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Abstract

Burkholderia pseudomallei is the causative agent of melioidosis, which is increasingly being reported worldwide. Mortality rates as
high as 40% have been reported based on clinical patient outcomes in the endemic areas of Australia and Thailand. Novel
therapies are needed to reduce treatment duration and adverse effects and improve treatment outcomes. Epetraborole, a novel
antibiotic, targets leucyl-tRNA synthetase (LeuRS), an essential enzyme that catalyzes the attachment of leucine to transfer RNA.
Epetraborole was evaluated for in vitro activity and efficacy in a murine model to assess clinical relevance against Burkholderia
pseudomallei infections for possible treatment of melioidosis. Epetraborole was tested against 13 clinically derived and three
reference B. pseudomallei strains that have a broad spectrum of susceptibilities to the standard-of-care (SoC) drugs for melioidosis,
which showed that epetraborole exhibited minimal inhibitory concentrations of 0.25—4 ug/mL. Ex vivo studies using THP-1
macrophages confirmed the potency of epetraborole and demonstrated synergy between epetraborole and ceftazidime. In the
acute pulmonary murine infection model of melioidosis, epetraborole demonstrated equivalent efficacy when delivered orally or
subcutaneously, which compared well with the standard-of-care drug ceftazidime. In addition, adding epetraborole to ceftazidime
significantly improved antimicrobial activity in this animal model. This work warrants further exploration of epetraborole as a
candidate for treating melioidosis and substantiates LeuRS as a clinically relevant drug target in B. pseudomallei.

Author summary

Our study suggests the repurposing of epetraborole for the treatment of the often rapidly progressing and fatal disease melioidosis
is warranted. Melioidosis is caused by the bacterial pathogen Burkholderia pseudomallei, commonly found in Southeast Asia,
Australia, Central and South America, Mexico, and recently in the Southern United States. The current clinical treatment of
melioidosis involving multiple drugs is extensive, and a portion of infections will persist or relapse after the completion of treatment.
Resistance to the majority of antibiotics limits the ability to treat and manage the disease effectively. However, Burkholderia
pseudomallei is an under-recognized emerging pathogen with a general lack of resources and interest to drive research for new
treatments. Epetraborole was initially identified with in vitro and in vivo activity against various medically important Gram-negative
bacterial infections and was advanced to treat complicated urinary tract infections. Accordingly, we have assessed the use of
epetraborole to treat melioidosis in a mouse model when administered alone or in combination with the current clinically used drug
ceftazidime.
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Introduction

Burkholderia pseudomallei, the causative agent of the tropical disease melioidosis, is an infectious bacterium that causes acute
fatal disease in humans, which was first described in 1912 in Rangoon by Whitmore and Khrisnaswami [1]. Although most human
cases worldwide are identified in Southeast Asia and Australia, with Thailand reporting the highest mortality rate of ~39%, followed
by Australia at ~14%, there is mounting evidence that B. pseudomallei is an under-recognized emerging pathogen in Central and


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1371/journal.pntd.0011795

South America, Mexico, and more recently the Southern United States [2—7]. Until recently, most cases diagnosed in the United
States could be attributed to travel to areas where B. pseudomallei is endemic [3]. Indeed, recent research on the incidence of B.
pseudomallei suggests the disease is endemic in many countries throughout the Americas [7]. The wide geographic distribution,
high morbidity, and mortality necessitate continuing drug discovery efforts [2,8].

Treatment of melioidosis is lengthy compared to other Gram-negative bacterial infections, with a minimum of 2 weeks of IV therapy
of ceftazidime or meropenem followed by 3—-6 months of oral therapy with trimethoprim-sulfamethoxazole [9]. Although this
treatment regimen is used clinically, mortality remains high, and a percentage of successfully treated infections will persist or
relapse after the completion of treatment [10,11]. The mortality, persistence, and relapse observed after treatment have been
attributed to the poor intracellular activity of the currently used standard-of-care (SoC) drugs toward facultative intracellular growth
of the organism as being a critical aspect of the pathobiology of the disease [12—16]. Another significant impact on drug
susceptibility is the host response during infection, which has been observed to decrease the potency of ceftazidime [17]. Transient
in vivo resistance mechanisms and natural resistance due to efflux pumps render most drugs ineffective against Burkholderia
infections and limit the ability to treat and manage the disease [8,10,18-21].

The clinical drug candidate, epetraborole, is a boron-containing inhibitor of the bacterial leucyl-tRNA synthetase (LeuRS).
Epetraborole was initially identified with in vitro and in vivo activity against Gram-negative bacteria. Epetraborole was advanced to a
phase 2 clinical trial for complicated urinary tract infections. These studies demonstrated that epetraborole has broad-spectrum
potential and LeuRS is a clinically relevant drug target. LeuRS is an essential enzyme for protein synthesis that attaches leucine to
tRNAL®U I addition to this aminoacylation active site, LeuRS has an editing site that hydrolyzes incorrect amino acids from its
cognate tRNA [22]. Epetraborole inhibits LeuRS by trapping tRNA Leu i the editing active site via its boron atom binding to the cis-
diols of the terminal adenosme of tRNAL®Y [23], which prevents tRNA®Y from being leucylated by the aminoacylation site. Thus,
the inhibition of Leu-tRNAeY synthesis ultimately leads to a block in protein synthesis. In addition to epetraborole’s novel
mechanism of action, it has physiochemical properties appropriate for a melioidosis drug candidate. Epetraborole has a small
molecule weight (MW 237), high polarity with a LogD7 4 of -0.23, very low plasma protein binding, and excellent cell penetration,
including human alveolar macrophages [24]; these attributes justify the exploration of epetraborole’s activity against B.
pseudomallei.

