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Abstract

Burkholderia pseudomallei is the etiologic agent of melioidosis. This multifaceted disease is
difficult to treat, resulting in high morbidity and mortality. Treatment of B. pseudomaliei
infections is lengthy and necessitates an intensive phase (parenteral ceftazidime, amoxicillin—
clavulanic acid or meropenem) and an eradication phase (oral trimethoprim—sulfamethoxazole).
The main resistance mechanisms affecting these antibiotics include enzymatic inactivation, target
deletion and efflux from the cell, and are mediated by chromosomally encoded genes.
Overproduction and mutations in the class A PenA p-lactamase cause ceftazidime and
amoxicillin—clavulanic acid resistance. Deletion of the penicillin binding protein 3 results in
ceftazidime resistance. BpeEF—OprC efflux pump expression causes trimethoprim and
trimethoprim—sulfamethoxazole resistance. Although resistance is still relatively rare, therapeutic
efficacies may be compromised by resistance emergence due to increased use of antibiotics in
endemic regions. Novel agents and therapeutic strategies are being tested and, in some instances,
show promise as anti-B. pseudomallei infectives.
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Burkholderia pseudomallei & melioidosis

Burkholderia pseudomallei is a Gram-negative bacterial pathogen that normally survives as
a saprophyte in soil and water, but is also capable of causing serious infections in most
mammals (Box 1) [1-8]. B. pseudomallei infection is a major cause of bacterial sepsis and
chronic disseminated infections (melioidosis) in humans in Asia and northern Australia
[2,5,6,9,10]. Melioidosis exhibits a wide array of clinical symptoms, ranging from acute
sepsis to chronic recurrent infections, as well as disease with no clinical symptoms [5,6,8—
13]. Even with rapid diagnosis and prompt and aggressive treatment, the fatality rate for
melioidosis patients still ranges from 10 to 20% in Australia to over 40% in Thailand. B.
pseudomallei is considered an emerging pathogen, and infections have been increasingly
reported in many countries in tropical and subtropical regions of the world [14-18].
Melioidosis is also a problem increasingly recognized in travelers who have visited regions
of the world where B. pseudomallei is endemic [19-22].
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Melioidosis therapy

Antibiotic

Owing to rapid disease progression and the propensity of B. pseudomallei to establish latent
infections, melioidosis therapy is biphasic and lengthy [9]. An initial intensive phase
involving intravenous administration of antibiotics is followed by an eradication phase to
minimize the risk of relapse. Current therapy recommendations are based on the outcome of
a number of clinical trials in endemic regions and clinical observations, mostly Thailand and
northern Australia, and their evolution is summarized in several recent publications
[9,11,23], culminating in the latest guidelines [24]. The intensive phase involves intravenous
administration of ceftazidime for 10-14 days or longer. However, this course of therapy may
be extended to four or more weeks in cases of more severe disease such as septic shock,
deep seated or organ abscesses, extensive lung disease, osteomyelitis or neurological
melioidosis. In some instances, for example deep seated infections, parenteral ceftazidime
can be supplemented with oral or parenteral administration of trimethoprim—
sulfamethoxazole (co-trimoxazole). To preserve the utility of carbapenems, meropenem
therapy is only recommended when conditions during ceftazidime therapy worsen or repeat
blood cultures remain positive. The agent of choice for the at least 3-month eradication
phase is oral co-trimoxazole when dealing with susceptible B. pseudomaliei and no
documented patient agent allergy. In cases where the organism is resistant or patients are
intolerant to co-trimoxazole, the second-line choice is amoxicillin—clavulanic acid (co-
amoxiclav). Although the most recent recommendations no longer endorse doxycycline use
in clinical melioidosis therapy, the antibiotic was previously recommended for postexposure
prophylaxis [11] and is still used as a component of eradication-phase treatment in some
parts of the world. In Thailand, chloramphenicol was previously included in a four-drug
combination treatment, but a clinical study indicated that this antibiotic did not provide any
benefit when included in oral melioidosis therapy [25].

resistance in B. pseudomallei

The limited arsenal of antibacterial agents available for melioidosis therapy is mostly due to
the inherent resistance of B. pseudomallei to many antibacterial agents. Bacteria possess an
impressive antimicrobial resistance armamentarium (Figure 1) [26]. The mechanisms range
from exclusion from the cell due to permeability issues bestowed by constituents of the
bacterial cell envelope, efflux from the cell, enzymatic inactivation, altered target sites
(which in rare instances may include target deletion), metabolic bypass of a susceptible
enzyme with a resistant variant, target overproduction and drug sequestration. Of these
mechanisms, all except enzymatic modification, target overproduction, metabolic bypass
and drug sequestration have been documented in B. pseudomallei (Table 1).

