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ABSTRACT Ceftazidime-avibactam (CAZ-AVI) is a promising novel treatment for in-
fections caused by carbapenem-resistant Enterobacteriaceae (CRE). Despite improved
treatment outcomes compared to those achieved with aminoglycoside- and colistin-
based regimens, the rapid evolution of CAZ-AVI resistance during treatment has pre-
viously been reported in Klebsiella pneumoniae sequence type 258 (ST258) blaypc_5-
harboring isolates. Here, we report the stepwise evolution and isolation of two
phenotypically distinct CAZ-AVI-resistant Klebsiella pneumoniae isolates from a pa-
tient with pancreatitis. All susceptible (n = 3) and resistant (n = 5) isolates were of
the ST307 clonal background, a rapidly emerging clone. Taking advantage of short-
read Illumina and long-read Oxford Nanopore sequencing and full-length assembly
of the core chromosome and plasmids, we demonstrate that CAZ-AVI resistance first
occurred through a 532G — T blaypc, point mutation in blaec, (D179Y protein
substitution) following only 12 days of CAZ-AVI exposure. While subsequent isolates
exhibited substantially decreased meropenem (MEM) MICs (=2 wg/ml), later cultures
demonstrated a second CAZ-AVI resistance phenotype with a lower CAZ-AVI MIC
(12 wg/ml) but also MEM resistance (MIC > 128 ug/ml). These CAZ-AVI- and MEM-
resistant isolates showed evidence of multiple genomic adaptations, mainly through
insertions and deletions. This included amplification and transposition of wild-type
blapc., into a novel plasmid, an IS7 insertion upstream of ompK36, and disruption
of the rfb gene locus in these isolates. Our findings illustrate the potential of CAZ-
AVI resistance to emerge in non-K. pneumoniae ST258 clonal backgrounds and alter-
native blaypc variants. These results raise concerns about the strong selective pres-
sures incurred by novel carbapenemase inhibitors, such as avibactam, on isolates
previously considered invulnerable to CAZ-AVI resistance. There is an urgent need to
further characterize non-KPC-mediated modes of carbapenem resistance and the in-
trinsic bacterial factors that facilitate the rapid emergence of resistance during treat-
ment.
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eftazidime-avibactam (CAZ-AVI) is a novel B-lactam-B-lactamase inhibitor combi-
nation with activity against serine B-lactamases, including Klebsiella pneumoniae
carbapenemases (KPCs) (1). Since its approval by the U.S. Food and Drug Administration
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(FDA) in February 2015, CAZ-AVI has been considered a promising treatment for
multidrug-resistant Gram-negative bacterial (MDR-GNB) infections, in particular, infec-
tions caused by carbapenem-resistant Enterobacteriaceae (CRE) expressing class A, class
C, and some class D carbapenemases (2). However, resistance has been documented in
several patients after short periods of CAZ-AVI exposure (3, 4).

Most isolates causing documented cases of CAZ-AVI-resistant K. pneumoniae infec-
tions reported to date harbored mutant bla,pc_5 (3, 5). Amplification of the blayc gene
has also been postulated to be a potential mechanism of CAZ-AVI resistance (5, 6).
However, the molecular processes mediating the in vivo evolution of CAZ-AVI resistance
remain incompletely defined. Furthermore, the majority of bla,,-producing CAZ-AVI-
resistant infections occurred in the K. pneumoniae sequence type 258 (ST258) clonal
background (3, 5, 6), while the emergence of KPC-mediated resistance in other clonal
backgrounds has not been noted.

Here we report the development of CAZ-AVI resistance in the emerging K. pneu-
moniae clone ST307 harboring blaypc., during CAZ-AVI treatment. Using short- and
long-read sequencing, we describe the phenotypic and genomic evolution of these
isolates and the independent evolution of high-level and low-level CAZ-AVI resistance.