Accordingly, we assessed the in vitro activity and in vivo efficacy of epetraborole against B. pseudomallei as monotherapy and in
combination with the standard of care (SoC) drug ceftazidime. Epetraborole demonstrated potency against a panel of laboratory
reference and clinically derived B. pseudomallei strains and efficacy in in vitro, ex vivo, and an acute animal model of melioidosis.
The assessment of epetraborole against clinically derived strains and in efficacy models allowed us to directly assess the potential
use of epetraborole to treat clinically relevant infections administered alone or in combination with ceftazidime. These data
demonstrate that further exploration of epetraborole in the therapy of melioidosis is warranted, which further supports LeuRS as a
clinically relevant drug target.

Materials and methods

Ethics statement

All studies performed at Colorado State University were conducted in a BSL3 facility dedicated to bacterial pathogen work under
the approvals and management of the Biosafety Official. Studies were approved by the Institutional Biosafety Committee and the
Institutional Animal Care and Use Committee and performed under approvals PARF 17-095B and IACUC protocol 3796.

Bacteria and minimum inhibitory concentration determination

B. pseudomallei strains were grown to an ODggg of ~0.6 and were frozen in 10% (v/v) glycerol at -80°C as standard bacterial stocks
for these studies. For each evaluation, bacteria were prepared fresh by growth from the standard Luria-Bertani (LB) Agar stocks at
37°C for 48—72 hrs. Bacteria recovered from the LB plates were used to inoculate 10 mL LB Broth. Broth cultures were then
incubated for 18 hrs at 37°C, passed 1:100, and incubated for an additional 6 hrs at 37°C. Bacteria were then diluted into 1x108
colony forming units (CFU)/mL concentration in cation-adjusted Mueller-Hinton (caMH) Broth (BD, Franklin Lakes, NJ), and 50 pL
was added to each well for each drug plate for a final inoculum of 5x10° CFU/mL. For MIC determination, the concentration range
tested for epetraborole and ceftazidime was 0.03—-64 ug/mL in caMH broth. MIC plates were incubated at 37°C for 18 hrs, at which
time MIC was determined per CLSI guidelines [25]. The MIC value for epetraborole and ceftazidime with the QC strain P.
aeruginosa ATCC 27853 was 2 and 4 pg/mL, respectively, which is within their QC ranges.

Burkholderia ex vivo model of efficacy

Infected THP-1 macrophages (American T gpe Culture Collection, Manassas, VA) were used to assess the intracellular
effectiveness of these compounds. 2.5x10° activated THP-1 cells per well in a 24-well tissue culture plate were cultured in a
complete medium that consisted of Roswell Park Memorial Institute (RPMI) (Invitrogen) and 10% (v/v) fetal bovine serum (HyClone,
Logan, UT). THP-1 cells were incubated at 37°C with 5% CO> for 24 hours (hrs). Bacteria were added to THP-1 cells at a
multiplicity of infection of 10 CFU per cell in a 0.5 mL media. The plates were centrifuged at 2,400 X g for 2 min and placed at
37°C/5% CO3 to incubate for 2 hrs. The supernatant was removed, and each well was washed twice with 2 mL phosphate-buffered
saline (PBS, Sigma-Aldrich, St. Louis, MO). Epetraborole HCI (AN2 Therapeutics) and ceftazidime (Sigma-Aldrich) were added to
each well at 8, 4, 2, 1, 0.5, and 0.25 pyg/mL in complete media in triplicate. Media only were added to three wells to serve as a
negative drug control. Plates were incubated for 24 hrs, and cells were observed for signs of infection. The cells were washed thrice
with 2 mL PBS and lysed with 1 mL sterile 0.05% SDS/water. Each well was thoroughly mixed/scraped and incubated at room
temperature for 7 mlnutes to ensure complete cell lysis. Lysates were then serially diluted at 1:10, and inoculum plated from the
neat, 10”7, 1072, 107> and 107 dilutions onto LB agar plates. Plates were incubated for 48 hrs at 37°C. Colonies from each plate
were counted, and Log1g CFU/mL lysate was calculated.

Pharmacokinetic analysis



Epetraborole pharmacokinetics were assessed in female BALB/c mice by Quintara Discovery Inc. (Hayward, CA 94545).
Epetraborole formulation and bioanalysis were performed as described by Hernandez et al. [23]. Eighteen Balb/c female mice, 7-8
weeks old, were dosed once at 30 mg/kg either orally (PO) or subcutaneously (SC), and plasma concentrations of epetraborole
were measured.

Burkholderia animal model of infection

Acute B. pseudomallei mouse model of disease for efficacy evaluation used 7-9 week-old BALB/c female mice (Charles River
Laboratories, Wilmington, MA), which were challenged by intranasal infection with 5,000 CFU/mouse B. pseudomallei 1026b.
Animals were anesthetized with a mixture of 100 mg/kg ketamine and 10 mg/kg xylazine delivered intraperitoneally before receiving
the inoculum in a 20 pL volume in alternating nostrils. Ceftazidime was formulated in PBS (pH 7.4) to be delivered subcutaneously
(SC) at 200, 125, and 25 mg/kg twice a day (BID). Epetraborole was formulated for injection in water (pH 5) to be given SC at 300,
100, and 30 mg/kg or orally (PO) at 30, 15, and 5 mg/kg BID. Dosing for mice assessed with combinatorial drug therapy was
200/30, 125/15, and 25/5 mg/kg ceftazidime and epetraborole. Drugs were delivered 2 hrs post-infection, and repeated doses were
given every 24 hrs. The number of viable bacteria in the lung and spleen was determined at 60 hrs post-exposure by plating serial
10-fold dilutions of homogenates onto LB agar and incubating for 48 hrs at 37°C. Bacterial burden was assessed using a one-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests with significance determined by a P-value < 0.05.

