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Resistance

Patricia J. Simner,' Stephan Beisken,’ Yehudit Bergman,' Andreas E. Posch,” Sara E. Cosgrove,” and Pranita D. Tamma*

'Department of Pathology, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA, “Ares Genetics, Vienna, Austria, *Department of Medicine, Johns Hopkins University School of
Medicine, Baltimore, Maryland, USA, and “Department of Pediatrics, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA

Background. Mutations in the AmpC-AmpR region are associated with treatment-emergent ceftolozane-tazobactam (TOL-
TAZ) and ceftazidime-avibactam (CAZ-AVI) resistance. We sought to determine if these mutations impact susceptibility to the
novel cephalosporin-siderophore compound cefiderocol.

Methods. Thirty-two paired isolates from 16 patients with index P. aeruginosa isolates susceptible to TOL-TAZ and subse-
quent P. aeruginosa isolates available after TOL-TAZ exposure from January 2019 to December 2020 were included. TOL-TAZ,
CAZ-AV], imipenem-relebactam (IMI-REL), and cefiderocol minimum inhibitory concentrations (MICs) were determined using
broth microdilution. Whole-genome sequencing of paired isolates was used to identify mechanisms of resistance to cefiderocol that
emerged, focusing on putative mechanisms of resistance to cefiderocol or earlier siderophore-antibiotic conjugates based on the pre-
viously published literature.

Results.  Analyzing the 16 pairs of P. aeruginosa isolates, >4-fold increases in cefiderocol MICs occurred in 4 of 16 isolates.
Cefiderocol nonsusceptibility criteria were met for only 1 of the 4 isolates, using Clinical and Laboratory Standards Institute criteria.
Specific mechanisms identified included the following: AmpC E247K (2 isolates), MexR A66V and L57D (1 isolate each), and AmpD
G116D (1 isolate) substitutions. For both isolates with AmpC E247K mutations, >4-fold MIC increases occurred for both TOL-TAZ
and CAZ-AV], while a >4-fold reduction in IMI-REL MICs was observed.

Conclusions. Our findings suggest that alterations in the target binding sites of P. aeruginosa—derived AmpC -lactamases
have the potential to reduce the activity of 3 of 4 novel B-lactams (ie, ceftolozane-tazobactam, ceftazidime-avibactam, and
cefiderocol) and potentially increase susceptibility to imipenem-relebactam. These findings are in need of validation in a larger

cohort.
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Pseudomonas aeruginosa with difficult-to-treat resistance
(DTR; ie, P. aeruginosa resistant to all traditional P-lactams
and fluoroquinolones) poses significant clinical challenges [1].
Several novel B-lactam agents have become Food and Drug
Administration (FDA) approved with activity against DTR
P aeruginosa, including ceftolozane-tazobactam (TOL-TAZ),
ceftazidime-avibactam  (CAZ-AVI), imipenem-cilastatin-
relebactam (IMI-REL), and cefiderocol. Unreliable baseline
susceptibility of DTR P. aeruginosa to the novel agents, as well
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as reports of resistance emerging during therapy, has tempered
enthusiasm for several of these agents [2].

TOL-TAZ remains a preferred agent for the treatment of
DTR P. aeruginosa infections [1]. We previously reported that
in a cohort of 28 patients infected with DTR P. aeruginosa and
paired clinical isolates before and after receipt of TOL-TAZ,
half of patients had isolates that developed >4-fold increases
in TOL-TAZ minimum inhibitory concentrations (MICs) after
exposure to this agent [3].

Before the clinical use of cefiderocol, there was widespread
belief that resistance would primarily result from mutations
in TonB-dependent receptors (TBDRs), a series of bacterial
outer membrane proteins that mediate siderophore-iron com-
plex transport [4-6]. While such mutations have been identi-
fied [7, 8], there have also been isolated reports of changes in
the ampC region contributing to cefiderocol resistance among
the Enterobacterales [9, 10]. This may occur after exposure to
oxyminocephalosporins, such as CAZ-AVT or cefepime, in the
absence of exposure to cefiderocol. It is unknown what role
exposure to TOL-TAZ, also an oxyminocephalosporin, has
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in contributing to cefiderocol inactivity against P. aeruginosa.
A P, aeruginosa isolate infecting a 30-year-old liver transplant
recipient developed a cefiderocol MIC increase from 2 to 8 mcg/
mL after treatment with TOL-TAZ, in the absence of exposure
to cefiderocol [11]. Mutations in the TBDR genes piuD and pirR
were identified, in addition to a leucine-to-phenylalanine sub-
stitution at amino acid position 147 in the AmpC enzyme [11].
The relative role of mutations in the iron transport pathway and
the role of the ampC gene in contributing to cefiderocol MIC
increases in this case are unclear. Building on existing investiga-
tions, we sought to determine the frequency and putative mech-
anisms of cefiderocol resistance in a cohort of patients infected
with DTR P. aeruginosa after TOL-TAZ exposure.

