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Objectives: To determine susceptibility profiles and β-lactamase content for ceftolozane/tazobactam-resistant 
and imipenem/relebactam-resistant Pseudomonas aeruginosa isolates collected in eight global regions during 
2016–21.

Methods: Broth microdilution MICs were interpreted using CLSI breakpoints. PCR to identify β-lactamase genes 
or WGS was performed on selected isolate subsets.

Results: Ceftolozane/tazobactam-resistant [from 0.6% (Australia/New Zealand) to 16.7% (Eastern Europe)] and 
imipenem/relebactam-resistant [from 1.3% (Australia/New Zealand) to 13.6% (Latin America)] P. aeruginosa 
varied by geographical region. Globally, 5.9% of isolates were both ceftolozane/tazobactam resistant and 
imipenem/relebactam resistant; 76% of these isolates carried MBLs. Most ceftolozane/tazobactam-resistant/ 
imipenem/relebactam-susceptible isolates carried ESBLs (44%) or did not carry non-intrinsic (acquired) β-lacta-
mases (49%); 95% of imipenem/relebactam-resistant/ceftolozane/tazobactam-susceptible isolates did not carry 
non-intrinsic β-lactamases. Isolates that carried indicators of strong PDC (Pseudomonas-derived cephalosporinase) 
up-regulation without a mutation known to expand the spectrum of PDC, or non-intrinsic β-lactamases, showed an 
8-fold increase in ceftolozane/tazobactam modal MIC; however, this rarely (3%) resulted in ceftolozane/tazobac-
tam resistance. Isolates with a PDC mutation and an indicator for PDC upregulation were ceftolozane/tazobactam 
non-susceptible (MIC,  ≥ 8 mg/L). MICs ranged widely (1 to >32 mg/L) for isolates with a PDC mutation and no posi-
tively identified indicator for PDC up-regulation. Imipenem/relebactam-resistant/ceftolozane/tazobactam-suscep-
tible isolates without non-intrinsic β-lactamases frequently (91%) harboured genetic lesions implying OprD loss of 
function; however, this finding alone did not account for this phenotype. Among imipenem-non-susceptible isolates 
without non-intrinsic β-lactamases, implied OprD loss only shifted the distribution of imipenem/relebactam MICs up 
by 1–2 doubling dilutions, resulting in ∼10% imipenem/relebactam-resistant isolates.

Conclusions: P. aeruginosa with ceftolozane/tazobactam-resistant/imipenem/relebactam-susceptible and imi-
penem/relebactam-resistant/ceftolozane/tazobactam-susceptible phenotypes were uncommon and har-
boured diverse resistance determinants.
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Introduction
Pseudomonas aeruginosa is an important pathogen that primar-
ily causes respiratory tract infections in hospitalized, debilitated 
and immunosuppressed patients.1 Ceftolozane/tazobactam 
and imipenem/relebactam are bactericidal anti-pseudomonal 
agents that retain activity against many resistant phenotypes2,3

and are agents of choice for the treatment of patients with MDR 
and difficult-to-treat P. aeruginosa infections.4,5 Ceftolozane/ 
tazobactam and imipenem/relebactam are both indicated for 
the treatment of patients with hospital-acquired and ventilator- 
associated bacterial pneumonia, complicated urinary tract infec-
tions, including pyelonephritis, and complicated intra-abdominal 
infections.6,7
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Ceftolozane/tazobactam is an advanced-generation, anti-
pseudomonal cephalosporin/β-lactamase inhibitor combination. 
Ceftolozane has greater stability than other cephalosporins 
against chromosomal class C (AmpC) β-lactamases, including 
Pseudomonas-derived cephalosporinase (PDC), and is a poor inducer 
of AmpC enzymes.5,8,9 Mutations in blaPDC can cause increased hy-
drolysis of cephalosporins, including slow hydrolysis of ceftolo-
zane.10–14 Ceftolozane is a weak substrate for pseudomonal efflux 
systems and is unaffected by OprD loss.5,8,9 PDC subtypes with mu-
tations that increase hydrolysis of ceftolozane and ceftazidime, or 
isolates producing PDC at very high levels have also been reported 
to contribute to ceftolozane/tazobactam resistance in limited num-
bers of isolates.8,10,12,13,15–18 MBLs, serine carbapenemases (e.g. 
KPC), VEB, PER and GES ESBLs, and some OXA β-lactamases (e.g. 
OXA-14) hydrolyse ceftolozane.8,13,14,19 Tazobactam contributes 
very minimally to the antipseudomonal activity of ceftolozane.

