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spp. The latter feature is due to sulbactam'’s ability to inhibit certain penicillin-binding
proteins, essential enzymes involved in bacterial cell wall synthesis in this pathogen.
Because sulbactam is also susceptible to cleavage by numerous p-lactamases, its
clinical utility for the treatment of contemporary Acinetobacter infections is quite
limited. However, when combined with durlobactam, the activity of sulbactam is
effectively restored against these notoriously multidrug-resistant strains. This sulbactam-
durlobactam combination is currently in late-stage development for the treatment of
Acinectobacter infections, including those caused by carbapenem-resistant isolates, for
which there is a high unmet medical need. The following mini-review summarizes the
molecular drivers of efficacy of this combination against this troublesome pathogen,
with an emphasis on the biochemical features of each partner.
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INTRODUCTION

Infections caused by multi-drug resistant (MDR) Acinetobacter species are among the most urgent
threats to human health [Global Action Plan on Antimicrobial Resistance, 2014; Centers for Disease
Control and Prevention (CDC), 2019]. These pathogens cause hospital-acquired or ventilator-
associated pneumonia (VAP), bacteremia, complicated urinary tract infections and a variety of skin
and tissue infections, in both healthy and immuno-compromised individuals (Lee et al., 2017).
Most Acinetobacter infections are chronic, with mortality rates of 40-60% (Wong et al., 2017).
The incidence of these infections varies widely across the globe, ranging from 1% of surgical site
infections and 12% of VAP in the United States (Weiner et al., 2016) to 35% of all hospital-
acquired drug-resistant infections in China (Zhang et al., 2019). Clinical resistance in this organism
to nearly all antibiotic classes, including cephalosporins, fluoroquinolones, aminoglycosides, and
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tetracyclines, is widespread and continues to increase
(Magiorakos et al., 2012; Wong et al, 2017). In the past
few decades, resistance to carbapenems in Acinetobacter and
even the last resort agent colistin, has also increased at alarming
rates worldwide (Lee et al., 2017).

Despite the significant unmet medical need, there are
currently no reliably effective antibiotics for the treatment
of carbapenem-resistant Acinetobacter infections. Although
cefiderocol (Fetroja®), which was recently approved for the
treatment of drug-resistant Gram-negative pathogens, has potent
in vitro activity against MDR Acinetobacter (Isler et al., 2019), its
in vivo efficacy in preclinical infection models of infection against
cefiderocol-susceptible Acinetobacter baumannii is quite variable
(Monogue et al., 2017). In addition, treatment with this agent
resulted in higher mortality rates as compared to best available
therapy in patients with A. baumannii bloodstream infections or
nosocomial pneumonia in the recent CREDIBLE-CR Phase 3 trial
(Bassetti et al., 2021). These findings have recently been proposed
to be related to liabilities associated with siderophore-mediated
uptake leading to heteroresistance (Choby et al., 2021).

The only agent currently in late-stage clinical development for
this indication is a combination of sulbactam, a first generation
B-lactamase inhibitor (BLI) with intrinsic antibacterial activity
against Acinetobacter spp., plus durlobactam, a next generation
diazabicyclooctane (DBO) fB-lactamase inhibitor with broad-
spectrum activity against Class A, C, and D B-lactamases
(Durand-Reville et al., 2017). The key features of this unusual,
dual BLI combination therapy are described below.

SULBACTAM: A 8-LACTAMASE
INHIBITOR WITH INTRINSIC
ANTIBACTERIAL ACTIVITY AGAINST
ACINETOBACTER

Sulbactam is a semi-synthetic penicillanic acid that was among
the first B-lactamase inhibitors developed, in combination with
ampicillin, for the treatment of infections caused by B-lactamase-
producing bacterial pathogens (Adnan et al., 2013). Its inhibitory
activity is limited to a subset of class A serine P-lactamases
(Shapiro, 2017). A unique feature of sulbactam is its intrinsic
antibacterial activity against Acinetobacter and a limited number
of other bacterial species (Noguchi and Gill, 1988), which
results from its inhibition of key enzymes required for bacterial
peptidoglycan synthesis. PBPla, PBP1b, and PBP3, but not
PBP2, are targets of sulbactam in Acinetobacter species. This
was shown by its selectivity of inhibition of BOCILLIN FL
penicillin labeling in membranes prepared from A. baumannii,
and by sulbactam-induced cell filamentation, a hallmark of
Gram-negative PBP1/PBP3 inhibition (Penwell et al., 2015).
Spontaneous resistance mutants to sulbactam selected at a
very low frequency in vitro mapped to mutations in PBP3
near the active site (Penwell et al., 2015; McLeod et al., 2018).
These included S390T, S395E, V505L, and T511A/S mutations
(Figure 1A). The S390T, S395F, and T511S mutations reduced
the potency of inhibition by sulbactam by over 90%, as measured

by kinact/Ki (McLeod et al., 2018). A. baumannii strains with
the S390T and S395F mutations in PBP3 had markedly reduced
growth rates in vitro suggesting that A. baumannii bearing those
sulbactam resistance mutations may exhibit reduced virulence
in vivo (Penwell et al., 2015).

