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ABSTRACT Pseudomonas aeruginosa is a major nosocomial pathogen commonly
involved in multidrug-resistant (MDR) infections that are very difficult to treat. Imipe-
nem/relebactam is a new carbapenem/B-lactamase inhibitor combination with robust
activity against P. aeruginosa. However, resistance is increasingly reported, and rapid
detection is, therefore, crucial so that appropriate treatments can be prescribed. We
have developed a rapid MALDI TOF-MS-based method that can accurately predict the
presence of carbapenemases in P. aeruginosa using imipenem/relebactam. The method
was developed using a retrospective and a prospective collection of 419 P. aerugi-
nosa isolates (including recombinant isolates and WGS-characterized clinical strains)
encompassing the most important B-lactam resistance mechanisms. The MALDI TOF-MS
method is based on the detection of the hydrolysis of imipenem in the presence or
absence of relebactam, measuring modifications in the mass spectra of imipenem after
incubation with bacteria. The method was evaluated against a retrospective collection
and then validated against 250 prospectively collected clinical isolates, showing a 98%
(246/250) agreement between the phenotype and the MALDI-TOF MS hydrolysis result
and a 100% accordance with the -lactam resistance genotype. Some errors in detecting
GES-producing isolates and in detecting different mutational resistance mechanisms
associated with imipenem/relebactam resistance (MICs ranging from 4 to 8 mg/L) were
observed. All results were obtained within 1 hour, positioning the MALDI-TOF-based test
as a rapid and easy-to-perform method for detection of carbapenemases (except GES
enzymes) in P. aeruginosa. Besides, implementation of the method in routine laboratory
screening would facilitate the correct use of imipenem/relebactam to treat P. aeruginosa
infections.

IMPORTANCE While several rapid diagnostic methods have been developed for the
detection of ESBLs and carbapenemases to improve treatment decision-making in
Enterobacterales, there is a lack of approaches to rapidly identify resistance mechanisms
and predict B-lactam susceptibility in Pseudomonas aeruginosa. Taking advantage of
the mechanism of action and the high efficacy of the newly developed 3-lactam/B-lacta-
mase inhibitor combination imipenem/relebactam against P. aeruginosa, we developed
a WGS-guided, MALDI-TOF-based algorithm that accurately predicts the presence of
carbapenemase enzymes in this bacterium and aids in forecasting the imipenem/rele-
bactam susceptibility profile. The implementation of this method in routine laboratory
testing would provide significant support in the rapid decision-making for the use of
imipenem/relebactam in severe P. geruginosa infections.

KEYWORDS MALDI-TOF, antimicrobial resistance, imipenem/relebactam, Pseudomonas
aeruginosa, clinical microbiology
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seudomonas aeruginosa is a major nosocomial pathogen commonly involved in

multidrug-resistant (MDR) and/or extensively drug-resistant (XDR) infections in
immunocompromised hosts or critically ill patients and is associated with significant
morbidity and mortality. This therapeutic challenge results from the overwhelming
ability of P. geruginosa to limit the effectiveness of all conventional -lactam antibiotics
via the selection of chromosomally encoded resistance mechanisms (e.g., upregulation
of ampC and efflux pumps in combination with the inactivation of the outer mem-
brane porin OprD) or via horizontal acquisition of broad-spectrum resistance elements,
such as extended-spectrum beta-lactamases (ESBLs) and carbapenemases. This growing
concern is further aggravated by the scarcity of newly available antibiotics with potent
antipseudomonal activity and the progressive emergence in hospitals worldwide of
international epidemic MDR/XDR P. aeruginosa clones (also known as high-risk clones)
(1). This situation has been partly mitigated in recent years by the introduction of
innovative cephalosporin/B-lactamase inhibitor combinations, ceftolozane/tazobactam
and ceftazidime/avibactam in the clinical setting, which are stable against the main
mutational mechanisms and ESBLs found in P. aeruginosa. However, since these agents
have become available for clinical use, resistance has increasingly been described (2-4).
Thus, new antimicrobial agents are urgently needed to complete the antipseudomonal
armamentarium.

Imipenem/relebactam is a new carbapenem/B-lactamase inhibitor with demonstra-
ted efficacy against MDR Gram-negative infections, including P. aeruginosa, as observed
in two randomized clinical trials (RESTORE-IMI 1 and RESTORE-IMI 2) (5, 6). The robust
activity of this new combination against P. aeruginosa relies on the potent antipseudo-
monal activity of imipenem (not lysed by the intrinsic AmpC and poorly recognized by
most of P. aeruginosa RND-type efflux systems) in combination with relebactam, a novel
diazabicyclooctane (DBO)-type f-lactamase inhibitor. Relebactam inactivates class A and
C B-lactamases and is equipped with a highly reactive piperidine ring at the 2-position
carbonyl group that apparently confers enhanced resistance to drug extrusion (7, 8). The
addition of relebactam reduces modal imipenem minimum inhibitory concentrations
(MICs) by fourfold and eightfold against imipenem-susceptible and non-susceptible P.
aeruginosa clinical isolates, respectively (9). On the other hand, metallo-B-lactamases or
class D carbapenemases, which are increasingly linked to P. aeruginosa epidemic strains
worldwide, are not inhibited by relebactam (10).