Imipenem/relebactam partners relebactam, a diazabicy-
clooctane inhibitor of class A (e.g. ESBLs, KPC) and class C 
β-lactamases, with the carbapenem imipenem.20 Relebactam 
does not induce AmpC and is a potent inactivator of PDC-1, the 
WT AmpC of P. aeruginosa, and its variants.8,15,21 Imipenem, how-
ever, is a potent inducer of PDC.22 Imipenem/relebactam activity 
against P. aeruginosa is unaffected by efflux pump-mediated re-
sistance and less affected by OprD loss than imipenem alone.15

It also retains in vitro activity against isolates with KPC-3 or PDC 
mutations that generate resistance to ceftazidime/avibactam or 
ceftolozane/tazobactam.23 Imipenem/relebactam is inactive 
against isolates of P. aeruginosa carrying MBLs, some GES subtypes 
(e.g. GES-5), VEB-type ESBLs, carbapenemase variants of OXA-type 
β-lactamases, and isolates with porin defects that also hyperpro-
duce AmpC at very high levels.15–17,24

P. aeruginosa resistant to ceftolozane/tazobactam and imipen-
em/relebactam remain uncommon in North America and 
Western Europe; both ceftolozane/tazobactam and imipenem/rele-
bactam retain activity against the vast majority of P. aeruginosa iso-
lates resistant to carbapenems and other antipseudomonal 
β-lactams.2,3,5,25 Surveillance data from outside of North America 
and Europe that systematically compare the anti-pseudomonal ac-
tivities of ceftolozane/tazobactam- and imipenem/relebactam and 
describe molecular mechanisms of resistance in both ceftolozane/ 
tazobactam- and imipenem/relebactam-resistant clinical isolates 
have not been published. Therefore, in the current study, we 
evaluated the susceptibility and β-lactamase content of ceftolo-
zane/tazobactam-resistant and imipenem/relebactam-resistant 
P. aeruginosa collected in eight global regions from 2016 to 2021 
as part of the Study for Monitoring Antimicrobial Resistance 
Trends (SMART) global surveillance programme. In addition, for 
ceftolozane/tazobactam-resistant and imipenem/relebactam- 
resistant P. aeruginosa collected during 2020–21 we identified 
loss-of-function mutations in non-β-lactamase genes of interest 
(oprD, ampD, ampDh2, ampDh3, dacB and mpl) as well as other mu-
tations in ampD and ampR known to impact PDC regulation.

Methods
Bacterial isolates
From 2016 to 2021, 266 clinical laboratories in 61 countries (Table S1
available as Supplementary data at JAC-AMR Online) collected 254 901 

isolates of Gram-negative bacilli as per the isolate collection protocol 
for the SMART global surveillance programme described previously.2 A to-
tal of 41 645 (16.3%) were P. aeruginosa. Isolates from China and India 
were not included in this report because molecular data were not avail-
able for the entire study period. The prevalence of P. aeruginosa was ap-
proximately three times higher among lower respiratory tract infection 
isolates (27.7%; 26 888/96 947) than among intra-abdominal (10.5%; 
6257/59 399), urinary tract (8.3%; 5130/61 860) and bloodstream infec-
tion isolates (9.1%; 3262/35 958); specimen source was not specified 
for 108 P. aeruginosa isolates. All isolates were sent to one of two central 
laboratories (IHMA, Monthey, Switzerland or IHMA, Schaumburg, IL, USA), 
where organism identity was confirmed using MALDI-TOF MS (Bruker 
Daltonics, Billerica, MA, USA), and antimicrobial susceptibility and molecu-
lar testing were performed.

Antimicrobial susceptibility testing
MICs were determined by the CLSI broth microdilution method.26 Isolates 
were tested on custom-made dehydrated broth microdilution panels 
manufactured by TREK Diagnostic Systems (Thermo Fisher Scientific, 
Oakwood Village, OH, USA) in 2016 and 2017 and on frozen broth micro-
dilution panels prepared at IHMA in 2018, 2019, 2020 and 2021. MICs 
were interpreted using 2022 CLSI MIC breakpoints.27