Several decades ago, sulbactam demonstrated both in vitro
activity and clinical effectiveness against A. baumannii isolates
(Doi et al.,, 2015). However, there has been a steady decline in
the in vitro susceptibility of A. baumannii to sulbactam since
that time, due to its susceptibility to degradation by a variety
of acquired or upregulated B-lactamases, including Ambler class
A TEM-1, class C ADC-30 and several class D OXAs (Krizova
et al., 2013; Kuo et al., 2015). Indeed, the need for a B-lactamase-
resistant B-lactamase inhibitor in combination with sulbactam
for the treatment of A. baumannii infections is clearly shown
by the fact that B-lactamases of all 4 Ambler classes are able to
degrade sulbactam, whereas only a subset of class A B-lactamases
are potently inhibited by it (Shapiro, 2017).

DURLOBACTAM: A POTENT,
BROAD-SPECTRUM DBO INHIBITOR OF
CLASS A, C, AND D g-LACTAMASES

Durlobactam is a next generation DBO f-lactamase inhibitor
with an extended spectrum of activity compared to other f-
lactamase inhibitors currently on the market. It was discovered
using structure-based drug design, computational chemistry
and medicinal chemistry with a design hypothesis based on
a combination of increased chemical reactivity, improved
enzymatic binding, optimized Gram-negative permeation and
physico-chemical properties suitable for intravenous dosing
(Durand-Reville et al., 2017).

As shown in Table 1, durlobactam is a potent inhibitor of
class A, C, and D serine B-lactamases. The key differentiating
feature as compared to other DBO BLIs is its activity against class
D carbapenemases of the OXA family, which are prevalent in
A. baumannii (Durand-Reville et al., 2017). Durlobactam does
not inhibit class B metallo-B-lactamases, but recent surveillance
studies suggest these are currently rare in global clinical isolates
of Acinetobacter spp. (Butler et al., 2019; Kostyanev et al., 2021).

The potency of serine p-lactamase inhibition by durlobactam
has been measured for several enzymes of Ambler classes A, C,
and D (Durand-Reville et al., 2017; Barnes et al., 2019; Shapiro
and Gao, 2021). The second-order rate constants kiyuc+/K;
(Tonge, 2019) for covalent inhibition of representative serine -
lactamases are shown in Table 1. Values for avibactam, the first
approved DBO B-lactamase inhibitor, are shown for comparison.
Durlobactam has greater potency than avibactam for class A and
C enzymes. Unlike avibactam, durlobactam has potent activity
against all class D B-lactamases studied, many of which are
commonly involved in P-lactam resistance in A. baumannii
(Poirel et al., 2010; Durand-Reville et al., 2017; Table 1).

The kiyqct/K; values for avibactam shown in Table 1 were
measured under identical conditions as those for durlobactam.
Ehmann et al. (2013) also reported ki,ac/K; for avibactam
with CTX-M-15, TEM-1, KPC-2, Pseudomonas aeruginosa
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permission from the authors.

FIGURE 1 | Structural details for the mechanism of action of sulbactam-durlobactam. (A) Computational model of sulbactam bound to the active site of
Acinetobacter baumannii PBP3 (PDB: 3UE3). Covalent docking was performed in ICM-Pro version 3.8 and structure visualized in UCSF Chimera version 1.15
(Pettersen et al., 2004), with sulbactam bound to the PBP3 active site serine, shown in green. Sulbactam-resistant mutations are indicated in red and sulbactam is
shown in cyan. (B) Durlobactam bound to the active site of OXA24/40 (PDB: 6MPQ). The inhibitor is shown in blue carbon atom stick representation, whereas the
protein is depicted in gray carbon stick representation. The K84 side chain was observed in two conformations: one carbamylated and one non-carbamylated [0.6
and 0.4 occupancy conformations labeled a and b, respectively]. A chloride ion with 0.4 occupancy was also refined in the active site (green sphere). Hydrogen
bonds between durlobactam and OXA24/40 are shown with dashed lines. Water molecules are depicted as red spheres. Reproduced from Barnes et al. (2019) with

AmpC, Enterobacter cloacae P99, OXA-10 and OXA-48. Those
measurements differ by less than one order of magnitude from
the values in Table 1.

Upon dilution of the B-lactamase-durlobactam complex into
the pM concentration range, most enzymes recover some or all of
their catalytic activity, showing that the inhibitor can dissociate

from the enzyme. The rate constant for dissociation (k) of
durlobactam varies between P-lactamases (Shapiro et al., 2017)
as shown in Table 1, with the lowest values observed with
class D enzymes.

When durlobactam reacts with a p-lactamase, the enzyme is
carbamoylated on the active site serine nucleophile with the full
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TABLE 1 | Kinact/Ki and ko of durlobactam and kijnact/K; for avibactam with -lactamases?.

