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Existing data support the combination of aztreonam and ceftazidime–avibactam against serine-β-lactamase
(SBL)– and metallo-β-lactamase (MBL)–producing Enterobacterales, although there is a paucity of data against
SBL- and MBL-producing Pseudomonas aeruginosa. In this study, 5 SBL- and MBL-producing P. aeruginosa (1
IMP, 4 VIM) were evaluated against aztreonam and ceftazidime–avibactam alone and in combination via broth
microdilution and time-kill analyses. All 5 isolates were nonsusceptible to aztreonam, aztreonam–avibactam,
and ceftazidime–avibactam. Combining aztreonamwith ceftazidime–avibactam at subinhibitory concentrations
produced synergy and restored bactericidal activity in 4/5 (80%) isolates tested. These results suggest that the
combination of aztreonam and ceftazidime–avibactam may be a viable treatment option against SBL- and
MBL-producing P. aeruginosa.
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1. Introduction

The rapid global dissemination of Ambler class B metallo-β-
lactamase (MBL) enzymes along with their increasing diversity across
bacterial species is a cause for significant public health concern (Khan
and Nordmann, 2012). Moreover, the dearth of safe and effective treat-
ment options for these pathogens results inmortality rates >45% for pa-
tients with serious infections (Falcone et al., 2020). Although the
combination of aztreonam and avibactam (via ceftazidime–avibactam)
has demonstrated promise against serine-β-lactamase (SBL)– and
MBL-producing Enterobacterales (Biagi et al., 2019; Marshall et al.,
2017), the myriad of intrinsic and acquired resistance mechanisms
among multidrug resistant Pseudomonas aeruginosa severely limits the
ability of avibactam to restore the activity of aztreonam (Bush and Brad-
ford, 2020). In addition to resistance mediated by chromosomally
encoded AmpC β-lactamases, changes in outer membrane porins, nu-
merous efflux pumps, and novel PBP3 insertions, the type and frequency
,
s

-

of SBLs and MBLs harbored by P. aeruginosa are fundamentally different
than those in Enterobacterales (Alm et al., 2015; Kazmierczak et al.,
2016; Periasamy et al., 2020; Poirel et al., 2000; Watanabe et al.,
1991). These differences therefore inhibit the ability to translate the ac-
tivity of aztreonam–avibactam against SBL- and MBL-producing
Enterobacterales to P. aeruginosa. This is evidenced by previous data
demonstrating that the MIC90 of aztreonam–avibactam against MBL-
producing Enterobacterales is typically approximately 1 mg/L, while
against MBL-producing P. aeruginosa, it ranges from 32 to 64 mg/L
(Biedenbach et al., 2015; Kazmierczak et al., 2016), leaving the poly-
myxins as the only agents with reliable in vitro activity against these or-
ganisms. Given the dramatic increases in the prevalence of MBLs in P.
aeruginosa (Bush and Fisher, 2011) and their association with mortality
compared to non–MBL-producing strains (Matos et al., 2018), there is a
desperate need to identify reliable treatment options against this path-
ogen. Available in vitro synergy studies are restricted to gradient-
strip–based methods (Emeraud et al., 2019; Wenzler et al., 2017), and
in vivo studies have utilized isolates harboring only MBL enzymes
with correspondingly low aztreonam–avibactam MICs (≤16 mg/L)
(Crandon and Nicolau, 2013) despite that up to 95% of MBL-producing
P. aeruginosa co-harbor at least 1 or more SBLs (Kazmierczak et al.,
2016). As such, the true synergistic effect of aztreonam in combination
with ceftazidime–avibactam against SBL- and MBL-producing P.
aeruginosa remains unknown. The objective of this study was to evalu-
ate the in vitro activity of aztreonam and ceftazidime–avibactam alone
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Table 1
β-Lactamase profile and susceptibility of tested clinical SBL- and MBL-producing Pseudo
monas aeruginosa isolates.

