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Background: A growing body of evidence suggests that ceftazidime/avibactam (CZA) is a potential therapeutic option for 
carbapenem-resistant Klebsiella pneumoniae (CRKP) infections; however, resistant strains are increasingly emerged worldwide. 
Herein, we deemed to investigate the susceptibility profile of CRKP isolates from cancer patients to CZA and to identify the 
underlying resistance mechanisms.
Methods: Clinical samples were obtained from adult patients admitted to the Oncology Center of Mansoura University, Mansoura, 
Egypt. The antibiotic susceptibility pattern of K. pneumoniae isolates to different antibiotics was tested by the modified Kirby Bauer’s 
disc diffusion method. Minimum inhibitory concentrations of CZA were assessed using broth microdilution method. Screening for 
carbapenemase-producing strains was achieved by the modified Hodge test. Multiplex polymerase chain reactions (PCRs) were 
conducted for uncovering of carbapenemase-encoding genes (blaKPC, blaVIM, blaIMP, blaNDM-1, and blaOXA-48), and outer membrane 
porin genes (ompK35 and ompK36).
Results: A total of 12 CZA-resistant isolates were identified out of 47 CRKP isolates (25.5%). The MIC50 and MIC90 of CZA against 
CRKP were 1 and 64 µg/mL, respectively. Risk factors for CZA resistance included chronic kidney disease, mechanical ventilation, 
longer length of hospital stay, and ICU admission. The multivariate logistic regression demonstrated that longer length of hospital stay 
(P=0.03) was the only independent predictor for acquisition of CZA-resistant isolates. The leading mechanism for CZA resistance was 
sustained by blaKPC (50%), meanwhile 16.7% and 8.3% of the CZA-resistant isolates harbored blaOXA-48 and blaOXA-48/blaNDM-1, 
respectively. The MBL-encoding genes blaNDM-1 and blaIMP were detected in 16.7% and 8.3% of the isolates, respectively. Absence of 
both ompK35 and ompK36 was observed in 58.3% of the CZA-resistant isolates.
Conclusion: CZA has displayed superior in vitro activity against CRKP isolates in comparison to other antibiotics; however, 
thorough molecular characterization of resistant strains is highly recommended in future studies to detect and monitor the emergence 
of further tackling strains.
Keywords: CRKP, ceftazidime/avibactam, blaKPC, OmpK35, OmpK36, cancer

Introduction
Carbapenems are β-lactam antibiotics, similar to penicillins and cephalosporins, with a broad-spectrum of activity against 
both Gram-positive and Gram-negative bacteria. They are considered the last therapeutic option for life-threatening 
bacterial infections.1 The term “carbapenem” refers to the 4:5 fused ring lactam of penicillins with a double bond 
between C-2 and C-3 but with replacement of sulfur by carbon at C-1. They inhibit bacterial cell wall biosynthesis by 
interfering with transpeptidation reactions.2
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In the existing era, increased incidence of carbapenem-resistant Klebsiella pneumoniae (CRKP) infections constitutes 
a public health concern, because of a dwindling antibiotic pipeline.3 CRKP isolates can emerge due to several causes, 
amongst which production of carbapenemases is the most prevalent mechanism.4 In the Ambler molecular classification 
scheme of β-lactamases, carbapenemases are grouped in classes A, B, and D. Both class A and D share a serine residue in 
the active site, whereas class B are metallo-β-lactamases (MBLs) that require zinc for catalysis.5 K. pneumoniae 
carbapenemases (KPCs) are the most worrisome carbapenemases of Ambler class A because of their position on self- 
conjugative plasmids. Although more than 20 KPC types have been identified, KPC-2 and KPC-3 are the most ubiquitous 
variants.6 To date, imipenemase (IMP), Verona integron-encoded MBL (VIM), and New Delhi MBL (NDM) are the three 
most frequent MBLs, with several variants have been described worldwide.7 On the other side, oxacillinases (OXA) – 
class D carbapenemases with up to 30 OXA-48-like deviations – have been discovered so far.8

Infections with CRKP are one of the leading causes of morbidity and mortality in cancer patients.9 As the currently 
available treatment substitutes are restricted, the discovery of novel antibiotics is of a critical priority to combat 
infections caused by these superbugs, especially in critically ill patients.10 A few years ago, ceftazidime/avibactam 
(CZA), a combination of a cephalosporin/non-β-lactam β-lactamase inhibitor, has been approved by Food and Drug 
Administration (FDA) for treatment of complicated intra-abdominal and urinary tract infections, as well as healthcare- 
associated pneumonia. Avibactam is a synthetic diazabicyclooctane with no intrinsic antibacterial activity; however, it 
shields ceftazidime from breakdown by Ambler class A, C, and some class D β-lactamases.11 Current evidence advocates 
that CZA could be a promising treatment choice for CRKP infections, but resistant strains are evolving rapidly due to 
multiple mechanisms including mutations in the genes encoding KPC or outer membrane porins OmpK35 and/or 
OmpK36.12

In literature, there is a dearth of data addressing the activity of CZA against CRKP from cancer patients. In view of 
that, we designed this study to a) review the susceptibility profile of CRKP isolates from adult patients diagnosed with 
cancer (both hematologic and solid organ) to CZA, b) determine the risk factors associated with CZA resistance, and c) 
explore the possible molecular mechanisms underlying the resistant phenotypes.

