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Editorial on the Research Topic 


The global threat of carbapenem-resistant gram-negative bacteria


Antimicrobial resistance (AMR) in bacteria is a public health complex issue, accelerated by the inadequate use of antibiotics and driven by many interconnected factors. It is far from being restricted to clinical settings, considering antimicrobial compounds are used in livestock and agriculture for several non-clinical reasons. Carbapenem-resistant Gram-negative bacteria are the most critical microorganisms listed by the World Health Organization (WHO) as the priority pathogens that pose a great threat to human health. They can cause severe and often deadly infections, as well as they carry resistance-encoding genes that can be easily spread among bacteria, especially at (but not restricted to) environments where antibiotic selective pressure is applied. Treatment options for infections caused by carbapenem-resistant bacteria are scarce. In many cases, they are also resistant to aminoglycosides, polymyxins, and tigecycline, and the alternatives end up being the use of newer antibiotics and synergistic combinations. Although carbapenems are mostly used in the human clinical practice, reports of carbapenemase-producing bacteria isolated from animal and environmental sources suggest that the prevention of their spread urges for a One Health approach. Surveillance of clones and resistance genetic determinants can lead to an adequate infection treatment in a hospital environment, as well as it can avoid the spread of resistance if it is extended to other fields, like hospital effluents, sewage treatment plants and animal husbandry sources.

This editorial aims to resume the main content of the 25 articles published in the Research Topic, for which the objective was to provide peer reviewed articles on the carbapenem resistance theme, including surveillance studies conducted in hospitals, communities and the environment, the description and characterization of new carbapenem-resistance mechanisms, newly discovered treatment options or detection methods, and the characterization of endemic or emerging clones.

Antimicrobial activity and novel therapeutic strategies were extensively explored by several manuscripts. Petropoulou et al. analyzed the in vitro activity of the combination sulbactam-durlobactam (SD) against 190 carbapenem-resistant Acinetobacter baumannii isolates from 11 Greek hospitals. Durlobactam restored sulbactam’s activity against most isolates, and the addition of imipenem further lowered SD’s MIC90 by one two-fold dilution. Another promising combination therapy against multidrug resistant (MDR) A. baumannii, analyzed by Li et al., is berberine hydrochloride (BBH) with sulbactam, ciprofloxacin, tigecycline or meropenem. In vitro results showed a dramatic increase of susceptibility or even reverse of resistance for these antibiotics, and in vivo studies showed a stronger antimicrobial activity of the combination BBH plus sulbactam, when compared to monotherapy. Also, the study demonstrates that BBH binds to the AdeB transporter protein, reducing the extrusion of antibiotics by the AdeABC pump. A third study targeting MDR A. baumannii, by Côrtes et al., proposed a new DNA aptamer for the rapid identification and potential blocking of A. baumannii functions. The aptamer A01, selected and identified by an in-house whole-cell SELEX-based method, showed a significant biding affinity to A. baumannii, although for now the time-kill assay did not show an effect on bacterial growth.

The in vitro activity of MRX-8, a novel polymyxin analogue in development for the treatment of infections caused by MDR Gram-negative pathogens, was evaluated by Wu et al. against several Enterobacterales, non-fermenter bacilli and Haemophilus spp. clinical isolates (n=765) from 52 hospitals at 20 locations in China. According to the study literature review, the promising drug is more active and less nephrotoxic than other polymyxins. For all microorganisms, including carbapenem-resistant E. coli (CR-Eco) and K. pneumoniae (CR-Kpn), MICs for MRX-8 were lower than MICs for polymyxin B and colistin, as well as MRX-8, polymyxin B and colistin showed good activity against CR P. aeruginosa (CR-Pae) and CR A. baumannii (CR-Aba), showing its potential as a valuable therapeutic option. A similar study, conducted by Yu et al., evaluated bloodstream-infection isolates from several hospitals located at East and Central China, comparing the in vitro activity of ceftazidime-avibactam (CZA) and aztreonam-avibactam (AZA) against CR-Eco, CR-Kpn and CR-Pae. Authors concluded that AZA presented superior activity against CR-Eco and CR-Kpn, while CZA showed better effect against CR-Pae. Wang et al. evaluated the in vitro AZA and CZA activity in combination with auranofin (AUR), an antirheumatic metallodrug that prevents metallo-β-lactamase (MBL) activity via displacement of Zn(II) cofactors from their active sites, against metallo-β-lactamase (MBL)-producing clinical Enterobacterales. Authors concluded that AUR can both potentiate AZA and CZA in vitro activities against MBL producers and restore AZA activity against AZA resistant mutant strains. Also focusing on the urgency of novel antimicrobials and combinations against carbapenem-resistant gram-negative bacteria, Serral et al. generated and refined a metabolic network for a CR-Kpn strain (Kp13) and carried out topological-based analyses to find likely exploitable pathways to develop novel antimicrobials. The study identifies previously recognized pathways and shows the possibility of targeting cellular functions like the production of lipoate, trehalose, glycine, betaine and flavin, as well as the salvaging of methionine.

Han et al. studied the development of CZA and tigecycline (TGC) resistance in a CR-Kpn strain belonging to sequence type 4496, even without exposure to CZA. The strain was isolated three times from a urinary tract infection, in a two-month period, from a patient exposed to β-lactam and TGC treatments. The third isolate (XDX51) developed CZA and TGC resistance. Whole genome sequencing analyses showed that, when compared to the previous isolates (XDX16 and XDX31), XDX51 carried double copies of blaKPC-2 in a 108kb IncFII plasmid and exhibited upregulation of AcrAB-TolC efflux pump due to ramR gene interruption. Also, there was LPS changes caused by wbbl gene interruption that contributed to the TGC resistance. On Cardile et al. study, the gut microbiota profile of liver transplant patients colonized with CR-Kpn was regularly monitored for one year after transplant. Antibiotic prophylaxis was divided into standard or targeted, the last defined as a MDR antibiogram-based ATB prophylaxis. The study concludes that both treatment courses do not affect liver transplant outcomes or the risk of intestinal bacterial translocation, and that the gut microbiota had an increase on beneficial and reduction on harmful bacteria species after the standard prophylaxis.

On a perspective study, Tenover discusses the reluctance of laboratories and key guidelines to use molecular tests as tools for the development of therapeutic strategies for CR bacterial infections. The manuscript highlights the importance of differentiating among the Ambler classes of beta-lactamases, especially when using newer antimicrobial combinations in infections therapeutical approaches. On the other hand, the identification of resistance genes coupled with bacterial identification direct from blood culture bottles or in syndromic panels to predict phenotypic susceptibility is still in discussion, but it is an approach that can be very useful for the guidance of treatment when linked to local epidemiology. A parallel matched case-control study carried out by Hoo et al. analyzed the predictors and outcomes of healthcare-associated infections (HAIs) by carbapenem-nonsusceptible Enterobacterales at two hospitals from Singapore. Authors concluded that appropriate management of deep-seated infections, and enhancement of antimicrobial stewardship strategies to prevent carbapenem exposure may be useful in reducing the risk of CnSE-HAIs. Corroborating Tenover‘s study, they also suggest that “efforts should be made to improve antimicrobial therapy in patients, possibly through use of rapid resistance diagnostics and clinical prediction tools to identify patients with the greatest risk for CnSE-HAIs, improving their outcomes”. An antimicrobial stewardship program using a carbapenem-sparing strategy was evaluated by Masri et al. in a retrospective study, with regards to the use of carbapenem before and after the program implementation at a tertiary care center in Lebanon. The appropriateness of empirical and targeted therapy prescriptions increased, and pharmacists’ interventions significantly increased concerning the duration of therapy, dose adjustment, de-escalation to a narrower spectrum antibiotic and use of extended infusion. At a tertiary hospital in Germany, Neidhöfer et al. conducted a study in which carbapenemase-encoding bacteria data was combined with patient’s demographic and clinical information for each isolate. Multiple regression analyses confirmed the role of age and gender in colonization patterns and indicated a role for ethnicity and domicile. Also, the study concludes that Acinetobacter baumanni is frequently introduced into the hospital but efficiently controlled at hospital admission, and that VIM-producing Pseudomonas aeruginosa poses an increasing risk of colonization according to the length of hospital stays. Authors suggest that preventive measures would be opportune for patients from selected regions, and that the role of ethnicity needs further studies.

High-risk carbapenemase-producing clones of different gram-negative species were described in several studies. In a retrospective cohort study, Hu et al. describe the clinical impact and characteristics of bloodstream infections caused by KPC-producing P. aeruginosa ST463 in East China, where it has recently emerged and disseminated, leading to a high mortality rate. Isolates were highly resistant to cephalosporins, monobactam and fluoroquinolones, as well as they were classified as hypervirulent by a larvae model. According to the cohort study, mortality rates were higher for ST463 CR-Pae bloodstream infections, when compared to the non-ST463 cases. WGS data for ST463 strains showed they all carried the virulence genes exoU and exoS, as well as most of them carried blaKPC-2 gene. One genome also showed a different blaKPC-2 environment: a 7-kb composite transposon flanked by two IS26 elements, located in a 41kb plasmid (pZYPA01). In another study from China, the emergence of a clinical ST63 pandrug-resistant Acinetobacter pittii was described by Yang et al. The strain was isolated from the sputum of a patient with acute exacerbations of chronic obstructive pulmonary disease (AECOPD) and carried multiple acquired resistance genes, including blaOXA-58, inserted into a non-typeable and no-transferable plasmid. Authors highlight that A. pittii could represent a reservoir for carbapenem resistance determinants. In Germany, Yao et al. demonstrates the emergence of carbapenem-resistant Citrobacter spp. revealed by the results from a genome-based regional surveillance study with 512 isolates of 21 CR Enterobacterales from 61 hospitals in three years. The detection rates of KPC, OXA-48-like and MBLs in CR-Citrobacter were comparable to that of CR-Kpn, and KPC-2 was mostly located in the MDR pMLST15 IncN plasmid. VIM-1 was also located in IncN plasmids, while OXA-48 carbapenemases were in IncL/M ones. In Argentina, Costa et al. describes the co-occurrence of blaNDM-5 and rmtB genes in a clinical CC354 E. coli, recovered from the urine of a female patient who lived in a nursing home and had no traveling history on the previous 12 months. The strain was resistant to all beta-lactams, aminoglycosides and quinolones. WGS showed that the resistance genes were inserted in the same conjugative plasmid, which could be transferred to other high-risk clones.

Huang et al. determined the epidemiological and molecular characteristics of CR-Kpn isolates from a hospital in Southwestern China. ST11 was predominant among the 127 strains, and CZA resistance was higher in children, which authors affirm that could provide new insights for clinical empirical use of antibiotics. Several virulence genes (mrkD, uge, kpn, fimH) were detected in most isolates, and IncF plasmids were detected in 57.5% of them. A 359,625 bp IncFII conjugative plasmid carried the blaKPC-2, together with virulence factors. In the intensive care unit of the same hospital, an outbreak of CR-Kpn was described by Zeng et al. The 51 CR-Kpn clonal isolates also belonged to ST11 and carried blaKPC-2 and the same virulence genes found by Huang et al.. In addition, authors were able to conjugate blaKPC-2, indicating the potential horizontal spread of the gene throughout the hospital. The molecular characterization of an IncHI5-like plasmid from an NDM-1-producing K. pneumoniae was described by Liu et al. The strain (C39) was isolated from the sputum of an infant patient at Henan, China, and belonged to ST37 and KL 15 serotype. The IncHI5-like plasmid pC39-334kb harbored a MDR region containing a wide variety of resistance genes, including blaNDM-1 inserted into a ΔISAba125-blaNDM-1-bleMBL-trpF-dsbC structure. Genomic comparison among IncHI5-like plasmids showed they shared most core genes and carried distinct MDR regions, as well as 80% of them were described in Chinese hospital settings.

The increasing incidence of virulence associated with AMR in K. pneumoniae also led to interesting studies. Using in silico and in vitro analyses, the fitness of RmpA, RmpA2, IucA and IutA proteins was studied by Shankar et al., aiming to propose a reliable marker for clinical identification of hypervirulent CR-Kpn. Aerobactin (iucA/iutA) was expressed in high-risk clones that could not express the hypermucoviscous phenotype due to truncated rmpA/rmpA2, and in silico protein analyses showed that IucA and IutA were more stable than RmpA, also showing less conformational fluctuations on their functional domain. In another in silico study, the molecular epidemiology of 521 CR-Kpn genomes from several countries was described by Hu et al., focusing on the presence of blaKPC and hypervirulent genotypes (HvKP), including hypercapsule (by rmpA/rmpA2), EPS (by wzy-K1) and excessive siderophores. Authors conclude that there is a great variety on the virulence gene sets, with hypercapsule presenting the same proportion as excessive siderophores, and that iucA, p-rmpA2 and p-rmpA are primary genes inducing Hv-blaKPC(+)-KP. Also, plasmid analysis shows that IncHI1B carrying virulence genes and IncFII with blaKPC constitute the primary combination responsible for Hv-blaKPC(+)-KP.

The environmental spread of carbapenem-resistance encoding genes was also explored in this Research Topic. Ghiglione et al. characterized the whole genome of two KPC-2-producing strains (K. quasipneumoniae subsp. quasipneumoniae WW14A and Enterobacter cloacae WW19C) isolated from urban sewage at Buenos Aires, Argentina. blaKPC-2 genes were carried by IncP-6 plasmids which shared 99% similarity within a 72% coverage, but also showed unique regions derived from plasmids from South America, Asia and Europe. Also, WW14A was closely related to a GES-5-producing Taiwanese strain isolated from a hospital wastewater sample in 2015. Authors highlight that IncP-6 plasmids could be an emergent mobile platform for the dissemination of blaKPC genes.

Rodriguez et al. studied the occurrence of antimicrobial resistance genes (ARGs), especially blaKPC, throughout a wastewater treatment plant in Antioquia, Colombia. Quantitative PCR revealed sul1, sul2, blaKPC and ermB were the most prevalent ARGs, and a low average reduction of the absolute abundance of these genes in effluent in comparison to influent was observed. Physicochemical and climatological parameters were significantly correlated with the absolute abundance of all ARGs, while dissolved oxygen and precipitation in the sampling day were related to the absolute concentration of blaKPC over time.

Finally, a review by Jean et al. resumed the main challenges for limiting the spread of CR and extensively drug resistant (XDR) gram-negative bacteria (GNB) through the clinical scenery. It addresses the global trends of carbapenem resistance among GNB species, resistance mechanisms and case-fatality rates, treatment with novel and/or conventional antimicrobials, diagnostics, screening strategies, P. aeruginosa and A. baumannii infections in the community setting, economic issues, and infection control policies.

In conclusion, this Research Topic harbors a collection of elegant publications showing the fast and multifaceted carbapenem resistance spread and evolution through several settings and geographical regions. Antimicrobial resistance is pandemic and constitutes a great public health concern that needs continuous surveillance and effective control actions.
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Multidrug-resistant (MDR) Acinetobacter baumannii strains can cause severe infections in intensive care units, and are rapidly developing resistance to the last-resort of existing antibiotics, posing a major global threat to health care system. Berberine hydrochloride (BBH), a kind of isoquinoline alkaloids extracted from Berberis and other plants, has been widely used as an antibacterial medicine for its reliable therapeutic efficiency. The in vitro synergistic effects of BBH with antibiotics against MDR A. baumannii were determined. BBH alone had weak antimicrobial activity (e.g., MIC≥256 mg/L) against MDR A. baumannii. However, it dramatically increased the susceptibility of MDR strains against antibiotics with FICI values <0.5, even reversed their resistance to antibiotics (e.g., tigecycline, sulbactam, meropenem and ciprofloxacin). In vivo study has suggested BBH with sulbactam had stronger antimicrobial efficiency than monotherapy in a neutropenic murine thigh infection model. The antibiotic-sensitizing mechanism of action of BBH was evaluated as well. BBH boosted adeB gene expression and bound to the AdeB transporter protein, resulting in low uptake of BBH, which may contribute to less extrusion of antibiotics by the AdeABC pump. Knockout of the adeB gene increased uptake of BBH and diminished the antibiotic sensitization and synergistic effects between antibiotics and BBH in MDR strains. Together, BBH effectively re-sensitizes this MDR pathogen to a range of antibiotics that have become barely effective due to antibiotic resistance, which indicates BBH may be a promising therapeutic adjuvant candidate to combat MDR A. baumannii.
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Introduction

Acinetobacter baumannii is a Gram-negative coccobacillus and considered the most virulent among all Acinetobacter species (Wong et al., 2017). As an opportunistic nosocomial pathogen, it can cause various community-acquired and hospital-acquired infections including pneumonia, urinary tract, lower gastrointestinal tract and surgical site infections, especially in intensive care units (Lee et al., 2017; Watkins, 2018). It is estimated that there is a high mortality rate when A. baumannii is present in community-acquired pneumonia cases. (Antunes et al., 2014). Due to its intrinsic and acquired antibiotic resistance (e.g. by mutations and gene transfer) along with improper use of antibiotics (Yoon et al., 2013), more and more multidrug-resistant (MDR) A. baumannii strains have been discovered. MDR A. baumannii has been ranked first on the critical priority list of MDR pathogens by the World Health Organization to guide research and development of antibiotics due to its greatest threat to human health (WHO, 2017).

Among the resistance mechanisms, multidrug efflux pumps play an important role. Three efflux systems AdeABC, AdeFGH and AdeIJK, which belong to the resistance-nodulation-cell division (RND) family, are associated with drug-resistance of MDR A. baumannii (Yoon et al., 2013; Nowak et al., 2016; Yoon et al., 2016). It has been reported the AdeABC pump contributes to resistance by extruding aminoglycosides, some β-lactams, fluoroquinolones, tetracyclines, tigecycline, macrolides, chloramphenicol, and trimethoprim etc. (Coyne et al., 2011; Chen et al., 2014). These MDR strains display resistance to almost all of today’s commonly prescribed antibiotics, leaving limited treatment options, which is becoming a major global issue and threatening the whole healthcare systems worldwide. For a long time, tigecycline and colistin have been considered last-resort drugs to treat this pathogen. However, they are now challenged by strong side effects and increasingly emerging resistance (Cai et al., 2012; He et al., 2019). Therefore, there is an urgent need to discover new antibacterial components targeting MDR A. baumannii. Considering the fact that discovery of antibiotic may take many years, researchers have now set their sights on natural sources (Gao et al., 2018).

Berberine, a quaternary ammonium salt from the protoberberine group of isoquinoline alkaloids, can be found in many plants such as Coptis chinensis (a traditional Chinese herb, Huanglian), Hydrastis canadensis, Berberis aristata, Phellodendron amurense, etc. (Imenshahidi and Hosseinzadeh, 2016). Berberine hydrochloride (BBH) is the most common form of berberine. Their structures are shown in Figure 1. Both have been clinically used as an antibacterial medicine against gastroenteritis, abdominal pain and diarrhea in China for more than 2000 years (Tan et al., 2011; Gao et al., 2018). Relevant research has shown that berberine and its derivatives are efficient antibacterial agents against methicillin-resistant Staphylococcus aureus (MRSA) (Sun et al., 2019), Acinetobacter baumannii (Gao et al., 2018) and Pseudomonas aeruginosa (Morita et al., 2016). However, few studies have reported using BBH alone or in combination with antibiotics to treat MDR A. baumannii.




Figure 1 | Chemical structure of (A) berberine hydrochloride and (B) berberine.



In this work, we evaluated the antimicrobial activity of BBH alone and in combination with several existing antibiotics against MDR A. baumannii in vitro and in vivo. Synergistic effects and antibiotic sensitization have been observed, and the mechanisms that BBH reserves resistance of MDR A. baumannii to the antibiotics have been investigated.



Materials and Methods


Bacterial Strains

Four strains of MDR A. baumannii (MDR-TJ, MDR-A, MDR-B and MDR-C) were isolated from the Second Hospital of Tianjin Medical University, China. Their drug-resistance profiles are listed in Table S1. In our previous study, we completed the whole genome sequence of MDR-TJ (GenBank accession number: NC_017847) and illustrated its mechanism of antibiotic resistance (Huang et al., 2012). The other two reference strains A. baumannii ATCC19606 and Escherichia coli ATCC 25922 were purchased from the American Type Culture Collection. All strains were stored in LB broth with 25% glycerol at -80°C.



Antimicrobial Agents

Antimicrobial agents include berberine hydrochloride (BBH), amikacin, ciprofloxacin (Solarbio, Beijing, China), sulbactam (Aladdin, Shanghai, China), tigecycline (BioVision, San Francisco, USA), meropenem, and tetracycline (National Institutes for Food and Drug Control, Beijing, China). They were dissolved in sterile distilled water and stored at -20°C before the test. Unless otherwise noted, all antimicrobial powders have a purity greater than 98%. Efflux pump inhibitors carbonyl cyanide m-chlorophenylhydrazone (CCCP) and reserpine were purchased from Solarbio (Beijing, China), and phenylalanine-arginine β-naphthylamide (PAβN) from MedChemExpress (Shanghai, China).



Determination of MICs

A two-fold broth microdilution method was used to determine the MICs of antimicrobials, following the guidance of the CLSI (M100) (Clinical and Laboratory Standards Institute, 2018). The MIC was defined as the lowest concentration of an antimicrobial agent that inhibits more than 90% bacterial growth from three independent tests, or as the lowest concentration with no visible bacterial growth (Table S2). A positive growth control, which contained bacterial suspensions in cation-adjusted Mueller-Hinton broth (CAMHB) without antimicrobials, and a negative control with broth only were included in a 96-well plate with a final volume of 200 μL. The plate was incubated for 20-24 h at 35°C in ambient air. E. coli ATCC 25922 was used as a quality control strain. The inhibition rate was calculated using the equation (1):



Up to now, there are no CLSI susceptibility breakpoints for tigecycline and sulbactam against A. baumannii. Therefore, we used the CLSI criterion of ampicillin/sulbactam combination for sulbactam breakpoint and the FDA criterion for tigecycline breakpoint (i.e. MIC value ≤ 2 mg/L, susceptible; 4-8 mg/L, intermediate; ≥ 8 mg/L, resistant) (Navon-Venezia et al., 2007).



Antimicrobial Combination Test by Checkerboard Assay

To determine the combinatory antimicrobial activities of antibiotics with BBH, the checkerboard assay was performed as previously described (Duarte et al., 2012). Briefly, a series of twofold dilutions of BBH and antibiotics were added in vertical and horizontal lines, respectively. The bacterial suspensions were added with a final concentration of about 5×105 CFU/mL. The plate was incubated for 20-24 h at 35°C in ambient air. Interactions between antibiotics and BBH were determined according to the fractional inhibitory concentration index (FICI), which is interpreted as follows: FICI ≤ 0.5, synergy; 0.5≤FICI ≤ 4, no interaction; FICI>4, antagonism (Odds, 2003).



Murine Thigh Infection Model

All animal procedures were performed at the Institute of Radiation Medicine Chinese and approved by the Animal Ethics and Welfare Committee of the Chinese Academy of Medical Science and Peking Union Medical College (Approval No. IRM-DWLL-2020106). The neutropenic mouse thigh infection model was utilized as previously described (Macvane et al., 2014; Barnes et al., 2019). Female ICR mice weighing 20 to 22 g were rendered transiently neutropenic via intraperitoneal injections of 150 and 100 mg/kg cyclophosphamide (National Institutes for Food and Drug Control, Beijing, China) at day 4 and day 1 prior to bacterial inoculation, respectively. Afterwards, 0.1 mL (~107 CFU/mL) of bacterial suspension (MDR-TJ strain) was injected to both thighs of the mice under isoflurane anesthesia. After 2 h following infection, mice were randomly divided into 5 groups (n=5 mice/10 thighs), and the baseline group was euthanized to obtain the initial bacterial burden. Then Berberine hydrochloride (BBH) was administrated at 20 mg/kg q12h (i.e., drugs were injected every 12 hours; 2 times total in a 24-h treatment period), sulbactam (SUL) at 400mg/kg q12h and combinations of BBH and SUL together as treatment regimens of monotherapy and combination therapy, respectively. All therapies were administered over a 24-h period by intraperitoneal injection of 0.2 mL doses each time, and total injection volume is 0.4 mL (0.2 mL BBH + 0.2 mL SUL) for combination therapy. Growth control animals were administered saline at the same volume and time interval. Subsequently, mice were euthanized, after which both thighs were excised aseptically, homogenized in 5 ml ice cold PBS (pH=7.2), and then plated on MHA plates by serial dilutions to determine bacterial burden expressed as Log10 CFU/thigh.



Detection of the adeABC System and Relative Expression of the adeB Gene

Genomic DNA from A. baumanii strains was extracted using the Bacteria Genomic DNA Extraction Kit (Solarbio, Beijing, China). Genes adeB, adeR, abeS, and 16S rRNA were detected by PCR. Expression of adeB was quantified by RT-PCR. In brief, A. baumannii isolates were grown in LB broth to reach mid-log phage with or without BBH, and then total RNA was extracted using the Trizol agent (Solarbio, Beijing, China). RT-PCR assays were performed using the SsoFast EvaGreen Supermix agent (Bio-Rad, USA) in the CFX96 Real-Time System (Bio-Rad, USA). The relative expression of the adeB gene was normalized against the housekeeping gene 16S rRNA and calculated using the 2−ΔΔCt method. A. baumannii ATCC 19606 was used as the reference strain, and RNase-free water was used as a negative control. All primers used in this study are listed in Table S3.



Molecular Docking Study

To simulate how the antimicrobials bind to the AdeB transporter protein (AdeB) in vitro, theoretical molecular docking studies were performed. The crystal structure of AdeB (PDB code: 6OWS) (Su et al., 2019) was obtained from the RCSB Protein Data Bank, and the 3D structures of the antimicrobials were taken from the ZINC or PubChem database. AutoDock 4.2 was used to predict their bindings (Bikadi and Hazai, 2009). The results of docking computations were ranked by the binding energy, where the one with the highest energy was recorded. Finally, the protein-ligand docking models were visualized by PyMOL (http://www.pymol.org).



adeB Gene Knockout

A marker-less gene deletion method was applied to delete the adeB gene (Amin et al., 2013). Briefly, a cross-over step was performed to select the MDR A. baumannii harboring the insertion plasmid Mo130-TelR-adeABC (with a 1.9kb Up/Down fragment of adeB). It was followed by a second cross-over step to replace the adeB gene. Knockout was confirmed by the absence (i.e. undetectable) of the adeB gene amplification products as well as the presence of a 1.9kb Up/Down fragment amplification products by PCR using specific primers (Table S3).



BBH Accumulation

BBH accumulation was measured as described previously with moderate changes (Wang et al., 2009). Briefly, bacteria were cultured into the exponential growth phase. They were centrifuged (8000×g, 2min), washed twice with 0.01M PBS (pH 7.2) and re-suspended in 1.5 mL PBS to OD600nm=1.0. BBH was added with a final concentration of 80 mg/L. 50 μM of an efflux pump inhibitor (i.e. CCCP, PAβN and reserpine) was added at an appropriate time (t = 60 min). Assays were performed in a 96-well black plate with a final volume of 100 μL per well. Fluorescence was measured every 5 min for 90 min in a microplate fluorometer (Thermo Scientific, USA) with an excitation wavelength of 355 nm and an emission wavelength of 538 nm.



Statistical Analysis

All results were shown as mean ± standard deviation from three independent experiments with at least triplicate in each experiment. Unless otherwise noted, statistical analysis was carried out using one-way analysis of variance (ANOVA) by GraphPad Prism 8 (San Diego, CA, USA). P values < 0.05 indicate statistically significant difference.




Results


Antibiotic Effects of BBH Alone and in Combination With Others

We firstly examined the antimicrobial potential of BBH alone and its combined effects with antibiotics against A. baumannii (Table 1). BBH, as a single antimicrobial agent, showed a slight antibacterial activity, with a higher inhibitory effect on MDR-B (i.e. MIC at 256mg/L) than on the other three MDR stains and type stains (i.e. both MICs at 1024mg/L). The MDR isolates showed higher resistance to sulbactam, ciprofloxacin and meropenem compared with the type strain ATCC 19606. The variation in the sensitivities against different antibiotics of the three MDR strains may be due to different resistant genes harbored as they have different antibiotic susceptibility profiles (See Table S1).


Table 1 | MICs profile and interactions between BBH and antibiotics.



As shown in Table 1, BBH in combination with antibiotics showed a more significant antimicrobial potential. Synergistic and antagonistic interactions between BBH and the tested antibiotics were indicated by FICIs. Several combinations showed 0.5<FICIs<1, suggesting a weak synergistic interaction between the BBH and antibiotics. Synergistic effects (FICI<0.5) were observed in the combinations of BBH/sulbactam and BBH/meropenem for the MDR strains. Furthermore, the addition of BBH reduced the MIC values of the majority of tested antibiotic-pathogen pairs and made the MDR strains re-sensitive to several antibiotics (Indicated by bold marks in Table 1). For example, the MIC of ciprofloxacin against MDR-A decreased from 32 to 1 mg/L, and the MIC of sulbactam and meropenem against MDR-C decreased from 64 to 4 mg/L and from 128 to 2 mg/L, respectively. This phenomenon demonstrates that BBH has the potential to reverse antibiotic resistance or enhance the susceptibility of A. baumannii to those no-longer-effective antibiotics. Therefore, BBH could be an effective adjuvant to bring those off-the-treatment-list antibiotics (e.g. sulbactam and ciprofloxacin) back to use for treating MDR A. baumannii infections.



Murine Thigh Infection Model of MDR A. baumannii

The MDR A. baumannii strain MDR-TJ was used to establish a murine thigh infection model for its board spectrum of drug-resistance profiles (See Table S1). This strain demonstrates resistant to sulbactam in vitro with an MIC of 64 mg/L, however, susceptibility is changed in the presence of BBH with a MIC of 8 mg/L (Table 1). The toxicity of BBH (pH=7.2) was evaluated prior to in vivo combination therapy tests, and the dose of 20 mg/kg administrated intraperitoneally was safe with in a 24-h period (See Figure S1). Monotherapy of SUL and BBH individually every 12 h with doses of 400 mg/kg and 20 mg/kg couldn’t inhibit bacteria growth, resulting increment of 1.56 and 2.11 Log10 CFU/thigh in 24h treatment compared with baseline value (Figure 2). Whereas, BBH can effectively boost the efficiency of SUL in vivo against MDR-TJ strain, making in a 2.53 Log10 CFU/thigh reduction, even shows a bactericidal action (-0.86 Log10 CFU/thigh reduction compared with baseline value).




Figure 2 | Efficiency of SUL/BBH combination therapy against MDR-TJ in murine thigh infection model (n = 5 mice, 10 thighs). The data were obtained from one single test and statistical analysis was carried out using one-way analysis of variance (ANOVA) with Tukey’s test by GraphPad Prism 8. ns, no significance; *P < 0.05; ****P < 0.0001.





Detection of the adeABC System and adeB Gene Expression

Given that BBH reduced more than 4-fold MICs of antibiotics in most combinations, it presents a similar effect of efflux pump inhibitors (Coyne et al., 2011). Therefore, we evaluated whether A. baumannii has the most prevalent efflux pump AdeABC system (multidrug transporter protein gene adeB and its two-component regulatory system genes adeR and adeS) (Coyne et al., 2011; Yoon et al., 2015). In all three strains, we detected the adeB and adeR-adeS genes by PCR (Figure S2) and the sequences of amplification products were highly identical with the target genes (≥95%). This proves that all strains in this study have the adeABC efflux pump system, including the sensitive strain ATCC19606.

The relative expressions of the adeB gene in the three strains with or without BBH are shown in Figure 3. Without BBH, there was no difference in adeB expression between the MDR strains and the ATCC 19606 strain. Following the addition of BBH, the expression of the adeB gene increased by 25.3, 4.3, 10.2 folds for ATCC 19606, MDR-B and MDR-TJ, respectively. The expression of multidrug pumps is typically subjected to induction by their substrates (Coyne et al., 2011). Thus, this phenomenon indicates that BBH is more likely to be recognized by the bacteria as a substrate for the AdeABC system rather than an inhibitor.




Figure 3 | Quantification of adeB expression normalized with A. baumannii ATCC 19606. BBH was added at half MIC corresponding to each stain, which is 128 mg/L for MDR-B and 512 mg/L for MDR-TJ and ATCC 19606, respectively. Statistical analysis was carried out using one-way analysis of variance (ANOVA) with Tukey’s test by GraphPad Prism 8. ns, no significance; **P < 0.01; ****P < 0.0001.





Molecular Docking Study

To examine whether BBH could be a competitive substrate of AdeB protein, protein-ligand docking models were built (Figure 4), and their binding energies were computed (Table 2). Berberine was used as a substitute for BBH due to their identical 3D structure when dissolved. Six antibiotics (i.e. tigecycline, ciprofloxacin, sulbactam, tetracycline, meropenem, and amikacin) were also simulated, where tigecycline, ciprofloxacin, tetracycline and amikacin were proved as substrates of AdeB protein (Coyne et al., 2011).




Figure 4 | Protein-ligand docking models. Docking structure of (A) berberine, and (B) antibiotics. All antibiotics are close to the proximal multidrug binding site (F-loop, red frame; G-loop, black frame) of AdeB. Berberine, pink; tigecycline, green; ciprofloxacin, cyan; sulbactam, yellow; tetracycline, light salmon; meropenem, dark blue; amikacin, orange.




Table 2 | Binding energy of protein-ligand docking models.



The multidrug transporter protein AdeB has three multidrug binding sites: the periplasmic cleft entrance, proximal multidrug binding site (F-loop and G-loop) and hydrophobic patch (Su et al., 2019). The F-loop and G-loop contain many multidrug binding sites (e.g. Trp-610, Phe-612, Ser-613, Ala-615, Pro-661, Ala-662, Ile-663, Asp-664, Glu-665, Leu-666, Thr-668), which can be found in other multidrug pumps, such as Cus A, AcrB, and MtrD pumps (Su et al., 2019). Therefore, these sites were selected as the docking sites. The docking model showed that all of these drugs were located in the proximal multidrug binding sites of AdeB (Figure 3). Binding energy calculations showed that berberine had higher binding energy (c.a. -7.42 kcal/mol) to AdeB than all the other antibiotics except tetracycline, which indicates that BBH is a positive substrate of the multidrug transporter protein AdeB (Table 2).



adeB Gene Deletion and MIC Reduction

The deletion of the adeB gene was confirmed by comparing PCR amplification products between the parental strains (MDR-B and MDR-TJ) and the mutant strains (△adeB MDR-B and △adeB MDR-TJ) (Figure S3). The parental strains generated the adeB gene amplification products and about 5.2kb Up/Down-fragment amplification products, whereas the mutants lacked the adeB gene products and generated about 1.9kb Up/Down-fragment products. These results showed that adeB knockout was successful in △adeB MDR-B and △adeB MDR-TJ mutants. Furthermore, sequencing results were identical to the target sequences.

To verify the mechanism that BBH is a competitive substrate of the AdeB protein, the △adeB MDR-TJ was used to determine the MICs of the selected antibiotics with and without BBH (Table 3). The assumption is that synergistic effects between BBH and antibiotics would diminish or antibiotic sensitization would disappear in adeB deletion strains. As is shown in Table 3, compared to the parental MDR-TJ strain, △adeB MDR-TJ showed reduced MICs of sulbactam, tigecycline and ciprofloxacin, indicating that the lack of expelling these antibiotics by the AdeB protein can enhance the killing effect of the antibiotics. It should be noted that there was no difference in the MIC of BBH alone between the parental MDR-TJ strain and the △adeB MDR-TJ strain. This indicates that other efflux systems might also play an important role in the extrusion of BBH. For the △adeB MDR-TJ strain, the addition of BBH only induced a 2-fold decrease of the MICs for all antibiotics but sulbactam (no change with BBH) (Table 3). In contrast, the addition of BBH induced more than an 8-fold decrease of the MICs for the corresponding antibiotics in the parental MDR-TJ strain (Table 1). Furthermore, while the presence of BBH reversed the MDR-TJ strain susceptibilities to sulbactam and ciprofloxacin, the addition of BBH did not change the susceptibility of the △adeB MDR-TJ strain to any of the antibiotics tested. What’s more, the FICIs were more than 0.5, indicating no synergistic effects between antibiotics and BBH observed in △adeB MDR-TJ strain. If there is any other reason, in the deletion strain of MDR-TJ, the MIC of antibiotic with BBH will decrease. Whereas, as shown in Table 3, only one to two-fold MIC reduction was observed. Therefore, these data could be proved that the main target of BBH is AdeABC. Taken together, these data suggest that a key role of BBH is to compete against antibiotics for the binding sites of AdeB, which increased antibiotic susceptibility of MDR A. baumannii.


Table 3 | MICs in △adeB MDR-TJ.





BBH Accumulation Study

The interior of bacteria is always negatively charged relative to the external environment. Therefore, BBH, as a cationic quaternary ammonium salt, can be easily retained within cells by membrane potential (Severina et al., 2001). It is reported that BBH, likely ethidium bromide, may bind to DNA or cytoplasmic membrane, resulting in increased fluorescence (Wang et al., 2009). Thereby, we utilized this phenomenon to estimate the uptake of BBH within bacteria, which were measured as relative fluorescence units (RFUs). As shown in Figure 5A, the uptake of BBH reached a stationary stage at about 60 min in the MDR-B, MDR-TJ and ATCC 19606 strains, suggesting that BBH may be extruded by bacteria through efflux pumps in general. For the △adeB MDR-B and △adeB MDR-TJ strains that did not produce any AdeB protein, significantly higher accumulation of BBH was observed in comparison with their parental strains, suggesting that part of BBH can be extruded by AdeB.




Figure 5 | BBH accumulation in A. baumannii strains. The amount of BBH was determined as relative fluorescence units. (A) BBH uptake by A. baumannii strains in 90 min. BBH uptake with pump inhibitors CCCP, PAβN, and reserpine in (B) ATCC 19606 strain, (C) MDR-B and △adeB MDR-B strains, and (D) MDR-TJ and △adeB MDR-TJ strains. Red arrows indicate the pump inhibitors (50 µM) were added at 60 min. Grey letters indicate the inhibitors were added to the adeB knockout strains.



To further understand the mechanism of action of BBH, efflux pump inhibitors CCCP, PAβN and reserpine were used to evaluate BBH accumulation (Figures 5B–D). PAβN mainly causes membrane permeabilization (Li et al., 2015), and it increased BBH accumulation in all the strains. Reserpine is a blocker of P-glycoprotein (Li et al., 2015), and caused a marginal decline of antibiotic resistance in MDR A. baumannii as a non-specific pump inhibitor (Pule et al., 2016). The addition of reserpine only slightly increased BBH accumulation, indicating other efflux pumps may contribute to BBH extrusion. CCCP as a proton uncoupler can inhibit the energy of efflux pumps by reducing transmembrane potential (Pule et al., 2016; Shi et al., 2018). It would increase BBH accumulation in this regard when BBH acts as a competitive substrate. However, our results showed a reduction of BBH in bacteria after the addition of CCCP, suggesting the occurrence of BBH leakage (Figures 5C, D). A plausible reason is that CCCP may inhibit the proton motive force on the outer membrane responsible for the penetration of BBH into the interior of bacteria (Severina et al., 2001).




Discussion

Nowadays, antibiotic resistance of A. baumannii has progressively increased, reducing the range of clinically available treatment options. The increasing cases of MDR A. baumannii accompanied by a scarcity of new antibiotics have led to monotherapy ineffective against this pathogen. It’s been reported transmission of MRD microorganisms accompanying with fecal microbiota transplantation (FMT) could lead to adverse infections, even causing fatal cases (DeFilipp et al., 2019). Combination therapy has been considered an effective approach to combat MDR A. baumannii (Worthington and Melander, 2013). It may offer a synergism even when MDR strains are not susceptible to the single antibiotics, but occasionally antagonism may be observed (Durante-Mangoni et al., 2014). In addition, in the process of combination therapy for infections with MDR or extensively drug-resistant (XDR) strains, colistin (polymyxin E) serves as one part of the mixtures most of the time, however, side effects including nephrotoxicity limit its clinical utility (Viehman et al., 2014; Wang et al., 2019). Tigecycline or tigecycline-based therapy has excellent activity against A. baumannii, but it has been associated with higher treatment failure rates than non-tigecycline therapy according to a study of 238 patients with carbapenem-resistant A. baumannii pneumonia (Liang et al., 2018). All in all, safe antimicrobial agents with excellent antibacterial activity should be discovered to address this dilemma. However, only five first-in-class antibiotics have been approved in the past two decades, none of which targets Gram-negative bacteria (Butler and Paterson, 2020). Although there are some β-lactamase/β-lactam inhibitor (BLI) combinations have been approved to against Gram-negative bacteria, the β-lactamases have been approved previously (Butler and Paterson, 2020).

Recently, researchers have begun to revitalize antibiotic development from natural herb compounds or clinically proven drugs against Gram-negative bacteria. For instance, halicin (Stokes et al., 2020) and SCH-79797 (Martin et al., 2020) were discovered to kill Gram-negative bacteria with a unique mechanism, which can provide novel promising antibiotic candidates. Similarly, we set our sights on Traditional Chinese Medicine for its time-honored clinical safety evaluation and effective treatment. Here, we discovered that BBH is a potential antimicrobial adjuvant against MDR A. baumannii when combined with antibiotics. We may conclude that BBH can attenuate β-lactamase or β-lactam inhibitor (meropenem and sulbactam) resistance, quinolone (ciprofloxacin) resistance and glycylcycline (tigecycline) resistance against MDR A. baumannii rather than aminoglycoside resistance of A. baumannii. For instance, the MIC values of amikacin (an aminoglycoside antibiotic) of MDR-B and MDR-TJ were >1024 mg/L with or without berberine hydrochloride (data did not show in this paper), which represented similar results with previous study (Morita et al., 2016). What’s more, combination therapy of BBH and SUL against MDR-TJ strain in the murine thigh infection model revealed stronger antimicrobial or bactericidal efficiency than monotherapy. Admittedly, the in vivo test was limited for we mainly focused on the combination of SUL/BBH. In future, a series of work may be carried out to investigate more combination therapies between different antibiotics and berberine hydrochloride against different A. baumannii isolates, accompanied with collecting data of pharmacokinetic/pharmacodynamic (PK/PD), which may provide more valuable data for clinical trials.

Genomic analysis based on whole-genome sequencing is a significant way to reveal the mechanism of antibiotic resistance in A. baumannii. Our previous research indicated A. baumannii strain MDR-TJ could harbor many resistance-associated genes inferring different resistance mechanisms, such as enzyme-mediated degradation, alteration of target sites, and efflux pumps (Huang et al., 2012). Among them, efflux pumps contribute to the extrusion of most antibiotics. In MDR-TJ, a specific efflux pump AdeABC belonging to the RND family has been characterized, which mediates the resistance to a broad spectrum of antibiotics, whereas AdeIJK, another efflux pump identified, is considered to be related to the inherent resistance of A. baumannii (Coyne et al., 2011). Therefore, we focused the target of BBH against MDR A. baumannii on pump AdeABC based on the identification of drug-resistance genes in MDR-TJ and the fact that BBH can resume antibiotic sensitivity. Previous studies indicated that cationic antibacterial agents (e.g. berberine) are ideal substrates of multidrug pumps and actively extruded by multidrug pumps in MDR strains (Hsieh et al., 1998; Morita et al., 1998; Stermitz et al., 2000; Severina et al., 2001; Tegos et al., 2002). Our results were consistent with those findings. BBH uptake reached a stationary stage at about 60 min, indicating a balance of accumulation and extrusion by membrane potential and multidrug pump, respectively. The significant increases in the amount of BBH accumulated in the △adeB strains or in the presence of pump inhibitor PAβN validated the competitive role of BBH in the efflux-mediated extrusion of antibiotics (Figure 5).

Some studies showed that the antibacterial activity of berberine and its derivatives is attributed to their role as a pump inhibitor (Morita et al., 2016; Pule et al., 2016). Our study demonstrated that BBH is more likely a pump competitor to resume antibiotic sensitivity than an inhibitor in the treatment of A. baumannii, because it significantly boosted the expression of pump gene adeB and had a higher affinity toward AdeB than antibiotics (Figure 3 and Table 2). In addition, the results that antibiotic-sensitizing activity and synergistic effects diminished in △adeB strain (Table 3) confirmed BBH could facilitate antibiotic efficacy by competing against antibiotics for the AdeB sites. However, the MICs of BBH did not decrease in the △adeB strains, and they changed slightly with pump inhibitors (Table S4), which implies that AdeB may not be the only efflux pump for BBH and other pumps may also contribute to BBH extrusion. Despite the poor absorption and bioavailability of BBH (Imenshahidi and Hosseinzadeh, 2016) as a single antimicrobial, it still has accumulated numerous reliable therapeutic data, and novel approach, like nanoparticulate delivery system (Tan et al., 2011), has been developed to improve its bioavailability. In contrast, for most efflux pump inhibitors (i.e. CCCP and PAβN), the strong side effects and toxicity limit their clinical applications (Li et al., 2015). Last but not least, berberine and berberine analogs which may have similar efficacy against MDR A. baumannii are worthy of further research and development in vitro and in vivo to alleviate imminent threats to human health posed by the continued emergence of multidrug-resistant bacteria.



Conclusions

Collectively, our findings have demonstrated that BBH is a positive substrate of AdeB and possibly other efflux pumps, which may be responsible for the synergistic effects of BBH with antibiotics and antibiotic-sensitizing activity in MDR A. baumannii (Figure 6). In vivo study has suggested that BBH can dramatically boost the antimicrobial efficiency of sulbactam against MDR-TJ strain, which may provide a novel combination therapy to combat MDR A. baumannii infection. Meanwhile, despite of the substantial and clear results in vitro tests, more in vivo studies are needed to carry out in the future to reinforce the clinical effectiveness of the combination therapies.




Figure 6 | Schematic diagram highlighting the antibiotic efflux mechanisms with (A) BBH absent or (B) present. MDR A. baumannii may harbor abundant pump systems. For instance, AdeABC pump contributes to resistance by extruding a wide range of antibiotics into the extracellular environment, which causes a lower dose of antibiotics to accumulate within bacteria and leads to multidrug resistance and concomitant cell growth, as illustrated in (A). However, in the presence of BBH (B), multidrug resistance of antibiotics can be reversed for it could occupy the binding sites of AdeABC and other efflux proteins as a positive pump competitor. This way both the penetration of antibiotics from the outer membrane (OM) and accumulation inside the inner membrane (IM) are maintained, leading to the killing of bacteria.
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Objective

To investigate the overall distributions of key virulence genes in Klebsiella pneumoniae, especially the hypervirulent blaKPC-positive K. pneumoniae (Hv-blaKPC(+)-KP).



Methods

A total of 521 complete genomes of K. pneumoniae from GenBank were collected and analyzed. Multilocus sequence typing, molecular serotyping, antibiotic-resistance, virulence genes and plasmid replicon typing were investigated.



Results

Positive rates of virulence genes highly varied, ranging from 2.9 (c-rmpA/A2) to 99.6% (entB). Totally 207 strains presented positive fimH, mrkD, entB and wzi and 190 showed positive fimH, mrkD, entB, irp2 and wzi, which were the two primary modes. A total of 94, 165 and 29 strains were denoted as hypervirulent K. pneumoniae (HvKP), blaKPC(+)-KP and Hv-blaKPC(+)-KP. ST11 accounted for 17 among the 29 Hv-blaKPC(+)-KP strains; Genes iucA, p-rmpA2 and p-rmpA were positive in 28, 26 and 18 Hv-blaKPC(+)-KP strains respectively. Among the 29 Hv-blaKPC(+)-KP strains exhibiting four super clusters from GenBank, IncHI1B plasmids carrying virulence genes and IncFII ones with blaKPC were responsible for both 23 strains respectively.



Conclusions

Positive rates of virulence genes vary remarkably in K. pneumoniae. Genes iucA, p-rmpA2 and p-rmpA were primary ones inducing Hv-blaKPC(+)-KP. IncHI1B plasmids carrying virulence genes and IncFII ones with blaKPC constitute the primary combination responsible for Hv-blaKPC(+)-KP. The making of Hv-blaKPC(+)-KP is mostly via blaKPC(+)-KP acquiring another plasmid harboring virulence genes.
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Introduction

Klebsiella pneumoniae, a ubiquitous and an opportunistic pathogen, can induce both nosocomial and community-acquired infections (Russo and Marr, 2019; Choby et al., 2020). The former consist of pneumonia, bacteremia, urinary tract infections, etc. The latter include pyogenic liver abscess, endophthalmitis, meningitis, necrotizing fasciitis, etc. K. pneumoniae inducing such “invasive syndrome” is termed as hypervirulent K. pneumoniae (HvKP), which is more virulent than “classical” K. pneumoniae (cKP) typically responsible for nosocomial infections (Russo and Marr, 2019). Many virulence factors are involved in such pathogenesis, e.g. capsule, lipopolysaccharide, Types 1 and 3 fimbriae, siderophores, allantoin metabolism, etc. (Paczosa and Mecsas, 2016). Further, numerous genes are determinants of those factors. Genes p-rmpA, p-rmpA2 and c-rmpA/A2 all could induce hypercapsule (Paczosa and Mecsas, 2016). Traditionally, HvKP was usually susceptible to most antibiotics except inherently resistant ampicillin (Fang et al., 2007).

With years passing, K. pneumoniae, regardless of cKP or HvKP, becomes more and more drug-resistant, among which carbapenem-resistance is of great concern. Carbapenem-resistance is mostly conferred by carbapenemase gene (blaKPC), New Delhi metallo-β-lactamase gene (blaNDM), and oxacillinases-48 gene (blaOXA-48), which are predominantly carried on the mobile genetic elements (Zhang et al., 2015; Lee et al., 2016). Among them, blaKPC, particularly blaKPC-2/3 is predominant (Kopotsa et al., 2019). Carbapenem-resistant K. pneumoniae (CRKP) has now become a great public health threat worldwide (Lee et al., 2016; Niu and Li, 2019), due to its causing high mortality and medical burden.

In the past decades, hypervirulence and drug-resistance advance separately in K. pneumoniae. CRKP was not usually considered hypervirulent (Zhang et al., 2017a). However, their convergence was found in recent years worldwide (Zhang et al., 2015; Lam et al., 2019; Wozniak et al., 2019). Not surprisingly, such K. pneumoniae strains could induce an overwhelming mortality (Gu et al., 2018). Due to the mobility of elements carrying virulence and drug-resistance genes, hypervirulent carbapenem-resistant K. pneumoniae (Hv-CRKP) gained more and more prevalence with its positive rate reaching 7.4–15.0% among CRKP in recent years (Lee et al., 2017). To date, the overall distribution of key virulence genes in K. pneumoniae strains, in particular hypervirulent blaKPC-positive K. pneumoniae (Hv-blaKPC(+)-KP), was rarely reported. Here, we collected 521 K. pneumoniae strains from GenBank. Upon the yielded data, we could get insight into the distributions of key virulence genes in K. pneumoniae, particularly Hv-blaKPC(+)-KP.



Materials and Methods


K. pneumoniae Strains

A total of 521 complete whole genomes (Table S1) of K. pneumoniae from the GenBank Database (https://www.ncbi.nlm.nih.gov/genome/815; download date: May 13th, 2020) were analyzed in this study. Those draft genomes (contigs and scaffolds) were not included. The 521 strains included 28.4% (148 strains) from Mainland China, 4.4% (23 strains) from Taiwan of China, 1.5% (eight strains) from Hong Kong of China, 25.7% (134 strains) from USA, 9.6% (50 strains) from Australia, 6.7% (35 strains) from UK, 3.8% (20 strains) from Germany, 2.7% (14 strains) from Korea, 2.3% (12 strains) from India, 2.1% (11 strains) from France, 1.5% (eight strains) from Japan and 11.1% (58 strains) from other countries.



Multilocus Sequence Typing (MLST)

The DNA fasta sequences of the 521 genomes were compared with the K. pneumoniae MLST database (Larsen et al., 2012) containing the seven housekeeping genes (gapA, infB, mdh, pgi, phoE, rpoB and tonB) and the STs were yielded.



Determination of Serotypes, Antibiotic-Resistance and Virulence Genes

For the genomes of K. pneumoniae from GenBank, the accession numbers were directly used to determine the capsular types via the database of Institute Pasteur (https://bigsdb.pasteur.fr/klebsiella/klebsiella.html). The potential beta-lactamase genes were determined using the Resfinder software version 3.2 (https://cge.cbs.dtu.dk/services/ResFinder/) (Zankari et al., 2012) with the minimum coverage of 60% and minimum identity of 90%, and the virulence genes were predicted using NCBI_BLAST (megablast) searches against the virulence genes of K. pneumoniae with experimental supports (Table S2) with the cut-off coverage of 80% and cut-off identity of 80%.

For virulence genes in this study, they could be classified as the following categories: metabolism (peg-344), colonization (allS), assembling channel protein for capsular polysaccharides or macromolecular exopolysaccharides (EPS, wzy-K1), regulator of mucoid phenotype (p-rmpA2, c-rmpA/A2, p-rmpA), Type 1 fimbriae (fimH), Type 3 fimbriae (mrkD), enterobactin (entB), yersiniabactin (irp2), salmochelin (iroN), and aerobactin (iucA) and capsular polysaccharide-anchor (wzi).



Determination of HvKP, cKP and Hv-blaKPC(+)-KP

The factors responsible for HvKP include hypercapsule (by p-rmpA2, c-rmpA/A2, p-rmpA), EPS (by wzy-K1) and excessive siderophores (Paczosa and Mecsas, 2016; Russo and Marr, 2019). In this study, HvKP could be defined as: positive wzy-K1, ≥3 positive siderophore genes (entB, irp2, iroN and iucA), or ≥1 positive capsule-regulating genes (p-rmpA2, c-rmpA/A2 and p-rmpA). Non-HvKP is termed as cKP. Hv-blaKPC(+)-KP is defined as HvKP carrying blaKPC.



Phylogenetic Analysis and Plasmid Replicon Analysis

The phylogenetic tree of K. pneumoniae strains was generated using kSNP3 (Gardner et al., 2015) software for K. pneumoniae chromosomes and displayed by iTOL (Letunic and Bork, 2016) with midpoint rooting. For the plasmids, the phylogenetic patterns were based on the presence/absence of orthologous gene families of all the plasmids under analysis. A binary gene presence/absence matrix was created using OrthoFinder (Emms and Kelly, 2019) with default settings and a hierarchical cluster result was shown by iTOL (Letunic and Bork, 2016).

Plasmid replicon typing was determined using the PlasmidFinder software version 2.0.1 with the minimum coverage of 60% and minimum identity of 95%.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 software (GraphPad Software Inc., USA). Chi-square test was used to analyze comparisons between groups; p <0.05 was considered statistically significant.




Results


Distributions of Virulence Genes and Predicted Key Virulence Factors

Figure 1A showed overwhelmingly different positive rates of virulence genes, ranging from 2.9 (c-rmpA/A2) to 99.6% (entB) among the 521 K. pneumoniae strains. Four genes (fimH, mrkD, entB and wzi) exhibited prevalence rates of > 90.0%, 1 (irp2) > 50.0% and the others < 25.0%. For the rmpAs, the order was: p-rmpA2 (12.5%), p-rmpA (10.6%) and c-rmpA/A2 (2.9%). For the four siderophore genes, the order was: entB (99.6%), irp2 (53.4%), iucA (15.7%) and iroN (9.2%). Positive rates of iroN and iucA were both lower than that of irp2 and entB (all p < 0.0001). Figure 1B presented different positive rates of predicted virulence factors, ranging from 0.2% (none siderophore) to 99.2% (Type 1 fimbriae). The factors (Types 1 and 3 fimbriae, regular capsule, one or two siderophores) were found more common; 436 (83.7%) strains were found possessing ≤ 2 siderophores. Figure 2 showed 23 modes of virulence genes in K. pneumoniae: each ≥2 strains. Totally 207 strains presented positive fimH, mrkD, entB and wzi and 190 showed positive fimH, mrkD, entB, irp2, and wzi simultaneously, which were the two primary modes and accounted for 39.7% and 36.5% respectively.




Figure 1 | Distributions of virulence genes and factors in K. pneumoniae. (A) Distribution of 13 virulence genes in 521 K. pneumoniae strains. (B) Distribution of virulence factors in 521 K. pneumoniae strains.






Figure 2 | Modes of virulence genes in 521 K. pneumoniae strains. The presence of virulence genes is represented by a dark blue box and the absence of others is represented by a light blue box. Only those with ≥ 2 strains were included in Figure 2.



Among the 91 strains harboring wzy-K1, p-rmpA, p-rmpA2 or c-rmpA/A2, 49 (53.8%) possessed p-rmpA and p-rmpA2, 18 (19.8%) possessing wzy-K1, p-rmpA and p-rmpA2, 15 (16.5%) possessing merely p-rmpA2. Figure 3A showed strong relationships among wzy-K1/p-rmpA or p-rmpA/p-rmpA2. In the 520 strains positive in entB, irp2, iroN or iucA, 278 (53.5%) harbored entB and irp2, 241 (46.3%) harboring only entB, 35 (6.7%) harboring all the four genes. Figure 3B showed strong relationships between iucA/iroN and irp2. Other relationships were also shown in: Figure 3C (K1, peg-344, allS and ST23), Figure 3D (K2, p-rmpA, p-rmpA2 and c-rmpA/A2), Figure 3E (K2, peg-344, allS and ST14), Figure 3F (K2, irp2, iroN and iucA) and Figure 3G (K1, irp2, iroN and iucA). Gene wzy-K1 was completely restricted to K1 serotype (31/31), vice versa. High prevalence of peg-344 and allS was found in K1 strains (22/31, 28/31), but rarely in K2 ones (10/38, 0/38). Gene allS was mainly found in K1 strains (28/33), contrary to peg-344 (22/65). K1 strains mostly belonged to ST23 (23/31) while less than a half (17/38) of K2 ones belonged to ST14. K1 strains showed higher rates of rmpAs (p-rmpA/p-rmpA2/c-rmpA/A2) and siderophore genes (iroN/iucA) than K2 ones: 23/31 vs 10/38 (p < 0.0001), 23/31 vs 9/38 (p < 0.0001), which “confirmed” hypervirulence in K1 strains.




Figure 3 | Venn diagrams of various relationships among virulence genes, serotypes and ST types. (A) Venn diagram of wzy-K1, p-rmpA, p-rmpA2 and c-rmpA/A2. (B) Venn diagram of entB, irp2, iroN and icuA. (C) Venn diagram of K1, peg-344, allS and ST23. (D) Venn diagram of K2, p-rmpA, p-rmpA2 and c-rmpA/A2. (E) Venn diagram of K2, peg-344, allS and ST14. (F) Venn diagram of K2, irp2, iroN and iucA. (G) Venn diagram of K1, irp2, iroN and iucA. Such relationships were shown in 521 K. pneumoniae strains.



According to the aforementioned criteria, 94 (18.0%), 165 (31.7%) and 29 (5.6%) strains were denoted as hypervirulent K. pneumoniae (HvKP), blaKPC(+)-KP and Hv-blaKPC(+)-KP, as shown in Figure S1. Consequently, 427 (82.0%) strains were cKP. Hv-blaKPC(+)-KP shared 17.6% (29/165) among blaKPC(+)-KP. For the blaKPC(+)-KP, ST11 accounted for 34.5% (57/165) while clonal group 258, including ST11, ST258, ST340 and ST437, was positive for 65.5% (108/165), indicating the focus of blaKPC(+)-KP.



Distributions of Virulence Genes in Hv-blaKPC(+)-KP

Figure 4 presented greatly different prevalence of virulence genes in 29 Hv-blaKPC(+)-KP strains, ranging from fimH (100.0%), mrkD (100.0%), entB (100.0%), wzi (100.0%) to c-rmpA/A2 (6.9%). Genes iucA, p-rmpA2 and p-rmpA were positive in 28 (96.6%), 26 (89.7%) and 18 (62.1%) Hv-blaKPC(+)-KP strains respectively. A sum of 28 (96.6%) strains presented ≥ 3 siderophores and 29 (100.0%) carried p-rmpA/p-rmpA2 (p > 0.9999).




Figure 4 | Distributions of virulence genes in Hv-blaKPC(+)-KP.



A total of nine modes of virulence genes were found among the 29 Hv-blaKPC(+)-KP strains, as shown in Figure 5. And the first four modes consisted of eight (27.6%), seven (24.1%), five (17.2%) and three (10.3%) strains, which constituted the majority.




Figure 5 | Modes of virulence genes in Hv-blaKPC(+)-KP. The presence of virulence genes is represented by a dark blue box and the absence of others is represented by a light blue box.





Distributions of STs and Serotypes in Hv-blaKPC(+)-KP

Among the 29 Hv-blaKPC(+)-KP strains, ST11 accounted for the majority (17, 58.6%) although more than 10 STs were found in total (Figure 6A). And five serotypes were found (Figure 6B), among which K64 (11, 37.9%) and K47 (10, 34.5%) made the majority.




Figure 6 | Distributions of STs and serotypes in Hv-blaKPC(+)-KP. (A) Distribution of STs in Hv-blaKPC(+)-KP. (B) Distribution of serotypes in Hv-blaKPC(+)-KP. Statistics were made among the 29 Hv-blaKPC(+)-KP strains. ND, not defined.





Locations of Virulence and blaKPC Genes in Hv-blaKPC(+)-KP

Trends in virulence among Hv-blaKPC(+)-KP infections revealed that the prevalence of Hv-blaKPC(+)-KP significantly increased between 2018 and 2020, mainly from China, especially Mainland China (Figure 7). We found that IncHI1B plasmids were predominantly responsible for the virulence genes (23 strains, 79.3%) and IncFII plasmids were the main contributors for the gene blaKPC (23 strains, 79.3%), suggesting that Hv-blaKPC(+)-KP strains were mainly induced by two different plasmids (Figure 8). IncHI1B and IncFII plasmids constituted the alarmingly successful combination among Hv-blaKPC(+)-KP strains. ST11 accounted for 17 (58.6%) among the 29 Hv-blaKPC(+)-KP strains. Those Hv-blaKPC(+)-KP strains with ST11 typically corresponded to K47 (9/17) and K64 (8/17) serotypes and were divided into four super subgroups. Those with ST86 were all K2 serotype (4/4).




Figure 7 | Characteristics of the 29 Hv-blaKPC(+)-KP strains. The phylogenetic relationship of the 29 Hv-blaKPC(+)-KP strains was analyzed by kSNP 3.0 Based on the predicted results, the binary gene presence/absence matrix was created reflecting the collection year, collection region, blaKPC-2 gene and core virulence genes. The STs of Hv-blaKPC(+)-KP strains were marked on the right of the phylogenetic tree. ND: not defined. The presence of genes, etc. is represented by a solid box. and the absence of others is represented by a white box.






Figure 8 | Details for the characteristics of the 57 antibiotic-resistance or virulence plasmids carried by the 29 Hv-blaKPC(+)-KP strains. The phylogenetic patterns were based on the presence/absence of orthologous gene families of 57 plasmids under analysis. Seven categories of information were presented in this figure, including the phylogenetic tree of 57 plasmids, STs of host strains, collection year, collection region, blaKPC-2 gene, core virulence genes and replicon types of plasmids. ND, not defined. The presence of genes, etc. is represented by a solid box and the absence of others is represented by a white box.






Discussion

This study investigated the general distributions of key virulence genes in K. pneumoniae, in particular Hv-blaKPC(+)-KP.

Among the 521 strains, 65 were positive for peg-344, of which 63 were denoted as HvKP. A sensitivity of 96.9% was therefore yielded, similar as the report (p = 0.5791) (Russo et al., 2018). Gene allS was not restricted to K1 and K2 strains, different from the document (Yu et al., 2008). The reason may lie in the different specimen types of analyzed strains. Gene wzy-K1 (formerly designated magA), corresponding to K1 serotype, vice versa, could help K. pneumoniae yield macromolecular EPS, which confers hypervirulence (Fang et al., 2004). Wzi is a protein riveting capsular polysaccharides, loss of which K. pneumoniae should be acapsular (Rahn et al., 2003). Acapsule was found in 13 (2.5%) strains, which means low virulence. A total of four kinds of siderophores were found in K. pneumoniae strains: enterobactin, salmochelin, yersiniabactin, and aerobactin (Russo and Marr, 2019). Intriguingly, one strain (strain AR_0096, accession number: CP027612.1) was found for none siderophore, indicating other ferric uptake systems than siderophores may also provide a certain amount of iron for growth and reproductivity (Hsieh et al., 2008).

Except for macromolecular EPS and excessive siderophores, hypercapsule could also contribute to hypervirulence (Russo and Marr, 2019), which is typically conferred by p-rmpA, p-rmpA2 or c-rmpA/A2 genes. Hypercapsule played an equal role with excessive siderophores (15.4 vs 16.3%, p = 0.6714) in hypervirulence of K. pneumoniae. The reason lies in the same pLVPK-like plasmids harboring rmpAs and siderophore genes concurrently.

Gene blaKPC was first reported from USA in 1996 (Yigit et al., 2001). Then, the first blaKPC-2(+)-KP strain was reported in mainland China in 2007 (Wei et al., 2007). CRKP has now shared 70 – 90% of carbapenem-resistant Enterobacteriaceae in the European Union and China (Grundmann et al., 2017; Zhang et al., 2017b). To date, blaKPC consists of more than 50 subtypes, among which blaKPC-2 is the most successful one and predominates CRKP worldwide. blaKPC-2 was positive in 132 (25.3%) strains while blaKPC-3 was found in 30 (5.8%) strains. Our study also showed clonal group 258 but not ST11 made up the majority of blaKPC(+)-KP (Wang et al., 2018; Fu et al., 2019); The reason comes from the global distribution of the 521 strains.

The first Hv-CRKP, belonging to K2 and ST65, was unveiled in mainland China in 2015, which was isolated from blood in Wuhan City in March 2013 (Zhang et al., 2015). Armed with hypervirulence and extreme drug-resistance, Hv-CRKP causes greater mortality and becomes notorious (Gu et al., 2018). Our study showed a positive rate of 5.6% for Hv-blaKPC(+)-KP worldwide. Different prevalence of iucA, p-rmpA2 and p-rmpA in Hv-blaKPC(+)-KP strains suggested their different roles in hypervirulence. The modes of virulence genes were rather diverse in Hv-blaKPC(+)-KP. Similar prevalence of ≥ 3 siderophores and p-rmpA/p-rmpA2 (p > 0.9999) indicated their equal roles in hypervirulence of Hv-blaKPC(+)-KP strains, which also originated from the same pLVPK-like plasmids harboring rmpAs and siderophore genes simultaneously. The proportion of K64 was (11, 37.9%), lower than another report (Zhang et al., 2020) (p < 0.0001). Further, IncHI1B plasmids carrying virulence genes and IncFII ones with blaKPC were responsible for both 23 strains, suggesting IncHI1B and IncFII plasmids jointly constitute the most successful combination. Furthermore, the phylogenetic trees revealed that the 29 Hv-blaKPC(+)-KP strains belonged to four super clusters although three clusters all possessed ST11 strains.

Hv-blaKPC(+)-KP evolution may occur through two mechanisms. The first pathway is via HvKP acquiring a plasmid carrying drug-resistance determinants (Wei et al., 2016; Feng et al., 2018) or by the insertion of resistance genes into virulence plasmid or chromosome harbored by HvKP (Zhang et al., 2016; Fu et al., 2018). The second pathway is via multidrug-resistant/extreme drug-resistant cKP acquiring a pK2044- or pLVPK-like virulence plasmid or integrated virulence genes into drug-resistance plasmids (Gu et al., 2018). Our data showed it was most likely that Hv-blaKPC(+)-KP mainly evolved through the second pathway, i.e. via blaKPC(+)-KP acquiring another plasmid harboring virulence genes. Zhou et al. (2020) and Tang et al. (2020) preached that CRISPR-Cas system deficiency in ST11 may play a vital role. However, the two papers elucidated only blaKPC entering ST11 strains; IncHI1B plasmids are different from IncFII ones: rare protospacers were found and they lacked Type IV secretion systems, e.g. traM gene. Therefore, the mechanisms behind IncHI1B plasmids entering ST11 strains would be sophisticated and intriguing.

This study has some limitations. First, the specimen types of 521 K. pneumoniae strains are not well known. Second, some positive virulence genes do not inevitably mean “exact” hypervirulence.

Taken together, positive rates of virulence genes vary overwhelmingly in K. pneumoniae. Hypercapsule plays an equal proportion with excessive siderophores in hypervirulence of K. pneumoniae. Virulence genes iucA, p-rmpA2 and p-rmpA are primary ones inducing Hv-blaKPC(+)-KP. IncHI1B plasmids carrying virulence genes and IncFII ones with blaKPC constitute the primary combination responsible for Hv-blaKPC(+)-KP. Hv-blaKPC(+)-KP urges more insightful investigations.
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New Delhi metallo-β-lactamase (NDM)-producing isolates are usually resistant to most β-lactams and other antibiotics as a result of the coexistence of several resistance markers, and they cause a variety of infections associated to high mortality rates. Although NDM-1 is the most prevalent one, other variants are increasing their frequency worldwide. In this study we describe the first clinical isolate of NDM-5- and RmtB-producing Escherichia coli in Latin America. E. coli (Ec265) was recovered from a urine sample of a female outpatient. Phenotypical and genotypical characterization of resistance markers and conjugation assays were performed. Genetic analysis of Ec265 was achieved by whole genome sequencing. Ec265 belonging to ST9693 (CC354), displayed resistance to most β-lactams (including carbapenems), aminoglycosides (gentamicin and amikacin), and quinolones. Several resistance genes were found, including blaNDM-5 and rmtB, located on a conjugative plasmid. blaNDM-5 genetic context is similar to others found around the world. Co-transfer of multiple antimicrobial resistance genes represents a particular challenge for treatment in clinical settings, whereas the spread of pathogens resistant to last resort antibiotics should raise an alarm in the healthcare system worldwide.
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Introduction

NDM metallo-β-lactamases are carbapenemases capable of hydrolyzing almost all β-lactam antibiotics (except aztreonam), being found in several species of Enterobacterales, Acinetobacter, and Pseudomonas. NDM-producing isolates are usually resistant to most antibiotics due to coexistence of several resistance determinants, and they cause a variety of infections associated with high mortality rates (Mojica et al., 2016). Even though 31 NDM variants have been already described (https://www.bldb.eu, accessed 04.06.21), the NDM-1 variant remains by far the most prevalent worldwide. Substitutions have been observed at 25 of the 270 amino acid positions, of which M154L is present in 11 out of all the distinct variants (Basu, 2020). In contrast to NDM-1 that is widely spread among several Enterobacterales and other Gram-negative bacilli, NDM-5 seems to be more restricted to Escherichia coli isolates (Wu et al., 2019), as it was the first to be reported from a patient in the United Kingdom after previous hospitalization in India (Hornsey et al., 2011). In the Americas, NDM-5 has been only described in clinical isolates in the USA (Mediavilla et al., 2016; Flerlage et al., 2020) and, to the best of our knowledge; it has not been reported in human clinical samples in Latin America, so far. We are aware that the emergence of a novel variant in our geographical region could lead to the replacement or substitution of the prevailing carbapenemases present in the area. On the other hand, RmtB is a 16S ribosomal RNA methyltransferase conferring high-level resistance to aminoglycosides, which has already been disseminated among Enterobacterales worldwide (Doi et al., 2016). This situation has become worrisome due to the loss of one of the most important therapeutic options for treatment of severe infections caused by carbapenem-resistant Enterobacterales (CRE), including those produced by NDM-positive pathogens.

The aim of this study is to report the first clinical isolate of NDM-5- and RmtB-producing E. coli in Latin America and to describe the genetic context of these genes.



Material and Methods

On September 2018, a female outpatient was admitted to Hospital Central de San Isidro “Dr Melchor Ángel Posse” (Buenos Aires Province, Argentina), presenting urinary tract infection symptoms. The patient lived in a retirement nursing home and had not traveled abroad during the prior 12 months. No information about previous antibiotic treatment was recorded at sampling time, nor in the hospital records. A carbapenem-resistant E. coli isolate (Ec265) was recovered from a urine sample. The patient was successfully treated with nitrofurantoin and hydration.

Bacterial identification was carried out by matrix assisted desorption-ionization time of flight mass spectrometry (MALDI-TOF MS) (Bruker Daltonics, Germany).

Susceptibility testing was performed by disk diffusion test according to the Clinical Laboratory Standards Institute (CLSI) recommendations (CLSI, 2020). Phenotypic screening of metallo-β-lactamases (MBL) was performed by synergy tests using meropenem (10 µg)-, EDTA (1 µmol)-, and imipenem (10 µg)-containing disks. Minimal Inhibitory Concentrations (MIC) were determined by Sensititre ARGNF Kit (Thermo Scientific). Results were interpreted according to CLSI guidelines (CLSI, 2020), except colistin and tigecycline for which the EUCAST 2020 breakpoints were considered (https://www.eucast.org, accessed 04.06.21).

Detection and characterization of NDM genes were performed by polymerase chain reaction (PCR), cloning, and sequencing. For blaNDM detection, NDM-F (5´-GGTTTGGCGATCTGGTTTTC-3´) and NDM-R (5´-CGGAATGGCTCATCACGATC-3´) primers were used, rendering a 621 bp product. For blaNDM cloning into a pK19 vector, custom primers including restriction sites were designed (NDM-SalF 5´- TACGCGTCGACATGGAATTGCCCAAT-3´ and NDM-EcoR 5´- CGGAATTCTCAGCGCAGCTTGTC-3´), and E. coli TOP10 was used as the recipient strain, which was transformed with the recombinant construction. Recombinants were selected on Tryptic Soy Agar containing 30 µg/ml kanamycin and 4 µg/ml meropenem, and checked by disk diffusion tests, followed by blaNDM amplification using M13_pUC forward (5′-CCCAGTCACGACGTTGTAAAACG-3´) and M13_pUC reverse (5´-CAGGAAACAGCTATGAC-3´) primers.

Other β-lactamase genes such as blaCTX-M-type and frequent blaOXA-variants were screened by PCR, and detection of the rmtB gene was also performed by PCR (RmtB-F 5´-ACTTTTACAATCCCTCAATAC-3´ and RmtB-R 5´-AAGTATATAAGTTCTGTTCCG-3´) (Berçot et al., 2011).

Phylogenetic group was carried out by PCR following the Clermont scheme (Clermont et al., 2013).

Plasmid conjugation was performed by a mating-out assay using E. coli J53 (sodium azide resistant) as recipient, and Luria Bertani agar plates supplemented with sodium azide (250 µg/ml) and cefotaxime (2 µg/ml) as selective agents. A REP-ERIC PCR assay was carried out to evaluate the relationship between transconjugant and recipient strains (Versalovic et al., 1991).

Finally, whole genome sequencing (WGS) of the clinical isolate Ec265 was carried out on the Illumina NextSeq platform (San Diego, USA) using a paired-end (PE) library. Briefly, single colonies of the bacteria were grown in 3 ml of lysogeny broth for 18 h at 37°C and the DNA was extracted using a PureLink quick gel extraction kit (Life Technologies, CA, USA). The total genomic DNA was used to library construction with a Nextera DNA Flex kit (Illumina, San Diego, CA, USA). The generated raw reads were initially subjected to quality check using FastQC software (https://www.bioinformatics.babraham.ac.uk/projects/fastqc, accessed 01.17.21), and the paired-reads trimmed to remove adapters and low-quality regions (PHRED quality score below 20) using TrimGalore v0.6.5 (https://github.com/FelixKrueger/TrimGalore, accessed 01.17.21).

Sequence reads were assembled de novo using SPAdes V3.9, and analyzed by using on-line bioinformatic tools (Center for genomic epidemiology, CARD and Pathogen watch). Multilocus sequence typing (MLST) was determined following Achtman and Pasteur schemes (https://pubmlst.org/escherichia/, accessed 01.17.21). EnteroBase (https://enterobase.warwick.ac.uk/, accessed April, 2021) was used to determine core genetic relationships among globally disseminated E. coli strains with identical sequence type, as well as to define the clonal complex (CC). To this end, the Ec265 strain was analyzed considering single locus variants (SNV) and double locus variants (DLV). Reads were submitted to EnteroBase under accession number ESC_OA7444AA.



Results


Identification and Susceptibility Profile

Ec265 was identified as Escherichia coli (score value ≥2.0, indicating a reliable identification at specie level), displaying a multidrug-resistant profile to penicillins (ampicillin), cephalosporins (cephalotin, cefuroxime, cefoxitin, cefotaxime, ceftazidime, and cefepime), carbapenems (imipenem, meropenem, and ertapenem), aminoglycosides (gentamycin and amikacin), trimethoprim-sulfamethoxazole, tetracycline, and fluoroquinolones (ciprofloxacin and levofloxacin); remaining susceptible to colistin, nitrofurantoin, fosfomycin, tigecycline, and aztreonam. Synergy was observed between EDTA and both meropenem and imipenem disks, suggesting MBL presence. MIC values are shown on Table 1.


Table 1 | MIC values for Ec265, transconjugant, and recipient strains.





Resistance Markers and Mobilization

The E. coli strain Ec265, belonging to phylogenetic group F, was positive for blaNDM gene detection. PCR for blaCTX-M and blaOXA genes rendered negative results. The blaNDM gene was successfully transferred to E. coli J53 showing that this resistance marker was located on a conjugative plasmid. Resistance to gentamicin and amikacin was co-transferred in the conjugation assay (Table 1). Presence of the rmtB gene was detected in both Ec265 and the transconjugant (Tc265). REP-ERIC PCR discarded any clonal relationship between them. Recombinant pK19 plasmid harboring the blaNDM gene was sequenced and the blaNDM-5 gene was confirmed. Recombinant strain also displayed a resistant phenotype against meropenem (8 µg/ml) and imipenem (>16 µg/ml).

Because of the unusual variant of blaNDM for our region, and the resulting resistance in the clinical isolate, a deep genomic analysis of Ec265 was performed by WGS.



Whole Genome Sequencing

WGS analysis revealed a 5 171 045-bp genome size, with 50.5% GC content, 166 contigs (>200 bp), and N50 value of 162 218 bp (GenBank accession no. JACXXI000000000). Resistome analysis of Ec265 predicted several acquired antimicrobial resistance genes, such as rmtB, aac(3)-IId, aadA2, aph(3´´)-Ib, aph(6)-Id (aminoglycoside resistance), dfrA12 and dfrA17 (trimethoprim resistance), blaNDM-5 and blaTEM-1B (β-lactam resistance), sul1 and sul2 (sulfonamide resistance), erm(B) and mph(A) (macrolide resistance), tet(B) (tetracycline resistance) and chromosomal point mutations in parE (I355T), parC (S80I, E84G), and gyrA (S83L, D87N), involved in fluoroquinolones resistance (Table 2).


Table 2 | Genomic characteristics of Ec265 isolate.



Ec265 belongs to Fim typeH58 CH type 88-58 (fimH58 and fumC88), and the serotype predicted was O153:H34. Some acquired virulence factors were identified, such as air (enteroaggregative immunoglobulin repeat protein), eilA (Salmonella HilA homolog), gad (glutamate decarboxylase), lpfA (long polar fimbriae), and mcmA (microcin M part of colicin H) (Table 2).

According to PlasmidFinder (https://cge.cbs.dtu.dk/services/PlasmidFinder/, accessed 01.17.21), Ec265 harbors different replicon types: IncFIA, IncFIB, IncFII, and IncQ1; however, when Pathogenwatch software (https://pathogen.watch/, accessed 01.17.21) was used, Col and Col156 replicon types were also detected (Table 2). There are several replicon types reported to be associated with blaNDM-5 carrying plasmids in Enterobacterales worldwide, being IncX3 the most common, followed by IncFIB, IncFII, and IncFIA (Wu et al., 2019). Two of these frequent replicons were detected in Ec265 (IncFII and IncFIB). The potential location of blaNDM-5 in an IncFII-type plasmid is of concern considering its known capacity of efficient spread among bacteria (Bonnin et al., 2012).

The contig in which blaNDM-5 was found according to the assembly (contig 54, 10 926 bp) was annotated with RAST software in order to determine its genetic context. A truncated insertion sequence ISAba125 was found upstream of blaNDM-5, whereas bleomycin resistance gene (bleMBL), that encodes a bleomycin resistance protein (BRP), was observed downstream (Figure 1B). These two features are shared with other common genetic contexts of blaNDM (Wu et al., 2019). Some of the elements of NDM-5 genetic context (ISAba125 truncated sequence, IS91-family transposase, and Tn21 Urf2) code for transposase products, that may have had a role in the mobilization of this gene from other genetic platforms. Genes encoding BRP and NDM are co-expressed from the same promoter (Dortet et al., 2017), and could be co-selected either by bleomycin-like molecules (cancer treatment drugs) or carbapenems. Further downstream of bleMBL, there are a set of several genes, including trpF (encoding a phosphoribosyl anthranilate isomerase), dsbD (encoding a protein disulfide reductase), and a typical class 1 Integron containing sul1, qacE, aadA2, and dfrA12 resistance genes. Finally, the genetic region containing blaNDM-5 and class 1 Integron is flanked by two copies of IS26 transposase that delimit a small resistance island.




Figure 1 | Schematic representation of blaNDM contexts of Ec265 and other E. coli human isolates worldwide disseminated: (A) GenBank accession no. JQ364967 (skin, France); (B) Ec265 strain isolated from urine, in Argentina (GenBank accession no. JACXXI000000000; (C) the same sequence correspond to three clinical strains isolated from rectal swab in Canada (GenBank accession no. CP023871), blood in Myanmar (GenBank accession no. AP018147), and urine in Italy (GenBank accession no. MN007141). The light-blue bands indicate identical gene arrangement.



Ec265 blaNDM-5 context is the same as the one observed in a clinical strain of E. coli from France containing blaNDM-1 (Figures 1A, B). Furthermore, considering the blaNDM-5 contexts of greater identity corresponding to clinical strains from other countries around the world (Canada, Myanmar, and Italy), they did not show the presence of Urf2 and aldh elements (Figures 1B, C). All these strains mentioned above contain IncFII-type plasmids harboring blaNDM-1 or blaNDM-5.

Two genes codifying a proton antiporter (cdu2) and the chaperonin GroEL were located downstream of rmtB (contig 87). This 1.68 kb-arrangement was 100% identical to other rmtB-containing Enterobacterales (GenBank accession nos. CP050367, MN061455, MN007141) recovered from clinical samples.

According to Achtman scheme, Ec265 belongs to ST9693 (allelic profile: adk-85, fumC-88, gyrB-78, icd-29, mdh-59, purA-5, recA-62) and according to Pasteur database, it belongs to ST39 (allelic profile: dinB-13, icdA-39, pabB-11, polB-16, putP-12, trpA-25, trpB-8, uidA-19). Ec265 reported in this study do not belong to STs commonly associated to E. coli NDM-producing isolates elsewhere (such as ST101, ST167, ST131, ST405, ST410, and ST648) (Dadashi et al., 2019). EnteroBase software, which works with Achtman scheme (7 MLST genes), showed that ST9693 belongs to CC354 and to date, there was only one more E. coli ST9693 isolate record from Norway (April 2021). The analysis of closely related STs, such as SLVs, displayed a total of 477 E. coli isolates, of which 457 (96%) belonged to the international ST354. The inclusion of DLVs rendered 31 more isolates (a total of 508), grouped in 29 different STs belonging to CC354.

ST354 has been previously reported in carbapenem-resistant E. coli clinical isolates harboring NDM-5 (Zhang et al., 2016; Aung et al., 2018) and KPC (Zouh et al., 2018) in Asian countries meanwhile only in KPC-producing E. coli ST2287, a SLV of ST354 complex, in USA (Chavda et al., 2016). Although ST354 has been associated with E. coli isolates resistant to several antibiotics, recovered from humans (Dadashi et al., 2019) and animals (Guo et al., 2015; Zhuge et al., 2020), it is not considered a high-risk clone.




Discussion

To our best knowledge, even if NDM-5-producing clinical isolates have been reported in other countries around the world, so far in Latin America, essentially blaNDM-1 has been reported (Wu et al., 2019), while blaNDM-5 was only described in Brazil in an Enterobacter bugandensis isolate from an environmental sample (Matteoli et al., 2020). This work would be the first report of a clinical isolate of carbapenem-resistant E. coli carrying NDM-5 in our country and region, that also displays resistance to amikacin and fluoroquinolones. It is important to highlight that previously, the replacement of ESBLs in Argentina (CTX-M-2 by CTX-M-15 hegemony shift) happened in an unnoticed way until detected by searching for specific resistance markers instead of general resistance mechanisms (Sennati et al., 2012) showing the significance of reporting novel variants to understand the changing epidemiology of countries and regions. Besides, we demonstrated blaNDM-5 localization in a conjugative plasmid, raising an alert about the potential dissemination of this resistance marker to a high-risk clone, in addition to the fact that this NDM variant display higher levels of resistance when compared to NDM-1 (Hornsey et al., 2011).

The co-transfer of multiple antimicrobial resistance genes represents a particular challenge for clinical treatment in health care settings, and the spread of isolates resistant to last resort antibiotics, such as carbapenems and amikacin, should be a global warning in public health that deserves close monitoring.
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Background

Due to the critical condition and poor immunity of patients, the intensive care unit (ICU) has always been the main hospital source of multidrug-resistant bacteria. In recent years, with the large-scale use of antibiotics, the detection rate and mortality of carbapenem-resistant Klebsiella pneumoniae (CRKP) have gradually increased. This study explores the molecular characteristics and prevalence of CRKP isolated from the ICU ward of a tertiary hospital in China.



Methods

A total of 51 non-duplicated CRKP samples isolated from the ICU were collected from July 2018–July 2020. The enzyme production of the strains was preliminarily screened by carbapenemase phenotypic test, and drug-resistant and virulence genes were detected by PCR. The transferability of plasmid was verified by conjugation test. The minimal inhibitory concentration (MIC) was determined by microbroth dilution method and genetic diversity was detected by multilocus sequence typing and pulsed-field gel electrophoresis.



Results

blaKPC-2 was the only carbapenemase detected. The major virulence genes were uge (100%), mrkD (94.1%), kpn (94.1%), and fim-H (72.5%), while wcag, ironB, alls and magA genes were not detected. One sequence type ST1373 strain, hypervirulent K. pneumoniae (hvKP), was detected. CRKP strains were highly resistant to quinolones, cephalosporins, aminoglycosides, and polymyxin, but susceptive to tigecycline and ceftazidime–avibactam. The success rate of conjugation was 12.2%, indicating the horizontal transfer of blaKPC-2. Homology analysis showed that there was a clonal transmission of ST11 CRKP in the ICU of our hospital.



Conclusion

The present study showed the outbreak and dissemination in ICU were caused by ST11 CRKP, which were KPC-2 producers, and simultaneously, also carried some virulence genes. ST11 CRKP persisted in the ward for a long time and spread among different areas. Due to the widespread dispersal of the transferable blaKPC-2 plasmid, the hospital should promptly adopt effective surveillance and strict infection control strategies to prevent the further spread of CRKP. Ceftazidime–avibactam showed high effectiveness against CRKP and could be used for the treatment of ICU infections.
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Introduction

In clinical work, Klebsiella pneumoniae (K. pneumoniae) is a common pathogen that can cause multiple infections of wounds, the respiratory tract, urinary tract, and pleural effusion (Podschun and Ullmann, 1998; Holt et al., 2015; Lee et al., 2017; Moradigaravand et al., 2017). In recent years, K. pneumoniae has been identified as a major cause of hospital-acquired pneumonia and is responsible for approximately 10% of all hospital-acquired infections, ranking second among Gram-negative pathogens (Abdelsalam et al., 2018). With the increasing overuse of common antibiotics, carbapenem-resistant K. pneumoniae (CRKP) strains have spread worldwide. CRKP strains can produce a variety of carbapenemases and/or extended spectrum β lactamases (ESBLs) combined with loss of membrane porins and overexpression of efflux pumps, eventually resulting in multidrug-resistant (MDR), extensively drug-resistant (XDR), and pandrug-resistant (PDR) bacteria (Magiorakos et al., 2012; Bhatt et al., 2020). Since the mid-1980s, hypervirulent K. pneumoniae(hvKP) has emerged as a clinically significant pathogen responsible for serious disseminated infections. A variety of hypervirulence-associated factors are important in hvKP strains, including capsular serotypes, a pathogenicity island and several virulence factors (Lee et al., 2017). rmpA activates capsule production, resulting in the hypermucoviscosity phenotype and increase in virulence (Cheng et al., 2010). aero and iroNB which are important siderophores play a crucial role in the progression of infection; magA and wcaG are associated with capsule serotype. Bacteria colonization and fimbriae adhesion are mainly related to fimH, mrkD, allS, and kpn; and uge affects the expression of bacterial lipopolysaccharide. The acquisition of resistance and virulence has increased the mortality rate of CRKP (Chen et al., 2020).

The hospital intensive care unit (ICU) treats and rescues critically ill patients and provides precise treatment and careful nursing intervention, which plays an important role in clinical practice. Due to serious illnesses, complicated etiology, and low resistance of ICU patients, the infection and mortality rates are significantly higher than other departments, and has become a significant factor affecting the prognosis of patients. The risk of CRKP infection in ICU patients is amplified due to the use of antibiotics and long-term hospitalization (Friedman et al., 2017; GiVi et al., 2018).Extremely resistant or (and) highly virulent CRKP infections are often complicated, difficult to treat, and have high mortality. In addition, due to limited space in the ICU, cross-spreading and even outbreaks are extremely common, while patients have poor immunity (Tian et al., 2016; Gu et al., 2018).

The purposes of this study was to elucidate the patterns of antibiotic resistance of infectious CRKP strains, determine resistance and virulence genes frequencies, and investigate the genetic diversity of CRKP isolated from the ICU. We aim to provide molecular and epidemiological data to aid in prevention of the future emergence and outbreak of drug-resistant bacteria.



Materials and Methods


Bacterial Collection

The Yongchuan Affiliated Hospital of Chongqing Medical University is a leading teaching hospital in Chongqing, a city in Chongqing province, China. The hospital has 1,480 beds in 47 wards. It is one of the largest health care centers in the west Chongqing province, and is responsible for the medical care of a population estimated at 10 million. A total of 51 non-duplicated clinical CRKP isolates were collected from the ICU from July 2018–July 2020. Patient information including age, gender, length of ICU admission, diagnosis, and outcome was obtained from electronic medical records. All isolates were obtained from various clinical specimens and identified by a VITEK-2 automated microbiology analyzer (bioMérieux, France). Following the breakpoints of the Clinical and Laboratory Standards Institute (CLSI-2020) guidelines (CLSI, 2020), clinical isolates that are not susceptible to carbapenems (imipenem, meropenem, or ertapenem) were used as experimental subjects. All isolates were stored at −80°C for further study.



Antimicrobial Susceptibility Testing

The VITEK-2 Compact automatic microbiological analyzer AST-GN card (bioMérieux, France) was used for routine antimicrobial susceptibility testing. Minimum inhibitory concentration (MIC) defined as the lowest compound concentration (µg/ml) required to stop bacterial growth was determined by using the microbroth dilution method. Imipenem (IPM), meropenem (MEM), amikacin (AK), levofloxacin (LEV), tigecycline (TIG), polymyxin B (PB), and ceftazidime–avibactam (CAZ–AVI) were used to determine the MIC by the microbroth dilution method. ATCC 25922, ATCC 700603, and BAA-1705 were used as quality control strains. Three parallel assays were performed for each sample. The IPM, MEM, AK, LEV, PB and CAZ-AVI results were interpreted based on CLSI criteria (CLSI, 2020), whereas the TIG results were interpreted based on the European Committee on Antimicrobial Susceptibility Testing (EUCAST) (The European Committee on Antimicrobial Susceptibility Testing, 2020) breakpoint recommendations.



String Test

Following reference (Zhang et al., 2016),CRKP strains were incubated overnight on blood agar. A single colony was touched with a loop and stretched outward. The length of the viscous string was pulled upward and measured. A positive string test result was defined as a string longer than 5 mm. The string test was repeated three times for each.



Carbapenemase Phenotypic Test

The modified carbapenem inactivation method (mCIM) and EDTA-modified carbapenem inactivation method (eCIM) were simultaneously performed to detect carbapenemase production in CRKP. Briefly, 2 ml aliquots of trypticase soy broth (TSB) were directly inoculated with a 1 μl loopful of CRKP colonies. The suspension was vortexed and a 10 μg meropenem disk (Oxoid) was placed in the inoculated tube. Tubes were incubated for 4 h (± 15 min) and placed on a Mueller–Hinton agar (MHA) plate after lawn inoculation of 0.5 McFarland bacterial suspension of meropenem-susceptible E. coli ATCC 25922. For eCIM testing, each isolate was inoculated in a 2 ml aliquot of TSB-EDTA (EDTA concentration, 5 mM). Isolates were incubated and plated as described for mCIM testing. Plates were incubated for 18 to 24 h, and the interpretation for both assays was according to CLSI-2020 (CLSI, 2020).



Molecular Detection of Resistance and Virulence Genes

DNA was extracted from each strain of CRKP by the boiling method (Gong et al., 2018; Unlu and Demirci, 2020). Resistance genes were detected by polymerase chain reaction (PCR), including carbapenemase genes (blaKPC, blaNDM, blaIMP-4, blaIMP-8, blaVIM-1, blaVIM-2, and blaOXA-48), ESBL genes (blaSHV, blaTEM, blaCTX-M-1, and blaCTX-M-9), AmpC β-lactamase enzymes (blaDHA and blaACC), and quinolone resistance genes (qnrA, qnrB, qnrS, qepA and aac(6’)Ib-cr).Virulence genes detected include: fim-H, magA, aero, alls, iroNB, kpn, mrkD, rmpA, uge and wcaG. All primers refer to previous studies (Gay et al., 2006; Park et al., 2006; Ma et al., 2009; El Fertas-Aissani et al., 2013; Compain et al., 2014; Wasfi et al., 2016; Jian-Li et al., 2017; Fu et al., 2018; Gong et al., 2018). Positive amplification products were sequenced, and the sequencing results were compared using Basic Local Alignment Search Tool (BLAST), available at https://blast.ncbi.nlm.nih.gov/Blast.cgi.



Conjugation Experiment

To assess whether the carbapenemase-producing genes were located on plasmids and to assess the transferability of these genes, strains underwent conjugation with E. coli EC600. The conjugation experiment was carried out using a membrane bonding experiment as previously described (Gong et al., 2018). Both the donor (CRKP) and the recipient strains (E. coli EC600) were mixed in Luria–Bertani broth at a ratio of 1:3, and the mixtures were placed on a membrane and incubated for 24 h at 35°C. Transconjugants were selected on MHA plates supplemented with rifampicin (600 μg/ml) and meropenem (1 μg/ml). Colonies that grew on the selective medium were identified by the VITEK-2 Compact system and 16S rRNA sequence. Strains that harbored carbapenemase and exhibited higher MICs of resistance to carbapenems than EC600 were defined as the transconjugants and the presence of resistance determinants was confirmed by PCR.



Multilocus Sequence Typing (MLST)

MLST was performed using seven housekeeping genes of K. pneumoniae that were amplified using primers found in online databases (http://bigsdb.pasteur.fr/klebsiella/primers_used.html). PCR products were sequenced, and sequence types (STs) were determined using online database tools (https://bigsdb.pasteur.fr/klebsiella/klebsiella.html).



Pulsed-Field Gel Electrophoresis (PFGE)

Genomic DNA from CRKP strains was prepared in agarose plugs and digested with the restriction enzyme Xba1 for 3 h at 37°C. The digested fragments were separated on a 1% pulsed-field certified agarose using the Bio-Rad CHEF Mapper System under the following conditions: temperature of 14°C, voltage of 6 V/cm, run time of 18 h, and a switch time of 5–35 s. PFGE patterns were identified according to the protocol at the Centers for Disease Control and Prevention (CDC) website, and the band patterns were analyzed using BioNumerics Software. The analysis was conducted using the unweighted pair group method and the arithmetic mean (UPGMA) using a dice coefficient to judge the strain’s affinity, clusters were defined as DNA patterns sharing ≥80% similarity.




Results


Clinical Characteristics

Among 51 unique isolates, 31 (60.8%) strains were obtained from sputum, 13 (25.5%) from lung lavage fluid, four (7.8%) from urine, two (3.9%) from blood and one from secretion. Most patients had pulmonary disease and received invasive surgical treatments, such as endotracheal intubation, or invasive ventilation. Mortality and improvement rates of patients after infection were similar, 13.7% VS 17.6%, respectively. According to a diagram of the ICU layout, groups A and D were the areas with the highest detection rate (Figure 1 and Table 1).




Figure 1 | ICU internal layout plan. The number represents the corresponding beds. (A–G) indicate different areas divided artificially.




Table 1 | Clinical characteristics of ICU patients.





Results of Antimicrobial Susceptibility Testing

According to the results of the susceptibility testing, all strains were defined as MDR (means ‘resistant to three or more antimicrobial classes’) (Magiorakos et al., 2012). In addition to being resistant to carbapenem antibiotics, all CRKPs had high resistance to quinolones, cephalosporins, and monocyclics. The drug resistance rate to amikacin was 49.0%, and that of polymyxin B was 64.7%. Two strains (3.9%) showed resistance to tigecycline, while seven strains (13.7%) expressed intermediate susceptibility. All strains were susceptible to ceftazidime–avibactam (Figure 2). Various antibiotics showed different ranges of MIC values, and the specific MIC value distribution is shown in Figure 3.




Figure 2 | CRKP genetic similarity and antibiotic sensitivity. IMP, Imipenem; MEM, Meropenem; ATM, Aztreonam; FEP, Cefepime; CAZ, Ceftazidime; CZO, Cefazolin; TZP, Piperacillin tazobactam; CIP, Ciprofloxacin; LEV, Levofloxacin; AK, Amikacin; PB, Polymyxin B; TIG, Tigecycline; CAZ–AVI, ceftazidime–avibactam.






Figure 3 | Distribution of MIC values of different types of antibiotics determined by broth micro-dilution method. MIC, the minimal inhibitory concentration; µg/ml, micrograms per milliliter; IMP, Imipenem; MEM, Meropenem; LEV, Levofloxacin; AK, Amikacin; PB, Polymyxin B; TIG, Tigecycline; CAZ–AVI, ceftazidime–avibactam.





String Test

Only four out of 51 CRKP isolates (7.8%) exhibited the hypermucoviscous phenotype during the string test, the rest were negative.



Carbapenemase Phenotypic Experiment

The positive rate of the mCIM test was 96.0% (49/51), and one (2.0%) CRKP strain was positive for eCIM. This result shows that in the ICU of this hospital, serine carbapenemases are mainly present (Figure 4).




Figure 4 | The carrying status of phenotype, drug resistance genes, virulence genes and homology heat map of CRKP.





Detection of Resistance and Virulence Genes

blaKPC-2 (96.1%) was the only carbapenem resistance gene detected. This is consistent with the results of carbapenemase phenotypic experiments. blaSHV (100%), blaTEM (52.9%), and blaCTX-M-65 (51.0%) had high detection rates. blaCTX-M-65 is a common allelic variant of blaCTX-M-9, and there are three mutations between them including: A80V; A234V and S275R. AmpC β-lactamases were not detected. Only qnrS (2.0%) and aac(6’)Ib-cr (2.0%) were detected in plasmid-mediated quinolone resistance genes (PMQR). For virulence genes, uge (100%), mrkD (94.1%), kpn (94.1%), and fim-H (72.5%) had different detection rates. Both aero (2.0%) and rmpA (2.0%) were detected in only one isolate. wcaG, iroNB, alls, and magA were not detected (Figure 4).



Conjugation Experiment

There were six strains of E. coli identified as conjugants by VITEK-2 and 16S rRNA. The conjugation success rate was 12.2% (6/49: For strains without blaKPC production, no conjugation experiment was carried out). All transconjugants showed resistance to both meropenem and rifampicin, and the successful transfer of the blaKPC-2 gene was confirmed by PCR. The other resistance genes carried by the transconjugants are shown in Table 2. Compared with the original donor, the MIC value of the transconjugants for carbapenems (IMP, MEM) was significantly decreased (4–64 times), similarly, LEV and PB were also decreased. On the contrary, AK, TIG, and CAZ-AVI did not show obvious changes, except for CRKPJ55, which had a change in CAZ-AVI. The specific information on the donor and transconjugants susceptibility profiles is shown in Table 2.


Table 2 | Antibiotic susceptibilities of CRKP isolates and their transconjugants (µg/ml).





Homology Comparison

Two sequence types (STs) were identified among all isolates, with 50 (98.0%) belonging to ST11, and one (2.0%) being an isolate of ST1373.The PFGE results were interpreted according to international criteria and allocated into clusters using a cut-off value of 80% genetic similarity, all isolates were divided into five different clone coincidence clusters (A–E). Cluster A was composed of 32 (62.7%) ST11 isolates, representing the largest group, while 11 (21.6%) isolates belonged to cluster B, four (7.8%) isolates and three (5.9%) isolates were from clusters C and D, respectively. Cluster E (2.0%) contained only one isolate, which belonged to ST1373. Both detection methods showed high homology of CRKP in the ICU (Figures 2, 4).




Discussion

Many studies have reported K. pneumoniae as the most common infectious organism in the ICU (Liu et al., 2016; Xu et al., 2017). Our study reported an outbreak of ST11 carbapenem-resistant K. pneumoniae in the ICU of a teaching hospital. Several important points can be made from the data gathered from this ICU outbreak.

First, combining the timeline and spatial location distribution of this ward, we found that the emergence of drug-resistant bacteria first occurred in group D, and gradually spread to adjacent groups, and staying in group A for the longest time. Groups A and D have the highest detection rate, and group F had no detection (may be related to the small number of beds in this area). The outbreak timeframe was concentrated from January 2019 to October 2019. Due to the impact of COVID-2019, the number of patients in our hospital decreased from January 2020, and was mainly concentrated in group A (Figure 5). Although all samples were divided into five clusters by PFGE, homology of four of the clusters was very high, excluding cluster E (Figure 4). This shows that the outbreak could be traced to the horizontal spread of a certain strain in different wards, which is most likely from nosocomial infection. MLST showed that all strains of clusters A–D belonged to the ST11 type, which is also the most prevalent CRKP type in China. ST11 has recently been reported elsewhere in China, causing fatal infections and high mortality in other hospitals (Zhou et al., 2015; Hu et al., 2016; Sui et al., 2018).




Figure 5 | A timeline represents the ICU stay of patients. Different colors in the legend indicate the different groups.



Second, most ST11 CRKP isolates (49/50, 98.0%) in this outbreak produced blaKPC-2 carbapenemase which has been reported to be the most widely spread carbapenemase in China (Qi et al., 2011). The positive rate of the mCIM test was 96.1% (49/51), while the positive rate of eCIM, based on mCIM, was only 2.0% (1/49). This indicates that the main CRKP enzyme type in the ICU of our hospital was serine carbapenemase, not metallo-β-lactamase (MBL). Interestingly, for the single eCIM-positive strain, CRKP52, no MBLs within the coverage of the primers used in this study were detected by PCR, so we speculated that the bacteria may produce other allelic variants out of range or uncommon-MBLs (for example: blaSIM, blaGIM or blaAIM), indicating that the high accuracy and sensitivity of phenotyping experiments, mCIM and eCIM, can be widely applied, and would be useful in departments that require active inspection. By PCR detection, we found that 98.0 and 100% ST11 CRKP harbored blaKPC−2 and blaSHV, respectively, and most were also positive for blaTEM and blaCTX−M-65, consistent with previous reports (van Dorp et al., 2019). This indicates that increasingly serious threats by ST11 are emerging. blaKPC-2 was responsible for the observed resistance in most of the CRKP isolates in the ICU, and is consistent with other reports (Shen et al., 2009; Hu et al., 2020), a typical plasmid-mediated drug resistance gene, that is widely distributed in different sizes and types of plasmids (Jain et al., 2013; Pitout et al., 2015). The success of the conjugation experiment in this study demonstrated the transferability of drug-resistant plasmids. The acquisition of conjugant resistance also showed that drug resistance was transferable. blaTEM is often part of the genetic environment of blaKPC-2  (Liu et al., 2021; Zhai et al., 2021), so both genes were transferred within the plasmid. In Europe and the United States, transposon Tn4401 is the most common gene element carrying blaKPC (Naas et al., 2008; Wang et al., 2015). Tn1721 is the most widespread transposon containing blaKPC-2 in China, and often appears in the structure of IRR-tnpA-tnpR-IRL1-IRL2 (Jiang et al., 2010). The horizontal transmission of drug-resistant plasmids can accelerate the diffusion of multidrug-resistant genes and mediate the production of multidrug-resistant strains. The results of conjugation showed that the MIC value of conjugants for carbapenems decreased, indicating that other causes of drug resistance, such as membrane protein, or efflux pump, for example, did not transfer with the plasmid. blaKPC-resistant plasmids can encode a variety of virulence and retention factors at the same time, which significantly improves the adaptability of blaKPC to the external environment (Adler et al., 2012), conducive to its global spread. These issues make horizontal transmission research an area of great importance in order to avoid outbreaks.

