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Burkholderia cenocepacia is an opportunistic pathogen particularly dangerous for cystic
fibrosis (CF) patients. It can cause a severe decline in CF lung function possibly
developing into a life-threatening systemic infection known as cepacia syndrome.
Antibiotic resistance and presence of humerous virulence determinants in the genome
make B. cenocepacia extremely difficult to treat. Better understanding of its resistance
profiles and mechanisms is crucial to improve management of these infections. Here,
we present the clinical distribution of B. cenocepacia described in the last 6 years and
methods for identification and classification of epidemic strains. We also detail new
antibiotics, clinical trials, and alternative approaches reported in the literature in the last
5 years to tackle B. cenocepacia resistance issue. All together these findings point out
the urgent need of new and alternative therapies to improve CF patients’ life expectancy.
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INTRODUCTION

Burkholderia cenocepacia is a member of the Burkholderia cepacia complex (Bcc) (Vanlaere et al.,
2008; De Smet et al., 2015; Ong et al., 2016; Weber and King, 2017), a group of 22 Gram negative
related bacterial species widespread in the environment. It can infect cystic fibrosis (CF) patients
causing a severe decline in lung function which can further develop into a life-threatening systemic
infection known as cepacia syndrome. CF is the commonest autosomal recessive disease in Europe
affecting 1 in 2500 newborns, nevertheless it is considered rare according to the European Union
definition (i.e., disease affecting less than five individuals per 10,000 people) (Farrell, 2008). More
than 2,000 mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene
are responsible for the disease. The CFTR encodes a chloride ion channel which is expressed
on the surface of cells in many tissues, including lungs, gut, and pancreas; its malfunctioning
causes the production of viscous secretions which are particularly dangerous in the lungs where
opportunistic infections consequently occur (Knowles and Durie, 2002). It is noteworthy, that
chronic respiratory infections and inflammation are the leading cause of death in CF (Ciofu
et al., 2013).Moreover, colonization of immunocompromised individuals has also been reported
(Ganesan and Sajjan, 2012).

Bcc bacteria, particularly B. cenocepacia, are naturally resistant to different classes of antibiotics
used in clinical practice (Mahenthiralingam et al., 2005; Burns, 2007) and their pathogenicity is
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promoted by several virulence determinants (Loutet and Valvano,
20105 Sousa et al., 2011). These characteristics, together with the
ability to adapt to environmental changes, make the treatment of
B. cenocepacia infections particularly challenging. In fact, it has
been shown that during long-term colonization, B. cenocepacia
can undergo transcriptional reprogramming in response to host
immune response, antimicrobial therapy, nutrient availability,
and oxygen limitation (Mira et al, 2011). Consequently, a
genomic approach as well as the construction of mutant libraries
revealed crucial in identifying essential genes responsible for
antimicrobial resistance, virulence, and adaptation (Wong et al.,
2016; Gislason et al., 2017).

From an epidemiological perspective, a recent study by
Salsgiver et al. (2016) reported that from 1995 to 2012 the
prevalence of Bcc infections decreased from 3.6 to 3.0% in
the United States (Salsgiver et al., 2016). This was ascribed
to the combination of new antimicrobial therapies with CFTR
correctors and potentiators, as well as the introduction of
new guidelines detailing prevention and eradication strategies
(Saiman et al., 2014).

Although Burkholderia species are relatively rare amongst
CF patients, they still cause serious challenges. Indeed, despite
therapeutic advances, respiratory failure remains the major cause
of premature death and lung transplant the best option to
treat the most severe cases (Ramos et al., 2017). However, a
main post-transplant complication is represented by infection
with multidrug resistant bacteria and Bcc was recognized as a
significant contributor to CF morbidity and mortality associated
to increased post-transplant death rate (Alexander et al., 2008;
Chaparro and Keshavjee, 2016). In this context, studying the
resistance profile, the mechanisms underlying resistance, as well
as the epidemiology of CF pathogens seems essential to improve
management of these infections.

In this review, we describe the clinical distribution of
B. cenocepacia resistant strains reported in the last 6 years and the
methods for identification and classification of epidemic strains.
All together these data point out the urgent need of new and
alternative therapies to treat Bcc infections and improve CF
patients’ life quality and expectancy. Finally, we summarize new
antibiotics, clinical trials, and alternative approaches reported in
the literature in the last 5 years to tackle B. cenocepacia resistance
to antimicrobials.

EPIDEMIOLOGY OF B. cenocepacia
STRAINS

The frequency of Bcc infections in CF patients is quite
variable. B. cenocepacia and Burkholderia multivorans are the
most commonly isolated in Australia, New Zealand, and
several European countries. B. multivorans is currently the
most prevalent in the United States and Canada':?>. Moreover,
Burkholderia gladioli, a non-Bcc member, is increasingly isolated

Uhttp://www.cysticfibrosis.ca/uploads/Registry%20Report%202015/2015%
20Registry%20Annual%20Report%20EN.pdf

*https://www.cff.org/Our-Research/CF- Patient- Registry/2015- Patient- Registry-
Annual-Data-Report.pdf

and has become the third most common Burkholderia species
in the United States, but it is not common in European CF
patients™ .

It is worth mentioning that following to the recommendations
for infection prevention and control in CF, published in 2003
and updated in 2013 (Saiman et al., 2014), strategies to reduce
the risk of patient-to-patient transmission and acquisition from
the environment were implemented and a progressive decrease
in Bcc prevalence was subsequently observed (Salsgiver et al.,
2016). Transmission of Bcc infection occurs as a consequence
of both direct and indirect contact (e.g., via infectious droplets)
between patients. Initially, social contacts during summer
camps, very popular among CF patients until 1998, were
the most likely cause of Bcc cross-infections. Nevertheless, a
B. cenocepacia strain isolated from soil in 2000 was shown to
be indistinguishable from clinical isolates by different typing
methods, thus demonstrating that acquisition of Bcc from the
environment could occur, and explaining why the incidence of
Bcc infection in CF patients has not been eliminated (LiPuma
et al., 2002).

Several single-center or multicenter studies have suggested
that poor outcomes might be a consequence of the infecting
Bec species (Murray et al.,, 2008). Indeed, the worst outcome
was observed with B. cenocepacia which leads to an excessive
mortality rate among CF patients (Corey and Farewell, 1996;
Alexander et al., 2008; De Soyza et al., 2010; Gilljam et al., 2017).
Despite advanced lung disease, several B. cenocepacia infected
patients are not considered for lung transplant (Ramos et al.,
2016).

From the end of the 1990s, epidemiological studies
demonstrated that B. cenocepacia, at that time known as
Bce genomovar III, was the most prevalent Bcc pathogen in
CF patients. Using recA sequence analysis, the species was then
subdivided into four phylogenetic clusters IIIA — IIID, however,
almost all clinical isolates belong to the IIIA and IIIB subgroups.
Among them, the ET-12 strain (ST28) and the Czech strain
(ST32), which spread within CF patients in Canada and Europe,
belong to the B. cenocepacia IIIA group, while the B. cenocepacia
strains dominant in the United States, such as the Midwest clone
and the PHDC strain, are part of the subgroup IIIB (Drevinek
and Mahenthiralingam, 2010). B. cenocepacia IIIC group is
exclusively environmental, while IIID strains have been isolated
from CF patients only in Sweden, Argentina, and in Italy (Manno
et al., 2004; Campana et al., 2005).

These studies suggest that chronic B. cenocepacia infections
resulted from the colonization of few clonal bacterial strains.
Nevertheless, CF patients infected with genotypically similar
Burkholderia strains can manifest different outcomes. Indeed,
rapid evolution of Burkholderia species was demonstrated during
infections or in vitro under stress conditions (Drevinek et al.,
20105 Sass et al., 2011), suggesting that mutations can occur
and accumulate in clonal lineages as a response to suboptimal
growth conditions. For instance, an epidemic B. cenocepacia
clone prevalent in the Serbian CF population (i.e., ST856) was

Shttps://www.ecfs.eu/sites/default/files/general-content-files/working-groups/
ecfs- patient-registry/ ECFSPR_Annual%20Repor
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shown to be subjected to variations in virulence and genotype
as a consequence of the lung adaptation (Malesevi¢ et al.,
2017).

It is noteworthy that, thanks to the prevention and
control strategies introduced in the late ‘90s, novel Bcc
infections occurring in Canada, the United States and many
European countries are presently caused by non-epidemic
B. cenocepacia strains or by non-clonal B. multivorans strains
or Bcc species other than B. cenocepacia. The presence of
non-clonal isolates of various Bcc species in CF patients,
also when strict control measures are undertaken, suggests
an acquisition from environmental sources rather than cross-
infections. Further studies are now necessary to analyze so far
unexplored environmental niches of Burkholderia species and
then implement appropriate prevention measures (Zlosnik et al.,
2015).

Epidemiological Methods

The analysis of Bec epidemiology, particularly of B. cenocepacia,
in CF patients is paramount as highlighted by the several
methods used for genotyping. Indeed, transmissibility
markers were identified in B. cenocepacia epidemic strains,
such as the c¢blA pilin gene (Sun et al, 1995) and the
B. cepacia epidemic strain marker (BCESM) belonging to
a pathogenicity island (Baldwin et al., 2004), or the 1S1363
insertion sequence (Liu et al., 2003). However, even if some
epidemic lineages are associated to these genetic markers, others
were not, thus genotyping studies are still required for a full
understanding of cross-transmission and for epidemiological
surveillance.

Among molecular typing methods, the most used are
ribotyping (LiPuma et al., 1988; Dasen et al,, 1994), pulsed-
field gel electrophoresis (PFGE) (Tenover et al., 1995), random
amplified polymorphic DNA (RAPD) (Mahenthiralingam et al,,
1996), repetitive elements PCR (rep-PCR) (van Belkum et al,,
1996) and multilocus sequence typing (MLST) (Coenye and
LiPuma, 2002; Urwin and Maiden, 2003; Spilker et al,
2009). Macro-restriction of chromosomal DNA followed by
PFGE was considered the gold standard in bacterial typing
for a long time, and was widely applied to the molecular
epidemiology of Bce (Coenye et al., 2002). However, as PFGE
is quite a laborious technique and typing results are difficult
to compare between different laboratories, MLST replaced
it as preferred genotyping method also for CF pathogens
(Saiman et al., 2014). MLST differentiates bacterial isolates
by comparing the sequence of seven housekeeping gene
fragments and then characterizing strains by the resulting allelic
profile. For each housekeeping gene, sequence variants are
designated as distinct alleles and each allele profile defines a
specific sequence type (ST). Compared to other genotyping
methods, MLST offers several advantages, primarily yielding
unambiguous and reproducible results that can be easily and
reliably compared between different laboratories. MLST profiles
of more than 2000 Bcc isolates are freely available online*
(Jolley and Maiden, 2010), however this technique is quite

“http://pubmlst.org/bcc/

expensive and time consuming, thus limiting its application
for routine use in clinical microbiology laboratories or in
genotyping large collection of isolates in national surveillance
programs.

For the above reasons, alternative methods were developed
to allow routine or large-scale analysis, such as the SNaPBcen
assay targeting only single nucleotide polymorphisms in MLST
genes instead of analyzing full sequences (Eusebio et al., 2013);
the PCR assays based on MLST and specific for particularly
globally distributed epidemic strain (Dedeckova et al., 2013);
or multilocus variable-number tandem-repeat analysis (MLVA)
(Segonds et al., 2015).

Evolution and adaptation of pathogens during chronic
infections are of great importance for choosing the appropriate
therapeutic strategy, however, the underlying molecular bases for
Bcc are still poorly understood. As a consequence, the current
genotyping methods currently available are not sufficient to
assess the genetic diversity of Bec strains and predict the clinical
outcome (Lee et al., 2017). By contrast, a genomic approach
could provide more insights in Bcc evolution during chronic
lung infections. A recent study describing the whole genome
sequence analysis of 215 B. cenocepacia isolates, collected from
16 CF patients at different times of infection, demonstrated
a considerable phenotypic and genotypic variability within
single patients and confirmed that distinct lineages could
follow distinct evolution patterns during chronic lung infection
(Lee et al., 2017). Similar results were previously achieved by
comparative genomic analysis of clinical isolates of Pseudomonas
aeruginosa and Burkholderia dolosa from CF patients, thus
confirming that these bacteria are indeed capable of accumulating
different mutations at different stages of chronic infections
(Lieberman et al.,, 2011; Markussen et al., 2014; Lee et al,,
2017).