Materials and Methods
Study Eligibility, Design and Setting
In this prospective cohort study, we enrolled all adult patients (>18 years), with positive cultures for K. pneumoniae, who 
had been hospitalized in the Oncology Center of Mansoura University (OCMU), Mansoura, Egypt, between 
January 2020 and December 2021. The OCMU is a 500-bedded health-care facility that delivers tertiary-care for children 
and adults diagnosed with cancer. Samples from pediatric patients (<18 years) and those with polymicrobial infections 
were excluded from our cohort to adjust for the risk factors (one isolate/patient).

Sample Collection and Processing
During the study period, different clinical samples were collected from adult patients admitted to the OCMU. All samples 
were processed in the Microbiology Diagnostics and Infection Control unit (MDICU), Faculty of Medicine, Mansoura 
University, Egypt, using the standard microbiological protocols. K. pneumoniae isolates were identified to the species 
level based on their colony morphology on blood and MacConkey’s agar plates (Oxoid, Ltd., Basingstoke, UK), Gram 
staining characters, and results of biochemical reactions including Kligler iron agar (KIA) test, lysine iron agar (LIA) 
test, motility, indole, ornithine production (MIO) tests, and citrate utilization test. The identities of the test strains were 
confirmed with API 20 E (BioMérieux, Inc., Hazelwood, MO). Out of 350 collected samples, 134 yielded a positive 
growth for K. pneumoniae.

Antibiotic Susceptibility Testing
The susceptibility of K. pneumoniae isolates to different antibiotics was tested using the modified Kirby Bauer’s disc 
diffusion method on Mueller–Hinton agar plates (Oxoid Ltd., Basingstoke, UK). Antibiotic discs including sulfamethox-
azole/trimethoprim (SXT; 25 μg), ampicillin/sulbactam (SAM; 20 μg), piperacillin/tazobactam (TZP; 110 μg), cefepime 
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(FEP; 30 μg), ceftriaxone (CRO; 30 μg), ceftazidime (CAZ; 30 μg), cefotaxime (CTX; 30 μg), aztreonam (ATM; 30 μg), 
ciprofloxacin (CIP; 10 μg), levofloxacin (LEV; 10 μg), gentamicin (CN; 10 μg), amikacin (AK; 30 μg), imipenem (IPM; 
10 μg), and meropenem (MEM; 10 μg) were purchased from Oxoid Ltd. (Basingstoke, UK), while CZA discs (50 μg) 
were obtained from Liofilchem®, Italy. The CRKP isolates were preliminary identified if they showed resistance (zone 
diameter ≤19 mm) to at least one of the used carbapenems (imipenem and meropenem). Escherichia coli ATCC 25922 
and Pseudomonas aeruginosa ATCC 27853 (Naval Medical Research Unit Three, Cairo, Egypt; NAMRU-3) were 
included as quality control strains. All susceptibility results were interpreted as per the recommendations of the Clinical 
and Laboratory Standards Institute (CLSI).13

Phenotypic Screening for the Production of Carbapenemases
The modified Hodge test (MHT) was done to determine the production of carbapenemases by K. pneumoniae isolates 
using E. coli ATCC 25922 as the standard strain. For each test, we also included K. pneumoniae ATCC 1705 
(carbapenemase-producer) and K. pneumoniae ATCC 1706 (carbapenemase-non producer) as the positive and negative 
controls, respectively. Results followed the CLSI interpretive criteria,13 with strains forming cloverleaf indentations were 
characterized as carbapenemase producers. For subsequent molecular testing, the CRKP isolates were stored at –80°C 
after inoculation into brain–heart infusion (BHI) broth containing 16% glycerol.

Ceftazidime/Avibactam Minimum Inhibitory Concentrations (MICs)
The MICs of CZA were evaluated by the reference broth microdilution (BMD) method, and results were interpreted 
according to the breakpoints set by the CLSI. E. coli ATCC 25922 and K. pneumoniae ATCC 700603 were employed as 
reference strains for quality control purposes.13

Genomic DNA Extraction from CRKP Isolates
For bacterial DNA extraction, 2–3 colonies of each CRKP strain were diluted into 500 µL distilled water. Boiling was 
done by incubation at 95°C for 10 minutes in a water bath followed by centrifugation for 10 minutes at 10,000 rpm. The 
supernatants containing bacterial DNA were then transferred into sterile Eppendorf tubes for the next polymerase chain 
reaction (PCR) amplifications.14

