

  antibiotics-10-01048




antibiotics-10-01048







Antibiotics 2021, 10(9), 1048; doi:10.3390/antibiotics10091048




Article



Topically Applied Bacteriophage to Control Multi-Drug Resistant Klebsiella pneumoniae Infected Wound in a Rat Model



Mohamed S. Fayez 1[image: Orcid], Toka A. Hakim 2, Mona M. Agwa 3, Mohamed Abdelmoteleb 4[image: Orcid], Rania G. Aly 5, Nada N. Montaser 2[image: Orcid], Abdallah S. Abdelsattar 1,6[image: Orcid], Nouran Rezk 1[image: Orcid] and Ayman El-Shibiny 1,7,*[image: Orcid]





1



Center for Microbiology and Phage Therapy, Zewail City of Science and Technology, Giza 12578, Egypt






2



Faculty of Biotechnology, October University for Modern Sciences and Arts, Giza 11223, Egypt






3



Department of Chemistry of Natural and Microbial Products, Pharmaceutical and Drug Industries Research Division, National Research Centre, Dokki, Giza 12622, Egypt






4



Department of Botany, Faculty of Science, Mansoura University, Mansoura 35516, Egypt






5



Department of Surgical Pathology, Faculty of Medicine, Alexandria University, Alexandria 21131, Egypt






6



Center for X-ray and Determination of Structure of Matter, Zewail City of Science and Technology, Giza 12578, Egypt






7



Faculty of Environmental Agricultural Sciences, Arish University, Arish 45511, Egypt









*



Correspondence: aelshibiny@zewailcity.edu.eg







Academic Editor: Adelaide Almeida



Received: 8 July 2021 / Accepted: 24 August 2021 / Published: 27 August 2021



Abstract

:

(Background): Multi-drug-resistant Klebsiella pneumoniae (MDR-KP) has steadily grown beyond antibiotic control. Wound infection kills many patients each year, due to the entry of multi-drug resistant (MDR) bacterial pathogens into the skin gaps. However, a bacteriophage (phage) is considered to be a potential antibiotic alternative for treating bacterial infections. This research aims at isolating and characterizing a specific phage and evaluate its topical activity against MDR-KP isolated from infected wounds. (Methods): A lytic phage ZCKP8 was isolated by using a clinical isolate KP/15 as a host strain then characterized. Additionally, phage was assessed for its in vitro host range, temperature, ultraviolet (UV), and pH sensitivity. The therapeutic efficiency of phage suspension and a phage-impeded gel vehicle were assessed in vivo against a K. pneumoniae infected wound on a rat model. (Result): The phage produced a clear plaque and was classified as Siphoviridae. The phage inhibited KP/15 growth in vitro in a dose-dependent pattern and it was found to resist high temperature (˂70 °C) and was primarily active at pH 5; moreover, it showed UV stability for 45 min. Phage-treated K. pneumoniae inoculated wounds showed the highest healing efficiency by lowering the infection. The quality of the regenerated skin was evidenced via histological examination compared to the untreated control group. (Conclusions): This research represents the evidence of effective phage therapy against MDR-KP.
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1. Introduction


Klebsiella pneumoniae (K. pneumoniae), is a non-motile, encapsulated, Gram-negative bacteria that belongs to the Enterobacteriaceae family [1]. It is mainly responsible for primary severe community-onset infections, including hepatic abscess, necrotizing pneumonia, and nosocomial infections of the urinary tract, respiratory tract, wounds, and bloodstream [2]. K. pneumoniae, is one of the most common bacterial pathogens responsible for hospital-acquired bacterial infections [3]. K. pneumoniae infections are often considered one of the most fatal life-threatening infections to infants, older people, and immunocompromised patients as they are linked to both high morbidity and mortality rates [4].



Despite the evolution of broad-spectrum antibiotics, more than 50% of the mortality rates have been recorded for those infected with K. pneumoniae [5]. That was due to the worldwide expansion in multi-drug-resistant, K. pneumoniae strains, namely extended-spectrum β-lactamase (ESBL), produced and carbapenem-resistant strains, which render treatment more complicated. Moreover, the evaluated pathogenicity and the virulence factor caused by the development of capsules, mainly for hypervirulent strain, lipopolysaccharide (LPS), and fimbriae leaving only restricted choices for clinical treatment [6,7]. The World Health Organization (WHO) estimates that drug-resistant bacterial infections could kill approximately 10 million people per year by 2050 [8].



The skin is the largest organ in the body, which acts as a physical barrier protecting it from being attacked by pathogenic organisms, or toxic materials [9]. However, the skin solidity can be compromised by cuts (wounds) or burns at which the subcutaneous tissue is exposed to the surrounding environment, becoming more susceptible to microbial infection. As the proliferation of microorganisms increases, the invasion of deeper tissues begins [10]. When pathogens enter the lymphatic and blood vessels, sepsis develops [11], and sometimes, it leads to death. Wound infection, especially nosocomial infections, has a high mortality rate, affecting numerous people around the world each year [12]. As a result of increasing the expansion of disease correlated with MDR-KP bacteria, the riskiness of the burden has aggravated, and the hunt for alternatives to antibiotics is ongoing [13].



The conventional therapy for infected wounds, comprises excessive washing with saline, debridement of necrotic cells, and finally using an adequate therapy to minimize the microbial infection such as local or systemic antibiotics [14]. It was previously reported that topically applied antibiotics or other therapies are more effective than systemic administration for the remediation of contaminated wounds. In the case of systemic antibiotics, especially intravenous, the antibiotics did not attain the site infection in an appropriate quantity due to the lowering of circulation in the burned skin and the disability to destroy biofilm infections [15]. Moreover, it was mentioned before that topically applied antibiotics lead to the development of resistance so, the search for alternatives is demanding [16,17].



Therefore, the use of phage therapy to inhibit the growth of Klebsiella strains was applied [18,19]. Phages attack and kill bacteria via different mechanisms within their natural life cycles without interfering with human and mammalian cells [11,12]. To complete the lytic cycle, the phage must be adhered to a susceptible bacterial cell to infect its host. The cycle is accomplished by identifying and attaching to a particular receptor on the host cell’s surface. Adsorption to the host can take a place through any exterior structure depending on the phage tail structure and host receptor [20].



Phage has unique properties such as self-proliferation and high immunity with low side effects for eukaryotic cells [21,22]. Furthermore, it was characterized by its higher stability and efficiency in diverse environmental conditions against MDR pathogens, and it can be considered as a potential replacement for antibiotics [18,23]. The potential of utilizing phage therapy to overcome the crisis of MDR bacterial infections was proven in laboratory animal models. Thus, the current research describes the isolation and the characterization of Siphoviridae phage ZCKP8, then it evaluates its therapeutic potential in resolving K. pneumoniae mediated wound infection in rats.




2. Results


2.1. Bacterial Characterization


The Polymerase Chain Reaction (PCR) was confirmed that the twenty isolated K. pneumonia, including KP/15 strain by a 130 bp band corresponding to the conserved region in 16S-23S internal transcribed spacer region of K. pneumoniae. A partial-genome sequencing of KP/15 isolate was performed afterward (GenBank Acc. No. MZ504992). BLASTN of the 16S rRNA sequence had a 99% sequence identity to K. pneumoniae strain DSM 30104 16S ribosomal RNA (GenBank Acc. No. NR_117683.1).




2.2. Antibiotic Sensitivity Profile


The bacterial susceptibility to antibiotics representative of those administered to humans is classified into three criteria which are sensitive, intermediate, and resistant. The results demonstrated that K. pneumoniae isolates showed different sensitive responses to antibiotics classes, as it will be clearly shown in Table 1. The data indicated that six isolates were resistant to each of the Gentamicin and Imipenem, respectively, and thirteen isolates were resistant to each of the Aztreonam and Cefepime, respectively. In addition, the data revealed that eight, nine, eleven, twelve, and another twelve isolates were resistant to Amikacin, Tazobactam, Levofloxacin, Ceftazidime, and Tigecycline, respectively. Additionally, the data clarified that fifteen isolates were resistant to Ciprofloxacin and twenty K. pneumoniae strains were resistant to Sulfamethoxazole/Trimethoprim and Linezolid. KP/15 isolate and KP/1, KP/5, KP/6, KP/8, KP/9, KP/10, KP/11, KP/12, and KP/13 isolates are found to be MDR bacteria since they were resisting eight different antibiotics.




2.3. Morphology of ZCKP8 Phage


Electron microscopy revealed that ZCKP8, had an icosahedral head, filamentous, cross-banded, and non-contractile tail, which is typical of phages belonging to the family of Siphoviridae (Figure 1). The proportions of the phage head and tail length were also typical of the Siphoviridae with the head size being 55 nm while the tail length was 142 nm.