RESULTS

Evolution of resistance during treatment. A man in his late 40s with a history of
type Il diabetes and hypertension presented with recurrent abdominal pain following
a recent admission for acute pancreatitis in Puerto Rico. The patient’s clinical details and
treatments and the timeline of his 3-month hospitalization are summarized in Table 1.
Empirical treatment with meropenem (MEM) began on hospital day 5, but carbapenem-
resistant K. pneumoniae (CRKP) was cultured from pancreatic fluid collected on that day.
Treatment was therefore changed to polymyxin B (PMB) and MEM, with the subsequent
addition of tigecycline, given the persistently positive cultures. PMB and MEM were
ceased due to nephrotoxicity, and CAZ-AVI was commenced on hospital day 37 with
the continued addition of tigecycline. Within 24 h of initiation of CAZ-AVI, the patient
required the initiation of continuous veno-venous hemofiltration, for which the dose
was increased to 2.5 g every 8 h. Following 12 days of CAZ-AVI treatment, K. pneu-
moniae was cultured from the patient’s bronchoalveolar lavage fluid on hospital day 49
and again on day 58 and from a tracheal aspirate on day 59. These isolates had lower
MEM MICs (Table 1), and a CAZ-AVI Etest revealed MICs of >256 ug/ml, consistent with
CAZ-AVI resistance. Once susceptibility results became available, CAZ-AVI treatment
was discontinued, and PMB-MEM treatment was reinitiated. Tigecycline was held from
this final regimen, given concerns for hepatotoxicity. Subsequently, blood cultures were
positive for CRKP on hospital day 68 while on PMB-MEM therapy and remained positive
until hospital day 72, when care was withdrawn.

Characterization of isolates. Further testing for susceptibility to CAZ-AVI and MEM
showed three distinct susceptibility phenotypes (Table 1): phenotype 1 isolates, col-
lected at the baseline during MEM and PMB treatment, were MEM resistant (MIC by the
broth microdilution [BMD] method, 128 wg/ml) and CAZ-AVI susceptible (MIC, 3 wg/ml).
Phenotype 2 isolates, collected during CAZ-AVI exposure, displayed CAZ-AVI resistance
and a decreased MEM MIC (CAZ-AVI MIC > 256 pg/ml; MEM MIC =< 2 ug/ml, considered
intermediate resistance by Clinical and Laboratory Standards Institute [CLSI] interpre-
tative criteria). However, phenotype 3 isolates, collected after CAZ-AVI discontinuation,
reverted to MEM resistance (MIC by the BMD method, =128 ug/ml) but again harbored
CAZ-AVI resistance, albeit with a lower MIC (12 ug/ml).

All isolates were typed as K. pneumoniae ST307 using in silico multilocus sequence
typing (MLST). The pairwise single nucleotide polymorphism (SNP) distances ranged
from 0 to 7 SNPs between isolates, showing a high degree of relatedness (Fig. 1A).
Phenotype 2 isolates (CAZ-AVI resistant, MEM susceptible) harbored a novel nonsyn-
onymous mutation in an ATP-dependent protease, ATP-binding subunit HslU, a heat
shock protein expressed in many bacteria in response to cell stress (7). Phenotype 3
isolates lacked this SNP, suggesting that they emerged from the original phenotype 1
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FIG 1 Schematic representation of genomic adaptations during evolution of CAZ-AVI resistance in K.
pneumoniae ST307. (A) Neighbor-joining phylogenetic tree illustrating that all three phenotypes had
closely related core chromosomes. Phenotype 2 and 3 isolates arose independently from the phenotype
1 isolate. (B) Phenotype 2 isolates (CAZ-AVI resistant, MER susceptible) acquired a D179Y mutation in
KPC-2. Phenotype 3 isolates harbored wild-type bla,., in plasmid 1 as well as a second copy that was
translocated as part of the Tn4407e cassette to the smaller plasmid. Additional adaptations included
deletion of the rfb gene locus (green) and an insertion of IST between the rcs locus and ompK36 at
position —48 bp.

isolates. Phenotype 3 isolates were also distinguished by a nonsynonymous mutation
in cra-1, a locus involved in the activation and repression of cellular catabolism, and a
novel ompK35 C1049T mutation, resulting in a premature stop codon following amino
acid 349 and 2 amino acids before the end of the protein.

Analysis of resistance genes showed that phenotype 1 and 3 isolates carried
wild-type blaypc_,. Phenotype 2 isolates, however, harbored mutant blaypc., encoding
a tyrosine-for-aspartic acid substitution at Ambler amino acid position 179 (D179Y), in
the KPC Q-loop region encompassing amino acid positions 165 to 179 (3, 8). The high
read depth noted through short-read whole-genome sequencing (WGS) suggested a
possible duplication of the KPC gene in phenotype 3 isolates compared to phenotype
1 and 2 isolates, which was confirmed by quantitative PCR.