Molecular Screening for Resistance Genes by Multiplex PCR
For CRKP isolates, 2 multiplex PCRs were used to detect the genes encoding for the carbapenemases (blaKPC, blaVIM, blaIMP, 
blaNDM-1, and blaOXA-48), and outer membrane porin genes (ompK35 and ompK36) using primer sets purchased from Sigma, 
Aldrich.15,16 For each amplification reaction, 50 μL final volumes were used containing 25 μL of 2X GoTaq Green Master 
Mix (Enzynomics, Korea), 1μL for each of the forward and reverse primers for all genes, 5 μL of the extracted DNA, and 
DNase free water. DNA amplifications for the carbapenemase-encoding genes were performed with the following thermal 
cycling conditions: 10 min at 94°C; 36 cycles (30 secs at 94°C, 40 secs at 52°C, and 50 secs at 72°C), with 5 min at 72°C for 
the final extension.15 Amplification conditions for the ompK35 and ompK36 included 15 min at 95°C; 40 cycles (1 min at 
94°C, 1 min at 68°C, and 1 min at 72°C), with 10 min at 72 °C for the final extension.16 DNA fragments were visualized by 
electrophoresis in a 1.5% agarose gel stained with ethidium bromide dye. A 1000 bp ladder molecular weight marker (Lonza 
Rockland, Inc., USA) was used to measure the molecular weight of amplified products.

Statistical Analysis
All data were analyzed using IBM®SPSS® Statistics program version 26.0 for Windows (SPSS Inc., Chicago, IL, USA). 
Pearson’s Chi-Square (χ2) test was employed to analyze categorical variables. The independent samples t-tests were used 
to analyze the means of two independent groups. Odds ratios (OR) with 95% confidence intervals (CI) were investigated. 
Univariate and multivariate logistic regression analyses were done to identify the risk factors associated with the 
development of CRKP and CZA resistance. P-values <0.05 (2-tailed) were considered significant.
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Results
Bacterial Isolates and Patients’ Characteristics
During the period of interest, a total of 134 non-duplicate (one isolate/patient), consecutive K. pneumoniae isolates were 
obtained from the study participants. Regarding the source, 38 (28.4%) isolates were recovered from blood samples, 34 
(25.4%) from urine, 25 (18.6%) from sputum, 24 (17.9%) from wound swabs, and 13 (9.7%) from endotracheal aspirates 
(ETA). The average age of the infected patients was 45.56 ± 14.06 years (range, 23–81 years), of which 88 patients 
(65.7%) were females, whereas 46 (34.3%) were males. The most common type of hematologic malignancy was chronic 
lymphocytic leukemia (37.8%), followed by acute myeloid leukemia (26.7%), and non-Hodgkin’s lymphoma (17.8%). 
Amongst solid organ tumors, hepatocellular carcinoma, breast cancer, and nonspecific connective tissue neoplasm were 
the most frequent (31.5%, 25.8%, and 22.5%, respectively).

Results of Antibiotic Susceptibility Testing of K. pneumoniae Isolates
Overall, K. pneumoniae isolates demonstrated the highest in vitro susceptibility to CZA (91.04%), followed by 
meropenem (69.4%) and imipenem (64.9%). On the other hand, only 3.7% and 1.5% of the test isolates were susceptible 
to ceftazidime and cefotaxime, respectively (Figure 1). Based on the results of the MHT, 47 (35.1%) K. pneumoniae 
isolates were found to be carbapenem-resistant, of which 32 (68%) and 15 (32%) isolates were recovered from patients 
admitted to the medical and surgical wards, respectively. Sample-wise distribution of these isolates showed increased 
incidence from blood (51.1%), sputum (19.2%), and urine samples (14.8%). On the other side, 8.5% and 6.4% of the 
isolates were obtained from wound swabs and ETA, respectively. Apart from CZA, antimicrobial susceptibility testing 
explored high resistance rate of CRKP strains to most of the investigated antibiotics (Table 1).

Characteristics and Risk Factors for CZA Resistance in the Study Participants
Out of 47 obtained CRKP isolates, 12 (25.5%) were CZA-resistant, while none of the carbapenem-susceptible 
K. pneumoniae (CSKP) strains exhibited resistance to CZA. Of the resistant isolates, 66.7% were recovered from 
blood, 16.7% from urine, 8.3% from ETA, and 8.3% from sputum samples. Amongst patients identified with CZA- 
resistant CRKP isolates from blood samples, 5 (62.5%) were males, while 3 (37.5%) were females, with an average age 
of 45.71 ± 11.16 years. Of these isolates, 75% were identified from patients admitted to the medical wards compared to 
25% from surgical wards. Risk factors associated with the likelihood of CZA resistance, as shown in Table 2, were 
chronic kidney disease (OR=11.33, 95% CI: 1.04–122.38; P= 0.018), mechanical ventilation (OR=24.29, 95% CI: 2.45– 
241.26; P= 0.003), longer length of hospital stay (OR=23.1, 95% CI: 3.7–144.21; P= 0.001), and ICU admission 
(OR=6.76, 95% CI: 1.59–28.72; P= 0.006). In the multivariate logistic regression analysis, longer length of hospital stay 

