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The emergence of antibiotic resistant Gram-negative bacteria such as Klebsiella pneumoniae (KP) is becoming a major public health threat and imposing a financial burden worldwide. A serious lack of new drugs under development is undermining efforts to fight them. In this study, we report a potent combination of linezolid and polymyxin B nonapeptide PBNP (LP) against KP infection in vitro and in vivo. The checkerboard test and the time-kill assay were performed to detect the antibacterial activity of LP against KP in vitro. And the Caenorhabditis elegans (C. elegans) was used as infection model to evaluate the protective effect of LP against KP infection in vivo. The LP combination showed significantly synergistic activity and antibacterial effects against KP, while linezolid and PBNP as monotherapies revealed no dramatically antibacterial activity against the KP strains. Additionally, we found that the LP treatment altered the biofilm production and morphology of KP. Furthermore, the LP treatments significantly protected C. elegans from KP infection. In conclusion, this study indicated that the LP combination exhibited significantly synergistic activity against KP and PBNP can be used as a potential activity enhancer. More importantly, this strategy provided the improvement of antibacterial activity spectrum of agents like linezolid and represented a potent alternative to overcome antibiotic resistance in the future.
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INTRODUCTION
Gram-negative bacteria, such as Klebsiella pneumoniae (KP) is redoubtable threats to public health, leading to huge costs of healthcare worldwide (Li et al., 2016c). KP is a gram-negative, encapsulated, and rod-shaped bacterium and is an extremely important clinical pathogens of hospital infection, causing severe pneumonia, meningitis, and sepsis (Bachman et al., 2015). It is broadly distributed in the environment and mainly settles in human respiratory tract, gastrointestinal tract and urinary tract (Tan et al., 2020). Carbapenem is one of the mainstay of treatment for severe hospital infection caused by KP, while, the drastic increase in the prevalence of carbapenem-resistant KP (CRKP) have caused high morbidity and mortality rates, and leading to a global epidemic in hospitals (Chapelle et al., 2021).
Up to now, the infections with KP or CRKP are resistant to the most antibiotics except polymyxin in worldwide (Doi and van Duin, 2020). Polymyxins were a group of polycationic amphipathic peptide antibiotics and were mainly bactericidal to Gram-negative bacteria by binding its lipid A component of lipopolysaccharide (LPS), permeabilizing the outer membrane, and subsequently inducing the death of cell (Velkov et al., 2013). The polymyxins showed effective activity against a great majority of KP strains, while only two polymyxins (polymyxin B and colistin) are available for clinical application, and are used as the last-line therapy (Li et al., 2006). Moreover, the nephrotoxicity and neurotoxicity of polymyxins are the main concerns preventing their widespread clinical application. Therefore, it is necessary to develop the novel and effective antibacterial agents for the treatment and control of KP infection. To fight the current antibiotic-resistant bacteria, one of the alternative strategies is to combine existing antibiotics with polymyxins by enhancing the efficacy of antibiotics. The ability of polymyxins to exert synergistic effects in combination with lots of antibiotics, including anti-Gram-positive bacterial agents against Gram-negative pathogens or CRKP in vitro, has been recently reported (Liu et al., 2014; Di et al., 2015; Wistrand-Yuen et al., 2020). Linezolid is the first member of the synthetic oxazolidinone class antibiotics and has great antimicrobial activity against a wide range of Gram-positive bacteria including staphylococci, streptococci, enterococci (Stalker and Jungbluth, 2003). Linezolid can impede the initiation of bacterial protein synthesis by binding to the 23S RNA peptidyl transferase of the 50S subunit in the bacterial ribosome (Leach et al., 2007). Recently, combined with other antibiotics showed excellent synergistic and antibacterial activity against multidrug-resistant (MDR) pathogens infection (Zhou et al., 2018; Zhuang et al., 2020), suggesting the potential of linezolid as candidate for developing novel combination therapeutic agents. However, combinations of linezolid and polymyxin derivatives for the treatment of KP infections remains an open question.