Genomic insights through long-read sequencing. Long-read sequencing and hybrid
assembly produced assembled chromosomal and plasmid regions for one representative
isolate from each phenotype, KP1768 (phenotype 1), NR5632 (phenotype 2), and KP1766
(phenotype 3). The chromosomes of KP1768 (phenotype 1) and NR5632 (phenotype 2)
were each assembled into two contigs totaling 5.39 Mbp with an average coverage of 27
times and 14 times, respectively. The KP1766 (phenotype 3) chromosome, on the other
hand, was assembled into a single 5.38-Mbp contig at 30 times coverage.

All three isolates harbored nearly identical versions of a novel IncA/C plasmid (~205
kb) and IncFIB, plasmid (~150 kb), which were each assembled into single contigs
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(Fig. 1B). We also detected a ColRNA plasmid-like region containing blagy,., and
blacry.m.q1 integrated into the core chromosomes of all three isolates. In isolates KP1768
(phenotype 1) and NR5632 (phenotype 2), bla,pc., was present on the IncA/C group
plasmid only and associated with a Tn4407e transposon (~10 kb). In KP1766 (pheno-
type 3), there were copies of blac., present on the IncA/C and IncFIB, plasmids.
Further inspection of this region revealed that the 10-kb Tn4407e transposon had
migrated to the IncFIB, plasmid as an intact unit.

In addition to the premature stop codon in ompK35, we assessed if porin genes were
further altered in phenotype 3. While we did not detect mutations in ompK36 across the
three phenotypes, we identified an IS7 insertion sequence 49 bp upstream of ompK36
in both phenotype 3 isolates. The functional impact of differences in ompK35 and
ompK36 in phenotype 3 isolates remains to be determined. Phenotype 3 isolates also
harbored a deletion of the rfb cluster implicated in the O-antigen biosynthetic pathway
(9). This deletion occurred in the context of disruption of the rfb gene locus by an IS5
family transposase.

DISCUSSION

We identified CAZ-AVI resistance in the newly emerging K. pneumoniae ST307 clonal
background through a 532G — T mutation in the bla,pc., D179Y protein substitution
as the putative initial mechanism of CAZ-AVI resistance following only 12 days of
CAZ-AVI exposure. These results are unique in the context of previous clinical reports
of CAZ-AVI resistance, which note mutations in blaypc_5 in K. pneumoniae ST258. Our
findings demonstrate that CAZ-AVI resistance can rapidly emerge in non-ST258 K.
pneumoniae clonal backgrounds and different blay, variants, raising concerns about
the strong selective pressures incurred by CAZ-AVI treatment. Moreover, we docu-
mented a highly concerning additional CAZ-AVI resistance phenotype with dual CAZ-
AVl and MEM resistance. Taking advantage of long-read sequencing, we identified
transposition of wild-type blaypc_, from one plasmid into another plasmid harbored
by the same isolate (resulting in a doubled bla,pc., copy number), an IS7 insertion
upstream of ompK36, and disruption of the tag gene locus in these isolates as likely
mechanisms of CAZ-AVI resistance in these isolates. While the MEM MIC was signifi-
cantly decreased in isolates harboring KPC-2 D179Y, consistent with previous reports in
KPC-3, phenotype 3 isolates were resistant to both CAZ-AVI and MEM. These discrep-
ancies highlight inherent differences in CAZ-AVI resistance-conferring mechanisms
between phenotypes. It remains unclear if the successive or combined pressure of
CAZ-AVI and PMB-MEM led to these genomic adaptations.