Figure 1 Antibiotic resistance profile of the test Klebsiella pneumoniae isolates. Out of 134 Klebsiella pneumoniae isolates, 35.07% and 30.6% demonstrated resistance to 
imipenem and meropenem, respectively. High resistance profiles were observed for most of the investigated β-lactams, including the third generation cephalosporins CTX 
(98.51%), CAZ (96.27%), and CRO (94.03%). Resistance rates to fluoroquinolones were recorded at 87.31% for CIP and 85.07% for LEV. 
Abbreviations: CTX, cefotaxime; CAZ, ceftazidime; CRO, ceftriaxone; SAM, ampicillin/sulbactam; ATM, aztreonam; TZP, piperacillin/tazobactam; CIP, ciprofloxacin; LEV, 
levofloxacin; CN, gentamicin; FEP, cefepime; SXT, sulfamethoxazole/trimethoprim; AK, amikacin; IMP, imipenem; MEM, meropenem; CZA, ceftazidime/avibactam.
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Table 1 Antimicrobial Susceptibility Profile of the Test CRKP Isolates

Antimicrobials CRKP Isolates (n= 47)

Susceptible Intermediate Resistant

Number % Number % Number %

Ceftazidime/avibactam 35 74.5 0 0.00 12 25.5

Amikacin 14 29.8 0 0.00 33 70.2

Levofloxacin 9 19.1 0 0.00 38 80.9
Cefepime 8 17.0 1 2.1 38 80.9

Gentamicin 6 12.8 1 2.1 40 85.1

Piperacillin/tazobactam 2 4.3 1 2.1 44 93.6
Ciprofloxacin 2 4.3 3 6.4 42 89.3

Ceftriaxone 1 2.1 0 0.00 46 97.9

Sulfamethoxazole/trimethoprim 1 2.1 0 0.00 46 97.9
Ceftazidime 0 0.0 0 0.00 47 100.0

Cefotaxime 0 0.0 0 0.00 47 100.0

Ampicillin/sulbactam 0 0.0 0 0.00 47 100.0
Aztreonam 0 0.0 0 0.00 47 100.0

Abbreviation: CRKP, carbapenem-resistant Klebsiella pneumoniae.

Table 2 Risk Factors and Outcome of Ceftazidime/Avibactam Resistance Amongst the Study Cohort

Risk Factors CZA-S/CRKP (n= 35) CZA-R/CRKP (n= 12) OR (95% CI) P-value

Age, years (± SD)a 45.5 ± 2.2 (24–76) 65 ± 2.32 (51–81) – 0.12
Gender

Male 20 (57.1) 9 (75.0) 2.25 (0.52–9.77) 0.27

Female 15 (42.8) 3 (25.0)
Underlying malignancy

Solid organ tumors 26 (74.29) 8 (66.67) 1.44 (0.34–5.97) 0.61

Hematologic 9 (25.71) 4 (33.33)
Comorbidity

Pulmonary disease 10 (28.57) 1 (8.33) 0.22 (0.02–2.0) 0.15

Chronic liver disease 6 (17.14) 5 (41.67) 3.45 (0.81–14.65) 0.08
Diabetes mellitus 4 (11.43) 1 (8.33) 0.71 (0.07–7.01) 0.76

Cardiac disease 1 (2.86) 0 (0.0) 1.35 (1.14–1.60) 0.55

Chronic kidney disease 1 (2.86) 3 (25.0) 11.33 (1.04–122.38) 0.018*
IUC 16 (45.71) 7 (58.33) 1.66 (0.44–6.26) 0.45

PVC 13 (37.14) 5 (41.67) 1.21 (0.31–4.60) 0.78

CVC 12 (34.29) 4 (33.33) 0.95 (0.23–3.84) 0.95
MV 1 (2.9) 5 (41.7) 24.29 (2.45–241.26) 0.003*

Surgical intervention 5 (14.29) 0 (0.0) 1.4 (1.15–1.69) 0.17

Prior carbapenem use 10 (28.57) 5 (41.67) 1.78 (0.45–6.97) 0.40
ICU admission 6 (17.14) 7 (58.33) 6.76 (1.59–28.72) 0.006*

LOS 2 (5.71) 7 (58.33) 23.1 (3.7–144.21) 0.001*
Neutropenia 21 (60.0) 8 (66.67) 1.33 (0.33–5.28) 0.68

30-day mortality 0 (0.0) 8 (66.67) 0.10 (0.04–0.26) 0.001*

Notes: Data are expressed as numbers and percentages unless otherwise indicated; aSignificance was tested using the independent samples 
t-test; *P < 0.05 (statistically significant). 
Abbreviations: CZA-S/CRKP, ceftazidime/avibactam-susceptible/carbapenem-resistant Klebsiella pneumoniae; CZA-R/CRKP, ceftazidime/avibac-
tam-resistant/carbapenem-resistant Klebsiella pneumoniae; SD, standard deviation; OR, odds ratio; CI, confidence interval; IUC, indwelling 
urinary catheter; PVC, peripheral venous catheter; CVC, central venous catheter; MV, mechanical ventilation; ICU, intensive care unit; LOS, 
length of hospital stay.
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was the only identified predictor for CZA resistance (Table 3). Importantly, no outbreaks of CZA-resistant CRKP isolates 
were detected during the study period.