In many instances, bacterial antibiotic resistance is mediated by mobile elements, such as
plasmids, transposons or integrons [26], but all resistance documented to date in B.
pseudomallei is mediated by chromosomally encoded genes. The genome of strain K96243
encodes up to seven Ambler class A, B and D B-lactamases (including a cephalosporinase
and oxacillinase), up to ten multidrug efflux systems of the resistance nodulation and cell
division (RND) family and a putative aminoglycoside acetyl transferase [27]. Most of these
resistance mechanisms are putative and, to date, have been found in neither resistant clinical
nor laboratory isolates.

Although relatively rare, resistance to clinically significant antibiotics does emerge during
treatment. In one study, 7% of patients harbored chloramphenicol-resistant isolates [28] and
rates of co-trimoxazole resistance range from 2.5% in Australia [29] to 13-16% in Thailand
[30,31]. A recent report that surveyed antimicrobial resistance in clinical B. pseudomallei
isolates from northeast Thailand found that over two decades, only 24 out of 4021 (0.6% of
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isolates) were resistant to ceftazidime, amoxicillin—clavulanic acid or both drugs [32]. As
previously discussed, resistance development during the eradication phase may be highly
pertinent in those patients that develop relapse with the same strain that may now be
recalcitrant to treatment [9]. Resistance may be underdiagnosed, and reports of ceftazidime
resistance as a consequence of using this antibiotic regularly for melioidosis therapy are
increasingly emerging from endemic areas, for example, Malaysia [33], Australia [34],
Thailand [35,36], Singapore [37] and, most recently, India [38]. Resistance to carbapenems
has not yet been reported.

B. pseudomallei select agent status & impact on antimicrobial resistance

research

Owing to B. pseudomaller s select agent designation, antibiotic resistance research with this
bacterium was, until very recently, severely restricted and limited to clinical isolates. This
changed with the construction of B. pseudomallei strain Bp82 [39], which is excluded from
select agent regulations. This strain is an attenuated A purM derivative of clinical isolate
1026b and, with Institutional Biosafety Committee approval, can be handled at biosafety
level 2 (BSL2) and used for antibiotic resistance research.

B. pseudomallei antibiotic resistance mechanisms

Exclusion from the cell

The exclusionary property of the Gram-negative cell envelope of many nonenteric Gram-
negative bacteria is mostly due to reduced outer membrane permeability, which, in species
such as Burkholderia cepacia, is only 11% of that observed in Escherichia coli [40]. It is
now recognized that this is primarily due to the physicochemical properties of porins [41]
and lipopolysaccharide (LPS) [42]. Although outer membrane permeability has not been
studied in any detail in B. pseudomallei, there is experimental evidence to suggest that,
analogous to what has been observed in other Gram-negative bacteria, it and its key
constituents play a key role in intrinsic and, perhaps, acquired resistance. For example,
purified Omp38 facilitates permeation of antibiotics, such as ceftazidime and meropenem, in
liposome reconstitution assays [43]. LPS contributes to intrinsic high-level polymyxin B
resistance in B. pseudomallei, presumably mostly due to lipid A modification by 4-amino-4-
deoxy-r-arabinose [44]. When incorporated into the lipid A of the LPS of Pseudomonas
aeruginosa, Salmonella enterica serovar Typhimurium and other Gram-negative bacteria,
this amino sugar has been deonstrated to cause resistance to cationic antimicrobial peptides,
including polymyxin B [42]. Experimental evidence also indicates that LPS O-antigen and
outer core components play roles in resistance to cationic antimicrobial peptides [45].

