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ABSTRACT We determined imipenem, imipenem-relebactam, ceftazidime, and ceftazidime-
avibactam MICs against 100 CRE isolates that underwent whole-genome sequencing.
Klebsiella pneumoniae carbapenemases (KPCs) were the most common carbapen-
emases. Forty-six isolates carried extended-spectrum �-lactamases (ESBLs). With the
addition of relebactam, imipenem susceptibility increased from 8% to 88%. With the
addition of avibactam, ceftazidime susceptibility increased from 0% to 85%. Neither
imipenem-relebactam nor ceftazidime-avibactam was active against metallo-�-lactamase
(MBL) producers. Ceftazidime-avibactam (but not imipenem-relebactam) was active
against OXA-48-like producers, including a strain not harboring any ESBL. Major
OmpK36 porin mutations were independently associated with higher imipenem-
relebactam MICs (P � 0.0001) and showed a trend toward independent association
with higher ceftazidime-avibactam MICs (P � 0.07). The presence of variant KPC-3
was associated with ceftazidime-avibactam resistance (P � 0.0001). In conclusion,
imipenem-relebactam and ceftazidime-avibactam had overlapping spectra of activity
and niches in which each was superior. Major OmpK36 mutations in KPC-K. pneu-
moniae may provide a foundation for stepwise emergence of imipenem-relebactam
and ceftazidime-avibactam resistance.

KEYWORDS imipenem-relabactam, ceftazidime-avibactam, Enterobacteriaceae, porins,
mechanisms of resistance, CRE, KPC, drug resistance mechanisms

Carbapenem-resistant Enterobacteriaceae (CRE) are major health care threats. The
production of carbapenemases, particularly Klebsiella pneumoniae carbapen-

emases (KPCs), remains the most common mechanism of carbapenem resistance
among Enterobacteriaceae. In addition, porin mutations, efflux pumps, amino-
glycoside-modifying enzymes, extended-spectrum �-lactamases (ESBLs), and AmpC
�-lactamases may also contribute to resistance phenotypes (1–7).

Ceftazidime-avibactam was recently approved by the U.S. Food and Drug Ad-
ministration and has activity against multidrug-resistant Enterobacteriaceae (8).
Avibactam, a novel �-lactamase inhibitor, is active against class A (e.g., KPC), class
C (e.g., AmpC), and certain class D (e.g., OXA-48) carbapenemases, but not class B
metallo-�-lactamases (MBLs) (e.g., VIM, IMP, and NDM) (9, 10). Unfortunately,
ceftazidime-avibactam resistance has emerged during treatment of KPC-producing
K. pneumoniae (KPC-K. pneumoniae) infections (11, 12). Resistance has been linked
to specific mutations in the blaKPC-3 gene that result in variant KPC-3 enzymes (13,
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14), porin mutations, and increased expression of wild-type blaKPC-3 (15). Variant
KPC-3 enzymes that confer ceftazidime-avibactam resistance no longer function as
carbapenemases, but rather as ESBLs (13, 14).

Relebactam is a novel �-lactamase inhibitor currently being evaluated for use with
imipenem for the treatment of Gram-negative bacterial infections (16, 17). Like avibac-
tam, it inhibits class A and C �-lactamases and has no activity against MBLs. Unlike
avibactam, however, relebactam does not have activity against class D carbapenemases
(18, 19). In a recent phase 2 dose-ranging study of patients with complicated intra-
abdominal infections (13% of whom were infected with imipenem-resistant Gram-
negative organisms), clinical response rates for imipenem-relebactam were �96% (16).
An earlier study established the in vitro efficacy of imipenem-relebactam against
Gram-negative pathogens from New York City, including KPC-producing organisms
(20). However, not all the isolates were CRE, and whole-genome-sequencing (WGS) data
were available for only a minority of isolates. In the present study, we determined the
in vitro activities of imipenem-relebactam and ceftazidime-avibactam against geneti-
cally diverse international CRE isolates, and we used WGS data to identify predictors of
elevated MICs.