Screening for β-lactamase genes by PCR and WGS
P. aeruginosa isolates with ceftolozane/tazobactam MIC values of ≥8 mg/L 
(intermediate and resistant)27 or imipenem or imipenem/relebactam MIC 
values of ≥4 mg/L (intermediate and resistant)27 were screened for 
β-lactamase genes by PCR (2016–19)28,29 or underwent short-read 
WGS (2020–21),30,31 as previously described. Non-β-lactamase genes of 
interest (oprD, ampD, ampDh2, ampDh3, dacB and mpl) were queried by 
pairwise alignment against a reference sequence from PAO1 
(NC_002516) for loss-of-function mutations. Permeability (oprD, porin) 
mutations can cause loss of function resulting in decreased periplasmic 
concentrations of some antimicrobial agents (e.g. imipenem).32 AmpD, 
and its homologues AmpDh2 and AmpDh3, are enzymes involved in re-
cycling peptidoglycan. AmpD saturation induces AmpC expression via 
AmpR. Loss, truncation or mutation in AmpD increases AmpC expression 
by up to approximately 50-fold.33,34 dacB (pbp4) is likewise involved in re-
cycling peptidoglycan; its loss or truncation leads to saturation of ampD, 
inducing ampC expression via AmpR; its expression is vastly increased if 
ampD is correspondingly lost.33 Mpl is also involved in recycling peptido-
glycan; its loss or truncation leads to increased expression (non-induced) 
of AmpC.35 Loss-of-function mutations were defined as a frameshift 
leading to a premature stop codon, non-sense mutation, insertion or de-
letion of greater than 20 codons, or ablation of the start or stop codon in 
the reference sequence without an immediately adjacent replacement. 
Other mutations known to impact PDC regulation in ampD and ampR, 
as well as mutations that expand the substrate profile of PDC 
(e.g. Ω-loop mutations) were also examined (Table S2, Figure S1).

β-Lactamase genes were not identified in the vast majority of 
ceftolozane/tazobactam-intermediate (MIC, 4 mg/L) or imipenem- and 
imipenem/relebactam-intermediate (MIC, 8 mg/L) isolates and, there-
fore, these isolates were excluded from the molecular analysis for this re-
port, which focused solely on ceftolozane/tazobactam- and imipenem/ 
relebactam-resistant isolates. Table S3 lists all variants of non-intrinsic 
β-lactamases detected, excluding MBL and KPC variants, in ceftolozane/ 
tazobactam-resistant/imipenem/relebactam-susceptible, imipenem/ 
relebactam-resistant/ceftolozane/tazobactam-susceptible and ceftolo-
zane/tazobactam-resistant/imipenem/relebactam-resistant subsets of 
P. aeruginosa isolates collected globally during 2016–21.

A total of 669 P. aeruginosa isolates (1.6% of 41 645 P. aeruginosa iso-
lates) were not available for molecular characterization and were not 
included in the denominators used for carbapenemase rate calculations. 
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In addition, 1323 randomly selected P. aeruginosa isolates collected in 
2020 and 2021 that met the testing criteria were also not molecularly char-
acterized (25.1% of 5266 P. aeruginosa isolates collected in 2020 and 2021 
that qualified for molecular characterization). For each clinical laboratory, 
the percentage of qualified isolates collected during 2020–21 that were 
not characterized was considered when calculating carbapenemase rates.

Results
The proportions of P. aeruginosa isolates resistant to ceftolozane/ 
tazobactam or imipenem/relebactam collected in eight global 
regions during 2016–21 is summarized in Figure 1. Ceftolozane/ 
tazobactam- or imipenem/relebactam-resistant P. aeruginosa 
were uncommon (<5%) in Australia/New Zealand (0.6% ceftolo-
zane/tazobactam-resistant and 1.3% imipenem/relebactam- 
resistant), the USA (2.4% and 3.2%), Canada (2.0% and 4.3%) 
and Western Europe (4.5% and 4.5%). Resistance to ceftolo-
zane/tazobactam and imipenem/relebactam was highest in 
Eastern Europe (16.7% and 12.7%) and Latin America (12.2% 
and 13.6%), and 8%–9% in the Asia/Pacific region (8.2% and 
8.3%) and Middle East/Africa (8.6% and 8.5%). Globally, 7.9% 
of isolates were ceftolozane/tazobactam resistant and 7.9% imi-
penem/relebactam resistant. Figure 2 depicts the estimated pro-
portions of P. aeruginosa isolates carrying carbapenemase and 
ESBL genes in the same eight global regions during 2016–21. 
Regional patterns of resistance to ceftolozane/tazobactam and 
imipenem/relebactam correlated with estimated proportions of 
isolates carrying carbapenemases [primarily MBLs supplemented 
by lower numbers of serine carbapenemases (GES, KPC)] and 
ESBLs. MBLs were present in >5% of P. aeruginosa isolates from 
Eastern Europe (9.5%), Latin America (7.9%), Middle East/Africa 
(5.9%) and Asia/Pacific (5.9%), and in 1.8% of isolates from 
Western Europe, 0.3% of isolates from the USA, 0.1% of isolates 
from Canada and 0.04% of isolates from Australia/New Zealand.