Efflux from the cell

Bacteria are well endowed with efflux systems [46—49]. Efflux transporters are classified
into single- or multi-component pumps. In Gram-negative bacteria, single-component
pumps transport their substrates across the cytoplasmic membrane and multicomponent
pumps span the entire cell envelope and expel their substrates into the external milieu. In
some instances, these pumps act in concert to achieve a robust defense against
antimicrobials [50]. Owing to the fact that drug efflux is most effective in bacteria with
reduced outer membrane permeability [49], it is the efflux pumps of t he RND family that
mostly contribute to intrinsic and acquired resistance in Gram-negative bacteria. They
consist of three components: the cytoplasmic membrane RND transporter protein, an outer
membrane channel protein and a membrane fusion protein, which form an exit channel
traversing the entire cell envelope [51]. The synergy of the energy-dependent, active process
of extrusion of antibacterial agents to the external cell milieu and the passive process of
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concentration gradient-dependent diffusion of most such agents results in high-level drug
resistance. Owing to the fact that many RND pumps can accommodate multiple chemically
and structurally diverse compounds, their expression often results in intrinsic or acquired
multidrug resistance [46,49].

Sequenced B. pseudomallei strains encode multiple RND efflux pumps (e.g., ten that are
annotated in the K96243 prototype strain) [27]. Efflux pump expression can be detected in
many isolates [52], but the clinical relevance, if any, of most of these pumps remains
unknown. Only three have been characterized in any detail, AmrAB—OprA [53], BpeAB—
OprB [54,55] and BpeEF-OprC [56].

AmrAB—OprA was the first efflux pump characterized in B. pseudomallei [53]. 1t is
responsible for the intrinsic aminoglycoside and macrolide resistance observed in most
clinical and environmental strains. AmrAB—OprA also extrudes fluoroquinolones and
tetracyclines but the resistance levels are low and probably clinically insignificant [55]. A
few aminoglycoside- and macrolide-susceptible B. pseudomallei clinical strains have been
reported [57], and this susceptibility was subsequently attributed to deletion or lack of
expression of the chromosomal amrAB—oprA operon [58]. Such variants may be more
frequent than originally thought, since clinical diagnosis of melioidosis in many instances
still relies on use of Ashdown’s agar, whose main selective ingredient is gentamicin [59].
Expression of AmrAB—OprA is the main reason for why aminoglycosides and macrolides
are not clinically useful. This efflux pump is also responsible for the reduced efficacy of
novel therapeutic agents, such as the ketolide, cethromycin, which was shown to select for
mutants overexpressing AmrAB—OprA in response to in vitro cethromycin exposure,
resulting in high-level resistance (MIC >128 pg/ml) [60].

BpeAB-OprB was originally reported to confer aminoglycoside and macrolide resistance to
Singapore strain KHW [54]. However, subsequent molecular genetic studies with strain
1026b, a Thai clinical isolate, revealed that BpeAB—OprB did not bestow significant levels
of aminoglycoside resistance in this strain [55]. This pump extrudes macrolides,
fluoroquinolones, tetracyclines and, to a lesser extent, chloramphenicol. Despite contributing
to intrinsic resistance to these antibiotics, resistance levels are low (with the exception of
some macrolides) and, therefore, probably clinically insignificant. Furthermore, although
transcripts are detectable in prototype strains, significant BpeAB—OprB expression is only
observed in mutants defective in the cognate BpeR repressor [55], but clinical isolates
overexpressing this pump have yet to be described.

BpeEF-OprC is still being characterized, but mounting evidence indicates that, in terms of
substrate spectrum, it may be the most clinically significant pump identified to date (Box 2).
Expression experiments in a drug-susceptible P. aeruginosa strain indicated that this pump
effluxes chloramphenicol and trimethoprim [56]. This finding was subsequently
corroborated using B. pseudomallei mutants defective in the cognate BpeT activator protein,
which constitutively express BpeEF-OprC and exhibit resistance to chloramphenicol,
fluoroquinolones, tetracyclines and trimethoprim [Podnecky N et al., Unpublished Data]. A
proteomic study with a laboratory-selected chloramphenicol-resistant B. thailandensis
mutant confirmed that BpeEF-OprC is responsible for the multidrug-resistance profile
observed in the mutant [61]. An analysis of a comprehensive collection of clinical and
environmental isolates from Thailand demonstrated that trimethoprim resistance is
widespread and attributable to BpeEF-OprC expression. All trimethoprim-resistant isolates
remain susceptible to sulfamethoxazole, thus preserving the clinical utility of co-
trimoxazole. However, preliminary data indicate that in laboratory-generated Bp82 isolates,
co-trimoxazole resistance is due to BpeEF-OprC expression [Podnecky N & Schweizer H,
Unpublished Data]. The clinical significance ofBpeEF-OprC is further corroborated by the
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identification of a pair of sequential isolates, 354b and 354e, from a Thai melioidosis
patient, with the secondary isolate, 354e, exhibiting significantly increased resistance to
chloramphenicol, ofloxacin and co-trimoxazole. Genomic analyses indicated that a large
800-kb inversion had deleted the last 24 codons of bpeT, which encodes the BpeEF-OprC
transcriptional regulator BpeT [62]. As mentioned above, mutations in the C-terminal half of
BpeT are known to cause constitutive BpeEF-OprC expression.