RESULTS
Genetic description of CRE isolates. One hundred isolates underwent testing: 72

K. pneumoniae, 17 Enterobacter cloacae complex, 9 Escherichia coli, and Klebsiella
oxytoca and Enterobacter aerogenes (1 each) isolates (Table 1). The K. pneumoniae
sequence types (ST) were ST258 (n � 46), ST147 (n � 5), ST11 (n � 4), and others (n �

17). Ninety-seven isolates harbored a carbapenemase. KPCs were the most common
carbapenemases (n � 88), followed by MBLs (n � 7) and OXA-48-like carbapenemases
(n � 4). Two isolates produced both KPC and MBL (1 each with NDM-1 and VIM-1). Two
K. pneumoniae and 1 E. cloacae isolate did not produce carbapenemases but were still
carbapenem resistant and harbored both ESBLs and mutations within OmpK35 and
OmpK36 porins. Six K. pneumoniae isolates carried mutated blaKPC-3 (Table 1). We
previously identified 5 of these isolates as ceftazidime-avibactam resistant (13, 14),
including isolates carrying KPC-3 variants with a glycine-for-valine substitution at
Ambler position 240 (V240G [or KPC-8]; n � 1), a tyrosine-for-aspartic-acid substitution
at position 179 (D179Y; n � 2), and both D179Y and a methionine-for-threonine
substitution at position 243 (D179Y/T243M; n � 2). The sixth isolate was a K. pneu-
moniae isolate that carried three mutations within KPC-3 (L7P, A177E, and D179Y). The
KPC, OXA, and MBL subtypes are shown in Table 1.

Forty-six isolates carried ESBLs, including SHV (n � 28), CTX-M (n � 19), and TEM
(n � 2). Three isolates had �1 ESBL. Thirty-seven isolates harbored both KPC and ESBL.

TABLE 1 Description of isolates included in this study

Organism (n)

No. of isolates

MBLa

(n � 7)
OXA-48-like
carbapenemaseb (n � 4)

KPC (n � 88)

No carbapenemase
(n � 3)

KPC-2c

(n � 40)
KPC-3
(n � 41)

Mutated KPC-3d

(n � 6)
KPC-4
(n � 1)

K. pneumoniae (72) 4c 4 31c 26 6 0 2
K. oxytoca (1) 0 0 1 0 0 0 0
E. cloacae (17) 1e 0 5 10e 0 1 1f

E. aerogenes (1) 0 0 0 1 0 0 0
E. coli (9) 2 0 3 4 0 0 0
aClass B carbapenemases: NDM-1 (5 isolates), NDM-6 (1 isolate), and VIM-1 (1 isolate).
bClass D OXA-carbapenemases: OXA-48 (2 isolates), OXA-181 (1 isolate), and OXA-232 (1 isolate) (see Table 2).
cOne isolate carried both class B carbapenemase (VIM-1) and KPC-2.
dSix isolates carried mutated blaKPC-3 genes that had previously been identified in ceftazidime-avibactam-resistant isolates among patients from our center: 2 resulting
in a tyrosine-for-aspartic acid substitution at Ambler position 179 and a methionine-for-threonine substitution at Ambler position 243 of KPC-3 (D179Y/T243M), 2
resulting in a tyrosine-for-aspartic acid substitution at position 179 (D179Y, and 1 resulting in a glycine-for-valine substitution at position 240 (V240G, also known as
KPC-8).

eOne isolate carried both class B carbapenemase (NDM-1) and KPC-3.
fGenetic profile for this isolate: CTX-M-15, ACT-16, TEM-1, and mutations within Omp35 and Omp36.
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Five isolates harbored MBL and ESBL, and three isolates harbored both OXA-48-like
carbapenemase and ESBL (Table 2).

Susceptibility patterns for all isolates. Eight isolates were susceptible to imi-
penem (MICs � 1 �g/ml); 5 of these carried a variant KPC-3, 2 carried KPC-2, and 1
carried an ESBL and a major OmpK36 mutation (Fig. 1). The MIC50 and MIC90 against all
the isolates were 8 and 64 �g/ml, respectively, for imipenem; 0.25 and 2 �g/ml for
imipenem-relebactam; 256 and 1,024 �g/ml for ceftazidime; and 2 and 128 �g/ml for
ceftazidime-avibactam. All the isolates were resistant to ceftazidime (MIC � 4 �g/ml).
With the addition of relebactam, imipenem MICs were reduced by a median of 32-fold
(range, 0.5- to 256-fold); with the addition of avibactam, ceftazidime MICs were reduced
by a median of 128-fold (range, 0- to 2,048-fold). There were weak correlations between
imipenem and imipenem-relebactam MICs (Spearman r � 0.41; P � 0.0001) and

TABLE 2 Description of K. pneumoniae isolates producing OXA-48-like carbapenemases (n � 4 isolates)

OXA, ESBL, and porin
pattern

MIC (�g/ml)