Genome-based taxonomic and phylogenetic analyses that
have emerged as present identification standards can provide
more accurate genotyping data of clinical isolates and also
allow the identification of strains that have rapidly evolved
after introduction of novel determinants by horizontal gene
transfer (Juhas et al., 2009). For instance, a recent genome-
based analysis of Bcc clinical isolates in India identified a
previously unknown B. cenocepacia clone characterized by a
novel genomic island (i.e., BcenGI15), very similar to that found
in Burkholderia pseudomallei strain EY1, and so demonstrated
transfer of genomic islands also between different pathogenic
species within the Burkholderia genus (Patil et al., 2017).

RESISTANCE MECHANISMS

Antibiotic resistance could be intrinsic or acquired. The first one
is independent of antibiotic selective pressure and horizontal
gene transfer, instead it is the result of inherent structural
or functional characteristics. On the other hand, bacteria can
acquire resistance to antibiotics, such as mutations in drug
targets or transfer of resistance genes through phage-mediated
transduction and mobile plasmids. Moreover, tolerance to
antibiotics plays an important role in protecting bacteria during

Frontiers in Microbiology | www.frontiersin.org

August 2017 | Volume 8 | Article 1592


http://pubmlst.org/bcc/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Scoffone et al.

Burkholderia cenocepacia Resistance and Therapy

infections. This phenomenon is related to bacteria adaptation to
environment, such as planktonic or sessile (biofilm) growth and
presence of persister cells, and it can be due or not to mutations
in target genes.

The four main mechanisms of antibiotic resistance are:
prevention of access to target due to (1) reduced permeability of
the cell envelope or to (2) increased efflux activity; (3) mutation in
antibiotic target; (4) enzymatic modification or inactivation of the
drug (hydrolysis or transfer of a chemical group). In addition, (5)
the ability to form biofilms greatly enhance antibiotic resistance
traits.

Reduced Permeability of the Cell

Envelope

In Gram negative bacteria the cell envelope is composed of an
inner membrane, a periplasmic space and an outer membrane
containing lipopolysaccharide (LPS) (Hamad et al.,, 2012). LPS
comprises lipid A, core oligosaccharide (OS) and a polymer
composed of glycan monomers called O-antigen (O-Ag). The
lipid A-core OS and O-Ag are synthetized independently on
the cytoplasmic side of the inner membrane, then they are
joined in the periplasmic side and finally the complete LPS
molecule is transferred to the outer membrane surface by a group
of conserved proteins forming the lipopolysaccharide transport
machinery (LPT) (Hamad et al., 2012). LPS undergoes further
modifications, such as addition or removal of sugars, phosphates,
or acyl groups allowing bacterial survival in stress conditions such
as presence of antimicrobial peptides (Raetz et al., 2007). Among
LPS alterations, the cationic substitution of phosphate groups
by the addition of 4-amino-4-deoxy-L-arabinose (L-Ara4N),
decreases the net negative charge of lipid A. B. cenocepacia is
extremely resistant to antimicrobial peptides like polymyxin B.
In Burkholderia spp. L-Ara4N is the main constituent of the lipid
A and of the OS portion of the LPS (Olaitan et al., 2014). Deletion
of the OS region leads to an increased binding of polymyxin B to
B. cenocepacia cells and so increased sensitivity to polymyxin B
(Ortega et al., 2009).

In addition, another important polymyxin B resistance
determinant in B. cenocepacia is the alternative sigma factor RpoE
involved in controlling the expression of a group of genes which
are part of the extra-cytoplasmic stress response (Loutet and
Valvano, 2011).

Finally, there are two other minor determinants of
antimicrobial peptide resistance in B. cenocepacia. Two
secreted zinc metalloproteases, ZmpA and ZmpB, are involved
in the degradation of different antimicrobial peptides in vitro,
however, B. cenocepacia knocked-out strains for one or both
proteases did not show increased sensitivity. Loutet et al. (2011)
demonstrated that antimicrobial peptide resistance could be
found in a deep-rough LPS B. cenocepacia mutant in which
the LPS molecule is truncated through the disruption of the
ADP-L-glycero-D-manno-heptose synthesis.

Overexpression of Efflux Pumps
In Gram negative bacteria efflux mechanisms play a major
role in antibiotic resistance. Up to five families of transporters

can be involved: the major facilitator superfamily (MES),
the ATP-binding cassette family (ABC), the small multidrug
resistance family (SMR), the multidrug and toxic compound
extrusion family (MATE), and the resistance nodulation division
family (RND) (Li et al., 2015).

In B. cenocepacia 16 open reading frames encoding RND
efflux pumps were identified. This type of transporters catalyzes
substrate efflux via an HT antiport mechanism. Genes are
usually organized as operons and encode multimeric structures
composed of an RND protein placed in the inner cellular
membrane, an outer membrane protein (OMP) in the
outer membrane and a membrane adaptor protein in the
periplasmic region that connects the first two proteins (Li et al.,
2015).

Different studies highlighted the key role of RND efflux
pumps in drug resistance of B. cenocepacia, showing that
in particular RND-3, RND-4, and RND-9 protect the
bacterium from different compounds (Buroni et al., 2009,
2014; Bazzini et al., 2011). For example, B. cenocepacia cells
treated with chlorhexidine overexpress several genes coding
for drug resistance determinants such as RND efflux systems
(Coenye et al, 2011). Analysis of RND mutants confirmed
that some efflux transporters are involved in chlorhexidine
efflux during planktonic growth (RND-1 and RND-4), while
some others (RND-3 and RND-9) during sessile growth
(Coenye et al., 2011).

Moreover, in order to better clarify the role of each RND
efflux pumps in B. cenocepacia, MIC differences for certain
antibiotics were evaluated using knock-out mutants for the 16
RND efflux systems, and analyzed during both planktonic and
sessile growth. During planktonic growth RND-3 efflux
pump was demonstrated to be crucial for resistance to
ciprofloxacin and tobramycin, while RND-4 is important
for extrusion of ciprofloxacin, tobramycin, minocycline,
and chloramphenicol (Buroni et al., 2014). On the other
hand, RND-8 and RND-9 play a key role in protection
against tobramycin only during sessile growth (Buroni et al,
2014).

Mira et al. (2011) described the adaptive mechanisms that
promote long-term colonization of B. cenocepacia in CF lungs by
DNA microarrays transcriptomic analysis of two clonal variants
isolated during long-term infection. Among the up-regulated
genes in the most resistant strain, mdtABC and bpeA, were
identified, respectively encoding RND-6 and RND-4 efflux
pumps, BCAM0201, encoding an efflux system of the MFS; and
BCAM?2188, encoding a component of an ABC-transporter (Mira
etal., 2011).

RND-4 and RND-9 were also involved in the resistance to
two novel anti-Burkholderia experimental compounds (Scoffone
etal, 2014, 2015).

A further study showed that in Bcc clinical isolates, RND-3
is the most up-regulated among the RND efflux systems due
to mutations in its transcriptional regulator (Tseng et al,
2014).

Other efflux systems are also involved in Burkholderia
antibiotic resistance: for example, the overexpression of fsr
(fosmidomycin resistance gene) results in the upregulation of an
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efflux pump which leads to fosmidomycin resistance (Messiaen
etal., 2011).

Mutations in Antibiotic Cellular Target

Drug target modification is not the main resistance mechanism
described in B. cenocepacia. A recent work analyzed the roles
of the class 1 integron, the quinolone resistance-determining
regions (QRDRs) of topoisomerases II and IV, in Bcc clinical
isolates (Tseng et al, 2014). Levofloxacin resistance is due
to accumulation of mutations in the QRDR genes encoding
topoisomerases and efflux pump activation (Pope et al., 2008;
Nikaido and Pages, 2012). Among 66 Bcc clinical isolates, 6
levofloxacin resistant strains were identified carrying single-base
mutations in the QRDR region of the DNA gyrase subunit A
(gyrA gene) at codon 81 (Gly81Asp), 83 (Thr83Ile), and 87
(Asp87His), respectively. No mutations were found in the QRDR
region of the DNA topoisomerase IV subunit A (parC gene)
(Tseng et al., 2014).

Antibiotic Modification

This mechanism is commonly used by bacteria to achieve
resistance to f-lactams and aminoglycosides.

B-lactams, such as penicillins, cephalosporins, clavams,
carbapenems, and monobactams are inactivated by periplasmic
B-lactamases through hydrolysis of the P-lactam ring (Bush
and Fisher, 2011). Several B-lactamases were identified in
B. cenocepacia: AmpC, hydrolysing expanded-spectrum
cephalosporins; AmpD, a cell wall recycling enzyme (Holden
et al., 2009); PenB, a Class A penicillinase extremely conserved
across the Bec (Poirel et al., 2009). B-lactams block the cell wall
recycling system (Cho et al., 2014), but bacteria can detect them
using PenR (AmpR), a transcriptional regulator that normally
binds a precursor of peptidoglycan (i.e., UDP-MurNAc-
pentapeptide) and represses the expression of ampC. PenR
becomes a transcriptional activator after binding peptidoglycan
degradation  products like 1,6-anhydroMurNAc-peptides.
Mutations in ampD have a key role in controlling expression
of ampC and penB (Lee et al, 2015; Vadlamani et al., 2015).
In a recent study, ampD mutations induced by ceftazidime
were demonstrated to cause overexpression of PenB and AmpC
B-lactamases encoding genes, hence causing a reduction to
ceftazidime, cefotaxime, and meropenem susceptibility (Hwang
and Kim, 2015).

A therapeutic strategy could be to block the activity of
B-lactamases using B-lactamase inhibitors; a large number of
class A enzymes are blocked by clavulanic acid, sulbactam
or tazobactam, while class C (AmpC p-lactamases) and some
class D enzymes are inhibited by avibactam (Drawz and
Bonomo, 2010; Lagacé-Wiens et al, 2014). No inhibitors
effective against class B P-lactamases have been described
yet (Livermore et al, 2011; Aktas et al, 2012). In this
context, a recent work evaluated the effect of P-lactamase
inhibitors on Bcc treated with B-lactam antibiotics (Everaert
and Coenye, 2016). In B. cenocepacia LMG 16656 the authors
did not observe any difference in the MIC for ceftazidime
and cefepime when sulbactam, tazobactam, or avibactam were
present. A possible explanation could be that in B. cenocepacia

LMG 16656 the majority of the PB-lactamases belong to
the metallo-B-lactamase family (Winsor et al., 2008), so no
effective inhibitors are available yet (Everaert and Coenye,
2016).

Biofilm Formation and Persister Cells

When chronic infections are established in CF patients, bacterial
cells are able to form biofilm, a matrix of extracellular
polymeric molecules composed of DNA, polysaccharides, and
proteins. In this context, they can further develop antibiotic
resistance due to decreased antibiotic diffusion inside the
biofilm matrix, reduction of nutrient availability resulting in
metabolic changes that decrease antibiotic susceptibility, and,
finally, phenotypic differentiation with appearance of persister
cells which play key role in long-term infections (Mulcahy
et al., 2010). Persister cells are a sub-population of cells that
survive antibiotic treatment but, in contrast to resistant bacteria,
this group does not express a specific resistance mechanism
and their tolerance derives from physiological processes rather
than genetic mutations (Allison et al., 2011). This kind of
sub-populations is present in both sessile and planktonic
cultures, but they are more difficult to eradicate after biofilm
formation.

Persister cells are not mutated, but they are phenotypic
variants of the wild type. After antibiotic treatment, these cells
neither grow nor die and, and after drug removal, they start
again to grow causing symptoms of infection. Van Acker et al.
(2013) demonstrated that B. cenocepacia biofilms contain tolerant
persister cells after tobramycin treatment.

Molecular mechanisms at the base of persistence are
still largely unexplored, however, it was demonstrated that
toxin-antitoxin modules (TA) play an important role not
only in biofilm formation, gene regulation, programmed cell
death and regulation of mobile genetic elements, but also
in persistence mechanism (Gerdes and Maisonneuve, 2012).
TA modules, abundant in bacteria and archaea, are two-
component systems formed by a toxin that inhibits cell growth
and by an antitoxin that controls toxin activity. There are
five known types of TA loci. Toxin modules are always of
protein nature in types I and III TA, while antitoxins are small
RNAs that block toxin at translational and post-translational
levels. Antitoxins of types II, IV, and V TA are proteins
(Wang et al, 2012). Type II TA is well-characterized and
usually the two genes are organized in an operon. During
normal conditions, toxin and antitoxin form a complex that
leads to inactivation of the toxin. Stress conditions induce
degradation of the antitoxin and the toxin module regulates
different cellular functions (Gerdes and Maisonneuve, 2012).
Sixteen type II TA modules are present in B. cenocepacia
J2315, 12 of which are conserved among B. cenocepacia strains.
They were found to be up-regulated during biofilm growth
(Van Acker et al, 2014). After treatment with tobramycin or
ciprofloxacin, overexpression of toxins belonging to these TA
systems contributes to persistence (Van Acker et al., 2014). TA
modules could be an interesting target to treat chronic infections,
but their redundancy is a challenging obstacle (Van Acker et al.,
2014).
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NEW THERAPIES AND APPROACHES
TO OVERCOME B. cenocepacia
INFECTIONS

Until now, no standard treatment strategy has been described
to eradicate B. cenocepacia chronic infections (Horsley and
Jones, 2012; Regan and Bhatt, 2016). Several questions remain
unanswered: the lack of correlation between in vitro and in vivo
susceptibility data, the duration of therapy, the use of mono vs.
combined antibiotic therapy (Gautam et al., 2015).