M. Lee, T. Abbey, M. Biagi et al. Diagnostic Microbiology and Infectious Disease 99 (2021) 115227
and in combination via time-kill analyses against SBL- andMBL-produc-
ing P. aeruginosa nonsusceptible to both aztreonam and ceftazidime–
avibactam.
MIC (mg/L), interpretive
categorya

Isolate β-Lactamase(s) ATM ATM-AVIb CAZ-AVI

UIC1 IMP-14, OXA-10, OXA-488, VEB-9, PDC-2 >128, R 64, R >128, R
UIC2 VIM-4, OXA-396, PDC-3 16, I 16, I 128, R
UIC3 VIM-2, OXA-488, PDC-2 64, R 64, R 64, R
UIC4 VIM-2, OXA-488, PDC-3 64, R 32, R 64, R
UIC5 VIM-2, PDC-8 16, I 32, R 128, R

SBL= serine-β-lactamase;MBL=metallo-β-lactamase;MIC=minimum inhibitory con
centration; ATM = aztreonam; ATM-AVI = aztreonam–avibactam; CAZ-AVI = ceftazi
dime–avibactam; R = resistant; I = intermediate; IMP = imipenemase; OXA =
oxacillinase; PDC = Pseudomonas-derived cephalosporinase; VEB = Vietnamese ex
tended-spectrum β-lactamase; VIM= Verona integron-encoded metallo-β-lactamase.

a Avibactam was tested at a fixed concentration of 4 mg/L.
b Susceptibility interpreted according to CLSI interpretative criteria against aztreonam
2. Materials and methods

2.1. Bacteria and susceptibility testing

Five clinical SBL- and MBL-producing (1 IMP and 4 VIM) P.
aeruginosa strains acquired from the FDA-CDC Antimicrobial Resistance
Isolate Bank were utilized for all experiments (Lutgring et al., 2018).
Strains were maintained at −80 °C in cation-adjusted Mueller–Hinton
broth (CAMHB) (Teknova, Hollister, CA) with 20% glycerol and were
subcultured twice on 5% sheep blood tryptic soy agar plates prior to test-
ing. Analytical-grade ceftazidime, avibactam, and aztreonam (Sigma-Al-
drich, St. Louis, MO) were obtained commercially. Stock solutions of
each agentwere freshly prepared as single-use aliquots at the beginning
of eachweek andkept frozen at−80 °C.Minimum inhibitory concentra-
tions (MICs) were performed in triplicate via broth microdilution using
the same 0.5McFarland suspension according to Clinical and Laboratory
Standards Institute (CLSI) guidelines with avibactam fixed at 4 mg/L for
all experiments. Quality control was completed with P. aeruginosa ATCC
27853, and modal MIC values are reported. Susceptibility interpreta-
tions for aztreonam–avibactamwere based on CLSI interpretive criteria
for P. aeruginosa against aztreonam Clinical and Laboratory Standards
Institute (CLSI), 2020. Complete genomes were downloaded from the
NCBI nucleotide database where available, and β-lactam resistance
genes were identified by BLAST searching the derived contigs against
the ResFinder 3.1 (Zankari et al., 2012) and CARD-RGI (Jia et al., 2016)
databases.
2.2. Time-kill experiments