Shields et al. first reported the evolution of CAZ-AVI resistance during treatment of
K. pneumoniae infections in three patients (3). All isolates belonged to ST258 clade Il
and had three different bla,pc_; mutations, all of which promoted increased CAZ-AVI
MICs. These mutations matched those previously documented during CAZ-AVI in vitro
passage experiments (10). The KPC-2 D179Y substitution observed in our phenotype 2
isolates matches a previously described blaypc.5 )-loop subregion mutation (3) and
refutes the hypothesis that bla,pc_, lacks a predisposition to CAZ-AVI resistance (3, 11).
Mutant bla,pc, enzymes conferring CAZ-AVI resistance have been described in vitro
(12) but had not been noted clinically prior to the present report. While CAZ-AVI resistance
has emerged in blayec,-carrying K. pneumoniae isolates, this was not due to blaypc.,
mutations (13). Our results stress the importance of mutations in the (-loop region in
hindering avibactam binding, regardless of the KPC type. This is of concern at clinical sites
where blayp_,-harboring K. pneumoniae isolates predominate, such as at the Columbia
University Medical Center (14). Further investigations of the mechanisms underlying
blaypc.,-conferred CAZ-AVI resistance in other clonal backgrounds are needed.

Additional mechanisms of resistance to CAZ-AVI have been proposed. In a previous
study, an increased copy number of a blapc_5 gene in combination with mutations in
the ompK35 and ompK36 genes was thought to be responsible for CAZ-AVI resistance
(6). Of note, the isolate from the prior report was from a patient without CAZ-AVI
exposure. In the CAZ-AVI- and MEM-resistant phenotype 3 isolates described herein,
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resistance was likely driven by insertion sequence-mediated amplification of the blaypc
gene, in addition to porin disruption and transposon insertions upstream of ompK36
and in the O-antigen pathway gene cluster. The O antigen makes up the outer layer of
the lipopolysaccharide and has been shown to play a role in both virulence and
modulating the host response through its antigenic variability. Further studies are
needed to determine the impact of the detected mutations and their impact on
virulence or hindered host immune detection of affected isolates, explaining their
persistence. We note that our phenotype 3 isolates were recovered after the cessation
of CAZ-AVI and during PMB and MEM exposure, raising the possibility that PMB and
MEM exposure or the host response rather than CAZ-AVI alone can lead to genetic
modifications producing broad-spectrum antibiotic resistance. This claim is supported
by a recent in vitro study of KPC-3 variants, which showed that passage of CAZ-AVI-
resistant isolates through sublethal meropenem concentrations brought about muta-
tions in bla,ec.; and ompK36 and correlated with meropenem resistance (15).

In this study, resistance arose in K. pneumoniae ST307, a newly emerging clone (11, 16).
Recently, infections caused by extended-spectrum B-lactamase (ESBL)-producing K. pneu-
moniae ST307 outnumbered ESBL K. pneumoniae ST258 infections at a Houston, TX,
hospital (11). Our findings highlight that K. pneumoniae ST307 can serve as a background
for extensive drug resistance through both plasmid uptake and chromosomal modifica-
tions. While our isolates had high carbapenem MICs at the baseline, the integration of two
B-lactamases into the core chromosome may have accelerated the evolution of this clone.
Further studies are needed to explore if isolates with higher carbapenem MICs are more
adept at developing resistance to novel carbapenemase inhibitors.

When the findings are taken together, even though CAZ-AVI is a promising treat-
ment for CRE infection, diverse mechanisms of CAZ-AVI resistance can emerge on
therapy following short periods of treatment and may be further fueled by PMB and
MEM exposure. Intrinsic bacterial factors may predispose select isolates to the more
rapid evolution of CAZ-AVI resistance. While novel carbapenemase inhibitors fulfill an
important need, they are unlikely to end the CRE epidemic. It remains to be determined
if other carbapenemase inhibitors currently in trials will be equally vulnerable to the
rapid evolution of resistance and which genetic backgrounds may be particularly
problematic. This highlights the need to optimize the use of current agents to minimize
the emergence of resistance and track the evolution of resistance with novel genomic
tools, as well as the urgent need for novel treatments against MDR-GNB infections.

MATERIALS AND METHODS

Isolates and drug susceptibility testing. We reviewed the clinical course of a patient who
developed CAZ-AVI resistance during treatment. Seven K. pneumoniae isolates cultured from the patient
over a 3-month period were available for further analysis (Table 1). Drug susceptibility testing was carried
out by use of the Vitek-2 system (bioMérieux, Marcy I'Etoile, France) and broth microdilution (BMD)
according to Clinical and Laboratory Standards Institute (CLSI) guidelines (17). CAZ-AVI susceptibility
testing was carried out by Etest (bioMérieux, Marcy I'Etoile, France), and the FDA susceptible breakpoint
of =8/4 pg/ml was applied.