In general, the use of trimethoprim-sulfamethoxazole is
recommended. If it cannot be administered, combinations
containing first- and second-line agents, such as ceftazidime,
meropenem, and penicillins (mainly piperacillin) can be
considered according to the in vitro antimicrobial susceptibility
patterns (Avgeri et al, 2009). As regarding penicillins
(piperacillin-tazobactam and ticarcillin-clavulanate), different
results were described by EUCAST and CLSI guidelines,
so in vitro susceptibility assessment is required before
administration.

Recommendations for infection prevention and control were
reviewed by Saiman et al. (2014), while Tacconelli et al. (2014)
described ESCMID guidelines for the management of infection
control measures and reduce Gram negative transmission in
hospitalized patients.

In this section we report a list of antibiotics in clinical use, a
description of a new compound under clinical trial and several
alternatives to standard antibiotics described in the literature
during the last 5 years (Figure 1).

Antibiotics in Clinical Use

Aztreonam

Aztreonam is a monobactam antibiotic approved in 1986 for
the treatment of infections caused by Gram negative bacteria.
It targets penicillin binding protein 3 (PBP3), thus inhibiting
bacterial cell wall synthesis.

The solution for inhalation (AZLI; Cayston®; Gilead Sciences,
Inc.) showed in vitro activity against Burkholderia spp. (Bosso
etal., 1991) and a double-blind, placebo-controlled, 24-week trial
of treatment was undertaken in CF patients with chronic Bcc
infection (Tullis et al., 2012). Despite the fact that prolonged
inhalation was well-tolerated, no significant improvement in
the lung function was observed. The authors hypothesized
that this could be due to non-study antibiotic use that may
have confounded any potential therapeutic effect (Tullis et al.,
2014).

Doripenem

Doripenem is a carbapenem approved in 2007 by the FDA. It is
very similar to meropenem, but it shows a greater in vitro activity
against P. aeruginosa (Hilas et al., 2008).

Intermittent extended infusion of doripenem was successfully
used in a patient with history of methicillin-sensitive S. aureus,
S. maltophilia, Pseudomonas stutzeri, and B. cenocepacia
infections and showing meropenem shortage (Zobell et al,
2014). The report demonstrated that it is possible to administer

doripenem also in children and that its intermittent extended
infusion is effective to improve pulmonary function.

Tobramycin

Tobramycin is an aminoglycoside which prevents the formation
of the 70S ribosomal complex. Tobramycin inhalation powder
(TOBI Podhaler, Novartis) has been approved by FDA in 2011
to manage CF patients infected with P. aeruginosa.

Kennedy et al. (2015) showed the efficacy of high-dose
tobramycin in reducing Burkholderia biofilm thickness in vitro,
suggesting a possible role as a suppressive therapy in CF.
Subsequently, a pilot, open-label clinical trial of TOBI Podhaler
administered twice daily for 28 days in adults and children with
CF and chronic B. cepacia complex infection was carried out
(Waters et al,, 2017). A decreased pulmonary bacterial burden
and inflammation was observed, and the majority of patients
showed no or mild adverse events. However, lung function was
not significantly improved, possibly indicating that randomized
controlled trials of longer duration are necessary (Waters et al.,
2017).

New Compounds in Clinical Trials

A search in the EU Clinical Trials Register’ and
ClinicalTrials.gov® using “cystic fibrosis and Burkholderia”
keywords retrieved 12 and 8 results, respectively. Among the
former, one was completed and the results are reported above
in the “Antibiotics in clinical use” paragraph (Aztreonam), one
had no results available and all the others were not pertaining to
the search being not related to CF or to Burkholderia infections.
Among the latter, one was about Burkholderia dolosa infections,
two were completed and hence reported above in the “Antibiotics
in clinical use” paragraph (Aztreonam and Tobramycin), for
one the status had not been verified for more than 2 years,
one was about P. aeruginosa infections, one was not related to
infections but to microbiota of patients, and the last one had
been withdrawn prior to enrollment.

For these reasons, the only trial worth reporting is the “Study
of OligoG in cystic fibrosis subjects with Burkholderia spp.
infection (SMR-2591)” which is ongoing in Germany. This is
a randomized double-blind, placebo-controlled cross-over study
of inhaled alginate oligosaccharide (OligoG) for the treatment
of chronic Burkholderia infections in adults. Information about
this trial is available at www.clinicaltrialsregister.eu/ctr-search/
trial/2014-002125-35/DE. OligoG is a low-molecular-weight
oligosaccharide enriched from sodium alginate polysaccharides.
It is an oligomer composed of a-L-guluronic acid (>85%)
and PB-D-mannuronic acid (<15%). Alginate is produced by
P. aeruginosa during its conversion to a mucoid phenotype
in the formation of biofilms (Hentzer et al., 2001). Previous
studies demonstrated an improved effect of antibiotics used
in combination with OligoG due to perturbation of biofilm
formation (Khan et al., 2012; Roberts et al., 2013). Patients (both
males and females) with at least two sputum cultures positive for
Bcec in the 12 months prior to the beginning of the study were

*https://www.clinicaltrialsregister.eu/ctr-search/search
Chttps://clinicaltrials.gov/ct2/home
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FIGURE 1 | Summary of the new therapies and approaches described in the review. (A) The current approaches utilized in clinical practice; (B) new alternatives.

Scoffone et al., 2016)

recruited. Moreover, the eligibility criteria included the use of
inhaled aztreonam. The main objective of this trial is to explore
the efficacy of OligoG in reducing Bcc load in patients’ sputum.
The study will also evaluate the effect of inhaled OligoG on lung
function, quality of life, rheology, safety and patient compliance
with treatment.

Alternative Approaches

Molecules already in use to treat other clinical syndromes and
products of natural origins are among the alternative approaches
that can enhance current therapies or counteract the problem of
resistance.

MOLECULES IN CLINICAL USE FOR
OTHER DISEASES

Immunosuppressors and Corticosteroids
Immunomodulation has been suggested to contribute to the
successful response to antibiotics in cases of cepacia syndrome
(Gilchrist et al., 2012). This is probably due to the antagonist
effect on the host response involved in the pathogenesis of cepacia
syndrome. In one case, a patient was successfully treated with
four intravenous antibiotics, oral corticosteroids, and cyclosporin
(Gilchrist et al, 2012). In another case, four intravenous
antibiotics, nebulised meropenem and tobramycin were used
in combination with mycophenolate mofetil and tacrolimus
(Weidmann et al., 2008). The role of immunosuppressant therapy
in the management of Burkholderia infections is not completely
understood, nevertheless it is worth considering this alternative
approach for patients with poor prognosis.

IFN-y
Cystic fibrosis macrophages show a suboptimal IFN-y
response during B. cenocepacia infection causing deficient
autophagosome formation, therefore it has been suggested
that IFN-y administration may help clearance of these bacteria
(Assani et al., 2014). So far, this has been demonstrated only
in cell culture models and the efficacy in vivo has yet to be
determined.

Thiosulfoacid S-Esters

Thiosulfoacid S-esters are organic compounds with established
biological activity, already used as medicines, preservatives of
vegetables, growth regulators, insecticides, and radioprotectors
(Sotirova et al., 2012). Their chemical structure resembles that
of natural compounds like garlic and onion derivatives (Block
et al.,, 1996). In an attempt to find new molecules effective both
against Gram-positive and negative microorganisms, Lubenets
et al. (2017) synthesized S-esters of 4-acetyl, 4-trifluoroacetyl-
and  4-(3-chloropropionylamino)-benzenethiosulfoacids and
three of them showed MIC values within the micromolar
concentration against B. cepacia. These molecules are examples
of compounds worth further investigation to assess structure-
activity relationships (SARs) and then prompt their practical
application.

Cysteamine

Cysteamine has been investigated as a potential enhancer of
antimicrobial therapy in CF patients due to its ability to
disrupt disulfide bonds, thus achieving a mucolytic activity
and improving biofilm penetration (Gahl et al., 1985). This
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molecule is already approved for other diseases and its
safety profile is known since 1994 (Gahl et al, 2007).
Moreover, cysteamine showed antimicrobial activity against
P. aeruginosa, so recently Fraser-Pitt et al. (2016) showed
its effect in combination with antimicrobial agents used for
the treatment of Burkholderia. In particular, they found that
cysteamine was able to enhance the antimicrobial activity of
tobramycin (even reversing resistance/insensitivity in 17 out of
36 strains), ciprofloxacin (reversing resistance/insensitivity in
10 strains), trimethoprim-sulfamethoxazole, but not ceftazidime.
Furthermore, inhibition of bacterial biofilm was observed in
presence of sub-inhibitory concentrations of cysteamine (Fraser-
Pitt et al., 2016).

Interestingly, a very recent report showed that fatty acid
cysteamine conjugates are able to promote transport of the
misfolded CFTR to the surface of epithelial cells (Vu et al., 2017):
in this way, besides having antimicrobial properties, cysteamine
could be also useful to restore CFTR function in combination
with potentiators and activators.

Imidazoles

In an attempt to identify compounds able to increase the
susceptibility of B. cenocepacia biofilms to tobramycin, Van
den Driessche et al. (2017) screened a repurposing library
containing non-toxic compounds with already known metabolic
properties. A total of 60 compounds were identified. Among
them, four antifungal imidazoles (namely econazole, miconazole,
oxiconazole, and ketoconazole) were able to significantly decrease
the concentration of tobramycin necessary to completely
eradicate Bec biofilms. However, no potentiating effect could be
observed in a 3D long epithelial cells model, nor in Galleria
mellonella and mouse models of infection (Van den Driessche
etal., 2017).

NATURAL PRODUCTS

Plant Nanoparticles

Essential oils (EOs) are complex extracts derived from aromatic
plants comprising mixtures of aldehydes, terpenes, and phenols
exhibiting broad spectrum antimicrobial activity (Bakkali et al.,
2008). EO extracts containing carvacrol and thymol were shown
to inhibit the growth of both clinical and environmental Bcc
strains (Maida et al., 2014). Their mechanism of action relies on
the partitioning of cytoplasmic membranes resulting in increased
permeability, depletion of proton gradients, and disruption of
ATP synthesis, ultimately leading to the death of bacterial
cells.

First evidencies of antibacterial efficacy of thymol/carvacrol-
loaded polymer nanoparticles against B. cenocepacia were
reported by Amato et al. (2016) using polymer nanoparticles
developed to overcome EO hydrophobicity, volatility and
instability.

Fish Oils

Polyunsaturated fatty acids (PUFAs), such as essential omega-3
and omega-6 fatty acids, were shown to have antimicrobial

activity, probably by disturbing cell membrane structures and
associated functions like electron transport, proton gradient and
enzymatic activities (Desbois and Smith, 2010). In particular, fish
oils are a source of the omega-3 PUFA eicosapentaenoic (EPA)
and docosahexaenoic acid (DHA). Different papers described
the use of omega-3 PUFAs to control P. aeruginosa infections
in vivo (Tiesset et al., 2011; Caron et al., 2015) and in vitro
(Tiesset et al., 2009), as well as B. cenocepacia infections (Mil-
Homens et al., 2012). In particular, Mil-Homens et al. (2016)
reported on their efficacy in treating Burkholderia infections and
also as prophylactic therapy, using G. mellonella as infection
model. Interestingly, as CF patients are deficient in fatty
acids metabolism, administration of omega-3 PUFAs could
be beneficial both to aid infection treatment and to improve
respiratory, inflammatory, and nutritional parameters (Olveira
etal., 2010).