Delayed dosing efficacy evaluation in acute B. pseudomallei mouse model of disease

7-9 week-old BALB/c female mice were challenged by intranasal infection with 5,000 CFU/mouse B. pseudomallei. Animals were
anesthetized with a mixture of 100 mg/kg ketamine and 10 mg/kg xylazine delivered intraperitoneally before receiving the inoculum
in a 20 pL volume in alternating nostrils. Ceftazidime was formulated in PBS (pH 7.4) to be delivered subcutaneously (SC) at 250
mg/kg for every 4hrs, and epetraborole was formulated for injection in water (pH 5) to be delivered intraperitoneally (IP) at 200 and
100 mg/kg and dosed 12 hours after infection. Combination therapy was assessed by dosing mice with 200 and 100 mg/kg
epetraborole IP BID plus the ceftazidime regimen described above. All study drugs were administered 12 hours post-infection for
delayed dosing efficacy evaluation. The number of viable bacteria in the lung and spleen was determined at 60 hrs post-exposure
by plating serial 10-fold dilutions of homogenates onto LB agar and incubating for 48 hrs at 37°C. Bacterial burden was assessed
using a one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests with significance determined by a P-
value < 0.05.

Results

Epetraborole is a potent inhibitor of clinically derived Burkholderia pseudomallei strains

Epetraborole was screened for anti-burkholderia activity using a standard broth microdilution method [10]. Epetraborole and the
comparator standard of care drug ceftazidime were first tested against the B. pseudomallei laboratory reference strains 1026b and
K96243, the clinical representative susceptible strain DD503, and the drug efflux deficient B. pseudomallei strain Bp400 to
determine the baseline inhibitory activity of epetraborole and assess as an efflux pump substrate. These tests revealed that
epetraborole has a MIC range of 0.25-1 pg/mL across these strains, with DD503 and Bp400 being the most susceptible and the
laboratory strains 1026b and K96243 being the least sensitive (Table 1). The in vitro activity of epetraborole was superior to the
SoC drug ceftazidime, which has a MIC range of 2—4 pug/mL against these strains. The Bp400 strain, with the BepAB-OprB and
AmrAB-OprA efflux pumps deleted, was only 4-fold more susceptible than its parental wild-type strain 1026b [26]. A secondary
screen was performed against a diverse panel of clinically derived B. pseudomallei strains representative of the drug susceptibility
spectrum associated with clinical infections [8]. Against these strains, epetraborole has a MIC range of 0.5 pg/mL to 4 pg/mL with a
mode of 1 pg/mL. Ceftazidime has a MIC range of 2 pg/mL to 8 pg/mL with a mode of 4 ug/mL (Table 1). These studies confirm
that epetraborole has potency across clinically representative strains comparable to the standard-of-care drugs currently used in
the clinical treatment [8].

Table 1. The inhibitory concentration of Epetraborole against Burkholderia pseudomallei.

https://doi.org/10.1371/journal.pntd.0011795.t001

Epetraborole demonstrates efficacy in ex vivo and in vivo Burkholderia models of efficacy
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Epetraborole was evaluated against B. pseudomallei 1026b in a Burkholderia ex vivo model. Growth inhibition was determined over
a 0.25 to 8 pg/mL concentration series of epetraborole. Epetraborole inhibited intracellular growth of B. pseudomallei in a dose-
dependent fashion, demonstrating a ~ 1.5 log1g reduction in CFUs at 4 ug/mL and ~ 2.5 log4g reduction in CFUs at 8 pg/mL (Eig_1).
Similar dose-dependent decreases were observed for the control drug, ceftazidime, which demonstrated ~ 2 log1g reduction in
CFUs at 4 yg/mL (Fig_1). Epetraborole was also evaluated as a co-therapeutic with ceftazidime to determine epetraborole’s use as
a new agent in a combination therapy regimen. A dose of 4 ug/mL of ceftazidime was added to an epetraborole concentration
series of 0.25—-8 pg/mL, which showed that co-treatment of 1 ug/mL epetraborole with 4 ug/mL of ceftazidime showed a ~ 3.5 log1g
reduction in CFUs. This reduction was more significant than the reduction observed for 4 ug/mL of ceftazidime alone (Eig_1). This
demonstrates that the 1:4 combination of epetraborole and ceftazidime has an additive effect and can significantly reduce CFUs at
lower concentrations than can be achieved with monotherapy. These studies also substantiate that epetraborole can gain access to
the bacteria in macrophages.

® EBO
B CAZ
S EBO + CAZ 4 pgimL

Concentration (pg/mL)

Fig 1. Epetroborale activity in ex vivo model of infection.

Epetraborole (EBO) was evaluated against B. pseudomallei 1026b alone and in combination with ceftazidime at 4 mg/mL
(EBO + CAZ). Ceftazidime (CAZ) was included as a comparative control. Growth inhibition was determined over a 0.25 to 8
ug/mL.epetraborole (EBO) concentration series For the combination treatment group, data points for 8, 4, 2, 1, 0.5 yg/mL are
all significantly different from the untreated (0 pg/mL), and those data points are not significantly different from one another. All
comparison analyses was performed with ANOVA.

https://doi.org/10.1371/journal.pntd.0011795.9001

Epetraborole was tested in the acute B. pseudomallei animal infection model to determine efficacy. Initially, we chose to dose mice
subcutaneously with 30, 100, or 300 mg/kg epetraborole BID, which equates to AUC.24 of approximately 18.6, 62, 186 mg.h/L,
assuming linearity from a single 30 mg/kg SC dose in a satellite PK group that yielded an AUCq_24 of 9.3 mg.h/L (Table 2). In
comparison, in humans in 2 studies where epetraborole was dosed at 1500 mg g12h, it achieved exposures with an AUCq.o4 of 146
mg.h/L [24]. The dose of 300 mg/kg BID of epetraborole exhibited a ~ 5 Log1g or greater CFU/mL reduction (P<0.05) in the lung
compared to the untreated control group (Eig 2A). This CFU reduction was more significant than observed in mice treated with
comparative doses of 25, 125, or 200 mg/kg ceftazidime BID, which resulted in a decrease of 0.5 to 4 Log1g CFU/mL in the lungs
(P<0.05 for 200 mg/kg group). Dissemination of B. pseudomallei to the spleen was not detected in the epetraborole-treated groups,
contrasting the observed dissemination in the lower ceftazidime-treated groups (Eig_2B). To determine epetraborole efficacy via the
oral route, epetraborole was also delivered orally at 30 and 15 mg/kg doses of BID, which equates to an AUCq_o4 of approximately
4.9 and 9.7 mg h/L assuming linearity from a single 30 mg/kg PO dose in a satellite PK group that yielded an AUCq.24 of 4.9 mg.
h/L. These low oral doses of epetraborole reduced bacterial burden in the lungs by 1.8-3.8 Log1o CFU/mL (p<0.05) with the 30
mg/kg dose of epetraborole resulting in a ~ 3.5 Log1g CFU/mL reduction (P<0.05) in the lung compared to the untreated control
group (Fig_2C). Oral treatment with 15 mg/kg of epetraborole resulted in a ~ 1.5 Logqg CFU/mL reduction (P<0.05) in the lung.
Dissemination to the spleen was not observed in the animals treated orally with 30 mg/kg of epetraborole (Eig_2D).
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Fig 2. Efficacy of epetraborole in the acute B.

