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Purpose: We aimed to evaluate the in vitro antibacterial effects of combination of cefepime/avibactam against carbapenem-resistant 
Klebsiella pneumonia (CRKP) and explore the resistance mechanism of FEP/AVI.
Patients and Methods: This study explored the in vitro antibacterial activities of ceftazidime/avibactam (CAZ/AVI) and cefepime/ 
avibactam (FEP/AVI) against 40 and 76 CRKP clinical isolates. Proteomics and metabolomics were employed to investigate the 
resistance mechanisms of CRKP to FEP/AVI.
Results: FEP/AVI (MIC50/MIC90 0.5/4-64/4 μg/mL, resistance rate 17.1%) showed better antibacterial activity against CRKP than 
CAZ/AVI (MIC50/MIC90 4/4-128/4 μg/mL, resistance rate 20%) in vitro. Bioinformatics analysis showed that the differentially 
expressed proteins (DEPs) were enriched in alanine, aspartate and glutamate metabolism, and ribosome. Remarkably, transcriptional 
and translational activity-related pathways were inhibited in FEP/AVI resistant CRKP. Overlap analysis suggested that H-NS might 
play an important role in resistance to FEP/AVI in CRKP. The mRNA levels of DEPs-related genes (adhE, gltB, purA, ftsI and hns) 
showed the same trends as DEPs in FEP/AVI susceptible and resistant strains. FEP/AVI resistant isolates demonstrated stronger 
biofilm formation capacity than susceptible isolates. Metabolomics results showed that disturbed metabolites were mainly lipids, and 
adenine was decreased in FEP/AVI resistant CRKP.
Conclusion: These results indicated that H-NS, GltB and SpoT may directly or indirectly promote biofilm formation of CRKP and 
led to FEP/AVI resistance, but inhibited ribosomal function. Our study provides a mechanistic insight into the acquisition of resistance 
to FEP/AVI in Klebsiella pneumoniae.
Keywords: carbapenem-resistantKlebsiella pneumoniae, bacterial resistance, proteomics, metabolomics, cefepime/avibactam, 
ribosome

Introduction
Infectious diseases caused by CRKP pose a major health concern due to limited therapy and high mortality.1,2 CRKP has 
been included in the priority list by the World Health Organization, urgently requiring new drugs for treatment and to 
prevent its dissemination.3 Carriage of multiple resistance genes, including β-lactamases, renders common antibiotics 
ineffective against CRKP, while old drugs polymyxin and tigecycline available for this infection are restricted due to 
their safety profile.4,5

β-lactams (including cephalosporins) are the first-line treatment for bacterial infections,6 targeting penicillin-binding 
proteins (PBP) to halt the cross-linking of peptidoglycan on the cell wall, resulting in cell wall thinning, bacterial 
swelling, and eventual bacterial death.6,7 Hydrolysis of cephalosporins β-lactam ring by β-lactamase leads to drug 
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inactivation and mediates resistance.8,9 A retrospective cohort study in patients with ESBL-producing E. coli and 
K. pneumoniae infection shows that the 30-day mortality is still 25.42%, even if they received carbapenems.10 Thus, 
development of β-lactamase inhibitors and their combination with β-lactam is one strategy to address this crisis. 
Avibactam, a diazabicyclooctanes that binds covalently and reversibly to β-lactamases,8 has been shown to inhibit 
Ambler class A (CTX-M and KPC), class C (AmpC) and class D (OXA-48) β-lactamases activity in vitro, restores the 
antibacterial activity of β-lactams.11–13 Combination of the third-generation cephalosporins ceftazidime and avibactam, 
an important option for the treatment of severe CRKP infections,14 was approved by the US Food and Drug 
Administration (FDA) in 2015 for the treatment of adults with intra-abdominal infection, urinary tract infection and 
hospital-acquired bacterial pneumonia.15 Compared with best available therapy, CAZ-AVI treatment was associated with 
a greater clinical success in CRKP bacteremia.16 However, within a short time when CAZ/AVI was introduced into 
clinic, some cases of CRKP resistance were reported.17,18

The fourth-generation cephalosporin cefepime is a broad-spectrum antibiotic frequently used in clinical practice but is 
easily degraded by many existing β-lactamases.15 Previous studies have found that cefepime in combination with 
polymyxin B demonstrated bactericidal activity in 24 out of 37 isolates.19 And FEP/AVI exhibited potency against 
CTX-M-15 producing Escherichia coli (E. coli) and Klebsiella pneumoniae (K. pneumoniae),7,20 but the antibacterial 
activity and resistance mechanism of this combination has not been extensively studied. Therefore, this study compared 
the antibacterial effects of CAZ/AVI and FEP/AVI against CRKP, and explored the resistance mechanism of FEP/AVI 
through proteomics and metabolomics studies.

Materials and Methods
Bacterial Isolates
A total of 76 non-repetitive CRKP isolates were selected from 2016 to 2022 in The Second Xiangya Hospital of Central 
South University (Changsha, Hunan, China) Table S1. All of the strains were part of the routine hospital laboratory 
procedure and identified by MALDI-TOF MS (Bruker Daltonik, Bremen, Germany).