In addition to carbapenems, we also observed high resistance to aminoglycosides (49.0%) and quinolones (100%) in ICU patients. According to Table 2, in addition to the donor bacteria, the conjugants also showed high resistance to aminoglycosides, which indicated that this resistance was mainly mediated by plasmids. Aminoglycoside-related resistance genes: aph(3’)-Ia; aph(3’’)-Ib and aph(6)-Id, etc., were transferred together with the plasmid, resulting in the persistence of high aminoglycoside resistance. Interestingly, we did not detect a high rate of PMQR (qnrS: 2.0%, aac(6’)Ib-cr: 2.0%). We suspect that this may be related to chromosome mediated quinolone resistance-determining regions (QRDR) (Zeng et al., 2020). These CRKP may have mutations at gyrA, parC, and other sites, and the susceptibility of conjugants to quinolones also confirmed our assumption. Simultaneously, we also observed a high rate (64.7%) of polymyxin resistance (PR). Polymyxins (including colistin and polymyxin B) are considered antimicrobials of last resort for the treatment of carbapenem-resistant Enterobacteriaceae (CRE) infections (Macesic et al., 2020). Despite their toxicity, they have been increasingly used in the last decade, leading to concern about the emergence of PR (Poirel et al., 2017). Exposure to polymyxins is considered a common risk factor (Richter et al., 2018); however, in our study, only one patient was treated with polymyxin B, and the mcr-1 gene was not detected. Therefore, we tested the PmrA/PmrB and PhoP/PhoQ two-component systems and the mgrB gene (a regulator of the PhoP/PhoQ system), which leads to polymyxin resistance by modification of the lipopolysaccharide target (Aires et al., 2016). There were different types of deleterious mutations in PhoP/PhoQ and PmrB, including: PhoP:I201F, PhoQ:D150G, PmrB:N8T, T228A, R256G, and L254F. All the PR strains exhibited alterations in the mgrB gene, including disruption by IS5, IS3, and IS1343. Similar results have been reported in other studies (Cannatelli et al., 2014; Cheng et al., 2015; Wright et al., 2015; Aires et al., 2016; Pitt et al., 2018). PR could not be transferred to the conjugating receptor with the movement of plasmid, and confirmed that PR was chromosomal. There were reports that the use of third generation cephalosporins, quinolones, and carbapenems within 30 days of infection by K. pneumoniae increased the risk of CRKP infection by 2.02, 1.76, and 2.67 times, respectively (Li et al., 2019). Rational and effective use of antibiotics is one of the important means to prevent infection, so close attention must be paid to the signs of antibiotic resistance.

Third, the detection rate of hvKP in this ICU was not as high as previously reported (Zhan et al., 2017). Hypermuscoviscousity and hypervirulence are not always detected together, and the string test is not sensitive enough to detect the virulence (Yang et al., 2020), so following Yu et al. (2017), we define hvKP as a strain that is positive for both the string test and the rmpA gene at the same time. In addition, aerobactin has been considered to be an important virulence determinant for hvKP (Zhang et al., 2016). The only hvKP detected in this study carried both rmpA and aero on the basis of a positive string test. However, the ST1373 hvKP we identified does not produce blaKPC like other CRKPs, and maintains susceptibility to several drugs such as IMP, LEV and AK, which may be due to the small number of drug resistance genes it carries. This is fortunate, and shows that there is an alternative treatment for the hvKP found in our hospital. Unfortunately, because the patient stopped treatment and no valid contact information is available, we cannot continue follow up. However, the high detection rate of other virulence genes, such as fimH, mrkD, and kpn, related to bacterial colonization and fimbriae adhesion and uge, related to bacterial lipopolysaccharide, indicates potential virulence risk. Clinicians in our hospital should pay close attention to the trend of hvKP resistance.

Finally, we have found that some drugs and measures can be used as a potential way to treat and prevent CRKP infection. All strains were susceptible to CAZ–AVI. Ceftazidime/avibactam is a novel β-lactam (ceftazidime) and β-lactamase inhibitor (avibactam) combination that inactivates the active site of serine-β-lactamases, including Ambler class A extended-spectrum β-lactamases (ESBLs), Ambler class C AmpC β-lactamases, the class A carbapenemases, and some class D carbapenemases (van Duin and Bonomo, 2016; Kazmierczak et al., 2018). CAZ–AVI represents a promising therapeutic option to combat KPC-producing K. pneumoniae. However, the increased reporting of resistance, with or without prior exposure to the compound, is a matter of concern (Venditti et al., 2019), therefore, the development of novel antibiotics or the combination therapy of two or more antibiotics instead of monotherapy in CRKP-infected patients are feasible options that will effectively delay the production of drug-resistant bacteria and increase their cure rate. The only CAZ-AVI resistant strain we identified was CRKPJ55, and the original donor did not show resistance. We speculate that the reason for this phenomenon may be related to the difference of transcriptome expression under antibiotic pressure. This requires further in-depth research. We also found 88.2% of the patients suffered from pulmonary disease and most of the samples came from sputum. Because breathing was often obstructed, more than half of the patients received invasive operations such as endotracheal intubation and tracheotomy. Yi et al. have reported that invasive mechanical ventilation for ≥48 h and parenteral nutrition for ≥48 h were risk factors for CRKP infection (Li et al., 2019). Therefore, unnecessary interventional apparatus in the ICU should be removed as early as possible to prevent nosocomial-acquired infections, and enteral feeding should be established as soon as possible to reduce risk factors.

In conclusion, our study described an outbreak of ST11 CRKP that exhibited virulence and long-term persistence in the ICU of a comprehensive hospital in China. The outbreak had multi-drug resistant bacteria that mainly produced blaKPC-2 and could be transferred horizontally. Although this study did not conduct long-term and systematic sampling of all potentially contaminated areas in the ICU, there is a need for understanding the dynamic distribution and spread of CRKP, a major threat to clinical treatment that cannot be ignored. Timely and effective infection control measures are essential to contain and mitigate the risk of nosocomial transmission and outbreaks in hospitals. According to the European Society of Clinical Microbiology and Infectious Diseases (ESCMID) guidelines, the implementation of hand hygiene education programs, contact precautions, and use of alert codes to promptly identify patients with CRKP infections should be applied and infected patients should be isolated. In addition, a program of active screening culture, and implementation of an antimicrobial stewardship program, should be implemented to reduce transmission of multidrug-resistant Gram-negative bacteria in hospital patients, especially in ICUs (Tacconelli et al., 2014; Tiri et al., 2020).
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Antibiotic resistance represents a major global concern. The rapid spread of opportunistically pathogenic carbapenemase-encoding bacteria (CEB) requires clinicians, researchers, and policy-makers to swiftly find solutions to reduce transmission rates and the associated health burden. Epidemiological data is key to planning control measures. Our study aims to contribute by providing an analysis of 397 unique CEB isolates detected in a tertiary hospital in Germany. We propose new findings on demographic variables to support preventive sanitary precautions in routine clinical practice. Data on detected CEB was combined with patient’s demographic and clinical information for each isolate. Multiple regression techniques were applied to estimate the predictive quality of observed differences. Our findings confirm the role of age and gender in CEB colonization patterns and indicate a role for ethnicity and domicile. Also, carbapenemase-encoding A. baumannii was most frequently introduced to the hospital, while the risk of colonization with VIM-encoding P. aeruginosa rose with the length of hospital stay. P. aeruginosa remains an important complication of prolonged hospital stays. The strong link to hospital-wastewater may have implications for hospital-built environments. A. baumannii can be efficiently controlled from spreading at hospital admission. OXA-encoding CEB being harder to detect in routine screening, targeted preventive measures, such as culture media selective for carbapenem-resistant bacteria, would be opportune for patients from selected regions. The CEB differences linked to ethnicity found in our study may further be supporting the tailoring of diagnostic approaches, as well as health policies upon confirmation by other studies and a better understanding of their global distribution.
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Introduction

Bacteria excel at swiftly acquiring the genetic resources to thrive in environments that intend to inhibit their growth. Increasing anti-microbial resistance (AMR) continues to limit treatment options to where there may be no more cure. This growing threat to human health is a serious global concern with a significant health-economic burden. WHO considers the growing AMR issue one of the three major public health challenges of the 21st century, responsible for rising healthcare costs, extended hospital stays, treatment failures, and often death (Naylor et al., 2018; Dadgostar, 2019). The World Economic Forum, devoting a chapter to the growing public health challenge of AMR in its 2013 Global Risk Report, reported an intensified situation in 2018 and finally in 2020 predicted AMR to become the worldwide leading cause of death by 2050 if no action is taken.

Carbapenemase-encoding bacteria (CEB) have spread worldwide (Queenan and Bush, 2007; Lee et al., 2016; Logan and Weinstein, 2017). The most relevant carbapenemases include KPC, NDM, IMP, VIM, and OXA family enzymes, often carried on plasmids. Bacteria producing these enzymes are normally resistant not only to carbapenems but actually to nearly all antibiotics, often due to additional resistance genes carried on those plasmids (Johnning et al., 2018; Sawa et al., 2020). Previous studies have shown an overall rise of the prevalence of CEB in Europe and have highlighted the need for enhanced containment efforts at both country and European levels (Albiger et al., 2015; David et al., 2019).

Epidemiological data is of primary importance to understand the scope of the problem and to design effective control measures. We analyzed demographic and clinical data on 397 CEB detected at our University Hospital (Bonn, Germany) between September 2014 and December 2019 and offer new insights on factors that may be taken into account when optimizing preventive sanitary precautions and developing safe hospital environments. The collected data included variables such as gender, age, ethnicity, residency, CEB specimen type, co-detection of CEB with other multidrug-resistant bacteria, and length of hospital stay.



Materials and Methods


Data

We analyzed retrospective data on CEB isolates that could be retrieved from the laboratory and hospital information systems of our institute, which is part of the University Hospital of Bonn, Germany (UKB). The UKB is a tertiary referral and maximum care hospital with 1,300 beds. Every year about 50,000 inpatients and 35,000 emergencies are treated, and over 350,000 outpatient procedures are provided. The UKB serves mainly German residents but also attracts patients living outside of Germany, mainly in the Arabian Peninsula. Our microbiological diagnostic unit services the University Hospital Bonn and other hospitals in the area and receives an average of 178,000 clinical samples each year. All CEB isolates from September 2014 till December 2019 were traced in the laboratory information system using species and resistance keywords by one operator. Only first isolates were selected for each pathogen–patient combination.

The isolate information was complemented by accessible clinical patient information including gender, age, co-colonization by methicillin-resistant Staphylococcus aureus (MRSA) or vancomycin-resistant Enterococcus (VRE), date of hospital admission, hospitalization stay, oncological or intensive-care ward (ICU) stay, place of residency, and ethnicity. We constructed a database that was password protected and accessible by only three operators who ensured that all patient data were delinked from any results other than CEB and were fully de-identified prior to analysis after the establishment of residency and ethnicity. To infer patient ethnicity, we utilized the free version of the validated and data protection compliant software tool Onolytics (Version 2020, San Jose, California, US). Onolytics classifies names into 189 cultural ethnic and linguistics groupings. Where available, the results were further controlled for plausibility and accuracy using additional information such as patients’ nationality.

All data relevant to the study are included in the article or uploaded as Supplementary Information.

The ethics committee of the University Hospital Bonn confirmed that no ethics approval was required for this study.



Screening and Surveillance Policy

Following German guidelines, multi-resistance of gram-negative rods (MRGNs) was defined on the basis of resistance of a pathogen against three (3MRGN) or four (4MRGN) of the following antibiotic groups: acylureidopenicillins, third and fourth generation cephalosporins, carbapenems, and fluoroquinolones. At our UKB and serviced hospitals primary MRGN screening is performed on all patients who had been hospitalized abroad within the past year, on all transfers without current MRGN screening as well as on all patients that were in the same room with a patient with a 4MRGN. Screening and surveillance body sites include the anal region, the inguinal region, the throat as well as wounds if present. Surveillance after admission is ward-dependent but generally performed at least weekly. Screening and surveillance samples for CEB were routinely cultured by the laboratory on selective ESBL-media, identified via MALDI-TOF MS (VITEK MS, Biomerieux, Marcy-l’Etoile, France) and susceptibility-tested with the VITEK 2 system (Biomerieux, Marcy-l’Etoile, France). Carbapenem-resistant Enterobacterales, A. baumannii and P. aeruginosa or isolates with an unusual carbapenem-susceptibility profile (ertapenem/imipenem/meropenem) are routinely genotyped in-institute for the presence of common resistance genes, using the Allplex Entero-DR (Seegene, Seoul, South Korea) and eazyplex SuperBug Acineto Assays (AmplexBiosystems, Giessen, Germany).



Statistical Analysis

We used regression techniques to assess the association between age, sex, ethnicity, place of residency, and other parameters with the occurrence and/or type of CEB colonization in patients. This allowed construction of patient and/or hospitalization driven risk profiles. First, we report the average prevalence of different types of CEB in various patient populations. Then, using multivariate regressions, we test whether the uncovered differences between groups persist when we take into account the differentials in observable characteristics (e.g. age, sex, days of hospitalization, etc.) among individuals in these groups. To run the regressions we use the statistical software package Stata.

Our main results showing the relationship between demographic and hospitalization related characteristics with CEB colonization are shown in Tables B1–B4 in Appendix B (Supplemental Material). Figures showing the absolute number and share of patients with a certain type of CEB colonization are shown throughout the text.

The p-values, marked with an asterisk (*) in these figures and throughout the text, refer to the significance (at the 0.05 or 0.01 level) of the point estimates obtained in the multivariate regression analysis (shown in Tables B1–B4).

To test the robustness of our results, we performed some additional sensitivity analyses. Results from univariate regression analysis (i.e. including only ethnicity or place of residence as independent variables and excluding all other covariates) are shown in Tables B9–B12 in Appendix B. Furthermore, due to the binary nature of the dependent variables (e.g. the prevalence of specific CEB in the patient), we also estimated the same specifications as in the multivariate analysis applying logistic models. The results of this application are shown in Tables B13–B16 in Appendix B. These sensitivity analyses show the same patterns of statistical significance and, hence, confirm our baseline results obtained with multivariate linear models.



Clonality Analysis

We had access to the genomes of ten KPC-encoding Enterobacter cloacae complex isolates and MLST and OXA variant data of 12 OXA-48-encoding K. pneumoniae isolates from 2019 [see Tables C1, C2 in Appendix C (Supplemental Material)]. Genome analysis was performed with software tools (ResFinder, MLST, PlasmidFinder) of the CGE Server (Update June 8th 2020, Center for Genomic Epidemiology, DTU, Denmark).




Results


Detected CEB From 2014 to 2019

Between September 2014 and December 31st, 2019, 1,917 isolates from 1,384 patients were genotyped with the Allplex Entero-DR and eazyplex SuperBug Acineto Assays [see Table A1 in Appendix A (Supplemental Material)], and revealed 301 CEB isolates from UKB patients and 96 CEB isolates from patients of neighboring clinics. Table 1 shows the demographic and clinical summary information for patients with detected CEB. Assuming that there is no gender imbalance regarding the overall amount of specimens received by our diagnostic unit, male patients (69.72%; 221/317) were more than twice as likely to be colonized with clinically relevant CEB compared to female patients (30.28%; 96/317). There were more CEB isolates during June, August, and October compared to the other months. However, clusters were mostly linked to small outbreaks rather than to seasonality.


Table 1 | Summary demographics for patients with detected CEB isolates.





Species, Carbapenemases, and Specimens

Detected species and encoded carbapenemases are displayed in Table 2. Two hundred and fifty-three patients carried a single CEB species, and 64 patients carried multiple CEB species. Of these 64 patients, fifty-one, eleven, one, and one patients carried two, three, four and five different CEB, respectively, in 144 species in total. Among patients colonized by only one CEB, P. aeruginosa made up 26% (66/253) of all. Among patients that were detected to carry two or more CEB, P. aeruginosa constituted only 8% (11/142) (p <.01), and Enterobacteriaceae made up more. The OXA-48- and OXA-23-encoding P. aeruginosa and OXA-23-encoding K. pneumoniae isolates that appear in our statistic all occurred in 2014 and 2015 and were not cryopreserved in a sufficiently reliable traceable manner for their validity to now be confirmed in retrospect, given their rarity; DNA contaminations can, hence, not be excluded for these six isolates.


Table 2 | Number and type of carbapenemases the most prevalent species encoded.



The number of KPC, VIM, NDM, OXA-23, and OXA-48 like carbapenemases that had been detected as colonizers fluctuated each year between 2015 and 2019 (see Figure A1 in Appendix A). The majority of the KPC enzymes were detected in 2019 between June and August, due to an outbreak. The source of the outbreak had been timely traced, and no patients developed clinical CEB infections. The outbreak was mainly characterized by Enterobacter cloacae complex ST 419 [see Table C1 in Appendix C (Supplemental Material)]. In contrast, all KPC-encoding bacterial isolates detected between 2015 and 2018 were K. pneumoniae isolates and were detected only sporadically. Of all KPC-encoding isolates, 84% (26/31) were detected in screening and surveillance samples. Of VIM-encoding isolates, 31% (36/116) belonged to oncological and 35% (40/116) to ICU patients, making them the most frequently detected carbapenemases in both patient populations. The number of NDM carbapenemases grew steadily until 2018. ICU patients carried 26% (18/67) of the isolates, and oncological patients carried 29% (20/67). Numbers of OXA-23 carbapenemases showed only minimal variations, and only 22% (10/46) of the OXA-23-encoding bacterial strains belonged to female patients.

K. pneumoniae made up 61% (85/140) of OXA-48-encoding isolates. It is known that blaOXA-48 is on an IncL-type plasmid defective for the tir gene involved in the regulation of conjugation rendering this plasmid highly conjugative. Thus it has the ability to be transferred in vivo within different members of Enterobacterales. Genetic resistance profile and MLST-type of OXA-48-encoding K. pneumoniae isolates detected between January and October 2019 are displayed in Table C2 in Appendix C (Supplemental Material). Of interest was that, every 10th patient colonized by an OXA-48-encoding isolate was colonized by at least two different OXA-48-encoding species, all belonging to the family of Enterobacteriaceae. Sixteen isolates, including 14 K. pneumoniae isolates, encoded OXA-48-like carbapenemases in addition to other carbapenemases. Fourteen percent (19/140) of the OXA-48-encoding isolates belonged to oncological patients and 24% (34/140) to ICU patients.

Figure 1 shows relative and absolute quantities of carbapenemase-encoding species that were isolated from the respective types of clinical specimen. Urine samples made up the majority (104) of all the specimen types in which CEB isolates were detected, followed by inguinal swabs (77), anal swabs (77), stool samples (53), wound swabs (49), throat swabs (41), tracheal secretions (36), and blood cultures (14). Nearly half (46%, 183/397) of all CEB were detected in screening and surveillance samples. The frequency with which CEB species were identified differed substantially by specimen type (see Figure 1). In our setting, inguinal swabs were the most efficient specimen for detecting carbapenemase-encoding A. baumannii. P. aeruginosa was more evenly found in the various specimen types, and the least efficient recovery was in anal and inguinal swabs.




Figure 1 | Relative (above) and absolute (below) quantities of carbapenemase-encoding species that were isolated from the respective type of clinical specimen.





Age, Gender and Co-colonization With Other Resistant Bacteria

The total and relative frequencies with which certain carbapenemases and species were detected across different age groups are shown in Figure A2 in Appendix A. More than 83% (265/323) of the patients colonized by CEB were aged 40 or older, 51% (163/323) were 60 or older. No carbapenemase-encoding P. aeruginosa isolates were detected in patients below the age of 25 (n = 25). Among patients aged 25–29 years, including four oncological patients, a disproportionately high number (n=8/19) was found. While there are no gender differences in the average age, we found significant differences in the occurrence of CEB isolates in male and female patients. As the results of the multivariate regressions in Tables B1–B4 show, VIM carbapenemases (p <.05*) and Citrobacter isolates (p <.05*) were significantly more common in female patients.

Thirty-four and sixty-seven patients were co-colonized with methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus (VRE), respectively, and five of these patients with both. There were significantly less women co-colonized with MRSA, 5/34 (14.7%) (vs male, p = .04), compared to co-colonization with VRE, 22/67 (32.8%) (vs male p = .61).



Role of Residency and Ethnicity

The human microbiome is very individual and has been correlated with factors such as ethnicity and geography (Brooks et al., 2018; Gaulke and Sharpton, 2018; Reinheimer et al., 2019). Hence, we investigated the presence of certain types of CEB in particular groups within our sample, identified by their ethnicity and country of residency. Two groups were considered for residence, patients residing in Germany (G-residents) and patients residing in the Arabian Peninsula (AP-residents) (see Table 1). AP-residents colonized with CEB were substantially younger (average age, 39 years) compared to G-residents (average age, 61 years) (t = 7.62, p <.01). Forty-four percent (14/32) of AP-residents were detected to carry CEB on admission, compared to only 23% (48/209) G-residents (p = .01). Figure 2 shows the relative frequencies of species and carbapenemases among the two groups. The indicated p-values derive from the multivariate regressions shown in Tables B1–B4. Enterobacter isolates (p <.05*) and VIM enzymes (p <.01*) were more frequent among G-residents, while KPC enzymes were solely detected in patients in this group. In contrast, A. baumannii isolates (p <.05*) and OXA-23 carbapenemases (p <.05*) were more frequent among AP-residents. The ethnicity of patients had also been retrieved, as explained in the section Materials and Methods (see Table 1). Figure 3 shows the relative frequencies of species and carbapenemases for each group. Again, p-values derive from the multivariate analysis. Although we report the uncovered differences among all ethnic groups in our sample, only German and Arabic ethnicities have a sufficiently high number of observations. Hence, results for the other groups should be read with caution. Controlling for all differential characteristics among groups, as age, sex, hospital stay etc., patients of German ethnicity were less frequently colonized by A. baumannii than patients of Arabic ethnicity (p <.05*), and by K. pneumoniae than patients of Punjabi ethnicity (p <.05*). Conversely, they were more frequently colonized by Enterobacter isolates than patients of Arabic ethnicity (p <.01*). VIM enzymes were more frequently detected among patients of German ethnicity rather than among patients of Arabic (p <.05*), Somali (p <.05*), and Turkish ethnicity (p <.05*). On the other hand, patients of German ethnicity were less frequently colonized with bacteria harboring OXA-23 carbapenemases than patients of Arabic (p <.01*) and Turkish ethnicity (p <.01*) and by bacteria harboring NDM carbapenemases than patients of Somali ethnicity (p <.01*).




Figure 2 | Species and carbapenemases patients resident in Germany (G) and on the Arabian Peninsula (AP) were detected with. *P-values refer to the significance of the point estimates in the regression analysis (see Appendix B). **P-value refers to Enterobacter isolates.






Figure 3 | Summary of patient ethnicity and frequency of species and carbapenemases.*P-values refer to the significance of the point estimates in the regression analysis, baseline category for ethnicity is German (see Appendix B).



Our data suggests that residency and ethnicity play a role in terms of frequency with which certain carbapenemase-encoding species were detected in patients. Hence, we performed two further analyses. Firstly, we compared isolates of patients of German ethnicity residing in Germany with isolates of patients of Arabic, Somali, Turkish, Punjabi, or Kashmiri ethnicity residing in Germany (Tables B5, B6 in Appendix B). Secondly, we compared isolates of patients of Arabic ethnicity residing in Germany with isolates of patients of Arabic ethnicity residing on the Arabian Peninsula (Tables B7, B8 in Appendix B).

German ethnicity patients residing in Germany were less frequently colonized by OXA-23-encoding isolates compared to Turkish (p <.05*) and Arabic ethnicity patients residing in Germany (p <.05*), by OXA-48-encoding isolates compared to Somali ethnicity patients residing in Germany (p <.05*), and by VIM-encoding isolates compared to Kashmiri ethnicity patients. At the same time, they were associated more frequently with VIM enzymes than patients of Turkish ethnicity residing in Germany (p <.05*). Patients of Arabic ethnicity residing in Germany were more frequently colonized with carbapenemase-encoding E. coli isolates compared to patients of Arabic ethnicity residing in the Arabian Peninsula (p <.05*). Although the substantially smaller sample size challenges the consistency of these last results, they provide further suggestive evidence that confirms the significant role of ethnicity.



Introduced vs. Hospital-Acquired

In order to differentiate CEB that are frequently introduced into the hospital from those that are more likely hospital-acquired, we studied CEB detection and the length of stay in the hospital (LOS). Figure 4 demonstrates that carbapenemase-encoding A. baumannii isolates were more frequently detected in patients on hospital admission. Carbapenemase-encoding P. aeruginosa isolates on the other hand were more frequently detected with longer LOS.




Figure 4 | Total and relative amounts of species by LOS.



In more than half of the cases P. aeruginosa was detected after more than four weeks LOS. The results of the multivariate analysis confirmed the existence of a statistically significant and negative relationship between the LOS and P. aeruginosa, Proteus, Serratia, Klebsiella oxytoca, and Klebsiella aerogenes as well as with production of OXA-48-like enzymes. P. aeruginosa was the most frequently isolated CEB from oncological and ICU patients. Especially oncological patients were colonized significantly more frequently by carbapenemase-encoding P. aeruginosa than by A. baumannii (p <.01).




Discussion

As in other studies on multidrug-resistant gram-negative bacteria (GNB) (Kaase et al., 2016; Nicolas-Chanoine et al., 2019), in our study male patients were more prominently colonized with CEB. Methicillin-resistant Staphylococcus aureus (MRSA), but not vancomycin-resistant Enterococcus (VRE), more frequently colonized male patients (Humphreys et al., 2015; Markwart et al., 2019). The higher incidence of each, CEB and MRSA, in male patients explains the intensified gender imbalance in patients co-colonized by both. Higher MRSA-prevalence among men has been postulated to be linked to hand-hygiene and other behavioral factors as well as to immunological and endocrinological differences (Humphreys et al., 2015). Whether the same mechanisms apply for the higher occurrence of multidrug resistant gram-negative bacteria in males, too, remains uncertain.

The 2019 KPC outbreak highlights how explosively KPC-encoded resistance genes can spread in hospital settings despite surveillance and preventive measures. On the other hand, the quantity of carbapenemase-encoding bacteria (CEB) in screening and surveillance samples demonstrates the importance of screening and surveillance practices (Luebbert et al., 2013) to prevent and contain outbreaks. In our study OXA-48-like and VIM carbapenemases were the first and second most prevalent carbapenemases. However in 2018 NDM-carbapenemases were firstly detected more commonly than VIM-enzymes. The steadily growing number of NDM carbapenemases follows a countrywide trend (Robert-Koch-Institute, 2019). The interchangeable and compatible nature of OXA-48-like enzymes has been reported before (Pulss et al., 2018; Hamprecht et al., 2019). In our study these enzymes were encoded by many Enterobacterales and even by P. aeruginosa. K. pneumoniae confirmed its versatility in taking up resistance genes (Navon-Venezia et al., 2017). That P. aeruginosa is more frequently the only carbapenemase-encoding species carried by patients compared to Enterobacteriaceae, might be caused by the fact that the plasmid-subtypes generally carried by P. aeruginosa are less conjugative to other species, whereas plasmid-subtypes encoded by Enterobacteriaceae are more readily transferable to other Enterobacteriaceae (Pulss et al., 2018; Hamprecht et al., 2019; Sawa et al., 2020).

We hypothesize that several factors influence the different spectrum of CEB detected in anal swabs and stool specimen. In our experience, anal swabs are frequently erroneously collected by only swabbing the superficial area surrounding the anal sphincter. Also, only stool samples of oncological patients are routinely cultured on media on which CEB grow. Among the clinical specimens that we received, inguinal swabs were the best for detecting carbapenemase-encoding A. baumannii. The likelihood with which different CEB may be detected in various specimen types should be considered when screening patients in clinical practice.

The apparent decline in occurrence of CEB after the age of 70 observed in our study is solely due to the decreasing number of people in that age group. Colonization with multidrug-resistant bacteria is generally antibiotic- and healthcare associated (Logan and Weinstein, 2017; Nicolas-Chanoine et al., 2019; Segagni Lusignani et al., 2020) and hence more prevalent among the older population. Also, patients residing in foreign countries in need of medical attention coming to Germany for treatment likely more frequently have a long history of hospital stays and antimicrobial therapies. This also explains the higher amount of patients already colonized with CEB at hospital admission among AP-residents compared to G-residents, even though endemicity might as well play a role to a certain degree (van der Bij and Pitout, 2012). The age difference between the two groups may also be linked to the more than 15 years higher life expectancy in Germany compared to several countries on the Arabian Peninsula.

Our data suggests that besides the place of residence, ethnicity plays a role in terms of frequency with which certain CEB are detected in patients. Given the fact that the variability in the microbial species colonizing the human body has been shown to be linked to ethnicity as well as geography (Brooks et al., 2018; Gaulke and Sharpton, 2018; Reinheimer et al., 2019), we are not surprised by this result. Even though statistically significant in our study, confirmation by further studies is required due to the possibility of bias with smaller sample sizes. If confirmed, global distribution patterns of carbapenemases should be considered with these new insights. A higher likelihood of certain CEB in certain patient groups would offer the possibility to further tailor screening and diagnostic approaches as well as patient care, aiming for personalized and efficient precision medicine. On the other hand, there might currently be patients disadvantaged in healthcare settings because of their ethnicity, OXA-enzymes being the most challenging carbapenemases to detect with routine screening processes (Koroska et al., 2017). Culture media selective for carbapenem-resistant bacteria might for example be opportune for the above mentioned patient groups. The result is, however, challenged by the potentially different socioeconomic characteristics of patients. In particular, German residents of Arabic ethnicity in our sample are likely to be in a very different economic situation than residents of the Arabian Peninsula. Unfortunately, with the data at our disposal we are not able to control for the socioeconomic characteristics of patients, but the topic should be addressed carefully in future research.

A. baumannii has been documented to swiftly spread within hospital environments if effective preventive measures are inadequate (Teare et al., 2019). We therefore assume hospital-acquired cases in our study to be low due to effective screening, hygiene, and isolation measures (Luebbert et al., 2013). P. aeruginosa is documented to predominantly infect critically ill as well as immuno-suppressed patients (Aloush et al., 2006; Tsao et al., 2018) and its infection risk increases with longer LOS. Our study confirms these findings. A previous study showed that carbapenemase-encoding P. aeruginosa isolates detected in the siphons of the oncological ward mostly belong to the rare sequence type ST823 (Sib et al., 2019). Future studies should address if this and other detected sequence types match those detected in patients.

Given its frequent presence in hospital-wastewater, hotspots such as the drains, traps, sinks, faucets and toilets have undergone extensive remodeling. Nevertheless, our results and previous findings of the biofilms in the wastewater networks (Sib et al., 2019) further highlight the need to continuously rethink hospital-built environments for safety (Kizny Gordon et al., 2017; Hopman et al., 2019).



Conclusions

We analyzed 397 carbapenemase-encoding isolates detected during a 5 year period with the associated demographic and clinical patient information. We found evidence of a role for ethnicity in the type of CEB colonization, and confirmed the important role of P. aeruginosa among complications of prolonged hospital stays. Continued research will further elucidate the observed gender differences in the frequency of MDR-GNB colonization/infection and the various microbial spectra linked to ethnicity and residency. The way global distribution patterns of carbapenemases are seen and studied may be substantially influenced and new screening, diagnosis, and patient care may be offered. These include more effective screening for challenging resistance enzymes linked with ethnicity/residence and the awareness of the optimal specimen for the various carbapenemase-encoding bacteria. Finally, our study has shown that even when extensive safety precautions are in place, not all hospital-acquired pathogens can be equally well contained, which prompts to continuously rethink hospital-built environments and further optimize all precautions according to risk factors and the spectrum of expected pathogens.
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Several physicochemical and season factors have been related to the abundance of antibiotic resistance genes (ARGs) in wastewater treatment plants (WWTPs), considered hotspots of bacterial resistance. However, few studies on the subject have been carried out in tropical countries endemic for resistance mechanisms such as blaKPC. In this study, the occurrence of ARGs, particularly blaKPC, was determined throughout a WWTP, and the factors related to their abundance were explored. In 2017, wastewater samples were taken from a WWTP in Colombia every 15 days for 6 months, and a total of 44 samples were analyzed by quantitative real-time PCR. sul1, sul2, blaKPC, and ermB were found to be the most prevalent ARGs. A low average reduction of the absolute abundance ARGs in effluent with respect to influent was observed, as well as a greater absolute abundance of ARGs in the WWTP effluent in the rainy season. Factors such as temperature, pH, oxygen, total organic carbon (TOC), chemical oxygen demand (COD), and precipitation were significantly correlated with the absolute abundance of several of the ARGs evaluated. A generalized linear mixed-effects model analysis showed that dissolved oxygen and precipitation in the sampling day were important factors related to the absolute concentration of blaKPC over time. In conclusion, the abundance of ARGs in the WWTP could be influenced by endemic conditions and physicochemical and climatological parameters. Therefore, it is necessary to continuously monitor clinical relevant genes in WWTPs from different global regions, even more so in low-income countries where sewage treatment is limited.
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Introduction

Antimicrobial resistance constitutes an important and multifactorial public health problem worldwide. Therefore, its study and control cannot focus only on hospital institutions since humans, animals, and various interconnected environmental habitats can contribute to the emergence, evolution, and spread of antimicrobial resistance (Hernando-Amado et al., 2019).

Accordingly, other environments such as wastewater treatment plants (WWTPs) have been considered for study and intervention since they are one of the main receptors for antibiotics, resistant bacteria, and antibiotic resistance genes (ARGs) from anthropogenic activities (Berendonk et al., 2015). Additionally, their effluents are one of the sources of these emerging pollutants, constituting a potential risk to human health (Hong et al., 2013; Berendonk et al., 2015; Berglund et al., 2015). In recent years, WWTPs have been evidenced as becoming a reflection of the problem of resistance in the community (Sims and Kasprzyk-Hordern, 2020).

It has been described that the type of WWTP process can have important effects on the bacterial populations present in the water. For example, WWTPs with activated sludge technology would accelerate the genetic exchange processes of ARGs among bacterial populations due to the density and diversity of the bacterial populations present. Moreover, these populations can be selected due to the continuous contact with antibiotics and become reservoirs of ARGs, increasing the possibility of the appearance and dissemination of new resistance determinants (Hong et al., 2013; Novo et al., 2013; Yang et al., 2013).

Likewise, several studies have presented specific characteristics of the WWTP related to physicochemical, environmental, and even climatological variables, which seem to influence the abundance of ARGs in the treatment plants and their effluents (Hong et al., 2013; Novo et al., 2013). However, despite the advances in this regard, the great variability of factors such as operational conditions, and the particularities of each WWTP, makes it necessary to search, monitor, and evaluate the abundance of ARGs in treatment plants and effluents in different regions at a global level.

In this sense, molecular tools such as quantitative real-time PCR (qPCR) represent great advantages by giving an approximation of the prevalence, abundance, and dissemination of ARGs (Allen, 2014; Berendonk et al., 2015) that allows an approximation of bacterial resistance behavior in a given population to be made. Additionally, the analysis of the distribution of ARGs throughout the plant, together with the evaluation of the physicochemical and environmental characteristics, allows information on factors that can influence the presence of ARGs in a particular WWTP.

In South America and particularly in Colombia, the bacterial resistance problem is alarming, and antibiotics are used indiscriminately by the populations. Colombia is considered endemic for antibiotics resistance mechanisms of clinical relevance such as blaKPC carbapenemase production (Munoz-Price et al., 2013). In 2005, blaKPC was detected for the first time in hospital isolates (Virginia Villegas et al., 2006); since then, blaKPC prevalence has been increased in the hospitals, which has limited the available therapeutic options (Mojica et al., 2012; Munoz-Price et al., 2013). Recently, this resistance mechanism has been reported in Gram-negative bacilli from the WWTP evaluated in this study, evidencing its presence in wastewater (Rodríguez et al., 2020).

Although in South America, Brazil, Chile, Argentina, and Colombia have advanced in describing the situation of resistance bacteria in aquatic environments (Chagas et al., 2011; Picão et al., 2013; de Oliveira et al., 2017; Aristizábal-Hoyos et al., 2019; Leon-Felix et al., 2020; Rodríguez et al., 2020), only a few studies have been carried out that quantify the occurrence and abundance of ARGs (Santamaría, 2011; Bueno et al., 2019; Arsand et al., 2020; Bueno et al., 2020). There are no long-term studies that evaluated the effect or influence of the climatological conditions of tropical countries and physicochemical factors in the presence and abundance of ARGs in the WWTPs and effluents, including those ARGs of clinical importance as blaKPC.

Taking the aforementioned into account, the objectives of this work are I) to determine the presence and abundance of ARGs for β-lactams, tetracyclines, sulfonamides, macrolides, and quinolones in an activated sludge treatment plant and II) to establish the stages of the treatment plant process and environmental and climatological factors that could be related to the presence of resistance genes and, in particular, the blaKPC gene in the WWTP over time because blaKPC is one of the most relevant resistance mechanisms in hospital isolates of the city and is very important in the world.



Materials and Methods


Place and Sample Collection

A cross-sectional study was conducted in a WWTP in Antioquia. Wastewater entering the treatment plant is a mixture of domestic and industrial wastewater. The average flow rate of wastewater treated by the WWTP over 1 year is 1.8 m3/s (ca.150,000 m3/day) with a removal efficiency of 80% biological oxygen demand  and 85% suspended solids. The WWTP uses aerobic-activated sludge process technology and effectively treats 80% of the river’s flow that enters the plant. Due to its location, the WWTP collects wastewater from several schools, universities, hospitals, business offices, shops and clubs, and some industries. It processes the wastewater of 614,410 inhabitants.

Samples were collected every 15 days over 6 months (January to July 2017) for 11 samplings at 4 sites, totalizing 44 samples. This period included dry and rainy seasons. The four specific sampling sites throughout the WWTP are raw influent (RI), aeration tank (AeT), return activated sludge (RS), and final effluent (FE) (Figure 1). To avoid effects associated with organic loading fluctuations, samples were collected every 15 days on the same day between 14:00 and 16:00. For each sample, 500 ml was collected and conserved at 4°C until laboratory analysis.




Figure 1 | The figure shows the four sampling points of the wastewater treatment plant: raw influent, aeration tank, return activated sludge, and final effluent.





Determination of Physicochemical Parameters and Atmospheric Conditions

The following physicochemical measurements were determined in situ and in triplicates with the use of Multiprobe (HACH HQ40d multi) (APHA et al., 2017): temperature (°C), pH, conductivity (μS/cm), dissolved oxygen (mg/L), and oxygen saturation (%). Other physicochemical parameters such as total solids (mg/L), chemical oxygen demand (COD), (mg/L), and total organic carbon (TOC) (mg/L) were measured according to the Standard Methods for Examination of Water and Wastewater (APHA et al., 2017). Additionally, atmospheric conditions such as seasons (dry and rainy) and water precipitation were obtained from the database of the Colombia Institute of Hydrology, Meteorology, and Environmental Studies (IDEAM - Instituto de Hidrología, 2017).



DNA Extraction

A volume of 200 ml of each water sample was centrifuged at 13,000 rpm (17.950 g) for 15 min before DNA extraction. The supernatants were discarded, and the sediments were used in the extraction (approximately 0.1 to 0.33 g depending on the sample). For DNA extraction, the PowerSoil DNA Kit was used (Mo Bio, Carlsbad, CA, USA) (Xiong et al., 2014). The DNA concentration and purity were determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and all DNA samples were stored at −20°C until further analysis.



Quantification of ARGs

Quantitative PCR (qPCR)  was used to quantify ARGs of clinical importance and that have been detected in aquatic environments, encoding resistance for beta-lactams (blaKPC, blaNDM, blaOXA-48, blaCTX-M, and blaSHV), macrolides (ermB), sulfonamides (sul1 and sul2), tetracyclines (tetW), and quinolones (qnrA). Also, the 16S rRNA gene was analyzed to quantify total bacterial populations and normalize the abundance of ARGs in the collected samples.

Standard curves were prepared according to Marti et al. (2013). Each target gene was cloned into a pGEMR-T Easy Vector (Promega Corporation, Madison, WI) and transformed into Escherichia coli competent cells following the manufacturer’s protocol (Promega Corporation, Madison, WI). The amplicon-carrying pGEMR-T Easy Vector was purified with QIAprep Miniprep (QIAGEN, Germany) and linearized with BcuI (SpeI) restriction enzyme (Thermo Scientific, Wilmington, DE, USA) before use. The plasmids concentration was determined using a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and the copy number was calculated according to Lee et al. (2006). The standard curve of each gene was generated by 10-fold dilution of plasmids carrying the target gene, ranging from 1 × 107 to 1 × 101 copies with three replicates. The amplification efficiencies of the standards for 16S rRNA and ARGs ranged between 87.5% and 104.9%. The R2 values of the standard curves for 16S rRNA and ARGs were in the range of 0.994 to 1.

All qPCR assays were performed with the CFX96 Touch™ Deep Well Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA), and PCR reactions were carried out in a 10-µl volume that contained 1 µl of template DNA (1 ng/µl), 1.6 µl of each primer (400 nM), 0.8 µl of nuclease-free water, and 5.0 µl of SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA). Table S1 summarizes primer sequences. The quantification was performed in triplicate for each sample within the same run together with the standard curves and DNA-free negative controls. The PCR inhibitors were eliminated by diluting the DNA with nuclease-free water. The specificity of qPCR assays was evaluated by the analysis of a melting profile. The limit of quantification (LOQ) was defined as the lowest number of target copies that can be reliably quantified. LOQ was determined as the minimum concentration of the target for which two replicates give a positive result with the coefficient of variability for Ct being no more than 0.5 Ct.

The ARG quantification results were expressed as absolute abundance and relative abundance. The absolute abundance of each ARG was expressed as the number of copies per milligram of the sample, and the relative abundance of each ARG was calculated by normalizing the absolute copy number of each gene to 16S rRNA gene copy numbers (ARG copies/16S rRNA copies).



Statistical Analysis

According to data distribution, the description of the variable was made, calculating mean and standard deviation or median and interquartile ranges. ANOVA or Kruskal–Wallis tests were used to detect the statistically significant differences in the variables between the sampling points (p < 0.05).

The average reduction of the absolute abundance of ARGs in the different treatment stages concerning what entered to RI was evaluated using calculations [(average log reduction = log10 (mean gen copies influent)/(mean gen copies in respective WWTP stage)] (Pallares-Vega et al., 2019).

The relationship between the absolute abundance of ARGs, physicochemical parameters, and atmospheric conditions by sampling points was estimated by Spearman or Pearson correlations, and the level of significance was p-value < 0.05. Before this statistical analysis, the absolute abundance of each ARG was log10-transformed to meet normality assumptions.

Due to different samplings being carried out at the same time and place, a mixed-effects generalized linear model was applied to analyze factors related to the absolute abundance of blaKPC in the WWTP during the study time. The outcome variable was the absolute abundance of blaKPC. Initially, a bivariate analysis was performed, where the variables included were season (dry and rainy), water temperature (°C), pH, conductivity (μS/cm), dissolved oxygen (mg*L-1), TOC (mg*L-1), COD (mgO2/L), total solids (mg*L-1), precipitation 1 day before sampling (mm), and precipitation in the sampling day (mm).

For multivariate analysis, variables that had a p-value of 0.25 were included and, considering that Colombia is a tropical country, the seasonal variables (dry and rainy) and precipitation in the sampling day also were included. A mixed-effects model with a random intercept family (gamma) and link (log) was used. Three models were generated and adjusted by sampling time. The likelihood approach was used to compare the models (Hall et al., 2000) based on the goodness-of-fit index as per the Akaike information criterion and the Bayesian information criterion (van den Hout et al., 2013). The lowest Bayesian information criterion was accepted as appropriate. Significant differences were reported at a p<0.05 level. The statistical analyses were carried out using the Stata v.14.0 software package (StataCorp LP, College Station, TX).




Results


Physicochemical Parameters and Atmospheric Conditions

Table 1 shows the physicochemical parameters and atmospheric conditions determined during the study. The values found for the physicochemical parameters evaluated in the 6 months of the study complied with the values established locally on the requirements of specific wastewater discharges in surface water bodies and public sewerage systems (Resolution 0631 of 2015) (Ministry of Environment and Sustainable Development Colombia, 2015).


Table 1 | Characteristic of wastewater and atmospheric conditions.



The treatment plant was observed to be operating efficiently in the reduction of organic matter and the improvement of water quality. Regarding the atmospheric conditions, 5 of the 11 samplings were carried out during the dry season and 6 during the rainy season. This classification was based on the one carried out for 2017 by the Colombia Institute of Hydrology, Meteorology, and Environmental Studies (IDEAM - Instituto de Hidrología, 2017).



The Occurrence of ARGs in the WWTP

The occurrence of ARGs (sul1, sul2, ermB, blaKPC, blaNDM, blaOXA-48, blaCTX-M, blaSHV, tetW, and qnrA) was determined in 44 residual water samples (11 samples per point) during a 6-month period.

The results are summarized in Table S2 and Figure 2. Regarding the number of copies of the bacterial 16S rRNA gene, the average was 2.89 × 109 copies/ml. Regarding the absolute abundance of ARGs, among the most prevalent were sul1, sul2, blaKPC, and ermB. The sul1 and sul2 genes were found in average concentrations of 5.74 × 108 and 4.54 × 108 copies/ml, respectively, the blaKPC gene showed an average of 2.33 × 108 copies/ml, and the ermB gene was found in an average concentration of 2.03 × 108 copies/ml. Concerning other ARGs, it was detected in descending order of abundance: blaOXA-48 gene (8.74 × 107 copies/ml), tetW gene (1.92 × 107 copies/ml), blaCTX-M gene (1.42 × 107 copies/ml), blaSHV gene (1.14 × 107 copies/ml), qnrA gene (1.22 × 106 copies/ml), and blaNDM gene (2.99 × 104 copies/ml).




Figure 2 | Absolute concentration of the 16S rRNA gene and ARGs in the WWTP. The data represent the average concentrations of ARGs. The results are expressed in log10 copies per ml. Significant differences were found in the distribution of the ARGs between the sampling points except for the sul1, sul2, and ermB genes. RI, raw influent; AeT, aeration tank; RS, return activated sludge; FE, final effluent.



The genes sul1, sul2, blaKPC, tetW, and blaCTX-M were present in all the samples evaluated. Conversely, the genes ermB, blaOXA-48, and blaSHV were detected in 36 of the 44 samples analyzed (Table S3), whereas the blaNDM and qnrA genes were the least detected found in 15 and 31 of the 44 samples evaluated, respectively.

The relative abundance of ARGs normalized to the 16S rRNA (ARG copies/16S rRNA copies) revealed trends in ARGs distribution (Figure 3). It was observed that the sul1, sul2, and blaCTX-M genes’ relative concentration decreased in the AeT and increased in the RS and FE. In the blaKPC, tetW, and ermB genes, it was found that the relative abundance of these decreased in the secondary treatment and increased in the FE, sometimes even in higher concentration than in the RI. In the case of blaOXA-48, blaSHV, qnrA, and blaNDM, great variability was found in the relative abundance of these genes. The blaOXA-48 gene analysis showed a decrease through the plant but an increase in the FE. The blaSHV gene increased in the RS and FE, and, in qnrA and blaNDM genes, very similar values were observed at all the points of the WWTP.




Figure 3 | Relative abundance of ARGs in the WWTP. Within the box plot chart, the crosspieces of each box plot represent (from top to bottom) maximum, upper quartile, median (black bar), lower quartile, and minimum values. ermB, blaKPC, blaNDM, blaOXA-48, blaCTX-M, blaSHV, tetW, and qnrA showed a statistically significant difference between points (P<0.05). *ARGs with minimum values below the detection limit (b.d.l).



When comparing the differences in the ARG distribution between the points of the plant evaluated, significant differences were detected in most ARGs except for sul1, sul2, and ermB (Table S2, Figure 3).



The Reduction the Absolute Abundance of ARGs With Respect to Raw Influent

The average reduction of the absolute abundance of genes in the different treatment stages sampled concerning what entered to RI was evaluated (Figure 4, Table S4). A logarithmic reduction for the 16S rRNA gene was observed mainly in the AeT (0.44 ± 0.62 logs), which means an average decrease of 63.9% of the gene; however, when the FE is analyzed, the average log reduction is only 20.3% (0.10 ± 0.12 logs).




Figure 4 | Reduction of concentration of 16S rRNA and ARGs in the stages of the WWTP in comparison with raw influent [average log reduction = log10 (mean gen copies influent)/(mean gen copies in respective WWTP stage)]. RI, raw influent; AeT, aeration tank; RS, return activated sludge; FE, final effluent.



Regarding the ARGs, it was observed that, in the AeT, the highest percentage of reduction was for the blaCTX-M gene (98.59%, 1.85 ± 0.12 logs) and the lowest was for sul2 (62.23%, 0.42 ± 0.44 logs). In the RS, the highest reduction percentage was for blaSHV (95.75%, 1.37 ± 1.27 logs) and the lowest was for sul2 with a percentage of 0.36%. Finally, in the FE, the average reduction, in general, was low, showing a greater percentage of reduction in the qnrA gene (60.21%, 0.40 ± 0.70 logs) and no reduction in the blaOXA-48 and sul2 genes, which, instead of decreasing, increased in the FE, mainly blaOXA-48 (Figure 4, Table S4).



Relationship Between Physicochemical Parameters and Atmospheric Conditions and Absolute Abundance of ARGs Throughout the Treatment Plant

To establish the physical–chemical variables that could be related to the absolute abundance of ARGs in the WWTP, a correlation analysis (Pearson or Spearman) was used between physicochemical parameters and atmospheric conditions and the absolute abundance of ARGs at each point of the plant (Table 2). In general, correlations were found for most of the ARGs in at least one of the points of the plant except for the blaNDM and qnrA genes. All correlation analyses are found in Table S5 and Supplementary Figures 1–3.


Table 2 | Statistical estimation correlation between ARGs, physicochemical parameters, and atmospheric conditions.



The water temperature showed a positive correlation with the absolute abundance of the ermB (0.607) and sul2 (0.739) genes in the AeT. The TOC and COD parameters were positively correlated with the blaOXA-48 gene count in the RI (TOC (0.681)), COD (0.718)), and FE (TOC (0.672)).

Regarding dissolved oxygen, a positive correlation was found between the RI and the blaSHV (0.619) and tetW (0.770) genes. tetW also showed a positive correlation with oxygen saturation (0.768) at this point in the plant.

The presence of suspended solids showed a positive correlation for the absolute concentration of the sul1 (0.717) and sul2 (0.640) genes in the RI, and the pH presented a positive correlation with the qnrA (0.619) gene in the AeT.

Atmospheric conditions were also positively related to the absolute concentration of ARGs. Thus, precipitation 1 day before sampling was correlated with blaCTX-M (0.680) in the AeT and blaSHV (0.621), sul2 (0.642), and tetW (0.438) in the FE. Additionally, the precipitation in the sampling day showed significant positive correlations with blaKPC (0.651) in the RI and with blaKPC (0.683), blaCTX-M (0.699), blaSHV (0, 741), sul1 (0.772), sul2 (0.7840), and tetW (0.629) in the FE.

Considering the findings of correlations, it is evidenced by a direct relationship between precipitation and the absolute abundance of ARGs in the effluent of the plant. The effect of the seasons (dry and rainy) on the absolute concentration of ARGs at each point of the treatment plant was evaluated. It was found that the absolute concentration of the majority of the resistance genes showed a characteristic pattern: in the dry season, a greater absolute abundance of ARGs was observed in the RI and RS, whereas in the rainy season, a greater absolute abundance of ARGs was observed in the FE and AeT except for the tetW and qnrA genes (Figure 5).




Figure 5 | Absolute concentration of each ARG in samples collected from RI, AeT, RS, and FE in both rainy and dry seasons. The data represent the average concentrations of ARGs. The results are expressed in log10 copies per ml.





Factors Related to the Absolute Abundance of blaKPC in the WWTP During the Study Time

Figures S4 and 5 show the distribution of blaKPC by season (Figure 5) and over the study period (Supplementary Figure 4) by sampling place. In both, a slight increase in the absolute abundance of blaKPC is observed in the FE compared to the RI. A mixed-effects generalized linear model analysis was performed to analyze the factors related to the absolute abundance of blaKPC during the study period. Two models were generated (Tables S6, S7, and Table 3). The model that showed the best fit is shown in Table 3. In the models, the variable related to the absolute abundance of blaKPC during the study period was the increase in dissolved oxygen. When this variable was evaluated together with meteorological variables such as the season of the year (Table S7) or precipitation in the sampling day (Table 3), it was that for each increase in the concentration of dissolved oxygen (p <0.001) and precipitation in the sampling day (p <0.051), the absolute abundance of blaKPC increased in the WWTP.


Table 3 | Model 2. Factors related to the abundance of blaKPC in the WWTP during the study time.






Discussion

In this work, the presence and abundance of ARGs throughout a WWTP in a tropical country over 6 months was determined. This allowed a follow-up and evaluation of ARG concentration over time and an analysis of different factors related to the absolute abundance of ARGs in the plant. It is also one of the first studies in the region on the subject and focused on describing those factors related to the absolute abundance of blaKPC in a WWTP, an endemic resistance gene in South America.

Our results show that the absolute abundance of ARGs in a WWTP is a dynamic and multifactorial process influenced by the specific operating conditions of each WWTP, the physicochemical parameters, the atmospheric conditions such as the rainy season, and possibly the epidemiology trends of the bacterial resistance in each region. These types of findings highlight the importance of continuous monitoring and epidemiological surveillance of the presence and abundance of ARGs in treatment plants and effluents in different regions globally, and more so in geographic areas such as South America where wastewater treatment is limited, and bacterial resistance represents a great threat to public and environmental health.


The Presence and Abundance of ARGs in WWTPs

In the study, significant differences were found in the distribution of ARGs between the points of the plant. Due to the large number of reports on the sul1 and sul2 genes in the WWTP and their importance as markers of environmental contamination, the absolute abundance of these sulfonamide resistance genes was evaluated. The results showed a high abundance of sul1 and sul2 genes in the WWTP (sul1 5.74 × 108 and sul2 4.54 × 108 copies/ml) and corroborated previous findings in other WWTPs, where they describe them as the most abundant resistance genes (Pei et al., 2006; Wang et al., 2013; Calero-Cáceres et al., 2014; Mao et al., 2015; Cacace et al., 2019; Pallares-Vega et al., 2019; Paulus et al., 2020). The high absolute abundance of sulfonamide resistance genes in wastewater is due to the extensive use that has long been made of these antibiotics in human and animal practices (Aminov et al., 2001; Pei et al., 2006); besides, they are generally found in mobile genetic elements such as class 1 and class 2 integrons, which are frequently described in aquatic environments (Gillings, 2014; Koczura et al., 2016).

Likewise, in the treatment plant, the presence of ermB gene was screened. This macrolide resistance gene was detected at considerable absolute concentrations (2.03 × 108 copies/ml). As with the sul genes, ermB gene is one of the most evaluated and found resistance genes in wastewater worldwide (Pallares-Vega et al., 2019; Paulus et al., 2020). Its presence in water has been associated with water pollution by antibiotics such as azithromycin and industrial effluents’ discharges (Milaković et al., 2019).

Another gene analyzed was tetW (resistance to tetracycline) that was detected at average concentrations of approximately 1.92 × 107 copies/ml. In Colombia, a previous study conducted on water bodies from agricultural and livestock operations showed the presence of tetracycline resistance genes (Santamarı́a, 2011). This work shows the presence of tetracycline resistance genes in an urban WWTP in Colombia. The high abundance of these ARGs is explained by the wide use of tetracyclines, mainly in livestock activities. Likewise, tet genes are considered indicators of fecal contamination (Aminov et al., 2001; Pei et al., 2006), which explains their presence in the WWTP.

In the treatment plant, some genes were found to be in lower absolute abundance. One of these was the plasmid-mediated quinolone resistance (PMQR) determinant qnrA (1.22 × 106 copies/ml). This gene confers resistance to quinolones, one of the most commonly prescribed antibiotics for human and animal infections. PMQR has been detected in bacterial isolates of hospital and municipal wastewater (Marti and Balcázar, 2013; Vaz-Moreira et al., 2016). The search for these determinants is important because these genes are associated with extended-spectrum beta-lactamases (ESBL) and plasmid-mediated cephalosporinases and favor the selection of additional chromosomally encoded quinolone resistance mechanisms (Poirel et al., 2008).

Likewise, clinically relevant ARGs blaKPC, blaNDM, blaOXA-48, blaCTX-M, and blaSHV were evaluated in this study. The blaCTX-M and blaSHV genes were found in medium proportions in the WWTP (blaCTX-M 1.42 × 107 copies/ml and blaSHV 1.14 × 107 copies/ml), corroborating previous findings on beta-lactamase–producing Enterobacteriaceae, where these resistance genes were frequently detected.

Regarding genes that encode carbapenemase-type beta-lactamases (blaKPC, blaNDM, and blaOXA-48), the blaKPC gene was detected in considerable absolute concentrations in the WWTP (an average of 2.33 × 108 copies/ml). This finding coincides with previous results at the local level for our research group, where high endemicity of this resistance mechanism is reported in carbapenem-resistant Gram-negative bacilli isolated from hospitalized patients and the WWTP (Ocampo et al., 2016; Rodríguez et al., 2020). It also coincides with the global findings of countries such as China, where reports of high concentration blaKPC in wastewater are increasingly frequent (Yang et al., 2016; Yang et al., 2017). However, the results are contrary to those reported in European countries, where a low abundance of blaKPC is described (Cacace et al., 2019; Schages et al., 2020); among them is Germany, which reported other carbapenemases with higher frequency (Schages et al., 2020). These differences respond to the local epidemiology of bacterial resistance and justify the search and continuous surveillance of common ARGs in hospital settings. Likewise, the finding of the blaKPC gene in the effluent indicates the risk of spread in the environment.

The other genes that encode carbapenemases, such as blaNDM (2.99 × 104 copies/ml) and blaOXA-48 (8.74 × 107 copies/ml), had low occurrence and absolute abundance in the WWTP compared to blaKPC. The low absolute abundance found is again explained by the country’s epidemiology trends, where also a low frequency of these resistance genes has been observed in hospitals. Unlike what happens in Europe and Asia, these ARGs are frequently detected in hospitals and aquatic environments (Yang et al., 2016; Cacace et al., 2019; Schages et al., 2020). However, due to their clinical relevance, the blaNDM and blaOXA-48 sporadic detection reveals the need to continue their follow-up and monitoring because, although in low circulation, they could become a critical bacterial resistance problem at the local level.

Generally, the analysis of the presence and absolute abundance of ARGs in the WWTP showed two relevant aspects. First, those ARGs frequently reported globally in WWTPs such as sul1, sul2, and ermB were also presented in abundance in the WWTP evaluated. This result agrees with the findings of Cacace et al. (2019) who describe few differences in biogeographic patterns with respect to the abundance of these genes in urban WWTP effluents. Therefore, they suggest that although sul1, sul2, and ermB are considered markers of the degree of antibiotics water pollution, their evaluation in urban WWTPs may not be helpful and their search could be more directed in rural environments. Second, ARG monitoring in WWTPs should be directed to clinical relevance ARGs with potential risk in public health, such as carbapenems-resistant genes. In addition to showing the impact of resistance in the population, clinical relevance ARG abundance, generally in wastewater, responds to bacterial resistance’s local epidemiology, which justifies their constant follow-up to detect the emergence of these ARGs in the population.



ARGs: The Distribution and Reduction of ARGs Throughout the Different Points of WWTP

The distribution analysis of all ARGs throughout the plant, together with the reduction values of absolute abundance, gives an overview of the role of WWTPs in the elimination of ARGs (Pallares-Vega et al., 2019), relevant information to target wastewater treatment. Although the relative abundance of the ARGs evaluated throughout the plant was different, in all cases, an increasing trend of ARGs in the effluent was evident. These results were supported by the low percentage of absolute abundance reduction of bacterial 16S rRNA and ARGs in the effluent, which were found at an even lower percentage than those reported in effluents of a conventional activated sludge WWTP (Czekalski et al., 2012; Rodriguez-Mozaz et al., 2015; Makowska et al., 2016; Rafraf et al., 2016; Pallares-Vega et al., 2019).

The finding of low bacterial 16S rRNA removal alerts about the functioning of the WWTP in bacterial removal. This behavior has been reported in other studies, where the reduction of 16S rRNA in the effluent has been described as insignificant, and an increase in this gene in the FE has been reported (Rafraf et al., 2016; Korzeniewska and Harnisz, 2018). However, this differs from other works, where removal percentages of bacterial 16S rRNA of up to 98.2% in the effluent have been described (Pallares-Vega et al., 2019).

Regarding the distribution of the relative abundance of blaKPC, blaOXA-48, tetW, and ermB, it was observed that these genes decrease during treatment; good removal percentages were observed in tanks and sludge but increased in the effluent. These results may indicate several things: on one hand, the dispersion processes of ARGs from secondary treatment, where ARGs are released from bacteria that carry these ARGs by predation processes by bacterivorous protozoa or by the effect of treatment in which low hydraulic retention times or environmental phenomena such as rain (discussed later), or both, allow these genes to arrive from specific points of the plant to the FE. On the other hand, the specific functioning of the WWTP studied, where only 80% is treated, and the additional 20% is mixed with the FE, would explain the sudden increase in genes such as blaKPC, which showed a low relative abundance in the recirculating sludge but a sudden increase in the effluent. Although this WWTP design is uncommon, this result indicates the importance of treating 100% of the flow that enters the WWTP, which would help improve the removal of ARGs.

Different behavior was observed when the distribution of the relative abundance of sul1, sul2, and blaCTX-M was analyzed: these genes decreased in tanks and increased in the sludge and effluent. These results agree with the removal analysis where low percentages were observed in sludge and effluent for genes such as sul2 (0.36%). Both results may show selective processes in recirculation activated sludge for these resistance genes by substances such as antibiotics, which are described as the main selective factors in treatment plants. These findings are consistent with the results of previous studies from the same treatment plant, where compounds such as sulfamethoxazole and trimethoprim were found in abundance in the WWTP effluent (Botero-Coy et al., 2018). Likewise, they may result from the lack of control in the use of antibiotics in the community in the country of study.

Finally, variability in the relative abundance of blaOXA-48, blaSHV, qnrA, and blaNDM was observed throughout the study, which may be due to the sporadic and low detection of these genes in the WWTP. Therefore, it is difficult to generate hypotheses on the factors that would explain the distribution of these ARGs in the WWTP points evaluated.



Environmental Factors Related to the Presence of Resistance Genes and in Particular of the blaKPC Gene in WWTPs Over Time

Different physicochemical factors seem to influence the absolute abundance of ARGs in treatment plants and their effluents (Hong et al., 2013; Novo et al., 2013). Our results indicate how the particular operating conditions of WWTPs and weather conditions favor the presence of ARGs in the WWTP. It was found that variables such as water temperature, TOC, COD, oxygen, pH, and rainfall can probably affect the absolute abundance of some ARGs at specific points in the WWTP. All these factors directly affect bacterial growth, and some of the bacterial species that carry these resistance genes may be more sensitive to the changes produced by these variables, and, for this reason, they increase or decrease, which is directly reflected in the concentration of these genes in specific parts of the WWTP.

Previous studies have indicated an important effect of temperature on bacterial resistance (Manaia et al., 2018). A positive correlation between temperature and ermB and sul2 abundance was observed in the AeTs in this work. The correlation found may be due to an overgrowth of microorganisms typical of the microbial communities that carry these ARGs at this point in the plant. An opposite effect was observed in the influent and in the effluent, which is possibly explained because these points of the WWTP are bacterial transit points, where retention times are short and, therefore, the temperature does not have a significant effect on the growth of microorganisms.

Other parameters described to be related to the absolute abundance of ARGs in WWTPs are TOC and COD (Manaia et al., 2018), which, in this work, were correlated positively with the blaOXA-48 gene in the influent and the effluent. TOC and COD could be favoring the growth and survival of bacteria carrying blaOXA-48 in the influent and the effluent, considering that, in the study’s WWTP, a treatment is carried out on 80% of the flow and the other 20% of the water is untreated. A slight increase in the organic load (TOC and COD) in the FE is expected. This behavior could explain the low average reduction of blaOXA-48 in the effluent. Other studies have reported a relationship of TOC with other ARGs, including ermB and tetracycline resistance genes (Kim et al., 2007; Manaia et al., 2018).

With regard to the effect of weather conditions on the absolute abundance of ARGs in the WWTP, in general, few studies have explored these variables (Caucci et al., 2016; Koczura et al., 2016; Lamba and Ahammad, 2017; Pallares-Vega et al., 2019; Schages et al., 2020) and especially in tropical countries where the seasons are not distinctly defined. Interestingly, we found a positive relationship between atmospheric conditions such as precipitation 1 day before sampling and precipitation in the sampling day with the absolute abundance of blaKPC, blaCTX-M, blaSHV, sul1, sul2, and tetW mainly in the effluent. This finding was confirmed with the analysis of the distribution of absolute concentration of ARGs according to the weather season (rainy or dry) and with a mixed-effects generalized linear model applied to analyze factors related to the absolute abundance of blaKPC. In these analyses, variables such as precipitation in the sampling day and the increase in dissolved oxygen could be related to the increased absolute concentration of blaKPC in the WWTP during the study time.

Our results contradict what was described by Mao et al. (2015) and Lamba and Ahammad (2017) who did not find changes in the abundance of genes in WWTPs in rainy or dry seasons; however, they agree with what was previously described by other authors who have detected changes in abundance according to the time of the year or the presence of rain (Yang et al., 2013; Di Cesare et al., 2017; Sui et al., 2017; Schages et al., 2020).

For most of the ARGs, a greater absolute concentration was observed in the effluent in the rainy season. An increase in the abundance of ARGs in the effluent in the winter or rainy season in the WWTP and rivers has been previously reported (Yang et al., 2013; Caucci et al., 2016; Koczura et al., 2016; Di Cesare et al., 2017). The abundance of ARGs in rainy seasons has been related to the increase in the consumption of antibiotics in the populations (Caucci et al., 2016), which would lead to an increase in selective processes in the WWTP; however, in this case, this variable could not be determined.

Based on the analysis of the effect of the seasons on the absolute concentration of ARGs at each point of the WWTP, we hypothesize that the variations in the abundance of ARGs found in the different points of the plant during the seasons could be related not only to selective processes but also to dispersion processes and the dilution of ARGs. Thus, in the rainy season, the decrease in ARGs in the influent may be due to the dilution process of bacteria and ARGs that would reach the WWTP in lower concentrations due to the increase in the riverbed. Likewise, the increase in ARGs in the effluent may be due to an increase in the hydraulic load of the WWTP, which would lead to a process of less hydraulic retention time in tanks. Therefore, the rain would favor dispersion phenomena of resistant bacteria and ARGs in tanks to the effluent. This hypothesis can be supported by the previous findings of Pallares-Vega et al. (2019) where it is described how a higher hydraulic load can disturb the treatment processes and affect in some way the efficiency of ARG reduction during treatment. Likewise, Di Cesare et al. (2017) described the effect of moderate rains on the abundance of ARGs in a river, finding that they increase significantly in rainy seasons (total ARGs: 24 times) concomitantly with microbial aggregates that could detach possibly due to disturbances generated by rain (Di Cesare et al., 2017).

Because the generation and dissemination of antibiotic resistance in the environment is a complex process, and the result of the interaction of different variables that can be masked with correlation analysis, a mixed-effects generalized linear model analysis was performed to determine factors related to the absolute abundance of blaKPC during the study time. Our results showed that the blaKPC concentration increased concomitantly with the increase in the dissolved oxygen concentration and the precipitation in the sampling day. Rain is an important factor that can generate variations in the physicochemical parameters of the water, and it has been seen that, in high volumes of rain together with a rapid rate of flow, dissolved oxygen is significantly increased (Girardi et al., 2016). This would explain the relationship between these variables and their impact on the increase in blaKPC in the WWTP. Similar analyses have shown that the abundance of ARGs has been related, in addition to rainfall, to the increase in total phosphorus, N-NH4, and microbial aggregates (Di Cesare et al., 2017).

Finally, in this study, all water samples were centrifuged for DNA extraction, and sediments were used. The methodology variation is due to the number of solids found in the samples analyzed and the particular WWTP operation, where a part of the FE is again mixed with the initial RI (20%). Therefore, there was an important amount of solids in some samples, which made the filtering method difficult. Although it is not a common method in wastewater studies, due to the conditions described, we consider it an adequate approximation of what is happening in the WWTP. All samples (including sludge) were processed under the same conditions and normalized, decreasing the noise that could be generated when the samples are processed with different extraction methods, whereby the results could allow a more precise comparison between the points of the plant. Likewise, due to changes in the methodology, the results were not directly compared with the ARG quantification of other studies. Nevertheless, more studies are needed to confirm the findings.




Conclusions

The results of this work allowed the monitoring and evaluation of the treatment process in a WWTP and abundance of ARGs, including blaKPC, over a period of time. These suggested that the particular operating conditions of the WWTP, i.e., physicochemical factors (water temperature, TOC, COD, oxygen, and pH), the climatic conditions of tropical countries (rain and drought), and the prevalence of resistance mechanisms such as blaKPC in local hospitals, could be related to the absolute abundance of ARGs in the WWTP. Further investigations should be conducted to explore other variables that could influence the abundance of ARGs in the WWTP and their effluents and could impact and be risk factors of antimicrobial resistance, such as the number of infected patients, self-medication, and consumption of antibiotics in the populations. Likewise, our results established the need to continue routine ARG monitoring in wastewater to detect new trends and threats.
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Untreated wastewater is a reservoir for multidrug-resistant bacteria, but its role in the spread of antibiotic resistance in the human population remains poorly investigated. In this study, we isolated a KPC-2-producing ST2787 Klebsiella quasipneumoniae subsp. quasipneumoniae (WW14A), recovered from raw sewage at a wastewater treatment plant in Argentina in 2018 and determined its complete genome sequence. Strain WW14A was resistant to all β-lactams, ciprofloxacin and amikacin. A core genome phylogenetic analysis indicated that WW14A was closely related to a GES-5-producing Taiwanese strain isolated from hospital wastewater in 2015 and it was clearly distinct from strains isolated recently in Argentina and Brazil. Interestingly, blaKPC-2 was harbored by a recently described IncP-6 broad-spectrum plasmid which was sporadically reported worldwide and had never been reported before in Argentina. We investigated the presence of the IncP-6 replicon in isolates obtained from the same sampling and found a novel non-typable/IncP-6 hybrid plasmid in a newly assigned ST1407 Enterobacter asburiae (WW19C) also harboring blaKPC-2. Nanopore sequencing and hybrid assembly of strains WW14A and WW19C revealed that both IncP-6 plasmids shared 72% of coverage (~20 kb), with 99.99% of sequence similarity and each one also presented uniquely combined regions that were derived from other plasmids recently reported in different countries of South America, Asia, and Europe. The region harboring the carbapenem resistance gene (~11 kb) in both plasmids contained a Tn3 transposon disrupted by a Tn3-ISApu-flanked element and the core sequence was composed by ΔISKpn6/blaKPC-2/ΔblaTEM-1/ISKpn27. Both strains also carried genes conferring resistance to heavy metals (e.g., arsenic, mercury, lead, cadmium, copper), pesticides (e.g., glyphosate), disinfectants, and several virulence-related genes, posing a potential pathogenic risk in the case of infections. This is the first study documenting blaKPC-2 associated with IncP-6 plasmids in K. quasipneumoniae and Enterobacter cloacae complex from wastewater in Argentina and highlights the circulation of IncP-6 plasmids as potential reservoirs of blaKPC-2 in the environment.
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Introduction

The spread of carbapenem-resistant Gram-negative bacteria is an urgent and critical public health priority according to the World Health Organization (Tacconelli et al., 2018). Several classes of carbapenemases have emerged in members of the Enterobacteriaceae family, including class B metallo-β-lactamases (e.g., New Delhi Metallo-β-lactamase - NDM), class D (e.g., OXA-48) and class A carbapenemases, especially Klebsiella pneumoniae carbapenemase (KPC) (Rojas et al., 2017). Antimicrobial resistance genes (ARGs) and their bacterial hosts are widely distributed in clinical settings but also through the environment, especially in surface water, sewage treatment plant effluents, soil, and animal waste (Sekizuka et al., 2018). The appearance of blaKPC gene in the environment represents an emerging environmental issue with potentially serious public health implications (Hu et al., 2019). Nevertheless, environmental contamination with carbapenemase-producing Enterobacteriaceae (CPE) has not been fully investigated. Compared to clinical isolates, available data for CPE in wastewater are limited, with few reports on genetic characteristics such as fine-scale within-species phylogeny and virulence gene profiles. Detailed characterization of environmental CPE is important to better understand the molecular epidemiology and reservoirs of these clinically important microbes (Gomi et al., 2018). Wastewater Treatment Plants (WWTPs) act as interfaces between the human population and the aquatic environment. Several previous studies have proposed WWTPs and wastewater to be hotspots for horizontal gene transfer, facilitating the exchange of ARGs among different bacterial species. While urban population keeps growing, an increased proportion of sewage effluents get into surface waters, being the role of WWTPs essential in reducing the spread of ARGs. WWTPs and wastewater act as anthropogenic sources, reservoirs, and environmental suppliers of ARGs, making it necessary to monitor the impact on the spread of resistance to antimicrobials (Gomi et al., 2018; Suzuki et al., 2019; Furlan et al., 2020).

Multidrug-resistant hypervirulent lineages of K. quasipneumoniae subsp. quasipenumoniae, recently defined as a new species, are an emerging issue for public health worldwide. Misidentification using standard laboratory methods is common and consequently, the clinical significance of K. quasipneumoniae is imprecisely defined (Rodrigues et al., 2018). While it was originally associated with environmental niches, there is actual evidence that it is able to sustain in hospitalized patients and disseminate among patients (Mathers et al., 2019). Moreover, this species has been shown to take up plasmids from other enterobacteria and harbor several resistance plasmids belonging to different incompatibility groups such as IncU/IncX5 (blaKPC), IncHI2 (mcr-9) and IncFII/IncFIB (mcr-8.2) (Mathers et al., 2019; Yang et al., 2019; Faccone et al., 2020).

Members of the Enterobacter cloacae complex (ECC) are part of the human gut microbiota and are considered opportunistic pathogens responsible for a wide range of health-care-associated infections and hospital outbreaks, especially in intensive care units. Due to the presence of intrinsic chromosomal AmpC cephalosporinases, along with the acquisition of plasmid-mediated extended-spectrum β-lactamases, carbapenems are among the “antibiotics of choice” to treat infections caused by isolates displaying high-level cephalosporin resistance. Therefore, the increasing carriage of blaKPC by members of the ECC over the last years is worrisome (De La Cadena et al., 2018).

Interestingly, KPC-producing Enterobacteriaceae and Aeromonas isolates from hospital wastewater in Taiwan, river sediments in China or coastal waters in the United States have been recently reported, all of them associated with IncP-6 plasmids (Botts et al., 2017; Gomi et al., 2018; Hu et al., 2019). IncP types are broad-host-range plasmids that have demonstrated the potential to mediate the dissemination of ARGs among Gram-negative bacteria, especially Enterobacterales and Pseudomonas aeruginosa (Cuzon et al., 2011; Naas et al., 2013; Dai et al., 2016; Gomi et al., 2018).

The KPC-2-encoding gene has been found in several plasmids from different incompatibility (Inc) groups, usually IncFII, IncL/M, IncN, or IncA/C, but only rarely in other plasmids like IncP-6 and IncX (Yao et al., 2017). For example, in a continent-wide study performed in Europe with 1717 K. pneumoniae isolates, using a combination of long- and short-read sequence data, blaKPC-carrying IncP-6 plasmids were found only rarely (David et al., 2020). The emergence of blaKPC gene on IncP-6 broad-host-range plasmids, capable of replicating in both E. coli (where they are assigned into the IncG group) and Pseudomonas, has facilitated its rapid dissemination to Enterobacteriaceae and other Gram-negative families (Dai et al., 2016).

The aim of this study was to demonstrate the most relevant genomic features of two KPC-2-producing strains, a Klebsiella quasipneumoniae subsp. quasipneumoniae and an Enterobacter asburiae, isolated from a WWTP in Buenos Aires, Argentina, in 2018. Both strains harbor IncP-6 plasmids, for which we describe the genetic structure, in particular the backbone surrounding blaKPC-2, and also compare to previously described plasmids, giving an overview of IncP-6 diversity.

This work contributes to a better understanding of acquired resistance and microbial adapting features in K. quasipneumoniae and ECC from a One Health perspective and pinpoints the important role of wastewater in global dissemination of resistance markers associated with IncP-6 backbone plasmids across multiple species around the world. To our knowledge, this is also the first report of IncP-6 plasmids circulating in Argentina and supports the hypothesis that IncP-6-blaKPC-2 promiscuous plasmids may have had a geographic origin in South America prior to their introduction in other countries of Europe and Asia (Yao et al., 2017).



Materials and Methods


Sampling and Bacterial Identification

A 1000-mL sample of raw wastewater collected at a municipal sewage treatment plant in Argentina was filtered through 0.45µm membranes, which were cultivated for 18 h at 37°C in MacConkey broth supplied with 10 µg/mL meropenem, to select for bacteria with reduced carbapenem susceptibility. The resulting suspension was then streaked on MacConkey agar and colonies showing different morphologies were selected and assessed by PCR, using primers targeting blaIMP, blaVIM, blaNDM, blaOXA-48 and blaKPC (Poirel et al., 2011). Two blaKPC positive strains were isolated and blaKPC-2 genes were identified in both strains by PCR amplification with primers KPC-F (5´ - ATGTCACTGTATCGCCGTCT - 3´) and KPC-R (5´- TTTTCAGAGCCTTACTGCCC - 3´) (Saba Villarroel et al., 2017) followed by direct amplicon DNA sequencing. Carbapenemase production was checked by a modified Hodge test and a positive result for synergy between imipenem (30 μg) and phenyl boronic acid (300 μg) containing disks. Both isolates were identified to species level by MALDI-TOF/MS (matrix-assisted laser desorption/ionization – time of flight mass spectrometry) (Bruker Daltonics GmbH, Bremen, Germany), and designated WW14A (Klebsiella pneumoniae) and WW19C (E. asburiae).



Antimicrobial Susceptibility Testing

Antibiotic susceptibility testing was performed by disk diffusion for 14 antimicrobial compounds: ampicillin (10 µg), amoxicillin/clavulanic acid (20/10 µg), cefazolin (30 µg), cefoxitin (30 µg), ceftriaxone (30 µg), ceftazidime (30 µg), aztreonam (30 µg), meropenem (10 µg), gentamicin (10 µg), amikacin (30 µg), ciprofloxacin (5 µg), trimethoprim/sulfamethoxazole (23.75/1.25 µg), chloramphenicol (30 µg) and tetracycline (30 µg). Colistin susceptibility was assessed by broth dilution, while minimal inhibitory concentration (MIC) of the following β-lactam antibiotics was carried out by agar dilution according to CLSI 2021 guidelines (CLSI, 2021): ampicillin, piperacillin, piperacillin/tazobactam, cephalothin, cephalexin, cefoxitin, ceftriaxone, ceftazidime, cefepime, imipenem and meropenem.



Mobilization Experiments

The transmissibility of plasmids was tested with the filter mating protocol using E. coli J53 (sodium azide resistant) as recipient. Mating was initiated by mixing 0.5 mL donor bacteria suspension with 0.5 mL recipient bacteria (16 h culture in lysogeny broth; LB) followed by immobilization onto a 0.22-µm nitrocellulose membrane filter. Control cultures were prepared identically with either donor or recipient bacteria alone. Filters were incubated overnight at 35°C on LB agar plates (no antibiotics). Biomass was removed with a sterile cotton swab and re-suspended in 1 mL sterile saline. Fifty µL of suspended bacteria, either donor, recipient, or the mating combination, were spread onto LB agar plates supplemented with 50 µg/mL sodium azide and 10 µg/mL imipenem and incubated at 37°C for 18 h.



Short-Read Whole Genome Sequencing and Analysis

For whole genome sequencing (WGS) analyses, strains WW14A and WW19C were streaked to single colonies on MacConkey agar plates containing 2 µg/ml imipenem and then grown for 18 h at 37°C in 3 mL of LB. Total genomic DNA was extracted using PureLink quick gel extraction kit (Life Technologies, CA). DNA was quantified using the Qubit dsDNA HS assay system (Life Technologies, CA). Genomic library was constructed using the Nextera DNA Flex library preparation kit (Illumina, San Diego, CA) and, subsequently, sequenced on an Illumina MiSeq platform to generate 2 × 250 base paired-end reads. Sequenced reads were de novo assembled using SPAdes (v3.11.1) (Bankevich et al., 2012). Automated annotation was performed using PROKKA (1.14.6) (Seemann, 2014) and RAST server (https://rast.nmpdr.org/). Species identification was confirmed from assemblies by ANI analysis (http://enve-omics.ce.gatech.edu/ani/) and using the free online resource Pathogenwatch (https://pathogen.watch/). STs were defined by submitting genome sequences to official MLST databases for Klebsiella pneumoniae (https://bigsdb.pasteur.fr/klebsiella/klebsiella.html) and ECC (https://pubmlst.org/organisms/enterobacter-cloacae).

Capsular type for WW14A was assessed using BIGSdb (https://pubmlst.org/software/bigsdb) and KAPTIVE (https://kaptive-web.erc.monash.edu/) databases. Plasmid types and incompatibility (Inc) groups were defined based on their replicon genes (rep) using the PlasmidFinder database available at the Center for Genomic Epidemiology (CGE) (http://www.genomicepidemiology.org/). Other databases available at the CGE were also used to seek antimicrobial resistance determinants (ResFinder), virulence genes (VirulenceFinder) and mobile genetic elements (MGE). Prophages sequences were identified and annotated using the web server PHASTER (https://phaster.ca/), while the detection of CRISPR signatures was carried out using the online tool CRISPRfinder (https://crisprcas.i2bc.paris-saclay.fr/) (Grissa et al., 2007; Couvin et al., 2018).



Pangenome Analysis

Pangenome analysis of WW14A and WW19C was performed for constructing whole genome single nucleotide polymorphism (SNP)-based within-genus phylogenetic trees, selecting isolates analyzed in other studies (Supplementary Table S1), i.e., isolates analyzed by Chavda et al. (2016), Gomi et al. (2018) and Jousset et al. (2019) for WW19C; and isolates analyzed by Gomi et al. (2018) and all Klebsiella quasipneumoniae genomes present in NCBI Assembly database (June 5th, 2020) for WW14A, aiming to place WW19C and WW14A in broader phylogenetic contexts. Briefly, annotated genomes were used in a pangenome analysis with Roary 3.13.0 to generate a core-gene alignment (using a blastp percentage identity of 95% and a core definition of 99%) (Page et al., 2015). This core-genome alignment was used to generate a SNP alignment with SNP-sites (v 2.5.1) (Page et al., 2016) which was later used to construct a maximum likelihood (ML) phylogenetic tree with RAxML (v 8.2.12) (Stamatakis, 2014) under the generalized time reversible model (GTR) and 100 bootstrap replicates.



Long-Read WGS and Plasmids Analysis

Nanopore sequencing was performed according to the manufacturer’s instructions. Briefly, DNA libraries were prepared using a rapid sequencing kit (Oxford Nanopore Technologies), and the prepared library was subsequently loaded into a MinION flow cell (R9.4; Oxford Nanopore Technologies). Raw data (FAST5 files) were base-called, converted to FASTQ format and trimmed of barcode and adapter sequences using Guppy v3.0.3 (Ueno et al., 2003). Hybrid assemblies of both short and long reads were performed using Unicycler v0.4.8 (Wick et al., 2017) and annotated with Prokka (1.14.6) (Seemann, 2014) and RAST server (https://rast.nmpdr.org/). Manual annotation of IncP-6 plasmids was additionally performed using National Center for Biotechnology Information (NCBI) BLASTn (Altschul et al., 1990) and Uniprot databases (Consortium, 2019). The annotation of ISs was performed using ISFinder (https://isfinder.biotoul.fr/) (Siguier et al., 2006). Final hybrid assemblies were compared to publicly available IncP-6 plasmids using BRIG (Alikhan et al., 2011), and comparison of plasmids was facilitated using the Artemis Comparison Tool (Carver et al., 2005).




Results and Discussion

Membrane filtration and cultivation using meropenem selection of the wastewater sample followed by PCR screening allowed the detection of CPE, from which two KPC-producing strains, WW14A and WW19C, were selected for further analysis and whole genome sequencing.

Tables 1 and 2 summarize the genomic features observed in each strain, based on annotation outputs. The most relevant results of this analysis will be detailed and discussed in the following sections.


Table 1 | Genome Features observed in multidrug-resistant wastewater isolates WW14A and WW19C.




Table 2 | Antimicrobials, heavy metals and organic compounds resistance genes identified in WW14A and WW19C genomes.




Klebsiella quasipneumoniae subsp. quasipneumoniae WW14A

Strain WW14A was initially identified as Klebsiella pneumoniae by MALDI-TOF/MS. K. pneumoniae (phylogroup Kp1/KpI) is phylogenetically related to K. quasipneumoniae [subsp. quasipneumoniae (Kp2/KpIIA) and subsp. similipneumoniae (Kp4/KpIIB)], K. variicola (Kp3/KpIII) and two unnamed phylogroups (Kp5 and Kp6). Together, Kp1 to Kp6 make-up the K. pneumoniae complex. The phylogroups can be reliably identified based on genome sequencing but only recently Rodrigues et al. demonstrated the potential of MALDI-TOF/MS for precise identification of K. pneumoniae complex members. Incorporation of spectra of all K. pneumoniae complex members into reference MALDI-TOF/MS spectra databases, in which they are currently lacking, is desirable (Rodrigues et al., 2018).

Sequence analysis revealed that WW14A isolate includes a genome of 6.01 Mb with 57.3% GC content. It was confirmed as Klebsiella quasipneumoniae subsp. quasipneumoniae and assigned as ST2787. Moreover, a core genome phylogenetic analysis indicated that strain WW14A is closely related to a GES-5 producing Klebsiella quasipneumoniae subsp quasipenumoniae isolate from a Taiwanese hospital wastewater (Gomi et al., 2018) and is clearly distinct from strains isolated recently in Argentina (Faccone et al., 2020) and Brazil (Fuga et al., 2020; Furlan et al., 2020) (Figure 1).




Figure 1 | Phylogenetic analysis of strain WW14A. (A) ANI (Average Nucleotide Identity) analysis was performed using JSpeciesWS. Klebsiella quasipneumoniae subsp. quasipneumoniae was confirmed by constructing whole genome single nucleotide polymorphism (SNP)-based within-species/genus phylogenetic tree. (B) Core genome phylogenetic analysis of strain WW14A. The analysis showed that strain WW14A is closely related to a Taiwanese GES-5-producing Klebsiella quasipneumoniae subsp. quasipenumoniae isolate from hospital wastewater (TTHS016) and is clearly distinct from strains isolated recently from Argentina (M17277; Faccone et al., 2020) and America. TTHS021, TTWP002 and WW14A strains are marked with a pink dot, indicating they carry an incP-6 plasmid. (Klebsiella quasipneumoniae genomes present in NCBI Assembly database were used for comparison. Data was graphically displayed using Microreact at microreact.org).



According to BIGSdb and KAPTIVE databases, the closest capsular type assigned for this strain is wzi88-KL70, considering there are 2 mismatches with the reference wzi cluster 88 and 78.7% identity with KL70 locus (9 from 20 genes present). The strain displayed a negative string test, so it may not be classified as hypermucoviscous. On the other hand, virulome analysis showed a hypervirulent profile, carrying genes encoding for aerobactins, enterobactins, hemolysins, pullulanase secretion, hyperadherence and biofilm formation. One intact phage-related sequence (Haemophilus phage SuMu [39.8 kb]) was identified, besides other ten incomplete (7.2 to 34.7 kb) or questionable phages from Pseudomonas, Salmonella, E. coli and Cronobacter. Also, two confirmed (178 and 459 bp) and four questionable (94 to 121 bp) CRISPRs signatures were identified. The presence of phages and CRISPRs in WW14A genome shows its adaptative signatures, i.e., a memory of past genetic interactions with bacteriophages and plasmids (Table 1).

Resistome analysis showed antimicrobial resistance encoded by chromosomal mutations and by acquired resistance genes for fluoroquinolones, aminoglycosides, sulfonamides, trimethoprim and polymyxins. TEM-1A, OXA-9 and KPC-2 β-lactamases were present. Also, WW14A carried resistance genes for several metals (arsenic, cadmium, cobalt, magnesium, manganese, mercury, nickel, silver) and organic compounds like detergents and pesticides (Table 2).

WW14A was resistant to all tested β-lactams, ciprofloxacin, amikacin, and trimethoprim-sulfamethoxazole but susceptible to gentamicin, tetracycline, chloramphenicol, and colistin. β-lactam MICs showed the strain was highly resistant to ceftazidime, ceftriaxone, imipenem, meropenem, piperacillin/tazobactam, ampicillin, piperacillin, cephalothin, cefalexin and cefoxitin (Table 3).


Table 3 | β-lactam MIC values for WW14A and WW19C strains.



Seven plasmids were detected, but only five plasmid incompatibility groups could be assigned by PlasmidFinder: pWW14A-IncFII/IncR (228495 bp), pWW14A-3 (untypable; 113444 bp), pWW14A-IncFIB/IncHI1B (96771 bp), pWW14A-KPC2 (IncP6; 40407 bp), pWW14A-6 (untypable; 8819 bp), pWW14A-7 (untypable; 3478 bp) and pWW14A-8 (untypable; 2954 bp). IncFII(K) contained the Tra conjugative system, while IncP-6 harbored the KPC-2 transposon.

WW14A is the first non-clinical KPC-2-producing isolate from Argentina which has been fully sequenced. Klebsiella quasipneumoniae was recently defined as a new species and was originally thought to be associated exclusively with environmental niches (Venkitapathi et al., 2021). However, despite there being relatively few reports to date, the true prevalence of this organism in clinical settings is likely underestimated as it is not generally distinguished from K. pneumoniae in routine testing of clinical laboratories (Mathers et al., 2019).



Enterobacter asburiae WW19C

WW19C was identified as E. asburiae with a 5.2 Mb genome and 55.2% GC content. The phylogenomic analysis confirmed that WW19C was related to E. asburiae EN3600, a clinical isolate co-producing IMP-8, CTX-M-14, CTX-M-3, and QnrS1 from China (Figure 2) (Yuan et al., 2019). MLST analysis revealed a new allele for fusA gene (allele 245), which associated with other alleles (dnaA [24], gyrB [43], leuS [52], pyrG [27], rplB [18], and rpoB [21]) generated the new ST1407.




Figure 2 | Phylogenetic analysis of WW19C. ANI (Average Nucleotide Identity) analysis was performed using JSpeciesWS. It was confirmed by constructing whole genome single nucleotide polymorphism (SNP)-based within-species/genus phylogenetic trees.



Regarding its virulome, when compared to WW14A, WW19C shows the same categories of virulence, but with a broader variety of genes. Four intact phage-related sequences were identified: Enterobacter phage Tyrion (46.4 kb), Escherichia phages HK75 (34 kb) and 186 (26 kb), and Salmonella phage SEN34 (42.5 kb), the last being also found as an incomplete phage sequence in WW14A. In addition, WW19C also carried two incomplete (6.8 kb and 28.1kb) and two questionable phage sequences. Three questionable CRISPRs (96, 134 and 148 bp) were also identified (Table 1).

Resistome analysis showed ARGs for fluoroquinolones, aminoglycosides, sulfonamides, trimethoprim, macrolides and polymyxins. Chromosomal β-lactamases TEM-1-like (A213T variant) and AmpC ACT-57, and plasmid-borne KPC-2 were present. Also, several metal resistance genes, efflux systems and organic compounds resistance genes could be identified, as detailed in Table 2.

WW19C expressed a MDR phenotype, showing susceptibility to tetracycline, intermediate susceptibility to amikacin and resistance to all tested β-lactams, ciprofloxacin, gentamicin, trimethoprim-sulfamethoxazole, chloramphenicol and colistin. β-lactam MICs showed the strain was highly resistant to ceftazidime, ceftriaxone, imipenem, meropenem, piperacillin/tazobactam, ampicillin, piperacillin, cephalothin, cefalexin and cefoxitin (Table 3).

Eight plasmids were detected but only four incompatibility groups could be assigned by PlasmidFinder: pWW19C-IncHI2 (332184 bp), pWW19C-IncFIB (139140 bp), pWW19C-KPC2 (IncP6; 34721 bp), pWW19C-5 (untypable; 4935 bp), pWW19C-6 (untypable; 4152 bp), pWW19C-7 (untypable; 3872 bp), pWW19C-8 (untypable; 3108 bp), pWW19C-9 (untypable; 1282 bp).

Members of the ECC are opportunistic pathogens responsible for a wide range of healthcare-associated infections and hospital outbreaks, especially in intensive care units (De La Cadena et al., 2018). The emergence of carbapenem-resistant ECC like WW19C is of great concern as diverse plasmids of incompatibility group IncP-6 (20 – 60 kb) were the most common carriers of blaKPC among ECC clinical isolates from Colombia, suggesting that KPC dissemination is not just due to horizontal transmission of a single plasmid-borne blaKPC, but that multiple rearrangements and transposition events can occur (Rojas Coy et al., 2019).



Overview of IncP-6 Plasmids Carrying blaKPC-2

IncP-6 plasmids identified in this study, designated pWW14A-KPC2 and pWW19C-KPC2, could be completely closed, analyzed, and compared with other closed plasmids belonging to the same incompatibility group. They both share 72% of coverage, with 99.99% of sequence similarity. Figure 3 shows a comparison of IncP-6 plasmids described herein with other complete IncP-6 described in the literature (Naas et al., 2013; Dai et al., 2016; Wang et al., 2017; Yao et al., 2017).




Figure 3 | Comparison of pWW14A-KPC2 and pWW19C-KPC2 with IncP-6 plasmids available in public databases. (A) Comparisons with pWW14A-KPC2. Analysis showed that the structure was highly similar to those of several blaKPC-2 -containing plasmids of both environmental and clinical origin deposited in GenBank. One plasmid p5-KPC_PKOX3 from clinical Koxytoca (GenBank accession no. KY913901, 100% query coverage and 99,93% nucleotide identity), one plasmid p121SC21-KPC2 from wastewater C. freundii (Genbank accession no. NZ_LT992437.1, 99% query coverage and 99,93% nucleotide identity) and p10265-KPC from clinical P. aeruginosa 10265 (GenBank accession no. KU578314, 96% query coverage and 99,78% nucleotide identity). (B) Comparisons with pWW19C-KPC2. This plasmid shows the highest similarity with pECL189-1 from E. hormaechei ECL189 (GenBank accession no. CP047966.1, 72% coverage and 100% identity), a strain isolated from a Chinese hospital co-producing KPC-2, NDM-1, TEM-1 and SHV-66 (data submitted to GenBank on 15 January 2020, unpublished).



The blaKPC-2-containing plasmid pWW14A-KPC2 was 40,407 bp in size with an average GC content of 57.9%. It comprised 55 open reading frames (ORF) according to RAST annotation, of which 25 encoded proteins with known functions and 30 were hypothetical proteins. Further analysis showed that the structure was highly similar to those of several blaKPC-2-containing plasmids of both environmental and clinical origin deposited in GenBank. Plasmids pKOX3-P5-KPC, from a clinical K. oxytoca in China (GenBank accession no. KY913901) (Wang et al., 2017), p121SC21-KPC2 from Spanish wastewater Citrobacter freundii 121SC21 (Genbank accession no. NZ_LT992437.1) (Yao et al., 2017), and p10265-KPC, first reported in China from a clinical P. aeruginosa 10265 (GenBank accession no. KU578314) (Dai et al., 2016) were highly similar over the entire region (Figure 3). The blaKPC-2 gene is the only determinant of antimicrobial resistance located in plasmid pWW14A-KPC2. This is the first report of a typical IncP-6 plasmid carrying blaKPC-2 in a K. quasipneumoniae isolate.

On the other hand, pWW19C-KPC2 was 34,721 bp with an average GC content of 52.9%. It comprised 46 open reading frames (ORF) according to RAST annotation, of which 25 encoded proteins with known functions and 21 were hypothetical proteins. It showed the highest similarity with pECL189-1 from Enterobacter hormaechei ECL189 (GenBank accession no. CP047966.1, 72% coverage and 100% identity), a strain isolated from a Chinese hospital co-producing KPC-2, NDM-1, TEM-1 and SHV-66 (Figure 3).



Replication, Maintenance and Dissemination of pWW14A-KPC2 and pWW19C-KPC2

Both plasmids belong to the IncP-6 incompatibility group according to replicon-based schemes because they carry the replicase gene repA, which constitutes an IncP-6-type consecutive par-rep gene cluster, together with the partition genes parABC. The repA gene and the parABC locus of pWW14A-KPC2 and pWW19C-KPC2 are identical and show 100%, >96%, >98%, and >98% of nucleotide sequence identity with the IncP-6 plasmids p10265-KPC, Rms149, pRIO-5, and pCOL-1, respectively. RepA in Rms149 has shown to confer the plasmid’s replication ability in E. coli, P. aeruginosa, and P. putida and its parABC locus is known to promote plasmid mobilization in E. coli (Haines et al., 2005), while RepA in pRIO-5 allows replication in Serratia marcescens and Acinetobacter baumannii but not in P. aeruginosa (Bonnin et al., 2012). pWW19C-KPC2 also contains and extra plasmid replication initiation protein with 100% nucleotide identity with the replicon of pVPS18EC0801-5, a short non-typeable plasmid of 4910 bp present in foodborne E. coli strain 18GA07VL07-EC isolated from retail veal in the United States in 2018 (GenBank accession no. CP063722.1, unpublished). The presence of two replication initiation genes, IncP-6 replicon repA and the replication initiation protein found in pVPS18EC0801-5 suggests pWW19C-KPC2 may be a novel hybrid plasmid (Supplementary Figure S1). The presence of extra replicon genes may expand pWW19C-KPC2 ability of maintenance and dissemination.

The IncP-6 backbone of pWW14A-KPC2 was compared with p10265-KPC and it contained the same plasmid maintenance genes, as follows: kfrA; a 5.6 kb MOBP family mobilization module composed of genes mobA (relaxase/primase fusion protein), mobB (oriT recognition-like protein), mobC (relaxosome protein), mobD and mobE (auxiliary proteins); the anti-oxidative system msrB-msrA-yfcG-corA-orfX gene cluster; and endonuclease paeR7IR. Within the backbone, pWW14A-KPC2 harbored two accessory modules: on one hand, a truncated Tn5045-associated mercury resistance operon disrupted by IS4321 (the latter being absent in p10265-KPC), and on the other, ISPa19. Linear comparison of the above-mentioned plasmids with pWW19C-KPC2 showed notable differences (Figure 4):

	Absence of a ~10 kb region that includes kfrA, ISPa19 and the MOBP family mobilization module;

	Absence of a ~ 4.9 kb region that includes the anti-oxidative system and paeR7IR;

	The number of copies of the 17 bp oriV iteron sequence (GCGCCTGCCTTTGAGTA) was 6 in p10265-KPC and 14 in pWW14A-KPC2, in contrast to pWW19C-KPC2 where it appeared only 8 times;

	The presence of a ~5.2 kb extra region composed by the cluster ISSba14-Tn552 invertase bin3-transmembrane sulfite exporter tauE/safE - mopA. Blast search indicated that the extra region is present in other four plasmids of diverse origins with more than 99.9% identity (Supplementary Table S2), and it is also completely shared by the IncFI2 plasmid also present in E. asburiae WW19C.






Figure 4 | Linear comparison of p10265-KPC with pWW14A-KPC2 and pWW19C-KPC2. Turquoise regions denote shared regions of homology (>95% nucleotide similarity). Some regions are denoted in detail, in cyan for gene clusters shared by pWW14A-KPC2/p10265-KPC/pWW19C-KPC2, in green for gene clusters shared by pWW14A-KPC2/p10265-KPC and in yellow for regions exclusively present in pWW19C-KPC2. Figure generated using Artemis Comparison Tool (ACT).



None of the plasmids could be transferred to E. coli J53 via conjugation, despite repeated attempts. The examination of plasmid sequences confirmed the absence of conjugative transfer genes involved in plasmid transfer, such as the tra or trb operons, in accordance with the fact that typical IncP-6 plasmids are mobilizable rather than self-transmissible if a conjugative plasmid is also present (Botts et al., 2017). The mob gene cluster in pWW14A-KPC2 is functional for plasmid mobilization in E. coli (Yuan et al., 2019), being mobA, mobB, and mobC essential for functionality while mobD and mobE are non-essential but greatly enhance mobilization frequency (Dai et al., 2016). In the case of pWW19C-KPC2, which lacks this module, we inferred that this function is assumed by the relaxosome proteins coded in the unique accessory region related to the short non-typeable plasmid pVPS18EC0801-5 (Figure 4).

While IncP-6 plasmids are naturally isolated from P. aeruginosa, their association with blaKPC-2 have recently been reported in various species from both clinical and environmental sources, suggesting that they have a broad host range and the ability to persist in the environment for long periods (Naas et al., 2013; Dai et al., 2016; Wang et al., 2017; Yao et al., 2017). Relatively few IncP-6 plasmids had been fully sequenced up to 2017, including Rms149 (AJ877225), pCOL-1 (KC609323), and p10265-KPC (KU578314) and pPAEC79 (CP040685.1) from clinical strains of P. aeruginosa (Haines et al., 2005; Naas et al., 2013; Dai et al., 2016; Wang et al., 2021); pRIO-5 (JF785550) from a clinical strain of S. marcescens (Bonnet et al., 2000; Bonnin et al., 2012); pRSB105 (DQ839391), a plasmid detected in a sample from a WWTP in Germany (Schlüter et al., 2007); and pHH2-227 (JN581942), an uncultured IncW/IncP-6 hybrid plasmid that was exogenously captured from an arable soil (Heuer et al., 2009; Król et al., 2013; Botts et al., 2017). Interestingly, only 16 unique plasmids containing both the IncP-6 replicon and the blaKPC-2 gene had been documented in the GenBank database until May 22nd 2019 (Dong et al., 2020), while the number rises up to 25, according to plasmid database PLSDB by April 13th 2021 (https://ccb-microbe.cs.uni-saarland.de/plsdb/) (Kukla et al., 2018; Galata et al., 2019).

It is of notice that two blaGES-1/5 IncP-6 plasmids have been recently published, pKRA-GES-5 (MN436715.1) found in clinical isolates of K. pneumoniae ST45 from Poland, and pN260-3 (AP023450) in a clinical Enterobacter roggenkampii co-harboring blaIMP-1 from Japan (Literacka et al., 2020; Umeda et al., 2021). Compared with IncP-6 archetype Rms149 and pWW14A-KPC, they had close to 100% of similarity with approximately 12.7-kb of the backbone containing partitioning, replication, and mobilization loci (Literacka et al., 2020), evidencing the remodeling ability of this platform.



Genomic Comparison of the blaKPC-2 Genetic Environment From pWW14A-KPC2 and pWW19C-KPC2 With Those From Related Plasmids

The region harboring the blaKPC-2 gene in pWW14A-KPC2 is ~11 kb long and contains a Tn3-based transposon disrupted by an ISApu-flanked element, where the core sequence is composed by ΔISKpn6/blaKPC-2-ΔblaTEM-1-ISKpn27. This core module is connected with the gene cluster korC-orfX-klcA-orfX-repB. The resulting structure matched 99% to clinical isolates C. freundii M9169 and E. cloacae M11180 from Argentina (Gomez et al., 2011) and is associated with a truncated ISEc33 element. The resulting ΔISEc33-associated element is not bracketed by IRs and DRs, suggesting that its mobilization could be attributed to homologous recombination-based insertion of a foreign element Tn3-ISKpn27-ΔblaTEM-1-blaKPC-2-ISKpn6-korC-orf-klcA-repB into a pre-existent intact ISEc33 element (making it truncated at 3´ end), rather than resulting from a transposition event of the whole ISEc33-associated element followed by the deletion of its adjacent extremities removing IR and DR sequences (Dai et al., 2016). This core platform was initially discovered in p10265-KPC. In the blaKPC-2 gene cluster of p10265-KPC, the primary genetic structure, Tn3-ISKpn27-blaKPC-2-ΔISKpn6-korC-orf-klcA-ΔrepB, may have undergone two evolutionary events: (i) insertion of a blaTEM-1 gene between ISKpn27 and the Tn3 IRR (right inverted repeat) and (ii) disruption of the tnpA gene (transposase) from Tn3 by insertion of a composite transposon, ISApu1-orfX-ISApu2 (Dong et al., 2020). Interestingly, pWW19C-KPC lacked ΔISEc33 insertion sequence, indicating that the insertion of the blaKPC-2 cluster occurred at a different position in an IncP-6 backbone and seems to have a different evolutionary history of genetic assembly and transposition (Figure 4). The acquisition of the KPC-2 encoding region by IncP-6 replicons is in agreement with the results of previous studies, in which similar plasmids show remnants of multiple events, with intact or partial mobile elements dispersed throughout their sequences (Botts et al., 2017). Its dissemination could be an important contribution to the establishment of emerging clones as major nosocomial pathogens (Cejas et al., 2019).




Conclusion

This is the first report on the genomic features of two non-clinical KPC-2-producing Enterobacteriaceae isolates from Argentina in terms of resistance determinants, genetic contexts of carbapenemase encoding genes, phylogeny, and virulence potential. To our knowledge, this is also the first report of IncP-6 plasmids circulating in Argentina and provides insights into the relevance of these plasmids in the maintenance and spread of KPC through the environment.

WW14A and WW19C had IncP-6 plasmids carrying blaKPC-2 in a Tn3-derived genetic element bearing a non-Tn4401 structure and its full sequence was determined and compared with other IncP-6 plasmids, from diverse origins. The presence of a highly similar plasmid in different isolates from distant countries raises questions about mechanisms of persistence and dissemination and indicates it might play an important role in the horizontal dissemination of KPC-2 carbapenem resistance through wastewater and the spread from wastewater to humans and vice versa. Our findings underline the increasing importance of IncP-6 plasmids as environmental reservoirs and the spread potential of the resistance segments they carry through reshuffling with other plasmids.

None of the plasmids could be transferred by conjugation, due to the absence of the transfer system genes, but we hypothesize they could be mobilized by coresident plasmids present in both strains.