Class B -Lactamase Durlobactam Durlobactam Avibactam
Kinact/Ki (M_1 3_1) Koff (5_1) Kinact/Ki (M_1 5_1)

A CTX-M-15 7 (£2) x 106 2 (+£0.5) x 1074 8 x 10°

A SHV-5 6.4 (+0.5) x 106 5(+0.3) x 10~4 1% 10°

A TEM-1 1.4 (£0.6) x 107 4(£0.2) x 1078 4 % 10°

A KPC-2 9.3 (+0.6) x 10° 0 (+0.1) x 108 6 x 10°

A KPC-3 8 (+1) x 10° 7 (£0.7) x 1074 7.1 (£0.7) x 108

C Pseudomonas aeruginosa AmpC 9 (45) x 10° 4 (£1) x 1073 3 x 10°

C Enterobacter cloacae P99 2.3 (+0.4) x 106 3.4 (£0.1) x 1074 8 x 108

C Acinetobacter baumannii ADC-7 1.0 (£0.1) x 108 8 (1) x 1074 NT

D OXA-10 9 (+2) x 108 4(£0.1) x 1076 70

D OXA-23 5.1 (+£0.2) x 103 1. 10(iO 04) x 105 100

D OXA-24 9 (+2) x 108 7 (£0.1) x 10~° 80

D OXA-48 8 (£2) x 10° 5(+0.8) x 10°° 5 x 10°

D OXA-58 2.5 (+0.3) x 10° 6 (+0.3) x 1074 120 + 40

D OXA-66 6 (+£0.7) x 102 NT NT

4Values shown are averages + standard deviations, or single measurements. The Kinact/K; parameter is described in Tonge (2019). Measurements are from Durand-Reville

et al. (2017), Shapiro and Gao (2021); Shapiro et al. (2021) Barnes et al. (2019) and Vazquez-Ucha et al. (2017).

NT, not tested.
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SCHEME 1 | Mechanism of action of durlobactam.

B-lactamase

mass of the inhibitor (277 Da) and the cyclic urea is opened
(Scheme 1).

The covalent bond formed between durlobactam and the
active site serine, like that of avibactam (Ehmann et al., 2012), is
reversible because the sulfated amine is able to recyclize onto the
carbamate, allowing the intact inhibitor to dissociate (Scheme 1).

The demonstration that intact durlobactam dissociates, rather
than being released as a hydrolytic product, is the ability of the
inhibitor to exchange from one enzyme molecule to another
(acylation exchange) (Shapiro et al., 2017). Since durlobactam
with the cyclic urea opened is not reactive with p-lactamases,
acylation exchange shows that the ring reforms. However, partial
loss of 80 Da from the mass of the acyl-enzyme complex,
probably due to loss of the SO3 moiety, was observed with a
subset of B-lactamases (KPC-2, E. cloacae P99 and OXA-10).
This modification likely leads to an irreversibly inhibited enzyme,
since the 197 Da adduct remained in place during acylation
exchange experiments.

The average number of molecules of durlobactam per
molecule of B-lactamase required to achieve full inhibition, which
is known as the partition ratio or turnover number, was measured

for several enzymes (Shapiro et al, 2017). In most cases, the
turnover number was approximately 1, demonstrating that there
was no detectable hydrolysis of durlobactam by the enzymes.
An exception was KPC-2. The KPC-2 turnover number slowly
increased with time, from 1.5 after a 15-min incubation to
3.0 after a 2-h incubation (Shapiro et al., 2017). This shows
that KPC-2 is capable of very slowly hydrolyzing durlobactam,
requiring about an hour for a single turnover. An even slower
rate of hydrolysis was observed with OXA-10. Such slow rates
of durlobactam hydrolysis are unlikely to significantly affect the
utility of the inhibitor against these enzymes in whole cells.

In addition to inhibiting B-lactamases, some DBO B-lactamase
inhibitors also exhibit intrinsic antibacterial activity due to
inhibition of PBP2 (Morinaka et al., 2015; Moya et al., 2017;
Miller et al., 2020). Durlobactam predominantly inhibits PBP2
of A. baumannii with a kj,,/K; value of 1,800 =+ 600
M~ s~ (Durand-Reville et al., 2017). Further evidence for the
inhibition of PBP2 by durlobactam is shown in micrographs of
A. baumannii treated with sub-minimal inhibitory concentration
(MIC) concentrations of durlobactam (Durand-Reville et al,,
2017). The round shape upon treatment of the normally rod-
shaped bacteria is indicative of PBP2 inhibition (Nonejuie et al.,
2013). Whereas PBP2 inhibition by durlobactam results in
intrinsic antibacterial activity in vitro against Escherichia coli and
several other Enterobacterales species, it has little to no effect on
the growth of A. baumannii or P. aeruginosa when administered
alone (Durand-Reville et al., 2017).

A polar compound such as durlobactam most likely enters
Gram-negative cells through outer membrane porins. Iyer et al.
(2018) showed that durlobactam enters A. baumannii cells
through OmpA, the major and most abundant porin. Virulence
of an A. baumannii strain in a mouse infection model was greatly
impaired when OmpA was deleted, suggesting that loss of the
porin is an unlikely mechanism for developing resistance to
durlobactam (Iyer et al., 2018).

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 709974


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Shapiro et al.

