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Background: Cefiderocol, a novel siderophore cephalosporin, is a promising therapeutic option for infections
caused by multidrug-resistant Pseudomonas aeruginosa. We evaluated the activity of cefiderocol against carba-
penem-resistant P. aeruginosa (Cr-Pa) isolates and investigated the potential mechanisms involved in
resistance.

Methods: 108 CR-Paisolates collected from patients without prior exposure to the substance were studied. MICs
of cefiderocol were determined by broth microdilution using iron-depleted cation-adjusted Mueller-Hinton
broth. Whole genome sequencing was performed to investigate the potential resistance mechanisms by com-
paring resistant and susceptible P. aeruginosa isolates and identifying unique mutations in the resistant group.

Results: Of the 108 isolates, nine were resistant to cefiderocol with MIC values ranging from 4 to 32 mg/L. The
genetic analysis revealed a broad spectrum of mutations in the resistant isolates associated with iron uptake
systems, efflux pumps, AmpC B-Lactamase and penicillin-binding proteins. The most frequently observed muta-
tions among the resistant isolates were located in fptA, fpvB and chtA. Notably, the presence of carbapenemases
did not correlate with cefiderocol resistance.

Conclusions: Our findings show the low prevalence of cefiderocol resistance among CR-Pa isolates, showing its
potential as an effective treatment option. However, the complex genetic landscape of resistance mechanisms,
particularly mutations affecting iron transport and other TonB-dependent receptors, requires continuous mon-
itoring and functional analyses to identify and manage potential resistance mechanisms. This study provides a
foundation for future research to improve antimicrobial resistance prediction and develop targeted therapies
against CR-Pa.

Introduction an opportunistic Gram-negative bacterium, frequently involved in

hospital-acquired infections, especially in immunocompromised
The rise of multidrug-resistant organisms (MDRO) poses significant  and multimorbid patients, and known for its capacity to develop
clinical challenges worldwide, necessitating novel therapeutic  resistance to antibiotics, by either acquisition of horizontal
strategies and a deeper understanding of resistance mechanisms.  resistance determinants and/or through the selection of
Among these pathogens, Pseudomonas aeruginosa stands out as  chromosomal mutations.? Indeed, the WHO classified in 2017
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carbapenem-resistant P. aeruginosa (CR-Pa), as one of the priority
pathogens for research and development of new antibiotics.?

Infections caused by CR-Pa are associated with poor out-
comes and an increased risk of mortality compared to those
caused by susceptible strains.*> CR-Pa are often multidrug resist-
ant, limiting the treatment options and highlighting the urgent
need for effective antimicrobial agents. In this context, cefiderocol,
a novel siderophore cephalosporin, has emerged as a promising
agent for the treatment of CR-Pg, including carbapenemase-
producing P. aeruginosa.® Its structural similarity to iron scaven-
gers, also called siderophores, provides an alternative mode of
entry into the periplasmic space by binding to iron molecules
and hijacking the siderophore receptors, bypassing the typical
B-lactam resistance mechanisms.” Indeed, it mostly maintains
in vitro activity against P. aeruginosa isolates resistant to the latest
B-lactam-B-lactamase inhibitor combinations, including ceftolo-
zane-tazobactam and ceftazidime-avibactam.®?

Resistance to cefiderocol in P. aeruginosa has been reported to
be associated with alterations in iron uptake pathways, structural
moadifications of AmpC B-lactamase, and changes in efflux
systems.’®112 As the use of cefiderocol increases due to the in-
creasing prevalence of infections caused by multidrug-resistant
P. aeruginosa, we sought to evaluate its activity against CR-Pa iso-
lates and investigate the underlying resistance mechanisms.
These isolates were recovered from patients during a period
when cefiderocol was not in clinical use (2019-21), thereby pro-
viding a unique insight into resistance mechanisms unaffected by
clinical use of the drug. This study addresses a critical research
gap by providing baseline data on cefiderocol resistance prior to
its clinical introduction, enabling a clearer understanding of in-
trinsic resistance mechanisms. By elucidating the mechanisms
and genetic determinants driving resistance among P. aeruginosa,
our findings lay a basis for future studies for improving AMR pre-
diction and better knowledge of resistance mechanisms to de-
velop novel therapeutic strategies.

