communication systems in bacteria, yeast, and fungi, create a complex networked environment where
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efflux systems and their inhibitors can have a significant input into the dynamic outcomes of in-
tervention. Furthermore, affinities of EPI’s for efflux pumps may vary at the species level, with
potential for off-species effects targeting as yet uncharacterized community members, thus insulating
the intended target from the full dose of the intervention. (ii) Inhibiting the metabolic role of efflux
systems in expulsion of metabolites and scavenging factors such as siderophores could have impor-
tant consequences within polymicrobial communities where, e.g., iron acquisition by siderophore
non-producers is affected through inhibition of symbiotic partners. (iii) The cross-protection afforded
to some species of bacteria can also be lost through efflux inhibition whereby, e.g., protection arising
from recognition of indole efflux by Escherichia coli is lost to Pseudomonas putida. Created using
Biorender.com.

2. Ecological Role of Efflux Pumps
2.1. Efflux Pumps, Homeostasis and Stress Management

Bacterial cells are tightly regulated to prevent toxic metabolite (waste) accumulation.
Efflux pumps are most commonly known for their role in extruding exogenous, toxic
compounds such as antibiotics from bacterial or fungal cytoplasm into the extracellular
environment. However, the physiological role of efflux in host homeostasis and waste
extrusion is less appreciated and not as well understood. Through efflux pump functional
redundancy and substrate promiscuity, one efflux pump can extrude a variety of structurally
similar compounds, such as, e.g., bacterial secondary metabolites [8], in some cases enabling
prevention of toxic primary metabolite/(waste) accumulation intracellularly. The ability to
extrude exogenous, potentially harmful substrates is considered (though not yet universally
shown to be) a potential key natural role for efflux systems. For example, bacteria can expel
a wide variety of substrates that would otherwise be toxic to the cell, such as biocides, heavy
metals, organic pollutants, host signals (bile in mammals, plant exudates) antimicrobials
(produced by other microbes in the vicinity or administered clinically), etc. [2].

Iron-scavenging siderophores are known to be extruded by ABC and RND-type efflux
pumps, allowing access to bio-available iron in iron-limited environments, such as in hu-
man infections [2]. Siderophore production confers a fitness advantage to the producer, as
well as to neighboring cells with the relevant uptake system [24]. Siderophore extrusion
also confers a secondary protective effect against reactive oxygen species (ROS) and reactive
nitrogen species (RNS), something in which both the MATE and RND efflux pump families
are involved [2]. Guanidine is a common component of the nucleic acid base, guanine, and
the amino acid, arginine. At high intracellular levels, guanidine disrupts cell membrane
permeability and can be toxic. Therefore, this endogenous substrate is also extruded via
SMR-type efflux pumps to maintain cell homeostasis. Though endogenously produced sug-
ars, amino acids, etc., typically possess their own specific transporter systems, efflux pumps
are also commonly involved as a means of cellular detoxification. Membrane fatty acids
can be extruded via efflux pumps (of the RND family, in particular) because of turnover
or damage [2]. Though less mechanistically understood, polyamines are also expelled via
SMR, MFS and RND-type efflux pumps. Polyamines have been implicated in various phys-
iological systems, such as the induction of acidic stress response systems and conferring
protection against ROS/RNS. Overexpression of the Blt transporter in Bacillus subtilis was
reported to confer a multidrug-resistance phenotype in addition to effluxing large amounts
of spermidine into the medium [25]. Unsurprisingly, therefore, this system has been the
focus of some novel inhibitor design [26]. Short chain diamines have been described in
Acinetobacter baumannii as physiological substrates for the proteobacterial antimicrobial
compound efflux (PACE) family of efflux systems [27]. Similar to polyamines, diamines
play an important role in bacterial physiology and pathogenesis and can themselves be
developed as potent antimicrobial scaffolds [28].

Efflux pumps are critical in maintaining cytoplasmic pH homeostasis, which in turn
enables the functionality of efflux pumps through maintaining proton motive force (PMF)
and the function of key metabolic enzymes. Therefore, when faced with extreme pH
stresses (e.g., in the mammalian gut, in acidic lakes, alkaline lakes, etc.), the expression of
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efflux pumps and other systems are modulated to ensure membrane stability, permeability
and host homeostasis. In fact, for species inhabiting harsh environments, efflux pumps
underpin their extreme pH tolerance and even acid resistance, in some cases [2].

2.2. Efflux Pumps and Signalling

While endogenous signaling molecules, such as quorum sensing (QS) autoinducers,
are typically diffusible, transport to the extracellular milieu is also known to occur via efflux
pumps [2]. QS is the phenomenon of cell-density-related gene expression. QS systems
are cell-cell communication systems on the species level, interspecies level and even on
the interkingdom level [29-31]. QS is a community-coordinated phenomenon, involved
in regulating key virulence factors, such as biofilm formation, swarming motility, and
extracellular protein production [32]. Many QS systems are controlled by two-component
systems (TCSs)/multikinase networks, responding to various environmental inputs and
regulating the expression of many genes in this network. Numerous efflux pump systems
have themselves been linked to extracellular autoinducer transport [33], as seen with
the MexAB-OprM, MexCD-Opr], MexEF-OprN, and MexGHI-OpmD systems involved
in the modulation of the P. aeruginosa QS response. Mutation or overproduction of the
genes encoding these efflux systems has reportedly led to alterations in QS signaling
and the accumulation of signals in the extracellular environment [34,35]. However, the
redundancy and hierarchy in these key signal transduction networks are such that the
impaired production of one signal can lead to the attenuation of functions attributed
to another [36]. In several cases, a shift in efflux patterns for key intermediates of the
Pseudomonas Quinolone Signal (PQS) signaling system in P. aeruginosa occurred through
overproduction of the MexEF-OprN efflux pump [34-36], previously described as a 3-oxo-
C12-HSL LasIR related system [37]. While a lack of significant impact on competition
was reported for MexEF-OprN overproduction when compared to wild-type strains [35],
this single species analysis may hide a more complex role at the interspecies or even
interkingdom level given the emerging role for this signaling system in the microbe-microb
and microbe-host interaction [31,38,39]. Efflux pumps may play a key role in mediating
interspecies and interkingdom communication, as well as extruding “foreign” autoinducer
molecules from the cell [33]. Potentially, this could act as a defense mechanism against
other competing, neighboring bacteria present in the polymicrobial community.

The biofilm formation is dependent on QS and is a community-coordinated behavior,
it is perhaps unsurprising that efflux pumps reportedly also play a key role—mediating the
various regulatory and communication systems required to maintain and finally disperse
the biofilm [33]. A positive correlation between efflux pump expression and biofilm
formation has been reported in several studies [33], with AcrAB-TolC of E. coli, MexAB-
OprM of P. aeruginosa, AdeFGH of A. baumannii and AcrD of S. enterica, playing important
roles [40]. This is an important consideration for strategies that seek to target efflux systems,
indicating that the primary target of such approaches will be functionally relevant in what
is understood to be the principle lifestyle adopted by microbes in environmental and
host-associated ecosystems [41].

2.3. Efflux Pumps, Antibiotic Stress, and Outer Membrane Vesicles

Outer membrane vesicles (OMVs) are proteolipid nanostructures of endocytic origin
that are naturally secreted during normal growth from the outer membrane of Gram-
negative bacteria [42,43]. OMVs are involved in ferrying various substrates, including
virulence factors such as toxins, outside of the cell. OMVs are one of several primary
mechanisms of microbial signal transduction [44], and they play crucial roles in microbe-
microbe and microbe-host interactions [42]. OMVs can act as delivery systems between
other microbes or the host [44]. There is some evidence to suggest that OMV fusion can
program naive cells to more rapidly adapt to harsh environments [45,46]. The synthesis
of OMVs and its cargo varies depending on environmental cues, such as growth phase,
mode of growth, oxygen availability, etc., and significant heterogeneity exists with respect



Antibiotics 2023, 12, 731

6 of 19

to their composition, even at the single species level [47]. Stressful conditions dramatically
alter OMV composition and cargo, such as equipping OMVs with multidrug efflux capa-
bilities or degradative abilities for any potentially harmful substances in the extracellular
environment [43]. Huang and co-workers describe a novel antibiotic efflux phenomenon
mediated by A. baumannii OMVs, which resulted in enhanced drug resistance [44]. When
stressed with antibiotics, the expression of the AdeAB and AcrB-mediated efflux pump
was dramatically altered [44]. This altered expression, and subsequent activation of efflux
pumps under antibiotic stress was shown to result in encapsulation of large amounts
of intracellular components into OMVs. Coupling with the low expression of the outer
membrane proteins prevents the antibiotics that have been packaged in the OMVs from
being released again. Some key metabolic-related proteins (involved in carboxylic acid,
small-molecule, organic acid, etc., pathways) and small molecules involved in key sig-
naling pathways (involved in small molecule binding, cofactor binding, catalytic activity,
etc.) were also encapsulated into these OMVs and extruded from the cell. Though the
exact mechanism of action has yet to be established, it seems OMVs and efflux pumps
may co-operate to provide a crucial modality for microbial fitness and competitiveness
in the hostile environments microbes inhabit. This novel mechanism was itself utilized
to develop an innovative antibiotic loading strategy for control of pathogen infection in
mice, highlighting again the intrinsic value in understanding the physiological basis of
microbe-host interactions [44]. In Neisseria meningitidis, the opposite may be seen whereby
the multidrug efflux pump channel protein MtrE was less abundant in OMVs than in the
outer membrane [47]. Therefore, further research is needed to appreciate the complexity
of the efflux-OMYV relationship, particularly in the context of the emerging role OMVs
with respect to microbe-microbe symbiosis [48] and microbe-host immunomodulatory
interactions [49].

2.4. Efflux Pumps and Host Colonisation

Efflux pumps play a significant role in efficient host invasion/colonization and sub-
sequent dissemination [19]. Efflux pumps facilitate microbial resistance to host defense
compounds or cellular mechanisms, such as salicylic acid and phenolic acids in plants, or
bile acids and phagocytosis in animal hosts [15,19]. Though challenging to overcome from
a host perspective in the case of pathogenic microorganisms, this efflux pump-mediated
resistance to the host can underpin symbiotic relationships, as seen in the case of rhizobia
colonizing legume plants or commensal bacterial colonization of the mammalian gut [15].
The converse is true in the case of bacteria-phage coevolution, whereby efflux pumps can
be an Achilles heel, acting as receptor binding proteins (RBPs) for phage invasion [50].
While efflux pumps display substrate promiscuity, bacteria-phage interactions tend to be
much more specific. The same efflux pumps present in different species can act as RBPs
for various phage, as seen with TolC and various Salmonella serovars. However, this is not
always the case and efflux pump sequence similarities ultimately dictate bacteriophage
adsorption to its RBP [50].