OXA-48, no ESBL,
wild-type porins

OXA-48, ESBL,
wild-type porins

OXA-181, ESBL,
wild-type porins

OXA-232, ESBL, OmpK35,
OmpK36 porin mutations

Imipenem 4 2 2 8
Imipenem-relebactam 2 2 8 1
Ceftazidime 128 128 256 32
Ceftazidime-avibactam 1 1 1 0.5

FIG 1 Distributions of imipenem, imipenem-relebactam, ceftazidime, and ceftazidime-avibacam MICs,
stratified by type of carbapenemase and porin status. The horizontal red lines represent median MICs.
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ceftazidime and ceftazidime-avibactam MICs (r � 0.55; P � 0.0001). The addition of
relebactam improved imipenem susceptibility rates from 8% to 88%; the addition of
avibactam improved ceftazidime susceptibility rates from 0% to 85%.

As expected, neither imipenem-relebactam nor ceftazidime-avibactam had in vitro
activity against CRE isolates that produced MBLs. Ceftazidime-avibactam was active against
all 4 isolates with OXA-48-like carbapenemases, 3 of which also carried ESBLs. These isolates
were ceftazidime resistant; ceftazidime-avibactam MICs were significantly lower than cef-
tazidime MICs (median, 1 versus 128 �g/ml; P � 0.02). Imipenem-relebactam did not have
activity against 3 of 4 isolates with OXA-48-like carbapenemases (Fig. 1 and Table 2). There
was no significant difference in imipenem-relebactam versus imipenem MICs against
OXA-48-like carbapenemase producers (median, 2 versus 6 �g/ml; P � 0.28).

Susceptibility patterns for 62 KPC-producing K. pneumoniae isolates. Since
KPC-K. pneumoniae strains are the most common CRE and two major mutations within
the KPC-K. pneumoniae OmpK36 porin (guanine and alanine insertions at amino acids
135 and 136 [ins AA135-136 GD] or IS5 promoter insertion) have been linked to
high-level carbapenem resistance (7, 21), we focused on these isolates for the remain-
der of the study. An isolate coproducing KPC and MBL was excluded. Thirty-five percent
(22/62) of KPC-K. pneumoniae isolates harbored a major OmpK36 mutation. Eighty-one
percent (50/62) of the isolates had a premature stop codon within the OmpK35 porin.
Fifty-eight percent (29/50) of OmpK35 mutant isolates had major OmpK36 mutations
versus only 8% (1/12) of isolates with wild-type OmpK35 (P � 0.04).

MIC50 and MIC90 against KPC-K. pneumoniae were 8 and 64 �g/ml, respectively, for
imipenem; 0.25 and 2 �g/ml for imipenem-relebactam; 256 and 1,024 �g/ml for
ceftazidime; and 2 and 128 �g/ml for ceftazidime-avibactam. Overall, the presence of
KPC-2 or KPC-3 did not significantly impact imipenem, imipenem-relebactam, ceftazi-
dime, or ceftazidime-avibactam MICs. In contrast, KPC-3 variants were associated with
lower imipenem MICs by univariate analysis (P � 0.0007) (Table 3). Our ability to
accurately assess the association between KPC-3 variants and ceftazidime susceptibility
was limited because the median MICs against isolates with wild-type and mutant
blaKPC-3 were within a 2-fold dilution of the highest concentration of drug tested (512
�g/ml). The presence of ESBL or a major OmpK36 mutation was associated with higher
MICs of both imipenem and ceftazidime by univariate analysis (Table 3). The presence
of a major OmpK36 mutant was associated with higher imipenem-relebactam MICs,
whereas the presence of a KPC-3 variant was associated with higher ceftazidime-
avibactam MICs. OmpK35 mutations were not associated with MICs of any agent.

Multivariate analyses were performed to identify factors independently associated
with drug MICs (Table 4). Factors included in the model were presence of ESBL, KPC-3
variant, and major OmpK36 mutations. Of note, none of the KPC-3 variants carried
OmpK36 porin mutations. A major OmpK36 mutation was the sole factor indepen-
dently associated with increased imipenem and imipenem-relebactam MICs (P �

0.0001 for both). ESBL, KPC-3 variants, and major OmpK36 mutations were indepen-
dently associated with increased ceftazidime MICs. The KPC-3 variant was the sole
factor associated with higher ceftazidime-avibactam MICs. There was a trend toward an
association between major OmpK36 mutation and ceftazidime-avibactam MICs that did
not achieve statistical significance (P � 0.07). There was no significant colinearity
between variables included in either of the models (all variance inflation factor [VIF]
values were �1.1).