2.4. Phage Genome


The phage ZCKP8 contains a double-stranded DNA genome estimated to be 48.5 kbp by Pulse Field Gel Electrophoresis (PFGE), which is comparable to the values indicated by the International Committee on Taxonomy of Viruses (ICTV) for phages that belong to the Siphoviridae family. The complete genomes of phage ZCKP8 were sequenced and deposited in the GenBank database (GenBank Acc. No. MZ440881). ZCKP8 has a DNA of 48.490 bp with an overall G + C content of 47.5%. BLASTn alignment and phylogenetic tree showed that Klebsiella phage ZX4 (GenBank Acc. No. NC 054654.1) was closely related to the genome of ZCKP8 as it will be shown in Figure 2. BLASTn analysis confirmed that ZCKP8 is a member of the Siphoviridae family, in the order Caudovirales. Fifty-three ORFs on the leading strand and thirty-four ORFs on the complementary strand were predicted through ORFfinder and PHASTER. The genomic map highlights functional genes that will be represented in Figure 3. Eighty-seven putative protein-coding genes were identified and among them there were twenty-six proteins that have assigned functions such as structural proteins, cell lysis proteins, DNA replication/transcription/repair proteins, and DNA packaging proteins. The list of the putative protein-coding genes was manually curated and listed in Supplementary Table S1. ZCKP8 phage does not encode any lysogenic phage-related proteins, such as transposases or integrase.




2.5. Phage Host Range and Efficiency of Plating (EOP)


The host range of phage ZCKP8 was evaluated against bacteria that were isolated from clinical patients. The ZCKP8 phage was capable of producing lysis zones (≥20 plaques) on 8 out of 20 K. pneumoniae isolates, which showed that phage ZCKP8 was effective against K. pneumoniae isolates. A range of EOP for ZCKP8 phage was observed against different isolates of K. pneumoniae (Table 2).




2.6. Determination of the Bacteriophage Insensitive Mutant (BIM) Frequency


The BIMs were performed in vitro to determine the long-term effectiveness of phage ZCKP8 using a Multiplicity Of Infection (MOI) 100 of the bacterial host (KP/15) with phage ZCKP8 at 37 °C, where the BIM frequencies were 0.00521 ± 0.0029.




2.7. In Vitro Characterization of Phage ZCKP8


The infection and lysis characteristics of phage ZCKP8 were estimated at different MOIs (0.1, 1, and 10) throughout three hours in TSB broth to quantify its antibacterial lytic activity. The results showed that K. pneumoniae KP/15 was lysed by phage ZCKP8 with different ratios. The lysis characteristics, including time to lysis and burst size, were quantified over the period of infection to the onset of lysis for each MOI, with an MOI of 10 reducing viable bacteria from 6.7 log10 Colony-forming unit (CFU)/mL to below the limit of detection (2 log10 CFU/mL) at 37 °C during the three hours of the experiment that will be shown in Figure 4C. Log10 reduction in bacterial counts compared to the control were observed to be recorded between 80 and 90 min for both MOIs 1 and 0.1 as they will be shown in Figure 4A,B, and decreased dramatically below the detection limit after 120 min. Particularly, the bacterial populations did not recover within the 3 h course of the experiment. Under these circumstances, the reductions in the bacterial count were not accompanied by a measurable rise in phage titer. Phage replication was observed at lower MOI, which coincided with the commencement of the fall in the viable count. The data suggest that ZCKP8 is potent at the three tested MOIs and could control the bacterial growth over the three hours.




2.8. Phage Temperature, pH, and UV Stability


The stability values of phage ZCKP8 were investigated for a whole one hour at different temperatures, pH, and UV which will be shown in Figure 5. Phage ZCKP8 titers were stable at approximately     10  8      PFU/mL for 60 min at temperatures of −20, 4, 37, 50, and 60 °C. However, when the phage was incubated at 70 °C, its titer rapidly decreased to     10  7    PFU/mL, and upon incubation at 80 °C, the titer drastically dropped below the detection limit. These results indicated that the phage could tolerate standard temperature environments, as it will be shown in Figure 5A. Phage ZCKP8 maintained an excellent pH range of 5.0–9.0 at approximately     10   10     PFU/mL, but its titers dramatically decreased ten times at pH (4.0, 10.0, and 12). When incubated at pH 1 and pH 13, the phage was utterly inactive. Thus, the optimum pH range for phage ZCKP8 was found to be 5.0–9.0, as it will be shown in Figure 5B. Phage ZCKP8 maintained an excellent activity of the UV stability even when it decreased from     10   10     to approximately     10  8    PFU/mL after 15 min. However, its titers dramatically decreased 10 folds after 30 min, and the phage was still stable within 45 min. After 45 min, the titers of phage gradually decreased until it was utterly inactive at 60 min. Thus, the optimum UV stability for phage was observed at 15, 30, and 45 min, as shown in Figure 5C.




2.9. In Vivo Wound Healing


2.9.1. Photodocumentary Analysis and Wound Healing Percentage


The images shown in Figure 6 represent the treated and nontreated wounds with the phage on zero day, 4th, 7th, 10th, 14th, and 17th post-surgery.




2.9.2. Wound Healing Percentage


Starting from the 7th day, the two treated infected groups with phage suspension and phage impeded in gel showed a reduction in the wound area, where the wound closure percentages were 32.42% and 37.84%, respectively. While, the wound healing percentage was 15.3% and 0% in the negative control group and the positive control group (Infected wound without treatment), respectively. On the 17th, the treated groups with phage suspension and gel reached a maximum of 99% of wound closure, where the negative control group reached 97.43% while, the positive control group showed a minimum of 79.76% wound closure, as shown in Figure 7.




2.9.3. Histopathological Analysis of Wound Healing


The histopathological images represented in Figure 8 show that the wound tissues from day 17 are stained with H&E, Masson’s trichrome, and immunostaining.



The skin section from the positive and negative control groups showed epithelial re-epithelialization, with an epidermal thickness of 47 ± 1.0 µm, and regenerated skin appendages >5/HPF (score 3). The dermis showed a remodeling phase of healing formed of collagen fibers mean was 96 ± 0.8% of the wound area evidenced by Masson’s trichrome staining, with scant residual granulation tissue formed of few dermal lymphocytes mean was 7 ± 1.1/HPF using CD45 IHC. The mean blood vessel count was 4 ± 0.7/HPF and 5 ± 2.1 myofibroblasts/HPF using α-SMA IHC.



The skin section from the nontreated infected group showed epidermal ulceration, with a thick crust of 33.6 ± 1.2µm, lacking skin appendages (score 0). The dermis showed fibrous tissue, evidenced by Masson trichrome staining and was predominantly in the inflammatory phase with early proliferation phase of wound healing consisting of abundant acute inflammation, granulation tissue amount formed of newly-formed blood vessels, mean 35.2 ± 1.3/HPF, the inflammatory cells mean was 80 ± 2.0/HPF, the myofibroblasts count mean was 15.3 ± 2.4/HPF. With few dermal fibrous tissue fibers, the mean was 22.3 ± 1.7% of the total area was confirmed by using α-SMA IHC, and the increased number of lymphocytes 60/HPF was confirmed by using immunohistochemistry for CD-45.



The skin section from the infected wound was treated with phage suspension, showing epidermal re-epithelialization of epidermis thickness 33 ± 1.2 µm, with the regeneration of the skin appendages <5/HPF (score 2). In addition, the dermis shows the remodeling phase of wound healing formed mainly of collagen fibers, mean area 75 ± 2.4% evidenced by using Masson’s trichrome staining, and the residual amount of granulation tissue formed of newly formed blood vessels, mean 6 ± 0.4/HPF, myofibroblasts 7 ± 0.9/HPF was confirmed by using immunohistochemistry for α-SMA. In addition, the mean many lymphocytes were 8 ± 1.1/HPF and confirmed by using immunohistochemistry for CD-45.



The skin section from the infected wound was treated with phage embedded in gel showed epidermal re-epithelialization with a mean thickness of 50.3 ± 0.9 µm with regenerated skin appendages >5/HPF (score 3). The healing process was in the remodeling healing phase; with the wound area formed mainly of collagen fibers evidenced by Masson’s trichrome staining, the mean area was 98.4 ± 1.3%. The dermis revealed the scanty amount residual of the granulation tissue which was fully matured into collagen fibers, the mean count of the newly formed blood vessels was 5 ± 0.4/HPF, and the mean number of myofibroblasts was 2 ± 0.4/HPF confirmed by using α-SMA IHC with decreased number of the lymphocytes, mean value was 6.3 ± 1.0/HP confirmed by using CD-45 IHC.






3. Discussion


The increased rate of multi-drug resistant K. pneumoniae poses a significant public health risk especially with the restricted number of therapeutic choices. Phages are promising alternative candidates to chemical antibiotics because of their high host specificity, natural abundance, and developmental characteristics for this task.