An interesting relationship between efflux and host colonization can be seen in the
hypoxic environment that exists during infection and chronic colonization [51]. There
is increasing evidence of a distinct and important contributing role for hypoxia in the
dysfunction of the airway epithelium and in the responses of both innate immunity and of
respiratory pathogens [52]. Micro-anaerobic environments, such as those that exist in the
lungs of patients with Cystic Fibrosis (CF), are known to promote multi-drug resistance and
the increased MIC of antibiotics through alterations in signaling, efflux, and metabolism [53,54].
In the host, the Hypoxia-Inducible Factor (HIF)-1 is involved in multi-drug resistance,
controlling the MDR1 P-glycoprotein (P-gp) that belongs to a family of ATP-binding (ABC)
cassette transporters [55]. ATP synthesis and thus microbial metabolism and oxygen
availability is critical here for active efflux to occur. Other efflux pumps operating via
proton motive force (PMF) require energy flow through the electron transport chain and the
presence of an energized membrane [56]. Hypoxic control of efflux in the host also extends
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to key physiological processes such as sterol synthesis [57], lactate secretion and glycolytic
efflux [58], and potassium transport [59]. At the same time, HIF-1 plays an important role
in moderating the host’s response to infection, recognizing pathogen colonization, while
also mediating an effective immune response [60]. Bile acids, a human hormone-like factor
that has been recently identified in the lungs of patients with CF and other respiratory
conditions [61,62], are known to destabilize the HIF-1x subunit of HIF-1, resulting in
altered expression of downstream regulatory components of the inflammatory and immune
responses [63,64]. At the same time, bile acids promote production of the P. aeruginosa
alkyl-4-quinolone (AQ) signaling system which itself is able to destabilize HIF-1« [38,65],
and can be effluxed through the cell via the MexEF-OprN system [66]. While the role of
efflux in this complex interplay remains to be fully determined, the dual targeting of such
an intrinsic system suggests further research is warranted.

3. Efflux Pump Regulation

Regulation of efflux pumps plays an important role in moderating the appropriate
physiological response and may itself represent a feasible inhibitory target given the
signal or co-inducer responsive nature of many of the efflux regulatory systems [20,67,68].
MDR efflux pump components are typically encoded in an operon to aid efficient and
complete assembly, and are regulated via TCSs/multikinase networks [69]. The core
components of typical TCSs include a membrane-bound sensor histidine kinase, one or
multiple signal transduction components and a response regulator (transcription factor),
where a phosphorelay occurs to alter the expression levels of many genes. This is not a
simple on/off switch, instead depending on the levels of the phosphorylated response
regulator. This enables the microbe to respond to various environmental cues in real
time, as well as influencing other regulatory circuits. When the inducer(s) for the efflux
pumps are not present, the pumps are significantly downregulated, with minimal basal
expression [70]. Numerous transcriptional regulators—both global and local—keep the
various encoded efflux pumps tightly regulated. Efflux pumps and QS are intrinsically
linked and are capable of influencing each other, where the upregulation of one system
leads to the downregulation of the other system [33].

Efflux pump components are regulated at numerous different levels to fine tune re-
sponses to ever-changing environments and to avoid unnecessary energy costs. Such
regulation points are at the transcriptional, post-transcriptional, translational, and post-
translational levels [69]. Transcription and post-transcription factors, such as RNA regula-
tory switches (both cis- and trans-acting RN As) play critical roles in efflux pump expression
levels [69]. Small proteins governing the expression of membrane channels (including
components of efflux pumps) are also key here. More recently, a study using dynamic
Boolean modeling has suggested that ATP variability and energy supply may control efflux
pumps, with model bacteria developing heterogeneous pulses of efflux pump gene ex-
pression, which contribute to a sustained sub-population with increased efflux expression
activity [71]. The regulation of these systems and their components is discussed in greater
detail below and summarized Table 1.

3.1. RND Efflux Pumps in Pseudomonas aeruginosa and Their Regulation

The RND family are one of the largest efflux pumps known and are typically tripartite
in nature. The RND efflux pumps in P. aeruginosa are one of the most extensively studied
efflux pump families. For some RND efflux pumps, a partner outer membrane factor
(OMF) protein is also encoded in the same operon, allowing substrates to pass out of the
Gram-negative outer membrane. If this OMF is not present in the same operon as an efflux
pump, the efflux pumps can assemble with a more universal OMF [67]. Up to 12 RND efflux
pumps have been identified in the P. aeruginosa PA01 genome, including MexA, MexB,
MexX, MexY, Mex], and MexK [13,67,72-74]. Each has different substrate specificities but
equally also exhibit distinct substrate promiscuities. MexAB-OprM differs from the other
RND pumps as it is constitutively expressed in P. aeruginosa and displays wider substrate
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specificities than the other RND efflux pumps [13]. The MexGHI-OpmD efflux pump is
particularly interesting in light of its apparent role in transporting phenazines, leading
to the modulation of the gene expression and biofilm development in P. aeruginosa [74].
Phenazines have been shown to play a significant role in host colonization and competition
within mixed microbial populations and have also been shown to drive diversification
within subpopulations of P. aeruginosa [75-77]. The interconnection of AMR with strain
diversification and the host interaction serves to highlight the complexity of targeting efflux
within a living system. Of course, it also suggests there would be significant potential
to modulate populations based on their behavior, rather than simply viewing EPIs as
antibiotic adjuncts.

Though PAO1 possesses ~130 different TCS, only 5 are known to be involved in
the regulation of RND efflux pumps. These belong to the OmpR/PhoB family with the
exception of RocS2-RocA, which is part of the CheY system for chemotaxis [67]. Other efflux
pump regulators fall into the “one component system” (OCS) class, which are generally
composed of a DNA-binding domain and a sensory domain. This class of regulators
are involved in most crucial signaling events in bacteria and can act as both (local and
global) activators and repressors depending on the location of their binding site. Examples
of such regulators in this family involved in efflux pump regulation in P. aeruginosa are
LysR, TetR and MarR. LysR-type transcriptional regulators (LTTRs) are the most abundant
type of transcription factors (TF) in bacteria and are both structurally and functionally
conserved [78]. Despite this, LITRs are involved in the regulation of diverse gene sets,
e.g., virulence, QS, and metabolism [78]. One of the most studied LTTRs in P. aeruginosa is
MexT, a local regulator of the MexEF-OprN operon and a global regulator of virulence and
pathogenesis [79,80]. Many of the RND efflux regulators in P. aeruginosa belong to the TetR
family, so named for its discovery in relation to tetracycline resistance [67]. This family is
involved in providing antibiotic resistance via efflux pumps, as well as regulating genes
involved in the export of small molecules (perhaps for signaling purposes) [81]. The MarR
(Multiple Antibiotic Resistance Regulator) family usually act as repressors of the diverse
array of genes under their control, mainly those involved in responding to environmental
factors and stressors such as nutrient availability, pH, temperature, oxidative stress, and
toxic substances [82]. The MarR regulator MexR is involved in activating the MexAB-OprM
operon in P. aeruginosa, with some evidence of a role for the AraC family in efflux regulation
also reported in some species [83].

Table 2 summarizes the known RND two-component system and one-component
system regulators in P. aeruginosa, with some of the known inducers, the efflux pump(s)
affected and the resulting phenotype. It should be noted that many of the inducers outside
of antibiotics are unknown, as efflux pumps are primarily studied due to their role in AMR
and not for their ecological role.

3.2. MFS Efflux Pumps in Staphylococcus aureus and Their Regulation

More than 15 efflux pumps systems have been described in S. aureus thus far [84],
perhaps the best studied of these being the NorA efflux pump, a member of the MFS
family [85]. The MFS family is the largest and most diverse membrane transporter, found
across all the domains of life and it confers the most prominent resistance phenotypes
compared to other efflux pump families [84].

MgrA (multiple gene regulator) is a global regulator and governs many of the MFS
efflux pumps in S. aureus. MgrA is a MarR transcriptional regulator, whereby phospho-
rylation of MgrA allows access to the NorA promoter and, thus, transcription [86]. Both
MgrA and NorR act as activators of the NorA gene, leading to drug extrusion, altered
cell surface properties [87] and increased uptake into epithelial cells [88]. Further regula-
tory control of NorA occurs via NorG, a GntR (gluconate regulatory)-like protein family;
activation occurs via Fur (ferric uptake regulator) as well as via the ArIR-ArlS TCS [86].
MgrA also regulates other ‘Nor efflux pumps’, such as NorB and NorC, normally via
downregulation/repression [84,86]. However, under harsh conditions, such as in the host
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and during biofilm growth, where low pH and reduced oxygen levels is common, NorB
is upregulated [89]. Further regulatory control is enacted via NorG activating NorB and
repressing NorC [86]. NorD is not governed by MgrA, instead, it is downregulated by Fur
in response to iron-limited conditions, such as in the host [19,86].

Table 2. Two-component system and one-component system regulators of RND efflux pumps in
P. aeruginosa.

Environmental Cue(s) Regulator(s) Efflux Pump(s) Affected Outcome(s)
Unclear RocS2-RocA2 (TCS) MexAB-OprM downregulated =~ Promotes biofilm formation
Antibiotic exposure MexT (LTTR, OCS)
P Linked with the OprD MexEF-OprN activated Antibiotic extrusion

(fluoroquinolone)

porin repressor

Antibiotic exposure

MexL (TetR, OCS)

Mex]K—downregulated

Antibiotic extrusion

by MexL (multiple classes)
Antibiotic exposure, phenolic Indirect repressor of
compounds NalC (TetR, OCS) MexAB-OprM (via ArmR)
Represses
Antibiotic exposure NalD (TetR, OCS) MexAB-OprM—secondary Antibiotic extrusion
regulator
Membrane- and
envelope-damaging agents, Antibiotic extrusion; antibiotic
e.g., antibiotics, biocides, dyes, NFxB (TetR, OCS) Represses MexCD-Opr] tolerance in biofilms
solvents, etc.
pH, temperature, oxidative MexR (MarR, OCS) linked . . Antibiotic and other toxic
. 1 . Primary activator .
stress, nutrient availability, with AmrR (controlled by the MexAB-OprM substance extrusion;
toxins, etc. TetR repressor, NalC) p homeostasis
Ribosome stress, perhaps due MexZ (TetR, OCS) Most
to antibiotic (aminoglycoside)  frequently mutated in Cystic MexXY-OprM Antibiotic extrusion
exposure—inducer unknown Fibrosis patients
MexXY expressed

Envelope stress, membrane
perturbation (colistin,
polymyxin B)

ParR-ParS (TCS) MexEF-OprN upregulated via Antibiotic extrusion

MexS (activator) activation

AmgR-AmgS (TCS) MexXY expressed Antibiotic extrusion
H CzcR-CzcS (TCS) CzcABC Heavy metal extrusion
eavy metal exposure
CopR-CopS (TCS) CzcABC Heavy metal extrusion

Another critical MFS efflux pump is Tet38, aiding in host cell colonization and invasion,
and subsequent toxic compound extrusion [88]. MgrA, along with TetR21, downregulate
Tet38 expression [88]. MgrA’s regulation of Tet38 is indirect, as only TetR21 binds di-
rectly to the promoter of Tet38 [19]. Upon the sensing of various host fatty acids or upon
P. aeruginosa co-infection, both NorB and Tet38 are upregulated via MgrA repression [88].
This can ultimately lead to the establishment of a chronic infection in the lungs of people
with Cystic Fibrosis (CF) and in abscesses. TetA(K) is a plasmid-encoded MFS efflux pump
involved in drug extrusion and Na+/K+ uptake [86]. This efflux pump protects the pro-
ducer from harsh conditions, such as alkali stress, Na+ stress and lack of K+ [86], with
putative substrates for this efflux pump, including fatty acids.