pseudomallei animal infection model. Bacterial burdens in the lung (A, C, E) and spleen (B, D, F) during treatment with
epetraborole delivered subcutaneously (A, B), orally (C, D), or in combination (E, F) compared to untreated control mouse
organ burdens at 60h endpoint. Lower level of detection is indicated by dotted lines.
https://doi.org/10.1371/journal.pntd.0011795.9002

Table 2. Epetraborole murine pharmacokinetic parameters.

https://doi.org/10.1371/journal.pntd.0011795.t002

We further assessed the combination of epetraborole with ceftazidime in vivo. Epetraborole and ceftazidime were co-delivered at
30 mg/kg-200 mg/kg, 15 mg/kg-125 mg/kg, or 5 mg/kg-25 mg/kg combinations. These doses of oral epetraborole were chosen not
to saturate the efficacy window in this model, thus allowing us to see at least additive efficacy from the combination of epetraborole
and ceftazidime. The co-delivery of epetraborole orally at 30 and 15 mg/kg doses of BID and ceftazidime at 125 mg/kg or 200
mg/kg (SC), respectively, resulted in a ~ 5 Log1g CFU/mL reduction in bacterial burden in the lung compared to untreated control
(Fig_2E). Epetraborole was also effective against disseminated disease in the spleen when delivered orally at 15 or 30 mg/kg as a
single agent or combined with 125 or 200 mg/kg ceftazidime (SC) (Eig_2F).

To further validate the potential improvement in clinical outcomes of epetraborole efficacy against the clinically derived strain
MSHR435, which has elevated ceftazidime MIC values of 8 ug/mL, was investigated in a delayed dosing model where mice were
dosed 12 hrs post-infection (Fig_3A). Delayed dosing with epetraborole 100 mg/kg and 200 mg/kg IP BID significantly reduced the
bacterial burden in the lung by ~ 3.4 and ~ 4.8 Log1g CFU/mL (Fig_3B)and in the spleen by ~ 3.8 and 4.8 Log1g CFU/mL,
respectively (Fig_3C). Combining the ceftazidime dose regimen with 100 mg/kg epetraborole treatment enhanced the activity
compared to 100 mg/kg epetraborole alone. Together, these studies demonstrate that epetraborole is efficacious against B.
pseudomallei when delivered by different routes and offers an additive activity when combined with the SoC drug ceftazidime, even
when treatment is initiated after infection.
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Fig 3. Delayed dosing with epetraborole against clinically derived B. pseudomallei strain.

Dosing schedule of treatments in the delayed B. pseudomallei animal infection model (A). Bacterial burdens in the lung (B)
and spleen (C) resulting from delayed treatment with CAZ and EBO delivered subcutaneously (SC), and intraperitoneally (IP),
alone or in combination. Lower level of detection is indicated by dotted lines. Created with BioRender.
https://doi.org/10.1371/journal.pntd.0011795.9003

Discussion

Given the high unmet medical need for melioidosis, one of the goals in drug discovery is to identify candidates that can be used
alone or in combination to treat this severe, rapidly progressing, potentially life-threatening disease. Once thought to only be
endemic in Australia and Asia, recently, melioidosis has been isolated in the Americas at an increasing frequency, indicating that B.
pseudomallei is more geographically widespread than previously thought [7], and, with potential environmental exposures, the
number of patients with melioidosis is expected to rise. In addition, as of January 18t 2023, melioidosis has become a nationally
notifiable urgent condition in the United States by the CDC [27]. The limited number of drugs effectively treating melioidosis and the
long treatment times for a durable cure underscores the need for new therapies with unique modes of action that are not limited by
drug efflux and transient antimicrobial resistance mechanisms [9,10]. A historically successful approach in drug discovery is
repurposing or broadening the spectrum of a drug or new investigational drug candidate. Epetraborole is a boron-containing small
molecule that inhibits LeuRS and has been shown in other nonclinical studies to have efficacy against medically important, difficult-
to-treat bacterial pathogens [23]. Therefore, we assessed epetraborole against a diverse panel of laboratory and clinically derived
B. pseudomallei strains and in animals of melioidosis to determine its potential as a clinical candidate that can be used alone or as
a co-therapeutic to treat B. pseudomallei infections.

We have successfully used standardized strain panels to discover two new investigational drug candidates [28,29]. Similarly, we
have used this screening approach to demonstrate that epetraborole has potency against various clinically derived B. pseudomallei
strains with differing susceptibility to SoC drugs. An important metric of drug performance is the demonstrated comparable potency
of epetraborole against B. pseudomallei strains with a spectrum of drug susceptibilities. Multiple encoded efflux systems have been
well documented to impact the natural resistance rate of B. pseudomallei strains because even slight changes in more than one
efflux activity would increase the required inhibitory concentration of the drug. Notably, the in vitro activity of epetraborole is
minimally impacted by drug efflux that is well known to result in widespread drug resistance in B. pseudomallei. To assess the
efficacy potential of epetraborole, the intracellular activity was evaluated using an ex vivo efficacy model routinely used in drug
discovery efforts. Epetraborole was highly effective in significantly reducing the bacterial numbers in a dose-dependent manner by
several log1g CFU. The activity in this in vitro assay indicates that epetraborole is very effective in killing intracellular bacteria in
macrophages. The observed activity in an ex vivo model substantiates the ability of epetraborole to permeate the mammalian cell
membrane and maintain activity in the host environment.

