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a b s t r a c t 

Objectives: Chronic Pseudomonas aeruginosa infections are a leading cause of acute pulmonary exacerba- 

tions in people with cystic fibrosis (pwCF). Intrinsic antibiotic resistance and biofilm formation complicate 

treatment. This study investigates the genomic diversity and cefiderocol efficacy against planktonic and 

biofilm-associated forms of P. aeruginosa isolates from pwCF. 

Methods: Eight P. aeruginosa clinical isolates and three laboratory strains underwent whole genome se- 

quencing (WGS). Biofilm formation was assessed through biomass, cell count, metabolic activity, and ex- 

tracellular DNA (eDNA). The minimum bactericidal concentration (MBC90 ) and biofilm eradication con- 

centration (MBEC90 ) were also determined. 

Results: WGS revealed significant genomic diversity, identifying ten distinct sequence types (STs). Antibi- 

otic susceptibility testing (AST) showed that 10/11 strains were susceptible to cefiderocol, with one iso- 

late (MPA9) displaying resistance linked to the blaOXA486 gene. Adding the β-lactamase inhibitor avibac- 

tam (AVI) restored susceptibility in this resistant strain. Although iron metabolism genes were highly 

conserved across isolates, MPA9 lacked the fpvA iron receptor, potentially contributing to cefiderocol re- 

sistance. Biofilm formation significantly increased tolerance to cefiderocol, with an 8-fold rise in MBEC90 

compared to MBC90 . 

Conclusion: These findings highlight the genomic diversity and adaptive potential of P. aeruginosa in 

pwCF. Cefiderocol shows promise against planktonic and biofilm-associated P. aeruginosa , and combin- 

ing it with AVI may counteract β-lactamase-mediated resistance. 

© 2025 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

h

2

B

✩ Editor: Professor A Tsakris 
∗ Corresponding author. 

E-mail address: enea.didomenico@ifo.it (E.G. Di Domenico) . 

1

g  

C

C

a

e

ttps://doi.org/10.1016/j.jgar.2025.04.010 

213-7165/© 2025 The Author(s). Published by Elsevier Ltd on behalf of International Soc

Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
. Introduction 

Cystic fibrosis (CF) is one of the most common life-threatening 

enetic disorders, affecting over 160,0 0 0 people worldwide [ 1 , 2 ].

F is caused by mutations in the Cystic Fibrosis Transmembrane 

onductance Regulator (CFTR) gene, which encodes an epithelial 

nion channel responsible for Cl− and HCO3 
− transport across 

pithelial cells [ 3 , 4 ]. Beyond its role in epithelial function, CFTR 
iety for Antimicrobial Chemotherapy. This is an open access article under the CC 
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xpression and activity in immune cells are critical in control- 

ing bacterial infections [ 5–7 ]. More than 1900 CFTR mutations 

ave been identified, with the Phe508del mutation being the most 

revalent [ 8 ]. Defective CFTR activity, due to Phe508del or other 

utations, reduces the hydration of the extracellular environment, 

hus contributing to progressive multi-organ dysfunction [ 9 ]. 

In the lungs of people with CF (pwCF), defective CFTR causes 

ucus thickening and impaired mucociliary clearance, which cre- 

te a favorable environment for chronic colonization by oppor- 

unistic pathogens, such as Pseudomonas aeruginosa, Staphylococ- 

us aureus , and Haemophilus influenzae [ 10 , 11 ]. The gastrointesti- 

al complications include malnutrition, dysmotility, hepatopancre- 

tic biliary disease, and intestinal bacterial overgrowth. These con- 

itions have been linked to growth failure, accelerated disease 

rogression, and an increased risk of future lung transplantation. 

oreover, pwCF show skin disorders such as elevated chloride con- 

entration in sweat, increased rates of atopy, drug hypersensitiv- 

ty reactions, and cutaneous vasculitis than individuals without CF 

 12 ]. P. aeruginosa is a key pathogen associated with chronic lung 

nfections in pwCF, exacerbated by its ability to form biofilms [ 13 ]. 

iofilm formation provides a protective matrix that limits antibi- 

tic penetration and enhances antimicrobial resistance [ 14 , 15 ]. This 

s compounded by P. aeruginosa ’s intrinsic and acquired resistance 

echanisms, including efflux pumps, β-lactamases, and reduced 

embrane permeability. 