QacA is one of the earliest identified MDR efflux pumps and is a member of the MFS
family [19]. Since then, QacB has also been identified and characterized [86]. Like NorD,
QacA/B are not governed by MgrA—instead they are downregulated by QacR, a TetR
repressor [19,86]. QacA /B multidrug efflux expression is induced upon substrate binding
to QacR, thus releasing it from the promoter and allowing transcription. Such substrates
include various antimicrobials, plant compounds (alkaloids in particular), and host fatty
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acids [19]. However, some additional QacA /B substrates do not bind QacR, in which case
QacR remains bound to the promoter. Basal expression of QacA /B overcomes this resting
inhibition, with QacR known as a weak repressor [86].

Other MFS multidrug efflux pumps found in S. aureus include Mef(A), LmrS, and
SdrM [86]. Little is known regarding the various regulators and substrates of these lesser-
known efflux pumps—with the exception of SdrM, which is downregulated by the global
regulator, MgrA [86]. Collectively, these efflux pumps are attractive targets for efflux pump
inhibitors (EPIs), with the Nor efflux pumps in particular displaying a broad range of
substrate promiscuity [84]. Alternative targets include MgrA, the global regulator for many
of the MFS MDR efflux pumps in the clinically prevalent S. aureus [84]. However, further
study is needed to better understand the various efflux pumps and their regulation, such
that the looming AMR challenge can more effectively be addressed. This is especially true
in polymicrobial community settings.

3.3. Cell-Cell Communication, Sensing the Qourum, and Efflux Regulation

Perhaps unsurprisingly given the influence efflux has on the transport and dissemina-
tion of quorum sensing signals and their precursors, QS has itself been shown to play a
significant role in controlling efflux in a range of microbial species. In E. coli, the quorum
sensing transcription factor SdiA was shown to up-regulate acrAB gene expression [90,91].
Similarly, transcriptional control of the acrAB operon by the QS transcriptional regulator
AnoR has been reported in A. nosocomialis [92]. The AcrAB efflux system is involved in the
extrusion of natural signal molecules, and has underpinned the hypothesis that synthetic
drug export by AcrAB may resemble the repertoire of signaling molecules encountered
in natural ecosystems [91]. This of course complicates the association whereby the loss of
QS signals through functional studies may mimic efflux inhibition in the cell, resulting in
a feedback loop of regulation. In the case of P. aeruginosa, the MexAB-OprM RND efflux
system selectively interacts with bacterial signaling molecules, enabling binding of 3-oxo-
C12-HSL but limiting the accessibility of non-cognate acyl-HSLs to the LasR receptor [93].
This relationship suggests a complex interplay between QS and efflux, though further work
is needed to establish the hierarchical dynamics of this.

4. The Microbial Ecology of Efflux Inhibition and Sources for Exploration
4.1. On the Ecological Basis of Efflux Inhibition

The ecological context of efflux inhibition is an important dimension in understanding
the functionality of what are typically viewed as important antibiotic-enhancers [94]. Efflux
inhibition in a natural sense can impact on cell-cell communication, waste extrusion, QS,
vesicle production and other functionalities that are core to microbial physiology. It follows,
therefore, that apart from disrupting classical antibiotic efflux, an important role for efflux
inhibition may lie in the anti-infective space, rather than simply focusing on growth
inhibition through enhancement of antibiotic activity. While discussed below in the context
of polymicrobial communities, at its simplest, the ability to block cell-cell communication,
and by extension, multi-cellular behavior could suppress key virulence phenotypes such as
biofilm formation, swarming motility, and toxin production [31,95,96]. This anti-infective
approach has seen significant growth in research in recent years, particularly with regard
to the action of small molecules that target quorum sensing receptors and two component
systems. Efflux inhibitors should also be considered as potential anti-infective compounds
where suppression of signaling and communication could offer an innovative strategy for
control of what are often opportunistic pathogens. This form of pathogen control does not
carry the same risk with respect to resistance, though recent studies suggest a fitness cost
may still arise [97].

While the majority of studies in efflux inhibition have focused on bacterial systems,
targeting efflux pumps to overcome antifungal drug resistance in eukaryotes has also
shown some promise. Chemo-sensitizing Candida albicans to azole challenge has been
a principal research focus, and some advances have been made in re-establishing the
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effectiveness of conventional anti-fungal compounds against resistant strains [98-100].
Such approaches are also likely to significantly impact the bacterial dynamics with a host
ecosystem, whereby co-evolution of micro- and myco-biomes establish intricate networks
that are quite distinct from the mono-species behaviors of laboratory isolates.

4.2. Plants as a Source for Efflux Inhibitors

The search for efflux pump inhibitors (EPIs) is a challenging task as cytotoxicity to-
wards human cells is a major factor in the development of EPIs for clinical use. Secondary
metabolites with potential efflux pump inhibitory activity can be grouped into three cat-
egories: terpenes, phenolic compounds, and alkaloids. Geraniol (monoterpenoid) and
farnesol (acrylic sesquiterpene alcohol) are two prominent terpenes that show activity
against P. aeruginosa MexAB-OprM efflux pump. Curcumin as a phenolic compound also
blocks P. aeruginosa efflux pump MexAB-OprM and NorA, MdeA, TetK and MsrA efflux
pumps from S. aureus. The steroid alkaloid conessine blocks MexAB-OprM efflux pump
of P. aeruginosa [101]. Most of the substances screened as a potential EPI are metabolites
from terrestrial vegetation. Marine ecosystem plants also hold potential for biodiscovery
in this field. A recent study by Lu and colleagues reported that extract of brown seaweed
Laminaria japonica, Sargassum horneri and that from red seaweeds Gracilaria sp. and P. dentata
inhibit the efflux of ethidium bromide in multidrug resistant E. coli. Kam3-AcrB [102].
Looking at time-kill curves performed with the brown seaweed extract of L. japonica,
S. horneri, and clarithromycin the results show a synergistic effect when added to the antibi-
otic but no effect on growth when added alone [102]. The number of viable cells exposed to
a combination of clarithromycin and L. japonica extract (1/2 and 1/4 ICsg) sharply decreased
from 7 to 4.4 log CFU/mL after 12 h of incubation [102].

While considerable potential is associated with plant-derived EPI candidates, further
synthetic development of these compounds is often hindered by the complexity of their
chemical structure. Molecular modelling software may bring advances here by identify-
ing specific structure/activity relationships allowing the targeting of specific synthetic
modifications to natural compounds.

4.3. Marine Efflux Inhibitors

The marine environment is a vastly under-exploited area for the discovery of novel
EPIs [103]. Mining the marine environment for such molecules could be beneficial, due to
the range of diverse natural products, bioactive compounds already discovered from such
environments via metagenomic-based technologies [104]. Furthermore, exposure to distinct
stressors in the marine environment may potentially have evolutionary implications for the
scope of efflux pump/inhibitor diversity, distribution and interplay therein. As mentioned
above, QS and efflux pumps are intrinsically linked, whereby the modulation of one system
can influence the functionality of the other. Microbes isolated from sea sponges have been
found to encode novel QS inhibitors (QSIs) and could be a means of inhibiting MDR efflux
pumps [105]. More directly, reversal of fluconazole resistance was also possible when
combined with a marine sponge derived sulphated sterol isolated from Topsentia sp. [106].
Thus, marine environments, especially those with high microbial densities, e.g., sea sponge-
associated, are worth exploring to combat AMR by exploring alternate/dual means of
infection control (antibiotic and EPI, QSI and EPI, etc.).

4.4. Synthetic Efflux Inhibitors

Due to major advances in structure-function analysis, synthetic EPIs against specific
microbial targets represent a promising means of infection control. Synthetic EPIs are
generally built upon two scaffold molecules: quinolines and indoles [107]. These scaffolds
are chosen as they lack intrinsic EPI activities. Only the modified molecule would have EPI
activity. This targeting would need to be specific for the efflux pump and/or efflux pump
family and for the species itself to avoid any secondary effects to neighboring microbes.
This remains a challenge, as many of the natural substrates (aside from antibiotics) of efflux
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pumps remain to be identified. Promising advances in Staphylococcal control have been
made through inhibition of the NorA efflux system, particularly where efflux inhibition
has also been coupled with biofilm suppression. The 2-phenylquinoline scaffold has been
particularly promising [85], synthetic derivatives of which were found to exhibit potent
efflux inhibition of the NorA system [108]. Recently, the coupling of a scaffold hopping
approach and a pharmacophore search led to a series of functionalized 2-arylquinazolines
that exhibited strong synergism with ciprofloxacin. Importantly, these new efflux in-
hibitors exhibited a promising safety profile, with low cytotoxicity to human cells [109].
Phenylalanine-Arginine--Naphtylamide (PABN) competitively targets three RND efflux
pumps in P. aeruginosa (MexAB-OprM, MexCD-Opr], and MexEF-OprN) of which it is also
a substrate. Its broad substrate specificity enables it to potentiate the activity of a broad
spectrum of antibiotics, including erythromycin and chloramphenicol [110]. Other efflux in-
hibitors include D13-9001, arylpiperazines, pyranopyridines, 2H-benzo[h]chromenes, NSC
series compounds, TXA compounds, pyridylpiperazines (BDM compounds), reviewed re-
cently by Compagne and colleagues [94]. IITR08027 was identified from a chemical library
(n = 8000 synthetic molecules) screened for potentiators of ciprofloxacin, targeting E. coli
and A. baumannii overespressing the MATE efflux pump AbeM [111]. MBX2319, a synthetic
pyrazolopyridine, enhances the efficacy of ciprofloxacin, levofloxacin and piperacillin up
to eight-fold against E. coli AB1157 [112]. Apparently, this latter EPI interacts with the AcrB
pump, specifically targeting the hydrophobic trap [113,114].