Results of MICs, MIC50, and MIC90 of CZA Against CRKP Isolates
The MICs of CZA inhibiting CRKP isolates ranged from 0.25 to 128 µg/mL. The MIC50 and MIC90 values of CZA were 
1 and 64 µg/mL, respectively (Table 4). Among the CZA-sensitive isolates, the MICs ranged from 0.25 to 4 µg/mL 
compared to 16–128 µg/mL in the CZA-resistant isolates (P= 0.0001).

Table 3 Multivariate Analysis for Predictors of Ceftazidime/Avibactam Resistance Amongst the Study 
Cohort

Risk Factors CZA-S/CRKP (n= 35) CZA-R/CRKP (n= 12) OR (95% CI) P-value

Chronic kidney disease 1 (2.86) 3 (25.0) 0.24 (0.006–10.09) 0.46

MV 1 (2.9) 5 (41.7) 0.08 (0.004–1.39) 0.08

ICU admission 6 (17.14) 7 (58.33) 0.84 (0.07–10.85) 0.89
LOS 2 (5.71) 7 (58.33) 0.10 (0.01–0.86) 0.03*

Notes: Data are expressed as numbers and percentages; *P < 0.05 (statistically significant). 
Abbreviations: CZA-S/CRKP, ceftazidime/avibactam-susceptible/carbapenem-resistant Klebsiella pneumoniae; CZA-R/CRKP, ceftazidime/ 
avibactam-resistant/carbapenem-resistant Klebsiella pneumoniae; OR, odds ratio; CI, confidence interval; MV, mechanical ventilation; ICU, 
intensive care unit; LOS, length of hospital stay.

Table 4 Phenotypic and Genotypic Characterization of the Investigated CRKP Isolates (N= 47)

Strain 
no.

Source Carbapenemase 
Type

CZA Zone 
Diameter 

(mm)

MIC  
(µg/mL)

CLSI 
Criteria

ompK35 ompK36 

1. Sputum blaKPC 23 4 S P P

2. Sputum blaKPC 28 0.5 S P P

3. Blood blaKPC 25 1 S P P
4. Sputum blaKPC 23 1 S P P

5. Blood blaKPC 31 0.25 S P P

6. Blood blaKPC 22 0.5 S N N
7. Urine blaOXA-48 18 128 R N N

8. Sputum blaKPC/ blaIMP 22 0.5 S P P

9. Blood blaKPC 26 0.25 S P P
10. Urine blaOXA-48 28 1 S P P

11. Blood blaNDM-1 24 4 S P P

12. ETA blaOXA-48 25 4 S P P
13. Blood blaKPC 25 0.25 S P P

14. Blood blaKPC 28 0.25 S P P

15. Blood blaIMP 12 64 R P P
16. Blood blaNDM-1 27 0.5 S P P

17. Sputum blaOXA-48 31 0.5 S P P

18. Urine blaOXA-48 27 0.25 S P P
19. Blood blaKPC 23 1 S P P

20. Blood blaOXA-48/blaNDM-1 25 1 S P P

21. Blood blaKPC 13 128 R N N
22. Blood blaNDM-1 30 1 S P P

23. Urine blaKPC 24 2 S P P

24. Blood blaOXA-48/blaNDM-1 28 0.25 S P P
25. Blood blaOXA-48 31 0.25 S P P

26. Blood blaOXA-48/blaNDM-1 14 64 R N N

(Continued)
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Distribution of Carbapenem Resistance and Outer Membrane Porin Genes in CRKP 
Isolates
Amongst our 47 CRKP isolates, blaKPC was the most common carbapenemase-encoding gene (42.6%), followed by 
blaOXA-48 (23.4%), blaNDM-1 (10.6%), and blaIMP (2.1%). None of the test CRKP isolates harbored blaVIM. About 12.7% 
and 4.3% of the isolates coharbored blaOXA-48/blaNDM-1 and blaKPC/blaNDM-1, respectively. Also, 4.3% of the isolates 
displayed coexistence of blaKPC/blaIMP. Half (50%) of CZA-resistant CRKP strains harbored blaKPC, whereas 16.7% and 
8.3% carried blaOXA-48 and blaOXA-48/blaNDM-1, respectively. The MBL-encoding genes blaNDM-1 and blaIMP were 
identified in 16.7% and 8.3% of the CZA-resistant isolates, respectively. Regarding omp genes, both ompK35 and 
ompK36 were not observed in 10 out of the total CRKP isolates (21.3%). Out of 12 CZA-resistant CRKP strains, 7 
(58.3%) showed negative results for both porin genes, compared to 3 of the CZA-susceptible CRKP isolates (8.6%). 
Results of molecular testing are shown in Figure 2A, B and Table 4.