Cefiderocol, a novel siderophore cephalosporin, has demon- 

trated in vitro efficacy against multidrug-resistant P. aeruginosa 

trains, particularly those resistant to carbapenems [ 16 ]. However, 

imited data exist on its effectiveness against P. aeruginosa iso- 

ates from pwCF [ 17 ]. This study analyzes eight clinical isolates of 

. aeruginosa from the sputum of pwCF, along with three labora- 

ory strains. Genotypic characterization using Whole Genome Se- 

uencing (WGS) was conducted to identify key resistance mecha- 

isms and virulence factors. Additionally, the efficacy of cefiderocol 

gainst both planktonic and biofilm-associated forms of P. aerugi- 

osa was evaluated, focusing on biofilm matrix components such 

s biomass, extracellular DNA (eDNA), and metabolic activity. 

. Materials and methods 

.1. Experimental plan/clinical protocol 

Sputum samples were collected during outpatient clinical vis- 

ts at the Cystic Fibrosis Regional Reference Center, A.O.U. Policlin- 

co Umberto I, Rome, Italy, from pwCF ( ≥18 years) homozygous for 

508del or heterozygous with one F508del allele. 

The outpatient setting minimizes the risk of nosocomial con- 

amination. Sputum samples were transported under controlled 

onditions and processed within two hours after collection at the 

icrobiology and Virology Unit, A.O.U. Policlinico Umberto I, Rome, 

taly, to ensure optimal microbiological analysis. Written informed 

onsent was obtained from all individuals prior to enrollment. The 

tudy was approved by the Ethics Committee Area 5 Lazio (N. 

8/ISG/24) and conducted in accordance with ethical guidelines for 

uman research. 

.2. Bacterial strain isolation and susceptibility testing 

A single sputum sample was collected from each participant 

nder sterile conditions and plated on complete and selective me- 

ia to isolate Gram-positive and Gram-negative pathogenic mi- 

roorganisms for culture studies. Eight P. aeruginosa isolates were 

nitially identified by a matrix-assisted laser desorption time of 

ight mass spectrometry (MALDI-TOF MS) system (Bruker Dal- 

onik GmbH, Bremen, Germany). The antimicrobial susceptibility 

as assessed by the BD PhoenixTM automated microbiology system 
112
Becton Dickinson Diagnostic Systems, Sparks, MD, USA). Results 

ere interpreted according to the European Committee on Antimi- 

robial Susceptibility Testing (EUCAST) clinical breakpoints ( http: 

/www.eucast.org/clinical_breakpoints ) [ 18 ]. Isolates were cryopre- 

erved and stored at −80 for further studies. 

.3. Whole-genome sequencing 

WGS was performed using the Illumina MiSeq instrument (Il- 

umina, Inc., San Diego, CA, USA). Genomic DNA was purified 

rom overnight cultures and resuspended in lysis buffer using the 

acherey Nagel (Düren, Germany) DNA extraction kit procedures. 

aired-end libraries were generated using the Nextera XT DNA 

ample preparation kit with the 2 × 151PE protocol (Illumina, 

nc.). De novo assembly and annotation of Illumina reads were 

erformed as previously described [ 19 ]. A SNP-based phylogeny 

ree was constructed using kSNP3 v3.1 [ 20 ]. Singletons identi- 

ed in the pan-genome analysis were functionally annotated us- 

ng eggNOG-mapper v2.1.9 [ 21 ] to obtain Clusters of Orthologous 

roups (COG) functional profiles. Sequence Types (STs) were de- 

ermined using the PubMLST database [ 22 ]. Antibiotic resistance 

enes were predicted using the Comprehensive Antibiotic Resis- 

ance Database (CARD) v3.2.8 and the Resistance Gene Identi- 

er (RGI) tool, with predictions restricted to "perfect" and "strict" 

atches against high-quality reference sequences, applying a 97% 

dentity cutoff [ 23 ]. Metagenome assemblies were then subjected 

o FeGenie analysis to identify genes related to iron metabolism 

 24 ]. Hierarchical clustering was performed based on the presence, 

bsence, and sequence homology of a subset of genes involved in 

ron uptake and with a potential impact on cefiderocol resistance 

 19 , 25 , 26 ]. 