Sulbactam-Durlobactam vs. Acinetobacter

Due to its potent, broad-spectrum inhibition of serine
B-lactamases, durlobactam restores the susceptibility of
contemporary A. baumannii clinical global isolates to
sulbactam (Durand-Reville et al., 2017; Barnes et al., 2019).
Durlobactam also restores sulbactam susceptibility to engineered
A. baumannii strains overexpressing individual B-lactamases
(Durand-Reville et al., 2017).

STRUCTURAL ANALYSIS OF
DURLOBACTAM

The X-ray crystal structure of durlobactam in covalent complex
with OXA-24/40 at 2.0 A resolution (PDB: 6MPQ) was solved
by Barnes et al. (2019; Figure 1B). The structure shows
the covalent bond with the active site serine S81 side chain
and the open urea ring. The carbonyl oxygen occupies the
oxyanion hole formed by the backbone nitrogen atoms of
S81 and W221. The sulfate group interacts with R261, S219,
and S128 and two water molecules. S128 also interacts with
the nitrogen atom that is bound to the sulfate group. The
methyl group of durlobactam was introduced to interact with
the “hydrophobic bridge” formed by Y112 and M223 (Durand-
Reville et al, 2017) and the structure confirms that this
design was successful. The methyl group forms a hydrophobic
interaction with the side chain of M223. The amide group
forms hydrogen bonds with a backbone carbonyl of W221
and three water molecules. The side chains of Y112, W115,
W221, M223, and V130 form a hydrophobic pocket for the
tetrahydropyridine ring.

SULBACTAM-DURLOBACTAM HAS
POTENT ACTIVITY AGAINST
ACINETOBACTER SPP. IN VITRO AND
IN VIVO

Contemporary MDR A. baumannii isolates are remarkable in
the number and diversity of B-lactamase genes each individual
strain encodes. A recent analysis of 84 non-clonal, globally
diverse clinical isolates from 2006 to 2014 revealed that
all strains encoded at least two and up to five distinct f-
lactamase genes. These included endogenous class C adc
(Acinetobacter-derived cephalosporinase) P-lactamases plus
at least one and up to three distinct class D P-lactamases.
In addition, over half of the isolates also encoded at least
one and sometimes multiple class A P-lactamase genes.
This analysis confirmed that any effective Acinetobacter-
targeting BLI must demonstrate potent, broad activity against
all three classes of serine P-lactamases. The meropenem
MICq against this collection of strains was >128 mg/L
whereas the sulbactam-durlobactam MICyy was 4 mg/L
(Durand-Reville et al., 2017).

Similarly potent in vitro activity of sulbactam-durlobactam
has been demonstrated by a number of surveillance studies
on recent MDR A. baumannii isolates from around the
world (McLeod et al, 2020; Seifert et al, 2020) including

China (Yang et al, 2020) and South America (Nodari et al,
2021), with MICyy values ranging from 2/4 to 4/4 mg/L.
The potency was maintained against all subsets of resistant
phenotypes, including carbapenem-resistant, colistin-resistant
and MDR/extremely drug-resistant (XDR) subsets (McLeod
et al, 2020). The rare isolates with elevated sulbactam-
durlobactam MICs were found to encode either PBP3
mutations near the sulbactam binding site or metallo-B-
lactamae blanppr—1, which durlobactam does not inhibit
(McLeod et al., 2020). Notably, the most common PBP3
mutations found in clinical isolates with elevated sulbactam-
durlobactam MICs were A515V and T526S (Figure 1A;
McLeod et al., 2020). No clinical isolate has yet been found
to encode either of the aforementioned laboratory-generated,
sulbactam-resistant S390T or S395F PBP3 variants (Penwell
et al,, 2015), supporting the hypothesis that these mutations
may confer a fitness cost to the organism and therefore
are unlikely to spontaneously occur during treatment with
sulbactam-durlobactam

The in vivo efficacy of sulbactam-durlobactam has been
demonstrated at clinically relevant exposures in numerous thigh
and lung murine infection models against XDR A. baumannii
clinical isolates with sulbactam-durlobactam MIC values ranging
from 0.5/4 to 4/4 mg/L (Durand-Reville et al., 2017; Barnes et al.,
2019). The combination also showed excellent preclinical safety
(Durand-Reville et al., 2017) before advancing to clinical testing
several years ago.

DISCUSSION

Significant efforts devoted to the discovery of novel BLIs over
past decades have led to important breakthroughs in the field.
In particular, the new mechanisms of inhibition and spectra of
activity of the non-p-lactam DBO and boronate classes (Bush
and Bradford, 2019) have led to United States Food and Drug
Administration (FDA) approvals for several new f-lactam/f-
lactamase inhibitor therapies for MDR Gram-negative bacteria
(Torres et al, 2018; Zhanel et al, 2018; McCarthy, 2020).
However, none of these are active against carbapenem-resistant
Acinetobacter infections. In contrast, extensive preclinical
evidence suggests sulbactam-durlobactam is highly effective
against these problematic pathogens.