Glycopolymers

Poly (acetyl, arginyl) glucosamine (PAAG) is a polycationic
polysaccharide which represents a novel class of glycopolymers
with antibacterial properties as well as synergy with antibiotics
in vitro (Siedenbiedel and Tiller, 2012). Its mechanism of action
relies on the interaction with the outer membrane of Gram
negatives causing a depolarization which results in leakage of the
intracellular contents and death. In particular, divalent cations
located within the bacterial outer membrane electrostatically
bind the LPS by the anionic phosphate groups (Rajyaguru and
Muszynski, 1997). Recently, Narayanaswamy et al. (2017) showed
that PAAG is effective to treat lung infections caused by Bcc in CF
patients in combinations with Meropenem and Tobramycin as it
enhances susceptibility of resistant strains.

OTHER ALTERNATIVES

Phage Therapy and Phage-Antibiotic
Synergy

Phage therapy is the therapeutic application of bacterial viruses
(bacteriophages) commercially developed in the 1930s to reduce
or eliminate infection (Gravitz, 2012). This is considered a
valuable alternative to chemotherapeutic agents due to the
specificity of phages toward bacterial cells and their exponential
replication highly enhancing the therapeutic potential (Alisky
et al., 1998).

Semler et al. (2014) compared the activity of phages delivered
as aerosol to that of phages delivered via an intraperitoneal (i.p.)
route to treat B. cenocepacia infections in a murine model. Their
results showed that infected mice receiving aerosolized phage
treatments exhibited a significant decrease in bacterial loads
within the lungs, which could not be observed in those receiving
treatment via i.p. injection. In this way, they demonstrated that
aerosolization provides more widespread and uniform particle
deposition, while i.p. delivered phages reach only certain areas
in the lungs and may be unable to co-localize with the bacteria in
the lung lumen (Semler et al., 2014).

Phage-antibiotic synergy (PAS) is the effect that some
antibiotics exert on the ability of phages to form larger plaque
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under sub-lethal concentrations of the compound itself (Comeau
et al, 2007). Ciprofloxacin, meropenem, and tetracycline
exhibited PAS in combination with two B. cenocepacia phages
enlarging plaque size (Kamal and Dennis, 2015). In particular,
presence of ciprofloxacin and meropenem leads to the formation
of elongated or filamented cells, and so phages may have
increased access to phage receptors; moreover, cell clustering
in presence of tetracycline allows phages to travel laterally
across adjoined cell surfaces, again enhancing contact with phage
receptors. PAS effect was not altered when treating antibiotic
resistant cells, thus encouraging the use of this alternative method
also with drug resistant strains (Kamal and Dennis, 2015).

Antimicrobial Peptides

Cationic antimicrobial peptides (CAMPs) have been isolated
from very different organisms such as microorganisms,
invertebrates, plants, and mammals. They are able to establish
strong non-specific, hydrophobic and electrostatic interactions
with bacterial cytoplasmic membranes (Godballe et al., 2011) and
prevent cell adhesion via electrostatic bonds (Overhage et al.,
2008).

Antimicrobial peptides able to block B. cenocepacia biofilm
formation were described in de la Fuente-Nunez et al. (2014).
These peptides are similar to CAMPs but have different
SAR. They exert their activity by blocking the stringent
response mediated through (p)ppGpp, two small signaling
nucleotides (guanosine 5'-diphosphate 3’-diphosphate or ppGpp
and guanosine 5'-triphosphate 3’-diphosphate or pppGpp)
(Potrykus and Cashel, 2008). These antimicrobial peptides
showed activity against both Gram negative and positives
bacteria. The peptide described by de la Fuente-Nuifiez et al.
(2014) directly interacts with (p)ppGpp and is able to cross
bacterial membranes to reach the cytoplasm. It can prevent
biofilm formation and promote biofilm dispersal, and also cell
death in biofilms at concentrations sub-lethal for planktonic cells
(de la Fuente-Nufiez et al., 2014).

Quorum Sensing Inhibitors

In order to attenuate bacterial virulence, several quorum sensing
inhibitors (QSI) have been developed in the last 15 years. Among
them, analogs of the signal molecule Acyl-homoserine lactone
(AHL) are obtained by modification of the acyl side chain, the
lactone moiety (Ni et al, 2009) or the central amide moiety
(Boukraa et al, 2011). Valuable AHL analogs, able to affect
B. cenocepacia (as well as P. aeruginosa) QS and, in turn, inhibit
and eradicate biofilm, have been described by Brackman et al.
(2012).

More recently, another class of QSIs, namely
diketopiperazines, was shown to inhibit the activity of the
AHL synthase Cepl of B. cenocepacia (Scoffone et al., 2016).
These compounds interfered with the production of virulence
factors, such as proteases and siderophores, as well as with
biofilm formation, and showed good in vivo activity using a
Caenorhabditis elegans infection model. Study results suggested
that they could be considered for in vivo treatments combined
with established or novel antimicrobials (Scoffone et al., 2016).

CONCLUSION

Even if the epidemiology of CF pathogens is continuously
changing and B. cenocepacia is not one of the prevalent bacteria
colonizing the lung of patients, it still remains a major threat due
to its extreme resistance to antibiotics and its ability to cause a
life-threatening CF complication known as cepacia syndrome.
In the last years, several studies were aimed at deciphering the
principal mechanisms of resistance in Burkholderia, however,
many aspects have not yet been fully understood. This has
important repercussions on the choice of antibacterial drugs to
be used and on our knowledge of the physiology of a bacterium
with a wide genome yet to be fully explored.

The lack of a standard therapy regimen makes the treatment
of Bcc infections challenging and more studies are needed to
improve survival and quality of life of CF patients. On the
contrary, evidence-based eradication guidelines are available
for P. aeruginosa allowing standardization of antimicrobial
treatment and hence improving management of these infections
(Mogayzel et al, 2014). The introduction of correctors and
potentiators of the CFTR defects requires more studies of drug-
drug interactions to predict treatment efficacy, however, this is
not possible while a standard therapy for Bcc is not available.
Since few patients are infected by B. cenocepacia, an increased
effort to coordinate clinical trials and observational studies
among different hospitals is needed, maximizing data necessary
to standardize methods for evaluation of antibiotic susceptibility.

Since the development of new drugs is not trivial, it
is necessary to improve the use of existing therapies while
coordinating trials of new molecules which showed their
potential in vitro and in animal models.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported in part by the Italian Cystic Fibrosis
Foundation (FFC#19/2015 to GR, adopted by Gruppo di
Sostegno FFC di Como Dongo, Delegazione FFC di Olbia
Tempio, Delegazione FFC di Reggio Calabria), by a grant from
the Cystic Fibrosis Foundation, and the Christmas Campaign
“In ricordo di Antonio Fiorillo.” The funders had no role in
preparation of the manuscript.

ACKNOWLEDGMENTS

This review is dedicated to the memory of Antonio Fiorillo, a
young lawyer and a very intelligent man, snatched away too early
from life because of cystic fibrosis and Burkholderia cenocepacia
infection. Antonio greatly believed in science, with the hope not
to disappoint him.

Frontiers in Microbiology | www.frontiersin.org

August 2017 | Volume 8 | Article 1592


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Scoffone et al.

Burkholderia cenocepacia Resistance and Therapy

REFERENCES

Aktas, Z., Kayacan, C., and Oncul, O. (2012). In vitro activity of avibactam
(NXL104) in combination with pB-lactams against Gram-negative
bacteria, including OXA-48 B-lactamase-producing Klebsiella pneumoniae.
Int. ]. Antimicrob. Agents 39, 86-89. doi: 10.1016/j.jjantimicag.2011.09.012

Alexander, B. D., Petzold, E. W, Reller, L. B., Palmer, S. M., Davis, R. D., Woods,
C. W, et al. (2008). Survival after lung transplantation of cystic fibrosis patients
infected with Burkholderia cepacia complex. Am. J. Transplant. 8, 1025-1030.
doi: 10.1111/§.1600-6143.2008.02186.x

Alisky, J., Iczkowski, K., Rapoport, A., and Troitsky, N. (1998). Bacteriophages
show promise as antimicrobial agents. J. Infect. 36, 5-15. doi: 10.1016/S0163-
4453(98)92874-2

Allison, K. R, Brynildsen, M. P., and Collins, J. J. (2011). Heterogeneous bacterial
persisters and engineering approaches to eliminate them. Curr. Opin. Microbiol.
14, 593-598. doi: 10.1016/j.mib.2011.09.002

Amato, D. N., Amato, D. V., Mavrodi, O. V., Braasch, D. A., Walley, S. E.,
Douglas, J. R., et al. (2016). Destruction of opportunistic pathogens via polymer
nanoparticle-mediated release of plant-based antimicrobial payloads. Adv.
Healthc. Mater. 5,1094-1103. doi: 10.1002/adhm.201500974

Assani, K., Tazi, M. F., Amer, A. O., and Kopp, B. T. (2014). IFN-y stimulates
autophagy-mediated clearance of Burkholderia cenocepacia in human cystic
fibrosis macrophages. PLoS ONE 9:¢96681. doi: 10.1371/journal.pone.0096681

Avgeri, S. G., Matthaiou, D. K., Dimopoulos, G., Grammatikos, A. P., and Falagas,
M. E. (2009). Therapeutic options for Burkholderia cepacia infections beyond
co-trimoxazole: a systematic review of the clinical evidence. Int. J. Antimicrob.
Agents 33, 394-404. doi: 10.1016/j.ijantimicag.2008.09.010

Bakkali, F., Averbeck, S., Averbeck, D., and Idaomar, M. (2008). Biological effects
of essential oils-a review. Food Chem. Toxicol. 46, 446-475. doi: 10.1016/j.fct.
2007.09.106

Baldwin, A., Sokol, P., Parkhill, J., and Mahenthiralingam, E. (2004). The
Burkholderia cepacia epidemic strain marker is part of a novel genomic island
encoding both virulence and metabolism-associated genes in Burkholderia
cenocepacia. Infect. Immun. 72, 1537-1547.

Bazzini, S., Udine, C,, Sass, A., Pasca, M. R,, Longo, F., Emiliani, G., et al. (2011).
Deciphering the role of RND efflux transporters in Burkholderia cenocepacia.
PL0S ONE 6:¢18902. doi: 10.1371/journal.pone.0018902

Block, E., Thiruvazhi, M., Toscano, P. J., Bayer, T., Grisoni, S., and Zhao, S.-
H. (1996). Allium chemistry, structure, synthesis, natural occurrence in onion
(Allium cepa), and reactions of 2,3-dimethyl-5,6-dithiabicyclo[2.1.1]hexane
S-oxides. J. Am. Chem. Soc. 118, 2790-2798. doi: 10.1021/ja951134t

Bosso, J. A., Saxon, B. A., and Matsen, J. M. (1991). Comparative activity of
cefepime, alone and in combination, against clinical isolates of Pseudomonas
aeruginosa and Pseudomonas cepacia from cystic fibrosis patients. Antimicrob.
Agents Chemother. 35, 783-784. doi: 10.1128/AAC.35.4.783

Boukraa, M., Sabbah, M., Soulére, L., El Efrit, M. L., Queneau, Y., and
Doutheau, A. (2011). AHL-dependent quorum sensing inhibition: synthesis
and biological evaluation of a-(N-alkyl-carboxamide)-y-butyrolactones and
a-(N-alkyl-sulfonamide)-y-butyrolactones. Bioorg. Med. Chem. Lett. 21,
6876-6879. doi: 10.1016/j.bmcl.2011.09.010

Brackman, G., Risseeuw, M., Celen, S., Cos, P., Maes, L., Nelis, H. J., et al. (2012).
Synthesis and evaluation of the quorum sensing inhibitory effect of substituted
triazolyldihydrofuranones. Bioorg. Med. Chem. 20, 4737-4743. doi: 10.1016/j.
bmc.2012.06.009

Burns, J. L. (2007). “Antibiotic resistance of Burkholderia spp,” in Burkholderia:
Molecular Microbiology and Genomics, eds T. Coenye and P. Vandamme
(Norfolk, VA: Horizon Bioscience).