.4. Cefiderocol minimum inhibitory concentration (MIC) and 

inimum bactericidal concentration (MBC) 

Antimicrobial susceptibility testing was determined by the ref- 

rence broth microdilution method using Chelex-treated, iron- 

epleted, cation-adjusted Mueller-Hinton broth (idCAMHB) for ce- 

derocol at concentrations ranging from 0.03 to 32 mg/L [ 16 ]. The 

ell, containing bacterial suspension without antibiotics, was used 

s growth control. Details of chelation, determination of iron con- 

entration, quality control testing, and preparation of broth mi- 

rodilution panels have been described previously [ 27 ]. Qualita- 

ively, the MIC was read as the first well in which the reduction 

f growth corresponds to a button of < 1 mm or is replaced by 

he presence of light haze/faint turbidity, as recommended by the 

UCAST. Each isolate was tested in duplicate. For the cefiderocol- 

esistant strain MPA9, the assay was repeated in triplicate on in- 

ependent days to confirm reproducibility. In all cases, MIC val- 

es were consistent across replicates. Results were interpreted ac- 

ording to the European Committee on Antimicrobial Susceptibil- 

ty Testing (EUCAST) clinical breakpoints ( http://www.eucast.org/ 

linical_breakpoints ). Viable bacterial counts were quantified by 

lating serial dilutions of cultures following antibiotic exposure 

nd expressed as CFU/mL. MBC90 was defined as the lowest con- 

entration of antibiotic that killed 90% of the bacteria compared to 

he untreated control. 

.5. Cefiderocol and avibactam synergistic activity 

Antimicrobial susceptibility testing was determined by the ref- 

rence broth microdilution method using idCAMHB for cefidero- 

ol and avibactam (4 μg/mL) [ 16 , 28 ]. The well-containing bacterial 

uspension (106 CFU/mL) without antibiotics was used as growth 

ontrol. Details of chelation, determination of iron concentration, 

http://www.eucast.org/clinical_breakpoints
http://www.eucast.org/clinical_breakpoints
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uality control testing, and preparation of broth microdilution pan- 

ls have been described previously [ 27 ]. Quantitatively, viable cells 

ere determined by plate counting after antibiotic treatment for 

he CFU/mL determination. MBC90 was defined as the lowest con- 

entration of antibiotic that killed 90% of the bacteria compared to 

he untreated control. 

.6. Cefiderocol minimum biofilm eradication concentration (MBEC) 

ssays 

An overnight bacterial culture grown on a MacConkey plate 

as used for each experiment to inoculate 2 mL of 0.45% saline 

olution to 0.5 McFarland turbidity standard (approximately 108 

FU/mL). Diluted cell suspensions (approximately 105 CFU/mL) 

ere used for biofilm cultures to inoculate a 96-well polystyrene 

at-bottom plate with 100 μL of idCAMHB. After 24 h at 37 °C, the 

ells were rinsed with 0.45% saline solution to remove nonadher- 

nt bacteria, and the cells were resuspended in 100 μL of idCAMHB 

upplemented with serial dilutions of cefiderocol at concentrations 

anging from 0.03 to 32 mg/L. The plate was incubated for 20 ad- 

itional hours at 37 °C, and the well, which contained bacterial 

uspension (106 CFU/mL) without antibiotics, was used as growth 

ontrol (GC). After 20 h of exposure, the well contents were col- 

ected. Each well was washed two times with sterile deionized wa- 

er, and the cells were resuspended in 100 μL of 0.45% saline so- 

ution. Biofilms were scraped thoroughly, and the total number of 

iable cells was determined by serial dilution and plating on Mac- 

onkey plates to estimate the CFU number. P. aeruginosa strains 

AO1, PA14, and PA27853 were included as standard references to 

llow reproducibility in the cell counting procedures. The MBEC90 

evels were identified as the lower concentrations of antibiotics 

hat killed 90% of the bacteria in preformed biofilms compared to 

he untreated control. MBEC90 /MBC90 -ratios were calculated to as- 

ess the biofilm tolerance, which indicates the fold increase in the 

ntimicrobial dose needed to inhibit or kill P. aeruginosa cells in 

iofilm compared to planktonic growth [ 29 ]. 

.7. Biofilm formation and characterization 

Biofilm formation was quantified by assessing biomass using a 

rystal violet (CV) staining method 24 h post-incubation. Briefly, 

terile 96-well polystyrene plates (Corning Inc., Corning, NY, USA) 

ere inoculated with 100 μL of an initial bacterial suspension 

1 × 105 CFU/mL) in idCAMHB and incubated at 37 °C for 24 h 

ithout shaking. After incubation, the medium was carefully re- 

oved, and the wells were washed three times with 100 μL of 

terile distilled water to remove planktonic cells. The plates were 

hen air-dried for 45 min, and the adherent biofilm cells were 

tained with 100 μL of 0.1% CV solution for 15 min. Following 

taining, excess dye was removed by washing the wells three times 

ith 100 μL of sterile distilled water. The dye incorporated by 

he biofilm cells was solubilized with 100 μL of pure ethanol. Ab- 

orbance was measured spectrophotometrically at 570 nm (OD570) 

sing a Varioskan Lux microplate reader (Thermo Fisher Scien- 

ific, Ohio, USA) [ 29 ]. Viable cell counts were determined by plate 

ounting to measure CFU/mL. P. aeruginosa strains PA14, PAO1, and 

A27853 were included as standard references for weak, moderate, 

nd strong biofilm formation, respectively. All experiments were 

erformed in triplicate and independently repeated at least three 

imes. 