Given that K. quasipenumoniae and Enterobacter spp. are ubiquitous organisms isolated from a wide range of environmental niches and given the fact that K. quasipneumoniae may have been misidentified in clinical sources, being its clinical relevance underestimated, they might act as important vectors for the dissemination of plasmid-mediated carbapenem-resistance genes. Therefore, effective detection of such plasmids in carbapenem resistant isolates from wastewater may be used as a potential epidemiological indicator. Treatment methods in most WWTPs are usually not enough to mitigate resistance genetic determinants, therefore surveillance in sewage and urban effluents could provide monitoring data to understand the evolution of antimicrobial resistance in the environment. New strategies should also be developed to limit plasmid spread into bacterial populations.
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Background

The incidence of hypervirulent (hv) carbapenem-resistant (CR) Klebsiella pneumoniae (Kp) is increasing globally among various clones and is also responsible for nosocomial infections. The CR-hvKp is formed by the uptake of a virulence plasmid by endemic high-risk clones or by the uptake of plasmids carrying antimicrobial resistance genes by the virulent clones. Here, we describe CR-hvKp from India belonging to high-risk clones that have acquired a virulence plasmid and are phenotypically unidentified due to lack of hypermucoviscosity.



Methods

Twenty-seven CRKp isolates were identified to possess rmpA2 by whole-genome sequencing; and resistance and virulence determinants were characterized. By in silico protein modeling (and validation), protein backbone stability analysis, and coarse dynamics study, the fitness of RmpA, RmpA2, and aerobactin-associated proteins-IucA and IutA, were determined to establish a reliable marker for clinical identification of CR-hvKp.



Results

The CR-hvKp belonged to multidrug-resistant (MDR) high-risk clones such as CG11, CG43, ST15, and ST231 and carried OXA-232 as the predominant carbapenemase followed by NDM. The virulence plasmid belonged to IncHI1B replicon type and carried frameshifted and truncated rmpA and rmpA2. This resulted in a lack of hypermucoviscous phenotype. However, functional aerobactin was expressed in all high-risk clones. In silico analysis portrayed that IucA and IutA were more stable than classical RmpA. Furthermore, IucA and IutA had lower conformational fluctuations in the functional domains than the non-functional RmpA2, which increases the fitness cost of the latter for its maintenance and expression among CR-hvKp. Hence, RmpA and RmpA2 are likely to be lost among CR-hvKp owing to the increased fitness cost while coding for essential antimicrobial resistance and virulence factors.



Conclusion

Increasing incidence of convergence of AMR and virulence is observed among K. pneumoniae globally, which warrants the need for reliable markers for identifying CR-hvKp. The presence of non-functional RmpA2 among high-risk clones highlights the significance of molecular identification of CR-hvKp. The negative string test due to non-functional RmpA2 among CR-hvKp isolates challenges phenotypic screening and faster identification of this pathotype. This can potentially be counteracted by projecting aerobactin as a stable, constitutively expressed, and functional marker for rapidly evolving CR-hvKp.
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Introduction

Hypervirulent (Hv) Klebsiella pneumoniae (Kp) is a notorious pathogen causing a wide spectrum of infections in immunocompetent patients as well as immunosuppressed patients (Shon et al., 2013). This pathotype is being increasingly reported in the last decade among community- and healthcare-associated infections and has acquired antimicrobial resistance, unlike its former counterpart (Zhan et al., 2017; Hao et al., 2020; Li et al., 2021). The virulence plasmid described earlier such as the pLVPK and pK2044 lacked genes coding for antimicrobial resistance and typically belonged to IncHI1B (Chen et al., 2004). However, recent reports suggest the acquisition of virulence plasmids by multidrug-resistant (MDR) Kp and hence insertion of antimicrobial resistance genes (ARGs) such as blaKPC-2 and catA1 into the virulence plasmid (Dong et al., 2018; Chen et al., 2020; Shankar et al., 2020a). In addition, reports of fusion/mosaic plasmids that carry two replicons such as IncHI1B–IncFIB and IncFIIK–IncFIBK are emerging, which code for antimicrobial resistance determinants as well as virulence genes (Lam et al., 2019; Turton et al., 2019). Furthermore, HvKp is no longer confined to selected clones but is reported among regional endemic clones such as ST11 in China and ST147 in Europe (Turton et al., 2019; Li et al., 2021). Hence, the threat of these superbugs is increasing, and this pathotype is evolving at a tremendous pace.

Traditionally, string test, a phenotypic screening marker, was used to identify hvKp, but recent studies have revealed poor sensitivity and specificity in identifying hvKp. Therefore, string test is no longer valuable in the identification of hvKp (Tan et al., 2014). Amidst the various genomic modifications that the hvKp has undergone over the last decade, the markers for genomic identification have remained a constant despite a lack of clear definition. A combination of genes rmpA, rmpA2, iucA, iroB, and iroN (Russo and MacDonald, 2020; Hu et al., 2021; Russo et al., 2021) has been used in identifying hvKp along with determining the pathogenicity in virulence models using mice or Galleria mellonella.

In India, high rates of MDR and extensively drug-resistant (XDR) Kp are frequent causes of nosocomial infections, and they often carry NDM and OXA48-like carbapenemases alone or in combination (Veeraraghavan et al., 2017; Shankar et al., 2021). The common clones of carbapenem-resistant Kp (CRKp) in India include ST231, the endemic clone, and other international high-risk clones such as ST11, ST14, ST15, and ST147 (Shankar et al., 2021). Conventionally, these CRKp do not carry the virulence plasmid; instead, they are characterized by the presence of four to five plasmids that carry ARGs. With advancement of genomics in bacteriology, the convergence of CRKp and HvKp to form CR-HvKp has been identified in various countries including India (Lam et al., 2019; Turton et al., 2019; Tang et al., 2020). In the present study, we report CRKp belonging to high-risk international clones in India that acquired the virulence plasmid-carrying frameshifted rmpA2.

Although previous studies have reported the correlation of rmpA and rmpA2 as markers for hypervirulent and hypermucoviscous pathotypes, there is a dearth of comprehensive correlations between the constitutive virulence markers for hvKp, viz., rmpA, rmpA2, and aerobactin, based on “genome-structure” perspectives. Our research group has extensively worked on genomics (Jacob et al., 2019; Shankar et al., 2020a; Vasudevan et al., 2020; Shankar et al., 2021) and in silico structural analysis (Lavanya et al., 2013; Lavanya et al., 2014; Lavanya et al., 2015) to decipher the functional circuitry of various pathogenic proteins. The present study adopted a combination of whole-genome sequencing (WGS), genomic analysis, computational modeling, and structural dynamics studies, which have not been used previously to assess the concerned virulence markers as per our knowledge. We aimed to understand the impact of rmpA2 mutations on the fitness among CR-hvKp based on the comparative structure-function profiles of RmpA, RmpA2, and aerobactin (IucA and IutA). This study will potentially lead to identifying a sustainable molecular marker for CR-hvKp in the context of deleterious mutations and molecular fitness, which can subsequently be used for clinical identification of CR-hvKp strains.



Materials and Methods


In-Vitro Methods


Bacterial Isolates and Clinical Details of Patients

Twenty-seven K. pneumoniae identified during 2017–2019 at the Department of Clinical Microbiology, Christian Medical College and Hospital, Vellore, and the Department of Laboratory Medicine, Jai Prakash Narayan Apex, Trauma Centre, AIIMS, New Delhi, were included in the study. The isolates were obtained from clinical specimens such as blood (n = 13), cerebrospinal fluid (n = 4), broncho-alveolar lavage (n = 8), and pus (n = 2). String test was performed to screen for the hypermucoviscous phenotype followed by screening of rmpA and rmpA2 by PCR to determine the hypervirulent strains (Brisse et al., 2009). Antimicrobial susceptibility testing against various first and second-line antimicrobials such as piperacillin/tazobactam, ceftazidime, cefepime, meropenem, imipenem, gentamicin, amikacin, ciprofloxacin, and minocycline was performed by Kirby Bauer disc diffusion and interpreted according to Clinical and Laboratory Standards Institute (CLSI) guidelines (CLSI 2017–2019). The isolates were defined as MDR if they were resistant to more than one agent in at least three classes of antimicrobials (Magiorakos et al., 2012). Colistin susceptibility was determined using broth microdilution to obtain the minimum inhibitory concentrations (MICs) and interpreted according to European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines. In vitro fitness of the study isolates was assessed using growth curve assay as previously described (Bachman et al., 2015).

Clinical details of the patients were obtained from electronic medical records prospectively, and hence, informed consent could not be obtained. The patient outcomes, therapeutic regimen, duration of hospital stay, comorbidities, and nature of infection were analyzed. Hospital-acquired infection (HAI) was defined as a positive culture with K. pneumoniae after 48 h of admission to hospital. Community-acquired infection (CAI) was defined as a positive culture with K. pneumoniae before 48 h on admission to hospital (Shankar et al., 2018).



DNA Extraction and Genome Sequencing

Total genomic DNA was extracted from the pelleted cells using Wizard DNA purification kit (Promega, WI, USA) as per the manufacturer’s protocol. Extracted DNA was quantified using NanoDrop One spectrophotometry (Thermo Fisher Scientific, MA, USA) and Qubit 3.0 fluorometry (Life Technologies, CA, USA) and stored at −20°C until further use.

Sequencing library was prepared using the Nextra DNA Flex library preparation kit (Illumina, San Diego, CA) as per the manufacturer’s instructions. Subsequently, the paired-end library was subjected to sequencing on a HiSeq 2500 platform (Illumina, USA) generating 2 × 150-bp reads. Sequencing reads with a PHRED quality score below 20 were discarded; and adapters were trimmed using cutadapt v1.8.1 and assessed with FastQC v0.11.4.

Long-read sequencing was carried out using Oxford NanoporeMinION platform with FLO-MIN106 R9 flow cell (Oxford Nanopore Technologies, Oxford, UK). Long-read DNA library was prepared using the SQK-LSK108 ligation sequencing kit (v.R9) along with ONT EXP-NBD103 Native Barcode Expansion kit following the manufacturer’s protocol (Oxford Nanopore Technologies, Oxford, UK). The library was loaded onto the flow cells and run for 48 h using the standard MinKNOW software. The Fast5 files generated from MinION sequencing were subjected to base calling using Guppy (https://github.com/gnetsanet/ONT-GUPPY; accessed in January 2020).



Genome Assembly and Evaluation

Draft genome sequence data generated using Illumina were assembled using SPAdes (v.3.13.0) (Bankevich et al., 2012). Complete and highly accurate assembly was achieved using hybrid de novo assembly approach (Vasudevan et al., 2020). The nanopore long reads were error-corrected with the standalone Canu error correction tool (v.1.7) and assembled using the Unicycler hybrid assembly pipeline (v 0.4.6) with the default settings (Koren et al., 2017; Wick et al., 2017). The obtained genome sequence was polished using high-quality Illumina reads as described previously (Walker et al., 2014). The assembled complete genome was subjected to quality assessment using CheckM v1.0.5 (Parks et al., 2015) and Quast v4.5 (Gurevich et al., 2013). CheckM estimated the completeness and contiguity, while Quast was used to detect mis-assemblies, mismatches, and indels.



Genome Analysis

Genome assemblies were submitted to National Center for Biotechnology Information (NCBI) GenBank and annotated using the Prokaryotic Genome Annotation Pipeline (PGAP v.4.1) from NCBI (Tatusova et al., 2016). The resistance profile of the assembled genome sequences was obtained from Resfinder 4.1 available from CGE server (https://cge.cbs.dtu.dk/services/ResFinder/). Similarly, the presence of plasmids in the genomes was identified and characterized using PlasmidFinder (v.1.3) available at CGE server (https://cge.cbs.dtu.dk/services/PlasmidFinder). Furthermore, MLST and virulence locus (yersiniabactin, aerobactin, and other siderophore production systems) were identified using Kleborate (v.2.0.0) (https://github.com/katholt/Kleborate) (Lam et al., 2021). The presence of virulence factors was confirmed using virulence database at Pasteur Institute for Kp (https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=sequenceQuery). The final assembled circular chromosome and plasmid were visualized using CGview server v.1.0 (Grant and Stothard, 2008).



Screening of Mutations in rmpA and rmpA2

The sequences of rmpA and rmpA2 obtained from whole genome were compared with references AUB50662.1 and AAR07704.1, respectively, to determine the mutations. The sequences were aligned using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/); and mismatches in nucleotides were identified. The allele numbers of rmpA and rmpA2 were assigned using the database at BIGSdb [Bacterial Isolate Genome Sequence Database] (https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=sequenceQuery).




In-Silico Methods


Modeling of the Proteins

The genomic study was subsequently correlated with structural profiles of RmpA, RmpA2, IutA, and IucA to obtain an insight into their structural stabilities. However, no crystal structures of RmpA, RmpA2, and IutA were available at present as observed from NCBI-BLASTp search in Protein Data Bank. Hence, intensive computational modeling and validations were employed to predict the structure of the proteins. The sequences of RmpA, RmpA2, IucA, and IutA as well as the mutant varieties of RmpA2 were obtained from our WGS data. In the absence of suitable templates, the entire structures of RmpA, RmpA2, and IutA were modeled using an extended dual-step method. In the first step, the 3D structure prediction (with available sequences) based on homology and threading method was primarily performed by using I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) and RaptorX (http://raptorx.uchicago.edu/) servers using their default parameters. From the server results, the top-ranked models were chosen based on C-scores, B-factors, and low root-mean-square deviation (RMSD) values. C-score (−5 to 2) predicts the global structure accuracy when original structures are unavailable. The modeled proteins that possessed residue-level normalized B-factor trajectories around 0.00 for all structural patterns (helices, strands, and coils) were chosen (Yang and Zhang, 2015; Wang et al., 2016). In the second step of modeling, the server-based models were used as templates to model the final structures of RmpA, RmpA2, and IutA proteins using standalone python-based software MODELLER 10.0. The structures built with MODELLER satisfy spatial restraints expressed as probability density functions and merged with an optimized combination of conjugate gradients and molecular dynamics. This model-building procedure is identical to NMR spectroscopy-based structure elucidation (Webb and Sali, 2017). This extended method of computational modeling comprising homology, threading, and dynamics complied with vital structural parameters and hence minimized local structural errors to improve the quality of predicted model during the unavailability of structural templates (Basu et al., 2021).

Finally, for each of the steepest descent and conjugate gradient parameters, 2,000 steps were performed in Swiss PDB viewer (SPDBV) using GROMOS96 force field in vacuo to optimize the modeled structures (Kaplan and Littlejohn, 2001). The structure of IucA was retrieved from Protein Data Bank (ID: 5JM8), and missing residues were added using SPDBV. The sequence of IucA was further aligned with the IucA sequence obtained from WGS data and hence validated. The structures and graphs generated were retrieved from respective sites. The protein structures were visualized in UCSF-CHIMERA (Pettersen et al., 2004).



Protein–Structure Validations

The modeled RmpA, RmpA2, and IutA proteins were refined through the GalaxyRefine server (http://galaxy.seoklab.org/index.html) to assess and improve the clash scores, poor rotamers, percentage Ramachandran outliers, and percentage bad side-chain rotamers (Heo et al., 2013). The final models were validated using HARMONY (for RmpA and RmpA2) (http://caps.ncbs.res.in/harmony/) and ProSA-web (for all three modeled proteins) (https://prosa.services.came.sbg.ac.at/prosa.php) servers. HARMONY measures the substitution scores on an individual residue level to assess errors in the protein’s 3D conformation based on folding patterns of previously characterized structures. The substitution graph from HARMONY provides the smoothened scores between query sequences in comparison with the reverse sequences of the respective proteins. The reverse sequence and its scores are used as a control to identify local errors in the proposed protein model. The query sequence should have a higher substitution score than the reverse sequence to avoid possible local errors (Pugalenthi et al., 2006). ProSA-web highlighted protein structure errors based on energy plots and Z-score derived from conformational variations concerning experimentally derived structural patterns (Wiederstein and Sippl, 2007).



Protein Backbone Stability Analysis

The backbone stability of the proteins was performed using server DynaMine (http://dynamine.ibsquare.be/). DynaMine predicts backbone flexibility at the residue level in the form of backbone N-H S2-order parameter values, which were directly determined from experimental NMR chemical shifts. This S2 values portray the restrictions atomic bond movements with respect to the molecular reference frame. A value of 1 means stable conformation (high rigidity), while a value of 0 means fully random bond vector movement (highly dynamic). Furthermore, values >0.8 are referred to as considerably rigid, between 0.6 and 0.7 may depict functionally contextual, and <0.6 denotes highly flexible backbone. DynaMine uses a simple linear regression method to accurately distinguish between folded domains and disordered regions of different magnitudes (Cilia et al., 2014). The average S2 scores of the whole proteins and their respective functional domains were determined. The functional domains of the proteins were validated through INTERPRO and Pfam servers.



Residue-Level Propensity Analysis Through Coarse Dynamics

CABSflex server (http://biocomp.chem.uw.edu.pl/CABSflex2/) was employed for coarse dynamics study to depict the residue-level fluctuations when compared with the most favorable conformation of the protein. The stabilities were analyzed from the root-mean-square fluctuation (RMSF) values generated based on default restraint parameters. The restraints provided maximum and minimum ranges to pair atoms and contain them within defined spaces with their dynamic orientations. The deviations beyond assigned ranges were designated as unstable. The default settings and restraints were optimized to merge coarse dynamics simulations and consensus protein fluctuations in aqueous environment derived by all-atom molecular dynamics simulation (10-ns timescale with suitable force fields). The default parameters were selected with gap = 3 (minimum distance between previous and next amino acid in the chain to be restrained); minimum and maximum conformational distances were 3.8 and 8.0 Å, respectively (Jamroz et al., 2013).





Results


Phenotypic Characterization of Klebsiella pneumoniae and Clinical Details of the Patients

All the 27 MDR Kp included in the study were resistant to ceftazidime, cefepime, meropenem, imipenem, amikacin, ciprofloxacin, and minocycline as determined by disc diffusion. Since the isolates were resistant to meropenem and imipenem, they are referred to as carbapenem-resistant (CR-hvKp). Eleven isolates (41%) retained intermediate susceptibility to colistin with MIC of ≤2 µg/ml. Twenty Kp isolates in the study were string test negative, lacking hypermucoviscosity, due to frameshift mutations in rmpA and rmpA2 as mentioned in Table 1.


Table 1 | Results of the whole-genome analysis showing characteristics of carbapenem resistant hypervirulent Kp.



Among the study population, 16 patients developed hospital-acquired CR-hvKp infection, while three acquired community-associated infection. The nature of infection in the other eight patients could not be established from electronic medical records. A combination of colistin and tigecycline was most frequently used to treat these CR-hvKp infections (n = 11, 44%). The other antimicrobials that were used in combination therapy include meropenem with colistin/tigecycline and metronidazole. Twelve patients with CR-hvKp had a fatal outcome, and the mean duration of stay in the hospital was 91 days among this cohort. Besides, half of the study population were neutropenic and immunosuppressed.



Genomic Characterization of Carbapenem Resistant Hypervirulent Klebsiella pneumoniae

The genomic characteristics of the CR-hvKp are detailed in Table 1. The virulence plasmid present in the isolates predominantly carried IncHI1B (pNDM-MAR) backbone. As shown in Table 1, most of the CR-hvKp belonged to international high-risk clones such as ST11, ST15, and ST43, which carry ARGs on multiple plasmids.

Interestingly, there was a single CR-hvKp belonging to ST23 that carried both rmpA and rmpA2 on the virulence plasmid. In addition, it carried the carbapenemase-encoding gene, blaOXA-232, on ColKP3 plasmid. When compared with other study isolates, notably, this isolate carried additional virulence factors such as colibactin, salmochelin, and those for allantoin metabolism (hyi, glxK, glxR, ybbW, ybbY, ylbE, and ylbF). The other isolates are briefly described below and carry diverse K and O antigens depending on the clonal group they belong to.


CG11

Eight isolates belonged to CG11, of which seven belonged to ST11, while a single isolate was of ST3791, a single-locus variant of ST11. All the isolates of CG11 belonged to capsule type, K24, with O2v1 O antigen. These isolates coded for yersiniabactin (ybt16) mobilized by ICEKp12. The isolates lacked rmpA but carried rmpA2. Isolates of CG11 carried blaNDM and blaOXA-232 alone or in combination. Seven isolates in this group were resistant to colistin and carried two amino acid substitutions in pmrB (T246A and R256G) as shown in Table 1. The other mutations conferring colistin resistance include frameshift in phoQ in the isolate belonging to ST3791.



CG43

Five isolates belonging to ST43 and one of ST3790, a single-locus variant of ST43, were identified. All the six isolates carried a frameshifted rmpA2 in the virulence plasmid. ST43 isolates carried ybt-9 on ICEKp3, while the isolate belonging to ST3790 carried ybt of unknown type. The isolates belonged to K30 with O1v1 antigen. Isolates of CG43 lacked blaNDM and predominantly carried blaOXA-181, except one isolate that encoded blaOXA-232. Three isolates belonging to ST43 were resistant to colistin due to single amino acid substitutions in pmrA (A217V) and pmrB (T246A) as mentioned in Table 1. K. pneumoniae ST3790, in addition to the mutations in pmrA and pmrB, showed deletion of mgrB, which confers resistance to colistin.



ST231

Six isolates belonging to ST231, although lacked the rmpA2, carried aerobactin, one of the key virulence factors. In two isolates, aerobactin was identified on a plasmid with IncFIA-IncFII replicons (data not shown). However, for the other isolates since complete genomes were not available, it was impossible to determine if aerobactin was inserted into chromosome or another plasmid excluding the virulence plasmid. These isolates carried blaOXA-232 mobilized by ColKP3 plasmid. Figure 1 shows the virulence plasmid (carrying aerobactin) in isolate B6753 (CP067046) compared with the reference virulence plasmid SGH10 (CP025080) and the closest-matching plasmids CP045675 and CP052259. The virulence plasmid of B6753 carries integron class 1, which is absent in the other three plasmids. Heavy metal resistance genes such as those coding for copper (pco), silver (sil), tellurium (ter), and mercury (mer) are also shown in Figure 1. A single isolate in this group was non-susceptible to colistin due to truncated mgrB of eight amino acids (Table 1).




Figure 1 | Circular representation of virulence plasmid assembled from Kp B6753 displayed using CG view server. Comparison of virulence plasmid carrying rmpA2 among (1) Kp strain B6753 (CP067046) from ST43 (2) Kp strain SGH10 (CP025080) from ST23 (3) Kp strain WSD411 (CP045675) from ST15 (4) Kp strain E16KP0290 (CP052259) from ST65.






Figure 2 | Variants of RmpA2 observed among carbapenem resistant hypervirulent Kp from India..





Other Clones

Three CR-hvKp belonged to ST15, while a single isolate each belonged to ST86 and ST4847 (TLV of ST29). Two isolates of ST15 were non-susceptible to colistin but showed different chromosomal mutations (Table 1). Interestingly, an isolate belonging to ST15 carried the K2 capsule type, which is in contrast to the present knowledge of K2 antigen being confined to hvKp clones such as ST65 and ST86. This isolate also showed the presence of frameshift mutation in rmpA2. The isolate belonging to ST86 was associated with K2 antigen, a characteristic feature of hvKp, which is also reported by other studies. ST86 K. pneumoniae in this study also carried non-functional mgrB due to premature stop codon in the third amino acid.

Among the other factors contributing to virulence, the siderophore salmochelin was present in a single isolate each of ST15, ST86, ST231, and ST4847. Interestingly, the CRKp in the present study have acquired the virulence plasmid with rmpA2, while rmpA was present in three isolates only. In addition, aerobactin, present in all the isolates, was the other promising molecular marker among these isolates.




RmpA2 Variants

Among the study isolates, six rmpA2 variants were identified as shown in Figure 2. Variants 2–6 were truncated at various positions, while rmpA2_9 had a single amino acid substitution at position 101 wherein glutamine is replaced by lysine. The wild-type rmpA2, encoded by 212 amino acids, has the signal transduction response regulator region from 131 to 196 amino acids. This region is disrupted in the variants leading to a functional loss, which reflects as a lack of hypermucoviscous phenotype. Hence, the CR-hvKp cannot be screened using a positive string test.




Figure 3 | Global model qualities of RmpA, RmpA2 and IutA with respect to (A) experimentally derived structures and (B–D) residue-level substitution scores signifying local folding conformations.





Protein Modeling and Structural Validations

Based on Z-scores from ProSA-web signifying the overall quality of the modeled RmpA, RmpA2, and IutA proteins, it was observed that all three are well-poised among experimentally determined (NMR and X-ray diffraction) protein structures (Figure 3A). The residue-level substitution scores of the validated structures of RmpA, RmpA2, and IutA proteins as per the HARMONY calibration plot are considerably higher than the respective reverse sequences (control) designating minimum errors in terms of misfolded conformations (Figures 3B–D). After final refinement, the modeled structures possessed >95% residues in Ramachandran favored region with low values corresponding to poor rotamers (<1.5), which signify the conformational integrity of the protein structures.




Figure 4 | The refined structures of the proteins (A) RmpA (B) RmpA2 (C) IucA and (D) IutA.



The final predicted structures of RmpA, RmpA2, and IutA were submitted to Protein Model Database (PMDB) (http://srv00.recas.ba.infn.it/PMDB/) having PMDB-IDs PM0083529, PM0084102, and PM0084103. The final structures of all the classical proteins are shown in Figures 4A–D.




Figure 5 | Backbone stability analysis: The relatively rigid (S2 score>0.8) and flexible (S2 score<0.8) regions of (A) RmpA and RmpA2 (B) IutA and IucA. (C) The variants of RmpA2 with shifts in the backbone as a resultant of frameshift mutations.





Backbone Stability of the Proteins

Figures 5A, B show that all the proteins have a stable backbone conformation [high average rigidity of backbone ➔ S2 > 0.8], conferring structural integrity to the proteins.




Figure 6 | The RMSF curve from coarse-dynamics simulations. Relative RMSF of (A) RmpA and RmpA2 (B) IucA and IutA.



The functionally significant domains of IucA are aerobactin-siderophore biosynthesis domain (between residues 138 and 361, average S2 score = 0.80) and ferric-ion reductase domain (between residues 400 and 556; average S2 score = 0.88). The characteristic membrane TonB-dependent receptor domain of IutA is located between residues 238 and 730 (average S2 score = 0.82), and a smaller plug domain is located between residues 45 and 146 (average S2 score = 0.79). The signal transduction regulator domain (STRD) of RmpA2 is located between amino acid residues 131 and 196 (average S2 score = 0.87). The average S2 scores indicate that both IutA and IucA have high backbone rigidity in their functional domains as well as the entire structure [overall 0.80 ± 0.02 Å]. Hence, they have stable structure-function profiles. The overall backbone rigidity of RmpA2 (0.88 ± 0.006 Å) is marginally higher than that of IutA and IucA. Hence, classical RmpA2 has better backbone stability, which supported its previous consideration as a molecular marker for hvKp (Russo et al., 2018). However, owing to indel mutations in our isolates between nucleotides 285 and 290, major frameshifts were observed in the backbone trajectory of RmpA2 variants (Figure 5C) when compared with the classical RmpA2. The mutant RmpA2_3 showed identical trajectory when compared with the classical counterpart, although there was an upstream shift of the STRD. The mutant RmpA2_4 portrayed a slightly different frameshift than the rest owing to an insertion mutation at nucleotide position 197.

All of the mutants of RmpA2 were observed to have major reductions S2 scores, especially in the SRTD domain (by ~40%) converting the structural profile of this region from a stably rigid domain to a considerably flexible one owing to upstream truncations. These changes can potentially contribute to the under-functioning of RmpA2 in the variants, thereby failing to express hypermucoviscous phenotype. However, no such truncations/indel mutations were observed in IutA or IucA, and they expressed a uniformly stable profile in all the isolates.



Coarse Dynamics Analysis to Assess the Structural Stability Profile

The relative stability of RmpA, RmpA2, IutA, and IucA analyzed using CABSflex server showed that that the relative fluctuations of RmpA are higher than those of RmpA2 (Figure 6A), although IutA and IucA possessed similar dynamicity (Figure 6B). From the conformational perspective, it can be inferred that classical RmpA2 possesses a better stability profile than RmpA as well as IucA and IutA, which supports the backbone dynamicity of the proteins. Furthermore, the average RMSF of the residues in signal regulatory region of RmpA2 (residues between 131 and 196) is lower (0.59 Å) than the average RMSF of the transcription regulatory residues (residues between 109 and 156) in RmpA (0.91 Å). This portrays a better structure-function stability profile of RmpA2 over RmpA and hence is predominantly present among CR-hvKp. The average RMSF of the functional domain residues in aerobactin such as the aerobactin-synthetase domain (IucA) and ferric-ion reductase (IutA) domain is 0.79 and 0.77 Å, respectively. The receptor domain (residues 338–730) of IutA has fairly lower fluctuations (average RMSF = 0.77 Å), similar to IucA. This portrays a better structure-function stability profile of aerobactin proteins over RmpA, but not RmpA2. However, in truncated RmpA2 proteins, the resultant RMSF values are very high (and irregular), which do not follow a pattern as compared with the parent RmpA2 protein (not shown).




Figure 7 |  In-vitro growth curve of hypervirulent Klebsiella pneumoniae. Isolate belonging to ST23 (MBFY00000000) was pan-susceptible and carries wild type rmpA and rmpA2. Isolates belonging to ST231 (JAHPLI000000000, JAHPLH000000000, JAARNY000000000) that carried aerobactin alone showed similar growth when compared to ST23. CRKp belonging to high risk clones ST11 (rmpA2_2, MNPG00000000; rmpA2_2, MNPB00000000) and ST15 (rmpA2_9; SRS3894070) showed slower growth than ST23 and ST231 hvKp.





In-Vitro Fitness of Hypervirulent Klebsiella pneumoniae

Growth curve was obtained for eight hypervirulent K. pneumoniae, which is shown in Figure 7. An isolate belonging to ST2096, carrying truncated rmpA2 (JAAQSY000000000), and an isolate with wild-type rmpA2 belonging to ST23 (MBFY00000000) isolated at the study center were used to compare the growth rate of other CR-hvKp in the present study. Three isolates carrying aerobactin without rmpA/rmpA2 belonging to ST231 showed a similar growth rate as compared with a pan-susceptible ST23 isolate that carried wild-type rmpA and rmpA2. The isolates belonging to high-risk clones ST11 and ST15 with truncated rmpA2 grew slower than ST23 and other isolates carrying aerobactin alone (ST231) as shown in Figure 7. ST11 MDR-hvKp carried rmpA2_2 truncated to 114 amino acids, while ST15 MDR-hvKp carried rmpA2_9 with a single amino acid substitution. However, these findings need to be confirmed in animal models to establish the virulence of strains carrying aerobactin alone. In addition to virulence factors, the role of plasmids carrying antimicrobial resistance in impelling the growth rate among these isolates needs further validation.



Correlation of In-Vitro and In-Silico Results

The absence of rmpA from the virulence plasmid of most CR-hvKp in the present study is warranted by the least structural stability of RmpA deduced from in silico analysis. Artemis comparison tool (Carver et al., 2005) was used to compare the plasmid compositions of the study isolate (CP067046) with reference virulence plasmid, SGH10 (CP025081) and pE16KP0290-1 (CP052259). Feature statistics showed that the relative guanine–cytosine (GC) content (%) of rmpA (<35%) is significantly lower than that of aerobactin genes iucA and iutA (>55%). Higher GC content not only depicts higher genomic stability but also projects an enhanced translation process and efficient amino acid usage (Li et al., 2015) of aerobactin over rmpA. Among CR-hvKp, there is additional fitness cost when compared with CRKp or hvKp due to the presence of both resistance and virulence plasmids. Furthermore, the presence of unstable proteins imposes additional energy expenditure by the organism in maintaining the protein, which can be balanced by losing the protein. The frameshifted rmpA2 with functional aerobactin is retained on the virulence plasmid taken up by the CRKp clones. As described in the previous section, aerobactin has lower fluctuations in the receptor domain with overall high backbone stability and hence has not undergone functional changes like RmpA2. Interestingly, in our experience, apart from the endemic clone ST231, other classical MDR K. pneumoniae that lacked a virulence plasmid and belong to diverse clones such as ST11, ST14, and ST147 did not carry aerobactin (data not shown; genomes available in PRJNA400267). Therefore, it can be inferred that the CR-hvKp has reserved aerobactin, an important virulence trait, and is prone to eliminate rmpA and rmpA2.




Discussion

Hypervirulent Kp is the most vicious pathotype of Kp that is now seen carrying antimicrobial resistance unlike its earlier counterpart (Chen et al., 2020; Zhang et al., 2020; Yang et al., 2021). Though in the last decade the virulent clones and MDR clones of Kp were distinct, the present decade has witnessed the convergence of these two groups, leading to MDR-hvKp. The formation of MDR-hvKp can be elucidated in three ways: a) acquisition of a virulence plasmid by MDR clones, b) acquisition of AMR plasmids by the virulent clones, and c) formation of mosaic plasmids that carry two replicons and code for both antimicrobial resistance and virulence (Tang et al., 2020). To the best of our knowledge, this is the first report describing the structures of RmpA, RmpA2 and variants of RmpA2 among CR-hvKp belonging to high-risk international clones such as ST11, ST15, and ST231 from the Indian subcontinent. Here, the mechanism of CR-hvKp formation is due to the acquisition of a virulence plasmid by CRKp clones.

The key virulence factors among hvKp include the siderophore aerobactin, and other genes such as rmpA, rmpA2, and peg-344, which are borne on the virulence plasmid. pLVPK, a 200-kbp plasmid, a prototype of Kp virulence plasmid, was first identified in isolate CG43; and the loss of this plasmid conferred absence of hypermucoid colonies (Lai et al., 2003). Over the years, several screening and confirmatory methods have been used to identify hvKp, which include the string test, determining the virulence in animal/moth models and PCR detection of virulence genes (Shon et al., 2013; Russo and MacDonald, 2020). G. mellonella killing assay used in conjugation with the string test is a relatively simple and accurate method to assess Kp virulence and differentiate between hvKp and cKp (Russo and MacDonald, 2020). In the present study, string test followed by detection of rmpA, rmpA2 and aerobactin was used to define hvKp. Poor sensitivity and specificity of string test have been demonstrated earlier among ESBL-hvKp, similar to the present study results (Yu et al., 2015). The study reported absence of rmpA and mutations in rmpA2 among ESBL-hvKp in addition to lack of hypermucoviscous phenotype, similar to the observations among CR-hvKp in the present study. Hence, it is evident that in the presence of AMR genes, rmpA is lost while rmpA2 is non-functional due to fitness cost.

The capsule polysaccharide production has three transcription units (orf1-2, orf3-15, and orf16-17) in Kp, among which two are directly influenced by rmpA, while one is affected by rmpA2. The deletion of rmpA and rmpA2 leads to decreased capsular polysaccharide under anaerobic conditions (Lin et al., 2019), which is also observed in the present study. Hence, CR-hvKp that lacks rmpA and rmpA2 lacks hypermucoviscous phenotype due to decreased capsular polysaccharide production.

In accordance with the speculations that rmpA is lost among CR-hvKp, we modeled the proteins RmpA and RmpA2 to determine the structural stability. It was observed that RmpA2 has a better stability profile than RmpA; and hence in MDR bacteria, RmpA2 is retained. Among the CR-hvKp, not only is the virulence plasmid losing rmpA, but there is also the formation of a mosaic plasmid that carries rmpA2 in addition to the ARGs. These events can be explained by the in silico results. It is noteworthy that the mosaic plasmids reported from our hospital earlier carried rmpA2 alone among CR-hvKp belonging to ST2096 (Shankar et al., 2020b). Hence, among CR-hvKp, string test is obsolete; and though molecular detection of rmpA2 can be performed, it is essential to determine the completeness of rmpA2 for gaining insights into the evolution of CR-hvKp.

In view of this, the stability profile of aerobactin-encoding proteins IucA and IutA was investigated. Aerobactin-encoding proteins had uniform high backbone rigidity and lower conformational fluctuations especially in the functional domains as compared with RmpA2 variants and hence is less prone to structural instability. Therefore, we hypothesize that CR-hvKp will retain functional aerobactin and exploit it as the key virulence factor. This is especially beneficial during the formation of mosaic plasmids that carry both virulence genes and ARGs, as it reduces the expenditure of rmpA2 expression. In addition, several studies have demonstrated the prerequisite of aerobactin for survival of hvKp in animal models, and cKp lack aerobactin, while they may carry other incompetent siderophores such as enterobactin and yersiniabactin (Russo et al., 2015). Aerobactin has also been identified as an ideal anti-virulence target since it has the added advantage of being unaffected by antimicrobial resistance of the hvKp (Russo and Gulick, 2019). Table 2 lists the key virulence factors that are observed among various resistant and virulent pathotypes of Kp deduced from previous reports and observations. Table 3 lists the virulence factors of hvKp along with their function and location in hvKp genome.


Table 2 | Key virulence markers among various pathotypes of Kp.



Globally, there is a surge in the international high-risk clones acquiring virulence factors among Kp. Several studies on the acquisition of a virulence plasmid by ST11 KPC-producing Kp are increasingly reported from China, where it is endemic (Hu et al., 2021). Hu and colleagues report the uptake of a virulence plasmid among blaKPC-2 carrying ST11 Kp from various regions in China. The IncHI1B virulence plasmid in these isolates carried rmpA and rmpA2, or rmpA2 alone. Interestingly, two clades of ST11 have been identified in China, which carries different capsule types: clade1 with K64 capsule type and clade2 with K47 capsule type (Hu et al., 2021). Clade1 was associated with increased virulence factors when compared with clade2. Furthermore, Li and colleagues report mosaic plasmids with IncHI1B–IncFIB replicons carrying virulence gene rmpA2 and aerobactin among ST11 KPC Kp in China (Li et al., 2021). Notably, in the present study, CR-hvKp belonging to ST231 lacked rmpA and rmpA2, while it encoded aerobactin. In the present study setting, ST231 CRKp is the endemic clone predominantly carrying blaOXA-232 on ColKP3 plasmid (Shankar et al., 2021). As speculated, for better survival of this endemic clone, aerobactin has been acquired while excluding rmpA and rmpA2. This is another possible evolutionary mechanism of the endemic clones acquiring a portion of the virulence plasmid that is of utmost importance while compromising on the other regions of the virulence plasmid. We hypothesize that the aerobactin might be incorporated into the chromosome of endemic clones such as ST231, which will further lead to the establishment of virulent endemic clones, causing nosocomial outbreaks.

One of the most important characteristics used for identification of hvKp include the clinical presentation of the patient. In a previous study at our center, community-acquired hvKp infection showed a fatal outcome when compared with HAIs; however, the study was limited by a small sample size (Shankar et al., 2018). In the present study, a mortality of 46% can be attributed to the CR-hvKp that belong to HAI clones and hence were challenging to treat due to the limited susceptibility to antimicrobials. Interestingly, in the study cohort, there was no case of liver abscess, which explains the absence of classical hvKp presentation. It is well known that diabetes mellitus and Asian ethnicity predispose to hvKp infections (Choby et al., 2020). Mortality among hvKp-infected patients range from 30% to 100% as reported in various studies and is also due to the antimicrobial susceptibility of the infecting hvKp (Choby et al., 2020). Unfortunately, there are no specific therapeutic choices targeting hvKp, and discrete use of antimicrobials based on susceptibility testing must be employed. In cases of localized infection with hvKp, source removal is the most important technique in infection management (Shon et al., 2013).

Though MDR-hvKp and CR-hvKp are being increasingly reported, there is a lack of rapid test to identify this pathotype. Future prospects include the development of immunochromatographic assays that can be deployed for rapid identification of hvKp, in which cultures of K. pneumoniae can be used to determine the presence of rmpA, rmpA2, and aerobactin, especially among carbapenem-resistant isolates. This test can be used to target the signal transduction region in these proteins, which is disrupted in the rmpA2 mutant hvKp. Early identification of isolates carrying wild-type and mutated virulence genes can provide epidemiological data as well as appropriate management of the infection to reduce mortality. This test can provide an economical method for national surveillance studies, which will help to monitor the prevalence of hvKp.

The limitation of the present study includes the lack of diverse clones carrying aerobactin in the absence of rmpA and rmpA2. The in vitro and in silico models could not be validated using animals models to demonstrate the degree of virulence among the study isolates. Further studies involving patient outcomes and various genotypes of CR-hvKp are necessary to warrant the findings of this study. Also, of utmost importance is the genomic surveillance of CR-hvKp to determine the evolutionary changes in this pathotype.



Conclusion

Increasing incidence of convergence of AMR and virulence is observed among Kp globally, which mainly occurs due to the uptake of a virulence plasmid by MDR clones or AMR plasmids by hvKp clones. Here, we report CR-hvKp in Indian subcontinent among MDR clones such as ST11, ST15, ST43, and ST231 that carry a virulence plasmid with non-functional RmpA2 but functional aerobactin. This highlights the significance of molecular/genomic identification of MDR-hvKp especially CR-hvKp and put in place better infection control measures to prevent the spread of this superbug. It is also imperative to determine the increasing incidence of this pathotype and monitor the clonal diversity from various geographical regions. The negative string test challenges phenotypic screening and rapid identification of CR-hvKp. Although classical RmpA2 is more stable than aerobactin, widespread mutations in rmpA2 are accompanied with fitness cost to maintain non-functional RmpA2. On the other hand, high backbone stability and lower conformational fluctuations in the functional domain of aerobactin make it a better virulence factor that is retained among CR-hvKp. Therefore, aerobactin is a promising marker, as this superbug continues to evolve, reducing its fitness cost while coding for antimicrobial resistance and virulence.


Table 3 | Virulence factors among classical and hypervirulent Klebsiella pneumoniae and their function.
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Infections caused by multidrug-resistant Gram-negative organisms have become a global threat. Such infections can be very difficult to treat, especially when they are caused by carbapenemase-producing organisms (CPO). Since infections caused by CPO tend to have worse outcomes than non-CPO infections, it is important to identify the type of carbapenemase present in the isolate or at least the Ambler Class (i.e., A, B, or D), to optimize therapy. Many of the newer beta-lactam/beta-lactamase inhibitor combinations are not active against organisms carrying Class B metallo-enzymes, so differentiating organisms with Class A or D carbapenemases from those with Class B enzymes rapidly is critical. Using molecular tests to detect and differentiate carbapenem-resistance genes (CRG) in bacterial isolates provides fast and actionable results, but utilization of these tests globally appears to be low. Detecting CRG directly in positive blood culture bottles or in syndromic panels coupled with bacterial identification are helpful when results are positive, however, even negative results can provide guidance for anti-infective therapy for key organism-drug combinations when linked to local epidemiology. This perspective will focus on the reluctance of laboratories to use molecular tests as aids to developing therapeutic strategies for infections caused by carbapenem-resistant organisms and how to overcome that reluctance.
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Introduction

Infections caused by multidrug-resistant Gram-negative organisms have become a global threat (Logan and Weinstein, 2017). Such infections can be very difficult to treat, especially when they are caused by carbapenemase-producing organisms (CPO) (Tamma et al., 2021). Outcomes of patients with infections caused by CPO are worse than those caused by bacteria that are resistant to carbapenems by other mechanisms, such as efflux or permeability changes in the cell’s outer membrane. For example, Tamma et al. reported that the odds of a patient dying from bacteremia within 14 days of disease onset was 4 times greater with a CPO infection than with a non-CPO infection (Tamma et al., 2017). Thus, it is important to differentiate between CPO and non-CPO infections to help guide treatment of individual patients and improve outcomes, especially for sepsis. While detection of CPO can be accomplished with phenotypic or genotypic methods, this perspective will focus on molecular genotypic methods.

Molecular diagnostic tests can inform therapeutic decisions for bacterial infections in two ways. First, colonies of carbapenem-resistant gram-negative organisms recovered from clinical specimens in pure culture can be tested to confirm the presence of a carbapenem-resistance gene (CRG) and to differentiate between serine carbapenemase genes and metallo-carbapenemase genes (Lutgring and Limbago, 2016; Iovleva and Doi, 2017; Traczewski et al., 2018). These are critical data for clinicians as many of the newer beta-lactam/beta-lactamase inhibitor combinations are not active against metallo-beta-lactamase producing bacteria. The second application of molecular diagnostics is to couple detection of CRGs with bacterial species identification in syndromic blood culture and respiratory panels to guide therapy. Both applications will be explored in this perspective.



Differentiating Among Ambler Classes of Carbapenem-Resistance Genes

When treating an infection caused by a CPO, differentiating between resistance caused by Class A enzymes, such as the Klebsiella pneumoniae carbapenemase (KPC) and Class D enzymes, such as Oxacillinase-48 (OXA-48), versus Class B enzymes, including the New Delhi metallo-beta-lactamase (NDM), Verona Integron-encoded metallo-beta-lactamase (VIM), and Imipenemases (IMP) is critical especially when physicians consider using any of the newer beta-lactam/beta-lactamase inhibitor combinations (Falcone and Paterson, 2016; Sheu et al., 2019; Ackley et al., 2020; Johnston et al., 2020). Many of the newer combination agents, including ceftazidime-avibactam, ceftolozane-tazobactam, meropenem-vaborbactam, and imipenem-cilastatin-relebactam, are not active against the Class B metallo-carbapenemases (Table 1). Thus, optimal use of these new and expensive anti-infective agents requires knowledge of the mechanism of carbapenem resistance in the target organism. Yet, published data suggest that differentiation among beta-lactamase classes in CPOs often is not performed (Lutgring and Limbago, 2016; Miller et al., 2017; Burnham et al., 2017; Pereckaite et al., 2018). The underutilization of these tests is a critical problem for optimal use of the newer antimicrobial agents globally.


Table 1 | Activity of recent beta-lactam/beta-lactamase inhibitor combinations against microorganisms containing carbapenemasesa.





Reluctance to Using Molecular Diagnostic Tests for CPO Detection

There are several reasons why laboratories may be reluctant to use molecular tests to detect CPOs and differentiate among CRG classes in resistant bacterial isolates. The cost of the tests is often cited as an issue, especially for the genotypic assays (Burnham et al., 2017; Pereckaite et al., 2018) but the reluctance to use molecular tests clearly goes beyond this issue as syndromic test panels are broadly used in clinical microbiology laboratories despite their increased costs over traditional identification methods (Dien Bard and McElvania, 2020). For many laboratories in the United States, there is a sense that differentiation among CRG is simply unnecessary, as it is presumed that CPOs are likely to be KPC-producers (Miller et al., 2017). Unfortunately, this is not necessarily true as the epidemiology of KPC-producing organisms is very uneven in the U.S (Lutgring et al., 2018) and other carbapenemases, including VIM, NDM, IMP, and OXA-48, have been detected in multiple U.S. states and their prevalence has steadily increased (Logan and Bonomo, 2016; Lutgring and Limbago, 2016; Logan and Weinstein, 2017). Furthermore, Miller et al. reported that many laboratories assume that any gram-negative Enterobacteriaceae isolate that tests as resistant to any carbapenem is a carbapenemases producer (CPE). This is based partially on the Centers for Disease Control and Prevention (CDC) definitions for CPE (Miller et al., 2017). However, detection of carbapenemase genes or carbapenemase activity in isolates is also part of the CDC’s CPE definition, but this is often overlooked. Thus, the terms CRE (a broad category) and CPE (only carbapenemase producers) are often confused. While the sensitivity of the CDC definition for CPE based on susceptibility testing alone was 100% in this study, the specificity was only 6.1%, which means CRG-mediated resistance was dramatically over reported, which negatively impacts therapeutic choices (Tamma et al., 2021). According to Miller et al., the specificity of testing could be raised to ~100% by using either a phenotypic test, such as the modified carbapenem inactivation method (mCIM) to detect carbapenemase activity in colonies (without beta-lactamase class differentiation), or a commercial genotypic test, such as the Xpert® Carba-R test (Cepheid, Sunnyvale, CA, USA)(IVD – in vitro diagnostic test] (Traczewski et al., 2018) to detect and differentiate among the genes encoding five major classes of carbapenemases. The high specificity of testing is needed to prevent the misuse of the novel beta-lactam/beta-lactamase inhibitor combinations. Data on the use of molecular methods to detect CPO in the European Union other parts of the world are scarce (Pereckaite et al., 2018).

A second source of reluctance to using molecular tests is the presumption that carbapenem resistance in isolates of Pseudomonas aeruginosa and Acinetobacter species is not mediated by CRG (Gill et al., 2021). Although both Pseudomonas and Acinetobacter species have permeability- and efflux-mediated carbapenem resistance, they also can harbor a wealth of CRG, some of which are difficult to detect with phenotypic methods (Jahan et al., 2020; Sharma et al., 2020). Those genes negatively impact the use of beta-lactam/beta-lactamase inhibitor combinations, since most of the enzymes reported in these species are Class B metallo-beta-lactamases (Wang et al., 2021). The widespread use of ceftolozane/tazobactam for P. aeruginosa infections is particularly worrisome since this agent is not active against CPO of any class (Table 1) (Jorgensen et al., 2020).

Reluctance to using molecular tests also comes from the confusion over which tests have received regulatory approval for developing therapeutic strategies for infections versus tests approved only to guide infection control interventions. Most tests to detect carbapenemases or CRG have only received regulatory clearance to guide infection control activities and not for guiding therapeutic decisions. Using tests only for the purposes described in the product’s instructions for use (IFU) is an important factor for many laboratories in an increasingly regulated laboratory environment. For example, in the United States, the NG-Test® CARBA-5 (Hardy Diagnostics, Santa Maria, CA) IFU says it “…is intended as an aid for infection control in the detection of carbapenamase-producing Enterobacteriaceae and Pseudomonas aeruginosa in healthcare settings. [It] is not intended to guide or monitor treatment for carbapenem-non-susceptible bacterial infections” (Hardy Diagnsotics, 2019). In contrast, the Xpert® Carba-R test has received US-IVD clearance for use as an aid for infection control and “… for guiding therapeutic strategies, but only when testing carbapenem-non-susceptible colonies from pure cultures” (Cepheid, 2019). As noted in the recent Italian guidelines for CRE prevention, it is important for laboratories to be familiar with the intended use statement of all commercial tests to make sure they are using them appropriately (Ambretti et al., 2019). Use of an IVD outside of its intended use requires a validation study (Burd, 2010). Other products that have received regulatory clearance for developing therapeutic strategies for infections caused by CPO are available in the European Union and elsewhere.



Using Algorithms to Detect CPOs and Differentiate Among CRG in Pure Cultures of Bacteria

Laboratories do not always know which test is optimal for their needs and are concerned about the accuracy of a single test. Given the diversity of beta-lactamases circulating globally, laboratories may need to use a combination of phenotypic and genotypic tests to optimize detection of carbapenem resistance mechanisms. This is especially important when both serine- and metallo-beta-lactamase genes are present among clinical isolates in a region. Khalifa et al. (2020) described an algorithm using methods available in the European Union that started with a rapid commercial test to detect IMP, KPC, NDM, OXA-48, and VIM, such as the CARBA-5 lateral flow immunochromatographic assay, or a genotypic test, such as the Xpert® Carba-R PCR test (Table 2). If the rapid test is negative, they recommend the mCIM test (Pierce et al., 2017) to determine if the organism is a CPO with a novel carbapenemase (Clinical and Laboratory Standards Institute, 2020). The algorithm offers rapid turn-around time (<1 hour for many of the commercial tests) for differentiation of most serine and metallo-carbapenemases coupled with the ability to detect novel carbapenemases with the mCIM test. This approach indicates those anti-infective agents that are not active against the metallo-beta-lactamases (Table 1) versus novel agents like cefideracol, a cephalosporin-siderophore combination with broad activity that includes many organisms that harbor either serine or metallo-enzymes (Hackel et al., 2018). Using the mCIM test together with the eCIM test in which 5mM ethylene-diamine tetra acetic acid (EDTA) is added to a second meropenem disk, can broadly differentiate a serine beta-lactamase from a metallo-beta-lactamase (Sfeir et al., 2019) but this approach doesn’t indicate which resistance gene is present. Nonetheless, this simple combination of disk tests is cost-effective and has a high degree of accuracy (Tenover et al., 2020).


Table 2 | Examples of molecular and immunochromatographic diagnostic tests to detect and differentiate carbapenem resistance genes in pure culture colonies or clinical specimens.





Molecular Tests to Identify Resistance Genes in Positive Blood Culture Bottles And Respiratory Specimens

Using the presence or absence of a resistance gene in a clinical specimen prior to the isolation of a bacterial isolate to predict phenotypic susceptibility or resistance to specific antimicrobial agents is more complicated than distinguishing between CPO and non-CPO. The dilemma of reconciling conflicting genotypic and phenotypic data has recently been reviewed by Yee et al. (2021). Detection of a CRG has a high positive predictive value as an indicator of phenotypic resistance in most bacterial species; however, the absence of a resistance gene does not always indicate that the organism detected will be phenotypically susceptible to an antibiotic. The problems are illustrated in an exchange between Spafford et al. (Spafford et al., 2019; Humphries et al., 2020) and Pogue and Heil (2020), regarding the use of genotypic tests for blaCTX-M, blaKPC, and blaNDM in blood culture panels to predict phenotypic resistance or susceptibility to extended-spectrum cephalosporins and carbapenems in gram-negative organisms. The high very major error rates (which indicate false susceptibility to an antimicrobial agent) and variable negative predictive values of the molecular tests by geographic region and hospital type, led Spafford et al. to raise flags of caution regarding the interpretation of genotypic results. In response, Pogue and Heil defended the use of the genotypic tests for specific predetermined organism-drug combinations, which was supported by their studies in two different hospitals (Pogue et al., 2018), where, with the exception of the P. aeruginosa and pipericillin/tazobactam combination, the negative predictive values for genotypic data were quite high for selected resistance gene-organism-antimicrobial agent combinations. In other words, the absence of a resistance gene could predict susceptibility of a bacterial species to one or more antimicrobial agents, but the predictive value may differ from hospital to hospital depending on the prevalence of the resistance genes that are included in the syndromic panel.

Unfortunately, the data supporting the value of including CRG in syndromic panels (several of which are listed in Table 2) to improve anti-infective therapy currently remain sparse (Dien Bard and McElvania, 2020). In many reports, the low prevalence of CPO containing a CRG of interest has hindered the accumulation of outcome data. Thus, the continued study of the impacts of syndromic panels on improving the outcomes of patients should be focused on defining the resistance gene-species-antimicrobial agent combinations that yield high predictive values. This is an area that requires well-controlled trials, preferably in multiple geographic regions.



Discussion

There are multiple phenotypic and molecular genotypic tests (Tamma and Simner, 2018) in addition to those listed above that can be used to optimize therapeutic regimens. This includes the use of matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry to identify microorganisms directly in positive blood culture bottles (Patel, 2015) and to identify proteins associated with antimicrobial resistance mechanisms, including carbapenemases, such as KPC-2, in a rapid and cost effective manner (Gaibani et al., 2016; Vrioni et al., 2018; Figueroa-Espinosa et al., 2019). Earlier differentiation between CPO and non-CPO enhances the ability of antimicrobial stewardship programs to move from empiric to directed antimicrobial therapy to treat infections. While molecular tests have been shown to have value, their limitations, such as cost, the need for new instrumentation, and limited spectrum of gene detection (only known resistance genes are detected) must be noted. Nevertheless, the limitations of the molecular tests can be offset to a certain degree by their high sensitivity and specificity, rapid turn-around-time, and the ability to guide therapy early in the course of infection (Burnham et al., 2017; Ambretti et al., 2019). Unfortunately, these tests receive only cursory mention in key guidelines, such as those from the Clinical and Laboratory Standards Institute, the European Committee on Antimicrobial Susceptibility Testing, the CDC, and the Infectious Diseases Society of America’s guideline for treating infections caused by multidrug resistant organisms (Tamma et al., 2021). Thus, the tests are underutilized. While these organizations cannot promote specific commercial tests, they should promote the concept of detecting CPOs as early as possible in the course of infection and differentiating among enzyme classes to ensure the prudent use of the newer beta-lactam/beta-lactamase inhibitor combinations and enhance antimicrobial stewardship efforts globally.

In summary, tests performed on bacterial colonies of carbapenem-resistant organisms can indicate whether the isolate is a CPO and if so, whether resistance is mediated by a Class A, B, or D carbapenemase. While the positive predictive value of identifying CRGs in parallel with bacterial species identification in syndromic panels is high, the negative predictive value, although lower, can also be very useful if one considers the prevalence of the resistance gene in specific organisms for specific antimicrobial agents. Better education programs for microbiologists, physicians, and pharmacists are needed to clarify the differences between CRO and CPO and how to optimize therapeutic strategies for infections caused by these two groups of organisms.
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The spread of plasmid-mediated carbapenem-resistant clinical isolates is a serious threat to global health. In this study, an emerging NDM-encoding IncHI5-like plasmid from Klebsiella pneumoniae of infant patient origin was characterized, and the plasmid was compared to the available IncHI5-like plasmids to better understand the genetic composition and evolution of this emerging plasmid. Clinical isolate C39 was identified as K. pneumoniae and belonged to the ST37 and KL15 serotype. Whole genome sequencing (WGS) and analysis revealed that it harbored two plasmids, one of which was a large IncHI5-like plasmid pC39-334kb encoding a wide variety of antimicrobial resistance genes clustered in a single multidrug resistance (MDR) region. The blaNDM-1 gene was located on a ΔISAba125-blaNDM-1-bleMBL-trpF-dsbC structure. Comparative genomic analysis showed that it shared a similar backbone with four IncHI5-like plasmids and the IncHI5 plasmid pNDM-1-EC12, and these six plasmids differed from typical IncHI5 plasmids. The replication genes of IncHI5-like plasmids shared 97.06% (repHI5B) and 97.99% (repFIB-like) nucleotide identity with those of IncHI5 plasmids. Given that pNDM-1-EC12 and all IncHI5-like plasmids are closely related genetically, the occurrence of IncHI5-like plasmid is likely associated with the mutation of the replication genes of pNDM-1-EC12-like IncHI5 plasmids. All available IncHI5-like plasmids harbored 262 core genes encoding replication and maintenance functions and carried distinct MDR regions. Furthermore, 80% of them (4/5) were found in K. pneumoniae from Chinese nosocomial settings. To conclude, this study expands our knowledge of the evolution history of IncHI5-like plasmids, and more attention should be paid to track the evolution pathway of them among clinical, animal, and environmental settings.
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Introduction

IncHI plasmids are important vectors in the dissemination of heavy metal resistance genes and antimicrobial resistance genes (Cain and Hall, 2012). These plasmids are usually larger than 200 kb and have a wide host range (Rozwandowicz et al., 2018). Members of the IncHI group contained five types of plasmids (Liang et al., 2018), of which considerable genetic conservation was detected within subgroups, but the conserved sequences of each subgroup were dramatically distinguished from each other (Liang et al., 2017). IncHI5 plasmids are associated with various carbapenemase genes (Zhu et al., 2020), implying that investigations are needed to continuously monitor the prevalence of IncHI5 plasmids in different sources, especially among clinical settings. More seriously, a recent study reported two IncHI5-like plasmids co-harboring carbapenem resistance genes and tigecycline resistance module tmexCD1-toprJ1 (Qin et al., 2021), indicating that the IncHI5 plasmid has evolved and may develop as key vectors to carry important and novel antimicrobial resistance determinants. However, studies on the structures and evolution of IncHI5-like plasmids in pathogens remain limited. Currently, only five fully sequenced IncHI5-like plasmids are available (Table 2) (last accessed May 26, 2021). In this study, we aim to characterize a blaNDM-1 carrying IncHI5-like plasmid from K. pneumoniae and further illustrate the underlying evolution process by analysis of available sequenced IncHI5-like plasmids.



Materials and Methods


Sample Information and Characterization

Klebsiella pneumoniae C39 was isolated from a sputum sample of an infant patient with congenital heart disease and multiple complications in Henan, China in August 2019, using 5% sheep blood agar (see Supplementary Table S1 for more information). The identification of bacterial species was conducted by 16S rRNA gene sequencing. The presence of carbapenemase genes was screened for multiplex PCR as previously mentioned (Poirel et al., 2011). The minimal inhibitory concentrations (MICs) of meropenem, ampicillin, ceftiofur, tetracycline, kanamycin, enrofloxacin, tigecycline, and colistin were determined by the broth microdilution method recommended by the Clinical and Laboratory Standards Institute (CLSI, M100-S28, 2018), while the MICs of the remaining 14 antimicrobials levofloxacin, chloramphenicol, aztreonam, ampicillin-sulbactam, piperacillin, piperacillin-tazobactam, gentamicin, amikacin, cefazolin, ceftazidime, cefotaxime, cefepime, imipenem, and trimethoprim-sulfamethoxazole were obtained by BD Phoenix100 (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). The MIC breakpoints for Enterobacterales (susceptible, ≤2 mg/L; resistant, ≥8 mg/L) defined by the Food and Drug Administration were used for tigecycline. To investigate the transferability of blaNDM-1-bearing plasmid, filter mating and electrotransformation assays were performed using hygromycin-resistant K. pneumoniae YZ6 (Li et al., 2020) as the recipient strain, of which the conjugation assay was conducted at different temperatures (25°C, 30°C, and 37°C). Transconjugants or transformants were selected on LB agar plates supplemented with hygromycin (200 mg/L) and meropenem (2 mg/L).



Genome Extractions and High-Throughput Sequencing

Genomic DNA was extracted using the TIANamp bacterial DNA kit (TianGen, Beijing, China), quantified by Qubit and gel electrophoresis and subjected to sequencing using the Oxford Nanopore Technologies MinION long-read platform in combination with the Illumina Hiseq system as described previously (Wick et al., 2017).



Bioinformatics Analysis and Phylogenetic Tree Construction

Genome sequence of C39 was de novo assembled by Illumina short-read and Nanopore long-read MinION sequencing data. Gene annotations were carried out by RAST (http://rast.nmpdr.org/) automatically and modified manually. The sequence types (STs), plasmid replicon, insertion sequences, and antimicrobial resistance determinants of C39 were identified using Online tools (https://cge.cbs.dtu.dk/services/) and Kleborate (Wick et al., 2018). The BLAST Ring Image Generator tool and EasyFig served to generate the genetic comparison figures (Alikhan et al., 2011; Sullivan et al., 2011). Variant calls for single-nucleotide polymorphism (SNP) analysis were performed by Snippy (Seemann, 2014) against the sequence of pYNKP001-dfrA as it was the first identified IncHI5 plasmid, and SNPs on recombination sites were removed by Gubbins (Croucher et al., 2015). The filtered SNPs were then used as input for constructing a phylogenetic tree by FastTree (Price et al., 2009). The phylogenetic tree was visualized using interactive tree of life (ITOL) (Letunic and Bork, 2021). The core and pan genomes of all IncHI5-like plasmids were analyzed by Prokka and Roary (Seemann, 2014; Page et al., 2015). Combining the formed tree file and the gene presence and absence file, a plasmid phylogenetic tree with a matrix describing the presence and absence of core and accessory genes was constructed.




Results and Discussion


Strain Characteristics, Resistance Phenotypes, and Plasmid Transfer

K. pneumoniae C39 showed MDR phenotype, and β-lactam resistance to meropenem, ampicillin, ceftiofur, aztreonam, ampicillin-sulbactam, piperacillin, piperacillin-tazobactam, cefazolin, ceftazidime, cefotaxime, cefepime, and imipenem (Table 1). In addition, tetracycline, enrofloxacin, kanamycin, levofloxacin, chloramphenicol, amikacin, colistin, and tigecycline showed effective antibacterial activity against C39. Despite multiple attempts, carbapenem resistance phenotype could not transfer by conjugation or electrotransformation, indicating that the blaNDM-1 gene may be located on a nonconjugative plasmid.


Table 1 | Antimicrobial susceptibility profiles of the K. pneumoniae strain C39 against different antimicrobials.





Characterization of blaNDM-1-Bearing Plasmid pC39-334kb

Strain C39 belonged to ST37 and KL15 serotype, and possessed multiple antimicrobial resistance genes encoding resistance to β-lactams (blaSFO-1-like, blaVEB-3, blaTEM-1B, blaNDM-1, and blaSHV-11), aminoglycosides [aac(3’)-IId], macrolides [mph(A)], quinolones (qnrA7, oqxA, and oqxB), sulphonamides (sul1), trimethoprim (dfrA27), rifampin (arr-3), bleomycin (blaMBL), and fosfomycin (fosA). ST37 K. pneumoniae is a clinically important pathogen frequently detected to carry blaNDM (Zhang et al., 2019). Previously, two cases of pediatric patients that died due to K. pneumoniae ST37 infection were reported (Zhu et al., 2016), suggesting that the infant patients were suffering from the infection of high-risk pathogens. C39 contained one chromosome (5,290,020 bp, CP061700) and two plasmids pC39-334kb (334,893 bp, CP061701) and pC39-125kb (125,663 bp, CP061702) (Supplementary Table S1). pC39-125kb belonged to IncFIB replicon type, and no antimicrobial resistance (AMR) genes were found in this plasmid (Supplementary Figure S1).

pC39-334kb was 334,893 bp in length with 379 predicted ORFs. Online BLAST against the NCBI nr database revealed that it shared an overall similar backbone with plasmid pNDM-1-EC12 (MN598004), pKP-13-14-NDM-9 (MN175386), p104922-NDM (MT062912), pKP19-3023-374kb (CP063748) and pKP19-3088-375kb (CP063149), including genes essential for replication (repHI5B and repFIB-like), partition (parAB) and conjugal transfer (tra1 and tra2) (Figure 1). As previously reported, pNDM-1-EC12 was identified as an IncHI5 plasmid (Zhu et al., 2020), whereas pKP19-3023-374kb and pKP19-3088-375kb belonged to IncHI5-like plasmids (Qin et al., 2021). The replication genes of IncHI5-like plasmids shared 97.06% (repHI5B) and 97.99% (repFIB-like) nucleotide identity with those of IncHI5 plasmids, while the repHI5B protein and repFIB-like protein of IncHI5-like plasmids shared 97.97% and 97.27% amino acid identity with those of IncHI5 plasmids. Therefore, pC39-334kb was classified as the IncHI5-like plasmid based on the comparative analysis of replication genes. Moreover, pC39-334kb displayed > 53% query coverage and > 98% identity to other seven representative IncHI5 plasmids pYNKP001-dfrA (KY270853), pKPNDM1 (JX515588), pKP1814-1 (KX839204), pIMP4_LL34 (CP025964), pA708-IMP (MF344567), pA324-IMP (MF344566) and p13190-VIM (MF344563), indicating that IncHI5-like plasmid shared some conserved sequences with IncHI5 plasmids. However, lexA (transcriptional regulator), ompF (outer membrane porin), mobile elements and several hypothetical genes located on the backbone of IncHI5-like plasmid were absent in seven IncHI5 plasmids (Figure 1).




Figure 1 | Circular comparison of pC39-334kb and other similar plasmids in the NCBI database. The outermost circle with red arrows represents the reference plasmid pC39-334kb. IncHI5 plasmids are shown between red concentric circles, and the MDR region of pC39-334kb is marked by a blue dotted line.



The backbones of IncHI5 plasmids were diverse, where the integration of a wealth of accessory modules could be observed (Liang et al., 2018), so it was not surprised that the backbone of plasmid pNDM-1-EC12 exhibited differences with other IncHI5 plasmids. Considering that the backbone of pNDM-1-EC12 is almost identical to that of IncHI5-like plasmids, the IncHI5-like plasmid may originate from pNDM-1-EC12-like IncHI5 plasmids.



Phylogenetic Analysis of pC39-334kb and IncHI5 Family Plasmids

To explore the phylogenetic relationship between IncHI5-like and IncHI5 plasmids, we downloaded complete sequences of 34 IncHI5 plasmids and 4 IncHI5-like plasmids. All plasmids could be assigned into two distinct clades. pC39-334kb with five homologous plasmids including IncHI5 plasmid pNDM-1-EC12 were clustered into clade I and separated from clade II which contained typical IncHI5 plasmids (Figure 2). These findings demonstrated that pNDM-1-EC12-like plasmids played as ancestral plasmids in the evolution of IncHI5-like plasmids. The mutation of replication genes probably resulted in the occurrence of IncHI5-like lineage, since pNDM-1-EC12 and all IncHI5-like plasmids are closely related genetically.




Figure 2 | Phylogenetic tree of 39 plasmids constructed based on recombination-free SNPs. Clade I includes pC39-334kb with the five most homologous plasmids, among which pNDM-1-EC12 belongs to IncHI5 plasmids based on replicon genes. All plasmids contained in clade II are IncHI5 plasmids. The plasmid involved in this study is highlighted in red. N.A, not available.



Plasmids were usually prone to mutations and rearrangements of certain sequences, which could also occur in the regions used for plasmid typing (Rozwandowicz et al., 2018), leading to the occurrence of novel untypeable plasmids or new plasmid lineages evolved from the well-studied plasmid types (Zhang et al., 2021). Furthermore, acquisition or loss of genes could be frequently detected in IncHI5 plasmids (Liang et al., 2018). These characteristics were the potential driving force of the evolution process of IncHI5 plasmids. Previously, a phylogenetic tree of 52 IncHI2 plasmids was constructed based on the SNPs of core plasmid genomes (Zhu et al., 2019). In consistent with our finding, all IncHI2 plasmids fell into two distinct clades, among which the plasmids from clade 1 differed greatly from those in clade 2, implying that the occurrence of two distinguished subtype plasmids in IncHI type plasmid is common. According to IncHI2 subtyping scheme (García-Fernández and Carattoli, 2010), it is necessary to propose the feasible plasmid double locus sequence typing scheme (pDLST) to detect the possible emergence and spread of IncHI5 subtype plasmids.



MDR Region of pC39-334kb

A large ~68 kb MDR region was detected in pC39-334kb. Abundant AMR genes and mobile elements were concentrated in this region (Figure 3A). The blaNDM-1 gene was located in a structure of ΔISAba125-blaNDM-1-bleMBL-trpF-dsbC, which shared 100% nucleotide identity with the corresponding region of the transposon Tn125 (Figure 3B), followed by ISCR1-sul1-tnpF-like integrase gene-blaVEB-3-IS6100. This segment was identical to that of pKP13-14-NDM-9 except for partial sequence loss of tnpF-like gene and blaVEB-3 gene, which was possibly caused by tnpF-like integrase (Huang et al., 2010). The following region, including IS26-mph(A)-mrx-mphR-IS6100 unit, chrA, blaSFO-1-like (with three bases mutation compared to blaSFO-1) located adjacent to its regulator ampR, IS26-aac(3)-IId-IScfr1-blaTEM-1B, and an incomplete Tn1722 transposon, was most similar to the MDR region of pKP1814-1. However, the 25-kb region between IS5075 and Tn3 family transposase gene was absent in pC39-334kb and the IS26-mph(A)-mrx-mphR-IS6100-chrA-IS5075 structure underwent the rearrangement of genetic position, in contrast to plasmid pKP1814-1. The last region was an archetypical complex class 1 integron with the structure of intI1-group II intron-arr-3-dfrA27-qacEΔ1-sul1-ISCR1-qnrA3-qacEΔ1-sul1. The formation of highly mosaic MDR region of pC39-334kb was derived from multiple insertion, deletion, and recombination events of AMR genes with various mobile elements.




Figure 3 | (A) Linear comparison of MDR regions among pC39-334kb, pKP13-14-NDM-9 (MN175386), and pKP1814-1 (KX839207). (B) Comparative analysis between genetic context of blaNDM-1 in pC39-334kb and Tn125. The sequence of Tn125 is derived from pNDM-BJ01 (JQ001791) in Acinetobacter lwoffii.





Transfer Regions tra1 and tra2 of pC39-334kb

To explore the underlying mechanism that accounted for the conjugation deficiency of pC39-334kb, the conjugative transfer region of untransferable plasmid pNDM-1-EC12 (Zhu et al., 2020) and transferable plasmid pIMP4_LL34 (Liu et al., 2018) were compared to that of pC39-334kb. It was worth noting that the IS elements and a toxin/antitoxin system RelB/StbD were inserted in the tra2 region in pC39-334kb. However, they did not truncate and inactivate tra genes. In the tra1 region, not only do the sequences of traI and traG genes of both untransferable plasmids have great difference with pIMP4_LL34, but the complete sequences of them also shared low similarity with pIMP4_LL34. Moreover, as mentioned in a previous study (Zhu et al., 2020), several tra genes, including traM, traP, traQ, traR, traS, traT, traY, and traZ were absent in pC39-334kb, which might be the underlying cause to impair the transferability of pC39-334kb (Supplementary Figure S2).



Prevalence Characteristics of IncHI5-Like Plasmids

To get further insights into the prevalence characteristics of IncHI5-like plasmids, detailed information of the other four plasmids were investigated (Table 2). The results showed that four plasmids (pC39-334kb, pKP-13-14-NDM-9, pKP19-3023-374kb, and pKP19-3088-375kb) were found in K. pneumoniae from Chinese nosocomial setting. Surprisingly, the first occurrence of the IncHI5-like plasmid could date back to 2013. For nearly a decade, it was not growing in rapid trend, which was largely due to the fact that IncHI5-like plasmids were not capable of transfer by conjugation. Furthermore, IncHI5-like plasmids were important vectors associated with MDR phenotype; in particular, the blaNDM gene was detected in all IncHI5-like plasmids. Therefore, even though the plasmid was unable to transfer, recalcitrant selection pressure could potentially contribute to the maintenance and spread of IncHI5-like plasmids (Baker-Austin et al., 2006). Five IncHI5-like plasmids ranged from ~334 to ~375 kb in size and carried a typical MDR region comprising various accessory and AMR genes. However, the MDR regions of five plasmids were distinct. Some potential insertion hot spots were detected in backbone regions of IncHI5-like plasmids. Examples included the umuC gene, the locus between two genes encoding IS3 family transposase and Na+/H+ antiporter (Supplementary Figures S3 and S4). These insertion hot spots could be regarded as candidate loci for foreign genes, thus facilitating the evolution of plasmid. There were a total of 530 genes consisting of core genes and accessory genes. Among them, 262 genes were found to be shared by all plasmids as core genes encoding replication, maintenance, and hypothetical genes of unknown functions, whereas the remaining 268 genes were accessory genes, which were mainly composed of resistance genes, insertion sequences, and toxin/antitoxin system (Supplementary Figure S5).


Table 2 | Basic information of five IncHI5-like plasmids investigated in this study.






Conclusions

To conclude, this study identified a blaNDM-1-bearing IncHI5-like plasmid in K. pneumoniae from an infant patient. As emerging plasmids in China, IncHI5-like plasmids have separated from typical IncHI5 plasmids and have the potential to evolve into an important vector for the spread of AMR genes. Despite the fact that this type of plasmid was nonconjugative, co-selection could potentially result in consistent maintenance and spread of IncHI5-like plasmid due to the existence of rich AMR genes. The prevalence of blaNDM-carrying IncHI5-like plasmids among various pathogens in clinical and other settings warrants further investigations, and the evolution pathway of the plasmid should be closely tracked in the future.
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Acinetobacter sp. is among the ESKAPE organisms which represent the major nosocomial pathogens that exhibited a high resistance rate. A. pittii, frequently associated with antimicrobial resistance particularly to carbapenems, is one of the most common Acinetobacter species causing invasive infection. Pandrug resistant A. pittii has rarely been reported. Here, we report the case of a patient with acute exacerbations of chronic obstructive pulmonary disease three years after double lung transplantation and developed severe pneumonia associated with pandrug resistant A. pittii infection. Phenotypic and genomic characteristics of this pandrug resistant isolate (17-84) was identified, and the mechanisms underlying its resistance phenotypes were analyzed. Isolate 17-84 belonged to ST63, carried a non-typable and non-transferable plasmid encoding multiple acquired resistance genes including carbapenemase gene blaOXA-58. Point mutations and acquired resistance genes were identified which were associated with different drug resistance phenotypes. To our knowledge, this is the first detailed phenotypic and genomic characterization of PDR A. pittii causing severe infections in clinical settings. Findings from us and others indicate that A. pittii could serve as a reservoir for carbapenem determinants. The emergence of such a superbug could pose a serious threat to public health. Further surveillance of PDR A. pittii strains and implementation of stricter control measures are needed to prevent this emerging pathogen from further disseminating in hospital settings and the community.
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Introduction

Acinetobacter species are among the high-priority nosocomial pathogens which could cause severe infections among immunocompromised patients (Howard et al., 2012). Infections caused by Acinetobacter spp. could be untreatable as they exhibit the potential to develop resistance to a wide range of antibiotics, particularly carbapenems (Wong et al., 2019). Carbapenem resistance in Acinetobacter spp. is mainly caused by the production of carbapenem-hydrolyzing class D β-lactamases (CHDLs) including OXA-23-like, OXA-58-like, and OXA-24-like enzymes (Ayibieke et al., 2020). Acinetobacter pittii, formerly termed genomospecies 3 of the A. calcoaceticus-A. baumannii complex, is a close relative of A. baumanii which is increasingly recognized as a significant cause of hospital-acquired infections (Chusri et al., 2014). A recent multicenter investigation in Japan suggested A. pittii was the most common species causing invasive Acinetobacter infection (Kiyasu et al., 2020). The terms multidrug resistance (MDR), extensive drug resistance (XDR) and pandrug resistance (PDR) were used worldwide to define the non-susceptibility level of isolates, which are resistant to at least one agent in three or more antimicrobial categories, to at least one agent in all but two or fewer categories and to all agents in all categories, respectively (Magiorakos et al., 2012). MDR A. pittii including those resistant to antibiotics quinolones, carbapenems, etc., was reported across continents, yet PDR A. pittii was rarely reported (Gu et al., 2015; Brasiliense et al., 2019; Chen et al., 2019a; Cosgaya et al., 2019; Chopjitt et al., 2021). Here, we report the case of a patient with acute exacerbations of chronic obstructive pulmonary disease (AECOPD) three years after double lung transplantation (DLT) and developed severe pneumonia associated with PDR A. pittii infection. Currently available therapeutic options for such isolates remained limited and relied largely on antibiotics recently approved by the Food and Drug Administration (FDA) and European Medicines Agency (EMA) such as eravacycline, rifabutin and cefiderocol (Livermore et al., 2016; Trecarichi et al., 2019). This severe situation called for urgent action to prevent the healthcare-associated transmission of such PDR A. pittii.



Materials and Methods


Patient Information and Strain Isolation

In 2017, a 59-year-old male patient was admitted to hospital (Day 0) with a diagnosis of AECOPD. The patient underwent DLT three years before hospitalization and regular medical examinations revealed no abnormalities after DLT. On Day 2, the patient was referred to an intensive care unit (ICU) due to the development of severe symptoms complicated with type 2 respiratory failure. A CT scan showed inflammations and fibrosis, reduced transparency and patchy shadows in both lungs, inferring occurrence of bilaterally pleural effusion. He received mechanical ventilation and other supporting treatments. On Day 20, Stenotrophomonas maltophilia, Acinetobacter sp. and Aspergillus sp. strains were recoverable from the sputum sample. On Day 25, a sputum culture became positive for carbapenem-resistant Acinetobacter sp. Amphotericin B, imipenem, meropenem and polymyxin B were introduced. A tracheal aspiration culture on Day 34 was positive for carbapenem- and colistin-resistant Acinetobacter sp. From Day 35, lung infection worsened with giant pulmonary bulla and gradual decline in leukocytes is continued. The patient discharged following critical illness and was transferred to another medical center on Day 41. A sputum culture performed on Day 35 flagged positive for carbapenem- and colistin-resistant Acinetobacter sp. (isolate 17-84).



Species Identification, Antimicrobial Susceptibility Testing, and Conjugation Assays

The species of the isolate was identified using the matrix-assisted laser desorption ionization/time of flight mass spectrometry (MALDI-TOF MS) (Bruker Daltonik GmbH, Bremen, Germany) and verified with the whole genome sequencing results. Antimicrobial susceptibility of 15 commonly used antibiotics (amikacin, gentamicin, kanamycin, meropenem, imipenem, ertapenem, cefotaxime, ampicillin, aztreonam, ciprofloxacin, colistin, tetracycline, tigecycline, trimethoprim-sulfamethoxazole, azithromycin) was tested using broth dilution method and interpreted according to the Clinical Laboratory Standards Institute (CLSI) guidelines, with the exception of tigecycline and colistin (CLSI, 2020). The breakpoint of colistin was interpreted according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) recommendations (EUCAST, 2020). No interpretive criteria are available for tigecycline from CLSI, EUCAST or FDA. Plasmid transferability was tested by conjugation using a rifampicin-resistant mutant of A. baumannii ATCC 17978 as the recipient strain. Presumptive transconjugants were selected using Mueller-Hinton II agar plates supplemented with meropenem (0.5 mg/L) and rifampicin (600 mg/L).



Whole Genome Sequencing and Bioinformatics Analysis

Genomic DNA was extracted from overnight cultures by using the PureLink Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA, USA). Whole genome sequencing was performed using both the Illumina HiSeq (Illumina, San Diego, CA) and the Oxford nanopore MinION (Oxford, UK) platforms. Hybrid assembly of both sequencing reads was conducted using Unicycler (v 0.4.4) (Wick et al., 2017). Complete genome sequence was annotated by the RAST tool and edited manually (Overbeek et al., 2013). Multilocus sequence typing (MLST) was conducted using MLST v2.1 (Seemann, 2021). Acquired antibiotic resistance genes were identified by ResFinder 4.1 (Bortolaia et al., 2020). Plasmid replicons were analyzed using the A. baumannii PCR-based replicon typing (AB-PBRT) scheme (Bertini et al., 2010). Insertion sequences (ISs) are identified using ISfinder (Siguier et al., 2006). Plasmid map was plotted using DNAPlotter v1.11 (Carver et al., 2009). Mutations in the pmrCAB and lpxACD operons which were associated with polymyxin resistance were determined by aligning their amino acid sequences of strain 17-84 with that of a polymyxin-susceptible strain A. pittii ST220 (NZ_CP029610) (Zhang et al., 2018). Point mutations conferring resistance to quinolones (gyrA/B and parC/E) were detected by comparing the coding sequences in the 17-84 genome with the corresponding sequences in the genome of an ST63 quinolone-susceptible A. pittii strain in our collection (data not shown).




Results and Discussion

Isolate 17-84 was identified as A. pittii, displaying a PDR profile to aminoglycoside (amikacin, gentamicin, kanamycin), β-lactam (meropenem, imipenem, ertapenem, cefotaxime, ampicillin, aztreonam), quinolone (ciprofloxacin), polymyxin (colistin), tetracycline (tetracycline), sulfonamide (trimethoprim-sulfamethoxazole) and macrolide (azithromycin). MIC values and the associated mechanism of resistance are shown on Table 1.


Table 1 | Results of antimicrobial susceptibility tests and genetic characterization.



Isolate 17-84 contained a 3,914,011 bp chromosome and a 108,715 bp plasmid designated as p17-84_OXA. It belonged to ST63 A. pittii (Pasteur Scheme). Resistance genes including blaADC-25 and blaOXA-51 both not associated with insertion sequences were identified on the chromosome of isolate 17-84. blaADC-25 and blaOXA-51-like genes were both naturally occurring β-lactamase-encoding genes in Acinetobacter spp. which does not contribute to intrinsic β-lactam resistance unless an insertion sequence such as ISAba1 is located upstream (Zhou et al., 2020). Previous studies have reported the mutations on different chromosome-encoded genes associated with quinolone, polymyxin and tetracycline resistance among Acinetobacter spp. In isolate 17-84, quinolone resistance-associated mutations in topoisomerase parC (S84L), DNA gyrase gyrA (S81L) and gyrB (A414T) genes were detected. Among these, gyrA (S81L) and parC (S84L) target site mutations have been demonstrated to lower the affinity for quinolone, while the function of A414T mutation in gyrB remained to be investigated (Hujer et al., 2009). The major mechanisms of resistance to colistin in Acinetobacter sp. included complete loss of lipopolysaccharide (LPS) resulting from mutations in lpxACD genes, and phosphoethanolamine addition to LPS mediated through mutations in the pmrCAB operon (Beceiro et al., 2014). Mutations in the pmrC gene including Q143L, L146F, Q148K, I171V, and L258S were detected in strain 17-84 and whether these mutations contributed to the colistin resistance phenotype remined to be studied. No acquired tetracycline resistance determinant was observed in strain 17-84, and its resistance to tetracycline could be associated with the presence of diverse efflux pump genes (adeDE, adeN-adeIJK, adeL-adeFGH, adeRS-adeAB) belonging to the resistance-nodulation-division (RND) family that were reported to confer multidrug resistance (Pagdepanichkit et al., 2016). The function of these efflux pump genes warrant further verification.

Plasmid p17-84_OXA contained 132 ORFs with a GC content of 39.6%. It was 100% identical to the 105,591 bp plasmid pOXA58_100004 (CP027249) from an A. pittii strain isolated from Sichuan province in China at 90% coverage. Compared with pOXA58_100004, plasmid p17-84_OXA has lost the floR resistance gene and gained a ~9 Kb fragment encoding hypothetical proteins. p17-84_OXA and pOXA58_100004 both carried multiple antimicrobial resistance genes, including aph(3’)-VIb, aac(3’)-IId, blaOXA-58, blaPER-1, sul2, msr(E), mph(E) and strA (2 copies) and strB genes (Figure 1). aph(3’)-VIb and aac(3)-IId confer aminoglycoside resistance by encoding O-phosphotransferase-type and N-acetyltransferase-type aminoglycoside-modifying enzymes, respectively. blaOXA-58 and blaPER-1 confer β-lactam resistance, with the former encoding carbapenem-hydrolysing class D β-lactamase oxacillinase OXA-58. blaOXA-58 was bracketed by insertion sequences ISAba3 with the genetic structure of ISAba3-blaOXA-58-ISAba3. ISAba3 drove the overexpression of blaOXA-58, which is associated with imipenem resistance (Nguyen et al., 2020). sul2 confers resistance to sulfonamide. msr(E) and mph(E) are associated with macrolide resistance. strA and strB genes confer resistance to streptomycin. p17-84_OXA was non-typeable by AB-PBRT and non-transferable by conjugation under the experimental conditions.




Figure 1 | Circular plasmid map of p17-84_OXA. Pink, blue, and green arrows indicated the antimicrobial resistance genes, mobile elements and other ORFs, respectively. Antimicrobial resistance genes carried by the plasmid were labelled.



Infections caused by MDR or PDR A. baumannii have been widely acknowledged, whereas non-baumannii Acinetobacter spp. infections are rarely reported in China (Yang et al., 2012; Zarrilli et al., 2013; Al Atrouni et al., 2016). The phenotypical species identification methods available to most diagnostic laboratories were not able to accurately differentiate the species belonging to the A. baumannii complex (Vijayakumar et al., 2019). The technological limitations in species discrimination have led to underestimation of non-baumannii Acinetobacter species in human infections (Pailhories et al., 2018). This could have led to the rare report of infections caused by PDR A. pitti previously, even though the pandrug-resistance phenotype in A. baumannii complex is common in some clinical settings (Karakonstantis et al., 2020a; Karakonstantis et al., 2020b). According to a recent study from a French hospital, A. pittii was isolated more frequently associated with bloodstream infections than A. baumannii, highlighting the importance of A. pittii in clinical settings (Pailhories et al., 2018). Chen et al. reported the co-occurrence of two carbapenemase genes, blaOXA-58 and blaNDM-1, on a single plasmid in A. pittii (Chen et al., 2019b). Yang et al. (Yang et al., 2012) reported an outbreak of ST63 carbapenem-resistant A. pittii which carried a 45-kb novel blaNDM-1-bearing plasmid in a Chinese ICU. This evidence suggested ST63 A. pittii was readily transmissible and has the capacity to acquire antimicrobial determinants and become competent, which could pose serious threat on public health. In vivo emergence of resistance to last resort antimicrobials including tigecycline and colistin was reported to be quite common in Acinetobacter spp (Karakonstantis, 2020). The fitness cost associated with acquired resistance and the virulence of PDR Acinetobacter sp. remained a major issue for medical treatment (Karakonstantis, 2020).Besides, differentiating A. baumannii complex infection from colonization remains difficult and further complicated particularly in polymicrobial infections such as the case in the current study (Karakonstantis and Kritsotakis, 2021). We acknowledge the limitation that the antimicrobial resistance profiles of strain 17-84 to recently approved antibiotics including eravacycline, cefiderocol and rifabutin, which are potential last resort treatment options, were not tested (Karakonstantis et al., 2020c; Luna et al., 2020). A further study on the treatment of infections caused by such PDR Acinetobacter sp. is underway to provide more insights into the therapeutic scheme.

In conclusion, we reported a case of severe pneumonia due to A. pittii infection in a patient with AECOPD three years after DLT. Phenotypic and genomic characterization indicated the A. pittii strain belonged to ST63, harbored a blaOXA-58-bearing MDR plasmid, carried resistance-associated point mutations and efflux pump genes, and exhibited a PDR phenotype. To our knowledge, this is the first detailed characterization of PDR A. pittii causing severe infections in clinical settings. Attentions should be paid to this emerging pathogen to prevent it from further disseminating in hospital settings and the community.
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Klebsiella pneumoniae can cause both hospital- and community-acquired clinical infections. Last-line antibiotics against carbapenem-resistant K. pneumoniae (CRKP), such as ceftazidime/avibactam (CZA) and tigecycline (TGC), remain limited as treatment choices. This study aimed to investigate the mechanisms by which CRKP acquires CZA and TGC resistance in vivo under β-lactam antibiotic and TGC exposure. Three CRKP strains (XDX16, XDX31 and XDX51) were consecutively isolated from an inpatient with a urinary tract infection in two months. PFGE and MLST showed that these strains were closely related and belonged to sequence type (ST) 4496, which is a novel ST closely related to ST11. Compared to XDX16 and XDX31, XDX51 developed CZA and TGC resistance. Sequencing showed that double copies of blaKPC-2 were located on a 108 kb IncFII plasmid, increasing blaKPC-2 expression in XDX51. In addition, ramR was interrupted by Insertion sequence (IS) Kpn14 in XDX51, with this strain exhibiting upregulation of ramA, acrA and acrB expression compared with XDX16 and XDX31. Furthermore, LPS analysis suggested that the O-antigen in XDX51 was defective due to ISKpn26 insertion in the rhamnosyl transferase gene wbbL, which slightly reduced TGC susceptibility. In brief, CZA resistance was caused mainly by blaKPC-2 duplication, and TGC resistance was caused by ramR inactivation with additional LPS changes due to IS element insertion in wbbL. Notably, CRKP developed TGC and CZA resistance within one month under TGC and β-lactam treatment without exposure to CZA. The CRKP clone ST4496 has the ability to evolve CZA and TGC resistance rapidly, posing a potential threat to inpatients during antibiotic treatment.




Keywords: carbapenem-resistant K. pneumoniae, ceftazidime/avibactam, tigecycline, in vivo, insertion sequences



Introduction

Klebsiella pneumoniae, is a major pathogen that can cause both nosocomial- and community-acquired infections, such as urinary tract infections, bacteremia, respiratory infections and soft tissue infections, especially in immunocompromised individuals (Ullmann, 1998; Holt et al., 2015). The emergence of carbapenem-resistant K. pneumoniae (CRKP) has limited antibiotic therapeutic choices and led to serious challenges in clinical treatment and infection control (Rice, 2008; Livermore et al., 2015a; Moradigaravand et al., 2017). The World Health Organization (WHO) considers carbapenem-resistant Enterobacteriaceae to be critical priority pathogens that require new antibiotics (Shrivastava et al., 2018). Ceftazidime/avibactam (CZA) and tigecycline (TGC) are last-line choices for the treatment of CRKP infections.

CZA is a novel β-lactam-β-lactamase inhibitor combination with the ability to inhibit the activity of AmpC, extended-spectrum β-lactamases (ESBLs), class A carbapenemases such as KPC and class D carbapenemases such as OXA-48 but not class B carbapenemases such as NDM, IMP and VIM (Shirley, 2018). CZA was approved for the treatment of complicated intra-abdominal infections and urinary tract infections by the FDA on February 25, 2015. A multicenter, observational study reported that CZA could be a reasonable substitute for colistin for the treatment of CRKP infections with reduced mortality (Van Duin et al., 2018). In the International Network For Optimal Resistance Monitoring (INFORM) surveillance programme, the in vitro susceptibility of carbapenemase-positive and MBL-negative isolates to CZA was 99.8% between 2015 and 2017 (Spiliopoulou et al., 2020). However, acquisition of CZA resistance has been reported after CZA therapy in recent years. Resistance to CZA has been observed in strains with mutations in AmpC, blaKPC-2 and blaKPC-3, and the mutation point was mostly in Ω-loop in blaKPC genes (Shirley, 2018; Zhang et al., 2020). In addition, high expression of KPC-3 was reported to be associated with CZA resistance (Humphries and Hemarajata, 2017).

The emergence of TGC resistance after exposure to TGC has also been reported (Duin et al., 2014; Lin et al., 2016; Ye et al., 2017). Overall, the primary TGC resistance mechanisms in K. pneumoniae include overexpression of efflux pumps, such as AcrAB and OqxAB, which can be mediated by regulators (RamR-RamA and OqxR-RarA) and global activators (MarA, SoxS and Rob) (Veleba and Schneiders, 2012). There also exist other known mechanisms, conferred by the Lon protease, Tet(A) protein and ribosomal protein S10, which is encoded by rpsJ (Villa et al., 2014). In addition, Linkevicius M et al. reported that lipopolysaccharide (LPS) defects could lead to reduced susceptibility to TGC (Linkevicius et al., 2016).

Among all the antibiotics tested by the INFORM surveillance programme (2015–2017) against 1,460 carbapenem-nonsusceptible Enterobacteriaceae isolates, CZA and TGC showed the highest susceptibility rates (73.0% and 78.1%, respectively) (Spiliopoulou et al., 2020). Strains resistant to these last-line antibiotics could pose a great threat to public health.

Here, we report a series of CRKP strains isolated in 2017 that have evolved resistance to both CZA and TGC during exposure to β-lactam antibiotics and TGC. The CRKP isolates resistant to CZA were isolated before CZA was approved in China. The aim of this study was to describe the phenotypic and genotypic adaption characteristics of these strains during in-host evolution and explain the molecular mechanisms of CZA and TGC resistance.



Material and Methods


Strains and Patient Characteristics

Three CRKP strains (XDX16, XDX31 and XDX51) were isolated from an 85-year-old male patient hospitalized in Sir Run Run Shaw Hospital, Zhejiang Province, China, in 2017. The patient was admitted for a urinary tract infection with multiple organ dysfunction. After admission, he received urological surgeries, including partial cystectomy, prostatic enucleation surgery and ureteric reimplantation. The patient suffered urinary tract infection with prolonged fever. Piperacillin-tazobactam (TZP, 4.5 g every 8 h) and cefoperazone-sulbactam (SCF, 2 g every 8 h) were alternately used as empirical therapies. Then, TGC (50 mg every 12 h) was used as a definitive therapy. During this period, three CRKP strains, named XDX16, XDX31 and XDX51, were isolated from the patient’s urine. In addition, XDX51 exhibited resistance to both CZA and TGC. The patient chose to be discharged against medical advice. The timeline of CRKP infection and antibiotic usage was shown in Figure 1. This study was approved by the ethics committees of the participating hospital (20170301-3)




Figure 1 | Timeline of CRKP infection and treatment during the patient’s hospitalization. XDX16, XDX31 and XDX51 are carbapenem-resistant Klebsiella pneumoniae strains. UTI, urinary tract infection; SCF, Cefoperazone-sulbactam; TZP, Piperacillin-tazobactam; TGC, Tigecycline.





Antimicrobial Susceptibility Testing

The antibiotics tested in this study were TGC, CZA, meropenem, imipenem, ertapenem, ceftazidime, amikacin, levofloxacin, fosfomycin, aztreonam and colistin. The antimicrobial susceptibility tests and minimum inhibitory concentrations (MICs) were based on the European Committee on Antimicrobial Susceptibility Testing (EUCAST, Version 10.0, 2020) guidelines and breakpoints. The MICs of carbapenem and fosfomycin (with supplementation of glucose-6-phosphate in the agar) were determined by the agar dilution method, and the others were determined by the broth microdilution method with fresh cation-adjusted Mueller-Hinton broth. The MICs of TGC were also determined in the presence of Phe-Arg-β-naphthylamide (PAβN) at a concentration of 50 μg/mL to verify the function of the efflux pump in TGC resistance (Salehi et al., 2021).



Whole-Genome Sequencing and Analysis

The clonality of the strain series was confirmed by pulsed-field gel electrophoresis (PFGE) with a previously described protocol (Barton et al., 1995). Briefly, genomic DNA was digested with the restriction endonuclease XbaI and electrophoresed at 14°C for 20 h.

XDX16 and XDX51 were subjected to both Illumina paired-end sequencing (Illumina Inc., San Diego, CA) and long-read nanopore sequencing (Oxford Nanopore Technologies, Oxford, UK). For Illumina sequencing, genomic DNA was extracted using a QIAamp DNA MiniKit (Qiagen, New York, USA). The whole genome was assembled by canu (Koren et al., 2017), and the de novo assemblies were subsequently annotated with the Prokka pipeline (Seemann, 2014). Resistance genes were detected by ResFinder 3.2 with a 90% threshold for gene identification and a 60% minimum length coverage (Zankari et al., 2012). Multilocus sequence typing (MLST) was performed with the Center for Genomic Epidemiology guidelines (http://cge.cbs.dtu.dk/services/MLST/). Breseq (version 0.27.1) was used to find mutations in XDX51, with XDX16 as the reference strain (Barrick and Deatherage, 2014). All the mutations in XDX16, XDX31 and XDX51 were confirmed by PCR and Sanger sequencing (the primers are listed in Table S1).

The nucleotide sequences of XDX16 and XDX51 have been submitted to the NCBI database under the accession JAIWPV000000000-JAIWPW000000000.



qRT-PCR for Gene Expression Analysis

qRT-PCR was used to measure the expression of blaKPC-2, acrA, acrB and ramR of XDX16, XDX31 and XDX51. XDX16 was used as the reference strain, and the rpoB gene was used as the internal reference (the primers are listed in Table S1). RNA was extracted using the PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA) in the exponential growth period of bacterial cells. Then, cDNA was obtained using a PrimeScript™ RT Reagent Kit (Takara, Kyoto, Japan). The expression level was assessed using TB Green™ Premix Ex Taq™ (Takara, Kyoto, Japan) in a LightCycler 480 system (Roche, Rotkreuz, Switzerland) with triplicate samples for each isolate, replicating three times independently using the comparative CT method. Genes were considered to be differentially expressed when the |log2 fold change| was greater than 1.5 (Livak and Schmittgen, 2001). The log2 fold change in blaKPC-2 expression was analyzed by an unpaired t test on GraphPad Prism, and p<0.05 was considered significant.



Gene Knockout and Complementation Experiment

We used the lambda-Red knockout system described previously for wbbL gene knockout (Huang et al., 2014). Briefly, the FRT-flanked apramycin resistance cassette was amplified from the pIJ773 plasmid using a homologous region primer. The pACBSR-Hyg plasmid was introduced into XDX16 by electroporation for recombination. The knockout cassette was transformed into XDX16-pACBSR-Hyg. Correct transformants were screened using LBApra at 37°C and verified by PCR and Sanger sequencing. Colonies were screened for the loss of pACBSR-Hyg by streaking onto LBApra with or without hygromycin (100 μg/mL) and low-salt LB + hygromycin plates at 37°C overnight. The resistance marker was removed by pFLP-Hyg plasmid.

The amplified target gene (wbbL) and its promoter were cloned into the pCR2.1-Hyg plasmid, which was digested with the Xba1 FastDigest enzyme (Thermo Scientific, Waltham, the USA). The recombinant plasmids were introduced to resistant and knockout strains (XDX51 and XDX16∆wbbL) via chemical transformation. The empty vector (pCR2.1-Hyg) was introduced to the same strains as a blank control. The complemented sequence was confirmed by Sanger sequencing (the primers are listed in Table S1).



LPS Analysis

Extraction of XDX16, XDX16∆wbbL and XDX51 LPS was performed according to Michael R. Davis’s protocol (Davis and Goldberg, 2012). Then, 5 μl of LPS was electrophoresed on 15% Tris-glycine (Fdbio Science, Hangzhou, China) and directly stained using a fast silver staining kit (Beyotime Biotechnology, Shanghai, China). O-antigen typing analysis was performed using Kaptive (http://kaptive.holtlab.net/).




Results


Strains and Antibiotic Susceptibility

XDX16 and XDX31 were considered the index strains. Three strains were all identified to be resistant to meropenem, imipenem, ertapenem, ceftazidime, amikacin, levofloxacin and aztreonam. Significant differences in MICs were observed for CZA and TGC between XDX51 and the index strains. Specifically, for the index strains, TGC had an MIC of 0.5 μg/mL, while for XDX51, the MIC of TGC was 8-fold higher. Additionally, the MIC of CZA for XDX51 (16 μg/mL) was 4-fold higher than that for the index strains (4 μg/mL). In addition, the MICs of meropenem, imipenem and ceftazidime for XDX51 were also higher than those for the index strains (Table 1).


Table 1 | Antimicrobial susceptibility of isolates used in the study.





Genomic Characteristics

The PFGE results confirmed that the three strains were closely related (Figure S1). XDX16 and XDX51 were chosen for whole-genomic sequencing since XDX31 seemed to be the same passage as XDX16, with which it shared an identical PFGE typing result and resistance phenotype. According to genome-based MLST analysis, XDX16 and XDX51 belonged to the same novel ST, ST4496, which is closely related to ST11 with one single-locus variant on mdh.

XDX16 and XDX51 shared the same resistance gene distribution, including the aminoglycoside resistance genes aadA2 and rmtB, the sulfonamide resistance gene sul1, the beta-lactam resistance genes blaKPC-2 and blaSHV-182, the fosfomycin resistance gene fosA and the quinolone resistance genes oqxA and oqxB. Both of them had identical mutations in acrR and ompK35.



Identification of Plasmid Differences in XDX51

Both XDX16 and XDX51 had the IncFII plasmid harboring the antibiotic resistance genes blaKPC-2 and rmtB. Furthermore, there was duplication of blaKPC-2 on the plasmid of XDX51 (Figure 2A). The two copies were linked together and shared the same Insertion sequence (IS) 26. The surrounding structure of blaKPC-2 in our study was similar to the classic blaKPC-2 genetic environment in pKP048 in China reported in a previous study, with the gene order IS26, Tn3-resolvase, ISKpn8, blaKPC-2, ISKpn6, hypothetical protein and IS26 (Shen et al., 2009) (Figure 2B). In our study, there were two IS26 elements around the Tn3-based blaKPC-2 structure, with one IS26 replacing the Tn3 transposase with pKP048.




Figure 2 | Characteristics of the blaKPC-2-bearing IncFII plasmid and the genetic environment of blaKPC-2. (A) Comparison of the IncFII plasmids in XDX51 and XDX16. There were double copies of blaKPC-2 in XDX51 compared to XDX16. (B) The blaKPC-2 environment in our study was compared with that in pKP048. The gene environment of blaKPC-2 in our study was IS26-Tn3-ISKpn8-blaKPC-2-ISKpn6-hypothetical protein-IS26. Blue arrows indicate resistance genes, and orange arrows indicate insertion sequences. The right inverted repeat (IRR) of IS26 was 5’-ggcactgttgcaaa-3’, the left inverted repeat (IRL) of IS26 was 5’-tttgcaacagtgcc-3’; the IRR of ISKpn8 was 5’-atgtcaagacccggctggttat-3’; and the IRL of ISKpn8 was 5’-atcccacgagtccagac-3’.





Identification of Whole-Genome Differences in XDX51

Comparison of the whole genomes of XDX16 and XDX51 also revealed that the wbbL gene (a rhamnosyl transferase gene) and ramR gene were interrupted by insertion sequences (Figure 3). A 769 bp ISKpn14 sequence was inserted at the 12 bp of ramR in XDX51. The insertion was responsible for interruption of the translation of the N-terminal amino acid sequence of RamR in XDX51. Similarly, wbbL was interrupted by a 1190 bp ISKpn26 sequence at 307 bp in XDX51. There were three SNPs detected in XDX51 compared to the prior wild type XDX16 using breseq. However, the three SNPs have occurred in the next wild type XDX31 isolate without TGC and CZA resistance phenotype. Hence, we inferred that these three SNPs were not responsible for TGC and CZA resistance (Table S2).




Figure 3 | Schematic diagram of the gene structure. (A) The ramR gene was interrupted by ISKpn14 in XDX51; the IRL of ISKpn14 was 5’-GGTAATG-3’, and the IRR was 5’-CATTACC-3’. (B) The wbbL gene was interrupted by ISKpn26 in XDX51, the IRL of ISKpn26 was 5’-GGAAGGTGCGAA-3’, and the IRR was 5’-TTCGCACCTTCC-3’.





Expression Level of Antibiotic Resistance Genes

Compared to the copy numbers in XDX16, the copy numbers of blaKPC-2 in XDX51 determined by qRT-PCR (2.57 ± 0.3) were consistent with those found in the genome sequence. The blaKPC-2 expression level of XDX51 was 3.54 ± 0.5 times higher than that of XDX16 (Figure 4A). To verify the function of enhanced KPC expression on CZA resistance in XDX51, we performed CZA MIC test with avibactam at a higher concentration of 8 μg/mL, after which XDX51 could restore its susceptibility to CZA under sufficient avibactam.




Figure 4 | Relative expression level or DNA copy numbers of (A) blaKPC-2- and (B) AcrAB-TolC-related genes. XDX16 was used as the reference strain, and rpoB was used as the reference gene. The bars represent the mean ± standard deviation (SD) of triplicate biological repeats; the mean differences in log2 fold change were analyzed using an unpaired t test. *p < 0.05.



ramR is a regulator of the AcrA/B system. We evaluated the regulatory effects of ramR alteration in XDX51 by qRT-PCR. The results showed that insertion in ramR led to overexpression of ramA, which was 36.6 times higher in XDX51 than in XDX16. The acrA and acrB expression levels in XDX51 were also upregulated compared to those in the index strains (Figure 4B). These results suggested that insertion in ramR affected the expression level of AcrAB-TolC efflux pumps. To further confirm the effect of ramR alteration on efflux pumps, we performed an efflux pump suppression test with PAβN, and there was a 4-fold decrease in the MIC of TGC for XDX51.