In this study, phage ZCKP8 was isolated from wastewater and produced lysis zones with halos (≥20 plaques) when plated on K. pneumoniae isolates. The results revealed that the phage ZCKP8 was efficiently generating 100% lysis in K. pneumoniae isolates. In comparison with phages vB_KpnS_FZ10, vB_KpnS_FZ41, vB_KpnP_FZ12, and vB_KpnM_FZ14, the phage demonstrated strong lytic activity, which indicates its potential for bacterial infection prevention and therapy. From the above-mentioned phages, three out of four investigated phages produced lysis sites with halos [24].This phenomenon was most likely caused by the release of soluble polysaccharide-degrading enzymes such as capsule depolymerase, which can possibly destroy the K. pneumoniae capsules [25].



Interestingly, ZCKP8 had shown to have a slight range when it infected 8 out of 20 bacterial strains. However, as demonstrated by ZCKP8, the phage can lyse several Klebsiella strains. Usually, the host is utilized to isolate the phage. The traditional isolation process aims to use the most susceptible bacterial host for enrichment Nevertheless, current evidence suggests that isolating phages with broader host ranges is more likely when numerous hosts are used during the isolation [26]. Furthermore, the phage’s host range activity can evolve and change over time [27]. In contrast, the lytic phage KPO1K2, which is specific for K. pneumoniae B5055, may infect a variety of K. pneumoniae strains as well as several E. coli strains, and hence has a broader host range than the clade-specific phage BO1E [28].



Interestingly, in the temperature range from −20 and 70 °C, it was observed that ZCKP8 was relatively thermally stable. ZCKP8 maximal activity was detected at 50 °C, with a moderate decrease of 2 log10 PFU/mL at 70 °C. K. pneumoniae phages, including wKp-lyy15, phage Z, PKP126, vB_Klp_1, vB_Klp_3, vB_Klp_4, vB_Klp_5, and vB_Klp_6, were previously mentioned to be active at 70 °C [29,30,31].



In this current study, phage ZCKP8 maintained a high activity in the pH range of 5.0–9.0. While in other studies the titer of the phage was dramatically decreased to 1 log10 at pH 4.0 and 10.0 The ZCKP8 phage was stable at pH 7 such as the previously tested Phage vB-GEC_Ab-M-G7 [32], but PFU/mL reduced two logs at pH 5, one log at pH 9, three logs at pH 11, and over five logs at pH 3 after 24 h of incubation at 37 °C. Phage ZCKP8 maintained an excellent activity of the UV stability around 108 PFU/mL at 15 min, but the phage’s titer rapidly declined until it was entirely inactive at 60 min. As a result, the best UV stability for phage was found at 15, 30, and 45 min. The titer of phage decreased considerably by almost 80% after 10 min of UV exposure, and after 60 min of exposure, the viability was fewer than 0.0007% [33].



This research tested the antibacterial efficacy of phage ZCKP8 both in vitro and in vivo on a rat model. The replication dynamics findings showed that phage ZCKP8 successfully reduced the growth of KP/15, with negligible resistant colonies developing at MOI 0.1 due to a low rate of resistance to ZCKP8’s lytic activity. Furthermore, at MOI 1 and 10, phage ZCKP8 lysed KP/15, resulting in a reduction in viable bacteria as the PFU increased to 10.0 log10 PFU/mL. The results showed that the efficacy of phage ZCKP8 to control the bacterial host (KP/15) is concentration-dependent, which matches with the results from phage vB_KpnS_Kp13. That is because the phage vB_KpnS_Kp13 prevented the propagation of K. pneumoniae 533 in a concentration-dependent manner in LB broth over 24 hours at an MOI between 0.0001 and 100 [34]. By using a high phage titer, the chances of phage to attack its host cells with high efficacy in killing and reducing the number of target hosts will increase over a short period.



It was reported that several phages were isolated to treat K. pneumoniae and most of them belong to Siphoviridae [35], Podoviridae [36], and Myoviridae [24]. Moreover, the genome size of the isolated ZCKP8 was 48.5 kbp and the images of TEM confirmed that this phage belongs to the Siphoviridae family. Bioinformatic predictions demonstrated that ZCKP8 is a virulent phage as protein-coding genes related to lysogenies such as transposases, integrase, and λ repressor protein (CI) were not identified [35,36,37]. Further experimental testing will be performed to confirm the absence of virulence genes. Therefore, this phage may be safe for phage therapy application due to the absence of the antibiotic resistance genes and the genes that encode for virulence factors [38].



In this research, the therapeutic efficiency of phage ZCKP8 was examined on rats to treat full-thickness wounds infected with K. pneumoniae clinical isolate (KP/15) which is resistant to multiple antibiotics, including Amikacin (AK; 30 μg), Aztreonam (ATM 30 μg), Ciprofloxacin (CIP; 5 μg), Ceftazidime (CAZ; 30 μg), Cefepime (Fep; 30 μg), Gentamicin (CN; 10 μg), Imipenem (IPM; 10 μg), Levofloxacin (LEV; 5 μg), Sulfamethoxazole/trimethoprim (SXT; 25 μg), Tigecycline (TGC; 15 μg), piperacillin/tazobactam (TZP; 110 μg), and Linezolid (LZD; 30 μg). From the histopathological results, it was clear to us that among the groups, whose wound was infected with K. pneumoniae, the better healing was observed in the group treated with the phage embedded in the gel. This was evidenced via the complete healing process, reaching the remodeling phase with full restoration of the epidermal thickness and skin appendages regeneration. We found this comparable to the sterile wound healing process for the nontreated and noninfected group with some superior features such as the epidermal thickness, the collagen deposition and the minimal amount of the residual granulation tissue [39]. The better healing efficiency for this group might be attributed to the longer residence time of the phage at the infected wound site, which allows delivering an enormous dose of phage capable of overcoming the bacterial infection. On the other hand, the phage solution revealed essential features of the advanced healing process, the latter was not as fully mature as using the phage embedded in the gel. This could be attributed to the easy elimination from the wound site, so the amount of phage delivered to the infected wound site is not accurate and may not be able to overcome all the bacterial infection quickly [40].



The biofilm genesis via bacterial infection was reported to be participating in the extended inflammation and pathologic mechanisms responsible for delayed wound healing, as in the nontreated infected group. The findings of this study show that topical application of phages represents a potentially effective treatment for wounds infected with K. pneumoniae clinical isolate that may enhance the healing process due to their potent antimicrobial activity and disruption of biofilm formation [41]. Therefore, this phage can minimize the incidence of septicemia caused by wound infection and decrease mortality in patients.



A phage diversity understanding in nature can contribute to the future development of phage-based therapeutics. Phage treatment has shown a promising possible therapy to MDR-KP’s continuing growth and dissemination. Furthermore, the widespread use of phage therapy in Eastern Europe and the outcomes of the few human studies conducted in the West suggest that phages are usually deemed safe for use in humans.




4. Materials and Methods


4.1. Bacterial Strains Isolation and Stocking


In March 2019, clinical sputum samples from K. pneumoniae patients were collected from hospitals and provided to Zewail City of Science, Technology, and Innovation’s center for microbiology and phage therapy. Sputum samples were inoculated aseptically on MacConkey agar (MAC; Oxoid, UK) plates and incubated at 37 °C overnight. A total of twenty K. pneumoniae isolates were recognized by their morphology and were preserved at −80 °C in tryptone soy broth, known as (TSB), that includes (w/v) 20% glycerol. The isolated colonies of the K. pneumoniae bacteria were cultured at 37 °C after overnight growth on the tryptic soy agar, short for (TSA).




4.2. Bacterial Identification and Confirmation by PCR


PCR reaction was performed using 25 μL of 1× Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), 1 µL of the forward primer (5′-ATTTGAAGAGGTTGCAAACGAT-3′), 1 µL of the reverse primer (5′-TTCACTCTGAAGTTTTCTTGTGTTC-3′), and 5 μL of crude DNA extract (isolated via QIAamp DNA Mini Kit), and 18 μL of nuclease-free water. PCR conditions were as follows: initial denaturation at 94 °C for 5 min, then 35 cycles at 94 °C for 1 min, 58 °C for 1 min, and 72 °C for 1 min. The final extension was at 72 °C for 7 min. PCR products were separated by agarose gel electrophoresis in a 1.5% (w/v) gel. The band was supposed to be found at 130 bp [42].