.8. Determination of metabolic activity 

The metabolic activity of biofilm cells was assessed using re- 

azurin assays, as previously described [ 30 ]. Briefly, biofilms were 

ormed by incubating bacterial cultures in idCAMHB at 37 °C for 
113
ve hours. After incubation, the wells were rinsed with 0.45% 

aline solution to remove non-adherent cells, and 100 μL of an id- 

AMHB/resazurin solution was added to each well. The plates were 

hen incubated for an additional 20 h at 37 °C. Metabolic activity 

as quantified by measuring absorbance at 570 nm every 20 min 

sing a Varioskan Lux microplate reader (Thermo Fisher Scientific, 

hio, USA), and the area under the growth curve (AUG) was cal- 

ulated. All experiments were conducted in triplicate and repeated 

t least three times independently. 

.9. Extracellular DNA quantification 

Sterile 96-well polystyrene plates (Corning Inc., Corning, NY, 

SA) were inoculated with 100 μL of an initial bacterial suspen- 

ion (105 CFU/mL) in idCAMHB and incubated at 37 °C for 24 h 

ithout shaking. The medium was removed from the wells and 

ashed three times with 100 μL sterile distilled water. Biofilm 

ultures were resuspended in 100 μL Tris-EDTA (TE) buffer fol- 

owed by 100 μL freshly made PicoGreen solution (1 μL PicoGreen 

ye in 199 μL TE buffer). Wells with PicoGreen were incubated 

or 5 min before measuring the fluorescence intensity (excitation 

85 nm/emission 535 nm, 0.1 s) using a Varioskan Lux microplate 

eader (Thermo Fisher Scientific, Ohio, USA). Lambda DNA (Invit- 

ogen Molecular Probes) generates a standard curve for each run 

 30 ]. P. aeruginosa strains PAO1, PA14 and PA27853 were included 

s forming standard references. All experiments were conducted in 

riplicate and repeated at least three times independently. 

. Results 

.1. Whole-genome analysis (WGS) of P. aeruginosa isolates 

Eight clinical isolates were collected from pwCF sputum and 

ubjected to WGS. Sequence data were mapped against P. aerug- 

nosa PAO1, PA14, and PA27853 reference strains. The maximum 

ikelihood phylogenetic tree based on single nucleotide polymor- 

hisms (SNPs) shows significant genetic divergence among strains, 

hich were distributed across ten distinct sequence types (STs), 

xcept for MPA7 and MPA8, classified as ST262 ( Fig. 1 A). The 

angenome consisted of 8907 genes, of which 56.4% ( n = 5026) 

ere core genes, 15.5% ( n = 1376) were shell genes, and 28.1% 

ere cloud genes, including 12.7% ( n = 1132) singletons, which 

re genes present in only one genome ( Fig. 1 B). Functional gene 

istribution, assessed through the Cluster of Orthologous Groups 

COG) categories, revealed notable differences based on single- 

on sequence variants ( Fig. 1 C). The Comprehensive Antibiotic 

esearch Database (CARD) identified 72 antimicrobial resistance 

enes (ARGs) ( Fig. 1 D). According to the Ambler Classification sys- 

em, the presence of class C ( blaPDC ) and D ( blaOXA ) β-lactamases 

ere highly variable among strains. These findings highlight the 

enomic variability and functional diversification among P. aerugi- 

osa strains, emphasizing their adaptive potential and evolutionary 

ynamics. 