Methods

Sample collection, identification, and antimicrobial
susceptibility testing

CR-Pa isolates from patients admitted to the Heidelberg University
Hospital between January 2019 and March 2021 were included in this
study. All isolates were obtained hospital wide from the routine MDRO ad-
mission screening and clinical submissions and were stored at —80°C until
further use. These isolates were recovered from rectal screening swabs
and clinical samples, including blood cultures, respiratory specimens,
urine and wound swabs. Only non-duplicate isolates per patient were
included in the analysis.

The hospital’s infection control strategy includes admission screening
with rectal swabs for all patients considered at ‘risk’ as defined by the
Department of hospital hygiene according to the recommendation of
the Commission of Hospital Hygiene and Infection Prevention in
Germany (KRINKO): (i) admission to intermediate care unit; (i) past
MDRO infection/colonization; (iii) contact with high-prevalence settings/
endemic region, including travel and migration; (iv) chronic wounds
and catheters; (v) any antibiotic exposure for >1 week in the past
6 months; (vi) contact with MDRO patients or MDRO-colonized individuals;
and (vii) close contact with animal husbandry. The local screening strat-
egy is designed to detect Gram-negatives with phenotypic resistance to-
wards third-generation cephalosporines and quinolones (the so-called

3MRGN [Multidrug-resistant Gram-negative]) and carbapenem-resistant
Gram-negatives (4MRGN).'® The guidelines advise that patients carrying
‘4MRGN’ should be placed in single-room isolation on all wards, while those
carrying ‘3MRGN’ should be isolated only on high-risk wards. Therefore, the
MDRO screening algorithm was tailored to detect 3MRGN and 4MRGN’.**

Briefly, patient screening samples were cultured on Columbia agar
with 5% sheep’s blood and ESBL agar (bioMérieux, Germany) for up to
24 h at 37°C. Identification and antimicrobial susceptibility testing (AST)
were performed on all representative colonies growing on ESBL agar.
Species identification was performed by MALDI-TOF MS (Bruker
Daltonics, Germany). In the routine diagnostics, AST for piperacillin/tazo-
bactam, ceftazidime, cefepime, meropenem and imipenem was per-
formed using VITEK 2 (bioMérieux, Germany) and interpreted according
to EUCAST clinical breakpoints version 11.0.

Isolates, resistant to all these antibiotics, were included in the study
and further evaluated for susceptibility to cefiderocol using iron-depleted
cation-adjusted Mueller-Hinton broth (ID-CA-MHB), prepared in-house as
previously described.'® Briefly, a bacterial suspension of 0.5 McFarland
standard was prepared from fresh colonies grown overnight. This suspen-
sion was then diluted 1:10 in ID-CA-MHB and 75 L of the diluted suspen-
sion was distributed into each well, containing 75 pL ID-CA-MHB with
cefiderocol at different concentrations (0.03 mg/L to 32 mg/L). To inhibit
NDM activity, broth microdilution (BMD) was performed on NDM-positive
cefiderocol-resistant isolates, also using ID-CA-MHB supplemented with
100 mg/L dipicolinic acid (DPA), a chemical compound that can chelate
metal ions and thus inhibit the activity of metallo-B-lactamase (MBL).
The results for cefiderocol were interpreted according to the breakpoints
from EUCAST version 11.0 (susceptible <2; resistant >2 mg/L). The MIC
was defined as the lowest concentration where turbidity was either ab-
sent or significantly decreased compared to the growth control due to
the ‘trailing effect,” as described in the EUCAST guidance for cefiderocol
MIC testing.'® Tests were performed in duplicate, with the highest MIC re-
corded in case of discrepancies. Escherichia coli ATCC® 25922 was used as
a reference and quality control organism for cefiderocol testing.

DNA extraction and sequencing

Genomic DNA was extracted from the overnight cultures with the DNeasy
Blood and Tissue Kit (Qiagen GmbH, Germany) following the manufac-
turer’s protocol. Sequencing was performed using the Nextera DNA
Flex Library Prep Kit (Illumina) and sequenced on the MIseq instrument
(2x 300bp) at the Department of Infectious Disease, Medical
Microbiology and Hygiene in Heidelberg.