Rapid matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF)-based laboratory methods aimed at predicting susceptibility or resistance
or detecting broad-spectrum B-lactam resistance mechanisms (such as ESBLs and
carbapenemases) have been demonstrated to have a major impact on precise treat-
ment decision-making, successful infection management, and patient outcomes (11).
In this regard, our group and other researchers have previously developed different
MALDI-TOF-based methodologies able to rapidly identify the production of ESBLs and
carbapenemases in Enterobacterales (12, 13). However, given the high complexity of
P. aeruginosa (3-lactam resistance, including the presence of many (-lactamase-inde-
pendent B-lactam resistance mechanisms (e.g. efflux upregulation, porin deficiency,
and PBP modification), methods that rapidly predict susceptibility or infer underlying
mechanisms of resistance have not yet been developed. Thus, taking advantage of the
mechanism of action of imipenem/relebactam against P. aeruginosa, we developed an
innovative MALDI-TOF-based assay to rapidly predict the presence of carbapenemase
enzymes and address the gap in the availability of rapid diagnostic methods to combat
MDR/XDR P. aeruginosa infections.
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MATERIALS AND METHODS

Conceptualization of the algorithm for prediction of carbapenemase
enzymes

The algorithm was conceptually designed on the basis of the particular mechanism
of action of imipenem/relebactam against P. aeruginosa and considers the following: i)
the well-known hydrolytic profile of imipenem, in which hydrolysis by class A, B, and
D carbapenemases can be precisely monitored using MALDI-TOF (14); ii) the ability of
relebactam to effectively block all AmpC molecules available in the periplasmic space
and recover the susceptibility to imipenem against P. aeruginosa, even in the absence of
a functional OprD outer membrane porin (the most common pathway for the internaliza-
tion of carbapenems in P. aeruginosa), as well as the minimal effect of efflux on imipe-
nem, suggesting that the activity of the main RND-type efflux pumps in P. aeruginosa
does not significantly increase the MIC of imipenem (15); iii) the good performance of
relebactam in protecting imipenem from hydrolysis by class A carbapenemases (and
its inefficacy in protecting against class B or D carbapenemase variants) (16). Thus, the
analysis in parallel of the hydrolysis spectra of imipenem and imipenem/relebactam
would allow prediction of the presence of a carbapenemase enzyme and provide useful
information about the underlying mechanisms of resistance to 3-lactams. Of note, the
prediction algorithm is built upon European Committee on Antimicrobial Susceptibility
Testing (EUCAST) guidelines as the primary comparator for susceptibility breakpoints. A
comprehensive representation of this interpretation algorithm is detailed in Table 1.

Bacterial isolates
Training set

To analyze the robustness of our predictive algorithm, we took advantage of the
availability of three different and representative collections in our laboratories, which
included up to 169 P. aeruginosa isolates: i) A collection including 17 isogenic P.
aeruginosa PAO1-derived mutants obtained in previous work via selection in antibi-
otic-containing plates (spontaneous mutant) or the cre-lox system for gene deletion
(knockout mutant) and covered the most relevant mutational -lactam resistance
mechanisms, also including combinations (Table 2) (17-19); ii) A collection of 31
PAO1-derived isolates expressing in the pUCP24 plasmid the most relevant {-lacta-
mase genes circulating in P. aeruginosa (Table 3) (20-22). iii) A challenge set of 121
genetically diverse MDR/XDR WGS-characterized clinical P. aeruginosa contemporary
isolates collected by the Clinical Microbiology Departments of two large (>1,000 bed)
tertiary care teaching hospitals in Spain: the A Corufa University Hospital Complex

Journal of Clinical Microbiology

TABLE 1 Correlations between the genotype, phenotype, and MALDI-TOF MS susceptibility testing of imipenem and imipenem/relebactam in P. aeruginosa

Expected phenotype MIC imipenem (R >4 mg/L)’  MIC imipenem/relebactam  Imipenem hydrolysis’ Imipenem/relebactam
(R>2/4 mg/L)* hydrolysis®

Wild-type S S - -

Mutational resistance (OprD-) R S/R - -

Class A carbapenemase R S + -

(KPC)

Class A carbapenemase R R +/-° +/-

(GES)

Class B carbapenemase R R + +

(MBL)

Class D carbapenemase R R + +

(OXA-48)

9Expected susceptibility profile (resistant, R and susceptible, S) for each phenotype when applying imipenem and imipenem/relebactam breakpoints following EUCAST

guidelines v14.0.
*Expected MALDI-TOF MS imipenem hydrolysis result (positive +, negative -) for each phenotype.
“"+/-":intermediate hydrolysis.
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TABLE 2 Description of the 17 P. aeruginosa PAO1-derived isogenic mutants used in the training set

Journal of Clinical Microbiology

Isolate ID Resistance mechanism * IMI RHIMI IMR(mg/L)® RHIMR® IMREUCAST IMR MALDI
(mg/L)® (R>2mg/L)¢ ©

PAO1 Wild-type 0.5 0.02 0.125 -0.16 S Negative

PAO AdacB PAO1 dacB (PBP4) knockout mutant [fampC = 1 -0.03 0.125 0.02 S Negative
50-fold]