4.3. 16S rRNA Gene Sequencing


A second PCR reaction was carried out in 50 μL volumes of the following; 25 μL of 1× Master Mix (Thermo Scientific), 5 μL of crude DNA extract (isolated via QIAamp DNA Mini Kit), and 18 μL of nuclease-free water, and 1 µL of the forward primer (5′-AGAGTTTGATCCTGGCTCAG-3′), 1 µL of the reverse primer (5′-TACGGYTACCTTGTTACGACTT-3′). PCR conditions were as follows: initial denaturation at 94 °C for 3 min, then 30 cycles at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min. The final extension was at 72 °C for 10 min. PCR products were separated by agarose gel electrophoresis in a 1.5% (w/v) gel [43]. The amplified fragment of 16S rRNA gene was purified using QIAEX II Gel Extraction Kit (QIAGEN, Hilden, Germany) following the manufacturer’s instructions [44]. The purified PCR product was sequenced along with the aforementioned universal primer set. The 16S rRNA sequence was determined with a model 373A automated fluorescent DNA sequencer (Applied Biosystem, Waltham, MA, USA). The obtained nucleotide sequence of 16S rRNA gene was processed through Finch TV software (https://digitalworldbiology.com/FinchTV/ accessed on 27 June 2021). BLASTN (Basic Local Alignment Search Tool, http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi/, accessed on 27 June 2021) against the 16S ribosomal RNA database was performed to identify the isolated strain [45]. The sequenced 16S rRNA sequence was deposited into the GenBank under the accession number SUB9914464.




4.4. Antibiotic Sensitivity Test


In accordance with the National Committee for Clinical Standards guidelines, antimicrobial sensitivity testing was performed on 20 K. pneumoniae isolates using disk diffusion methods. By evaluating the bacterial growth inhibition zone around the antibiotic discs, twelve different antibiotics were chosen based on their effectiveness against the K. pneumoniae bacteria, belonging to the Enterobacteriaceae family. Each strain was exposed to different discs of the antibiotics such as Amikacin (AK;30 μg), Aztreonam (ATM 30 μg), Ciprofloxacin (CIP; 5 μg), Ceftazidime (CAZ; 30 μg), Cefepime (Fep; 30 μg), Gentamicin (CN; 10 μg), Imipenem (IPM; 10 μg), Levofloxacin (LEV; 5 μg), Sulfamethoxazole/trimethoprim (SXT; 25 μg), Tigecycline (TGC; 15 μg), piperacillin/tazobactam (TZP; 110 μg), and Linezolid (LZD; 30 μg).




4.5. Phage Selection, Isolation, Purification, and Amplification


Six different phages were obtained from sewage water in Giza, Egypt. The water samples were centrifuged at 4000 rpm and the supernatant was filtered from other bacteria using 0.2 µm porous syringe filters [46]. Enrichment was performed to isolate the phages, then chloroform was added for phage filtration [47]. The purified culture was centrifuged for 20 min at 5000 rpm and 4 °C. The antibacterial effectiveness of isolated phages was assessed by carrying out the double-layer agar experiment and the spotting test [48]. A clear plaquing phage was selected for further characterization using K. pneumoniae (KP/15) as a bacterial host. Each phage plaque was purified by repeating the isolation of a single plaque process. All isolated phages were amplified in TSB, and the lysates were centrifuged at 5000× g for 15 min at 4 °C [49,50]. After that, the supernatant, containing phages, was centrifuged for 1 h at 15,300× g at 4 °C. The pellet was resuspended in SM buffer and purified through 0.22 μm syringe filters. Moreover, double-agar overlay plaque assays were used to assess the titers of the phages [51]. The titer of phage suspension was diluted 10 folds in a 96-well plate, where each lane contained exactly 180 μL of SM buffer and 20 μL of phage suspension. Only 10 μL aliquots were spotted in triplicate onto bacterial lawns [52].




4.6. Characterization of the Isolated Phage


4.6.1. Pulsed Field Gel Electrophoresis (PFGE)


Pulsed-field gel electrophoresis was used to determine the genomic size of phage ZCKP8 (1010 PFU/mL) DNA [53]. In brief, phage was suspended in agarose plugs and digested with lysis buffer (0.2% w/v SDS [Sigma Aldrich, Gillingham, UK]; 1% w/v N-Lauryl sarcosine [Sigma Aldrich, Gillingham, UK]; 100 mM EDTA; 1 mg/mL Proteinase K [ThermoFischer Scientific], Waltham, MA, USA), overnight at 55 °C for 18 h with gentle shaking to lyse the phage capsids and digest protein components. Two slices of agarose-containing DNA were inserted into the wells that contain 1% w/v agarose gel after being washed with washing buffer. The gel was run in 0.5× Tris-borate-EDTA at 14 °C for 18 h at 200 V (6 V/cm) with a switch time of 30 to 60 s by using a Bio-Rad CHEF DRII system. The genome size was determined in comparison with standard concatenated lambda DNA markers (Sigma Aldrich, Gillingham, UK).




4.6.2. Examination of Phage Morphology by Electron Microscopy (TEM)


Phage ZCKP8 morphology was imaged on glow-discharged (1 min under vacuum) by using TEM via the National Research Center (Cairo, Egypt) [54]. The phage suspension was submerged on Formvar carbon-coated copper grids (Pelco International); the phage was fixed with glutaraldehyde (2.5% v/v), washed, and stained with 2% phosphotungstic acid (pH 7.0). A transmission electron microscope was used to examine grids after they had dried (JEOL 1230).




4.6.3. Host Range Determination


The host range of six different phages isolated from sewage water, including phage ZCKP8, tested over twenty K. pneumoniae isolates. An aliquot of 100 μL of freshly cultured bacteria was mixed with 4 mL of 0.5% top agar and poured onto a 1.5% TSA agar plate for the spot examination. After the top agar had solidified, 10 μL of phage suspension were spotted on the plates and incubated overnight at 37 °C [2].




4.6.4. Phage DNA Sequencing


Proteinase K treatment (100 μg/mL in 10 mM EDTA pH 8) was used to prepare genomic DNA from phage ZCKP8 (    10   10     PFU/mL) lysates, followed by resin purification using the Wizard DNA kit (Promega, UK), according to the manufacturer’s instructions. The Illumina MiSeq platform was used to perform DNA Sequencing. Library preparation was performed using the Illumina Nextera tagmentation protocol (Illumina, Cambridge, UK). The data contained paired-end sequences with a length of 150 bp. The sequences were evaluated for accuracy using FASTQC [55]. Sequences were de novo assembled using SPAdes [56] with K-mers of 21, 33, 55, 77, and 99 resulting in a unique contig of 48,490 bp. BLASTNagainst the nucleotide collection database was used to identify the matches to previously sequenced phages. Then, the top matched phages were imported into MEGA-X [57] to draw a phylogenetic tree using the CLUSTAL-W aligner [58] and the best Maximum Likelihood fit model (GTR: General Time Reversible substitution model, G: Gamma distributed among sites). Open-reading frames were predicted using NCBI ORF finder search server using Methionine and alternative initiation codons as a start codon. Then, the predicted ORFs were compared against the NCBI non-redundant protein sequences (nr) database using BLASTp to identify putative coding sequences (CDSs). In addition, the predicted ORFs and coding sequences were compared to those predicted through PHASTER [59]. The circular genomic map was prepared using SnapGene Viewer (GSL Biotech; available at https://www.snapgene.com/; access on 20 June 2021). The annotated complete genome of phage ZCKP8 was deposited in the GenBank database under the accession number of MZ440881.




4.6.5. In Vitro Characterization of Phage ZCKP8


For the in vitro assay, Phage lysates were centrifuged, and the supernatant was used for testing lytic activity against MDR bacterial strain [48]. Lytic ability characteristics of phage ZCKP8 at different multiplicities of infection (MOI) of 0.1, 1, and 10 PFU/CFU was demonstrated on exponential-growth-phase cultures of KP/15 (108 CFU/mL) in comparison to bacterial control at a temperature of 37 °C [60]. Colony-forming units (CFU) and plaque-forming units (PFU) were also estimated. Briefly, the bacterial culture at a given concentration (control) and phage matching the desired MOI (Test) was filled with two flasks. Phage ZCKP8 was added to K. pneumoniae KP/15 in the log-phase of growth. The concentrations of BS, CFU, and PFU were estimated periodically at different time intervals (0, 10, 20, 30, 40, 60, 75, 90, 120, 150, and 180 min). Experiments were performed in triplicates.




4.6.6. Efficiency of Plating (EOP)


Phage ZCKP8 was tested overall the susceptible bacterial strains lysed in the spot assays three times using eight decimal dilutions [61]. (EOP = phage titer on target bacterium/phage titer on bacterium) to determine the efficiency of each phage against a diversity of target bacteria. Conditions of these experiments were the same as spot tests using log-phase bacteria. Therefore, 50 μL of each bacterial isolate was added to top agar, and various phage dilutions were spotted on TSA ager plates. The plates had been incubated at 37 °C overnight. EOP was calculated the next day as the average PFU on target bacteria divided by the average PFU on host bacteria.




4.6.7. Determination of the Frequency of BIM


As previously described, the frequency of the emergence of BIM was estimated [62]. Phage ZCKP8 was combined with bacterial host strains that were confirmed to be susceptible to the phage, including K. pneumoniae strains, at a MOI of 100. After 10 min of incubation at 37 °C, the suspension was serially diluted and spotted using double-agar overlay plaque testing in triplicate; then, the plates were incubated overnight. BIM was calculated by dividing viable bacterial counts that remained after phage infection by initial viable counts.