In the current study, we examined the antibacterial activity of linezolid alone, and in combination with polymyxin B nonapeptide PBNP (LP) against KP in vitro. In addition, protective potential of LP was investigated by challenging with KP based on infection model with the murine alveolar macrophages and nematode Caenorhabditis elegans (C. elegans). The present study provided a novel and effective strategy to control KP infection and facilitated the development of potent therapeutic agents against KP-related diseases.
MATERIALS AND METHODS
Antibacterial Agents
The 11 antibiotics were obtained from the Yuanye (Shanghai, China): including erythromycin, linezolid, lincomycin, Nisin, vancomycin, chlortetracycline, penicillin G, ampicillin, ciprofloxacin, ofloxacin, tigecycline. The polymyxin B heptapeptide (PBHP) was obtained from Nanjing Peptide Biotech (Nanjing, China) and polymyxin B octapeptide (PBOP) was obtained from Dayang Chem (Hangzhou, China). The polymyxin B nonapeptide (PBNP) were purchased from MedChem Express (NJ, United States).
Bacterial Strains, Cell Lines, Caenorhabditis elegans Strain and Growth Conditions
The Klebsiella pneumoniae type strain ATCC 13883 (KP13883) was obtained from the American Type Culture Collection and maintained as the manufacturer’s instructions described. The clinical strain carbapenem-resistant K. pneumonia 25826 (KP25826) was kindly provided by Dr. Zongxin Fang (The First People’s Hospital of Hefei). The clinical strain hypervirulent K. pneumonia (hvKP) NTUH-K2044 (KP 2044) and K. pneumonia WT strain ATCC 43816 (KPWT) were kindly provided by Dr. Min Wu (University of North Dakota) and Dr. V. Miller (University of North Carolina) and were cultured in LB (Luria-Bertani) broth/agar at 37°C as described previously (Lawlor et al., 2005; Li et al., 2016a; Li et al., 2016b). The murine alveolar macrophage cell line MH-S cell was preserved in the laboratory and cultured as previously described (Zhao et al., 2019). The C. elegans strain N2 was preserved in the laboratory (Li et al., 2021) and cultured at 20°C on the nematode growth medium by feeding with Escherichia coli (E. coli) OP50 stain as a regular diet.
Susceptibility Tests
The MICs (minimal inhibitory concentration) were detected for the K. pneumonia strains by dilution method, with a final concentration of 1 × 105 CFU/ml on LB medium for 18–24 h, as previously described by the Clinical and Laboratory Standards Institute (CLSI, 2014). All the experiments were carried out in triplicate.
Antibiotic Synergy Test
The synergy of three polymyxin B derivatives (PBHP, PBOP, PBNP) combined with five antibiotics were tested by the checkerboard method as previously described (Magi et al., 2015). All the experiments were performed in triplicate. Briefly, a two-dimensional array was performed to prepare the serial concentrations of test compounds according to the MIC of the two compounds. The output of checkerboard test was carried out and to obtain the Fractional Inhibitory Concentration Index (FIC) based on the formulas: FIC Index = FICA + FICB, FICA = MICA+B/MICA, FICB = MICB+A/MICB. The value of MICA+B is the MIC value of compound A with compound B, and likewise for MICB+A. The FIC Index values were indicated as shown below: synergy (FIC Index ≤0.5), antagonism (FIC Index >4.0), and no interaction (FIC Index >0.5–4.0).
Biofilm Production
The production of biofilm was detected by crystal violet staining as previously described (Wu et al., 2012). Briefly, 1.0 × 106 CFU of KPWT were cultured in 24-well plate or glass tubes with appropriate LB broth and treated with phosphate-buffered saline (PBS, pH 7.4), linezolid (16 μg/ml), PBNP (8 μg/ml) or combination of linezolid and PBNP (LP) at 37°C for 12 h, respectively. The unattached bacteria were removed and the plates or tubes were washed three times with PBS. The biofilms were stained with 0.2% (wt/vol) crystal violet for 30 min and detected at OD595 after dissolution by 95% ethanol. All the experiments were carried out in triplicate.
Scanning Electron Microscopy
The 1.0 × 106 CFU of KPWT were cultured in 12-well plate with LB broth and treated with PBS, linezolid, PBNP or LP at 37°C for 12 h, respectively as described above. The morphological and surface characteristics were detected by scanning electron microscopy (SEM) as previously described (Rajeshwari et al., 2009).
