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ABSTRACT By serially exposing an NDM-producing Klebsiella pneumoniae clinical
strain to cefiderocol, we obtained a mutant with cefiderocol MIC of >128 ug/ml.
The mutant contained an early stop codon in the iron transporter gene cirA, and its
complementation fully restored susceptibility. The cirA-deficient mutant was com-
peted out by the parental strain in vitro, suggesting reduced fitness.

IMPORTANCE Cefiderocol, a newly approved cephalosporin agent with an extensive
spectrum of activity against Gram-negative bacteria, is a siderophore cephalosporin
that utilizes iron transporters to access the bacterial periplasm. Loss of functional
CirA, an iron transporter, has been associated with cefiderocol resistance. Here, we
show that such genetic change can be selected under selective pressure and cause
high-level cefiderocol resistance, but with a high fitness cost. Whether these resistant
mutants can survive beyond selective pressure will inform stewardship of this agent
in the clinic.
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efiderocol is a catechol-substituted siderophore cephalosporin recently approved

for the treatment of complicated urinary tract infection and hospital-acquired and
ventilator-associated bacterial pneumonia in the United States and for the treatment
of infections due to aerobic Gram-negative bacteria with limited treatment options in
the European Union. Cefiderocol has an exceptionally broad spectrum of activity due
to its stability against a wide range of beta-lactamases, including metallo- B-lactamases
(MBLs), and also because of its active transport across the outer membrane through
iron transporter channels (1). Reported mechanisms of resistance to cefiderocol in
Gram-negative bacteria include the presence of the B-lactamase genes blayyy and
blayeg (2). However, production of NDM or PER alone may not be sufficient in causing
resistance to cefiderocol. We have previously shown that certain structural changes in
AmpC B-lactamases can enable them to hydrolyze cefiderocol, thereby conferring
reduced susceptibility or resistance to the agent (3, 4). In addition to the production of
B-lactamases, impairment of siderophore uptake systems may also confer resistance to
cefiderocol, as has been suggested with Acinetobacter baumannii, where reduced
expression or mutation of pirA encoding a siderophore receptor has been implicated
in the development of cefiderocol resistance (5). Here, we aimed to identify mutations
responsible for cefiderocol resistance in Klebsiella pneumoniae.

A cefiderocol-susceptible NDM-producing K. pneumoniae strain, CNP10 (MIC, 2 ng/
ml), was used as a parent strain for the generation of in vitro mutants resistant to cefi-
derocol (6). The strain was serially exposed to increasing concentrations of cefiderocol
in cation-adjusted Mueller-Hinton broth overnight with shaking at 37°C. Overnight cul-
tures were transferred daily into fresh media with increasing concentrations of cefider-
ocol until growth was observed at a concentration of 256 wg/ml. Upon conducting
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Parent MFRLNPFIRAGLSASVVSLAFPALADVNEETLVVTASATEQNVKDAPASISVITQQDLOR 60
Mutant MFRLNPFIRAGLSASVVSLAFPALADVNEETLVVTASATEQNVKDAPASISVITQQDLQOR 60
LR E RS SRR RS S S SRR S S S SRS SRR RS S R RS SRR RS R EEEEE S
Parent KPVONLKDVLRDVPGVQLTNEGDNRKGVSIRGLSSSYTLILVDGKRVNSRNAVFRHNDFD 120
Mutant KPVONLKDVLRDVPGVQLTNEGDNRKGVSIRGLSSSYTLILVDGKRVNSRNAVFRHNDFD 120
LR E S S SRR S S SRR RS S SRS E S SRR S SRR RS EEEEEEEEEEEEEE S
Parent LNWIPVDAIERIEVVRGPMSSLYGSDALGGVVNIITKKIGQKWTGTLSADTTIQEHRDRG 180
Mutant LNWIPVDAIERIEVVRGPMSSLYGSDALGGVVNIITKKIGOKWTGTLSADTTIQEHRDRG 180
dhkhkhkkkkhkhkkhkhkhkhkhkhkhkhkhkhhkhkhhkhhkhkhkhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkk bk hkkkkkkkkx
Parent DTYNGQFFTSGPLIDGVLGMKAYGSLAKRAKDDPQSSSNATGETPRIEGFTSRDGNVEFA 240
Mutant DTYNGQFFTSGPLIDGVLGMKAYGSLAKRAKDDPQSSSNATGETPRIEGFTSHDAMLNSP 240
dohkkkkkkkkkhkkhkhkhkkkhhhhhhhhhhhhhhhhhhhdrdrdrkhrhrkax = 20
Parent WTPNENHDFTAGYGFDRQDRDSDSLDRNRLERENYSLSHNGRWDIGNSELKFYGEKVDNK 300
Mutant GRRTKTTILPQATALTVRIAIPIPLTA-———————— TALSGRTTL--—-——————————— 276
. . . . * . * ok .
Parent NPGQSGTITSESNAIDGKYVLPLGMINQLVTFGGEWRHDKLKDPVNLSSGGQSTSASQYA 360
Mutént @ o———————————————————— 276
Parent LFIEDEWRIIEPLALTTGIRMDDHQTYGDHWSPRAYLVYNATDTVTVKGGWATAFKAPSL 420
b o R 276
Parent LQLNPDWTTNSCRGSCSIVGNPDLKPETSESFELGLYYRGEEGWLENVEGSITTFQNNVD 480
Mutant @  Snrsr e e e R e e e N N e e e e S S R R SR R e 276
Parent DMIDVLRTSSASEAPGYPNFVGWKTVNGKRVPIFRYFNVNKARIKGVETEVKIPFGDEWK 540
iibhenay IR e e e 276
Parent LTVNYTYNDGRDLSNGGDKPLQTLPFHTANGTLDWKPLDDWSFYVTANYTGQQRAVSATG 600
Mutant ~ - 276
Parent KTPGGYTLFDVGAAWQVTKNVKLRSGVQNVGDKDLSRDDYSYTEEGRRYFMAVDYRF 657
Mutant ~ -7 276