Although much work remains to be done, it is becoming increasingly clear that efflux is one
of the dominant antimicrobial resistance mechanisms in B. pseudomallei, presumably owing
to the synergy of impermeability and efflux [63].

Enzymatic inactivation

Enzymatic inactivation, either by modification (acetylation, adenylation or phosphorylation)
or cleavage, is a widespread bacterial resistance mechanism that affects numerous classes of
antibiotics [26]. Surprisingly, to date the only enzymatic inactivation mechanism in B.
pseudomallei documented to be of clinical importance is the cleavage of B-lactam antibiotics
by a chromosomally encoded class A B-lactamase, PenA. PenA is the first B-lactamase
found in a Gram-negative bacterium to be exported via the twin arginine transport system,
which exports folded proteins [64].

A report dating back to 1991 documented its involvement in -lactam and clavulanic acid
resistance due to de-repressed production and mutations in the enzyme in response to
antibiotic treatment [65], but it was not until relatively recently that PenA was characterized
at the molecular level [64,66,67]. In prototype — sometimes referred to as wild-type — B.
pseudomallei strains, the enzyme confers resistance to numerous f-lactam antibiotics (e.g.,
amoxicillin and carbenicillin) and penA deletion strains become susceptible to these
antibiotics [64]. Similar analyses indicate that PenA also hydrolyzes ceftazidime to some
extent, but this does not impair its clinical use. In these strains, presence of the enzyme has
no significant effect on the organism’s carbapenem (imipenem and meropenem)
susceptibility, and susceptibilities to other more novel B-lactam antibiotics, such as the
sulfactam BAL30072, are similarly not significantly affected [64,68]. Overexpression of
PenA in a laboratory strain (exogenous promoter) [64] and clinical isolates (promoter-up
mutation) [34] leads to clinically significant ceftazidime resistance. In the clinical strain, the
promoter-up mutation arose in response to ceftazidime treatment [34].

Mutations in PenA have been described that alter critical amino acids affecting the
conserved Ambler motifs (Figure 2) [69] and, thus, result in altered substrate specificity,
including ceftazidime resistance. A report from Malaysia demonstrated emergence of highly
ceftazidime-resistant (MIC X256 pug/ml) variants in response to treatment with this antibiotic
[33]. The ceftazidime resistance was attributed to a C69Y change near the active site of
PenA, a finding that was reproduced by introduction of the same amino acid substitution
into laboratory strain Bp82 [64]. Emergence of the same C69Y mutation as a consequence
of ceftazidime therapy was subsequently reported in an Australian isolate [34].

Following an earlier report describing resistance due to mutations in penA as a consequence
of antibiotic therapy, a later study attributed ceftazidime and amoxicillin—clavulanic acid
resistance to P167S and S72F substitutions in PenA, respectively [67]. These attributions
were subsequently confirmed by allelic exchange in laboratory strain Bp82 [64]. The P167S
mutation was also found to be the cause for ceftazidime resistance in another laboratory-
selected B. pseudomallei mutant [70] and in a Thai melioidosis patient, where it arose as a
consequence of ceftazidime therapy of an acute infection [36].
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The PenA enzyme is conserved amongst Burkholderia species, including Burkholderia
thailandensis, which is closely related to B. pseudomallei [71]. In vitro selection of a
ceftazidime-resistant B. thailandensis isolate revealed a three-base deletion of the codon for
glutamate 168 (Glu168del), which affects the so-called omega loop in PenA [72]. This
mutation has not yet been found in any ceftazidime-resistant B. pseudomallei isolate.

PenA mutants carrying either C69Y P167S or Glu168del are sensitized to other B-lactams,
for example amoxicillin, thus possibly providing an avenue for alternative therapeutic
strategies [64,72]. As noted above, judged by MIC, PenA is not significantly active against
imipenem and inactive against meropenem, and none of these mutations extend the activity
spectrum to these carbapenems [36,64,72].