Infection Experiments in MH-S Cell Model
The KPWT strain was grown for 14 h in LB broth at 37°C. The KPWT pellet was prepared by centrifugation at 5,000 g and then was resuspended in sterile PBS for infection. The MH-S cells were grown in RPMI-1640 medium containing 10% fetal bovine serum (FBS) at 37°C with 5% CO2. The infection experiments in MH-S cells were performed according to a previously report (Ye et al., 2015). Briefly, the MH-S cells were changed to an antibiotic-free medium and infected by KPWT at an MOI of 10:1 (bacteria-cell ratio) for 1 h, and treated with PBS, linezolid, PBNP or LP for 1, 6, and 12 h respectively as described above. The bacterial burdens in the MH-S cells were detected at different time point as previously described (Huang et al., 2020).
Infection Experiments in Caenorhabditis elegans Model
To further investigate the protective efficacy of LP, the C. elegans were infected with KPWT or KP25826 (10 worms/group) as previously described (Kamaladevi and Balamurugan, 2017). The infected worms were transferred to the 24-well culture plate containing sterile M9 buffer and then treated with PBS, linezolid (16 μg/ml), PBNP (8 μg/ml) or LP, respectively. The mortality of the challenged C. elegans was monitored for the subsequent 7 days. The nematodes that did not show obviously pharyngeal pumping and response to touch were indicated as dead. The bacterial burdens of KPWT or KP25826 in the C. elegans were detected at 12 or 24 h post infection. All the experiments were performed in triplicate.
Statistical Analysis
The Data and statistical tests were analyzed by using GraphPad Prism 6.0. A Mantel-Cox log rank test was applied to compare the survival rates between the control group and monotherapy-treated or LP-treated C. elegans (Huang et al., 2019). Means were compared by using a one-way analysis of variance (ANOVA), followed by a Tukey–Kramer post hoc test using a 95% confidence interval.
RESULTS
Headings Antibiotic Sensitivity and Resistance Patterns
As shown in Table 1, all the tested KP strains were highly resistant the conventional antibiotics which were used to kill Gram-positive bacteria (including erythromycin, lincomycin, linezolid, nisin, vancomycin). In addition, all the strains were susceptible to the conventional antibiotics against Gram-negative bacteria in a low concentration pattern (penicillin G, ampicillin, ciprofloxacin, ofloxacin, tigecycline, chlortetracycline). However, all the tested strains were highly insusceptible with the 3 different polymyxin B derivatives (PBHP, PBOP, PBNP).
TABLE 1 | MICs of 4 K. pneumonia strains tested by different antimicrobial agents.
[image: Table 1]Strong Antibacterial Synergy of Combined Polymyxin B Derivatives and Antibiotics
In the checkerboard assay, 15 different combinations of three polymyxin B derivatives and five conventional anti-Gram-positive agents were tested for K. pneumoniae (Table 2). FIC Index values were calculated by considering all combinations of three polymyxin B derivatives and five conventional antibiotics in which there was no visible growth. The lowest FIC Index value was shown in each combination group as indicated in Table 2, which were ranged from 0.063 to 0.500 in KP plates. The synergy (FIC Index ≤0.5) was detected in all strains and antagonism was not observed. Consideration that combinations of linezolid (16 μg/ml) and PBNP (8 μg/ml) (LP) had the lowest FIC index in all the tested group, we focused on LP as a novel combination and further investigated their antibacterial activity against KP throughout the present study.
TABLE 2 | FICs of three polymyxin B derivatives combined with five antibiotics against K. pneumonia.
[image: Table 2]LP is Highly Antibacterial in Culture Media
To investigate the antibacterial activity of LP in the K. pneumoniae in vitro, KPWT strains were seeded in 96-well plates and treated with PBS, linezolid, PBNP or LP for 1, 6, 12, and 24 h, respectively. The results showed that bacterial CFU was decreased significantly in the LP treated group compared to the PBS-treated group at different time point (Figures 1A1–A4). To validate these data, we further tested the antimicrobial effects of LP on the hypervirulent clinical strain KP 2044 (Figures 1B1–B4) and clinical CRKP strain KP25826 (Figures 1C1–C4). Treatment with LP significantly decreased the CFU of KP at the indicated time points compared the linezolid-treated or PBNP-treated group (Figures 1B1–B4,C1–C4).