Buroni, S., Matthijs, N., Spadaro, F., Van Acker, H., Scoffone, V. C,, Pasca, M. R,,
et al. (2014). Differential roles of RND efflux pumps in antimicrobial drug
resistance of sessile and planktonic Burkholderia cenocepacia cells. Antimicrob.
Agents Chemother. 58, 7424-7429. doi: 10.1128/AAC.03800- 14

Buroni, S., Pasca, M. R, Flannagan, R. S., Bazzini, S., Milano, A., Bertani, L., et al.
(2009). Assessment of three Resistance-Nodulation-Cell Division drug efflux
transporters of Burkholderia cenocepacia in intrinsic antibiotic resistance. BMC
Microbiol. 9:200. doi: 10.1186/1471-2180-9-200

Bush, K., and Fisher, J. F. (2011). Epidemiological expansion, structural studies, and
clinical challenges of new B-lactamases from gram-negative bacteria. Annu. Rev.
Microbiol. 65, 455-478. doi: 10.1146/annurev-micro-090110-102911

Campana, S., Taccetti, G., Ravenni, N., Favari, F., Cariani, L., Sciacca, A., et al.
(2005). Transmission of Burkholderia cepacia complex: evidence for new
epidemic clones infecting cystic fibrosis patients in Italy. J. Clin. Microbiol. 43,
5136-5142. doi: 10.1128/JCM.43.10.5136-5142.2005

Caron, E., Desseyn, J. L., Sergent, L., Bartke, N., Husson, M. O., Duhamel, A.,
et al. (2015). Impact of fish oils on the outcomes of a mouse model of
acute Pseudomonas aeruginosa pulmonary infection. Br. J. Nutr. 7, 191-199.
doi: 10.1017/S0007114514003705

Chaparro, C., and Keshavjee, S. (2016). Lung transplantation for cystic fibrosis: an
update. Expert Rev. Respir. Med. 10, 1269-1280. doi: 10.1080/17476348.2016.
1261016

Cho, H., Uehara, T., and Bernhardt Thomas, G. (2014). Beta-lactam antibiotics
induce a lethal malfunctioning of the bacterial cell wall synthesis machinery.
Cell 159, 1300-1311. doi: 10.1016/j.cell.2014.11.017

Ciofu, O., Hansen, C. R., and Heiby, N. (2013). Respiratory bacterial infections
in cystic fibrosis. Curr. Opin. Pulm. Med. 19, 251-258. doi: 10.1097/MCP.
0b013e32835f1afc

Coenye, T., and LiPuma, J. J. (2002). Multilocus restriction typing: a novel tool
for studying global epidemiology of Burkholderia cepacia complex infection in
cystic fibrosis. J. Infect. Dis. 185, 1454-1462. doi: 10.1086/340279

Coenye, T., Spilker, T., Martin, A., and LiPuma, J. J. (2002). Comparative
assessment of genotyping methods for epidemiologic study of Burkholderia
cepacia genomovar III. J. Clin. Microbiol. 40, 3300-3307. doi: 10.1128/JCM.40.
9.3300-3307.2002

Coenye, T., Van Acker, H., Peeters, E., Sass, A., Buroni, S., Riccardi, G., et al. (2011).
Molecular mechanisms of chlorhexidine tolerance in Burkholderia cenocepacia
biofilms. Antimicrob. Agents Chemother. 55, 1912-1919. doi: 10.1128/AAC.
01571-10

Comeau, A. M., Tétart, F., Trojet, S. N., Prére, M.-F., and Krisch, H. M. (2007).
Phage-antibiotic synergy (PAS): B-lactam and quinolone antibiotics stimulate
virulent phage growth. PLoS ONE 2:799. doi: 10.1371/journal.pone.0000799

Corey, M., and Farewell, V. (1996). Determinants of mortality from cystic
fibrosis in Canada, 1970-1989. Am. J. Epidemiol. 143, 1007-1017. doi: 10.1093/
oxfordjournals.aje.a008664

Dasen, S. E., LiPuma, J. J., Kostman, J. R., and Stull, T. L. (1994). Characterization
of PCR-ribotyping for Burkholderia (Pseudomonas) cepacia. ]. Clin. Microbiol.
32, 2422-2424.

de la Fuente-Nuiez, C., Reffuveille, F., Haney, E. F., Straus, S. K., and Hancock,
R. E. (2014). Broad-spectrum anti-biofilm peptide that targets a cellular stress
response. PLoS Pathog. 10:1004152. doi: 10.1371/journal.ppat.1004152

De Smet, B., Mayo, M., Peeters, C., Zlosnik, J. E., Spilker, T., Hird, T. ., et al. (2015).
Burkholderia stagnalis sp. nov. and Burkholderia territorii sp. nov., two novel
Burkholderia cepacia complex species from environmental and human sources.
Int. J. Syst. Evol. Microbiol. 65, 2265-2271. doi: 10.1099/ij5.0.000251

De Soyza, A., Meachery, G., Hester, K. L., Nicholson, A., Parry, G., Tocewicz, K.,
et al. (2010). Lung transplantation for patients with cystic fibrosis and
Burkholderia cepacia complex infection: a single-center experience. . Heart
Lung Transplant. 29, 1395-1404. doi: 10.1016/j.healun.2010.06.007

Dedeckova, K., Kalferstova, L., Strnad, H., Vavrova, J., and Drevinek, P. (2013).
Novel diagnostic PCR assay for Burkholderia cenocepacia epidemic strain ST32
and its utility in monitoring infection in cystic fibrosis patients. J. Cyst. Fibros.
12, 475-481. doi: 10.1016/j.jcf.2012.12.007

Desbois, A., and Smith, V. (2010). Antibacterial free fatty acids: activities,
mechanisms of action and biotechnological potential. Appl. Microbiol.
Biotechnol. 85, 1629-1642. doi: 10.1007/s00253-009-2355-3

Drawz, S. M., and Bonomo, R. A. (2010). Three decades of beta-lactamase
inhibitors. Clin. Microbiol. Rev. 23, 160-201. doi: 10.1128/CMR.00037-09

Drevinek, P., Baldwin, A., Lindenburg, L., Joshi, L. T. Marchbank, A.,
Vosahlikova, S., et al. (2010). Oxidative stress of Burkholderia cenocepacia
induces insertion sequence-mediated genomic rearrangements that interfere
with macrorestriction-based genotyping. J. Clin. Microbiol. 48, 34-40.
doi: 10.1128/JCM.01433-09

Drevinek, P., and Mahenthiralingam, E. (2010). Burkholderia cenocepacia in cystic
fibrosis: epidemiology and molecular mechanisms of virulence. Clin. Microbiol.
Infect. 16, 821-830. doi: 10.1111/.1469-0691.2010.03237.x

Eusebio, N., Coutinho, C. P., Sa-Correia, I., and Araujo, R. (2013). SNaPBcen:
a novel and practical tool for genotyping Burkholderia cenocepacia. J. Clin.
Microbiol. 51, 2646-2653. doi: 10.1128/JCM.01019-13

Frontiers in Microbiology | www.frontiersin.org

August 2017 | Volume 8 | Article 1592


https://doi.org/10.1016/j.ijantimicag.2011.09.012
https://doi.org/10.1111/j.1600-6143.2008.02186.x
https://doi.org/10.1016/S0163-4453(98)92874-2
https://doi.org/10.1016/S0163-4453(98)92874-2
https://doi.org/10.1016/j.mib.2011.09.002
https://doi.org/10.1002/adhm.201500974
https://doi.org/10.1371/journal.pone.0096681
https://doi.org/10.1016/j.ijantimicag.2008.09.010
https://doi.org/10.1016/j.fct.2007.09.106
https://doi.org/10.1016/j.fct.2007.09.106
https://doi.org/10.1371/journal.pone.0018902
https://doi.org/10.1021/ja951134t
https://doi.org/10.1128/AAC.35.4.783
https://doi.org/10.1016/j.bmcl.2011.09.010
https://doi.org/10.1016/j.bmc.2012.06.009
https://doi.org/10.1016/j.bmc.2012.06.009
https://doi.org/10.1128/AAC.03800-14
https://doi.org/10.1186/1471-2180-9-200
https://doi.org/10.1146/annurev-micro-090110-102911
https://doi.org/10.1128/JCM.43.10.5136-5142.2005
https://doi.org/10.1017/S0007114514003705
https://doi.org/10.1080/17476348.2016.1261016
https://doi.org/10.1080/17476348.2016.1261016
https://doi.org/10.1016/j.cell.2014.11.017
https://doi.org/10.1097/MCP.0b013e32835f1afc
https://doi.org/10.1097/MCP.0b013e32835f1afc
https://doi.org/10.1086/340279
https://doi.org/10.1128/JCM.40.9.3300-3307.2002
https://doi.org/10.1128/JCM.40.9.3300-3307.2002
https://doi.org/10.1128/AAC.01571-10
https://doi.org/10.1128/AAC.01571-10
https://doi.org/10.1371/journal.pone.0000799
https://doi.org/10.1093/oxfordjournals.aje.a008664
https://doi.org/10.1093/oxfordjournals.aje.a008664
https://doi.org/10.1371/journal.ppat.1004152
https://doi.org/10.1099/ijs.0.000251
https://doi.org/10.1016/j.healun.2010.06.007
https://doi.org/10.1016/j.jcf.2012.12.007
https://doi.org/10.1007/s00253-009-2355-3
https://doi.org/10.1128/CMR.00037-09
https://doi.org/10.1128/JCM.01433-09
https://doi.org/10.1111/j.1469-0691.2010.03237.x
https://doi.org/10.1128/JCM.01019-13
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Scoffone et al.

Burkholderia cenocepacia Resistance and Therapy

Everaert, A., and Coenye, T. (2016). Effect of B-lactamase inhibitors on in vitro
activity of B-Lactam antibiotics against Burkholderia cepacia complex species.
Antimicrob. Resist. Infect. Control 5, 4. doi: 10.1186/s13756-016-0142-3

Farrell, P. M. (2008). The prevalence of cystic fibrosis in the European Union.
J. Cyst. Fibros. 7, 450-453. doi: 10.1016/j.jcf.2008.03.007

Fraser-Pitt, D., Mercer, D., Lovie, E., Robertson, J., and O’Neil, D. (2016).
Activity of cysteamine against the cystic fibrosis pathogen Burkholderia cepacia
complex. Antimicrob. Agents Chemother. 60, 6200-6206. doi: 10.1128/AAC.
01198-16

Gahl, W. A,, Balog, J. Z., and Kleta, R. (2007). Nephropathic cystinosis in adults:
natural history and effects of oral cysteamine therapy. Ann. Intern. Med. 147,
242-250. doi: 10.7326/0003-4819-147-4-200708210-00006

Gahl, W. A, Tietze, F.,, Butler, J. D., and Schulman, J. D. (1985). Cysteamine
depletes cystinotic leucocyte granular fractions of cystine by the mechanism of
disulphide interchange. Biochem. J. 228, 545-550. doi: 10.1042/bj2280545

Ganesan, S., and Sajjan, U. S. (2012). Host evasion by Burkholderia cenocepacia.
Front. Cell. Infect. Microbiol. 1:25. doi: 10.3389/fcimb.2011.00025

Gautam, V., Shafig, N., Singh, M., Ray, P., Singhal, L., Jaiswal, N. P., et al. (2015).
Clinical and in vitro evidence for the antimicrobial therapy in Burkholderia
cepacia complex infections. Expert Rev. Anti Infect. Ther. 13, 629-663.
doi: 10.1586/14787210.2015.1025056

Gerdes, K., and Maisonneuve, E. (2012). Bacterial persistence and toxin-antitoxin
loci. Annu. Rev. Microbiol. 66, 103-123. doi: 10.1146/annurev-micro-092611-
150159

Gilchrist, F. J., Webb, A. K., Bright-Thomas, R. J., and Jones, A. M. (2012).
Successful treatment of cepacia syndrome with a combination of intravenous
cyclosporin, antibiotics and oral corticosteroids. J. Cyst. Fibros. 11, 458-460.
doi: 10.1016/j.jcf.2012.04.002

Gilljam, M., Nystrom, U., Dellgren, G., Skog, I., and Hansson, L. (2017). Survival
after lung transplantation for cystic fibrosis in Sweden. Eur. J. Cardiothorac.
Surg. 51, 571-576. doi: 10.1093/ejcts/ezw328

Gislason, A. S., Choy, M., Bloodworth, R. A., Qu, W, Stietz, M. S., Li, X,, et al.
(2017). Competitive growth enhances conditional growth mutant sensitivity to
antibiotics and exposes a two-component system as an emerging antibacterial
target in Burkholderia cenocepacia. Antimicrob. Agents Chemother. 61:¢00790-
16. doi: 10.1128/AAC.00790-16

Godballe, T., Nilsson, L. L., Petersen, P. D., and Jenssen, H. (2011). Antimicrobial
beta-peptides and alpha-peptoids. Chem. Biol. Drug Des. 77, 107-116.
doi: 10.1111/j.1747-0285.2010.01067.x

Gravitz, L. (2012). Turning a new phage. Nat. Med. 18, 1318-1320. doi: 10.1038/
nm0912-1318

Hamad, M. A., Di Lorenzo, F., Molinaro, A., and Valvano, M. A. (2012).
Aminoarabinose is essential for lipopolysaccharide export and intrinsic
antimicrobial peptide resistance in Burkholderia cenocepacia. Mol. Microbiol.
85, 962-974. doi: 10.1111/§.1365-2958.2012.08154.x

Hentzer, M., Teitzel, G. M., Balzer, G. J., Heydorn, A., Molin, S., Givskov, M.,
et al. (2001). Alginate overproduction affects Pseudomonas aeruginosa biofilm
structure and function. J. Bacteriol. 183, 5395-5401. doi: 10.1128/JB.183.18.
5395-5401.2001

Hilas, O., Ezzo, D. C., and Jodlowski, T. Z. (2008). Doripenem (doribax), a new
carbapenem antibacterial agent. Pharm. Ther. 33, 134-180.