Antimicrobial Susceptibility Testing
Bacterial antibiotic susceptibility was determined by Phoenix 100 system (Becton Dickinson, Franklin Lakes, USA) 
Tables S2 and S3. Cefepime, ceftazidime and avibactam were purchased from Meilunbio (Dalian, China). MICs of 
ceftazidime alone, CAZ/AVI (4 μg/mL), cefepime alone and FEP/AVI (4 μg/mL) were tested by broth microdilution 
method. The experiments were performed using Mueller Hinton (MH) broth (Rishi Biotech, Qingdao, China). The 
breakpoints of CAZ/AVI and FEP/AVI for CRKP isolates were taken from those for CAZ (resistance MIC ≥ 16 μg/mL) 
or FEP (resistance MIC ≥ 16 μg/mL) alone (according to CLSI guidance).21 ATCC 700603 Klebsiella pneumoniae was 
used as a quality control reference strains for antimicrobial susceptibility testing.22

Protein Extraction, Digestion and Tandem Mass Tag (TMT) Labeling
Strains were passaged after growing on Columbia blood agar plates for 18–24 hours at 37°C and grown under the same 
conditions. Three individual colonies of each isolate were randomly picked from the agar plates to prepare for 
proteomics. Bacterial cells were washed three times with PBS and immediately frozen with liquid nitrogen.

Samples were sonicated three times in lysis buffer (8 M urea, 1% Protease Inhibitor Cocktail) on ice. The supernatant 
was collected by centrifugation at 12,000×g for 10 min at 4°C (to remove the cell debris). The protein concentration was 
determined with BCA kit (Beyotime, Nanjing, China).

For digestion, the protein solution was reduced with 5 mM dithiothreitol for 30 min at 56 °C, and alkylated with 11 
mM iodoacetamide in the dark at room temperature for 15 min. Then 100 mM TEAB was added to dilute the urea 
concentration in the protein sample to less than 2 M. Finally, samples were firstly digested (1:50 trypsin-to-protein mass 
ratio) overnight and incubated for a second 4h digestion (1:100 trypsin-to-protein mass ratio).
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Following digestion, peptide was desalted using Strata X C18 SPE column (Phenomenex, USA) and vacuum-dried. 
Peptide was reconstituted in 0.5 M TEAB and processed according to the manufacturer’s protocol for TMT kit (Thermo 
Fisher Scientific, Waltham, USA).

HPLC Fractionation and LC-MS/MS Analysis
The tryptic peptides were separated into fractions using high pH reverse-phase HPLC with Agilent 300Extend C18 
column (5 μm particles, 4.6 mm ID, 250 mm length). Briefly, peptides were first separated with a gradient of 8% to 32% 
acetonitrile (pH 9.0) over 60 min into 60 fractions. Then, the peptide was combined into 18 fractions and dried by 
vacuum centrifuging.

After dissolved in solvent A (0.1% formic acid), the peptides were loaded onto a home-made reversed-phase 
analytical column (15-cm length, 75 μm i.d.). At a constant flow rate of 400 nL/min, solvent B (0.1% formic acid in 
98% acetonitrile) increased from 6% to 23% over 26 min, from 23% to 35% in 8 min, increased to 80% in 3 min, and 
then maintained at 80% for the last 3 min on an EASY-nLC 1000 UPLC system (Thermo).

The peptides were analyzed by tandem mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo) with the UPLC 
after subjected to nanospray ion (NSI) source. Orbitrap with a resolution of 70,000 was used to detect intact peptides. 
Peptides were then selected for MS/MS using the NCE setting of 28 and fragments were detected at a 17,500 resolution 
in the Orbitrap. For data-independent acquisition, each MS scan was followed by 20 MS/MS scans with 15.0s dynamic 
exclusion time. Automatic gain control (AGC) was set at 5E4. The fixed first mass was set as 100 m/z.

LC-MS/MS Metabolomic Analysis
Bacterial culture was adjusted to an optical density at 600 nm (OD600) of 0.50±0.02 with normal saline to ensure the 
amount of cell is 1×108 CFU/mL. 100 μL bacteria solution was diluted 10 times to obtain 1×107 cells. Six biological 
replicates of each strain were prepared. One-milliliter diluted culture was centrifuged at 1000×g and 4 °C for 10 min to 
collect the cells. After removing the supernatant, bacteria were rapidly quenched in liquid nitrogen for 30s to stop the 
metabolic process. Bacteria were thawed on ice, washed twice with 4°C pre-cooled PBS, then centrifuged at 1000×g for 
4 min at 4 °C to remove PBS. Samples were stored at −80 °C before testing.

The cellular metabolites were extracted by addition of 600 μL extract solution (acetonitrile: methanol: water = 2:2:1, with 
isotopically labelled internal standard mixture) three times and a subsequent 30s vortex. Whereafter, samples were ground at 
35 Hz for 4 min and sonicated for 5 min (ice water bath). The homogenization and sonication were repeated 3 times. After 
standing at −40°C for 1h, the samples were centrifuged at 4 °C, 12,000 rpm for 15 min. The supernatant obtained was used 
for analysis. An equal volume of supernatant from each sample was mixed as the quality control (QC) sample.

Metabolomics analysis was performed using an ultra high-performance liquid chromatography (UHPLC) system 
(ThermoFisher Scientific, Waltham, USA) with a UPLC BEH Amide column (2.1 mm×100 mm, 1.7 μm, Waters, Milford 
Massachusetts, USA) coupled to Q Exactive HFX mass spectrometer (ThermoFisher Scientific, Waltham, USA) in both 
positive and negative ion modes.