4.5. Phage Steering

The co-evolution of bacteria and their viruses (i.e., bacteriophage) has been studied
with some interest for many years. The close relationship between efflux pumps and
phage whereby the latter uses the former as a receptor binding protein has been known for
some time with examples including P. aeruginosa phage OMKO1 which binds to the M1
protein, Vibrio cholerae VP3, and E. coli U136B and TLS, both of which bind to TolC. Recent
strategies for infection control have taken advantage of this co-evolution and receptor
dependence, where bacteria are effectively forced to resist the selection pressure of either
phage or antimicrobials [115]. In the case of P. aeruginosa OMKO1, downregulation of
the OprM efflux protein led the bacteria to develop phage resistance with concomitant
antimicrobial susceptibility [116]. However, such an approach requires prior knowledge
of the evolutionary resistance pathways against both phage and antimicrobial for clinical
success [117]. While the early research has provided some promising outcomes, a better
understanding of phage ecology and evolution is needed before phage steering can be
maximally exploited as an efflux-targeting AMR tool [50].

5. Efflux Pumps and Polymicrobial Communities

Microbial life rarely exists in isolation in nature, yet traditional in vitro studies often
focus on axenic cultures and settings. Instead, polymicrobial communities consist of var-
ious bacterial, archaeal, fungal, and viral species/variants. However, data pertaining to
these mixed community studies are limited. In one study conducted utilizing mono-species
wild-type vs. acrAB-tolC mutants and dual-species E. coli—S. typhimurium co-cultures, the
presence of this MDR efflux pump in the community altered mutant growth rate when
antagonized with antibiotics [118]. Thus, even variants/other microbes (“cheaters”) with
lowered expression and /or no pump expression can benefit from efflux pump producers
when antagonized with toxic substances. In fact, E. coli-Salmonella co-culture has been
shown to increase biofilm formation and lead to an increased biocide resistance [118]. In
some co-cultures, an increased efflux pump expression is observed, possibly as a defense
mechanism against the other species, representing a shift from co-operative interaction to
competitive exclusion [119]. However, in some instances, these “cheaters” do not benefit
from producers, as producers exert a quorum control over efflux pumps when antagonized
with certain antibiotics [120]. An example of this is where a Burkholderia thailandensis antibi-
otic, bactobolin, suppressed the emergence of QS-cheaters in Chromobacterium violaceum in
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co-culture leading to the C. violaceum population being more competitive in the co-culture
model [120]. This demonstrates the diversity of possible interactions that can occur between
different microbes under different environmental settings.

As for endogenous waste export, it is likely alternative methods exist to extrude
waste products from the cell within polymicrobial communities. Such endogenous waste
products are recognized by other species and can influence efflux pump expression [121].
An example of this would be the recognition of indole (produced by E. coli) by P. putida,
leading to the upregulation of TtgGHI efflux pump, as well as other genes involved in
amino acid catabolism and iron homeostasis [121]. The production of indole and its subse-
quent detection by P. putida rescues TtgGHI-deficient strains when exposed to antibiotic
antagonism. This would appear to be a secondary mechanism in natural ecosystems
where the TtgABC efflux pump is the primary antibiotic extrusion system. Furthermore, as
P. putida does not produce indole itself, this mechanism most likely evolved to reflect
community level resistance, demonstrating the important ecological roles efflux pumps
play in a polymicrobial setting. Studies involving more complex communities would be
beneficial to better understand the true ecological role of efflux pumps. This is of particular
importance given that the relationship between microbes is niche-specific and is constantly
evolving in response to ever-changing environments. Furthermore, though most efflux
pumps are present in the core genome, some are encoded on plasmids. As such, strains
deficient in various efflux pumps could acquire efflux pumps (such as some MDR efflux
pumps) via horizontal gene transfer (HGT). Thus, the polymicrobial perspective is a key
component for the study of key physiological functions, though data and knowledge in
this area are somewhat limited.

Efflux Inhibition in the Polymicrobial Quorate

One major challenge to the clinical development of efflux inhibitor interventions is the
realization that microbial communities are dynamic and undergo significant phenotypic
and genotypic diversification, even at strain level. Therefore, functional redundancy, muta-
tional adaptation, horizontal gene transfer, and target diversification all serve to challenge
the efficacy and specificity of personalized interventions against pathogen colonization.
Understanding the factors underpinning the complex and dynamic interactions that co-
ordinate behavior in these mixed species communities is key to unlocking the potential
of efflux intervention strategies to address multi-drug and pan-resistance of microbial
pathogens. Studies have shown that drug efflux pumps were differentially expressed upon
the co-culture of P. aeruginosa with streptococcal flora [122], with a role for quorum sensing
and AI-2 signaling proposed. A role for the MexAB-OprM efflux pump has been proposed
in growth antagonism of P. aeruginosa by Enterococcus faecalis, though the NalC-iron related
mechanism of this modulation remains to be fully determined [123]. The recent finding
that utilization of secondary metabolites produced by co-colonizing competitors underpins
bacterial dominance suggests that efflux systems and metabolic flux will play an important
role in shaping the dynamics of these communities [124]. Disrupting balance through
off-target effects or unintended metabolic shifts could have consequences for the diversity
and stability of the ‘healthy’ community in the ecosystem or niche in which the target
pathogen resides.

One must also consider the influence of efflux inhibitors and efflux systems on the
host-pathogen interaction, with several EPIs presenting activity against host targets [125].

6. Conclusions

Efflux pumps play critical key roles in the survival and proliferation of their encoding
hosts. Efflux pumps can also benefit a polymicrobial community as a whole, especially
when stressed with antimicrobial agents. As such, efflux pumps represent an antimicrobial
resistance (AMR) mechanism in the current multi-drug resistance (MDR) era. A single efflux
pump in a community can be enough to confer MDR. Though normally chromosomally
encoded, efflux pumps can also be plasmid-encoded and acquired via horizontal gene
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transfer (HGT). Thus, continued surveillance of genotypic heterogeneity is needed to ensure
the effectiveness of efflux inhibition is not lost to the onset of diversifying mutations.

Targeting resistance mechanisms is crucial to tackling MDR infections worldwide.
Dual treatment of EPIs and antibiotics, or EPIs and other anti-virulence compounds, such
as quorum-sensing inhibitors (QSIs) represents a promising infection control strategy. This
is because efflux pumps are involved in key microbial cell processes, such as QS and
signaling, metabolism, and other virulence factors, such as biofilm formation. However,
many of these EPIs have fallen short due to cytotoxicity issues. Therefore, developing
safe EPIs that selectively target a certain pathogen’s efflux pump(s) and/or its regulators
is crucial here. In fact, anti-infective strategies targeting efflux pump regulators and its
sensory systems may not carry the same risk of AMR development as EPIs on their own.
However, it should be noted that, while early studies on anti-infective control often cited
a lack of fitness cost, more recent studies have suggested otherwise [97]. Nevertheless,
the cost is significantly less than that elicited by antibiotics, suggesting real potential in
this promising research focus. Such EPIs and/or anti-infective strategies should also not
alter the neighboring polymicrobial community profile. Future study needs to look at
these issues under a polycellular lens, as well as keeping species and strain specificity in
mind when studying microbial-microbial and microbial-host interactions Mining under-
explored environments for natural EPIs or designing EPIs with a specific target in mind
could enhance the development of combinatorial strategies, leading to clinically feasible
and effective means of infection control.

Author Contributions: Conceptualization, FJ.R.; writing—original draft preparation, A.M.-M., A.G.
and FJ.R.; writing—review and editing, A.M.-M., A.G., N.O. and EJ.R.; funding acquisition, E].R. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Science Foundation Ireland (SSPC-3,12/RC/2275_2) and the
Health Research Board (HRB-ILP-POR-2019-004).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Henderson, P].F; Maher, C.; Elbourne, L.D.H.; Eijkelkamp, B.A.; Paulsen, I.T.; Hassan, K.A. Physiological Functions of Bacterial
“Multidrug” Efflux Pumps. Chem. Rev. 2021, 121, 5417-5478. [CrossRef]

2. Teelucksingh, T.; Thompson, L.K.; Cox, G. The Evolutionary Conservation of Escherichia coli Drug Efflux Pumps Supports
Physiological Functions. J. Bacteriol. 2020, 202, e00367-20. [CrossRef] [PubMed]

3. Cooper, M.A.; Shlaes, D. Fix the antibiotics pipeline. Nature 2011, 472, 32. [CrossRef] [PubMed]

4. Available online: https:/ /www.who.int/news/item/09-12-2022-report-signals-increasing-resistance-to-antibiotics-in-bacterial-
infections-in-humans-and-need-for-better-data (accessed on 13 March 2023).

5. Ruekit, S,; Srijan, A.; Serichantalergs, O.; Margulieux, K.R.; Mc Gann, P.; Mills, E.G.; Stribling, W.C.; Pimsawat, T.; Kormanee, R.;
Nakornchai, S.; et al. Molecular characterization of multidrug-resistant ESKAPEE pathogens from clinical samples in Chonburi,
Thailand (2017-2018). BMC Infect. Dis. 2022, 22, 695. [CrossRef]

6.  Available online: https:/ /www.who.int/news-room/fact-sheets/detail /antimicrobial-resistance (accessed on 13 March 2023).

7. Rahman, T,; Yarnall, B.; Doyle, D.A. Efflux drug transporters at the forefront of antimicrobial resistance. Eur. Biophys. ]. 2017, 46,
647-653. [CrossRef] [PubMed]

8.  Blanco, P; Hernando-Amado, S.; Reales-Calderon, J.A.; Corona, F; Lira, F,; Alcalde-Rico, M.; Bernardini, A.; Sanchez, M.B.; Martinez,
J.L. Bacterial Multidrug Efflux Pumps: Much More Than Antibiotic Resistance Determinants. Microorganisms 2016, 4, 14. [CrossRef]

9. Alav, I; Kobylka, J.; Kuth, M.S.; Pos, K.M.; Picard, M.; Blair, ] M.A.; Bavro, V.N. Structure, Assembly, and Function of Tripartite
Efflux and Type 1 Secretion Systems in Gram-Negative Bacteria. Chem. Rev. 2021, 121, 5479-5596. [CrossRef]

10. Nikaido, H.; Pages, ].M. Broad-specificity efflux pumps and their role in multidrug resistance of Gram-negative bacteria. FEMS
Microbiol. Rev. 2012, 36, 340-363. [CrossRef]

11.  Greene, N.P; Kaplan, E.; Crow, A.; Koronakis, V. Antibiotic resistance mediated by the MacB ABC transporter family: A structural

and functional perspective. Front. Microbiol. 2018, 9, 950. [CrossRef]


http://doi.org/10.1021/acs.chemrev.0c01226
http://doi.org/10.1128/JB.00367-20
http://www.ncbi.nlm.nih.gov/pubmed/32839176
http://doi.org/10.1038/472032a
http://www.ncbi.nlm.nih.gov/pubmed/21475175
https://www.who.int/news/item/09-12-2022-report-signals-increasing-resistance-to-antibiotics-in-bacterial-infections-in-humans-and-need-for-better-data
https://www.who.int/news/item/09-12-2022-report-signals-increasing-resistance-to-antibiotics-in-bacterial-infections-in-humans-and-need-for-better-data
http://doi.org/10.1186/s12879-022-07678-8
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
http://doi.org/10.1007/s00249-017-1238-2
http://www.ncbi.nlm.nih.gov/pubmed/28710521
http://doi.org/10.3390/microorganisms4010014
http://doi.org/10.1021/acs.chemrev.1c00055
http://doi.org/10.1111/j.1574-6976.2011.00290.x
http://doi.org/10.3389/fmicb.2018.00950