Holden, M. T., Seth-Smith, H. M., Crossman, L. C., Sebaihia, M., Bentley, S. D.,
Cerdeno-Tarraga, A. M., et al. (2009). The genome of Burkholderia cenocepacia
J2315, an epidemic pathogen of cystic fibrosis patients. J. Bacteriol. 191,
261-277. doi: 10.1128/]B.01230-08

Horsley, A., and Jones, A. M. (2012). Antibiotic treatment for Burkholderia cepacia
complex in people with cystic fibrosis experiencing a pulmonary exacerbation.
Cochrane Database Syst. Rev. 10, CD009529. doi: 10.1002/14651858

Hwang, J., and Kim, H. S. (2015). Cell wall recycling-linked coregulation of AmpC
and PenB B-Lactamases through ampD mutations in Burkholderia cenocepacia.
Antimicrob. Agents Chemother. 59, 7602-7610. doi: 10.1128/AAC.01068-15

Jolley, K. A., and Maiden, M. C. (2010). BIGSdb: scalable analysis of bacterial
genome variation at the population level. BMC Bioinformatics 11:595.
doi: 10.1186/1471-2105-11-595

Juhas, M., van der Meer, J. R., Gaillard, M., Harding, R. M., Hood, D. W, and
Crook, D. W. (2009). Genomic islands: tools of bacterial horizontal gene
transfer and evolution. FEMS Microbiol. Rev. 33, 376-393. doi: 10.1111/j.1574-
6976.2008.00136.x

Kamal, F., and Dennis, J. J. (2015). Burkholderia cepacia complex Phage-
Antibiotic Synergy (PAS): antibiotics stimulate lytic phage activity. Appl.
Environ. Microbiol. 81, 1132-1138. doi: 10.1128/AEM.02850- 14

Kennedy, S., Beaudoin, T., Yau, Y. C., Caraher, E., Zlosnik, J. E., Speert, D. P., et al.
(2015). Activity of tobramycin against cystic fibrosis isolates of Burkholderia
cepacia complex grown as biofilms. Antimicrob. Agents Chemother. 60, 348-355.
doi: 10.1128/AAC.02068- 15

Khan, S., Tendervik, A., Sletta, H., Klinkenberg, G., Emanuel, C., Onsoyen, E.,
et al. (2012). Overcoming drug resistance with alginate oligosaccharides able
to potentiate the action of selected antibiotics. Antimicrob. Agents Chemother.
56, 5134-5141. doi: 10.1128/AAC.00525-12

Knowles, M. R., and Durie, P. R. (2002). What is cystic fibrosis? N. Engl. J. Med.
347, 439-442. doi: 10.1056/NEJMe020070

Lagacé-Wiens, P., Walkty, A., and Karlowsky, J. A. (2014). Ceftazidime-avibactam:
an evidence-based review of its pharmacology and potential use in the treatment
of Gram-negative bacterial infections. Core Evid. 9, 13-25. doi: 10.2147/CE.
540698

Lee, A. H,, Flibotte, S., Sinha, S., Paiero, A., Ehrlich, R. L., Balashov, S., et al. (2017).
Phenotypic diversity and genotypic flexibility of Burkholderia cenocepacia
during long-term chronic infection of cystic fibrosis lungs. Genome Res. 27,
650-662. doi: 10.1101/gr.213363.116

Lee, M., Hesek, D., Blizquez, B., Lastochkin, E., Boggess, B., Fisher, J. F., et al.
(2015). Catalytic spectrum of the penicillin-binding protein 4 of Pseudomonas
aeruginosa, a nexus for the induction of B-lactam antibiotic resistance. J. Am.
Chem. Soc. 137, 190-200. doi: 10.1021/ja5111706

Li, X. Z., Plésiat, P., and Nikaido, H. (2015). The challenge of efflux-mediated
antibiotic resistance in Gram-negative bacteria. Clin. Microbiol. Rev. 28,
337-418. doi: 10.1128/CMR.00117- 14

Lieberman, T. D., Michel, J. B., Aingaran, M., Potter-Bynoe, G., Roux, D.,
and Davis, M. R. Jr. (2011). Parallel bacterial evolution within multiple
patients identifies candidate pathogenicity genes. Nat. Genet. 43, 1275-1280.
doi: 10.1038/ng.997

LiPuma, J. J., Mortensen, J. E., Dasen, S. E., Edlind, T. D., Schidlow, D. V.,
Burns, J. L., et al. (1988). Ribotype analysis of Pseudomonas cepacia from cystic
fibrosis treatment centers. J. Pediatr. 113, 859-862. doi: 10.1016/S0022-3476(88)
80018-0

LiPuma, J. J., Spilker, T., Coenye, T., and Gonzalez, C. F. (2002). An epidemic
Burkholderia cepacia complex strain identified in soil. Lancet 359, 2002-2003.
doi: 10.1016/S0140-6736(02)08836-0

Liu, L., Spilker, T., Coenye, T., and LiPuma, J. J. (2003). Identification by subtractive
hybridization of a novel insertion element specific for two widespread
Burkholderia cepacia genomovar III strains. J. Clin. Microbiol. 41, 2471-2476.
doi: 10.1128/JCM.41.6.2471-2476.2003

Livermore, D. M., Mushtag, S., Warner, M., Zhang, J., Maharjan, S., Doumith, M.,
et al. (2011). of NXL104 combinations
and  aztreonam carbapenemase-producing  Enterobacteriaceae.
Antimicrob. 390-394. doi: 10.1128/AAC.
00756-10

Loutet, S. A., Mussen, L. E,, Flannagan, R. S., and Valvano, M. A. (2011). A two-
tier model of polymyxin B resistance in Burkholderia cenocepacia. Environ.
Microbiol. Rep. 3,278-285. doi: 10.1111/j.1758-2229.2010.00222.x

Loutet, S. A., and Valvano, M. A. (2010). A decade of Burkholderia cenocepacia
virulence determinant research. Infect. Immun. 78, 4088-4100. doi: 10.1128/
IAL.00212-10

Loutet, S. A., and Valvano, M. A. (2011). Extreme antimicrobial peptide and
polymyxin B resistance in the genus Burkholderia. Front. Microbiol. 2:159.
doi: 10.3389/fmicb.2011.00159

Lubenets, V., Vasylyuk, S., Monka, N., Bolibrukh, K., Komarovska-
Porokhnyavets, O., Baranovych, D., et al. (2017). Synthesis and antimicrobial
properties of 4-acylaminobenzenethiosulfoacid S-esters. Saudi Pharm. J. 25,
266-274. doi: 10.1016/j.jsps.2016.06.007

Mahenthiralingam, E., Campbell, M. E., Foster, J., Lam, J. S., and Speert,
D. P. (1996). Random amplified polymorphic DNA typing of Pseudomonas
aeruginosa isolates recovered from patients with cystic fibrosis. J. Clin.
Microbiol. 34, 1129-1135.

Mabhenthiralingam, E., Urban, T. A., and Goldberg, J. B. (2005). The multifarious,
multireplicon Burkholderia cepacia complex. Nat. Rev. Microbiol. 3, 144-156.
doi: 10.1038/nrmicro1085

Activities with  ceftazidime
against
Agents  Chemother. 55,

Frontiers in Microbiology | www.frontiersin.org

August 2017 | Volume 8 | Article 1592


https://doi.org/10.1186/s13756-016-0142-3
https://doi.org/10.1016/j.jcf.2008.03.007
https://doi.org/10.1128/AAC.01198-16
https://doi.org/10.1128/AAC.01198-16
https://doi.org/10.7326/0003-4819-147-4-200708210-00006
https://doi.org/10.1042/bj2280545
https://doi.org/10.3389/fcimb.2011.00025
https://doi.org/10.1586/14787210.2015.1025056
https://doi.org/10.1146/annurev-micro-092611-150159
https://doi.org/10.1146/annurev-micro-092611-150159
https://doi.org/10.1016/j.jcf.2012.04.002
https://doi.org/10.1093/ejcts/ezw328
https://doi.org/10.1128/AAC.00790-16
https://doi.org/10.1111/j.1747-0285.2010.01067.x
https://doi.org/10.1038/nm0912-1318
https://doi.org/10.1038/nm0912-1318
https://doi.org/10.1111/j.1365-2958.2012.08154.x
https://doi.org/10.1128/JB.183.18.5395-5401.2001
https://doi.org/10.1128/JB.183.18.5395-5401.2001
https://doi.org/10.1128/JB.01230-08
https://doi.org/10.1002/14651858
https://doi.org/10.1128/AAC.01068-15
https://doi.org/10.1186/1471-2105-11-595
https://doi.org/10.1111/j.1574-6976.2008.00136.x
https://doi.org/10.1111/j.1574-6976.2008.00136.x
https://doi.org/10.1128/AEM.02850-14
https://doi.org/10.1128/AAC.02068-15
https://doi.org/10.1128/AAC.00525-12
https://doi.org/10.1056/NEJMe020070
https://doi.org/10.2147/CE.S40698
https://doi.org/10.2147/CE.S40698
https://doi.org/10.1101/gr.213363.116
https://doi.org/10.1021/ja5111706
https://doi.org/10.1128/CMR.00117-14
https://doi.org/10.1038/ng.997
https://doi.org/10.1016/S0022-3476(88)80018-0
https://doi.org/10.1016/S0022-3476(88)80018-0
https://doi.org/10.1016/S0140-6736(02)08836-0
https://doi.org/10.1128/JCM.41.6.2471-2476.2003
https://doi.org.10.1128/AAC.00756-10
https://doi.org.10.1128/AAC.00756-10
https://doi.org/10.1111/j.1758-2229.2010.00222.x
https://doi.org/10.1128/IAI.00212-10
https://doi.org/10.1128/IAI.00212-10
https://doi.org/10.3389/fmicb.2011.00159
https://doi.org/10.1016/j.jsps.2016.06.007
https://doi.org/10.1038/nrmicro1085
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Scoffone et al.

Burkholderia cenocepacia Resistance and Therapy

Maida, L., Lo Nostro, A., Pesavento, G., Barnabei, M., Calonico, C., Perrin, E., et al.
(2014). Exploring the anti-Burkholderia cepacia complex activity of essential
oils: a preliminary analysis. Evid. Based Complement. Altern. Med. 2014:573518.
doi: 10.1155/2014/573518

Malesevi¢, M., Vasiljevi¢, Z., Sovti¢, A., Filipi¢, B., Novovi¢, K., Koji¢, M.,
et al. (2017). Virulence traits associated with Burkholderia cenocepacia ST856
epidemic strain isolated from cystic fibrosis patients. Antimicrob. Resist. Infect.
Control 6, 57. doi: 10.1186/s13756-017-0215-y

Manno, G., Dalmastri, C., Tabacchioni, S., Vandamme, P., Lorini, R., Minicucci, L.,
etal. (2004). Epidemiology and clinical course of Burkholderia cepacia complex
infections, particularly those caused by different Burkholderia cenocepacia
strains, among patients attending an Italian cystic fibrosis center. J. Clin.
Microbiol. 42, 1491-1497. doi: 10.1128/JCM.42.4.1491-1497.2004

Markussen, T., Marvig, R. L., Gomez-Lozano, M., Aanaes, K., Burleigh, A. E,,
Hoiby, N., et al. (2014). Environmental heterogeneity drives within-host
diversification and evolution of Pseudomonas aeruginosa. mBio 5:€01592-14.
doi: 10.1128/mBi0.01592-14

Messiaen, A. S., Verbrugghen, T., Declerck, C., Ortmann, R., Schlitzer, M.,
Nelis, H., et al. (2011). Resistance of the Burkholderia cepacia complex to
fosmidomycin and fosmidomycin derivatives. Int. J. Antimicrob. Agents 38,
261-264. doi: 10.1016/j.jjantimicag.2011.04.020