The metabolites were separated by mobile phase A (25 mmol/L ammonium acetate and 25 mmol/L ammonia 
hydroxide in water, pH = 9.75) and mobile phase B (acetonitrile) at a flow rate of 0.5 mL/min at 25°C. Gradient elution 
condition was as follows: 0~0.5 min, 95%B; 0.5~7.0 min, 95%~65% B; 7.0~8.0 min, 65%~40% B; 8.0~9.0 min, 40% B; 
9.0~9.1 min, 40%~95% B; 9.1~12.0 min, 95% B. The auto-sampler temperature and column temperature were 4°C and 
25°C, respectively. The injection volume was 2 μL. The MS/MS spectra were acquired through QE HFX mass spectro-
meter (ThermoFisher Scientific, Waltham, USA) combined with software Xcalibur (Thermo). The ESI source conditions 
were set as follows: sheath gas flow rate, 50 Arb, Aux gas flow rate, 10 Arb, capillary temperature as 320°C, MS/MS 
resolution as 7500, full MS resolution as 60,000, collision energy was 10/30/60 in NCE mode. The spraying voltage was 
3.5 kV (positive) or −3.2 kV (negative), respectively.

Data Preprocessing and Bioinformatic Analysis
LC-MS/MS data processing and bioinformatics analysis were performed as described in our previous study.23 The 
P-value (Student’s t-test) and the variable importance in the projection (VIP) of the first principal component in 
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orthogonal projection latent structure discrimination analysis (OPLS-DA) analysis was used as a threshold to filter 
differential metabolites.

Reverse Transcription Quantitative PCR (RT-qPCR)
Total RNA was extracted with RNAprep pure Bacteria Kit (Tian Gen Biotech, Beijing, China). cDNA was obtained by reverse 
transcription with the PrimeScript RT reagent kit (Takara Bio, Shiga, Japan). A total of 5 DEPs (hns, adhE, ftsI, putA and gltB) 
were verified by SYBR qPCR Mix Kit (Sangon Biotech, Shanghai, China) according to the manufacturer’s protocol and 
analyzed with 2−ΔΔCt method. 16S rRNA was used as internal control. The primer sequences are given in Table S4.

Biofilm Formation Assay
Biofilm production was determined by crystal violet staining method. Bacterial culture was adjusted into suspension (0.5 
McFarland) with sterile saline and then diluted 1:100 (1×106 CFU/mL) in Luria-Bertani (LB) broth (Sangon Biotech, 
Shanghai, China). For each strain, 200 μL of bacterial suspension was transferred to four wells of 96-well polystyrene 
plates. Each well was gently washed three times with sterile saline after static incubation at 37 °C for 24 h. Biofilms were 
stained for 15 min with 200 µL of 0.1% (wt/vol) crystal violet added to the desiccated wells. Then the wells were washed 
with sterile normal saline three times. After decolorization with 95% ethanol (v/v) for 20min, the absorbance at 595 nm 
was detected by Thermo Multiskan GO (ThermoFisher Scientific, Waltham, USA). The experiment was carried out in 
triple. The NTUH-K2044 strain, which exhibited strong biofilm formation, served as the positive control.24

Statistical Analysis
Statistical analysis was performed using Graph Pad Prism 7.0 software. Mann–Whitney U-test was used for RT-qPCR 
data, and the biofilm formation ability was analyzed by unpaired, two-tailed Student’s t-test. All data was displayed as 
mean±SD. P < 0.05 was considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001).

Results
Antimicrobial Activity of CAZ/AVI and FEP/AVI Against CRKP Isolates
In vitro activity of FEP combined with AVI at 4 μg/mL against 76 CRKP clinical isolates was determined. The 
antibacterial effect of CAZ/AVI on 40 CRKP strains was further confirmed (Table 1). The MIC values of FEP against 
the other 36 strains were also tested (Table 2). Combining 4 μg/mL AVI greatly increased the sensitivity of CRKP to FEP, 
reducing the MIC value by 2 to >512-fold. For the 40 CRKP isolates in which both CAZ/AVI and FEP/AVI susceptibility 
were determined, all FEP/AVI resistant strains were resistant to CAZ/AVI. Overall, MIC50/MIC90 of FEP/AVI (MIC50 

0.5/4 μg/mL and MIC90 64/4 μg/mL) against CRKP were lower than that of CAZ/AVI (MIC50 4/4 μg/mL and MIC90 

Table 1 MICs of FEP/AVI and CAZ/AVI to 40 CRKP Isolates

Antibiotic Strain 
Number

MIC  
(μg/mL)

Strain 
Number

MIC  
(μg/mL)

Strain 
Number

MIC  
(μg/mL)

Strain 
Number

MIC  
(μg/mL)

CAZ/AVI 1601 1/4 1701 2/4 1801 8/4 1901 256/4
FEP/AVI 1601 0.5/4 1701 0.5/4 1801 8/4 1901 64/4
CAZ/AVI 1602 32/4 1702 256/4 1802 8/4 1902 8/4

FEP/AVI 1602 32/4 1702 32/4 1802 0.25/4 1902 2/4
CAZ/AVI 1603 4/4 1703 8/4 1803 8/4 1903 4/4

FEP/AVI 1603 4/4 1703 4/4 1803 0.5/4 1903 2/4

CAZ/AVI 1604 1/4 1704 1/4 1804 8/4 1904 2/4
FEP/AVI 1604 0.5/4 1704 4/4 1804 0.5/4 1904 1/4

CAZ/AVI 1605 128/4 1705 32/4 1805 2/4 1905 2/4

FEP/AVI 1605 64/4 1705 4/4 1805 8/4 1905 0.5/4
CAZ/AVI 1606 4/4 1706 2/4 1806 2/4 1906 2/4

(Continued)
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128/4 μg/mL), with 13/76 (17.1%) and 8/40 (20%) isolates being resistant (Table 3). The cumulative inhibition curve of 
FEP/AVI against CRKP strains shifted to the left compared with that of CAZ/AVI (Figure 1). These results suggested that 
the combination of FEP/AVI is more effective than CAZ/AVI.