This study demonstrated that epetraborole possesses antibacterial activity against a panel of B. pseudomallei strains, including
clinical strains with various susceptibilities to current SoC drugs, and has efficacy in an ex vivo model and a standard lethal mouse
models of melioidosis. Epetraborole reduced the bacterial load in the lungs in a dose-dependent fashion. Notably, epetraborole
demonstrated efficacy when administrated by different routes at equivalent doses. Consistent with the significant reduction in
bacterial load in the lungs, the bacterial load in the spleen was typically at the level of detection or below. Given that 25% of
patients on IV SoC therapy die within 1 month, with even a greater amount in 1 year, any improvement in SoC is desperately
needed [30,31]. Therefore, epetraborole was assessed as a co-therapeutic with the SoC drug ceftazidime to determine its use as a
new combination therapy regimen. The improved efficacy when epetraborole is co-administered with ceftazidime indicates that
epetraborole has excellent potential as a therapeutic that can be used in combination with ceftazidime and adding epetraborole to
treatment regimens could help improve outcomes when treating B. pseudomallei in the clinical setting. Even when epetraborole
administration was delayed, it demonstrated efficacy against a clinically derived difficult-to-treat B. pseudomallei strain. These
observations are particularly significant given the various intrinsic resistance and drug efflux mechanisms of B. pseudomallei. The
potency of epetraborole against clinically derived strains and in vivo efficacy demonstrates the potential for epetraborole to improve
clinical outcomes in combination with ceftazidime.

Acknowledgments
Test materials were provided by AN2 Therapeutics. We gratefully acknowledge Sanjay Chanda, Lynn Connolly, Paul Eckburg, Larry

Friedrich, Vince Hernandez, Jennifer Huber, Tiffany Keepers, Kevin Krause, and Steve Prior for reviewing technical content and
Stephanie Moore, Lisa Reiche, and Rianna Stefanakis for assisting with non-technical editing.

References


https://doi.org/10.1371/journal.pntd.0011795.g003
https://journals.plos.org/plosntds/article/figure/image?size=medium&id=10.1371/journal.pntd.0011795.g003
https://journals.plos.org/plosntds/article/figure/image?size=medium&id=10.1371/journal.pntd.0011795.g003

10.

1.

12.

13.

14.

15.

. Whitmore A, Krishnaswami CS. A Hitherto Undescribed Infective Disease in Rangoon. Ind Med Gaz. 1912;47(7):262—7. Epub 1912/07/01.

pmid:29005374; PubMed Central PMCID: PMC5168169.
View Article ¢« PubMed/NCBI ¢ Google Scholar

. Cheng AC, Day NP, Mayo MJ, Gal D, Currie BJ. Burkholderia pseudomallei strain type, based on pulsed-field gel electrophoresis, does not determine

disease presentation in melioidosis. Microbes Infect. 2005;7(1):104-9. Epub 20041118. pmid:15716075.
View Article ¢ PubMed/NCBI ¢ Google Scholar

. Dawson P, Duwell MM, Elrod MG, Thompson RJ, Crum DA, Jacobs RM, et al. Human Melioidosis Caused by Novel Transmission of Burkholderia

pseudomallei from Freshwater Home Aquarium, United States(1). Emerg Infect Dis. 2021;27(12):3030-5. Epub 20210927. pmid:34570693; PubMed
Central PMCID: PMC8632198.
View Article ¢ PubMed/NCBI ¢ Google Scholar

. Dance DA. Ecology of Burkholderia pseudomallei and the interactions between environmental Burkholderia spp. and human-animal hosts. Acta Trop.

2000;74(2-3):159-68. pmid:10674645.
View Article » PubMed/NCBI « Google Scholar

. Birnie E, Virk HS, Savelkoel J, Spijker R, Bertherat E, Dance DAB, et al. Global burden of melioidosis in 2015: a systematic review and data synthesis.

Lancet Infect Dis. 2019;19(8):892-902. Epub 2019/07/10. pmid:31285144; PubMed Central PMCID: PMC6867904.
View Article « PubMed/NCBI « Google Scholar

. Savelkoel J, Dance DAB, Currie BJ, Limmathurotsakul D, Wiersinga WJ. A call to action: time to recognise melioidosis as a neglected tropical disease.

Lancet Infect Dis. 2022;22(6):e176—-e82. Epub 2021/12/27. pmid:34953519.
View Article ¢ PubMed/NCBI ¢ Google Scholar

. Benoit TJ, Blaney DD, Doker TJ, Gee JE, Elrod MG, Rolim DB, et al. A Review of Melioidosis Cases in the Americas. Am J Trop Med Hyg.

