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We report 2 independent patients from whom carbapenem and 
ceftazidime-avibactam–resistant Enterobacter cloacae complex 
strains were identified. The ceftazidime-avibactam resistance 
was attributed to a 2–amino acid deletion in the R2 loop of 
AmpC β-lactamase, which concurrently caused resistance to 
cefepime and reduced susceptibility to cefiderocol, a novel sid-
erophore cephalosporin.
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Avibactam is a potent inhibitor of class A, class C, and some class 
D β-lactamases [1]. Since its clinical introduction in combina-
tion with ceftazidime, β-lactamase–mediated resistance to the 
combination of ceftazidime and avibactam has been reported 
against clinical isolates producing class A β-lactamases, including 
Klebsiella pneumoniae carbapenemases (KPCs) and CTX-M-
14 group extended-spectrum β-lactamases (ESBLs) [2–4]. For 
class C enzymes, ceftazidime-avibactam resistance has been dem-
onstrated in vitro [5], but not against clinical isolates. Here, we re-
port the clinical evolution of ceftazidime-avibactam resistance in 
Enterobacter hormaechei, the major genomospecies of Enterobacter 
cloacae complex, likely due to a 2–amino acid deletion in AmpC 
that also conferred resistance to expanded-spectrum cephalo-
sporins and reduced susceptibility to cefiderocol.

A 50-year-old morbidly obese woman presented to our hos-
pital in septic shock 2 months after an open cholecystectomy. 
She was empirically treated with piperacillin-tazobactam and 

vancomycin. A  computed tomographic scan showed multiple 
intra-abdominal fluid collections and concern for necrotizing 
pancreatitis, for which an exploratory laparotomy was per-
formed with extensive debridement and drainage of pancreatic 
and peripancreatic necrosis. Intraoperative cultures of the ne-
crotic tissue grew 2 E. hormaechei strains (Ent634 and Ent635; 
Supplementary Table), Serratia marcescens, and Enterococcus 
species, resulting in a change of her antibiotic regimen to 
meropenem and daptomycin. The patient remained critically ill, 
requiring mechanical ventilation and vasopressor support. On 
hospital day 23, she developed ventilator-associated pneumonia 
due to carbapenem-resistant Pseudomonas aeruginosa, and her 
antibiotic regimen was changed to cefepime (2 g intravenously 
every 8 hours over a 3-hour infusion). Despite active treatment, 
the patient required increasing ventilator support and frequent 
suctioning for mucus plugging. Cultures from a bronchoscopy 
performed on hospital day 34 (day 11 of cefepime treatment) 
grew P.  aeruginosa and E.  hormaechei (Ent630); both isolates 
were resistant to carbapenems and cefepime. Her antibiotic reg-
imen was changed to ceftazidime-avibactam and ciprofloxacin 
on hospital day 37; however, a decision was made to transition 
care to comfort measures in the setting of multisystem organ 
failure, and she died the following day. On the day of her death, 
susceptibility testing of Ent630 demonstrated resistance to 
ceftazidime-avibactam that prompted an investigation into po-
tential mechanisms of resistance.

The initial E.  hormaechei strains Ent634 and Ent635 be-
longed to sequence type (ST) 133 and ST145, respectively. 
By broth microdilution, both isolates were susceptible to 
cefepime (minimum inhibitory concentrations [MICs], 2 
and ≤ 0.25  µg/mL), ceftazidime-avibactam (MICs, 0.5 and 
0.25  µg/mL) and meropenem (MICs, 0.12 and ≤0.06  µg/mL; 
Supplementary Table). Following consecutive exposures to 
meropenem (23 days) and cefepime (11 days), the subsequent 
E.  hormaechei strain Ent630 was resistant to cefepime (MIC, 
>256  µg/mL), meropenem (MIC, 8  µg/mL), and ceftazidime-
avibactam (MIC, 64  µg/mL). Like Ent634, Ent630 belonged 
to ST133. Whole genome sequencing (WGS), performed on 
Illumina NextSeq 500 (coverage, 59× to 105×; total length of 
contigs, 4 619 975 to 4 950 959), showed 2 core genome single-
nucleotide polymorphisms (SNPs) present in Ent630 that were 
not present in Ent634. The core SNPs included nonsynonymous 
mutations in wzc (A404V), which encodes a tyrosine-protein 
kinase, and in rpoE (T160A), which encodes an RNA poly-
merase sigma factor. Neither strain harbored genes encoding 
ESBL or carbapenemase enzymes; however, Ent630 harbored 
IS903-like insertions in both ompC and ompF that were not 
present in Ent634, which likely contributed to carbapenem 
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resistance [6]. Most importantly, the deduced Ent630 AmpC 
sequence contained a 2–amino acid deletion of alanine and 
leucine at positions 292 and 293, respectively (A292_L293del), 
not present in Ent634, its direct ancestor. This led us to hy-
pothesize that the A292_L293del in AmpC was the cause of 
cefepime and ceftazidime-avibactam resistance. Draft gen-
omes of Ent630, Ent634, Ent635, and Surv196 are deposited in 
the National Center for Biotechnology Information database 
under BioSample numbers SAMN13042297, SAMN13042298, 
SAMN13042299, and SAMN13245837, respectively.