Global Proteome Difference Between FEP/AVI Resistant and Susceptible 
K. pneumoniae
Proteomics and metabolomics were performed on a FEP/AVI resistant CRKP (indicated as CRKP in the omics 
results), a FEP/AVI susceptible CRKP isolate (indicated as KPWT) and a K. pneumoniae clinical isolate (SKP) 

Table 2 MIC of FEP Alone and Combined with 4 μg/mL AVI Against 36 CRKP 
Isolates

Strain  
Number

MIC (μg/mL) Strain  
Number

MIC (μg/mL)

FEP FEP/AVI FEP FEP/AVI

CRKP1 >256 ≤0.5/4 CRKP19 >256 ≤0.5/4

CRKP2 >256 ≤0.5/4 CRKP20 >256 1/4
CRKP3 >256 1/4 CRKP21 >256 ≤0.5/4

CRKP4 >256 ≤0.5/4 CRKP22 >256 ≤0.5/4

CRKP5 >256 ≤0.5/4 CRKP23 >256 ≤0.5/4
CRKP6 >256 ≤0.5/4 CRKP24 >256 128/4
CRKP7 >256 >256/4 CRKP25 >256 16/4
CRKP8 >256 ≤0.5/4 CRKP26 >256 ≤0.5/4
CRKP9 >256 ≤0.5/4 CRKP27 >256 8/4

CRKP0 >256 ≤0.5/4 CRKP28 >256 256/4
CRKP11 >256 >256/4 CRKP29 >256 ≤0.5/4
CRKP12 >256 ≤0.5/4 CRKP30 >256 ≤0.5/4

CRKP13 >256 ≤0.5/4 CRKP31 >256 ≤0.5/4

CRKP14 256 128/4 CRKP32 >256 ≤0.5/4
CRKP15 >256 ≤0.5/4 CRKP33 >256 ≤0.5/4

CRKP16 >256 ≤0.5/4 CRKP34 >256 ≤0.5/4

CRKP17 >256 ≤0.5/4 CRKP35 >256 ≤0.5/4
CRKP18 >256 >256/4 CRKP36 >256 ≤0.5/4

ATCC700603 ≤0.5 ≤0.5/4

Note: Resistance is emphasized in bold.

Table 1 (Continued). 

Antibiotic Strain 
Number

MIC  
(μg/mL)

Strain 
Number

MIC  
(μg/mL)

Strain 
Number

MIC  
(μg/mL)

Strain 
Number

MIC  
(μg/mL)

FEP/AVI 1606 4/4 1706 2/4 1806 0.25/4 1906 1/4
CAZ/AVI 1607 8/4 1707 4/4 1807 4/4 1907 8/4

FEP/AVI 1607 4/4 1707 1/4 1807 1/4 1907 8/4

CAZ/AVI 1608 4/4 1708 512/4 1808 2/4 1908 4/4
FEP/AVI 1608 4/4 1708 64/4 1808 1/4 1908 0.5/4

CAZ/AVI 1609 256/4 1709 16/4 1809 4/4 1909 2/4

FEP/AVI 1609 64/4 1709 0.5/4 1809 1/4 1909 0.5/4
CAZ/AVI 1610 4/4 1710 2/0.5 1810 8/4 1910 4/4

FEP/AVI 1610 2/4 1710 0.25/4 1810 1/4 1910 0.25/4

CAZ/AVI ATCC700603 ≤0.5/4
FEP/AVI ATCC700603 ≤0.5/4

Note: Resistance is emphasized in bold.
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susceptible to commonly used antibiotics (β-lactams, aminoglycosides, quinolones, chloramphenicol and tetracy-
cline). The protein with fold change (FC) >1.3 or <0.77 and P-value <0.05 (Student’s t-test) of each compared 
group was defined as DEP. The omics data was analyzed by three comparisons, CRKP vs KPWT (Figure 2A), 
CRKP vs SKP (Figure 2B) and KPWT vs SKP (Figure 2C). Detailed proteomic results are presented in Dataset S1. 
A total of 435 DEPs were identified in CRKP vs KPWT group, of which 215 were up-regulated and 220 were 
down-regulated in CRKP (Figure 2D). Among these DEPs, the highest up-regulated proteins were dipeptidase 
D and abortive phage infection protein, which were up-regulated by 24.457-fold and 19.495-fold in CRKP, 
respectively; the most significant down-regulated protein was putative glycosyltransferase, which were down- 
regulated 0.038-fold.

Functional Enrichment of DEPs Between CRKP and KPWT
Based on GO enrichment analysis, the DEPs were mainly concentrated in oligosaccharide transport and ribonucleopro-
tein complex assembly in “biological process” category (Figure 3A); in “cellular component” category, the DEPs were 
mainly enriched in ribonucleoprotein complex, intracellular ribonucleoprotein complex and ribosome (Figure 3B); in 
“molecular function” category, the DEPs were mainly related to structural constituent of ribosome (Figure 3C). The 
affected protein domain was principally aminoglycoside phosphotransferase (Figure 3D). These results suggested that 
acquisition of FEP/AVI resistance in K. pneumoniae caused significant changes in ribosomal composition, structure and 
function.