[image: Figure 1]FIGURE 1 | Treatment of LP reduced K. pneumoniae viability (A1–A4) 1 × 105 CFU of KPWT were seeded in 96-well plates and treated with PBS, linezolid (16 μg/ml), PBNP (8 μg/ml) or combination of linezolid and PBNP (LP) for 1 h (A1), 6 h (A2), 12 h (A3), and 24 h (A4), respectively. The bacteria on the LB agar plates were counted. (B1–B4) 1 × 105 CFU of KP2044 were seeded in 96-well plates and treated with PBS, linezolid (16 μg/ml), PBNP (8 μg/ml) or LP for 1 h (B1), 6 h (B2), 12 h (B3), and 24 h (B4). (C1–C4) 1 × 105 CFU of KP25826 were seeded in 96-well plates and treated with PBS, linezolid (16 μg/ml), PBNP (8 μg/ml) or LP for 1 h (C1), 6 h (C2), 12 h (C3), and 24 h (C4). The bacteria were determined as described above. Data are shown as the mean ± SEM of three independent experiments. ***p < 0.001, **p < 0.01.
LP Altered Biofilm Production and the Morphology of Klebsiella pneumoniae
K. pneumoniae predominantly form biofilms, which are extremely hard to eradicate with currently commercial antimicrobial agents. To explore whether LP treatment could alter the biofilm production of K. pneumoniae, KPWT were seeded in 24-well plates or glass tubes and treated with PBS, linezolid, PBNP or LP for 12 h. As shown in Figures 2A,B, the LP treatment could significantly reduce the biofilm production of KPWT. Next, to investigate whether LP could affect the morphology of K. pneumoniae, KPWT were cultured in 12-well plates and treated with PBS, linezolid, PBNP or LP for 12 h. Our results showed that the LP significantly affected the morphology of KPWT such as cell shrinkage or cell lysis by SEM (Figure 3D), while the morphology of KPWT in the control group or monotherapy-treated groups did not show obviously changed (Figures 3A–C).
[image: Figure 2]FIGURE 2 | The biofilm production of K. pneumoniae treated by LP. (A,B) 1 × 106 CFU of KPWT or were seeded in 24-well plates (A) or glass tubes (B) and treated with PBS, linezolid (16 μg/ml), PBNP (8 μg/ml) or LP for 12 h. The biofilm production was detected at OD595 by microplate reader. Scale bar, 1 cm. Data are shown as the mean ± SEM of three independent experiments. ***p < 0.001.
[image: Figure 3]FIGURE 3 | The morphology of K. pneumoniae treated by LP (A–D) 1 × 105 CFU of KPWT were seeded in 24-well plates and treated with PBS (A), linezolid (16 μg/ml) (B), PBNP(8 μg/ml) (C) or LP (D) for 12 h. The morphology of KPWT was detected by scanning electron microscopy (SEM). The destroyed KPWT is indicated by the arrow. Scale bar, 5 μm. All the experiments were performed in triplicate.
LP Reduced Bacterial Burdens in MH-S Cell Model In Vitro
As one of the most important cell types in the antibacterial immunity, macrophages are the predominant cells against bacterial infection. To define the collective role of LP against KPWT infection, we next examined the antibacterial effects of LP on KPWT in a MH-S cell model. MH-S cells were infected with KPWT for 1 h, and then treated with PBS, linezolid, PBNP or LP for 1, 6, and 12 h respectively. The results showed that the viability of KPWT in the monotherapy-treated groups were no statistically significant differences compared to the PBS group at indicated time point (Figures 4A–C). However, LP significantly increased elimination of KPWT in MH-S cells from 1 to 12 h post infection, suggesting that LP protected cells from K. pneumoniae infection.