To test the impact of the deletion, we obtained a 1.9-kb ge-
nomic fragment containing Ent630 ampC by partial digestion 
using restriction enzyme Sau3AI, ligation into pBK-CMV di-
gested with BamHI and cloned into Escherichia coli TOP10 [7]. 
The resulting E.  coli transformant demonstrated cefepime and 
ceftazidime-avibactam MICs of 64 µg/mL and 16 µg/mL, respec-
tively, as compared to E. coli transformant carrying pBK-CMV 
alone, which demonstrated corresponding MICs of ≤ 0.25  µg/
mL and 0.25  µg/mL, respectively. The results strongly suggest 
that the variant AmpC containing an A292_L293del is respon-
sible for co-resistance to cefepime and ceftazidime-avibactam, 
a deletion that likely evolved under selective pressure from 
cefepime treatment. In support of this hypothesis, we encoun-
tered a second patient from whom E. hormaechei strain Surv196, 
distinct from Ent630 with > 38 000 pairwise SNPs between their 
genomes, was isolated by perirectal surveillance during empiric 
cefepime treatment of cholangitis (isolated on day 13 of therapy). 
Strain Surv196 also demonstrated resistance to cefepime (MIC, 
256  µg/mL) and ceftazidime-avibactam (MIC, 64  µg/mL). By 
WGS analysis, the isolate harbored an identical A292_L293del 
in AmpC, representing convergent evolution.

Next, we tested the susceptibility of E. coli TOP10 harboring 
the A292_L293del AmpC variant against cefiderocol, a novel 
siderophore cephalosporin with broad-spectrum activity against 
gram-negative bacteria. Compared to E. coli TOP10 with pBK-
CMV alone, the transformant demonstrated a > 32-fold in-
crease in the cefiderocol MIC (from 0.06 to 2 µg/mL). Similarly, 
clinical strains Ent630 and Surv196 showed reduced suscepti-
bility to cefiderocol (MICs, ≥16 µg/mL and 4 µg/mL, respec-
tively). Taken together, the data suggest that the A292_L293del 
in AmpC exhibits a broad impact on the cephalosporin class 
rather than any specific agent. Indeed, residues 292 and 293 
in AmpC are located in the R2 loop of the enzyme that spans 
positions 289–307 and contains the H-10 helix. The R2 loop 
is in close proximity with the R2 side chain of cephalosporins 
[8]. Various amino acid substitutions, insertions, and deletions 
in AmpC have been reported to cause more efficient hydrol-
ysis of ceftazidime and extend the substrate profile to include 
cefepime [9]. Given this association, we generated a homology 
model of AmpC of Ent630 using the MODELLER program 
with a published structure of AmpC in E. cloacae P99 (Protein 
Data Bank [PDB] accession number 5XHR) as a template [10, 

11]. The ceftazidime molecule bound to AmpC of Ent630 was 
modeled by superposition of the homology model of AmpC of 
Ent630 on the structure of ceftazidime-bound AmpC of E. coli 
K12 (PDB accession number 1IEL) [9]. The model showed a 
significant structural change in and around the R2 loop, while 
the positions of key residues involved in the recognition and ca-
talysis of ceftazidime appeared to be conserved overall. As seen 
in Figure 1, A292_L293del present in AmpC of Ent630 likely 
causes partial disappearance of the H-10 helix in the R2 loop, 
thereby expanding the substrate binding site to better accom-
modate cephalosporins with a bulkier R2 side chain, including 
ceftazidime, cefepime, and cefiderocol.