Furthermore, KEGG enrichment analysis was conducted to reveal the pivotal regulatory pathways associated with 
FEP/AVI resistance. Among the significantly enriched pathways, ribosomes (S3, S4, S7, S9, S11, S14, S16, S19, S20, 
S21, L2, L19, L23, L24, L28, L30, L31, L32 and L34) and RNA degradation were largely inhibited in CRKP, while 
alanine, aspartate and glutamate metabolism (including adenylosuccinate synthetase PurA, glutamate dehydrogenase, 
glutamate synthase GltB, aspartate carbamoyltransferase PyrB, bifunctional protein PutA etc.) and glycerolipid metabo-
lism were partially activated (Figure 3E). Three of the 8 enriched pathways contribute to lipid metabolism and carbon 
metabolism, including galactose metabolism and fatty acid degradation (including aldehyde-alcohol dehydrogenase 
AdhE etc.). Moreover, PBP3 (encoded by ftsI gene, FC = 0.72) and (p)ppGpp synthetase SpoT (FC = 0.768) abundance 

Table 3 In vitro Potency of CAZ/AVI and FEP/AVI Against CRKP Clinical Isolates

Antibiotics MIC Range (μg/mL) MIC50 (μg/mL) MIC90 (μg/mL) Resistance Rate

CAZ/AVI 1/4 to 512/4 4/4 128/4 20% (8/40)
FEP/AVI ≤0.5/4 to >256/4 0.5/4 64/4 17.1% (13/76)

Figure 1 Cumulative inhibition curves of CAZ/AVI and FEP/AVI against CRKP strains.
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was decreased, and porin LamB (FC = 1.76) was up-regulated in CRKP. Remarkably, all 19 ribosomal proteins had 
decreased abundance in CRKP (Figure 4), indicating that ribosome function and transcriptional activity were remodeled 
in K. pneumoniae to cope with FEP/AVI stress.

All the DEPs were analyzed based on the Retrieval of Interaction Gene/Proteins (STRING) database for protein– 
protein interaction (PPI) network analysis (Figure 3F).

Co-Expressed DEPs Associated with FEP/AVI Resistance Were Screened and the 
Expression of Key Genes Was Verified
Due to the different patient sources of CRKP and KPWT strains used in proteomics studies, DEPs were further screened 
to obtain the proteins closely related to FEP/AVI resistance. We kept the co-expressed DEPs in CRKP vs KPWT group 
and CRKP vs SKP group, deleting the DEPs included in the KPWT vs SKP group (Figure 5A). A total of 131 DEPs were 
retained through the above overlap analysis (Dataset S1), among which 88 were upregulated and 43 were downregulated 

Figure 2 Volcano plots of DEPs between CRKP vs KPWT (A), CRKP vs SKP (B) and KPWT vs SKP (C). Red dots and blue dots represent up-regulated and down-regulated 
DEPs, respectively. The gray dots denote non-differentially expressed proteins. The x-axis represents the FC of DEPs, and the y-axis represents their statistical difference 
between groups. (D) The number of up-regulated and down-regulated DEPs in the three comparisons.
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in CRKP (compared with KPWT). All the co-expressed DEPs had the same expression trend in both CRKP vs KPWT 
and CRKP vs SKP comparisons. These DEPs were mainly enriched in fatty acid degradation (including AdhE etc.), 
tyrosine metabolism, and alanine, aspartate and glutamate metabolism (GltB, PyrB and so on) (Figure 5B). Further 
narrowing the DEPs by FC > 10 or < 0.1, a total of 15 up-regulated and 1 down-regulated proteins were obtained 
(Table 4). AdhE and the histone-like nucleoid-structuring protein H-NS displayed the highest FC in CRKP. Transcription 
levels of hns, adhE, ftsI, putA and gltB (Figure 5C–G) in FEP/AVI resistant CRKP isolates (CRKP group) were 
consistent with their proteomic changes, compared with FEP/AVI susceptible CRKP isolates (KPWT group). Since it 
was previously reported that hns participated in regulating biofilm formation, biofilm formation ability was also 
examined. Results showed that biofilm formation ability of strains in CRKP group was significantly stronger than that 
of the KPWT group (P<0.0001) (Figure 5H).

Lipid Changes Occurred in FEP/AVI Resistant K. pneumoniae
To elucidate the metabolites relevant to FEP/AVI resistance in K. pneumoniae, metabolomics analysis was conducted on the 
three strains involved in proteomics study. The principal component analysis (PCA) score plot indicated that biological 
replicates of each sample were almost within the confidence interval, and differences of metabolites among CRKP, KPWT and 
SKP could be distinguished (Figure 6A–C). Furthermore, OPLS-DA model was established to obtain more reliable informa-
tion on the difference of metabolites between groups. The permutation test for OPLS-DA model showed that the model has 
good predictability and predictability for the variable (Figure 6D–F). In addition, the VIP of the OPLS-DA was considered as 

Figure 3 Enrichment analysis of the DEPs. GO enrichment of (A) biological process, (B) cellular component and (C) molecular function. (D) Protein domain enrichment. 
(E) Enriched KEGG pathways. (F) PPI network. Increased and decreased DEPs are displayed in Orange and blue, respectively. Node size represents FC of proteins.
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a criterion of differentially expressed metabolites. In this study, only metabolites with VIP > 1 and P < 0.05 (Student’s t-test) 
were defined as differential metabolites.