Discussion
In cancer patients, acquisition of CRKP infections signals an escalating threat to the health-care providers owing to the 
declining antimicrobial armamentarium. Therefore, regular detection and combating of these infectious agents are of 
utmost importance to avoid subsequent detrimental effects. In this context, we aimed to explore the in vitro activity of the 
rather new antibiotic CZA against the recovered CRKP isolates from adult patients suffering from cancer, as well as the 
molecular mechanisms driving the emergence of CZA resistance.

Table 4 (Continued). 

Strain 
no.

Source Carbapenemase 
Type

CZA Zone 
Diameter 

(mm)

MIC  
(µg/mL)

CLSI 
Criteria

ompK35 ompK36 

27. Blood blaOXA-48/blaNDM-1 27 0.5 S P P

28. W. swab blaOXA-48 33 0.25 S P P

29. Blood blaKPC 15 32 R N N
30. Blood blaKPC 11 128 R N N

31. Blood blaOXA-48 19 16 R P P

32. Urine blaKPC 26 4 S P P
33. Urine blaNDM-1 11 64 R P P

34. Urine blaKPC/blaNDM-1 22 1 S N N

35. Blood blaOXA-48/blaNDM-1 27 2 S P P
36. W. swab blaOXA-48 33 4 S P P

37. Blood blaKPC/blaIMP 25 2 S P P

38. Sputum blaNDM-1 13 64 R P P
39. Blood blaKPC 14 64 R N N

40. Blood blaKPC 11 64 R P P

41. W. swab blaOXA-48 30 0.25 S P P
42. ETA blaKPC 19 32 R N N

43. Sputum blaKPC/blaNDM-1 22 0.5 S N N

44. Sputum blaOXA-48/blaNDM-1 24 0.5 S P P
45. Sputum blaKPC 27 1 S P P

46. ETA blaKPC 25 4 S P +
47. W. swab blaOXA-48 31 2 S P P

Note: Inhibition zone diameters and MIC breakpoints of CZA were interpreted in accordance with the guidelines of the CLSI, 2020. 
Abbreviations: CRKP, carbapenem-resistant Klebsiella pneumoniae; CZA, ceftazidime/avibactam; MIC, minimum inhibitory concentra-
tion; CLSI, Clinical and Laboratory Standards Institute; W. swab, wound swab; ETA, endotracheal aspirate; KPC, Klebsiella pneumoniae 
carbapenemase; NDM, New Delhi metallo-β-lactamase; OXA-48, oxacillinase-48; IMP, imipenemase; OmpK35, outer membrane porin of 
Klebsiella pneumoniae 35; OmpK36, outer membrane porin of Klebsiella pneumoniae 36; S, susceptible; R, resistant; P, positive; N, negative.
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In the present study, phenotypic screening for carbapenemases by the MHT proved that 47 out of 134 K. pneumoniae 
isolates (35.1%) were carbapenemase-producers, consistent with the results from a prior Egyptian study,17 but lower than 
that reported from another recent Egyptian literature.18 The high pattern of carbapenem resistance amongst our isolates 
could be ascribed to the selective pressure stemming from inappropriate empiric use of carbapenems in our health-care 
facility, merged with lack of regular molecular characterization of bacterial isolates. Disappointingly, our recovered 
CRKP isolates showed dramatically increased resistance threshold to the other commonly used antibiotics including β- 
lactams, trimethoprim/sulfamethoxazole, aminoglycosides, and fluoroquinolones (Table 1). This highlights the impor-
tance of continued vigilance and combating of the rising resistant strains to avoid additional propagation.

The antimicrobial susceptibility testing confirmed that 8.96% of K. pneumoniae (Figure 1) and 25.5% of the CRKP 
isolates (Table 1) investigated in this study were resistant to CZA. This result suggests a striking rise in CZA resistance 
when the strains are carbapenem-resistant, compatible with a previous study.19 Our relatively high rate is alarming, since 
the obtained isolates were collected from patients without prior exposure to CZA-based treatment regimens. In agreement 
with our finding, a recent literature indicated 21% resistance of CRKP to CZA,20 while other researchers described 8.2% 