[image: Figure 4]FIGURE 4 | Bacterial burdens in MH-S cell infected with K. pneumoniae (A–C) The MH-S cells were infected with KPWT at an MOI of 10 for 1 h. And then treated with PBS, linezolid (16 μg/ml), PBNP (8 μg/ml) or LP for 1 h (A), 6 h (B), and 12 h (C). The bacteria burdens were determined as described above. Data are shown as the mean ± SEM of three independent experiments. ***p < 0.001.
LP Protected Caenorhabditis elegans From Klebsiella pneumoniae Infection
The nematode C. elegans is a simple and efficient model host for high-throughput screening of anti-infective agents in KP. To further investigate the antibacterial effect of LP in vivo, the C. elegans were infected with KPWT or clinical CRKP strain KP25826 and then treated different drugs. We found that large amount of bacteria from the C. elegans were recovered in the PBS, linezolid or PBNP-treated groups (Figure 5A). While, the C. elegans treated with LP displayed few bacteria inside the C. elegans at 12 and 24 h post infection (Figure 5A). As shown in Figure 5B, the PBS, linezolid or PBNP treated-C. elegans died at day 3 or day 4. However, most C. elegans survived the KP challenge at days 7 post infection by treated with LP. Importantly, most C. elegans from LP group without infection survived, suggesting LP has no obvious drug toxicity in C. elegans. To further validate the data, we also tested the antimicrobial effects of LP on clinical CRKP strain KP25826 (Figures 5C,D). Treatment with LP significantly decreased the bacterial CFU at the indicated time points compared the control group (Figure 5C) and protected C. elegans against K. pneumoniae infection (Figure 5D).
[image: Figure 5]FIGURE 5 | Residual CFUs and survival rate of C. elegans infected with K. pneumoniae. The C. elegans were infected at day 0 with KPWT or KP25826 and treated with PBS, linezolid (16 μg/ml), PBNP (8 μg/ml) or LP for determining bacterial burdens at post treatment 12 and 24 h (A,C). The survival rate of C. elegans was monitored for the subsequent 7 days (B,D). PBS was used as a control. ***p < 0.001.
DISCUSSION
The MDR gram negative bacteria are becoming increasingly predominant, for which there is lack of antibacterial agents to fight them in the current antibiotic pipeline (de la Fuente-Núñez et al., 2015). For example, to treat the infections caused by the MDR-KP is difficult because of the adaptive resistance of this pathogen to most commercial antibiotics (Chapelle et al., 2021). Antibiotic combination therapy is currently applied for some severe infections caused by K. pneumoniae (Tan et al., 2020; Wistrand-Yuen et al., 2020), while useful data regarding which combinations are most potent are still limited. In the current study, we investigated the synergistic effects of polymyxin B derivatives and 5 other antibiotics against K. pneumoniae and reported the significantly positive interactions in combination of linezolid and polymyxin B nonapeptide PBNP (LP). In addition, the LP combination treatments showed excellent antibacterial activities in vitro and had protective effects against KP infections in vivo. Thus, this targeted combination provided a promising therapy strategy against KP infections such as improving spectrum of antibiotics or the treatment outcomes.
The membrane-disrupting activity of the polymyxin B, which enables the entry of a second antibacterial agent and subsequently increasing both permeability and antibacterial activity, is the critical synergism for the antibiotic combinations (Olsson et al., 2020). The absence of cross-resistance between linezolid and other protein synthesis inhibitors such as clindamycin against many MDR strains makes linezolid an attractive candidate to apply for combination treatments (Wasserman et al., 2016). To the best of our current knowledge, few studies have demonstrated the synergistic and antibacterial activities of LP against the KP in vitro and in vivo. A recent study has investigated the in vitro efficacy of linezolid in combination with polymyxin B against clinical CRKP (Wistrand-Yuen et al., 2020), while the potential toxicity of polymyxin B in vivo was probably remained. To reduce the toxicity of polymyxin B and retain its membrane-permeabilizing activity, we obtained three different derivatives of polymyxin B (PBHP, PBOP, PBNP). Additionally, we investigated the susceptibility of conventional anti-Gram-positive agents and different derivatives of polymyxin B against type strain KP or clinical CRKP in order to explore the synergistic activities of promising antibiotic combinations. Our results showed that the KP strains were resistant to the traditional anti-Gram-positive agents and polymyxin B derivatives, respectively. Nevertheless, the tested KP isolates were highly susceptible to linezolid combination of PBNP compared to other groups by checkerboard assay, suggesting that this drug combination was a potent candidate for treating KP infections. Since the combinations of LP had the lowest FIC index in all the tested group, we further investigated their antibacterial activity in the whole study.