4.6.8. Phage pH, Temperature, and UV Stability


The temperature stability of phage ZCKP8 (    10   10     PFU/mL) was assessed at −20 °C, 4 °C, 37 °C, 50 °C, 60 °C, 70 °C, and 80 °C after 1 h incubation in a water bath. The serial dilutions of the phage were spotted three times immediately after incubation, using a double-layer standard technique; on a lawn of host strain (KP/15) to estimate the titers of phage [63]. The UV stability of phage ZCKP8 was evaluated at 15, 30, 45, and 60 min. After the incubation, serial dilutions of phage were spotted in triplicate, using standard double-layer technique; on a lawn of host strain (KP/15) to estimate phage titers. The bacterial counts of ZCKP8 at different pH values of 1, 2, 4, 5, 7, 9, 10, 12, and 13 were determined after 24 h incubation, and then the phage titer was determined [64]. To preserve comparative conditions, different pH values were achieved in the SM phage buffer [65].





4.7. In Vivo Wound Healing Efficiency Using ZCKP8 Phage on a K. pneumoniae Infected Wound on a Rat Model


4.7.1. Surgical Procedures of Full-Thickness Wound Model


The phage can be applied locally to the wounded skin area either suspended in SM buffer solution or impeded in a gel vehicle (KLY lubricating Jelly) to examine its healing potential on the K. pneumoniae infected full-thickness excision skin wound using a rat model. All in vivo animal studies were approved by the Animal Care Committee of the Alexandria University (ALEXU-IACUC), with an authorized acceptance for the surgical procedures (AU-IACUC-14/2100601-3-7).



Twenty Wistar male rats (8 weeks old) were chosen in the in vivo study weighing approximately 180–200 g. The rats were housed solely in independent stainless-steel boxes with free access to standard laboratory diet and mineral water ad libitum. The surgical steps for the complete thickness excision wound were achieved based on what was previously published [66,67,68]. The animals were doped by injecting xylazine (10 mg/kg) and ketamine (60 mg/kg) into the muscle. Then, the back hair was segregated using an electric shaver, and circular, 15-mm diameter full-thickness wounds were generated using surgical scissors (one wound/rat). Wound infection was accomplished by inoculating K. pneumoniae into the wound area (1.5 ×     10  8    CFU/mL) for two hours before applying the treatment. Ketoprofen (100 mg/kg) was given via I.M route immediately after surgery to alleviate pain till the symptoms were resolved. The % wound closure of each rat was estimated via measuring and photographing the reduction in the wound diameter. The animals were randomly assorted into four sections with five rats, including negative control group, applied sterile gauze (no wound infection). The three rest groups applied sterile gauze [69] phage suspension (200 µL) [70], and phage impeded in a KYL commercial Lubricating gel by mixing phage suspension (9.0 log10 PFU/mL) to gel at a ratio of 1:1, volume per volume (v/v) respectively to K. pneumoniae infected wound [71].The wound was rated and photographed via a digital camera on days 3, 7, 10, 14, and 17 after surgery [72]. The wound area was estimated using digital caliber, and the % wound closure rate was calculated from the following equation [73].


Wound closure (%) = [1 − (Wound area at the given day/Wound area at the day 0)] × 100.












4.7.2. Histological Examination


On day 17 the rats were sacrificed, followed by removing the tissue from the wound bed and its surrounding healthy skin to assess the skin restoration in the healed region. Then, the tissue was fixed in 10% formaldehyde and embedded in paraffin blocks for histopathological investigations. After that, the skins sections were stained with hematoxylin and eosin (H&E) and examined under a light microscope (Leica, Wetzlar, Germany). Then, a histological examination of the whole wound area was carried out and the mean value of the percentage of the fibrous tissue, the epidermal thickness was quantified using ImageJ, v1.53 (Baltimore, MD, USA). The skin appendages were scored (no skin appendages 1, few <5/wound are 2 and >5/wound area 3). The skin sections were also stained with Masson Trichrome staining. ImageJ, color deconvolution v1.53 (Baltimore, MD, USA) was used to quantify the percentage area of fibrosis in each specimen [72,73].




4.7.3. IHC Staining and Interpretation


IHC of all sections was carried out using the Avidin-Biotin-Peroxidase method [30]. CD45 (Ready to use primary antibody, mouse anti-human, monoclonal antibody, P0042; Leica Biosystems, Buffalo Grove, IL, USA) and α-SMA (Ready to use primary antibody, mouse anti-human, monoclonal antibody, P0943; Leica Biosystems, Buffalo Grove, IL, USA) were used to stain the lymphocytes, blood vessels, and myofibroblasts respectively. Then, the antibodies were added to each section using the Bond-Max fully automated immunostainer (Leica Biosystems, Buffalo Grove, IL, USA). The quantification of the IHC of CD45 and α-SMA was performed in each slide, using the quantitative-image analysis (Leica microsystems, Heerbrugg, Switzerland). At the end of the experiment, the concentration of phage was determined to ensure that the dose was fixed throughout the in vivo experiment.






5. Conclusions


The continuous increase in drug-resistant bacteria has led scientists to search for alternative treatments to antibiotics such as phage therapy. The illustrated results suggest that the phage ZCKP8 is a promising candidate for further investigation in phage-therapy research. In conclusion, a novel phage, ZCKP8, with activity against K. pneumoniae KP/15 was isolated and characterized in vitro. The phage belongs to the Siphoviridae family, and showed good tolerance to a range of temperatures, pH and UV, and was stable under long-term storage conditions. Additionally, ZCKP8 showed high therapeutic efficacy in vivo on the rat model as it treats full-thickness wounds infected with a K. pneumoniae clinical isolate, which is resistant to multiple antibiotics. Thus, Phage ZCKP8 showed excellent potential to be used as a therapeutic agent against K. pneumoniae infections. Therapeutic trials will be used to confirm its potential as an antibacterial therapeutic agent. Hopefully, in the future, the availability of a large variety of phages may allow the development of multi-phage cocktail therapy possible.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/antibiotics10091048/s1, Table S1: Genome annotation of the ZCKP8 genome.





Author Contributions


Conceptualization, M.S.F. and A.E.-S.; methodology, M.S.F., T.A.H., M.M.A., N.N.M., R.G.A.; software, A.S.A. and M.A.; validation, M.S.F. and A.E.-S.; writing—original draft preparation, M.S.F., T.A.H., M.M.A., M.A., N.R., R.G.A., N.N.M. and A.E.-S.; writing—review and editing, M.S.F. and A.E.-S.; supervision, A.E.-S. and M.S.F.; funding acquisition, A.E.-S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Egyptian Sciences and Technology Development Fund (STDF), grant #41909 and Zewail City of Science and Technology internal grant No. ZC 019-2019.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of Animal Care Committee of the Alexandria University (ALEXU-IACUC) (AU-IACUC-14/2100601-3-7 and 1 June 2021).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank Reem El-Menyawy, Joinville Naoum, Bishoy Mauwad, and Kareem Essam for their help to finalize the manuscript. We would like to thank Fatma Abdelrahman for extracting phage DNA and sequencing.




Conflicts 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.




References


	



Das, A.; Acharya, S.; Behera, B.K.; Paria, P.; Bhowmick, S.; Parida, P.; Das, B. Isolation, identification and characterization of Klebsiella pneumoniae from infected farmed Indian Major Carp Labeo rohita (Hamilton 1822) in West Bengal, India. Aquaculture 2018, 482, 111–116. [Google Scholar] [CrossRef]

	



Anand, T.; Virmani, N.; Kumar, S.; Mohanty, A.K.; Pavulraj, S.; Bera, B.C.; Vaid, R.K.; Ahlawat, U.; Tripathi, B. Phage therapy for treatment of virulent Klebsiella pneumoniae infection in a mouse model. J. Glob. Antimicrob. Resist. 2020, 21, 34–41. [Google Scholar] [CrossRef]

	



Cao, F.; Wang, X.; Wang, L.; Li, Z.; Che, J.; Wang, L.; Li, X.; Cao, Z.; Zhang, J.; Jin, L.; et al. Evaluation of the Efficacy of a Bacteriophage in the Treatment of Pneumonia Induced by Multidrug ResistanceKlebsiella pneumoniaein Mice. BioMed Res. Int. 2015, 2015, 1–9. [Google Scholar] [CrossRef]

	



Ramos-Castañeda, J.A.; Ruano-Ravina, A.; Barbosa-Lorenzo, R.; Paillier-Gonzalez, J.E.; Saldaña-Campos, J.C.; Salinas, D.F.; Lemos-Luengas, E.V. Mortality due to KPC carbapenemase-producing Klebsiella pneumoniae infections: Systematic review and meta-analysis. J. Infect. 2018, 76, 438–448. [Google Scholar] [CrossRef]

	



Cryz, S.J. Progress in immunization againstKlebsiella infections. Eur. J. Clin. Microbiol. Infect. Dis. 1983, 2, 523–528. [Google Scholar] [CrossRef]