Table 1 summarizes the in vitro susceptibility of ceftolozane/ 
tazobactam-resistant and imipenem/relebactam-resistant 
P. aeruginosa isolates collected during 2016–21 to 10 anti-
microbial agents. For this analysis, isolates from some re-
gions/countries were combined because of low numbers 
(Australia/New Zealand region isolates were combined with 
Asia/Pacific isolates and isolates from the USA and Canada 
were combined). Notable observations included that in the 
USA/Canada region, susceptibility to imipenem/relebactam 
among ceftolozane/tazobactam-resistant P. aeruginosa was 
54.0% and susceptibility to ceftolozane/tazobactam among 
imipenem/relebactam-resistant P. aeruginosa was 67.1%; 
these percentages were much higher than in other regions of 
the world (<23%). These findings appear to be associated 
with a higher prevalence of isolates carrying MBLs and/or 
GES-type β-lactamases in regions outside of the USA and 
Canada (Figure 2). Non-intrinsic β-lactamases (i.e. any 
β-lactamase other than PDC or OXA-50-like) were not identified 
in the majority of ceftolozane/tazobactam-resistant and imipen-
em/relebactam-resistant isolates from the USA/Canada region, 
while in other regions these phenotypes were frequently asso-
ciated with MBL carriage (Figure S2). Ceftolozane/tazobactam- 
resistant and imipenem/relebactam-resistant isolates were most 
susceptible to amikacin in all global regions with three exceptions: 
percent susceptible values were higher to aztreonam than amika-
cin for ceftolozane/tazobactam-resistant isolates in Latin America 
and Middle East/Africa and for imipenem/relebactam-resistant 
isolates in Middle East/Africa.

Figure 3 depicts the prevalence of concurrent susceptible and 
resistant phenotypes for ceftolozane/tazobactam and imipenem/ 
relebactam (i.e. ceftolozane/tazobactam-resistant/imipenem/ 
relebactam-susceptible, imipenem/relebactam-resistant/ceftolo-
zane/tazobactam-susceptible and ceftolozane/tazobactam- 
resistant/imipenem/relebactam-resistant phenotypes) among 
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Figure 1. Global region proportions of P. aeruginosa isolates that were ceftolozane/tazobactam resistant and imipenem/relebactam resistant, cumu-
lative 2016–21 data. aExcludes isolates from Australia and New Zealand. AP, Asia/Pacific; ANZ, Australia/New Zealand; W EUR, Western Europe; E EUR, 
Eastern Europe; LA, Latin America; MEA, Middle East/Africa; US, United States of America; CAN, Canada.
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P. aeruginosa isolates collected during 2016–21. Overall, when re-
sistance to either ceftolozane/tazobactam or imipenem/relebac-
tam was present, cross-resistance to both agents was much 
more common than resistance to either agent alone, suggesting 
the presence of common, non-intrinsic resistance mechanisms 
(e.g. MBLs) in many isolates, with unique agent-specific resistance 
mechanisms being less common. Globally, 5.9% (2460/41 645) 
of isolates were resistant to both ceftolozane/tazobactam and 
imipenem/relebactam. The majority of ceftolozane/tazobactam- 
resistant and/or imipenem/relebactam-resistant isolates were 
resistant to both agents in all global regions (Eastern Europe, 
11.3% of isolates were ceftolozane/tazobactam resistant and imi-
penem/relebactam resistant; Latin America, 10.6%; Middle East/ 
Africa, 6.7%; Asia/Pacific, 5.2%; Western Europe, 3.1%) except 
the USA/Canada (0.8%), where the greatest percentage of isolates 
(2.3%) were imipenem/relebactam resistant and ceftolozane/ 
tazobactam susceptible.