Sulbactam-durlobactam was well tolerated in Phase 1 studies
in healthy volunteers, and in a Phase 2 study in combination
with imipenem in patients with complicated urinary tract
infections, including acute pyelonephritis (O’Donnell et al.,
2019; Sagan et al, 2020). Sulbactam-durlobactam is currently
being evaluated in a pivotal, pathogen-targeted, global Phase
3 trial (called ATTACK, for Acinetobacter Treatment Trial
Against Colistin), to determine its efficacy and safety in
patients with bloodstream infections, hospital-acquired or
ventilator-associated bacterial pneumonia due to A. baumannii-
calcoaceticus complex (registered at ClinicalTrials.gov under
the identifier NCT03894046). If the phase 3 trial confirms
clinical efficacy and safety and gains regulatory approval,
sulbactam-durlobactam will be an important treatment option

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 709974


https://clinicaltrials.gov
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Shapiro et al.

Sulbactam-Durlobactam vs. Acinetobacter

for patients with serious and life-threatening infections caused by
Acinetobacter species, including carbapenem-resistant strains.

AUTHOR CONTRIBUTIONS

AS, SMM, and AM wrote sections of the manuscript. SHM
generated the computational model shown in Figure 1A and

REFERENCES

Adnan, S. Paterson, D. L. Lipman, J., and Roberts, J. A. (2013).
Ampicillin/sulbactam: its potential use in treating infections in critically
ill patients. Int. J. Antimicrob. Agents 42, 384-389. doi: 10.1016/j.ijantimicag.
2013.07.012

Centers for Disease Control and Prevention (CDC) (2019). Antibiotic Resistance
Threats in the United States. Atlanta: Centers for Disease Control and
Prevention.

Barnes, M. D., Kumar, V., Bethel, C. R.,, Moussa, S. H., O’Donnell, J., Rutter, J. D.,
et al. (2019). Targeting multidrug-resistant Acinetobacter spp.: sulbactam and
the diazabicyclooctenone p-lactamase inhibitor ETX2514 as a novel therapeutic
agent. mBio 10, e00159-19.

Bassetti, M., Echols, R., Matsunaga, Y., Ariyasu, M., Doi, Y., Ferrer, R., et al. (2021).
Efficacy and safety of cefiderocol or best available therapy for the treatment
of serious infections caused by carbapenem-resistant Gram-negative bacteria
(CREDIBLE-CR): a randomised, open-label, multicentre, pathogen-focused,
descriptive, phase 3 trial. Lancet Infect. Dis. 21, 226-240. doi: 10.1016/s1473-
3099(20)30796-9

Bush, K., and Bradford, P. A. (2019). Interplay between p-lactamases and new f-
lactamase inhibitors. Nat. Rev. Microbiol. 17, 295-306. doi: 10.1038/s41579-
019-0159-8

Butler, D. A., Biagi, M., Tan, X., Qasmieh, S., Bulman, Z. P., and Wenzler, E. (2019).
Multidrug resistant Acinetobacter baumannii: resistance by any other name
would still be hard to treat. Curr. Infect. Dis. Rep. 21:46.

Choby, J. E., Ozturk, T., Satola, S. W., Jacob, J. T., and Weiss, D. S. (2021).
Widespread cefiderocol heteroresistance in carbapenem-resistant Gram-
negative pathogens. Lancet Infect. Dis. 21, 597-598. doi: 10.1016/s1473-
3099(21)00194-8

Doi, Y., Murray, G. L., and Peleg, A. Y. (2015). Acinetobacter baumannii: evolution
of antimicrobial resistance-treatment options. Semin. Respir. Crit. Care Med.
36, 85-98.

Durand-Reville, T. F., Guler, S., Comita-Prevoir, J., Chen, B., Bifulco, N., Huynh,
H., et al. (2017). ETX2514 is a broad-spectrum B-lactamase inhibitor for the
treatment of drug-resistant Gram-negative bacteria including Acinetobacter
baumannii. Nat. Microbiol. 2:17104.

Ehmann, D. E.,, Jahie, H., Ross, P. L., Gu, R.-F., Hu, J., Durand-Réville, T. F.,
et al. (2013). Kinetics of avibactam inhibition against class A, C, and D
B-lactamases. J. Biol. Chem. 288, 27960-27971. doi: 10.1074/jbc.m113.48
5979

Ehmann, D. E, Jahic, H., Ross, P. L., Gu, R. F,, Hu, J., Kern, G., et al. (2012).
Avibactam is a covalent, reversible, non-f-lactam f-lactamase inhibitor. Proc.
Natl. Acad. Sci. U. S. A. 109:11663. doi: 10.1073/pnas.1205073109

Global Action Plan on Antimicrobial Resistance (2014). Global Action Plan on
Antimicrobial Resistance. Geneva: World Health Organization.

Isler, B., Doi, Y., Bonomo, R. A., and Paterson, D. L. (2019). New treatment options
against carbapenem-resistant Acinetobacter baumannii infections. Antimicrob.
Agents Chemother. 63, e1110-e1118.