Figure 2 (A and B) Gel electrophoresis of multiplex polymerase chain reaction (PCR) amplified products for carbapenemase-encoding and outer membrane porin genes 
amongst ceftazidime/avibactam-resistant isolates. (A) blaNDM−1 (82 bp), blaIMP (120 bp), blaOXA-48 (177 bp), and blaKPC (798 bp). Lane M: DNA Ladder (1000 bp); Lane 1: 
positive result for both blaOXA-48 and blaNDM−1; Lanes 2–4: positive result for blaNDM-1; Lanes 5–10: positive result for blaKPC; Lane 8: positive result for both blaKPC and 
blaNDM−1; Lane 11: positive result for both blaKPC and blaIMP; and Lane 12: negative control. (B) ompK35 (778 bp), and ompK36 (588 bp). Lane M: DNA Ladder (1000 bp); 
Lanes 1, 2, 3, 5, and 7: negative result for both ompK35 and ompK36; Lanes 4 and 6: positive result for both ompK35, and ompK36; Lane 8: negative control for both ompK35 
and ompK36; Lane 9: Klebsiella pneumoniae (ATCC 13883) positive control that harbors both ompK35, and ompK36.
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resistance from a Chinese tertiary hospital.21 Moreover, results from a retrospective observational Spanish study reported 
resistance following CZA treatment in 6 out of 47 (12.7%) patients.22 Heterogeneity across diverse studies could be 
justified by variations in the study design, geographic region, sample size, as well as study cohort.

It is worth-mentioning that CZA-resistant strains have been developed at low rates prior to the clinical application of 
this antibiotic in 2015. This should be taken into account, since the indiscriminate use of CZA in health-care settings 
may favor the spread of strains with baseline resistance to CZA and the advent of further resistance.23 Notably, the 
overall studies about the susceptibility profile to CZA from cancer patients are rare; however, per a previous multicenter 
study involving 31 patients with hematologic malignancies, patients who received CZA therapy had a significantly 
higher remission rate after 14 days of antibiotic treatment compared to patients who received other antibiotic 
regimens.24 In addition, an elsewhere study involving a cohort of three patients with leukemia concluded that the use 
of CZA could improve the prognosis of patients infected with multidrug-resistant bacteria, including KPC- 
K. pneumoniae.25

At present, only a handful of studies have depicted the risk factors for acquisition of CZA-resistant CRKP infections. 
In our work, no significant differences were observed between patients infected with CZA-susceptible CRKP versus 
those infected with CZA-resistant strains in terms of the associated comorbidity except for chronic kidney disease, where 
renal patients were 11.33 times more likely to develop infection with CZA-resistant strains (Table 2). A recent study 
identified renal replacement therapy as an independent predictor for the incidence of CZA-resistant CRKP infections.26 

These findings reflect the urgent need for CZA dosage adjustment in case of renal insufficiency to reach optimum 
microbiological and clinical response. In contrast to our results, an earlier study by Shields et al denoted that pneumonia 
was an independent factor for CZA resistance amongst a panel of carbapenem-resistant Enterobacteriaceae; however, the 
contributing mechanism was not entirely understood.27

In the current study, exposure to invasive procedures was another risk factor for CZA resistance, with patients 
submitted to mechanical ventilation were 24.29 times more likely to develop resistance (Table 2). A recently published, 
retrospective, observational study revealed that undergoing mechanical ventilation was significantly associated with 
clinical failure to CZA.28 Likewise, a univariate analysis by Liu and his colleagues demonstrated that mechanically 
ventilated patients were more probable to develop infections with CZA-resistant CRKP strains.26 No doubt that patient’s 
intubation interferes with the natural defense mechanisms, causing opportunistic bacteria to adhere to the inner wall of 
the endotracheal tube, where they initiate a biofilm formation that acts as an armor from the host’s immunity as well as 
antibiotic effect.29

Amongst our cohort, admission to the ICU was correlated with the occurrence of CZA-resistant strains (OR=6.76, 
95% CI: 1.59–28.72; P=0.006). Cancer patients in ICUs are critically ill and vulnerable to different healthcare-associated 
infections. As a consequence, the irrational consumption of wide-spectrum antibiotics leads to a growing surge in the 
incidence of antibiotic-resistant bugs.30 Outstandingly, patients infected with CZA-resistant strains in our study showed 
a higher 30-day mortality rate in comparison to those infected with susceptible isolates (Table 2). However, we could not 
trace this difference only to the in vitro CZA resistance without testing other confounders, as in vivo models, that may be 
associated with this observation. In our multivariate regression analysis, the only factor independently associated with 
CZA resistance was longer length of hospital stay (OR=0.10, 95% CI: 0.01–0.86; P=0.03), possibly due to repeated 
invasive manipulations and/or antibiotic regimens (Table 3).