PAO AdacBAdacC PAO1 dual dacB-dacC (PBP4-PBP5) knockout 1 -0.32 0.125 -0.19 S Negative
mutant [fampC = 500-fold]

PAO AdacBAdacCApbpG PAOT1 triple dacB-dacC-dacG (PBP4-PBP5-PBP7)  0.125 -0.21 0.125 -027 S Negative
knockout mutant [fampC = 1,200-fold]

PAO AampD PAO1 ampD knockout mutant [fampC = 50-fold] 0.5 0.08 0.125 -0.16 S Negative

PAO PAO1 ampD-ampDh2-ampDh3 knockout mutant 0.5 -0.13  0.0625 -013 S Negative

AampDAampDh2AampDh3  [tampC = 1,000-fold]

PAO AdacBAampD PAO1 dacB (PBP4)-ampD knockout mutant 1 -0.15 0.125 -0.27 S Negative
[tampC = 1,500-fold]

PAO AoprD PAO1 spontaneous oprD-deficient mutant 8 0.04 0.25 —-0.03 S Negative

PAO AampCAoprD PAO1 ampC knockout oprD-deficient mutant 2 -0.06 05 -0.08 S Negative

PAO AmexR PAO1 mexR knockout mutant [TmexB = 10-fold] 0.5 -030 0.125 -0.17 S Negative

PAO AnfxB PAO1 nfxB knockout mutant [TmexD = 150-fold] 0.5 -0.07 0.125 -004 S Negative

PAO AmexZ PAO1 mexZ knockout mutant [TmexY = 15-fold] 1 -0.04 0125 -020 S Negative

PAO AampDAmexR PAO1 ampD-mexR knockout mutant [fampC= 0.5 0.17 0.125 -0.27 S Negative
50-fold + mexB = 10-fold]

PAO AampDAoprD PAO1 ampD knockout oprD-deficient mutant 16 -0.06 05 -023 S Negative
[fampC = 50-fold + OprD-]

PAO AdacBAoprD PAO1 dacB knockout oprD-deficient mutant 16 -049 05 -0.11 S Negative
[fampC = 50-fold + OprD-]

PAO AmexRAoprD PAO1 mexR knockout oprD-deficient mutant 8 -0.09 05 0.00 S Negative
[TmexB = 10-fold + OprD-]

PAO AmexZAoprD PAO1 mexZ knockout oprD-deficient mutant 16 0.14 1 -0.05 S Negative

[TmexY = 15-fold + OprD-]

“Description of mutational B-lactam resistance mechanisms in isogenic P. aeruginosa PAO1-derived mutants.
®MIC (mg/L) of imipenem (IMI) and imipenem/relebactam (IMR).

“Ratio of hydrolysis (RH) of imipenem (IMI) and imipenem/relebactam (IMR) obtained by MALDI-TOF MS.
“Interpretation of susceptibility/resistance of imipenem/relebactam (IMR) according to EUCAST guidelines.
“Interpretation of the hydrolysis of imipenem/relebactam (IMR) by MALDI-TOF MS.

(CHUACQ) (A Corufa, Galicia) and the Son Espases University Hospital (HUSE) (Palma
de Mallorca, Mallorca) (Table 4). The latter strains covered a representative array of
the B-lactam resistance mechanisms most commonly found in P. aeruginosa, including
classic mutations in chromosomal genes or production of ESBLs and carbapenemases.
Complete genomic information is detailed in Table S1.

Validation set

To further validate our algorithm in the clinical setting, we analyzed the performance
of the proposed method using a collection of 250 clinical P. aeruginosa strains prospec-
tively and randomly collected from patients admitted to the aforementioned hospitals
(Table S2). Researchers were blinded to the MIC data for imipenem and imipenem/rele-
bactam when conducting the MALDI-TOF spectra analysis. The presence of mutational
mechanisms or carbapenemases in isolates showing imipenem or imipenem/relebactam
resistance was determined using conventional phenotypic assays (cloxacillin inhibition
tests and disk synergy assays with boronic acid, EDTA, and avibactam) (23, 24) and
further confirmed by genotypic methods (PCR plus Sanger sequencing for detection of
acquired B-lactamases), if phenotypic screening was positive (25).
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TABLE 3 Description of 31 PAO1-derived P. aeruginosa isolates expressing in the pUCP24 plasmid the most relevant B-lactamase genes circulating in P