Iyer, R., Moussa, S. H., Durand-Réville, T. F., Tommasi, R., and Miller, A. (2018).
Acinetobacter baumannii OmpA is a selective antibiotic permeant porin. ACS
Infect. Dis. 4, 373-381. doi: 10.1021/acsinfecdis.7b00168

Kostyanev, T., Xavier, B. B., Garcia-Castillo, M., Lammens, C., Acosta, J. B.,
Rodriguez-Baf, J., et al. (2021). Phenotypic and molecular characterisations
of carbapenem-resistant Acinetobacter baumannii isolates collected Within
the EURECA study. Int. . Antimicrob. Agents 57:106345. doi: 10.1016/j.
ijantimicag.2021.106345

provided comments on the manuscript. TD-R created Scheme 1
and provided comments on the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was fully funded by Entasis Therapeutics.

Krizova, L., Poirel, L., Nordmann, P., and Nemec, A. (2013). TEM-1 B-lactamase
as a source of resistance to sulbactam in clinical strains of Acinetobacter
baumannii. J. Antimicrob. Chemother. 68, 2786-2791. doi: 10.1093/jac/dkt275

Kuo, S. C,, Lee, Y. T, Yang Lauderdale, T. L., Huang, W. C., Chuang, M. F., Chen,
C. P, etal. (2015). Contribution of Acinetobacter-derived cephalosporinase-30
to sulbactam resistance in Acinetobacter baumannii. Front. Microbiol. 6:231.
doi: 10.3389/fmicb.2015.00231

Lee, C.-R,, Lee, J. H., Park, M., Park, K. S., Bae, I. K., Kim, Y. B., et al. (2017). Biology
of Acinetobacter baumannii: pathogenesis, antibiotic resistance mechanisms,
and prospective treatment options. Front. Cell. Infect. Microbiol. 7:55. doi: 10.
3389/fcimb.2017.00055

Magiorakos, A. P., Srinivasan, A., Carey, R. B., Carmeli, Y., Falagas, M. E.,
Giske, C. G., et al. (2012). Multidrug-resistant, extensively drug-resistant
and pandrug-resistant bacteria: an international expert proposal for interim
standard definitions for acquired resistance. Clin. Microbiol. Infect. 18, 268-281.
doi: 10.1111/.1469-0691.2011.03570.x

McCarthy, M. W. (2020). Clinical pharmacokinetics and pharmacodynamics of
imipenem-cilastatin/relebactam combination therapy. Clin. Pharmacokinet. 59,
567-573. doi: 10.1007/s40262-020-00865-3

McLeod, S. M., Moussa, S. H., Hackel, M. A., and Miller, A. A. (2020). In
vitro activity of sulbactam-durlobactam against Acinetobacter baumannii-
calcoaceticus complex isolates collected globally in 2016 and 2017. Antimicrob.
Agents Chemother. 64, €02534-19.

McLeod, S. M., Shapiro, A. B., Moussa, S. H., Johnstone, M., McLaughlin,
R. E.,, de Jonge, B. L. M., et al. (2018). Frequency and mechanism of
spontaneous resistance to sulbactam combined with the novel B-lactamase
inhibitor ETX2514 in clinical isolates of Acinetobacter baumannii. Antimicrob.
Agents. Chemother. 62, €01576-17.

Miller, A. A., Shapiro, A. B., McLeod, S. M., Carter, N. M., Moussa, S. H.,
Tommasi, R., et al. (2020). In Vitro characterization of ETX1317, a
broad-spectrum f-lactamase inhibitor that restores and enhances B-lactam
activity against multi-drug-resistant enterobacterales, including carbapenem-
resistant strains. ACS Infect. Dis. 6, 1389-1397. doi: 10.1021/acsinfecdis.0cO
0020

Monogue, M. L., Tsuji, M., Yamano, Y., Echols, R., and Nicolau, D. P. (2017).
Efficacy of humanized exposures of cefiderocol (S-649266) against a diverse
population of gram-negative bacteria in a murine thigh infection model.
Antimicrob. Agents Chemother. 61, €01022-17.

Morinaka, A., Tsutsumi, Y., Yamada, M., Suzuki, K., Watanabe, T,
Abe, T., et al. (2015). OP0595, a new diazabicyclooctane: mode of
action as a serine f-lactamase inhibitor, antibiotic and PB-lactam
‘enhancer’. J. Antimicrob.Chemother. 70, 2779-2786. doi: 10.1093/jac/dk
v166

Moya, B., Barcelo, I. M., Bhagwat, S., Patel, M., Bou, G., Papp-Wallace,
K. M., et al. (2017). WCK 5107 (zidebactam) and WCK 5153 are
novel inhibitors of PBP2 showing potent “B-lactam enhancer” activity
against Pseudomonas aeruginosa including multidrug-resistant metallo-B-
lactamase-producing high-risk clones. Antimicrob. Agents. Chemother. 61, €02
529-16.

Nodari, C., Santos, F., Kurihara, M., Valiatti, T., Cayo, R, and Gales,
A. (2021). In vitro activity of sulbactam-durlobactam against
extensively-drug-resistant ~ Acinetobacter ~ baumannii belonging
to South America major clones. J. Global Antimicrob. Resist. 25,
363-366.