Mil-Homens, D., Bernardes, N., and Fialho, A. M. (2012). The antibacterial
properties of docosahexaenoic omega-3 fatty acid against the cystic fibrosis
multiresistant pathogen Burkholderia cenocepacia. FEMS Microbiol. Lett. 328,
61-69. doi: 10.1111/j.1574-6968.2011.02476.x

Mil-Homens, D., Ferreira-Dias, S., and Fialho, A. M. (2016). Fish oils against
Burkholderia and Pseudomonas aeruginosa: in vitro efficacy and their
therapeutic and prophylactic effects on infected Galleria mellonella larvae.
J. Appl. Microbiol. 120, 1509-1519. doi: 10.1111/jam.13145

Mira, N. P., Madeira, A., Moreira, A. S., Coutinho, C. P., and Sa-Correia, I. (2011).
Genomic expression analysis reveals strategies of Burkholderia cenocepacia to
adapt to cystic fibrosis patients’ airways and antimicrobial therapy. PLoS ONE
6:€28831. doi: 10.1371/journal.pone.0028831

Mogayzel, P. . Jr., Naureckas, E. T., Robinson, K. A., Brady, C., Guill, M., Lahiri, T.,
et al. (2014). Cystic Fibrosis Foundation pulmonary guideline. Pharmacologic
approaches to prevention and eradication of initial Pseudomonas aeruginosa
infection. Ann. Am. Thorac. Soc. 11, 1640-1650. doi: 10.1513/AnnalsATS.
201404-1660C

Mulcahy, L. R., Burns, J. L, Lory, S., and Lewis, K. (2010). Emergence of
Pseudomonas aeruginosa strains producing high levels of persister cells in
patients with cystic fibrosis. J. Bacteriol. 192, 6191-6199. doi: 10.1128/JB.
01651-09

Murray, S., Charbeneau, J., Marshall, B. C., and LiPuma, J. J. (2008). Impact of
Burkholderia infection on lung transplantation in cystic fibrosis. Am. J. Respir.
Crit. Care Med. 178, 363-371. doi: 10.1164/rccm.200712-18340C

Narayanaswamy, V. P., Giatpaiboon, S., Baker, S. M., Wiesmann, W. P., LiPuma,
J. J., and Townsend, S. M. (2017). Novel glycopolymer sensitizes Burkholderia
cepacia complex isolates from cystic fibrosis patients to tobramycin and
meropenem. PLoS ONE 12:€0179776. doi: 10.1371/journal.pone.0179776

Ni, N,, Li, M., Wang, J., and Wang, B. (2009). Inhibitors and antagonists of bacterial
quorum sensing. Med. Res. Rev. 29, 65-124. doi: 10.1002/med.20145

Nikaido, H., and Pages, J. M. (2012). Broad-specificity efflux pumps and their role
in multidrug resistance of Gram-negative bacteria. FEMS Microbiol. Rev. 36,
340-363. doi: 10.1111/§.1574-6976.2011.00290.x

Olaitan, A. O., Morand, S., and Rolain, J. M. (2014). Mechanisms of polymyxin
resistance: acquired and intrinsic resistance in bacteria. Front. Microbiol. 5:643.
doi: 10.3389/fmicb.2014.00643

Olveira, G., Olveira, C., Acosta, E., Espildora, F., Garrido-Sanchez, L., Garcia-
Escobar, E., et al. (2010). Fatty acid supplements improve respiratory,
inflammatory and nutritional parameters in adults with cystic fibrosis. Arch.
Bronconeumol. 46, 70-77. doi: 10.1016/j.arbres.2009.11.001

Ong, K. S, Aw, Y. K, Lee, L. H,, Yule, C. M., Cheow, Y. L., and Lee, S. M.
(2016). Burkholderia paludis sp. nov., an antibiotic-siderophore producing
novel Burkholderia cepacia complex species, isolated from Malaysian tropical
peat swamp soil. Front. Microbiol. 7:2046. doi: 10.3389/fmicb.2016.02046

Ortega, X., Silipo, A., Saldias, M. S., Bates, C. C., Molinaro, A., and Valvano,
M. A. (2009). Biosynthesis and structure of the Burkholderia cenocepacia K56-2
lipopolysaccharide core oligosaccharide: truncation of the core oligosaccharide

leads to increased binding and sensitivity to polymyxin B. J. Biol. Chem. 284,
21738-21751. doi: 10.1074/jbc.M109.008532

Overhage, J., Campisano, A., Bains, M., Torfs, E. C., Rehm, B. H., and Hancock,
R. E. (2008). Human host defense peptide LL-37 prevents bacterial biofilm
formation. Infect. Immun. 76, 4176-4182. doi: 10.1128/IA1.00318-08

Patil, P. P., Mali, S., Midha, S., Gautam, V., Dash, L., Kumar, S., et al. (2017).
Genomics reveals a unique clone of Burkholderia cenocepacia harboring an
actively excising novel genomic island. Front. Microbiol. 8:590. doi: 10.3389/
fmicb.2017.00590

Poirel, L., Rodriguez-Martinez, J. M., Plesiat, P., and Nordmann, P. (2009).
Naturally occurring class A beta-lactamases from the Burkholderia cepacia
complex. Antimicrob. Agents Chemother. 53, 876-882. doi: 10.1128/AAC.
00946-08

Pope, C. F., Gillespie, S. H., Pratten, J. R, and McHugh, T. D. (2008).
Fluoroquinolone resistant mutants of Burkholderia cepacia. Antimicrob. Agents
Chemother. 52, 1201-1203.

Potrykus, K., and Cashel, M. (2008). (p)ppGpp: still magical? Annu. Rev. Microbiol.
62, 35-51. doi: 10.1146/annurev.micro.62.081307.162903

Raetz, C. R., Reynolds, C. M., Trent, M. S., and Bishop, R. E. (2007). Lipid
A modification systems in gram-negative bacteria. Annu. Rev. Biochem. 76,
295-329.

Rajyaguru, J. M., and Muszynski, M. J. (1997). Enhancement of Burkholderia
cepacia antimicrobial susceptibility by cationic compounds. J. Antimicrob.
Chemother. 40, 345-351. doi: 10.1093/jac/40.3.345

Ramos, K. J., Quon, B. S, Psoter, K. J., Lease, E. D., Mayer-Hamblett, N., Aitken,
M. L, et al. (2016). Predictors of non-referral of patients with cystic fibrosis
for lung transplant evaluation in the United States. J. Cyst. Fibros. 15, 196-203.
doi: 10.1016/}.jcf.2015.11.005

Ramos, K. J., Somayaji, R., Lease, E. D., Goss, C. H., and Aitken, M. L. (2017). Cystic
fibrosis physicians’ perspectives on the timing of referral for lung transplant
evaluation: a survey of physicians in the United States. BMC Pulm. Med. 17:21.
doi: 10.1186/512890-017-0367-9

Regan, K. H., and Bhatt, J. (2016). Eradication therapy for Burkholderia cepacia
complex in people with cystic fibrosis. Cochrane Database Syst. Rev. 11,
CD009876. doi: 10.1002/14651858.CD009876.pub3

Roberts, J. L., Khan, S., Emanuel, C., Powell, L. C,, Pritchard, M. F., Onsoyen, E.,
et al. (2013). An in vitro study of alginate oligomer therapies on oral biofilms.
J. Dent. 41, 892-899. doi: 10.1016/j.jdent.2013.07.011

Saiman, L., Siegel, J. D., LiPuma, J. J., Brown, R. F., Bryson, E. A., Chambers, M. J.,
et al. (2014). Infection prevention and control guideline for cystic fibrosis: 2013
update. Infect. Control Hosp. Epidemiol. 35, S1-S67. doi: 10.1086/676882

Salsgiver, E. L., Fink, A. K., Knapp, E. A., LiPuma, . J., Olivier, K. N., Marshall,
B. C, et al. (2016). Changing epidemiology of the respiratory bacteriology of
patients with cystic fibrosis. Chest 149, 390-400. doi: 10.1378/chest.15-0676

Sass, A., Marchbank, A., Tullis, E., Lipuma, J. J., and Mahenthiralingam, E.
(2011). Spontaneous and evolutionary changes in the antibiotic resistance of
Burkholderia cenocepacia observed by global gene expression analysis. BMC
Genomics 12:373. doi: 10.1186/1471-2164-12-373

Scoffone, V. C., Chiarelli, L. R, Makarov, V., Brackman, G., Israyilova, A,
Azzalin, A., et al. (2016). Discovery of new diketopiperazines inhibiting
Burkholderia cenocepacia quorum sensing in vitro and in vivo. Sci. Rep. 6:32487.
doi: 10.1038/srep32487

Scoffone, V. C., Ryabova, O., Makarov, V., Iadarola, P., Fumagalli, M., Fondi, M.,
etal. (2015). Efflux-mediated resistance to a benzothiadiazol derivative effective
against Burkholderia cenocepacia. Front. Microbiol. 6:815. doi: 10.3389/fmicb.
2015.00815

Scoffone, V. C., Spadaro, F., Udine, C., Makarov, V., Fondi, M., Fani, R,
et al. (2014). Mechanism of resistance to an antitubercular 2-thiopyridine
derivative that is also active against Burkholderia cenocepacia. Antimicrob.
Agents Chemother. 58, 2415-2417. doi: 10.1128/AAC.02438-13

Segonds, C., Thouverez, M., Barthe, A., Bossuet-Greif, N., Tisseyre, L., Plésiat, P.,
et al. (2015). Development of a multiple-locus variable-number tandem-
repeat typing scheme for genetic fingerprinting of Burkholderia cenocepacia
and application to nationwide epidemiological analysis. J. Clin. Microbiol. 53,
398-409. doi: 10.1128/JCM.02473-14

Semler, D. D., Goudie, A. D., Finlay, W. H., and Dennis, J. J. (2014). Aerosol
phage therapy efficacy in Burkholderia cepacia complex respiratory infections.
Antimicrob. Agents Chemother. 58, 4005-4013. doi: 10.1128/AAC.02388-13

Frontiers in Microbiology | www.frontiersin.org

August 2017 | Volume 8 | Article 1592


https://doi.org/10.1155/2014/573518
https://doi.org/10.1186/s13756-017-0215-y
https://doi.org/10.1128/JCM.42.4.1491-1497.2004
https://doi.org/10.1128/mBio.01592-14
https://doi.org/10.1016/j.ijantimicag.2011.04.020
https://doi.org/10.1111/j.1574-6968.2011.02476.x
https://doi.org/10.1111/jam.13145
https://doi.org/10.1371/journal.pone.0028831
https://doi.org/10.1513/AnnalsATS.201404-166OC
https://doi.org/10.1513/AnnalsATS.201404-166OC
https://doi.org/10.1128/JB.01651-09
https://doi.org/10.1128/JB.01651-09
https://doi.org/10.1164/rccm.200712-1834OC
https://doi.org/10.1371/journal.pone.0179776
https://doi.org/10.1002/med.20145
https://doi.org/10.1111/j.1574-6976.2011.00290.x
https://doi.org/10.3389/fmicb.2014.00643
https://doi.org/10.1016/j.arbres.2009.11.001
https://doi.org/10.3389/fmicb.2016.02046
https://doi.org/10.1074/jbc.M109.008532
https://doi.org/10.1128/IAI.00318-08
https://doi.org/10.3389/fmicb.2017.00590
https://doi.org/10.3389/fmicb.2017.00590
https://doi.org/10.1128/AAC.00946-08
https://doi.org/10.1128/AAC.00946-08
https://doi.org/10.1146/annurev.micro.62.081307.162903
https://doi.org/10.1093/jac/40.3.345
https://doi.org/10.1016/j.jcf.2015.11.005
https://doi.org/10.1186/s12890-017-0367-9
https://doi.org/10.1002/14651858.CD009876.pub3
https://doi.org/10.1016/j.jdent.2013.07.011
https://doi.org/10.1086/676882
https://doi.org/10.1378/chest.15-0676
https://doi.org/10.1186/1471-2164-12-373
https://doi.org/10.1038/srep32487
https://doi.org/10.3389/fmicb.2015.00815
https://doi.org/10.3389/fmicb.2015.00815
https://doi.org/10.1128/AAC.02438-13
https://doi.org/10.1128/JCM.02473-14
https://doi.org/10.1128/AAC.02388-13
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Scoffone et al.