aeruginosa
Isolate ID° Phenotype® Amblerclass  IMI(mg/L)* RHIMI? IMR(mg/L)¢ RHIMR? IMREUCAST IMR_MALDI’
(R>2mg/L) ¢
PAO1 GES-1 ESBL A 1 -0.10 0.5 —-0.20 S Negative
PAO1 GES-5 Carbapenemase A 2 -0.82 0.5 -0.02 S Negative
PAO1 GES-15 ESBL A 1 -0.30 0.5 —-0.10 S Negative
PAO1 GES-7 ESBL A 1 0.10 0.25 —-0.50 S Negative
PAO1 GES-20 Carbapenemase A 1 —-0.95 0.5 -0.13 S Negative
PAO1 PER-1 ESBL A 1 -0.31 0.5 —-0.26 S Negative
PAO1 VEB-1 ESBL A 1 —-0.08 0.5 —-0.13 S Negative
PAO1 KPC-2 Carbapenemase A 64 1.03 1 -0.10 S Negative
PAO1 KPC-3 Carbapenemase A 64 1.04 1 —-0.08 S Negative
PAO1 KPC-35 ESBL A 1 -0.24 0.25 -0.14 S Negative
PAO1 KPC-31 ESBL A 1 -0.15 0.5 -0.14 S Negative
PAO1 CTX-M-15 ESBL A 1 -0.22 0.25 0.07 S Negative
PAO1 CTX-M-9 ESBL A 1 -0.44 0.25 -0.23 S Negative
PAO1 SHV-12 ESBL A 1 -1.16 0.25 -0.20 S Negative
PAO1 FOX-4 Extended-spectrum @ 1 0.04 0.5 -0.18 S Negative
cephamycinase
PAO1 CMY-2 Extended-spectrum @ 2 —-0.95 0.25 -0.14 S Negative
cephamycinase
PAO1 DHA-1 Extended-spectrum @ 1 —-0.09 0.5 —-0.05 S Negative
cephamycinase
PAO1 IMP-13 Carbapenemase B 8 0.78 8 0.57 R Positive
PAO1 IMP-94 Carbapenemase B 8 1.50 8 1.18 R Positive
PAO1 NDM-1 Carbapenemase B 32 1.17 32 0.93 R Positive
PAO1 NDM-5 Carbapenemase B 128 1.10 128 1.07 R Positive
PAO1 NDM-7 Carbapenemase B >128 0.95 >128 1.16 R Positive
PAO1 NDM-23 Carbapenemase B 32 0.86 32 1.22 R Positive
PAO1 VIM-1 Carbapenemase B 16 0.51 8 0.62 R Positive
PAO1 VIM-2 Carbapenemase B 8 1.05 8 1.01 R Positive
PAO1 VIM-20 Carbapenemase B 32 1.00 16 1.1 R Positive
PAO1 OXA-2 Narrow-spectrum D 4 -1.22 1 -0.09 S Negative
oxacillinase
PAO1 OXA-10 Narrow-spectrum D 2 -1.48 0.5 -0.03 S Negative
oxacillinase
PAO1 OXA-14 ESBL D 1 —-0.09 0.25 —-0.18 S Negative
PAO1 OXA-15 ESBL D 1 -0.22 0.25 -0.12 S Negative
PAO1 OXA-48 Carbapenemase D 8 1.18 4 1.12 R Positive

“Description of the PAO1-derived isolate according to the B-lactamase produced.

bB-lactam resistance phenotype.

‘MIC (mg/L) of imipenem (IMI) and imipenem/relebactam (IMR).

“Ratio of hydrolysis (RH) of imipenem (IMI) and imipenem/relebactam (IMR) obtained by MALDI-TOF MS.
¢Interpretation of susceptibility/resistance of imipenem/relebactam (IMR) according to EUCAST guidelines.
‘Interpretation of the hydrolysis of imipenem/relebactam (IMR) by MALDI-TOF MS.

WGS and resistome analysis

Bacterial isolates had been previously sequenced or were sequenced ad hoc for this work
using previously described methodologies. For each isolate, genomic DNA was extracted,
and indexed paired-end libraries were generated using the Illumina DNA Prep library
preparation kit (lllumina Inc, USA). WGS was performed on an Illumina MiSeq platform.
The resulting reads were assembled using Unicycler (v.0.5.0) (26), and de novo assem-
blies were used to define the MLST (Center for Genomic Epidemiology, v2.0) (27). To
identify horizontally acquired antimicrobial resistance genes, the online RGI (v.5.2.0) and
CARD (v.3.2.8) tools were used, with default options (28). To characterize the mutational
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mechanisms involved in B-lactam resistance, the presence of mutations in a previously
developed list of up to 48 chromosomal genes was analyzed, and common polymor-
phisms were filtered using the list of mutations previously developed by Cortés-Lara et al.
(29). Mutations in the outer membrane porin OprD were manually reviewed using
assembled genomes according to their similarity to the oprD sequence of strains PAO1,
LESB58, UCBP-PA14, MTB-1, FRD1, or F23197, as previously described.

Antimicrobial susceptibility testing

The MICs of imipenem and imipenem/relebactam for all isolates included in the study
were determined as the modal MIC value obtained in triplicate experiments by reference
broth microdilution assays in cation-adjusted Mueller-Hinton (MH) broth according to
CLSI M100 guidelines. In all cases, relebactam was tested at a fixed concentration
of 4 mg/L. EUCAST v 14.0 clinical breakpoints were used as the main reference and
CLSI (M100 Ed34) Performance Standards for Antimicrobial Susceptibility Testing as a
comparator (30, 31). According to EUCAST guidelines, the resistant breakpoint is defined
as >4 mg/L for imipenem and >2 mg/L for imipenem/relebactam. The CLSI guidelines
establish a breakpoint of <2 mg/L for susceptibility, =4 mg/L for intermediate susceptibil-
ity, and =8 mg/L for resistance, for both imipenem and imipenem/relebactam. Reference
strains E. coli ATCC 25922 and P. aeruginosa ATCC 27853 were used as controls in all
experiments. The acceptable ranges considered for imipenem were from 0.06 mg/L to
0.5 mg/L in E. coli ATCC 25922 and from 1 mg/L to 4 mg/L in P. aeruginosa ATCC 27853.
The acceptable ranges considered for imipenem/relebactam were from 0.06 mg/L to
0.5 mg/L in E. coli ATCC 25922 and from 0.25 mg/L to 1 mg/L in P. aeruginosa ATCC 27853.