2015;93(6):1134—9. Epub 2015/10/16. pmid:26458779; PubMed Central PMCID: PMC4674224.
View Article ¢« PubMed/NCBI ¢ Google Scholar

. Cummings JE, Abdo Z, Slayden RA. Improved non-redundant species screening panels for benchmarking the performance of new investigational

antibacterial candidates against Category A and B priority pathogens. JAC Antimicrob Resist. 2022;4(2):dlac028. Epub 20220324. pmid:35350133;
PubMed Central PMCID: PMC8947225.
View Article ¢ PubMed/NCBI ¢ Google Scholar

. Dance D.Treatment and prophylaxis of melioidosis. Int J Antimicrob Agents. 2014;43(4):310-8. Epub 2014/03/13. pmid:24613038; PubMed Central

PMCID: PMC4236584.
View Article ¢ PubMed/NCBI ¢ Google Scholar

Cummings JE, Slayden RA. Transient In Vivo Resistance Mechanisms of Burkholderia pseudomallei to Ceftazidime and Molecular Markers for Monitoring
Treatment Response. PLoS Negl Trop Dis. 2017;11(1):e0005209. Epub 20170112. pmid:28081127; PubMed Central PMCID: PMC5230754.
View Article « PubMed/NCBI * Google Scholar

Seng R, Phunpang R, Saiprom N, Dulsuk A, Chewapreecha C, Thaipadungpanit J, et al. Phenotypic and genetic alterations of Burkholderia pseudomallei
in patients during relapse and persistent infections. Front Microbiol. 2023;14:1103297. Epub 20230206. pmid:36814569; PubMed Central PMCID:
PMC9939903.

View Article ¢ PubMed/NCBI ¢ Google Scholar

Wiersinga WJ, Virk HS, Torres AG, Currie BJ, Peacock SJ, Dance DAB, et al. Melioidosis. Nat Rev Dis Primers. 2018;4:17107. Epub 2018/02/02.
pmid:29388572; PubMed Central PMCID: PMC6456913.
View Article « PubMed/NCBI * Google Scholar

Pruksachartvuthi S, Aswapokee N, Thankerngpol K. Survival of Pseudomonas pseudomallei in human phagocytes. J Med Microbiol. 1990;31(2):109-14.
Epub 1990/02/01. pmid:2304065.
View Article « PubMed/NCBI « Google Scholar

Inglis TJ, Rodrigues F, Rigby P, Norton R, Currie BJ. Comparison of the susceptibilities of Burkholderia pseudomallei to meropenem and ceftazidime by
conventional and intracellular methods. Antimicrob Agents Chemother. 2004;48(8):2999-3005. Epub 2004/07/27. pmid:15273112; PubMed Central
PMCID: PMC478517.

View Article « PubMed/NCBI « Google Scholar

Buyck JM, Luyckx C, Muccioli GG, Krause KM, Nichols WW, Tulkens PM, et al. Pharmacodynamics of ceftazidime/avibactam against extracellular and
intracellular forms of Pseudomonas aeruginosa. J Antimicrob Chemother. 2017;72(5):1400-9. Epub 2017/02/01. pmid:28137941.
View Article « PubMed/NCBI « Google Scholar


http://www.ncbi.nlm.nih.gov/pubmed/29005374
http://scholar.google.com/scholar?q=A+Hitherto+Undescribed+Infective+Disease+in+Rangoon.+Whitmore+1912
https://doi.org/10.1016/j.micinf.2004.08.020
http://www.ncbi.nlm.nih.gov/pubmed/15716075
http://scholar.google.com/scholar?q=Burkholderia+pseudomallei+strain+type%2C+based+on+pulsed-field+gel+electrophoresis%2C+does+not+determine+disease+presentation+in+melioidosis+Cheng+2005
https://doi.org/10.3201/eid2712.211756
http://www.ncbi.nlm.nih.gov/pubmed/34570693
http://scholar.google.com/scholar?q=Human+Melioidosis+Caused+by+Novel+Transmission+of+Burkholderia+pseudomallei+from+Freshwater+Home+Aquarium%2C+United+States%281%29.+Dawson+2021
https://doi.org/10.1016/s0001-706x(99)00066-2
http://www.ncbi.nlm.nih.gov/pubmed/10674645
http://scholar.google.com/scholar?q=Ecology+of+Burkholderia+pseudomallei+and+the+interactions+between+environmental+Burkholderia+spp.+and+human-animal+hosts+Dance+2000
https://doi.org/10.1016/S1473-3099(19)30157-4
http://www.ncbi.nlm.nih.gov/pubmed/31285144
http://scholar.google.com/scholar?q=Global+burden+of+melioidosis+in+2015%3A+a+systematic+review+and+data+synthesis+Birnie+2019
https://doi.org/10.1016/S1473-3099(21)00394-7
http://www.ncbi.nlm.nih.gov/pubmed/34953519
http://scholar.google.com/scholar?q=A+call+to+action%3A+time+to+recognise+melioidosis+as+a+neglected+tropical+disease+Savelkoel+2022
https://doi.org/10.4269/ajtmh.15-0405
http://www.ncbi.nlm.nih.gov/pubmed/26458779
http://scholar.google.com/scholar?q=A+Review+of+Melioidosis+Cases+in+the+Americas+Benoit+2015
https://doi.org/10.1093/jacamr/dlac028
http://www.ncbi.nlm.nih.gov/pubmed/35350133
http://scholar.google.com/scholar?q=Improved+non-redundant+species+screening+panels+for+benchmarking+the+performance+of+new+investigational+antibacterial+candidates+against+Category+A+and+B+priority+pathogens.+Cummings+2022
https://doi.org/10.1016/j.ijantimicag.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24613038
http://scholar.google.com/scholar?q=Treatment+and+prophylaxis+of+melioidosis+Dance+2014
https://doi.org/10.1371/journal.pntd.0005209
http://www.ncbi.nlm.nih.gov/pubmed/28081127
http://scholar.google.com/scholar?q=Transient+In+Vivo+Resistance+Mechanisms+of+Burkholderia+pseudomallei+to+Ceftazidime+and+Molecular+Markers+for+Monitoring+Treatment+Response+Cummings+2017
https://doi.org/10.3389/fmicb.2023.1103297
http://www.ncbi.nlm.nih.gov/pubmed/36814569
http://scholar.google.com/scholar?q=Phenotypic+and+genetic+alterations+of+Burkholderia+pseudomallei+in+patients+during+relapse+and+persistent+infections.+Seng+2023
https://doi.org/10.1038/nrdp.2017.107
http://www.ncbi.nlm.nih.gov/pubmed/29388572
http://scholar.google.com/scholar?q=Melioidosis.+Wiersinga+2018
https://doi.org/10.1099/00222615-31-2-109
http://www.ncbi.nlm.nih.gov/pubmed/2304065
http://scholar.google.com/scholar?q=Survival+of+Pseudomonas+pseudomallei+in+human+phagocytes+Pruksachartvuthi+1990
https://doi.org/10.1128/AAC.48.8.2999-3005.2004
http://www.ncbi.nlm.nih.gov/pubmed/15273112
http://scholar.google.com/scholar?q=Comparison+of+the+susceptibilities+of+Burkholderia+pseudomallei+to+meropenem+and+ceftazidime+by+conventional+and+intracellular+methods+Inglis+2004
https://doi.org/10.1093/jac/dkw587
http://www.ncbi.nlm.nih.gov/pubmed/28137941
http://scholar.google.com/scholar?q=Pharmacodynamics+of+ceftazidime%2Favibactam+against+extracellular+and+intracellular+forms+of+Pseudomonas+aeruginosa+Buyck+2017