Quality control of the raw sequences was performed using fastp
(v0-23-1 with parameters -q=30 and -l=45) and assembled with
SPAdes 3.15.5 (with the option—careful and—only-assembler).”'® A
curation of the draft genomes was performed by removing contigs with
a length <500 bp and/or coverage<10x. The quality of the final draft
was quality-controlled using Quast (v5:0-2).1° The species identification
of each draft genome was done using mash (sub-command screen) by
screening each draft genome to a database composed of a representa-
tive genome of each species present in the Microbial Genomes resource
(https://www.ncbi.nlm.nih.gov/genome/microbes/). The complete draft
genomes were processed through available databases using Abricate
(https://github.com/tseemann/abricate) to identify antimicrobial resist-
ance (NCBI, CARD, ARG-ANNOT, ResFinder and MEGARES databases).?*?!
Furthermore, each draft genome was aligned to its representative genome
reference from the Microbial Genomes resource using Split Kmer Analysis.
The alignment was then analysed with Gubbins 3-1-6 to define hqSNPs dis-
tance and phylogenetic relationship.?? Clonal relationship and potential
cluster have been evaluated using Average Nucleotide Identity using the
threshold of 99.99% identity as previously described (Figure 1).22

To identify mutations associated specifically with cefiderocol resist-
ance, a comparative analysis between resistant and susceptible isolates
from the cohort was conducted. Initial mapping was performed against
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Figure 1. Heatmap representing the AMR genes distribution. The isolates are sorted based on the recombination corrected phylogeny from Gubbins
and annotated with the Patient ID and MLST. The AMR genes are sorted hierarchically based on their distribution amongst the population. Gene pres-
ence is symbolized by a black square while the absence is symbolized by a grey square.

the corresponding wild-type reference strains PAO1 and PA14 based on
their phylogenetic clustering (Table S1, available as data at JAC-AMR
Online) to facilitate the annotation of the SNPs and SNP calling was per-
formed using snippy.?* After identifying these SNPs, we screened for mu-
tations exclusively present in at least one of the resistant isolates by
excluding mutations found also in any of the susceptible isolates and/
or MBL-producing isolates reverting to a sensitive phenotype under DPA
treatment. The reversion of resistance in the presence of DPA indicates
that the increased MIC is due to NDM production. This method ensured
that only mutations potentially linked to cefiderocol resistance were iden-
tified. Mutations uniquely observed in the cefiderocol-resistant isolates
have been listed in Table S1. We excluded the mutations in the haeme/
haemophore transporters from our analysis due to the absence of evi-
dence supporting their role in mediating cefiderocol uptake.

The draft genome sequence data have been submitted to the NCBI
GenBank database under the project number PRINA1103370. Further de-
tails, including sequencing statistics and isolate information, can be
found in the supplementary data (Table S2).

Results

During the study period, we identified 108 CR-Pa isolates from 99
patients, with nine of these patients having two different CR-Pa

strains. Among these, nine isolates (8.3%, 9/108) from nine
different patients were resistant to cefiderocol with a MIC range
of 4-32 mg/L, as determined by the BMD method and interpreted
following the EUCAST guidelines. No discrepant MICs were observed
in resistant isolates in duplicate measurements. Detailed cefidero-
col resistance data for all clinical isolates are provided in Table S2.

The isolates were classified into 59 STs. ST235-1LV was the
most prevalent MLST (10.2, 11/108). The allelic variant was due
to the duplication of the asc gene matching both alleles 38 and
172. ST111 was the second most prevalent clonal lineage
(7.4%; 8/108), followed by ST395 (5.6%; 6/108) (Table S2).
High-risk clones, such as ST111, ST233, ST253, ST274, ST298,
ST308, ST654 and ST773, accounted for 33.3% of our collection
(36/108).22° Only four resistant isolates belonged to the high-
risk clonal lineages (two 235-1LV, one ST274 and one ST773).
Among the resistant isolates, only the two 235-1LV isolates
formed a distinct cluster (M) as shown in Figure 1.