.2. Antimicrobial susceptibility profiles of P. aeruginosa isolates 

Antimicrobial susceptibility testing (AST) showed that 10/11 

f P. aeruginosa strains were susceptible to cefiderocol accord- 

ng to EUCAST clinical breakpoints ( Fig. 2 A). Notably, MPA9 

as the only strain resistant to cefiderocol with an MIC of 

 mg/L ( Fig. 2 B). Meropenem demonstrated activity compara- 

le to cefiderocol, while all strains were susceptible to col- 

stin. In contrast, resistance was observed across all strains for 

evofloxacin, ciprofloxacin, cefepime, ceftazidime, imipenem, and 

iperacillin/tazobactam ( Fig. 2 A-B and Supplementary data). 
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Fig. 1. Comparative genomic analysis of P. aeruginosa strains . (A) Maximum-likelihood phylogenetic tree based on single nucleotide polymorphisms (SNPs) of eight P. 

aeruginosa strains isolated from the sputum of patients with cystic fibrosis (pwCF) and three reference strains (PAO1, PA14, and PA27853). (B) Pie chart illustrating the 

distribution of core, shell, cloud, and singleton genes shared across P. aeruginosa strains. (C) Distribution of functional categories based on the Cluster of Orthologous Genes 

(COGs) identified among the strains. The number above each group represents the absolute count of COGs, with the bubble size reflecting the number of unique genes in 

each functional category. (D) Heatmap showing the distribution of antibiotic resistance genes (ARGs) across P. aeruginosa strains. Shaded cells indicate the presence of ARGs, 

with intensity correlating with sequence identity, while white cells indicate the absence of the corresponding gene. 
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WGS identified variability in extended-spectrum class C ( blaPDC ) 

nd class D ( blaOXA ) β-lactamase genes. Notably, the MPA9 isolate, 

esistant to cefiderocol and meropenem, harbored the blaOXA486 

ene. To assess the impact of β-lactamase inhibition on cefide- 

ocol susceptibility, the β-lactamase inhibitor avibactam (AVI) was 

ncluded in susceptibility assays. Overall, AVI significantly reduced 

he MBC90 from 0.5 μg/mL to 0.25 μg/mL across the strains tested 

 Fig. 2 C–D). Specifically, in the MPA9 isolate, the MBC90 decreased 

rom 4 μg/mL to 2 μg/mL (Supplementary data). Given the ab- 

ence of the mexB gene in the MPA9 isolate, the contribution of the 

exAB-OprM efflux pump to cefiderocol resistance in this strain is 

nlikely. 

.3. Genetic analysis of cefiderocol resistance mechanism 

Resistance to cefiderocol and elevated MIC levels can arise 

hrough multiple mechanisms, including the production of β- 

actamases and mutations affecting iron uptake, mainly when 

hese mechanisms act in combination. To gain insight into the 

verall iron metabolism potential of P. aeruginosa strains, the bioin- 

ormatic tool FeGenie was used to identify genes involved in iron 
114
cquisition, regulation, and storage. Interestingly, no significant dif- 

erences were observed in the number and distribution of genes 

elated to iron metabolism across the strains analyzed ( Fig. 3 A). 

enes commonly associated with variable cefiderocol susceptibility 

ere identified in each strain using BLAST and compared against 

he reference PAO1 genome ( Fig. 3 B). 

Pa27853 and three clinical isolates, including the cefiderocol- 

esistant MPA9 strain, were found to lack the pyoverdine receptor 

 fpvA ) gene ( Fig. 3 B). 

.4. Biofilm phenotypic characterization in iron-depleted medium 

rowth 

Each P. aeruginosa strain was phenotypically characterized in id- 

AMHB for biomass, biofilm metabolic activity (measured as the 

rea under the growth curve, AUG), extracellular DNA (eDNA), 

nd the number of viable cells in biofilms (CFU/mL) ( Fig. 4 A-D). 

he biofilm assay results revealed substantial phenotypic variabil- 

ty across the strains for all the measured parameters. This vari- 

tion reflects the heterogeneous distribution of STs among the 

trains. Given the high degree of variability, correlation analy- 
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Fig. 2. Cefiderocol activity against Pseudomonas aeruginosa . (A) Broth microdilution testing showing the percentage of susceptible (green) and resistant (red) strains to the 

indicated antimicrobials. (B) Antimicrobial susceptibility testing results for the 11 P. aeruginosa isolates. (C) Distribution of cefiderocol Minimum Bactericidal Concentration 

(MBC90 ) and MBC90 combined with avibactam (MBC90(AVI) ) for all strains. (D) Comparison of cefiderocol MBC90 and MBC90(AVI) for all strains. ∗indicates the median values. 