Noguchi, J. K., and Gill, M. A. (1988). Sulbactam: a B-lactamase inhibitor. Clin.
Pharm. 7, 37-51.

isolates

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 709974


https://doi.org/10.1016/j.ijantimicag.2013.07.012
https://doi.org/10.1016/j.ijantimicag.2013.07.012
https://doi.org/10.1016/s1473-3099(20)30796-9
https://doi.org/10.1016/s1473-3099(20)30796-9
https://doi.org/10.1038/s41579-019-0159-8
https://doi.org/10.1038/s41579-019-0159-8
https://doi.org/10.1016/s1473-3099(21)00194-8
https://doi.org/10.1016/s1473-3099(21)00194-8
https://doi.org/10.1074/jbc.m113.485979
https://doi.org/10.1074/jbc.m113.485979
https://doi.org/10.1073/pnas.1205073109
https://doi.org/10.1021/acsinfecdis.7b00168
https://doi.org/10.1016/j.ijantimicag.2021.106345
https://doi.org/10.1016/j.ijantimicag.2021.106345
https://doi.org/10.1093/jac/dkt275
https://doi.org/10.3389/fmicb.2015.00231
https://doi.org/10.3389/fcimb.2017.00055
https://doi.org/10.3389/fcimb.2017.00055
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1007/s40262-020-00865-3
https://doi.org/10.1021/acsinfecdis.0c00020
https://doi.org/10.1021/acsinfecdis.0c00020
https://doi.org/10.1093/jac/dkv166
https://doi.org/10.1093/jac/dkv166
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Shapiro et al.

Sulbactam-Durlobactam vs. Acinetobacter

Nonejuie, P., Burkart, M., Pogliano, K., and Pogliano, J. (2013). Bacterial
cytological profiling rapidly identifies the cellular pathways targeted by
antibacterial molecules. Proc. Natl. Acad. Sci. U. S. A. 110, 16169-16174. doi:
10.1073/pnas.1311066110

O’Donnell, J., Preston, R. A., Mamikonyan, G., Stone, E., and Isaacs, R. (2019).
Pharmacokinetics, safety, and tolerability of intravenous durlobactam and
sulbactam in subjects with renal impairment and healthy matched control
subjects. Antimicrob. Agents Chemother. 63, €00794-19.

Penwell, W. F., Shapiro, A. B., Giacobbe, R. A., Gu, R.-F., Gao, N., Thresher, J., et al.
(2015). Molecular mechanisms of sulbactam antibacterial activity and resistance
determinants in Acinetobacter baumannii. Antimicrob. Agents Chemother. 59,
1680-1689. doi: 10.1128/aac.04808-14

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M.,
Meng, E. C., et al. (2004). UCSF Chimera-a visualization system for exploratory
research and analysis. . Comput. Chem. 25, 1605-1612. doi: 10.1002/jcc.20084

Poirel, L., Naas, T., and Nordmann, P. (2010). Diversity, epidemiology, and
genetics of class D beta-lactamases. Antimicrob. Agents Chemother. 54, 24-38.
doi: 10.1128/aac.01512-08

Sagan, O., Yakubsevitch, R., Yanev, K., Fomkin, R,, Stone, E., Hines, D., et al. (2020).
Pharmacokinetics and tolerability of intravenous sulbactam-durlobactam with
imipenem-cilastatin in hospitalized adults with complicated urinary tract
infections, including acute pyelonephritis. Antimicrob. Agents Chemother. 64,
e1506-e1519.

Seifert, H., Miiller, C., Stefanik, D., Higgins, P. G., Miller, A., and Kresken, M.
(2020). In vitro activity of sulbactam/durlobactam against global isolates of
carbapenem-resistant Acinetobacter baumannii. ]. Antimicrob. Chemother. 75,
2616-2621. doi: 10.1093/jac/dkaa208

Shapiro, A. B. (2017). Kinetics of sulbactam hydrolysis by p-lactamases, and
kinetics of B-lactamase inhibition by sulbactam. Antimicrob. Agents Chemother.
61, el612-el617.

Shapiro, A. B., and Gao, N. (2021). Interactions of the diazabicyclooctane serine -
lactamase inhibitor ETX1317 with target enzymes. ACS Infect. Dis. 7, 114-122.
doi: 10.1021/acsinfecdis.0c00656

Shapiro, A. B., Gao, N, Jahic, H., Carter, N. M., Chen, A., and Miller, A. A. (2017).
Reversibility of covalent, broad-spectrum serine p-lactamase inhibition by the
diazabicyclooctenone ETX2514. ACS Infect. Dis. 3, 833-844. doi: 10.1021/
acsinfecdis.7b00113

Shapiro, A. B., Moussa, S. H., Carter, N. M., Gao, N., and Miller, A. A.
(2021). Ceftazidime-avibactam resistance mutations V240G, D179Y, and
D179Y/T243M in KPC-3 B-lactamase do not alter cefpodoxime-ETX1317
susceptibility. ACS Infect. Dis. 7,79-87. doi: 10.1021/acsinfecdis.0c00575