Effect of the wbbL Gene on Phenotype

To further verify the effect of wbbL inactivation on antibiotic resistance, we constructed wbbL gene knockout and complementation strains. The MIC of TGC for the XDX16 wbbL gene knockout strain (XDX16∆wbbL) (1 μg/mL) increased 2-fold compared with that for XDX16 (0.5 μg/mL). The pCR2.1-Hyg vector was transformed into XDX16∆wbbL and into XDX51 as a control. Wild-type wbbL was cloned into the pCR2.1-Hyg vector (pwbbL) and introduced to the gene knockout strain (XDX16∆wbbL) and TGC-resistant strain with inactivated wbbL (XDX51). TGC sensitivity was restored in XDX16∆wbbL::pwbbL (0.5 μg/mL) and decreased in XDX51::pwbbL (2 μg/mL) but not in the empty vector-harboring strain. These results suggested that wbbL had a slight effect on the TGC resistance phenotype. The MICs of the isolates are presented in Table 1.

wbbL belongs to the O-antigen cluster. We hypothesized that wbbL could affect LPS biosynthesis in XDX51. Thus, LPS in XDX16∆wbbL and XDX51 was analyzed by SDS-PAGE and silver staining. Generally, the O-antigen bands were within 15–40 kD. There were fewer bands in XDX16∆wbbL and XDX51 within the 35–40 kD range, indicating that the O-antigen in XDX51 was shorter than that in the wbbL wild-type strain XDX16 (Figure S2).




Discussion

Under antibiotic pressure, bacteria adapt to the host or environment with genomic and phenotypic changes (Linkevicius et al., 2016). Here, we described a series of closely related CRKP strains that evolved resistance to CZA and TGC in vivo in a hospitalized patient. ST analysis showed that the strains belonged to a new ST, ST4496, closely related to ST11. Before the CZA- and TGC-resistant strain XDX51 was isolated, TGC was used for 27 days, and β-lactam antibiotics (cefoperazone-sulbactam and piperacillin-tazobactam) were prescribed alternately, while there was no exposure to CZA. Compared to the index strains, three genomic differences were identified in XDX51, including duplication of blaKPC-2, ramR and wbbL insertions caused by IS elements. Ye et al. reported that deletion of the ramR ribosomal binding site could cause in vivo development of TGC resistance during TGC treatment (Ye et al., 2017). Long-term usage of antibiotics such as β-lactams and TGC could have led to the evolution of the series of CRKP strains in our study with gene mutations related to antibiotic resistance.

Increased KPC expression could enhance ceftazidime hydrolysis, which could not be completely inhibited by avibactam (Zhang et al., 2020). Both XDX16 and XDX51 carried an IncFII plasmid containing blaKPC-2 and rmtB. The MICs of CZA were 4-fold higher for XDX51 than for XDX16. There was duplication of blaKPC-2 on the XDX51 plasmid due to unequal crossover of the IS26 composite transposon causing enhanced KPC expression levels, as identified by qRT-PCR. KPC-23-producing K. pneumoniae has been reported to be resistant to CZA due to increased ceftazidime hydrolysis without prior exposure to CZA (Galani et al., 2019). Similarly, Humphries RM reported CZA resistance due to increased expression of KPC-3 in clinical isolates previously unexposed to CZA (Humphries and Hemarajata, 2017). Both situations above were combined with membrane porin deficiency. In addition, Ω-loop alterations caused by KPC mutations can prevent avibactam binding and lead to CZA resistance, such as mutations at position 179 in blaKPC-2 or blaKPC-3 (Livermore et al., 2015b; Barnes et al., 2017). CZA resistance caused by KPC point mutations tends to occur after the strains are exposed to CZA either in vivo or in vitro (Livermore et al., 2015b; Barnes et al., 2017; Shields et al., 2017). Additionally, Antinori E. reported that deletion in blaKPC-3 in clinical K. pneumoniae could also result in CZA resistance (Antinori et al., 2020). In our study, the CZA-resistant strain evolved double copies of blaKPC-2 compared with the index strains. An increase in the MICs of carbapenem and CAZ for XDX51 indicated enhanced CAZ hydrolysis due to overexpression of blaKPC-2. Our conclusion was confirmed by other studies as well. Shen Z. et al. reported that the expression level of blaKPC-2 in CRKP with CZA MIC 4-8 μg/mL group was 4.2-4.8-fold higher than that in CZA MIC 1-2 μg/mL and ≤0.5 μg/mL group, and hydrolysis activities of CAZ was 4-4.6-fold higher in CZA MIC 4-8 group than the other two groups, indicating that the enhanced expression of blaKPC-2 could result in the decrease of CZA susceptibility due to the increased hydrolysis activity of CAZ (Shen et al., 2017). Hence, we considered the enhanced KPC expression was responsible for CZA resistance in XDX51.

Nonfunctional RamR can lead to TGC resistance via regulation of efflux pumps. Mutations in ramR, including deletion, mutation and insertion, resulting in TGC resistance have been previously reported (Hentschke et al., 2010; Ye et al., 2017). In XDX51, ramR insertion caused by ISKpn14 was identified through whole-genome sequencing. It was interrupted at 12 bp, affecting the translation of N-terminal amino acids. The RamR N-terminus acts as a DNA-binding site (Yamasaki et al., 2013). Without its DNA binding function, RamR is not able to inhibit RamA expression, and as a result, the efflux pump AcrAB-TolC is upregulated. As we speculated, qRT-PCR showed upregulated expression levels of ramA, acrA and acrB compared to that in the baseline strains. Moreover, efflux pump inhibition experiments with PAβN demonstrated the role of AcrAB-TolC in the increase in the TGC MIC in XDX51. Briefly, in our study, the dysregulation of RamR caused by IS element insertion was a major molecular mechanism for TGC resistance in XDX51.

In addition to antibiotic resistance-related genomic differences, LPS phenotype-related gene mutations occurred during within-host evolution. The 307 bp wbbL gene in XDX51 was interrupted by ISKpn26, which shares 99% amino acid similarity with IS5. WbbL is a rhamnosyl transferase that transfers L-Rha residues to the O4 position of D-Glc or D-GlcNAc to obtain a complete O-antigen (Erbing et al., 1977; Izquierdo et al., 2003). O-antigen typing showed that XDX16 and XDX51 belonged to OL101 and that wbbL was an important component of the OL101 locus (Follador et al., 2016). LPS analysis suggested that the O-antigen in the XDX51 and wbbL knockout strains was shorter than that in the wbbL wild-type strain. In addition, the TGC MIC for the reconstructed wbbL defective mutant was 2-fold higher than that for the strain with the complete wbbl sequence. Leth K et al. reported that wbbL mutations could cause serotype shifts and MIC changes for mecillinam in combination with blaCTX-M mutations in E. coli. A similar study also reported that mutations in LPS-related genes could cause antibiotic resistance (Anton, 1995; Leth et al., 2019). In our study, the wbbL mutation had a slight effect on TGC susceptibility, with a twofold change in the MIC. Our result was consistent with Linkevicius’s report showing that defects in LPS-related genes (rfaC, rfaE, lpcA) could cause low levels of TGC resistance (Linkevicius et al., 2016).

In our study, the Insertion sequences played an important role in phenotypic changes in antibiotic resistance and genomic variation during within-host evolution, causing gene devitalization and duplication. Antibiotic resistance caused by ISs has been previously reported (Yang et al., 2020). Under long-term antibiotic stress, genomic variation caused by ISs could help the host overcome environmental challenges. Compared to XDX16 and XDX31, longer-term usage of the β-lactam-β-lactamase inhibitor and TGC led to the ISKpn14 insertion in wbbl, ISKpn26 insertion in ramR and replicative IS26 transposition with the blaKPC-2 transposon structure. The ISs above were widely distributed in the genomes of the baseline strains, and their movement in the genome led to key antibiotic resistance. Furthermore, composite transposons with two identical ISs, such as IS26 on the blaKPC-2-bearing plasmid in our study, can become mobilized and transferable among different strains. The dissemination of antibiotic resistance genes could cause great challenges to public health (Partridge et al., 2018). In the future, more clinical isolates would be studied to investigate the characteristic of CRKP that are prone to develop last line antibiotic resistance.



Conclusions

In brief, we tracked how a CRKP strain developed TGC and CZA resistance phenotypes during within-host antibiotic treatment. Three different genomic mutations were identified in XDX51, and all of them were caused by Insertion sequences. Double copies of blaKPC-2 contributed to the CZA MIC changes due to enhanced ceftazidime hydrolysis. CZA resistance occurred without previous exposure to CZA. In addition, ramR inactivation led to TGC resistance. Furthermore, inactivation of wbbL was identified as being associated with LPS O-antigen deficiency and slightly reduced the susceptibility to TGC. The ST4496 clone needs attention, as it has the potential to evolve TGC and CZA resistance rapidly under TGC and β-lactam antibiotic exposure.
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Objectives

To assess the efficacy of aztreonam-avibactam-auranofin (ATM-AVI-AUR) against a collection of 88 carbapenemase-producing Enterobacterales (CPE) clinical isolates and 6 in vitro selected ATM-AVI-resistant CPE with CMY-16 Tyr150Ser and Asn346His mutants or transformants.



Methods

MICs of imipenem, ceftazidime-avibact8am (CAZ-AVI), ATM-AVI, CAZ-AVI-AUR and ATM-AVI-AUR were determined via the broth microdilution method. Genetic background and carbapenemase genes were determined by PCR and Sanger sequencing.



Results

AUR alone showed little antibacterial activity with AUR MICs were greater than 64 μg/mL for all the 88 clinical CPE isolates. The addition of AUR (16 μg/mL) resulted in an 3-folding dilutions MIC reduction of ATM-AVI MIC50 (0.5 to 0.0625 μg/mL) and a 2-folding dilutions MIC reduction of MIC90 (1 to 0.25 μg/mL) against all 88 clinical CPE isolates, respectively. Notably, the reduced ATM-AVI MIC values were mainly found in MBL-producers, and the MIC50 and MIC90 reduced by 2-folding dilutions (0.25 to 0.0625 μg/mL) and 3-folding dilutions (2 to 0.25 μg/mL) respectively by AUR among the 51 MBL-producers. By contrast, the addition of AUR did not showed significant effects on ATM-AVI MIC50 (0.0625 μg/mL) and MIC90 (0.125 μg/mL) among single KPC-producers. Interestingly, the addition of AUR restored the ATM-AVI susceptibility against the 6 in vitro selected ATM-AVI-resistant CMY-16 Tyr150Ser and Asn346His mutants or transfromants, with the MICs reduced from ≥32 μg/mL (32->256 μg/mL) to ≤8 μg/mL (0.0625-8 μg/mL).



Conclusions

Our results demonstrated that AUR potentiated the activities of CAZ-AVI and ATM-AVI against MBL-producing isolates in vitro. Importantly, AUR restored the ATM-AVI activity against ATM-AVI resistant mutant strains. As a clinically approved drug, AUR might be repurposed in combination with ATM-AVI to treat infections caused by highly resistant MBL-producing Enterobacterales.
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Introduction

Carbapenem resistance in carbapenem-resistant Enterobacterales (CRE) is driven primarily by the acquisition of various carbapenemases that are able to degrade carbapenem antibiotics. Clinically relevant carbapenemases include both serine β-lactamases (e.g., KPC and OXA-48) and metallo-β-lactamases (MBLs, e.g., NDM, VIM, and IMP) (Rodríguez-Baño et al., 2018). The rapid worldwide emergence of MBLs in Enterobacterales is especially worrisome due to their broad, constant and efficient carbapenemase activity against almost all the β-lactam antibiotics (except for monobactam, e.g., aztreonam, ATM), potential for horizontal gene transfer, and the absence of clinically available inhibitors (Bush and Bradford, 2020). Although novel agents such as the newer β-lactam-β-lactamase inhibitor combinations i.e., ceftazidime-avibactam (CAZ-AVI), meropenem-vaborbactam, and imipenem-relebactam, offer safe and effective therapies for serious infections caused by some of the extended-spectrum β-lactamases, KPC, AmpC, and/or OXA-48 producers, none of them present in vitro activity against MBL-producing Enterobacterales (Yahav et al., 2021). Even though the combination of ATM-AVI showed potency against MBL-producing pathogens, resistance to ATM-AVI has also been documented (Alm et al., 2015; Niu et al., 2020; Ma et al., 2020; Sadek et al., 2020).

Recent study showed that certain metallodrugs can irreversibly abrogate MBL’s carbapenemase activity via the displacement of Zn(II) cofactors from their active sites, suggesting a metallodrug-antibiotic combination might serve as an effective strategy to combat Zn-dependent resistant determinants, such as MBLs. The study by Wang et al. showed that an anti-peptic ulcer bismuth drug, colloidal bismuth subcitrate, could re-sensitize MBL-producers to β-lactam antibiotics through abrogating the Zn(II) cofactors by Bi(III) from the MBL active sites, thus disrupting their abilities to hydrolyze β-lactam ring in carbapenems (Wang et al., 2018). Similarly, a recent study by Sun et al. identified an antirheumatic drug, auranofin (AUR), as a potent MBL inhibitor by irreversibly abolishing MBL’s carbapenemase activity via the displacement of Zn(II) cofactors from their active sites. AUR demonstrated synergistic effect with imipenem (IPM) on killing a broad spectrum of CRE strains, potently restored the susceptibility of MCR-1- and NDM-5-co-producing pathogens to colistin in a murine peritonitis model, and significantly slowed down the development of carbapenem resistance (Roder and Thomson, 2015; Sun et al., 2020). In addition, a more recent study showed that AUR in combination with colistin was effective against colistin-resistent Gram-negtive bacteria both in vitro and in vivo (Feng et al., 2021).

Here we reported the activities of ATM-AVI-AUR and other antibiotics against a selection of 88 carbapenemase-producing Enterobacterales (CPE) clinical isolates (37 single KPC-producers, 33 single MBL-carriers, 18 dual/triple carbapenemase-producers). In addition, we investigated the impact of AUR addition on ATM-AVI activity among the in vitro-selected ATM-AVI highly resistant CMY-16 Tyr150Ser and Asn346His K. pneumoniae mutants or transformants.



Materials and Methods


Bacterial Strains

A total of 88 unique CPE isolates producing MBLs (blaNDM-1, 4, 5, 7, 9, blaIMP-4, 8, 26), class A carbapenemases (blaKPC-2, 3), dual carbapenemases (blaKPC/VIM, blaKPC/IMP, blaNDM/KPC, blaNDM/OXA-48-like) or triple carbapenemases (blaOXA48-like/NDM/VIM) were selected from the archived bacterial collection from two tertiary care hospitals in Southwest (Chongqing) and Eastern China (Suzhou). We also included two in vitro selected ATM-AVI resistant K. pneumoniae CMY-16 mutants (Tyr150Ser and Asn346His) and four ATM-AVI resistant K. pneumoniae CMY-16 transformants harboring the Tyr150Ser and Asn346His CMY-16 pET28a plasmid constructs (Niu et al., 2020). Species were identified using a VITEK® MS system (bioMérieux, France). The carbapenemase genotypes and multilocus sequence typing (MLST) were characterized by PCR and Sanger sequencing as before (Diancourt et al., 2005; Niu et al., 2020).



Antimicrobial Susceptibility Testing

MICs for all the CPE strains were determined using standard broth microdilution method. For CAZ-AVI and ATM-AVI MICs evaluation, AVI was tested at a fixed concentration of 4 μg/mL, while CAZ and ATM were added at different concentrations ranged from 0.0625 to 256 μg/mL, respectively. For CAZ-AVI-AUR and ATM-AVI-AUR evaluation, AVI and AUR were added at the fixed concentrations of 4 μg/mL and 16 μg/mL, respectively (Wang et al., 2018), while CAZ and ATM were added at different concentrations from 0.0625 to 256 μg/mL (CLSI, 2020). Susceptibility testing was performed in triplicate on three different days. Escherichia coli ATCC25922 strain was used as quality control for all testing.



In Vitro Selection

Multi-step selection was performed by inoculation of ~108 cfu in 2-mL LB broth containing ATM-AVI at the 0.5× MICs and incubated for 24 h (Niu et al., 2020). This procedure was repeated daily, each time doubling the ATM concentration up to a maximum of 128 μg/mL, with AVI concentrations fixed at 4 μg/mL. Resistant variants were selected by plating a bacterial suspension on agar plates of corresponding ATM-AVI levels. The same multi-step selections were used to select ATM-AVI-AUR resistance, with AUR and AVI concentrations fixed at 16 and 4 μg/mL, respectively.




Results


Genetic Background of the CPE Isolates

Among the 88 non-duplicate clinical CPE isolates, K. pneumoniae was the most abundant species (n = 62), followed by E. coli (n = 18), Enterobacter cloacae (n = 4), Citrobacter freundii (n = 2) and K. aerogenes (n = 2). They were obtained from various clinical sources (e.g. blood cultures, n = 25; urine, n = 18; and sputum, n = 15), and harbored different carbapenemase genes and from different sequences types (STs). All strains had been characterized for their carbapenemase genes by PCR and DNA sequencing. The 88 clinical isolates included 37 KPC single-carbapenemase producers [KPC-2 (n = 36), KPC-3 (n = 1)], 30 NDM single-carbapenemase producers [NDM-5 (n = 18), NDM-1 (n = 8), NDM-7 (n = 2), NDM-4 (n = 1), NDM-9 (n = 1)]; 3 IMP single-carbapenemase producers [IMP-4 (n = 1), IMP-8 (n = 1), and IMP-26 (n = 1)]; 17 double-carbapenemase producers [IMP-4 and KPC-2 co-producers (n = 2); VIM-1 and KPC-2 co-producers (n = 4); NDM-1 and KPC-2 co-producers (n = 2); NDM-1 and OXA-181 co-producers (n = 2); NDM-1 and OXA-48 co-producers (n = 4); NDM-5 and KPC-2 co-producer (n = 1); NDM-5 and OXA-181 co-producers (n = 2); and 1 triple-carbapenemase producer with NDM-1, VIM-1 and OXA-244] (Table 1). MLST data showed that the 62 K. pneumoniae isolates belonged to 18 different ST types, with ST11 being the most common (30/62, 48.4%).


Table 1 | MICs of CAZ-AVI-AUR and ATM-AVI-AUR against CPE isolates (μg/mL).



Two CMY-16 mutants (Kp202_128A and Kp202_128B with Asn346His and Tyr150Ser, respectively) that were in vitro selected to be ATM-AVI-resistant and 4 CMY-16 Asn346His and Tyr150Ser K. pneumoniae transformant isolates (Kp214-R150, Kp231-R150, Kp214-R346 and Kp231-R346) from previous study were also included, and for ATM-AVI, MICs were interpreted according to ATM of CLSI (Niu et al., 2020; CLSI, 2020). Among them, Kp202_128B and Kp202_128A harbored CMY-16 Asn346His and Tyr150Ser substitution, respectively, showing resistance to ATM-AVI MICs (128 μg/mL). Strains Kp214-R150, Kp231-R150, Kp214-R346 and Kp231-R346 were clinical stains with the introduction of CMY-16 Asn346His and Tyr150Ser pET28a plasmid constructs, which showed increased MICs of ATM-AVI (≥ 32 μg/mL) and CAZ-ATM-AVI (≥ 16 μg/mL) (Table 2).


Table 2 | Activities of ATM-AVI-AUR against ATM-AVI resistant K. pneumoniae isolates mutants and transformants (μg/mL).





In Vitro Activities of CAZ-AVI-AUR and ATM-AVI-AUR Against Clinical CPE Isolates

AUR alone showed little antibacterial activity with AUR MICs were greater than 64 μg/mL for all the 88 clinical CPE isolates. Susceptibility testing data showed that AUR concentrations of ≥16 μg/mL were required to reduce the ATM-AVI MICs from 8 μg/mL to <=0.5 μg/mL for all the 51 clinical MBL-positive isolates tested. And further increasing AUR concentration provided little benefit and, so, AUR was fixed at 16 μg/mL in the following in vitro susceptibility studies. Other agents showed various activities against these CPE isolates (Table 1). The majority of the isolates (84/88, 95.5%) were resistant to IPM (MIC50 = 32 μg/mL), and 54.5% (n = 48) were resistant to CAZ-AVI (MIC50>64 μg/mL), none of the 88 isolates were resistant to ATM-AVI (MIC50 = 0.5 μg/mL). The addition of AUR (16 μg/mL) significantly reduced the CAZ-AVI MIC50 from >64 to 1 μg/mL but had no significant effect on the MIC90 (from >128 to 128 μg/mL) in the 88 clinical CPE isolates. Compared with the result of ATM-AVI alone, the addition of AUR (16 μg/mL) resulted in an 3-folding dilutions MIC reduction of ATM-AVI MIC50 (from 0.5 to 0.0625 μg/mL) and a 2-folding dilutions MIC reduction of MIC90 (from 1 to 0.25 μg/mL), respectively.

Among the single KPC-producers (n = 37), AUR addition (16 μg/mL) did not reduce the MIC50 (0.0625 μg/mL) and MIC90 (0.125 μg/mL) of ATM-AVI, while AUR addition (16 μg/mL) reduced the MIC50 and MIC90 of CAZ-AVI from 2 μg/mL to 0.25 μg/mL (3-folding dilutions), and 4 μg/mL to 2 μg/mL (1-folding dilution), respectively.

As for the MBL-producing isolates, 88.2% (45/51) isolates were highly resistant to CAZ-AVI, with MICs of CAZ-AVI >64 μg/mL. Among the 45 CAZ-AVI-resistant MBL-producing strains, the AUR addition (16 μg/mL) restore susceptibility to CAZ-AVI in 10 strains (including 7 NDM-producers, 1 IMP-producer and 2 NDM/KPC co-producers) with MICs reduced from ≥64 μg/mL to ≤4 μg/mL, however, AUR failed to sensitize CAZ-AVI resistance in remaining 35 MBL-producers (MICs≥8 μg/mL). However, the addition of AUR (16 μg/mL) significantly reduced the ATM-AVI MIC50 and MIC90 values by 2-folding dilutions (from 0.25 μg/mL to 0.0625 μg/mL) and 3-folding dilutions (from 2 to 0.25 μg/mL) respectively against the 51 clinical MBL-producers (Figure 1). In this collection, 4 NDM- and OXA-48/181-co-harboring clinical K. pneumoniae strains had the highest ATM-AVI MICs of 8 μg/mL, and the addition of AUR (16 μg/mL) reduced the MICs >4-folding dilutions (to 0.25-0.5 μg/mL).




Figure 1 | The MIC distribution of the 51 MBL-producing clinical isolates to ATM/AVI with or without AUR. The MIC50/MIC90 values of the 51 MBL-producing clinical isolates to ATM/AVI with or without AUR are shown. Isolates to the left of the green line are susceptible (for ATM-AVI, MICs are interpreted according to ATM of CLSI (2020), as there are no clinical breakpoints for ATM-AVI). With addition of AUR, the MIC50/MIC90 values of the 51 MBL-producing clinical isolates to ATM/AVI move deeper into the “susceptible zone”.





Activities of ATM-AVI-AUR Against ATM-AVI Resistant K. pneumoniae Mutants and Transformants

The six ATM-AVI resistant mutant and transformant strains all showed resistance to ATM-AVI (MIC ≥32 μg/mL), due to the presence of CMY-16 Asn346His and Tyr150Ser substitutions (Niu et al., 2020). The addition of AUR (16 μg/mL) reduced the MICs of ATM-AVI from ≥32 μg/mL (32->256 μg/mL) to ≤8 μg/mL (0.0625-8 μg/mL) in these six ATM-AVI resistant mutants or constructs (Table 2).

Although AUR (16 μg/mL) addition reduced the CAZ-AVI MIC by >11-folding dilutions (from >256 to 0.0625-0.25 μg/mL) in the two OXA-48-positive CMY-16 mutants (without MBLs), AUR supplementation (16 μg/mL) only led to minor MIC reductions (from >256 to 16-128 μg/mL) in the four NDM-1/NDM-5 and OXA-181-positive CMY-16 strains (Table 2).

In addition, our previous study showed that the CMY-16-positive, dual-carbapenemase-producing (NDM-1 and OXA-48), ST101 K. pneumoniae Kp202 can be in vitro selected to be ATM-AVI resistant (Niu et al., 2020). In this study, we examined the in vitro selection ATM-AVI resistance capability of Kp202 under the presence of AUR (16 μg/mL). The results showed 16 μg/mL AUR could completely inhibit the in vitro selected ATM-AVI resistance and no ATM-AVI-AUR resistant isolates were obtained despite multiple attempts.




Discussion

The wide spread of multi-drug resistant Gram negative pathogens raised significant clinical and public concerns. Along with carbapenem-resistant Acinetobacter baumannii and carbapenem-resistant Pseudomonas aeruginosa, CRE top the WHO’s priority list of resistant pathogens (WHO, 2019a). CREs are also regarded as the ‘Urgent Resistance Threats’ by CDC and are prioritized in the UK’s 5-Year antimicrobial resistance national action plan (Anon, 2013; Anon, 2019). In particular, the global dissemination of MBL-producing Enterobacterales should be considered as the most urgent threat due to potent horizontal transfer and the lack of therapeutic inhibitors, and hence the 2019 WHO review of both the preclinical and clinical antibacterial pipeline stressed MBL-producing Enterobacterales as a neglected target in antibacterial drug development (WHO, 2019a; WHO, 2019b).

Therapy of invasive infections due to MBL-producers is extremely challenging, as most blaMBL-carrying plasmids co-harbor multiple additional resistance determinants, resulting in limited and sub-optimal treatment options. Although ATM is the only β-lactam antibiotic that remains stable for hydrolysis by MBLs, it can be hydrolyzed by most serine β-lactamases (SBLs), which are frequently co-produced by MBL-producers (Wu et al., 2019). AVI is a non-β-lactam-β-lactamase inhibitor which can inhibit most SBLs, but is ineffective to MBLs (Abboud et al., 2016). ATM-AVI combination has demonstrated potent in vitro activity against not only SBLs producers, but also MBL-producing Enterobacterales. One study from Sader et al. reported ATM-AVI to be highly active against 60 MBL-positive isolates (Sader et al., 2017), and another large study demonstrated potent activity of ATM-AVI against meropenem-nonsusceptible MBL-positive isolates (Karlowsky et al., 2017). A more recent study reported that ATM-AVI had potent activity against a large collection of contemporary Enterobacterales isolates (n = 8787; MIC50/90, 0.03/0.12 μg/mL), including MBL-producers (n = 110; MIC50/90, 0.12/0.5 μg/mL), supporting the clinical development of ATM-AVI for the treatment of infections caused by MBL-producing strains (Sader et al., 2021).

Our previous study showed that although ATM-AVI had good in vitro activity against MBL-producing K. pneumoniae isolates, clinical CMY-16-positive, dual-carbapenemase-producing (NDM-1 and OXA-48), ST101 K. pneumoniae strain can be successfully selected to be ATM-AVI-resistant in vitro (Niu et al., 2020). Worryingly, decreased susceptibilities and resistance to ATM-AVI have also been recently witnessed in clinical E. coli strains from India and China (Alm et al., 2015; Ma et al., 2020), due to amino-acid insertion in PBP3. Furthermore, a recent study of 118 clinical MBL-producing E. coli isolates from various geographical origins (Europe, Africa, Asia, and Australia) alarmingly showed 16.1% of the isolates were ATM-AVI resistant, due to a combination of PBP3 modification and the CMY-42 production (Sadek et al., 2020). These reports suggested that the clinical efficacy of ATM-AVI against MBL-producer infections could be compromised once the resistance emerges. Therefore, new drugs that specifically target MBLs and restore efficacy of last-line drugs against MBL-producing pathogens are urgently needed.

AUR directly inhibited the thioredoxin reductase (TrxR) in Gram-positive bacteria, leading to disruption of thiol-redox homeostasis and cell death. However, AUR alone does not have intrinsic antimicrobial activity against Gram-negative bacteria (Harbut et al., 2015). A recent study showed that imipenem in combination with AUR is effective against a broad spectrum of CRE strains (Sun et al., 2020). In addition, a more recent study showed that AUR in combination with colistin was effective against colistin-resistent Gram-negtive bacteria both in vitro and in vivo (Feng et al., 2021).

Here we demonstrated that AUR can potentiate the activity of both ATM-AVI and CAZ-AVI against a broad range of MBL-producing strains, and restored the activity of ATM-AVI against all the CPE clinical isolates. ATM-AVI-AUR combination was highly efficient against isolates carrying either NDM-, IMP- or VIM-type MBLs, resulting in MICs as low as 0.004-0.5 μg/mL. Our results showed that although the ATM-AVI combination is highly effective against the majority (92.16%, 47/51) of the clinical MBL-producing isolates of diverse MBLs (Table 1), 7.84% (4/51) of the clinical MBL-producing isolates analyzed in this study had the MICs of ATM-AVI at 8 μg/mL (intermediate for ATM based on the CLSI guideline) (CLSI, 2020). However, the addition of AUR successfully reduced the MICs of ATM-AVI by ≥4-folding dilutions, from 8 μg/mL to <=0.5 μg/mL (0.25-0.5 μg/mL). In addition, the combination of ATM-AVI-AUR showed superior effect against than that of CAZ-AVI-AUR against MBL-producers, presumably because AUR together with ATM-AVI may work synergistically to abrogate MBL enzymatic activities.

More importantly, the MICs of ATM-AVI were reduced from ≥32 μg/mL (32->256 μg/mL) to ≤8 μg/mL (0.0625-8 μg/mL) in all the 6 in vitro selected ATM-AVI-highly-resistant mutants and constructs with the AUR combination. Interestingly, our results also indicated that the usage of the triple combination of AUR-ATM-AVI could lower the possibility of in vitro selected ATM-AVI resistance. One limitation of our study is that we didn’t have any PBP3 modification caused ATM-AVI resistant strains available for testing, and it is important to examine whether ATM-AVI-AUR remain potent against these ATM-AVI resistant strain in the future.

Taken together, our study showed that AUR in combination with ATM-AVI showed potent activity against clinical CPE isolates, especially MBL-producers. ATM-AVI-AUR might provide as a therapeutic option to treat life-threatening infections caused by MBL-producing Enterobacterales, including strains co-producing more than one carbapenemase. Future studies are need to evaluate its in vivo efficacy and feasibility of clinical applications.
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Objectives

Recently, KPC-producing P. aeruginosa has rapidly emerged and expanded in East China. Here we described the clinical impact and characteristics of bloodstream infections (BSIs) from the dominant KPC-producing CRPA belonging to Sequence Type (ST) 463.



Methods

Retrospective cohort study was performed with CRPA BSI cases from 2019 to 2020 in a hospital in East China. Clinical characteristics, risk factors, and all-course mortality were evaluated. All CRPA isolates had whole-genome sequencing, antimicrobial susceptibility testing, and serum resistance assay. Representative isolates were tested for virulence in a Galleria mellonella infection model.



Results

Among the 50 CRPA BSI cases, ST463 predominated (48.0%). In multivariate analysis, we found three independent risk factors for fatal outcome: KPC carriage (OR 4.8; CI95% 1.0-23.7; P = 0.05), Pitt bacteremia score (OR 1.3; CI95% 1.0-1.6; P = 0.02), and underlying hematological disease (OR 8.5; CI95% 1.6-46.4; P = 0.01). The baseline clinical variables were not statistically different across STs, however the 28-day mortality was significantly higher in ST463 cases than that in non-ST463 cases (66.7% vs 33.3%, P = 0.03). ExoU and exoS virulence genes coexisted in all ST463 isolates, and the carbapenem resistant gene blaKPC were produced in almost all ST463 isolates, significantly higher than in the non-ST463 group(95.8% vs 7.7%, P<0.001). ST463 CRPA isolates also showed higher resistance rates to antipseudomonal cephalosporins, monobactam, and fluoroquinolones. And ST463 CRPA was confirmed hypervirulence in the larvae model. The genome of one ST463 CRPA strain showed that the blaKPC-2 gene was the sole resistance gene located on a 41,104bp plasmid pZYPA01, carried on a 7-kb composite transposon-like element flanked by two IS26 elements (IS26–Tn3-tnpA–ISKpn27–blaKPC-2–ISKpn6–IS26). Plasmid from various species presented core blaKPC-2 was franked by mobile genetic element ISKpn27 and ISKpn6.



Conclusions

In the ST463 CRPA BSI cohort, the mortality rates were higher than those in the non-ST463 CRPA BSI. The ST463 CRPA clone coharboring the blaKPC and exoU/exoS genes emerged and spread in East China, which might develop to a new threat in the clinic. Our results suggest that the surveillance of the new high-risk clone, ST463 CRPA, should be strengthened in China, even worldwide in the future.
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Introduction

Pseudomonas aeruginosa (PA) is a common and serious cause of nosocomial bloodstream infection; it is often severe when patients have compromised immunity. Despite improvements in medical care, the mortality of PA bacteremia remains considerably high (Thaden et al., 2017). Mortality in PA bloodstream infection is multifactorial, including the immune status of the host, the initial site of infection, the antibiotic treatment, and the microorganism (Hu et al., 2021a). Moreover, the presence of carbapenem-resistant Pseudomonas aeruginosa (CRPA) limits the treatment options and increases the risk of inadequate empirical therapy (Doi, 2019).

The common resistance mechanisms of P. aeruginosa to carbapenems are the loss of the outer membrane protein OprD and the overexpression of efflux pumps and/or the intrinsic chromosomally encoded AmpC β-lactamase (Li et al., 2012; Potron et al., 2015; Pang et al., 2019). Another mechanism for carbapenem resistance is the production of carbapenemases such as Metallo-β-lactamases. KPC-producing (class A β-lactamase) P. aeruginosa isolates have been occasionally reported in some countries since 2006 (Naas et al., 2013; Hu et al., 2015; Hagemann et al., 2018; Walkty et al., 2019). The blaKPC genes were frequently detected globally mainly among the species in the family Enterobacteriaceae (Feng et al., 2017). Some studies reported that blaKPC in CRPA might be transmitted from carbapenem-resistant Enterobacteriaceae. In China, KPC-2-producing Pseudomonas aeruginosa ST463 was first reported in 2015 and has rapidly spread in Zhejiang in recent years (Hu et al., 2015). However, clinical studies of BSIs by the emerging ST463 P. aeruginosa are still lacking.

In PA strains, the type III secretion system (T3SS) play a major role in their intrinsic virulence levels (Hauser, 2009). This secretion system injects potent cytotoxins into the cell and includes four effector proteins: exoU, a phospholipase; ExoS and ExoT, bifunctional proteins, and ExoY, an adenylate cyclase (Engel and Balachandran, 2009). In recent years, the cytotoxic exoU virulence gene of P. aeruginosa has been found to be associated with severe disease and poor outcomes. Furthermore, it is an important independent marker of early death in patients with P. aeruginosa BSI (Halavaty et al., 2012; Sawa et al., 2014; Peña et al., 2015). Almost all strains encode for exoT and exoY (Feltman et al., 2001), but the coexistence of exoU and exoS genes has rarely been reported due to their frequent mutual exclusivity (Hauser, 2009; Bradbury et al., 2010; Oliver et al., 2015). Previous studies indicated that the exoU genotype was also related to individual resistance to several antipseudomonal agents, including fluoroquinolones, carbapenems, and cephalosporins (Engel and Balachandran, 2009; Peña et al., 2015). However, one report illustrated that the co-presence of exoU and exoS was associated with a greater capacity for multi-drug resistance (Horna et al., 2019).

Herein, we described the occurrence of BSIs caused by KPC-producing CRPA that belonged to ST463. We investigate the high mortality rates associated with it in a tertiary hospital in East China in 2019–2020. We characterized the genomic alterations in the ST463 CRPA population and ascertained associated changes in phenotype and pathogenicity traits.



Materials And Methods


Study Population

We conducted a retrospective cohort study of CRPA BSI cases in a 2,500-bed public teaching hospital located in Zhejiang, China. The cases of CRPA BSIs were retrieved from the conventional microbiology laboratory database. The hospitalized patients with positive CRPA blood culture from January 2019 to December 2020 were selected. Five polymicrobial BSI cases were excluded from clinical analysis, but not from microbiological analysis. The study flowchart is shown in Figure 1. Only the first isolate was selected for each patient. This study was approved by the institutional review board of the First Affiliated Hospital of Zhejiang University in China (approval no. IIT20210120B). Informed consent was waived by the review board due to the nature of the study. A standardized case record form was used to collect epidemiological and clinical data, as detailed in the Supplementary Materials.




Figure 1 | Study design. BSI, bloodstream infection; MLST, mulitilocus sequence typing; cgMLST, core genome MLST; SNPs, single nucleotide polymorphisms.





Microbiological Analysis

Frozen CRPA isolates were cultured and reidentified by VITEK 2 system (bioMérieux, France). We confirmed minimum inhibitory concentrations (MICs) of twelve antipseudomonal agents. Imipenem, meropenem, piperacillin-tazobactam, ceftazidime, cefepime, amikacin, gentamicin, ciprofloxacin, levofloxacin, aztreonam, and ceftazidime-avibactam were determined by the agar dilution method. The broth micro-dilution method was used to quantify antibacterial resistance against polymyxin. The results were interpreted according to Clinical and Laboratory Standards Institute (CLSI, 2021) standards (Papp-Wallace et al., 2010). All 50 CRPA isolates were sequenced using an Illumina Hiseq 2500 instrument (Qiagen, Valencia, CA, USA), and annotation was provided using the RAST server. Multi-locus sequence typing (MLST) and antibiotic resistance genes were conducted by the CGE server (https://cge.cbs.dtu.dk). Virulence factors were searched using the Virulence Factor DataBase (http://www.mgc.ac.cn/VFs/) (Liu et al., 2019). To determine the clonal relatedness, we performed a genome-wide gene-by-gene comparison by applying the SeqSphere+ software. Single nucleotide polymorphisms (SNPs) analysis was further conducted on CRPA isolates of the same Sequence Type clone. One isolate (ZYPA01) was carried out with long-read sequencing using the PacBio RSII platform. Sequence identity among the blaKPC-2 flanking genes of the isolate and KPC-encoding plasmids from P. aeruginosa reported previously, Escherichia coli or K. pneumoniae isolates were assessed by Blast analysis. Descriptions of detailed bioinformatics analysis are available in the Supplementary material.



Virulence Studies

We did a serum resistance assay with all 50 CRPA strains. We randomly selected five ST463 CRPA (ZYPA06, ZYPA10, ZYPA29, ZYPA32, and ZYPA36) and five non-ST463 CRPA (ZYPA08, ZYPA11, ZYPA23, ZYPA27, and ZYPA41) isolates as the representative for G. mellonella infection tests. The two assays were modified according to previously described protocols and are described in the Supplementary Methods. P. aeruginosa PAO1 was used as control.



Statistical Analysis

χ2 or Fisher exact test was used for categorical variables and t-test or Mann-Whitney U test for continuous variables to compare different groups in our study. Univariate analysis and multivariate analysis were performed to determine the risk factors for 28-day mortality. Variables with a P value of ≤ 0.05 in the univariate analysis were used in the binary logistic regression analysis to identify independent predictors. Kaplan-Meier survival curves (log-rank test) were obtained with the survminer R package. Kaplan-Meier survival curves were obtained in different groups. Analyses were two-tailed and the P-value of < 0.05 was considered significant. SPSS for Windows (IBM®, version 16.0) was used for the analysis.




Results


Overall Cohort Clinical Data

In this two-year analysis, we extracted and analyzed clinical data from the database for 45 patients with CRPA BSIs except for five polymicrobial cases. The epidemiological characteristics, clinical features, treatments, and clinical outcomes of the patients are listed in Table 1. The median age of our cohort was 56 years and 37.8% were over 65 years. Most of the patients were male (71.1%). Majority of the patients had hematologic conditions (19, 42.2%). More than half (55.7%) of the patients had a prior hospitalization, with a median length of stay of 19 days, and 35.6% had been admitted to the intensive care unit. Most patients had invasive procedures prior to CRPA BSI: 66.7% of the patients underwent central venous catheterization, followed by mechanical ventilation (47.7%) and percutaneous catheterization (42.2%). Bacteremia was predominantly from respiratory tract infections (28.9%), followed by catheter-related and urinary tract infections (both 8.9%). Inflammatory indicators were elevated when bacteremia occurred. The median white blood cell (WBC) was 7.3*109/L, C-reactive protein (CRP) was 105.5 g/mL (increased), and procalcitonin (PCT) was 2.6 pg/mL (increased). Carbapenems combined with aminoglycosides were the most common antibiotic treatment (n = 15, 33.3%), followed by carbapenems combined with polymyxin B (n = 14, 31.1%). All-cause mortality rate at 7, 14 and 28 days was 44.4%, 48.9% and 51.1%, respectively. The clinical description of the 24 ST463 CRPA BSI cases is shown in Supplementary Table S1.


Table 1 | Characteristics of patients with bloodstream infections caused by Carbapenem-Resistant P. aeruginosa according to sequence typing.





Clinical Analysis According to Sequence Type

The 50 CRPA strains isolated from patients belonged to 24 different STs. As shown in Figure 2A (MLST plot), ST463 was the predominant type (48.0%, 24/50), and the other 26 strains showed a high degree of ST diversity. The rate of the blaKPC gene in ST463 CRPA was significantly higher than in non-ST463 CRPA (23/24, 95.8% vs 2/26, 6.7%; P < 0.001, Figure 2B).




Figure 2 | (A) Pie chart showing sequence type distribution of 50 CRPA isolates; (B) Comparison of blaKPC carriage between ST463 and Non-ST463 strains (Fisher’s Exact Test). ST463 and blaKPC are highly associated (23 out of 24; 95.8%); (C) The Kaplan–Meier survival curves in patients infected with ST463 CRPA and with non-ST463 CRPA (P = 0.05); (D) The Kaplan–Meier survival curves between the two groups of patients infected with KPC-producing CRPA and non-KPC-producing CRPA (P = 0.008); (E) The K–M survival curves between KPC-producing ST463 CRPA and other STs CRPA that do not carry blaKPC (P = 0.018). The P value of Kaplan Meier’ analysis was calculated with log-rank test.



After the exclusion of five polymicrobial BSIs cases, patients were divided into two groups, ST463 CRPA-infected (n=24) and non-ST463 CRPA-infected (n=21), to determine whether there was specificity in the clinical features of ST463-infected patients. Notably, all-cause mortality at days 7, 14, and 28 was higher in ST463-infected than in non-ST463-infected patients (58.3% vs 28.6%, 62.5% vs 33.3%, and 66.7% vs 33.3%, respectively) (Table 1). The 28-day survival curves based on different STs also showed a significant difference (P = 0.03) as detailed in Figure 2C. Furthermore, the ST463-infected group had a higher median Pitt bacteremia score of 3.5 compared with the non-ST463-infected group with a score of 2 (P = 0.3); this score is a predictor of early mortality risk in patients with BSI. There were no significant differences found in the clinical variables such as age, gender, underlying disease, or treatment received between the two groups; however, the amount of platelets was lower in the ST463-infected group (20 vs 118 *109/L, P=0.04) (Table 2).


Table 2 | Analysis of risk factors for 28-Day mortality in 45 patients with Carbapenem-Resistant P. aeruginosa bloodstream infection.





Mortality Predictor Analysis

Factors that may affect 28-day mortality in this CRPA BSI cohort were described in Table 2. Multivariate analysis confirmed the following as independent factors: blaKPC carriage (odds ratio [OR], 4.9; 95% confidence interval [CI], 1.0-23.7; P = 0.05), Pitt bacteremia score (odds ratio [OR], 1.3; 95% confidence interval [CI], 1.0-1.6; P = 0.02), and underling hematological disease (odds ratio ([OR], 8.5; 95% confidence interval [CI], 1.6-46.4; P = 0.01).



Isolates’ Genetic Relatedness, Antimicrobial Susceptibility Testing, Antibiotic Resistance Genes, and Virulence Factors

MLST and serotype analysis revealed that the 50 clinical strains belonged to 24 MLST types and eight serotypes, and P. aeruginosa ST463 strains were associated with serotype O4. The connections between serotypes and STs in other isolates are shown in Figure 3A. The same figure also depicts the antibiotic resistance genes identified in the CRPA genome. In our study, blaKPC was found in the genomes of 23/24 ST463 isolates, including 22 blaKPC-2 and 1 blaKPC-33; on the other hand, it was found in only one non-ST463 isolate (95.8% vs 3.8%, P < 0.001). The prevalence of the fluoroquinolone-resistance gene (crpP) was also significantly higher in the ST463 group than in the non-ST463 group, and most ST463 isolates had two copies of the crpP gene (Figure 2A). All ST463 strains carried blaOXA-486 β-lactamase gene, while the non-ST463 strains were genotyped with dispersed oxacillinases. Other resistance genes did not show differences between the two groups. We also found some significant differences in T3SS virulence factors between ST463 and non-ST463 CRPA strains (Figure 2A). All ST463 isolates coharbored exoU and exoS genes. However only 4/26 (15.4%) of the non-ST463 CRPA isolates carried exoU gene, and the other 22/26 non-ST463 strains carried the exoS gene without exoU.




Figure 3 | (A) Genetic relatedness, antibiotic resistance genes, virulence factor determinants, and antimicrobial susceptibility testing results of 50 CRPA BSI strains. These features are shown separately on the four blocks of the picture. The gray value indicates the copy number of the antibiotic resistance gene and virulence factors blaKPC-2 and ST463 are highly associated (22 out of 24; 91.7%). R, resistant; I, Intermediate; S, Sensitive; (B) Minimum spanning trees of 24 ST463 CRPA BSI strains from cgMLST analysis. Distance based on 4823 targets genes with pairwise ignore missing values. CgMLST profiles are represented by circles. The shaded parts represent the same cluster with a distance threshold of 10. The size of the circle is proportional to the number of isolates sharing the same cgMLST profile, with the biggest one including five isolates; (C) Neutrophil-killing resistance; at the maximum growth rate of KPC and non-KPC group; (D) Virulence potential in a G mellonella infection model. Five isolates of ST463 and five isolates of other STs representing various genetic background were randomly selected for the infection assay at 105 CFU. P values were calculated by log-rank (Mantel-Cox) test. Each line represents a single isolate. Isolate PA-O1 was used as the control. Abbreviation: CFU, colony-forming units.



Antimicrobial susceptibilities were summarized in Table 3 and Figure 2A. ST463 CRPA isolates were highly resistant to imipenem and meropenem (MIC50, 256 mg/L; 100% resistance). The MIC50s of carbapenems for ST463 CRPA isolates were 8- to 16-fold higher than for non-ST463 CRPA isolates: imipenem (MIC50, 32 mg/L; 100% resistance) and meropenem (MIC50, 16 mg/L; 84.6% resistance). Also, ST463 isolates show statistically significant difference in higher resistant rates to piperacillin-tazobactam (91.7% vs 26.9% resistance), ciprofloxacin (100% vs 38.5% resistance), levofloxacin (100% vs 42.3% resistance), ceftazidime (95.8% vs 19.2% resistance), cefepime (95.8% vs 30.8% resistance), and aztreonam (100% vs 42.3% resistance), to those of non-ST463 CRPA isolates (P < 0.001). Notably, all of the CRPA were less frequently resistant to ceftazidime-avibactam, amikacin and polymyxin.


Table 3 | Antimicrobial susceptibilities of 24 ST463 and 26 Non-ST463 Carbapenem-Resistant P. aeruginosa isolates.



Based on sequence analysis of the whole genome, the phylogenetic tree showed that 22 of the 24 ST463 CRPA isolates belonged to the same cgMLST cluster 1, except for isolates of ZYPA36 and ZYPA31 (Figure 3B). For further core-genome SNPs, the average pairwise distance between two isolates is 99.95 SNPs and ranges from 1 to 2273 SNPs. Within the ST463 group, one strain genome (ZYPA01) was fully assembled for further analysis. pZYPA01, a unique plasmid, carried the sole resistance gene blaKPC-2, and no virulence genes were found (Supplementary Figure S1A). It could not be assigned to any known incompatibility group. Blast analysis of the pZYPA01 sequence revealed that it was highly similar to pPA1011 (GenBank accession number MH734334.1), a plasmid carrying carbapenem-resistant gene blaKPC-2 from an ST463 P. aeruginosa isolate in Hangzhou, China, with 99.1% identities and 99.0% query coverage (Supplementary Figure S1A). The plasmid pZYPA01 sequence was also highly similar to the plasmid sequence harboring the blaKPC-33 (pZYPA54), with 99.1% identities and 99.0% query coverage. The core blaKPC-2 platform Tn3-tnpA–ISKpn27–blaKPC-2–ISKpn6 had also been found in pPA1011 from P. aeruginosa, pKP048 from K. pneumoniae and pHS102707 from Escherichia coli (Supplementary Figure S1B). Unlike the mobile genetic element described in pPA1011, pKP048, and pHS102707 (Tn3–ISKpn8–blaKPC-2-ISKpn6), blaKPC-2 in pZYPA01 was carried on a 7-kb composite transposon-like element flanked by two IS26 elements (IS26–Tn3-tnpA–ISKpn27–blaKPC-2–ISKpn6–IS26), hence making it potentially transferable.



Virulence Assessment With Serum Killing and G. mellonella Infection Assays

In our study, all strains were tested in 20% human serum to investigate their capacity to resist the serum bactericidal activity. Subgroup analysis showed that the maximum growth rate of KPC-positive isolates was significantly lower compared to -negative isolates (Figure 3C, P = 0.04). Although there was no statistical difference, the maximum growth rate was also lower in the ST463-CRPA group than in the non-ST463-CRPA (P = 0.24).

We randomly selected five representative ST463 isolates and five non-ST463 isolates to test the virulence properties of these strains. Continuous monitoring for 96 hours, even at the lowest concentration (105 cfu), the mortality rate of the ST463-infected larvae group was higher than in the non-ST463-infected. Of all isolates tested, the ST463 isolates PAZY06 were the most virulent strains in all inocula tested (Figure 3D).




Discussion

A recent increase in the detection rate of CRPA has been observed in Zhejiang Province, China, from 22% in 2015 to 32% in 2020; it is also significantly higher than in other provinces (Hu et al., 2019; Hu et al., 2021a; Hu et al., 2021b). In a recent report from a hospital in Zhejiang, ST463 CRPA emerged and has become the predominant CRPA clone among the population (Hu et al., 2021a). To date, there is still a lack of clinical studies on bloodstream infections of the new-onset KPC-producing CRPA belonging to ST463. Despite the retrospective and single-center nature of this study, it provides a uniquely detailed clinical and microbiological description of a KPC–producing ST463 CRPA BSI cohort from a Chinese hospital.

Conventionally, ST175, ST111, ST235, and ST395 are high-risk PA clones in clinics worldwide (Oliver et al., 2015). However, in our recent two-year study on the CRPA BSI cohort (2019-2020), none of the above international “high-risk” STs were isolated and ST463 has become the dominant CRPA clone in the population causing BSI (48.0%). Baseline characteristics showed no statistical differences in clinical variables across STs. However, 28-day mortality was significantly higher in ST463 cases than in non-ST463 cases. Of the 24 ST463 CRPA BSI cases in the cohort, 16 patients succumbed within 28 days. These BSIs were mainly from the respiratory tract. Indeed, several studies demonstrated that the initial site of infection affects prognosis, with surgery and pneumonia being associated with a particularly poor prognosis for P. aeruginosa bloodstream infections (Chatzinikolaou et al., 2000; Feng et al., 2017). In our study, blaKPC carriage, Pitt bacteremia score, and underlying hematological disease were three independent risk factors contributing to 28-day fatal outcomes. The survival curves also showed lower survival in KPC-positive ST463 CRPA-infected patients compared to those who are KPC-negative non-ST463 CRPA-infected (Figures 2D, E). The detection rate of blaKPC was also significantly higher in the ST463 group than in the non-ST463 group (95.8% vs 3.8%, P < 0.001). This suggests that the dominant clone of CRPA BSIs, ST463, has a high correlation with the blaKPC gene and the poor prognosis of BSIs.

Although metallo-β-lactamases (MBLs) were found to be the most frequent carbapenemases in CRPA, no MBL genes were found in either ST463 or non-ST463 isolates in this study. Moreover, the β-lactamase KPC was produced in almost all ST463 CRPA isolates. This is quite different from the results of our multicenter study conducted in China 10 years ago, when MBL genes including IMP and VIM were detected in 8.5% of CRPA isolates, while no KPC isolates were detected (Wang et al., 2010). Generally, KPC is detected from the Enterobacteriaceae family, including K. pneumoniae and E. coli; this leads to high levels of resistance to carbapenems and other β-lactam antibiotics. Therefore, we compared the surrounding sequences of blaKPC-containing plasmid sequences from different species including P. aeruginosa and Enterobacteriaceae. The results showed that each plasmid from various species presented core blaKPC-2 was franked by mobile genetic element ISKpn27 and ISKpn6 (Supplementary Figure S1B). This supports the hypothesis that blaKPC in P. aeruginosa might be acquired from Enterobacteriaceae (Queenan and Bush, 2007; Naas et al., 2013; Hu et al., 2021a).

All 24 ST463 (O4) CRPA isolates carried the exoU and exoS virulence genes, but not PldA, which was somewhat different from the reported strains from 2009 to 2018 (Hu et al., 2021a). Previously exoU and exoS were always reported to be mutually exclusive (Vareechon et al., 2017), while the coexistence of exoU and exoS may enhance the resistance of P. aeruginosa (Horna et al., 2019). In this study, all ST463 strains carried both exoS and exoU genes, while non-ST463 strains carried only one of them (15.4% exoU and 84.6% exoS), consistent with the results of higher resistance of ST463. On the other hand, the group of KPC-ST463-infected larvae had a higher mortality rate than other STs group. In 20% human serum, the maximum growth rate of KPC-positive CRPA was significantly lower compared to KPC-negative CRPA group. Thus, in vitro virulence phenotyping experiments showed that KPC was another independent risk factor associated with high lethality. We could further indicate that exoU and exoS virulence genes coexisting with blaKPC resistance gene in ST463 CRPA may be an important intrinsic cause of poor prognosis of clinical PA BSIs. This may lead to a new threat at the clinic.

In 2021, the Infectious Diseases Society of America (IDSA) recommended cefolozane-tazobactam, cefazidime-avibactam, and imipenem-cilastatin-relebactam as monotherapy first-line treatment options for difficult-to-treat P. aeruginosa (DTR-PA) infections (Tamma et al., 2021). In our study, the results of antimicrobial susceptibility testing showed that ST463 CRPA isolates were fairly susceptible to amikacin (87.5%) and ceftazidime-avibactam (91.7%). It is suggested that ceftazidime-avibactam or ceftazidime-avibactam combined with amikacin may be a good option for the treatment of infections caused by KPC-producing ST463 CRPA. For adult patients with severe infections, assuming normal renal and liver function, the recommended intravenous dose of ceftazidime-avibactam is 2.5 g every 8 hours, infused over 3 hours. However, more fluoroquinolone-resistant ST463 strains were detected compared to non-ST463 strains, as the prevalence of the crpP gene were also significantly higher in ST463 strains (mostly two copies of crpP). While no plasmid-mediated coding genes (e.g. qnr, aac (6’)-Ib-cr) were found, no other mechanisms of fluoroquinolone resistance such as chromosomal mutation in the DNA gyrase and topoisomerase II/IV-encoding genes (parC, parE, gyrA, and gyrB) were further investigated. Another noteworthy issuer, is that most MICs of polymyxin were 1 μg/mL and the effective therapeutic dose should be large and in combination (Nang et al., 2021). For patients on polymyxin B, the recommended loading dose is 2.0- 2.5 mg/kg based on total body weight (TBW) (equivalent to 20,000–25,000 IU/kg) over 1 hour. And the daily maintenance dose is 1.25- 1.5 mg/kg (equivalent to 12,500-15,000 IU/kg TBW) every 12 hours infused over 1 hour (Tsuji et al., 2019). High dose exposure to polymyxin has the potential to cause nephrotoxicity, hence limiting the therapeutic value (Lakota et al., 2018).

In conclusion, we described a BSI cohort by a novel high-risk KPC-PA ST463 clone that has been rapidly emerging and disseminating in East China in recent years. In the current study, we found a higher mortality rate in the ST463 CRPA BSI cohort than in the non-ST463 CRPA BSI. ST463 was the predominant epidemic type of KPC-producing CRPA. The independent risk factors for a 28-day outcome of CRPA BSI were blaKPC-carrying P. aeruginosa and hematological disease. Prompt and effective treatment of ST463 CRPA infection might reduce mortality, especially in patients with underlying hematological disease. These results also suggest that epidemiological surveillance is still needed to monitor the dynamic changes of high-risk clones, such as ST463 CRPA.
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The rise of Carbapenem-resistant Enterobacterales (CRE) represents an increasing threat to patient safety and healthcare systems worldwide. Citrobacter spp., long considered not to be a classical nosocomial pathogen, in contrast to Klebsiella pneumoniae and Escherichia coli, is fast gaining importance as a clinical multidrug-resistant pathogen. We analyzed the genomes of 512 isolates of 21 CRE species obtained from 61 hospitals within a three-year-period and found that Citrobacter spp. (C. freundii, C. portucalensis, C. europaeus, C. koseri and C. braakii) were increasingly detected (n=56) within the study period. The carbapenemase-groups detected in Citrobacter spp. were KPC, OXA-48/-like and MBL (VIM, NDM) accounting for 42%, 31% and 27% respectively, which is comparable to those of K. pneumoniae in the same study. They accounted for 10%, 17% and 14% of all carbapenemase-producing CRE detected in 2017, 2018 and 2019, respectively. The carbapenemase genes were almost exclusively located on plasmids. The high genomic diversity of C. freundii is represented by 22 ST-types. KPC-2 was the predominantly detected carbapenemase (n=19) and was located in 95% of cases on a highly-conserved multiple-drug-resistance-gene-carrying pMLST15 IncN plasmid. KPC-3 was rarely detected and was confined to a clonal outbreak of C. freundii ST18. OXA-48 carbapenemases were located on plasmids of the IncL/M (pOXA-48) type. About 50% of VIM-1 was located on different IncN plasmids (pMLST7, pMLST5). These results underline the increasing importance of the Citrobacter species as emerging carriers of carbapenemases and therefore as potential disseminators of Carbapenem- and multidrug-resistance in the hospital setting.
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Introduction

The increase in infections caused by carbapenem-resistant Enterobacterales (CRE) represents a worrying threat to patient safety and healthcare systems worldwide and patients with CRE infections oftentimes cannot be treated effectively with available antibiotics (Grundmann et al., 2017). In contrast to Carbapenem-resistant Klebsiella pneumoniae and other carbapenem-resistant species, such as Escherichia coli and Enterobacter spp. which are commonly detected in nosocomial settings (Brolund et al., 2019; Pitout et al., 2020), Citrobacter was not considered to be a classical nosocomial pathogen. Citrobacter species belong to a group of facultative, anaerobic, Gram-negative bacilli within the Enterobacteriaceae family. They are frequently found in water, soil, food, and intestines of animals and humans and are mostly recognized as environmental contaminants or harmless colonizers. However, outbreaks in hospital settings are described, mostly occurring in neonates, young children or immunocompromised patients (Lipsky et al., 1980; Liu et al., 2017). They are able to cause a wide spectrum of infections involving the urinary tract, liver, biliary tract, peritoneum, intestines, bone, respiratory tract, endocardium, meninges, and the bloodstream. In addition, Citrobacter spp. are now fast gaining importance as a clinical multidrug-resistant pathogen causing opportunistic nosocomial and community-acquired infections (Mohanty et al., 2007; Villa et al., 2013; Wang et al., 2015; Arana et al., 2017a; Oyeka and Antony, 2017; Yao et al., 2017; Babiker et al., 2020). The carriage of antibiotic-resistant C. freundii was a mortality risk factor for immunocompromised patients with bacteremia (Liu et al., 2018). Recruitment of mobile colistin resistance, e.g. of the mcr-1 gene, could further limit antibiotic therapeutic options (Hu et al., 2017; Giani et al., 2018).

In a regionally performed three-year-CRE-genomic surveillance study in the state of Hesse, Germany, 512 CRE isolates from 21 species, of which 368 were carbapenemase-producing Enterobacterales (CPE) underwent whole-genome analysis. Here we could demonstrate that the carbapenemase-gene-harbouring Citrobacter spp. contributed a high proportion among the CPE and the carbapenemase-producing Citrobacter freundii (CPC) was the third most frequently (~14%) identified species, following Klebsiella pneumoniae and Escherichia coli. CPC has increased in both absolute abundance and proportion in 2018 and 2019 compared to 2017, representing an emerging infection control and public health challenge (Yao et al. unpublished data). In the present study, the characteristics of carbapenem-resistant Citrobacter spp. are discussed in detail based on the results of the performed genomic analysis.



Materials and Methods


Bacterial Isolates

CRE isolates, including Citrobacter spp. isolates were obtained as part of the project of genome-based epidemiological surveillance study of carbapenem-resistant Gram-negative bacteria (CRGNB) in Hesse in Germany (SurvCARE Hessen). During the study period, 61 hospitals voluntarily participated. CRGNB definition followed guidelines of the Reporting Obligation Regulation Amendment by the Robert-Koch-Institute (RKI), the German national public health insitute (Robert Koch-Institute, 2016). Detected CRGNB must be reported to public health authorities. Mandatorily reported CRGNB isolates were included in the study.



Bacterial Species Identification and Antimicrobial Susceptibility Testing

Antimicrobial susceptibility results obtained in the respective hospitals were confirmed centrally using the VITEK® 2 system (bioMérieux, Nürtingen, Germany) and interpreted following EUCAST guidelines. Taxonomy was confirmed using MALDI-TOF-MS (Vitek MS, bioMérieux, Nürtingen, Germany).



Bacterial Whole-Genome Sequencing


Short-Read Sequencing

For isolates that were non-susceptible per EUCAST definition to at least one carbapenem, short-read whole-genome sequencing, post-sequencing quality control and assembly were performed as described previously (Falgenhauer et al., 2020), and if needed, CLC Genomics Workbench v.10.1.0 (Qiagen, Aarhus, Denmark) also used. The average read length was 127 nt, the average coverage 93x.



Long-Read Sequencing

Two short-read sequenced C. freundii isolates were chosen for long-read sequencing in order to study carbapenemase-harbouring plasmids in more depth. DNA extraction and purification as described earlier (Falgenhauer et al., 2020). Hybrid assembly of short and long reads was performed using Unicycler implemented in the ASA3P pipeline (Schwengers et al., 2019).




Analysis of Genomes and Plasmids

Identification of the chromosomal Multi-Locus sequence types (MLST), plasmid incompatibility (Inc) groups, plasmid MLST (pMLST) as well as acquired antibiotic resistance genes was performed using the Center for Genomic Epidemiology platform (https://cge.cbs.dtu.dk/services/) and the PubMLST database (https://pubmlst.org; https://bigsdb.pasteur.fr/cgi-bin/bigda.pl?db.). Species identification was performed using TYGS (https://tygs.dsmz.de/) (Meier-Kolthoff and Göker, 2019).

Single Nucleotide Polymorphism (SNP)-based phylogenetic analysis was performed for comparative genomics. SNPs were detected via read-mapping against a reference genome using the ASA3P pipeline (Schwengers et al., 2019). MAUVE v.2.3.1 was used for whole genome alignments (Darling et al., 2010).

The carbapenemase-encoding plasmid incompatibility (Inc) type in genomes was identified when a contig contained the carbapenemase gene and the plasmid-Inc type sequences. These contigs and the plasmids closed by long-read sequencing were used as references for read mapping and blastN/P to determine plasmidic localization of carbapenemase gene in the other isolates.

The C. freundii type-strain ATCC 8090 (Accession number CP049015) was used as reference to identify sequence alterations of ompC and ompF genes encoding outer membrane porins of the C. freundii isolates.




Results


Bacterial Isolates Origin and Clinical Characterization

During the 3-year study-period, 56 multidrug-resistant Citrobacter spp. isolates were analyzed. Fifty-three (94.6%) of them produced carbapenemases and were obtained from 52 patients and 1 hospital environment sample of 14 German hospitals located across the State of Hesse. Except for one neonate, patients were adults and 77% were male. Most patients were elderly with a median of 70 years of age and 80% of them aged ≥ 60 years. Thirty-eight (73%) isolates were obtained from rectal swab samples. Fourteen (27%) were isolated from clinical specimens and induced clinical infections as follows: seven (50%) urinary tract infections, 2 (14%) wound infections, 1 (7%) bacteremia and 4 (29%) other infections (Table 1, Supplementary Table S1).


Table 1 | Demographics of patients carrying carbapenemase-producing Citrobacter spp. Isolates.



In four cases, the patients had poly-microbial cultures with other species in addition to Citrobacter spp. These being one case of KPC-2 C. freundii with an E. coli; one case of KPC-2 C. koseri with a K. pneumoniae; one case of OXA-48 C. braakii with an E. coli and a K. pneumoniae; and one case of VIM-1-positive C. freundii with a K. michiganensis. All these additional isolates carried the identical carbapenemase-type as the Citrobacter spp. isolates respectively (Supplementary Table S1).



Genomic Characterization (Phylogeny, MLST, Carbapenemase, ARGs and Porins Genes)

The genome sequencing statistics of 56 carbapenem-resistant (CR) Citrobacter spp. isolates is summarized in the Supplementary Table S2. 53 (94.6%) isolates were carbapenemase-producing (CP) Citrobacter and three (5.4%) isolates did not produce any carbapenemase (designated as “non-carbapenemase-producers”, NCP).

Among the 53 CP Citrobacter spp. isolates 44 (83.0%) were C. freundii, four (7.5%) were C. portucalensis, two (3.8%) were C. koseri, two (3.8%) were C. europaeus and one (1.9%) was C. braakii. 51 (96%) isolates harbored a single carbapenemase, while the remaining two isolates (4%) possessed two different carbapenemases (Figure 1, Supplementary Table S3).




Figure 1 | Phylogenetic tree of the 56 sequenced Citrobacter spp. isolates based on SNPs-analysis with the C. freundii strain ATCC 8090 (Access No. BBMV01000001) as reference genome, generated and annotated with the iTOL tool (https://itol.embl.de/tree/) (Letunic and Bork, 2021). The bacterial species is displayed with different branch line colors: C. freundii, black, C. portucalensis, orange, C. europaeus, blue, C. braakii, green, and C. koseri, red. The hospitals, from which the isolates were obtained, are indicated with the 16 different colored circles on the tree nodes. The different identified carbapenemase types are marked with different colors according to the isolate labels. ST, C. freundii MLST types of the C. freundii isolates. IncN[pMLST15]: the blaKPC-2 gene-carrying plasmid are represented by an asterisk in the KPC-2 carbapenemase-producing isolates. IncL/M(pOXA-48): the Inc type of plasmids identified in the OXA-48-like carbapenemase-positive isolates and likely to carry their blaOXA-48 or blaOXA-162.




Citrobacter freundii

The phylogenetic analysis of the 44 C. freundii isolates revealed a broad genetic variability (Figure 1). Chromosomal Multi-Locus-Sequence Typing (MLST) identified 22 different genome STs. The most frequent ST types were ST19 and ST22, which were represented with 8 isolates each, followed by ST18 with 7 isolates and ST98 with 3 isolates. Interestingly, ST19 and ST22 isolates display an increase in detection frequency in the last two years of the study. This might point towards those two sequence types are fast emerging and might become predominant clones in the healthcare setting. The remaining 18 types represent single isolates.

In terms of antibiotic resistance genes (ARGs) content, the C. freundii isolates harbored ARGs against up to nine antibiotics classes, with up to 22 ARGs in a single isolate (Supplementary Table S3). The fraction of identified carbapenemase types KPC, OXA-48 group, VIM and NDM in the C. freundii isolates was 43%, 33%, 17% and 7%, respectively. The individual alleles were KPC-2 (n=16), OXA-48 (n=13), KPC-3 (n=4), VIM-1 (n=3), VIM-2 (n=3), VIM-4 (n=2), NDM-5 (n=2), OXA-162 (n=2) and NDM-1 (n=1) (Figure 1). Two C. freundii isolates harbored two different carbapenemases each (KPC-2 and VIM-1 or VIM-4) and were resistant to all three carbapenems tested.

In addition to the carbapenemase genes, all of the CP C. freundii isolates harbored other β-lactam-resistance genes. All C. freundii isolates carried chromosomal blaCMY, 29.5% carried blaCTX-M genes including blaCTX-M-15, blaCTX-M-9, blaCTX-M-3 and blaCTX-M-1, 61.3% carried a blaOXA-1, blaOXA-10 or blaOXA-17, and 59.1% carried a blaTEM-1B allele. Resistance genes to the antibiotic classes aminoglycosides, fluoroquinolones, sulphonamides, phenicols, trimethoprim, MLS (macrolide, lincosamide and streptogramin B), rifampicin, and tetracycline were detected in 93.2%, 86.4%, 86.4%, 81.8%, 75.0%, 61.4%, 56.8%, and 31.8% of the C. freundii isolates, respectively. Acquired resistance genes towards fosfomycin and colistin could not be detected in any isolates.

The amount of ARGs identified in the C. freundii genome other than the carbapenemase gene was not related to the ST type of the genome, but seems to be linked to the different types of carbapenemases carried by the isolates. It was highest in the KPC positive isolates with an average value of 15.2, followed by isolates carrying NDM (14.3), VIM (11.6) and OXA-48 (8.4).

No general relationship was found between the carbapenemase types and the genome types of the C. freundii isolates analyzed, with exception of KPC-3, which in the present study derived from a clonal ST18 C. freundii outbreak (Figure 1). The majority (almost 70%) of the carbapenemase-producing C. freundii differed in their ST types and occurred only once during the entire study period. In few cases, a ST type carrying an identical carbapenemase was repeatedly identified, namely a four-time occurrence of ST19-OXA-48, a three-time occurrence of ST18-OXA-48 and of ST98-KPC-2, each at different hospitals, while ST22-KPC-2 occurred four-times at a single hospital.

Each CP C. freundii isolate showed nucleotide alternations of the genes ompC and ompF, which encode the outer membrane porins, and harbored either an alternating ompC or ompF. An intact ompC identical to the type-strain ATCC 8090 was found in the genomes of three isolates and modified variants of ompC in the remaining 41 CP isolates. An intact ompF gene was identified in 24 isolates and an altered version, either by disruption or by replacement of several amino acid residues of ompF, was found in the other 30 isolates. Of the 44 CP C. freundii isolates, 17 showed modifications in both ompC and ompF, and the other 27 displayed an alternation in one of the two genes (Supplementary Table S3).

Two C. freundii isolates were NCP. These harbored a blaCMY allele and a blaTEM-1B, plus either a blaCTX-M-9 or a blaDHA-1 (Supplementary Table S3). Furthermore, they contained several ARGs belonged to 7 different antibiotic classes (Supplementary Table S3). For the outer membrane porine-encoding genes, one NCP isolate showed alternations in ompC and a disrupted ompF, and the other one showed a changed ompC and a wild-type ompF.



Citrobacter braakii, C. europaeus, C. koseri and C. portucalensis

The phylogenic analysis revealed genetic dissimilarities between the isolates within the species C. portucalensis, C. europaeus, C. braakii and C. koseri. This, in combination with the different carbapenemases carried, suggests that almost all of them were sporadic occurrences (Figure 1 and Supplementary Table S3).

Each C. portucalensis isolate (n=4) carried a different carbapenemase (KPC-2, KPC-3, NDM-5 or VIM-1) and a different chromosomal CMY-type ampC gene allele, and one of them carried additionally a blaSHV-12. However, the antimicrobial classes according to the ARGs contained were similar to the C. freundii. The two C. europaeus isolates were both VIM-1- producers and did not carry blaCMY, but blaCFE-1-type AmpC beta-lactamase, while the two C. koseri isolates were both KPC-2 carriers and did not harbor blaCMY, but a blaCKO-1 or blaMAL-1. The CP C. braakii isolate possessed a blaOXA-48 gene and a chromosomal blaCMY-83. The NCP C. braakii isolate harbored a blaCMY-74 and a qnrB40. (Supplementary Table S3).




Antimicrobial Phenotypes

Antimicrobial susceptibility testing (AST) of the Citrobacter spp. isolates demonstrated that the 53 carbapenemase-producing isolates presented multi-drug-resistance (Table 2). All of the tested isolates were resistant to ampicillin, ampicillin/sulbactam, piperacillin, piperacillin/tazobactam, cefepim, cefuroxim and aztreonam. Resistance to ertapenem, imipenem and meropenem was 85%, 77% and 72%, respectively, of the isolates tested. However, none of them were phenotypically susceptible to all three carbapenems tested. For tigecycline 88% of the tested isolates were susceptible and 12% resistant.


Table 2 | Results of the Antimicrobial susceptibility testing of 53 Carbapenemase-producing Citrobacter spp. isolates as determined by VITEK-2 and according to EUCAST breakpoints.



Phenotypic differences of resistance to carbapenems, ciprofloxacin and gentamicin seem to be associated with the different carbapenemase types. The KPC-carbapenemase-producing Citrobacter isolates showed similar resistance rates to all three carbapenems tested, ertapenem, imipenem and meropenem, at approximately 86%. However, OXA-48 carbapenemase-producing isolates (included OXA-162) differed in resistance to these three agents, with 100% resistance to ertapenem (14/14), 40% resistance to imipenem (6/15) and 33% resistance to meropenem, respectively. Within the NDM or VIM carbapenemase- producers, 37.5% were resistant to ertapenem and 95% resistant to imipenem or meropenem. The resistance to ciprofloxacin was 86%, 75% and 67% observed for KPC-, MBL (NDM or VIM)-, and OXA-48 producers, respectively. To gentamicin, most of the KPC- (90%) and MBL-producers (92%) were resistant and most of the OXA-48 producers (~80%) were susceptible.



Identification of Carbapenemase-Encoding Plasmids

To identify the genetic locations of the acquired ARGs, especially for the carbapenemase genes, we determined the plasmid content of each genome. For the Citrobacter spp. isolates sequenced plasmid incompatibility groups of IncN (n=22), ColRNAI (n=18), IncFII (n=16), IncFI (n=15), IncR (n=13), IncL/M (n=13), IncHI2 (n=9), IncHI1 (n=8), IncA/C2 (n=6), IncQ (n=6), TrfA (n=8), IncX (n=3), and one each of Col(BS512), IncN3, pKPC-CAV1321 and Rep were identified. All but one isolate genomes contained at least one of the identified plasmid types (Supplementary Table S3).

Among the IncN group, IncN[pMLST15] was most frequently identified (n=18). The remaining were each one of IncN[pMLST-7], IncN[pMLST-Unknown], IncN2A and IncN3.

The IncN[pMLST15] was found exclusively in the KPC-2-producing isolates and served as the most important genetic carrier for the KPC-2 gene (95% of KPC-2 isolates) (Figure 1). Remarkably, these plasmids identified in different species C. freundii, C. koseri and C. portucalensis and different genome ST types were almost identical. On these plasmids up to 13 different ARGs are located conferring resistance to 8 antibiotic classes: carbapenem and β-lactam (blaKPC-2, blaTEM-1B and blaOXA-1); aminoglycoside (aac(3)-IId, strA and strB); fluoroquinolone (aac(6’)Ib-cr, qnrB2 or qnrB1); macrolide mph(A); phenicol catB3; rifampicin ARR-3; sulphonamide sul1 and trimethoprim dfrA18 (Table 3). In nine isolates, more than 90% of their total acquired ARGs were carried by the IncN[pMLST15]. The genetic structure surrounding blaKPC-2 on the IncN[pMLST15] plasmids was unique as described previously (Yao et al., 2014; Schweizer et al., 2019), and identical in 16 of 18 isolates. The genome of NRZ-37969 was completed by long-read re-sequencing which resulted in 6 contigs, one of them was the circular IncN[pMLST15] plasmid with a size of 89053 bps. The sequence was similar to the plasmid pCF13066-KPC2 (78021 bps), from an earlier study, but differed in size by an 11 kb insertion in the position 8100 according to the pCF13066-KPC-2 (Figure 2). Read mapping demonstrated all IncN[pMLST15] plasmids to be identical, concerning the backbone and the unique segments to those of other species e.g. E. coli, K. pneumoniae, Enterobacter spp. etc. (Data not shown).


Table 3 | Distribution and genetic characteristics of the identified KPC-2-carrying IncN[pMLST15] plasmids among the Citrobacter spp. Isolates.






Figure 2 | Genetic map of the completed genomes of the blaKPC-2-encoding IncN[pMLST15] (A) and the distribution of the IncN pMLST15 plasmids according to the time from 2016 to 2019 and hospitals as well as the genome types and species (B). The plasmid pCF37969-KPC2 was almost identical to the early identified pCF13066-KPC2, which has been isolated from a multi-species carbapenem-resistant outbreak in 2014 in Hesse (separate study), and differed by a ~11 kb insertion. Each box in (B) indicates one isolate. The numbers in the boxes indicate the MLST-types of the C. freundii isolates as well as the symbol (*) for the species C. koseri and the symbol (#) for C. portucalensis.



In the five KPC-3-carrying isolates of species C. freundii (n=4) and C. portucalensis (n=1), plasmids of Inc group A/C2 were predicted. The blaKPC-3 gene and the IncA/C2 plasmid replication protein- encoding gene were co-located on a 56083 bps contig of the C. freundii isolate bk18035705 and a 74360 bps contig of C. portucalensis isolate sc18407397. Whereas the blaKPC-3 gene was flanked upstream with an insertion element ISKpn7 and downstream with an ISKpn6. This element was associated with a Tn4401 transposon (Figure 3).




Figure 3 | Genetic Map of IncA/C2 plasmid encoding a Tn4401 associated blaKPC-3- carbapenemase.



For ten of fourteen OXA-48 carbapenemase harboring isolates and both OXA-162 carbapenemase producing isolates, plasmids of the type IncL/M(pOXA-48) were identified. As we could not directly prove the blaOXA-48 plasmid location using short-read sequencing only, we analyzed the contigs (~2.5 kb) harboring blaOXA-48 to identify the genetic structures of the isolates and found a disrupted IS1999 element typical for OXA-48. A 15 bps-insertion/repetition (GGTGATGCTGCCACC) between the disrupted IS elements, ΔIS1A and ΔIS1999 downstream of blaOXA-48 was found for four isolates compared to the other eight isolates (Figure 4). The genetic structures surrounding the blaOXA-162 were identical to that of OXA-48 without the insertion. In addition, these isolates usually carried other plasmids, like IncFII, IncHI1, IncQ1 and IncR.




Figure 4 | Two types of the genetic surroundings of the blaOXA-48 and blaOXA-162. Type A and B differ only in the presence or absence of a repetitive 15bp sequence (GGTGATGCTGCCAAC). Type A was detected in 9 blaOXA-48 or blaOXA-162-encoding IncL/M(pOXA-48) plasmids from 8 C. freundii isolates, i.e. Survcare050, Survcare150, Survcare247, Survcare311, Survcare315, Survcare316, Survcare396 and Survcare410 and one C. braakii Survcare336, as well as in the non-IncL/M(pOXA-48)-bearing Survcare252, which harbored a blaOXA-48 gene. Type B was present in four blaOXA-48-harboring isolates, whereas two isolates (Survcare163 and Survcare314) were associated with the IncL/M(pOXA-48) plasmid and two (Survcare162 and NRZ-45233) were not.



We could demonstrate the presence of VIM-1-carrying IncN[pMLST7] plasmids in Survcare320 and NRZ-37119. The isolate NRZ-37119 underwent long-read-sequencing resulting in two circular complete sequences, a chromosome (5068647 bps) and a plasmid (51050 bps) of IncN[pMLST-7] with 3.78 coverage. The plasmid harbored four ARGs, blaVIM-1, aacA4, qnrS1 and dfrA14. The blaVIM-1/aacA4 (for resistance to aminoglycoside such like amikacin, gentamicin and tobramycin) and dfrA14 genes were located in two different type I integrons disrupted either by an IS26 element or by a Tn402/IS6100 combination, respectively (Figure 5). In the chromosome sequence, blaCMY-79 and tet(B) were predicted (Supplementary Table S3).




Figure 5 | Genetic map of the complete genome of the blaVIM-1-encoding IncN[pMLST7] plasmid (A) and Depiction of insertion elements/transposons present in this plasmid (B). The picture B was created using the Galileo AMR software (Partridge and Tsafnat, 2018).






Discussion

In this study, we conducted a retrospective review of genomic typing and epidemiology of CR Citrobacter spp. from hospital settings in a medium sized State with 6.2 Mio habitants in Germany over a period of more than three years. We analyzed the genomes of 56 Citrobacter spp. in the context of a CRGN project consisting of 512 Enterobacterales isolates. We found that rates of carbapenemase-producing Citrobacter spp. (CPCs) did increase over the study period, with 10.1%, 16.7% and 14.3% in 2017, 2018 and 2019, respectively, and that 27% of patients, from whom the CPCs were isolated, suffered from a clinical infection in contrast to a colonization. Our data revealed a large genetic diversity of Citrobacter spp. in the study region suggesting that the emergence was not only due to clonal transfer. We also found that the carbapenem resistance phenotype was mostly mediated by the acquisition of carbapenemases and interestingly, the carbapenemase-producing fraction in the Citrobacter spp. (CPCs), was the highest among all CR Enterobacterales including species Klebsiella pneumoniae, Escherichia coli and Enterobacter spp. in the same study period and region (Yao et al., unpublished data).

The current increase in CPCs, is in line with studies in Spain and the US, which indicates towards a sustained global trend (Arana et al., 2017a; Babiker et al., 2020). The patients´ carbapenem application was considered an associated risk factor in a long-term-study (Babiker et al., 2020). In our data, we found Citrobacter freundii as the predominant carbapenemase-producing species, which accounted for 83% of isolates, with the remaining 17% comprising of the species C. portucalensis, C. koseri, C. europaeus, C. braakii. The predominance of C. freundii and the distribution of other Citrobacter species were similar to previous studies (Arana et al., 2017b; Babiker et al., 2020). In our study, the C. freundii STs 19 and 22 seem to be emerging over the study period.

OXA-48 and VIM-1 are the most frequent carbapenemase types detected in Germany and K. pneumoniae, E. coli and Enterobacter spp. are the most affected species (Grundmann et al., 2017; Becker et al., 2018; Pfennigwerth, 2020). However, very little information is available about carbapenemase-producing Citrobacter freundii (Peter et al., 2014; Yao et al., 2014; Schweizer et al., 2019). Nine different carbapenemase types were detected among Citrobacter spp. isolates under study Their distribution, with a predominance of KPC-2 and OXA-48, differed substantially from studies in other countries or regions. While 59% VIM, 32% OXA-48 and 20% KPC-2 were found in the Citrobacter spp. in Spain, more than two-thirds KPC-3 were found in the isolates of Citrobacter species in a US study (Arana et al., 2017a; Babiker et al., 2020). This demonstrates that carbapenemase diversity varies according to the geographic location, as previously stated (Nordmann et al., 2011). We describe for the first time two C. freundii co-producing KPC-2 and either VIM-1 or VIM-4 carbapenemases in Germany. Some earlier studies have reported the co-production of two carbapenemases such as KPC-2 plus NDM-1 or VIM-1 plus OXA-48 in C. freundii and KPC-2 plus VIM-2 in K. pneumoniae (Feng et al., 2015; Falco et al., 2016; Arana et al., 2017a), but no Citrobacter spp. with KPC-2 and VIM. As acquisition of mcr-1 resistance gene to the last-line antibiotic colistin was reported in Citrobacter europaeus from a healthy child, the presence of this gene represented a potential for expanding the ARGs profile (Giani et al., 2018). However, mcr-1 could not be detected in the studied isolates.

In this study, 95% of the carbapenem-resistant Citrobacter spp. isolates were found to have carbapenemase-encoding genes, a rate higher than that reported in prior studies, which was roughly two-thirds (Arana et al., 2017a; Babiker et al., 2020). This was also higher than that of other Enterobacterales species e.g. E. coli, Klebsiella spp. and Enterobacter spp. in the same study period. This could be explained by the fact that in the studied isolates a high diversity of plasmids and a relatively high proportion of carbapenemase-encoding plasmids was found. In addition, plasmid-mediated carbapenemase transmission between Citrobacter spp. and other bacterial species could be demonstrated when the patients carried multiple bacteria with the same carbapenemase-encoding plasmids, such as the four cases mentioned above.

The analysed Citrobacter spp. isolates carried up to 22 ARGs, exclusive the carbapenemase genes reflecting their MDR phenotypes. This impressing accumulation of resistance traits is exceptional, compared to other Enterobacterales and might point towards these Citrobacter becoming a relevant reservoir of potentially transmissible resistance in the healthcare-setting. We predicted a few known-virulence genes such as an astA-like gene in one of the two OXA-162 positive C. freundii isolates as well as the cloacin-encoding gene ccl and the plasmid-encoded enterotoxin- encoding gene senB in the both C. koseri isolates.

All CR Citrobacter isolates, including the Non-carbapenemase-producing isolates harboured alternation/disruption of at least one gene of the outer membrane porine-encoding genes ompC and ompF. The absence of mutations or the presence of both intact genes ompC and ompF in all carbapenem-susceptible isolates (Arana et al., 2017a) conversely hints that these mutations could indirectly contribute to reduced susceptibility to carbapenems.

The analyses of the surrounding genetic structure of the carbapenemase-encoding genes and the identified respective Inc types of the carbapenemase-carrying plasmids in the Citrobacter spp. isolates suggests that about 70% of the identified carbapenemases could be characterized into three Inc groups, IncN, IncL/M and IncA/C2. We identified a KPC-3-encoding IncA/C2 plasmid for all five KPC-3 positives isolates, a KPC-2- encoding IncN[pMLST15] plasmid for 18 of 19 KPC-2-producing isolates and pMLST-7 IncN plasmids for two of six VIM-1-producing isolates. Furthermore, we predicted the IncL/M[pOXA-48] plasmid type for 12 of the 16 OXA-48 and OXA-162- carrying isolates.

The KPC-2-encoding IncN[pMLST15]-carrying isolates originated from eight different hospitals during a time period from 2016 to 2019 (Figure 2B). The whole-genome types of these isolates were heterogeneous. However, the mutually present KPC-2 IncN[pMLST15] plasmids were almost identical and occurred across the entire study period, independently of hospital-settings and bacterial genome types. The plasmid sequences were also highly homolog to a plasmid which had mediated a previous KPC-2 multi-species nosocomial outbreak in Hesse in 2014. In this context, we could observe that a patient who was involved in this previous outbreak was colonized with KPC-2 positive C. freundii harboring the same plasmid for a long period of time after the outbreak (first sample May 2014, followed Dec. 2014, June and Sep. 2015, Feb and June 2016) in the follow-up screening. It is particularly noteworthy that KPC-2 Citrobacter isolates with the same plasmid were consistently identified in this hospital during this study period. Furthermore, in a separate study, this plasmid was repetitively identified in different species (Yao et al., 2021 unpublished data). The Citrobacter spp. especially C. freundii seem to be frequent carriers of this plasmid and might even represent a specific reservoir. At least in our setting this plasmid seems to be both endemic and emerging and might be classified as a high-risk plasmid in terms of CR dissemination across different bacterial species. The reasons for this are difficult to determine and this impression might be biased by the study parameters. Therefore, further studies are needed to determine whether carbapenemase-producing Citrobacter spp. act as an intermediate reservoir to spread antibiotic resistance determinants to more virulent bacterial species or represent a more permanent reservoir for drug resistance accumulation with the risk of becoming pan-drug resistant pathogens themselves, and whether this multi-resistant KPC-2-bearing plasmid provides additional fitness advantage to the host bacteria.



Conclusion

Our study provides a molecular-epidemiological overview on CR Citrobacter spp. originating from hospitals in Hesse, a midrange federal state of Germany according to population size and geographical area, over a three-year time period, based on whole-genome analyses. To the best of our knowledge, this study was the first of its kind in Germany. We detected a moderate increase in CR Citrobacter spp. numbers between 2016 and 2019 with carbapenemase production being the most prevalent mechanism for carbapenem resistance (95%). Our data revealed several additional findings: (i). clonal and plasmid-mediated polyclonal and interspecies spread of carbapenemase-producing Citrobacter spp. across the region in different hospitals; (ii). Carriage of nine different carbapenemase enzymes of the groups KPC, OXA-48, NDM and VIM by five species of Citrobacter spp., especially C. freundii that comprised a large genetic heterogeneity; however, emerging sequence types could be demonstrated (iii). Genetic locations of almost carbapenemases on plasmids and other genetic mobile elements evidencing that the studied Citrobacter spp. acquired carbapenem resistance via horizontal gene transfer; (iv). Detection of two potential high-risk C. freundii clones ST19 and ST22; and (v). Several specific plasmid types for carbapenemase-carriage, e.g. the IncN[pMLST15] for KPC-2, have been determined. In conclusion, the points towards Citrobacter spp. being an emerging bacterial species in terms of Carbapenemase carriage, resistance accumulation and potential transmission of resistance traits within the hospital setting. The Citrobacter spp. isolates, while usually not regarded as a typical human colonizer or nosocomial pathogen, display an above-average propensity for resistance accumulation of mobile and transferable resistance traits, thereby potentially representing a still underestimated reservoir for CR dissemination. Thus, the carbapenem-resistant Citrobacter spp. are an emerging health care and public health challenge which must be studied further to determine their role in resistance accumulation, dissemination and persistence in particular concerning carbapenem resistance in the hospital but also in the general population one health context. Further specific genomic surveillance studies in the mentioned settings seem to be mandatory.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, BioProject PRJNA692829.



Ethics Statement

Ethical approval was sought at the Ethics Committee of the State Medical Association of Hesse in Frankfurt/Main. The Committee decided on the 24th of January 2018, that an ethical approval for the project was not necessary, as for this study patient data were rendered anonymous.



Author Contributions

YY, TC, and CI designed the study. AH, PH, YY, CI, TC, JF, LF, and ED collected the data and samples. AH, PH, JF, LF, CI, TC, and ED performed phenotyping and WGS of the isolates. YY, AH, PH, CI, TC, JF, LF, and ED analyzed the data. YY and JF performed the Genomic analyses. YY, CI, and TC wrote the manuscript that was critically reviewed and approved by all authors. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Bundesministerium fuer Bildung und Forschung (BMBF, Germany) within the German Center for Infection Research (DZIF/grant numbers, 8032808811, 8032808818, 8032808820 to TC/CI). Support was also obtained from the Hessian State Ministry for Social Affairs and Integration (HMSI) within the project SurvCARE Hessen and the Hessian Ministry of Higher Education, Research and Arts within the project HuKKH (Hessisches universitaeres Kompetenzzentrum Krankenhaushygiene). The funders of the study had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.



Acknowledgments

The authors thank Moritz Fritzenwanker, Martin Just, and Angela Wirtz, the participating Hessian hospitals for contribution to SurvCARE Hessen and the German National Reference Centre for Multidrug-resistant Gram-negative Bacteria, Department of Medical Microbiology, Ruhr-University Bochum, (NRZ), for providing isolates. Furthermore, we thank Christina Gerstmann, Sylvia Krämer, Martina Hudel, and Martina Zäh-Azarderakhsh at the Institute of Medical Microbiolgy of Justus-Liebig Universtiy Giessen, and Gudrun Bettge-Weller at the Hessisches Landesprüfungs- und Untersuchungsamt im Gesundheitswesen (HLPUG), Dillenburg, Germany, for excellent technical assistance.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.744431/full#supplementary-material



References

 Arana, D. M., Ortega, A., González-Barberá, E., Lara, N., Bautista, V., Gómez-Ruíz, D., et al. (2017a). Carbapenem-Resistant Citrobacter Spp. Isolated in Spain From 2013 to 2015 Produced a Variety of Carbapenemases Including VIM-1, OXA-48, KPC-2, NDM-1 and VIM-2. J. Antimicrob. Chemother. 72, 3283–3287. doi: 10.1093/jac/dkx325

 Arana, D. M., Ortega, A., González-Barberá, E., Lara, N., Bautista, V., Gómez-Ruíz, D., et al. (2017b). Carbapenem-Resistant Citrobacter Spp. Isolated in Spain From 2013 to 2015 Produced a Variety of Carbapenemases Including VIM-1, OXA-48, KPC-2, NDM-1 and VIM-2. J. Antimicrob. Chemother. 72, 3283–3287. doi: 10.1093/jac/dkx325

 Babiker, A., Evans, D. R., Griffith, M. P., McElheny, C. L., Hassan, M., Clarke, L. G., et al. (2020). Clinical and Genomic Epidemiology of Carbapenem- Nonsusceptible Citrobacter Spp. At a Tertiary Health Care Center Over 2 Decades. J. Clin. Microbiol. 58 (9), e00275–20. doi: 10.1128/JCM.00275-20

 Becker, L., Kaase, M., Pfeifer, Y., Fuchs, S., Reuss, A., von Laer, A., et al. (2018). Genome-Based Analysis of Carbapenemase-Producing Klebsiella Pneumoniae Isolates From German Hospital Patients 2008-2014. Antimicrob. Resist. Infect. Control. 7, 62. doi: 10.1186/s13756-018-0352-y

 Brolund, A., Lagerqvist, N., Byfors, S., Struelens, M. J., Monnet, D. L., Albiger, B., et al. (2019). Worsening Epidemiological Situation of Carbapenemase-Producing Enterobacteriaceae in Europe, Assessment by National Experts From 37 Countries, July 2018. Eurosurveillance 24 (9), 1900123. doi: 10.2807/1560-7917.ES.2019.24.9.1900123

 Darling, A. E., Mau, B., and Perna, N. T. (2010). Progressivemauve: Multiple Genome Alignment With Gene Gain, Loss and Rearrangement. PloS One 5, e11147. doi: 10.1371/journal.pone.0011147

 Falco, A., Ramos, Y., Franco, E., Guzmán, A., and Takiff, H. (2016). A Cluster of KPC-2 and VIM-2-Producing Klebsiella Pneumoniae ST833 Isolates From the Pediatric Service of a Venezuelan Hospital. BMC Infect. Dis. 16 (1), 595. doi: 10.1186/s12879-016-1927-y

 Falgenhauer, L., Nordmann, P., Imirzalioglu, C., Yao, Y., Falgenhauer, J., Hauri, A. M., et al. (2020). Cross-Border Emergence of Clonal Lineages of ST38 Escherichia Coli Producing the OXA-48-Like Carbapenemase OXA-244 in Germany and Switzerland. Int. J. Antimicrob. Agents 56 (6), 106157. doi: 10.1016/j.ijantimicag.2020.106157

 Feng, J., Qiu, Y., Yin, Z., Chen, W., Yang, H., Yang, W., et al. (2015). Coexistence of a Novel KPC-2-Encoding MDR Plasmid and an NDM-1-Encoding Pndm-HN380-Like Plasmid in a Clinical Isolate of Citrobacter Freundii. J. Antimicrob. Chemother. 70, 2987–2991. doi: 10.1093/jac/dkv232

 Giani, T., Sennati, S., Antonelli, A., Di Pilato, V., Di Maggio, T., Mantella, A., et al. (2018). High Prevalence of Carriage of Mcr-1-Positive Enteric Bacteria Among Healthy Children From Rural Communities in the Chaco Region, Bolivia, September to October 2016. Eurosurveillance 23 (45), 1800115. doi: 10.2807/1560-7917.ES.2018.23.45.1800115

 Grundmann, H., Glasner, C., Albiger, B., Aanensen, D. M., Tomlinson, C. T., Andrasević, A. T., et al. (2017). Occurrence of Carbapenemase-Producing Klebsiella Pneumoniae and Escherichia Coli in the European Survey of Carbapenemase-Producing Enterobacteriaceae (Euscape): A Prospective, Multinational Study. Lancet Infect. Dis. 17, 153–163. doi: 10.1016/S1473-3099(16)30257-2

 Hu, Y., Wang, Y., Sun, Q., Huang, Z.-X., Wang, H.-Y., Zhang, R., et al. (2017). Colistin Resistance Gene Mcr-1 in Gut Flora of Children. Int. J. Antimicrob. Agents 50, 593–597. doi: 10.1016/j.ijantimicag.2017.06.011

 Letunic, I., and Bork, P. (2021). Interactive Tree of Life (Itol) V5: An Online Tool for Phylogenetic Tree Display and Annotation. Nucleic Acids Res. 49 (w6), w293–w296. doi: 10.1093/nar/gkab301

 Lipsky, B. A., Hook Iii, E. W., Smith, A. A., and Plorde, J. J. (1980) Citrobacter Infections in Humans: Experience at the Seattle Veterans Administration Medical Center and a Review of the Literature. doi: 10.1093/clinids/2.5.746

 Liu, L., Lan, R., Liu, L., Wang, Y., Zhang, Y., Wang, Y., et al. (2017). Antimicrobial Resistance and Cytotoxicity of Citrobacter Spp. In Maanshan Anhui Province, China. Front. Microbiol. 8, 1357. doi: 10.3389/fmicb.2017.01357

 Liu, L. H., Wang, N. Y., Wu, A. Y. J., Lin, C. C., Lee, C. M., and Liu, C. P. (2018). Citrobacter Freundii Bacteremia: Risk Factors of Mortality and Prevalence of Resistance Genes. J. Microbiol. Immunol. Infect. 51, 565–572. doi: 10.1016/j.jmii.2016.08.016

 Meier-Kolthoff, J. P., and Göker, M. (2019). TYGS is an Automated High-Throughput Platform for State-of-the-Art Genome-Based Taxonomy. Nat. Commun. 10 (1), 2182. doi: 10.1038/s41467-019-10210-3

 Mohanty, S., Singhal, R., Sood, S., Dhawan, B., Kapil, A., and Das, B. K. (2007). Citrobacter Infections in a Tertiary Care Hospital in Northern India. J. Infect. 54, 58–64. doi: 10.1016/j.jinf.2006.01.015

 Nordmann, P., Naas, T., and Poirel, L. (2011). Global Spread of Carbapenemase Producing Enterobacteriaceae. Emerg. Infect. Dis. 17, 1791–1798. doi: 10.3201/eid1710.110655

 Oyeka, M., and Antony, S. (2017). Citrobacter Braakii Bacteremia: Case Report and Review of the Literature. Infect. Disord. - Drug Targets 17, 59–63. doi: 10.2174/1871526516666161005155847

 Partridge, S. R., and Tsafnat, G. (2018). Automated Annotation of Mobile Antibiotic Resistance in Gram-Negative Bacteria: The Multiple Antibiotic Resistance Annotator (MARA) and Database. J. Antimicrob. Chemother. 73, 883–890. doi: 10.1093/jac/dkx513

 Peter, S., Wolz, C., Kaase, M., Marschal, M., Schulte, B., Vogel, W., et al. (2014). Emergence of Citrobacter Freundii Carrying IMP-8 Metallo-β-Lactamase in Germany. New Microbes New Infect. 2, 42–45. doi: 10.1002/nmi2.36

 Pfennigwerth, N. (2020). Bericht Des Nationalen Referenzzentrums Für Gramnegative Krankenhauserreger Zeitraum 1. Januar 2019 Bis 31. Dezember 2019. RKI. Epidemiol. Bull. 29, 3–10. doi: 10.25646/692

 Pitout, J. D. D., Peirano, G., Kock, M. M., Strydom, K. A., and Matsumura, Y. (2020). The Global Ascendency of OXA-48-Type Carbapenemases. Clin. Microbiol. Rev. 33 (1), e00102–19. doi: 10.1128/CMR.00102-19

 Robert Koch-Institute (2016). Ifsg-Meldepflicht-Anpassungsverordnung: Zur Umsetzung Der Neuen Meldepflichten. Epidemiologisches Bulletin 2016 (4), 135–136. doi: 10.17886/EpiBull-2016-026

 Schweizer, C., Bischoff, P., Bender, J., Kola, A., Gastmeier, P., Hummel, M., et al. (2019). Plasmid-Mediated Transmission of KPC-2 Carbapenemase in Enterobacteriaceae in Critically Ill Patients. Front. Microbiol. 10, 276. doi: 10.3389/fmicb.2019.00276

 Schwengers, O., Hoek, A., Fritzenwanker, M., Falgenhauer, L., Hain, T., Chakraborty, T., et al. (2020). ASA3P: An Automatic and Scalable Pipeline for the Assembly, Annotation and Higher Level Analysis of Closely Related Bacterial Isolates. PLos Comput. Biol. 16 (3), e1007134. doi: 10.1371/journal.pcbi.1007134

 Villa, L., Carattoli, A., Nordmann, P., Carta, C., and Poirel, L. (2013). Complete Sequence of the Inct-Type Plasmid Pt-OXA-181 Carrying the Blaoxa-181 Carbapenemase Gene From Citrobacter Freundii. Antimicrob. Agents Chemother. 57, 1965–1967. doi: 10.1128/AAC.01297-12

 Wang, X., Chen, G., Wu, X., Wang, L., Cai, J., Chan, E. W., et al. (2015). Increased Prevalence of Carbapenem Resistant Enterobacteriaceae in Hospital Setting Due to Cross-Species Transmission of the Bla NDM-1 Element and Clonal Spread of Progenitor Resistant Strains. Front. Microbiol. 6, 595. doi: 10.3389/fmicb.2015.00595

 Yao, Y., Imirzalioglu, C., Hain, T., Kaase, M., Gatermann, S., Exner, M., et al. (2014). Complete Nucleotide Sequence of a Citrobacter Freundii Plasmid Carrying KPC-2 in a Unique Genetic Environment. Genome Announc. 2 (6), e01157–14. doi: 10.1128/genomeA.01157-14

 Yao, Y., Lazaro-Perona, F., Falgenhauer, L., Valverde, A., Imirzalioglu, C., Dominguez, L., et al. (2017). Insights Into a Novel Blakpc-2-Encoding Incp-6 Plasmid Reveal Carbapenem-Resistance Circulation in Several Enterobacteriaceae Species From Wastewater and a Hospital Source in Spain. Front. Microbiol. 8, 1143. doi: 10.3389/fmicb.2017.01143




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Yao, Falgenhauer, Falgenhauer, Hauri, Heinmüller, Domann, Chakraborty and Imirzalioglu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 25 November 2021

doi: 10.3389/fcimb.2021.780365

[image: image2]


In Vitro Activity Comparison of Ceftazidime–Avibactam and Aztreonam–Avibactam Against Bloodstream Infections With Carbapenem-Resistant Organisms in China


Wei Yu, Luying Xiong, Qixia Luo, Yunbo Chen, Jinru Ji, Chaoqun Ying, Zhiying Liu and Yonghong Xiao *


State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, National Clinical Research Center for Infectious Diseases, Collaborative Innovation Center for Diagnosis and Treatment of Infectious Diseases, The First Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China




Edited by: 

Milena Dropa, University of São Paulo, Brazil

Reviewed by: 

Rafael Franco-Cendejas, National Institute of Rehabilitation Luis Guillermo Ibarra Ibarra, Mexico

William R. Schwan, University of Wisconsin—La Crosse, United States

*Correspondence: 

Yonghong Xiao
 xiaoyonghong@zju.edu.cn

Specialty section: 
 This article was submitted to Clinical Microbiology, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 21 September 2021

Accepted: 01 November 2021

Published: 25 November 2021

Citation:
Yu W, Xiong L, Luo Q, Chen Y, Ji J, Ying C, Liu Z and Xiao Y (2021) In Vitro Activity Comparison of Ceftazidime–Avibactam and Aztreonam–Avibactam Against Bloodstream Infections With Carbapenem-Resistant Organisms in China. Front. Cell. Infect. Microbiol. 11:780365. doi: 10.3389/fcimb.2021.780365




Objectives

The aim of this work was to investigate the activity of ceftazidime–avibactam (CZA) and aztreonam–avibactam (AZA) against bloodstream infections caused by carbapenem-resistant organisms (CROs).



Methods

Non-duplicate CROs, including 56 carbapenem-resistant Escherichia coli (CR-Eco), 318 carbapenem-resistant Klebsiella pneumoniae (CR-Kpn), and 65 carbapenem-resistant Pseudomonas aeruginosa (CR-Pae), were collected using the Blood Bacterial Resistant Investigation Collaborative System (BRICS) program in China. The minimum inhibitory concentrations (MICs) of 24 antibiotics were tested. Carbapenemase genes were amplified for CZA-resistant CROs by PCR. The MICs of CZA and AZA were further determined with avibactam at 8 and 16 mg/L, respectively.



Results

The resistance rate of polymyxin B against CROs was less than 5%. Only one CR-Kpn was resistant to tigecycline. The resistance rates of CZA against CR-Eco, CR-Kpn, and CR-Pae were 75.0%, 12.6%, and 18.5%, respectively. The MIC90 values of AZA against CR-Eco, CR-Kpn, and CR-Pae were 2/4, 1/4, and 64/4 mg/L, respectively. Among the CZA-resistant CROs, 42 (100%) CR-Eco, 24 (60%) CR-Kpn, and 1 (8.3%) CR-Pae isolates harbored metallo-β-lactamase genes. The increase of avibactam concentration enhanced the susceptibility of CZA and AZA against CROs, especially for CR-Eco and CR-Kpn.