MALDI-TOF MS assay

The MALDI-TOF MS and data processing workflow is summarized in Fig. 1. Briefly,
bacteria filling a 1 pL inoculation loop were suspended in 50 pL of solution (10 mM
NH4CO3, 10 pg/ml ZnCly, 0.001% SDS; pH 8) containing 0.5 mg/mL of imipenem
(Sigma Aldrich, Germany) and 0.5 mg/mL of imipenem with different concentrations
of relebactam (4, 1, 0.5, and 0.25 mg/L) and incubated for 30 minutes at 37°C with
slow agitation (300 rpm) until optimization of the protocol (14). The samples were then
centrifuged at 16,800 x g for 2 minutes, and 1 pL of the supernatant was applied to a
MALDI-TOF MS target plate. Each sample was spotted on the plate in duplicate. Once the
spots had dried, 1 pL of the matrix [Matrix IVD HCCA-portioned (Bruker Daltonik) spiked
with 1 ppm/ pL of reserpine (Sigma Aldrich, Germany)] was applied to each. All runs
were performed in the presence of a positive and negative control treated in the same
way as the samples. P. aeruginosa PAO1 was used as a negative control, and a previously
constructed PAOT1 strain expressing the blay;-1 gene in the pUCP24 plasmid was used
as a positive control. Appropriate calibration was conducted before each run. The mass
spectra were obtained using a MALDI Biotyper Smart (Bruker Daltonik) system, with Flex
Control 3.4 software. The operational mass range was between 100 and 1,000 m/z in the
linear positive mode. The mass peaks were acquired in 40 shot steps to produce 240
satisfactory shots, and the resolution of the mass peaks selected was higher than 300.
The movement of the laser in the spot followed a large spiral. The overall procedure from
the preparation of reagents until the results are obtained is done within 1 hour.

MALDI-TOF MS data processing and interpretation

The principle of the MALDI-TOF MS assay is the inactivation of imipenem by carba-
penemase-carrying bacteria due to hydrolysis of the B-lactam ring. The hydrolysis
reaction modifies the structure of imipenem, causing a mass shift that can be detected
by MALDI-TOF. In addition, parallel analysis of the blockage of this reaction can be
performed when -lactamase inhibitors are added (as in this case for relebactam). The
Clover MS Data Analysis Software (Clover MSDAS) platform (Clover Biosoft, Spain) was
used to evaluate the spectra. The software automatically calculates the RH value (which
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FIG1 Workflow of MALDI-TOF samples is obtained from imipenem/relebactam susceptibility 1. Sample processing: samples are obtained from infected patients;
pathogens are cultured and further genotypically and phenotypically characterized. The same isolates are analyzed by MALDI-TOF MS. 2. Spectra acquisition:
The mass spectra profiles of imipenem and imipenem/relebactam are obtained by MALDI-TOF MS and uploaded within the Clover MSDAS platform to produce
an automated susceptibility result. 3. Spectra analysis: The mass spectra profiles undergo preprocessing, imipenem mass listing, RH calculation, normalization,
quality control checks, and label assignment, and a clinical report is finally provided within minutes with a table of results and a scatter plot and box plot for

further imaging. Results are ready for clinical validation.

indicates the rate of hydrolysis) for imipenem in the presence or absence of relebactam.
As each sample was spotted in duplicate, the final RH result is averaged. For categorical
classification, we used the cut-off values recently developed by our group in Enterobac-
terales (14) and optimized in-house for P. aeruginosa. RH values below 0.2 represent no
proven imipenem hydrolysis. RH values close to or above 0.5 indicate proven imipe-
nem hydrolysis, and values between 0.2 and 0.5 represent an ambiguous hydrolysis
pattern, which requires further testing or confirmation by other techniques. Thus,
three potential scenarios can be observed when monitoring the degradation of both
imipenem and imipenem/relebactam: i) absence of hydrolysis in both imipenem and
imipenem/relebactam, indicating carbapenem susceptibility or carbapenem resistance
through mutational events, and in both cases imipenem/relebactam susceptibility; ii)
detectable hydrolysis in the imipenem assay that is blocked by the addition of relebac-
tam (e.g., KPC production); and iii) imipenem hydrolysis not susceptible to relebactam
inhibition: production of metallo-B-lactamases.