Figure 4 shows non-intrinsic β-lactamases detected in molecu-
larly characterized ceftolozane/tazobactam- and/or imipenem/ 
relebactam-resistant subsets of P. aeruginosa isolates during 
2016–21. To be consistent across all study years, only 
β-lactamases that were included in the screening algorithm for 
PCR are shown in Figure 4 (i.e. the few non-intrinsic β-lactamases 
detected by only WGS during 2020–21, such as OXA-233 and 
PME-like, that would not have been detected by PCR from the years 
2016 to 2019 because of the absence of specific primer sets were 
excluded). Intrinsic AmpC β-lactamases common to P. aeruginosa 
(PDC) are also not shown in Figure 4. Most ceftolozane/tazobactam- 
resistant/imipenem/relebactam-susceptible isolates carried ESBLs 

(44% of isolates) or did not have non-intrinsic β-lactamase genes 
identified (49% of isolates) while most imipenem/relebactam- 
resistant/ceftolozane/tazobactam-susceptible isolates (95%) did 
not have non-intrinsic β-lactamase genes identified. The majority 
of all ceftolozane/tazobactam-resistant/imipenem/relebactam- 
resistant isolates (76%) carried an MBL. Table S3 identifies in 
detail the non-intrinsic β-lactamases detected in ceftolozane/ 
tazobactam-resistant/imipenem/relebactam-susceptible, imipenem/ 
relebactam-resistant/ceftolozane/tazobactam-susceptible and 
ceftolozane/tazobactam-resistant/imipenem/relebactam-resistant 
subsets of P. aeruginosa isolates collected globally during 
2016–21.

In lieu of screening for specific β-lactamase genes by PCR (as 
was done for isolates from 2016 to 2019), P. aeruginosa isolates 
from 2020 and 2021 underwent WGS. This permitted identifica-
tion of chromosomally encoded resistance mechanisms in add-
ition to β-lactamase genes. Table S2 lists the additional 
resistance mechanisms identified in isolates in which non- 
intrinsic β-lactamases were not detected.

Putative resistance mechanisms or mutations known to con-
tribute to elevated MIC values for ceftolozane/tazobactam or 
imipenem/relebactam were identified in 26 (54.2%) of 48 isolates 
with a ceftolozane/tazobactam-resistant/imipenem/relebactam- 
resistant phenotype in which non-intrinsic β-lactamases were not 
detected (Table S2). An Ω-loop mutation in OXA-2 or OXA-10, or 
PDC mutation previously demonstrated to expand the substrate 
profile of the enzyme with or without an indicator of AmpC up- 
regulation was present in 18 (37.5%) of the 48 isolates. Figure S1
shows the frequency distribution of ceftolozane/tazobactam 

Table 1. Antimicrobial susceptibility testing results for ceftolozane/tazobactam-resistant and imipenem/relebactam-resistant P. aeruginosa isolates, 
cumulative 2016–21 data

Antimicrobial 
agent

Percentage of isolates testing susceptible

Ceftolozane/tazobactam resistant Imipenem/relebactam resistant

Asia/Pacific  
(n = 672)a

Western 
Europe  

(n = 319)

Eastern 
Europe  

(n = 818)

Latin 
America 
(n = 837)

Middle East/ 
Africa  

(n = 464)

USA/ 
Canada  

(n = 161)b

Asia/Pacific  
(n = 693)a

Western 
Europe  

(n = 318)

Eastern 
Europe  

(n = 626)

Latin 
America  
(n = 930)

Middle East/ 
Africa  

(n = 460)

USA/ 
Canada  

(n = 246)b

Ceftolozane/ 
tazobactam

0 0 0 0 0 0 15.4 14.8 5.0 16.7 9.6 67.1

Imipenem/ 
relebactam

13.5 22.6 15.6 8.8 17.0 54.0 0 0 0 0 0 0

Imipenem 7.4 5.6 2.8 3.1 8.8 24.2 0 0 0 0 0 0.4
Meropenem 6.5 6.9 3.1 4.7 8.8 24.8 0.4 0.9 0.8 1.3 0.9 1.2
Cefepime 1.5 4.4 1.5 3.6 3.0 8.7 5.1 11.0 6.2 8.0 13.0 15.0
Ceftazidime 1.0 0.6 0.5 1.4 2.2 3.1 7.4 7.2 4.2 9.9 11.3 23.3
Aztreonam 11.5 17.6 13.6 19.8 27.2 7.5 13.1 23.9 20.9 18.6 31.3 12.6
Piperacillin/ 