Conclusions

The in vitro activity of AZA was superior to that of CZA against CR-Eco and CR-Kpn, whereas CZA showed better effect against CR-Pae.
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Introduction

Carbapenem-resistant organisms (CROs) have become a global epidemic problem for many years. The reported rate of carbapenem resistance in non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumanii, was higher than that in Enterobacterales (Chamieh et al., 2020). It is of note that the carbapenem resistance rates among the different bacterial isolation sites showed differences, such as the rates for carbapenem-resistant P. aeruginosa (CR-Pae) and carbapenem-resistant A. baumannii in bloodstream infections (BSIs) that were lower than those in respiratory infections (Cai et al., 2017). In China, the proportions of Escherichia coli (9.8%–13.6%) and Klebsiella pneumoniae (5.3%–10.4%) in BSIs increased significantly from 2010 to 2019, while the proportion of P. aeruginosa decreased significantly from 4.0% to 2.4% (Cui et al., 2021). Current evidence revealed that carbapenemase and β-lactamases combined with mutations that decrease permeability were associated with carbapenem resistance (Queenan and Bush, 2007).

Patients with bloodstream infections caused by carbapenem-resistant organisms (BSIs-CROs) suffer from a high risk of mortality, emphasizing the need for novel and rational therapies (Lemos et al., 2014; Martin et al., 2018). Several novel β-lactam/β-lactamase inhibitor combinations have been developed against various CROs, such as ceftazidime–avibactam (CZA), aztreonam–avibactam (AZA), meropenem–vaborbactam, and imipenem/cilastatin–relebactam (Papp-Wallace, 2019). Avibactam, as a bridged diazabicyclo[3.2.1]octanone (DBO) non-β-lactam inhibitor, provides excellent inhibition of class A, class C, and some of the class D β-lactamases (Bush and Bradford, 2019). Recently, CZA represented an important advance in the treatment of infections caused by CR-Pae and carbapenem-resistant Enterobacteriaceae (CRE) (Onorato et al., 2019). However, the activity of CZA against metallo-β-lactamases (MBLs) was limited (Bush and Bradford, 2019). Notably, AZA has been shown to be a potential treatment to inhibit MBLs (Biagi et al., 2019). Therefore, this study aimed to compare the in vitro activity of these two avibactam combinations (CZA and AZA) against BSIs-CROs.



Materials and Methods


Bacterial Isolates

Carbapenem resistance is defined as isolates resistant to imipenem, meropenem, or ertapenem, according to the Clinical and Laboratory Standards Institute (CLSI) interpretation (Clinical and Laboratory Standards Institute, 2020). A total of non-duplicate 56 carbapenem-resistant E. coli (CR-Eco), 318 carbapenem-resistant K. pneumoniae (CR-Kpn), and 65 CR-Pae were collected using the Blood Bacterial Resistant Investigation Collaborative System (BRICS) program in 2019 from 40 hospitals in China.



Antimicrobial Susceptibility Testing

The minimum inhibitory concentrations (MICs) of 24 antibiotics [cefazolin, cefuroxime, ceftriaxone, ceftazidime (CAZ), cefepime, cefoxitin, moxalactam, aztreonam (ATM), ertapenem, imipenem, meropenem, amoxicillin–clavulanic acid, piperacillin–tazobactam, cefoperazone–sulbactam, CZA, AZA, gentamicin, amikacin, ciprofloxacin, levofloxacin, fosfomycin, tigecycline, polymyxin B, and trimethoprim–sulfamethoxazol] were tested for CR-Eco and CR-Kpn. In addition, 14 antibiotics (CAZ, cefepime, ATM, imipenem, meropenem, piperacillin–tazobactam, cefoperazone–sulbactam, CZA, AZA, gentamicin, amikacin, ciprofloxacin, levofloxacin, and polymyxin B) were measured for CR-Pae. Polymyxin B and glucose-6-phosphate were obtained from Sigma-Aldrich (St. Louis, MO, USA); the other antibiotics were purchased from Dalian Meilun Biotech (Dalian, China). Broth microdilution was used for tigecycline and polymyxin B, while the agar dilution method was used for the other 22 antibiotics according to CLSI (Clinical and Laboratory Standards Institute, 2012; Clinical and Laboratory Standards Institute, 2020). E. coli ATCC 25922, K. pneumoniae ATCC BAA-1705, and P. aeruginosa ATCC 27853 were used as quality control.

The MIC50 and MIC90 (the MIC required to inhibit the growth of 50% and 90%, respectively, of the population) values were calculated for the 24 antibiotics. The MIC distribution of CAZ, CZA, ATM, and AZA was represented by cumulative inhibition ratio (CIR) curves.



Carbapenemase Genes of CZA-Resistant CROs

The definition of CZA resistance was referred to the CLSI (Clinical and Laboratory Standards Institute, 2020). Carbapenemase genes (blaIMP, blaSPM, blaAIM, blaVIM, blaGIM, blaSIM, blaNDM, blaDIM, and blaKPC) were amplified by PCR and sequenced with Sanger dideoxy-mediated chain termination for CZA-resistant CROs (Poirel et al., 2011). Each PCR was completed in triplicate.



MICs of CAZ and ATM With Increased Avibactam Concentration Against CZA-Resistant CROs and CR-Pae With High-Level MIC of AZA

The MICs of CAZ and ATM combined with avibactam at 8 and 16 mg/L were further tested against CZA-resistant CROs and CR-Pae with a high-level inhibitory concentration of AZA (MIC ≥ 32 mg/L).




Results


Geographical Distribution of BSIs-CROs

CR-Eco, CR-Kpn, and CR-Pae isolates were collected from 27, 34, and 20 hospitals, respectively (Figure 1). Most strains were isolated from East China (EC) and Central China (CC) due to the majority of the involved hospitals located in these areas. A total of 38 CR-Eco, 262 CR-Kpn, and 54 CR-Pae isolates were from EC. In addition, there were 11 CR-Eco, 30 CR-Kpn, and 5 CR-Pae isolates collected from CC.




Figure 1 | Distribution of bloodstream infections (BSIs) due to carbapenem-resistant organisms (CROs) in China. The description included the regions, number of hospitals, and the proportions of isolates in the corresponding regions. CR-Eco, carbapenem-resistant Escherichia coli; CR-Kpn, carbapenem-resistant Klebsiella pneumoniae; CR-Pae, carbapenem-resistant Pseudomonas aeruginosa. Yellow circle, CR-Eco; blue circle, CR-Kpn; purple circle, CR-Pae.





Antibiotic Susceptibility Test

A summary of the MICs is shown in Table 1. All CR-Eco isolates were susceptible to tigecycline. One CR-Eco and 13 CR-Kpn isolates were resistant to polymyxin B. There were 97.2% BSIs CR-Kpn isolates susceptible to tigecycline. Resistance to amikacin was observed in one CR-Pae isolate. In addition, all CR-Pae isolates were intermediate to polymyxin B due to no susceptible breakpoint for polymyxin B in the CLSI criterion. It is of note that 44.6% and 36.9% of the CR-Pae isolates remained susceptible to CAZ and ATM, respectively. However, the susceptibility rates of CAZ and ATM were lower in CRE, especially for CR-Kpn. The addition of avibactam to CAZ and ATM restored the activity against CROs (Supplementary Figure S1). The resistance rates of CZA against CR-Eco, CR-Kpn, and CR-Pae were 75.0%, 12.6%, and 18.5%, respectively. Currently, the susceptibility breakpoint for AZA has not been approved. The MIC90 values of AZA against CR-Eco, CR-Kpn, and CR-Pae were 2/4, 1/4, and 64/4 mg/L, respectively.


Table 1 | Antibiotic susceptibility test of the 24 antibiotics.





Carbapenemase Genotype of CZA-Resistant CROs

Screening of the CZA-resistant CR-Eco isolates (42, 75%) revealed that three isolates coexisted with two carbapenemase genes (blaIMP and blaNDM), whereas the other 39 isolates harbored blaNDM.

Among the CZA-resistant CR-Kpn isolates (40, 12.6%), 3 (7.5%), 14 (35%), and 16 (40%) isolates were positive for blaIMP, blaKPC, and blaNDM, respectively. Five isolates (12.5%) were in coexistence with two carbapenemase genes. Two isolates co-harbored blaIMP and blaNDM, and another three isolates carried blaKPC and blaNDM. The other two isolates were not detected in any tested carbapenemase genes.

For the CZA-resistant CR-Pae (12, 18.5%), one isolate harbored blaIMP and four isolates carried blaKPC. However, the other seven isolates were not found in the tested carbapenemase genes (Supplementary Table S1).



MICs of CAZ and ATM With Increased Avibactam Concentration Against CZA-Resistant CROs and CR-Pae With High-Level MIC of AZA

The CIRs of CZA and AZA with increased avibactam concentration are shown in Figure 2. Among the 42 CZA-resistant CR-Eco, the MIC of CZA above 64 mg/L was found in eight isolates with avibactam of 8 mg/L and one isolate with avibactam of 16 mg/L. The MICs of AZA against 41 CZA-resistant CR-Eco were below 0.5 mg/L with avibactam at 8 and 16 mg/L.




Figure 2 | Cumulative inhibition ratios (CIRs) of ceftazidime (CAZ) and aztreonam (ATM) with increased avibactam concentration against ceftazidime–avibactam (CZA)-resistant carbapenem-resistant organisms (CROs) and carbapenem-resistant Pseudomonas aeruginosa (CR-Pae) with a high-level minimum inhibitory concentration (MIC) of aztreonam–avibactam (AZA). (A) CZA against CZA-resistant carbapenem-resistant Escherichia coli (CR-Eco). (B) AZA against CZA-resistant CR-Eco. (C) CZA against CZA-resistant carbapenem-resistant Klebsiella pneumoniae (CR-Kpn). (D) AZA against CZA-resistant CR-Kpn. (E) CZA against CZA-resistant CR-Pae. (F) AZA against CZA-resistant CR-Pae. (G) CZA against CR-Pae with the high-level MIC of AZA. (H) AZA against CR-Pae with the high-level MIC of AZA.



Of the 40 CZA-resistant CR-Kpn, 13 (32.5%) isolates with avibactam at 8 mg/L were observed resistant to CZA, while 37 (92.5%) isolates were susceptible to CZA with avibactam of 16 mg/L. The lower MICs of AZA (≤1 and ≤0.125 mg/L) accounted for 97.5% (39/40) for avibactam of 8 and 16 mg/L, respectively.

The susceptibility rate to CZA of 12 CZA-resistant CR-Pae with 8 and 16 mg/L was 58.3% (7/12). However, the MIC of AZA was higher than 32 mg/L in 11 isolates with 8 mg/L avibactam and 10 isolates with 16 mg/L avibactam.

Among the 32 CR-Pae isolates with high-level MICs of AZA, 62.5% isolates remained susceptible to CZA with avibactam at 4 mg/L. In addition, the rates of susceptibility to CZA (from 62.5% to 84.4%) and AZA (from 0% to 15.6%) increased as the avibactam concentration increased.




Discussion

CROs have been implicated in poorer clinical outcomes than are non-CROs (Lemos et al., 2014; Martin et al., 2018). The approval of new β-lactam/β-lactamase inhibitor combinations against CROs has expanded the options for novel therapeutics (Papp-Wallace, 2019). In our study, AZA showed a much higher antibacterial activity against CRE than did CZA. However, the in vitro antibacterial activity of CZA against CR-Pea was superior to that of AZA. In addition, increased concentration of avibactam enhanced the susceptibility of CZA and AZA to CZA-resistant CROs, especially for CRE.

In the present study, CZA showed a higher antibacterial activity against CR-Kpn (87.4%) than against CR-Eco (25.0%) and CR-Pae (81.5%). The susceptibility rate to CZA of CRE was in keeping with the results of a previous study (Yin et al., 2019). However, the susceptibility rate of CR-Pae was higher than that found in a previous study (81.5% vs. 68.0%). This may be due to the different sources of isolates. Carbapenemase genes revealed that blaNDM was common in CZA-resistant CRE, which was also consistent with other studies (Sader et al., 2017; Yin et al., 2019). In addition, 35% of the CZA-resistant CR-Kpn harbored blaKPC. Current evidence suggests that the overexpression of blaKPC played an important role in CZA resistance (Shen et al., 2017). Interestingly, increased concentration of avibactam improved the in vitro activity of CZA against CRE. These results indicated that CZA with avibactam at 4 mg/L had better activity against K. pneumoniae carbapenemase (KPC)-producing CRE, but not against blaNDM-positive isolates, while CZA with avibactam at 8 and 16 mg/L was active against both blaKPC-positive and blaNDM-positive isolates. However, current studies have demonstrated that avibactam did not present in vitro activity against MBL-producing isolates (Yahav et al., 2020). There are few related studies to explain this phenomenon. Therefore, further investigations are needed to evaluate the mechanism of CZA against New Delhi metallo-β-lactamase (NDM)-producing CRE isolates.

The novel combination AZA is known to be relatively stable against both serine carbapenemases and MBL hydrolysis (Cornely et al., 2020). In our study, the MIC90 values of AZA against CR-Eco and CR-Kpn were 2/4 and 1/4 mg/L, respectively, which are similar to the results of a previous study (Sader et al., 2021). Likewise, a better in vitro antibacterial activity of AZA against CRE, especially for CR-Eco, was observed as the concentration of avibactam increased. However, the susceptibility rate of CR-Pae to AZA was lower than that to CZA in this study. Comparable susceptibility results have been reported as well (Wang et al., 2014; Karlowsky et al., 2017). Seven (58.3%) CZA-resistant CR-Pae isolates were negative for the tested carbapenemase genes. A previous study demonstrated that an upregulation of the efflux systems could result in resistance as well (Masuda et al., 2000). Thus, other mechanisms may have resulted in the high-level MIC of AZA. Fortunately, CZA was still active against 62.5% of CR-Pae with a high-level MIC of AZA. In addition, a further test confirmed that the in vitro antibacterial activity of CZA against CR-Pae with a high-level MIC of AZA was improved with increased concentration of avibactam. Therefore, employing the correlation of the clinical outcomes in different dosing regimens with resistance genotypes in BSIs by CR-Pae should be considered.

This study provides an insight into the activity of CZA and AZA against BSIs-CROs. However, there are also several limitations. Firstly, the isolates were only collected from China, especially in EC, which may be different from the rest of the world. Secondly, the majority of the isolates were CR-Kpn. Thirdly, the surveillance data were for 1 year, so it could not comprehensively reflect the dynamic trends of CROs.



Conclusions

In conclusion, both CZA and AZA showed good in vitro antibacterial activity against BSIs-CROs in China. In addition, CZA showed a higher susceptibility to CR-Kpn and CR-Pae, while AZA was highly active against CRE. Furthermore, the in vitro activity of CZA and AZA was improved against CROs with the increase of avibactam concentration. Rational strategies need to be confirmed in further prospective studies.
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Colonization by multidrug-resistant (MDR) organisms in liver transplant (LT) candidates significantly affects the LT outcome. To date, consensus about patient management is lacking, including microbiological screening indications. This pilot study aimed to evaluate the impact of carbapenem-resistant Klebsiella pneumoniae (CR-KP) colonization in LT paediatric candidates to enable optimal prevention and therapeutic strategies that exploit both clinical and microbiological approaches. Seven paediatric patients colonized by CR-KP were evaluated before and until one-year post LT. At the time of the transplant, patients were stratified based on antibiotic (ATB) prophylaxis into two groups: ‘standard ATB’ (standard ATB prophylaxis), and ‘targeted ATB’ (MDR antibiogram-based ATB prophylaxis). Twenty-eight faecal samples were collected during follow-up and used for MDR screening and gut microbiota 16S rRNA-based profiling. Post-transplant hospitalization duration was comparable for both groups. With the exception of one patient, no serious infections and/or complications, nor deaths were recorded. A progressive MDR decontamination was registered. In the ‘standard ATB’ group, overall bacterial richness increased. Moreover, 6 months after LT, Lactobacillus and Bulleidia were increased and Enterobacteriaceae and Klebsiella spp. were reduced. In the ‘targeted ATB’ group Klebsiella spp., Ruminococcus gnavus, Erysipelotrichaceae, and Bifidobacterium spp. were increased 12 months after LT. In conclusion, both antibiotics prophylaxis do not affect nor LT outcomes or the risk of intestinal bacterial translocation. However, in the ‘standard ATB’ group, gut microbiota richness after LT was increased, with an increase of beneficial lactic acid- and short-chain fatty acids (SCFA)-producing bacteria and the reduction of harmful Enterobacteriaceae and Klebsiella spp. It could therefore be appropriate to administer standard prophylaxis, reserving the use of ATB-based molecules only in case of complications.
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Introduction

The wide, often improper, use of antibiotics over the past few decades has led to the onset of bacterial resistance to antibiotics, which is becoming a global emergency (Tran et al., 2019). Infections caused by multidrug-resistant (MDR) bacteria have a relevant epidemiological value as both nosocomial and community-acquired infections, but also a clinical significance due to the morbidity and mortality that are highly associated with MDR (Colomb-Cotinat et al., 2016).

In solid organ transplantation (SOT), the incidence of bacteraemia due to Gram-negative bacteria, particularly enteric bacteria such as Klebsiella pneumoniae (KP), has significantly increased over time (Singh et al., 2004; Macesic et al., 2018). In endemic areas, the incidence of 1%-18% of carbapenem-resistant- (CR-) KP infections in SOT recipients is similar when comparing liver, kidney, lung, and heart transplants, with mortality reaching 60% (Pouch and Satlin, 2017). A multicentre study on transplanted adult patients who were carrying a CR-Enterobacteriaceae infection (CR-EI), showed a survival rate of 72%, with a median interval of 50 days since CREI to exitus one year after liver transplant (LT) (Huprikar et al., 2016). In comparison, the survival rate of the overall LT patients during the same time was higher than 88% (Adam et al., 2018; Kwong et al., 2020). The majority of these studies focused on adult LT recipients (Hand and Patel, 2016; Ferrarese et al., 2018) while in a paediatric population they are starting to appear (Del Chierico et al., 2018; Sun et al., 2021).

In paediatric age patients, biliary atresia (BA) represents the main indication for LT (Adam et al., 2018; Kwong et al., 2020). Most patients with BA undergo Kasai’s portoenterostomy after diagnosis, which improves survival, although it is burdened by complications such as ascending cholangitis (Cazares et al., 2017). Patients with BA are characterized by specific gut microbiota, likely due to an alteration of the bile flow with an inverse microbial richness proportional to the degree of cholestasis and a reduced abundance of Enterobacter (Tessier et al., 2020). Baek et al. showed that the most prevalent pathogens implicated in cholangitis-related infections are Enterobacteriaceae family members as Escherichia coli, Enterobacter cloacae, and KP (Baek et al., 2020). The gut microbiota represents a large reservoir of MDR bacteria (Gargiullo et al., 2019). In this environment, MDR bacteria can transfer their resistance genes to commensals increasing the pathogenic potential of the microbiota (Baron et al., 2018). This is particularly relevant for frail patients, especially when antibiotic therapies may select MDR bacteria already present in their gut microbiota (Rice, 2008; Biliński et al., 2016). Nevertheless, an eubiotic gut microbiota guarantees protection from gut colonization by MDR microbes through colonization resistance mechanisms (Ubeda et al., 2013), by competing bacteria for space and trophic resources, or by generation of bactericidal factors (Kim et al., 2017). MDR opportunistic pathogens may translocate across the intestinal barrier or contaminate skin and other body sites through catheter or intravenous lines (Lübbert et al., 2014), causing infections and even sepsis (van Schaik, 2015). Moreover, SOT recipients colonized by MDR bacteria may serve as important reservoirs of nosocomial transmission across hospital settings (Pereira and Uhlemann, 2016). Therefore, the monitoring of commensal microbiota alteration during antibiotic (ATB) treatment can assist in preventing and in treating adverse events occurring during antibiotic therapies, especially in SOT recipients.

In this context, this pilot study aimed to estimate the impact of MDR colonization on a small cohort of paediatric LT patients. Clinical evaluation, MDR bacteria monitoring, and gut microbiota profiling were evaluated to design optimal prevention and therapy strategies for these patients.



Materials and Methods


Study Population

We performed a longitudinal case study, enrolling paediatric patients affected by chronic liver disease or with other indications for LT with evidence of intestinal colonization by MDR bacteria.

From April 2015 to April 2018, the Paediatric Unit of Hepatology and Liver Transplantation Centre at Bambino Gesù Children’s Hospital (OPBG) of Rome, Italy, performed 92 LT procedures. As per hospital protocol, infectious diseases’ screening panels were performed before entering the transplant waiting list, including culture- and molecular-based microbiological assays. All patients were screened for KP by rectal swabs before LT. Seven out of 92 patients, regardless of being asymptomatic, resulted in being colonized by CR-KP. Since diagnosis, CR-KP intestinal colonization was regularly monitored, during a time-course up to 12 months since LT. Moreover, clinical course, including surgical and infectious complications, in the pre-, during and post-transplantation period was monitored. The clinical features of the colonized patients are reported in Table 1.


Table 1 | Clinical features of the seven CR-KP colonized patients who underwent liver transplant (LT).



Before the administration of perioperative ATB prophylaxis, the enrolled patients were stratified into two groups: ‘standard ATB group’, in which 3 patients received a standard ATB prophylactic therapy according to the OPBG protocol; and ‘targeted ATB’ group, in which 4 patients received an MDR antibiogram-based ATB prophylaxis.

Written informed consent was obtained from the patient’s parents. The study was conducted in accordance with the Declaration of Helsinki. The protocol was approved by Bambino Gesù Children’s Hospital Ethics Committee (Protocol Number 1538).



Microbiological Assays

Rectal swabs were inoculated on MacConkey medium (Biomerieux, Marcy l’Etolie, France) and meropenem at 10 µg/ml was added. The identification of bacterial isolates was performed by MALDI-TOF MS (Seng et al., 2009). According to EUCAST guidelines (www.eucast.org), the isolates of Enterobacterales with meropenem MIC >0.5 µg/ml were submitted to a synergistic effect, modified Hodge tests (Centers for Disease Control and Prevention (CDC), 2009) and real-time PCR Xpert Carba-R (Cepheid, Sunnyvale, CA, USA). The bla gene encoding for Klebsiella pneumoniae carbapenemase (blaKPC), New Delhi Metallo-β-lactamase (blaNDM), Verona Integron-encoded Metallo-β-lactamase (blaVIM), oxacillinase (blaOXA-48-48-181-232) and imipenenase Metallo-β-lactamase (blaIMP-1) were tested.



Gut Microbiota Profiling

Stool samples were collected from each patient before LT (pre), 1 month (1M), 6 (6M), and 12 months (12M) after LT. Each sample was immediately frozen at -80°C until treatment.

DNA was manually extracted from each sample using QIAmp Fast DNA stool mini kit (Qiagen, Germany) (Illumina, San Diego, CA) (Romani et al., 2020). The bacterial library was obtained by the amplification of 16S rRNA variable regions V3–V4 (~460 bp) (primer pair: 16S_F 5′-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC AG-3′ and 16S_R 5′-TC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG TAT CTA ATC C-3′) described in MiSeq rRNA Amplicon Sequencing protocol (Illumina, San Diego, CA). The PCR reactions were performed using 2x KAPA Hifi HotStart ready Mix (KAPA Biosystems Inc., Wilmington, MA, USA). Negative (absence of template) and positive (standard DNA) controls were introduced to monitor and exclude eventual external and internal contaminations. DNA amplicons were cleaned-up by AMPure XP beads (Beckman Coulter Inc., Beverly, MA, USA). The indexing PCR was performed using Illumina Nextera adaptor-primers (Illumina). Each library was cleaned-up by 50 ul of AMPure XP beads, quantified by Quant-iT™ PicoGreen® dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA), and diluted to the final concentration of 4 nM. Finally, all samples were pooled and sequenced on an Illumina MiSeqTM platform (Illumina). Raw sequences were analyzed by QIIME 1.9.1 software (Caporaso et al., 2010). Reads were clustered into Operational Taxonomic Units (OTUs) at 97% identity by UCLUST (Edgar, 2010) against the Greengenes 13.8 database (DeSantis et al., 2006). Analyses of alpha- and beta-diversity were performed by QIIME 1.9.1 software. Statistical tests (Mann Whitney, Wilcoxon, Benjamini-Hochberg tests) on OTUs relative abundances were computed by SPSS v. 20 software (IBM statistics).

Linear Discriminant Analysis (LDA) effect size (LEfSe) was used to identify OTUs with significantly different abundances between groups (Segata et al., 2011). The alpha value of 0.05 and an effect size threshold of two were used to identify the significant microbial taxa associated with each patient’s group.

All raw sequencing reads are available at the NCBI BioProject database (PRJNA741471) (https://www.ncbi.nlm.nih.gov/bioproject/).




Results


Patient Characteristics

The seven colonized patients (6/7 females, median age of 1.6 years), coming from different European countries (71.4% foreigner, 28.6% Italian), were admitted to the Paediatric Unit of Hepatology and Liver Transplantation Centre, already CR-KP positive. All patients were affected by BA, and six of them underwent Kasai’s portoenterostomy procedure before admission to our Centre (Table 1). After confirmation of CR-KP colonization, the use of antibiotics was avoided as for routine protocol, except for those patients with acute bacterial infections. All infection sites were monitored by culture-based procedures (i.e., blood, urine, etc.).

In only one patient, CR-KP-induced sepsis occurred before the LT, with simultaneous positivity of pharyngeal swab and urine samples. The infection was effectively treated with tigecycline and gentamicin, according to the antibiogram profile, resulting in persistent negative blood cultures regardless of positive stool cultures until LT. The LTs were performed from living donors in 5/7 cases. All patients underwent standard immunosuppressive regimen with basiliximab, and steroids’ boli plus oral tacrolimus continued as monotherapy from day 5 post-LT.

At the time of LT, patients were grouped based on antibiotic prophylaxis. Three patients, were treated by a usual antibiotic protocol based on the association of ampicillin and second-generation cephalosporin, were grouped in the ‘standard ATB’ group. Four patients, treated with antibiotic prophylaxis designed according to antibiotic sensitivity for CR-KP, were grouped in the ‘targeted ATB’ group (Table 2). As per our protocol, antibiotic prophylaxis is first administered in the surgical operating room and continued for 5 days if the patient was stable without any sign of sepsis. Systemic antifungals are used only in selected patients (e.g., acute liver failure, patients with cystic fibrosis or on dialysis, re-transplant, etc.).


Table 2 | Antibiotics used during liver transplantation in ‘Targeted ATB’ group.



For both groups, the average post-transplant hospitalization period was comparable, 26.67 days for the standard group vs 33 days for the targeted ATB group (p>0.05). No deaths were recorded during the entire follow up. Except for Pneumocystis jirovecii pneumonia prophylaxis with trimethoprim/sulfamethoxazole for 6 months after transplantation, none received any further ATB treatment. The LT-related infectious, surgical complications, and rejection episodes were recorded immediately after LT (within the first month), and during long-term follow-up (from the first to the twelfth month) (Table 3).


Table 3 | Observed post-transplant infections and clinical complications.



For the ‘targeted ATB’ group, in the first month after LT, three systemic viral infections (cytomegalovirus [CMV], Human Herpes Virus 6 [HHV6]), and three peritoneal fluid bacterial infections (Enterococcus, Staphylococcus, Vancomycin-resistant Enterococci, [VRE]), were registered and successfully treated with specific therapy (Table 3). No surgical complications and only acute graft rejection were reported. In two of these four patients, CR-KP was isolated in the peritoneal fluid, urine, and pharynx, after LT. After six months, two episodes of acute graft rejection were registered, while in the following 11 months, one CR-KP infection triggered by dilatation of biliary stenosis was reported.

For the ‘standard ATB’ group one viremia episode (i.e., Adenovirus), two peritoneal fluid infections from Enterococcus and Candida parapsilosis, one biliary leakage with fistula formation, and one acute graft rejection occurred (Table 3). Moreover, one Epstein-Barr virus (EBV) infection was reported; one biliary stenosis and one episode of gastrointestinal bleeding were registered after 4 and 6 months, respectively. A further acute graft rejection occurred 6 months after LT (Table 3).

During the entire observational period, a progressive MDR faecal decontamination was detected in 6 out of 7 children. In particular, the patients who received ‘standard ATB’ incurred faecal decontamination 1.33 ± 0.58 months from the LT; while the patients who received the ‘targeted ATB’, obtained faecal decontamination in 10.25 ± 9.32 months. No statistical difference between faecal decontamination periods was observed.

In total, we registered a single serious infection, sepsis induced by CR-KP in one child of the ‘targeted ATB’ group 2 months post-LT. This patient suffered a similar septic episode before LT and, interestingly, after 2 years post-LT was still colonized by MDR bacteria, despite being asymptomatic.



Gut Microbiota Ecology and Profiling in ‘Targeted’ and ‘Standard ATB’ Groups

One month after LT, a reduction of microbiota richness was observed for the ‘standard ATB’ group. Six months after LT, a statistical increment of microbiota richness in the ‘standard ATB’ group was observed; while 12 months after LT, the microbiota richness resulted for both groups being comparable (Figure 1).




Figure 1 | Microbiota ecology. (A) Whisker box plots of Shannon index of ‘targeted ATB’ and ‘standard ATB’ groups are reported for 1M, 6M and 12M points of the follow-up. The boxes display the minimum, first quartile, median, third quartile, and maximum of Shannon index for each group. Star indicates the statistically significant comparison at 6 months (M) (p value<0.05). (B) Principal Coordinates Analysis (PCoA) plot of ‘targeted ATB’ and ‘standard ATB’ groups for 1M, 6M and 12M points of the follow-up. The plot shows the first two principal axes for PCoA using unweighted UniFrac algorithm.



Analyzing the gut microbiota composition at the phylum level, at 1 month after LT, Bacteroidetes results were higher in the ‘targeted ATB’ group compared to the ‘standard ATB’ group. At 12 months the pattern was inverted (p<0.05). Firmicutes were increased in the ‘standard ATB’ group 1 month after LT compared to the ‘targeted ATB’ group (p<0.05) (Figure 2).




Figure 2 | Whisker box plots of phylum distribution. Relative abundances of the main phyla for both ‘targeted ATB’ and ‘standard ATB’ groups are reported for 1M, 6M and 12M points of the follow-up. The boxes display the minimum, first quartile, median, third quartile, and maximum of phyla relative abundances for each subgroup. Stars indicate the statistically significant comparisons obtained by Mann Whitney test (p value<0.05).



Comparing the microbial content at the genus/species level, there were no statistical differences between the two groups one month after LT. After 6 months, Bacteroides ovatus distribution was increased in the ‘targeted ATB’ group, while Lactobacillus spp. and Bulleidia were increased in the ‘standard ATB’ group (Figure 3). At 12 months, Lactobacillus spp. and Dialister spp. Were increased in the ‘standard ATB’ group, while Klebsiella spp., Ruminococcus gnavus, Erysipelotrichaceae, and Bifidobacterium spp. increased in the ‘targeted ATB’ group (Figure 3).




Figure 3 | Linear Discriminant Analysis Effect Size (LEfSe) for the ‘targeted ATB’ and ‘standard ATB’ groups. The graphs display the differentially expressed OTUs in the ‘targeted ATB’ and ‘standard ATB’ groups, ranked by effect size performed at 6 and 12 months after LT.





Evaluation of Enterobacteriaceae and Klebsiella spp. Persistence in the ‘Targeted’ and ‘Standard ATB’ Groups

Analyzing the persistence of Enterobacteriaceae and Klebsiella spp., no statistically significant variation was observed. However, Enterobacteriaceae were very high (around 60% of the entire microbiota content) in both ATB groups in the pre-LT time-point. One month after LT, OTUs were more reduced in the ‘targeted ATB’ group compared to the ‘standard ATB’ group. After 6 months, Enterobacteriaceae increased prevalently in the ‘targeted ATB’ than in the ‘standard ATB’ group, until their reduction in both groups 12 months after LT (Figure 4). Regarding Klebsiella spp., in the ‘targeted ATB’ group, a constant progressive reduction of the relative abundance of this microorganism was observed along the follow-up time-course. In the ‘ATB standard’ group, an increment after 1 month and then the reduction towards minimal values from 6 months were observed (Figure 4).




Figure 4 | Whisker box plots of Enterobacteriaceae and Klebsiella spp. distribution. Relative abundances of Enterobacteriaceae and Klebsiella spp. are reported at each time-point for both ‘targeted ATB’ and ‘standard ATB’ groups. The boxes display the minimum, first quartile, median, third quartile, and maximum of Enterobacteriaceae and Klebsiella spp. relative abundances. The blue and orange lines evidence the trend of relative abundance for ‘targeted ATB’ and ‘standard ATB’ groups, respectively.






Discussion

The MDR screening program carried out at our Centre allowed us to perform early identification of MDR bacteria for either infected or colonized patients, thus avoiding the infection spreading. Moreover, this approach allowed for the implementation of “ad hoc” intervention strategies, especially for patients coming from European countries without any previous microbiological information, which represent most of the patients (71.4%). Furthermore, through this screening, we were able to distinguish MDR microbe “carrier” patients before transplant from those who contracted the infection from the graft and/or in the period following the transplant. This information is useful especially in split liver and multi-organ transplants from a single donor for which the early intercommunication amongst recipient centers about the possible status of the organ’s carrier may be helpful for patient management following transplant (Mularoni et al., 2015; Errico et al., 2019). Awareness of the high vulnerability of these patients, especially in the early stages, leads to the wide use of antibiotics, but in MDR-colonized patients, it is not yet well established whether it is necessary to empirically resort to targeted antibiotics or use standard prophylactic therapy.

In 2018, the group for the ‘Study of Infection in Transplantation of the Spanish Society of Infectious Diseases and Clinical Microbiology and Spanish Network for Research in Infectious Diseases’ did not recommend a surgical prophylaxis regimen different from the local standard for adult recipients colonized with CP-Enterobacteriaceae before LT (Aguado et al., 2018). Moreover, previous studies have been conducted only for MDR infection in LT during outbreaks, over limited time periods, or with a retrospective modality (Birgand et al., 2013; Feldman et al., 2013; Lübbert et al., 2014; Sun et al., 2021).

The prophylaxis of paediatric patients affected by MDR bacteria with targeted antibiotics still represents an open avenue and it is important to increase consciousness of the risks of over-treatment. For this reason, different ATB prophylactic regimens in homogeneous groups of MDR bacteria affected paediatric patients need to be assessed. Our multi-disciplinary approach allowed us to evaluate the reduction of antibiotic mismanagement during the transplant waiting list. Moreover, we also evaluated the impact of post-operative complications without affecting the rates of morbidity and mortality (up to 12 months) of our patients’ compared to non-MDR patients, especially in the first phases after transplant, where intense immunosuppression is required. Moreover, in our cohort, post-transplant complications including reoperation or surgery complications, rejection incidence, and infections, were similar in both groups, both in the immediate post-transplant and in the medium and long follow-up period. This evidence suggests that MDR microbe ‘targeted ATB’ prophylaxis associated with LT prevents neither the onset of complications related to the transplantation itself, nor the risk of bacterial translocation from the gastrointestinal tract, nor the post-LT hospitalization length. In the case of sepsis, we used a combination of antibiotics rather than a monotherapy with a good outcome, as recommended by scientific literature (Bassetti et al., 2018), suggesting that targeted-ATB therapy represents a valid choice in the case of effective treatment and not for prophylaxis. Of course, the use of other therapies (antibiotic, antiviral, and antifungal) in the post-transplant period may potentially affect the outcome but, since the complications are similar in the two groups, we consider additional therapies as part of the normal management of transplant patients.

In our previous study, performed in a single case study, we proposed microbiota profiling in the clinical management of these transplant patients. Our evidence opened a new point of view that may guide clinicians on the choice of the appropriate antibiotic strategies and monitor the MDR colonization and microbiota eubiotic reversion after MDR colonization and ATB treatment insults (Del Chierico et al., 2018). The identification of high-risk patients by microbial signatures may allow for tailored interventions and an improvement in LT outcomes (Annavajhala et al., 2019).

Our results demonstrate a faster increase in microbiota richness in the medium term after standard ATB therapy, suggesting a more rapid restoration of gut microbiota eubiosis compared to the ATB targeted therapy. Moreover, the standard treatment produced a positive effect in the increment of the beneficial Actinobacteria and Bacteroidetes and the reduction of potentially harmful Proteobacteria compared to the ATB targeted treatment, even in the medium- and long-term. In particular, the microbiota of patients treated by standard ATB therapy was enriched in beneficial microorganisms like Lactobacillus spp., Bulleidia, and Dialister, which are natural producers of antimicrobials and short chain fatty acids (SCFAs) (Umu et al., 2017). On the contrary, the microbiota of the patients treated by targeted therapy was enriched in the highly immunogenic Erysipelotrichaceae family (Kaakoush, 2015), in the inflammatory polysaccharide producer, such as Ruminococcus gnavus, and in the opportunistic pathogen as Klebsiella spp. (Martin and Bachman, 2018). Furthermore, both treatments reduced the abundance of Enterobacteriaceae at the end of the follow up, but the standard therapy seemed to anticipate this effect at 6 months, while the targeted one was affected only at 12 months. In addition, in standard ATB prophylaxis Klebsiella spp. was completely eradicated, while in targeted ATB prophylaxis a slight and progressive reduction of it was observed, even maintaining positivity until 12 months.



Conclusion

Despite the small number of patients – due to the fact that hepatic transplantation in paediatric age patients is less common than in adults and the presence of MDR bacteria in these patients, which, fortunately, does not cover a wide range of cases – this study offers an innovative discussion of the management of paediatric MDR patient candidates to LT, by addressing multiple aspects of this problem. To the best of our knowledge and despite the limitations outlined below, this is the first study analyzing MDR bacteria colonization and microbiota profiling in a paediatric population undergoing LT, comparing two antibiotic prophylactic regimens (standard vs targeted) in the management of these patients. In our case series, colonization with MDR bacteria did not represent a contraindication for LT; the presence of MDR bacteria at the time of transplant did not compromise the prognosis and almost all patients had progressive decontamination, mainly after being discharged. Early MDR microbe identification and active surveillance may allow clinicians to establish a specific strategy of prevention and targeted treatment in case of complications, avoiding broad-spectrum antibiotic overuse. The routine use of a ‘targeted ATB’ therapy during transplantation does not seem to bring benefits either from a clinical or microbiological point of view.

These gut microbiota profiling results are noteworthy in the description of the impact of each therapy on this complex ecosystem, especially in the presence of CR-KP colonization. In particular, standard therapy was effective in early decontamination of CR-KP, restoring gut microbiota eubiosis, beneficial bacteria growth, and the spontaneous reduction of Klebsiella spp.

Based upon the results of this study, we suggest that for MDR microbe colonized patients it would be appropriate to use a standard protocol of prophylaxis for LT management, reserving the use of targeted antibiotics only in case of serious complications.
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Background

This study aimed to determine the molecular characteristics of carbapenem-resistant Klebsiella pneumoniae (CRKP) isolates in a hospital in western Chongqing, southwestern China.



Methods

A total of 127 unique CRKP isolates were collected from the Yongchuan Hospital of Chongqing Medical University, identified using a VITEK-2 compact system, and subjected to microbroth dilution to determine the minimal inhibitory concentration. Enterobacteriaceae intergenic repeat consensus polymerase chain reaction and multilocus sequence typing were used to analyze the homology among the isolates. Genetic information, including resistance and virulence genes, was assessed using polymerase chain reaction. The genomic features of the CRKP carrying gene blaKPC-2 were detected using whole-genome sequencing.



Results

ST11 was the dominant sequence type in the homology comparison. The resistance rate to ceftazidime-avibactam in children was much higher than that in adults as was the detection rate of the resistance gene blaNDM (p < 0.0001). Virulence genes such as mrkD (97.6%), uge (96.9%), kpn (96.9%), and fim-H (84.3%) had high detection rates. IncF (57.5%) was the major replicon plasmid detected, and sequencing showed that the CRKP063 genome contained two plasmids. The plasmid carrying blaKPC-2, which mediates carbapenem resistance, was located on the 359,625 base pair plasmid IncFII, together with virulence factors, plasmid replication protein (rep B), stabilizing protein (par A), and type IV secretion system (T4SS) proteins that mediate plasmid conjugation transfer.



Conclusion

Our study aids in understanding the prevalence of CRKP in this hospital and the significant differences between children and adults, thus providing new ideas for clinical empirical use of antibiotics.
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Introduction

Carbapenem-resistant Klebsiella pneumoniae (CRKP) has received increasing attention worldwide because of the widespread misuse of carbapenem antibiotics, with CRKP difficult to treat (Gong et al., 2018; Yungyuen et al., 2021). Several factors contribute to the development of CRKP resistance, among which carbapenemase-producing enzymes are the most predominant resistance mechanism (Conte et al., 2016; El-Badawy et al., 2020; Zhang et al., 2021). In 1996, the blaKPC gene was first identified in the United States (Yigit et al., 2001). The CRKP producing KPC enzyme was the most common CRKP isolate in the global outbreak, causing serious endemic epidemics in Europe, America, Asia, and the Middle East (Munoz-Price et al., 2013; Aires-De-Sousa et al., 2019; Rodrigues et al., 2019; Yu et al., 2019). In China, the detection rate of blaKPC-2 is approximately 73% (Zhang et al., 2017). Previous studies have shown that the highest detection rate of blaNDM among K. pneumoniae isolates was in China, where the detection rate was as high as 44.1% (Safavi et al., 2020). The first detection of the OXA-48 enzyme in CRKP was found in a urine sample from a Turkish patient (Poirel et al., 2004), and more than 50 countries reported the OXA-48 outbreak, including Taiwan, Zhejiang, and other areas in China (Lu et al., 2018; Shu et al., 2019).

A case of liver abscess caused by hypervirulent K. pneumoniae (hvKP) infection was first reported in 1986 in Taiwan Province, China (Liu et al., 1986). Since then, hvKP has been reported in many countries, including China, South Korea, Japan, Spain, Madagascar, Cambodia, and Senegal (Cubero et al., 2016; Zhang Y. et al., 2016; Harada et al., 2019; Yoon et al., 2019; Huynh et al., 2020; Parrott et al., 2021). A defining feature of hvKP is its hypermucoid appearance on agar plates. With its unique phenotypic (such as high mucus type and special serotype) and genotypic (such as carrying special virulence genes) characteristics, hvKP has a strong clinical pathogenicity. It can cause infection in patients with low immune function and severe community-acquired infection in young people with normal immune function, and can present migratory spread (Russo and Marr, 2019). HvKP has emerged because of several mechanisms, including pili, lipopolysaccharides, capsular polysaccharides, virulence factors and iron ingestion (Cheng et al., 2010; Lee et al., 2017; Chen et al., 2020). Patients infected with hvKP often show rapid symptom onset and an insidious disease course, making treatment more difficult (Shon and Russo, 2012; Zhang R. et al., 2016; Rahim et al., 2019). Resistance due to CRKP carrying virulence factors increases the failure rate of patient treatment. Therefore, understanding the virulence of CRKP in hospital isolates is vital.

Ceftazidime-avibactam (CAZ-AVI) is currently an effective treatment for carbapenem-resistant Enterobacteriaceae infection and has been approved for treating adults with complicated urinary tract infections (including pyelonephritis), complicated intra-abdominal infections, hospital-acquired pneumonia (including ventilator-associated pneumonia), and other infections caused by aerobic gram-negative bacteria. Avibactam (AVI), an enzyme inhibitor of triethylenediamine, does not contain a beta-lactam ring, and its enzyme inhibition spectrum is broad. AVI acylates the serine residue of beta-lactamase via noncovalent bonding with the beta-lactamase binding region, thus forming an active covalent compound, and the generated product does not undergo hydrolysis. Thus, the intervention has a long-acting enzyme inhibitory effect (Zhanel et al., 2013). In the CAZ-AVI combination, AVI protects the CAZ from degradation via various serine beta-lactamases, thus promoting CAZ-AVI activity. However, many cases of CAZ-AVI resistance have been reported since CAZ-AVI was approved in 2015 (Shields et al., 2016; Wang et al., 2020). The isolates producing metallo-β-lactamases such as blaNDM are not active against CAZ-AVI (Zhang et al., 2020), and the detection rates of blaNDM are different in different populations. Therefore, detecting the in vitro sensitivity of CAZ-AVI to CRKP would aid in understanding the clinical application of CAZ-AVI in CRKP treatment and predicting the application prospects of CAZ-AVI in future clinical treatments.

Sequence type 258 (ST258), an international high-risk epidemic CRKP lineage, is frequent in European and American countries (Wyres et al., 2020), whereas Sequence type 11 is the most common CRKP clone in China, and is part of the clonal complex 258 (CC258) and is a single-locus variant of ST258 (Liao et al., 2020).

We aimed to study a CRKP collection isolated at the Yongchuan Hospital of Chongqing Medical University, revealing their clinical characteristics, determining their resistance and virulence factors, and investigating the possible underlying resistance mechanisms.



Materials and Methods


Sample Collection

A total of 127 non-duplicate clinical CRKP isolates were collected between July 2018 and May 2020 from the Yongchuan Hospital at Chongqing Medical University, a major comprehensive medical center in western Chongqing province with 1480 beds in 47 wards. Age, sex, length of hospital stay, diagnosis, and patient outcomes were collected from the electronic medical records. All isolates were obtained from different clinical departments and were identified using a VITEK-2 automatic microbiological analyzer (bioMérieux, France) and preserved at -80°C for subsequent study. According to the Clinical and Laboratory Standards Institute guidelines (CLSI, 2020), the clinical isolates used in the present study were not susceptible to carbapenems (meropenem, imipenem, or ertapenem). The Ethics Committee determined that patient consent was not required because the present study was retrospective, and the identities of the patients were anonymized.



Antibiotic Susceptibility Testing

Antibiotic susceptibility testing of each isolate was performed using a VITEK-2 compact automatic microbiological analyzer AST-GN card (bioMérieux). The minimum inhibitory concentration refers to the minimum concentration of the compound (µg/mL) required to stop bacterial growth as determined by the microbroth dilution method. Meropenem, imipenem, amikacin, levofloxacin, polymyxin B, tigecycline (TGC), and CAZ-AVI were used to determine the minimum inhibitory concentrations. ATCC 25922, ATCC 700603, and BAA-1705 were used as quality control isolates. The TGC results were interpreted based on the recommendations of the European Committee on Antimicrobial Susceptibility Testing (Testing, 2021), whereas the results for the other antibiotics were interpreted based on the CLSI (2020) criteria.



Enterobacterial Repetitive Intergenic Consensus-Polymerase Chain Reaction (ERIC-PCR)

ERIC-PCR was used for homology analysis with the primer sequences ERIC-1: 5′- ATGTAAGCTCCTGGGGATTCAC-3′ and ERIC-2:5′- AAGTAAGTGACTGGGGTGAGCG-3′. The reaction conditions and system were as previously reported (Ranjbar and Mirsaeed Ghazi, 2013), and the amplified products were electrophoresed on a 1.5% agarose gel and photographed with a UV gel imaging system. The ERIC-PCR electrophoresis cluster analysis was performed using the NTSYS (V2.10e) software. The isolates with a > 90% similarity coefficient of the cluster dendrogram and no significant band differences were determined to have the same genotype.



Multilocus Sequence Typing (MLST)

MLST was performed using seven housekeeping genes of K. pneumoniae that were amplified using primers from online databases (http://bigsdb.pasteur.fr/klebsiella/primers_used.html). PCR products were sequenced, and sequence types (STs) were determined using online database tools https://bigsdb.pasteur.fr/klebsiella/klebsiella.html.



Resistance and Virulence Genes Molecular Detection

All resistance and virulence genes were detected using PCR, and the DNA was extracted using the boiling method (Srisrattakarn et al., 2017; Gong et al., 2018). We detected resistance genes, including carbapenemase genes (blaKPC, blaNDM, blaIMP-4, blaIMP-8, blaVIM-1, blaVIM-2, and blaOXA-48), AmpC beta-lactamase enzymes (blaDHA and blaACC), ESBL genes (blaSHV, blaTEM, blaCTX-M-1, and blaCTX-M-9), and quinolone resistance genes (qnrA, qnrB, qnrS, qepA, and aac(6’)Ib-cr). The virulence genes detected included fim-H, magA, aero, alls, iroNB, kpn, mrkD, rmpA, uge, and wcaG. All primers were obtained from previous studies (Gay et al., 2006; Park et al., 2006; Ma et al., 2009; El Fertas-Aissani et al., 2013; Compain et al., 2014; Wasfi et al., 2016; Jian-Li et al., 2017; Fu et al., 2018; Gong et al., 2018). Positive amplification products were sequenced, and the sequencing results were compared using the Basic Local Alignment Search Tool (BLAST) at https://blast.ncbi.nlm.nih.gov/Blast.cgi.



Identification of Plasmids by PCR Based Replicon Typing (PBRT)

PBRT was performed to classify the plasmids into various incompatibility groups according to a previously described method (Carattoli et al., 2005). Replicons from 18 major plasmid families in Enterobacteriaceae were searched using PBRT: IncK, IncX, IncY, IncF, IncT, IncP, IncI1, IncFIIA, IncFIB, IncL/M, IncN, IncHI2, IncFIA, IncA/C, IncW, IncHI1, IncFIC, and IncB/O. Positive amplification products were sequenced, and the sequencing results were compared using BLAST.



Whole-Genome Sequencing and Analysis

Bacterial genomic DNA was extracted using a MagAttract HWM DNA Mini Kit (cat. no. 67563) from Qiagen. The samples were subjected to third-generation (Nanopore) and second-generation (Illumina Hiseq) whole-genome sequencing by Shanghai Yuanxin Biological Medicine Technology Co., Ltd. Gene prediction for the bacteria was performed using Glimmer3.02. The resistance and virulence genes were identified after the assembled genome was uploaded to ResFinder and the Virulence Factor Database. The PlasmidFinder Database and BLASTn were used to identify the incompatibility groups. Finally, chromosomal and plasmid maps were drawn using the CGView online tool and BRIG (v0.95) respectively. The genetic structure surrounding blaKPC-2 was drawn using Easyfig (v2.2.5). The CRKP063 genomic sequence has been deposited in GenBank under accession no. MZ156798.



Statistical Analysis

Statistical differences among groups were determined using Chi-square and Fisher’s exact tests in SPSS 23.0, and statistical significance was set at p < 0.05.




Results


Analysis of Clinical Information

A total of 127 unique isolates were obtained from 21 hospital departments; 13 isolates were from children and the remainder were from adults. Among these isolates, 56 (44.1%) were from the intensive care unit (ICU), 13 (10.2%) were from the respiratory medicine department, 10 (7.9%) were from the respiratory and critical care medicine department, nine (7.1%) were from the neonatal unit, and the remainder were from the rehabilitation medicine, hepatobiliary surgery, geriatrics, rheumatology, kidney disease, and endocrine departments. Two (1.6%) isolates came from the pediatric ICU, neurological ICU, hematology, infectious disease department, pediatric, orthopedic, and urology departments, and one isolate was obtained from the neurology, neurosurgery, cardiovascular, gastrointestinal surgery, and medical oncology departments. Regarding sources, 72 (56.7%) isolates were obtained from sputum, 23 (18.1%) were obtained from urine, and 19 (15.0%) were obtained from bronchoalveolar lavage fluid; the remainder were obtained from blood, secretions, puncture fluid, and superficial surgery. Most patients had pulmonary disease and were treated with invasive procedures, such as endotracheal intubation or invasive ventilation. The mortality and improvement rates of patients after infection were 8.7% (11/127) and 33.9% (43/127), respectively. Based on the clinical features summarized. most patients with CRKP (61.4%) had used carbapenems.



Results of Antibiotic Susceptibility Testing

Based on the susceptibility testing results, all isolates were identified as multidrug-resistant, defined as resistant to three or more antibiotic classes (Magiorakos et al., 2012), In addition to the high resistance rate of carbapenem antibiotics, CRKPs had high resistance rate to quinolones. The antibiotic resistance rates of polymyxin B, amikacin, and TGC were 42.5%, 38.6%, and 7.9%, respectively. A total of 16 isolates (12.6%) showed resistance to CAZ-AVI, 10 from children (76.9%) and six from adults (5.6%) (p < 0.0001). The susceptibility of CRKP to different antibiotics between children and adults indicated that the resistance rate of CRKP to levofloxacin in adults was significantly higher than that in children (p < 0.05) (Figure 1).




Figure 1 | Susceptibility of CRKP to different antimicrobial agents in children and adults. The left bar for each group represents the antibiotic resistance of children and the right bar represents adults. TGC, tigecycline; CAZ-AVI, ceftazidime-avibactam; AMK, amikacin; PMB, polymyxin B; LEV, levofloxacin; IPM, imipenem; MEM, meropenem.





Homology Comparison

A total of 19 STs were identified among the existing STs in all isolates: 103 (81.1%) belonged to ST11, four (3.1%) belonged to ST1887, three (2.4%) belonged to ST617, two (1.6%) belonged to ST664, and one belonged to each of the other STs. Based on the ERIC-PCR results (Figure 2, Supplementary Figures), six different genotypes (A–F) were observed: 105 (82.7%) were type A, 10 (7.9%) were type B, six (4.7%) were type C, and three pairs were type D, E, and F. The MLST and ERIC-PCR results were not completely consistent; however, both detection methods showed high homology of CRKP in the study hospital.




Figure 2 | ERIC-PCR results. The isolates with > 90%similarity coefficient for the cluster dendrogram and no significant band difference were determined to have the same genotype. “OTHER ISOLATES” refers to 105 isolates in addition to the 22 isolates listed in the figure.





Detection of Resistance and Virulence Genes

Carbapenem resistance genes such as blaKPC-2 (87.4%), blaNDM (11.0%), and blaIMP-4 were detected. blaTEM (79.5%) and blaSHV (56.7%) also had high detection rates. Other ESBLs, such as blaCTX-M-1 (2.4%), blaCTX-M-9 (25.2%) and blaCTX-M-65 (24.4%), which is a common allelic variant of blaCTX-M-9, were detected. blaDHA (3.9%), an AmpC beta-lactamase, was also detected. qnrB (2.4%), qnrS (13.4%), and aac(6’)-Ib-cr (7.1%) were detected among the plasmid-mediated quinolone resistance genes. Most differences in the detection rates of metalloenzymes or serinases, including blaKPC-2, were not statistically significant between children and adults, except for blaNDM, whose detection rate in children was significantly higher than that in adults (p < 0.0001) (Figure 3). Every isolate in our study had at least two resistance genes detected, except for three isolates with only blaTEM.




Figure 3 | Differences in the prevalence of resistance genes between children and adults. ****p < 0.0001.



Regarding virulence genes, mrkD, uge, kpn, and fim-H had high detection rates in each ST classification. rmpA and allS were detected, including 100% ST1887 isolates with allS. Both aero (1.6%) and wcaG (1.6%) were detected twice. iroNB and magA were not detected in the present study. All isolates were detected to have at least three virulence genes, and the co-detection rate of fim-H, kpn, mrkD, and uge was as high as 63.0%. rmpA and aero were detected simultaneously in two isolates (Table 1).


Table 1 | Resistance and virulence genes in different STs.





Identification of Plasmid Incompatibility Groups Using PBRT

PBRT method revealed that 84 (66.1%) plasmid DNAs belonged to single replicon plasmids, including IncF in 73 (57.5%) isolates, IncFIIA in 10 (7.9%) isolates, and IncN in one isolate. A total of 19 (15.0%) isolates carried multiple Inc groups of plasmids, and IncF + IncFIIA was the only combination detected. No Inc groups could be detected in 24 (18.9%) of isolates. Among the 99 ST11 isolates carrying blaKPC-2, 66 (66.7%) carried IncF plasmids (Table 2).


Table 2 | Incompatible plasmids in different ST isolates carrying blaKPC-2 or blaNDM.





Genome Sequencing and Analysis

CRKP063, an isolate carrying blaKPC-2, was subjected to genome sequencing and analysis. After nanopore sequencing and filtering of the raw data, the bacterium had 25,901,842 reads with 9,208,426 base pairs (bp), a G + C content of 60.4%, and 7701 annotated protein-coding sequences. The CRKP063 genome consisted of a circular chromosome of 8,074,931 bp and two plasmids. Resistance genes to aminoglycosides (aph(3´)-IIb), fosfomycin (fosA), phenicols (catB7), and beta-lactams (blaKPC-2, blaOXA-396 and blaSHV-182) were identified using whole-genome sequencing. According to our analysis, 37 rRNA genes, 110 tRNA genes, and 42,108 putative open reading frame genes were present on the circular chromosome (Figure 4A). CRKP063 contained a 359,625 bp IncFII plasmid with the siderophore aerobactin genes (iutA and iucABCD); plasmid replication protein (rep B); stabilizing protein (par A); and type IV secretion system (T4SS) proteins traA, traB, traC, traD, and traM, which mediate plasmid conjugation transfer. BLAST comparison revealed similarity of 71% between the plasmid and p205880-2FIIK (accession no. MN824002.1) (Figure 4B). Comparison of the regions surrounding blaKPC-2 revealed that the plasmid contained multiple mobile genetic elements, including ISkpn27, ISkpn6, Tn3-like transposons, and two copies of IS26 (Figure 5). Outside this plasmid, CRKP063 contained other virulence-associated genes, including adhesin gene type 1 fimbriae (fim-H) and type 3 fimbriae (mrkACDF).




Figure 4 | Schematic circular genome of CRKP063. (A) Chromosome circle map. From the outside to the inside, the first two circles represent the coding sequences on the positive and negative chains. The third circle represents the GC skew value. When the value was positive, the positive chain was more likely to transcribe the CDS, and when it was negative, the negative chain was more likely to transcribe the CDS. The fourth circle represents the GC content, and the outer part indicates that the GC content in this region was higher than the average GC content of the whole-genome. (B) Circle map of the IncFII plasmid carrying the blaKPC-2 gene. The outermost circle represents the plasmid p205880-2FIIK (accession no. MN824002.1), possessing high similarity.






Figure 5 | A schematic diagram of the genetic structure surrounding blaKPC-2. The direction of the arrow represents the direction of transcription.






Discussion

As expected, the department with the highest prevalence of CRKP was the ICU, and the major source was sputum (Zhang et al., 2021). The duration of hospital stay in the same department might indicate that the isolates were disseminated within the departments. All mortality occurred in the ICU (10/11) or respiratory and critical care medicine departments; however, the patients rarely had underlying diseases. We hypothesized that mortality was closely associated with complications.

Among the 13 children and 114 adults, the resistance rate to CAZ-AVI was significantly higher in children than in adults. Therefore, in the clinical use of CAZ-AVI, attention must be paid to this result. In addition, the detection rate of blaNDM in children was significantly higher than that in adults. Our results are similar to those of a previous study indicating that acquiring a blaNDM-5-harboring plasmid led to resistance to CAZ-AVI in KPC-2-producing K. pneumoniae during treatment (Huang et al., 2021). With the CAZ-AVI combination, AVI protects CAZ from degradation by various serine beta-lactamases, thus promoting CAZ-AVI activity. Therefore, the two isolates that contained only blaKPC and blaTEM but were resistant to CAZ-AVI require further investigation.

Polymyxins (including colistin and polymyxin B) are the last resort for treating carbapenem-resistant Enterobacteriaceae infections (Macesic et al., 2020); therefore, the resistance in 42.5% of isolates in our study was concerning. A plasmid-mediated polymyxin resistance gene, mcr-1, was first reported in 2015 (Liu et al., 2016), and China had the highest prevalence of mcr-positive isolates (Nang et al., 2019). However, mcr-1 was not detected in any of the isolates. The reasons for this resistance require further study.

Regarding resistance genes, most (98.4%) isolates had more than two genes, indicating that the multiple resistance of CRKP may be because of multiple gene interactions. In the present study, blaKPC-2 was the main carbapenem resistance gene, which agrees with the current prevalence (Hu et al., 2020). Furthermore, the environment surrounding blaKPC-2 as IS26-tnpR-ISkpn27-KPC-2-ISkpn6-IS26-Tn3 was different from the transposon Tn4401 popular abroad (Bowers et al., 2015) and the transposon Tn1721 popular in china (Wang et al., 2015; Yang et al., 2020). It is a typical plasmid-mediated antibiotic resistance gene that is widely distributed in plasmids of different sizes and types (Jain et al., 2013; Pitout et al., 2015), including IncF, IncI, IncA/C, IncN, IncX, IncR, IncP, IncU, IncW, IncL/M, and ColE (Chen et al., 2014). Based on the differences in plasmid replication, blaKPC exists mainly in the IncF plasmid in eastern China (Hu et al., 2020). Our results showed that when blaKPC-2 and plasmids were detected simultaneously, the plasmid was IncF; therefore, the results were consistent with those from previous studies. IncF + IncFIIA appeared in all isolates carrying blaKPC-2, indicating that plasmids have strong mobility and can be transferred between isolates, causing that spread and diffusion of antibiotic resistance.

KPC resistance plasmids simultaneously contain various virulence and retention factors, thus significantly improving the adaptability of KPC-producing strains to the external environment and facilitating the spread of KPC (Dong et al., 2018). uge, mrkD, kpn, and fim-H were present in almost all CRKP isolates in the present study. A previous study showed that fim-H and mrkD encode distinct types of fimbriae that often cause respiratory and urinary tract infections (Yan et al., 2016). Our clinical data showed that 79.0% of the patients had lung diseases, and 71.7% of isolates were from the respiratory tract. Several studies have indicated that isolates coexpressing the mucus phenotype coding gene (rmpA) and aerobin gene (aero) can be considered hvKP (Siu et al., 2012). Two isolates in our study, belonging to ST1373 and ST23 can be defined as hvKP based on this condition. The detection rate of hvKP in the present study was only 1.6%, indicating that the CRKP isolates in this hospital were not yet highly virulent. This result is consistent with those of our previous study in the ICU (Zeng et al., 2021). Several studies have observed that hvKP over time has been susceptible to antibiotics and related mainly to community-acquired infections (Klaper et al., 2021). However, there are reports where this has been reversed and hvKP with antibiotic resistance and involved in infections associated with hospital care are gradually beginning to appear (Gu et al., 2018).

Based on a comparison of MLST and ERIC-PCR, we concluded that all isolates from the hospital had a high degree of homology, particularly in ST11 (81.1%), in agreement with the prevalence in China (Qi et al., 2011; Liao et al., 2020). ST11 has recently been reported elsewhere in China, causing fatal infections and high mortality rates in other hospitals (Hu et al., 2020; Qiao et al., 2020). We concluded that all isolates had high homology based on the similarity coefficients of different clusters by ERIC-PCR. One novel allele of locus infB in MLST was found in the present study, which was defined as infB-236. In addition, three new STs were identified. ST1887 CRKP is a ST commonly found in our hospital, accounting for 3.1% of cases. All four ST1887 isolates expressed the blaNDM and blaTEM resistance genes, and the virulence genes of uge, fim-H, mrkD, and allS, which were higher than those in ST11 CRKP, particularly blaNDM (p < 0.0001) and allS (p < 0.0001) (Table 1).

In summary, ST11 CRKP isolates with blaKPC-2 remain widespread in western Chongqing, southwestern China, and transmission within the hospital should be monitored, and effectively controlled. Effective measures should be taken to prevent further expansion of multi-drug resistant bacteria.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, MZ156798.



Ethics Statement

The studies involving human participants were reviewed and approved by The Ethics Committee of Yongchuan Hospital of ChongQing Medical University. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author Contributions

BL and XZ conceived of and designed the study. WH and JZ wrote this paper and contributed equally to this work. LZ, CY, LY, and KH performed the experiments. JW, JL, and XL analyzed the data. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by General projects of Chongqing Natural Science Foundation (cstc2020jcyj-msxm0067), Yongchuan Natural Science Foundation (2021yc-jckx20053) and Talent introduction project of Yongchuan Hospital of Chongqing Medical University (YJYJ202005, YJYJ202004).



Acknowledgments

We would like to thank the curators of the Institute Pasteur MLST system (Paris, France) for information about novel alleles, profiles, andr isolates available at http://bigsdb.web.pasteur.fr. We would also like to thank Dr. Yu YunSong from Sir Run Run Shaw Hospital affiliated with Zhejiang University for providing the EC600 isolates.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.775740/full#supplementary-material



References

 Aires-De-Sousa, M., Ortiz de la Rosa, J. M., Goncalves, M. L., Pereira, A. L., Nordmann, P., and Poirel, L. (2019). Epidemiology of Carbapenemase-Producing Klebsiella Pneumoniae in a Hospital, Portugal. Emerg. Infect. Dis. 25, 1632–1638. doi: 10.3201/eid2509.190656

 Bowers, J. R., Kitchel, B., Driebe, E. M., Maccannell, D. R., Roe, C., Lemmer, D., et al. (2015). Genomic Analysis of the Emergence and Rapid Global Dissemination of the Clonal Group 258 Klebsiella Pneumoniae Pandemic. PloS One 10, e0133727. doi: 10.1371/journal.pone.0133727

 Carattoli, A., Bertini, A., Villa, L., Falbo, V., Hopkins, K. L., and Threlfall, E. J. (2005). Identification of Plasmids by PCR-Based Replicon Typing. J. Microbiol. Methods 63, 219–228. doi: 10.1016/j.mimet.2005.03.018

 Cheng, H. Y., Chen, Y. S., Wu, C. Y., Chang, H. Y., Lai, Y. C., and Peng, H. L. (2010). RmpA Regulation of Capsular Polysaccharide Biosynthesis in Klebsiella Pneumoniae CG43. J. Bacteriol 192, 3144–3158. doi: 10.1128/JB.00031-10

 Chen, Y., Marimuthu, K., Teo, J., Venkatachalam, I., Cherng, B. P. Z., De Wang, L., et al. (2020). Acquisition of Plasmid With Carbapenem-Resistance Gene Blakpc2 in Hypervirulent Klebsiella Pneumoniae, Singapore. Emerg. Infect. Dis. 26, 549–559. doi: 10.3201/eid2603.191230

 Chen, L., Mathema, B., Chavda, K. D., Deleo, F. R., Bonomo, R. A., and Kreiswirth, B. N. (2014). Carbapenemase-Producing Klebsiella Pneumoniae: Molecular and Genetic Decoding. Trends Microbiol. 22, 686–696. doi: 10.1016/j.tim.2014.09.003

 CLSI (2020). “Performance Standards for Antimicrobial Suceptibility Testing,” in CLSI Supplement M100, 30th. Ed.  P. A. Wayne (Wayne, PA, USA: Clinical and Laboratory Standards Institute).

 Compain, F., Babosan, A., Brisse, S., Genel, N., Audo, J., Ailloud, F., et al. (2014). Multiplex PCR for Detection of Seven Virulence Factors and K1/K2 Capsular Serotypes of Klebsiella Pneumoniae. J. Clin. Microbiol. 52, 4377–4380. doi: 10.1128/JCM.02316-14

 Conte, V., Monaco, M., Giani, T., D'ancona, F., Moro, M. L., Arena, F., et al. (2016). Molecular Epidemiology of KPC-Producing Klebsiella Pneumoniae From Invasive Infections in Italy: Increasing Diversity With Predominance of the ST512 Clade II Sublineage. J. Antimicrob. Chemother. 71, 3386–3391. doi: 10.1093/jac/dkw337

 Cubero, M., Grau, I., Tubau, F., Pallares, R., Dominguez, M. A., Linares, J., et al. (2016). Hypervirulent Klebsiella Pneumoniae Clones Causing Bacteraemia in Adults in a Teaching Hospital in Barcelona, Spai-2013). Clin. Microbiol. Infect. 22, 154–160. doi: 10.1016/j.cmi.2015.09.025

 Dong, N., Lin, D., Zhang, R., Chan, E. W., and Chen, S. (2018). Carriage of blaKPC-2 by a Virulence Plasmid in Hypervirulent Klebsiella Pneumoniae. J. Antimicrob. Chemother. 73, 3317–3321. doi: 10.1093/jac/dky358

 El-Badawy, M. F., El-Far, S. W., Althobaiti, S. S., Abou-Elazm, F. I., and Shohayeb, M. M. (2020). The First Egyptian Report Showing the Co-Existence of Bla (NDM-25), Bla (OXA-23), Bla (OXA-181), and Bla (GES-1) Among Carbapenem-Resistant K. Pneumoniae Clinical Isolates Genotyped by BOX-PCR. Infect. Drug Resist. 13, 1237–1250. doi: 10.2147/IDR.S244064

 El Fertas-Aissani, R., Messai, Y., Alouache, S., and Bakour, R. (2013). Virulence Profiles and Antibiotic Susceptibility Patterns of Klebsiella Pneumoniae Strains Isolated From Different Clinical Specimens. Pathol. Biol. (Paris) 61, 209–216. doi: 10.1016/j.patbio.2012.10.004

 Fu, L., Huang, M., Zhang, X., Yang, X., Liu, Y., Zhang, L., et al. (2018). Frequency of Virulence Factors in High Biofilm Formation blaKPC-2 Producing Klebsiella Pneumoniae Strains From Hospitals. Microb. Pathog. 116, 168–172. doi: 10.1016/j.micpath.2018.01.030

 Gay, K., Robicsek, A., Strahilevitz, J., Park, C. H., Jacoby, G., Barrett, T. J., et al. (2006). Plasmid-Mediated Quinolone Resistance in non-Typhi Serotypes of Salmonella Enterica. Clin. Infect. Dis. 43, 297–304. doi: 10.1086/505397

 Gong, X., Zhang, J., Su, S., Fu, Y., Bao, M., Wang, Y., et al. (2018). Molecular Characterization and Epidemiology of Carbapenem Non-Susceptible Enterobacteriaceae Isolated From the Eastern Region of Heilongjiang Province, China. BMC Infect. Dis. 18, 417. doi: 10.1186/s12879-018-3294-3

 Gu, D., Dong, N., Zheng, Z., Lin, D., Huang, M., Wang, L., et al. (2018). A Fatal Outbreak of ST11 Carbapenem-Resistant Hypervirulent Klebsiella Pneumoniae in a Chinese Hospital: A Molecular Epidemiological Study. Lancet Infect. Dis. 18, 37–46. doi: 10.1016/S1473-3099(17)30489-9

 Harada, S., Aoki, K., Yamamoto, S., Ishii, Y., Sekiya, N., Kurai, H., et al. (2019). Clinical and Molecular Characteristics of Klebsiella Pneumoniae Isolates Causing Bloodstream Infections in Japan: Occurrence of Hypervirulent Infections in Health Care. J. Clin. Microbiol. 57 (18), e01206–19. doi: 10.1128/JCM.01206-19

 Huang, J., Zhang, S., Zhao, Z., Chen, M., Cao, Y., and Li, B. (2021). Acquisition of a Stable and Transferable Bla NDM-5-Positive Plasmid With Low Fitness Cost Leading to Ceftazidime/Avibactam Resistance in KPC-2-Producing Klebsiella Pneumoniae During Treatment. Front. Cell Infect. Microbiol. 11, 658070. doi: 10.3389/fcimb.2021.658070

 Hu, Y., Liu, C., Shen, Z., Zhou, H., Cao, J., Chen, S., et al. (2020). Prevalence, Risk Factors and Molecular Epidemiology of Carbapenem-Resistant Klebsiella Pneumoniae in Patients From Zhejiang, Chin-2018. Emerg. Microbes Infect. 9, 1771–1779. doi: 10.1080/22221751.2020.1799721

 Huynh, B. T., Passet, V., Rakotondrasoa, A., Diallo, T., Kerleguer, A., Hennart, M., et al. (2020). Klebsiella Pneumoniae Carriage in Low-Income Countries: Antimicrobial Resistance, Genomic Diversity and Risk Factors. Gut Microbes 11, 1287–1299. doi: 10.1080/19490976.2020.1748257

 Jain, R., Walk, S. T., Aronoff, D. M., Young, V. B., Newton, D. W., Chenoweth, C. E., et al. (2013). Emergence of Carbapenemaseproducing Klebsiella Pneumoniae of Sequence Type 258 in Michigan, USA. Infect. Dis. Rep. 5, e5. doi: 10.4081/idr.2013.e5

 Jian-Li, W., Yuan-Yuan, S., Shou-Yu, G., Fei-Fei, D., Jia-Yu, Y., Xue-Hua, W., et al. (2017). Serotype and Virulence Genes of Klebsiella Pneumoniae Isolated From Mink and its Pathogenesis in Mice and Mink. Sci. Rep. 7, 17291. doi: 10.1038/s41598-017-17681-8

 Klaper, K., Wendt, S., Lubbert, C., Lippmann, N., Pfeifer, Y., and Werner, G. (2021). Hypervirulent Klebsiella Pneumoniae of Lineage ST66-K2 Caused Tonsillopharyngitis in a German Patient. Microorganisms 9 (18), 133. doi: 10.3390/microorganisms9010133

 Lee, C. R., Lee, J. H., Park, K. S., Jeon, J. H., Kim, Y. B., Cha, C. J., et al. (2017). Antimicrobial Resistance of Hypervirulent Klebsiella Pneumoniae: Epidemiology, Hypervirulence-Associated Determinants, and Resistance Mechanisms. Front. Cell Infect. Microbiol. 7, 483. doi: 10.3389/fcimb.2017.00483

 Liao, W., Liu, Y., and Zhang, W. (2020). Virulence Evolution, Molecular Mechanisms of Resistance and Prevalence of ST11 Carbapenem-Resistant Klebsiella Pneumoniae in China: A Review Over the Last 10 Years. J. Glob Antimicrob. Resist. 23, 174–180. doi: 10.1016/j.jgar.2020.09.004

 Liu, Y.-C., Cheng, D.-L., and Lin, C.-L. (1986). Klebsiella Pneumoniae Liver Abscess Associated With Septic Endophthalmitis. Arch. Internal Med. 146, 1913–1916. doi: 10.1001/archinte.1986.00360220057011

 Liu, Y.-Y., Wang, Y., Walsh, T. R., Yi, L.-X., Zhang, R., Spencer, J., et al. (2016). Emergence of Plasmid-Mediated Colistin Resistance Mechanism MCR-1 in Animals and Human Beings in China: A Microbiological and Molecular Biological Study. Lancet Infect. Dis. 16, 161–168. doi: 10.1016/S1473-3099(15)00424-7

 Lu, M. C., Tang, H. L., Chiou, C. S., Wang, Y. C., Chiang, M. K., and Lai, Y. C. (2018). Clonal Dissemination of Carbapenemase-Producing Klebsiella Pneumoniae: Two Distinct Sub-Lineages of Sequence Type 11 Carrying blaKPC-2 and blaOXA-48. Int. J. Antimicrob. Agents 52, 658–662. doi: 10.1016/j.ijantimicag.2018.04.023

 Macesic, N., Nelson, B., Mcconville, T. H., Giddins, M. J., Green, D. A., Stump, S., et al. (2020). Emergence of Polymyxin Resistance in Clinical Klebsiella Pneumoniae Through Diverse Genetic Adaptations: A Genomic, Retrospective Cohort Study. Clin. Infect. Dis. 70, 2084–2091. doi: 10.1093/cid/ciz623

 Magiorakos, A. P., Srinivasan, A., Carey, R. B., Carmeli, Y., Falagas, M. E., Giske, C. G., et al. (2012). Multidrug-Resistant, Extensively Drug-Resistant and Pandrug-Resistant Bacteria: An International Expert Proposal for Interim Standard Definitions for Acquired Resistance. Clin. Microbiol. Infect. 18, 268–281. doi: 10.1111/j.1469-0691.2011.03570.x

 Ma, J., Zeng, Z., Chen, Z., Xu, X., Wang, X., Deng, Y., et al. (2009). High Prevalence of Plasmid-Mediated Quinolone Resistance Determinants Qnr, Aac(6')-Ib-Cr, and qepA Among Ceftiofur-Resistant Enterobacteriaceae Isolates From Companion and Food-Producing Animals. Antimicrob. Agents Chemother. 53, 519–524. doi: 10.1128/AAC.00886-08

 Munoz-Price, L. S., Poirel, L., Bonomo, R. A., Schwaber, M. J., Daikos, G. L., Cormican, M., et al. (2013). Clinical Epidemiology of the Global Expansion of Klebsiella Pneumoniae Carbapenemases. Lancet Infect. Dis. 13, 785–796. doi: 10.1016/S1473-3099(13)70190-7

 Nang, S. C., Li, J., and Velkov, T. (2019). The Rise and Spread of Mcr Plasmid-Mediated Polymyxin Resistance. Crit. Rev. Microbiol. 45, 131–161. doi: 10.1080/1040841X.2018.1492902

 Park, C. H., Robicsek, A., Jacoby, G. A., Sahm, D., and Hooper, D. C. (2006). Prevalence in the United States of Aac(6')-Ib-Cr Encoding a Ciprofloxacin-Modifying Enzyme. Antimicrob. Agents Chemother. 50, 3953–3955. doi: 10.1128/AAC.00915-06

 Parrott, A. M., Shi, J., Aaron, J., Green, D. A., Whittier, S., and Wu, F. (2021). Detection of Multiple Hypervirulent Klebsiella Pneumoniae Strains in a New York City Hospital Through Screening of Virulence Genes. Clin. Microbiol. Infect. 27, 583–589. doi: 10.1016/j.cmi.2020.05.012

 Pitout, J. D., Nordmann, P., and Poirel, L. (2015). Carbapenemase-Producing Klebsiella Pneumoniae, a Key Pathogen Set for Global Nosocomial Dominance. Antimicrob. Agents Chemother. 59, 5873–5884. doi: 10.1128/AAC.01019-15

 Poirel, L., Heritier, C., Tolun, V., and Nordmann, P. (2004). Emergence of Oxacillinase-Mediated Resistance to Imipenem in Klebsiella Pneumoniae. Antimicrob. Agents Chemother. 48, 15–22. doi: 10.1128/AAC.48.1.15-22.2004

 Qiao, F., Wei, L., Feng, Y., Ran, S., Zheng, L., Zhang, Y., et al. (2020). Handwashing Sink Contamination and Carbapenem-Resistant Klebsiella Infection in the Intensive Care Unit: A Prospective Multicenter Study. Clin. Infect. Dis. 71, S379–S385. doi: 10.1093/cid/ciaa1515

 Qi, Y., Wei, Z., Ji, S., Du, X., Shen, P., and Yu, Y. (2011). ST11, the Dominant Clone of KPC-Producing Klebsiella Pneumoniae in China. J. Antimicrob. Chemother. 66, 307–312. doi: 10.1093/jac/dkq431

 Rahim, G. R., Gupta, N., Maheshwari, P., and Singh, M. P. (2019). Monomicrobial Klebsiella Pneumoniae Necrotizing Fasciitis: An Emerging Life-Threatening Entity. Clin. Microbiol. Infect. 25, 316–323. doi: 10.1016/j.cmi.2018.05.008

 Ranjbar, R., and Mirsaeed Ghazi, F. (2013). Antibiotic Sensitivity Patterns and Molecular Typing of Shigella Sonnei Strains Using ERIC-PCR. Iran J. Public Health 42, 1151–1157.

 Rodrigues, A. C. S., Santos, I. C. O., Campos, C. C., Rezende, I. N., Ferreira, Y. M., Chaves, C. E. V., et al. (2019). Non-Clonal Occurrence of pmrB Mutations Associated With Polymyxin Resistance in Carbapenem-Resistant Klebsiella Pneumoniae in Brazil. Mem Inst Oswaldo Cruz 114, e180555. doi: 10.1590/0074-02760180555

 Russo, T. A., and Marr, C. M. (2019). Hypervirulent Klebsiella Pneumoniae. Clin. Microbiol. Rev. 32 (3), e00001–19. doi: 10.1128/CMR.00001-19

 Safavi, M., Bostanshirin, N., Hajikhani, B., Yaslianifard, S., Van Belkum, A., Goudarzi, M., et al. (2020). Global Genotype Distribution of Human Clinical Isolates of New Delhi Metallo-Beta-Lactamase-Producing Klebsiella Pneumoniae; A Systematic Review. J. Glob Antimicrob. Resist. 23, 420–429. doi: 10.1016/j.jgar.2020.10.016

 Shields, R. K., Potoski, B. A., Haidar, G., Hao, B., Doi, Y., Chen, L., et al. (2016). Clinical Outcomes, Drug Toxicity, and Emergence of Ceftazidime-Avibactam Resistance Among Patients Treated for Carbapenem-Resistant Enterobacteriaceae Infections. Clin. Infect. Dis. 63, 1615–1618. doi: 10.1093/cid/ciw636

 Shon, A. S., and Russo, T. A. (2012). Hypervirulent Klebsiella Pneumoniae: The Next Superbug? Future Microbiol. 7, 669–671. doi: 10.2217/fmb.12.43

 Shu, L., Dong, N., Lu, J., Zheng, Z., Hu, J., Zeng, W., et al. (2019). Emergence of OXA-232 Carbapenemase-Producing Klebsiella Pneumoniae That Carries a pLVPK-Like Virulence Plasmid Among Elderly Patients in China. Antimicrob. Agents Chemother. 63 (3), e02246–18. doi: 10.1128/AAC.02246-18

 Siu, L. K., Yeh, K.-M., Lin, J.-C., Fung, C.-P., and Chang, F.-Y. (2012). Klebsiella Pneumoniae Liver Abscess: A New Invasive Syndrome. Lancet Infect. Dis. 12, 881–887. doi: 10.1016/S1473-3099(12)70205-0

 Srisrattakarn, A., Lulitanond, A., Wilailuckana, C., Charoensri, N., Wonglakorn, L., Saenjamla, P., et al. (2017). And Chanawong, ARapid and Simple Identification of Carbapenemase Genes, Bla NDM, Bla OXA-48, Bla VIM, Bla IMP-14 and Bla KPC Groups, in Gram-Negative Bacilli by in-House Loop-Mediated Isothermal Amplification With Hydroxynaphthol Blue Dye. World J. Microbiol. Biotechnol. 33, 130. doi: 10.1007/s11274-017-2295-5

 The European Committee on Antimicrobial Susceptibility Testing (2021). Breakpoint Tables for Interpretation of MICs and Zone Diameters, Version 11.0. Available at: http://www.eucast.org/clinical_breakpoints/.

 Wang, L., Fang, H., Feng, J., Yin, Z., Xie, X., Zhu, X., et al. (2015). Complete Sequences of KPC-2-Encoding Plasmid P628-KPC and CTX-M-55-Encoding P628-CTXM Coexisted in Klebsiella Pneumoniae. Front. Microbiol. 6, 838. doi: 10.3389/fmicb.2015.00838

 Wang, Y., Wang, J., Wang, R., and Cai, Y. (2020). Resistance to Ceftazidime-Avibactam and Underlying Mechanisms. J. Glob Antimicrob. Resist. 22, 18–27. doi: 10.1016/j.jgar.2019.12.009

 Wasfi, R., Elkhatib, W. F., and Ashour, H. M. (2016). Molecular Typing and Virulence Analysis of Multidrug Resistant Klebsiella Pneumoniae Clinical Isolates Recovered From Egyptian Hospitals. Sci. Rep. 6, 38929. doi: 10.1038/srep38929

 Wyres, K. L., Lam, M. M. C., and Holt, K. E. (2020). Population Genomics of Klebsiella Pneumoniae. Nat. Rev. Microbiol. 18, 344–359. doi: 10.1038/s41579-019-0315-1

 Yang, Q., Jia, X., Zhou, M., Zhang, H., Yang, W., Kudinha, T., et al. (2020). Emergence of ST11-K47 and ST11-K64 Hypervirulent Carbapenem-Resistant Klebsiella Pneumoniae in Bacterial Liver Abscesses From China: A Molecular, Biological, and Epidemiological Study. Emerg. Microbes Infect. 9, 320–331. doi: 10.1080/22221751.2020.1721334

 Yan, Q., Zhou, M., Zou, M., and Liu, W. E. (2016). Hypervirulent Klebsiella Pneumoniae Induced Ventilator-Associated Pneumonia in Mechanically Ventilated Patients in China. Eur. J. Clin. Microbiol. Infect. Dis. 35, 387–396. doi: 10.1007/s10096-015-2551-2

 Yigit, H., Queenan, A. M., Anderson, G. J., Domenech-Sanchez, A., Biddle, J. W., Steward, C. D., et al. (2001). Novel Carbapenem-Hydrolyzing Beta-Lactamase, KPC-1, From a Carbapenem-Resistant Strain of Klebsiella Pneumoniae. Antimicrob. Agents Chemother. 45, 1151–1161. doi: 10.1128/AAC.45.4.1151-1161.2001

 Yoon, J. H., Kim, Y. J., and Kim, S. I. (2019). Prognosis of Liver Abscess With No Identified Organism. BMC Infect. Dis. 19, 488. doi: 10.1186/s12879-019-4131-z

 Yungyuen, T., Chatsuwan, T., Plongla, R., Kanthawong, S., Yordpratum, U., Voravuthikunchai, S. P., et al. (2021). Nationwide Surveillance and Molecular Characterization of Critically Drug-Resistant Gram-Negative Bacteria: Results of the Research University Network Thailand Study. Antimicrob. Agents Chemother., 65 (9), e0067521. doi: 10.1128/AAC.00675-21

 Yu, X., Zhang, W., Zhao, Z., Ye, C., Zhou, S., Wu, S., et al. (2019). Molecular Characterization of Carbapenem-Resistant Klebsiella Pneumoniae Isolates With Focus on Antimicrobial Resistance. BMC Genomics 20, 822. doi: 10.1186/s12864-019-6225-9

 Zeng, L., Yang, C., Zhang, J., Hu, K., Zou, J., Li, J., et al. (2021). An Outbreak of Carbapenem-Resistant Klebsiella Pneumoniae in an Intensive Care Unit of a Major Teaching Hospital in Chongqing, China. Front. Cell Infect. Microbiol. 11, 656070. doi: 10.3389/fcimb.2021.656070

 Zhanel, G. G., Lawson, C. D., Adam, H., Schweizer, F., Zelenitsky, S., Lagace-Wiens, P. R., et al. (2013). Ceftazidime-Avibactam: A Novel Cephalosporin/Beta-Lactamase Inhibitor Combination. Drugs 73, 159–177. doi: 10.1007/s40265-013-0013-7

 Zhang, W. X., Chen, H. Y., Chen, C., Chen, J. H., Wan, F. S., Li, L. X., et al. (2021). Resistance Phenotype and Molecular Epidemiology of Carbapenem-Resistant Klebsiella Pneumoniae Isolates in Shanghai. Microb. Drug Resist. 27 (10), 1312–1318. doi: 10.1089/mdr.2020.0390

 Zhang, R., Lin, D., Chan, E. W., Gu, D., Chen, G. X., and Chen, S. (2016). Emergence of Carbapenem-Resistant Serotype K1 Hypervirulent Klebsiella Pneumoniae Strains in China. Antimicrob. Agents Chemother. 60, 709–711. doi: 10.1128/AAC.02173-15

 Zhang, R., Liu, L., Zhou, H., Chan, E. W., Li, J., Fang, Y., et al. (2017). Nationwide Surveillance of Clinical Carbapenem-Resistant Enterobacteriaceae (CRE) Strains in China. EBioMedicine 19, 98–106. doi: 10.1016/j.ebiom.2017.04.032

 Zhang, P., Shi, Q., Hu, H., Hong, B., Wu, X., Du, X., et al. (2020). Emergence of Ceftazidime/Avibactam Resistance in Carbapenem-Resistant Klebsiella Pneumoniae in China. Clin. Microbiol. Infect. 26, 124.e121–124.e124. doi: 10.1016/j.cmi.2019.08.020

 Zhang, Y., Zhao, C., Wang, Q., Wang, X., Chen, H., Li, H., et al. (2016). High Prevalence of Hypervirulent Klebsiella Pneumoniae Infection in China: Geographic Distribution, Clinical Characteristics, and Antimicrobial Resistance. Antimicrob. Agents Chemother. 60, 6115–6120. doi: 10.1128/AAC.01127-16




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Huang, Zhang, Zeng, Yang, Yin, Wang, Li, Li, Hu, Zhang and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




BRIEF RESEARCH REPORT

published: 20 January 2022

doi: 10.3389/fcimb.2021.814530

[image: image2]


Activity of Sulbactam-Durlobactam and Comparators Against a National Collection of Carbapenem-Resistant Acinetobacter baumannii Isolates From Greece


Dimitra Petropoulou, Maria Siopi, Sophia Vourli and Spyros Pournaras *


Laboratory of Clinical Microbiology, Attikon University Hospital, School of Medicine, National and Kapodistrian University of Athens, Athens, Greece




Edited by: 

Ziad Daoud, Central Michigan University, United States

Reviewed by: 

Balaji Veeraraghavan, Christian Medical College & Hospital, India

Prakash Sah, University of Oklahoma Health Sciences Center, United States

*Correspondence: 

Spyros Pournaras
 spournaras@med.uoa.gr

Specialty section: 
 This article was submitted to Clinical Microbiology, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 13 November 2021

Accepted: 28 December 2021

Published: 20 January 2022

Citation:
Petropoulou D, Siopi M, Vourli S and Pournaras S (2022) Activity of Sulbactam-Durlobactam and Comparators Against a National Collection of Carbapenem-Resistant Acinetobacter baumannii Isolates From Greece. Front. Cell. Infect. Microbiol. 11:814530. doi: 10.3389/fcimb.2021.814530




Background

Acinetobacter baumannii is a leading cause of healthcare-associated infections worldwide, due to both its persistence in the hospital setting and ability to acquire high levels of antibiotic resistance. Carbapenem-resistant A. baumannii isolates (CRAB) limit the activity of current antimicrobial regimens and new alternatives or adjuncts to traditional antibiotics are urgently needed. Durlobactam is a novel broad-spectrum inhibitor of serine-type β-lactamases that restores sulbactam (SUL) activity against A. baumannii. The sulbactam-durlobactam (SD) combination has recently completed Phase 3 testing in the global ATTACK trial.



Objectives

The aim of this study is to evaluate the in vitro activity of SD versus comparators against a representative nationwide collection of CRAB isolates.



Methods

One hundred ninety CRAB isolates were collected from clinical samples of patients hospitalized in 11 hospitals throughout Greece during 2015. In vitro activities of SD and comparators (SUL alone, amikacin, minocycline, imipenem, meropenem, colistin, SD and imipenem combined with SD) were determined by broth microdilution.



Results

Durlobactam restored sulbactam activity against the majority of the strains tested, with SD exhibiting the lowest MIC90 (8 μg/ml) relative to the other single comparators tested; 87.9% of the isolates had SD MICs ≤4/4 µg/ml. The most active comparator was colistin (MIC90 = 16 μg/ml). The addition of imipenem further lowered the MIC90 of SD by one two-fold dilution.



Conclusions

This study demonstrated the potential utility of SD for the treatment of infections caused by A. baumannii. If its clinical efficacy is confirmed, SD may be an important therapeutic option for CRAB infections.
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Introduction

Infections caused by multidrug-resistant (MDR) A. baumannii pose a serious threat to global health. These infections include ventilator-associated pneumonia, bacteremia, complicated urinary tract infections and skin and soft tissue infections, in both healthy and immuno-compromised individuals (Lee et al., 2017). The mortality rates of these infections reach 33%, and carbapenem resistance was associated with a greater risk of death (pooled odds ratio 2.22, 95% CI 1.66-2.98) [European Centre for Disease Prevention and Control (ECDC), 2013; Lemos et al., 2014]. A recent analysis of the global prevalence of antibiotic resistance in A. baumannii infections found a prevalence of resistance to imipenem of 73.9–77.8%, which represented a dramatic increase since 2005 (Xie et al., 2018).

The epidemiological status of carbapenem-resistant A. baumannii (CRAB) in Greece is defined as endemic situation, with most hospitals repeatedly facing cases admitted from endemic sources [European Centre for Disease Prevention and Control (ECDC), 2013]. The resistance to carbapenems in A. baumannii precludes the use of β-lactam therapies; the main mechanism responsible is the production of oxacillinases (class D β-lactamases), with the most frequent ones being OXA-23, OXA-24/40 and OXA-58 (D'Arezzo et al., 2010; Gogou et al., 2011; Schleicher et al., 2013). Among the limited β-lactams that retain a degree of activity against A. baumannii is sulbactam (SUL), a semi-synthetic penicillanic acid, which is a first-generation β-lactamase inhibitor, with limited activity against class A serine β-lactamases (Seifert et al., 2020; Shapiro et al., 2021). SUL inhibits A. baumannii enzymes that are involved in bacterial peptidoglycan synthesis, such as PBP1a, PBP1b and PBP3 (Higgins et al., 2014). However, due to its susceptibility to degradation by a variety of acquired or upregulated β-lactamases, SUL has limited clinical utility against infections caused by CRAB (Penwell et al., 2015).

A promising new therapeutic option for CRAB is the combination of sulbactam with durlobactam (SD), a new member of the diazabicyclooctane class of β-lactamase inhibitors, with broad spectrum activity against Ambler class A, C and D serine β-lactamases, resulting in the restoration of the susceptibility of CRAB isolates to β-lactams (Durand-Réville et al., 2017). Durlobactam (DUR) restores SUL susceptibility of A. baumannii strains overexpressing individual β-lactamases (Seifert et al., 2020; Shapiro et al., 2021) as well as diverse clinical isolates, in international, contemporary surveillance studies (McLeod et al., 2020; Yang et al. 2020; Nodari et al. 2021). SD is currently in late-stage development for the treatment of infections caused by Acinetobacter spp.

The aim of this study was to examine the in vitro potency of the SD combination on a collection of previously characterized, non-duplicate isolates of CRAB from Greece harboring acquired β-lactamases.



Materials And Methods


Bacterial Strains

The study included 190 non-repetitive CRAB isolates recovered during 2015 from 11 geographically distinct tertiary hospitals, located throughout Greece and selected during a previous nationwide study randomly from a collection of 2,500 A. baumannii isolates. The clinical samples included blood, bronchial aspirates, urine, superficial or deep tissue wounds, peritoneal and pleural effusions, cerebrospinal fluids and intra-abdominal secretions. All isolates were previously characterized and confirmed to be A. baumannii by PCR/sequencing for the intrinsic blaOXA-51-like gene (Pournaras et al., 2017). In particular, clonality was tested by a scheme based on two multiplex PCRs, that selectively amplified alleles of the ompA, csuE and blaOXA-51-like (Turton et al., 2007; Giannouli et al., 2010) and single-locus blaOXA-51-like sequence-based typing (SBT) (Pournaras et al., 2014). The SBT assigned 153 isolates (80.5%) to IC2, 36 isolates to IC1 (18.9%) and 1 isolate to G6 (0.5%). Of the 153 IC2 isolates, all had blaOXA-23-like and three had both blaOXA-23-like and blaOXA-58-like. As far as IC1 clone, 34 isolates (94.5%) had blaOXA-23-like and two (5.5%) had blaOXA-58-like. As for the β-lactamases carried by the study isolates, the blaOXA-23-like gene was identified in 187 isolates (98.4%), blaOXA-23-like together with blaOXA-58-like in three (1.6%), blaOXA-58-like in two (1.0%) and blaOXA-40-like in one isolate (0.5%).



Antimicrobial Susceptibility

Antimicrobial susceptibility was determined using broth microdilution in freshly prepared cation-adjusted Mueller–Hinton broth (CAMHB) following CLSI recommendations (CLSI, 2018; CLSI, 2019). Pre-manufactured, frozen 96-well plates containing 50 μL of 2x antimicrobial drug concentrations were supplied by Entasis Therapeutics. The 190 CRAB isolates were tested against SUL, amikacin (AMK), minocycline (MIN), imipenem (IMP), meropenem (MER), colistin (COL), SD and IMP combined with SD (SID). The concentration ranges tested in 2-fold dilutions were for SUL, 0.06 to 64 µg/ml; SD [durlobactam (DUR) fixed at 4 µg/ml], 0.06/4 to 64/4 µg/ml; SID (1/1/2 ratio), 0.06/0.06/0.12 to 64/64/128; AMK, 0.12 to 128 µg/ml; COL, 0.06 to 64 µg/ml; IMP, 0.06 to 64 µg/ml; MER, 0.06 to 64 µg/ml; and MIN, 0.03 to 32 µg/ml. The combination of SUL, IMP and DUR was tested in a fixed 1:1:2 ratio titrated in 2-fold dilutions. MICs were interpreted according to CLSI guidelines and susceptibilities were determined using CLSI breakpoints, where applicable. Each experiment included testing of CLSI-approved quality control organisms NCTC 13304 (A. baumannii), ATCC 25922 (Escherichia coli) and ATCC 27853 (Pseudomonas aeruginosa). The minimal inhibitory concentration (MIC) of each antibiotic was determined by visual inspection for each strain after incubation for 20 hours at 35°C.



Next Generation Sequencing of Isolates With Elevated SD MICs

Three isolates with SD MICs >8/4 µg/ml were analyzed by next Generation Sequencing. Genomic DNA was purified from the isolates using a Sigma-Aldrich GenElute bacterial genomic DNA kit. Genomic libraries were assembled using a Nextera XT library preparation kit and sequenced using an Illumina MiSeq system with 300-bp paired-end reads and a coverage of ≥ 50X. Assembly and analysis of the whole genome sequencing was performed using CLC Genomics Workbench v21.0.3 (Qiagen, Germantown, MD). Paired Fastq files were processed and analyzed as follows: raw reads were trimmed of any remaining barcode sequences as well as trimmed for quality. Reads were then de novo assembled using fraction length=0.8 and similarity fraction=0.9 using default mismatch/insertion/deletion costs. Consensus sequences were extracted and contigs greater than 500bp were assembled. B-lactamase genes for each strain were identified by BLAST against a local β-lactamase database. Additionally, mutations in efflux, permeation, and PBP proteins were identified by BLAST analysis against the A. baumannii ATCC 17978 reference strain. The genomic sequences of the three strains tested were deposited at http://www.ncbi.nlm.nih.gov/bioproject/781741.




Results

The SD MIC50/90 values were 4/4 and 8/4 µg/ml, respectively. The SID MIC50/90 values were 2/2/4 and 4/4/8 µg/ml, respectively (Table 1). The MIC50/90 values of currently-used comparator antimicrobials were: SUL (64/>64), COL (2/16), MIN (16/32), IMP (>64/>64), MER (>64/>64), and AMK (>128/>128) µg/ml (Table 2).


Table 1 | MIC distribution of the 190 CRAB isolates for SUL, SD and SID and their MIC50, MIC90 values.




Table 2 | Resistance rates of the 190 CRAB isolates and their international clonal lineages IC1 and IC2 for SUL, COL, IMP, MER, AMK, MIN, SD and SID and their MIC50, MIC90 values.



All isolates had IMP and MER MICs ≥32 μg/ml. Resistance rates to comparators were as follows: IMP, 100%; MER, 100%; AMK, 97.4%; and MIN, 57.3%. Of concern, 61 of the 190 (32.1%) isolates were resistant to COL and among isolates from blood cultures, the resistance rate reached 36%. Among the COL-resistant isolates, 54 (88.5%) had low SD MICs of ≤4 μg/ml and all (100%) had SID MICs of ≤4/4/8 µg/ml.

Of the isolates, 87.9% had SD MICs of ≤4/4 µg/ml and only three isolates had SD MIC >8 µg/ml. These three isolates were submitted to NGS sequencing. The genomic characteristics of these isolates are shown in Table 3. In brief, they belonged to three different MLST types (ST-1834, SD MIC 16 μg/ml; ST-1294 SD MIC >64 μg/ml; and ST-425, SD MIC 16 μg/ml). They all carried blaOXA-23 and blaOXA-66 and all encoded the same A515V variant of the PBP3 gene that likely confers resistance to SUL, considering its proximity to the SUL binding site (Papp-Wallace et al., 2012). The SID MIC for both ST-1834 and ST-425 isolates was 4 μg/ml (i.e. addition of IMP helped reduce the SD MIC), while the ST-1294 isolate had SD MIC of > 64 μg/ml and SID MIC 64/64/128 μg/ml. The latter isolate also harbored the NDM metallo-β-lactamase gene, which DUR does not inhibit.


Table 3 | Accession numbers and resistance mechanisms detected by next generation sequencing of the three isolates with SD MICs > 8 μg/ml.





Discussion

The most prevalent mechanism of carbapenem resistance among A. baumannii is associated with carbapenem-hydrolysing enzymes that belong to Ambler class D and B β-lactamases (Jeon et al., 2015; Lee et al., 2017; Wong et al., 2017; Lötsch et al., 2020). The rapid rise of carbapenem resistance among A. baumannii isolates limits the available therapeutic options and poses a serious need for new antimicrobial agents. In particular, according to 2019 data from the European Antimicrobial Resistance Surveillance Network (EARS-Net), nearly a third of invasive Acinetobacter spp. isolates in the EU/EEA are already resistant to carbapenems [European Centre for Disease Prevention and Control (ECDC), 2019; Lötsch et al., 2020]. Carbapenem resistance rates are higher than 50% in southern and eastern European countries [European Centre for Disease Prevention and Control (ECDC), 2019], while in Greece, according to data from the Hellenic CDC, IMP resistance rates are currently exceeding 90% (WHONET). Of note, in our representative countrywide collection, CRAB isolates exhibited particularly high levels of resistance to last-line antimicrobials in addition to carbapenems, including AMK, SUL, MIN and COL.

Among the few therapeutic options that show efficacy against CRAB isolates is COL, used both as monotherapy or in combination with other antimicrobials. Still, while COL is a key drug, there are concerns, not only about its toxicity profiles, but also its rising resistance rates (Viehman et al., 2014). A meta-analysis on the prevalence of A. baumanni antimicrobial resistance worldwide from 2000 to 2017, showed that the overall global resistance rate reaches 11.2% (Pormohammad et al., 2020). Herein, COL showed a much higher resistance rate of 32.1% and among isolates, collected from blood cultures, the rate reached 36%.

The carbapenem resistance problem of A. baumannii can be overcome by the use of expanded-spectrum serine β-lactamase inhibitors, which may inhibit class A, C or D β-lactamases, resulting in restoration of β-lactam activity. SD is a promising combination and its spectrum of activity can address MDR A. baumannii. In our study, the addition of DUR at a fixed concentration of 4 µg/ml lowered the MIC50 and MIC90 of SUL from 64 and >64 to 4 and 8 μg/ml, respectively, except for the isolate that encoded metallo-β-lactamase. The MIC90 of SD was considerably lower than the MIC90 of carbapenems, MIN and AMK and also lower from that of COL [16 μg/ml]. 88.5% of non-susceptible to COL isolates had SD MICs ≤ 4 μg/ml.

A. baumannii isolates belonging to IC1 showed generally more sensitive profiles compared to IC2, concerning SUL, COL and carbapenems. For MIN, the resistance rates between IC1 and IC2 isolates were 2.8% and 71.2%, respectively. There was no difference on the MICs of SD and SID among the isolates of the two clonal lineages. For both IC2 and IC2 isolates, MIC50/90 of SD and SID were at 4/4 and 2/4, respectively.

Compared to other studies on the activity of SD, our collection of isolates presented higher resistance rates and MICs for the comparators, as well as for SD. In particular, both the SD MIC50 and MIC90 of the strains in the present study exceeded by one to three-fold the respective values of those reported in international studies (McLeod et al., 2020; Seifert et al., 2020; Yang et al., 2020; Nodari et al., 2021), indicating the presence of less susceptible strains in Greek hospitals. COL MICs were also considerably lower in three of those studies (MIC90 1 μg/ml in references Higgins et al., 2004; Pournaras et al., 2017; Seifert 2020), with only one study from China reporting COL MIC90 128 μg/ml (Durand-Réville et al., 2017). Interestingly, the addition of IMP to SD lowered its MIC90 by one two-fold dilution.

Our study clearly showed that SD had excellent in vitro activity against CRAB isolates that were highly resistant to IMP, MER, AMK, MIN and COL. In addition, SD showed favorable clinical efficacy and safety in a recently completed, global phase 3 study (Entasis Therapeutics, 2019), https://investors.entasistx.com/news-releases/news-release-details/entasis-therapeutics-announces-positive-topline-results). If approved this combination may provide an important therapeutic option for infections due to MDR A. baumannii, including CRAB.

Part of this work was presented at the 31st European Congress of Clinical Microbiology and Infectious Diseases (ECCMID), Online, 9–12 July 2021.
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Carbapenem-resistant Klebsiella pneumoniae (CR-KP) represents an emerging threat to public health. CR-KP infections result in elevated morbidity and mortality. This fact, coupled with their global dissemination and increasingly limited number of therapeutic options, highlights the urgency of novel antimicrobials. Innovative strategies linking genome-wide interrogation with multi-layered metabolic data integration can accelerate the early steps of drug development, particularly target selection. Using the BioCyc ontology, we generated and manually refined a metabolic network for a CR-KP, K. pneumoniae Kp13. Converted into a reaction graph, we conducted topological-based analyses in this network to prioritize pathways exhibiting druggable features and fragile metabolic points likely exploitable to develop novel antimicrobials. Our results point to the aptness of previously recognized pathways, such as lipopolysaccharide and peptidoglycan synthesis, and casts light on the possibility of targeting less explored cellular functions. These functions include the production of lipoate, trehalose, glycine betaine, and flavin, as well as the salvaging of methionine. Energy metabolism pathways emerged as attractive targets in the context of carbapenem exposure, targeted either alone or in conjunction with current therapeutic options. These results prompt further experimental investigation aimed at controlling this highly relevant pathogen.
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1 Introduction

Antibiotics are among the most valuable and successful pharmaceutical drug classes. Since the discovery of penicillin in 1928 and the subsequent widespread use of this and other compounds to treat bacterial infections, millions of deaths have been averted globally. As a result, infectious diseases are no longer the leading cause of death in the United States and other industrialized nations as they were at the dawn of the 20th century (Leading Causes of Death, 2021). Nevertheless, the phenomenon of bacterial resistance to antibiotics that, coupled to the absence of novel drug classes under development, and industry dismay in this field, has produced a scenario of limited therapeutic options to combat some pathogens. Reports in Europe alone show a substantial burden of infections with antibiotic-resistant bacteria compared to other infectious diseases, with a 2.46-fold overall increase in deaths between 2007 and 2015. (Cassini et al., 2019).