In the current study, a significant difference was detected between monotherapy treatment and LP combination treatment against type strain KP or clinical CRKP by the time-kill assay. Although the bacteriostatic activity of PBNP was not sustained, linezolid in combination with PBNP showed the excellent antibacterial activity. These results were similar with several previous reports, in which the MDR-KP isolates were treated with polymyxin-based therapeutic combination (Pagès et al., 2015; Wistrand-Yuen et al., 2020). Although linezolid is a potent antimicrobial compound against lots of gram-positive pathogens, a recent follow-up study suggested that linezolid also exhibited the antibacterial activities against Gram-negative bacteria (Guzel Kaya et al., 2020). KP predominantly produce biofilms and can encapsulate bacteria layer by layer assembly and increase the bacterial tolerance to the current antibacterial agents (Tan et al., 2020). Interestingly, the LP combination treatment not only enhanced antibacterial activity, but also altered the biofilm production and morphology of KP, which might be effectively to prevent the colonization or spread of KP. Although the KP strains were highly insusceptible with PBNP alone, the morphology of KP was slightly altered after the PBNP alone treatment, suggesting that the bacteriostatic activity of PBNP was significantly reduced and the membrane-permeabilizing activity of PBNP was sustained. Altogether, these findings indicate that PBNP is the hopeful candidate of antibiotic potentiator and LP is probably excellent combination of antibacterial agents against KP.
To further investigate the protective effects of the LP against K. pneumoniae infection in vivo, the C. elegans were infected by KP or clinical CRKP and then treated with linezolid, PBNP alone or LP. Our results showed that the effective antibacterial activity against KP in vivo was detected by the LP combination treatment, since the linezolid and PBNP worked synergistically and the protective effects were improved as early as the second day of treatment. A very large number of bacteria were detected from the C. elegans in the monotherapy group or the control group, demonstrating that linezolid or PBNP alone could not provide the antibacterial activity in vivo. By contrast, the C. elegans treated with LP showed few bacteria, suggesting that most of bacteria were eliminated and the survival rate of the host was improved. Interestingly, treatment with LP also significantly decreased the CRKP burdens compared the control group and protected C. elegans against CRKP infection. Altogether, these data further confirmed the antibacterial activity of LP as we observed in vitro and indicated that linezolid could be the good alternative for the treatment of KP infections by combined with PBNP. Previous study showed that linezolid has activity against Gram-negative anaerobic bacteria (Yagi and Zurenko, 2003), while this study demonstrated that linezolid also has antibacterial activity against Gram-negative aerobic bacteria, which reinforced the interest in linezolid combined with polymyxin B derivatives against the other MDR Gram-negative bacteria. Thus, our data here provide evidential support that the PBNP could be an excellent potentiator in conjunction with linezolid to improve antibacterial activity and to protect the host against KP infections.
In conclusion, the combination of linezolid and PBNP showed significantly synergistic and antibacterial activities against the KP infection in vitro and in vivo. The presence of PBNP enhanced the antibacterial effects of linezolid, suggesting that PBNP could widen the therapeutic range of linezolid. Moreover, combination of the potent antibacterial agents in novel synergic formulations will provide a promising approach to inhibit the increase of bacterial resistance to the current antibiotics. Nevertheless, further studies to understand the impact of PBNP resistance are still in demand for detecting the ability of PBNP to work synergistically in combination with other available antibiotics. More importantly, we acknowledge that the low number of clinical strains examined or lack of dose-dependent investigation in LP combination treatment are the constraints of this study. Therefore, further more comprehensive or systematic study in rodents by evaluating the clinical practice of these findings may contribute to prevent the spread of K. pneumoniae infection in the long run.
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