tazobactam
7.1 6.9 7.7 5.7 6.3 10.6 7.5 6.0 3.0 7.5 4.8 15.4

Levofloxacin 2.4 10.3 2.9 4.5 4.7 13.7 3.2 6.3 3.7 4.8 5.0 6.9
Amikacin 29.6 39.5 20.0 18.9 18.1 65.8 35.4 39.9 23.2 27.2 21.3 71.1

aAustralia/New Zealand region isolates were combined with the Asia/Pacific region isolates because of the low number of isolates with ceftolozane/tazobactam-resistant 
and imipenem/relebactam-resistant phenotypes in the Australia/New Zealand region. 
bCeftolozane/tazobactam-resistant and imipenem/relebactam-resistant phenotype isolates from the USA and Canada were combined into a single region for analysis be-
cause of the low number of isolates with ceftolozane/tazobactam-resistant and imipenem/relebactam-resistant phenotypes in both regions.
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MICs among P. aeruginosa isolates from 2020–21 in which non- 
intrinsic β-lactamases were not detected, stratified by carriage 
of PDC mutation and the presence of AmpC regulatory mutations. 
In Figure S1(A), isolates carrying PDC without a known mutation, 
with or without mutations in accessory genes known to increase 
PDC expression, are shown. In Figure S1(B), isolates carrying a 

mutation within PDC, with or without mutations in accessory 
genes known to increase PDC expression, are shown. Indicators 
of strong (up to ∼50-fold) AmpC up-regulation (loss-of-function 
mutation in dacB or ampD, or activating mutation in ampR) corre-
lated with an 8-fold increase in the modal ceftolozane/tazobac-
tam MIC value compared with isolates in which no indicative 
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cExcludes isolates not available for molecular characterization. AP, Asia/Pacific; ANZ, Australia/New Zealand; W EUR, Western Europe; E EUR, Eastern 
Europe; LA, Latin America; MEA, Middle East/Africa; US, United States of America; CAN, Canada.
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mutation was observed (from 0.5 to 4 mg/L). Indicators such as 
mpl loss of function, and ampDh2 and ampDh3 mutation (lacking 
mutations in dacB, ampD or ampR), which are associated with 
weaker up-regulation of PDC (∼5–10-fold), did not show as strong 
a correlation with increased ceftolozane/tazobactam MIC values 
as did mutation in dacB, ampD or ampR. Regardless, ceftolo-
zane/tazobactam resistance was rarely observed, even in isolates 
with indicators of strong PDC up-regulation alone (3% resistance) 
unless a PDC mutation known to expand substrate profile was also 
present. None of the 17 isolates carrying an indicator for PDC up- 
regulation and a mutated PDC tested susceptible to ceftolozane/ 
tazobactam, whereas a wide range of MIC values (1 to >32 mg/ 
L) were observed among isolates with a mutated PDC and no indi-
cator for PDC up-regulation. This finding could be owed in part to 
the fact that PDC up-regulation is not directly measurable by 
WGS and it has poor negative predictive power for this phenotype.

Any OprD loss of function was closely associated with imipen-
em/relebactam resistance in imipenem/relebactam-resistant/ 
ceftolozane/tazobactam-susceptible isolates (91.0% of 145 
isolates with this phenotype) and ceftolozane/tazobactam- 
resistant/imipenem/relebactam-resistant isolates (38.5% of 65 
isolates with this phenotype) (Table S2); however, this finding 
alone does not account in totality for either of these phenotypes 
(Figure S3). Figure S3 depicts the impact of OprD loss of function 
on the frequency distribution of imipenem/relebactam MICs in 
imipenem-non-susceptible P. aeruginosa isolates from 2020 
and 2021 in which non-intrinsic β-lactamases were not detected. 
OprD loss correlates with a shift in the distribution of imipenem/ 
relebactam MIC values up by one or two doubling dilutions. This 
mechanism alone correlates with a considerable number of iso-
lates (22.7%) testing in the intermediate category for imipen-
em/relebactam, although the majority of isolates (67.3%) with 
OprD loss of function were still imipenem/relebactam susceptible 
and approximately 10% were imipenem/relebactam resistant.