Time-kill analyses were performed in triplicate on the same day as
previously described (Biagi et al., 2019). Briefly, experiments proceeded
stepwise as follows: First, aztreonam and ceftazidime–avibactam
(avibactam fixed at 4 mg/L) were tested alone at ¼, ½, 1, 2, and 4×
the MIC unless any of these concentrations exceeded the respective
drug's fCmax value, in which case the fCmax was used. The fCmax values
were chosen to simulate a 2-g dose of aztreonam 112 mg/L (Scully et
al., 1983; Swabb et al., 1983) and ceftazidime 80 mg/L (Das et al.,
2015; O'Callaghan et al., 1980). For organisms with off-scale MICs, the
highest (256 mg/L) concentration observed was utilized to determine
multiplicative values. Second, the highest concentrations of aztreonam
and ceftazidime–avibactam alone from step 1 that showed nomeaning-
ful activity compared to the drug-free control strain (≤1 log10 CFU/mL
decrease from the starting inoculum at 24 h) were combined. A growth
control without any antibiotic was included with each experiment. Ali-
quots were removed from each sample at 0, 2, 4, 6, and 24 h and serially
diluted in log10 dilutions in sterile saline. A 50-μL aliquot was subse-
quently plated ontoMueller–Hinton agar plates using anautomated spi-
ral plater (Don Whitley WASP Touch) and incubated at 35 °C for 24 h.
Colony countswere performed the following day using a colony counter
(ProtoCOL 3 Plus). The theoretical lower limit of quantification was
100 CFU/mL. Time-kill curves were generated by plotting the average
log10 CFU/mL versus time to compare the 24-h killing effects of single
agents alone and in combination. Bactericidal activity was defined as
≥3 log10 CFU/mL reduction at 24 h compared to the starting inoculum,
and synergy was defined as a ≥2 log10 reduction in CFU/mL between
the combination and the most active single agent alone. Antagonism
was defined as ≥2 log10 increase in CFU/mL between the combination
and the most active single agent alone.
2
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3. Results

The β-lactamase profile and phenotypic susceptibilities of the 5 P.
aeruginosa isolates are displayed in Table 1. All isolates were
nonsusceptible to aztreonam, aztreonam–avibactam, and ceftazidime–
avibactam. The addition of avibactam to aztreonam did not reduce the
aztreonamMIC or restore susceptibility against any of the 5 isolates. Iso-
late UIC1 carried the IMP-14 MBL along with 4 other SBLs, including 2
class D OXA enzymes, 1 class A VEB, and the chromosomal class C en-
zyme PDC and had the highest MIC (>128 mg/L) to both aztreonam
and ceftazidime–avibactam of the 5 isolates tested. Isolates UIC2–4
each harbored a VIM MBL along with a class D OXA β-lactamase and
class C cephalosporinase, while UIC5 harbored only the VIM-2 MBL
and a class C cephalosporinase.

Results of time-kill experiments of aztreonam and ceftazidime–
avibactam alone against each strain at the highest concentration tested
are shown in Fig. 1. Aztreonam had no activity against UIC1 at fCmax but
was bactericidal against UIC2 at ≥2× MIC. Against UIC3, aztreonam
achieved a 2.78 log10 CFU/mL reduction at 24 h at fCmax and was bacte-
ricidal against UIC4 at fCmax and against UIC5 at 4× MIC. Ceftazidime–
avibactam alone had no activity against any isolate at any concentration
tested (Fig. 1).

Based on results from monotherapy time-kill experiments, aztreo-
nam was added to all combination experiments at 1/2× MIC, except
against UIC1 in which fCmax was used (Fig. 2). Ceftazidime–avibactam
was tested at fCmax against all 5 isolates in combination experiments.
The combination of aztreonam and ceftazidime–avibactam achieved
synergy and was bactericidal against all 5 isolates tested except UIC2.
The mean (±SD) log10 CFU/mL reduction at 24 h across the other 4
strains was 5.11 ± 1.33. Against UIC2, the combination achieved a 1
log10 CFU/mL decrease by 6 h followed by regrowth up to 7.3 log10
CFU/mL at 24 h (Fig. 2). No antagonism was observed in any
experiment.