METHODS

Study Population

Sixteen unique patients from The Johns Hopkins Hospital with
DTR P. aeruginosa isolates available both before and after at
least 72 hours of TOL-TAZ (and up to 30 days after TOL-TAZ
completion) between January 2018 and December 2019 had
paired isolates available for additional testing. All initial DTR
P aeruginosa isolates were susceptible to TOL-TAZ. Patients
contributing isolates were a median (range) of 55 (16-77) years,
44% had severe immunocompromise, and the most common
sources of infection were pneumonia (69%) and bacteremia
(31%) (Table 1). Patients received an average (range) of 12
(6-22) days of TOL-TAZ between the index and subsequent
clinical P. aeruginosa isolate.

Microbiological Testing

Antimicrobial susceptibility testing (AST) for 32 DTR P. aeruginosa
isolates from the 16 patients was determined using MDRGN2F ly-
ophilized sensititer broth microdilution (BMD) panels (Thermo
Fisher Scientific, Waltham, MA, USA) [12].
cefiderocol concentrations ranging from 0.03 to 64 mg/L and a

Panels contain

proprietary chelator in the wells, removing the requirement for
iron-depleted cation-adjusted Mueller Hinton broth. Isolates were
tested in triplicate by BMD; modal MICs were used for analysis.
Clinical Laboratory and Standards Institute (CLSI) interpretive cri-
teria were applied to all agents to determine P. aeruginosa suscep-
tibility [13]. Quality control organisms were performed each day
of testing, including E. coli ATCC 25922 and P. aeruginosa ATCC
27853. The CLSI defines P. aeruginosa isolates with cefiderocol
MICs <4 mcg/mL as susceptible to cefiderocol [13].

Whole-Genome Sequencing

Genomic DNA was extracted from the 32 isolates using the
DNeasy Blood & Tissue Kit (QIAGEN, Inc., Valencia, CA, USA).
Whole-genome sequencing (WGS) was conducted using Illumina
MiSeq short-read sequencing (Illumina, San Diego, CA, USA).

Sequenced isolates were evaluated using FASTQC, version 0.11.6,
and MultiQC, version 1.6. Trimmomatic, version 0.39, removed
adapters and trimmed low-quality paired-end reads. Trimmed
and de-duplicated reads (FastUniq, version 1.1) were de novo as-
sembled with SPAdes, version 3.12.0, and annotated with Prokka,
version 1.13. Quast, version 4.6.3, confirmed assembly quality.
Genomic distances for cluster analysis were calculated with
SourMash 2.0.0a. MUMmer3, version 3.23, was used for pairwise
differential genome analysis. Gene annotations were determined
with nucleotide BLAST, version 2.9.0+, against the reference ge-
nome of P. aeruginosa PAO1. Resistance genes were identified using
ARESdb [14]. Intergenic and synonymous variants were removed.
Isolate variant analysis was carried out with Snippy 4.6.0 against
the reference genome for each species using default parameters.

More specifically, isolates with cefiderocol MICs >4 mcg/mL
or those that developed a >4-fold increase in MICs when com-
paring index and subsequent isolates were compared with the
PAO1 reference genome and compared with their paired isolate
using multiple sequence alignment to identify missense muta-
tions resulting in changes to amino acid composition. Efforts
focused on examining P. aeruginosa resistance targets described
for earlier siderophore-antibiotic conjugates and/or cefiderocol.
These include insertions, deletions, and frameshift mutations in
piuA, piuC, piuD, pirA, pirR, exbD3, tonB; or mutations in the
promotor region of pvdS or fecl [4-7]—all components of the
bacterial iron transport system (Table 2). Proteins associated
with increased permeability were also assessed (OprD, mex-
operon encoded proteins). Furthermore, based on reports of de-
letions, insertions, and amino acid substitutions in or proximal
to the omega loop of AmpC contributing to cefiderocol resist-
ance [9-11], this region was carefully examined. Bioinformatics
analyses were conducted by Ares Genetics.