Discussion
From 2016 to 2021, resistance to both ceftolozane/tazobactam 
and imipenem/relebactam was uncommon (<5%) among clinic-
al isolates of P. aeruginosa from Australia/New Zealand, the USA, 
Canada and Western Europe (Figure 1), confirming results from 
earlier studies.2,3,5,25 Resistance to ceftolozane/tazobactam and 
imipenem/relebactam was highest in Eastern Europe and Latin 
America followed by the Middle East/Asia and Asia-Pacific re-
gions. Regional percentages of isolates concurrently resistant to 
both ceftolozane/tazobactam and imipenem/relebactam corre-
lated with estimated proportions of isolates carrying carbapene-
mases (Figure 2). Estimated MBL rates ranged from 9.5% of 
isolates from Eastern Europe to <1% of isolates from the USA, 
Canada and Australia/New Zealand (Figure 2). In total, 76% of 
P. aeruginosa isolates from all global regions that were concur-
rently ceftolozane/tazobactam resistant and imipenem/relebac-
tam resistant were MBL positive (Figure 4). Most ceftolozane/ 
tazobactam-resistant/imipenem/relebactam-susceptible iso-
lates (95%) carried ESBLs or did not have non-intrinsic 
β-lactamase genes identified, and nearly all (95%) imipenem/ 
relebactam-resistant/ceftolozane/tazobactam-susceptible iso-
lates did not have non-intrinsic β-lactamase genes identified. In 
the absence of a PDC mutation known to expand its substrate 

profile, ceftolozane/tazobactam resistance was only observed 
in 3% of isolates with indicators of strong PDC up-regulation (mu-
tation in dacB, ampD or ampR) (Figure S1). In contrast, all isolates 
carrying an indicator for PDC up-regulation and a mutated PDC 
tested ceftolozane/tazobactam non-susceptible while isolates 
with a mutated PDC and no indicator for PDC up-regulation de-
monstrated a wide range of MIC values (1 to >32 mg/L) 
(Figure S1).

Previously, Fournier and co-workers identified 42 P. aeruginosa 
isolates with ceftolozane/tazobactam MICs ≥8 mg/L from a col-
lection of clinical isolates amassed by 36 hospital laboratories 
in France in 2015; 50% of the 42 isolates harboured an MBL, 
OXA-14, OXA-19, OXA-35, GES-9 or PER-1 enzyme; 38% showed 
extremely high production of PDC as a result of mutations in 
AmpR and enzymes composing the peptidoglycan recycling 
pathway, such as AmpD, PBP4 (encoded by dacB) and Mpl (produ-
cing ceftolozane/tazobactam MICs of 8–16 mg/L), in the absence 
of mutation in PDC; and the remaining 12% of isolates encoded a 
PDC variant known to expand its substrate profile to include cef-
tolozane (as ceftolozane/tazobactam) and ceftazidime.14 Our re-
sults confirm these different mechanisms of ceftolozane/ 
tazobactam resistance using a much larger, global dataset of 
P. aeruginosa isolates.

Previous reports have identified sporadic P. aeruginosa isolates 
that developed cross-resistance to ceftolozane/tazobactam, cef-
tazidime/avibactam and/or cefiderocol during therapy due to amino 
acid substitutions, insertions and/or deletions specifically within the 
AmpC (PDC) Ω-loop or adjacent AmpR regions, sometimes in com-
bination with ESBLs.13,17,19,36–43 These Ω-loop mutants maintain 
susceptibility to, or result in lower MICs of, imipenem, imipenem/re-
lebactam and/or piperacillin/tazobactam. Mutations in the Ω-loop 
widen the AmpC binding pocket to permit cephalosporins with bulk-
ier R2 side chains (e.g. ceftolozane with its 2-methyl-3-aminopyra-
zolium R2 side chain) to enter, resulting in increased catalysis of 
both ceftolozane and ceftazidime12,44 and enable carbapenems to 
rotate their bulky 6α-hydroxyethyl side chain within the AmpC bind-
ing pocket to prevent hydrolysis.45 Mutations in PBP3, the multidrug 
efflux transporter MexB and the DNA polymerase subunits gamma 
and tau have also been identified as infrequent mechanisms of cef-
tolozane/tazobactam resistance.40,41

We observed that in imipenem-non-susceptible P. aeruginosa 
isolates from 2020–21, OprD loss shifted the distribution of imipe-
nem/relebactam MIC values up by one or two doubling dilutions, 
resulting in a considerable number of isolates (22.7%) testing in 
the intermediate category for imipenem/relebactam, although 
the majority of isolates (67.3%) with OprD loss of function were 
still imipenem/relebactam susceptible and approximately 10% 
were imipenem/relebactam resistant (Figure S3). Therefore, 
most imipenem/relebactam-resistant/ceftolozane/tazobactam- 
susceptible isolates may have been the result of porin defects 
in combination with another mechanism such as hyperproduc-
tion of AmpC,15–17,24 which we were unable to determine in the 
current study based on the methods used.

