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Purpose: Carbapenem-resistant Klebsiella pneumoniae (CRKP) represents a serious pro
blem worldwide. Herein, we describe the evolution of ceftazidime–avibactam (CZA) resis
tance by sequencing clinical isolates from a patient with CRKP infection undergoing CZA 
treatment.
Patients and Methods: In this study, six CRKP strains were isolated from sputum and 
blood samples of a patient with CRKP infection after intracerebral hemorrhage. Two strains 
were selected for whole-genome analysis.
Results: Drug susceptibility testing showed that the MIC of CZA for CRKP strains isolated 
after 6 days of CZA treatment was 64-fold higher than that for three CRKP strains isolated 
before CZA treatment (4 vs >256 μg/mL), whereas the MIC of imipenem and meropenem 
was 128-fold (>32 vs 0.25 μg/mL) and 16-fold (> 32 vs 2 μg/mL) lower relatively, 
respectively. Multilocus sequence typing showed that all six CRKP strains isolated from 
the patient were ST11 and pulsed-field gel electrophoresis confirmed that they were of the 
same clone. Two strains were selected for whole-genome analysis. The aspartic acid residue 
at position 179 in the Ω loop was replaced by a tyrosine residue in the resistant strain, and the 
plasmid carried a blaKPC-2 to blaKPC-33 mutation. The results of the modified carbapenem 
inactivation method and the carbapenemase inhibitor enhancement and colloidal gold 
enzyme immunochromatographic assays for blaKPC-33 were negative.
Conclusion: This is the first report from Henan to show that treatment with CZA for 6 days 
can cause mutations and change the phenotype from CZA sensitive to resistant. Therefore, 
routine testing for drug susceptibility and carbapenemase phenotypes should be conducted 
during treatment with CZA, and genotype determination is essential.
Keywords: ceftazidime–avibactam, drug resistance, carbapenem-resistant Klebsiella 
pneumoniae, K. pneumoniae carbapenemase-2, ST11

Introduction
Owing to the widespread clinical use of carbapenems in recent years, carbapenem- 
resistant Klebsiella pneumoniae (CRKP)-associated bacterial infections have 
become a major threat to human health1 and the principal reason for the failure 
of clinical first-line antibiotic treatment.2 Klebsiella pneumoniae carbapenemase 
(KPC), especially KPC-2, production is the primary mechanism of carbapenem 
resistance in China.3 Carbapenem-resistant Enterobacterales (CRE) bacteria cause 
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the death of 42.14% of patients with infection and 73% of 
severely infected patients with septic shock.4,5 According 
to a report by the China Antimicrobial Surveillance 
Network,6 K. pneumoniae samples isolated between 2005 
and 2019 showed increasing carbapenem resistance 
between 2005 and 2018, which continues to increase. 
Additionally, the rate of resistance to imipenem and mer
openem rapidly increased from 3.0% and 2.9% in 2005 to 
25.3% and 26.8%, respectively, in 2019. In Henan 
Province, the region of China with the highest and most 
rapidly increasing rate of drug resistance mediated by 
K. pneumoniae, the detection rate of CRKP was 32.8% 
in 2019. Moreover, in 2019, the resistance rate of 
K. pneumoniae to imipenem and meropenem in our hos
pital was 29% and 28.1%, respectively.

Ceftazidime–avibactam (CZA) has been approved in the 
United States for the treatment of complicated intra- 
abdominal infections (cIAIs; in conjunction with metronida
zole), complicated urinary tract infections (including pyelo
nephritis), and hospital-acquired pneumonia (HAP), 
including ventilator-associated pneumonia (VAP), in adults 
(aged ≥18 years) caused by sensitive gram-negative 
bacteria.7 Avibactam, a novel non-β-lactam β-lactamase 
inhibitor, can restore the antibacterial activity of ceftazidime 
on the extended-spectrum-β-lactamase, AmpC, KPC, and 
OXA-48 enzymes of Enterobacteriaceae and Pseudomonas 
aeruginosa but has no activity on metalloenzymes.8,9

CZA, as an important drug for the treatment of CRE, was 
approved by the China Food and Drug Administration in 
September 2019 for the treatment of cIAIs, HAP, and VAP, 
as well as for infections of gram-negative bacteria sensitive 
to this product in adult patients with limited treatment 
options. However, CZA resistance emerged rapidly after its 
marketing and use in clinical practice, thereby resulting in 
failed microbial clearance.10,11 However, although this has 
already been reported in Shanghai, China,12 to our knowl
edge, there has been no report of drug resistance after the use 
of CZA for the treatment of CRKP in Henan Province. 
Herein, we describe the evolution of CZA resistance by 
sequencing clinical isolates from a patient with CRKP infec
tion undergoing CZA treatment.