	



Chung, P.Y. The emerging problems ofKlebsiella pneumoniaeinfections: Carbapenem resistance and biofilm formation. FEMS Microbiol. Lett. 2016, 363, 219. [Google Scholar] [CrossRef]

	



Shoma, S.; Kamruzzaman, M.; Ginn, A.N.; Iredell, J.R.; Partridge, S.R. Characterization of multidrug-resistant Klebsiella pneumoniae from Australia carrying blaNDM-1. Diagn. Microbiol. Infect. Dis. 2014, 78, 93–97. [Google Scholar] [CrossRef] [PubMed]

	



Moghadam, M.T.; Khoshbayan, A.; Chegini, Z.; Farahani, I.; Shariati, A. Bacteriophages, a New Therapeutic Solution for Inhibiting Multidrug-Resistant Bacteria Causing Wound Infection: Lesson from Animal Models and Clinical Trials. Drug Des. Dev. Ther. 2020, 14, 1867–1883. [Google Scholar] [CrossRef]

	



Simões, D.; Miguel, S.A.P.; Ribeiro, M.; Coutinho, P.; Mendonça, A.; Correia, I.J. Recent advances on antimicrobial wound dressing: A review. Eur. J. Pharm. Biopharm. 2018, 127, 130–141. [Google Scholar] [CrossRef]

	



Bowler, P.G.; Duerden, B.I.; Armstrong, D.G. Wound Microbiology and Associated Approaches to Wound Management. Clin. Microbiol. Rev. 2001, 14, 244–269. [Google Scholar] [CrossRef]

	



Stearns-Kurosawa, D.J.; Osuchowski, M.F.; Valentine, C.; Kurosawa, S.; Remick, D.G. The Pathogenesis of Sepsis. Annu. Rev. Pathol. Mech. Dis. 2011, 6, 19–48. [Google Scholar] [CrossRef] [PubMed]

	



Shariati, A.; Moradabadi, A.; Azimi, T.; Ghaznavi-Rad, E. Wound healing properties and antimicrobial activity of platelet-derived biomaterials. Sci. Rep. 2020, 10, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Cienfuegos-Gallet, A.V.; de Los Ríos, A.M.; Viana, P.S.; Brinez, F.R.; Castro, C.R.; Villamil, G.R.; del Corral Londoño, H.; Jiménez, J.N. Risk factors and survival of patients infected with carbapenem-resistant Klebsiella pneumoniae in a KPC endemic setting: A case-control and cohort study. BMC Infect. Dis. 2019, 19, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Scalise, A.; Bianchi, A.; Tartaglione, C.; Bolletta, E.; Pierangeli, M.; Torresetti, M.; Marazzi, M.; Di Benedetto, G. Microenvironment and microbiology of skin wounds: The role of bacterial biofilms and related factors. Semin. Vasc. Surg. 2015, 28, 151–159. [Google Scholar] [CrossRef]

	



Fijan, S.; Frauwallner, A.; Langerholc, T.; Krebs, B.; ter Haar née Younes, J.A.; Heschl, A.; Mičetić Turk, D.; Rogelj, I. Efficacy of Using Probiotics with Antagonistic Activity against Pathogens of Wound Infections: An Integrative Review of Literature. BioMed Res. Int. 2019, 2019, 1–21. [Google Scholar] [CrossRef]

	



Mihai, M.M.; Preda, M.; Lungu, I.; Gestal, M.C.; Popa, M.I.; Holban, A.M. Nanocoatings for Chronic Wound Repair—Modulation of Microbial Colonization and Biofilm Formation. Int. J. Mol. Sci. 2018, 19, 1179. [Google Scholar] [CrossRef]

	



Nakamura, Y.; Daya, M. Use of Appropriate Antimicrobials in Wound Management. Emerg. Med. Clin. N. Am. 2007, 25, 159–176. [Google Scholar] [CrossRef]

	



Chegini, Z.; Khoshbayan, A.; Vesal, S.; Moradabadi, A.; Hashemi, A.; Shariati, A. Bacteriophage therapy for inhibition of multi drug-resistant uropathogenic bacteria: A narrative review. Ann. Clin. Microbiol. Antimicrob. 2021, 20, 1–13. [Google Scholar] [CrossRef]

	



Azimi, T.; Mosadegh, M.; Nasiri, M.J.; Sabour, S.; Karimaei, S.; Nasser, A. Phage therapy as a renewed therapeutic approach to mycobacterial infections: A comprehensive review. Infect. Drug Resist. 2019, 12, 2943–2959. [Google Scholar] [CrossRef]

	



Abdelsattar, A.; Nofal, R.; Makky, S.; Safwat, A.; Taha, A.; El-Shibiny, A. The Synergistic Effect of Biosynthesized Silver Nanoparticles and Phage ZCSE2 as a Novel Approach to Combat Multidrug-Resistant Salmonella enterica. Antibiot. 2021, 10, 678. [Google Scholar] [CrossRef]

	



Harada, L.K.; Silva, E.C.; Campos, W.F.; Fiol, F.D.S.D.; Vila, M.; Dąbrowska, K.; Krylov, V.N.; Balcão, V.M. Biotechnological applications of bacteriophages: State of the art. Microbiol. Res. 2018, 212–213, 38–58. [Google Scholar] [CrossRef] [PubMed]

	



Beceiro, A.; Tomás, M.; Bou, G. Antimicrobial Resistance and Virulence: A Successful or Deleterious Association in the Bacterial World? Clin. Microbiol. Rev. 2013, 26, 185–230. [Google Scholar] [CrossRef]

	



Alsaadi, A.; Beamud, B.; Easwaran, M.; Abdelrahman, F.; El-Shibiny, A.; Alghoribi, M.F.; Domingo-Calap, P. Learning From Mistakes: The Role of Phages in Pandemics. Front. Microbiol. 2021, 12, 653107. [Google Scholar] [CrossRef]

	



Kęsik-Szeloch, A.; Drulis-Kawa, Z.; Weber-Dąbrowska, B.; Kassner, J.; Majkowska-Skrobek, G.; Augustyniak, D.; Łusiak-Szelachowska, M.; Żaczek, M.; Górski, A.; Kropinski, A.M. Characterising the biology of novel lytic bacteriophages infecting multidrug resistant Klebsiella pneumoniae. Virol. J. 2013, 10, 100. [Google Scholar] [CrossRef] [PubMed]

	



Pires, D.P.; Oliveira, H.; Melo, L.; Sillankorva, S.; Azeredo, J. Bacteriophage-encoded depolymerases: Their diversity and biotechnological applications. Appl. Microbiol. Biotechnol. 2016, 100, 2141–2151. [Google Scholar] [CrossRef] [PubMed]

	



Hyman, P.; Abedon, S.T. Practical Methods for Determining Phage Growth Parameters. Methods Mol. Biol. 2009, 501, 175–202. [Google Scholar] [CrossRef] [PubMed]

	



Ross, A.; Ward, S.; Hyman, P. More Is Better: Selecting for Broad Host Range Bacteriophages. Front. Microbiol. 2016, 7, 1352. [Google Scholar] [CrossRef]

	



Verma, V.; Harjai, K.; Chhibber, S. Characterization of a T7-Like Lytic Bacteriophage of Klebsiella pneumoniae B5055: A Potential Therapeutic Agent. Curr. Microbiol. 2009, 59, 274–281. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.; Shi, H.; Zhang, Z.; Han, F.; Li, J.; Sun, Y. Isolation and characterization of a lytic bacteriophage φKp-lyy15 of Klebsiella pneumoniae. Virol. Sin. 2015, 30, 66–68. [Google Scholar] [CrossRef]

	



Park, E.-A.; Kim, Y.-T.; Cho, J.-H.; Ryu, S.; Lee, J.-H. Characterization and genome analysis of novel bacteriophages infecting the opportunistic human pathogens Klebsiella oxytoca and K. pneumoniae. Arch. Virol. 2016, 162, 1129–1139. [Google Scholar] [CrossRef]

	



Karumidze, N.; Kusradze, I.; Rigvava, S.; Goderdzishvili, M.; Rajakumar, K.; Alavidze, Z. Isolation and Characterisation of Lytic Bacteriophages of Klebsiella pneumoniae and Klebsiella oxytoca. Curr. Microbiol. 2013, 66, 251–258. [Google Scholar] [CrossRef] [PubMed]

	



Kusradze, I.; Karumidze, N.; Rigvava, S.; Dvalidze, T.; Katsitadze, M.; Amiranashvili, I.; Goderdzishvili, M. Characterization and Testing the Efficiency of Acinetobacter baumannii Phage vB-GEC_Ab-M-G7 as an Antibacterial Agent. Front. Microbiol. 2016, 7, 1590. [Google Scholar] [CrossRef] [PubMed]

	