Results of three comparison groups are shown in Figure 7G–I and Dataset S2. Since overlap analysis only retained 
a few differential metabolites, this study only explores the differential metabolites found in CRKP vs KPWT comparison. 
A total of 26 differential metabolites were identified, of which 10 were up-regulated and 16 were down-regulated in the 
CRKP (Table S5). Compared with the FEP/AVI susceptible KPWT strain, a variety of lipids were observed to be altered 
in CRKP, and these lipids were primarily fatty acids (pelargonic acid, heptanoic acid, stearidonic acid and linolenic acid). 
Most of the differential lipids were decreased in CRKP, suggesting that lipid alteration may promote the development of 
FEP/AVI resistance in K. pneumoniae. The differential metabolites with the largest regulation ratio (CRKP/KPWT) were 
C16 sphinganine (FC = 5.35) and γ-linolenic acid (FC = 0.09).

Purine Metabolism Was Affected in FEP/AVI Resistant K. pneumoniae
Pathway enrichment analysis of differential metabolites in the CRKP vs KPWT comparison was conducted. Only serine 
and threonine metabolism and purine metabolism were enriched (Figure 7A). Both adenine (key metabolite of purine 
metabolism) and betaine (differential metabolite of glycine, serine and threonine metabolism) showed reduced abundance 
in CRKP (Figure 7B). Comprehensive proteomic and metabolomic changes indicated that transcription and translation 
functions, and lipid metabolism were altered in FEP/AVI resistant K. pneumoniae (Figure 8).

Figure 4 Kpn03010 ribosome pathway. Green boxed proteins indicate down-regulated proteins.
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Discussion
CRKP infections are challenging to treat due to limited treatment options. The combination of ceftazidime and avibactam 
is an important option for the treatment of CRKP infections. However, rapid rise in resistance to CAZ/AVI in 
K. pneumoniae calls for new β-lactam/β-lactamase inhibitor combinations for treatment. This study shows that the 
combination of AVI can restore the sensitivity to FEP in most CRKP strains. The in vitro antibacterial effect of this 
combination on CRKP is slightly better than that of CAZ/AVI, but its 17.1% resistance rate cannot be underestimated. In 

Figure 5 Overlap analysis and validation of the selected genes. (A) Venn diagram of the three comparisons. (B) KEGG enrichment of DEPs retained by overlap analysis. (C–G) 
Transcription levels of hns, adhE, ftsI, putA and gltB between CRKP and KPWT group. (H) Biofilm formation ability of K. pneumoniae strains in the KPWT and CRKP group. Each 
dot represents an isolate. (I) Biofilm formation ability of reference strain ATCC700603 and positive control NTUH-K2044. Results are denoted as the mean ± standard 
deviation. ****P < 0.0001.

Table 4 Common Proteins Retained by Overlap Analysis

Changea Protein Gene Name CRKP vs KPWT CRKP vs SKP

FCb P-value FC P-value

Up W9BA54 adhE 17.885 0.000098 46.725 0.0359

G9G747 hns 16.995 0.000000027 28.326 0.0000593
J2XBG2 UUU_04090 16.481 0.00668 19.888 0.0236

A4GVX1 acc(6’)-Ib-Cr 16.286 0.0000585 18.135 0.000000312

A0A175D1I8 — 16.202 2.46E-08 18.206 0.0000351
W1B694 — 15.447 8.61E-12 17.62 0.00000498

Q0QC65 aacC3 14.889 0.0000781 16.512 0.000404

U3RGH2 aar-3 14.531 0.00000054 15.858 0.0000972
A0A1C1FPK2 C9J88_29250 13.938 0.0031 13.601 0.0229

R4WBW0 KPX_A0159 13.043 0.00798 14.038 0.0123

(Continued)
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addition, strain 1705 was resistant to both CAZ/AVI and polymyxin (data not shown), which was susceptible to FEP/AVI. 
These results suggest that FEP/AVI may be a potential treatment for CRKP infection. A study published in 2012 reported 
that K. pneumoniae isolates carrying OXA-48 or CTX-M-15 were 100% susceptible to FEP/AVI.20 Such a marked 
increase in the resistance rate of K. pneumoniae to FEP/AVI during this decade suggests that the resistance of 
K. pneumoniae to antimicrobials has risen to an alarming level. For a deeper understanding of the mechanisms by 
which CRKP generates FEP/AVI resistance and to improve the effectiveness of this combination, we conducted 
proteomics and metabolomics studies on K. pneumoniae with different antibiotic susceptibility phenotype.

Figure 6 Statistical analysis of metabolomics data among three groups of K. pneumoniae. PCA score plot (A–C), permutation testing of the OPLS-DA model (D–F), and 
volcano plot (G–I) of CRKP vs KPWT, CRKP vs SKP and KPWT vs SKP comparisons. 6 biological replicates per sample. The R2 (indicating interpretability) and Q2 

(indicating predictive power) values of each OPLS-DA model have been labeled in the figure. Diameter of each dot in volcano plot depends on its VIP value. Upregulated and 
downregulated metabolites are shown in red and blue, respectively.

Table 4 (Continued). 