Several resistance mechanisms to CZA have been proposed, thus far, including mutations within the blaKPC 

associated with lost or reduced function of KPC enzyme, hyperexpression of blaKPC, and modifications in the 
OMPs.31 In an attempt to uncover the underlying molecular mechanisms of resistance to CZA, all of the collected 
CRKP isolates were further subjected to multiplex PCRs (Figure 2 and Table 4). Our investigations demonstrated that 
blaKPC was the most predominant genotype identified in 42.6% of the CRKP isolates, while none of the examined 
isolates harbored blaVIM. Our finding corroborates a previous study conducted at our institution, where blaKPC was the 
most prevalent variant.32 In contrast, another Egyptian study reported blaKPC in 26.8% of the CRKP isolates, meanwhile 
blaNDM was the most frequent genotype.33

Data from other countries also showed considerable involvement of blaKPC in carbapenem resistance in 
K. pneumoniae.34 Since the first detection of KPCs in the USA in 1996, they spread globally and turned to be the 
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most common carbapenemases in various countries.35 Despite the preponderance of OXA-48 and NDM type enzymes in 
Saudi Arabia, a recent report indicated the emergence of the first KPC-producing K. pneumoniae isolate in Riyadh, from 
a urine sample, which demands rigorous interventions to prevent further dissemination.36 It is notable that blaKPC was 
a major mechanism of resistance amongst our CZA-resistant CRKP isolates (50%), possibly due to the high rate of this 
gene in the overall CRKP isolates. In favor of our result, an Italian study attributed the emergence of CZA resistance to 
blaKPC expression in 57.1% of the analyzed K. pneumoniae isolates.37 In addition, Liao and others reported the 
development of CZA resistance in a CRKP clinical isolate secondary to blaKPC-78; a new blaKPC-2 variant induced by 
point mutation following CZA therapy.38

Although blaKPC was the leading carbapenemase-encoding gene, we also observed blaOXA-48 in 23.4% of our 
CRKP isolates, with 16.7% of CZA resistance was associated with the presence of this gene. Unfortunately, within 
a few years of being recognized in a Turkish patient, data involving dissemination of blaOXA-48 into Europe, the 
Mediterranean, and the Middle East have been published.39 Out of 12 CZA-resistant CRKP isolates in our study, 8.3% 
coharbored blaOXA-48/blaNDM-1. An analogous Indian study observed 51% susceptibility to CZA amongst CRKP 
isolates, with 52% and 27% of K. pneumoniae strains produced OXA-48 like and NDM/OXA-48 like carbapenemases, 
respectively.40 In the present work, the MBL-encoding genes blaNDM-1 and blaIMP were identified in 16.7% and 8.3% 
of CZA-resistant strains, respectively, lower than that reported formerly.41 Importantly, CZA retained activity against 
most of our OXA-48- and KPC-producing isolates (81.8% and 70%, respectively) as shown in Table 4. Also, 60% 
activity was identified against NDM-1 carbapenemase, which contradicts literature describing poor activity of CZA 
against MBL-producing organisms.42 This discrepancy could be allocated to other undetermined mechanisms that 
need future validation.

The OmpK35 and OmpK36 facilitate the diffusion of avibactam throughout the outer membrane of K. pneumoniae.20 

In our study, 7 out of 12 CZA-resistant isolates (58.3%) yielded negative multiplex PCR results for ompK35 and 
ompK36. Intriguingly, we also observed absence of both genes in 3 of the susceptible strains (8.6%) as per Table 4. 
Existing literature suggests that alteration of OmpK35 and OmpK36 porins is not an initial pathway for development of 
CZA resistance; however, loss of porins associated with enhanced blaKPC expression are possible underlying mechan-
isms for CZA-resistant phenotypes, which endorses our results.43 Similar conclusions were also drawn by earlier 
authors.44

What is more, the present work proved that the mean MICs of CZA in ompK35- and ompK36-negative isolates were 
significantly higher compared to positive strains (P= 0.0001 for each gene). In keeping with our findings, a comparable 
study observed elevated MICs of CZA amongst a panel of carbapenem-resistant Enterobacterales secondary to Ompk36 
L3 alterations and production of β-lactamases.45 Also, a former study by Shen and his colleagues reported that mending 
of OmpK35 resulted into more reduction of the MIC of ceftazidime as opposed to OmpK36, but without a considerable 
decrease in the MIC of avibactam.46

Our study has some limitations to be addressed. First, we excluded children from our cohort, therefore future studies 
including pediatric patients should be planned. Second, detailed molecular analyses of porin genes in relation to point 
mutations, deletions, and insertions, and phenotypic analysis of porin loss, were not done, which highlights the need for 
further complementing studies.

Conclusion
Our study illustrated that CZA has an excellent in vitro activity against CRKP isolates from cancer patients. Despite CZA 
drug has not been introduced into our institution for in vivo usage until now, considerable rate of resistant mutants 
expressing multiple virulence genes have been emerged. This troublesome finding emphasizes the urgent need to cautious 
implementation of stringent infection control measures to preclude additional recirculation of mutant strains in the 
hospital environment. Moreover, our results underscore the importance of molecular characterization of resistant strains 
to prevent clonal expansion and propagation that could jeopardize current/or future antibiotics.

Data Sharing Statement
The data used to support the findings of this study are available from the corresponding author upon request.
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