Wintachai, P.; Naknaen, A.; Thammaphet, J.; Pomwised, R.; Phaonakrop, N.; Roytrakul, S.; Smith, D.R. Characterization of extended-spectrum-β-lactamase producing Klebsiella pneumoniae phage KP1801 and evaluation of therapeutic efficacy in vitro and in vivo. Sci. Rep. 2020, 10, 1–18. [Google Scholar] [CrossRef]

	



Horváth, M.; Kovács, T.; Koderivalappil, S.; Ábrahám, H.; Rákhely, G.; Schneider, G. Identification of a newly isolated lytic bacteriophage against K24 capsular type, carbapenem resistant Klebsiella pneumoniae isolates. Sci. Rep. 2020, 10, 1–11. [Google Scholar] [CrossRef]

	



Jamal, M.; Hussain, T.; Das, C.R.; Andleeb, S. Characterization of Siphoviridae phage Z and studying its efficacy against multidrug-resistant Klebsiella pneumoniae planktonic cells and biofilm. J. Med. Microbiol. 2015, 64, 454–462. [Google Scholar] [CrossRef]

	



Chhibber, S.; Nag, D.; Bansal, S. Inhibiting biofilm formation by Klebsiella pneumoniae B5055 using an iron antagonizing molecule and a bacteriophage. BMC Microbiol. 2013, 13, 174. [Google Scholar] [CrossRef]

	



Penadés, J.R.; Chen, J.; Quiles-Puchalt, N.; Carpena, N.; Novick, R. Bacteriophage-mediated spread of bacterial virulence genes. Curr. Opin. Microbiol. 2015, 23, 171–178. [Google Scholar] [CrossRef]

	



Colomer-Lluch, M.; Jofre, J.; Muniesa, M. Antibiotic Resistance Genes in the Bacteriophage DNA Fraction of Environmental Samples. PLoS ONE 2011, 6, e17549. [Google Scholar] [CrossRef]

	



Takeo, M.; Lee, W.; Ito, M. Wound Healing and Skin Regeneration. Cold Spring Harb. Perspect. Med. 2015, 5, a023267. [Google Scholar] [CrossRef]

	



Lin, D.M.; Koskella, B.; Lin, H.C. Phage therapy: An alternative to antibiotics in the age of multi-drug resistance. World J. Gastrointest. Pharmacol. Ther. 2017, 8, 162–173. [Google Scholar] [CrossRef]

	



Harper, D.R.; Parracho, H.M.R.T.; Walker, J.; Sharp, R.J.; Hughes, G.; Werthén, M.; Lehman, S.M.; Morales, S. Bacteriophages and Biofilms. Antibiotics 2014, 3, 270–284. [Google Scholar] [CrossRef]

	



Derakhshan, S.; Peerayeh, S.N.; Bakhshi, B. Association Between Presence of Virulence Genes and Antibiotic Resistance in ClinicalKlebsiella PneumoniaeIsolates. Lab. Med. 2016, 47, 306–311. [Google Scholar] [CrossRef]

	



Srivastava, S.; Singh, V.; Kumar, V.; Verma, P.C.; Srivastava, R.; Basu, V.; Gupta, V.; Rawat, A.K. Identification of regulatory elements in 16S rRNA gene of Acinetobacter species isolated from water sample. Bioinformation 2008, 3, 173–176. [Google Scholar] [CrossRef]

	



Abraham, O.-S.J.; Miguel, T.-S.; Inocencio, H.-C.; Blondy, C.-C. A quick and effective in-house method of DNA purification from agarose gel, suitable for sequencing. 3 Biotech 2017, 7, 180. [Google Scholar] [CrossRef] [PubMed]

	



Treves, D.S. Review of Three DNA Analysis Applications for Use in the Microbiology or Genetics Classroom. J. Microbiol. Biol. Educ. 2010, 11, 186–187. [Google Scholar] [CrossRef] [PubMed]

	



Townsend, E.M.; Kelly, L.; Gannon, L.; Muscatt, G.; Dunstan, R.; Michniewski, S.; Sapkota, H.; Kiljunen, S.J.; Kolsi, A.; Skurnik, M.; et al. Isolation and Characterization of Klebsiella Phages for Phage Therapy. PHAGE 2021, 2, 26–42. [Google Scholar] [CrossRef] [PubMed]

	



Bourdin, G.; Schmitt, B.; Guy, L.M.; Germond, J.-E.; Zuber, S.; Michot, L.; Reuteler, G.; Brüssow, H. Amplification and Purification of T4-Like Escherichia coli Phages for Phage Therapy: From Laboratory to Pilot Scale. Appl. Environ. Microbiol. 2013, 80, 1469–1476. [Google Scholar] [CrossRef]

	



Pallavali, R.R.; Degati, V.L.; Lomada, D.; Reddy, M.; Durbaka, V.R.P. Isolation and in vitro evaluation of bacteriophages against MDR-bacterial isolates from septic wound infections. PLoS ONE 2017, 12, e0179245. [Google Scholar] [CrossRef] [PubMed]

	



Abdelsattar, A.S.; Abdelrahman, F.; Dawoud, A.; Connerton, I.F.; El-Shibiny, A. Encapsulation of E. coli phage ZCEC5 in chitosan–alginate beads as a delivery system in phage therapy. AMB Express 2019, 9, 1–9. [Google Scholar] [CrossRef]

	



Islam, M.; Zhou, Y.; Liang, L.; Nime, I.; Liu, K.; Yan, T.; Wang, X.; Li, J. Application of a Phage Cocktail for Control of Salmonella in Foods and Reducing Biofilms. Viruses 2019, 11, 841. [Google Scholar] [CrossRef]

	



Mazzocco, A.; Waddell, T.E.; Lingohr, E.; Johnson, R.P. Enumeration of Bacteriophages by the Direct Plating Plaque Assay. In Advanced Structural Safety Studies; Springer Science and Business Media LLC: Berlin/Heidelberg, Germany, 2009; Volume 501, pp. 77–80. [Google Scholar]

	



Pertics, B.; Cox, A.; Nyúl, A.; Szamek, N.; Kovács, T.; Schneider, G. Isolation and Characterization of a Novel Lytic Bacteriophage against the K2 Capsule-Expressing Hypervirulent Klebsiella pneumoniae Strain 52145, and Identification of Its Functional Depolymerase. Microorganisms 2021, 9, 650. [Google Scholar] [CrossRef]

	



Senczek, D.; Stephan, R.; Untermann, F. Pulsed-field gel electrophoresis (PFGE) typing of Listeria strains isolated from a meat processing plant over a 2-year period. Int. J. Food Microbiol. 2000, 62, 155–159. [Google Scholar] [CrossRef]

	



Taha, O.A.; Connerton, P.L.; Connerton, I.; El-Shibiny, A. Bacteriophage ZCKP1: A Potential Treatment for Klebsiella pneumoniae Isolated From Diabetic Foot Patients. Front. Microbiol. 2018, 9, 2127. [Google Scholar] [CrossRef] [PubMed]

	



LaMar, D. FastQC. 2015. Available online: https://qubeshub.org/resources/fastqc (accessed on 8 July 2021).

	



Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski, A.D.; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing. J. Comput. Biol. 2012, 19, 455–477. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Stecher, G.; Li, M.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, J.D.; Higgins, D.G.; Gibson, T.J. CLUSTAL W: Improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 1994, 22, 4673–4680. [Google Scholar] [CrossRef]

	



Furuno, M.; Kasukawa, T.; Saito, R.; Adachi, J.; Suzuki, H.; Baldarelli, R.; Hayashizaki, Y.; Okazaki, Y. CDS Annotation in Full-Length cDNA Sequence. Genome Res. 2003, 13, 1478–1487. [Google Scholar] [CrossRef]

	



Armon, R.; Kott, Y. A simple, rapid and sensitive presence/absence detection test for bacteriophage in drinking water. J. Appl. Bacteriol. 1993, 74, 490–496. [Google Scholar] [CrossRef] [PubMed]

	



Viazis, S.; Akhtar, M.; Feirtag, J.; Brabban, A.; Diez-Gonzalez, F. Isolation and characterization of lytic bacteriophages against enterohaemorrhagic Escherichia coli. J. Appl. Microbiol. 2011, 110, 1323–1331. [Google Scholar] [CrossRef]

	



O’Flynn, G.; Ross, R.P.; Fitzgerald, G.F.; Coffey, A. Evaluation of a Cocktail of Three Bacteriophages for Biocontrol of Escherichia coli O157:H7. Appl. Environ. Microbiol. 2004, 70, 3417–3424. [Google Scholar] [CrossRef]

	



Capra, M.; Quiberoni, A.; Reinheimer, J. Thermal and chemical resistance of Lactobacillus casei and Lactobacillus paracasei bacteriophages. Lett. Appl. Microbiol. 2004, 38, 499–504. [Google Scholar] [CrossRef]

	