FIG 1 Clustal omega alignment comparing wild-type CirA to the in vitro generated mutated CirA. The mutated
cirA gene has a nucleotide change leading to an R233H substitution and a 1-bp deletion that leads to a

frameshift and early stop codon.

two rounds of the experiment, we obtained one cefiderocol-resistant mutant. This mu-
tant strain had an MIC of >128 pg/ml. lllumina sequencing followed by breseq analysis
revealed mutations in the fabF (3-oxoacyl-acyl carrier protein synthase Il) and cirA (iron
transporter) genes. The nucleotide change in fabF did not lead to an amino acid
change. The mutated cirA gene had a nucleotide change that caused an R233H substi-
tution and a single base pair deletion that led to a frameshift and early stop codon
(Fig. 1).

To define the contribution of the observed deletion to cefiderocol resistance through
complementation, a wild-type copy of cirA was cloned into shuttle vector pMQ297 (7).
Transformants were selected on lysogenic broth agar plates supplemented with hygromy-
cin (140 ng/ml), and the correct sequence was confirmed by Sanger sequencing. The mu-
tant strain was complemented with a wild-type copy of cirA on pMQ297. Empty pMQ297
was introduced to the parent CNP10 and cefiderocol-resistant mutant strains as controls.
The MICs of CNP10 (pMQ297), cirA mutant (pMQ297), and cirA mutant (pMQ297-cirA)
strains were 2 ug/ml, 64 ng/ml, and 2 wg/ml, respectively. Complementation of the cirA
mutant strain with a wild-type copy of cirA therefore fully restored susceptibility to cefider-
ocol. In a previous report, a mutation of cirA and fiu in Escherichia coli caused a 16-fold
increase in the cefiderocol MIC, whereas deletion of only cirA or fiu led to a <2-fold
increase against the parent strain (8). To our knowledge, this is the first report of genetic
changes in a single gene in K. pneumoniae leading to high-level cefiderocol resistance.
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CirA-Mediated Cefiderocol Resistance

To further validate that functional loss of cirA causes cefiderocol resistance in K. pneu-
moniae, we obtained a cirA transposon mutant strain (KP07295) along with the parental
strain, MKP103, from the Manoil laboratory at the University of Washington. After confirm-
ing the disruption of cirA through Sanger and whole-genome sequencing, we transformed
MKP103 and KP07295 with empty pMQ297 as controls and also transformed KP07295 with
pMQ297 carrying wild-type cirA. The MICs of MKP103 (pMQ297), KP07295 (pMQ297), and
KP07295 (pMQ297-cirA) were 0.5 ug/ml, 2 wg/ml, and 0.5 wg/ml, respectively. Again, com-
plementation of the cirA mutant strain with a wild-type copy of cirA restored the MIC to
cefiderocol to the level found in the parent strain, though the fold difference was less than
that observed with CNP10. Gram-negative bacteria possess several outer membrane recep-
tors, including FepA, CirA, and Fiu for catecholate-type siderophore transport (9). Thus, the
differences in the degree of resistance caused by loss of functional CirA may be due to the
relative contribution of each iron acquisition system in a given strain.

We were interested to see if the cirA mutations that occurred in CNP10 would affect
bacterial fitness, and thus we conducted competitive growth assays. Cultures were
grown independently or mixed at a 1:1 ratio in iron-depleted cation-adjusted Mueller-
Hinton broth. At 0, 24, 48, and 72 h, 10-fold serial dilutions of each culture were grown
on lysogenic broth agar plates with and without hygromycin (140 wg/ml) and cefidero-
col (16 wg/ml). The mixed cultures contained CNP10 (pMQ297) and CNP10 cirA mutant
(pMQ297) or the CNP10 cirA mutant (pMQ297) and CNP10 cirA mutant (pMQ297-cirA).
Competitive indexes (Cls) were calculated as follows: the ratio of resistant CFU to sus-
ceptible CFU was divided by the ratio of the initial inocula, where competitive index of
1 denotes no change in the ability of either strain to compete. The Cls for the parent
and cirA mutant strain at 24, 48, and 72 h were 0.0011, 0.0002, and 0.0035, respectively.
The competitive indexes for the cirA mutant strain and cirA complemented strain at 24,
48, and 72 h were 0.0028, 0.0043, and 0.0012, respectively. The competitive indexes
were all well below 1, indicating that the mutant strain was readily outcompeted by
the wild-type and complemented strains. A growth deficit was previously reported in a
cirA-deficient Salmonella Enteritidis mutant compared to the wild-type grown in M9
medium (10). However, a recent report associated deletions and insertions in cirA with
in vivo development of cefiderocol resistance in a carbapenem-resistant Enterobacter
cloacae strain in a patient who had been treated with cefiderocol. The genetic changes
in this report led to early stop codons and truncation of CirA, which is similar to the
observations in our study. This suggests that such resistant mutants may still predomi-
nate in the presence of selective pressure (11).

In conclusion, we report a K. pneumoniae strain with an amino acid substitution and
a single base deletion in cirA leading to high-level cefiderocol resistance and reduced
fitness. The recent report of a CirA-deficient, cefiderocol-resistant E. cloacae strain
emerging in a patient during cefiderocol treatment underscores the potential clinical
relevance of this resistance mechanism in Enterobacterales. Further studies are required
to examine genetic changes that may occur as a consequence of clinical use of the
agent and their impact on resistance and virulence.
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