4. Discussion

To our knowledge, this is the first study to evaluate the time-killing
profile of the combination of aztreonam and ceftazidime–avibactam
against SBL- and MBL-producing P. aeruginosa. Despite all 5 isolates
demonstrating MICs ≥16 mg/L against aztreonam–avibactam, aztreo-
nam and ceftazidime–avibactam combined at subinhibitory concentra-
tions restored bactericidal activity and achieved synergy against 4/5
(80%) strains tested, with an average reduction of more than 5 log10
CFU/mL. Our work adds to existing data supporting the utility of aztreo-
nam with ceftazidime–avibactam against SBL- and MBL-producing
Enterobacterales and expands on these data by evaluating challenging
clinical strains of P. aeruginosa. Strengths of this study include the use
of isolates with a variety of increasingly complex arrays of SBL enzymes



Fig. 1.Mean log10 CFU/mL versus time profile for each drug at the highest concentration tested against the 5 P. aeruginosa strains (UIC1–5). Aztreonam is shown at fCmax against UIC1, UIC3
and UIC4 and at 4× MIC against UIC2 and UIC5. Ceftazidime–avibactam is shown at fCmax against all strains. Curves represent average concentrations for triplicate experiments.
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in conjunction with MBLs. Limitations to this study include the 24-h
static nature of time-kill experiments and the limited number of strains
and drug concentrations tested. Additionally, although the isolateswere
phenotypically similar, SBL- and MBL-producing P. aeruginosa isolates
remain rare in the United States, and the included isolates were selected
for their β-lactamase profiles and nonsusceptibility to aztreonam and
ceftazidime–avibactam, which would prompt consideration of combi-
nation therapy in the clinical arena. While whole genome sequencing
was not performed and therefore we cannot exclude the influence of
other resistance mechanisms, the results of our current time-kill
Fig. 2.Mean log10 CFU/mL versus time profile for the combination of aztreonam and ceftazidime–avibactam against the 5 P. aeruginosa strains (UIC1–5). Aztreonam is shown alone and in
combination at fCmax against UIC1, and at 1/2×MIC alone and in combination against UIC2–5. Ceftazidime–avibactam is shown at fCmax alone and in combination against UIC1–5. Curve
represent average concentrations for triplicate experiments.

3

,

analyses correlate well with the known β-lactamase profile, similar to
our previous work with Enterobacterales (Biagi et al., 2019). Further,
the bactericidal activity of aztreonam and ceftazidime–avibactam may
have been underestimated in time-kill experiments by usingmultiplica-
tives of the MIC in place of serum achievable concentrations, but this
strategy allowed us to evaluate synergy and compare differences be-
tween strains thatwere not exclusively due to differences in the concen-
tration:MIC ratio. Finally, dual β-lactam combinations were excluded
from our time-kill experiments as previous data generated by our
group suggest that the activity of aztreonam plus β-lactam/β-lactamase
s



M. Lee, T. Abbey, M. Biagi et al. Diagnostic Microbiology and Infectious Disease 99 (2021) 115227
inhibitor combinations againstMBL producers is primarily driven by the
interaction between aztreonam and the β-lactamase inhibitor (Biagi et
al., 2019, 2020).

Given the enigmatic nature of the relationship of both substrate and
protein to the mechanism of MBLs and the challenges in performing
mechanistic studies (Bush and Fisher, 2011), it is unlikely that a novel
β-lactamase inhibitor with reliable activity against class B enzymes
will be commercially available in the foreseeable future. Furthermore,
MBLs such asVIM-4 have demonstrated the ability to efficiently catalyze
avibactam hydrolysis (Abboud et al., 2016), potentially explaining the
lack of synergy against UIC2 observed in our study. This further under-
scores the crucial need to develop novel agents with activity against
these challenging pathogens and optimizing those that are currently
available. Finally, the future availability of aztreonam–avibactam is un-
certain as the Phase 3 trial for the treatment of serious Gram-negative
infections (NCT03329092) has been ongoing since November 2017
but is currently suspended. An additional trial specifically against MBL
producers (NCT03580044) has not yet started recruiting but is limited
to Enterobacterales and Stenotrophomonas maltophilia. As such, in the
absence of available clinical data and more reliable therapeutic agents,
our preclinical results support the combination of aztreonamand ceftaz-
idime–avibactam against SBL- and MBL-producing P. aeruginosa, al-
though further dynamic in vitro, in vivo, and clinical outcomes studies
are needed to confirm these findings.
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