Antibiotics 2023, 12, 731 15 0f 19

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Dong, N.; Zeng, Y.; Wang, Y.; Liu, C.; Lu, J.; Cai, C.; Liu, X,; Chen, Y,; Chen, Y.; Fang, Y. Distribution and spread of the mobilised
RND efflux pump gene cluster tmexCD-topR] in clinical Gram-negative bacteria: A molecular epidemiological study. Lancet
Microbe 2022, 3, e846—856. [CrossRef]

Aguilar-Rodea, P; Zuafiga, G.; Cerritos, R.; Rodriguez-Espino, B.A.; Gomez-Ramirez, U.; Nolasco-Romero, C.G.; Lopez-
Marceliano, B.; Rodea, G.E.; Mendoza-Elizalde, S.; Reyes-Lopez, A. Nucleotide substitutions in the mexR, nalC and nalD
regulator genes of the MexAB-OprM efflux pump are maintained in Pseudomonas aeruginosa genetic lineages. PLoS ONE 2022, 17,
€0266742. [CrossRef]

Huang, L.; Wu, C.; Gao, H.; Xu, C.; Dai, M.; Huang, L.; Hao, H.; Wang, X.; Cheng, G. Bacterial multidrug efflux pumps at the
frontline of antimicrobial resistance: An overview. Antibiotics 2022, 11, 520. [CrossRef]

Pasqua, M.; Grossi, M.; Scinicariello, S.; Aussel, L.; Barras, F.; Colonna, B.; Prosseda, G. The MFS efflux pump EmrKY contributes
to the survival of Shigella within macrophages. Sci. Rep. 2019, 9, 2906. [CrossRef] [PubMed]

Handzlik, J.; Matys, A.; Kie¢-Kononowicz, K. Recent advances in multi-drug resistance (MDR) efflux pump inhibitors of
Gram-positive bacteria S. aureus. Antibiotics 2013, 2, 28-45. [CrossRef]

Hassan, K.A.; Liu, Q.; Elbourne, L.D.H.; Ahmad, L; Sharples, D.; Naidu, V.; Chan, C.L.; Li, L.; Harborne, S.P.D.; Pokhrel, A. Pacing
across the membrane: The novel PACE family of efflux pumps is widespread in Gram-negative pathogens. Res. Microbiol. 2018,
169, 450-454. [CrossRef] [PubMed]

Delmar, J.A.; Yu, EW. The AbgT family: A novel class of antimetabolite transporters. Prot. Sci. 2016, 25, 322-337. [CrossRef]
[PubMed]

Pasqua, M.; Grossi, M.; Zennaro, A.; Fanelli, G.; Micheli, G.; Barras, F; Colonna, B.; Prosseda, G. The Varied Role of Efflux Pumps
of the MFS Family in the Interplay of Bacteria with Animal and Plant Cells. Microorganisms 2019, 7, 285. [CrossRef]

Pacheco, J.O.; Alvarez-Ortega, C.; Rico, M.A.; Martinez, ].L. Metabolic Compensation of Fitness Costs Is a General Outcome for
Antibiotic-Resistant Pseudomonas aeruginosa Mutants Overexpressing Efflux Pumps. mBio 2017, 8, e00500-17.

Nishino, K.; Yamasaki, S.; Nakashima, R.; Zwama, M.; Hayashi-Nishino, M. Function and Inhibitory Mechanisms of Multidrug
Efflux Pumps. Front. Microbiol. 2021, 12, 737288. [CrossRef] [PubMed]

Rojo-Molinero, E.; Macia, M.D.; Oliver, A. Social Behavior of Antibiotic Resistant Mutants Within Pseudomonas aeruginosa Biofilm
Communities. Front. Microbiol. 2019, 10, 570. [CrossRef]

Lee, A.; Mao, W.; Warren, M.S.; Mistry, A.; Hoshino, K.; Okumura, R.; Ishida, H.; Lomovskaya, O. Interplay between efflux pumps
may provide either additive or multiplicative effects on drug resistance. J. Bacteriol. 2000, 182, 3142-3150. [CrossRef] [PubMed]

Leventhal, G.E.; Ackermann, M.; Schiessl, K.T. Why microbes secrete molecules to modify their environment: The case of
iron-chelating siderophores. J. R. Soc. Interface 2019, 16, 20180674. [CrossRef]

Woolridge, D.P.; Vazquez-Laslop, N.; Markham, PN.; Chevalier, M.S.; Gerner, EW.; Neyfakh, A.A. Efflux of the natural polyamine
spermidine facilitated by the Bacillus subtilis multidrug transporter Blt. |. Biol. Chem. 1997, 272, 8864-8866. [CrossRef] [PubMed]
Fleeman, R.M.; Debevec, G.; Antonen, K.; Adams, J.L.; Santos, R.G.; Welmaker, G.S.; Houghten, R.A.; Giulianotti, M.A.; Shaw,
L.N. Identification of a Novel Polyamine Scaffold With Potent Efflux Pump Inhibition Activity Toward Multi-Drug Resistant
Bacterial Pathogens. Front. Microbiol. 2018, 9, 1301. [CrossRef] [PubMed]

Hassan, K.A.; Naidu, V.; Edgerton, ].R.; Mettrick, K.A.; Liu, Q.; Fahmy, L.; Lip, L.; Jackson, S.M.; Ahmad, I; Sharples, D.; et al.
Short-chain diamines are the physiological substrates of PACE family efflux pumps. Proc. Natl. Acad. Sci. USA 2019, 116,
18015-18020. [CrossRef] [PubMed]

Wang, B.; Pachaiyappan, B.; Gruber, ].D.; Schmidt, M.G.; Zhang, Y.-M.; Woster, PM. Antibacterial Diamines Targeting Bacterial
Membranes. |. Med. Chem. 2016, 59, 3140-3151. [CrossRef]

Mukherjee, S.; Bossier, B.L. Bacterial quorum sensing in complex and dynamically changing environments. Nat. Rev. Microbiol.
2019, 17, 371-382. [CrossRef]

O’Brien, S.; Fothergill, J.L. The role of multispecies social interactions in shaping Pseudomonas aeruginosa pathogenicity in the
cystic fibrosis lung. FEMS Microbiol. Lett. 2017, 364, fnx128. [CrossRef]

Reen, EJ.; McGlacken, G.P.; O’Gara, F. The expanding horizon of alkyl quinolone signalling and communication in polycellular
interactomes. FEMS Microbiol. Lett. 2018, 365, fny076. [CrossRef]

Whiteley, M.; Diggle, S.P.; Greenberg, E.P. Progress in and promise of bacterial quorum sensing research. Nature 2017, 551, 313-320.
[CrossRef]

Kaur, B.; Gupta, J.; Sharma, S.; Sharma, D.; Sharma, S. Focused review on dual inhibition of quorum sensing and efflux pumps: A
potential way to combat multi drug resistant Staphylococcus aureus infections. Intern. J. Biol. Macromol. 2021, 190, 33—43. [CrossRef]
[PubMed]

Alcalde-Rico, M.; Olivares-Pacheco, J.; Alvarez-Ortega, C.; Camara, M.; Martinez, J.L. Role of the Multidrug Resistance Efflux
Pump MexCD-Opr] in the Pseudomonas aeruginosa Quorum Sensing Response. Front. Microbiol. 2018, 9, 2752. [CrossRef] [PubMed]
Olivares, J.; Alvarez-Ortega, C.; Linares, J.F,; Rojo, F.; Kohler, T.; Martinez, ].L. Overproduction of the multidrug efflux pump
MexEF-OprN does not impair Pseudomonas aeruginosa fitness in competition tests, but produces specific changes in bacterial
regulatory networks. Environ. Microbiol. 2012, 14, 1968-1981. [CrossRef] [PubMed]

Alcalde-Rico, M.; Olivares-Pacheco, J.; Halliday, N.; Camara, M.; Martinez, J.L. The impaired quorum sensing response of
Pseudomonas aeruginosa MexAB-OprM efflux pump overexpressing mutants is not due to non-physiological efflux of 3-oxo-C12-
HSL. Environ. Microbiol. 2020, 22, 5167-5188. [CrossRef]


http://doi.org/10.1016/S2666-5247(22)00221-X
http://doi.org/10.1371/journal.pone.0266742
http://doi.org/10.3390/antibiotics11040520
http://doi.org/10.1038/s41598-019-39749-3
http://www.ncbi.nlm.nih.gov/pubmed/30814604
http://doi.org/10.3390/antibiotics2010028
http://doi.org/10.1016/j.resmic.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29409983
http://doi.org/10.1002/pro.2820
http://www.ncbi.nlm.nih.gov/pubmed/26443496
http://doi.org/10.3390/microorganisms7090285
http://doi.org/10.3389/fmicb.2021.737288
http://www.ncbi.nlm.nih.gov/pubmed/34925258
http://doi.org/10.3389/fmicb.2019.00570
http://doi.org/10.1128/JB.182.11.3142-3150.2000
http://www.ncbi.nlm.nih.gov/pubmed/10809693
http://doi.org/10.1098/rsif.2018.0674
http://doi.org/10.1074/jbc.272.14.8864
http://www.ncbi.nlm.nih.gov/pubmed/9083003
http://doi.org/10.3389/fmicb.2018.01301
http://www.ncbi.nlm.nih.gov/pubmed/29963035
http://doi.org/10.1073/pnas.1901591116
http://www.ncbi.nlm.nih.gov/pubmed/31416917
http://doi.org/10.1021/acs.jmedchem.5b01912
http://doi.org/10.1038/s41579-019-0186-5
http://doi.org/10.1093/femsle/fnx128
http://doi.org/10.1093/femsle/fny076
http://doi.org/10.1038/nature24624
http://doi.org/10.1016/j.ijbiomac.2021.08.199
http://www.ncbi.nlm.nih.gov/pubmed/34480904
http://doi.org/10.3389/fmicb.2018.02752
http://www.ncbi.nlm.nih.gov/pubmed/30532741
http://doi.org/10.1111/j.1462-2920.2012.02727.x
http://www.ncbi.nlm.nih.gov/pubmed/22417660
http://doi.org/10.1111/1462-2920.15177

Antibiotics 2023, 12,731 16 of 19

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Pearson, J.P; Pesci, E.C.; Iglewski, B.H. Roles of Pseudomonas aeruginosa las and rhl quorum-sensing systems in control of elastase
and rhamnolipid biosynthesis genes. |. Bacteriol. 1997, 179, 5756-5767. [CrossRef]