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Fukuhara H, Ishimine T, Futenma M, Saito A. Efficacy of antibiotics against extracellular and intracellular Burkholderia pseudomallei, and their therapeutic
effects on experimental pneumonia in mice. Japanese Journal of Tropical Medicine and Hygiene 1995;23(1):1-7.
View Article ¢ Google Scholar

Wilson WJ, Afzali MF, Cummings JE, Legare ME, Tjalkens RB, Allen CP, et al. Inmune Modulation as an Effective Adjunct Post-exposure Therapeutic for
B. pseudomallei. PLoS Negl Trop Dis. 2016;10(10):e0005065. Epub 2016/10/30. pmid:27792775; PubMed Central PMCID: PMC5085046.
View Article » PubMed/NCBI « Google Scholar

Wiersinga WJ, van der Poll T, White NJ, Day NP, Peacock SJ. Melioidosis: insights into the pathogenicity of Burkholderia pseudomallei. Nat Rev
Microbiol. 2006;4(4):272-82. Epub 2006/03/17. pmid:16541135.
View Article « PubMed/NCBI « Google Scholar

Inglis TJ, Rolim DB, Rodriguez JL. Clinical guideline for diagnosis and management of melioidosis. Rev Inst Med Trop Sao Paulo. 2006;48(1):1—4. Epub
2006/03/21. pmid:16547571.
View Article ¢ PubMed/NCBI ¢ Google Scholar

Peacock SJ, Schweizer HP, Dance DA, Smith TL, Gee JE, Wuthiekanun V, et al. Management of accidental laboratory exposure to Burkholderia
pseudomallei and B. mallei. Emerging infectious diseases. 2008;14(7):e2. Epub 2008/07/05. pmid:18598617; PubMed Central PMCID: PMC2600349.
View Article ¢ PubMed/NCBI ¢ Google Scholar

Sarovich DS, Price EP, Limmathurotsakul D, Cook JM, Von Schulze AT, Wolken SR, et al. Development of ceftazidime resistance in an acute Burkholderia
pseudomallei infection. Infect Drug Resist. 2012;5:129-32. Epub 2012/09/15. pmid:22977307; PubMed Central PMCID: PMC3430440.
View Article « PubMed/NCBI * Google Scholar

Lincecum TL Jr, Tukalo M, Yaremchuk A, Mursinna RS, Williams AM, Sproat BS, et al. Structural and mechanistic basis of pre- and posttransfer editing by
leucyl-tRNA synthetase. Mol Cell. 2003;11(4):951-63. Epub 2003/04/30. pmid:12718881.
View Article « PubMed/NCBI « Google Scholar

Hernandez V, Crepin T, Palencia A, Cusack S, Akama T, Baker SJ, et al. Discovery of a novel class of boron-based antibacterials with activity against
gram-negative bacteria. Antimicrob Agents Chemother. 2013;57(3):1394—403. Epub 2013/01/09. pmid:23295920; PubMed Central PMCID: PMC3591879.
View Article ¢ PubMed/NCBI ¢ Google Scholar

Tenero D, Bowers G, Rodvold KA, Patel A, Kurtinecz M, Dumont E, et al. Intrapulmonary pharmacokinetics of GSK2251052 in healthy volunteers.
Antimicrob Agents Chemother. 2013;57(7):3334-9. Epub 2013/05/08. pmid:23650164; PubMed Central PMCID: PMC3697385.
View Article » PubMed/NCBI « Google Scholar

Clinical and Laboratory Standards Institute. Methods for antimicrobial dilution and disk susceptibility testing of infrequently isolated or fastidious bacteria.
3rd edition. ed. Wayne, PA: Clinical and Laboratory Standards Institute; 2016. xviii, 98 pages p.

Mima T, Schweizer HP. The BpeAB-OprB efflux pump of Burkholderia pseudomallei 1026b does not play a role in quorum sensing, virulence factor
production, or extrusion of aminoglycosides but is a broad-spectrum drug efflux system. Antimicrob Agents Chemother. 2010;54(8):3113-20. Epub
2010/05/26. pmid:20498323; PubMed Central PMCID: PMC2916348.

View Article » PubMed/NCBI « Google Scholar

https://cdn.ymaws.com/www.cste.org/resource/resmgr/ps/ps2022/22-I1D-08_Melioidosis.pdf.
View Article ¢ Google Scholar

Cummings JE, Slayden KW, Slayden RA. TPR1, a novel rifampicin derivative, demonstrates efficacy alone and in combination with doxycycline against
the NIAID Category A priority pathogen Francisella tularensis. JAC Antimicrob Resist. 2021;3(2):dlab058. Epub 2021/07/06. pmid:34223120; PubMed
Central PMCID: PMC8210291.