Impact of carbapenemases on cefiderocol resistance

The collection included 23 carbapenemase-producing isolates
(21.3%), with 17 isolates carrying VIM-2 (15.7%), followed by
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GES-5 (3 isolates, 2.8%), NDM-1 (2 isolates, 1.9%) and IMP-26 (1
isolate, 0.9%). Three of these carbapenemase-producing isolates
were resistant to cefiderocol: two with GES-5 and one with
NDM-1. Since the overexpression or enhanced NDM activity has
previously been attributed to cefiderocol resistance in
Enterobacterales,”” we investigated whether the inhibition of
NDM by DPA could revert the cefiderocol MIC to susceptible levels.
In the presence of DPA, the meropenem MIC of NDM-positive iso-
late KE9524 was reduced from 32 mg/L to 0.5 mg/L. Notably, all
blayim-p-carrying isolates remained susceptible to cefiderocol.
There was no significant difference in resistance rate and the ce-
fiderocol MIC values between carbapenemase-negative and
-positive isolates (Figure 2). Detailed genotypic resistance data
for all clinical isolates are provided in Table S3.

Mutations potentially associated with cefiderocol
resistance

Next, we focused on investigating mutations in potential
P. aeruginosa targets associated with other known resistance
mechanisms against cefiderocol. Table 1 summarizes the unique
mutations found only in cefiderocol-resistant isolates, particular-
ly in genes related to cefiderocol resistance and iron uptake me-
chanisms. KE9524 was excluded since NDM production was the
cause of the resistant phenotype. The full dataset of mutation
present only in the resistant isolates is available in the Table S1.
In eight of nine resistant isolates, we identified numerous mis-
sense mutations in various genes encoding components of the bac-
terialiron transport systems. The affected genes included pirA, pfeA,
cirA, fecA, fpvA, fpvB, fptA, fepA, femA, fiuA, piuA, fecR, exbB, chtA,
pfuA, fepG, optE, optJ and PA0151. The most frequently mutated
genes were fptA, fpvB, chtA and PA0151 (each in four isolates).
Beyond these tonB-dependent receptors (TBDRs), we identi-
fied single amino acid substitutions in three major efflux pump

systems: the MexAB-OprM, MexEF-OprN and MexCD-OprJ. Within
the MexAB-OprM efflux pump, four resistant isolates exhibited
mutations across various components: MexB (the transporter
component), nalC (a positive regulator), MexR and nalD (both
negative regulators).?® Additionally, mutations in the MexEF-
OprN efflux pump were observed in two isolates: a Pro337Ala
substitution in MexE, the transporter component, a Gly364Ser sub-
stitution in OprN, the porin component and a Phe209Leu substitu-
tion in MexS, which requlates the expression of MexEF-OprN.?? In
the MexCD-OprJ system, several missense mutations were de-
tected in three resistant isolates. Four isolates lacked mutations
in their efflux pumps.

Furthermore, we identified frameshift and missense muta-
tions in the oprD outer membrane protein in five isolates. Other
noteworthy mutations include those in ampD, a negative regula-
tor of AmpC B-Lactamase expression, in three isolates.® Lastly, in
four resistant isolates, mutations were detected in at least one of
the genes encoding penicillin-binding proteins (PBPs) 1A, 2 and 3.
These genetic alterations are summarized in Table 1.

Discussion

The increasing prevalence of multidrug-resistant Gram-negative
bacteria is leading to more frequent use of novel antimicrobial
treatments, such as cefiderocol. This study aimed to evaluate
the cefiderocol susceptibility and explore the underlying resist-
ance mechanisms CR-Pa isolates collected in Germany.
Through whole genome sequencing and BMD, we assessed 108
CR-Pa isolates, which were recovered from patients prior to the ap-
proval of cefiderocol for clinical use by the EMA, ensuring that none
of the patients had been exposed to the drug. Our results showed
that the majority of the isolates (91.7%, 99/108) were susceptible
to cefiderocol, indicating its potential as an effective therapeutic
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Figure 2. Distribution of cefiderocol MIC (mg/L). Number of isolates by cefiderocol MIC by carbapenemase. All isolates: 91.7% susceptible. Only
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Carbapenemase negative: 92.2% susceptible.
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Table 1. Distinctive genomic mutations in cefiderocol-resistant P. aeruginosa isolates compared to susceptible isolates