This scenario is even more challenging when infections are associated with ESKAPE bacteria (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.). These pathogens are of particular concern due to their role in infections of human organs (e.g., urinary tract and lung) and their ability to evade the action of commonly used antimicrobials (Pendleton et al., 2013). These six bacteria are in the World Health Organization’s Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, Discovery, and Development of New Antibiotics (WHO, 2017). In particular, carbapenem-resistant K. pneumoniae (CR-KP) has attracted attention in recent years due to its rapid expansion, high mortality, and morbidity. This pathogen is already considered an epidemic in some countries (Tacconelli et al., 2018; Gonzalez-Ferrer et al., 2021). The recrudescence of the burden of bacterial infectious diseases, including CR-KP, poses a key challenge to global health. In this context, multidisciplinary efforts to disclose new bacterial targets and compounds are urgently required.

Traditional approaches to antibiotic discovery involving high-throughput screening of libraries containing thousands of compounds are now considered largely exhausted and usually lead to the repeated identification of hits. Alternative strategies include identifying microbial strains from lowly explored environments, screening new microbial taxa, mining microbial genomes, and using innovative assays, all of which have led to the identification of potential antimicrobial compounds (Donadio et al., 2010). In addition, target-based approaches have re-emerged. After an initial disappointment with genome-based studies, the availability of multiple layers of omics information for clinically relevant bacterial species have given a new impulse to this area. These approaches rely heavily on successful target selection, the pivotal challenge of early stages of drug discovery (Zuniga et al., 2015).

The sheer availability of genomic information has greatly benefited the study of microbial metabolism, allowing us to accurately depict and model the capabilities of organisms by the analysis of their genomes. Multiple efforts have been made to study the metabolism of organisms on a genomic scale, generating hundreds of reliable genome-scale metabolic models (GEMs) in the last decade (Kim et al., 2017). The number of resources and methods aimed at facilitating the draft generation, standardization, and curation of metabolic reconstructions has also bloomed (Mendoza et al., 2019). These tools can be broadly divided into two sets: those that provide curated vocabularies (or ontologies) of compounds, reactions, associated enzymes, and pathways; and software that support GEM reconstruction and modeling processes. The former group includes BiGG (King et al., 2016), KEGG (Kanehisa et al., 2014), BioCyc (Caspi et al., 2016) and Reactome (Fabregat et al., 2016). Among available tools, ModelSEED (Henry et al., 2010), Pathway Tools (Karp et al., 2011) and RAVEN (Wang et al., 2018) stand out by being widely employed in GEM reconstruction. While the generation of an initial metabolic draft for any given organism can be rapidly achieved, to produce a high-quality metabolic reconstruction, careful manual examination, and curation of the initial reconstruction must follow.

Once GEMs are produced, they can address a multitude of biological questions. By combining genomic, phylogenomic, and phenotypic analyses of a diverse set of K. pneumoniae, Blin et al. studied how the variability of metabolic and genomic traits impacts niche specificity and pathogenic specialization of this bacterium, effectively probing the metabolic diversity of Klebsiella (Blin et al., 2017). Additionally, Norsigian et al. constructed GEMs for 22 K. pneumoniae strains with varying degrees of antibiotic resistance and predicted their growth capabilities on multiple carbon, nitrogen, sulfur, and phosphorus sources, reaching a set of media components with discriminatory power to identify strains resistant to amikacin, tetracycline, and gentamicin (Norsigian et al., 2019). Our group has previously associated metabolic information during the prioritization of polymyxin-resistant K. pneumoniae drug targets by using an integrated, multi-omics approach that yielded 29 potential drug targets against MDR K. pneumoniae (Ramos et al., 2018), of which 18 were in common to those disclosed in a recent study that employed a dual gene- and network-centric strategy to identify potential targets (Cesur et al., 2020). In summary, the emerging field of systems biology provides a key framework for understanding cellular metabolism under different conditions and can be applied to facilitate the discovery of new drugs and to explore novel molecular targets. One fundamental advantage of studying the metabolic context of candidate targets is that the results are expected to allow the design of possible combined therapies by targeting more than one molecule from the same pathway (Oldfield and Feng, 2014; Sosa et al., 2018; Tyers and Wright, 2019). The synergistic effect of this type of treatments, potentially decreases the chances of resistance arising due to single-target mutations.

Here, we expand upon our previous results (Ramos et al., 2018) by directing our focus to the identification of potential targets aimed at combating K. pneumoniae in the context of carbapenem exposure, including CR-KP. A manually revised metabolic network for a carbapenem-resistant K. pneumoniae is presented. By leveraging the capabilities of this model with available omics information for K. pneumoniae bacteria, including expression data on carbapenem exposure and homologs shared with 39 other representatives of pathogenic K. pneumoniae, the pathways disclosed contain a core set of protein targets with desirable characteristics, from a drug development perspective. These targets could be used to accelerate further studies aimed at controlling this important pathogen. We envisage that our results will be particularly useful to inform initial steps of lead discovery through the identification of targets of interest.



2 Material and Methods


2.1 Bacterial Strain and Genome Annotation for the Reference Bacteria

Klebsiella pneumoniae Kp13, a carbapenemase (KPC-2) producer resistant to many antibiotics, was used as a reference during this work. Our group has determined its complete genome (Ramos et al., 2012; Ramos et al., 2014), which comprises one 5.3 Mbp circular chromosome and six plasmids (totaling 0.43 Mbp). This genome was previously annotated by using the SABIA pipeline (Almeida et al., 2004), predicting 5,736 coding sequences (CDSs). Original annotations and sequences for this bacterium are available at the BioProject/NCBI (https://www.ncbi.nlm.nih.gov/bioproject/) under accession no. PRJNA78291. To enrich functional annotations and increase the quality of the resulting metabolic network, an annotation pipeline based on the standard operating procedures (SOPs) of the Integrative Services for Genomic Analysis (ISGA) (Hemmerich et al., 2010) was performed as previously reported (Burguener et al., 2014; Palomino et al., 2018). The Genbank annotation file was expanded with Enzyme Commission (EC) annotations, which increased the accuracy of the gene-protein-reaction associations inferred by Pathway Tools (Karp et al., 2011).



2.2 Calculation of Orthologs Across Pathogenic K. pneumoniae

Whilst K. pneumoniae Kp13 was used as a reference, we also determined orthologs among 39 human pathogenic K. pneumoniae strains (including K. pneumoniae Kp13) with full-length genomes (ie. closed assemblies) available in GenBank/NCBI. This was done to focus only on broadly conserved potential targets, avoiding the ranking of proteins with highly druggable features but present only in few bacteria, such that their epidemiological relevance would need to be established. Mauve (Darling et al., 2010) was used to determine protein orthologs, and only protein pairs sharing ≥ 60% identity and ≥ 70% coverage were kept. Genomes and corresponding accession numbers used in this analysis are listed in Supplementary Table 1.



2.3 Automatic GEM Reconstruction of K. pneumoniae Kp13

To build the K. pneumoniae Kp13 metabolic network (Kp13-GEM), we used the PathoLogic module within Pathway Tools v. 18.0 environment (Karp et al., 2011). This tool uses an annotated genome in GenBank format as input to create a Pathway/Genome Database (PGDB) containing the predicted metabolic pathways of a given organism. Metabolic reconstruction included determining gene-reaction-pathway associations, which are primarily based on the corresponding EC number, as well as protein product annotations. This draft metabolic model underwent extensive manual refinement.



2.4 Manual Refinement of Kp13-GEM

Kp13-GEM refinement was based on two sequential steps (Figure 1A). First, missing reactions (holes) were determined by the Pathway Hole Filler (PHF) module within Pathway Tools. A pathway hole is a reaction for which no enzyme has been identified in the genome annotation, despite the presence of enzymes known to catalyze one or more reactions of a predicted pathway (Green and Karp, 2007). PHF not only identifies reactions of incomplete pathways but suggests gene candidates that could fulfill the corresponding enzymatic function. The candidates proposed by the PHF were evaluated using the Autograph methodology (Notebaart et al., 2006) and the extensively curated and experimentally validated metabolic network of K. pneumoniae MGH 78578 (Green and Karp, 2004; Liao et al., 2011) as well as the metabolic model for Escherichia coli MG1655, available in EcoCyc, which comprises the most complete set of reactions involved in the metabolism of this bacterium (Keseler et al., 2017). BLAST and textual searches in Swiss-Prot (http://UniProt.org) (Boutet et al., 2016) were also performed. In the second step, all pathways were analyzed to assess their degree of completeness (i.e., the ratio between the number of reactions catalyzed by a known protein-coding gene and the total number of reactions occurring in the pathway). Combined, this comprehensive strategy supported by an extensive literature search and manual annotation allowed us to complete, correct, or remove pathways as necessary.




Figure 1 | Achieving a manually refined metabolic network for K. pneumoniae Kp13, Kp13-GEM. In (A) the main steps involved in the curation process of Kp13-GEM are shown, initially by an automatic generation of a draft network model using Pathway Tools. This model is subjected to a first annotation stage, where pathway holes and candidates are manually evaluated using the Pathway Hole Filler algorithm, followed by a second stage of curation where all pathways are evaluated. Panel (B) shows Kp13-GEM represented as a reaction graph. Nodes represent reactions, which are linked if a product in a given reaction is used by another as a substrate. The size of the nodes is proportional to their betweenness centrality. The red nodes are choke-points. The metabolic routes for Kdo transfer to lipid IVA and 2-oxoglutarate decarboxylation to succinyl-CoA, top ranked pathways in and, respectively, are detailed in the boxes next to the reaction graph.



In addition to filling pathway holes, we also evaluated and refined incomplete metabolic pathways and decided upon the removal or retention of pathway variants (alternative reaction paths leading to the same metabolic objective), allowing for their accurate representation. Biological and experimental evidence in K. pneumoniae or taxonomically related bacteria, as well as the previously cited pathway resources, were also used to inform these decisions, and more details of this iterative process of refining the metabolic model can be found in Supplementary Text. The final metabolic model was exported in System Biology Markup Language (SBML) format to facilitate further reuse.



2.5 Graph Representation and Identification of Choke-Point Reactions

The representation of GEMs as a graph allows the identification of nodes that may be subjected to selective pressures in the metabolic context. We used a reaction graph to represent the Kp13 metabolic network (Figure 1B). In this representation, nodes represent reactions, and there exists an edge between two nodes if the product of one reaction is used as a substrate on the reaction that follows (Cottret and Jourdan, 2010). Once a graph was derived, we calculated the frequency of all compounds as reaction participants using in-house Python scripts. Those that most frequently appeared as reaction participants were considered a potential currency compound (which included water, protons, ATP, and other cofactors). After manual inspection of this list, a total of 26 compounds were ruled out to avoid artificial links on the reaction graph. Cytoscape v. 3.1.0 (Shannon et al., 2003) was then used for network visualization and calculation of topological metrics, including betweenness centrality (BC). The BC of a given node v in Kp13-GEM is calculated as  , where Qst is the number of shortest paths between nodes s and t in the network and Qst(v) is the number of shortest paths from nodes s to t using v as an intermediate. High values of BC for a reaction node reflect the participation of this reaction as a mediator of many other metabolic routes, and its blockage could potentially disrupt the metabolic network by altering multiple pathways.

Choke-point analysis was conducted within Pathway Tools. Choke-point reactions are those that either uniquely produce or consume a given product or substrate, respectively (Yeh et al., 2004). In this sense, it is assumed that choke-point blockade may lead to the lack of an essential compound or the accumulation of a toxic metabolite in the cell; thus, these types of reactions have great significance in drug targeting.



2.6 Transcriptomic Response of K. pneumoniae Upon Carbapenem Exposure

To capture the transcriptomic landscape of K. pneumoniae bacteria exposed to carbapenems, we reanalyzed a previously published work that used RNA-seq to determine how sublethal concentrations of imipenem treatment affect K. pneumoniae 2 h and 24 h after carbapenem exposure compared to untreated controls (Van Laar et al., 2015). Specifically, we focused on the early time point (2 h), representing the initial response against the drug, and calculated differentially expressed genes (DEGs) compared to controls. The raw count matrix was obtained from GEO (accession number GSE62045), and after filtering out genes with low counts using the filterByExpr function within the edgeR package (Robinson et al., 2010), TMM-normalized expression levels were obtained. DEGs were calculated using a quasi-likelihood negative binomial model implemented in the function glmQLFit within edgeR, and the design matrix was constructed using biological replicates distributed over the control and 2 h exposure as experimental factors. We retained DEGs with FDR-corrected P-values less than 0.05 and log2-transformed fold-changes greater than 1, reasoning that genes significantly more expressed during exposure to carbapenem would be fit for drug targeting in a joint analysis with other druggability metrics (described in the following Section), thus representing potential candidates involved in the early drug response that could be synergistically targeted.



2.7 Data Integration and Target Prioritization

As the last step of our analysis, we classified the different metabolic pathways of Kp13-GEM using complementary scoring strategies aimed at determining which pathways are relevant to be targeted by new antimicrobial drugs capable of inhibiting broadly conserved targets across K. pneumoniae bacteria and synergizing with carbapenems. For this purpose, Kp13-GEM and the calculated data were integrated into Target-Pathogen, a web platform allowing multi-omics data integration aimed at prioritizing targets (available in http://target.sbg.qb.fcen.uba.ar/patho/) (Sosa et al., 2018). First, we defined a pathway as druggable if at least one of the proteins involved was predicted to be structurally druggable (Sosa et al., 2018). After ruling out non druggable pathways, we defined two scoring functions as follows to assign a score to each pathway predicted in Kp13-GEM. Equation (1) defines the importance of an entire pathway to be used as a target according to its completeness, centrality and choke-point properties of its reactions (both proxies of metabolic importance), essentiality and low identity with human proteins. Thus, for each pathway, we defined its scoring function as:

 

Where C is “completeness” (i.e., the ratio between the number of reactions of the pathway associated with a protein-coding gene and the number of reactions catalyzed by a known protein in the pathway). Chk is the number of choke-points in the pathway normalized by the total number of reactions present in each pathway. Cy is the maximum betweenness centrality among all reactions in the pathway, normalized by the reaction with maximum centrality in the entire reaction graph representation. H, the off-target score, reflects the results of a BLASTP search of each protein in each pathway against the human proteome database (Gencode v. 17), scaled using 1 - max(alignment identity), such that when a protein has no hit in the human proteome, the value is 1, and if it has e.g. 2 hits, with identities of 40% and 60%, the score is calculated as 0.4 (human_offtarget = 1 - 0.6, using the maximum identity). In this case, H is the average of the off-target score for each protein in the pathway. Finally, Es is the proportion of essential genes in the pathway.

We also sought to incorporate in our prioritization scheme a set of criteria aimed at identifying candidate targets that could be used in a synergic manner for the control of carbapenem-resistant K. pneumoniae. Equation (2) expresses this strategy:

 

where, in addition to the parameters described for Eq. 1, a term denoted by Cp represents the proportion of proteins overexpressed during carbapenem exposure (detailed in the previous Section).



2.8 Availability of Materials and Data

All the data generated and integrated in this study, including metabolic annotations and related meta-data, are openly available at the Target-Pathogen web server interface, and can be reached at <http://target.sbg.qb.fcen.uba.ar/patho/genome/Kp13>. The metabolic model for K. pneumoniae Kp13 (Kp13-GEM) in SBML format is available in Supplementary Data.




3 Results and Discussion


3.1 K. pneumoniae Kp13 Metabolic Network Refinement

We performed a whole-genome-based reconstruction of the Kp13 metabolic network (Kp13-GEM) using Pathway Tools followed by manual curation. The automatic reconstruction of Kp13-GEM with Pathway Tools resulted in a draft metabolic model composed of 386 metabolic pathways, 2,223 reactions (1,984 with enzymatic activities and 55 with transport function), and 1,714 compounds. A total of 1,554 genes/proteins were assigned to the 1,984 enzymatic reactions that compose the Kp13-GEM. We identified 141 pathway holes (reactions without associated genes) in this draft model, which were distributed across 98 metabolic pathways with different degrees of completeness. Refinement of Kp13-GEM began by manually inspecting the draft GEM using the Pathway Hole Filler (PHF) algorithm. Based on this tool, 41 proteins could be assigned to their respective reaction by filling the holes. During this process, reactions corresponding to 57 metabolic pathways were evaluated, and 26 could be completed (i.e., all their reactions had a gene assigned). In the last refinement step, using the Autograph methodology and bibliographic evidence, 6 pathways were added, 2 were corrected (changed to alternative pathways) and 20 were removed after being identified as false positives during manual curation. The summary of each step of the procedure is found in Supplementary Table 2, while in Supplementary Table 3 we present details of the metabolic pathways that were modified and the corresponding evidence that substantiated these actions.

Next, we compared Kp13-GEM with other microbial genome-scale reconstructions available in BioCyc. GEMs in the database present variable annotation quality, divided into Tier 1 (extensive manual refinement), Tier 2 (limited manual refinement), and Tier 3 (fully automatic reconstructions). Table 1 shows key characteristics of Kp13-GEM compared to eight other models, including that of three Klebsiella species. Kp13-GEM presents 386 pathways, 2,175 reactions, 1,997 assigned enzymes, and 1,701 compounds. Compared to E. coli (EcoCyc), the richest manually curated model available to date for any single microbe (Keseler et al., 2021), Kp13-GEM has an increased number of pathways and enzymatic reactions, which could reflect not only the larger genome size of K. pneumoniae Kp13 (5.74 Mb) compared to E. coli MG1655 (4.64 Mb), leading to the encoding of more biological functions in the former but also the possibility that false-positive pathways remained in the model even after manual revision. The E. coli model, however, presents a much larger number of transport reactions, reflecting the profound annotation effort put in this model, particularly considering that, in general, automatic genome annotations fail to identify the substrates of most proteins with transport activity (Krummenacker et al., 2019). The number of compounds in the E. coli model was also higher (2,616 versus 1,701 in Kp13-GEM), probably as a result of accounting for many specialized metabolic functions displayed by this versatile bacterium, again in line with the high quality of this model’s annotation, which accumulates the equivalent of decades of human effort and literature reconciliation. When compared to models with lower annotation quality in BioCyc, such as Tier 2 and Tier 3, Kp13-GEM presents a higher number of enzymes assigned to reactions, totaling 1,997, while the range for Tier 2 databases was 929-1,111 and of 1,343-1,537 for those in Tier 3 (Table 1). This result indicates that a high fraction of metabolic reactions have an associated gene instead of presenting as orphan reactions. Correct and complete associations between reactions and genes are paramount to downstream uses of any metabolic model. Such is the case of target prioritization, our focus in the following sections.


Table 1 | Key characteristics of the metabolic reconstruction of K. pneumoniae Kp13 compared to other models produced using the BioCyc ontology.





3.2 Leveraging Kp13-GEM to Score K. pneumoniae Pathways and Find Novel Molecular Targets for Combined Drug Therapies

Once the refinement of Kp13-GEM was finished, we sought to score entire pathways (rather than single proteins) to explore novel molecular targets. We reasoned that when combined therapies are used, targeting more than one protein of the same pathway or yet multiple pathways would lower the chances of resistance development, and once it does, the impact on therapeutic outcome may be decreased (León-Buitimea et al., 2020). We applied an a priori filter to discard proteins for which we could not obtain a representative structural model that harbored at least one druggable pocket. A total of 347 candidate druggable pathways were disclosed using this strategy, representing 89.9% of identified pathways in Kp13-GEM. This massive target space still requires further narrowing, and for this, we took into account essentiality, off-target and metabolic criteria. Table 2 shows the top 15 pathways that were kept after this procedure. Next, we specifically focused on some of these pathways.


Table 2 | Top 15 best ranked metabolic pathways according to completeness, number of choke-points, essentiality, centrality and human off-targets, in which the last column represents the composite scoring scheme detailed in Eq. 1.




3.2.1 LPS Biosynthesis

Among the best ranking pathways, we identified LPS biosynthesis, with LPS being a major component of the Gram-negative outer membrane. LPS can be conceptually divided into three structural moieties: Lipid A, core oligosaccharides, and the O antigenic polysaccharide. The biosynthesis of lipid A begins in the cytosol with the involvement of the enzymes LpxA, LpxB, LpxC, and LpxD through the Raetz pathway (Raetz et al., 2009). Despite their potential, the technical challenges of working with enzymes that form the Raetz pathway must also be overcome (Joo, 2015). Subsequently, lipid IVA is glycosylated with two 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) residues, which are added by the WaaA enzyme to produce Kdo2-lipid IVA. We and others have previously identified the potential of lipid A-producing enzymes (expressed from the lpx locus) as attractive molecular targets (Clements et al., 2002; Williams et al., 2006; Buetow et al., 2007; Erwin, 2016; Ramos et al., 2018; Ahmad et al., 2019), and multiple patents have been filed to protect intellectual properties on molecules with LpxC inhibitory and antibacterial activities (Kalinin and Holl, 2017). While we previously showed that LpxC and LpxD were high-value targets due to their broad conservation and overexpression during exposure to polymyxin B, a ‘last-resort’ antibiotic (Ramos et al., 2018), here, we put forward the potential for novel drug development involving the glycosylation function to lipid IVA by targeting the waa operon (part of the Kdo transfer to lipid IVA pathway; Figure 2), an idea only peripherally explored for K. pneumoniae (Patro et al., 2019). Since LPS biosynthesis was identified as a broadly conserved pathway target, we inferred that it would also be appropriate to be prioritized against colistin-resistant species. Although we have not found any transcriptomic experiment of K pneumoniae exposed to colistin, obtaining these data could be also important in order to propose specific colistin-resistant K. pneumoniae drug targets, since resistance against this antibiotic also poses an emerging threat to antibiotic security worldwide (Petrosillo et al., 2019).




Figure 2 | Druggable features of the Kdo transfer to lipid IVA pathway. The structure of the 3-deoxy-D-manno-octulosonic acid transferase in the pathway is shown in cyan, with the predicted binding sites in red. The box next to the structure shows characteristics of this enzymes, such as druggability, essentiality, centrality in the reaction graph, and whether it is found overexpressed during carbapenem exposure.





3.2.2 PreQ0 Biosynthesis

Another interesting, prioritized pathway is preQ0 biosynthesis. PreQ0 serves as a precursor of the most important 7-deazaguanine, queuosine (Q). Q is a modified nucleoside that is present in certain tRNAs at the wobble position of anticodons in tRNAs for Asn, Asp, Tyr, and His. The de novo biosynthesis of Q is exclusive to eubacteria, and humans have to obtain it from the diet or commensal bacteria (Yuan et al., 2019). PreQ0 is produced through four reactions from the nucleotide GTP. The first step of the pathway starts with the transformation of GTP to 7,8-dihydroneopterin 3’-triphosphate by FolE (druggability score [DS] = 0.51), which we also previously identified as an attractive target (Ramos et al., 2018), an enzyme that is also involved in the biosynthesis of 5,6,7,8-tetrahydrofolate, a crucial intermediate in the biosynthesis of nucleic acids and proteins. Subsequently, 7,8-dihydroneopterin 3’-triphosphate is converted to 6-carboxy-5,6,7,8-tetrahydropterin, and this reaction is catalyzed by QueD, a highly druggable enzyme (DS = 0.78). The latter intermediate is converted to 7-carboxy-7-deazaguanine by QueE (DS = 0.54). Finally, QueC catalyzes the conversion of the final product, preQ0 in an ATP-dependent manner (McCarty et al., 2009).



3.2.3 Lipoylation

Two pathways associated with lipoate biosynthesis have been proposed as candidate druggable routes. Lipoate is required as a crucial cofactor by several enzyme complexes in oxidative metabolism. In bacteria, five lipoate-dependent multienzyme systems have been described: a glycine cleavage system, an acetoin dehydrogenase system and three α-ketoacid dehydrogenase complexes (pyruvate dehydrogenase, α-ketoglutarate dehydrogenase and branched-chain α-ketoacid dehydrogenase) (Spalding and Prigge, 2010). Lipoate synthase (LipA) is involved in the final step of de novo lipoate biosynthesis. LipA, a highly druggable enzyme (DS = 0.78), is present in both pathways and catalyzes the conversion of octanoate to lipoate. The finding that disruption of lipoylation pathways in Mycoplasma hyopneumoniae leads to bacterial growth inhibition (Jin et al., 2021), coupled with the particularities displayed by the prokaryotic pathway (Cao et al., 2018), strengthens the evidence that proteins involved in this process can be further prospected as novel targets against K. pneumoniae.



3.2.4 Methionine Salvaging

The S-methyl-5’-thioadenosine (MTA) degradation pathway also appeared top-ranked (Table 2). MTA is generated as a side compound during polyamine biosynthesis and other important compounds. Microorganisms need to regulate MTA levels to avoid the inhibition of polyamine biosynthesis and transmethylation reactions by this byproduct. The most common way of scavenging MTA is through the widely conserved methionine salvage pathway. However, the initial processes to convert MTA to S-methyl-5-thio-α-D-ribose 1-phosphate differ between microorganisms and eukaryotic cells (Cornell et al., 1996; Sekowska et al., 2004). MTA/SAH nucleosidase, MtnK (DS = 0.44), and MTR kinase, MtnN (DS = 0.69), two druggable enzymes involved in the early steps of the pathway, emerge as attractive targets for the development of drugs aimed at selectively inhibiting microbial methionine salvage metabolism. Their disruption would lead to the buildup of MTA and S-adenosylhomocysteine, affecting the major microbial cellular functions. The antimicrobial properties of nucleosidase inhibitors, both natural and synthetic, have been studied, and their potential as broad-spectrum antibiotics against Gram-positive and Gram-negative bacteria has been underlined (Lee et al., 2004; Serpi et al., 2016; Chakraborti et al., 2020; Cornell et al., 2020). Additionally, the structural diversity in the active site of prokaryotic MtnK and the mammalian MTA phosphorylase, responsible for MTA breakdown in humans, offers an opportunity to achieve substrate specificity, potentially reducing off-targets (Serpi et al., 2016).



3.2.5 Flavin Biosynthesis

Flavin biosynthesis resulted in another well-ranked pathway (Table 2). Riboflavin (vitamin B2), the direct precursor of essential cofactors FAD (flavin adenine dinucleotide), and FMN (flavin mononucleotide), plays an important role in reactions involving redox centers, including redox homeostasis, energetic metabolism and protein folding. Six (RibA [DS = 0.74]; RibD [DS = 0.94]; YigB [DS = 0.86]; Yigl [DS = 0.78]; RibE [DS = 0.81]; RibF [DS = 0.85]) of the nine enzymes that participate in this metabolic pathway presented a highly druggable score. Of note, this pathway is lacking in mammals, which must obtain riboflavin exogenously. Disruption of the microbial riboflavin biosynthetic pathway, particularly by targeting riboflavin synthase (RibE) and lumazine synthase (RibH; for which we could not infer DS due to lack of structural model), has been achieved using chemically produced inhibitors of these enzymes, which were also developed as prospective anti-tuberculosis agents (Mack and Grill, 2006; Zhao et al., 2009; Long et al., 2010). More recently, a high-throughput screening assay to disclose leads against Brucella spp. riboflavin synthase identified, out of 44,000 highly diverse compounds presenting drug-like properties, ten low molecular weight molecules with 50% inhibitory concentrations in the low micromolar range, of which two proved to be highly efficient in reducing viable intracellular bacteria during experimental infection assays (Serer et al., 2019).



3.2.6 Glycine Betaine Biosynthesis

Glycine betaine, a well-known osmolyte that acts as an osmoprotectant, can either be obtained from medium or by de novo synthesis. In K. pneumoniae, the pathway leading to glycine betaine starts from a choline precursor and is then converted to the toxic intermediate betaine aldehyde through the druggable enzyme choline dehydrogenase (BetA; DS = 0.55). The reaction that follows, which we identified as a choke-point, is catalyzed by betaine aldehyde dehydrogenase (BetB; DS = 0.53), converting betaine aldehyde into glycine betaine. In Pseudomonas aeruginosa, deletion of betBA resulted in decreased bacterial survival in a mouse lung model, although the mechanism generating the mutant survival defect was not explored (Wargo, 2013). Since disruption of BetB would lead to the buildup of toxic betaine aldehyde, this could be a possible mechanism explaining this observation and points to the prioritization of inhibitors targeting BetB over BetA. Indeed, disulfiram metabolites (used to treat alcohol dependence in humans) have been shown to inhibit P. aeruginosa BetB (Velasco-García et al., 2006; Zaldívar-Machorro et al., 2011) while also displaying potent bactericidal activities against M. tuberculosis (Horita et al., 2012; Dalecki et al., 2015). Taken together, these results cast light on the feasibility of targeting this biosynthesis pathway, either by novel lead discovery or through the repurposing of existing drugs, such as disulfiram derivatives. Further experimental efforts are required to determine the suitability of both strategies against K. pneumoniae.



3.2.7 Rediscovered Pathways: Production of Phosphatidylethanolamine, Peptidoglycan and Ribonucleotides

As expected, our current prioritization strategy also reidentified several pathways that we previously associated with harboring promising targets (Ramos et al., 2018), suggesting that genome-based approaches also suffer from the rediscovery problem well known for large-scale screening approaches (Genilloud et al., 2011). For instance, pssA (DS = 0.86), which is involved in the biosynthesis of phosphatidylethanolamine, the major phospholipid of membranes; thymidylate kinase (tmk gene product; DS = 0.58), an enzyme that participates in pyrimidine deoxyribonucleotide phosphorylation; and the gene products of murF (DS = 0.76), murG (DS = 0.8), murD (DS = 0.71) and murE (DS = 0.85), which participate in peptidoglycan biosynthesis, were rediscovered in the current work, and their potential is discussed elsewhere (Ramos et al., 2018). Nonetheless, this agreement reinforces the plausibility that these molecules can be developed as novel K. pneumoniae targets and, in addition to the druggable pathways identified here, provides an expanded molecular target space that can be further explored.




3.3 Incorporating Carbapenem Expression Data to Detect Druggable Pathways During Carbapenem Exposure

Next, we sought to incorporate in our scoring function a term related to expression upregulation when K. pneumoniae is exposed to carbapenems. For this, we reanalyzed previously generated data (Van Laar et al., 2015). The rationale behind this strategy involves appreciating that multiple bacterial cellular processes appear upregulated upon antibiotic exposure, both to counter and repair the direct damage of these drugs (such as membrane degradation) but also as a result of compensatory protein expression (Henry et al., 2015; Van Laar et al., 2015; Ramos et al., 2016; Mmatli et al., 2020; Rahim et al., 2020). In this sense, if we know which pathways are overexpressed after carbapenem exposure (probably related to the maintenance of homeostasis), we might be able to inhibit them with novel drugs resulting in a synergistic bactericidal effect. Hence, some of these upregulated proteins could be exploited using combination therapies alongside carbapenems. The usage of antibiotics with nonantibiotic activity-enhancing compounds has been proposed as an innovative strategy to address the emergence of resistant pathogens (Tyers and Wright, 2019).


3.3.1 Energy Metabolism

Our results show that molecules involved in energetic metabolism emerge as promising targets in the context of carbapenem exposure (Table 3), while targets previously proposed to combat polymyxin resistant strains were mainly related to the synthesis of membrane components (Ramos et al., 2018) Out of the top 15 prioritized pathways, 13 were related to energy metabolism (Table 3). K. pneumoniae exposure to carbapenems induces a complex transcriptional response that involves energy metabolism (Van Laar et al., 2015; Khan et al., 2017; Sharma et al., 2019). Multiple metabolites enter the TCA pathway, such as byproducts of putrescine, arginine, proline, and phenylethylamine degradation processes (Adams-Sapper et al., 2018), and pathways that catabolize these compounds were highly-ranked in our results (Table 3). In the phenylethylamine degradation pathway, two highly druggable proteins are present, phenylethylamine oxidase (TynA; DS = 0.73) and phenylacetaldehyde dehydrogenase (FeaB; DS = 0.94). Both participate in choke-point reactions and present low identity with human proteins, despite being unorthodox candidates from a drug development perspective. This is because these reactions allow microbial growth using 2-phenylethylamine as a carbon source and under poor nutritional conditions, yielding H2O2 as a byproduct that, in principle, could favor intracellular stress and damage (Ravindra Kumar and Imlay, 2013), such that the value of inhibiting this function is unclear. However, the periplasmic location of hydrogen peroxide-producing TynA leads to leakage of this metabolite to the external milieu and has been proposed as a mechanism to compete with other bacteria (Elovaara et al., 2015). Additionally, in E. coli this protein is able to use human granulocytes as a substrate, but it is unknown whether this confers any advantages during human infection (Elovaara et al., 2015).


Table 3 | Top 15 best ranked metabolic pathways according to completeness, number of choke-points, essentiality, centrality, human off-targets and carbapenem over-expression, in which the last column represents the composite scoring scheme detailed in Eq. 2.



The 2-oxoglutarate decarboxylation to succinyl-CoA pathway harbors reactions catalyzed by the 2-oxoglutarate dehydrogenase complex (SucA [DS = 0.87], SucB [DS = 0.55] and LpdA [DS = 0.53]), a key enzyme of the prokaryotic TCA cycle (Figure 3). These proteins were found to be druggable and essential and were all overexpressed when K. pneumoniae was exposed to carbapenem antimicrobials. Moreover, 2-oxoglutarate dehydrogenase subunits play a role in the cellular response to acute stress exposure (Graf et al., 2013), making these enzymes attractive, novel and poorly explored targets. In particular, LpdA was proposed as a potential target for drug development (Deb et al., 2002). Interestingly, proline and arginine degradation pathways, which also ranked well in our prioritization (Table 3), produce L-glutamate as an end product, which in turn is converted into 2-oxoglutarate.




Figure 3 | Druggable features of the 2-oxoglutarate decarboxylation to succinyl-CoA pathway. The modeled structures of enzymes in the pathway are shown in red, with the predicted binding sites in cyan. The boxes next to each structure shows characteristics of these enzymes, such as druggability, essentiality, centrality in the reaction graph, and whether it is found overexpressed during carbapenem exposure.



TCA and glyoxylate cycles were also highly ranked (Table 3), confirming the importance of energetic metabolism during K. pneumoniae exposure to carbapenems. Both pathways harbor druggable and essential proteins that are also associated with reactions with elevated betweenness centrality in Kp13-GEM. For example, isocitrate lyase (AceA), a highly druggable (DS = 0.92) and essential protein, which was validated as an antituberculosis target (Sharma et al., 2013; Nandakumar et al., 2014; Shukla et al., 2018). Moreover, this protein is broadly conserved in K. pneumoniae but does not have close homologs in the human genome, making it attractive to exploration in further experimental studies.



3.3.2 Putrescine and D-Arginine Degradation

Putrescine and arginine degradation pathways also appeared in our prioritization (Table 3). The first pathway is catalyzed by two druggable enzymes, putrescine aminotransferase (DS = 0.6) and γ-aminobutyraldehyde dehydrogenase (DS = 0.74), which convert putrescine into γ-aminobutyrate (GABA), then metabolized via the GABA shunt bypassing two steps of the TCA cycle. Because they can induce apoptosis and inhibit cell growth, the levels of polyamines such as putrescines must be tightly regulated (Wallace et al., 2003). It was reported that putrescine catabolism constitutes a metabolic response to several stresses in E. coli (Schneider et al., 2013). The structures of some of these enzymes from E. coli and Pseudomonas have been solved (Cha et al., 2014; Wilding et al., 2017).

D-arginine catabolism was also highly ranked due to the presence of predicted essential proteins, low fraction of off-targets, and overexpression of all genes in the pathway during exposure of K. pneumoniae to carbapenems (Table 3). Despite the importance of arginine utilization in bacteria, adding to their metabolic versatility, the relevance of members of this pathway as targets is still unclear, especially given the redundancy of this process mediated by multiple pathways (Yang and Lu, 2007).



3.3.3 Trehalose Synthesis

Trehalose biosynthesis is among the few highly ranked pathways unrelated to energy metabolism (Table 3). Bacteria can synthesize large amounts of this disaccharide to protect the integrity of the cell against a variety of environmental injuries (Argüelles, 2000), and targeting enzymes involved in this process has been extensively studied for M. tuberculosis (Thanna and Sucheck, 2016), particularly informed by the absence of these proteins in vertebrates. Trehalose-6-phosphate synthase (OtsA; DS = 0.71) and trehalose-6-phosphate phosphatase (OtsB; DS = 0.86) participate in this process and are conserved across a range of clinically relevant species (Cross et al., 2017), fueling recent high-throughput screening efforts that led to the discovery of specific inhibitors of these proteins (Cross et al., 2019).





4 Conclusions

By generating and making extensive use of a refined genome-scale metabolic network for carbapenem-resistant K. pneumoniae (Kp13-GEM), we prioritized pathways harboring attractive properties from a drug development perspective. Members of these pathways could be developed as candidates in further experimental studies aimed at identifying novel compounds to control K. pneumoniae, in particular during exposure to carbapenems. Other uses of Kp13-GEM include topology-based analyses on the network by inducing a reaction graph from the SBML-formatted model, as we have performed. Then, network theory methods can be applied, and topological metrics can be calculated to study relevant aspects of the K. pneumoniae metabolism, compared to those of other bacteria. Our integrative approach, where multiple layers of omics information were overlaid, disclosed a series of candidate pathways to inform target selection in antibiotic drug discovery, with energy metabolism emerging as a dominant biological theme warranting further consideration in the molecular target space of K. pneumoniae.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Author Contributions

DF, MN, and PR conceived the study design. AP, AT, DF, ES, FS, MN, MP, and PR contributed tools and performed data analysis. AP, DF, MN, MP, and PR drafted the manuscript with input from the other authors. All authors contributed to the article and approved the submitted version.



Funding

MN was supported by a fellowship from CNPq (process no. 306894/2019-0) and grant by CAPES (process no. 88887.368759/2019-00). CONICET supported fellowships to AP and FS. ES, AT, MP, and DF are members of CONICET. This work was supported by Agencia Nacional de Promoción Científica y Tecnológica (ANPCyT, PICT-2019-01359 to DF) and Universidad de Buenos Aires (20020190200275BA to DF).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.773405/full#supplementary-material



References

 Adams-Sapper, S., Gayoso, A., and Riley, L. W. (2018). Stress-Adaptive Responses Associated With High-Level Carbapenem Resistance in KPC-Producing. J. Pathog. 2018, 3028290. doi: 10.1155/2018/3028290

 Ahmad, S., Navid, A., Akhtar, A. S., Azam, S. S., Wadood, A., and Pérez-Sánchez, H. (2019). Subtractive Genomics, Molecular Docking and Molecular Dynamics Simulation Revealed LpxC as a Potential Drug Target Against Multi-Drug Resistant Klebsiella Pneumoniae. Interdiscip. Sci. 11, 508–526. doi: 10.1007/s12539-018-0299-y

 Almeida, L. G. P., Paixão, R., Souza, R. C., da Costa, G. C., Barrientos, F. J. A., dos Santos, M. T., et al. (2004). A System for Automated Bacterial (Genome) Integrated Annotation–SABIA. Bioinformatics 20, 2832–2833. doi: 10.1093/bioinformatics/bth273

 Argüelles, J. C. (2000). Physiological Roles of Trehalose in Bacteria and Yeasts: A Comparative Analysis. Arch. Microbiol. 174, 217–224. doi: 10.1007/s002030000192

(2021) Leading Causes of Death. Available at: https://www.cdc.gov/nchs/fastats/leading-causes-of-death.htm (Accessed June 5, 2021).

 Available at: https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf (Accessed August 27, 2021).

 Blin, C., Passet, V., Touchon, M., Rocha, E. P. C., and Brisse, S. (2017). Metabolic Diversity of the Emerging Pathogenic Lineages of Klebsiella Pneumoniae. Environ. Microbiol. 19, 1881–1898. doi: 10.1111/1462-2920.13689

 Boutet, E., Lieberherr, D., Tognolli, M., Schneider, M., Bansal, P., Bridge, A. J., et al. (2016). UniProtKB/Swiss-Prot, the Manually Annotated Section of the UniProt KnowledgeBase: How to Use the Entry View. Methods Mol. Biol. 1374, 23–54. doi: 10.1007/978-1-4939-3167-5_2

 Buetow, L., Smith, T. K., Dawson, A., Fyffe, S., and Hunter, W. N. (2007). Structure and Reactivity of LpxD, the N-Acyltransferase of Lipid A Biosynthesis. Proc. Natl. Acad. Sci. U. S. A. 104, 4321–4326. doi: 10.1073/pnas.0606356104

 Burguener, G. F., Maldonado, M. J., Revale, S., Fernández Do Porto, D., Rascován, N., Vázquez, M., et al. (2014). Draft Genome Sequence of the Polyextremophilic Halorubrum Sp. Strain AJ67, Isolated From Hyperarsenic Lakes in the Argentinian Puna. Genome Announc. 2 (1), e01096–13. doi: 10.1128/genomeA.01096-13

 Cao, X., Hong, Y., Zhu, L., Hu, Y., and Cronan, J. E. (2018). Development and Retention of a Primordial Moonlighting Pathway of Protein Modification in the Absence of Selection Presents a Puzzle. Proc. Natl. Acad. Sci. U. S. A. 115, 647–655. doi: 10.1073/pnas.1718653115

 Caspi, R., Billington, R., Ferrer, L., Foerster, H., Fulcher, C. A., Keseler, I. M., et al. (2016). The MetaCyc Database of Metabolic Pathways and Enzymes and the BioCyc Collection of Pathway/Genome Databases. Nucleic Acids Res. 44, D471–D480. doi: 10.1093/nar/gkv1164

 Cassini, A., Högberg, L. D., Plachouras, D., Quattrocchi, A., Hoxha, A., Simonsen, G. S., et al. (2019). Attributable Deaths and Disability-Adjusted Life-Years Caused by Infections With Antibiotic-Resistant Bacteria in the EU and the European Economic Area in 2015: A Population-Level Modelling Analysis. Lancet Infect. Dis. 19, 56–66. doi: 10.1016/S1473-3099(18)30605-4

 Cesur, M. F., Siraj, B., Uddin, R., Durmuş, S., and Çakır, T. (2020). Network-Based Metabolism-Centered Screening of Potential Drug Targets in Klebsiella Pneumoniae at Genome Scale. Front. Cell. Infection Microbiol. 9. doi: 10.3389/fcimb.2019.00447

 Cha, H. J., Jeong, J.-H., Rojviriya, C., and Kim, Y.-G. (2014). Structure of Putrescine Aminotransferase From Escherichia Coli Provides Insights Into the Substrate Specificity Among Class III Aminotransferases. PloS One 9, e113212. doi: 10.1371/journal.pone.0113212

 Chakraborti, M., Schlachter, S., Primus, S., Wagner, J., Sweet, B., Carr, Z., et al. (2020). Evaluation of Nucleoside Analogs as Antimicrobials Targeting Unique Enzymes in Borrelia Burgdorferi. Pathogens 9, 678. doi: 10.3390/pathogens9090678

 Clements, J. M., Coignard, F., Johnson, I., Chandler, S., Palan, S., Waller, A., et al. (2002). Antibacterial Activities and Characterization of Novel Inhibitors of LpxC. Antimicrob. Agents Chemother. 46, 1793–1799. doi: 10.1128/AAC.46.6.1793-1799.2002

 Cornell, K. A., Knippel, R. J., Cortright, G. R., Fonken, M., Guerrero, C., Hall, A. R., et al. (2020). Characterization of 5′-Methylthioadenosine/S-Adenosylhomocysteine Nucleosidases From Borrelia Burgdorferi: Antibiotic Targets for Lyme Disease. Biochim. Biophys. Acta (BBA) - Gen. Subj. 1864, 129455. doi: 10.1016/j.bbagen.2019.129455

 Cornell, K. A., Winter, R. W., Tower, P. A., and Riscoe, M. K. (1996). Affinity Purification of 5-Methylthioribose Kinase and 5-Methylthioadenosine/S-Adenosylhomocysteine Nucleosidase From Klebsiella Pneumoniae [Corrected]. Biochem. J. 317 (Pt 1), 285–290. doi: 10.1042/bj3170285

 Cottret, L., and Jourdan, F. (2010). Graph Methods for the Investigation of Metabolic Networks in Parasitology. Parasitology 137, 1393–1407. doi: 10.1017/S0031182010000363

 Cross, M., Lepage, R., Rajan, S., Biberacher, S., Young, N. D., Kim, B.-N., et al. (2017). Probing Function and Structure of Trehalose-6-Phosphate Phosphatases From Pathogenic Organisms Suggests Distinct Molecular Groupings. FASEB J. 31, 920–926. doi: 10.1096/fj.201601149R

 Cross, M., York, M., Długosz, E., Straub, J. H., Biberacher, S., Herath, H. M. P. D., et al. (2019). A Suicide Inhibitor of Nematode Trehalose-6-Phosphate Phosphatases. Sci. Rep. 9, 16165. doi: 10.1038/s41598-019-52593-9

 Dalecki, A. G., Haeili, M., Shah, S., Speer, A., Niederweis, M., Kutsch, O., et al. (2015). Disulfiram and Copper Ions Kill Mycobacterium Tuberculosis in a Synergistic Manner. Antimicrobial Agents Chemotherapy 59, 4835–4844. doi: 10.1128/aac.00692-15

 Darling, A. E., Mau, B., and Perna, N. T. (2010). Progressivemauve: Multiple Genome Alignment With Gene Gain, Loss and Rearrangement. PloS One 5, e11147. doi: 10.1371/journal.pone.0011147

 Deb, D. K., Dahiya, P., Srivastava, K. K., Srivastava, R., and Srivastava, B. S. (2002). Selective Identification of New Therapeutic Targets of Mycobacterium Tuberculosis by IVIAT Approach. Tuberculosis 82, 175–182. doi: 10.1054/tube.2002.0337

 Donadio, S., Maffioli, S., Monciardini, P., Sosio, M., and Jabes, D. (2010). Antibiotic Discovery in the Twenty-First Century: Current Trends and Future Perspectives. J. Antibiot. 63, 423–430. doi: 10.1038/ja.2010.62

 Elovaara, H., Huusko, T., Maksimow, M., Elima, K., Yegutkin, G. G., Skurnik, M., et al. (2015). Primary Amine Oxidase of Escherichia Coli Is a Metabolic Enzyme That Can Use a Human Leukocyte Molecule as a Substrate. PloS One 10, e0142367. doi: 10.1371/journal.pone.0142367

 Erwin, A. L. (2016). Antibacterial Drug Discovery Targeting the Lipopolysaccharide Biosynthetic Enzyme LpxC. Cold Spring Harb. Perspect. Med. 6(7), a025304. doi: 10.1101/cshperspect.a025304

 Fabregat, A., Sidiropoulos, K., Garapati, P., Gillespie, M., Hausmann, K., Haw, R., et al. (2016). The Reactome Pathway Knowledgebase. Nucleic Acids Res. 44, D481–D487. doi: 10.1093/nar/gkv1351

 Genilloud, O., González, I., Salazar, O., Martín, J., Tormo, J. R., and Vicente, F. (2011). Current Approaches to Exploit Actinomycetes as a Source of Novel Natural Products. J. Ind. Microbiol. Biotechnol. 38, 375–389. doi: 10.1007/s10295-010-0882-7

 Gonzalez-Ferrer, S., Peñaloza, H. F., Budnick, J. A., Bain, W. G., Nordstrom, H. R., Lee, J. S., et al. (2021). Finding Order in the Chaos: Outstanding Questions in Klebsiella Pneumoniae Pathogenesis. Infect. Immun. 89 (4), e00693–20. doi: 10.1128/IAI.00693-20

 Graf, A., Trofimova, L., Loshinskaja, A., Mkrtchyan, G., Strokina, A., Lovat, M., et al. (2013). Up-Regulation of 2-Oxoglutarate Dehydrogenase as a Stress Response. Int. J. Biochem. Cell Biol. 45, 175–189. doi: 10.1016/j.biocel.2012.07.002

 Green, M. L., and Karp, P. D. (2004). A Bayesian Method for Identifying Missing Enzymes in Predicted Metabolic Pathway Databases. BMC Bioinf. 5, 76. doi: 10.1186/1471-2105-5-76

 Green, M. L., and Karp, P. D. (2007). Using Genome-Context Data to Identify Specific Types of Functional Associations in Pathway/Genome Databases. Bioinformatics 23, i205–i211. doi: 10.1093/bioinformatics/btm213

 Hemmerich, C., Buechlein, A., Podicheti, R., Revanna, K. V., and Dong, Q. (2010). An Ergatis-Based Prokaryotic Genome Annotation Web Server. Bioinformatics 26, 1122–1124. doi: 10.1093/bioinformatics/btq090

 Henry, R., Crane, B., Powell, D., Lucas, D. D., Li, Z., Aranda, J., et al. (2015). The Transcriptomic Response Ofacinetobacter Baumanniito Colistin and Doripenem Alone and in Combination in AnIn Vitropharmacokinetics/Pharmacodynamics Model. J. Antimicrobial Chemotherapy 70, 1303–1313. doi: 10.1093/jac/dku536

 Henry, C. S., DeJongh, M., Best, A. A., Frybarger, P. M., Linsay, B., and Stevens, R. L. (2010). High-Throughput Generation, Optimization and Analysis of Genome-Scale Metabolic Models. Nat. Biotechnol. 28, 977–982. doi: 10.1038/nbt.1672

 Horita, Y., Takii, T., Yagi, T., Ogawa, K., Fujiwara, N., Inagaki, E., et al. (2012). Antitubercular Activity of Disulfiram, an Antialcoholism Drug, Against Multidrug- and Extensively Drug-Resistant Mycobacterium Tuberculosis Isolates. Antimicrob. Agents Chemother. 56, 4140–4145. doi: 10.1128/AAC.06445-11

 Jin, J., Chen, H., Wang, N., Zhu, K., Liu, H., Shi, D., et al. (2021). A Novel Lipoate-Protein Ligase, Mhp-LplJ, Is Required for Lipoic Acid Metabolism in Mycoplasma Hyopneumoniae. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.631433

 Joo, S. H. (2015). Lipid A as a Drug Target and Therapeutic Molecule. Biomol. Ther. 23, 510–516. doi: 10.4062/biomolther.2015.117

 Kalinin, D. V., and Holl, R. (2017). LpxC Inhibitors: A Patent Review, (2010-2016). Expert Opin. Ther. Pat. 27, 1227–1250. doi: 10.1080/13543776.2017.1360282

 Kanehisa, M., Goto, S., Sato, Y., Kawashima, M., Furumichi, M., and Tanabe, M. (2014). Data, Information, Knowledge and Principle: Back to Metabolism in KEGG. Nucleic Acids Res. 42, D199–D205. doi: 10.1093/nar/gkt1076

 Karp, P. D., Latendresse, M., and Caspi, R. (2011). The Pathway Tools Pathway Prediction Algorithm. Stand. Genomic Sci. 5, 424–429. doi: 10.4056/sigs.1794338

 Keseler, I. M., Gama-Castro, S., Mackie, A., Billington, R., Bonavides-Martínez, C., Caspi, R., et al. (2021). The EcoCyc Database in 2021. Front. Microbiol. 12, 711077. doi: 10.3389/fmicb.2021.711077

 Keseler, I. M., Mackie, A., Santos-Zavaleta, A., Billington, R., Bonavides-Martínez, C., Caspi, R., et al. (2017). The EcoCyc Database: Reflecting New Knowledge About Escherichia Coli K-12. Nucleic Acids Res. 45, D543–D550. doi: 10.1093/nar/gkw1003

 Khan, A., Sharma, D., Faheem, M., Bisht, D., and Khan, A. U. (2017). Proteomic Analysis of a Carbapenem-Resistant Klebsiella Pneumoniae Strain in Response to Meropenem Stress. J. Glob Antimicrob. Resist. 8, 172–178. doi: 10.1016/j.jgar.2016.12.010

 Kim, W. J., Kim, H. U., and Lee, S. Y. (2017). Current State and Applications of Microbial Genome-Scale Metabolic Models. Curr. Opin. Syst. Biol. 2, 10–18. doi: 10.1016/j.coisb.2017.03.001

 King, Z. A., Lu, J., Dräger, A., Miller, P., Federowicz, S., Lerman, J. A., et al. (2016). BiGG Models: A Platform for Integrating, Standardizing and Sharing Genome-Scale Models. Nucleic Acids Res. 44, D515–D522. doi: 10.1093/nar/gkv1049

 Krummenacker, M., Latendresse, M., and Karp, P. D. (2019). Metabolic Route Computation in Organism Communities. Microbiome 7, 89. doi: 10.1186/s40168-019-0706-6

 Lee, J. E., Settembre, E. C., Cornell, K. A., Riscoe, M. K., Sufrin, J. R., Ealick, S. E., et al. (2004). Structural Comparison of MTA Phosphorylase and MTA/AdoHcy Nucleosidase Explains Substrate Preferences and Identifies Regions Exploitable for Inhibitor Design. Biochemistry 43, 5159–5169. doi: 10.1021/bi035492h

 León-Buitimea, A., Garza-Cárdenas, C. R., Garza-Cervantes, J. A., Lerma-Escalera, J. A., and Morones-Ramírez, J. R. (2020). The Demand for New Antibiotics: Antimicrobial Peptides, Nanoparticles, and Combinatorial Therapies as Future Strategies in Antibacterial Agent Design. Front. Microbiol. 11, 1669. doi: 10.3389/fmicb.2020.01669

 Liao, Y.-C., Huang, T.-W., Chen, F.-C., Charusanti, P., Hong, J. S. J., Chang, H.-Y., et al. (2011). An Experimentally Validated Genome-Scale Metabolic Reconstruction of Klebsiella Pneumoniae MGH 78578, Iyl1228. J. Bacteriol. 193, 1710–1717. doi: 10.1128/JB.01218-10

 Long, Q., Ji, L., Wang, H., and Xie, J. (2010). Riboflavin Biosynthetic and Regulatory Factors as Potential Novel Anti-Infective Drug Targets. Chem. Biol. Drug Des. 75, 339–347. doi: 10.1111/j.1747-0285.2010.00946.x

 Mack, M., and Grill, S. (2006). Riboflavin Analogs and Inhibitors of Riboflavin Biosynthesis. Appl. Microbiol. Biotechnol. 71, 265–275. doi: 10.1007/s00253-006-0421-7

 McCarty, R. M., Somogyi, A., Lin, G., Jacobsen, N. E., and Bandarian, V. (2009). The Deazapurine Biosynthetic Pathway Revealed: In Vitro Enzymatic Synthesis of PreQ(0) From Guanosine 5’-Triphosphate in Four Steps. Biochemistry 48, 3847–3852. doi: 10.1021/bi900400e

 Mendoza, S. N., Olivier, B. G., Molenaar, D., and Teusink, B. (2019). A Systematic Assessment of Current Genome-Scale Metabolic Reconstruction Tools. Genome Biol. 20, 158. doi: 10.1186/s13059-019-1769-1

 Mmatli, M., Mbelle, N. M., Maningi, N. E., and Sekyere, J. O. (2020). Emerging Transcriptional and Genomic Mechanisms Mediating Carbapenem and Polymyxin Resistance in Enterobacteriaceae : A Systematic Review of Current Reports. mSystems 5 (6), e00783–20. doi: 10.1128/msystems.00783-20

 Nandakumar, M., Nathan, C., and Rhee, K. Y. (2014). Isocitrate Lyase Mediates Broad Antibiotic Tolerance in Mycobacterium Tuberculosis. Nat. Commun. 5, 4306. doi: 10.1038/ncomms5306

 Norsigian, C. J., Attia, H., Szubin, R., Yassin, A. S., Palsson, B. Ø., Aziz, R. K., et al. (2019). Comparative Genome-Scale Metabolic Modeling of Metallo-Beta-Lactamase–Producing Multidrug-Resistant Klebsiella Pneumoniae Clinical Isolates. Front. Cell. Infection Microbiol. 9. doi: 10.3389/fcimb.2019.00161

 Notebaart, R. A., van Enckevort, F. H. J., Francke, C., Siezen, R. J., and Teusink, B. (2006). Accelerating the Reconstruction of Genome-Scale Metabolic Networks. BMC Bioinf. 7, 296. doi: 10.1186/1471-2105-7-296

 Oldfield, E., and Feng, X. (2014). Resistance-Resistant Antibiotics. Trends Pharmacol. Sci. 35, 664–674. doi: 10.1016/j.tips.2014.10.007

 Palomino, M. M., Burguener, G. F., Campos, J., Allievi, M., Fina-Martin, J., Acosta, M. P., et al. (2018). Draft Genome Sequence of Lactobacillus Helveticus ATCC 12046. Genome Announc. 6 (7), e01595–17. doi: 10.1128/genomea.01595-17

 Patro, L. P. P., Ponoop Prasad Patro, L., and Rathinavelan, T. (2019). Targeting the Sugary Armor of Klebsiella Species. Front. Cell. Infection Microbiol. 9. doi: 10.3389/fcimb.2019.00367

 Pendleton, J. N., Gorman, S. P., and Gilmore, B. F. (2013). Clinical Relevance of the ESKAPE Pathogens. Expert Rev. Anti-Infective Ther. 11 (3), 297–3085. doi: 10.1586/eri.13.12

 Petrosillo, N., Taglietti, F., and Granata, G. (2019). Treatment Options for Colistin Resistant Klebsiella pneumoniae: Present and Future. J. Clin. Med. 8 (7), 934. doi: 10.3390/jcm8070934

 Raetz, C. R. H., Guan, Z., Ingram, B. O., Six, D. A., Song, F., Wang, X., et al. (2009). Discovery of New Biosynthetic Pathways: The Lipid A Story. J. Lipid Res. 50 Suppl, S103–S108. doi: 10.1194/jlr.R800060-JLR200

 Rahim, N. A., Cheah, S.-E., Johnson, M. D., Zhu, Y., Yu, H. H., Sidjabat, H. E., et al. (2020). Transcriptomic Responses of a New Delhi Metallo-β-Lactamase-Producing Klebsiella Pneumoniae Isolate to the Combination of Polymyxin B and Chloramphenicol. Int. J. Antimicrobial Agents 56, 106061. doi: 10.1016/j.ijantimicag.2020.106061

 Ramos, P. I. P., Custódio, M. G. F., Quispe Saji, G. D. R., Cardoso, T., da Silva, G. L., Braun, G., et al. (2016). The Polymyxin B-Induced Transcriptomic Response of a Clinical, Multidrug-Resistant Klebsiella Pneumoniae Involves Multiple Regulatory Elements and Intracellular Targets. BMC Genomics 17, 737. doi: 10.1186/s12864-016-3070-y

 Ramos, P. I. P., Fernández Do Porto, D., Lanzarotti, E., Sosa, E. J., Burguener, G., Pardo, A. M., et al. (2018). An Integrative, Multi-Omics Approach Towards the Prioritization of Klebsiella Pneumoniae Drug Targets. Sci. Rep. 8, 10755. doi: 10.1038/s41598-018-28916-7

 Ramos, P. I. P., Picão, R. C., de Almeida, L. G. P., Lima, N. C. B., Girardello, R., Vivan, A. C. P., et al. (2014). Comparative Analysis of the Complete Genome of KPC-2-Producing Klebsiella Pneumoniae Kp13 Reveals Remarkable Genome Plasticity and a Wide Repertoire of Virulence and Resistance Mechanisms. BMC Genomics 15, 54. doi: 10.1186/1471-2164-15-54

 Ramos, P. I., Picão, R., Vespero, E., Pelisson, M., Zuleta, L. F., Almeida, L. G. P., et al. (2012). Pyrosequencing-Based Analysis Reveals a Novel Capsular Gene Cluster in a KPC-Producing Klebsiella Pneumoniae Clinical Isolate Identified in Brazil. BMC Microbiol. 12, 173. doi: 10.1186/1471-2180-12-173

 Ravindra Kumar, S., and Imlay, J. A. (2013). How Escherichia Coli Tolerates Profuse Hydrogen Peroxide Formation by a Catabolic Pathway. J. Bacteriol. 195, 4569–4579. doi: 10.1128/JB.00737-13

 Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). Edger: A Bioconductor Package for Differential Expression Analysis of Digital Gene Expression Data. Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

 Schneider, B. L., Hernandez, V. J., and Reitzer, L. (2013). Putrescine Catabolism is a Metabolic Response to Several Stresses in Escherichia Coli. Mol. Microbiol. 88, 537–550. doi: 10.1111/mmi.12207

 Sekowska, A., Dénervaud, V., Ashida, H., Michoud, K., Haas, D., Yokota, A., et al. (2004). Bacterial Variations on the Methionine Salvage Pathway. BMC Microbiol. 4, 9. doi: 10.1186/1471-2180-4-9

 Serer, M. I., Carrica, M. D. C., Trappe, J., López Romero, S., Bonomi, H. R., Klinke, S., et al. (2019). A High-Throughput Screening for Inhibitors of Riboflavin Synthase Identifies Novel Antimicrobial Compounds to Treat Brucellosis. FEBS J. 286, 2522–2535. doi: 10.1111/febs.14829

 Serpi, M., Ferrari, V., and Pertusati, F. (2016). Nucleoside Derived Antibiotics to Fight Microbial Drug Resistance: New Utilities for an Established Class of Drugs? J. Med. Chem. 59, 10343–10382. doi: 10.1021/acs.jmedchem.6b00325

 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: A Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303

 Sharma, R., Das, O., Damle, S. G., and Sharma, A. K. (2013). Isocitrate Lyase: A Potential Target for Anti-Tubercular Drugs. Recent Pat. Inflamm. Allergy Drug Discov. 7, 114–123. doi: 10.2174/1872213X11307020003

 Sharma, D., Garg, A., Kumar, M., and Khan, A. U. (2019). Proteome Profiling of Carbapenem-Resistant K. Pneumoniae Clinical Isolate (NDM-4): Exploring the Mechanism of Resistance and Potential Drug Targets. J. Proteomics 200, 102–110. doi: 10.1016/j.jprot.2019.04.003

 Shukla, R., Shukla, H., Sonkar, A., Pandey, T., and Tripathi, T. (2018). Structure-Based Screening and Molecular Dynamics Simulations Offer Novel Natural Compounds as Potential Inhibitors of Mycobacterium Tuberculosis Isocitrate Lyase. J. Biomol. Struct. Dyn. 36, 2045–2057. doi: 10.1080/07391102.2017.1341337

 Sosa, E. J., Burguener, G., Lanzarotti, E., Defelipe, L., Radusky, L., Pardo, A. M., et al. (2018). Target-Pathogen: A Structural Bioinformatic Approach to Prioritize Drug Targets in Pathogens. Nucleic Acids Res. 46, D413–D418. doi: 10.1093/nar/gkx1015

 Spalding, M. D., and Prigge, S. T. (2010). Lipoic Acid Metabolism in Microbial Pathogens. Microbiol. Mol. Biol. Rev. 74, 200–228. doi: 10.1128/MMBR.00008-10

 Tacconelli, E., Carrara, E., Savoldi, A., Harbarth, S., Mendelson, M., Monnet, D. L., et al. (2018). Discovery, Research, and Development of New Antibiotics: The WHO Priority List of Antibiotic-Resistant Bacteria and Tuberculosis. Lancet Infect. Dis. 18, 318–327. doi: 10.1016/S1473-3099(17)30753-3

 Thanna, S., and Sucheck, S. J. (2016). Targeting the Trehalose Utilization Pathways of Mycobacterium Tuberculosis. MedChemComm 7, 69–85. doi: 10.1039/c5md00376h

 Tyers, M., and Wright, G. D. (2019). Drug Combinations: A Strategy to Extend the Life of Antibiotics in the 21st Century. Nat. Rev. Microbiol. 17, 141–155. doi: 10.1038/s41579-018-0141-x

 Van Laar, T. A., Chen, T., You, T., and Leung, K. P. (2015). Sublethal Concentrations of Carbapenems Alter Cell Morphology and Genomic Expression of Klebsiella Pneumoniae Biofilms. Antimicrob. Agents Chemother. 59, 1707–1717. doi: 10.1128/AAC.04581-14

 Velasco-García, R., Zaldívar-Machorro, V. J., Mújica-Jiménez, C., González-Segura, L., and Muñoz-Clares, R. A. (2006). Disulfiram Irreversibly Aggregates Betaine Aldehyde Dehydrogenase—A Potential Target for Antimicrobial Agents Against Pseudomonas Aeruginosa. Biochem. Biophys. Res. Commun. 341, 408–415. doi: 10.1016/j.bbrc.2006.01.003

 Wallace, H. M., Fraser, A. V., and Hughes, A. (2003). A Perspective of Polyamine Metabolism. Biochem. J. 376, 1–14. doi: 10.1042/bj20031327

 Wang, H., Marcišauskas, S., Sánchez, B. J., Domenzain, I., Hermansson, D., Agren, R., et al. (2018). RAVEN 2.0: A Versatile Toolbox for Metabolic Network Reconstruction and a Case Study on Streptomyces Coelicolor. PloS Comput. Biol. 14, e1006541. doi: 10.1371/journal.pcbi.1006541

 Wargo, M. J. (2013). Choline Catabolism to Glycine Betaine Contributes to Pseudomonas Aeruginosa Survival During Murine Lung Infection. PloS One 8, e56850. doi: 10.1371/journal.pone.0056850

 WHO. (2017). WHO Publishes List of Bacteria for Which New Antibiotics Are Urgently Needed. Available at: https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed.

 Wilding, M., Scott, C., Newman, J., and Peat, T. S. (2017). Crystal Structure of a Putrescine Aminotransferase From Pseudomonas Sp. Strain AAC. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 73, 29–35. doi: 10.1107/S2053230X16019658

 Williams, A. H., Immormino, R. M., Gewirth, D. T., and Raetz, C. R. H. (2006). Structure of UDP-N-Acetylglucosamine Acyltransferase With a Bound Antibacterial Pentadecapeptide. Proc. Natl. Acad. Sci. U. S. A. 103, 10877–10882. doi: 10.1073/pnas.0604465103

 Yang, Z., and Lu, C.-D. (2007). Functional Genomics Enables Identification of Genes of the Arginine Transaminase Pathway in Pseudomonas Aeruginosa. J. Bacteriol. 189, 3945–3953. doi: 10.1128/JB.00261-07

 Yeh, I., Hanekamp, T., Tsoka, S., Karp, P. D., and Altman, R. B. (2004). Computational Analysis of Plasmodium Falciparum Metabolism: Organizing Genomic Information to Facilitate Drug Discovery. Genome Res. 14, 917–924. doi: 10.1101/gr.2050304

 Yuan, Y., Zallot, R., Grove, T. L., Payan, D. J., Martin-Verstraete, I., Šepić, S., et al. (2019). Discovery of Novel Bacterial Queuine Salvage Enzymes and Pathways in Human Pathogens. Proc. Natl. Acad. Sci. U. S. A. 116, 19126–19135. doi: 10.1073/pnas.1909604116

 Zaldívar-Machorro, V. J., López-Ortiz, M., Demare, P., Regla, I., and Muñoz-Clares, R. A. (2011). The Disulfiram Metabolites S-Methyl-N,N-Diethyldithiocarbamoyl Sulfoxide and S-Methyl-N,N-Diethylthiocarbamoyl Sulfone Irreversibly Inactivate Betaine Aldehyde Dehydrogenase From Pseudomonas Aeruginosa, Both In Vitro and in Situ, and Arrest Bacterial Growth. Biochimie 93, 286–295. doi: 10.1016/j.biochi.2010.09.022

 Zhao, Y., Bacher, A., Illarionov, B., Fischer, M., Georg, G., Ye, Q.-Z., et al. (2009). Discovery and Development of the Covalent Hydrates of Trifluoromethylated Pyrazoles as Riboflavin Synthase Inhibitors With Antibiotic Activity Against Mycobacterium Tuberculosis. J. Org. Chem. 74, 5297–5303. doi: 10.1021/jo900768c

 Zuniga, E. S., Early, J., and Parish, T. (2015). The Future for Early-Stage Tuberculosis Drug Discovery. Future Microbiol. 10, 217–229. doi: 10.2217/fmb.14.125




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Serral, Pardo, Sosa, Palomino, Nicolás, Turjanski, Ramos and Fernández Do Porto. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 24 February 2022

doi: 10.3389/fcimb.2022.719421

[image: image2]


Predictors and Outcomes of Healthcare-Associated Infections Caused by Carbapenem-Nonsusceptible Enterobacterales: A Parallel Matched Case-Control Study


Grace S. R. Hoo 1†, Yiying Cai 2,3,4†, Yan Ching Quek 3, Jocelyn Q. Teo 2,5, Saugata Choudhury 6,7, Tse Hsien Koh 8,9, Tze Peng Lim 2,9,10, Kalisvar Marimuthu 11,12,13,14, Oon Tek Ng 11,14,15 and Andrea L. Kwa 2,10,16*


1 Department of Pharmacy, Tan Tock Seng Hospital, Singapore, Singapore, 2 Department of Pharmacy, Singapore General Hospital, Singapore, Singapore, 3 Department of Pharmacy, National University of Singapore, Singapore, Singapore, 4 Programme in Health Services & Systems Research, Duke-National University of Singapore (NUS) Medical School, Singapore, Singapore, 5 Saw Swee Hock School of Public Health, National University of Singapore, Singapore, Singapore, 6 Department of Laboratory Medicine, Tan Tock Seng Hospital, Singapore, Singapore, 7 Dorevitch Pathology, Melbourne, VIC, Australia, 8 Department of Microbiology, Singapore General Hospital, Singapore, Singapore, 9 Singhealth Duke-National University of Singapore (NUS) Pathology Academic Clinical Programme, Singapore, Singapore, 10 Singhealth Duke-National University of Singapore (NUS) Medicine Academic Clinical Programme, Singapore, Singapore, 11 Department of Infectious Diseases, Tan Tock Seng Hospital, Singapore, Singapore, 12 Yong Loo Lin School of Medicine, National University of Singapore, Singapore, Singapore, 13 Hospital-Acquired Infection (HAI) Surveillance Unit, National Centre for Infectious Diseases, Singapore, Singapore, 14 Department of Infectious Diseases, National Centre for Infectious Diseases, Singapore, Singapore, 15 Lee Kong Chian School of Medicine, Nanyang Technological University, Singapore, Singapore, 16 Emerging Infectious Diseases, Duke-National University of Singapore, Singapore, Singapore




Edited by: 

Milena Dropa, University of São Paulo, Brazil

Reviewed by: 

Bryan Schmitt, Childrens MN, United States

Fupin Hu, Fudan University, China

*Correspondence: 

Andrea L. Kwa
 andrea.kwa.l.h@sgh.com.sg



†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Clinical Microbiology, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 02 June 2021

Accepted: 31 January 2022

Published: 24 February 2022

Citation:
Hoo GSR, Cai Y, Quek YC, Teo JQ, Choudhury S, Koh TH, Lim TP, Marimuthu K, Ng OT and Kwa AL (2022) Predictors and Outcomes of Healthcare-Associated Infections Caused by Carbapenem-Nonsusceptible Enterobacterales: A Parallel Matched Case-Control Study. Front. Cell. Infect. Microbiol. 12:719421. doi: 10.3389/fcimb.2022.719421




Objectives

The increasing incidence of carbapenem-nonsusceptible Enterobacterales as major pathogens in healthcare associated infections (HAIs) is of paramount concern. To implement effective prevention strategies against carbapenem-nonsusceptible Enterobacterales (CnSE) HAIs, it is crucial to identify modifiable factors associated with these infections. We identified risk factors for CnSE-HAIs, and compared clinical outcomes of CnSE-HAI and carbapenem-sensitive Enterobacterales (CSE)-HAI patients.



Methods

We conducted a multi-centre parallel matched case-control study in two 1700-bedded Singapore acute-care hospitals from 2014–2016. Patients with CnSE-HAIs and CSE-HAIs were compared to a common control group without HAIs (1:1:3 ratio), matched by time-at-risk and patient ward. Carbapenem nonsusceptible was defined as non-susceptibility to either meropenem or imipenem. Presence of healthcare associated infections were defined by the criteria provided by the European Centre for Disease Prevention and Control. Outcomes of CnSE-HAI and CSE-HAI patients were compared using multivariable logistic and cox regression; the models were adjusted for infection and treatment characteristics.



Results

Eighty CnSE-HAI and 80 CSE-HAI patients were matched to 240 patients without HAIs. All CRE-HAIs patients had prior antibiotic exposure, with 44 (55.0%) with prior carbapenem exposure. The most common CnSE-HAIs were intra-abdominal infections (28.8%) and pneumonia (23.8%). The most common CnSE species was Klebsiella spp. (63.8%). In the risk factor analysis, presence of drainage devices [adjusted odds ratio (aOR), 2.19; 95% CI, 1.29 – 3.70] and prior carbapenem exposure (aOR,17.09; 95% CI, 3.06 – 95.43) independently predicted CnSE-HAIs. In the crude outcomes analysis, CnSE-HAI patients had higher all-cause in-hospital mortality and longer time to discharge compared to CSE-HAI patients. After adjusting for differences in receipt of antibiotics with reported susceptibility to the Enterobacterales, there was no significant difference in all-cause in-hospital mortality between the two groups (aOR, 1.76; 95% CI, 0.86–3.58). Time to discharge remained significantly longer in patients with CnSE-HAI (adjusted hazard ratio, 0.71; 95% CI, 0.51 – 0.98) after adjusting for disease severity, receipt of antibiotics with reported susceptibility and receipt of appropriate source control.



Conclusion

Appropriate management of deep-seated Enterobacterales infections and reducing exposure to carbapenems may reduce risk of CnSE-HAIs in Singapore. Efforts to improve antimicrobial therapy in CnSE-HAI patients may improve patient outcomes.





Keywords: carbapenem resistance enterobacteriaceae, healthcare-associated infections, risk factor analysis, predictors and outcome, case-control and matched study



Introduction

Modern medical care has evolved with increasingly invasive procedures and complex patients. This has contributed to the risk of healthcare-associated infections (HAIs) (World Health Organization, 2002). HAIs are currently one of the most frequent adverse events encountered by patients while receiving care in institutions worldwide. HAIs caused by Enterobacterales are a particularly important healthcare problem in Singapore (Gupta et al., 2011; Teo et al., 2016; Cai et al., 2017). In a 2015 Singapore point prevalence survey, it was found that the prevalence of HAI in acute-care hospitals was 11.9%; among the pathogens implicated, almost one-third were Enterobacterales (Cai et al., 2017).

Against severe HAIs caused by Enterobacterales, carbapenems are a class of broad-spectrum antibiotics typically used as last-resort option (Nordmann et al., 2012). However, the emergence of carbapenem-resistant Enterobacterales (CRE) as major nosocomial pathogens have compromised the utility of carbapenems (Nordmann et al., 2012). In Singapore hospitals, the incidence of CRE infections has been on an upward trend since 2012 (Koh et al., 2013; Teo et al., 2016). This rising trend, combined with the shrinking antimicrobial developmental pipeline, greatly limits effective treatment options and makes the combat against CRE-HAIs of paramount concern.

It has been estimated that approximately 20% to 70% of all HAIs are preventable (Scotts, 2009; Peleg and Hooper, 2010). To establish appropriate interventions targeted at reducing the incidence of CRE-HAIs, it is pertinent to recognise the associated risk factors. In Singapore, there have been several risk factor studies for CRE acquisition (Teo et al., 2012; Ling et al., 2015). Interestingly, none of these studies differentiated the predictors for colonisation and infection (Teo et al., 2012; Ling et al., 2015). In addition, none of the local studies differentiated the risk factors between nosocomial and community-acquired CRE infections (Teo et al., 2012; Ling et al., 2015). Hence, important risk factors that are specific for each patient type/setting may have been obscured. Our study aims to identify risk factors specifically associated with the development of carbapenem-nonsusceptible Enterobacterales (CnSE)-HAIs in Singapore. We also compare the clinical outcomes between patients with CnSE-HAIs and carbapenem-susceptible Enterobacterales (CSE)-HAIs.



Materials and Methods


Study Design and Setting

A multicentre retrospective matched case-case-control study was conducted from 2014 – 2016 at a 1,700-bed tertiary and a 1,700-bed secondary acute-care public hospital in Singapore. The study was conducted in accordance to the methods for identifying risk factors for antimicrobial-resistant pathogens, detailed by Kaye Kaye et al. (2005) Both hospitals have well-established multi-disciplinary antibiotic stewardship programmes (ASPs) that employ a multi-pronged audit-feedback approach (concurrent audit and feedback; guideline implementation) to promote appropriate carbapenem prescribing. In the secondary acute-care hospital, a clinical decision support system has been implemented to guide carbapenem prescribing during the study period (Teo et al., 2012; Lew et al., 2015). Both hospitals routinely performs CRE rectal swab or faeces surveillance in high-risk patients (e.g. ICU patients, patients transferred from an overseas hospital) (Ministry of Health Singapore, 2017). Infection control measures for CRE and HAIs remained largely unchanged in the study period. There was also no documented HAI or CRE outbreaks and no changes in management algorithm for HAIs and CREs in either institution during the study period. The study was reviewed and approved by both SingHealth and National Healthcare Group ethics review board (CIRB/2016/2388). As this was a retrospective study, informed consent was waived.



Patient Population

All cases and controls were identified from institutional electronic databases. The first case group consisted of adult inpatients (≥21 years old) who acquired a HAI attributed to one or more microbiologically-confirmed CnSE. Only the first CnSE-HAI episode in the study period was included. The second case group consisted of adult inpatients (≥21 years old) who acquired a HAI attributed to one or more microbiologically-confirmed CSE. Patients who have both CSE- and CnSE-HAIs within a single admission were excluded from the second case group as inclusion of these patients in the second case group would have led to an overlap with patients in the first case group. Both CnSE-HAIs and CSE-HAIs were defined according to the European Centre for Disease Prevention and Control (ECDC) definition for HAIs; patients who did not meet the criteria for an active HAI as per ECDC were excluded from the study as they were deemed to be either community-acquired infection or colonised (European Centre for Disease Prevention and Control, 2013). The following Enterobacterales – E. coli, Enterobacter spp., and Klebsiella spp. were included as they were the most common Enterobacterales species associated with HAIs in Singapore (Cai et al., 2017). Carbapenem-non-susceptible was defined as non-susceptibility (intermediate or resistant) to either meropenem or imipenem according to Clinical and Laboratory Standards Institute (CLSI) 2017 breakpoints (Clinical and Laboratory Standards Institute, 2017). The two case groups were matched to a common control group of three controls, consisting of inpatients without HAIs, for (i) ward admitted to during hospital stay and (ii) time at risk (matched in blocks of five days; i.e. 1 – 5 days, 6 – 10 days, etc.). To ensure that the two parallel case-control models were comparable, an equal number of species type were selected for each group. Time at risk was defined as number of days of hospitalisation from admission to isolation of Enterobacterales of interest for case patients, and number of days from admission to discharge for controls.



Data Collection

All data was sought from electronic medical records. Potential risk factors collected were: 1) patient demographics; 2) comorbidities (Charlsons co-morbidity index); 3) previous hospitalisations and length of stay; 4) previous admissions to intensive care unit (ICU) and ICU length of stay; 5) exposure to invasive devices (e.g. central venous catheter (CVCs), indwelling urinary catheters (IDCs), or drainage devices); 6) exposure to non-surgical invasive procedures; 7) exposure to surgical interventions; 8) exposure to surgical implants; 9) receipt of immunosuppressive therapy; and 10) receipt of antibiotics and duration (Charlson et al., 1994). Receipt of immunosuppressive therapy was defined as receipt of ≥1 dose of chemotherapy or immunosuppressants, or >14 days of corticosteroids at an equivalent daily dose of 20 mg prednisolone (Liu et al., 2013). Drainage devices include any drains used for wounds (traumatic or surgical) and in the peritoneal and pleural spaces for the purpose of removing bacteria and necrotic material. For prior antibiotic exposures, only antibiotics with activity against Enterobacterales were assessed. All risk factors were evaluated for an interval of 90 days prior to the occurrence of CnSE/CSE-HAI for case patients, or for an interval of 90 days prior to the date of discharge for controls.



Microbiology

MICs of all tested antibiotics were determined for the CnSE isolates using commercial custom-made broth microdilution panels (Trek Diagnostics, East Grinstead, United Kingdom). Categorical susceptibility was determined according to the CLSI breakpoints (Clinical and Laboratory Standards Institute, 2017). Whole genome sequencing was employed to describe the sequence types (STs) and presence of carbapenemases for CnSE isolates. Briefly, genomic DNA were prepared from overnight bacterial cultures and extracted with the Qiagen Blood DNeasy kit (Hilden, Germany) before paired-end sequencing was conducted using Illumina systems (Illumina Inc., San Diego, CA). The reads were adaptors-removed and quality-trimmed using Trimmomatic software prior to de novo genome assembly using SPAdes (v.3.11.1). STs were determined by performing a basic local alignment search tool (BLAST) search of the assembled contigs against multilocus sequence typing (MLST) database (https://pubmlst.org/databases/). The SRST2 software tool were used to detect acquired antimicrobial resistance genes using ARGannot database (Inouye et al., 2014).



Outcome Analysis

Clinical outcomes were collected for the case groups. The primary outcome was all-cause 30-day mortality. The secondary outcomes were all-cause in-hospital mortality, and time to discharge after infection for all patients and for patients discharged alive from the admission from interest. To adjust for factors that may confound the outcomes, details pertaining to severity of infection [as determined by the Sequential Organ Failure Assessment (SOFA) score], infection type, receipt of antibiotic with reported susceptibility, and presence of source control were collected. Source control was deemed to be appropriate when devices associated with the infection of interest were removed, or when interventions were made to remove the infected tissue (e.g. amputation). Patients were deemed to have received appropriate antibiotics for the infection if at least one antibiotic with reported susceptibility to the Enterobacterales based on the 2017 CLSI guidelines was prescribed for ≥48 hours (Clinical and Laboratory Standards Institute, 2017).



Statistical Analysis

All statistical analyses were performed using Stata 14.0 (StataCorp, Texas, USA). Sample size calculations were informed by Teo et al. (2012) Using beta-lactam/beta-lactamase inhibitors as the exposure of interest, with an α level of 0.05, and a power of 0.80, we estimated that 74 patients in each case group will be needed to detect a moderate effect size (odds ratio of 3.0). Categorical variables were presented as numbers and percentages. Continuous variables were presented as median and interquartile range (IQR). In the risk factor analysis, univariate conditional logistic regression models were first used to compare each case group to control group. Odds ratios (OR) and 95% confidence intervals (CI) were calculated to evaluate the strength of association. Clinically plausible variables identified in the univariate analysis were included in a multivariable conditional logistic regression model in a step-wise selection manner if p ≤ 0.1. For risk factors where both presence and duration of exposure were collected (i.e. prior hospital or ICU stay, prior antibiotic use), the model was performed in two parts. First, presence of exposure to the risk factor of interest was compared for the case and control groups. Next, the duration of exposure was only compared if there is a positive binary relationship for exposure (i.e. the estimated marginal effects of the exposure on outcome had a p-value ≤0.1). Inclusion of risk factors into the final multivariable models was selected based on biologic plausibility and minimisation of the Akaike’s information criterion (AIC) (Vrieze, 2012). Results from the multivariable conditional logistic regression models for each case groups were compared to identify the risk factors independently associated with CnSE-HAIs. Model fit for the multivariable logistic regression models and the multivariable cox regression models were described using the Hosmer-Lemeshow goodness-of -fit test and the likelihood ratio test respectively. For outcomes analysis, mortality was analysed using logistic regression, while time to discharge was analysed using cox regression. Outcomes were adjusted for differences in severity of infection, infection type, antibiotic treatment and presence of source control. A final two-tailed p-value of <0.05 was considered statistically significant.




Results


Study Population

A total of 80 patients with CnSE-HAIs and 80 patients with CSE-HAIs were matched to 240 patients with no HAIs. Out of 80 Enterobacterales in CSE-HAI group, 56 (70.0%) were Klebsiella spp., 15 (18.8%) were Enterobacter spp., and 9 (11.3%) were E. coli. The demographics, comorbidities, prior healthcare and antibiotic exposure, and results of the univariate analysis are shown in Table 1. Compared to controls, significantly more CnSE-HAI patients had previous hospitalisation, ICU stay, prior surgical and instrumentation exposures, and received anti-pseudomonal beta-lactam/beta-lactamase inhibitors, 3rd/4th generation cephalosporins, carbapenems, fluoroquinolones, and aminoglycosides.


Table 1 | Univariate comparison of potential risk factors between (a) patients with CnSE- HAIs and patients with no HAIs, and (b) patients with CSE-HAIs and patients with no HAIs.





Characteristics of CnSE-HAIs

The most common HAIs caused by CnSE were intra-abdominal infections (23/80, 28.8%), followed by respiratory infections (19/80, 23.8%) and skin and soft tissue infections (15/80, 18.8%). Out of the 80 patients with CnSE-HAIs, 23 (28.8%) were also identified as CRE carriers, by rectal swabs and/or stool samples. A total of 68 CnSE isolates (46 Klebsiella spp., 13 Enterobacter spp., and 9 E. coli) were available for phenotypic and genotypic characterisation (Table 2). Raw reads were deposited in the NCBI Sequence Read Archive (SRA) under study accession number PRJNA577535 and PRJNA751707. Most isolates were not susceptible to aztreonam, cefepime and piperacillin-tazobactam, but remained susceptible to amikacin, polymyxin B and tigecycline (Table 2). Polymyxin B MICs for the CnSE isolates ranged from ≤0.25mg/l – 16mg/l, while tigecycline MICs ranged from ≤0.25mg/l – 8mg/l. More than half of the CnSE isolates (45/68, 66.2%) were carbapenemase producers (Table 2). KPC-2 (21/45, 46.7%) was the most common carbapenemase; 1/45 (2.2%) harboured more than one carbapenemases. The MLST analyses of the 68 CnSEs showed diverse STs in all three species. CnS-Klebsiella spp. belonged to 29 different STs, with ST11 (n=7) and ST43 (n=4) being the most prevalent. CnS-Enterobacter spp. and CnS-E. coli belong to 10 and 8 different STs respectively, with ST93 (n=3) being the most prevalent for CnS-Enterobacter spp.


Table 2 | Phenotypic and genotypic characteristics of the CnSE isolates.





Risk Factor for CnSE-HAIs

The risk factors included into the multivariable models are presented in Table 3. Compared to controls, longer duration of prior ICU stay, prior use of surgical drains, prior exposure to anti-pseudomonal beta-lactam/beta-lactamase inhibitors, and prior exposure to carbapenems were independently associated with the development of CnSE-HAIs. Prior hospitalisation, longer duration of prior ICU stay, prior surgery, and prior exposure to anti-pseudomonal beta-lactam/beta-lactamase inhibitors were independently associated to the development of CSE-HAIs compared to controls. When comparing the two models, prior use of drainage devices and prior exposure to carbapenems emerged as unique risk factors for CnSE-HAIs.


Table 3 | Multivariable comparison of potential risk factors between (a) patients with CnSE and patients with no HAIs, and (b) patients with CSE and patients with no HAIs.





Outcomes of Patients With CnSE-HAIs

We compared the infection characteristics, treatment characteristics, and clinical and microbiological outcomes of CnSE-HAI and CSE-HAI patients (Table 4). Twenty-seven (33.8%) and 31 (38.8%) of CnSE-HAI and CSE-HAI patients respectively had bacteraemia. No significant differences were observed in the infection severity and types of infection between both case groups. Significantly less CnSE-HAI patients received antibiotics with reported susceptibility compared to CSE-HAI patients (90.0% vs. 98.8%). Forty-four (55.0%) of CnSE-HAI patients and 78 (97.5%) of CSE-HAI patients received monotherapy while 28 (35.0%) of CnSE-HAI patients and 1 (1.3%) of CSE-HAI patients had combination therapy. Twenty-six (32.5%) of CnSE-HAI patients and 1 (1.3%) of CSE-HAI patients had polymyxin-based therapy. The median time to receipt of antibiotics with reported susceptibility for CnSE-HAI and CSE-HAI patients were 3 (IQR: 1–4) and 2 (IQR: 1–3) days respectively.


Table 4 | Infection characteristics, treatment characteristics, and outcomes of patients with (a) CnSE HAIs and (b) CSE HAIs.



We did not observe significant differences in all-cause 30-day mortality (26.3% vs. 20.0%). All-cause in-hospital mortality rates in CnSE-HAI patients were significantly higher in the crude comparison (40.0% vs. 23.8%); however, this difference was not observed after accounting for differences in the receipt of antimicrobials with reported susceptibility (Table 4). CnSE-HAI patients had a significantly longer time to discharge compared to CSE-HAI patients, when all patients and patients discharged alive were compared; these differences remained after accounting for disease severity, receipt of antimicrobials with reported susceptibility and receipt of appropriate source control.




Discussion

This study investigated the predictors and outcomes of CnSE-HAIs in Singapore. We found that use of drainage devices and carbapenem exposure were associated with CnSE-HAIs in Singapore hospitals. Compared to patients with CSE-HAIs, patients with CnSE-HAIs had a higher crude rate of in-hospital all-cause mortality and longer length of stay. The observed higher in-hospital all-cause mortality rates appeared to be independently associated to the lower rates of receipt of antibiotics with reported susceptibility in CnSE-HAI patients.

Studies on CRE risk factors, even when done in the same setting, can be challenging to compare. This is because subtle differences in design and definitions can cause findings to vary (von Elm et al., 2014). In local risk factor study conducted in 2015, the authors identified prior exposure to penicillins, glycopeptides, and presence of central lines as risk factors for CRE acquisition (Ling et al., 2015). Unlike the study, we did not evaluate antibiotics without activity against Enterobacterales as potential risk factors. This is because we think that these antibiotics are commonly prescribed for empiric broad-spectrum coverage alongside antibiotics with Enterobacterales activity. Any association of these antibiotics with CRE-HAIs could have been a coincidental finding.

A key finding in our study is any prior receipt of carbapenems (as opposed to duration of carbapenem use) is significant risk factor for development of CnSE-HAIs. This is most likely associated with the selective pressure on the microbial environment upon carbapenem exposure. Carbapenems kills beneficial flora and susceptible bacteria while bacteria resistant to carbapenems survive, multiply and become predominant, predisposing the host to a greater risk of infection by carbapenem-resistant organisms (Patel et al., 2011). Currently, all public hospitals in Singapore (and some private hospitals in Singapore) already have ASPs that utilise a multi-pronged approach to promote appropriate carbapenem use. Appropriate carbapenem use is largely promoted in these ASPs by reducing the duration of existing carbapenem prescriptions (e.g. concurrent audit and feedback) only after exposure to carbapenems has occurred (e.g. de-escalating to a narrower-spectrum antibiotic or restricting the duration of use). Our findings suggested that strategies to prevent unnecessary carbapenem exposure such as formulary restrictions and computerised decision support systems may play a more vital role in the prevention of CnSE-HAIs, compared to strategies that reduces the duration of carbapenem prescriptions after exposure has occurred (Barlam et al., 2016).

Prior use of drainage devices was another significant risk factor associated with CnSE-HAIs in our study. We postulate two possible explanations for this finding. Firstly, the drainage device could have acted as a portal of entry or source of infection, either from endogenous organisms present on the skin or exogenous bacteria from the environment. However, we believe that infections from the exogenous environment is less likely as most of the CnSE strains in our study were non-clonal, reducing the likelihood that development of CnSE-HAIs due to horizontal transmission from the environment. Endogenous infections from organisms present on the skin is also unlikely given that none of the other instrumentation/devices in our study were associated with increased risk of CnSE-HAIs. A second and more likely explanation is that the presence of drainage devices represents the presence of high microbial burdens at collection sites with limited antimicrobial penetration. This could have resulted in failure to eradicate the infection, leading to the selection of the resistant subpopulations present within the microbial collection (Harada et al., 2014).

We observed that the significantly higher mortality in CnSE-HAI patients, which was independently associated with the lower rates of receipt of antimicrobial therapy with reported susceptibility. Our findings were similar to that of Lodise et al, who found in a systematic review that regardless of CRE status, patients who received delayed appropriate therapy had a greater likelihood of mortality. The reasons for lack of receipt of antibiotics with reported susceptibility in CnSE-HAI patients were likely to be multifactorial. Firstly, patients with CSE-HAIs would have likely received empiric antibiotics with adequate coverage, but the same empiric antibiotics would have unlikely been able to adequately target HAIs caused by CnSE. Hence, CnSE-HAI patients that were critically ill may have died before the availability of comprehensive antimicrobial susceptibility data and receipt of antibiotics with reported susceptibility. Secondly, even after the CnSE status is known, there may have been a lack of antibiotic agents with adequate in vitro activity against the CnSE-HAI, especially in patients where existing comorbidities may have precluded the limited remaining effective antibiotic armamentarium (e.g. tigecycline cannot be prescribed to patients with severe hepatic dysfunction). Our results suggest that there is a need to evaluate the utility of new or resurrected agents such as ceftazidime (or aztreonam)/avibactam, imipenem/relebactam, meropenem/vaborbactam, plazomicin and intravenous fosfomycin as potential empiric therapy in patients with high risk of CnSE-HAIs in our local setting (Michalopoulos et al., 2011; Shields et al., 2017). Efforts should also be directed at improving antimicrobial therapy through use of rapid resistance diagnostics and clinical prediction tools to identify patients with greatest risk for CnSE-HAIs (Burnham et al., 2017).

As with many antimicrobial resistance epidemiological studies, this study has limitations. Firstly, the retrospective nature of our study meant that the risk factors collected was contingent on the completeness of prior recordkeeping. For instance, while we could accurately determine the presence/absence of instrumentations, we were unable to further explore the duration of the instrumentations as such data was inconsistently available. Secondly, we were unable to collect risk factors associated with potential environmental spread and acquisition of CnSE (e.g. contact with healthcare personnel or patients who are CRE colonisers). However, our results here indicate a diversity of sequence types and carbapenemases, suggesting that CnSEs observed in our study is less likely due to clonal expansion. In our MSLT analysis, we were unable to conduct in-depth plasmid analyses to detect carbapenemase dissemination via plasmid spread due to the limitations of short-read sequencing. Further investigations utilizing long-read sequencing will be valuable in elucidating the transmission mechanisms of carbapenemases among CREs in Singapore hospitals. Thirdly, we did not collect the susceptibilities data of non-carbapenem antibiotics of the bacterial pathogens from both CSE-HAI and no HAI groups, and the identities of causative pathogens of community acquired infections in no HAI group.

In conclusion, nosocomial infections caused by CRE constitute a significant clinical and public health threat due to their propensity for spread and limited treatment options (Nordmann et al., 2012). Our study findings suggested that appropriate management of deep-seated Enterobacterales infections, and enhancement of antimicrobial stewardship strategies to prevent carbapenem exposure may be useful in reducing the risk of CnSE-HAIs. Efforts should also be made to improve antimicrobial therapy in patients, possibly through use of rapid resistance diagnostics and clinical prediction tools to identify patients with the greatest risk for CnSE-HAIs, to improve outcomes of patients with CnSE-HAIs.
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Infections caused by multidrug-resistant (MDR) and extensively drug-resistant (XDR) Gram-negative bacteria (GNB), including carbapenem-resistant (CR) Enterobacterales (CRE; harboring mainly blaKPC, blaNDM, and blaOXA-48-like genes), CR- or MDR/XDR-Pseudomonas aeruginosa (production of VIM, IMP, or NDM carbapenemases combined with porin alteration), and Acinetobacter baumannii complex (producing mainly OXA-23, OXA-58-like carbapenemases), have gradually worsened and become a major challenge to public health because of limited antibiotic choice and high case-fatality rates. Diverse MDR/XDR-GNB isolates have been predominantly cultured from inpatients and hospital equipment/settings, but CRE has also been identified in community settings and long-term care facilities. Several CRE outbreaks cost hospitals and healthcare institutions huge economic burdens for disinfection and containment of their disseminations. Parenteral polymyxin B/E has been observed to have a poor pharmacokinetic profile for the treatment of CR- and XDR-GNB. It has been determined that tigecycline is suitable for the treatment of bloodstream infections owing to GNB, with a minimum inhibitory concentration of ≤ 0.5 mg/L. Ceftazidime-avibactam is a last-resort antibiotic against GNB of Ambler class A/C/D enzyme-producers and a majority of CR-P. aeruginosa isolates. Furthermore, ceftolozane-tazobactam is shown to exhibit excellent in vitro activity against CR- and XDR-P. aeruginosa isolates. Several pharmaceuticals have devoted to exploring novel antibiotics to combat these troublesome XDR-GNBs. Nevertheless, only few antibiotics are shown to be effective in vitro against CR/XDR-A. baumannii complex isolates. In this era of antibiotic pipelines, strict implementation of antibiotic stewardship is as important as in-time isolation cohorts in limiting the spread of CR/XDR-GNB and alleviating the worsening trends of resistance.
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Introduction

Infections caused by multidrug-resistant (MDR) and extensively drug-resistant (XDR) Gram-negative bacteria (GNB) have become major challenges for global health institutions because of the limited antibiotic options and high mortality rates (Li et al., 2020; Chen H.Y. et al., 2021; Wang et al., 2021; Zhang et al., 2021b). Among the clinically important XDR-GNB species that harbor plasmidic genes encoding a wide variety of carbapenemases, isolates of sequence type (ST) 258, ST11, and ST147 Enterobacterales (mainly producing Klebsiella pneumoniae carbapenemase [KPC], metallo-β-lactamase [MBL, especially New Delhi MBL {NDM}], and oxacillinase [OXA], etc.), ST111 and ST235 Pseudomonas aeruginosa (mainly producing NDM, imipenemase [IMP], Verona integron-encoded MBL [VIM], and OXA, etc.), and ST2, ST32, ST92, and ST368 Acinetobacter baumannii complex (mainly producing MBL, NDM, and OXA, etc.), they usually co-harbor other resistant β-lactamases (various extended-spectrum β-lactamases [ESBLs] and/or AmpC β-lactamases), thus constitute a worrisome global threat because of their high potential for transmission (Tsakris et al., 2006; Vourli et al., 2006; Miriagou et al., 2007; Zappas et al., 2008; Giakkoupi et al., 2009; Da Silva et al., 2010; Kumarasamy et al., 2010; Papagiannitsis et al., 2010; Wang et al., 2010; Gupta et al., 2011; Chang et al., 2015; Huang et al., 2016; Roy Chowdhury et al., 2017; Yang et al., 2018; Nordmann and Poirel, 2019; Tavoschi et al., 2020; Yoon and Jeong, 2021). Similar to other surveys (Papadimitriou-Olivgeris et al., 2013; Lübbert et al., 2014), the study conducted by McConville et al. revealed that colonization with carbapenem-resistant (CR) Enterobacterales (CRE), which is a prerequisite for CRE infection (Kelly et al., 2017), was an independent predictor of 90-day mortality (adjusted odds ratio [OR]: 2.3; 95% confidence interval [CI]: 1.0–5.3; P = 0.056) (McConville et al., 2017). Furthermore, infections caused by CR- or carbapenemase-producing (CP)-GNB were shown to result in high mortality rates (Morata et al., 2012; Poulikakos et al., 2014; Cheng et al., 2015; Micek et al., 2015). This review focuses on global trends, resistance mechanisms, economic burdens, infection control policy and treatment options (including β-lactam combination agents with avibactam, zidebactam, enmetazobactam, relebactam, vaborbactam, nacubactam, durlobactam, and taniborbactam) of CR- and CP-GNB.



Global Trends of Carbapenem Resistance Among Important GNB Species

The increase in carbapenem resistance in clinically important GNB gradually worsened after 2005, particularly in GNB isolates cultured from patients hospitalized in the intensive care unit (ICU) (Davoudi-Monfared and Khalili, 2018). For example, from 2007 to 2008, Iran reported high imipenem resistance and MDR rates (41.8% and 56.3%, respectively) among P. aeruginosa isolates, especially those carrying class 1 integrons, or those cultured from patients undergoing surgery or hospitalized at the burn unit (Yousefi et al., 2010). Additionally, high MDR/CR rates (> 30%) among HAP-related P. aeruginosa isolates were observed in many member states of the European Union (EU) in the last decade (Micek et al., 2015). In contrast, the MDR rate of Taiwanese P. aeruginosa isolates was less than 18% before 2015. However, the 2016–2018 susceptibility survey of 1,127 P. aeruginosa isolates in Taiwan revealed a trend toward prominent escalation in the annual non-susceptible (NS) rates to anti-pseudomonal carbapenems (from 19.7% in 2016 to 27.5% in 2018 [Figure 1]; 95% CI: 0.545–0.936; P = 0.016) (Jean et al., 2021). When assessed using linear regression analysis, these results corresponded with the annual proportions of pneumonia-causing P. aeruginosa isolates (r = 0.980, P = 0.127) (Jean et al., 2021). An outbreak of XDR-P. aeruginosa infections was reported in a tertiary care pediatric hospital in Italy between 2011 and 2012 (Ciofi Degli Atti et al., 2014). The risk of colonization with CP-P. aeruginosa isolates harboring blaVIM was also reported to apparently increase with the length of hospital stay (especially > 30-day durations) (Neidhöfer et al., 2021).




Figure 1 | Annual rates of non-susceptibility to any anti-pseudomonal carbapenem agent among Pseudomonas aeruginosa cultured from three infection sources (respiratory tract, abdomen, and urinary tract) of patients hospitalized in Taiwan between 2016 and 2018.



After 2005, the isolates of MDR-A. baumannii complex harboring blaOXA-51 on the ISAba1 element and/or blaVIM/blaIMP on the class 1 integron displayed 45%–80% carbapenem resistance rates and were frequently associated with several clusters in the southern states of the EU after 2005 (Kempf and Rolain, 2012). Moreover, the plasmids on Acinetobacter species and some clinical A. baumannii isolates that harbor genetic determinants encoding various carbapenem-hydrolyzing class D β-lactamases (blaOXA-23, blaOXA-58, blaOXA-58-like, blaOXA-72, etc.) have also been shown to confer high-level resistance to all carbapenem agents in China and Taiwan (Jean et al., 2015). A study conducted at a German hospital by Neidhöfer et al. observed that the blaOXA-23-encoding A. baumannii complex was more frequently introduced into the hospital by patients residing in the Arabian Peninsula than those of German ethnicity, raising the concern of ethnic factors affecting the infection due to CP-A. baumannii (Neidhöfer et al., 2021). Furthermore, nosocomial infections due to MDR-A. baumannii complex in pediatrics hospitalized at ICU were reported in Turkey (Ozdemir et al., 2011). In contrast to a few Asian countries where an escalating antimicrobial resistance rate was observed among isolates of A. baumannii complex after 2011 (Jean et al., 2013), isolates of A. baumannii complex accounted for solely 2.8% of the implicated organisms among episodes of hospital-acquired pneumonia (HAP) acquired in ICUs in US hospitals between 2015 and 2017 (Sader et al., 2018).

In 2012, a 4.6% colonization rate was reported in a rectal swab CRE survey (utilizing MacConkey agar plate for culture and Xpert MDRO cartridge testing) for patients residing in the nursing homes of Rhode Island, USA (Cunha et al., 2016). In stark contrast, Asia and Africa are two leading continents with the highest global CR prevalence rates among Enterobacterales species (Tilahun et al., 2021). Notably, numerous outbreaks related to CRE involving a wide range of microbial species harboring diverse carbapenemase-encoding genes (blaKPC, blaNDM, blaVIM, blaOXA, etc.) have been reported in the literature (Chitnis et al., 2012; Kanamori et al., 2017; Mehta and Muscarella, 2020; Tavoschi et al., 2020; De Man et al., 2021). From March 2017 to September 2018, an epidemic spread of CRE, which was rapidly transmitted between hospitalized patients and associated with high mortality rates at 12 Vietnamese hospitals was reported by Tran et al. (Tran et al., 2019). Hospital-acquired infections and carbapenem therapy were determined to be two independent risk factors contributing to CRE colonization (ORs: 1.74 and 1.79, respectively) (Tran et al., 2019). It is noteworthy that CRE infections were also reported among pediatrics with co-morbidities during the last decade in Los Angeles, USA (Pannaraj et al., 2015). Additionally, endoscopy has surprisingly been found to be an under-recognized source of CRE transmission (Mehta and Muscarella, 2020). Consequently, there is a strong need for the utilization of high-level disinfection for cleaning the endoscopic equipment.

An outbreak owing to genetically related KPC-producing K. pneumoniae that persistently existed between March 2009 and February 2011 was reported at one acute care hospital in the USA (Chitnis et al., 2012). In addition, between November 2018 and October 2019, a delayed identification of a cluster involving 1,645 patients who were infected or colonized with NDM-producing CP-Enterobacterales (CPE) was reported in Tuscany, Italy. The majority (accounting for 90.9%) of the implicated CPE isolates that were mostly cultured from the intestinal tract of a total of 1,270 (77.2%) cases were ST147 and blaNDM-1-harboring CP-K. pneumoniae (Tavoschi et al., 2020).

Stenotrophomonas maltophilia, intrinsically resistant to all carbapenems, is an environmental MDR organism. Although no dominant S. maltophilia clone was identified globally (Kaiser et al., 2009; Duan et al., 2020), it has emerged as an important hospital-acquired pathogen globally (mainly causing primary bacteremia, pneumonia, catheter-associated infection, etc.) among hospitalized patients who receive broad-spectrum antibiotics (especially β-lactams) and/or immunosuppressive agents (Falagas et al., 2009; Brooke, 2012).



Resistance Mechanisms And Case-Fatality Rates Due To Important CR-GNB Infections

Research has revealed that isolates of A. baumannii possess several virulence factors, including pili, outer membrane protein A, lipopolysaccharide capsule, and phospholipase (Richards et al., 2015). Resistance mechanisms of MDR or XDR-A. baumannii complex, listed as one of the critical priority pathogens by experts of the World Health Organization (Tacconelli et al., 2018), usually include paucity of porins, constitutional expression of efflux pumps (AbeABC, AbeFGH, and AbeIJK), and expression of genes encoding various resistance β-lactamases (AmpC cephalosporinase, class B [NDM and VIM] and/or class D [OXA-23, OXA-58-like, etc.] β-lactamases) (Piperaki et al., 2019). High carriage rates of diverse types of OXA enzymes (blaOXA-51 and blaOXA-23, followed by blaOXA-58, blaOXA-24/40-like, etc.)-encoding genes (77%–100%) have been reported in clinical CR-A. baumannii isolates globally (Chang et al., 2015; Cortivo et al., 2015; Elabd et al., 2015; Lowings et al., 2015; Kateete et al., 2016; Wang T. H. et al., 2018; Ezadi et al., 2020). Furthermore, several acquired insertion sequences or transposons have been determined to promote the overexpression and spread of plasmid-associated blaOXA-58 genes in Acinetobacter species (Chen et al., 2010; Jean et al., 2015). In contrast to other regions, NDM-encoding genes have been frequently detected in CR-A. baumannii isolates in India (Vijayakumar et al., 2016). They frequently caused ventilator-associated pneumonia (VAP), catheter-associated, and bloodstream infections (BSIs) among debilitated patients hospitalized in the ICU, resulting in > 50% case-fatality rates (Poulikakos et al., 2014; Cheng et al., 2015).