Patients and Methods
Sample Source
Six strains of K. pneumoniae were isolated from a patient 
with an intracerebral hemorrhage in the neurosurgery inten
sive care unit of the tertiary hospital in Jiaozuo. The first 

three strains were obtained from sputum culture, blood 
culture, and bronchoalveolar lavage fluid culture before 
CZA treatment. The other three strains were obtained from 
sputum culture after 6 days of CZA treatment (Table 1).

Cell Identification and Antimicrobial 
Susceptibility Testing
The Phoenix 100 automated identification and susceptibil
ity testing system (BD, MD, USA) was used for identifica
tion and drug susceptibility testing with NMIC/DI-4 in 
strict accordance with the operating procedures for the 
instrument and instructions for reagent use. The Kirby– 
Bauer (disk diffusion) method was used for supplementary 
drug susceptibility testing. Susceptibility disks were pur
chased from Oxoid (UK). The MIC of CZA was deter
mined using concentration gradient agar diffusion drug 
susceptibility strips (Etest, bioMérieux, France), and the 
results were analyzed in accordance with the 2019 stan
dards of the American Clinical & Laboratories Standards 
Institute (CLSI).13 Quality control strains ATCC 25922, 
ATCC BAA-1705, and ATCC BAA-2146 were purchased 
from the National Culture Collection Center.

Modified Carbapenem Inactivation 
Method (mCIM)
This method was conducted in strict accordance with CLSI 
recommendations.13

Carbapenemase Phenotype Testing
A carbapenemase inhibitor enhancement testing kit and 
buffer (carbapenemase) were purchased from Zhuhai 
Deere Bioengineering Co., Ltd., and the assay was con
ducted as previously described.14

Rapid Detection of Carbapenemase 
Genotype
A colloidal gold enzyme immunochromatography (NG- 
Test CARBA 5) kit was purchased from Shanghai 
FosunPharma Co., Ltd.

Whole-Genome Sequencing (WGS)
Genomic DNA was extracted using a commercial kit 
(HiPure Bacterial DNA Kit). Genome libraries were pre
pared using the Nextera DNA Library Preparation kit and 
sequenced on an Illumina NovaSeq 6000 platform with 
150 bp paired-end reads according to the manufacturer’s 
instructions. Filtering and trimming of the raw data were 
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performed using PRINSEQ v0.20.4.15 SPAdes 3.14.116 

and default parameters were used to assemble the trimmed 
reads. In silico multilocus sequence typing was performed 
using the BIGSdb online server (http://bigsdb.pasteur.fr/ 
klebsiella/klebsiella.html). Drug-resistant genes were 
detected using ResFinder 4.0.17 Single nucleotide poly
morphisms were identified using BWA18 and Samtools.19

Pulsed-Field Gel Electrophoresis (PFGE) 
Analysis
A single colony of K. pneumoniae was picked, inocu
lated on a nutrient plate, and incubated overnight at 
37°C. A bioMérieux DENSIMAT densitometer was 
used to adjust the concentration of the bacterial suspen
sion to an optical density of 3.8–4.2. The suspension was 
added to a 1% Seakem Gold agarose gel and mixed to 
form gel pieces, which were digested for 2 h in cell lysis 
buffer containing proteinase K. The gel pieces were 
washed twice with purified water and four times with 
TE (10 mmol/L tris:1 mmol/L EDTA, pH 8.0) and then 
incubated with XbaI endonuclease (Takara) for digestion 
at 37°C for 4 h. PFGE was performed using the CHEF- 
DR III electrophoresis apparatus (Bio-Rad Laboratories). 
The electrophoresis conditions were as follows: 
2000–2200 mL of 0.5× tris/borate/EDTA buffer; voltage 
gradient, 6 V/cm; electric field angle, 120°; temperature, 
14°C; electrophoresis parameters, 6–36 s; time, 
16 h. After electrophoresis, the gel was stained with 
ethidium bromide, imaged in a gel documentation sys
tem, and converted to TIFF image format for storage.