Isolate D3015 D3019 KE9383 KE9572 KE9904  KE9934 KE10131 KE10210
ST 238 1284 274 708 — — 982 389
Carbapenemase — — — — GES-5 GES-5 — —
FDC MIC (mg/L) 16 4 8 4 16 16 32 16
Components of TonB-dependent iron transporters
FptA H557N Y664S A719V P558S
FpvA V461
FpvB T1191 T1191 1127 V,V2711 D377N,
Q660K
FemA T5M E75D ALT72VLA
PfuA A164T P343R A491V,V131M
CirA VP339ML R226L, D236N  T634S
PfeA R267H D541N, V5651
FecA A360T A261T
ChtA H298Y D626E D626E S1731
FiuA V492fs, E388K A668S I578L, P2S
PiuA L15M
PirA A303V Q620K, R7H
FepG V51M
OptE K607G, S312N
OptJ D264G
FecR L107v Y172H
PA0151 A39V, P610R D741E F750V F750V
MexAB-OprM efflux pump
MexB 1186V
MexR R91L A110T
NalC S54P
NalD F51L
MexEF-OprN efflux pump
MexE P337A
MexS F209L
OprN G364S
MexCD-OprJ efflux pump
MexC A330S E26A
MexD N775K A566T, V607A
Other proteins of interest
AmpD A29T, H93fs H36Y D28G
oprD Initiator codon variant S338P A123fs T105fs
PBP1A H629N T6991 D309E E245D
PBP2 A619E
PBP3 A139S ALETP L23V
CntO M532L S333T
BtuB V1iM AG209SS  F452Y, NV455D]I, L4901
D458S,
GNDP461TYTT,
N476F,

Q474delinsQGLYV

FDC, cefiderocol; ST, sequence type.

option for CR-Pa infections. However, the necessity of susceptibility
testing for cefiderocol remains evident for these multidrug-resistant
bacteria. Resistance mechanisms were multifactorial, involving mu-
tations in iron uptake systems, efflux pumps and other bacterial
components, highlighting the complexity of cefiderocol resistance.
There was no significant association between phenotypic

cefiderocol resistance and the genetic background of the isolates.
All resistant isolates were of different STs, indicating the broad gen-
etic diversity among P. geruginosa strains capable of developing re-
sistance. Due to the lack of national molecular surveillance and
studies for P. aeruginosa in Germany, we cannot determine to
what extent our cohort reflects the overall P. aeruginosa population
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in the country. However, similar regional studies have shown that
ST111, ST395 and ST253 are the most prevalent clones, in line
with our findings.>!?

Our findings suggest that the mechanisms underlying cefider-
ocol resistance are heterogeneous. In this study, resistant iso-
lates had predominantly mutations in the genes related to iron
transport. This finding aligns with existing literature showing
that alterations in TBDRs such as FpvB, FptA, PfeA, PirA, PiuA,
FecA and FepG are associated with elevated cefiderocol
MICs.33-3® Furthermore, we identified mutations in additional
TBDRs-FemA, ChtA, PfuA, OptE, OptJ PA0O151 and FiuA-not previ-
ously linked with elevated cefiderocol MICs. However, overex-
pressing these genes increases the susceptibility of the
wild-type PAO1 strain to cefiderocol significantly,*® suggesting
that functional deficiencies in these proteins may play a role in
the emergence of cefiderocol resistance. Regarding mutations
in cirA, it has not been associated with cefiderocol resistance in
P. aeruginosa, although changes in this gene are linked to cefider-
ocol resistance in various other bacterial species.

These alterations in TBDRs were accompanied by mutations in
various efflux pump systems, PBPs, ampD and oprD genes.
Previous research has shown that mutations in oprD and ampD
are associated with modest increases in cefiderocol MIC, with
oprD mutations affecting outer membrane functionality for
B-lactams and AmpD mutations potentially leading to overproduc-
tion of chromosomal AmpC B-lactamase.**“%*! Similarly, muta-
tions affecting the regulation of the MexAB-OprM efflux pump
system have been associated with slight MIC elevations.>**“°
Additionally, mutations in MexEF-OprN and MexCD-OprJ efflux
pumps were detected in P. aeruginosa isolates that elevated cefi-
derocol MICs in vivo.>* The specific contribution of these efflux
pump mutations to the reduction of cefiderocol efficacy is poorly
understood and warrants further exploration. Current evidence
suggests a significant impact of the mutations, especially in the
case of MexAB-OprM. Notably, we also identified mutations in
PBP3 in three resistant isolates, which is significant given cefider-
ocol’s high affinity for this protein and the association of PBP3
mutations with elevated cefiderocol MICS in P. aeruginosa, high-
lighting the potential role of PBP3 alterations in contributing to
resistance.*>*3