RESULTS

Phylogenetic trees were constructed to confirm relatedness be-
tween index and subsequent isolates, and sequence types were
determined, also to ensure relatedness between isolates. Paired
isolates for each patient met criteria for relatedness. Table 1 in-
cludes a brief description of the 16 patients, antibiotic expos-
ures, antibiotic MIC data, and WGS results. For the 16 index
isolates (ie, before TOL-TAZ exposure), susceptibility was as
follows: TOL-TAZ 100%, CAZ-AVI 63%, IMI-REL 19%, and
cefiderocol 100%. For the 16 subsequent isolates, susceptibility
was as follows: TOL-TAZ 38%, CAZ-AVI 50%, IMI-REL 19%,
and cefiderocol 94%. One pair of DTR P. aeruginosa isolates
(isolates 9a-b) had cefiderocol MICs of 0.25 mcg/mL and 8
mcg/mL, respectively, transitioning from the susceptible cate-
gory to the intermediate category. Isolates 8a-b, isolates 10a-b,
and isolates 16a-b developed >4-fold increases in cefiderocol
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MICs following TOL-TAZ exposure, with cefiderocol MICs
increasing from 0.5 to 2 mcg/mL, 0.25 to 2 mcg/mL, and 0.12 to
1 mcg/mL, respectively, prompting further examination.

For isolates 8a-8b, a substitution in MexR A66V was iden-
tified. Additionally, a glycine-to-aspartic acid substitution at
position 116 on AmpD was identified. ampD mutations have
the potential to lead to AmpC overproduction, increasing
B-lactam MICs in organisms with a chromosomal ampC, such
as P. aeruginosa [15]. Similarly, for isolates 10a-b, a leucine-to-
aspartic acid substitution in position 57 was noted in MexR.
Mutations in mexR result in derepression of the mexAB-oprM
multidrug efflux operon [16]. Despite these observations,
cefiderocol MICs remained in the susceptible range for 8a-b
and 10a-b.

For isolates 9a-9b and 16a-16b, a glutamic acid-to-lysine sub-
stitution at position 247 in ampC was identified. This substitu-
tion has been previously identified as producing AmpC mutants
exhibiting high-level resistance to TOL-TAZ and CAZ-AVI
through reduced structural stability of the AmpC enzyme [17].
For isolates 9a-9b, TOL-TAZ MICs increased from 0.5 to 256
mcg/mL and CAZ-AVI MICs increased from 16 to 64 mcg/mL
after 22 days of TOL-TAZ. Similarly, for isolates 16a-16b, TOL-
TAZ MICs increased from 1 to 256 mcg/mL and CAZ-AVI
MICs increased from 8 to 32 mcg/mL after 16 days of TOL-TAZ
exposure. Interestingly, for both of these patients, IMI-REL
MICs decreased from 32 to 4 mcg/mL, comparing index and
subsequent isolates. Although remaining nonsusceptible to
IMI-REL, this nonetheless represents a >4-fold decrease in
IMI-REL MICs. All subsequent isolates remained resistant to
all “traditional” B-lactams and fluoroquinolones.

DISCUSSION

In a cohort of 32 paired DTR P. aeruginosa isolates from 16
patients exposed to TOL-TAZ, 4 P. aeruginosa isolates devel-
oped >4-fold increases in cefiderocol MICs, although MICs
remained in the susceptible range for 3 of the 4 isolates. The
clinical significance of increased cefiderocol MICs in the ab-
sence of frank resistance is unknown. Additionally, as none of
the included isolates were exposed to cefiderocol therapy, it is
unknown if a furthering of MIC elevation would be anticipated
after cefiderocol therapy. Antimicrobial resistance markers po-
tentially contributing to cefiderocol MIC increases included
mutations in mexR (2 isolates), ampD (1 isolate), and ampC (2
isolates). Of these, the E247K mutations identified in AmpC
enzymes for 2 of the 4 isolates have been the most frequently
described mechanism of resistance to TOL-TAZ and other
cephalosporins [2, 17-19].

We did not identify mutations in TBDRs in the paired iso-
lates contributing to cefiderocol nonsusceptibility in our co-
hort. However, identification of such mutations is likely more
common in patients with previous exposure to cefiderocol.

TBDRs are bacterial outer membrane proteins that enable
uptake of specific siderophore-iron complexes across the
bacterial membrane. They are dependent on 3 inner mem-
brane proteins, TonB-ExbB-ExbD, for energy transduction
[20]. TBDR expression is regulated by 2-component reg-
ulatory systems [21]. Mutations decreasing the function of
components of this pathway may cause dramatic MIC in-
creases for siderophore-antibiotic compounds. The deletion
of the TBDRs PiuA and PirA in Acinetobacter baumannii
decreased susceptibility to BAL30072 and MC-1, earlier
siderophore-conjugated antibiotic prototypes, by 4--fold
[5], while overexpression increased P. aeruginosa suscepti-
bility to these agents by 4- to 32-fold [5, 22]. Frameshift mu-
tations in exbD3 or tonB3 genes led to significant increases
in BAL30072 and MC-1 MICs [5]. Elevations in cefiderocol
MICs may also be associated with mutations in the upstream
regions of pvdS (a regulator of pyoveridine synthesis) or the
FecIRA operon (a regulator of iron transporter protein syn-
thesis). Overexpression of these proteins can lead to >4-fold
increases in cefiderocol MICs [7, 8, 21, 23].