DISCUSSION

In this study, we utilized unique CRE isolates that were characterized by WGS to
identify potential therapeutic niches for imipenem-relebactam and ceftazidime-
avibactam. The use of WGS data allowed us to identify genetic factors that correlated
with drug MICs and also assured us that our results were not biased by the testing of
clonal isolates. Three findings were particularly notable. First, the addition of relebac-
tam improved the susceptibility of CRE isolates to imipenem. Likewise, the addition of
avibactam improved ceftazidime susceptibility. Second, imipenem-relebactam was ac-
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tive against ceftazidime-avibactam-resistant K. pneumoniae isolates that carried variant
KPC-3. In turn, ceftazidime-avibactam was active against imipenem-relebactam-resistant K.
pneumoniae isolates that carried OXA-48-type carbapenemase. Finally, major OmpK36
porin mutations among KPC-producing K. pneumoniae isolates were independently
associated with higher imipenem-relebactam, imipenem, and ceftazidime MICs. Major
OmpK36 mutations also showed a trend toward an independent association with
higher ceftazidime-avibactam MICs. Overall, imipenem-relebactam and ceftazidime-
avibactam are promising additions to the current antibiotic armamentarium, providing
broad activity against CRE, including Klebsiella spp., Enterobacter spp., and E. coli (18,
20). The drugs have overlapping spectra of activity, as well as niches in which each is
superior.

Relebactam restored imipenem activity against CRE isolates regardless of KPC type
or ESBL. We recently reported that KPC-3 mutations, in particular D179Y, can emerge
and confer ceftazidime-avibactam resistance following treatment of carbapenem-
resistant K. pneumoniae infections (13, 14, 22). Imipenem MICs in the present study
were significantly lower against K. pneumoniae with variant KPC-3 than against K.
pneumoniae with wild-type KPCs. One KPC-3 variant-carrying isolate was resistant to
both ceftazidime-avibactam and imipenem (MICs � 16 and 8 �g/ml, respectively).
However, the isolate was susceptible to imipenem-relebactam (MIC � 0.5 �g/ml),
suggesting that this agent may be more reliably active than imipenem against infec-
tions caused by ceftazidime-avibactam-resistant Enterobacteriaceae. We recently dem-
onstrated that meropenem resistance emerged in ceftazidime-avibactam-resistant K.
pneumoniae isolates during in vitro passage at subinhibitory meropenem concentra-
tions, often in association with reversion of mutant blaKPC-3 to wild-type blaKPC-3 (22).
Therefore, studies are needed to determine the roles of imipenem-relebactam in
treating infections caused by CRE that carry mutant KPC-3 enzymes and in suppressing
carbapenem resistance among these isolates.

Not surprisingly, relebactam had little to no effect on imipenem MICs against 3 of 4
CRE isolates that carried OXA-48 or OXA-48-like carbapenemases (OXA-181 and -232)
(Table 2). Median imipenem MICs against these isolates were lower than those against
CRE with KPC-2 or wild-type KPC-3 (6 versus 16 �g/ml; P � 0.057), consistent with the
fact that OXA-48 exerts low-level carbapenem hydrolysis (23). Unlike relebactam,
avibactam has potent activity against OXA-48-like carbapenemases due to the forma-
tion of a strong covalent complex (9, 18, 19). Three of our four isolates that produced
OXA-48-like carbapenemases also produced ESBL, and addition of avibactam to cefta-
zidime caused the isolates to revert from ceftazidime resistant to susceptible. Since
ceftazidime is not hydrolyzed or only weakly hydrolyzed by OXA-48, our data confirm
the activity of avibactam against ESBLs (23). Interestingly, one isolate producing only
OXA-48 (and not ESBL) was resistant to ceftazidime (MIC, 128 �g/ml) and susceptible
to ceftazidime-avibactam (MIC, 1 �g/ml). As expected, neither ceftazidime-avibactam
nor imipenem-relebactam was active against CRE carrying MBLs due to the formation
of a strong covalent complex.