Whole-genome sequencing (WGS). DNA was extracted on an EpMotion liquid-handling worksta-
tion using a Qiagen UltraClean microbial DNA isolation kit (Hilden, Germany). Libraries were prepared
using a Nextera XT DNA library preparation kit and sequenced on a MiSeq apparatus (lllumina, San Diego,
CA). SRST2 analysis was performed for multilocus sequence typing (MLST) and characterization of
resistance determinants (18).

For comparative sequence analyses, lllumina reads were mapped against a K. pneumoniae ST307
reference genome (GenBank assembly accession no. GCA_002148835.1). Variant calling was performed
using the Snippy (version 3.1) program after exclusion of mobile genetic elements with the PHASTER
and IslandViewer (version 3) programs (19-21). A neighbor-joining phylogenetic tree was generated in
Geneious (version 10.1.3) software (22).

Three isolates were selected for single-molecule long-read sequencing of total DNA with the Oxford
Nanopore MinlON platform (Oxford Nanopore, Oxford, United Kingdom). Primary base calling was
performed using the MinKNOW (version 1.7.10) program, and the Epi2Me (version 2.48.6) program was
used for secondary base calling and demultiplexing of barcoded libraries (Oxford Nanopore, Oxford,
United Kingdom). The resulting reads were filtered with the Poretools tool kit with a minimum length of
5,000 bp and the mothur (version 1.22.2) program with a maximum homopolymeric region length of 20
bp (23). Hybrid assembly was performed using quality-filtered Nanopore long reads and lllumina short
reads with the SPAdes (version 3.10.1) program using the following k-mer parameters: —k 21, 33, 55, 77,
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TABLE 2 Primers for amplification of integration and deletion sites

Primer Sequence (5’ — 3') Target description
123728F TCCAGCGCGGATTTAAAGTC Chromosomal plasmid integration
124869R CGCACCTTCTTGATGACCTTC

126112R TAATCAATGCCACACCCAGTC

171002F TCAAGACGACGCGTACTATCC

172513R GCCGTCTCGACTTTATGATGC

109141F CTTTTGCAATATTGCTGGCCGCAC Plasmid-borne Tn4407e
96896R GTGATCCCCTGGGCGAAATGCGCCTGGTAAGCA

106692F GGCGGCGTTATCACTGTATT

105185F GGCGAATGTGCGGGTCCACG

1884723F TCCCTCGAGAGCCAGCGCAAG Chromosomal O antigen
1886053R  TGCTGCTGCAGGACCAGGGG

1874656F  GGTTTGAACGGATGTGAG

1875938R  CGTCCAATCAGGGCAACAG

99, 127 (24). The Prokka (version 1.12) program was used for open reading frame prediction and
annotation of the three resultant assemblies (25). The progressiveMauve plug-in in Geneious (version
10.1.3) software was used to align the three genomes, distinguish chromosomal and plasmid regions,
reorder contigs, and identify possible recombination sites (22, 26).

We performed PCR sequencing of putative integration sites to validate assemblies (for the primers,
see Table 2). Primers were strategically positioned on either side of presumed junctions to ensure
exclusive amplification of target regions and rule out possible assembly errors. Reactions were performed
on select isolates of all phenotypes, including those hypothesized to lack the cassettes of interest, which
were considered negative controls. The Sanger sequencing output was aligned against the assemblies
for confirmation. The bla,,. copy number was determined by quantitative PCR using SYBR green as
previously described (6, 18).

Accession number(s). Sequence data are deposited in NCBI under BioProject no. PRINA420753. This
includes raw lllumina and Oxford Nanopore sequence files in the NCBI Sequence Read Archive (SRA;
https://trace.ncbi.nlm.nih.gov/Traces/sra/) under accession no. SRP126176, as well as chromosomal and
plasmid assemblies for KP1768 (GenBank accession no. CP025140 to CP025142), NR5632 (GenBank
accession no. CP025143 to CP025145), and KP1766 (GenBank accession no. CP025146 to CP025148).
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