Multilocus Sequence Typing (MLST)
Klebsiella pneumoniae DNA was extracted using a DNA 
extraction kit (Sangon). Primers for seven housekeeping 
genes, gapA, infB, mdn, pgi, phoE, rpoB, and tonB, were 
synthesized and used for PCR amplification. The reaction 
conditions were as follows: 94°C for 2 min; 94°C for 30 s; 
50°C for 1 min; 72°C for 30 s; 35 cycles at 72°C for 5 
min. The PCR products were separated by electrophoresis 
on a 1% agarose gel, the target PCR bands were cut out 
and recovered, and the PCR products were sequenced 
using the ABI 3730XL DNA analyzer. The housekeeping 
gene sequences were aligned using BIGSdb (https:// 
bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_ 
klebsiella_seqdef&page=profiles) to obtain genotypes, 
which were combined to obtain the ST types of the strains.Ta
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Results
Changes in Drug Resistance During 
Treatment
A 31-year-old man underwent emergency frontolateral 
arteriovenous malformation resection with intracerebral 
hematoma removal and decompressive craniectomy. 
Figure 1 and Table 1 summarize the clinical and micro
biological details of the patient, as well as the antimicro
bial treatment timeline and regimen. Empirical treatment 
with meropenem was started on day 3 of hospitalization. 
A CRKP strain was detected in the sputum culture isolates 
on day 9 of hospitalization. Drug susceptibility testing 
indicated susceptibility to only polymyxin B and CZA. 
On day 15 of hospitalization, CRKP (preliminary enzyme 
screening results indicated class A serine carbapenemase) 
was detected in the blood culture isolates. There was no 
improvement in clinical condition and a persistent positive 
culture was considered. After consultation on day 18 of 
hospitalization, the treatment regimen was adjusted to 
a combination of CZA, tigecycline, and aerosolized poly
myxin. After 6 days of treatment with CZA, the patient’s 
body temperature increased and K. pneumoniae was 
detected in the sputum culture. Drug susceptibility testing 
indicated resistance to CZA, susceptibility to imipenem, 
and intermediate resistance to meropenem. The sputum 
culture results were the same for two consecutive days 
(Table 1). On day 28 of hospitalization, meropenem treat
ment was added. Thereafter, the results of multiple blood 
and sputum cultures indicated no bacterial growth. 
Eventually, the patient was free of the infection and was 
transferred for rehabilitation.

Klebsiella pneumoniae Drug Susceptibility 
Testing
Drug susceptibility testing of the six strains of 
K. pneumoniae showed that all three strains isolated before 
the development of CZA resistance were susceptible to 
CZA (MIC 4 µg/mL) and resistant to imipenem and mer
openem (MICs > 32 µg/mL). The results of carbapene
mase inhibitor enhancement testing indicated the presence 
of class A serine carbapenemase, and colloidal gold 
enzyme immunochromatographic testing indicated KPC 
positivity. The MIC of CZA for the strains isolated after 
the development of drug resistance (20071685, 20071741, 
and 20071764) was >256 µg/mL, whereas the MIC of 
imipenem and meropenem was 0.25 and 2 µg/mL, respec
tively (Table 1). The results of carbapenemase inhibitor 

enhancement and colloidal gold enzyme immunochroma
tographic testing were negative.

Molecular Characterization of K. 
pneumoniae
WGS was performed on strains 20071561 and 20071685, 
and both were identified as K. pneumoniae; MLST typing 
indicated that both were ST11. The MLST typing results of 
the other four strains showed that they were also ST11, and 
12 acquired drug-resistance mutations were detected in each 
strain. The plasmid of the isolated strain 20071561 carried 
blaKPC-2 and that of the isolated strain 20071685 carried 
blaKPC-33. A mutation in KPC-2—a substitution of the aspar
tic acid residue at position 179 with tyrosine (D179Y), owing 
to a single base mutation G532T—was observed. Other drug 
resistance genes included CTX-M-65, LAP-2, SHV-182, 
TEM-1B, dfrA14, fosA, fosA3, qnrS1, rmtB, sul2, and tet(A).

PFGE Results
Figure 2 shows the PFGE dendrogram of the six strains of 
K. pneumoniae; the six strains had the same electrophor
esis band pattern. Combined with the MLST results of 
ST11 type, they were confirmed to be the same clone.