Two studies described the cloning and characterization of B. pseudomallei class D B-
lactamases (oxacillinases named OXA-42, -43 and -57) from various B. pseudomallei strains
[73,74]. Expression of OXA-43 was significantly increased in laboratory-selected
ceftazidime-resistant mutants, when compared with the parental strain from which they were
derived [73]. However, no oxacillinase has yet been shown to cause ceftazidime resistance
in clinical B. pseudomallei isolates.

Altered target sites

Investigations of six strains from Thai patients that failed ceftazidime therapy revealed that
they contained large (145-309 kb) chromosome 2 deletions [35]. These deletions affected a
common 49 genes and resulted in high-level ceftazidime resistance (MIC 256 pg/ml). This
resistance was accompanied by filamentation and a severe growth defect that prevented
growth on commonly used laboratory culture media. The deleted genomic region contained
two penicillin-binding proteins (PBPs) of the PBP3 family and a PBP belonging to the
PBP5/6 family. The experimentation pinpointed PBP3 BPSS1219 as the ceftazidime target
and its deletion as the sole cause of high-level ceftazidime resistance. Since most antibiotics
target essential cellular functions, target deletion is an unusual resistance mechanism
because of the undesired consequences on bacterial fitness. Nonetheless, it seems to be a
rather common ceftazidime-resistance mechanism in B. pseudomallei.

Other resistance mechanisms

This review focuses on traditional antibiotic resistance mechanisms but numerous other
factors have been demonstrated to affect the antimicrobial susceptibility of B. pseudomallei.
These include: the biofilm mode of growth known to substantially lower antimicrobial
susceptibility [75—77]; the chronic or latent infection state in which bacteria presumably
reside intracellularly in a nonreplicating altered metabolic state (e.g., anaerobiosis) where
they are less susceptible to conventional antibiotics [78]; small colony variants arising in
response to treatment with diverse antibiotics giving rise to crossresistance to chemically
unrelated agents [79]; and growth under stress conditions that may induce antimicrobial
resistance mechanisms, for example growth of B. pseudomallei under salt stress resulted in
induction of a B-lactamase-like protein that was accompanied by increased ceftazidime
resistance [80]. Some of these mechanisms may not be regarded as true resistance, but rather
tolerance mechanisms. Nonetheless, some of these mechanisms may have clinical
implications. However, lack of clinical evidence and of studies in suitable animal models,
make it rather difficult to assess the contributions of these resistance — or tolerance —
mechanisms to clinically significant resistance.

Future perspective

Although, thus far, resistance to clinically significant antibiotics in B. pseudomallei is
relatively rare, there is mounting evidence that resistance is more prevalent than previously
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thought. Not surprisingly, resistance is emerging in response to antimicrobial treatment, both
during the intensive and eradication phase, and may become a more prevalent issue with
more widespread use of antibiotics throughout regions with endemic melioidosis. Given the
paucity of antimicrobial agents useful for melioidosis therapy, resistance to any of the
currently used key antibiotics severely undermines the ability to successfully treat the
disease. Resistance to carbapenems has not yet been observed and, apart from clinical
manifestations that warrant their use, carbapenems should therefore remain drugs of last
resort. As mentioned previously, mobile genetic elements, such as plasmids, seem notably
absent from B. pseudomallei. However, many strains are naturally transformable [81], and
conjugative plasmids can be introduced and, with selective pressure, stably maintained in B.
pseudomallei [82]. Some conjugative multiresistance determinants, especially those
containing carbapenemases, including NDM-1 [83] are disseminating rapidly worldwide
[84] and challenge the treatment of Gram-negative infections. Since many of the regions
where carbapenemases and other resistance determinants are emerging overlap with those
that are endemic for B. pseudomallei, it will be wise to monitor drug-resistant B.
pseudomallei for resistance determinants known to be associated with mobile elements.