Shields and colleagues demonstrated a 2—amino acid dele-
tion in the R2 loop of the AmpC B-lactamase (ie, alanine and
leucine at positions 292 and 293) in 2 Enterobacter hormaechei
isolates from distinct patients after exposure to cefepime [9].
These deletions appear to broadly impact cephalosporin anti-
biotics in that they confer resistance to cefepime, CAZ-AV],
and cefiderocol—in the absence of preceding exposure to
CAZ-AVT or cefiderocol. The same group described a third
patient with an E. cloacae clinical isolate with a cefiderocol
MIC of >16 mcg/mL with an alanine-proline deletion at
positions 294 and 295 and a leucine-to-valine substitution
at position 296 in AmpC [10]. Conformation changes in the
R2 loop of AmpC B-lactamases expand its substrate binding
site, enabling entrapment of cephalosporins with bulkier R2
side chains, increasing their hydrolysis [24]. The omega loop
borders the R1 and R2 regions of AmpC, and the R1 region
contains position 247, where a substitution was identified
in isolates 9b and 16b in our cohort, resulting in elevated
cefiderocol, TOL-TAZ, and CAZ-AVI MICs.

Although our focus was on the emergence of resistance, we
found that 69% of index isolates not susceptible to IMI-REL
contained oprD mutants. Previous work has found that IMI-
REL can remain effective against oprD mutants even when the
pseudomonal AmpC is overexpressed, because of the potent ac-
tivity of relebactam against AmpC enzymes [25, 26]. However,
others have found that reduced expression of oprD can be suf-
ficient to result in IMI-REL resistance, or at a minimum an
increase in IMI-REL MICs compared with isolates with oprD
mutants [27-29]. Our understanding of P. aeruginosa resistance
to IMI-REL remains incomplete and will likely become clearer
as it is used more frequently in clinical practice. An interesting
observation in our cohort was the >4-fold reduction in IMI-REL

6 o« OFID « Simner et al



MICs in both isolates 9b and 16b, which both contained E247K
AmpC mutations. A similar finding was observed by Rubio
and colleagues, who found that 81% of TOL-TAZ-resistant
P. aeruginosa isolates with ampC mutations were susceptible
to IMI-REL, including several isolates that developed reduced
IMI-REL MICs in conjunction with an elevation in TOL-
TAZ MICs [29]. It is hypothesized that mutations resulting in
AmpC structural modifications can enable carbapenems such
as imipenem to rotate their bulky 6a-hydroxyethyl side chain
to prevent hydrolysis [30].

We identified 2 different mutations in MexR, the negative
regulator of the MexAB-OprM efflux pump, in isolates 8b and
10b with a >4-fold in cefiderocol MICs. The role of MexAM-
OprM overexpression in reducing cefiderocol activity warrants
further exploration as cefiderocol appears to be a substrate of
this efflux pump, although other investigators did not find an
association with MexAB-OprM overproduction and reduced
cefiderocol activity [6]. Similarly, the role of the AmpD G116
substitution (isolate 8b) remains unclear, as this mutation did
not appear to impact TOL-TAZ or CAZ-AVI MICs, leading us
to suspect that there was likely incomplete disruption of this
gene. Mutations in AmpD G116D, MexR A66V, and MexR
L57D were associated with modest increases in cefiderocol
MICs to 2 mcg/mL, with cefiderocol MICs remaining in the
susceptible range.

Our findings suggest that substitutions in the region of the
AmpC omega loop contribute to increased cefiderocol MICs to
P. aeruginosa. This is particularly concerning as a single amino
acid substitution has the potential to inactive 3 of the 4 novel
antipseudomonal pB-lactams (ie, TOL-TAZ, CAZ-AVI, and
cefiderocol) while potentially increasing activity of the fourth
(ie, IMI-REL). Our findings also bolster the hypothesis that re-
sistance markers leading to P. aeruginosa nonsusceptibility to
cefiderocol are diverse [32]. Our study is small and exploratory.
Cloning and transformation studies are needed to confirm the
significance of the mutations we identified as contributing to
cefiderocol resistance.
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