Discussion
Klebsiella pneumoniae strains isolated from the body 
fluids of the patient changed during treatment with CZA, 
and this is consistent with the findings of a previous 
study.20 The carbapenemase phenotype of the strains 
before the change in drug susceptibility and rapid KPC 
testing using colloidal gold showed positive results, 
whereas they were both negative after the strains changed. 
This indicates that the mCIM recommended by CLSI and 
other conventional testing methods misses new genotypes. 
Therefore, the emergence of new phenotypes and the 
choice of testing method warrants further attention.21–23

WGS, used to investigate the mechanism of these 
changes, showed that the aspartic acid at position 179 of 
the Ω loop in the resistant KPC-2 strain was replaced with 
tyrosine, which caused a mutation of blaKPC-2 to blaKPC-33. 
Furthermore, a study in China has shown that transfection 
of the blaKPC-33 plasmid of the CZA-resistant Klebsiella 
pneumoniae ST11 strain into Escherichia coli EC600 
results in the development of resistance to CZA.12 The Ω 
loop is an essential region in class A β-lactamases located 
at residues 164–179, the flexibility of which is limited by 
the salt bridges at Arg-164 and Asp-179. A mutation of 
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residue 179 causes the enzyme to bind ceftazidime more 
readily, which increases the rate of ceftazidime 
hydrolysis.24 An amino acid substitution at residue 179 
of the Ω loop is the primary cause of CZA resistance.25,26 

The single amino acid mutation D179Y might be sufficient 
to prevent the affinity and inhibitory ability of avibactam 
to β-lactamase,27 but this substitution restores the suscept
ibility to carbapenem in the drug-susceptible phenotype.

Our results indicate that the ST11 strain of the KPC- 
producing K. pneumoniae strain resistant to CZA appeared 
after day 6 of combination treatment with CZA and tige
cycline. Drug resistance appeared earlier in the present 
case than in previous reports, in which drug resistance 
develops 10–19 days after CZA administration.12,20,28 

The rapid emergence of CZA resistance in the clinic is 
troubling and poses major challenges to the clinical appli
cation and limits the therapeutic effect of CZA, which has 
been recently approved for the Chinese market. However, 
susceptibility to imipenem was restored in this CZA- 
resistant isolate, which indicates that the clinical outcome 
of the patient might be improved using this drug. With 
regard to the high-risk factors for the development of CZA 
resistance, a single-center retrospective study showed that 
renal replacement therapy (RRT) is an independent risk 

factor for the development of CZA resistance.29 The 
recommended dosage of CZA could be insufficient for 
patients undergoing RRT, but the factors and mechanisms 
that lead to the rapid development of CZA resistance at 
normal doses need further research.

In vitro studies have shown that strains with mutations 
in the Ω loop position of the blaKPC-3 resistance gene will 
restore resistance to meropenem when they are passed 
down with meropenem alone.25 In clinical treatment,11,12 

regardless of KPN with blakpc-31 or blakpc-33, carbapenem 
resistance was restored during treatment with carbapenem. 
CZA and typical carbapenem have exhibited high synergis
tic activity in in vitro studies, and avibactam might protect 
carbapenem from hydrolysis by carbapenemases.30,31

Conclusions
In conclusion, for blaKPC mutant strains that are suscepti
ble to carbapenem and resistant to CZA, the combination 
of carbapenem with CZA might be a good clinical choice 
for the treatment of resistant bacteria. However, the effects 
of a combination of stronger antibiotics on the develop
ment of bacterial resistance warrant further attention. 
Additionally, when formulating clinical antibacterial regi
mens and treatment monitoring plans for CRE, we recom
mend routine testing for CZA susceptibility. Finally, 
timely carbapenemase testing, phenotype and genotype 
testing, and molecular analysis are essential.

Abbreviations
cIAI, complicated intra-abdominal infection; CLSI, Clinical 
& Laboratories Standards Institute; CRE, carbapenem- 
resistant Enterobacteriaceae; CRKP, carbapenem-resistant 
Klebsiella pneumoniae; CZA, ceftazidime–avibactam; 
HAP, hospital-acquired pneumonia; KPC, Klebsiella pneu
moniae carbapenemase; MLST, multilocus sequence typing; 

Figure 1 Infection and treatment time course of the patient infected with Klebsiella pneumoniae with the development of ceftazidime-avibactam resistance. 
Abbreviation: BALF, bronchoalveolar lavage fluid.

Figure 2 Dendrogram of XbaI-digested genomic DNA from identified KPC- 
producing Klebsiella pneumoniae.
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