Understanding resistance mechanisms provides tangible benefits, such as the development
of PCR-based assays for rapid detection of known resistance alleles. For example, a SYBR®
Green-based mismatch amplification mutation assay was developed for the detection of
single nucleotide polymorphisms in B. pseudomallei penA that result in ceftazidime
resistance [34,36]. Ceftazidime-resistant isolates carrying the PBP3 deletion do not grow on
common laboratory media unless they are supplemented with glycerol [35]. The
ceftazidime-resistant Thai patient isolates were detected because they were fortuitously
plated on Ashdown’s agar, which contains glycerol [59]. However, this is not common
practice and one of the lessons learned from this study is that, following ceftazidime
therapy, patient isolates should be routinely plated onto Ashdown’s agar so that the growth-
deficient resistant variants can be detected early.

Owing to B. pseudomaller s biothreat potential and with no viable vaccine in the pipeline
[85,86], there is continued interest in developing alternative therapeutic agents that are not
(yet) subject to existing resistance mechanisms. Potential novel therapeutic approaches, such
as immunoantimicrobial therapy [87] and use of anti-inflammatories, such as glyburide [88],
have been described, but the perceived patient benefits are, to date, largely observational and
will need to be clinically proven. Other, mostly experimental, strategies (e.g., isocitrate lyase
inhibitors and silver carbine compounds, among others) have been reviewed [89]. Most
promising are novel compounds in various stages of preclinical or clinical development with
activity against B. pseudomallei. Basilea Pharmaceutica’s (Basel, Switzerland) sulfactam
BAL30072 exhibits stellar in vitro efficacy against B. pseudomallei [68]; however, the
compound’s 7n vivo efficacy in animal models is yet unknown. Several other pharmaceutical
companies presented data at diverse scientific meetings on novel developmental compounds
with in vitro and in vivo efficacy against B. pseudomallei. These include novel tetracyclines
from Tetraphase Pharmaceuticals (MA, USA) [90], novel GyrB/ParE inhibitors from Trius
Therapeutics (CA, USA) [91] and EV-035 from Evolva SA (Switzerland) [92]. Aside from
the perceived need for new therapeutics for biodefense purposes, melioidosis is an emerging
infectious disease and further development of novel antimicrobial agents with efficacy
against a pathogen for which there is a paucity of efficacious anti-infectives is warranted.

With the increased attention that B. pseudomallei received since its listing as a category B
select agent [93], our knowledge about its antimicrobial resistance mechanisms and their
implications for treatment of melioidosis has significantly increased. At the time of writing
of this review, several clinically significant chromosomally mediated resistance mechanisms
have been described, including that of PenA B-lactamase, deletion of PBP3 and efflux (the
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roles of PenA and efflux are summarized in Figure 3). However, the picture is still rather
incomplete and more research is needed to fill the remaining gaps in our knowledge.
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Executive summary
Burkholderia pseudomallei

u B. pseudomallei is an emerging pathogen that resides in soil and water.

u The bacterium is found around the globe in tropical and subtropical regions,
with hotspots in northern Australia and southeast Asia, especially in
northeastern Thailand.

u B. pseudomallei readily adapts to adverse conditions and this adaptation is
facilitated by a large and plastic genome consisting of two chromosomes.

Meélioidosis

u B. pseudomallei infections in animals and humans cause melioidosis.

u Melioidosis is a multifaceted disease and a major cause of bacterial sepsis
and chronic disseminated infections in humans in northern Australia and
southeast Asia.

u Melioidosis exhibits a wide array of clinical symptoms, ranging from acute
sepsis to chronic recurrent infections, as well as disease with no clinical
symptoms.

u Even with rapid diagnosis and prompt and aggressive treatment, the fatality

rate for melioidosis patients still ranges from 10 to 20% in Australia to over
40% in Thailand.

Resistancein clinical isolatesimpacting therapy

u The development of antibiotic resistance in response to therapy is a cause for
concern.

u Upregulation of penA transcription causes ceftazidime resistance.

u Amino acid substitutions in class A B-lactamase cause ceftazidime and

amoxicillin—clavulanic acid resistance.

u Deletion of the penicillin binding protein 3 results in high-level ceftazidime
resistance.

B. pseudomallei resistance mechanismsin clinical strains & resistant laboratory
isolates affecting clinically significant antibiotics

m Efflux mediated by the BpeEF—OprC pump affects doxycycline,
trimethoprim and trimethoprim—sulfamethoxazole.

L] Doxycycline resistance in Australian isolates.
Future melioidosis ther apies

L] The development of methods for rapid detection of resistance mechanisms
allows for the initiation or redirection of therapeutic interventions.

u Preclinical and clinical development of novel therapeutics not prone to
existing resistance mechanisms.

m Immunoantimicrobial therapies that demonstrate efficacy in vitro and in
murine melioidosis models.