Fig. 3. Iron metabolism across P. aeruginosa strains. (A) Distribution of genes related to iron acquisition, regulation, and storage across different P. aeruginosa strains. The 

bubble size represents the number of genes identified, while the color intensity indicates the abundance of specific gene categories. (B) Heatmap displaying the presence 

(green cells) or absence (white cells) of iron metabolism-related genes, with the percentage of sequence homology to the respective gene in each P. aeruginosa strain. Each 

row represents a specific gene potentially related to the cefiderocol resistance mechanism, and each column corresponds to a different P. aeruginosa strain. 

s
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es were performed to explore whether different biofilm phe- 

otypes covary, suggesting possible coregulation, or vary inde- 

endently, implying distinct regulatory mechanisms. The results 

howed significant positive correlations ( P < 0.05) between most 

iofilm-associated parameters, indicating a degree of phenotypic 

o-dependence ( Fig. 4 E). 
115
.5. In vitro activity of cefiderocol against P. aeruginosa biofilm 

To assess whether biofilm production conferred increased an- 

ibiotic resistance to cefiderocol, MBC90 and minimum biofilm 

radication concentration (MBEC90 ) were compared across the 

ested P. aeruginosa strains. The median MBEC90 was 4 μg/mL, 
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Fig. 4. P. aeruginosa strains phenotypic profiles in iron-depleted medium growth . (A) Biomass formation, (B) metabolic activity measured as the area under the growth 

curve (AUG), (C) extracellular DNA (eDNA) content, and (D) viable cell counts (CFU/mL) of P. aeruginosa strains. Spearman’s rank correlation matrix (right panel) illustrates 

the relationships between biomass, viable cells, eDNA content, and metabolic activity across the strains. Statistical significance of Spearman correlations is indicated by 
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 

Fig. 5. Cefiderocol activity against Pseudomonas aeruginosa biofilm. (A) Comparison of Cefiderocol Minimum Biofilm Eradication Concentration (MBEC90 ) with Minimum 

Bactericidal Concentration (MBC90 ). (B) Individual strain analysis comparing MBC90 and MBEC90 values for cefiderocol. (C) Biofilm tolerance distribution among isolates, 

expressed as the MBEC90 /MBC90 ratio for cefiderocol across all strains.∗indicates the median values. 
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igher than the MBC90 of 0.5 μg/mL ( Fig. 5 A). Overall, biofilm for- 

ation significantly reduced cefiderocol efficacy ( P = 0.0010) in 

ll strains tested ( Fig. 5 B). This was further demonstrated by the 

BEC90 /MBC90 ratio, which quantifies the fold increase in the an- 

imicrobial dose required to inhibit biofilm-embedded cells com- 

ared to planktonic cells. The median MBEC90 /MBC90 ratio was 

-fold, ranging from 2- to 128-fold increases across the strains 

 Fig. 5 C). 

. Discussion 

Chronic P. aeruginosa infections are one of the most common 

nd fatal causes of acute pulmonary exacerbations in pwCF [ 31 ]. 

herapeutic interventions are still broadly limited to antibiotic- 

ediated eradication efforts, which frequently fail in chronic set- 

ings due to bacterial adaptations such as biofilm formation and 

he increasing prevalence of multi-drug resistance [ 32 ]. Since P. 

eruginosa infection remains a concern, with up to 40%–50% of 

wCF affected in adulthood [ 33 ], more efficient antibiotic ap- 

roaches are critically required. 

Our study investigated the in vitro efficacy of cefiderocol against 

. aeruginosa strains isolated from pwCF sputum in planktonic and 

iofilm forms. Cefiderocol is a novel siderophore cephalosporin 

pproved for treating urinary tract infections, hospital-acquired 

neumonia and ventilator-associated pneumonia caused by Gram- 

egative bacteria. Since the catechol moiety chelates ferric (Fe-III) 

ron, cefiderocol penetrates the cell, exploiting the bacterial iron 

ptake system and circumventing non-specific resistance mecha- 
116
isms, such as porin loss or hyperactivation of efflux pumps. Once 

nside the cell, cefiderocol acts like any other cephalosporin, in- 

ibiting penicillin-binding proteins and preventing peptidoglycan 

ell wall synthesis [ 33 , 34 ]. 

WGS analysis revealed that P. aeruginosa clinical strains were 

hylogenetically divergent and showed high variability concerning 

he presence and function of unique genes (singletons). This re- 

ult reflects the remarkable ability of P. aeruginosa to colonize di- 

erse environments, including the lungs of pwCF, either through 

he acquisition of genetically distinct strains from environmental 

ources or through adaptation within the host, both supported by 

he species’ extensive genetic versatility [ 26 ]. Additionally, the pat- 

ern of ARGs mirrored the genetic variability among strains, with 

-lactamases blaOXA and blaPDC as the most variable antibiotic- 

esistance genes. Cefiderocol is highly stable against Class C β- 

actams, but its efficacy against Class D oxacillinases varies [ 35 ]. 