Legendre, C.; Reen, FJ.; Mooij, M.].; McGlacken, G.P.; Adams, C.; O’Gara, E. Pseudomonas aeruginosa Alkyl Quinolones Repress
Hypoxia-Inducible Factor 1 (HIF-1) Signaling through HIF-1 alpha Degradation. Infect. Immun. 2012, 80, 3985-3992. [CrossRef]
Reen, FJ.; Mooij, M.].; Holcombe, L.J.; McSweeney, C.M.; McGlacken, G.P.; Morrissey, ].P.; O’Gara, F. The Pseudomonas quinolone
signal (PQS), and its precursor HHQ, modulate interspecies and interkingdom behaviour. FEMS Microbiol. Ecol. 2011, 77, 413-428.
[CrossRef]

Alav, L; Sutton, ].M.; Rahman, K.M. Role of bacterial efflux pumps in biofilm formation. J. Antimicrob. Chemother. 2018, 73,
2003-2020. [CrossRef]

Penesyan, A.; Paulsen, I.T.; Kjelleberg, S.; Gillings, M.R. Three faces of biofilms: A microbial lifestyle, a nascent multicellular
organism, and an incubator for diversity. NP] Biofilms Microbiomes 2021, 7, 80. [CrossRef]

Cecil, ].D,; Sirisaengtaksin, N.; O’Brien-Simpson, N.M.; Krachler, A.M. Outer Membrane Vesicle-Host Cell Interactions. Microbiol.
Spectr. 2019, 7, 7. [CrossRef]

Jan, A.T. Outer Membrane Vesicles (OMVs) of Gram-negative Bacteria: A Perspective Update. Front. Microbiol. 2017, 8, 1053.
[CrossRef] [PubMed]

Huang, W.; Zhang, Q.; Li, W.; Yuan, M.; Zhou, J.; Hua, L.; Chen, Y.; Ye, C.; Ma, Y. Development of novel nanoantibiotics using an
outer membrane vesicle-based drug efflux mechanism. J. Control. Release 2020, 317, 1-22. [CrossRef] [PubMed]

Furuyama, N.; Sircili, M.P. Outer Membrane Vesicles (OMVs) Produced by Gram-Negative Bacteria: Structure, Functions,
Biogenesis, and Vaccine Application. BioMed Res. Intern. 2021, 2021, 1490732. [CrossRef] [PubMed]

Kulp, A.; Kuehn, M J. Biological Functions and Biogenesis of Secreted Bacterial Outer Membrane Vesicles. Ann. Rev. Microbiol.
2010, 64, 163-184. [CrossRef] [PubMed]

Nagakubo, T.; Nomura, N.; Toyofuku, M. Cracking Open Bacterial Membrane Vesicles. Front. Microbiol. 2020, 10, 3026. [CrossRef]
Toyofuku, M.; Morinaga, K.; Hashimoto, Y.; Uhl, J.; Shimamura, H.; Inaba, H.; Schmitt-Kopplin, P.; Eberl, L.; Nomura, N.
Membrane vesicle-mediated bacterial communication. ISME J. 2017, 11, 1504-1509. [CrossRef] [PubMed]

Kaparakis-Liaskos, M.; Ferrero, R.L. Immune modulation by bacterial outer membrane vesicles. Nat. Rev. Immunol. 2015, 15,
375-387. [CrossRef]

Barber, O.M.; Miramontes, I.M.; Jain, M.; Ozer, E.; Hartmann, E.M. The Future of Bacteriophage Therapy Will Promote Antimicro-
bial Susceptibility. MSystems 2021, 6, €0021821. [CrossRef]

Schaible, B.; Schaffer, K.; Taylor, C.T. Hypoxia, innate immunity and infection in the lung. Resp. Physiol. Neurobiol. 2010, 174,
235-243. [CrossRef]

Page, L.K.; Staples, K.J.; Spalluto, C.M.; Watson, A.; Wilkinson, T.M.A. Influence of Hypoxia on the Epithelial-Pathogen
Interactions in the Lung: Implications for Respiratory Disease. Front. Immunol. 2021, 12, 653969. [CrossRef]

Schaible, B.; Taylor, C.T.; Schaffer, C.T. Hypoxia Increases Antibiotic Resistance in Pseudomonas aeruginosa through Altering the
Composition of Multidrug Efflux Pumps. Antimicrob. Agents Chemother. 2012, 56, 2114-2118. [CrossRef]

Toyofuku, M.; Uchiyama, H.; Nomura, N. Social Behaviours under Anaerobic Conditions in Pseudomonas aeruginosa. Int. ].
Microbiol. 2012, 2012, 405191. [CrossRef]

Comerford, K.M.; Wallace, T.]J.; Karhausen, ].; Louis, N.A.; Montalto, M.C.; Colgan, S.P. Hypoxia-inducible factor-1-dependent
regulation of the multidrug resistance (MDR1) gene. Cancer Res. 2002, 62, 3387-3394.

Black, P.A.; Warren, RM.; Louw, G.E.; van Helden, P.D.; Victor, T.C.; Kana, B.D. Energy metabolism and drug efflux in
Mycobacterium tuberculosis. Antimicrob. Agents Chemother. 2014, 58, 2491-2503. [CrossRef]

Mukodani, J.; Ishikawa, Y.; Fukuzaki, H. Effects of Hypoxia on Sterol Synthesis, Acyl-Coa—Cholesterol Acyltransferase Activity,
and Efflux of Cholesterol in Cultured Rabbit Skin Fibroblasts. Arteriosclerosis 1990, 10, 106—-110. [CrossRef]

Wang, D.; Wang, Q.; Yan, G.; Qiao, Y.; Zhu, B.; Liu, B.; Tang, C. Hypoxia induces lactate secretion and glycolytic efflux by
downregulating mitochondrial pyruvate carrier levels in human umbilical vein endothelial cells. Mol. Med. Rep. 2018, 18,
1710-1717. [CrossRef]

Vleugels, A.; Carmeliet, E. Hypoxia Increases Potassium Efflux from Mammalian Myocardium. Experientia 1976, 32, 483-484.
[CrossRef]

McGettrick, A.F.; O'Neill, L.A.J. The Role of HIF in Immunity and Inflammation. Cell. Metabol. 2020, 32, 524-536. [CrossRef]
Al-Momani, H.; Perry, A.; Nelson, A.; Stewart, C.J.; Jones, R.; Krishnan, A.; Robertson, A.; Bourke, S.; Doe, S.; Cummings, S.
Exposure to bile and gastric juice can impact the aerodigestive microbiome in people with cystic fibrosis. Sci. Rep. 2022, 12, 11114.
[CrossRef]

Flynn, S.; Reen, EJ.; Caparrés-Martin, J.A.; Woods, D.F,; Peplies, J.; Ranganathan, S.C.; Stick, S.M.; O’Gara, F. Bile Acid Signal
Molecules Associate Temporally with Respiratory Inflammation and Microbiome Signatures in Clinically Stable Cystic Fibrosis
Patients. Microorganisms 2020, 8, 1741. [CrossRef]

Legendre, C.; Reen, EJ.; Woods, D.E,; Mooij, M.J.; Adams, C.; O’Gara, F. Bile Acids Repress Hypoxia-Inducible Factor 1 Signaling
and Modulate the Airway Immune Response. Infect. Immun. 2014, 82, 3531-3541. [CrossRef]

Phelan, J.P; Reen, EJ.; Dunphy, N.; O’Connor, R.; O’Gara, F. Bile acids destabilise HIF-1 alpha and promote anti-tumour
phenotypes in cancer cell models. BMC Cancer 2016, 16, 476. [CrossRef]


http://doi.org/10.1128/jb.179.18.5756-5767.1997
http://doi.org/10.1128/IAI.00554-12
http://doi.org/10.1111/j.1574-6941.2011.01121.x
http://doi.org/10.1093/jac/dky042
http://doi.org/10.1038/s41522-021-00251-2
http://doi.org/10.1128/microbiolspec.PSIB-0001-2018
http://doi.org/10.3389/fmicb.2017.01053
http://www.ncbi.nlm.nih.gov/pubmed/28649237
http://doi.org/10.1016/j.jconrel.2019.11.017
http://www.ncbi.nlm.nih.gov/pubmed/31738965
http://doi.org/10.1155/2021/1490732
http://www.ncbi.nlm.nih.gov/pubmed/33834062
http://doi.org/10.1146/annurev.micro.091208.073413
http://www.ncbi.nlm.nih.gov/pubmed/20825345
http://doi.org/10.3389/fmicb.2019.03026
http://doi.org/10.1038/ismej.2017.13
http://www.ncbi.nlm.nih.gov/pubmed/28282039
http://doi.org/10.1038/nri3837
http://doi.org/10.1128/mSystems.00218-21
http://doi.org/10.1016/j.resp.2010.08.006
http://doi.org/10.3389/fimmu.2021.653969
http://doi.org/10.1128/AAC.05574-11
http://doi.org/10.1155/2012/405191
http://doi.org/10.1128/AAC.02293-13
http://doi.org/10.1161/01.ATV.10.1.106
http://doi.org/10.3892/mmr.2018.9079
http://doi.org/10.1007/BF01920810
http://doi.org/10.1016/j.cmet.2020.08.002
http://doi.org/10.1038/s41598-022-15375-4
http://doi.org/10.3390/microorganisms8111741
http://doi.org/10.1128/IAI.00674-13
http://doi.org/10.1186/s12885-016-2528-2

Antibiotics 2023, 12, 731 17 of 19

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

Reen, EJ.; Flynn, S.; Woods, D.E,; Dunphy, N.; Ni Chréinin, M.; Mullane, D.; Stick, S.; Adams, C.; O’Gara, F. Bile signalling
promotes chronic respiratory infections and antibiotic tolerance. Sci. Rep. 2016, 6, 29768. [CrossRef]

Lamarche, M.G.; Deziel, E. MexEF-OprN Efflux Pump Exports the Pseudomonas Quinolone Signal (PQS) Precursor HHQ
(4-hydroxy-2-heptylquinoline). PLoS ONE 2011, 6, €24310. [CrossRef]

Issa, K.H.B.; Phan, G.; Broutin, I. Functional Mechanism of the Efflux Pumps Transcription Regulators From Pseudomonas aeruginosa
Based on 3D Structures. Front. Mol. Biosci. 2018, 5, 57. [CrossRef]

Tegos, G.P; Haynes, M.; Strouse, ].J.; Khan, M.M.T.; Bologa, C.G.; Oprea, T.L; Sklar, L.A. Microbial Efflux Pump Inhibition: Tactics
and Strategies. Curr. Pharm. Des. 2011, 17, 1291-1302. [CrossRef]

Thakur, V.; Uniyal, A.; Tiwari, V. A comprehensive review on pharmacology of efflux pumps and their inhibitors in antibiotic
resistance. Eur. |. Pharmacol. 2021, 903, 174151. [CrossRef]

Blanco, P.; Corona, F.; Martinez, J.L. Biolog Phenotype Microarray Is a Tool for the Identification of Multidrug Resistance Efflux
Pump Inducers. Antimicrob. Agents Chemother. 2018, 62, €01263-18. [CrossRef]