Changea Protein Gene Name CRKP vs KPWT CRKP vs SKP

FCb P-value FC P-value

L0R3Z9 strA 12.662 7.82E-11 15.205 0.00000153

A0A1S8YB05 BU230_30530 12.113 0.00188 14.358 0.00834
A0A2P5UHF0 C4Z36_09335 11.128 0.000321 12.803 0.00394

W1AVD0 hisA 11.09 2.19E-08 10.648 0.00352

Q6WN40 hsdM 10.035 0.000158 10.131 0.0000597
Down A0A2L0KKW3 C3F39_12745 0.089 0.000783 0.088 0.00076

Notes: aExpression trend of DEPs in CRKP compared with KPWT. bRatio of the relative abundance of DEPs in CRKP to KPWT.
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H-NS was screened out by overlap analysis, which is the global regulator of environmental and stress-responsive 
genes (including virulence and quorum-sensing genes).25–28 H-NS is highly conserved in Gram-negative bacteria and is 
a transcriptional silencer, acting by binding to AT-rich DNA regions.25,26 Several studies have shown a link between 
reduced antibiotic sensitivity and enhanced biofilm formation in bacteria.29,30 Studies have demonstrated the association 
between H-NS and biofilm formation,31,32 although the regulation of H-NS on biofilm shows opposite effects among 
different bacteria species.28,31,32 Bacterial biofilms are composed of its self-produced extracellular polymeric substances 
(EPSs), mainly including extracellular DNA (eDNA), exopolysaccharides, proteins and lipids.33 H-NS functions as an 
inhibitory molecule of exopolysaccharide synthesis genes in Actinobacillus pleuropneumoniae34 and Vibrio cholerae,35 

whereas inactivation of hns reduced biofilm formation in E. coli,36 Acinetobacter baumannii (A. baumannii)27 and 
Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans).37 But the specific mechanism by which H-NS 
upregulation promotes biofilm formation remains unclear. The highly expressed Aldehyde-alcohol dehydrogenase ADH 
in FEP/AVI resistant strain was confirmed to be involved in stress resistance and regulate quorum sensing pathway 
during biofilm formation in A. baumannii.38 AdhE is associated with NAD+ regeneration, which is crucial for 
glycolysis.39 Loss of GltB impairs the ability to assimilate glutamate and reduces γ-polyglutamate biosynthesis, resulting 
in biofilm formation defects.40 In this study, the biofilm formation ability of FEP/AVI resistant CRKP strains was 
significantly stronger than that of susceptible strains, suggesting that enhanced biofilm may help CRKP resist FEP/AVI. 
This effect may be related to the increase of H-NS, AdhE and GltB, although the transcript level of these genes was not 
statistically different between FEP/AVI susceptible and resistant groups. Furthermore, the role of H-NS in bacterial 
resistance to antibiotics remains controversial, and it exhibits contrary regulatory functions for different bacteria and 
different antibiotics. H-NS can modulate bacterial multidrug resistance through the expression of efflux genes. Deletion 
of hns confers resistance to cloxacillin, nafcillin and cefamandole in Salmonella enterica serovar via efflux pump TolC 
and AcrEF.41 In contrast, although H-NS was increased in the FEP/AVI resistant CRKP in this study, expression of TolC 
was also upregulated, suggesting that antibiotic resistance is regulated by a complex network. Erythromycin could 
activate the msr(E)-mph(E) operon of K. pneumoniae and E. coli via H-NS, which confers high macrolide resistance.42 

Research on carbapenem resistant A. baumannii have found that H-NS alleviated the fitness cost caused by expression of 
NDM-1, VIM-2 and SPM-1, and overcame the envelope stress caused by metallo-β-lactamases.26

Previous studies have found that loss of hns in A. actinomycetemcomitans can upregulate the expression of a series of 
proteins enriched in “regulation of translation” and “structural constituent of ribosome” items.37 Similarly, upregulation 
of H-NS and decreased abundance of 19 ribosomal subunits occurred in FEP/AVI resistant CRKP in this study. Given 

Figure 7 Perturbed metabolic pathways based on enrichment analysis. (A) Bubble plot of the enriched metabolic pathways of CRKP vs KPWT group. (B) Box plot of the 
differential metabolites involved in the disturbing pathways: top and bottom of the box represent the 25th and 75th percentiles, respectively. Top and bottom whisker end 
indicates maximum and minimum, the solid line in box means median value. *P < 0.05 and **P < 0.01 (n = 6).
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that ribosome is not the target of FEP, we speculated that the downregulation of ribosomal subunits may be associated 
with the upregulation of H-NS and may thereby causing fitness cost. Both H-NS and ribosomal proteins (RpsJ, RpsE, and 
RpsP) interacted with colistin resistance protein MCR-1 in E. coli, possibly regulating protein biosynthetic process.43 

Ribosome production and correct assembly is a tightly regulated process and is essential for cell growth.44 These 
alterations indicated that transcriptional and translational activities in FEP/AVI resistant CRKP were inhibited. Assembly 
of 30S ribosome requires the exact addition of 20 proteins to the 16S ribosomal RNA.45 Ribosomal proteins S4 and S7 
are initiator proteins for ribosomal assembly.46 S7 is essential for stable binding of other proteins to the 16S 3’ domain.44 