A particularly relevant finding was the mutation in the fecR
gene of the isolate KE9383. This mutation is interesting as, apart
from it, the isolate exhibits mutations only in a regulator of
the MexAB-OprM efflux pump and the oprD gene, both of which
are known to confer only modest increases in cefiderocol
MIC.2* Until now, mutations in fecR have not been observed in
cefiderocol-resistant isolates. However, FecR plays a crucial role
in the iron uptake process, acting as a necessary regulator for
the transcriptional activation of the iron transporter FecA through
the modulation of FecL.***® Indeed, mutations in Fecl, have been
identified in an in vitro-derived cefiderocol-resistant strain.*°
Given that FecR acts as a regulator of the activator Fecl, its altera-
tions could impact the uptake of cefiderocol by affecting
FecI-mediated FecA expression.

Cefiderocol resistance in our study appeared largely independ-
ent of carbapenemase status. Previous data, including data from
the SIDERO-WT, demonstrated that GES-5 does not seem to in-
fluence cefiderocol susceptibility in P. aeruginosa.*®™*® The two
GES-5 positive cefiderocol-resistant isolates also had mutations

in their TBDRs, which were likely the primary cause of the elevated
cefiderocol MICs. An exception was observed in a single
NDM-positive isolate, KE9524, which showed resistance without
any notable mutations in iron transport mechanisms. This finding
is in line with previous literature, which indicated that NDM pro-
duction is associated with elevated cefiderocol MICs in both
Enterobacterales and P. aeruginosa.***°

Our study has limitations. While we provide insight into the
genotype of cefiderocol resistance in P. aeruginosa, it is limited by
not exploring the functional consequences of each specific muta-
tion for cefiderocol susceptibility. Additionally, this study focuses
on isolates from a specific geographic region, which may limit
the generalizability of our findings to other regions. Furthermore,
our findings are based on a small number of cefiderocol-resistant
isolates and low-level resistance constrains the power of our con-
clusions due to the discrepancies between EUCAST and CLSI break-
points for the resistance threshold (2 and 4 mg/L, respectively).
Based on CLSI breakpoints, two of the nine resistant isolates would
be considered susceptible and one intermediate. However, even in
these cases, the resistance mechanisms appear to be multifactor-
ial, primarily driven by mutations in iron uptake systems.

Nevertheless, our study provides valuable data on cefiderocol
resistance and its genomic mechanisms in P. aeruginosa isolates
from a specific region in Germany, prior to cefiderocol’s clinical ap-
proval and use in Europe. These findings offer an important refer-
ence for future comparative studies with a larger, geographically
diverse cohort of isolates. Further functional research, including
targeted mutagenesis,*® serial passage experiments®! and efflux
pump activity analysis, using these mutated genes, is needed to
fully understand and validate the resistance mechanisms.

In conclusion, we showed here the potential cefiderocol resist-
ance mechanisms in clinical P. aeruginosa isolates from patients
with no prior exposure to the antibiotic, indicating that resistance
was present before its clinical approval by the EMA. We observed
that each resistant isolate presented a distinct combination of
genetic alterations. The resistance was likely the result of a com-
plex interplay of factors, including alterations in efflux pumps,
porins, ampD and mutations affecting iron uptake systems es-
sential for cefiderocol’s entry into P. aeruginosa. The complexity
of these interactions highlights the need for further research to
analyse the precise impact of each genetic alteration on the de-
velopment of resistance. Our findings show that cefiderocol is a
promising therapeutic option for treating infections caused by
multidrug-resistant P. aeruginosa. It may be particularly benefi-
cial in treating severe hospital-acquired infections in high-risk
areas, where multidrug-resistant Gram-negative bacteria are
prevalent, such as intensive care units and transplant units. As
the widespread use of cefiderocol increases, susceptibility testing
is important to ensure its appropriate use is and to monitor the
emergence of resistance to this novel antibiotic.
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