his study evaluated the influence of Class D β-lactamases on ce- 

derocol susceptibility by observing the reduction in MBC90 fol- 

owing the addition of AVI, which reversibly inactivates OXA-type 

nzymes [ 36 ]. Notably, the resistance mechanism observed in the 

PA9 strain may be associated with the blaOXA-486 gene. Previ- 

us studies have shown that certain OXA-type β-lactamases, par- 

icularly those from the OXA-48 family, can hydrolyze cefiderocol, 

hough their efficiency differs depending on the specific enzyme 

ariant [ 37 ]. Adding the β-lactamase inhibitor, AVI significantly re- 

uced the cefiderocol MBC90 in MPA9 from 4 μg/mL to 2 μg/mL, 

artially restoring susceptibility. This finding supports the hy- 

othesis that OXA-486 contributes to cefiderocol resistance, likely 
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hrough hydrolysis of the antibiotic, and that β-lactamase inhibi- 

ion may serve as a potential strategy to mitigate this resistance 

echanism. While P. aeruginosa strains harboring the blaOXA-486 

ene have been reported previously, those isolates remained sus- 

eptible to cefiderocol [ 38 ]. This finding suggests that the presence 

f the blaOXA486 gene alone may not necessarily confer resistance 

o cefiderocol, and other resistance mechanisms, such as impaired 

ron uptake or synergistic β-lactamase activity, may play a more 

rominent role in mediating resistance. The lack of the fpvA gene 

n MPA9, which encodes the ferripyoverdine receptor involved in 

ron uptake, may contribute to resistance. The absence of fpvA in 

PA9 could impair cefiderocol’s access to the bacterial cell, effec- 

ively limiting its efficacy. This finding is consistent with reports in 

he literature that link disruptions in iron acquisition systems to 

efiderocol resistance, as mutations or the absence of crucial iron 

ransport genes can interfere with the drug’s siderophore-mediated 

ntry mechanism [ 17 , 39 ]. Thus, the combination of blaOXA486 - 

ediated β-lactamase production and the absence of fpvA likely 

cts synergistically in MPA9, resulting in the observed high MBC90 . 