Hammerl, J.A.; Jäckel, C.; Alter, T.; Janzcyk, P.; Stingl, K.; Knüver, M.T.; Hertwig, S. Reduction of Campylobacter jejuni in Broiler Chicken by Successive Application of Group II and Group III Phages. PLoS ONE 2014, 9, e114785. [Google Scholar] [CrossRef] [PubMed]

	



Silva, Y.J.; Costa, L.; Pereira, C.; Cunha, A.; Calado, R.; Gomes, N.; Almeida, A. Influence of environmental variables in the efficiency of phage therapy in aquaculture. Microb. Biotechnol. 2014, 7, 401–413. [Google Scholar] [CrossRef] [PubMed]

	



El-Aassar, M.R.; El-Beheri, N.G.; Agwa, M.M.; Eltaher, H.M.; Alseqely, M.; Sadik, W.S.; El-Khordagui, L. Antibiotic-free combinational hyaluronic acid blend nanofibers for wound healing enhancement. Int. J. Biol. Macromol. 2021, 167, 1552–1563. [Google Scholar] [CrossRef]

	



Shalaby, M.; Agwa, M.; Saeed, H.; Khedr, S.M.; Morsy, O.; El-Demellawy, M.A. Fish Scale Collagen Preparation, Characterization and Its Application in Wound Healing. J. Polym. Environ. 2020, 28, 166–178. [Google Scholar] [CrossRef]

	



Kifelew, L.G.; Warner, M.S.; Morales, S.; Vaughan, L.; Woodman, R.; Fitridge, R.; Mitchell, J.G.; Speck, P. Efficacy of phage cocktail AB-SA01 therapy in diabetic mouse wound infections caused by multidrug-resistant Staphylococcus aureus. BMC Microbiol. 2020, 20, 1–10. [Google Scholar] [CrossRef]

	



Capparelli, R.; Parlato, M.; Borriello, G.; Salvatore, P.; Iannelli, D. Experimental Phage Therapy against Staphylococcus aureus in Mice. Antimicrob. Agents Chemother. 2007, 51, 2765–2773. [Google Scholar] [CrossRef]

	



Merabishvili, M.; Monserez, R.; Van Belleghem, J.; Rose, T.; Jennes, S.; De Vos, D.; Verbeken, G.; Vaneechoutte, M.; Pirnay, J.-P. Stability of bacteriophages in burn wound care products. PLoS ONE 2017, 12, e0182121. [Google Scholar] [CrossRef]

	



Dunn, L.; Prosser, H.C.G.; Tan, M.-J.; Vanags, L.Z.; Ng, M.K.C.; Bursill, C. Murine Model of Wound Healing. J. Vis. Exp. 2013, 75, e50265. [Google Scholar] [CrossRef] [PubMed]

	



Santos, T.; Santos, I.; Pereira-Filho, R.; Gomes, S.; Lima-Verde, I.; Marques, M.; Cardoso, J.; Severino, P.; Souto, E.; Albuquerque-Júnior, R. Histological Evidence of Wound Healing Improvement in Rats Treated with Oral Administration of Hydroalcoholic Extract of Vitis labrusca. Curr. Issues Mol. Biol. 2021, 43, 335–352. [Google Scholar] [CrossRef]

	



Park, I.-S.; Chung, P.-S.; Ahn, J.C. Enhancement of Ischemic Wound Healing by Spheroid Grafting of Human Adipose-Derived Stem Cells Treated with Low-Level Light Irradiation. PLoS ONE 2015, 10, e0122776. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 10 01048 g001 550] 





Figure 1. Transmission electron microscopic image of phage ZCKP8. 
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Figure 2. Phylogenetic relationships between ZCKP8 phage and BLASTN top-matched phages. The closely related phage is Klebsiella phage ZX4 (GenBank Acc. No. NC 054654.1). 
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Figure 3. The ZCKP8 genome map. Only CDSs with known functions are labeled in their positions. Those representing hypothetical proteins are not labeled. 
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Figure 4. These plots represent the in vitro activity of phage ZCKP8 at 37 °C. These panels show bacterial counts and phage titers of K. pneumoniae KP/15 infected with ZCKP8 at (A) MOI of 0.1; (B) MOI of 1; (C) MOI of 10. MOI: Multiplicity of infection; CFU: Colony-forming unit; PFU: Plaque forming unit. 
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Figure 5. These diagrams represent the stability of phage ZCKP8 at different temperatures (A), at different pH values (B), and under UV lamp (C). PFU: Plaque forming unit. 
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Figure 6. Morphometric examination of full-thickness excision wounds in rats at a fixed focal distance by Millimetre (mm) using digital photographs. 
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Figure 7. The wound healing percentage from day 0 to the 17th day in the four groups. 
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Figure 8. Histological analysis of wounded skin section from different rat groups at the 17th-day post wounding. Hematoxylin and eosin (H&E) staining, ×100, Masson Trichrome stain, ×100 and IHC by using α-SMA, and CD-45, ×400 showed in the non-infected, non-treated group complete skin wound healing and remodeling, the infected non-treated group shows epidermal ulceration and crust formation, early inflammatory phase of wound healing and a minimal amount of fibrosis, denoting delayed wound healing. While the infected groups treated with phage suspension and phage embedded in gel show, a complete wound healing and remodeling with adequate amount of fibrosis and epidermal re-epithelialization in the latter group denoting complete maturation of the healing process. 
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Table 1. Antibiotic sensitivity profile for K. pneumoniae isolates over 12 different antibiotics.
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	Antibiotics
	AK 30
	ATM 30
	CIP 5
	CAZ 30
	Fep 30
	CN 10
	IPM 10
	LEV 5
	SXT 25
	TGC 15
	TZP 110
	LZD 30
	MAR Index





	KP/1
	S
	R
	R
	R
	R
	S
	I
	I
	R
	S
	I
	R
	0.5



	KP/2
	S
	R
	R
	R
	R
	S
	S
	I
	R
	R
	R
	R
	0.7



	KP/3
	S
	S
	R
	I
	I
	S
	S
	R
	R
	R
	I
	R
	0.4



	KP/4
	S
	S
	I
	I
	I
	S
	I
	I
	R
	R
	I
	R
	0.3



	KP/5
	R
	S
	R
	R
	R
	S
	R
	R
	R
	R
	R
	R
	0.8



	KP/6
	R
	R
	R
	R
	R
	S
	S
	I
	R
	R
	R
	R
	0.8



	KP/7
	I
	S
	S
	S
	S
	S
	I
	S
	R
	R
	I
	R
	0.3



	KP/8
	R
	R
	R
	R
	R
	R
	R
	I
	R
	R
	R
	R
	0.9



	KP/9
	R
	R
	R
	R
	R
	R
	R
	R
	R
	S
	I
	R
	0.8



	KP/10
	R
	R
	R
	R
	R
	R
	R
	R
	R
	R
	R
	R
	1



	KP/11
	R
	R
	R
	R
	R
	R
	R
	R
	R
	R
	I
	R
	0.9



	KP/12
	S
	R
	R
	R
	R
	R
	S
	R
	R
	R
	I
	R
	0.8



	KP/13
	R
	R
	R
	R
	R
	R
	I
	R
	R
	R
	R
	R
	0.9



	KP/14
	S
	I
	R
	I
	I
	S
	S
	R
	R
	I
	I
	R
	0.3



	KP/15
	I
	R
	R
	R
	R
	S
	S
	I
	R
	R
	R
	R
	0.7



	KP/16
	R
	R
	R
	I
	S
	S
	R
	R
	R
	S
	R
	R
	0.7



	KP/17
	S
	I
	R
	I
	I
	S
	S
	R
	R
	S
	I
	R
	0.3



	KP/18
	S
	R
	I
	S
	R
	S
	S
	S
	R
	S
	S
	R
	0.3



	KP/19
	S
	R
	I
	I
	R
	S
	I
	I
	R
	I
	S
	R
	0.3



	KP/20
	S
	S
	S
	R
	I
	S
	S
	R
	R
	I
	R
	R
	0.4



	Total R%
	8(40%)
	13(65%)
	15(75%)
	12(60%)
	13(65%)
	6(30%)
	6(30%)
	11(55%)
	20(100%)
	12(60%)
	9(45%)
	20(100%)
	







Abbreviations are as follows: (S): Sensitive, (I): Intermediate, (R) Resistant, MAR: Multi-drug resistant, AK: Amikacin, ATM: Aztreonam, CIP: Ciprofloxacin, CAZ: Ceftazidime, Fep: Cefepime, CN: Gentamicin, IPM: Imipenem, LEV: Levofloxacin, SXT: Sulfamethoxazole/trimethoprim, TGC: Tigecycline, TZP: piperacillin/tazobactam, and LZD: Linezolid.
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Table 2. EOP for phage ZCKP8 against K. pneumoniae isolates.
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	Bacterial Species
	K. pneumoniae (n = 8)





	EOP  ≥  1
	4



	EOP  <  1
	4
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