Kerr, R.; Jabbari, S.; Blair, .M.A.; Johnston, I.G. Dynamic Boolean modelling reveals the influence of energy supply on bacterial
efflux pump expression. J. R. Soc. Interface 2022, 19, 20210771. [CrossRef]

Aendekerk, S.; Diggle, S.P.; Song, Z.; Heiby, N.; Cornelis, P.; Williams, P.; Camara, M. The MexGHI-OpmD multidrug efflux
pump controls growth, antibiotic susceptibility and virulence in Pseudomonas aeruginosa via 4-quinolone-dependent cell-to-cell
communication. Microbiology 2005, 151 Pt 4, 1113-1125. [CrossRef]

Aendekerk, S.; Ghysels, B.; Cornelis, P.; Baysse, C. Characterization of a new efflux pump, MexGHI-OpmD, from
Pseudomonas aeruginosa that confers resistance to vanadium. Microbiology 2002, 148 Pt 8, 2371-2381. [CrossRef]

Sakhtah, H.; Koyama, L.; Zhang, Y.; Morales, D.K.; Fields, B.L.; Price-Whelan, A.; Hogan, D.A.; Shepard, K ; Dietrich, L.E.P. The
Pseudomonas aeruginosa efflux pump MexGHI-OpmD transports a natural phenazine that controls gene expression and biofilm
development. Proc. Natl. Acad. Sci. USA 2016, 113, E3538-E3547. [CrossRef]

Flynn, S.; Reen, EJ.; O’Gara, F. Exposure to Bile Leads to the Emergence of Adaptive Signaling Variants in the Opportunistic
Pathogen Pseudomonas aeruginosa. Front. Microbiol. 2019, 10, 2013. [CrossRef]

Meirelles, L.A.; Newman, D.K. Both toxic and beneficial effects of pyocyanin contribute to the lifecycle of Pseudomonas aeruginosa.
Mol. Microbiol. 2018, 110, 995-1010. [CrossRef]

Schiessl, K.T.; Hu, E; Jo, J.; Nazia, S.Z.; Wang, B.; Price-Whelan, A.; Min, W,; Dietrich, L.E.P. Phenazine production promotes
antibiotic tolerance and metabolic heterogeneity in Pseudomonas aeruginosa biofilms. Nat. Commun. 2019, 10, 762. [CrossRef]
Reen, FJ.; Barret, M.; Fargier, E.; Muinneachain, M.O.; O’Gara, F. Molecular evolution of LysR-type transcriptional regulation in
Pseudomonas aeruginosa. Mol. Phylogenet. Evol. 2013, 66, 1041-1049. [CrossRef]

Fargier, E.; Mac Aogain, M.; Mooij, M.].; Woods, D.F.; Morrissey, ].P.; Dobson, A.D.W.; Adams, C.; O’Gara, F. MexT Functions as a
Redox-Responsive Regulator Modulating Disulfide Stress Resistance in Pseudomonas aeruginosa. |. Bacteriol. 2012, 194, 3502-3511.
[CrossRef]

Kim, S.; Kim, S.H.; Ahn, J; Jo, I; Lee, Z.-W.; Choi, S.H.; Ha, N.-C. Crystal Structure of the Regulatory Domain of MexT, a
Transcriptional Activator of the MexEF-OprN Efflux Pump in Pseudomonas aeruginosa. Mol. Cells 2019, 42, 850-857.
Cuthbertson, L.; Nodwell, J.R. The TetR Family of Regulators. Microbiol. Mol. Biol. Rev. 2013, 77, 440-475. [CrossRef]

Beggs, G.A.; Brennan, R.G.; Arshad, M. MarR family proteins are important regulators of clinically relevant antibiotic resistance.
Prot. Sci. 2020, 29, 647-653. [CrossRef]

Nishino, K.; Senda, Y.; Hayashi-Nishino, M.; Yamaguchi, A. Role of the AraC-XylS family regulator YdeO in multi-drug resistance
of Escherichia coli. ]. Antibiot. 2009, 62, 251-257. [CrossRef]

Dashtbani-Roozbehani, A.; Brown, M.H. Efflux pump mediated antimicrobial resistance by staphylococci in health-related
environments: Challenges and the quest for inhibition. Antibiotics 2021, 10, 1502. [CrossRef]

Sabatini, S.; Piccioni, M.; Felicetti, T.; De Marco, S.; Manfroni, G.; Pagiotti, R.; Nocchetti, M.; Cecchetti, V.; Pietrella, D. Investigation
on the effect of known potent S. aureus NorA efflux pump inhibitors on the staphylococcal biofilm formation. RSC Adv. 2017, 7,
37007-37014. [CrossRef]

Andersen, J.L.; He, G.-X,; Kakarla, P.; KC, R.; Kumar, S.; Lakra, W.S.; Mukherjee, M.M.; Ranaweera, I.; Shrestha, U.; Tran, T.
Multidrug efflux pumps from Enterobacteriaceae, Vibrio cholerae and Staphylococcus aureus bacterial food pathogens. Int. J. Environ.
Res. Public Health 2015, 12, 1487-1547. [CrossRef]

Truong-Bolduc, Q.C.; Zhang, X.; Hooper, D.C. Characterization of NorR protein, a multifunctional regulator of norA expression
in Staphylococcus aureus. |. Bacteriol. 2003, 185, 3127-3138. [CrossRef]

Pasqua, M.; di Patti, M.C.B.; Fanelli, G.; Utsumi, R.; Eguchi, Y.; Trirocco, R.; Prosseda, G.; Grossi, M.; Colonna, B. Host-Bacterial
pathogen communication: The Wily role of the multidrug efflux pumps of the MFS family. Front. Mol. Biosci. 2021, 8, 723274.
[CrossRef]

Truong-Bolduc, Q.C.; Hsing, L.C.; Villet, R.; Bolduc, G.R.; Estabrooks, Z.; Taguezem, G.F,; Hooper, D.C. Reduced aeration affects
the expression of the NorB efflux pump of Staphylococcus aureus by posttranslational modification of MgrA. . Bacteriol. 2012, 194,
1823-1834. [CrossRef]

Rahmati, S.; Yang, S.; Davidson, A.L.; Zechiedrich, E.L. Control of the AcrAB multidrug efflux pump by quorum-sensing regulator
SdiA. Mol. Microbiol. 2002, 43, 677-685. [CrossRef]


http://doi.org/10.1038/srep29768
http://doi.org/10.1371/journal.pone.0024310
http://doi.org/10.3389/fmolb.2018.00057
http://doi.org/10.2174/138161211795703726
http://doi.org/10.1016/j.ejphar.2021.174151
http://doi.org/10.1128/AAC.01263-18
http://doi.org/10.1098/rsif.2021.0771
http://doi.org/10.1099/mic.0.27631-0
http://doi.org/10.1099/00221287-148-8-2371
http://doi.org/10.1073/pnas.1600424113
http://doi.org/10.3389/fmicb.2019.02013
http://doi.org/10.1111/mmi.14132
http://doi.org/10.1038/s41467-019-08733-w
http://doi.org/10.1016/j.ympev.2012.12.014
http://doi.org/10.1128/JB.06632-11
http://doi.org/10.1128/MMBR.00018-13
http://doi.org/10.1002/pro.3769
http://doi.org/10.1038/ja.2009.23
http://doi.org/10.3390/antibiotics10121502
http://doi.org/10.1039/C7RA03859C
http://doi.org/10.3390/ijerph120201487
http://doi.org/10.1128/JB.185.10.3127-3138.2003
http://doi.org/10.3389/fmolb.2021.723274
http://doi.org/10.1128/JB.06503-11
http://doi.org/10.1046/j.1365-2958.2002.02773.x

Antibiotics 2023, 12, 731 18 of 19

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Yang, S.; Lopez, C.R.; Zechiedrich, E.L. Quorum sensing and multidrug transporters in Escherichia coli. Proc. Natl. Acad. Sci. USA
2006, 103, 2386-2391. [CrossRef]

Wolloscheck, D.; Krishnamoorthy, G.; Nguyen, J.; Zgurskaya, H.I. Kinetic Control of Quorum Sensing in Pseudomonas aeruginosa
by Multidrug Efflux Pumps. ACS Infect. Dis. 2018, 4, 185-195. [CrossRef]

Minagawa, S.; Inami, H.; Kato, T.; Sawada, S.; Yasuki, T.; Miyairi, S.; Horikawa, M.; Okuda, J.; Gotoh, N. RND type efflux pump
system MexAB-OprM of Pseudomonas aeruginosa selects bacterial languages, 3-oxo-acyl-homoserine lactones, for cell-to-cell
communication. BMC Microbiol. 2012, 12, 70. [CrossRef]

Compagne, N.; Da Cruz, A.V;; Miiller, R.T.; Hartkoorn, R.C.; Flipo, M.; Pos, K M. Update on the Discovery of Efflux Pump
Inhibitors against Critical Priority Gram-Negative Bacteria. Antibiotics 2023, 12, 180. [CrossRef]

Martinez, O.F,; Cardoso, M.H.; Ribeiro, S.M.; Franco, O.L. Recent Advances in Anti-virulence Therapeutic Strategies With a Focus
on Dismantling Bacterial Membrane Microdomains, Toxin Neutralization, Quorum-Sensing Interference and Biofilm Inhibition.
Front. Cell. Infect. Microbiol. 2019, 9, 74. [CrossRef]

Rampioni, G.; Leoni, L.; Williams, P. The art of antibacterial warfare: Deception through interference with quorum sensing-
mediated communication. Bioorg Chem. 2014, 55, 60-68. [CrossRef]

Garcia-Contreras, R.; Maeda, T.; Wood, T.K. Can resistance against quorum-sensing interference be selected? ISME |. 2016, 10, 4-10.
[CrossRef] [PubMed]

Chang, W,; Liu, J.; Zhang, M.; Shi, H.; Zheng, S.; Jin, X.; Gao, Y.; Wang, S.; Ji, A.; Lou, H. Efflux pump-mediated resistance
to antifungal compounds can be prevented by conjugation with triphenylphosphonium cation. Nat. Commun. 2018, 9, 5102.
[CrossRef] [PubMed]

Holmes, A.R.; Cardno, T.S.; Strouse, ].J.; Ivnitski-Steele, 1.; 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]

Prasad, R.; Rawal, M.K. Efflux pump proteins in antifungal resistance. Front. Pharmacol. 2014, 5, 202. [CrossRef] [PubMed]
Heacock-Kang, Y.; Sun, Z.; Zarzycki-Siek, J.; Poonsuk, K.; McMillan, L. A.; Chuanchuen, R.; Hoang, T.T. Two Regulators, PA3898
and PA2100, Modulate the Pseudomonas aeruginosa Multidrug Resistance MexAB-OprM and EmrAB Efflux Pumps and Biofilm
Formation. Antimicrob. Agents Chemother. 2018, 62, e01459-18. [CrossRef]