RESULTS
Optimization and performance of the imipenem/relebactam hydrolysis assay

The first step was to calculate the concentration of relebactam needed to block target
enzymes. For this purpose, the imipenem hydrolysis assay was performed in combination
with various concentrations of relebactam (4, 1, 0.5, and 0.25 mg/L). The assay was
performed in triplicate using the following characterized control strains covering the
different imipenem and imipenem/relebactam antimicrobial susceptibility and MALDI-
TOF spectra profiles: the P. aeruginosa PAO1 reference strain, the PAO1 double dacB and
oprD knockout mutant, and three PAO1 transformants expressing the blakpc-, bla,ges-s
and blayy.1 B-lactamases in the pUCP24 plasmid. The concentration of relebactam
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FIG 2 Variation of the MALDI-TOF MS RH for imipenem with different concentrations of relebactam.

needed to decrease the RH to below 0.2 was 1 mg/L, decreasing in a proportional
manner as higher concentrations of the inhibitor were added (Fig. 2). Thus, 1 mg/L was
established as the optimal relebactam concentration for validation purposes. The second
step was to identify the optimal hydrolysis cut-off values for detection of imipenem
hydrolysis from those previously established for Enterobacterales by our group (14).
We validated this method internally with P. aeruginosa as the target pathogen using
the PAO1 reference strain as a negative control and a PAO1 transformant expressing
the blay.1 carbapenemase gene in the pUCP24 plasmid as a positive control. A
receiver operating characteristic (ROC) curve was calculated by using the intensity of
the imipenem mass peaks with a 95% Cl. The cut-off values for the in-house developed
assay were determined using the ROC curve and the Youden index (0.940), yielding a
final value of RH >0.5 for positivity and <0.2 for negativity. RH values are normalized
according to the positive and negative control.

Preclinical evaluation

Evaluation of the algorithm with isogenic laboratory strains showing the most
important mutational and transferable B-lactam resistance mechanisms found
in P. aeruginosa

Our method was first evaluated with our previously constructed isogenic laboratory
collection of PAO1 derivatives (Tables 2 and 3). Analysis of the laboratory isolates
exhibiting mutation-driven resistance mechanisms (imipenem/relebactam MICs ranging
from 0.125 to 1 mg/L) revealed the absence of detectable hydrolysis for both imi-
penem and imipenem/relebactam in all cases, successfully predicting non-carbapene-
mase production with 100% accordance (17/17). Additionally, imipenem/relebactam
susceptibility was also predicted with 100% correlation (17/17).

Second, our algorithm also performed well with the isogenic transformants
expressing the major B-lactamases found in P. aeruginosa, providing strong evidence
for the potential application of the method to rapidly distinguish between carbapene-
mase-producing and non-producing P. aeruginosa isolates. In this context, transformants
expressing B-lactamases associated with a cephalosporin resistance phenotype (such
as OXA-2, OXA-10, VEB-1, PER-1, GES-1, KPC-31, and KPC-35) consistently showed the
absence of hydrolysis with both imipenem and imipenem/relebactam, thus correctly
predicting the absence of carbapenemases in 100% of cases (31/31). Moreover,
analysis of the performance with carbapenemase-producing isolates also yielded
promising results, 85% (12/14), resulting in protection against imipenem hydrolysis
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when relebactam was added against KPC producers, but not against those transform-
ants carrying VIM, IMP, NDM, or OXA-48-type enzymes, the latter of which are resist-
ant to relebactam inhibition. In the strains producing GES-5 and GES-20, hydrolysis
of imipenem or the imipenem/relebactam combination was not observed, and thus
MALDI-TOF MS was not able to recognize the presence of these carbapenemase
enzymes. Imipenem/relebactam susceptibility was correctly predicted (100%, 31/31) for
all the B-lactamase transformants evaluated, including GES carbapenemase producers (in
these latter, the results were consistent with the susceptibility profile as both isolates
showed susceptibility to imipenem and imipenem/relebactam).

Evaluation of the algorithm with WGS-characterized MDR/XDR clinical isolates
of P. aeruginosa

The imipenem/relebactam MALDI-TOF MS-based assay was tested on a collection of
121 MDR/XDR P. aeruginosa strains. For these challenging strains, the method accu-
rately detected carbapenemase production in 80% (28/35) of the isolates. Errors were
observed in the seven GES-producing isolates (four GES-5 and three GES-20). Class B
carbapenemases were correctly detected in all cases (28/28), confirming the reliability
of this method for predicting metallo-p-lactamases. For GES-positive strains, hydrolysis
of imipenem/relebactam was not detected in any case, while hydrolysis of imipenem
was detected in five cases, suggesting possible inhibition by relebactam. However, the
imipenem hydrolysis ratio for the GES-5 and GES-20 carbapenemases was very close
to the cut-off, with an average RH of 0.53. Despite the low carbapenemase activity
detected by MALDI-TOF, the imipenem MICs of these strains ranged from 16 to 64 mg/L.
Furthermore, the method demonstrated an 81% (98/121) global agreement between
the imipenem/relebactam susceptibility profile and the MALDI-TOF MS hydrolysis result
(Table 4). Susceptible isolates, as determined by reference broth microdilution, showed
100% (70/70) agreement with the MALDI-TOF MS assay, whereas resistant isolates
showed only 54.9% (28/51) agreement. The errors were primarily associated with
GES-producing isolates (12 expressing GES-1, GES-5, GES-7, or GES-20) in combination
with additional mutational resistance mechanisms, such as OprD inactivation, and with
another 11 isolates expressing resistance (MICs ranging from 4 to 8 mg/L) due to
different combined mutational mechanisms.