In the current study, 5%–17% of imipenem/relebactam- 
resistant isolates from the Asia/Pacific region, Western Europe, 
Eastern Europe, Latin America and Middle East/Africa were cefto-
lozane/tazobactam susceptible (Table 1). Similarly, 9%–23% of 
ceftolozane/tazobactam-resistant isolates from the Asia/Pacific 
region, Western Europe, Eastern Europe, Latin America and 
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Middle East/Africa were imipenem/relebactam susceptible. In 
contrast, in the USA/Canada region, susceptibility to imipenem/ 
relebactam among ceftolozane/tazobactam-resistant P. aerugi-
nosa was 54.0% and susceptibility to ceftolozane/tazobactam 
among imipenem/relebactam-resistant P. aeruginosa was 
67.1%, similar to previous reports of US isolates3,46 These findings 
appear to be associated with a higher prevalence of isolates car-
rying MBLs and/or GES-type β-lactamases in regions outside of 
the USA and Canada (Figure 2, Figure S2). Less than 1% of isolates 
from the USA and Canada were resistant to both ceftolozane/ 
tazobactam and imipenem/relebactam. We also noted that in 
Western Europe the percent imipenem/relebactam susceptible 
among ceftolozane/tazobactam-resistant isolates (22.6%) was 
higher than the percent ceftolozane/tazobactam susceptible 
among imipenem/relebactam-resistant isolates (14.8%) 
(Table 1). Such a pattern makes sense in Eastern Europe where 
there are much higher numbers of ESBLs than in Western Europe 
(Figure 2). However, the ESBL rate may be at least partly respon-
sible, because the proportion of ESBL-positive isolates in the 
ceftolozane/tazobactam-resistant subset from Western Europe is 
still almost 10% (Figure S2). The Asia/Pacific region has a similar 
percentage of isolates with ESBLs, yet a different susceptibility 
pattern, so an undetected (non-β-lactamase-mediated 
mechanism) is probably also contributing to the phenotype 
differences. Previously, Fraile-Ribot et al.17 reported that 
among carbapenemase-non-producing P. aeruginosa isolates 
from Spain, imipenem/relebactam inhibited 50% of ceftolozane/ 
tazobactam-resistant isolates and Bail et al.47 reported that 
ceftolozane/tazobactam had greater in vitro activity than imipenem/ 
relebactam (80% versus 63%) against 229 carbapenemase-non- 
producing P. aeruginosa isolates from Brazil.

The current study has limitations. First, detailed patient histor-
ies are not documented for any isolate collected by the SMART 
global surveillance programme. Second, increased expression of 
genes involved in resistance (e.g. porin, efflux pump and PDC ex-
pression) could only be inferred from WGS data and was not dir-
ectly measured. Third, not all isolates that qualified for molecular 
testing were characterized; sampling was considered when esti-
mating the proportion of carbapenemases for Figure 2, and a 
portion of ceftolozane/tazobactam-resistant and imipenem/ 
relebactam-resistant isolates could not be included in Figure 4
and Table S1. Fourth, clinical significance was assigned to isolates 
based on algorithms in place in each contributing clinical labora-
tory; therefore, non-invasive isolates may have been included in 
the study. Fifth, the study would have benefited from the inclu-
sion of additional comparative agents such as ceftazidime/ 
avibactam.

We conclude that resistance to ceftolozane/tazobactam and imi-
penem/relebactam remains uncommon among recent clinical iso-
lates of P. aeruginosa collected across eight global regions. Among 
ceftolozane/tazobactam-resistant and imipenem/relebactam- 
resistant subsets, varying proportions of isolates tested as suscep-
tible to the other agent across the eight global regions, depending 
on the non-intrinsic β-lactamases present. While ceftolozane/tazo-
bactam may be considered the preferred anti-pseudomonal agent, 
imipenem/relebactam may be preferable over other β-lactam com-
binations against ceftolozane/tazobactam-non-susceptible iso-
lates. Susceptibility testing of both ceftolozane/tazobactam and 
imipenem/relebactam should be considered in hospital laboratories, 

as both agents provide an important treatment option. Susceptibility 
patterns for both ceftolozane/tazobactam and imipenem/relebac-
tam differ by region, making local antibiogram data critical for clin-
ical decision-making. Development of agents with activity against 
MBL-producing Gram-negative bacilli remains an unmet medical 
need.
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