Lu, W.-J.; Lin, H.-].; Hsu, P-H.; Lai, M.; Chiu, J.-Y; Lin, H.-T.V. Brown and Red Seaweeds Serve as Potential Efflux Pump Inhibitors
for Drug-Resistant Escherichia coli. Evid.-Based Complement. Altern. Med. 2019, 2019, 1836982. [CrossRef]

Duraes, F.; Szemerédi, N.; Kumla, D.; Pinto, M.; Kijjoa, A.; Spengler, G.; Sousa, E. Metabolites from Marine-Derived Fungi as
Potential Antimicrobial Adjuvants. Mar. Drugs 2021, 19, 475. [CrossRef]

Reen, EJ.; Gutiérrez-Barranquero, J.A.; Dobson, A.D.W.; Adams, C.A.; O’Gara, F. Emerging Concepts Promising New Horizons
for Marine Biodiscovery and Synthetic Biology. Mar. Drugs 2015, 13, 2924-2954. [CrossRef]

Gutiérrez-Barranquero, J.A.; Reen, EJ.; Parages, M.L.; McCarthy, R.; Dobson, A.D.W.; O’Gara, F. Disruption of N-acyl-homoserine
lactone-specific signalling and virulence in clinical pathogens by marine sponge bacteria. Microb. Biotechnol. 2019, 12, 1049-1063.
[CrossRef]

Digirolamo, J.A ; Li, X.-C.; Jacob, M.R.; Clark, A.M.; Ferreira, D. Reversal of Fluconazole Resistance by Sulfated Sterols from the
Marine Sponge Topsentia sp. J. Nat. Prod. 2009, 72, 1524-1528. [CrossRef]

Cernicchi, G.; Felicetti, T.; Sabatini, S. Microbial Efflux Pump Inhibitors: A Journey around Quinoline and Indole Derivatives.
Molecules 2021, 26, 6996. [CrossRef]

Felicetti, T.; Cannalire, R.; Nizi, M.G.; Tabarrini, O.; Massari, S.; Barreca, M.L.; Manfroni, G.; Schindler, B.D.; Cecchetti, V.; Kaatz,
G.W. Studies on 2-phenylquinoline Staphylococcus aureus NorA efflux pump inhibitors: New insights on the C-6 position. Eur. J.
Med. Chem. 2018, 155, 428-433. [CrossRef]

Cedraro, N.; Cannalire, R.; Astolfi, A.; Mangiaterra, G.; Felicetti, T.; Vaiasicca, S.; Cernicchi, G.; Massari, S.; Manfroni, G.; Tabarrini,
O. From Quinoline to Quinazoline-Based S. aureus NorA Efflux Pump Inhibitors by Coupling a Focused Scaffold Hopping
Approach and a Pharmacophore Search. ChemMedChem 2021, 16, 3044-3059. [CrossRef]

Lomovskaya, O.; Warren, M.S.; Lee, A.; Galazzo, J.; Fronko, R.; Lee, M.; Blais, J.; Cho, D.; Chamberland, S.; Renau, T.; et al.
Identification and characterization of inhibitors of multidrug resistance efflux pumps in Pseudomonas aeruginosa: Novel agents for
combination therapy. Antimicrob. Agents Chemother. 2001, 45, 105-116. [CrossRef]

Bhattacharyya, T.; Sharma, A.; Akhter, J.; Pathania, R. The small molecule II'TR08027 restores the antibacterial activity of
fluoroquinolones against multidrug-resistant Acinetobacter baumannii by efflux inhibition. Int. J. Antimicrob. Agents 2017, 50,
219-226. [CrossRef]

Vargiu, A.V.; Ruggerone, P.; Opperman, T.J.; Nguyen, S.T.; Nikaido, H. Molecular mechanism of MBX2319 inhibition of
Escherichia coli AcrB multidrug efflux pump and comparison with other inhibitors. Antimicrob. Agents Chemother. 2014, 58,
6224-6234. [CrossRef]

Opperman, TJ.; Nguyen, S.T. Recent advances toward a molecular mechanism of efflux pump inhibition. Front. Microbiol. 2015, 6, 421.
[CrossRef] [PubMed]

Sharma, A.; Gupta, V.K; Pathania, R. Efflux pump inhibitors for bacterial pathogens: From bench to bedside. Indian J. Med. Res.
2019, 149, 129-145. [PubMed]


http://doi.org/10.1073/pnas.0502890102
http://doi.org/10.1021/acsinfecdis.7b00160
http://doi.org/10.1186/1471-2180-12-70
http://doi.org/10.3390/antibiotics12010180
http://doi.org/10.3389/fcimb.2019.00074
http://doi.org/10.1016/j.bioorg.2014.04.005
http://doi.org/10.1038/ismej.2015.84
http://www.ncbi.nlm.nih.gov/pubmed/26023871
http://doi.org/10.1038/s41467-018-07633-9
http://www.ncbi.nlm.nih.gov/pubmed/30504815
http://doi.org/10.4155/fmc-2016-0050
http://doi.org/10.3389/fphar.2014.00202
http://www.ncbi.nlm.nih.gov/pubmed/25221515
http://doi.org/10.1128/AAC.01459-18
http://doi.org/10.1155/2019/1836982
http://doi.org/10.3390/md19090475
http://doi.org/10.3390/md13052924
http://doi.org/10.1111/1751-7915.12867
http://doi.org/10.1021/np900177m
http://doi.org/10.3390/molecules26226996
http://doi.org/10.1016/j.ejmech.2018.06.013
http://doi.org/10.1002/cmdc.202100282
http://doi.org/10.1128/AAC.45.1.105-116.2001
http://doi.org/10.1016/j.ijantimicag.2017.03.005
http://doi.org/10.1128/AAC.03283-14
http://doi.org/10.3389/fmicb.2015.00421
http://www.ncbi.nlm.nih.gov/pubmed/25999939
http://www.ncbi.nlm.nih.gov/pubmed/31219077

Antibiotics 2023, 12, 731 19 of 19

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Gurney, J.; Pradier, L.; Griffin, ].S.; Gougat-Barbera, C.; Chan, B.K,; Turner, PE.; Kaltz, O.; Hochberg, M.E. Phage steering of
antibiotic-resistance evolution in the bacterial pathogen, Pseudomonas aeruginosa. Evol. Med. Public Health 2020, 2020, 148-157.
[CrossRef] [PubMed]

Chan, B.K.; Sistrom, M.; Wertz, J.E.; Kortright, K.E.; Narayan, D.; Turner, PE. Phage selection restores antibiotic sensitivity in
MDR Pseudomonas aeruginosa. Sci. Rep. 2016, 6, 26717. [CrossRef]

Chan, B.K,; Turner, PE.; Kim, S.; Mojibian, H.R.; Elefteriades, ].A.; Narayan, D. Phage treatment of an aortic graft infected with
Pseudomonas aeruginosa. Evol. Med. Public Health 2018, 2018, 60-66. [CrossRef]

Wen, X.; Langevin, A.M.; Dunlop, M.]. Antibiotic export by efflux pumps affects growth of neighboring bacteria. Sci. Rep. 2018, 8,
15120. [CrossRef]

Molina-Santiago, C.; Udaondo, Z.; Cordero, B.F.,; Ramos, ].-L. Interspecies cross-talk between co-cultured Pseudomonas putida and
Escherichia coli. Environ. Microbiol. Rep. 2017, 9, 441-448. [CrossRef]

Evans, K.C.; Benomar, S.; Camuy-Vélez, L.A.; Nasseri, E.B.; Wang, X.; Neuenswander, B.; Chandler, J.R. Quorum-sensing control
of antibiotic resistance stabilizes cooperation in Chromobacterium violaceum. ISME J. 2018, 12, 1263-1272. [CrossRef]
Molina-Santiago, C.; Daddaoua, A ; Fillet, S.; Duque, E.; Ramos, J.-L. Interspecies signalling: Pseudomonas putida efflux pump
TtgGHI is activated by indole to increase antibiotic resistance. Environ. Microbiol. 2014, 16, 1267-1281. [CrossRef]

Duan, K.; Dammel, C.; Stein, J.; Rabin, H.; Surette, M.G. Modulation of Pseudomonas aeruginosa gene expression by host microflora
through interspecies communication. Mol. Microbiol. 2003, 50, 1477-1491. [CrossRef]

Tan, C.A.Z,; Lam, LN.; Biukovic, G.; Soh, E.Y.-C.; Toh, X.W.; Lemos, J.A.; Kline, K.A. Enterococcus faecalis Antagonizes
Pseudomonas aeruginosa Growth in Mixed-Species Interactions. J. Bacteriol. 2022, 204, €0061521. [CrossRef] [PubMed]

Morgan, B.G.; Warren, P.; Mewis, R.E.; Rivett, D.W. Bacterial dominance is due to effective utilisation of secondary metabolites
produced by competitors. Sci. Rep. 2020, 10, 2316. [CrossRef] [PubMed]

Ioannidis, A.; Magana, M.; Bologa, C.G.; Oprea, T.I; Paulsen, L.T.; Tegos, G.P. Defining the microbial effluxome in the content of
the host-microbiome interaction. Front. Pharmacol. 2015, 6, 31. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1093/emph/eoaa026
http://www.ncbi.nlm.nih.gov/pubmed/34254028
http://doi.org/10.1038/srep26717
http://doi.org/10.1093/emph/eoy005
http://doi.org/10.1038/s41598-018-33275-4
http://doi.org/10.1111/1758-2229.12553
http://doi.org/10.1038/s41396-018-0047-7
http://doi.org/10.1111/1462-2920.12368
http://doi.org/10.1046/j.1365-2958.2003.03803.x
http://doi.org/10.1128/jb.00615-21
http://www.ncbi.nlm.nih.gov/pubmed/35758750
http://doi.org/10.1038/s41598-020-59048-6
http://www.ncbi.nlm.nih.gov/pubmed/32047185
http://doi.org/10.3389/fphar.2015.00031
http://www.ncbi.nlm.nih.gov/pubmed/25745401

	Introduction 
	Ecological Role of Efflux Pumps 
	Efflux Pumps, Homeostasis and Stress Management 
	Efflux Pumps and Signalling 
	Efflux Pumps, Antibiotic Stress, and Outer Membrane Vesicles 
	Efflux Pumps and Host Colonisation 

	Efflux Pump Regulation 
	RND Efflux Pumps in Pseudomonas aeruginosa and Their Regulation 
	MFS Efflux Pumps in Staphylococcus aureus and Their Regulation 
	Cell-Cell Communication, Sensing the Qourum, and Efflux Regulation 

	The Microbial Ecology of Efflux Inhibition and Sources for Exploration 
	On the Ecological Basis of Efflux Inhibition 
	Plants as a Source for Efflux Inhibitors 
	Marine Efflux Inhibitors 
	Synthetic Efflux Inhibitors 
	Phage Steering 

	Efflux Pumps and Polymicrobial Communities 
	Conclusions 
	References