his dual mechanism combining β-lactamase hydrolysis and im- 

aired siderophore uptake may represent a barrier to cefiderocol 

fficacy in certain P. aeruginosa strains. In the context of cefidero- 

ol resistance, efflux pumps such as MexAB-OprM are often im- 

licated. However, in the case of the MPA9 isolate, the absence 

f the mexB gene strongly suggests that the MexAB-OprM efflux 

ump does not contribute to cefiderocol resistance in this strain 

 39 ]. While cefiderocol remains a promising option for treating 

DR P. aeruginosa , these findings highlight the complexity of re- 

istance mechanisms and the need for further exploration of com- 

ination therapies, such as cefiderocol with AVI, to mitigate β- 

actamase-mediated resistance. In agreement with these results, 

revious studies have demonstrated significant synergistic effects 

etween cefiderocol and β-lactamase inhibitors such as sulbac- 

am, avibactam, and tazobactam against MDR Acinetobacter bau- 

annii and carbapenem-resistant P. aeruginosa (CR-Pa) in both in 

itro and in vivo models [ 40 , 41 ]. Specifically, a synergistic inter-

ction between cefiderocol and ceftazidime/avibactam has been 

bserved against carbapenem-resistant Enterobacterales (CRE) and 

R-Pa [ 38 ]. Moreover, combining cefiderocol with clinically avail- 

ble β-lactamase inhibitors, such as avibactam or tazobactam, 

as shown enhanced antibacterial activity against CRE, CR-Pa, and 

arbapenem-resistant A. baumannii (CR-Ab) [ 42 , 43 ]. These findings 

urther support the potential of cefiderocol combination therapies 

o counteract resistance mechanisms, especially in strains produc- 

ng Class D β-lactamases or exhibiting impaired siderophore up- 

ake. Given our findings that avibactam partially restored cefidero- 

ol susceptibility in blaOXA486 -producing P. aeruginosa , further stud- 

es are warranted to assess the clinical potential of cefiderocol- 

ased combination therapies. Future work will include checker- 

oard and time-kill analyses to quantify synergy and evaluate the 

mpact of different β-lactamase inhibitors on cefiderocol efficacy in 

iofilm-associated infections. The biofilm phenotypic characteriza- 

ion revealed substantial variability across pwCF strains regarding 

iomass, live cell count, eDNA, and metabolic activity. This pheno- 

ypic diversity reflects the genetic variability previously described 

n P. aeruginosa strains, further emphasizing the challenge of ef- 

ectively treating biofilm-associated infections. The significant in- 

rease in the MBEC90 compared to the MBC90 underscores how 

iofilm formation impairs the efficacy of antibiotics. In our study, 

he median MBEC90 was 4 μg/mL, considerably higher than the 

BC90 of 0.5 μg/mL, with MBEC90 /MBC90 ratios ranging from 2- 

old to 128-fold. These findings highlight the increased tolerance 

f P. aeruginosa biofilms to cefiderocol, illustrating the difficulty of 

radicating biofilm-embedded cells compared to planktonic cells 

 44 ]. 
117
The observed increase in MBEC90 compared to MBC90 reinforces 

he complexity of biofilm-associated resistance, which is likely in- 

uenced by multiple factors, including the protective role of the 

xtracellular polymeric substance (EPS) matrix, limited antibiotic 

iffusion, metabolic dormancy of bacterial subpopulations, and the 

tabilizing effect of eDNA [ 15 ]. These elements collectively con- 

ribute to the increased tolerance observed in biofilm-embedded 

. aeruginosa . Although the tolerance observed for cefiderocol in 

iofilm-forming strains appears relatively high compared to the 

reakpoints set by EUCAST, it falls within the range reported by 

he Clinical and Laboratory Standards Institute (CLSI), where the 

IC breakpoint for cefiderocol is set at 8 μg/mL [ 45 ]. 

These findings are clinically relevant in light of in vivo data 

howing that cefiderocol achieves epithelial lining fluid concen- 

rations of 7.63 mg/L at the end of infusion and 10.40 mg/L 

t 2 h post-infusion in critically ill pneumonia patients [ 46 , 47 ].

hile these concentrations exceed the MBC90 , they are closer to 

he MBEC90 observed in our biofilm model. This suggests that 

efiderocol may be effective against biofilm-associated infections 

ut could require higher or sustained drug exposure to overcome 

he increased tolerance within biofilms. This highlights the po- 

ential need for optimized dosing regimens in treating biofilm- 

ssociated P. aeruginosa infections, particularly in the context of 

neumonia. 

The clinical management of chronic infections in pwCF re- 

ains challenging. Treatment options for patients with multi-drug- 

esistant P. aeruginosa infections are limited, and the few agents 

f last resort, such as colistin, are associated with significant 

ide effects, including neurotoxicity and nephrotoxicity. Cefidero- 

ol, with its novel siderophore-mediated mechanism of action, of- 

ers a promising alternative, especially in cases where traditional 

herapies have failed. However, our findings underscore the need 

or continued vigilance in treating biofilm-associated infections, as 

iofilm-mediated tolerance can reduce the efficacy of even last- 

esort antibiotics. 

Although our study provides valuable insights into cefiderocol’s 

ctivity against P. aeruginosa biofilms, it has limitations. First, the 

tudy was conducted entirely in vitro , and the in vivo environment 

ay influence bacterial behavior and drug efficacy differently [ 45 ]. 

dditionally, our analysis was limited to a small number of clini- 

al isolates, and the results may not fully represent the genetic and 

henotypic diversity of P. aeruginosa in broader clinical settings. Al- 

hough the number of isolates analyzed in this study is limited, in- 

luding three well-characterized reference strains provides a robust 

omparative framework, enhancing the reliability of our findings. 

uture studies should include larger cohorts and investigate in vivo 

odels to validate these findings and explore potential therapeutic 

ombinations. 

This study highlights the in vitro efficacy of cefiderocol against 

. aeruginosa isolates from pwCF, particularly in the context of 

iofilm-associated infections. While cefiderocol shows promising 

ctivity, both β-lactamase production ( e.g., blaOXA486 ) and im- 

aired siderophore-mediated iron uptake ( e.g. , absence of fpvA ) 

an significantly reduce its effectiveness. Additionally, the high 

BEC90 values observed in biofilm-forming strains emphasize 

he increased tolerance of biofilms compared to planktonic cells, 

uggesting that biofilm eradication remains a significant clinical 

hallenge. 

These findings underscore the need for further investigation 

nto cefiderocol’s use in combination therapies, such as with β- 

actamase inhibitors, to overcome resistance mechanisms and im- 

rove treatment outcomes. Future research should optimize dosing 

egimens and explore the interplay between bacterial resistance 

echanisms to enhance cefiderocol’s efficacy in treating chronic 

nd biofilm-associated P. aeruginosa infections. 
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