Burkholderia cenocepacia Resistance and Therapy

Siedenbiedel, F., and Tiller, J. C. (2012). Antimicrobial polymers in solution and on
surfaces: overview and functional principles. Polymers 4, 46-71. doi: 10.3390/
polym4010046

Sotirova, A., Avramova, T., Stoitsova, S., Lazarkevich, I., Lubenets, V.,
Karpenko, E., et al. (2012). The importance of rhamnolipid-biosurfactant-
induced changes in bacterial membrane lipids of Bacillus subtilis for
the antimicrobial activity of thiosulfonates. Curr. Microbiol. 65, 534-541.
doi: 10.1007/s00284-012-0191-7

Sousa, S. A., Ramos, C. G., and Leitdo, J. H. (2011). Burkholderia cepacia complex:
emerging multihost pathogens equipped with a wide range of virulence factors
and determinants. Int. J. Microbiol. 2011:607575. doi: 10.1155/2011/607575

Spilker, T., Baldwin, A., Bumford, A., Dowson, C. G., Mahenthiralingam, E., and
LiPuma, J. J. (2009). Expanded multilocus sequence typing for Burkholderia
species. J. Clin. Microbiol. 47, 2607-2610. doi: 10.1128/JCM.00770-09

Sun, L., Jiang, R. Z., Steinbach, S., Holmes, A., Campanelli, C., Forstner, J., et al.
(1995). The emergence of a highly transmissible lineage of cbl Pseudomonas
(Burkholderia) cepacia causing CF centre epidemics in North America and
Britain. Nat. Med. 1, 661-666. doi: 10.1038/nm0795-661

Tacconelli, E., Cataldo, M. A., Dancer, S. J., De Angelis, G., Falcone, M., Frank, U,
et al. (2014). ESCMID guidelines for the management of the infection control
measures to reduce transmission of multidrug-resistant Gram-negative bacteria
in hospitalized patients. Clin. Microbiol. Infect. 20(Suppl. 1), 1-55. doi: 10.1111/
1469-0691.12427

Tenover, F. C., Arbeit, R. D., Goering, R. V., Mickelsen, P. A., Murray, B. E.,
Persing, D. H., et al. (1995). Interpreting chromosomal DNA restriction
patterns produced by pulsed-field gel electrophoresis: criteria for bacterial strain
typing. J. Clin. Microbiol. 33, 2233-2239.

Tiesset, H., Bernard, H., Bartke, N., Beermann, C., Flachaire, E., Desseyn, J. L., et al.
(2011). (n-3) long-chain PUFA differentially affect resistance to Pseudomonas
aeruginosa infection of male and female cftr-/- mice. J. Nutr. 141, 1101-1107.
doi: 10.3945/jn.110.134585

Tiesset, H., Pierre, M., Desseyn, J.-L., Guery, B., Beermann, C., Galabert, C.,
et al. (2009). Dietary (n-3) polyunsaturated fatty acids affect the kinetics of
pro- and antiinflammatory responses in mice with Pseudomonas aeruginosa
lung infection. J. Nutr. 139, 82-89. doi: 10.3945/jn.108.096115

Tseng, S. P., Tsai, W. C,, Liang, C. Y., Lin, Y. S., Huang, J. W., Chang, C. Y.,
et al. (2014). The contribution of antibiotic resistance mechanisms in clinical
Burkholderia cepacia complex isolates: an emphasis on efflux pump activity.
PL0oS ONE 9:€104986. doi: 10.1371/journal.pone.0104986

Tullis, D. E,, Burns, J. L., Retsch-Bogart, G. Z., Bresnik, M., Henig, N. R., Lewis,
S. A, et al. (2014). Inhaled aztreonam for chronic Burkholderia infection
in cystic fibrosis: a placebo-controlled trial. J. Cyst. Fibros. 13, 296-305.
doi: 10.1016/j.jc£.2013.08.011

Tullis, E., Burns, J. L., Retsch-Bogart, G. Z., Bresnik, M., Henig, N. R., Lewis, S.,
et al. (2012). Aztreonam for inhalation solution (AZLI) in cystic fibrosis (CF)
patients with chronic Burkholderia species (BURK) infection: final results from
a randomized, placebo-controlled trial. J. Cyst. Fibros. 11, S11. doi: 10.1016/
$1569-1993(12)60037-X

Urwin, R,, and Maiden, M. C. (2003). Multi-locus sequence typing: a tool for global
epidemiology. Trends Microbiol. 11, 479-487. doi: 10.1016/j.tim.2003.08.006

Vadlamani, G., Thomas, M. D., Patel, T. R., Donald, L. J., Reeve, T. M., Stetefeld, J.,
etal. (2015). The B-lactamase gene regulator AmpR is a tetramer that recognizes
and binds the D-Ala-D-Ala motif of its repressor UDP-N-acetylmuramic acid
(MurNAc)-pentapeptide. J. Biol. Chem. 290, 2630-2643. doi: 10.1074/jbc.M114.
618199

Van Acker, H., Sass, A., Bazzini, S., De Roy, K., Udine, C., Messiaen, T., et al. (2013).
Biofilm-grown Burkholderia cepacia complex cells survive antibiotic treatment
by avoiding production of reactive oxygen species. PLoS ONE 8:e58943.
doi: 10.1371/journal.pone.0058943

Van Acker, H,, Sass, A., Dhondst, I, Nelis, H. J., and Coenye, T. (2014). Involvement
of toxin-antitoxin modules in Burkholderia cenocepacia biofilm persistence.
Pathog. Dis. 71, 326-335. doi: 10.1111/2049-632X.12177

van Belkum, A., Sluijuter, M., de Groot, R., Verbrugh, H., and Hermans, P. W.
(1996). Novel BOX repeat PCR assay for high-resolution typing of Streptococcus
pneumoniae strains. J. Clin. Microbiol. 34, 1176-1179.

Van den Driessche, F., Vanhoutte, B., Brackman, G., Crabbé, A., Rigole, P.,
Vercruysse, J., et al. (2017). Evaluation of combination therapy for Burkholderia
cenocepacia lung infection in different in vitro and in vivo models. PLoS ONE
12:e0172723. doi: 10.1371/journal.pone.0172723

Vanlaere, E., Lipuma, J. J., Baldwin, A., Henry, D. De Brandt, E.,
Mabhenthiralingam, E., et al. (2008). Burkholderia latens sp. nov., Burkholderia
diffusa sp. nov., Burkholderia arboris sp. nov., Burkholderia seminalis
sp. nov. and Burkholderia metallica sp. nov., novel species within the
Burkholderia cepacia complex. Int. ]J. Syst. Evol. Microbiol. 58, 1580-1590.
doi: 10.1099/ijs.0.65634-0

Vu, C. B, Bridges, R. J., Pena-Rasgado, C., Lacerda, A. E., Bordwell, C., Sewell, A.,
et al. (2017). Fatty acid cysteamine conjugates as novel and potent autophagy
activators that enhance the correction of misfolded F508del-cystic fibrosis
transmembrane conductance regulator (CFTR). J. Med. Chem. 60, 458-473.
doi: 10.1021/acs.jmedchem.6b01539

Wang, X., Lord, D. M., Cheng, H. Y., Osbourne, D. O., Hong, S. H., Sanchez-
Torres, V., et al. (2012). A new type V toxin-antitoxin system where mRNA
for toxin GhoT is cleaved by antitoxin GhoS. Nat. Chem. Biol. 8, 855-861.
doi: 10.1038/nchembio.1062

Waters, V., Yau, Y., Beaudoin, T., Wettlaufer, J., Tom, S. K., McDonald, N.,
et al. (2017). Pilot trial of tobramycin inhalation powder in cystic fibrosis
patients with chronic Burkholderia cepacia complex infection. J. Cyst. Fibros.
16, 492-495. doi: 10.1016/j.jc£.2017.02.008

Weber, C. F., and King, G. M. (2017). Volcanic soils as sources of novel
CO-oxidizing Paraburkholderia and Burkholderia: Paraburkholderia hiiakae sp.
nov., Paraburkholderia metrosideri sp. nov., Paraburkholderia paradisi sp. nov.,
Paraburkholderia peleae sp. nov., and Burkholderia alpina sp. nov. a member of
the Burkholderia cepacia complex. Front. Microbiol. 8:207. doi: 10.3389/fmicb.
2017.00207

Weidmann, A., Webb, A. K., Dodd, M. E., and Jones, A. M. (2008). Successful
treatment of cepacia syndrome with combination nebulised and intravenous
antibiotic therapy. J. Cyst. Fibros. 7, 409-411. doi: 10.1016/}.jcf.2008.02.005

Winsor, G. L., Khaira, B, Van Rossum, T., Lo, R, Whiteside, M. D., and
Brinkman, F. S. (2008). The Burkholderia Genome Database: facilitating flexible
queries and comparative analyses. Bioinformatics 24, 2803-2804. doi: 10.1093/
bioinformatics/btn524

Wong, Y. C., Abd El Ghany, M., Naeem, R,, Lee, K. W, Tan, Y. C,, Pain, A,, et al.
(2016). Candidate essential genes in Burkholderia cenocepacia J2315 identified
by genome-wide TraDIS. Front. Microbiol. 7:1288. doi: 10.3389/fmicb.2016.
01288

Zlosnik, J. E., Zhou, G., Brant, R., Henry, D. A, Hird, T. J., Mahenthiralingam, E.,
et al. (2015). Burkholderia species infections in patients with cystic fibrosis
in British Columbia, Canada. 30 years experience. Ann. Am. Thorac. Soc. 12,
70-78. doi: 10.1513/AnnalsATS.201408-3950C

Zobell, J. T., Kemper, A. L., and Young, D. C. (2014). The use of doripenem
in pediatric cystic fibrosis patients in case of meropenem shortages. Pediatr.
Pulmonol. 49, E48-E51. doi: 10.1002/ppul.22798

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Scoffone, Chiarelli, Trespidi, Mentasti, Riccardi and Buroni. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org

August 2017 | Volume 8 | Article 1592


https://doi.org/10.3390/polym4010046
https://doi.org/10.3390/polym4010046
https://doi.org/10.1007/s00284-012-0191-7
https://doi.org/10.1155/2011/607575
https://doi.org/10.1128/JCM.00770-09
https://doi.org/10.1038/nm0795-661
https://doi.org/10.1111/1469-0691.12427
https://doi.org/10.1111/1469-0691.12427
https://doi.org/10.3945/jn.110.134585
https://doi.org/10.3945/jn.108.096115
https://doi.org/10.1371/journal.pone.0104986
https://doi.org/10.1016/j.jcf.2013.08.011
https://doi.org/10.1016/S1569-1993(12)60037-X
https://doi.org/10.1016/S1569-1993(12)60037-X
https://doi.org/10.1016/j.tim.2003.08.006
https://doi.org/10.1074/jbc.M114.618199
https://doi.org/10.1074/jbc.M114.618199
https://doi.org/10.1371/journal.pone.0058943
https://doi.org/10.1111/2049-632X.12177
https://doi.org/10.1371/journal.pone.0172723
https://doi.org/10.1099/ijs.0.65634-0
https://doi.org/10.1021/acs.jmedchem.6b01539
https://doi.org/10.1038/nchembio.1062
https://doi.org/10.1016/j.jcf.2017.02.008
https://doi.org/10.3389/fmicb.2017.00207
https://doi.org/10.3389/fmicb.2017.00207
https://doi.org/10.1016/j.jcf.2008.02.005
https://doi.org/10.1093/bioinformatics/btn524
https://doi.org/10.1093/bioinformatics/btn524
https://doi.org/10.3389/fmicb.2016.01288
https://doi.org/10.3389/fmicb.2016.01288
https://doi.org/10.1513/AnnalsATS.201408-395OC
https://doi.org/10.1002/ppul.22798
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

	Burkholderia cenocepacia Infections in Cystic Fibrosis Patients: Drug Resistance and Therapeutic Approaches
	Introduction
	Epidemiology Of B. cenocepacia Strains
	Epidemiological Methods

	Resistance Mechanisms
	Reduced Permeability of the Cell Envelope
	Overexpression of Efflux Pumps
	Mutations in Antibiotic Cellular Target
	Antibiotic Modification
	Biofilm Formation and Persister Cells

	New Therapies And Approaches To Overcome B. cenocepacia Infections
	Antibiotics in Clinical Use
	Aztreonam
	Doripenem
	Tobramycin

	New Compounds in Clinical Trials
	Alternative Approaches

	Molecules In Clinical Use For Other Diseases
	Immunosuppressors and Corticosteroids
	IFN-γ
	Thiosulfoacid S-Esters
	Cysteamine
	Imidazoles

	Natural Products
	Plant Nanoparticles
	Fish Oils
	Glycopolymers

	Other Alternatives
	Phage Therapy and Phage-Antibiotic Synergy
	Antimicrobial Peptides
	Quorum Sensing Inhibitors

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