Validation of the algorithm with clinical isolates

Among the 250 prospectively collected clinical isolates, the method demonstrated 100%
(9/9) accuracy in detecting the presence of carbapenemases (one IMP and eight VIM
producers), particularly metallo-f-lactamases in a real-life scenario. Thus, the method
displayed a 100% (241/241) accuracy for ruling out carbapenemases. In addition to
these nine carbapenemase-producing strains, four other isolates showed imipenem/rel-
ebactam resistance (in all cases with an MIC of 4 mg/L) but lacked carbapenemases,
resulting in a total of 13 prospectively collected imipenem-/relebactam-resistant strains.
This brings an overall performance of the method for predicting imipenem/relebactam
resistance in prospectively collected strains of 70% (9/13).

A detailed analysis of the agreement between the method’s prediction of the
imipenem/relebactam susceptibility profile revealed that the errors in predicting
imipenem/relebactam resistance in non-carbapenemase-producing isolates had a minor
impact on the overall agreement (98%, 246/250). In these cases, although the algorithm
failed to predict the susceptibility profile, the underlying mechanisms of resistance
to B-lactams were correctly inferred (resistance due to mutational events). For the
remaining 237 imipenem-/relebactam-susceptible isolates, no hydrolysis of the antibiotic
combination was observed in any case (100%, 237/237).

To assess the impact of these errors, the isolates were grouped by susceptibility
categories according to their MIC. In addition to using the primary comparator for
susceptibility categorization (EUCAST guidelines), we also applied the CLSI guidelines
(Table 5). Very major, major, and minor errors were defined. No major errors were
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observed according to either EUCAST or CLSI guidelines. However, while EUCAST
guidelines indicated 31% (4/13) of very major errors, CLSI classified these as minor errors,
with 2% (4/250) of isolates misclassified as susceptible by MALDI-TOF being categorized
as intermediate in the CLSI classification.

DISCUSSION

In this work, we took advantage of well-characterized (including by WGS) collections of
laboratory isolates and clinical strains, and of the high activity and particular mode of
action of imipenem/relebactam against P. aeruginosa, to develop a MALDI-TOF-based
methodology that provides presumptive information about the underlying carbapenem
resistance mechanisms. The proposed method could therefore represent a valuable
tool for the rapid detection of carbapenemases and thus help in the establishment
of targeted imipenem/relebactam treatments to combat P. aeruginosa infections in
certain clinical scenarios. In the last decade, several MALDI-TOF-based methods aimed
at monitoring the hydrolysis of different B-lactam substrates (e.g. cefotaxime and
imipenem) for the early detection of ESBLs or carbapenemases have been developed
(13). These methods have been evaluated in growing colonies and also in clinical
samples such as urine or blood cultures to improve decision-making about treatment
of severe infections (32). Moreover, the correlation of these methodologies with genomic
data and antimicrobial susceptibility testing results has been explored in limited detail
previously. This is attributed to the fact that the methods have been extensively applied
to Enterobacterales, in which (unlike in P. aeruginosa) resistance is commonly caused by
horizontally acquired enzymes, such as OXA-48, which produces positive carbapenem
hydrolysis but commonly yields low carbapenem MICs (even below the susceptibility
breakpoint) (33).

Regarding the performance of the proposed method, analysis of the data obtained
from the training set of strains demonstrated promising results, as exemplified by the
95.8% (46/48) agreement in predicting carbapenemases with the P. aeruginosa PAO1
mutants (Table 2) and the PAO1 (-lactamase-producing transformants (Table 3). This
was particularly evident for KPC B-lactamases, which were inhibited by relebactam,
or the metallo-f-lactamases, which conferred observable hydrolysis with and without
relebactam. These findings are encouraging as KPC is an emerging mechanism among
P. aeruginosa strains worldwide, particularly in China (34), whereas metallo-f-lactama-
ses are globally the most widely scattered transferable resistance determinants in P.
aeruginosa (35). Intriguingly, the expression of both GES-5 and GES-20 carbapenema-
ses (as confirmed by PCR and phenotypic assays with the resulting transformants)
in PAO1 did not confer imipenem resistance (indicated by MICs), and hydrolysis was
also undetectable by MALDI-TOF. Notably, this association between low carbapenem

TABLE 5 Incidence of Pseudomonas aeruginosa clinical isolates in qualitative imipenem/relebactam
susceptibility categories according to broth microdilution testing and errors associated with the
MALDI-TOF MS prediction algorithm

Interpretative MALDI-TOF MS susceptibility “result  Error classification®
criteria Incidence of isolates (n)
S R
EUCAST s 237 0 Major error 0%
R® 4 9 Very major error 31%
CLSI S 237 0 Minor error 2%
| 4 0 Major error 0%
R 0 9 Very major error 0%

“MALDI-TOF MS susceptibility is indicated by an imipenem/relebactam ratio of hydrolysis (RH) < 0.2 and resistance
is indicated by an RH> 0.5.

bR, resistant; S, susceptible; |, intermediate resistance.