Infections caused by CR/MDR-P aeruginosa are also usually observed in immunocompromised patients (recipients of chemotherapy and/or high-dose corticosteroids), who suffer from pneumonia (Morata et al., 2012) and require mechanical ventilation (Richards et al., 2015). Micek et al. observed that the prevalence rates of MDR phenotypes among P. aeruginosa isolates implicated in HAP in Europe between 2013 and 2014 ranged from 22.2% to 44.2% (Micek et al., 2015). Furthermore, compared to pneumonia due to non-CR/MDR P. aeruginosa isolates, patients with pneumonia caused by CR/MDR-P. aeruginosa had higher lengths of mechanical ventilation (13.1 days vs 17.0 days; P = 0.006) (Micek et al., 2015). The case-fatality rates among patients with pneumonia caused by CR/MDR-P. aeruginosa have been reported to range from 44.7% to 64% (Morata et al., 2012; Micek et al., 2015).

A study conducted by Kao et al., who analyzed the resistance mechanisms in 87 BSI-causing imipenem-resistant P. aeruginosa isolates collected in southern Taiwan between 2000 and 2010, revealed that carbapenemases (mainly VIM and OXA), active efflux pumps, and AmpC β-lactamase overproduction were found in 10.3%, 74.4%, and 51.3% of the P. aeruginosa isolates, respectively (Kao et al., 2016). The prevalence rate of metallo-β-lactamase (VIM, 6.4%) among Taiwanese imipenem-resistant P. aeruginosa isolates was similar to that in another Chinese study (8.5%) (Wang et al., 2010). However, another molecular study that examined CR and XDR-P. aeruginosa isolates (n = 466) collected in Canada between 2007 and 2016 revealed that solely 4.3% (n = 20) harbored a carbapenemase-encoding gene, with Guiana extended-spectrum-5 producers (n = 7 [35%]) surpassing other β-lactamase producers (McCracken et al., 2019). In stark contrast, the 2015–2017 CR-P. A study by Schäfer et al. at three medical centers in Germany revealed that 30.6% (19/62) of the samples harbored either blaVIM-1 (n = 2) or blaVIM-2 (n = 17) genes (Schäfer et al., 2019). The blaVIM carriage rate among CR-P. aeruginosa isolates was similar to that in the 2007–2009 survey conducted in Uganda (32%) (Kateete et al., 2016), and that in the 2015–2016 survey of Dubai hospitals in the United Arab Emirates (32%) (Moubareck et al., 2019). Among worldwide MDR-P. aeruginosa isolates collected in the last decade, clones ST111, ST175, and ST235 have been identified to carry genomic islands (Roy Chowdhury et al., 2017; Yoon and Jeong, 2021). ST235 (producing KPC, and mainly identified in Europe and Asia) and ST111 (producing VIM-2, and mainly identified in all six continents, except Oceania) clones are the most worrisome class A/B carbapenemase-producers of P. aeruginosa, because they are virulent and associated with poor outcomes (Yoon and Jeong, 2021). IMP followed by NDM and VIM have become the two most prevalent class B carbapenemases in worldwide P. aeruginosa isolates (Yoon and Jeong, 2021).

In the BSI-CRE (n=83) study conducted by Tamma et al. at the Johns Hopkins Hospital, USA, between March 2013 and April 2016, 37 (45%) isolates were CP-CRE, of which 92% harbored the blaKPC-2 gene (Tamma et al., 2017). The CP prevalence rate was highly similar to that reported in a Taiwanese 2017 study (Jean et al., 2018a). In contrast, approximately 90% (121/135) of CRE isolates collected from cancer patients between October 2016 and September 2017 in Egypt, where NDM and OXA-48-like enzymes are prevalent, harbored one or more of the carbapenemase-encoding genes, as revealed by polymerase chain reaction (PCR) (Tawfick et al., 2020). Moreover, PCR analysis of rectal swabs from 590 patients hospitalized in Kuwait between April 2017 and March 2018 revealed that 38 (65.5%) out of the 58 patients (9.8%) with rectal CRE colonization harbored the blaOXA-181-like gene (combined with blaKPC-2 [n = 5], blaVIM-1 [n = 4], and blaNDM-5 [n = 3]) (Fadhli et al., 2020). Previous studies have revealed that high treatment failure rates are associated with KPC-producing Enterobacterales infections, especially among immunocompromised hosts (Jean et al., 2015; Tawfick et al., 2020). In similarity to invasive infections (bacteremia and pneumonia) that are caused by MDR-P. aeruginosa or MDR-A. baumannii complex resulting in poorer outcomes than those caused by susceptible isolates (Lee et al., 2011; Micek et al., 2015), the all-cause mortality rates related to diverse CRE infections have been notably reported to range from 22% to 72% (Borer et al., 2009; Hirsch and Tam, 2010a; Kalpoe et al., 2012; Tumbarello et al., 2012; Chen H. Y. et al., 2021). Furthermore, a study conducted by Tamma et al. revealed that 32% (12/37) of patients infected with CP-CRE BSIs died within 14 days of admission, with an adjusted OR of 4.92 as compared to non-CP-CRE BSI (Tamma et al., 2017).

The major mechanisms of resistance to carbapenems in S. maltophilia isolates mainly include plasmid-encoding L1/L2 β-lactamases (Avison et al., 2001), and chromosomally encoded MDR efflux pumps (Poole, 2004). High rates of case-fatality (42.6%) and attributable mortality (37.5%) were notably reported in patients with S. maltophilia-causing pneumonia and septicemia, respectively (Falagas et al., 2009; Tseng et al., 2009). Additionally, a Taiwanese study regarding S. maltophilia bacteremia indicated that pediatric patients who had malignancy or failed to remove central venous catheters were at high risk of in-hospital mortality (Wu et al., 2006).

Table 1 presents the prevalence rates of genes encoding carbapenemases among isolates of CRE, CR-Pseudomonas aeruginosa, and CR-A. baumannii in different surveys conducted in different countries. Additionally, Table 2 illustrates the enzymatic and non-enzymatic mechanisms conferring carbapenem resistance among isolates of CRE, CR-P. aeruginosa, and CR-A. baumannii complex.


Table 1 | Rates of gene(s) encoding carbapenemases among isolates of carbapenem-resistant (CR) Enterobacterales, CR- Pseudomonas aeruginosa and CR-Acinetobacter baumannii complex in different surveillances.




Table 2 | The mechanisms of carbapenem resistance in carbapenem-resistant (CR) Enterobacterales species, CR-Pseudomonas aeruginosa, and CR-Acinetobacter baumannii complex.





Economic Burden Caused by CRE Outbreaks And Screening Strategies

The huge economic burden caused by MDR-GNB infections, most of which were limited to CRE, has been intensively analyzed. Bartsch et al. investigated the median cost of CRE infections with an incidence of 2.93 per 100,000 persons in the USA in 2015. They estimated that it cost hospitals 275 million US dollars, third-party payers 147 million US dollars, and society 553 million US dollars. In addition, costs increased proportionally with the incidence of CRE, with increases of 2.0-fold, 3.4-fold, and 5.1-fold for incidence rates of 6, 10, and 15 per 100,000 persons, respectively (Bartsch et al., 2017). In-hospital outbreaks of CR- or CP-GNB further exacerbate the already high-cost burden. An outbreak of CPE (caused by mainly NDM-producing K. pneumoniae), which occurred at a London hospital from July 2014 to October 2015, cost €1.1 million, with €54,000 spent on antibiotics for 18 patients who needed treatment, €94,000 on laboratory screening, €153,000 on Estates renovations, and €822,000 as opportunity cost (staff time, bed closure, and elective surgical missed revenue) (Otter et al., 2017). Furthermore, an investigation conducted by Yang et al. at a tertiary teaching hospital in China from 2011 to 2016 revealed that the direct economic burden and disability-adjusted life-year loss caused by BSI due to CR-P. aeruginosa was ≥ 3-fold higher than that of carbapenem-susceptible P. aeruginosa BSI (Yang et al., 2021). According to Semin-Pelletier et al., frequent readmissions of patients who had previous infections due to OXA-48-producing K. pneumoniae isolates, the large number of transfers between wards, and a delay in the implementation of successive cohort units greatly contributed to the incomplete success of containing the spread of CPE (Semin-Pelletier et al., 2015). A few physicians have adopted aggressive surveys of samples from patients to interrupt the transmission of CRE/CPE. For example, a survey at a tertiary teaching hospital in Malaysia revealed that 5.74% of Enterobacterales isolates cultured from various clinical samples (of which rectal swab screening accounted for 49.3%) were CRE, most of which were K. pneumoniae isolates harboring blaNDM-1 (Zaidah et al., 2017). In the multicenter survey conducted by Jimenez et al. in Miami, Florida from 2012 to 2016, active surveillance testing revealed that the overall CRE prevalence was 0.077 cases per 100 patient-admissions, while the incidence density was 1.46 cases per 10,000 patient-days. It is also noteworthy that rates of CRE (dominated by K. pneumoniae, Enterobacter cloacae, and Escherichia coli) steadily increased during the first 3 years of the study period, and declined after implementation of infection control strategies (contact precautions, environmental disinfection, etc.) (Jimenez et al., 2020).

Owing to the high burden of medical costs and high case-fatality rates seen for inpatients with CPE infections, attempts have been made to improve the cost-effectiveness of screening for CPE among all hospital inpatients (Kang et al., 2020). Among the different culture methods, the ChromID CARBA method (bioMérieux, Marcy l’Etoile, France) has been to perform rapidly and best in the detection of CPE (> 100 colony forming units/spot) from rectal swabs, in terms of sensitivity (92.4%) and specificity (96.9%) (Vrioni et al., 2012; Wilkinson et al., 2012). Despite a lower reagent cost, culture-based methods are, in fact, less sensitive than molecular methods for the detection of infection or colonization of CPE. Moreover, they are labor-intensive and slower to yield results (Richter and Marchaim, 2017). Lapointe-Shaw et al. observed that screening for CPE might be cost-effective as compared to not screening, if the prevalence of CPE was above 0.3% among the isolates of Enterobacterales under survey (Lapointe-Shaw et al., 2017).



Community-Acquired/Community-Onset CRE, and CRE, CR-P. Aeruginosa as Well as CR-A. Baumannii Complex Recovered from The Long-Term Care Facility (LTCF)

Apart from hospital acquired CRE, the presence of CRE in the community setting is also a potentially worrisome threat to the public health of ambulatory patients (Van Duin and Paterson, 2016; Jean et al., 2018b). A meta-analysis conducted by Kelly et al. revealed that 5.6%–10.8% of rates of colonized CRE isolates belonged to the community-associated/community-onset category (CA/CO; defined as identification of asymptomatic CRE colonization at the time of admission) in the USA-based studies, while percentages ranging from 0.04% to 29.5% of colonized CRE categorized as CA/CO in origin were reported globally (Kelly et al., 2017). Compared to healthcare-acquired CRE, a Taiwanese survey conducted by Tang et al. revealed that CA-CRE was more likely to occur in elderly female patients and result in urinary tract infection (UTI) (Tang et al., 2016). In a study conducted in China, Hu et al. also found that CO-CRE isolates (n = 28, accounting for 43.8% of all infection-causing CRE isolates enrolled) were mainly cultured from urine samples (75%). Of the CO-CRE isolates, 8 (28.6%) were clonally unrelated E. coli isolates, all of which were NDM producers that were less resistant to aztreonam, ciprofloxacin, levofloxacin, and chloramphenicol. pneumoniae (Hu et al., 2020).

The emergence of CRE at an LTCF (an institution that provides long-term rehabilitation and skilled nursing care) is also a major healthcare issue (Vrioni et al., 2012). The prevalence and incidence rate of colonized CRE in LTCFs in the USA ranged from 3% to 30.4% (Lin et al., 2013; McKinnell et al., 2019) and 1.07 to 6.83 cases per 10,000 patient-days (Brennan et al., 2014; Chopra et al., 2018), respectively. In contrast, the CRE prevalence rates differed widely among the states of the EU (Chen C.C. et al., 2021). A significant association (ranging from 12% to 15.5%) between CRE colonization in nursing home residents with hospital admissions was observed in Spain (predominantly K. pneumoniae harboring blaOXA-48-like gene) (Palacios-Baena et al., 2016) and Israel (mainly KPC-producing K. pneumoniae) (Ben-David et al., 2011). Accordingly, nursing home residents have become CRE reservoirs that should not be ignored. Multiple risk factors, including fecal incontinence (OR: 5.78) (Mills et al., 2016), an immunocompromised condition (OR: 3.92), comorbidities (Charlson score > 3; OR: 4.85) (Bhargava et al., 2014), use of gastrointestinal devices (OR: 19.7) (McKinnell et al., 2019), intravascular indwelling devices or urinary catheters (OR: 5.21) (Lin et al., 2013), and mechanical ventilation (OR: 3.56) (Mills et al., 2016), sharing a room with a known CRE carrier (Chitnis et al., 2012), and prior antibiotic exposure (OR: 3.89) (Chitnis et al., 2012; Bhargava et al., 2014; Brennan et al., 2014), etc., has significantly associated with increased vulnerability to CRE colonization and/or infections in LTCF residents. It is noteworthy that patients from LTCFs who were colonized or infected with CRE had notably poor clinical outcomes, with a mortality rate of up to 75% among patients with CRE infection (Borer et al., 2012). In contrast, the prevalence rates of CRE colonization among residents of LTCFs ranged from 13% to 22.7% in Asia (Lee et al., 2017; Hagiya et al., 2018; Jean et al., 2018b; Le et al., 2020). As stated in a survey on the distribution of carbapenemase-encoding genes among LTCF residents (Jean et al., 2015), ST258 CR-K. pneumoniae harboring blaKPC-2 or blaKPC-3 were the predominant clones present in residents of LTCFs in the USA, whereas other carbapenemases (including NDM, VIM, IMP, and OXA-48-like) were uncommon among CRE isolates for them (Prasad et al., 2016; Reuben et al., 2017; Dubendris et al., 2020; Chen C.C. et al., 2021). In Japan, various types of IMP (predominantly IMP-42, IMP-11, followed by IMP-6) carbapenemases have been detected among overall CRE isolates in LTCF residents in Japan (Hagiya et al., 2018; Hayakawa et al., 2020). Data from the CRE survey of LTCF residents in Spain revealed that OXA-48-like enzymes, followed by VIM-1, IMP, and KPC are the main carbapenemases that can be found there (Palacios-Baena et al., 2016).

Although P. aeruginosa is not a common colonized GNB cultured from LTCF residents, as reported by the survey conducted by O’Fallon et al. in the USA (O’Fallon et al., 2009), and Italian surveys of Giufrè et al. (Giufrè et al., 2017) and March et al. (March et al., 2017), it has been shown to be easily transmitted through numerous routes, including patient-to-patient contact and environmental contamination (Jefferies et al., 2012). Thus, it is plausible that the CP-P. aeruginosa (harboring blaVIM) isolates were cultured from LTCF residents who have history of frequent hospitalizations (Nucleo et al., 2018). A study conducted by Raman et al. revealed that MDR/CR-P. aeruginosa can be identified from patients who were transferred from chronic care facilities and exposed to piperacillin-tazobactam (adjusted OR: 2.64) or carbapenem (adjusted OR: 4.36) (Raman et al., 2018). 

Table 3 illustrates the summary of CRE, CR-P. aeruginosa, and CR-A. baumannii cultured from the community setting and LTCF.


Table 3 | Summary of reports on carbapenem-resistant (CR) Enterobacterales (CRE), and CRE, CR-P. aeruginosa, and CR-A. baumannii complex at the community setting, community-acquired/community-onset (CA/CO), and the long-term care facility (LTCF).





Infection Control Policy Regarding CR- or XDR-GNB

Early identification of in-hospital patients with risk factors for CRE acquisition (72.7% of which were K. pneumoniae), such as co-colonization with MDR-A. baumannii complex (adjusted OR: 15.6) or ESBL-producing GNB (adjusted OR: 4.7; might be linked to recent carbapenem use), exposure to glycopeptide antibiotics (adjusted OR: 3.6), and admissions within one year (adjusted OR: 3.9), is beneficial for avoiding potential spread (Kang et al., 2019). In addition, excessive consumption of carbapenems (especially group 2 agents) is considered to be an important predisposing factor that contributes to the worsening rates of infections caused by CR-P. aeruginosa (estimated OR: 2.87 - 40.96) (Voor In ’t Holt et al., 2014), CRE (McLaughlin et al., 2013), and CR-A. baumannii complex (Sheng et al., 2010; Yoon et al., 2014). Consequently, appropriate antibiotic control policies (especially strict implementation of antibiotic stewardship) in hospitals, education of primary care staff to prevent the dissemination of high-risk hospital and LTCF microorganisms, and contacting isolation cohorts (Barlam et al., 2016; Hellyer et al., 2016) are of paramount importance in containing the spread of CR- or MDR/XDR-GNB strains and decreasing case-fatality rates. Similarly, there is a need to implement periodical surveillance testing to determine in-time targeted interventions (e.g., isolating or cohorting CRE carriers and nursing staff) are needed to effectively lessen the CRE outbreaks at LTCFs (Ben-David et al., 2011; Chitnis et al., 2012; Chen H. Y. et al., 2021).



Different Phenotypic, Biochemial and Immunological Techniques for Diagnosis of CR-GNB

The distinguishment of CR-GNB that are due to the non-carbapenemase-mediated mechanisms from CP-GNB is important, because CP-GNB are prone to disseminate between patients more readily than non-CP-GNB (Goodman et al., 2016). Among the phenotypic CRE diagnostic assays commonly used in clinical microbiology laboratories, the modified Hodge test was applied earliest to detect potential KPC producers of CRE. However, it showed poor sensitivity in detection of the NDM and OXA-48-like CPE, and false-positive results are seen in CRE owing to the porin alteration combined with hyperproduction of ESBL and/or AmpC β-lactamase (Tamma and Simner, 2018; Clinical and Laboratory Standards Institute (CLSI), 2021). The Carba NP test and its variants are suitable for detection of various carbapenemases in CRE and CR-P. aeruginosa (Tamma and Simner, 2018). In spite of requiring the acquisition of dedicated reagents and being interpreted subjectively, the Carba NP test is a convenient biochemical test that provides the results within 15-30 minutes and thus has been applied in the clinical microbiological laboratories worldwide (Clinical and Laboratory Standards Institute (CLSI), 2021). Additionally, the CarbAcineto NP test was shown to perform well in detecting carbapenemases produced by CR-A. baumannii (Dortet et al., 2014).

Utilization of the modified carbapenem inactivation method (mCIM) in combination with the EDTA-modified CIM (eCIM) test could reliably differentiate MBL-producing CRE strains (those displaying a negative result on only the eCIM test) from serine-class carbapenemase producers (showing positive results for both tests) (Tamma and Simner, 2018; Jean et al., 2019). Nevertheless, it takes approximately 6-12 h to obtain the results and is interpreted subjectively as well. It is also noteworthy that the mCIM/eCIM test performed less well in detection of VIM-producing P. aeruginosa and OXA-producing A. baumannii isolates than CPE (Tamma and Simner, 2018).

The other carbapenemase detection tests include lateral flow immunoassays (antibody-based rapid diagnostic, easy-to-use methods, such as NG-Test Carba 5 [Hardy Diagnostics, CA, USA], and Resist-3 O.K.N. that detects OXA-48-like, KPC and NDM but not VIM and IMP-like MBLs [Coris BioConcept, Gembloux, Belgium]), targeted carbapenemase assays (inhibitor [phenylboronic acid for KPC and EDTA for MBL]-based, easy-to-use methods) for diverse carbapenemases, and matrix-assisted laser desorption–ionization time of flight mass spectrometry (hydrolysis approach) (Wareham and Abdul Momin, 2017; Tamma and Simner, 2018).



Antibiotic Treatment Against CR- or XDR-GNB


Conventional Antibiotic Regimens Against CRE

In a study by Garonzik et al., optimum dosages of polymyxin B and colistin (polymyxin E), two old antibiotics of revival in this century, have been proposed to maximize their efficacy against infections related to MDR-GNB, with a minimum inhibitory concentration (MIC) of >1 mg/L for colistin (Garonzik et al., 2011). Clinical, pharmacokinetic (PK) and pharmacodynamic (PD) data of polymyxin B/E for several GNB species have been shown to have limited clinical efficacy, even if an intermediate result (i.e., MIC ≤ 2 mg/L) was achieved (Clinical and Laboratory Standards Institute (CLSI), 2021). Moreover, monotherapy with intravenous colistin against CR-K. pneumoniae or E. coli bacteremia was also not suggested, because of its association with a high (57.1%) mortality rate (hazard ratio: 5.57; 95% CI, 2.13 - 14.61; P < 0.001) as compared to other comparative antibiotics (Lin et al., 2018). Despite controversies, during the interval of an aerosolized colistimethate sodium (CMS) dosing (2 million units [MU]) using jet or ultrasonic nebulizer, a high pulmonary area under the concentration-time curve of colistin (ranging 18.9 – 73.1 μg•h/mL), as well as a high maximum pulmonary colistin concentration (6.00 ± 3.45 μg/mL) were achieved in humans, with no increase in nephrotoxicity (Yapa et al., 2014). Thus, a high-dose regimen of aerosolized CMS monotherapy (4 MU administered every 8 h) was applied for the treatment of VAP caused by a few notable MDR-GNB (P. aeruginosa and A. baumannii complex predominantly) (Abdellatif et al., 2016). In addition, impaired uptake of fosfomycin (related to glpT, uhpT, and uhpA) (Takahata et al., 2010) and the existence of fosfomycin-modified genes (e.g., fosA3, which encodes fosfomycin-modifying enzymes) in transposon elements and conjugative plasmids confer Enterobacterales species, especially E. coli, exhibiting resistance to fosfomycin (Yang et al., 2019). High prevalence rates of fosfomycin resistance genes in CRE have been determined in several parts of East Asia (e.g., China and Japan) (Zhang et al., 2017; Wang Q. et al., 2018), and resistance to fosfomycin has also emerged in the USA and the states of the EU (Alrowais et al., 2015; Benzerara et al., 2017). Therefore, the use of systemic colistin and fosfomycin is recommended as an adjunctive treatment for CRE or CR-P. aeruginosa infections (Amladi et al., 2019; Loose et al., 2019).

Before the launch of ceftazidime-avibactam for the clinical treatment of CPE infection in 2015, Gutiérrez-Gutiérrez et al. concluded that therapy with a combination regimen of antibiotics (including at least one in vitro active drug against the implicated BSI isolate and started in the first five days after infection) was associated with decreased 30-day all-cause mortality rates among patients infected with BSI owing to CPE (mainly KPC-producing K. pneumoniae) and high INCREMENT-CPE mortality scores (high Pitt bacteremic scores in patients who had ≥ 2 points of Charlson comorbidity score and BSI not originating from UTI or biliary tract infection) (Gutiérrez-Gutiérrez et al., 2016; Gutiérrez-Gutiérrez et al., 2017). Despite its bacteriostatic nature and relatively low serum concentration under standard-dose administration (100 mg loading followed by 50 mg every 12 h) (Jean and Hsueh, 2014), the study by Lin et al. on CRE bacteremia revealed that tigecycline was a good choice if the antibiotic had an MIC ≤ 0.5 mg/L against the isolates, based on the 90% probability of target attainment and 82% probability of cumulative fraction of response (Lin et al., 2018). Nevertheless, heterogeneity in adequate regimens of antibiotics against CPE has been suggested for both in vitro efficacy and clinical treatment effects (Bulik and Nicolau, 2011; Jernigan et al., 2012; Tzouvelekis et al., 2014; Lowman and Schleicher, 2015; De Pascale et al., 2017; Tang et al., 2019). For example, Tang et al. determined that in vitro treatment with 1× MIC using combinations of amikacin or gentamicin, and tigecycline or doxycycline for 24 h resulted in bactericidal activity of 84%–100% in 13 KPC-K. pneumoniae isolates; in addition, the combination of doxycycline plus gentamicin or amikacin was synergistic for all the tested KPC-K. pneumoniae isolates (Tang et al., 2019). A review of CPE therapy by Tzouvelekis et al. and an investigation conducted by Daikos et al. concluded that the lowest mortality rate (18.8%) was observed in patients treated with combinations of various antibiotics (Daikos et al., 2014; Tzouvelekis et al., 2014). Compared to other antibiotic regimens, Tumbarello et al. further demonstrated that post-antibiogram therapy with a combination of tigecycline, colistin, and meropenem (at a dosage of 2 g every 8 h intravenously) was associated with lower mortality rates (OR, 0.11; 95% CI: 0.02 - 0.69; and P = 0.01) for patients with BSI due to KPC-producing K. pneumoniae, especially those with an MIC ≤ 16 mg/L for meropenem (Tumbarello et al., 2012). In addition, Lowman et al. observed that carbapenem-based therapy improved survival in 20 critically ill patients infected with CPE harboring blaOXA-48-like gene, although the severity of the underlying illness significantly impacted their outcomes as well (Lowman and Schleicher, 2015). The combination of doripenem (8 mg/L) and colistin (1 mg/L) was observed to have in vitro bactericidal efficacy against 75% (9/12) of KPC-producing K. pneumoniae isolates (Jernigan et al., 2012). As compared to the clinical treatment using a single antibiotic (colistin, tigecycline, or gentamicin), De Pascale et al. determined that a double carbapenem regimen (comprising meropenem at a dosage of 2 g every 8 h intravenously, and ertapenem at a dosage of either 2 g once daily or 1 g every 12 h intravenously) resulted in a significantly lower rate of 28-day mortality (47.9% vs 29.2%; P = 0.04), higher rates of clinical cure (31.3% vs 65%; P = 0.03) and microbiological eradication (25.9% vs 57.9%; P = 0.04) for patients with severe infections due to CR-K. pneumoniae (> 90% of which harbor blaKPC) (De Pascale et al., 2017). A similar in vivo effect was also reported by Builk et al. in a murine thigh model with KPC-producing K. pneumoniae infection, using simulated mega-dose doripenem (2 g every 8 h) combined with ertapenem (1 g once daily) (Bulik and Nicolau, 2011).



Novel Antibiotics Against CR/CP-Enterobacterales, and CR-P. Aeruginosa

Ceftazidime combined with avibactam, a diazabicyclooctane (DBO) β-lactamase inhibitor, is effective against most Ambler class A/C/D enzymes, providing a new option for the treatment of CRE/CPE infections (Liu et al., 2021); however, mutations in Asp179Tyr, Val240Gly, Ala240Val, Ala177Glu, Thr243Met substitutions, and 165-166Glu-Leu insertion, have been shown to compromise the in vitro efficacy of ceftazidime-avibactam while sparing several other novel antibiotics against CRE isolates (Wang Y. et al., 2020). In addition, recent investigations have revealed that a significant proportion of CR-E. cloacae complex exhibited significantly higher NS rates to ceftazidime-avibactam (Yin et al., 2019; Kawai et al., 2020). In the small case series covering diverse CRE infections (n = 37, with five-sixths being CR-K. pneumoniae), Shields et al. observed that ceftazidime-avibactam therapy achieved a success rate of 70% and 50%, respectively, for bacteremia and pneumonia, and 100% for acute pyelonephritis. Furthermore, resistance to ceftazidime-avibactam among CRE developed notably following its therapy for 10–19 days (median, 15 days) (Shields et al., 2016). The overall 30-day survival rate of the series by Shields et al. was 76% (Shields et al., 2016), similar to that of another survey on CR-K. pneumoniae therapy using antibiotic combination regimens (72.5%) (Capone et al., 2013). In a small cohort (n = 38) survey conducted by Alraddadi et al. to explore the outcomes of patients with various infections caused by CRE (largely OXA-48-producing K. pneumoniae isolates), ceftazidime-avibactam therapy provided a better clinical remission rate than comparative antibiotics, including colistin, tigecycline, and meropenem (80% vs 53.6%; P = 0.14) (Alraddadi et al., 2019). Nevertheless, no difference was observed in the 30-day all-cause mortality rates between the two groups (50% vs 57.1%; P = 0.71) (Alraddadi et al., 2019). Furthermore, in a head-to-head study conducted by Ackley et al. who compared the clinical efficacy and development of resistance between ceftazidime-avibactam and meropenem-vaborbactam (a β-lactamase inhibitor that comprises structurally boronic acid [BA]) against CRE, a 2.9% rate of resistance developed after ceftazidime-avibactam monotherapy, while similar rates of clinical success and 90-day mortality were observed between the two groups (Ackley et al., 2020).

Among other potential novel antibiotics, ceftolozane-tazobactam was inactive against isolates of CPE isolates, several AmpC-producing Enterobacterales, and most ESBL-producing K. pneumoniae (Jean et al., 2021). Cefepime in combination with enmetazobactam (formerly AAI101, a β-lactamase inhibitor that structurally comprises penicillanic acid sulfone), exhibited lower MICs against isolates of ESBL-producing Enterobacterales and KPC-producing E. coli than CP-K. pneumoniae (Morrissey et al., 2019; Papp-Wallace et al., 2019; Jean et al., 2022). In contrast, cefepime combined with zidebactam (formerly WCK 5222, a structural DBO β-lactamase inhibitor) displayed superior in vitro activity against the Ambler class B enzyme producers of Enterobacterales than ceftazidime-avibactam and imipenem in combination with relebactam (also a structural DBO β-lactamase inhibitor), meropenem in combination with vaborbactam, cefepime-enmetazobactam, durlobactam (formerly ETX 2514, a structural DBO β-lactamase inhibitor, penicillin-binding protein [PBP] 2 inhibitor, and in vitro activity against P. aeruginosa AmpC β-lactamase), and plazomycin (Landman et al., 2010; Karlowsky et al., 2020; Novelli et al., 2020; Hagihara et al., 2021; Kuo et al., 2021; Shapiro et al., 2021; Jean et al., 2022). Furthermore, the anti-CPE spectra of aztreonam-avibactam and cefepime combined with taniborbactam [also a structural BA β-lactamase inhibitor against all metallo-β-lactamases (MBL), except for the IMP types], are considerably similar to those of cefepime-zidebactam (Karlowsky et al., 2017; Wang X. et al., 2020; Sader et al., 2021) and cefiderocol (Hsueh et al., 2019). Nacubactam (formerly OP0595 or RG6080, a structural DBO β-lactamase and PBP2 inhibitor) was demonstrated to be active in vitro against diverse β-lactamase producers, including a few NDM or VIM-producing Enterobacterales species (mainly E. coli and Enterobacter spp.) (Mushtaq et al., 2019). When nacubactam was combined with meropenem, it was shown to be active in vitro against the CRE isolates of any β-lactamase producer. Phase 3 clinical investigation is currently being conducted to test the efficacy of nacubactam in combination with meropenem against CRE isolates harboring the blaKPC gene (Barnes et al., 2019).

As stated in several studies, septicemia or pneumonia caused by MDR-P. aeruginosa isolates resulted in poor patient outcomes (Hirsch and Tam, 2010b; Morata et al., 2012; Micek et al., 2015; Matos et al., 2018; Urzedo et al., 2020). Recommendations for the treatment of MDR/XDR-GNB infections have been published based on the susceptibility and PK/PD profiles of conventional and novel antibiotics (Bassetti et al., 2019; Jean et al., 2019; Jean et al., 2020). Antibiotic combination therapy is likely to select mutants displaying a broader resistance phenotype (e.g., mutational inactivation of the repressor gene mexR that regulates the multidrug efflux operon mexAB–oprM for P. aeruginosa) than before (Vestergaard et al., 2016). Nevertheless, a few combination regimens of dual antibiotics exhibited synergistic or additive effects in vitro (determined using fractional inhibitory concentration index) against CR- or MDR/XDR-P. aeruginosa isolates (Erdem et al., 2002; Siriyong et al., 2019; Olsson et al., 2020). In addition, the combination of gentamicin and ciprofloxacin has good potential for inhibiting biofilm formation synthesized from P. aeruginosa (71.4%) (Wang et al., 2019). De-escalation of antibiotics into a single agent is strongly recommended when susceptibility of the implicated GNB (including MDR/XDR-P. aeruginosa) isolate is known, and there is a significant improvement in the patient’s condition (Boyd and Nailor, 2011). Among the novel antibiotics that have been launched to combat MDR-GNB isolates, ceftolozane-tazobactam has excellent in vitro activity against global CR- and XDR-P. aeruginosa strains, including those with overexpression of efflux pumps but no carbapenemase production (Hong et al., 2013; Jean et al., 2021). Despite not being validated by several randomized clinical studies, ceftazidime-avibactam (Sader et al., 2017b; Kuo et al., 2021), cefepime-zidebactam (Sader et al., 2017a; Kuo et al., 2021; Jean et al., 2022), cefiderocol (Hsueh et al., 2019; Yamano, 2019; Bassetti et al., 2021; Liu et al., 2021), imipenem-relebactam (showing excellent in vitro activity relative to imipenem solely against OprD-losing P. aeruginosa isolates with Pseudomonas-derived cephalosporinase hyper-production) (Tselepis et al., 2020; Kuo et al., 2021), meropenem-vaborbactam (Novelli et al., 2020; Kuo et al., 2021), meropenem-nacubactam (Asempa et al., 2020), and cefepime-taniborbactam (Wang X. et al., 2020) are considered as promising alternatives against infections caused by CR- or MDR-P. aeruginosa isolates. Although aztreonam-avibactam has excellent in vitro potential to inhibit CPE (including producers of MBL; MIC90 ≤ 8 mg/L) (Karlowsky et al., 2017; Wang Y. et al., 2020), relatively high MIC90 levels of this novel antibiotic were observed against the global overall and MBL-positive P. aeruginosa isolates tested (32 mg/L and 32 mg/L, respectively) (Karlowsky et al., 2017).



Conventional and Novel Antibiotics Against CR-A. Baumannii

A 3-h intravenous infusion of 2 g meropenem every 8 h produced a high percentage (72.89 ± 22.40%) of time above the serum concentration of 8 mg/L after the third dose (Jaruratanasirikul et al., 2005). This regimen provides therapeutic benefits for the treatment of VAP caused by CR-A. baumannii isolates. Unfortunately, a high in vitro resistance to meropenem (MIC > 64 mg/L) was exhibited by most XDR/CR-A. baumannii and CRE isolates, whose susceptibility was not restored by sulbactam addition (Hsueh et al., 2002). Because of the extremely high likelihood of resistance to the majority of antibiotics, various regimens of antibiotic combinations have been proposed for the treatment of XDR-A. baumannii in the PubMed database. For instance, Jean et al. demonstrated that a prolonged intravenous infusion (> 3 h) of imipenem combined with tigecycline provided a significantly better survival rate for patients with XDR-A. baumannii bacteremic VAP than imipenem plus sulbactam (64.3% vs 14.3%) (Jean et al., 2016). Time-kill kinetic analysis proved that the former regimen inhibited the in vitro growth of XDR-A. baumannii (Poulikakos et al., 2014). In addition, treatment with a colistin-carbapenem (doripenem) regimen also significantly improved the 28-day survival rates among solid-organ transplant recipients with various XDR-A. baumannii infections (OR: 7.88; 95% CI: 1.60 – 38.76; P = 0.01) (Shields et al., 2012). In partial similarity to the meta-analysis conducted by Kengkla et al., who substituted tigecycline for carbapenem (Kengkla et al., 2018), Pongpech et al. suggested that the triple combination of meropenem, colistin, and sulbactam was a good regimen in vitro against carbapenem-NS A. baumannii complex that did not harbor genes encoding class B carbapenemase (Pongpech et al., 2010). Furthermore, to effectively treat severe VAP or BSI caused by MDR or XDR-A. baumannii complex, Piperaki et al. suggested a combination regimen comprising two active in vitro agents. Antibiotic options include high-dose ampicillin-sulbactam, high-dose tigecycline (or minocycline), and polymyxin or aminoglycoside. If two in vitro active agents are not available, in vitro synergy studies are valuable in choosing the most appropriate targeted combination scheme (Piperaki et al., 2019). Novel antibiotics, including ceftolozane-tazobactam, imipenem-relebactam, meropenem-vaborbactam, ceftazidime-avibactam, aztreonam-avibactam, cefepime-enmetazobactam, and cefepime-zidebactam, have significantly poor in vitro activity against XDR-A. baumannii complex, while exhibiting excellent in vitro efficacy against CRE or CR-P. aeruginosa (Biedenbach et al., 2015; Livermore et al., 2017; Sader et al., 2017a; Groft et al., 2021; Jean et al., 2021; Liu et al., 2021; Zhang et al., 2021a). In contrast, cefiderocol, a novel siderophore modified from ceftazidime, exhibited excellent in vitro activity against several carbapenem-NS GNB species, including A. baumannii complex (Hsueh et al., 2019); however, compared to the best available therapy, higher all-cause mortality rates were observed during the early hospitalization course when cefiderocol was administered for the treatment of patients with nosocomial pneumonia and BSI caused by CR-Acinetobacter species (Bassetti et al., 2021). The combination of sulbactam with durlobactam has been shown to effectively inhibit CR-Acinetobacter species (Shapiro et al., 2021). In addition to cefiderocol (Sader et al., 2017b) and eravacycline (a novel fluorocycline agent of the tetracycline family) (Jean et al., 2019; Jean et al., 2022), several novel drugs and new combination regimens, including TP-6076 (a fully synthetic fluorocycline antibiotic under development), WCK 4234 (a structural DBO β-lactamase inhibitor) with meropenem, LN-1-255 (a β-lactamase inhibitor modified from the penicillanic acid sulfone), taniborbactam, SPR741 (a cationic peptide derived from polymyxin B as an antibiotic adjuvant), and phage therapy (mostly applied in animal models for the treatment of infections caused by A. baumannii complex and P. aeruginosa) (Pires et al., 2015; Yin et al., 2017), etc., have been investigated to evaluate their feasibility for clinical use and potential efficacy against troublesome CR/XDR-A. baumannii isolates (Isler et al., 2018).

Table 4 compares the spectra of novel antibiotics against carbapenemase-producing GNB. Additionally, Table 5 presents the spectra of important carbapenemase inhibitors against various plasmid-mediated carbapenemases in GNB.


Table 4 | Comparison of spectra among novel antibiotics against carbapenem-resistant Gram-negative bacteria (Enterobacterales species, and Pseudomonas aeruginosa).




Table 5 | Spectra of important carbapenemase inhibitors against various carbapenemases on Gram-negative bacteria.






Summary

In the present MDR/XDR-GNB era, we have encountered an antibiotic pipeline scenario. Although a few novel antibiotics have been effective in vitro against several CR-GNB, their clinical efficacy requires further validation. The judicious prescription of these valuable antibiotics, strict implementation of antibiotic stewardship policy, adequate disinfection of equipment and environment of hospital and LTCF settings, in combination with in-time screening to initiate necessary cohort isolation, are a few measures that must be vigorously undertaken to lessen the rapidly worsening trends of resistance in clinically important GNBs.
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Purpose

The use of carbapenem before and after implementation of an antimicrobial stewardship-led carbapenem-sparing strategy at a tertiary care center in Lebanon was evaluated.



Methods

A retrospective, observational chart review was performed on all hospitalized pediatric and adult patients who received carbapenem therapy during January 2019 and January 2020. Patients who started their regimen before January or received carbapenems for less than 24 hours were excluded. Primary outcomes included the appropriateness of physician prescribing patterns and pharmacists’ interventions, as well as appropriateness and response rates of the latter. Secondary outcomes included the carbapenem defined daily dose (DDD) and days of therapy (DOT). Descriptive statistics were used in the analysis and a p-value < 0.05 was considered to be statistically significant.



Results

A total of 157 and 150 patients charts were reviewed in January 2019 and January 2020, respectively. There was no difference in baseline characteristics except for inpatient services and rates of isolated multidrug-resistant organisms. When comparing the two timelines, the appropriateness of physicians’ prescribing patterns increased in terms of empirical therapy, targeted therapy, and duration of therapy but the results were not statistically significant. Pharmacists’ interventions significantly increased with regards to the duration of therapy (p= <0.001), dose adjustment (p<0.001), de-escalation to a narrower spectrum antibiotic (p=0.007), and use of extended infusion (p=0.042). The DDD and DOT were higher for ertapenem and lower for anti-pseudomonal carbapenems in January 2020.



Conclusion

The carbapenem-sparing strategy adopted by the antimicrobial stewardship program contributed to an increase in the number of interventions made by pharmacists on carbapenem therapy, including their appropriateness, and response rate. Despite an improvement in the physician-prescribing patterns, more awareness and education may be needed to achieve a better impact.
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Introduction

Antimicrobial resistance (AMR) is a major worldwide concern affecting global public health. According to the Centers for Disease Control and Prevention (CDC) and the Infectious Disease Society of America (IDSA), more than 2.5 million people are infected with antibiotic-resistant organisms causing at least 34,000 deaths annually and adding more than 2 billion US dollars to direct healthcare costs (CDC, 2019a; Shrestha et al., 2018). Likewise, the World Health Organization (WHO) data revealed an increase in AMR in the Middle East and North Africa region (WHO, 2015). Out of the pathogens with emerging resistance listed in the CDC AMR threats of 2019, carbapenem-resistant Enterobacterales (CRE) and carbapenem-resistant Acinetobacter (CRA) are urgent threats among patients in the medical facilities1. In the United States, It is estimated that around 13,100 and 8,500 healthcare-associated infections (HAI) are caused by CRE and CRA, respectively, each year (CDC, 2019a). Similarly, reports from Médecins Sans Frontieres (MSF) in the Middle East suggested that third-generation cephalosporin and carbapenem resistance among Enterobacterales isolates is 86.2% and 4.3% respectively in developing countries like Jordan, Yemen, Iraq, and Syria (Kanapathipillai et al., 2019).

In general, Enterobacterales are Gram-negative bacteria that include Escherichia coli, Klebsiella, and Enterobacter species associated with a wide range of community-associated infections as well as HAI (Duin and Doi, 2016). The extensive use of carbapenem in the treatment of infections caused by extended-spectrum beta-lactamase-producing Enterobacterales (ESBL-E) has led to the emergence of CRE as shown in a recent meta-analysis (Codjoe and Donkor, 2017; Loon et al, 2017). The presence of CRE limits treatment options of many severe infections since enzymes produced by these bacteria can hydrolyze many beta-lactams and exhibit other mechanisms of resistance against fluoroquinolones and aminoglycosides (Duin and Doi, 2016). Therapeutic options, such as tigecycline and polymyxins have limited use because of low efficacy, high toxicity, and increasing reports of resistance (Duin et al., 2013; Codjoe and Donkor, 2017). Those are usually used in combination with other agents, and though this strategy has shown a lower mortality rate when compared to monotherapy, the mechanistic basis of synergy is yet to be established (Cui et al, 2017). Another option such as ceftazidime/avibactam has currently been used for CRE but is usually reserved for severe infections due to limited availability and high cost (Sorbera et al., 2014; King et al., 2017). Other novel drugs like meropenem-vaborbactam, cefiderocol, and imipenem-relebactam have shown efficacy against certain CRE strains but are still not available in Lebanon.

In Lebanon, surveillance of AMR has been reported in different clinical and non-clinical settings. The Lebanese Society of Infectious Diseases (LSID) has conducted a study to assess AMR patterns among clinically relevant pathogens between 2011 and 2013 (Chamoun et al., 2016). The ESBL production rate of Escherichia coli and Klebsiella species was 32.3% and 29.2%, respectively. Similar to international data, the rise in ESBL-producing pathogens has led to an increase in the consumption of carbapenems. As such, lower overall carbapenem susceptibility rates have been reported in a study held between 2015 and 2016, reaching 12% and 70% for Acinetobacter species and Pseudomonas aeruginosa respectively (Moghnieh et al., 2019). Regarding non-clinical settings, the rise in ESBL and carbapenemase-producing pathogens in water and animals has also been noted (Bayssari et al., 2014; Osman et al., 2019).

As stated by the CDC, 20-50% of all antibiotics prescribed in U.S. acute care hospitals are either unnecessary or inappropriate (CDC, 2019b). Consequently, the IDSA, in cooperation with the Society for Healthcare Epidemiology (SHEA), has issued guidelines for implementing antimicrobial stewardship programs (ASP) (Barlam et al., 2016). The CDC, the American Society of Health-System Pharmacists (ASHP), and Joint Commission International Standards (JCI) have defined the core elements of hospital ASP to optimize safe, judicious, and appropriate use of antimicrobial agents through multidisciplinary efforts (Duin et al., 2013; Barlam et al., 2016; JCI, nd, 2017).

Many studies have addressed the appropriateness of carbapenem use in health care institutions with and without the presence of ASP. For instance, Di Zhang et al. showed that the adequate use of carbapenems was increased after the implementation of an antimicrobial program and that “the irrational use of carbapenems might be a very important factor underlying the development of carbapenem-resistant Pseudomonas aeruginosa” (Zhang et al., 2019). In the Middle East, antimicrobial stewardship (AMS) strategies need further development and a better proactive approach as ASP might still be considered as a novel concept (Nasr et al., 2017). A recent survey, conducted by the infectious diseases working group in Arab countries of the Middle East, highlighted the importance of promoting cross-regional collaboration in antimicrobial stewardship. As a result, heterogeneity between countries in awareness of local epidemiology, management of multi-drug resistant organisms, and antimicrobial stewardship practices have been noted (Al Salman et al., 2021).

To our knowledge, the evaluation of carbapenem use before and after implementation of an ASP carbapenem-sparing strategy has not been comprehensively studied in Lebanese hospitals. The only existing data were published by Moghnieh et al. who studied the impact of handshake antimicrobial stewardship on broad-spectrum antibiotic use and proved a significant decrease in imipenem and meropenem use (Moghnieh et al., 2020). In Lebanon, one study showed that the inappropriate use of imipenem-cilastatin at a tertiary care hospital was mostly related to inadequate dose adjustments (Ramadan et al., 2015). According to the surveillance of antimicrobial resistance at the American University of Beirut Medical Center (AUBMC) between June 2018 and June 2019, the rate of CRE has increased in comparison with previous years for E.coli, Klebsiella pneumoniae, Citrobacter, and Enterobacter species (AUBMC, 2019). In compliance with JCI standards, and after many years of stewardship efforts starting in 2007, an official ASP was launched at AUBMC in June 2018 with a dedicated stewardship pharmacist to optimize clinical outcomes and minimize the unintended consequences of antimicrobial use. Accordingly, some of the methods included the provision of education along with prospective audit and feedback. In April 2019, the ASP started working on a strategy to optimize carbapenem use. Thus, this study aims to evaluate the use of carbapenems before and after implementation of an ASP-led carbapenem-sparing strategy at AUBMC by comparing physicians’ prescribing patterns and pharmacists’ interventions during January 2019 and January 2020. Other outcomes included the comparison of the carbapenem-specific defined daily dose (DDD) and the days of therapy (DOT) during these two periods.



Materials and Methods


Study Design and Population

A retrospective chart review pilot study, evaluating data before and after an intervention, was conducted at AUBMC, a tertiary care 420-bed teaching hospital located in Beirut, encompassing a wide variety of departments and specialized units.



Inclusion and Exclusion Criteria

The study included all hospitalized pediatric and adult patients who received carbapenem therapy (meropenem, ertapenem, or imipenem/cilastatin) in January 2019 and January 2020. If the patient received multiple courses of carbapenem throughout the same hospital stay, only the first course of treatment was considered. Subsequent carbapenem courses were included for patients with extended hospital stay if they were spaced from the previous ones by at least three months. Patients who were started on a carbapenem regimen before January were not included. Also, those who received carbapenem for less than 24 hours were excluded because their therapy regimen could not have been appropriately assessed in terms of duration of therapy.



Data Collection

Data was collected retrospectively after patient discharge or discontinuation of therapy. A carbapenem report for both January 2019 and January 2020 was generated and the charts of the patients who received carbapenem therapy during this period were reviewed. The analysis included data collected from the initiation of the first dose of carbapenem until patient discharge. The medical records of admitted patients were reviewed through the hospital’s electronic system. Information on patients receiving carbapenems for treatment of infections in all departments was incorporated using a data collection sheet that included the following: demographic data, past medical history, ID team on board, medications received during hospitalization, type of infection, bacterial culture, and sensitivity results, carbapenem dosing regimen, duration of treatment (including start and end date), serum creatinine, and calculated creatinine clearance according to the Cockcroft–Gault equation in adults and the Schwartz equation in pediatrics. Information about pharmacists’ interventions was also included and divided based on the subtypes of AMS interventions.



Interventions

In April 2019, the ASP at AUBMC launched a carbapenem-sparing strategy. This strategy initially started with assessing the appropriateness of carbapenem use, which was later presented to the infectious diseases’ (ID) division and ASP committee. The ASP team prospectively reviewed active carbapenem orders and intervened accordingly. As part of this study and in cooperation with the ASP, targeted education sessions focusing on Gram-negative resistance and appropriateness of carbapenem use were provided to both prescribing physicians and pharmacists in December 2019. Each department received one session based on their role in ASP.



Study Outcomes

Primary outcomes included the appropriateness of physicians’ prescribing patterns as well as the subtypes, appropriateness, and response rates of pharmacists’ interventions. The appropriateness of carbapenem prescribing was assessed before, at, and after 48 hours of antibiotic initiation based on three categories: (i) indication (both empirical and targeted), (ii) dosing, and (iii) duration. The appropriateness of empirical use was assessed based on internally developed algorithms (Appendix A) that were approved by the ASP. The algorithms were designed using several references, such as the IDSA guidelines, Surviving Sepsis Campaign guidelines, and the ASHP Pharmacist Guide to Antimicrobial Therapy and Stewardship (Wieczorkiewicz and Sincak, 2016). They also included risk factors for multi-drug resistant organisms (MDRO) based on the type of infection (Appendix B). As such, the empirical carbapenem treatment was considered appropriate if the patient had any MDRO risk factors. If the culture did not show any organism, the assessment was based on other criteria such as imaging findings, hematology lab values, and patient’s overall clinical stability (Appendix A). The targeted use of carbapenem was considered appropriate if the microorganism was only susceptible to carbapenems and de-escalation was not possible. The dose and duration were deemed appropriate if they were within the recommended range for the specific indication as recommended per the IDSA guidelines.

Antimicrobial stewardship pharmacists' interventions consisted of five major categories: (i) duration of antibiotic therapy, (ii) de-escalation to a narrower-spectrum antibiotic, (iii) dose adjustment, (iv) drug regimen modification because of bug-drug mismatch, (v) and limiting duplicate coverage of antibiotics.

Secondary outcomes included comparing the DDD and the DOT in the two study screening periods. As per the WHO, the DDD is defined as the average maintenance dose per day for a drug used for its main indication (WHO, 2019). The DOT is the aggregate sum of days for which an antibiotic is administered. The DDD and DOT were respectively calculated per 100 bed-days and 1000 patient-days.



Statistical Analysis

Statistical analyses were performed using the Statistical Package for the Social Sciences for Windows, Version 23.0 (SPSS Inc. - IBM Corp., Armonk, NY, USA) (IBM, 2015). Descriptive statistics were calculated. Means and standard deviations were reported for continuous variables. Categorical variables were assessed and described as frequency and percentage. The associations between categorical variables were evaluated using Pearson χ2 test or Fisher’s exact test. A p-value< 0.05 was considered to be statistically significant.



Ethical Consideration

The study protocols were approved by the Institutional Review Board (IRB) prior to the start of the study. Per local policies, written patient consent was not required.




Results


Baseline Characteristics and Carbapenem Therapy Distribution

A total of 307 patients were included in this study (pre-implementation phase, January 2019 n= 157; post-implementation phase, January 2020, n=150). Only 47 (15%) of enrolled patients were from the pediatric population. Baseline characteristics were similar between both groups except for the fact that more patients were admitted to the intensive care unit in January 2020 (36%) in comparison with January 2019 (19.7%) (p-value =0.001) (Table 1). In addition, more patients in January 2020 had recent hospitalization within the past 90 days (57.8% versus 42.2%; p-value=0.018) and a history of recurrent urinary tract infections (15.3% versus 5.1%; p-value=0.004). Concerning the site of infections, there was no statistically significant difference between January 2019 and January 2020 groups and the three most common sites of infection were the lungs (30% versus 27%), urinary tract (28% versus 27%), and bloodstream (16% versus 12%). In January 2020, the rate of empirical use of carbapenem therapy had increased in comparison with January 2019 (85% versus 82%, p-value=0.537) but, in parallel, a significant increase in targeted therapy was noted (23.3% versus 11.5%; p-value=0.007).


Table 1 | Demographic and clinical variables in study populations.





Primary Outcomes: Appropriateness of Physicians’ Prescribing Patterns

The percentages of appropriateness in empirical use before 48 hours (92.9% versus 86.4%; p-value= 0.104) and after 48 hours from culture results (78.9% versus 67.1%; p-value=0.107) and in targeted use (91.4% versus 88.9%; p-value=1) were higher in January 2020 in comparison with January 2019 but the results were not statistically significant (Table 2). Similarly, the numbers were in favor of January 2020 concerning the duration of therapy and de-escalation without statistical significance (Table 2). The mean duration of carbapenem therapy in January 2019 and 2020 was 4.8 days and 4.7 days, respectively. On the other hand, lower percentages of appropriateness were seen in January 2020 in terms of prophylactic therapy, and the choice of dosing regimens, but no statistically significant differences were detected (Table 2).


Table 2 | Percentage of appropriateness of physicians’ prescribing patterns in terms of carbapenem therapy in January 2019 and January 2020.





Primary Outcomes: Pharmacists’ Interventions: Subtypes, Appropriateness and Response Rate

The total number of pharmacists’ interventions increased from 26.8% in January 2019 to 60.9% in January 2020 and the mean number of interventions made per patient significantly improved from 0.23 (± 0.465) to 0.69 ( ± 0.743) (p-value < 0.001) (Table 3). There was a significant rise in all interventions’ subtypes in the post-implementation phase versus the pre-implementation phase except for limiting duplicate coverage and bug-drug mismatch. As for the appropriateness of the interventions, a significant increase was only seen in dose adjustment when comparing January 2020 with January 2019 (100% versus 82.4% respectively; p-value: 0.02) (Table 3). In addition, the rate of accepted interventions for de-escalating to a narrower spectrum antibiotic was significantly higher in January 2020 versus January 2019 (90% versus 33.3%; p-value: 0.004) (Table 3).


Table 3 | Pharmacists’ interventions: subtypes, appropriateness, and response rate in January 2019 and January 2020.





Secondary Outcomes

The DDD per 100 bed days of all carbapenems was higher in January 2020 (8.6) versus January 2019 (8.1) (Table 4). However, in January 2020, the DDD was lower for the antipseudomonal carbapenems and higher for ertapenem. Similarly, DOT per 1000 patient days of the antipseudomonal carbapenem was lower in January 2020 whereas the DOT of ertapenem was higher (Table 4).


Table 4 | Carbapenem-specific defined daily doses (DDD) And days of therapy (DOT) in January 2019 and January 2020.






Discussion

In this study, we evaluated the impact of a carbapenem-sparing strategy on physicians’ prescribing patterns and pharmacists’ interventions. In an era of increased carbapenem resistance and challenges facing severe gram-negative infections, this strategy is of high importance to promote optimal carbapenem use (Wilson, 2017; Peri et al., 2019). In our study, the rise in empirical use of carbapenems in January 2020 may be partially justified by an increase in the number of patients admitted to the critical care unit. Those patients had more MDROs risk factors which made them candidates for empirical carbapenem therapy. In addition, if stricter criteria were made on the selection of empirical antibiotic use, more significant results could have been reached in this outcome. However, it is worth mentioning that, due to the high rates of ESBL in Lebanon, there is a physician tendency to start a carbapenem instead of another antipseudomonal agent (such as cefepime), if the patient has risk factors of acquiring multi-drug resistant organisms. Accordingly, the appropriateness of physicians’ prescribing patterns improved only numerically without showing any statistical significance. On the other hand, there was an increase in the inappropriateness of carbapenem use in terms of prophylactic use and choice of dosing regimens in the post-implementation phase. This could be explained by the fact that educational sessions that were provided excluded the surgical department, and, physicians at our institution usually tend to depend on clinical pharmacists’ input for dose adjustments of medication. Therefore, more awareness needs to be provided regarding these two areas. In addition to that, a stricter surgical prophylaxis policy must be implemented at our institution with audits and feedback.

In comparison with another study evaluating the use of carbapenem therapy at a tertiary care Chinese hospital, a point score system was adopted to assess the adequacy of the therapeutic regimens and a significant increase in the rational use of carbapenem was seen during three subsequent stages divided between years 2011 to 2017 post-implementation (Zhang et al., 2019). In our study, we did not develop a validated tool for assessment, but we internally developed algorithms assessing therapy appropriateness on three different levels: empirical, targeted, and surgical prophylaxis therapy. A point score system could have been an option but assigning a different number to each item based on their relative impact on the whole therapeutic regimen may lead to subjectivity. Thus, algorithms were developed as guidance materials to reach adequate and objective assessment. Furthermore, it is essential to note that carbapenem-sparing strategy led by ASP was launched in April 2019, only 8 months before the post-intervention period of January 2020. Thus, the establishment of this strategy still needs more time to better assess the program’s effect on the prescribing patterns. In parallel with other studies, Seah et al. summarized the main reasons for inappropriate use of carbapenems necessitating ASP interventions. These reasons include prolonged duration of use, wrong dose, and inappropriate empirical and targeted therapy. The same study has shown an improvement in carbapenem prescribing 2.5 years after ASP implementation (Seah et al., 2017).

Pharmacists have a big role in highlighting the optimal use of antimicrobial agents by promoting the best evidence-based practice and their interventions can have a significant impact on judicious carbapenem use (ASHP, 2010). In our study, a significant improvement was noted in the post-implementation phase as more pharmacy interventions were done with regards to the duration of therapy, de-escalating to a narrower antibiotic, and dose adjustment.

Interventions related to limiting duplicate coverage did not improve in January 2020. Opportunities to limit coverage mostly consisted of a prolonged unwarranted dual antipseudomonal coverage usually in the context of febrile neutropenia in the pediatric oncology population. Therefore, more effort is needed in setting clear guidelines for the management of febrile neutropenia in the pediatric population to avoid such prolonged double coverage.

More interventions were done on therapy de-escalation, and these were accompanied by a higher physician acceptance rate. This might explain the significant increase in targeted therapy in January 2020 whereby ertapenem was chosen over meropenem in the case of ESBL identification. Our results were consistent with those of another study where a significant rise in acceptance rates for de-escalation of carbapenems was seen after 2.5 years of ASP initiation (Seah et al., 2017). De-escalation efforts were also reflected in the DDD and DOT, where higher consumption of ertapenem accompanied by lower antipseudomonal consumption was recorded in January 2020. The overall use of carbapenems did not decrease between the pre-and post-implementation phase of the carbapenem-sparing strategy which could be justified by the short period since implementation and the opposite numerical trend between ertapenem and other antipseudomonal carbapenems. Comparably, in a study looking at the impact of post-prescription review and feedback on carbapenem DOT, a significant decrease in DOT was seen during the third phase of an 8-year ASP strategy (Akazawa et al., 2019).

Several strengths exist in our study. To the best of our knowledge, this is the first local study evaluating the use of carbapenems before and after implementation of ASP in terms of prescribing patterns and pharmacy interventions in both adult and pediatric populations. Second, information was retrieved from EPIC Healthcare System which guaranteed their accuracy. Third, significance was seen only a few months after ASP carbapenem-sparing strategy implementation, which was rather a quick result. Nevertheless, some limitations exist in this project. The study is a single-center observational study; thus, the results of our outcomes cannot be generalized to other institutions whereby different ASP implementation and practices may exist. Also, a relatively small sample size of patients was included since only one month before and after establishing carbapenem-sparing strategy was considered. Accordingly, more significant results could have been reached if the timeframe of the study was longer. Also, some carbapenem regimens were started during the weekend or on holidays where ASP and clinical pharmacists’ activities are limited. Therefore, some interventions may have been missed. Finally, this study did not evaluate the impact of ASP on patient outcomes nor resistance patterns like other studies showing that ASP interventions led to a significant decrease in carbapenem-resistant Pseudomonas aeruginosa and did not assess patient safety while reducing carbapenem consumption (Hagiwara et al., 2018; Peri et al., 2019). However, a recent study at our center showed that the control of CRA spread was only achieved when infection control practices were combined with stewardship efforts and restriction of carbapenem use (Rizk et al., 2021). The latter demonstrated a tremendous decrease in CRA colonization pressure per 1000 patient-days in the intensive care units from 210 in the first quarter of 2019 to 0 in the first quarter of 2020 (Rizk et al., 2021).



Conclusion

The post-implementation phase of an ASP-led carbapenem-sparing strategy was characterized by a significant increase in the use of carbapenems targeted therapy, in the number of antimicrobial stewardship interventions made by pharmacists, and in the acceptance rate with regards to de-escalation to a narrower antibiotic. Despite the overall numerical improvement in physician-prescribing patterns, more awareness and education are still needed especially in terms of carbapenem dosing regimens and appropriate use in surgical prophylaxis. Future studies should include an evaluation of the impact of a carbapenem-sparing strategy on patient-related outcomes and resistance patterns.
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To evaluate in vitro antibacterial activity of MRX-8 against gram-negative bacteria recently isolated from China, 765 clinical isolates were collected randomly from 2017 to 2020, including Enterobacterales and P. aeruginosa and A. baumannii, S. maltophilia, B. cepacia, Alcaligenes app. and Haemophilus spp. isolates. All strains were performed with antimicrobial susceptibility testing by broth microdilution method according to the CLSI 2021. Antimicrobial agents included MRX-8, polymyxin B, colistin, amikacin, ceftriaxone, ceftazidime, cefepime, ceftazidime-avibactam, cefoperazone-sulbactam, meropenem, ciprofloxacin, ampicillin, ampicillin-sulbactam and levofloxacin. For carbapenem-susceptible and carbapenem-resistant E.coli isolates, the MIC50/90 of MRX-8 was 0.125/0.25 mg/L and 0.06/0.125 mg/L, respectively. For carbapenem-susceptible and carbapenem-resistant K. pneumoniae isolates, the MIC50/90 of MRX-8 was 0.25/0.5 mg/L and 0.125/0.5 mg/L, respectively. For polymyxins (polymyxin B and colistin)-resistant E. coli and K. pneumoniae, MIC50 of MRX-8 was 4-16 mg/L and MIC90 was >32 mg/L. The MIC50 and MIC90 of MRX-8 for other Klebsiella spp. except K. pneumoniae, Citrobacter spp., S. enterica and Shigella spp. isolates ranged 0.06-0.125 mg/L and 0.06-0.25mg/L, respectively. For Morganella spp., Proteus spp., Providencia spp., Serratia spp., S. maltophilia and B. cepacia, all MIC50 of MRX-8 was >32mg/L. For carbapenem susceptible and resistant P. aeruginosa, the MIC50 and MIC90 of MRX-8 was both 1mg/L, and that for A. baumannii was 0.5mg/L and 0.5-1mg/L. For Alcaligenes spp. and Haemophilus spp., MIC50/90 was 1/4 mg/L and 0.25/0.5 mg/L. MRX-8 was more effective against most clinically isolated gram-negative isolates, including carbapenem-resistant E. coli, K. pneumoniae, P. aeruginosa and A. baumannii, highlighting its potential as valuable therapeutics.




Keywords: MRX-8, minimal inhibitory concentration, colistin, polymyxin B, gram-negative bacteria



Introduction

In recent years, antimicrobial resistance has become a serious public health problem. With the rapid dissemination of multidrug-resistant gram-negative bacteria especially for carbapenem-resistant Gram-nagetive bacilli, the selection of antimicrobial agents for treating infections caused by these strains is limited. According to the results from China Antimicrobial Surveillance Network (CHINET) from 2005 to 2020, the drug resistance rates of Klebsiella pneumoniae to imipenem and meropenem were from 3.0% to 23.2% and from 2.9% to 24.2%, respectively. In 2020, the drug resistance rates of Pseudomonas aeruginosa to imipenem and meropenem were 23.2% and 19.3%, respectively; the drug resistance rates of Acinetobacter baumannii to imipenem and meropenem were more than 70% (https://www.chinets.com).

Polymyxin B (PMB) and colistin, called polymyxins, are two of the few drugs available for selection, showing high antibacterial activity against common clinically isolated Gram-negative bacilli. As the CLSI described, colistin and polymyxin B are considered equivalent agents, so MICs obtained from testing colistin predict MICs to polymyxin B and vice versa (Wayne, 2021). Polymyxins were first discovered in the 1940s. It is a group of cyclic peptide antibiotics with A~E components isolated from the Gram-positive spore-forming bacterium Paenibacillus polymyxa (Nang et al., 2021). However, it was soon abandoned in clinical practice due to its high renal toxicity, and has since been mainly used in veterinary drugs and feed additives (Vaara, 2019). With the emergence of carbapenem-resistant Gram-negative bacilli, polymyxins were used in clinical practice as one of the “last line of defense” against multi-resistant gram-negative bacterial infections (Bergen et al., 2012; Brown and Dawson, 2017; Tsuji et al., 2019). MRX-8 is a novel polymyxin analogue in development for the treatment of infections caused by multi-drug resistant Gram-negative pathogens, including E. coli, K. pneumoniae, P. aeruginosa and A. baumannii, and promising in vivo activity was noted for MRX-8 against those pathogens in the mouse thigh and lung model (Lepak et al., 2020). Compared with Polymyxin B, MRX-8 was developed using a “soft drug design,” which represents a new approach aimed at designing safer drugs with an increased therapeutic index by integrating metabolism and detoxification factors into the drug design process (Lepak et al., 2020; Duncan, 2022). Based on the results, apply of MRX-8 in clinical for drug-resistant pathogens in near future are expected and more preclinical evaluation of MRX-8 are needed. In this study, we evaluated the antibacterial activity of MRX-8 and comparators against clinically isolated gram-negative bacteria in China.



Materials and Methods


Bacterial Strains

A total of 765 nonduplicate clinical isolates were collected randomly from 52 hospitals in 20 provinces and cities and 3 autonomous regions including Beijing, Shanghai, Zhejiang, Guangdong and Inner Mongolia from 2017 to 2020, including E. coli (n=122, 18 of polymyxins-resistant strains, 58 of polymyxins-susceptible and carbapenem-susceptible strains, 46 of polymyxins-susceptible and carbapenem-resistant strains), K. pneumoniae (n=138, 32 of polymyxins-resistant strains, 46 of polymyxins-susceptible and carbapenem-susceptible strains, 60 of polymyxins-susceptible and carbapenem-resistant strains), Klebsiella spp.(n=25), Citrobacter spp. (n=25), Morganella spp. (n=25), Proteus spp. (n=25), Serratia Spp. (n=25), Providencia spp. (n=25), Salmonella enterica (n=17), Shigella spp. (n=20), P. aeruginosa (n=100, 46 of carbapenem-susceptible strains and 54 of carbapenem-resistant strains), A. baumannii (n=113, 43 of carbapenem-susceptible strains and 70 of carbapenem-resistant strains), S. maltophilia (n=30), B. cepacia (n=30), Alcaligenes spp. (n=20) and Haemophilus spp.(n=25). Species identification was performed using the matrix-assisted laser desorption ionization–time-of-flight mass spectrometry (Vitek MS; bioMérieux). All strains were mainly isolated from respiratory tract (500/765, 65.4%), blood (38/765, 5.0%), urine (227/765, 29.7%).



Antimicrobial Susceptibility Testing

MICs were determined by the reference broth microdilution method according to the 31st Clinical and Laboratory Standards Institute (CLSI) (Wayne, 2021). MRX-8, polymyxin B, colistin, amikacin, ceftriaxone, ceftazidime, cefepime, ceftazidime-avibactam, cefoperazone-sulbactam, meropenem, ciprofloxacin, ampicillin, ampicillin-sulbactam and levofloxacin were tested using a dried customized commercially prepared microdilution panel (Sensititre; Thermo Fisher Scientific). And MRX-8 was obtained from the MicuRx company. E. coli ATCC 25922, P. aeruginosa ATCC 27853, Haemophilus influenzae ATCC 49766 and Haemophilus influenzae ATCC 49247 were used as the quality control strains in the antimicrobial susceptibility testing. Quality control and interpretation of the results were based on 2021 CLSI breakpoints for all the antimicrobial agents with the exception of polymyxin B and colistin. polymyxin B and colistin MICs were interpreted using the European Committee on Antimicrobial Susceptibility Testing (EUCAST) (Susceptible, MIC ≤ 2 mg/L; Resistant: MIC≥4 mg/L). MRX-8 MICs were interpreted using CLSI breakpoints for polymyxin B or colistin for comparison purpose only.



Carbapenem-Resistant Enterobacterales Definition


As defined by the Centers for Disease Control and Prevention (CDC), the Enterobacterales isolates resistant to at least one of the carbapenems (ertapenem, meropenem, doripenem, or imipenem) or produce a carbapenemase were carbapenem-resistant Enterobacterales (CRE) (https://www.cdc.gov/hai/organisms/cre/technical-info.html#Definition).




Results


In Vitro Activity of MRX-8 Against Clinical Isolates

MRX-8 exhibited potent antibacterial activity against both carbapenem-susceptible and carbapenem-resistant Enterobacterales. For polymyxins (polymyxin B and colistin)-susceptible E. coli, the MIC50 of MRX-8 was 0.125mg/L and 0.06mg/L, and the MIC90 was 0.25mg/L and 0.125mg/L, when against carbapenem-susceptible and carbapenem-resistant strains, respectively. For polymyxins-susceptible K. pneumoniae, carbapenem-susceptible and carbapenem-resistant strains, the MIC50 of MRX-8 was 0.25 mg/L and 0.125 mg/L, respectively, and the MIC90 was both 0.5mg/L. As expected, MRX-8 also showed poor antibacterial activity against polymyxins-resistant E. coli and K. pneumoniae with MIC50 of 4 mg/L and 16 mg/L, respectively, and MIC90 of >32 mg/L (Tables 1, 2). The MIC50 and MIC90 of MRX-8 for other Klebsiella spp., Citrobacter spp., Salmonella enterica and Shigella spp. strains ranged from 0.06 to 0.125 mg/L and 0.06 to 0.25mg/L, respectively. MRX-8 exhibited potent antibacterial activity against both carbapenem-susceptible and carbapenem-resistant P. aeruginosa and A. baumannii. The MIC50 and MIC90 of MRX-8 for P. aeruginosa was both 1mg/L, and that for A. baumannii was 0.5mg/L and 0.5-1mg/L, respectively. MRX-8 showed no antibacterial activity against Morganella spp., Proteus spp., Providencia spp., and Serratia spp., S. maltophilia and B. cepacia with MIC50 of >32 mg/L (Tables 3–5). MRX-8 exhibited potent antibacterial activity for Alcaligenes spp. with MIC50 and MIC90 of 1mg/L and 4mg/L, respectively (Table 6). MRX-8 also exhibited potent antibacterial activity for Haemophilus spp. with MIC50 and MIC90 of 0.25mg/L and 0.5mg/L, respectively (Table 7).


Table 1 | In vitro activity of MRX-8 and other comparator agents against 122 of Escherichia coli (mg/L).




Table 2 | In vitro activity of MRX-8 and other comparator agents against 138 of Klebsiella pneumoniae (mg/L).




Table 3 | In vitro activity of MRX-8 and other comparator agents against 187 of other Enterobacterales (mg/L).




Table 4 | In vitro activity of MRX-8 and other comparator agents against 100 of Pseudomonas aeruginosa (mg/L).




Table 5 | In vitro activity of MRX-8 and other comparator agents against 113 of Acinetobacter baumannii (mg/L).




Table 6 | In vitro activity of MRX-8 and other comparator agents against 80 of other non-fermentative bacteria (mg/L).




Table 7 | In vitro activity of MRX-8 and other comparator agents against 25 of Haemophilus spp.(mg/L).





In Vitro Antimicrobial Activity Comparison With Comparators

For polymyxins-susceptible and carbapenem-resistant strains, the antibacterial activity of MRX-8 against E. coli and K. pneumoniae was in accordance with that of polymyxin B and colistin (100.0% susceptibility); and better than that of amikacin (56.5% and 23.3% susceptibility) and ceftazidime-avibactam (15.2% and 76.7% susceptibility); and significantly superior to other antibacterial agents (0-1.7% susceptibility). For polymyxins-susceptible and carbapenem-susceptible strains, the antibacterial activity of MRX-8 against E. coli and K. pneumoniae was in accordance with that of polymyxin B and colistin (100.0% susceptibility); and similar with amikacin (93.1% and 100% susceptibility) and ceftazidime-avibactam (91.4% and 100.0% susceptibility). For polymyxin-resistant strains, there’re still 5.6% of E. coli and 9.4% of K. pneumoniae isolates were susceptible to MRX-8 (Tables 1, 2).

As for other Enterobacterales, the antibacterial activity of MRX-8 against other Klebsiella spp. and Citrobacter spp. strains was little worse than that of amikacin (92.0-96.0% versus 100% susceptibility), and better than other antibacterial agents. For Morganella spp., Proteus spp., Providencia spp., and Serratia spp. strains, all were naturally resistant to MRX-8, polymyxin B and colistin, but most were susceptible to amikacin, ceftazidime-avibactam, cefoperazone-sulbactam, meropenem, and part of cephalosporins. For Salmonella enterica strains, the antibacterial activity of MRX-8 little worse than that of amikacin, ceftazidime/avibactam and meropenem (94.1% versus 100.0% susceptibility), and was similar to other antibacterial agents (82.4% to 94.1% susceptibility) except ciprofloxacin. For Shigella spp.strains, the antibacterial activity of MRX-8 was in accordance with that of amikacin, ceftazidime/avibactam and meropenem (100.0% susceptibility), and was superior to other antibacterial agents (50.0%-90.0% susceptibility) (Table 3).

For carbapenem-susceptible P. aeruginosa and A. baumannii, MRX-8 showed similar in vitro antibacterial activity with polymyxin B, colistin, amikacin, ceftazidime and cefepime (100.0% versus 95.7-100.0% susceptibility; 95.3% versus 95.3-100.0% susceptibility). However, for carbapenem-resistant P. aeruginosa and A. baumannii, it was significantly superior to comparators except polymyxins (Tables 4, 5). The antibacterial activity of MRX-8 against S. maltophilia was worse than levofloxacin, and similarly poor to polymyxin B, colistin and other antibacterial agents. The antibacterial activity of MRX-8 against B. cepacia was inferior to that of ceftazidime, ceftazidime-avibactam, meropenem and levofloxacin, and similar to that of others. The antibacterial activity of MRX-8 against Alcaligenes app. was similar to that of polymyxin B and colistin, and better than other antibacterial agents (Table 6). The antibacterial activity of MRX-8 and polymyxin B against Haemophilus spp. was similarly strong to that of ampicillin and ampicillin-sulbactam, but little worse than ceftriaxone and levofloxacin (96.0% and 92.0% susceptibility) (Table 7).




Disscussion

At present, the clinical use of polymyxins antibiotics in China are mainly two elements, polymyxin B and colistin. Polymyxins play an antibacterial role mainly by interacting with lipopolysaccharides (LPS) lipid A component of bacterial cell membrane to increase the permeability of bacterial outer membrane (Vaara, 1992). Therefore, one of the main mechanisms of bacterial resistance to polymyxins is the modification of LPS in outer membrane. Plasmid-mediated colistin resistance gene mcr-1 was first discovered in E. coli origined from animals in 2015, and this gene could transmit between different species through plasmids, mediating low levels of colistin resistance (Liu et al., 2016). Currently, mcr-1 to mcr-9 subtypes of mcr genes has been reported worldwide, and the most common one in China is mcr-1, followed by mcr-3 and mcr-8, which are mainly distributed in Enterobacterales with low detection rates (0.52% to 1.62%) (Shi et al., 2020). In 2018, Results from the China antimicrobial resistance surveillance network (CHINET) of 2018 showed that 87.9% and 93.8% of the carbapenem-resistant E. coli and K. pneumoniae were susceptible to polymyxin B, suggesting that polymyxin B still has high antibacterial activity against the multi-drug-resistant strains, especially carbapenem-resistant strains (Yang et al., 2020). As one of the optional “last line of defense” antibiotics, polymyxins are often clinically used to treat the infection of multidrug-resistant gram-negative bacteria.

MRX-8 is a new generation of polymyxins, containing a fatty acyl tail attached via an ester bond, which allows for deesterification to a less toxic metabolite (Duncan, 2022). After modification, not only the antibacterial activity is enhanced, but also the renal toxicity is significantly reduced compared to polymyxin B (Duncan, 2022). Seen from this study, the MICs of polymyxin B and colistin was 2-4 times higher than that of MRX-8 when against E. coli, Citrobacter spp. and Shigella spp., and was 1-2 times higher when against Alcaligenes app., K. pneumoniae and Haemophilus spp., and the same as that of MRX-8 when against P. aeruginosa or A. baumannii, indicating that the antibacterial activity of MRX-8 against most tested bacteria was slightly better than or similar to that of polymyxin B and colistin. We also found that when strains were resistant to polymyxin B or colistin, most of them were also resistant to MRX-8 (94.4% of E. coli and 91.6% of K. pneumoniae), so we could speculate that in vitro activity of MRX-8 is little excellent than polymyxin B or colistin. Considering the markedly reduced nephrotoxicity of MRX-8 over PMB has been confirmed in vivo, MRX-8 is potential for improved efficacy against certain Gram-infections (Duncan, 2022).

For CR-PAE, MRX-8, polymyxin B, colistin and amikacin all showed excellent antibacterial activity, which was far better than that of ceftazidime-avibactam. For CR-ABA, except MRX-8, polymyxin B and colistin showed good antibacterial activity, the other drugs all showed poor antibacterial activity. Currently, there are few in vitro pharmacodynamics studies of MRX-8 either at home and abroad. Lepak AJ et al. compared the in vivo antimicrobial activity of MRX-8 and colistin using the thigh and lung infection models of granulocytopenia mice, showing that MRX-8 and colistin had good in vivo antibacterial activity against E. coli, K. pneumoniae, P. aeruginosa and A. baumannii, and the activity increased with the increase of dose (Lepak et al., 2020).

One of the limitation of this study is the number of strains of each bacteria is small. In the future, continuous in vitro antibacterial activity studies are needed to monitor the resistant change of bacteria to MRX-8.



Conclusion

MRX-8 was more effective against most clinically isolated Enterobacteriaceae, including carbapenem-resistant E. coli and K. pneumoniae, highlighting its potential as valuable therapeutics.
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Infections caused by multidrug-resistant A. baumannii are a worldwide health concern with high mortality rates. Rapid identification of this infectious agent is critical as it can easily spread with difficult or no options for treatment. In this context, the development of reliable and economically viable detection and therapeutic methodologies are still challenging. One of the promising solutions is the development of nucleic acid aptamers capable of interacting with bacteria. These aptamers can be used for specific recognition of infectious agents as well as for blocking their functions. Cell-SELEX technology currently allows the selection and identification of aptamers and is flexible enough to target molecules present in an entire bacterial cell without their prior knowledge. However, the aptamer technology is still facing many challenges, such as the complexity of the screening process. Here, we describe the selection and identification of a new aptamer A01, using an in-house whole-cell SELEX-based methodology, against multi-resistant Acinetobacter baumannii, with rapid execution and low cost. In addition, this protocol allowed the identification of the aptamer A01 with the whole A. baumannii cell as a target. The aptamer A01 demonstrated a binding preference to A. baumannii when compared to K. pneumoniae, C. albicans, and S. aureus in fluorescence assays. Although the time-kill assay did not show an effect on bacterial growth, the potential bactericidal or bacteriostatic cannot be totally discarded. The new categorized aptamer (A01) displayed a significant binding affinity to MDR A. baumannii.




Keywords: aptamer, Acinetobacter banumannii, Cell-SELEX, protocol, multidrug resistance



Introduction

The current concern of modern biotechnology is the search for new low-cost approaches to early diagnose and satisfactory treat infectious diseases (Afzal et al., 2016). Aptamers might be an answer to this problem. They are an innovative proposal that can be used for specific recognition and treatment of infectious diseases by several agents. They are single-stranded oligonucleotides of high affinity and specificity for organic molecules that can be obtained through the Systematic Evolution of Ligands by Exponential Enrichment (SELEX) technique. The search for receptors based on the use of aptamers aims to find functional nucleic acids that recognize a single target, minimizing cross-reactivity. High specificity is important when the purpose is to identify infectious diseases (Ulrich et al., 2005). Bacterial aptamers are mainly designed to target Mycobacterium tuberculosis, Escherichia coli, Staphylococcus aureus, Listeria monocytogenes, and Salmonella (Li et al., 2020).

First described in 1990, SELEX is an experimental procedure to identify aptamers. Characteristically, it starts with large libraries of 1014–15 random sequences of a combinatorial chemistry for virtual detection of any molecular target (Tuerk and Gold, 1990).

Acinetobacter baumannii is a challenging organism frequently found in hospital settings and it is associated with higher rates of morbidity and mortality mainly in critical care patients. A. baumannii frequently presents increased resistance to commonly used antibiotics, requiring broad spectrum antibiotics (Boucher et al., 2009). Currently, there are no treatment options to pan-resistant A. baumannii infections (Boucher et al., 2009). In this study we are using the whole A. baumannii cell as the aptamer target.

Here we describe the selection and identification of a new aptamer A01 using an in-house methodology, whole cell SELEX-based, against multi-resistant A. baumannii, as well as the prospects of applying nucleic acid aptamers for the development of novel detection system with rapid execution and low cost. The process we describe in this paper may be useful for a range of molecules and can be used to select aptamers against different types of cell targets.



Materials and Methods


Bacterial Samples

We first used four multi-drug resistant (MDR) A. baumannii carrying carbapenemases isolated between 2011 and 2013 of two different lineages according to MLST (Multilocus Sequence Typing). The resistance profiles of the isolates are shown in Table 1. The bacterial isolates of this study were previously sequenced and stored in the bacteriology laboratory (LIM49) biobank. These isolates have been phenotypically and genotypically characterized in previous studies (Leite et al., 2016; de Maio Carrillho et al., 2017). During the selection, aptamers were also tested on a clinical isolate of Klebsiella pneumoniae, as negative control. For the fluorescent assays Candida albicans and Staphylococcus aureus were also used as negative control.


Table 1 | Resistance profile of A. baumannii isolates and the K. penumoniae K1375 used in this study.





Random DNA Library

The DNA aptamers chemically synthesized library consists of a sequence of 35 random nucleotides flanked by constant sequences that served as template for primers APT-F CAGGGGACGCACCAAGG and APT-R ATCACGCAGCACGCGGGTCATGG in the amplification reactions: 5’CAGGGGACGCACCAAGG-N35-CCATGACCCGCGTGCTGCGTGAT -3’ (75 nucleotides). The library and primers were obtained from IDT (Coralville, IA, USA) and resuspended to a final concentration of 10 µM in distilled water.



Systematic Evolution of Ligands by Exponential Enrichment SELEX

Bacterial cultures were grown on LB agar plates (BD, Franklin Lakes, New Jersey, USA) and a pool of five A. baumannii isolates were standardized at 3.8 McFarland in saline solution (0.45%). The cells were then washed 3 times with saline by centrifugation at 6,000 rpm for 5 min. Subsequently, 100µl of the DNA aptamer library diluted in TE buffer (final concentration at 1µM) was denatured at 95°C for 5 min followed by immediate cooling on ice for 10 min prior to selection. In the first round of selection, the initial library was incubated with 107 bacterial cells at room temperature for 25 min in 700µl of binding buffer (PBS 1x, Tween 20 0.05%, MgCl2 1mM, and bovine serum albumin 0.2%) with gentle shaking (150 rpm). After the ligation reaction, unbound aptamers were removed after 3 washes in wash buffer (PBS 1x, Tween 20 0.05%, MgCl2 1mM) by centrifugation at 6,000 rpm for 5 min. To elute the bacterial cell-bound aptamers, the cells were resuspended in 50 µl sterile TE, heated to 95°C for 10 min, and cooled on ice for 5 min. The cell suspension was then centrifuged at 6,000 rpm for 5 min and the supernatant stored at -20°C. The first round of SELEX was confirmed by PCR in a total reaction volume of 25 µl: 2.5 µl buffer, 2.5 µl MgCl2 50mM, 0.75 µl dNTP mix 10 µM, 0.5 µl primers mix 10µM, 0.4µl Taq DNA Polymerase, recombinant (Invitrogen, Carlsbad, CA, USA), 2µl template DNA and water under the conditions: 95°C for 5 min followed by 20 cycles of 95°C for 10 sec, 60°C for 5 sec, 72°C for 4 sec, and a final extension of 72°C for 1 min. The size and purity of the PCR product was confirmed by 3% agarose gel electrophoresis dyed with SYBR SAFE (Invitrogen, Carlsbad,CA, USA). To generate single stranded DNA molecules, 2 µl of the product was used as template for asymmetric PCR with only one primer: 2.5 µl buffer, 2.5 µl MgCl2 50mM, 0.75 µl dNTP mix 10 µM, 3.5 µl primer (forward or reverse) 10µM, 0.3µl recombinant taq (Invitrogen, Carlsbad,CA, USA), 2µl template DNA, and water to complete 25 µl. Four 25 µl asymmetric PCR reactions were performed totaling 100 µl for the next round of selection.

After approximately four rounds, the amount of leftover impurities resulting from incubation with the cells and PCR reagents made the following PCRs impractical. Therefore, the aptamer band (of 75 bp) was cut off from the agarose gel, resuspended in 1 ml of pure water and incubated at 90°C until complete dissolution. Then, a 10-5 dilution was performed to serve as a template for symmetric PCR and moved on to the next round. In addition, after the fourth round of aptamer and cell incubation, the number of washes with the washing buffer was increased from three to five, intending to eliminate as much unwanted PCR products as possible.



Aptamer Identification

After at least 7 rounds, when single-stranded DNA aptamers bound to bacterial cells dominated the DNA pool, they were then cloned into the pGEM T-easy vector (Promega, Madison, WI, USA) as per manufacturer recommendations. The DNA of pGEM containing the insert was transferred into the chemically competent E. coli DH5α: 1ml of an overnight culture in LB broth was inoculated in 100mL of fresh LB until it reached an OD600nm 0.4-0.5 followed by ice incubation for 20 min. The culture was centrifuged by 4000 rpm for 15 min at 4°C, resuspended in 20ml of cold CaCl2, and incubated for 20 min on ice. Next, the culture was centrifuged, the pellet was washed four times with 5mL of cold CaCl2, and finally resuspended in 300µL of CaCl2 and incubated for 2 h on ice. 10µL of the ligase pGEM reaction was added and incubated for an additional 30 min, followed by 2 min at 52°C, and 1 mL of cold LB was added and incubated for 1 h at 37°C with gentle shaking (150 rpm). 200µL were plated in LB agar supplemented with ampicillin 100µg/mL (Gibco, Carlsbad, CA, USA). DNA of the colonies grown in the presence of the antibiotic was extracted by thermal lysis procedure (Pacheco et al., 1997). The amplification was performed with M13 primers (M13F 5’-CACGACGTTGTAAAACGAC-3 ‘ and M13R 5’-CAGGAAACAGCTATGACC-3’) targeting the multiple cloning site of the plasmid and the PCR product was purified using illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, Amersham Place, UK) and sequenced by Sanger MegaBACE 1000 (ABI 3730 DNA Analyzer; Applied Biosystems, Alameda, CA) using both M13F and M13R primers to confirm the aptamer sequence.



Secondary Structure Prediction

The aptamer secondary structure was predicted using the RNAstructure tools version 6.0.1 (Bellaousov et al., 2013)



Real-Time PCR Reaction (RT-PCR)

A RT-PCR reaction was performed to confirm the presence of aptamers by comparing the melting curve with the initial library curve, using the CFX96 device (BioRad). The PCR reaction was performed using 2 µl of Gotaq PCR (Promega) 0.2 µl EVAGREEN (Biotium), 0.4 µl primers, 2 µl template DNA, and 5.4 µl TE buffer under the following conditions: 94°C for 4min followed by 30 cycles of 95°C for 10 sec and 60°C for 5 sec.

Once identified, the aptamer A01 was chemically synthetized by IDT (Coralville, IA, USA) for in vitro testing.



Fluorescence Assays

The binding specificity of A01 was analyzed with A. baumannii cells and K. pneumoniae or S. aureus as negative control in a fluorimeter. First, the aptamers were labeled with fluorescein 6-FAM by means of a PCR reaction as described above with primers labeled with 5’ 6-FAM (IDT, Coralville, USA). The labeled aptamers were incubated for 45 minutes, protected from light, with the bacterial cells. Afterwards, the cells were washed twice with PBS, 100µl were applied in 96-well plates and the material was read in a 530nm emission filter and 488nm excitation (FilterMax F5, Molecular Devices). The fluorescence after incubation of each isolate was normalized using the fluorescence value of each bacterial cell without the fluorescent aptamer. This experiment was performed in duplicate and repeated 6 times.

Flow cytometry was performed to assess the binding preference of the aptamers to A. baumannii cells and K. pneumoniae or C. albicans. Bacterial cells were incubated for 45 min with the labeled aptamers, as in the process described above, washed twice with FACSFLOW (BD) and resuspended in 1ml of FACSFLOW for analysis in the FORTESSA cytometer (BD). Data were collected using BD FACSDIVA® (BD Biosciences®) software and analyzed in Flowjo V10®.

Additionally, after incubation of the bacterial with the fluorescent aptamers, the cells were observed on a fluorescent microscope Zeiss 466300 using a 100x objective and on the Zeiss LSM 780-NLO confocal microscope.



Aptamer In Vitro Testing

25µl of TE or aptamer solution in different concentrations (10µM, 1µM, 0.1µM, and 0.01µM) was added to a bacterial layer of A. baumannii at 0.5 McFarland with and without thiourea at 5µM in MH agar. Additionally, a time-kill assay was conducted as described by (Petersen et al., 2006)). Briefly, a suspension of the bacteria at 0.5 McFarland was diluted at a 1:100 ratio in Mueller–Hinton broth (MHB) with aptamer at 0.5µM or TE (control) with and without thiourea at 0.05M for DNase inhibition and incubated at 37°C with 250 rpm shaking. Aliquots were removed at 0, 2, 4, 6, and 24 h post-inoculation and serially diluted in saline solution for UFC counting on trypticase soy agar (TSA) plates. Three biological experiments were performed for each condition.



Statistical Analyses

Statistical analyses were based on the nonparametric T test using the Mann Whitney test and Wilcoxon test on GraphPad prism 8.3.




Results


SELEX Method

Different SELEX protocols (Sefah et al., 2010; Kim et al., 2013; Heiat et al., 2017) were tested, combined, and optimized to arrive at a less expensive and equipment-intensive methodology. The standardized aptamer whole-cell-targeting SELEX technique is summarized in Figure 1. We recommend performing negative selections after the second, fourth, and last round of SELEX to ensure the selection of specific aptamers. It consists in the incubation with negative control cells and amplification of the aptamers in the supernatant that did not bind to the cells after the first wash. The presence of aptamers after the SELEX rounds were confirmed using a Real time PCR after each round. The melt curve ratified the need to cut the band from the agarose gel once the melting peak changes with the accumulation of unspecific amplification after the fourth round and then returns to the peak similar to the control when cut from the gel (Figure 2).




Figure 1 | Steps of the Cell-SELEX protocol proposed in this paper.






Figure 2 | Melting curve of the Real time PCR performed after SELEX rounds. The positive control (library) is shown in red, and the SELEX round is shown with a black arrow. In pink, the 5th round before the gel and in brown the same 5th round but after cutting the band form the agarose gel, restoring the right peak.



The average cost of this methodology is summarized in Table 2. Notably, the DH5α colony containing pGEM carrying the aptamer was confirmed by PCR using APT-F and APT-R primers. Since aptamers are small fragments and may not interfere in the β-galactosidase gene function, the blue/white colony selection of pGEM was not used.


Table 2 | Average cost for aptamer selection and identification using the methodology proposed here totaling $301.5.





Aptamer Identification

Sanger sequencing revealed the following sequence of A01 flanked by the APT-primers: 5’ CAGGGGACGCACCAAGG-TTTTGTTTTTTCTTTGCTTCTTTTTGCTTTTTTTT-CCATGACCCGCGTGCTGCGTGA 3’. The RNAstructure MaxExpect prediction generated a structure composed of highly probable A01 base pairs (Figure 3).




Figure 3 | DNA secondary structure prediction of A01 using MaxExpect results structure of RNAstructure software package.





Fluorescence Assays

The flow cytometer assay shows a greater shift in the fluorescence peak for A. baumannii cells when incubated with the A01 aptamer (Figure 4A orange) than with the library (Figure 4A blue) and bacterial cells alone (negative control; Figure 4A grey). The percentage of positive events above the negative control was twice as large for A01 compared to the library (25% and 12.66% respectively; Figure 4D). These differences are not evidenced for K. pneumoniae (Figure 4B) nor C. albicans (Figure 4C). The fluorimeter assay displays a significantly higher fluorescence when FAM-labeled A01 was incubated with A. baumannii cells, as to when incubated with K. pneumoniae or S. aureus cells (Figure 4E). Microcopy evidenced fluorescence spots when the aptamer is incubated with A. baumannii rather than K. pneumoniae (Figure 5).




Figure 4 | Fluorescence assays for A01 aptamer with A. baumannii compared to K. pneumoniae, C. albicans or S. aureus cells. Binding of the A01 aptamer (orange) relative to the starting library (blue) to A. baumannii (A), K. pneumoniae (B) and C. albicans (C). The fluorescence of cells without aptamer are indicated in grey. The black line indicates the number of positive events beyond the control (cells without aptamer) of the aptamer A01. CV robust and % of positive events are shown in the table (D). Fluorimeter assay (E) for the aptamer A01 incubated with A. baumannii (red), K. pneumoniae (blue) or S. aureus (green). The average of each of the 6 experiments is shown in the graphics. * significant p value; ns, non sigificant p value. Wilcoxon test was applied with p value = 0.031 when A. baumannii was compared to K. pneumoniae and 0.537 when compared to S. aureus.






Figure 5 | Fluorescence microscopy for A01 aptamer with A. baumannii and K. pneumoniae cells. (A) A01 incubated with to A. baumannii cells. (B) A01 incubated with K. pneumoniae cells. (C) cells without aptamer. On the top: Confocal microscopy from two different points on the slide. Bottom: Fluorescence microscopy.





Aptamer In Vitro Testing

The possible effects of the aptamer bound at the cell surface was studied by two in vitro techniques. Initially, the aptamer solution at 10µM, 1µM, 0.1µM, and 0.01µM was inoculated on the bacterial layer but was not able to inhibit the bacterial growth even when thiourea was added to inhibit the action of possible DNases in the medium. Subsequently, time-kill assay showed that the aptamer binding does not seem to interfere with the A. baumannii cell growth after 2h (7.29E+00UFCNormalized x 6.00E+00 UFC Normalized; p = 0.343), 4h (1.05E+02 x 1.24E+02; p= 0.886), 6h (1.76E+02 x 1.06E+02; p= 0.343), and 24h (5.88E+02 x 1.45E+03; p=0.700) (Figure 6A); neither with thiourea after 2h (7.83E+00 x 1.22E+01; p=1.0), 4h (4.85E+01 x 4.05E+01; p= 1.0), 6h (7.56E+01 x 1.16E+02; p= 0.7), and 24h (3.41E+03 x 3.40E+03; p=0.653) (Figure 6B).




Figure 6 | Time-kill kinetics assay of A. baumannii with the A01 aptamer at 0.5µM (black) and TE buffer (grey) (A) without thiourea or (B) with thiourea added at 5µM. Non-parametric t test was applied for each time point, p = 0.25 for 2h; 0.88 for 4h; 0.88 for 6h and 0.66 for 24h. ns, non significant p value.






Discussion

Here we have modified and standardized the aptamer selection technique, targeting whole-cell (cell-SELEX) with a cost reduction and lower equipment demand, when compared with previously published methodologies (Sefah et al., 2010; Kim et al., 2013; Heiat et al., 2017) which permitted us to identify the first aptamer A01. The new categorized aptamer (A01) displayed significant binding affinity to MDR A. baumannii when compared to K. pneumoniae during the negative selection performed after the second, fourth, and last rounds of SELEX protocol, as well as during the flow cytometry experiment.

With the constant escalation of antibiotic resistance and high demand for rapid diagnosis techniques, the study of aptamers has been constantly increasing in the field and showing promising results (Boucher et al., 2009). However, aptamer technologies still encounter many challenges including the difficulty of the screening process (Rasoulinejad and Gargari, 2016; Zou et al., 2019). An unusual issue, faced during our experiments pertains to PCR bias, associated with reaction residues and unspecific binders (Rozenblum et al., 2016). Once categorized, the promising aptamers can be modified for better fitness in vivo, which include pegylation to improve affinity or adding nuclease-resistant bases, such as locked nucleic acids and 2′-O-methyl nucleotide analogs for nuclease resistance and metabolic stability (Zou et al., 2018; Li et al., 2020).

In the whole-cell SELEX approach, live cells were used for selection and targets were presented in their natural 3D structure. The conservation of this native conformation is essential for the functionality of the selected aptamers, since aptamers present greater affinity to viable cells when compared to inactivated cells (Rasoulinejad and Gargari, 2016). For this reason, aptamers selected with a purified protein may not recognize it in natural conditions (Rasoulinejad and Gargari, 2016).

Combining the previous knowledge with nucleic acid base-pairing and advances in sequencing, structural, and computational technologies, it is possible to develop a low-cost technique with well-defined construction rules to be easily reproduced. During the process we prioritized conserving the basic parameters for a successful SELEX, including pH, temperature, binding settings, aptamer concentration and conformation (Zhou et al., 2017).

Here, we presented an alternative cost-effective methodology, pricing around $300 per aptamer sequence, which may facilitate aptamer research and expand it to low-incoming regions, where the project budget can be a limiting factor in scientific research. The average cost for an aptamer selection and identification is about $4,000 for each individual aptamer sequences (Zou et al., 2019).

Among the limitations of our study, the isolation of high affinity aptamers for gram-negative bacteria was challenging, since the negatively charged outer membrane of these bacteria repels negatively charged nucleic acids (Hamula et al., 2015). Another disadvantage of the aptamer selection is that the success of the selection cannot be predicted, leading to several time-consuming attempts. However, the technology has been increasingly applied in several areas with favorable outcomes.

Additionally, the aptamer A01 demonstrated a binding preference to A. baumannii when compared to K. pneumonia, C albicans, and S. aureus in fluorescence assays, with potential use as a diagnostic tool. Indeed, an electromagnetically driven microfluidic system for A. baumannii detection based on aptamers was recently described (Su et al., 2020). Although the time-kill assay did not show an effect on bacterial growth, the potential bactericidal or bacteriostatic cannot be totally discarded. Lee and coworkers already demonstrated that an antimicrobial peptide loaded onto a gold nanoparticle-DNA aptamer conjugate but neither the aptamer nor the antimicrobial peptide alone have an effective therapeutic effect (Lee et al., 2017).

In conclusion, a new DNA aptamer (A01) that demonstrated a binding preference to A. baumannii was successfully selected and identified through our in-house modified cell-SELEX protocol, with potential use in diagnosis and/or treatment.
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“TGC, tigecycline; MEM, meropenem; IPM, imipenem; ETP, ertapenem; CAZ, ceftazidime; AK, amikacin; LEV, levofloxacin; CZA, ceftazidime/avibactam; CST, colistin; FOS, fosfomycin;
ATM, aztreonam. ®pCR2. 1-Hyg was constructed via TA clone with hyg connected to pCR2.1 plasmid. XDX51:: pCR2.1-Hyg indicated pCR2. 1-Hyg plasmid was introduced into XDX51 by
electrotransformation as blank control. °XDX5 1::pwbbL indicated wild-type wbbL bearing pCR2.1-Hyg plasmid was introduced into XDX51 by electrotransformation. CXDX16AwbbL was
a wbbL knockout XDX16 strain. °XDX16 AwbbL.:;pCR2.1-Hyg indicated pCR2. 1-Hyg plasmid was introduced into XDX16 AwbbL as control. XDX16 AwbbL:;pwbblL indicated wild-type
wbbL bearing pCR2.1-Hyg plasmid was introduced into XDX16 AwbbL. CZA (4): The MIC of CZA was tested under 4 mg/L avibactam; CZA (8): The MIC of CZA was tested under 8 ug/

ml. avibactam.
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IPM, imipenem; AUR, auranofin; CAZ, ceftazidime: AVI, avibactam; ATM, aztreonam.
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Antimicrobial agents MIC (mg/L) Interpretation # Resistance genes Mutations

Aminoglycoside

amikacin >128 R aph(3’)-Vib =

gentamicin >128 R aac(3)-lld

kanamycin >128 R
B-lactam®

meropenem >16 R blaoxa-ss -

imipenem >16 R blaper.1

ertapenem >16 R

cefotaxime >16 R

ampicillin >128 R

aztreonam >128 R
Quinolone

ciprofloxacin >16 R - gyrA (S81L); gyrB(A414T); parC (S84L)
Polymyxins

colistin 4 R — pmrC (Q143L, L146F, Q148K, 1171V, L258S)
Tetracycline

tetracycline >64 R RND family efflux pump genes adeDE, adeN-adelJK, adel-adeFGH, adeRS-adeAB
Glycylcycline

tigecycline 2 NA
Sulfonamide

trimethoprim-sulfamethoxazole >76/4 R sul2 -
MLS - Macrolide, Lincosamide and Streptogramin B

azithromycin >64 R msr(E); mph(E) -

MIC values are categorized as susceptible, intermediate, or resistant following CLSI document M100-S30 or the EUCAST breakpoints. Antimicrobial resistance genes and mutations
conferring resistance phenotypes are presented.

°R, resistant; NA, no interpretive criteria are available for Acinetobacter spp. from CLSI, EUCAST or FDA.

bhlaspc.os and blapxa.s1 genes were also detected on the chromosome of the genome, but not in association with an IS.
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Resistance

rate (%)
Imipenem 100
Meropenem 100
Piperacilin-tazobactam 91.7
Ceftazidime 95.8
Cefepime 956.8
Amikacin 125
Gentamicin 20.8
Ciprofloxacin 100
Levofloxacin 100
Aztreonam 100
Ceftazidime-avibactam 8.3
Polymyxin 0

Bolded p-values indicate P < 0.05.
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Characteristic Total (n = 45) ST463 (n = 24) Non-ST463 (n = 21) P value
Demographic
Sex (male) 32 (71.11) 18 (75.00) 14 (66.67) 0.54
Age, years, median (IQR) 56 (32.00-71.00) 46.5 (25.25-66.00) 65 (33.50-76.50) 0.06
Elderly (age>65y) 17 (37.78) 7(29.17) 10 (47.62) 0.20
BMI, kg/m2, mean (SD) 21.71 (3.02) 21.55 (2.30) 21.97 (4.05) 0.74
Underlying medical conditions
Diabetes 6(13.33) 2(8.33) 4 (19.05) 0.54
Lung disease 3(6.67) 2(8.33) 1(4.76) 1.00
Kidney disease 5(11.11) 2(8.33) 3(14.29) 0.87
Hepatic disease 8(17.78) 4 (16.67) 4 (19.05) 1.00
Benign biliary diseases 2 (4.44) 00 2(9.52) 0.21
Cardiovascular diseases 15 (33.33) 6 (25.00) 9 (42.86) 0.20
Hematological disease 19 (42.22) 12 (60.00) 7 (33.33) 0.26
Solid malignant tumor 3(6.67) 14.17) 2(9.52) 0.90
Solid-organ transplant 6(13.33) 4 (16.67) 2(9.52) 0.79
Hospital stay before BSI, median (QR) 19 (9.50-30.50) 20 (9.25-36.50) 18 (10.00-28.50) 0.36
Nosocomial 38 (84.44) 22 (91.67) 16 (76.19) 0.31
Trauma 3(6.67) 2(8.33) 1(4.76) 1.00
Surgery 22 (48.89) 12 (50.00) 10 (47.62) 0.87
Pitt bacteremia score, median (IQR)* 3 (1.00-7.00) 3.5(1.00-9.25) 2 (0.50-6.50) 0.31
Prior hospitalization (2 weeks) 25 (55.56) 13 (61.90) 12 (50.00) 0.42
ICU (prior to bacteremia onset) 16 (35.56) 9 (37.50) 7 (33.33) 0.77
CRPA BS prior to hemodialysis 11 (24.44) 7 (29.17) 4 (19.05) 0.43
Prior invasive procedure and/or devices
Mechanical ventilation 21(47.79) 12 (60.00) 9 (45.00) 0.74
Urinary catheterization 12(27.91) 7(29.17) 5(26.32) 0.84
Central venous catheterization 30 (66.67) 16 (66.67) 14 (66.67) 1.00
Percutaneous catheterization 19 (42.22) 13 (54.17) 6 (28.57) 0.08
Laboratory examination
White blood cell, median (IQR)° 7.2 (0.33-15.30) 2.9(0.23-11.85) 12.5 (0.70-15.60) 0.16
Neutrophilic granulocyte, median (IQR)c 5.6 (0.06-13.30) 1.8 (<0.01-10.40) 10.9 (0.20-14.10) 0.21
Red blood cell, median (IQR)°® 2.31 (2.03-3.41) 2.21 (1.94-2.66) 2.39 (2.07-3.88) 0.14
Hemoglobin, median (QR)° 69 (62.50-105.50) 67.5 (61.25-86) 71 (63-117) 0.23
Platelet, median (IQR) a 50 (11.00-247.50) 20 (9-168) 118 (25-252) 0.04
C-reactive protein, median (IQR)° 105.50 (61.60-158.94) 119.75 (84.67-160.17) 86.9 (42.60-160.14) 0.23
Procalcitonin, median (IQR)° 2.56 (0.42-15.05) 268 (0.57-15.57) 1.86 (0.21-17.67) 0.51
Albumin, median (IQR)* 27.90 (24.30-29.93) 27.10 (20.80-28.40) 29.30 (25.40-31.90) 0.03
Agranulocytosis 18 (40.00) 11 (45.83) 7(33.33) 0.39
Source of bacteremia
Lung 13 (28.89) 5(20.83) 8(38.10) 0.20
Intra-abdominal infection® 2(4.44) 1(4.17) 1(4.76) 1.00
Skin and soft-tissue infection 3(6.67) 2(8.33) 1(4.76) 1.00
Surgical sites 1(2.22) 14.17) 0 (0.00) 1.00
Catheter related 4(8.89) 1(4.17) 3(12.50) 0.70
Urinary tract infection 4(8.89) 3 (12.50) 1(4.76) 0.70
Unknown 19 (42.22) 10 (41.67) 9 (42.86) 0.94
Treatment
Hormonal therapy 29 (64.44) 7 (70.83) 12 (57.14) 0.34
Other immunotherapy 20 (44.44) 12 (50.00) 8(38.10) 0.42
Antibiotic After BSI
Carbapenems + aminoglycosides 15 (33.33) 5(20.83) 10 (47.62) 0.06
Carbapenems + polymyxin B 14 (31.11) 4 (16.67) 10 (47.62) 0.03
Ceftazidime-avibactam + aminoglycosides 7 (15.56) 14.17) 6(28.57) 0.07
Ceftazidime-avibactam + carbapenems 1(22) 0(0.00) 1(4.76) 0.47
Ceftazidime-avibactam + polymyxin B 4(8.89) 3(12.50) 1(4.76) 0.70
Mortality
All-cause death at 7 d postbacteremia 20 (44.44) 14 (58.33) 6 (28.57) 0.05
All-cause death at 14 d postbacteremia 22 (48.89) 15 (62.50) 7 (33.33) 0.05
All-cause death at 28 d postbacteremia 23(51.11) 16 (66.67) 7 (33.33) 0.03

Data are presented as no. (%) unless otherwise indicated. Bolded numbers indicate that P < 0.05.