Tonge, P. J. (2019). Quantifying the interactions between biomolecules: guidelines
for assay design and data analysis. ACS Infect Dis. 5, 796-808. doi: 10.1021/
acsinfecdis.9b00012

Torres, A., Zhong, N., Pachl, J., Timsit, J. F., Kollef, M., Chen, Z., et al. (2018).
Ceftazidime-avibactam versus meropenem in nosocomial pneumonia,
including ventilator-associated pneumonia (REPROVE): a randomised,
double-blind, phase 3 non-inferiority trial. Lancet Infect. Dis. 18, 285-295.
doi: 10.1016/s1473-3099(17)30747-8

Vazquez-Ucha, J. C., Maneiro, M., Martinez-Guitian, M., Buynak, J., Bethel, C. R,
Bonomo, R. A, et al. (2017). Activity of the B-lactamase inhibitor LN-1-
255 against carbapenem-hydrolyzing class D B-lactamases from Acinetobacter
baumannii. Antimicrob. Agents Chemother. 61, 01172-17.

Weiner, L. M., Webb, A. K., Limbago, B., Dudeck, M. A, Patel, J., Kallen, A. J.,
et al. (2016). Antimicrobial-resistant pathogens associated with healthcare-
associated infections: summary of data reported to the national healthcare safety
network at the centers for disease control and prevention, 2011-2014. Infect.
Control Hosp. Epidemiol. 37,1288-1301. doi: 10.1017/ice.2016.174

Wong, D., Nielsen, T. B., Bonomo, R. A., Pantapalangkoor, P., Luna, B., and
Spellberg, B. (2017). Clinical and pathophysiological overview of Acinetobacter
infections: a century of challenges. Clin. Microbiol. Rev. 30, 409-447. doi:
10.1128/cmr.00058-16

Yang, Q., Xu, Y, Jia, P., Zhu, Y., Zhang, J., Zhang, G., et al. (2020). In vitro activity
of sulbactam/durlobactam against clinical isolates of Acinetobacter baumannii
collected in China. J. Antimicrob. Chemother. 75, 1833-1839. doi: 10.1093/jac/
dkaall9

Zhanel, G. G., Lawrence, C. K., Adam, H., Schweizer, F., Zelenitsky, S., Zhanel,
M., et al. (2018). Imipenem-relebactam and meropenem-vaborbactam: two
novel carbapenem-B-lactamase inhibitor combinations. Drugs 78, 65-98. doi:
10.1007/540265-017-0851-9

Zhang, Y., Zhong, Z.-F., Chen, S.-X., Zhou, D.-R,, Li, Z.-K., Meng, Y., et al. (2019).
Prevalence of healthcare-associated infections and antimicrobial use in China:
results from the 2018 point prevalence survey in 189 hospitals in Guangdong
Province. Int. J. Infect. Dis. 89, 179-184. doi: 10.1016/}.ijid.2019.09.021

Conflict of Interest: All co-authors are employees of Entasis Therapeutics. The
authors declare that this study received funding from Entasis Therapeutics. The
funder had the following involvement in the study: the study design, collection,
analysis, interpretation of data, the writing of this article and the decision to submit
it for publication.

Copyright © 2021 Shapiro, Moussa, McLeod, Durand-Réville and Miller. 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) and the copyright owner(s) 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

July 2021 | Volume 12 | Article 709974


https://doi.org/10.1073/pnas.1311066110
https://doi.org/10.1073/pnas.1311066110
https://doi.org/10.1128/aac.04808-14
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1128/aac.01512-08
https://doi.org/10.1093/jac/dkaa208
https://doi.org/10.1021/acsinfecdis.0c00656
https://doi.org/10.1021/acsinfecdis.7b00113
https://doi.org/10.1021/acsinfecdis.7b00113
https://doi.org/10.1021/acsinfecdis.0c00575
https://doi.org/10.1021/acsinfecdis.9b00012
https://doi.org/10.1021/acsinfecdis.9b00012
https://doi.org/10.1016/s1473-3099(17)30747-8
https://doi.org/10.1017/ice.2016.174
https://doi.org/10.1128/cmr.00058-16
https://doi.org/10.1128/cmr.00058-16
https://doi.org/10.1093/jac/dkaa119
https://doi.org/10.1093/jac/dkaa119
https://doi.org/10.1007/s40265-017-0851-9
https://doi.org/10.1007/s40265-017-0851-9
https://doi.org/10.1016/j.ijid.2019.09.021
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/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Durlobactam, a New Diazabicyclooctane β-Lactamase Inhibitor for the Treatment of Acinetobacter Infections in Combination With Sulbactam
	Introduction
	Sulbactam: a β-Lactamase Inhibitor With Intrinsic Antibacterial Activity Against Acinetobacter
	Durlobactam: a Potent, Broad-Spectrum Dbo Inhibitor of Class A, C, and D β-Lactamases
	Structural Analysis of Durlobactam
	Sulbactam-Durlobactam Has Potent Activity Against Acinetobacter Spp. In Vitro and In Vivo
	Discussion
	Author Contributions
	Funding
	References