“Very major error” (false susceptibility) indicates that the isolate is categorized as susceptible by MALDI-TOF MS
and resistant by the reference method; “major error” (false resistance) indicates that the isolate is categorized as
resistant by MALDI-TOF MS and as susceptible by the reference method; “minor error” indicates that the isolate is
categorized as intermediate by one method and resistant or susceptible by the other.
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MICs and inconsistent hydrolysis has already been described for GES-type B-lactama-
ses. Recent research with PAO1 isogenic transformants revealed that overexpression
of GES-type B-lactamases in P. geruginosa using a multicopy plasmid was not able to
increase the MIC of imipenem further than 2 mg/L (36), which may be related to the
low Kcat/Km values obtained with purified GES-5 B-lactamase in previous experiments
(37). These observations are also consistent with the contradictory results obtained with
GES-positive strains in commercially available methods aimed at detecting carbape-
nem hydrolysis in clinical microbiology laboratories, such as CarbaNP or B-Carba tests,
in which these types of enzymes persistently yield negative hydrolysis results (38).
Interestingly, the method also accurately inferred imipenem/relebactam susceptibility
in these collections of isogenic strains.

In a second step, further analysis of the performance of the algorithm with the
challenge set of 121 MDR/XDR WGS-characterized P. aeruginosa strains (Table 4) revealed
80% (28/35) accuracy for predicting carbapenemases. Again, inconsistent results were
obtained for GES-producing strains. Fortunately, the global prevalence of these enzymes
among carbapeneme-resistant P. aeruginosa strains is low, but the findings suggest that
the implementation of this methodology should be carefully monitored in clinical
environments with a high prevalence of GES-producing P. aeruginosa. On the other
hand, the method demonstrated 81% (98/121) accuracy for predicting the imipenem/rel-
ebactam susceptibility profile. This percentage of susceptibility was also influenced
by GES-producing P. aeruginosa but also by a cluster of 11 isolates, which showed
imipenem/relebactam resistance (MIC = 4-8 mg/L) due to a combination of mutational
events, with in all cases amino acid substitutions affecting OprD (10/11), or the mexAB-
oprM (10/11) or ampC (5/11) regulatory pathways. Primary infections by P. aerugi-
nosa isolates showing mutational resistance to imipenem/relebactam are infrequent.
However, we recently reported the development of imipenem/relebactam resistance in
MDR/XDR P. aeruginosa infections receiving long treatment courses with broad-spectrum
antipseudomonals, due to selection of multiple resistance mechanisms, such as OprD
inactivation in combination with AmpC and MexAB-OprM overproduction (39). Thus,
this method should also be used with caution for suspected imipenem/relebactam
susceptibility/resistance in patients who have been receiving prolonged treatment with
carbapenems or have a history of previous MDR/XDR P. aeruginosa-positive cultures.

Finally, analysis of the performance of our method in a real-world scenario with
prospectively collected clinical strains (Validation Set, Table S2) revealed 100% accu-
racy (9/9) in predicting carbapenemases, specifically metallo-B-lactamases. The method
also demonstrated 98% agreement with the proposed algorithm (Table 1), suggesting
that MALDI-TOF-based applications like this could be further developed for predicting
imipenem/relebactam susceptibility in the future. However, when specifically evaluating
the errors of the methodology following EUCAST guidelines, the very major error rate
increased to 31% (4/13). This high percentage of error would be explained by the
fact that isolates with mutational imipenem/relebactam resistance and showing an
MIC of 4 mg/L are assigned to the susceptible category (the method assumes that
isolates that do not hydrolyze either imipenem or imipenem/relebactam are suscepti-
ble to imipenem/relebactam due to their high activity against strains with mutational
mechanisms). Interestingly, although the error rate of the MALDI-TOF assay seems
beyond the possibility of clinical application, if CLSI breakpoints were applied, very major
errors would be considered minor errors (2%, 4/250) since isolates with a 4 mg/L MIC
would be considered resistant by EUCAST and intermediate by CLSI. Therefore, clinical
application of the MALDI-TOF MS assay could be supported if following CLSI guidelines.

The results of this methodology are provided in the Clover MS Data Analysis Software
(Clover MSDAS) including a laboratory report with the following: i) the ID of the isolate;
ii) the average imipenem and imipenem/relebactam RH value; iii) and the interpretation
of the RH (positive/negative) in relation to the presence/absence of carbapenemases.
The following footnote at the bottom of the inform is included: “A positive imipenem/rel-
ebactam RH value is related with clinical resistance to the antibiotic combination. The
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accuracy of this method for carbapenemase detection may be limited in epidemiological
scenarios with a high prevalence of GES-producing and also in MDR/XDR P. aeruginosa
isolates.”

The method is simple, rapid, and combines the universal advantage of phenotypic
assays with the speed of molecular assays, allowing results within 1 hour. This is at least
between 1 and 15 hours faster than the currently available imipenem/relebactam testing
methods in clinical microbiology laboratories, such as disk diffusion, MIC strips, broth
microdilution (40), or the recently developed Rapid IPR NP test method (41). Therefore,
apart from limitations that may affect the reliability of the method, such as a high
prevalence of GES-type carbapenemases or strains resistant to imipenem/relebactam
through chromosomal mutations, this methodology provides an additional tool that may
aid in combating P. aeruginosa infections with imipenem/relebactam.
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