L] Adjunct therapies preventing or lessening the effects of septic shock.
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Figure 1. Bacterial antibiotic resistance mechanisms

Bacterial antimicrobial resistance mechanisms are multifaceted, ranging from: exclusion of
drug molecules (blue spheres) from the bacterial cell by physicochemical constraints (e.g.,
porins or lipopolysaccharide); efflux from the cell via active transport mechanisms;
enzymatic inactivation, either in the form of substrate cleavage or chemical modification (M
= acetylation, adenylation or phosphorylation); target site alteration or, rarely, target
deletion; metabolic bypass by substitution of a susceptible enzyme or pathway with a
resistant enzyme or pathway; target overproduction by either increased transcription or gene
multiplication; and drug sequestration by specific binding proteins akin to immunity
proteins. Details about individual resistance mechanisms and specific examples are provided
in the text. Bacteria often employ different resistance mechanisms that act synergistically,
for instance, efflux and exclusion, to achieve high-level resistance [26].
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Figure 2. Burkholderia pseudomallei PenA and locations of mutations leading to clinically
significant antibiotic resistance

Positions of conserved regions and mutations are numbered according to the Ambler scheme
[69]. Susceptibilities to clinically significant f-lactam antibiotics range from 1.5 to 3 ug/ml
(wild-type) [33,34,36,64], 256 pug/ml (C69Y) [33,34,64] and 24 to 64 pg/ml (P167S)
[36,64] for ceftazidime, and 3 to 8 ug/ml (wild-type) and 16 to 32 pug/ml (P72F) for
amoxicillin—clavulanic acid [64,67]. By comparison, the meropenem MICs in all isolates are
not significantly affected and range from 0.75 to 1.5 ug/ml [36,64]. Current susceptibility
breakpoints are 8 ug/ml for ceftazidime, < pg/ml for amoxicillin and < pg/ml for
clavulanic acid.
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Figure 3. Summary of Burkholderia pseudomallel resistance mechanisms compromising ther apy
with clinically significant antibiotics

Enzymatic inactivation and efflux from the cell are mechanisms that compromise the use of
antibiotics employed in intensive and eradication phase therapy. The CEF and AMX targets
are located in the periplasm. There is experimental evidence that CEF and other pB-lactams
permeate the outer membrane through porins. Periplasmic p-lactams, such as AMX, are (A)
inactivated by the wild-type PenA class A B-lactamase, (B) unless its activity is inhibited by
CLA. Although wild-type PenA hydrolyzes CEF to some extent, it does not confer clinically
significant resistance to CEF. (C) Some mutant PenA (PenA™") derivatives catalyze CEF
hydrolysis and others (not illustrated) are refractory to CLA inhibition. Antibiotics such as
DOX, TMP and TMP-SMX have cytoplasmic targets and are extruded to the extracellular
milieu by the multicomponent BpeEF-OprC resistance nodulation and cell division efflux
pump. As resistance nodulation and cell division pumps extrude substrates acquired from the
periplasmic space, the listed antibiotics are most likely extruded either during their transit
into the cell or after extrusion to the periplasm from the cytoplasmic space via an unknown
mechanism.

AMX: Amoxicillin; CEF: Ceftazidime; CLA: Clavulanic acid; DOX: Doxycycline; SMX:
Sulfamethoxazole; TMP: Trimethoprim.
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Table 1

Burkholderia pseudomallei antibiotic resistance mechanisms.

Antibictic or inhibitor classt ~ Exclusion  Enzymatic  Target Efflux
inactivation  mutation
Aminoglycosides X X
B-lactams X X
Chloramphenicol X

Clavulanic acid

Fluoroquinolones X X
Macrolides

Polymyxin B X

Tetracyclines

Trimethoprim X

Trimethoprim—sulfamethoxazole

Selected antibiotics affected by the indicated resistance mechanisms are: aminoglycosides, including gentamycin, kanamycin, spectinomycin and
streptomycin; B-lactams, including ampicillin, amoxicillin, carbenicillin, ceftazidime, imipenem and piperacillin; fluoroquinolones, ciprofloxacin
and norfloxacin; macrolides, including clarithromycin, clindamycin and erythromycin; ketolides, cethromycin; tetracyclines, doxycycline and
tetracycline.
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