Figure 8 Proteomics and metabolomics perspective of FEP/AVI resistance mechanism in CRKP. The affected purine metabolism had an impact on the biosynthesis of (p) 
ppGpp, which together with increased H-NS and GltB promotes biofilm formation and thereby preventing drug entry into bacteria. However, the above changes 
simultaneously reduced adenine, inhibiting ribosomal proteins and function in K. pneumoniae. Decreased PBP3 reduced bacterial binding to FEP. Altered fatty acids regulated 
cell membrane fluidity. Red and blue fonts represent significantly increased and decreased DEPs and metabolites, respectively, while black front indicates insignificant proteins 
or metabolites.
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S4 is one of the earliest rRNA-binding proteins involved in the assembly and folding of the 30S ribosome, which is 
critical for translation fidelity.45 L24 is essential for assembly of the ribosomal 50S subunit.47 Redistribution of energy by 
decreasing ribosomal activity may be a strategy in response to energy limitation.48 Downregulation of ribosomal 
metabolism and upregulation of the tricarboxylic acid cycle help Staphylococcus aureus maintain energy for survival 
under ciprofloxacin stress.49 Furthermore, the impaired translational function is a marker of physiological dormancy and 
a condition for persistent cell formation, contributing to antibiotic tolerance.50 Since it is uncertain whether the inhibition 
of ribosomal function is caused by H-NS, we speculate that H-NS enhances the resistance of K. pneumoniae to FEP/AVI 
by promoting biofilm formation and other unknown pathways, but also damages to ribosomal function. Or 
K. pneumoniae better adapt to antibiotic stress by downregulating translation activity.

Guanosine pentaphosphate (pppGpp) and guanosine tetraphosphate (ppGpp) are collectively referred to (p)ppGpp.51 

(P)ppGpp is a major regulator of bacterial virulence, persistence, and antimicrobial resistance.51 Its synthesis is regulated 
by two enzymes RelA and SpoT in Gram negative bacteria.51 RelA has only synthase activity, while SpoT is 
a bifunctional enzyme with both synthase and hydrolase domains.52–54 But SpoT mainly exhibits weak synthetic activity 
and dominant (p)ppGpp hydrolase activity.52–54 Our proteomics data showed that SpoT had a decreased abundance in 
FEP/AVI resistant CRKP compared with susceptible strain (shown in Dataset S1), which may lead to accumulation of (p) 
ppGpp in bacterial cells. (P)ppGpp concentration is known to positively correlate with tolerance and resistance to 
β-lactams55,56 (P)ppGpp enhances β-lactam resistance in E. coli.54,57,58 (P)pGpp can also induce the expression of efflux 
pump genes in A. baumannii and affect antibiotic susceptibility.59 Recent studies have found that (p)ppGpp can bind to 
ribosome-associated GTPases (LepA, HflX, Era, and RsgA) in E. coli, therefore affecting ribosome biogenesis and 
translation.60 Moreover, (p)ppGpp can prevent DNA replication and elongation and greatly reduce bacterial 
proliferation.61 The PurA, which is involved in purine salvage pathway, was downregulated in FEP/AVI resistant strain 
and has been reported to be inhibited by (p)ppGpp.60,62 Decreased adenine in FEP/AVI resistant strain further implicated 
impaired translation function. PBP3 is one of the targets of FEP.63 It was found that PBP3 decreased in FEP/AVI resistant 
CRKP, suggesting that the occurrence of antimicrobial resistance may be achieved by reducing binding with antibiotics. 
However, there was no significant difference in the transcription level of ftsI between the FEP/AVI susceptible and 
resistant groups, which may be due to the insufficient number of strains used for validation. Furthermore, changes in the 
protein structure of PBP3 can also decrease the affinity of CRKP with FEP. But proteomics only detects the expression 
level and cannot obtain structural information.

Maltoporin LamB is located in the outer membrane of E. coli and K. pneumoniae, involving in the transport of maltose 
and maltodextrin.63,64 It was observed that deletion of lamB in K. pneumoniae resulted in modest reductions in the MICs of 
ceftazidime and cefepime, although resistance to carbapenems increased.65 Complement of wild-type lamB reversed the 
CAZ/AVI resistance acquired by induction in K. pneumoniae.63 This study found that the expression of LamB was 
increased in FEP/AVI resistant CRKP, suggesting that it may also be involved in the development of FEP/AVI resistance.

Disturbance of bacterial permeability barrier is thought to be a key step leading to drug resistance.66 Bacteria can 
modulate membrane fluidity by regulating the types and compositions of phospholipids and fatty acids, thereby maintaining 
the stability and normal physiological functions of cell membrane and adapting to osmotic pressure.67 Enriched fatty acid 
degradation pathway retained by overlap analysis and reduced fatty acid in FEP/AVI resistant strain point to cell membrane 
remodeling, which may be a way to resist FEP/AVI-induced osmotic stress in bacterial cells.

In conclusion, FEP/AVI resistance in CRKP is mediated by complex factors. This study highlighted the role of 
biofilm formation enhanced by multiple molecules and concomitant ribosome function inhibition in FEP/AVI resistance 
in CRKP. And future studies are needed to validate these findings and further investigate the resistance mechanisms of 
other antibiotics against CRKP.

This study is not without limitations. The limited number of clinical isolates limits the generalization of our results to 
the larger CRKP population. We conducted this study in vitro and did not investigate the clinical efficacy of FEP/AVI 
against CRKP infections, suggesting that more efforts need to verify if these in vitro observations may be translated to 
clinical utility.
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data is deposited in the ProteomeXchange Consortium via the PRIDE partner repository, accession number PXD030940.
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