IQR, interquartile range; BMI, body mass index; SD, standard deviation; IAl, intra-abdominal infection; ICU, intensive care unit; BSI, bloodstream infection.
a. Evaluated 48 hours before or 24 hours after the first positive blood culture, whichever is the highest.

b. CRPA detected in the first blood culture.

c. The highest value before and after CRPA48 was detected in blood culture.

d. Lowest value at onset.
e. Including biliary tract and enteric canal.
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Covariate

Sex (male)
Age, years, mean (SD)
blakec
Underlying medical conditions
Hematological disease
Solid malignant tumor
Solid-organ transplant
Pitt bacteremia score, median (IQR)*
Source of bacteremia
Respiratory tract infection
Intra-abdominal infection®
Skin and soft-tissue infection
Surgical sites
Catheter related
Urinary tract infection
Unknown
Treatment®
Carbapenems + aminoglycosides
Carbapenems + polymyxin B

Ceftazidime-avibactam + aminoglycosides

Ceftazidime-avibactam + carbapenems
Ceftazidime-avibactam + polymyxin B

OR, odds ratio; 95%Cl, 95% confidence intervals; SD, standard deviation; IQR, inter-quartile range. Bolded p-values indicate P < 0.05.
Variables showing P value < 0.1 in the univariate analysis were further included in the multivariate model (binary logistic regression);

Univariate Analysis

Multivariate Analysis

Survived (n = 22)

14 (63.64)
54.86 (23.66)
7(31.82)

4(18.18)
2(9.09)
1 (4.56)
1.5 (0-3.25)

7(31.82)
1 (4.55)
00
1 (4.55)
1 (4.56)
3(13.64)
9 (4091)

12 (54.55)

14 (63.64)
9 (4091)
1 (4.55)
2(9.09)

Died (n = 23)

18 (78.26)
48 (22.54)
17 (73.91)

15 (65.22)
1 (4.35)
4(17.39)
6(2-12)

7(30.43)
1 (4.35)
3(13.04)
0(0)

1 (4.35)
1 (4.35)
10 (43.48)

1 (47.89)
13 (66.52)
6 (26.09)
0(0)
2(8.70)

a Evaluated 48 hours before or 24 hours after the first positive blood culture, whichever is the highest;

b Including the biliary tract and enteric canal;
c Antibiotic treatment after BS/.

P value

0.28
0.32
<0.01

<0.01
0.97
0.37
0.01

0.92
1
0.25
0.49
1
0.57
0.86

0.65

0.63

0.29

0.49
1

OR (95% CI)

4.87 (1.00-23.68)

853 (1.57-46.35)

1.3 (1.04-1,64)

P value

0.05

0.01

0.02
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Isolates

Kp202 (the parental strain)
Kp202_128B (induced mutant)
Kp202_128A (induced mutant)
Kp214-R150 (recombinant)
Kp231-R150 (recombinant)
Kp214-R346 (recombinant)
Kp231-R346 (recombinant)

p-Lactamases

NDM-1, OXA-48, CTX-M-15, CMY-16 (Tyr150Ser), SHV-1, TEM-1, OXA-10, SCO-1
OXA-48, CTX-M-15, CMY-16 (Tyr150Ser), SHV-1, TEM-1, OXA-10, SCO-1
OXA-48, CTX-M-15, CMY-16 (Asn346His), SHV-1, TEM-1, OXA-10

NDM-5, OXA-181, CTX-M-15, SHV-11, TEM-1, CMY-16 (Tyr150Ser)

NDM-1, OXA-48, CTX-M-15, SHV-11, OXA-1, CMY-16 (Tyr150Ser)

NDM-5, OXA-181, CTX-M-15, SHV-11, TEM-1, CMY-16 (Asn346His)

NDM-1, OXA-48, CTX-M-15, SHV-11, OXA-1, CMY-16 (Asn346His)

1PM

AUR

>64
>64
>64
>64
>64
>64
>64

CAZ-AVI

>256
>256
>256
>256
>256
>256
>256

CAZ-AVI-AUR

>256
025
<=0.0625
128
16
128
32

ATM-AVI

8
>256
128
128
128
64
32

ATM-AVI-AUR

05
8
0.0625
1

1
8
4

IPM, imipenem; AUR, auranofin: CAZ, ceftazidime; AVI, avibactam; ATM, aztreonam.
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allABCDRS, ybbW, ybbY, fdrA, fyuA, gcl, hyi,
KP1_1364, KP1_1371, yibE, ylbF
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iroBCDN

Io1, ip2

iutA, iucABCD

kfuABC

gixK, gixR

kvgA, kvgS

mceABCDEGHIJ
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rmpA, rmpA2
yDIAEPQSTUX

X, absent: +, present: \//X, present/absent.

Function

Location in the
genome

Allantoinase cluster for Allantoin metabolism ~ Chromosome

Arginine deiminase
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rmpA2
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MNPC00000000 mpA2
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@
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@
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©
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@
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©

MNPD00000000 mpA2*
@

MCFP00000000 mpA2
©)

JADDTTO00000000  rmpA2*
G

PYUL00000000 mpA2*
©)

PWAD00000000 rmpA2*
©)

SRS3894071 rmpA2
©)

PWAF00000000 rmpA2
©)

SRS3894072 mpA2
©

SRS3894070 rmpA2
©

SRS3894077 rmpA2*
©

SRS3894080 Both*
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4

JACWMPO00000000 Both*
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String Capsule

type

K1

K24

K24
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K24

K24
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K24

K30

K30

K30

K30

K30

K30

K112

K112

K2

K&7

K51

K51

K51

K51

K51

K51

o

antigen

o2

O2v1

O2v1

0o2v1

O2v1

O2v1

O2v1

O2v1

O2v1

o1/
O2v1

Otvi

Otv1

O1v1

O1v1

Otv1

Otv1

Otv1

O1vi

Otv1

02v2

O2v2

Otv2

Otv2

O1v2

O1v2

O1v2

ST

23

3791
(sLv
of
ST11)

43

43

43

43

43

3790
(sLv
of 43)

86

4847
(U
of
ST29)

231

231

231

231

231

231

ybt,
ICEKp

ybt8;
ICEKp3

ybt16;
ICEKp12

ybt16;
ICEKp12

ybt16;
ICEKp12

ybt16;
ICEKp12

ybt16;
ICEKp12

ybt16;
ICEKp12

ybt16;
ICEKp12

ybt16;
ICEKp12

ybt9,
ICEKp3

ybt9,
ICEKp3

ybt9,
ICEKpP3

ybt9,
ICEKp3

ybt9;
ICEKp3

ybt
unknown

ybt16;
ICEKp12

ybt16;
ICEKp12

ybt16;
ICEKp12

ybt
unknown

Unknown

ybt14,
ICEKpS

ybt14;
ICEKpS

ybt14;
ICEKpS

ybt14;
ICEKpPS

ybt14;
ICEKpPS

ybt14;
ICEKpS

Resistance genes

blaoxa-2a2, blagrv-11, 0SA

RmtF, aph(3")-Ib, aph(6)-Id,
aac(6))-Ib-cr, blagp-11,
blarem-18, blactx-m-1s,
blaoxa-232, qrB1, sul2,
ARR-2, fosA

RmtF, aph(3")-Ib, aph(6)-Id,
aac(6)-Ib-cr, blagy-11,
blarem-1s, blactx-m-1s,
blaoxa-2a2, grB1, sul2,
ARR-2, fosA

RmtF, aph(3")-Ib, aph(6)-Id,
aac(6)-Ib-cr, blagyy-1s7,
blarem-18, blactx-m-1s,
blaoxa-2a2, grB1, sul2,
ARR-2, fosA

rmitf, strA, strB, aac(6)-Ib-
cr, blarem-1g, blasyv-11,
blacrx.m-1s, blaoxa-1,
blanpwm-1, @ac(6')-b-cr,
QnrB1, fosA, catB3, ARR-
2, sul2

aadA2, aph(6)-1d, aph(3")-
Ib, aac(6)-Ib-cr, blasyiv-11,
blarem.1s, blacxm-1s,
blaoxa-232, blaoxa-1,
blanom-s, gnrB1, fosA,
ermB, catB4, ARR-2, sull,
sul2, dfrA12

aph(6)-1d, aph(3")-Ib, rmtF,
aac(6)-Ib-cr, blagyy-1s2,
blarem-1s, blactx-m-1s,
qnrB1, fosA, ARR-2, sul2

aadA2, aph(6)-Id, aph(3")-
Ib, aac(6)-Ib-cr, blasyiv-11,
blarem-1s, blactx-m-1s,
blaoxa-232, blaoxa-1,
blanpm-s, gnrB1, fosA,
ermB, catB4, ARR-2, sull,
sul2, dfrA12

RmtF, aph(3")-Ib, aph(6)-Id,
aac(6)-Ib-cr, blatem-1g,
blactx.m-1s, qnrB1, sul2,
ARR-2, fosA

aacA4, rmtf, blarem-1s,
blagti-1, blacrxm-1s.
blaoxa-1s1, aac(6)-Ib-cr,
fosA, ARR-2

aac(6)-Ib-cr, rmtF, blaoxa.

181, blast, blarem 1,
blactx-m-1s, fosA, ARR-2

aadA2, armA, blasky-11,

blarew. 18, blacrxw-1s:
blaoxa-1s1, fosA, msrE,
mphE, sull, dfrA12

rmtF, aacA4, blagiv-11,
blartem-1e, blacrxm-1s:
blacxa-1s1, @aac(6’)-lb-cr,
fosA

rmtF, aacA4, blagyv-11,
blarem-1e, blacrxm-1s:
blaoxa-1s1, aac(6))-Ib-cr,
fosA, ARR-2

rmtF, aacA4, blasv-12,
blarem-1s, blacrx-m-1s:
blaoxa-181, aac(6’)-Ib-cr,
fosA, ARR-2

rmtF, aacA4, blagiv-11,

blacrxm-1s, blaoxa-232, @ac
(6)-Ib-cr, fosA, ARR-2

rmtF, aacA4, aph (6)-Id,

aph(3")-1b, blasi-2, blarem.

18, blacTx-m-15, blaoxa-232,
aac(6)-Ib-cr, fosA, ARR-2,
MphA, dffA12, sul2
Aac(6)-1b3, aac(3")-Ib, aph
(6)- Id, rmtC, rmtB, blacmy-

6 blasiv-12, blasro, blanow-

1, blacrx-m-1s, blatem-1s,
fosA, mphA, catAl, gnrB1,
sull, sul2, aac(6)-Ib-cr
Aac(6)-Ib-cr, AadA1, Aph
(8)-VI, blasyi-28, blatem-1a,
blacrx-m-1s, blaoxa-o.
blanpwm-1, gnrS1, fosA

blaSHV-ﬂv blaOXA—ZGZ-
blapwa-1, gnrB4, sull, fosA

aadA2, aacA4, blarem.1s,
blagyy-1, blactx-m-1s,
blaoxa-232, MphA, ermB
fosA, aac(6)-Ib-cr, ARR-2,
sull, catA1, dffA12
aadA2, aac(6)-Ib3, rmtF,
aac(6')-Ib-cr, blagyy.os,
blarem-18, blactx-w-1s,
blaoxazaz, f0SA, mphA,
ermB, qnrS1, catA1, ARR-
2, sull, dffA12

aadA2, aac(6)-1b3, aac(6)-
Ib-cr, blasy-2s, blarem-18,
blacrxm-1s, blaoxa-2s2:
fosA, mphA, ermB, catAT,
ARR-2, sull, dffA12
aadA2, rmtF, blasy.1,
blatem-1p, blaoxa-2a2,
mphA, ermB, sull, gnrS1,
dffA12

rmtF, blagny-1, blatem-1o,
blaoxa-232, blactx-m-1s,
mphA, ermB, sul1, qnrS1,
ARR-2

aadA2, aac(6)-Ib, blasyy-1,
blarem-1p, blaoxa-232,
blactx-m-1s, MphA, ermB,
sult, qnrS1, ARR-2

Colistin
MIC and
resistance
mechanism

MIC 1 pg/ml

D150H,
T246A,
R256G in
pmrB (8 ug/
mi)

D150H,
T246A,
R256G in
pmrB (8 ug/
mi)

D150H,
T246A,
R256G in
pmrB (8 ug/
mi)

MIC <0.12
pg/ml

T246A,
R256G in
pmrB (128
Hg/mi)

PO5L,
T246A,
R256G in
pmrB (64
Hg/mi)
T246A,
R256G in
pmrB (128
Hg/mi)

frameshifted
phoQ;
D150H,
T246A,
R256G in
pmrB (8 ug/
mi)

MIC 0.25
pg/ml

MIC 0.5ug/mi

A217Vin
PMrA;
T246AIn
pmrB (8 ug/
mi)
A217Vin
PMrA;
T246Ain
pmrB (32
Hg/mi)
G53C,
A217Vin
PMIA;
T246Ain
pmrB (32
pg/mi)
mgrB
deletion;
A217Vin
PMIA;
T246Ain
pmrB (>32
Hg/mi)
(MIC 2 g/
mi)

Premature
stop at 30th
amino acid
in mgrB (32
pg/mi)

L62P in
phoQ;
T157P in
pmrB (32
pg/mi)

Premature
stop at 3rd
amino acid
in mgrB (32
ug/mi)

MIC 0.5 pg/
ml

MIC 0.5 pg/
ml

Premature
stop codon
at the 9th
amino acid
inmgrB (>4
Hg/mi)

MIC <1 pg/
ml

MIC < 0.25
pg/ml

MIC < 0.5
pg/ml

MIC 0.5 pg/
ml

Plasmids

IncHI1B
(PNDM-MAR)
#, ColKP3

IncFIIK,
IncFIB(pQil),
IncHI1B
(PNDM-MAR)
#, ColKP3,
IncR

IncFIIK,
IncFIB(pQil),
IncHI1B
(PNDM-MAR)
#, ColKP3,
IncR

IncFIIK,
IncFIB(pQil),
IncHI1B
(PNDM-MAR)
#, ColKP3,
IncR
IncFIB(pQll),
IncHI1B
(PNDM-MAR)
#, IncFIIK,
IncR

IncFIB(pQil),
IncFl,
IncFIIK,
IncHI1B
(PNDM-MAR)
#, ColKP3,
IncR
IncHI1B
(PNDM-MAR)
#, IncFIB
(PQIN, IncR,
IncFIIK
IncFIB(pQil),
IncFil,
IncFIIK,
IncHI1B
(PNDM-MAR)
#, ColKP3,
IncR

IncFIIK,
IncFIB(pQil),
IncHITB
(PNDM-MAR)
#,IncR

IncFIB(pQll),
IncHI1B
(PNDM-MAR)

#, IncFIIK,
ColpVC
IncFIB(pQil),
ColpVC,
IncFIIK,
IncHI1B
(PNDM-MAR)
#

IncHI1B
(PNDM-MAR)
#, IncFIIK,
ColpVC,
ColRNAI
IncFIIK,
IncFIB(pQi),
IncHI1B
(PNDM-MAR)
#, ColpvVC
IncFIIK,
INcFIB(pQI),
IncHI1B
(PNDM-MAR)
#, ColpVC

IncFIIK,
IncFIB(pQI),
IncHI1B
(PNDM-MAR)
#, ColpVC

ColKP3,
IncFIB,
IncHI1B
(PNDM_MAR)
#

IncFIB,
IncHI1B
(PNDM-MAR)
#, ColKP3,
Col440l

IncC, IncFIB
(pQil), IncFIB,
IncHI1B
(PNDM-MAR)
#, IncFll

IncFIB(pQil),
IncFIIK,
IncHI1B
(PNDM-MAR)
#, ColRNAI
ColKP3,
IncHI1B
(PNDM-MAR)
#, IncFIBK,
IncFll

IncFIA,
IncFIB,

Colkp3,
IncFIIK, IncFIl
ColkP3,
IncFIA,
IncFIB,
IncFIB(pQil),
IncFll, IncFIIK

ColkP3,
IncFIA,
IncFIB(pQil),
IncFll, IncFIIK

ColkP3,
IncFIA,
IncFIB(pQIl),
IncFIIK, IncFil
ColKP3,
IncFIA,
IncFIB(pQil),
IncFIIK,
ColRNAI
ColKP3,
IncFIA,
IncFIB(pQil),
IncFIIK,
Col4401

Virulence genes

alABDRS, fyuA, hyi,
irp1, ip2, colibactin,
fdrA, gcl, gixK, gixR,
aerobactin,
salmochelin, ybbW,
ybbY, ylbE, ylbF,
mrkABCDFHIJ
fyuA, ip1, ip2,
mrkABCDFHIJ,
aerobactin

fyuA, ip1, ip2,
mrkABCDFHIJ,
aerobactin

fyuA, mrkABCDFHIJ,
aerobactin

fyuA, ir2, aerobactin,
mrkABCDFHIJ

fyuA, ip2,
mrkABCDFHIJ,
aerobactin

fyuA, ip1, ip2,
mrkABCDFHIJ,
aerobactin

fyuA, irpt,
mrkABCDFHIJ,
aerobactin

fyuA, ip1, ip2,
mrkABCDFHIJ,
aerobactin

fyuA, ip1, 2, kfuA,
mrkH, mrkl,
aerobactin

A, irp1, ip2,
aerobactin, mrkH,
mrkl, kfuABC

A, irp2, kfuA, kfuB,
mrkH, mrkl,
aerobactin

fyuA, ip2, kfuA, kfuB,
mrkH, mrkl,
aerobactin

fYUA, irp1, ip2, kfuA,
mrkH, mrkl,
aerobactin

fYuA, 2, kfuA,
mrkH, mrkl,
aerobactin

YA, ip2, kfuA, kfuB,
mrkABCDFIJ,
aerobactin

fyuA, irp1, irp2, kfuA,
kfuB, mrkABCDFIJ,
aerobactin

fyuA, irp2, aerobactin,
salmochelin,
mrkABCDFIJ

fyuA, aerobactin,
salmochelin, kvgA,
kvgS, mrkABCDFHIJ

allABDRS, fyuA, hyi,
ip1, colibactin,
aerobactin,
salmochelin, ypbW,
ybbY, yIbE, ylbF,
mrkABCDFHIJ
fYuA, KfuA, kfuB,
aerobactin,

salmochelin,
mrkABCDFHIJ

fyuA, ip1, in2, kfuA,
kfuB, mrkBCDFHIJ,
aerobactin

fyuA, ip1, inp2, kfuA,
KfuB, mrkBCDFHIJ,
aerobactin

fyuA, i1, in2,
aerobactin,
salmochelin,
mrkABCDFHIJ
fyuA, i1, ip2,
aerobactin, kfuABC,
mrkBCDFHIJ

fyuA, iroB, irp1, ip2,
KfuABC, aerobactin,
CclbA, mrkABCDFHIJ

Colistin resistance amino acid substitutions: P, proline; L, leucine; T, threonine; A, alanine; R, arginine; G, glycine; D, aspartic acid; V, valine; ybt, Yersiniabactin.
ST, sequence type; SLV, single-locus variant; TLV, triple-locus variant; MIC, minimum inhibitory concentration; Kp, Klebsiella pneumoniae.
*Frameshift mutation was observed in rmpA2; variants of rmpA and rmpA2 are mentioned in brackets.

Virulence plasmid.
AMutation in rmpA.
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Classical Kp (cKp) Hypermucoviscous Kp Hypervirulent (hvKp) Hypermucoviscous Hypervirulent
(hmKp) susceptible Kp hypervirulent susceptible Kp multidrug-
resistant Kp
String test - + +/— + -
Virulence = +- + + +
plasmid
Mosaic plasmid - - - - +
Wild-type rmpA - v + (100%) + (100%)
- (95%)
Wild-type = v + (100%) + (100%) =
rmpA2
Mutated rmpA2 - - - - + (100%)
Aerobactin - - +(100%) +(100%) +(100%)
Salmochelin - - +/— (80%) +/— (80%) +/— (<10%)
Peg-344 - - + (V) +(v) +/— (V)
Phenotypic Identified Identified Identified Identified unidentified
identification
Genotypic Not essential to designate as Not essential to designate Mandatory to identify as Mandatory to identify as hvKp Mandeatory to
identification cKp as hmKp hvKp identify as hvKp
Correlation with Not essential to designate as Not essential to designate Mandatory to identify as Mandatory to identify as hvKp Mandatory to
clinical features cKp as hmKp hvKp identify as hvKp
Clones Diverse Diverse CC23, CCB5 CC23, CC65 Regional, driven

Clinical impact

Kp, Klebsiella pneumoniae; V, variable; CC, clonal complex.

Less pathogenic; good clinical
outcome; Treatment with
antibiotics

Challenges antimicrobial
penetration though less
virulent

Fatal outcome though
susceptible Good biofim
formers

Fatal outcome; poor antibiotic
penetration Good biofilm
formers

by resistance
profile
Fatal outcome
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Strains Antimicrobials (mg/L)?

MEM TIG AMP CFF TET KAN ENR CL LVX CHL ATM SAM PIP TZP GEN AMK CZO CAZ CTX FEP IPM SXT

C39 32 05 >256 >64 2 2 <05 025 <1 <4 >16 >16 >64 >64 >8 <8 >16 >16 >32 >16 >8 >2/38

*MEM, meropenem; TIG, tigecycline; AMP, ampicilin; CFF, ceftiofur; TET, tetracycline; KAN, kanamycin; ENR, enrofloxacin; CL, colistin; LVX, levofioxacin; CHL, chloramphenicol; ATM,
aztreonam,; SAM, ampicillin-sulbactam; PIP, piperacillin; TZP, piperacilin-tazobactam; Gen, gentamicin; AMK, amikacin; CZO, cefazolin; CAZ, ceftazidime; CTX, cefotaxime; FEP,
cefepime; IPM, imipenem; SXT, cotrimoxazole trimethoprim-sulfamethoxazole.
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AMR genes Year Country Source Host species Lengths Accession

number

pC39-334kb  qnrA7, aac(3)-lld, blasro.1-like, blaves-a, blatem-1g, blanom-1, ar-3, mph 2019 China Sputum; Kilebsiella 334,893 CP061701
(A), sult, dfrA27, ble patient pneumoniae bp

pKP-13-14-  blacrx-m-14, tet(D), sul2, strA, strB, blatem-1s, @ac(3)-lld, dfrA13, aadA2, 2013 China Wound; Klebsiella 358,655 MN175386
NDM-9 sul1,mph(A), blanowm-1 patient pneumoniae bp

pKP19- tmexCD1- toprJ1, sul2, strA, strB, blatem-1s, aac(3)-lld, mph(A), sull, 2019 China Sputum; Klebsiella 374,513 CP063748
3023-374k  qnrB6, aadA16, dfrA27, arr-3, blanpm-1 patient pneumoniae bp

pKP19- tmexCD1- toprJ1, sul2, strA, strB, blarem-1s, @ac(3)-lid, mph(A), sult, 2019 China Blood culture;  Klebsiella 375,474 CP063149
3088-376k  qnrB6, aadA16, dffA27, arr-3, blanpm-1 patient pneumoniae bp

p104922- blacrxw-14, tet(D), catA2, sul2, strA, strB, blatem-1s, dffA12, aadA2, sull, 2019 China Unknown Raoultella 361,412 MT062912
NDM blanon.1, msr(E), mph(E) ornithinolytica bp
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Test name; Manufacturer Technology; Specimen types; availability® Carbapenem resistance genes detected

Xpen® Carba-R; Cepheid, Sunnyvale, CA NAAT,; Pure cultures of carbapenem-resistant blae, blakec, blanom, blaoxa-as-ike» @nd blayiv
organisms, rectal swabs, peri-rectal swabs; EU and US

CARBA-5; NG Biotech, Guipry, France Immunochromatographic; Pure cultures of blap, blakpc, blanpm, blaoxa-as-ikes and blayim
carbapenem-resistant organisms; EU and US

BioFire BCID2; BioFire, Salt Lake City, UT, USA Film array; Blood culture bottles; EU and US blakpc, blame, blanom, blaoxa-as-ikes and blayiv

Luminex Verigene BC-GN; Luminex, Toronto, CA NAAT; Blood culture bottles; EU and US blakpc, blane, blanom, blaoxa-as, and blaym

GenMark ePlex BCID-GN; Carlsbad, CA, USA NAAT; Blood culture bottles; EU and US blakec, blame, blanom blaoxa-23, blaoxa-as, and blaym

iCubate iC-GN; iCubate, Huntsville, AL, USA NAAT; Blood culture bottles; US blapc and blanpm

BioFire Pneumonia panel (BioFire) Film array; Respiratory specimens; EU and US blap, blakec, blanom: blaoxa-ss-ike: and blavi,

Unyvero LRT panel; Curetis, Gaithersburg, MD, USA  NAAT; Respiratory specimens EU and US blakpc, blanom, blaoxa-23, blaoxa-2a, blaoxa-s, blaoxa-ss,

and blaym

ANAAT, nucleic acid amplification test: Data adapted from company websites.
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Antimicrobial Agent FDA status®
Ceftzidime-avibactam Approved
Meropenem-vaborbactam Approved
Ceftolozane-tazobactam Approved
Imipenem-cilastatin-relebactam Approved
Cefiderocol Approved

Aztreonam-avibactam Phase Ill clinical trial

EMA status®

Authorized
Authorized
Authorized
Authorized
Authorized
Authorized

KPC (A)

Yes
Yes
No

Yes
Yes
Yes

NDM (B)

No
No
No
No
Yes
Yes

IMP (B)

No
No
No
No
Yes
Yes

Carbapenemase (Class)

VIM (B)

No
No
No
No
Yes
Yes

OXA-48 (D)

Limited
No

No

No
Yes
Yes

“Adapted from https://www.centerwatch.com/directories/1067-fda-approved-drugs/topic/116-infections-and-infectious-diseases accessed 4-8-2021.

bEuropean Medicines Agency; https://www.ema.europa.eu/en/medicines/human accessed 6-19-2021.
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Isolate Year Hospital Species  MLST- Lengths, Copy-Number of the predicted IncN [pMLST-15] plasmid sequences and the encoded ARGs Other  ARGs on Chromosome

type of Inc and other plasmids
the types
isolate Length Copy Beta-lactam Aminoglycoside Fluoroquinolone other classes”
(bps)*  No.**
Survcare080 2016 1 C. freundi 256 78021 1.84 blakeo. blaem. blaoxa aac  sirA stB aac(6)lb- qnrB2 mph catB3 ARR- sull dffA18 Dlacwv.s, tetfA)
2 8 1 @3- or A 3
]
NRZ-29912 2016 2  C.freundii 98 75802 098 blawo. blaew. blaoxa aac stA stB aac(6)lb- qnB2 mph catB3 ARR- sull diiA18 CORNAI  blacwy.se G838
2 8 1 @3- or A 3
]
NRZ-31131 2016 2 C.freundii 98 77725 373 blawc. blaww. blagx aac  StA stB aac(E)lb- qnB2 mph catB3 ARR- sull dirA18 CORNAI  blawy.ss aadAT,
2 ® 1 @ o A 3 qnr838
]
NRZ-38718 2017 2 C.freundii 114 61001 501 blageo. blarewm. aac aac()lb- mph blacwy-s
2 B @3- or “
]
NRZ-37969 2017 2 C.freundii 22 89053 069 blawo. blarew. blaoxa aac St stiB aac(s)b- qniB2 mph catB3 ARR- sull dfiA18 CORNAI  blacuy.ss aadAl, tet
2 B 1 (3)- or A 3 (A), dfA1
]
NRZ-31836 2017 2  C.freundii 22 78021 273 blawec. blarem. blaoxa aac  SWA stB aac(6)lb- qnrB2 mph catB3 ARR- sull dfrA18 Dlacwy.e aadA1
2 B 1 3- or A 3
]
NRZ-38954 2017 2 C.freundii 22 69402 059 blaeo. blarew. aac  stA stB aac(6)ib- mph cat83 ARR- sull dffA18 IncHI2  blacwy.ss blacrxme:
2 . - o @ 3 [ST-1],  aadB, dirA1
] IncHI2A
Survcare092 2018 2 C.freundii 22 78021 360 blawc. blarem. blaoxa aac StA stB aac(6)lb- qnrB2 mph cat83 ARR- sull dfrA18 INCHI2A  blacwy.ss blacrxme:
2 . 1 @ o w 3 aadA1, aadA2, aadB,
] tet(4), A1
Survcare306 2019 2 C.freundii 107 73409 405 blageo. blaoxa. aac(6)lb- qnrB1 mph catB3 ARR- sull Col blacwy.e blacTxais
2 1 o ] 3 (BS512)  aadB, aac(3)-lla, catAT
Survcare347 2019 2 C. koseri NA 78021 1.73 blageo. blarew. blaoxs aac  StA st aac(®)b- qnrB2 mph catB3 ARR- sull dfrA18 ColRNAI, blacko-t
2 i 1 @3- or A 3 IncFll,
] Inci[ST-
36]
Survcare397 2019 3 C. koseri NA 78021 1.80 blakeo. blarew. blaoxs a@ac  StA st aac(®)ib- qniB2 mph catB3 ARR- sull dfA18 ColRNA!  blaa 1
2 B 1 3- or @ 3
]
Survcare165 2018 3 C. freundi 415 -55098 260 blakeo. aac(6)b- qnrB6 ARR- sult COIRNAI,  blacwy.ss. a1,
2 a 3 IncFIB(K) ~aacAd, aadAl,

aadA16, aph(3)-la, aph
(4)-1a, aac(3)-IVa,

dfA27
Survcare036 2018 4 C. freundii 116 78201 377 blakeo. blarew. blaoxa aac  StA strB aac(6)b- qnrB2 mph catB3 ARR- sull offA18 IncHI2  blacwy.es blapwar, aac
2 ® 1 @ o w 3 [ST1]  (6)lc, ere(d), qnrB4
]
ur18060060 2018 5 . freundii 98 78021 430 blawc. blarem. blaoxa aac StA stB aac(6)lb- qnrB2 mph cat83 ARR- sull dffA18 INCFIA  blacwy.ss GNB38
2 B 1 @3- or @ 3 (HI1)
Id
sc18412783 2019 5 C. NA 78021 111 blake. blarew. blaoxs aac StA strB aac(6)b- qnrB2 mph catB3 ARR- sull ofA18 CoRNAl  blacwy.r7, G842
portucalensis 2 8 1 3)- o “ 3
]
Survcarel32 2018 6 C. freundi 19 78021 240 blao. blawew. blaoxs aac StA stB aac(B)b- qnB2 mph catB3 ARR- sull dfA18 InGFIFI, blacw.+1, aadA2, aph
2 . ' @ o A 3 TriA (3)-1a, diiA12
]
Survcared0s 2019 7 C. freundi 111 78201 313 blaweo. blarew. blaoxa aac  StA stB aac(6)b- qniB2 mph catB3 ARR- sull dffA18 IncHITB  blacwy.cs, aB38
2 8 1 @3- or A 3 (cm
]
Survcared57 2019 8 C. freundi 327 76016 240 blawo. blarew. blaoxa aac aac(6)lb- qniB2 mph catB3 ARR- sull dfiA18 CORNAI  blacwy-ss blacrcmis,
2 ® ' @ a A 3 aac(6)-If, aac(3)-lla, tet
] 2

“The lengths of the predicted plasmid sequences here were derived from the better result of read-mappings to pNRZ-37969KPC2 (89053) from this study and the pCF13066KPC2 (78021 bps) from the previous study, that was assembled
using

PacBio-Sequencing. The lengths with 78021 bps are dlosed sequences, corresponding to pCF13066KPC2. The other lengths are approximations.

**The copy number of the plasmid was calculated by dividing the coverage of the plasmid-representing genes (repA, trl,traJ and trak) by the coverage of the 7 Gitrobacter freundii MLST genes or the coverage of the De novel Assembly of the
species C. braakil and C. portucalensis

Yaprasent fve antibiolic classes, macrakide fnphiAl), phenicols (calB3), rfamaicin (ARR-3), sulohonamide (sulf), and trimethoprim (A18).
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Antibiotic

Ampicillin

Ampicilin +Sulbactam
Piperacillin

Piperacilin +Tazobactam
Cefepim

Cefuroxim
Cefpodoxim
Cefotaxim

Ceftazidim

Ertapenem

Imipenem
Meropenem
Aztreonam
Ciprofloxaxin
Moxifloxacin

Ofloxacin

Gentamicin
Tigecycline

Trimethoprim +Sulfamethoxazol

No. of isolates resistant validated/tested

53/53
53/563
31/31
50/50
31/31
14/14
52/53
51/53
51/563
35/41
41/53
38/53
33/33
42/53
37/42
30/31
35/53
6/50
37/63

Resistant (%)

100
100
100
100
100
100
98
96
96
85
7
72
100
79
88
97
66
12
70

No. of isolates sensitive validated/tested

0/53
0/53
0/31
0/50
0/31
014
1/53
2/53
2/53
6/41
12/58
15/53
0/33
11/53
5/42
1/31
18/53
44/50
16/53

Sensitive (%)
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Characteristics Value for patient cases*

Mean age, yr. (range) 67 (<1 -93)
Aged > 60 yr. 41 (78.8%)
Male 40 (76.9%)
Female 12 (23.1%)
Sampling site

Clinical specimen 14 (26.9%)

Rectal swab samples 38 (73.1%)
Clinical symptom

Urinary tract infections 7 (50.0%)

Wound infections 2 (14%

Bacteraemia 1(7%)

Other infections 4(29%)

*n = 52. Data are no. (%) of patients unless otherwise indicated.
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>64 0
>64 0
>128 2.1
32 253

1%

0.5
17.4

R %

321
100
100
97.4
57.3

IC1 (n = 36)

MICs, MICy S %

32 64 =
1 16 75
64 >64 0
>64 0
>128 >128 28
2 4 97,2
4 4 -
2 4

1%

o o o o o

R %

25
100
100
97,2
2,8

IC2 (n = 153)

MICs, MICo S %

64 >64 =
2 16 66
>64 >64 0
>64 >64
>128  >128 2
16 32 7.8
4 4
2 4

1%

07
21

R %

34
100
100
97,3
72





OPS/images/fcimb.2021.814530/table1.jpg
Antimicrobial agent
SuL

sD

(Durlobactam fixed
at 4 pg/ml)

SID (1:1:2)

84

84

83

MIC (ug/ml)

8 16 32
3 " 82
20 2

7

>64
17

MICso
64

MICqo
>64





OPS/images/fcimb.2021.814530/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2021.775740/table2.jpg
Isolates carrying blakpc-2
ST11 (1=99)
ST664 (1=2)
ST617 (n=1)
ST1887 (n=0)
Other STs (n=12)
Isolates carrying blanpm
ST11 (1=0)
ST1887 (n=4)
ST617 (n=3)
ST664 (n=0)
Other STs (n=7)

IncF

66 (66.7%)
0 (0%)
0 (0%)
0 (0%)

3(25.0%)

0 (0%)

0 (0%)

0 (0%)
0 (0%)

1 (14.3%)

IncFIIA

2 (2.0%)
0 (0%)
0 (0%)
0 (0%)

2 (16.7%)

0 (0%)
3(75.0%)
0 (0%)
0 (0%)
3 (42.9%)

IncF+IncFIIA

18 (18.2%)
0 (0%)
0 (0%)

0 (0%)
1(8.3%)

0 (0%
0(0%
0 (0%)
0 (0%)
0 (0%)

IncN

0(0%)
0(0%)
0(0%)
0(0%)
0(0%)

0(0%)
0(0%)
0(0%)
0(0%)
0(0%)

None

6 (50.0%)

0 (0%)
1 (25.0%)
3(100%)
0 (0%)
3 (42.9%)
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ST11(n=103) ST1887(n=4) ST617(n=3) ST664(n=2) Other STs (n=15)
Resistance Genes

AmblerA

KPC-2 98 (95.1%) 0 (0%) 1(33.3%) 2 (100%) 10 (66.7%)

SHV 65 (63.1%) 2 (50%) 0 (0%) 1 (50%) 4 (26.7%)

TEM 79 (76.7%) 4 (100%) 3 (100%) 0 (0%) 15 (100%)

CTX-M-1 2 (2.0%) 0(0%) 0 (0%) 0 (0%) 1(1.0%)

CTX-M-9 32 (31.1%) 0(0%) 0(0%) 0(0%) 1 (1.0%)
AmblerB

NDM 0(0%) 4 (100%) 3 (100%) 0(0%) 7 (46.7%)

IMP-4 0(0%) 0(0%) 0(0%) 0(0%) 1(1.0%)

IMP-8 0(0%) 0(0%) 0 (0%) 0 (0%) 0 (0%)

VIM-1 0(0%) 0(0%) 0 (0%) 0 (0%) 0 (0%)

VIM-2 0(0%) 0(0%) 0 (0%) 0 (0%) 0 (0%)
AmblerC

DHA 4 (3.9%) 0(0%) 0 (0%) 1(1.0%) 0 (0%)

ACC 0(0%) 0(0%) 0 (0%) 0 (0%) 0 (0%)
AmblerD

OXA-48 0(0%) 0(0%) 0(0%) 0(0%) 0(0%)

Virulence Genes

uge 99 (96.1%) 4 (100%) 3 (100%) 2 (100%) 15 (100%)
mpA 12 (11.7%) 0(0%) 0(0%) 0(0%) 3 (20%)
magA 0 (0%) 0(0%) 0 (0%) 0 (0%) 0 (0%)
fimH 83 (80.6%) 4 (100%) 3 (100%) 2 (100%) 15 (100%)
kon 100 (97.1%) 3(75%) 3 (100%) 2 (100%) 15 (100%)
mrkD 100 (97.1%) 4 (100%) 3 (100%) 2 (100%) 15 (100%)
aero 0(0%) 0(0%) 0 (0%) 0 (0%) 2(13.3%)
wecaG 0(0%) 0(0%) 0(0%) 0(0%) 2 (13.3%)
alls 0 (0%) 4 (100%) 0(0%) 0(0%) 2 (13.3%)
iroNB 0(0%) 0(0%) 0(0%) 0(0%) 0(0%)
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Patient Infections Major surgical Acute rejection Hospital stay CR-KP colonization
(site, months post-LT) complications (months post-LT) (days post-LT) (timing of decontamination, months)
(months post-LT)

‘Targeted ATB’ group

1 EF (peritoneal fluid, 1) n.d. yes (6) 41 4

2 CMV (blood, 1) nd yes (1) 33 5

3 CMV (blood, 1) Biliary stenosis (2) n.d. 27 24
SE (peritoneal fluid, 1)

4 HHV 6 (blood, 1) n.d. yes (6) 31 8

VRE (peritoneal fluid, 1)
‘Standard ATB’ group

1 CP and EF (peritoneal fluid, 1) Biliary leakage with fistula (1) n.d. 44 1

2 n.d. Biliary stenosis (4) n.d. 21 2

3 Adenovirus (blood, 1) Gastrointestinal bleeding (6) yes (1) 15 1
EBV (blood, 6) yes (6)

CMV, Cytomegalovirus; HHV6, Human Herpes Virus 6; VRE, Vancomycin-Resistant Enterococci; LT, liver transplant; CR-KP, carbapenem-resistant Klebsiella pneumoniae; EBV, Epstein-
Barr virus; SE, Staphylococcus epidermidis; EF, Enterococcus faecalis; CP, Candida parapsilosi , not detected.
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Patient Oral therapy Intravenous therapy

Colistin Colistin and Amikacin
Colistin and Gentamicin Gentamicin and Colistin

= Tigecycline and Gentamicin
Colistin and Gentamicin Colistin and Amikacin

=N =
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Feature

Values

Median age at admission (min and max values)
Gender

Geographical origin

Underlying liver disease

Colonizing MDR microorganism

Living donor graft

Hospitalization days after LT, (average + SD)
Survival at 1 year after-LT

1.6 years (0.43-6.80 years)

1/7 male (14%); 6/7 female (86%)

Russia (14%); Greece (42%); Romania (14%); Italy (29%)

Biliary atresia (100%); Previous Kasai's portoenterostomy procedure (86%)
CR-KP (blakpc) (100%)

(71%)

30.29 + 10.33

100%
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Antibiotics.

Cefazolin

Cefuroxime.
Ceftriaxone.
Ceftazidime.

Cefepime
Cefoxitin
Moxalactam
Aztreonam
Ertapenem

imipenem
Meropenem

AMC (2:1)

rid
csL (2:1)

czA
AZA

Gentamicin
Amikacin
Ciprofioxacin
Levofloxacin
Fosfomycin
Tigecycine

Polymyxin 8
SXT

MIC range
(mg/L)

128
32-128
16-128
16-128

0.06-64
8128
2-128

0.125-128

432

1-32
05-32

8/4-128/64

2/4-128/4
1/05-128/64

0.06/4 to >64/4
<0.015/4 to
>128/4
0.25-128
05-128
0.03-32
0.125-32
0.5-256
0.125-1

0.26-32
0.125/2.375-8/512

MICsy
(mg/L)

128

128

128/

128/4
128/

>64/4
05/4

025
05
8512

CR-Eco

MICoo
(mg/L)

128
128
64
64

64
128
128
64
64

32
32

128/
64
128/4
128/
64
>64/4
2/4

128
128
32
32
128
0.25

1

8512

s
N, (%)

0(0.0)
0(0.0)
0.0
0(0.0)

1(1.8)
1(1.8)
1(1.8)
10079
0(0.0)

10.8)
10.8)

1(1.8

5(89)
2(36)

14(25.0)
NA

18(32.1)
46 (82.1)
2(36)
2(36)
42(75.0
56
(100.0)
55(98.2)

8(14.3)

42 (75.0)
52(02.9)

42(750)
NA

36 (64.9)
9 (16.1)
54 (96.4)
52(92.9)
8(14.3)
0000

1.8
48(85.7)

MIC range
{mg/L)

1-128
1-128
0.125-128
1-64

003-128
1-128
025-128
0.125-64
232

05-82
05-32

16/8-128/64

4/4-256/4
05/0.25-128/64

0.5/4 t0 >64/4
<0.015/4 to >128/
4
025-128
025-128
0007-32
0.125-32
05-256
01258

02632
0.125/2375-8/152

MICso
(mg/t)

128
128
64
64

64
128
128
64
32

32
32

128/
64
1284
128/
64
/4
05/4

128
128
32
32
32

025

05
8152

CR-Kpn

MiCgo
(mg/L)

128
128
64
64

64
128
128
64
32

a2
32

128/
64
128/4
128/
64
12874
14

128
128
32
32
256
1

1

8/152

s
N, (%)

2(06)
3009
2008
103)

5(1.6)
4(13)
16 (5.0)
16(5.0)
0(0)

1(03)
103)

0(0)

2(08)
103

278 (87.4)
NA

63(19.8)
107 (336)
928
11(35)
203 (63.8)
300 072)

308
(95.97
98(308)

R
N, (%)

315(99.1)
314(98.7)
316 (99.4)
313(98.4)

204 (92.4)
30 (97
288 (90.6)
301 (94.6)
318
(100.0)
316 (99.4)
314(98.7)

316/(99.4)

293 (92.1)
314/(98.7)

40 (12.6)
NA

251(78.9)
209 65.7)
308 (96.9)
208 (08.7)
97 (305)
103

154.7)
220(69.2)

MIC range
(mg/L)

2/4-128/4
4/2-128/64

1/4 1o >64/4
0.25/4-128/
4
05-128
1-128
0.125-32
05-128

05-2

MICs
(mg/L)

B

88

64/4
64/32

164

BELLES

CR-Pae

MICoo
(mg/L)

12112 R

88

128/4
128/

?

16/4
64/4

18R

s
N, (%)

20(44.6)
35(53.8)

24369

6(9.2)
0(0.0)

310477
24(36.9)

53(81.5)
NA

46 (708)
64(98.5)
20(30.8)
21(323)

65
(1000

R
N, (%)

29(44.6)
25(38.5)

35(;35J

57(87.7)
65
(1000)

31(47.7)
33(50.8)

12(185)
NA

462
1(1.5)
43 (66.2)
37 (56.9)

00

S, susceptible; R, resistant; CZA, ceftazidime-avibactam; AZA, aztreonam-avibactam; AMC, amoxicilin-clavulanic acid; TZP, piperacilin-tazobactam; CSL, cefoperazone-sulbactam; SXT, trimethoprim-suifamethoxazol; MIC, minimum inhibitory concentration;

CR-Eco, carbapenem-resistant Escherichia coli; CR-Kon, carbapenem-resistant Klebsiella pneumoniae; CR-Pae, carbapenem-resistant Pseudomonas aeruginosa; NA, not avaitable.

% ntermediary to polymyxin B.
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Antimicrobials

Berberine
suL
T6C
AMK
cP
MEM
TET

Residuos®
(form hydrogen bonds)

Thv-668/Gh-665/L6u-666
Trp-610/Ser-613/Thr-668

Trp-610/Ser-613
G665

Binding energy (keal/mo)

742
579
734
876
845
598

-1005.

Residues’, Only theresidues of AdeB that iay a signifcant ol the pump efux functon
wero consideed, which are supposed 1o be Tip-610, P1e-612, Sor613, A-615, Pro-
G61, Ala-652, 0-653, Asp-66+4, G665, Low-606, Thr668.

SUL, subactam; TG, gecycine; AMK. amiaci; G, ciorofoxacin; MEM, meropeno;

TET. tetracycine.
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Species

CR-Enterobacterales

CR-Pseudomonas
aeruginosa

CR-Acinetobacter
baumannii complex

Main mechanisms of resistance to carbapenems

Enzyme-mediated

Various carbapenemases (Ambler class A, B, D) + ESBL or
AmpC B-lactamase(s)

Carbapenemases (Ambler class B B-lactamases
predominantly)

Pseudomonas-derived cephalosporinase (PDC, Ambler
class C)

Carbapenemases (Ambler class B and D predominantly)
Ambler class C cephalosporinase hyper-production

ESBL, extended-spectrum B-lactamase.

Non-enzyme-mediated

Porin (OmpK35, OmpK36) loss (plus ESBL or AmpC B-lactamase [resistant
to ertapenem, imipenem])

Multidrug-resistant efflux pump (e.g., AcrAB-TolC system)

Porin (OprD) loss (plus hyper-production of Ambler class C enzyme)

Multidrug-resistant (tripartite) efflux pump
Porin loss

Multidrug-resistant efflux pump (e.g., AdeABC, encoded by adeB, adeG,
and adeJ, etc.)
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Surveillance Rates (%) of gene(s) encoding carbapenemase(s) Main carbapenemase(s) Country Study period
CR-P. aeruginosa

Wang et al., 2010 85 IMP-9, VIM-2 China 2006-2007
Kao et al., 2016 6.4 VIM-3, VIM-2, OXA-10 Taiwan 2000-2010
McCracken et al., 2019 4.3 GES-5, VIM-2, VIM-4 Canada 2007-2016
Schéfer et al., 2019 30.6 VIM-2 German 2015-2017
Kateete et al., 2016 32 vViM Uganda 2007-2009
Moubareck et al., 2019 32 VIM United Arab Emirates 2015-2016
CR-Enterobacterales

Tamma et al., 2017 45 KPC USA 2013-2016
Jean et al., 2018b 45 KPC-2 Taiwan 2017
Tawfick et al., 2020 90 NDM, OXA-48-like Egypt 2016-2017
Fadhli et al., 2020 65.5 OXA-181-like Kuwait 2017-2018
CR-A. baumannii

Chang et al., 2015 80.6 OXA-23-like China 2012-2013
Kateete et al., 2016 933 OXA-23-like, OXA-58-like, VIM-like Uganda 2007-2009
Cortivo et al., 2015 87.3 OXA-23-like, OXA-51-like Brazil 2010-2013
Elabd et al., 2015 947 OXA-23-like, OXA-40-like, OXA-58-like  Saudi Arabia 2013-2014
Ezadi et al., 2020 100 OXA-23-like, OXA-24/40-like Iran 2016-2017

CR, carbapenem-resistant; KPC, Klebsiella pneumoniae carbapenemase; VIM, Verona integron-encoded metallo- B-lactamase; NDM, New Delhi metallo-B-lactamase; OXA, oxacilinase;
IMP, imipenemase; GES-5, Guiana extended-spectrum-5 carbapenemase.
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Characteristics CnSE HAls CSE HAls Unadjusted OR (95% CI) Adjusted OR (95% CI)?
No (%) or Median (IQR) (n=80) (n=80)

Infection characteristics

SOFA score at infection onset 6(4-9 5(4-8) 1.44 (0.44 - 4.38)

Infection type

Intra-abdominal 23(28.8) 14 (17.5) ref.

Respiratory tract 19(23.8) 18 (22.5) 0.64 (0.35 - 1.62)

Skin and soft tissue 15 (18.8) 17 (21.3) 0.54 (0.21 - 1.40)

Urinary tract 14 (17.5) 18 (22.5) 0.47 (0.18 - 1.24)

Line 6(7.5) 5(6.3) 0.73 (0.19 - 2.85)

Primary source unknown 3(3.8) 8(10.0) 0.23 (0.05 - 1.00)

Presence of bloodstream involvement 27 (33.8) 31(38.8) 0.81(0.42 - 1.54)

Treatment characteristics

Receipt of antibiotics with reported susceptibility 72 (90.0) 79 (98.8) 0.11 (0.01 - 0.93) 0.06 (0.01 - 0.51)
Achieved appropriate source control 33(41.3) 32 (40.0) 1.05 (0.56 - 1.98)

Clinical outcomes of infection

All-cause 30-day mortality 21(26.3) 16 (20.0) 1.43 (0.68 - 2.99) 0.92 (0.37 - 2.28)°
All-cause in-hospital mortality 32 (40.0) 19 (23.8) 2.14 (1.08 - 4.23) 2.00(0.82 - 4.86)°
Time to discharge after infection (all patients)® 23(9-43) 21(10-38) 0.80 (0.58 - 1.09) 0.71 (0.51 - 0.98)"
Time to discharge after infection among patients discharged alive® 29 (15 - 47) 21 (10-239) 0.69 (0.46 — 1.02) 0.66 (0.44 — 0.98¢

Adjusted for differences in severity of infection, infection type, receipt of antibiotics with reported susceptibility and presence of source control between CnSE-HAI and CSE-HAI patients
YIncludes patients who died during current admission and those discharged alive (n = 160).

°Includes only patients who were discharged alive from current admission (n = 109).

9Goodness of fit test: (x = 48.2, d.f. = 4, p <0.001).

°Goodness of fit test: (f = 29.7, d.f. = 4, p <0.001).

‘Goodness of fit test: (4 = 15.7, d.f. = 4, p =0.003); Schoenfeld test for proportionality: (p = 0.59).

9Goodness of fit test: (4 = 9.3, d.f. = 4, p = 0.05); Schoenfeld test for proportionality: p = 0.92).

Factors with p-value <0.05 in bold.

CnSE, carbapenem-nonsusceptible Enterobacterales; CSE, carbapenem-sensitive Enterobacterales; HAI, healthcare-associated infection; ref, reference.
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Variables CnSE versus no HAls CSE versus no HAls
aOR (95% Cl) aOR (95% Cl)
Hospital stay 2.32(0.96 - 5.63) 3.02 (1.57 - 5.83)
Duration of ICU stay 1.25 (1.05 - 1.47) 1.10 (1.03 - 1.18)
Surgery 2.29 (0.69 - 7.64) 2.51 (1.25 - 5.03)
Central line 1.48 (0.67 — 3.24)
Drainage devices 2.19 (1.29 - 3.70) 1.35 (0.95 - 1.92)

Exposure to anti-pseudomonal beta-lactam/beta-lactamases
Exposure to 3"/4™ generation cephalosporins
Exposure to carbapenems

Factors with p-value <0.05 in bold.

Factors with p-value <0.05 in bold.

“Goodness of fit test: (¥ = 144.7, d.f. = 7, p < 0.001).
bGoodness of fit test: (4 = 63.1, d.f. = 7, p < 0.001).

5.92 (1.87 - 18.7)
2.29 (0.85 - 6.15)
17.09 (3.06 - 95.4)

2.27 (1.15 - 4.48)

2.25 (0.97 - 5.24)

Cl, confidence interval: CnSE, carbapenem-nonsusceptible Enterobacterales; CSE, carbapenem-sensitive Enterobacterales; HAI, healthcare-associated infection; ICU, intensive care unit.
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Organism Klebsiella spp. (n = 46) Escherichia coli (n = 9) Enterobacter spp. (n = 13)

Genotypic characteristics

Molecular mechanisms of blagpc2 (N =11) blakpc-2 (N = 3) blakpc.2 (N=7)
resistance blaoxa-as (N = 5) blanom.s (N = 2) blanpm-1 (N =3)
blaoxa-1s1 (N = 2) blaoxa-1s1 (N = 2) blanp-4 (N = 2)
blaoxa2s2 (N =1) non-CP CRE (n = 2) CP co-producer (blanpm-7 and blaoxa-as)
blanpw-1 (N = 2) (n=1)
blanom-7 (N = 1)
blap-a (N = 2)
blamp.7 (N = 1)

non-CP CRE (n = 21)
Phenotypic characteristics

Antibiotics No. of NS isolates  MICsq MICgo No. of NS isolates  MICsq MICgo No. of NS isolates  MICso MICgo
(%) (mg/L) (mg/l) (%) (mg/L) (mg/L) (%) (mg/L) (mg/L)
Amikacin 12 (26.1) 4 >128 2(222) 8 32 1(7.7) 4 16
Aztreonam 44 (95.7) >64 >64 9 (100) =64 >64 13 (100) >64 >64
Cefepime 39 (84.9) =64 =64 9 (100) =64 >64 13 (100) =64 =64
Doripenem 40 (87.0) 8 >32 7(77.8) 8 >32 11 (84.6) 4 >32
Imipenem 40 (87.0) 8 >32 7(77.8) 16 >32 11 (84.6) 8 >32
Meropenem 41 (89.1) 8 >32 7(77.8) >32 >32 11 (84.6) 8 >32
Levofloxacin 28 (60.9) 8 >32 8(88.9) 16 >32 3(23.1) 1 >32
Piperacillin-tazobactam 45 (97.8) >128 >128 9 (100) >128 >128 11 (84.6) >128 >128
Polymyxin B 3(6.5) 05 1 0(0) 05 05 3(23.1) 05 16
Tigecycline® 6(13.0) 1 4 0(0) >0.25 0.5 0(0) 0.25 1

Susceptibility defined as <2mg/L, according to the Food and Drug Administration breakpoints for Enterobacterales.

CP, carbapenemase producer, CnSE, carbapenem-nonsusceptible Enterobacterales, MICso, lowest concentration at which 50% of the isolates were inhibited; MICgo, lowest
concentration at which 90% of the isolates were inhibited.
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Characteristics
No (%) or Median (IQR)

Demographics and comorbidities

Age, years

Male gender

Ethnicity

Chinese

Malay

Indian

Others

Charlson comorbidity index

Time at risk

Prior hospital and instrumentation exposures
Hospital stay

Duration of hospital stay, days

ICU stay

Duration of ICU stay, days

Surgery

Abdominal surgery

Surgery with implants

Endoscopy

Central line

Urinary catheter

Drainage devices

Endotracheal intubation

Receipt of immunosuppressants
Presence of prior antibiotic use

Penicilins

Anti-pseudomonal beta-lactam/beta-lactamase inhibitors
18t/2" generation cephalosporins

3'9/4™ generation cephalosporins
Carbapenems

Fluoroguinolones

Aminoglycosides

Duration of prior antibiotic exposure, days
Anti-pseudomonal beta-lactam/beta-lactamase inhibitors
39/4™ generation cephalosporins
Carbapenems

Fluoroguinolones

Aminoglycosides

Factors with p-value < 0.05 in bold.

CnSE-HAI
(n =80)

64 (57 -72)

45 (56.3)
57 (71.3)
6(7.5
7(8.8)
10 (12.5)
5(3-6)

20 (10-39)

48 (60.0)
3(0-14)
35 (43.8)
0(0-85)
61(76.3)
29 (36.3)
11(13.8)
38 (47.5)
55 (68.8)
36 (45.0)
44 (55.0)
31(38.8)
20 (25.0)

CSE-HAI
(n =80)

65 (57 - 71)
50 (62.5)

59 (73.8)
5(6.9)
8(100)
8(10.0)
5(3-7)
20 (9-38)

43 (53.8)
3(0-14)
27 (33.8)
0(0-3
53 (66.3)
23 (28.8)
9(11.3)
29 (36.3)
38 (47.5)
28(35.0)
27 (33.8)
25(31.2)
18 (22.5)

No HAI
(n = 240)

65 (54 - 76)
140 (58.3)

178 (74.2)
19 (7.9)
27 (11.3)
16 (6.7)
4@2-7)

19(9 - 35)

73 (30.4)
0(0-4)
52 (21.7)
00-0
118 (49.2)
38(15.8)
12 (5.0)

2202)

19(7.9)
50 (20.8)
36 (15.0)
63 (26.3)
2188)

CnSE-HAI versus no HAI
OR (95% CI)

1.00 (0.98 - 1.01)
0.92 (0.55 - 1.53)

ref.
0.79 (0.33 - 1.89)
0.94 (0.35 -2.51)
1.96 (0.85 — 4.56)
1.04 (0.95 - 1.14)
1.18 (0.47 - 2.93)

3.22 (1.91 - 5.40)
1.03 (1.01 - 1.05)
5.64 (2.66 - 11.96)
1.22 (1.1 - 1.34)
4.27 (2.22 - 8.23)
3.73 (1.94 - 7.18)
3.35 (1.32 - 8.50)
3.93 (2.18 - 7.07)
9.74 (4.67 - 20.27)
2.99 (1.73 - 5.17)
5.35 (2.91 - 9.86)
5.36 (252 - 11.42)
4.68 (2.06 - 10.60)

1.89 (0.84 - 4.24)
11.61 (5.15 - 26.17)
1.48 (0.74 - 2.96)
3.38 (1.96 - 5.83)
12.75 (6.80 - 23.89)
317 (1.74 - 5.77)
4.44 (2.1 - 9.36)

1.13 (1.08 - 1.20)
1.05 (1.01 - 1.09)
1.09 (1.05 - 1.14)
1.05 (1.01 - 1.09)
1.09 (099 - 1.19)

CSE-HAI versus no HAI
OR (95% CI)

1.00 (0.99 - 1.02)
1.18(0.71 - 1.95)

ref.
0.89 (0.38 - 2.08)
0.80(0.28 - 2.24)
1.49 (0.62 - 3.13)
1.08 (0.99 - 1.19)
0.87 (0.37 - 2.04)

2.67 (1.57 - 4.54)
1.04 (1.01 - 1.06)
2.60 (1.30 - 5.24)
1.09 (1.03 - 1.16)
2.21 (1.25 - 3.91)
2.44 (1.26 - 4.72)
3.09 (1.06 - 9.05)
2.34 (1.31 - 4.20)
3.15 (1.66 - 5.95)
2.13 (1.17 - 3.89)
2.10 (1.14 - 3.87)
2.80 (1.42 - 5.44)
4.04 (1.75 - 9.35)

1,68 (0.74 - 3.84)
3.27 (1.83 - 5.85)
0.90 (0.43 - 1.89)
1.28 (0.73 - 2.25)
4.83 (2.38 - 9.79)
173 (091 - 3.28)
2.29 (1.11 - 4.70)

1.08 (1.02 - 1.14)
1.04 (1.01 - 1.08)

1.05 (0.95 - 1.16)

Cl, confidence interval; CnSE, carbapenem-nonsusceptible Enterobacterales; CSE, carbapenem-sensitive Enterobacterales; HAI, healthcare-associated infection; ICU, intensive care unit;

IQR, interquartile range.
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Rank Metabolic pathway NRx C Chk Cy E H CcP Score
1 2-oxoglutarate decarboxylation to succinyl-CoA 3 1 1 0.03 9 0.56 1 0.859
2 phenylethylamine degradation | 2 1 1 0.03 0 0.67 1 0.770
3 trehalose biosynthesis | 3 | 0 0.19 0 1 1 0.719
4 putrescine degradation | 2 1 0.5 0.01 0 0.65 1 0.716
5 proline degradation 3 0.67 0.33 0 0 0.69 1 0.669
6 D-arginine degradation 4 0.25 0 0.03 05 0.89 1 0.666
7 citrulline degradation 2 0.5 0 0.15 0 0.63 1 0.628
8 S-methyl-5'-thioadenosine degradation | 2 i 1 0.15 05 1 0.5 0.615
9 phenylacetate degradation | (aerobic) 9 1 0.67 0.19 0 071 0.6 0.556
10 TCA cycle | (prokaryotic) 15 1 0.07 0.32 037 0.72 059 0.544
11 L-threonine degradation Il (to methylglyoxal) 3 0.67 0.33 0.03 0.33 0.72 0.67 0.542
12 glyoxylate cycle 6 i 0 0.38 0.29 0.77 0.57 0.53

18 autoinducer Al-2 biosynthesis | 5 0.6 0.6 0.07 05 1 0.5 0.527
14 purine deoxyribonucleosides degradation | 4 1 0.75 0.03 0 0.83 0.5 0.511
15 catechol degradation to B-ketoadipate 4 1 0.5 0.1 0 1 0.5 0.510

NRx, number of reactions; C, pathway completeness; Chk, fraction of choke-points; Cy, maximum reaction betweenness centrality in Kp13-GEM; E, fraction of essential reactions; H,

fraction of off-target orthologs in human; CP, fraction of genes in each pathway over-expressed during carbapenem exposure.
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Metabolic pathway

Kdo transfer to lipid IVA |

phosphatidylethanolamine biosynthesis |

lipid IVA biosynthesis

preQO biosynthesis

lipoate biosynthesis and incorporation Il

pyrimidine deoxyribonucleotide phosphorylation
S-methyl-5'-thioadenosine degradation |
peptidoglycan biosynthesis | (meso-diaminopimelate containing)
flavin biosynthesis | (bacteria and plants)

glycine betaine biosynthesis | (Gram-negative bacteria)
choline degradation |

tetrapyrrole biosynthesis | (from glutamate)
glutathione biosynthesis

acyl carrier protein metabolism

lipoate biosynthesis and incorporation |

NRx

aNrOBONN

MO ONN ©

Cy

0.42
0.35
0.04
0.06
0.42
0.04
0.15
0.17
0.21
0.05
0.05
0.13
0.02
0.01
0.42

0.86
0.5
0.5

1

0.73
0.83
0.76
0.72
0.78

0.93
0.52
0.52
0.74
1
1
0.48

Score

0.884
0.816
0.774
0.764
0.762
0.758
0.73
0.724
0.718
0.714
0.714
0.712
0.704
0.702
0.7

NRx, number of reactions; C, pathway completeness; Chk, fraction of choke-points; Cy, maximum reaction betweenness centrality in Kp13-GEM; E, fraction of essential reactions; H,
fraction of off-target orthologs in human.
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Organism and BioCyc annotation level, when applicable Genome size (Mb) No. of Enzymatic Transport No. of No. of
pathways reactions reactions enzymes compounds

This work

K. pneumoniae Kp13 5.74 386 2,175 55 1,997 1,701

BioCyc Tier 1

E. coli MG1655 4.64 338 1,799 480 1,555 2,616

BioCyc Tier 2

Acinetobacter baumannii ATCC 17978 4.02 255 1,354 76 929 1,123

Bacillus subtilis 168 4.21 273 1,506 92 1,067 986

E. coli EDL933 5.53 284 2,290 511 1,670 1,472

Mycobacterium tuberculosis H37Rv 4.41 243 1,728 74 1,163 1,930

Shigella flexneri 2457T 46 267 1,467 141 1,111 1,086

BioCyc Tier 3

K. oxytoca 10-5245 6.18 385 1,802 220 1,587 1,334

K. pneumoniae HS11286 5.68 404 2,020 75 1,356 1,507

K. pneumoniae MGH 78578 5.69 403 1,971 76 1,343 1,502

Mb, megabases.
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Isolates Antimicorbial agents

Haemophilus spp. (n = 25) MRX-8
Polymyxin B
Ampicillin
Ampicilin-sulbactam
Ceftriaxone
Levofloxacin

MIC (mg/liter)

Range

0.06-1
0.125-1
0.125->32
0.06->32
<0.08->32
<0.03-8

50%

0.25
0.5
4
1
0.06
<0.03

90%

0.5

>32
32
0.25

R, %

52
16

S, %

44
84
96
92

R, resistant; S, susceptible. All the intermediate data were not showed in table.
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Isolates Antimicorbial agents MIC (mg/liter) R, % S, %
Range 50% 90%

Stenotrophomonas maltophilia (n = 30) MRX-8 0.25->32 8 >32 - -
Polymyxin B 0.25->32 8 32 - -
Colistin 0.5->8 8 >8 = -
Amikacin 4->64 >64 >64 — -
Ceftazidime 4->64 64 >64 63.3 23.3
Ceftazidime-avibactam 2->64 16 64 = =
Cefoperazone-sulbactam 8-64 32 64 - -
Meropenem >16->16 >16 >16 - -
Levofloxacin 0.125-16 2 8 23.3 63.3

Burkholderia cepacia (n = 30) MRX-8 0.25->32 >32 >32 - -
Polymyxin B 0.5->32 >32 >32 - -
Colistin 0.5->8 >8 >8 = -
Amikacin 1->64 >64 >64 - =
Ceftazidime 0.25-32 8 16 10 80
Ceftazidime-avibactam 0.25-16 4 4 = =
Cefoperazone-sulbactam 2->64 64 >64 - -
Meropenem <0.06-8 4 4 90
Levofloxacin <0.06-16 2 4 10 83.3

Alcaligenes app. (n = 20) MRX-8 0.06->32 1 4 -
Polymyxin B 0.25->32 2 4 - -
Colistin 0.25->8 2 4 - =
Amikacin 4->64 >64 >64 70 30
Ceftazidime 1->64 8 >64 30 60
Cefepime 4->64 32 >64 - -
Ceftazidime-avibactam 1->64 4 64 25 60
Cefoperazone-sulbactam 1->64 8 >64 25 70
Meropenem 0.06->16 0.125 >16 20 75
Ciprofloxacin 1->64 4 64 - =

R, resistant; S, susceptible. All the intermediate data were not showed in table.
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Isolates Antimicorbial agents MIC (mg/liter) R, % S, %
Range 50% 90%

carbapenem-susceptible Acinetobacter baumannii (n = 43) MRX-8 0.125->32 0.5 05 4.7 95.3
Polymyxin B 0.5->32 0.5 0.5 a7 95.3
Colistin 0.5-16 0.5 0.5 4.7 95.3
Amikacin 0.5-16 2 4 0 100
Ceftazidime 0.5-8 4 4 0 100
Cefepime 0.25-4 2 4 0 100
Ceftazidime-avibactam 0.125-8 4 4 = -
Cefoperazone-sulbactam 1-4- 2 4 - -
Meropenem 0.06-0.5 0.25 0.25 0 100
Ciprofloxacin 0.06-64 0.125 8 14 86

carbapenem-resistant Acinetobacter baumannii (n = 70) MRX-8 0.25->32 0.5 1 29 97.1
Polymyxin B 0.25->32 05 1 2.9 97.1
Colistin 0.25->8 0.5 1 29 971
Amikacin 2->64 >64 >64 87.1 129
Ceftazidime 64->64 >64 >64 100 0
Cefepime 8->64 >64 >64 95.7 1.4
Ceftazidime-avibactam 1->64 64 64 - -
Cefoperazone-sulbactam 8->64 >64 >64 - -
Meropenem 16->16 >16 >16 100 0
Ciprofloxacin 32->64 64 >64 100 0

R, resistant; S, susceptible. All the intermediate data were not showed in table.
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Isolates

carbapenem-susceptible Pseudomonas aeruginosa (n = 46)

carbapenem-resistant Pseudomonas aeruginosa (n = 54)

Antimicorbial agents

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

R, resistant; S, susceptible. All the intermediate data were not showed in table.

Rang

0.125-2
0.25-2
0.25-2
0.25-8

0.125-64

0.06-32

0.06-8
1-64
0.06-2
0.06-4
0.5->32
0.5->32
0.5->8
1->64
4->64
4->64
2564
16->64
8->16
0.06->64

MIC (mg/liter)

50%

90%

>64
64
32
>64
>16
32

R, %

59.3
42.6
72.2

100
40.7

S, %

100
100
100
100
95.7
95.7
95.7

100
91.3
98.1
98.1
98.1
90.7
20.4
25.9
27.8

38.9
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Isolates

Other Klebsiella spp.(n = 25)

Citrobacter spp. (n = 25)

Morganella spp. (n = 25)

Proteus spp. (n = 25)

Providencia spp. (n = 25)

Serratia Spp. (n = 25)

Salmonella spp. (n = 17)

Shigella spp. (n = 20)

Antimicorbial agents

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftriaxone
Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftriaxone
Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftriaxone
Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftriaxone
Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftriaxone
Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftriaxone
Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftriaxone
Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftriaxone
Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

Range

0.06->32
0.125->32
0.125->8
0.5-2
<0.06->64
0.125->64
<0.06->64
<0.06->64
0.125->64
<0.06-32
<0.06-4
0.03->32
0.25->32
0.25->8
0.5-16
<0.06->64
0.125->64
<0.06->64
<0.06->64
<0.06->64
<0.06->16
<0.06-32
32->32
>32->32
>8->8
1-16
<0.06->64
<0.06->64
<0.06->64
<0.06-1
0.5-16
<0.06-0.25
<0.06->64
>32->32
>32->32
>8->8
1-32
<0.06->64
<0.06-32
<0.06->64
<0.06-0.25
0.5-8
<0.06-1
<0.06-64
>64->64
>64->64
>8->8
0.25->64
<0.06->64
<0.06->64
<0.06->64
<0.06->64
0.125->64
<0.06-32
<0.06-32
>32->82
>32->82
>8->8
1-8
0.25->64
0.125-16
<0.06->64
<0.06-1
0.5->64
<0.06->16
<0.06-8
0.06-4
0.125-4
0.125-4
0.25-4
<0.06->64
0.125->64
<0.06-32
<0.06-1
0.5-32
<0.06-0.125
<0.06-1
0.03-0.125
0.125-0.25
0.125-0.25
2-4
<0.06->64
<0.06-32
<0.06-64
<0.06-0.25
0.25-32
<0.06 -<0.06
0.125-16

MIC (mg/liter)
50%

0.125
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0.25

1
0.25
0.25

<0.06
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1
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0.06
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05
<0.06
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90%
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>64
>64
16
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R, resistant; S, susceptible. All the intermediate data were not showed in table.
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Isolates Antimicorbial agents MIC (mg/liter) R, % S, %

Range 50% 90%

polymyxin non-resistant and carbapenem-susceptible Kiebsiella pneumoniae (n = 46) ~ MRX-8 0.06-0.5 0.25 05 0 100
Polymyxin B 0.25-1 0.25 05 0 100
Colistin 0.25-1 0.25 05 0 100
Amikacin 0.5-8 1 2 0 100
Ceftriaxone 0.06->64 0.06 >64 19.6 80.4
Ceftazidime 0.125-64 0.5 8 8.7 82.6
Cefepime 0.06-64 0.125 8 17.4 80.4
Ceftazidime-avibactam 0.06-0.5 0.25 05 0 100
Cefoperazone-sulbactam 0.125-64 0.5 32 2.2 89.1
Meropenem 0.06-0.06 0.06 0.06 0 100
Ciprofloxacin 0.06->64 0.125 32 28.3 69.6

polymyxin non-resistant and carbapenem-resistant Klebsiella pneumoniae (n = 60) MRX-8 0.06-2 0.125 05 0 100
Polymyxin B 0.125-2 0.25 1 0 100
Colistin 0.125-1 0.25 05 0 100
Amikacin 0.25->64 >64 >64 76.7 233
Ceftriaxone >64->64 >64 >64 100 0
Ceftazidime 64->64 >64 >64 100 0
Cefepime 32->64 >64 >64 100 0
Ceftazidime-avibactam 1->64 2 >64 21.7 76.7
Cefoperazone-sulbactam >64->64 >64 >64 100 0
Meropenem 32-32 32 32 100 0
Ciprofloxacin <0.06->64 64 >64 98.3 1.7

Polymyxin-resistant Klebsiella pneumoniae (n = 32) MRX-8 2->32 16 >32 91.6 9.4
Polymyxin B 4->32 16 >32 100 0
Colistin 8->8 >8 >8 100 0
Amikacin 1->64 >64 >64 781 219
Ceftriaxone 0.125->64 >64 >64 96.9 3.1
Ceftazidime 0.5->64 >64 >64 93.8 6.2
Cefepime 0.125->64 >64 >64 93.8 6.2
Ceftazidime-avibactam 0.25->64 2 4 6.2 93.8
Cefoperazone-sulbactam 1->64 >64 >64 84.4 3.1
Meropenem <0.06->16 >16 >16 78.1 219
Ciprofloxacin <0.06->64 >64 >64 87.5 125

R, resistant; S, susceptible. All the intermediate data were not showed in table.
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Characteristic Raw influent (n=11) Aeration tank (n=11) Return activated sludge (n=11) Final effluent (n=11)

Water temperature (°C)® 25.2 (0.79) 25.25(1.18) NA 24.8 (1)

Min (24) Max (26) Min (23.7) Max (27) Min (23.4) Max (26.8)
pH* 7.68 (7.47-9.36) 7.325 (7.23-7.6) NA 7.58 (7.41-8.03)
Conductivity (1S/cm)® 999.9 (277.7) 98.8 (212) NA 923.8 (117.825)
Dissolved Oxygen (mg*L™")>* 2.50 (1.03) 0.45 (0.42) NA 4.5 (0.5)
Oxygen saturation (%)** 37 (21-41) 4.8 (2.8-8.2) NA 63.4 (61.4-70.4)
TOC (mg*L™)® 97.67 (85.82) NA NA 44,3 (29.9)
COD (mg 0,/1)° * 692.7 (110.73) NA NA 267.7 (79.56)
Total solids (mg*L™")"* 892.15 (128.37) NA NA 546.5 (68.74)
Suspended solids (mg*L™")** 248 (205-386) 956 (832-1364) NA 110 (42-166)
Precipitation 1 day before sampling (mm)® 1.2 (0-10.9) 1.2 (0-10.9) 1.2 (0-10.9) 1.2(0-10.9)
Precipitation in the sampling day (mm)® 1.9 (0-6.8) 1.9 (0-6.8) 1.9 (0-6.8) 1.9 (0-6.8)

Characteristics of wastewater and sludge samples in 11 months. IQR, interquartile range; COD, chemical oxygen demand; TOC, total organic carbon. *Median (IQR), maximum (MAX),
minimum (min), ®mean (SD). *Significant differences (p < 0.05) between the points.
NA, not applicable.
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Characteristic

Stage of the
WWTP

Water

temperature
cc)

Raw influent
blape -0.259
blaoxa-as 0.527*
blasyy 0.090*
sull -0.077
sul2 -0.521*
tetW -0.266*
Aeration Tank
blacrx.m -0.13*
ermB 0.607
sul2 0.739*
qnrA 0.630
Final effluent
blape -0.451*
blaoxa.ss 0.123*
blacrx.m -0.587*
blasyy -0.426*
sult -0.496*
sul2 -0.709*
tetW -0.724*

pH

-0.194
0.246
0.226
0.000
0.404
0.224

0.058
0.294
0.373
0.810

-0.118
0.109
0.277
-0.122
-0.280
-0.060
-0.078

Dissolved
Oxygen
(mg*L™)

0516
0.065"
0.619*
0.357
0.543*
0.770*

0.481*
0.132
NA
0412

0.119*
-0.084*
0.357*
0.357*
0.295*
0.419*
0.275*

Oxygen
saturation
(%)

0.452
0.058
0.538
0,204
0.404
0.768

0.318
0.069
-0.075
0.235

-0.103
-0.060
0.235
0.224
0.127
0.179
0.039

TOC

(mg*L™) (mgO/L)

0.208
0.681
0.540
0.275
0.609
0.270

NA
NA
NA
NA

0.112
0.672
0.312
0.215
-0.055
0.114
-0.020

cop

0.065
0.718*
0.109*
0.306
0.069*
-0.257*

NA
NA
NA
NA

0.103
0.189
0.128
0.082
0.367
0.179
0.117

Suspended
solids
(mg*L™)

0.190
0.138
0.336
0.717
0.640
0.312

0.426
-0.202
0.522
0.388

-0.390
0.474
-0.481
-0.233
-0.143
-0.343
-0.383

Precipitation 1 day
before sampling (mm)

0.529
-0.106
0471

0.104
0.295
0.535

0.680*
-0.028
-0.114
0.011

0173
0.1563
0.426
0.621

0.339
0.642*
0.438

Precipitation in the
sampling day (mm)

0.651
0.054
0.451
0.566
0.583
0.549

0.233
0213
-0.150
-0.301

0.683
0532
0.699
0.741
0.772
0.784
0.629

Significant differences (p < 0.05) are shown in dark gray and bold. The table shows only those variables in which correlations were detected.

Spearman or *Pearson correlations.

NA, not applicable.
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Factor Crude Adjusted

B p-value Cl195% B p-value C195%
Dissolved oxygen (mg/L) 0.746 0.000 0.390 1.108 0.675 0.000 0.328 1.022
Precipitation in the sampling day (mm) 0.018 0.630 -0.055 0.090 0.057 0.051 -0.002 0.116

Multilevel mixed-effects generalized linear model (GLM). Gama, B: model estimate. Adjusted by sampling time.
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Species

K. pneumoniae

Enterobacter cloacae complex
E. coli

Other Enterobacterales

P. aeruginosa

A. baumannii

Total

Total

17
46
40
55
74
58

390

KPC

N

-0 s w

VIM

21

13
63

113

NDM
28
1"
"
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Isolates

polymyxin non-resistant and carbapenem-susceptible Escherichia coli (n = 58)

polymyxin non-resistant and carbapenem-resistant Escherichia coli (n = 46)

Polymyxin-resistant Escherichia coli (n = 18)

R, resistant; S, susceptible. All the intermediate data were not showed in table.

Antimicorbial agents

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftriaxone
Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftriaxone
Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

MRX-8

Polymyxin B

Colistin

Amikacin

Ceftriaxone
Ceftazidime

Cefepime
Ceftazidime-avibactam
Cefoperazone-sulbactam
Meropenem
Ciprofloxacin

MIC (mg/liter)

Range 50%
0.06-0.5 0.125
0.125-1 0.25
0.125-1 0.25

1->64 4
<0.06->64 >64
0.125->64 8
<0.06->64 16
<0.06->64 0.25

0.25->64 8
<0.06-1 0.06

<0.06->64 16
0.06-0.5 0.06

0.125-1 0.25

0.125-1 0.125
1->64 8
>64->64 >64
32->64 >64
>64->64 >64
<0.06->64 >64
32->64 >64

4->16 >16
1->64 >64

2->32 4

4->32 4

4->8 4

1->64 2
<0.06->64 >64
0.125->64 64
<0.06->64 64
<0.06->64 0.5

0.5->64 32
<0.06->16 0.06
0.5->64 32

90%

0.25
0.5
0.5

>64
>64
>64

64
0.125
>64
0.125
0.25
0.25
>64
>64
>64
>64
>64
>64
>16
>64
>32
>32
>8
>64
>64
>64
>64
>64
>64
>16
>64

R, %

=}

3.4
72.4
44.8
67.2

8.6
17.2

70.7

39.1
100
100
100
84.8
97.8
100
100
94.4
100
100
27.8
77.8
66.7
66.7
222
44.4
22.2
88.9

S, %

66.7
22.2
33.3
22.2
77.8
38.9
77.8

5.6
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Variable

Defined Daily Doses (g) per 100 bed-days
All Carbapenems
Combined Antipseudomonal Carbapenems*
Non- antipseudomonal Carbapenem

Days of Therapy (days) per 1000 patient-days
All Carbapenems
Combined Antipseudomonal Carbapenems*
Non- antipseudomonal Carbapenem

*Meropenem and imipenem/cilastatin.

January 2019

83
6.7
15

94.3
81.3
143

January 2020

8.6
6.1
2.5

100.9
80.6
227
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Variable

Duration of therapy
Number of interventions
Appropriateness
Response Rate

De-escalation to a narrower antibiotic

Number of interventions
Appropriateness
Response Rate

Dose adjustment
Number of interventions
Appropriateness
Response Rate

Extended infusion
Number of interventions
Appropriateness
Response Rate

Limit duplicate coverage
Number of interventions
Appropriateness
Response Rate

Bug-drug mismatch
Number of interventions
Appropriateness
Response Rate

No. (%) Interventions

January 2019

n=30
7(23.3)
6(85.7)
5(71.4)
n=235
9(25.7)
9(100)
3(33.3)
n =46
17 (37)
14 (82.4)
15 (88.2)
n=17
169
1(100)
0(0)
n=14
2(14.3)
2(100)
1(50)
n=2
2 (100)
0
0

January 2020

n=30
25(83.3)
25 (100)
22 (88)
n=233
20 (60.6)
20 (100)
18 (90)
n=47
41(87.2)
41 (100)
40 (97.2)
n=387
13 (35.1)
13 (100)
12 (92.3)
n=19
2(10.5)
2 (100)
2 (100)
n=2
2 (100)
0
0

p-Value

<0.001
0.219
0.296
0.007
0.004
<0.001
0.022
0.203
0.042

0.143
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No. (%) Patients

Variable January 2019 January 2020 p-value
Empirical therapy < 48 hours n=132 n=127

Appropriate empirical <48 hours 114 (86.4) 118 (92.9) 0.104
Empirical therapy > 48 hours n=79 n=76

Appropriate empirical > 48 hours 53 (67.1) 60 (78.9) 0.107
Targeted therapy n=18 n=235

Appropriate targeted 16 (88.9) 32 (91.4) 1
Prophylaxis n=14 n=11

Appropriate prophylaxis 5 (35.7%) 3(27.9) 0.695
Dosing n=157 n=150

Appropriate dosing 119 (75.8) 103 (68.7) 0.202
Subsequent dosing/frequency n=23 n=11

Appropriate subsequent dosing/frequency 9(39.1) 2(18.2) 0.271
Duration n=154 n=147

Appropriate duration 99 (64.3) 106 (72.1) 0.174
De-escalation n=37 n=36

Appropriate de-escalation 30(81.1) 33(91.7) 0.308
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Variables January 2019 (n=157) January 2020 (n=150) p-Value

Mean + S.D. age adults, yr (n= 260) 64.1 £20.8 68 +18.2 0.1
Mean + S.D. age pediatrics, yr (n= 47) 69+6.0 8.81+£55 0.3
Female, no. (%) 73 (46.5) 71 (47.3)
Mean + S.D. BMI (kg/m2) 26 £ 6.5 26.3 £6.78 0.814
Service 0.001
Internal Medicine, no. (%) 97 (61.8) 62 (47.1)
Surgery, no. (%) 18 (11.5) 16 (10.7)
Intensive Care Unit, no. (%) 31(19.7) 54 (36)
Pediatrics, no. (%) 1(7) 18 (12)
Mean + S.D. length of stay, no. (%) 23 (£37) 18.9 (£ 25) 0.23
Infectious Diseases Team on Board, no. (%) 136 (86.6) 129 (86) 1
Past Medical History
Asthma, no. (%) 1(0.6) 3(2) 0.361
Atrial fibrillation, no. (%) 17 (10.8) 22 (14.7) 0.392
Cancer, no. (%) 65 (41.4) 70 (46.7) 0.36
Congestive Heart Failure, no. (%) 16 (10.2) 21 (14) 0.381
Chronic Obstructive Pulmonary Disease, no. (%) 12(7.6) 11 (7.3) 1
Chronic Kidney Diseases, no. (%) 25 (16.9) 23 (16.3) 1
Hypertension, no. (%) 52 (33.1) 51 (34) 0.904
Dyslipidemia, no. (%) 25 (15.9) 21 (14) 0.749
Stroke, no. (%) 7 (4.5 9(6) 0.613
MDRO Risk factor
Recent Antibiotic use within the past 90 days, no. (%) 66 (42) 55 (36.7) 0.352
Recent Hospitalization within the past 90 days, no. (%) 49 (42.2) 67 (57.8) 0.018
History of recurrent UTI, no. (%) 8(5.1) 23 (15.3) 0.004
MASCC score < 21, no. (%) 10 (6.4) 6 (4) 0.444
History of ESBL, no. (%) 13 (8.3) 1(7.3) 0.833
History of CRE, no. (%) 1(0.6) 2(1.3) 0.615
History of E.coli MDR, no. (%) 8(5.1) 2(1.39 0.105

S.D., standard deviation; BMI, body mass index; MDRO, multi-drug resistant organisms; UTI, urinary tract infection; MASCC, Multinational Association for Supportive Care in Cancer;
ESBL, Extended Spectrum Beta-Lactamase; CRE, carbapenem-resistant Enterobacterales; E. coli, Escherichia coli.
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Carbapenemase Carbapenemases References
inhibitors

Class Class B Class D
A
KPC NDM VIM IPM OXA-23/24/ OXA-48/181-
40 like

Diazabicyclooctane derived

Avibactam * . = = = + Kuo et al., 2021;
Hsueh et al., 2019;
Sader et al., 2017b
Zidebactam + + + + - + Kuo et al., 2021;
Sader et al., 2017a; Livermore et al., 2017;
Jean et al., 2022
Relebactam + = = = = = Kuo et al., 2021;
Tselepis et al., 2020;
Zhang et al., 2021a
Nacubactam + +2 + - - + Mushtaq et al., 2019; Hagihara et al., 2021;
Barnes et al., 2019;
Asempa et al., 2020

Durlobactam + - - - + + Shapiro et al., 2021
Boronic acid derived

Vaborbactam + = = = = = Novelli et al., 2020
Taniborbactam + + + - - + Wang X. et al., 2020

Penicillanic acid sulfone

Enmetazobactam + = = - = + Papp-Wallace et al., 2019; Morrissey et al., 2019; Tselepis et al.,
2020;
Jean et al., 2022

KPC, Klebsiella pneumoniae carbapenemase; NDM, New Delhi metallo-B-lactamase; VIM, Verona integron-encoded metallo- B-lactamase; OXA, oxacillinase; +, active; «, partially active;
-, inactive.

2Active in vitro against isolates limited to Escherichia coli and Enterobacter species for nacubactam alone.

bActive against isolates of solely KPC-producing E. coli.
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Antibiotics (doses)*, Ambler B-lactamase classes, & bacterial species Enterobacterales species P. aeruginosa References

Class Class Class Class

A B Cc D
Ceftazidime-avibactam (4:1) (2.5 g every 8 h) e+t - ++10  ++++ ++ 1O Kuo et al., 2021;
+++© 4 Sader et al., 2017b
Cefepime-enmetazobactam (AAI101; 2:1) (1.5 g every 8 h) ++2 = ++ +++ Papp-Wallace et al., 2019;
Morrissey et al., 2019;
Jean et al., 2022
Cefepime-zidebactam (formerly WCK 5222; 2:1) (3 g every 8 h) e o o SR (o) Karlowsky et al., 2020;

R Kuo et al., 2021;
Sader et al., 2017a;
Jean et al., 2022
Imipenem/cilastatin-relebactam (4:1) (1.25 g every 6 h) +Ht+ - +t - +++ to Kuo et al., 2021;
++++ (porin loss, up-  Tselepis et al., 2020
regulated efflux)

Meropenem-vaborbactam (1:1) (4g every 8 h) H+ - H+ - +H+ Kuo et al., 2021;
Novelii et al., 2020

Ceftolozane-tazobactam (2:1) (1.5-3.0 g every 8 h) +° - + - ++++ (efflux) Jean et al., 2021;
Hong et al., 2013

Cefiderocol (2 g every 6 h) bt At A bt b (efflux) Hsueh et al., 2019;

Sader et al., 2017a;
Yamano, 2019

Aztreonam-avibactam (3:1) (2 g every 6 h) H+++  H+++ +++ 4+ MICgo, 32 mg/l Wang Y. et al., 2020
(overall, MBL+) Karlowsky et al., 2017

Omadacycline (100 mg once daily after 200 mg loading dose intravenously, £ - - - - Jean et al., 2019;

or: 300 mg once dalily after 450 mg loading dose orally) Jean et al., 2022

Eravacycline (1 mg/kg every 12 h) B I e = = = = Jean et al., 2019;

Jean et al., 2022

+ to ++++ denote the in vitro activity degrees of various drugs against isolates of P. aeruginosa and diverse Types of Ambler -lactamases in Enterobacterales species, contrasting with —
denoting no activity, and + denoting partial activity against the isolates of interest. MBL, metallo-B-lactamase.

*Doses are recommended for patients with normal creatinine clearance rates.

*Primarily active against producers of extended-spectrum B-lactamase (ESBL) in Enterobacterales species and Klebsiella pneumoniae carbapenemase-producing Escherichia coli.
®Primarily active against ESBL-producing Escherichia coli.

°Less active against naturally inducible chromosomally mediated AmpC-producing carbapenem-resistant Enterobacterales spp. (especially, Enterobacter cloacae complex) than other
Enterobacterales species.
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CR-GNB species, settings, and surveillances  Rates (%) of gene(s) encoding carbapenemase(s) Main carbapenemase(s) Country  Study period

CR-Enterobacterales, CA/CO

Kelly et al., 2017 5.6-10.8 KPCs USA 2008-2013
Tang et al., 2016 295 NDM, KPC-2 Taiwan 2015
Hu et al., 2020 43.8 KPC-2 China 2015-2018

CR-Enterobacterales, LTCF

Lin et al., 2013 30.4 KPC USA 2010-2011
McKinnell et al., 2019 3 KPC USA 2016-2017
Palacios-Baena et al., 2016 16.5 OXA-48-like Spain 2013
Ben-David et al., 2011 12 KPC Israel 2008
Lee et al., 2017 22.7 KPC-2 Taiwan 2015
Hagiya et al., 2018 13 KPC-2 Japan 2017-2018
Prasad et al., 2016 18.9 KPC-2, KPC-3 USA NA
Reuben et al., 2017 52 KPC-2 USA 2016
Dubendris et al., 2020 4.8 KPC-2 USA 2016-2017
Hagiya et al., 2018 19.3 IMP Japan 2015-2016
Hayakawa et al., 2020 30 IMP Japan 2016-2018

CR-P. aeruginosa, LTCF

Giufré et al., 2017 NA NA Italy 2015
March et al., 2017 NA NA Italy 2008, 2012
Nucleo et al., 2018 NA GES-5 Italy 2016

CR-A. baumannii, LTCF

Sengstock et al., 2010 NA NA USA 2003-2008
Mody et al., 2015 NA NA USA NA

NA, non-applicable; KPC, Kiebsiella pneumoniae carbapenemase; NDM, New Delhi metallo-B-lactamase; OXA, oxacillinase; IMP, imipenemase; GES-5, Guiana extended-spectrum-5
carbapenemase.
Bold values (CA/CO, LTCF) mean the culture settings of CR organisms.





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fcimb.2021.722536/table3.jpg
Antibiotic MIC (pg/mL)
WW14A WW19C

Ampicillin >256 >256
Piperacillin >256 >256
Piperaciliin/tazobactam >256 >256
Cephalothin >256 >256
Cephalexin >256 >256
Cefoxitin 128 >256
Ceftriaxone 32 32
Ceftazidime 32 32
Cefepime 32 8
Imipenem 128 64
Meropenem >256 128






OPS/images/fcimb.2021.709681/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2021.709681/fcimb-11-709681-g001.jpg





OPS/images/fcimb.2021.722536/fcimb-11-722536-g003.jpg





OPS/images/fcimb.2021.722536/fcimb-11-722536-g004.jpg





OPS/images/fcimb.2021.722536/table1.jpg
Sequence type/Capsular
type
Plasmids and Phages
Incompatibility Groups
Non-typeable
Complete Prophage
sequences

Virulence and Maintenance
genes
Toxins

Aerobactins

Enterobactins

Hemolysins

Pullulanase secretion
Motility and adhesion

Type 1 fimbriae

Type 4 fimbriae
Long polar fimbriae
Flagella

Biofilm formation
Cell invasion
Defense, growth and
adaptation
Export of proteins
Osmotic shock defense
Uptake and transport
systems

Toxin-antitoxin systems

General regulators

Klebsiella quasipneumoniae subsp. quasipneumoniae
WW14A

2787/close to wzi88-KL70

IncP-6, IncFIB, IncFll, IncR IncHI1
113kb; 8.8kb; 3.5kb; 2.9kb
Haemophilus phage SuMu (NC_019455)

iutA-fhuABCDF

entABCDEFHS, fepABCDG, ybdZ
hha/tomB, hlyB (T1SS), shiB
PUIADGS

fimABDEFGHI, staA, ecoABCDER, mrkD, elfA, yadNV, smf-1

PIABCMNOPQT
IpfAB
K, yegR

csgD, pgaABCD, bssS, bhsA, bdcA, bigR

T2SS: gspFHK, outCN, epsEFLM, xcpW; T4SS: outO

Iron: efeBOU, feuC, fetAB, iscRSUAX

Zinc: znuABC, zupT, zur

Glycine: yehWXYZ, proVWX

higAB, higA1, hipAB, tabA, yfiZ/ypjF, cbtA/cbeA, ccdAB, relBE,
mazkeG, yefM

dsbABCDG

Enterobacter asburiae WW19C

1407 (new)/-

IncP-6, IncFIB(pECLA), IncHI2

4.9kb; 4.1kb; 3.9kb; 3.1kb; 1.3kb
Escherichia phage HK75 (NC_016160)
Salmonella phage SEN34 (NC_028699)
Escherichia phage 186 (NC_001317)
Enterobacter phage Tyrion (NC_031077)

iucABCD, iutA-fhuABCDF
entABCDEFHS, fepABCDEG, ybdZ
hha/tomB, hlyBD (T1SS), shiB1,2,3,4
pulG

fimABDEFGHIZ, SfmACDFH, staA, sfaS, yadN, yral, ycbV, mipA,
elfD, prsE

PIABCMNOPQT

pAB

fIgABCDEFGHIKLMN, fiICDEFGHIJKLMNOPQRST, fihABCDE, fik,
motAB, ycgR

CSgABCDEFG, pgaABCD, bssS, bhsA, bdcA

sctC (T3SS), tssABCJKLM (T6SS)

T2SS: gspDEFGHL, outC, epsE; T4SS: outO

ybdG

Iron: efeBOU, feuC, fetAB, iscRSUAX

Zinc: znuABC, zupT, zur

Glycine: yehWXYZ, provWX

higA, higB-1, higB2, hipA, pasIT, parD1, relB, tabA, yiiZ, ykfl

dsbABCDG
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Antimicrobials  Aminoglycosides
Beta-lactams
Chloramphenicol
Fluoroquinolones

Fosfomycins
Fusidic acid
Macrolides
Polymyxins
Sulfonamides/Trimethoprim
Heavy Metals Arsenic
Cadmium/Zinc/Cobalt
Chromium
Copper
Copper/Silver
Magnesium/cobalt/nickel/
manganese
Manganese
Mercury
Nickel
Nickel/Cobalt
Silver
Tellurium
Organic Atrazine
Compounds Glyphosate
Organic hydroperoxide
Quaternary ammonium
compounds
Toluene
Triclosan
Multiple compounds (Efflux Systems)

K. quasipneumoniae subsp. quasipneumoniae WW14A

aac(6’)-Ib-cr, aadA1
blayec-2, blaoxa-e, blatem-1a

gyrAB and parCE mutations, aac(6’)-Ib-cr, ogxAB-like (94 and 95%)

(efflux)

fosA (chromosomal)
fusBCDE

macAB (efflux)

emrA (efflux), phoP mutation
arsBCR (efflux)

2itB, czcABC

chrAB

copCD, cueOR, cpxAR/scsABCD
cusABCFRS (efflux)

mgtAE, corAC (efflux)

mntHPR (efflux)

merPRT

nikABCDER

cnrA, STM2551 (efflux), renABR (efflux)
silA (variant)

tehAB

atzE
PhnABCDEFGHIJKLMNPRSTUVWX

qacC, suge

fabG and gyrA mutations

acrABDEFRZ, mdtABCGHKLMNOPQ, mdfA/cmr, emrABDR, marAR,

norM, soxSR, ramAR, fis

E. asburiae WW19C

aac (6')-Ib-cr, aadA1

blakpc-2, blapct-s7, blaoxa-e, blatem-1a-ike
catA1

qnrB10, aac (6°)-Ib-cr, ogxAB-like (86 and
89%) (efflux)

fosA/fosA2 (chromosomal), abaf (efflux)

ereA, macAB (efflux)

emrA (efflux)

sult, dfrA8

arsBCHR (efflux)

ZitB, czcABC

chrAB

CcopABCDG, pcoD, cueOR, cpxAR/scsABCD
CusABCFRS (efflux)

mMQtAE, corAC (efflux)

mntHPR (efflux)
merCDEPRT

cnrA, STM2551 (efflux), renABR (efflux)
terABCD, tehAB

atzE

PhnCDEFGHIJKLMNOP

ohrB

qacE

tgEFG

acrAB, mdtABCDHKLQ, mdfA/cmr, emrAB,
marABCR, mexAB
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Antibiotic. MIC (ug/mi)

Ec265 To26s E. coli 453
Ampicilin 16 16 8
Ampiclin/subactam >1658 >16/8 8/
AmOxcilinlandanic acd 168 168 <8
Cephalotin >32 32 16
Coturoime >16 16 P
Cefoxiin >16 >16 8
Cefotaxime: 532 32 st
Cetazcime 32 32 <2
Cetepime >16 >16 <2
Adtreonam £ 8 8
imipenem 8 8 B
Meropenem >16 16 B
Ertapenem 52 2 Bl
Gentamicin >8 58 P
Amikacin 532 32 8
Nasdixic acid >16 516 <16
profioxacin 52 012 o2
Levofloxacin >4 0s 0s
Nirofurantoin <32 32 <
Fosfomycin <32 E A
Chioramphenicol 16 16 8
Trimethoprim/Sulfamethoxazole >2/38 2138 <238

Colistin <1 <t <t
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Characteristics

Genome data.
Genome sze (op)
9% GCcontent
NSO (bp)

Resistome

Antiviotics
Brlactams.
Aminogycosides

Trimethoprim
Sufonamides
Macroides.
Tetracycine

Chomosomal point mutations
Fluoroquindlones

Acquired vindence factors.
Prasemids

GenBank acoession number

Escherichia coll Ec265

5171045
505
162218

Blanows. blarowro

B, aaci3) I, 3aAZ, aphi3 b, aph
6

dAT2, dAT7

sult, su2

em(@), mph(a)

1B

~parE (355T), parC (8901, E84G), gyrA
(s83L. D&7N)

ai, 614, gad, lpt, momA

InGFIA, IncFIB, IncFl, IncQ1, Col, and
Calse

JACXXI000000000
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Cost 1reaction Average cost for 1
cost aptamer

Random library $75 $75 $75
Forward and Reverse primers $42 - $42
(APT and M13)
taq polymerase $65 - $65
PCR purification kit (100 $350 $3.5 ~§7
reactions)
PGEM T easy (20 reactions) $270 $13.5 $13.5
Sanger sequencing (2 reactions) $14 $7 $14
Aptamer synthetization $75 - $75
Ampicilin 200mg $43 - <$5
buffers and culture medium $300 - <$5
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Demographic parameters

Patients n = 317 (%)

Age (years)

Mean (Min, Max)
Sex

Female

Male

Ethnicity

German

Arabic

Turkish

Punjabi

Somalian

Kashmiri
Other/Not available
Residency
Germany

Arabian Peninsula
Other/Not avaiable
Ward

ICU (but not oncological)
Oncological (but not ICU)
Oncological ICU
Other

96
221

205
33
15
13
11

36

209
32
76

76

40

13
188

56.95 (0, 97)

(30.28%)
(69.72%)

(64.67%)
(10.41%)
(4.73%)
(4.10%)
(3.47%)
(1.26%)
(11.36%)

(65.93%)
(10.09%)
(23.98%)

(23.98%)
(12.62%)
(4.10%)
(59.31%)
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Isolate

A552

AB91

AB95

A1013

K1375

MLST, Multilocus Sequence Typing; ST, sequence Typing; AMG, Aminoglycoside; SFM, Sulfonamide; TMP,

Whole genome sequencing

Mic

MLST

ST317

ST79

ST79

ST79

ST258

AMG

aadA1
aph(3)-Via
StrA

strB
aadAl
aph(3)-Via
StrA

strB
aadA1

StrA

strB

mtB
aac(3)-lld

Beta-Lactam

blaADC-25
blaOXA-23
blaOXA-88
blaADC-25
blaOXA-23
blaOXA-65
blaTEM-12
blaADC-25
blaOXA-23
blaOXA-194
blaTEM-12

blaTEM-1%

blaTEM-1B
blaCTX-M-14

Macrolide

mph (E)
msr (E)

mph ()
msr (E)

Phenicol SFM
floR sul2
floR sul2
= sul2
sult
= sul2

Trimethoprim; MIC, Minimal inhibitory concentration.

T™P Colistin
4 2
diA1 2
diA1 1
dirA1 256
diA12

OgAB 32

Meropenem

>8

>8

>16

>8

16
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Clinical characteristic

N = (51)

Average age
Male gender
Origin
A group
B group
C group
D group
E group
F group
G group
Comorbidities
Diabetes mellitus
Pulmonary disease
Invasive operation
Antibiotic exposure
Outcomes
Improvement
Mortality
Abandon treatment
Discharge request

72 years (43-94years)
41 (82%)

13 (25.5%)
6 (11.8%)
8 (15.7%)
13 (25.5%)
5 (9.8%)
0 (0%)
6 (11.8%)

4 (7.8%)
45 (88.2)
44 (86.3)
35 (68.6)

7 (18.7%)
9 (17.6%)
8 (15.7%)
27 (52.9%)
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Isolate Resistance genes

CRKP isolates

CRKP30 KPC-2 TEM SHV
CRKP 46 KPC-2 TEM SHV
CRKP 55 KPC-2 TEM SHV
CRKP 56 KPC-2 TEM SHV
CRKP 58 KPC-2 TEM SHV
CRKP 63 KPC-2 SHV

E. col transconjugant strains

CRKPJ30 KPC-2 TEM
CRKPJ46 KPC-2 TEM
CRKPJ55 KPC-2 TEM
CRKPJ56 KPC-2 TEM
CRKPJ58 KPC-2 TEM
CRKPJ63 KPC-2

IMP, imipenem; MEM, meropenem; AK, amikacin; LEV, levofloxacin; TIG, tigecycline; PB, polymyxin B; CAZ-AVI, ceftazidime—-avibactam; ug/mi, micrograms per milliliter.

Mmic
IMP MEM AK LEV TIG PB CAZ-AVI
16 128 >512 32 <1/2 1 14
64 128 >512 64 1 2 1.4
64 512 >512 32 <1/2 4 4,4
128 512 >512 32 <1/2 4 14
64 512 >512 32 1 4 4,4
256 256 <12 32 1 2 4,4
4 4 >512 <1/2 1 <1/2 12,4
4 4 >5612 <1/2 <1/2 <1/2 12,4
4 16 >512 1 <1/2 1 >256,4
8 8 >512 <1/2 <1/2 <1/2 1,4
16 16 >512 <1/2 <1/2 <1/2 1,4
4 4 <1/2 1 1 <1/2 12,4
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