View Article ¢ PubMed/NCBI ¢ Google Scholar

Durand-Reville TF, Miller AA, O’'Donnell JP, Wu X, Sylvester MA, Guler S, et al. Rational design of a new antibiotic class for drug-resistant infections.
Nature. 2021;597(7878):698-702. Epub 2021/09/17. pmid:34526714.
View Article ¢ PubMed/NCBI ¢ Google Scholar

Chetchotisakd P, Chierakul W, Chaowagul W, Anunnatsiri S, Phimda K, Mootsikapun P, et al. Trimethoprim-sulfamethoxazole versus trimethoprim-
sulfamethoxazole plus doxycycline as oral eradicative treatment for melioidosis (MERTH): a multicentre, double-blind, non-inferiority, randomised
controlled trial. Lancet. 2014;383(9919):807—14. Epub 2013/11/29. pmid:24284287; PubMed Central PMCID: PMC3939931.

View Article ¢ PubMed/NCBI ¢ Google Scholar

Chantratita N, Phunpang R, Yarasai A, Dulsuk A, Yimthin T, Onofrey LA, et al. Characteristics and One Year Outcomes of Melioidosis Patients in
Northeastern Thailand: A Prospective, Multicenter Cohort Study. Lancet Reg Health Southeast Asia. 2023;9. Epub 2022/12/27. pmid:36570973; PubMed
Central PMCID: PMC9788505.

View Article « PubMed/NCBI ¢ Google Scholar



https://doi.org/10.2149/tmh1973.23.1
http://scholar.google.com/scholar?q=Efficacy+of+antibiotics+against+extracellular+and+intracellular+Burkholderia+pseudomallei%2C+and+their+therapeutic+effects+on+experimental+pneumonia+in+mice+Fukuhara+1995
https://doi.org/10.1371/journal.pntd.0005065
http://www.ncbi.nlm.nih.gov/pubmed/27792775
http://scholar.google.com/scholar?q=Immune+Modulation+as+an+Effective+Adjunct+Post-exposure+Therapeutic+for+B.+pseudomallei+Wilson+2016
https://doi.org/10.1038/nrmicro1385
http://www.ncbi.nlm.nih.gov/pubmed/16541135
http://scholar.google.com/scholar?q=Melioidosis%3A+insights+into+the+pathogenicity+of+Burkholderia+pseudomallei+Wiersinga+2006
https://doi.org/10.1590/s0036-46652006000100001
http://www.ncbi.nlm.nih.gov/pubmed/16547571
http://scholar.google.com/scholar?q=Clinical+guideline+for+diagnosis+and+management+of+melioidosis.+Inglis+2006
https://doi.org/10.3201/eid1407.071501
http://www.ncbi.nlm.nih.gov/pubmed/18598617
http://scholar.google.com/scholar?q=Management+of+accidental+laboratory+exposure+to+Burkholderia+pseudomallei+and+B.+mallei+Peacock+2008
https://doi.org/10.2147/IDR.S35529
http://www.ncbi.nlm.nih.gov/pubmed/22977307
http://scholar.google.com/scholar?q=Development+of+ceftazidime+resistance+in+an+acute+Burkholderia+pseudomallei+infection+Sarovich+2012
https://doi.org/10.1016/s1097-2765(03)00098-4
http://www.ncbi.nlm.nih.gov/pubmed/12718881
http://scholar.google.com/scholar?q=Structural+and+mechanistic+basis+of+pre-+and+posttransfer+editing+by+leucyl-tRNA+synthetase+Lincecum+2003
https://doi.org/10.1128/AAC.02058-12
http://www.ncbi.nlm.nih.gov/pubmed/23295920
http://scholar.google.com/scholar?q=Discovery+of+a+novel+class+of+boron-based+antibacterials+with+activity+against+gram-negative+bacteria+Hernandez+2013
https://doi.org/10.1128/AAC.02483-12
http://www.ncbi.nlm.nih.gov/pubmed/23650164
http://scholar.google.com/scholar?q=Intrapulmonary+pharmacokinetics+of+GSK2251052+in+healthy+volunteers+Tenero+2013
https://doi.org/10.1128/AAC.01803-09
http://www.ncbi.nlm.nih.gov/pubmed/20498323
http://scholar.google.com/scholar?q=The+BpeAB-OprB+efflux+pump+of+Burkholderia+pseudomallei+1026b+does+not+play+a+role+in+quorum+sensing%2C+virulence+factor+production%2C+or+extrusion+of+aminoglycosides+but+is+a+broad-spectrum+drug+efflux+system+Mima+2010
http://scholar.google.com/scholar?q=++
https://doi.org/10.1093/jacamr/dlab058
http://www.ncbi.nlm.nih.gov/pubmed/34223120
http://scholar.google.com/scholar?q=TPR1%2C+a+novel+rifampicin+derivative%2C+demonstrates+efficacy+alone+and+in+combination+with+doxycycline+against+the+NIAID+Category+A+priority+pathogen+Francisella+tularensis.+Cummings+2021
https://doi.org/10.1038/s41586-021-03899-0
http://www.ncbi.nlm.nih.gov/pubmed/34526714
http://scholar.google.com/scholar?q=Rational+design+of+a+new+antibiotic+class+for+drug-resistant+infections+Durand-Reville+2021
https://doi.org/10.1016/S0140-6736(13)61951-0
http://www.ncbi.nlm.nih.gov/pubmed/24284287
http://scholar.google.com/scholar?q=Trimethoprim-sulfamethoxazole+versus+trimethoprim-sulfamethoxazole+plus+doxycycline+as+oral+eradicative+treatment+for+melioidosis+%28MERTH%29%3A+a+multicentre%2C+double-blind%2C+non-inferiority%2C+randomised+controlled+trial.+Chetchotisakd+2014
https://doi.org/10.1016/j.lansea.2022.100118
http://www.ncbi.nlm.nih.gov/pubmed/36570973
http://scholar.google.com/scholar?q=Characteristics+and+One+Year+Outcomes+of+Melioidosis+Patients+in+Northeastern+Thailand%3A+A+Prospective+Chantratita+2023
https://cdn.ymaws.com/www.cste.org/resource/resmgr/ps/ps2022/22-ID-08_Melioidosis.pdf