The A292_L293del AmpC variant did not impact MICs of 
imipenem or meropenem (≤ 0.25  µg/mL and ≤ 0.06  µg/mL, 
respectively; Supplementary Table) when cloned into E.  coli 
TOP10, supporting our hypothesis that carbapenem resist-
ance in Ent630 was mediated by porin loss due to the in-
sertion of an IS903-like element in both ompC and ompF. 
Carbapenem resistance mediated by nonenzymatic mechan-
isms poses an important threat to the utility of newly devel-
oped carbapenem–β-lactamase inhibitor combination agents 
that were designed to inhibit serine carbapenemases. Indeed, 
Ent630 was nonsusceptible to both meropenem-vaborbactam 
(MIC, 8  µg/mL) and imipenem-relebactam (MIC, 8  µg/mL), 
suggesting that treatment with any of the available β-lactam 
antibiotics would have been ineffective for this patient. This 
case serves as an important warning for the emerging threat of 
carbapenem-resistant Enterobacter species in the United States 
[12], for which underlying mechanisms of resistance are diverse 
[13]. Our data attest to the continued need to employ cephalo-
sporins and carbapenems judiciously to avoid selection of re-
sistant pathogens, including E. cloacae complex.

To our knowledge, this is the first case to demonstrate that re-
sistance to ceftazidime-avibactam may be conferred by exposure 
to cefepime, a preferred treatment option for AmpC-producing 
Enterobacteriaceae [14]. Selection of resistance to cefepime fol-
lowing treatment of infections caused by Enterobacter species 
remains rare [15]. An AmpC variant harboring a single amino 
acid substitution from valine to glycine inside the H-10 helix 
(V291G) was previously identified following cefepime treat-
ment in a patient with pneumonia due to Klebsiella (formerly 
Enterobacter) aerogenes [16]; however, the impact of this sub-
stitution on ceftazidime-avibactam susceptibility is unknown. 
In contrast, reduced ceftazidime-avibactam susceptibility was 
conferred by an E.  cloacae isolate harboring a 6–amino acid 
deletion in the H-10 helix at residues 289–294 (SKVALA), 
likely resulting in a widened R2 binding pocket to better ac-
commodate later-generation cephalosporins [8]. This strain was 
identified from a neutropenic pediatric patient on long-term 
cefepime treatment. In vitro selection of ceftazidime-avibactam 
resistance against E. cloacae identified arginine at position 168 
and glycine at position 176 as hot spots for mutations in AmpC, 
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but less commonly within the H-10 helix [5]. Taken together 
with the new data reported here, resistance to ceftazidime-
avibactam due to deletions within the H-10 helix appears to de-
rive primarily from improved recognition and inactivation of 
ceftazidime, suggesting that avibactam in combination with an 
alternative β-lactam may still be effective. To underscore this 
point, we tested the combination of aztreonam-avibactam and 
found that, indeed, the addition of avibactam restored the ac-
tivity of aztreonam against Ent630 and Surv196 (MIC, 2  µg/
mL for each; Supplementary Table). Against E. coli TOP10 har-
boring the A292_L293del AmpC variant, aztreonam MICs were 
reduced by 32-fold with the addition of avibactam.

In conclusion, mutational resistance to ceftazidime-
avibactam is a concern following treatment of KPC-producing 
Enterobacteriaceae [4] and, as evidenced by this report, 
may also be a concern for Enterobacteriaceae producing 
class  C β-lactamases. Selection of co-resistance to cefepime, 
ceftazidime-avibactam, and cefiderocol following cefepime 
treatment highlight the potential impact of mutational re-
sistance in AmpC, and more specifically deletions within the 
H-10 helix region. Further surveillance studies are needed 
to understand the prevalence and clinical impact of such 
extended-spectrum AmpC enzymes. As clinical experience 

with ceftazidime-avibactam grows, it will be equally impor-
tant to compare and validate potential mechanisms of resist-
ance following treatment of noncarbapenemase-producing 
carbapenem-resistant Enterobacterales, for which ceftazidime-
avibactam may offer an advantage over carbapenem–β-
lactamase inhibitor combinations.
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Supplementary materials are available at Clinical Infectious Diseases online. 
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