Porins are outer membrane channels that allow �-lactams and other antibiotics to
diffuse into periplasmic active sites (24). Outer membrane impermeability due to porin

TABLE 4 Factors independently associated with imipenem, imipenem-relebactam,
ceftazidime, and ceftazidime-avibactam MICs against KPC-K. pneumoniae isolates by
multivariate analysisa

Factor

P value

Imipenem
Imipenem-
relebactam Ceftazidime

Ceftazidime-
avibactam

ESBL 0.84 0.44 0.002 0.90
KPC-3 variant 0.21 0.74 0.01 �0.0001
Major OmpK36 mutation �0.0001 �0.0001 0.001 0.07
aIsolates that carried MBL and OXA-carbapenemase were excluded from the analysis.
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mutations is well recognized as the Achilles heel of new antibiotics (24). The associa-
tions we found between major OmpK36 mutations and higher MICs corroborate the
findings of earlier studies (20, 25, 26). A distinct minority of isolates with major OmpK36
mutations were resistant to imipenem-relebactam (n � 2, both carrying KPC-2) or
ceftazidime-avibactam (n � 2, both carrying KPC-3). However, OmpK36 mutations may
provide a platform for the future stepwise emergence of imipenem-relebactam and
ceftazidime-avibactam resistance (25). Our finding that OmpK35 mutations were not
associated with differences in MICs was consistent with previous studies by our group (21).

Although we tested isolates from around the world, it is important to acknowledge
that the majority were from North America. As clinicians contemplate how to incorpo-
rate new agents like imipenem-relebactam and ceftazidime-avibactam into the man-
agement strategies against CRE infections, it will be necessary to understand local
epidemiology and strain genetics. At centers such as ours that are experiencing the
emergence of ceftazidime-avibactam resistance, particularly among KPC-3-producing K.
pneumoniae isolates, imipenem-relebactam may afford an option for primary or salvage
treatment. In contrast, ceftazidime-avibactam may occupy a valuable therapeutic niche
at centers with high prevalence of OXA-48 or OXA-48-like carbapenemases. A pressing
question is whether using these agents as part of combination regimens will best
preserve their effectiveness and limit resistance. The present study demonstrates that
nuanced approaches to therapeutic decision making, likely in conjunction with rapid
molecular assays, will be essential in optimizing the utility of anti-CRE agents.

MATERIALS AND METHODS
Characterization of isolates. One hundred clinical CRE isolates were selected from previous studies

(14, 27) or sequenced in the current study. The latter were obtained from repositories at the University
of Pittsburgh Medical Center [UPMC] and Rutgers-New Jersey Medical School. The geographic distribu-
tion was as follows: United States (88), India (3), China (3), Belgium (1), Brazil (1), Canada (1), Colombia
(1), Greece (1), and Turkey (1). The isolates were subcultured at least twice on Mueller-Hinton agar before
testing. Ceftazidime was purchased from the UPMC pharmacy. Imipenem and relebactam were provided
by Merck & Co.; avibactam was kindly provided by AstraZeneca. Stock solutions of antimicrobial agents
were prepared and stored at �80°C. MICs of imipenem with and without relebactam (at a fixed
concentration of 4 �g/ml) and ceftazidime with and without avibactam (at a fixed concentration of 4
�g/ml) were determined by standard broth microdilution methods. Pseudomonas aeruginosa ATCC
27853 was used as a reference strain for quality control of the in vitro susceptibility study. Susceptibility
to these antibiotics was defined in accordance with Clinical and Laboratory Standards Institute break-
points (28). CRE was defined according to revised CDC criteria (29).

Genomic DNA was prepared from overnight cultures using the Wizard Genomic DNA purification kit
(Promega, Madison, WI). Genome libraries were prepared using the Nextera DNA library preparation kit
and sequenced using the Illumina NextSeq platform (paired-end reads of 150 bp), as previously
described by our group (14). In studies of patients infected by multilocus sequence type ST258 K.
pneumoniae, we found that intrapatient and between-patient differences in strains were usually �15 and
�25 core genome single nucleotide polymorphisms (SNPs) (per 5 Mbp), respectively (14, 30). Therefore,
to reduce the likelihood of testing clonal isolates, all the isolates in the present study were recovered
from unique patients and differed by �50 core genome SNPs.

Statistical analysis. Graphics were created and statistical analyses were performed using Microsoft
(Redmond, WA) Excel, GraphPad (La Jolla, CA) Prism software, and STATA (STATA Corp., College Station,
TX). Comparisons were made by Fisher’s exact test for categorical variables and the Kruskal-Wallis rank
test for continuous variables. All tests were two tailed; a P value of �0.05 was considered significant.
Multiple linear regression analyses were performed to identify factors that were independently associ-
ated with drug MICs. It was also decided a priori that three factors would be forced into the model:
presence of ESBL, blaKPC-3 mutation, and major OmpK36 porin mutation (ins AA135–136 GD or IS5
promoter insertion). Collinearity among variables was assessed using VIFs. VIF values of �3 suggest
significant collinearity.

Accession number(s). The sequences from this study have been deposited in GenBank BioProject
under accession no. PRJNA353361.
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