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Abstract

:

As of 29 July 2022, there had been a cumulative 572,239,451 confirmed cases of COVID-19 worldwide, including 6,390,401 fatalities. COVID-19 patients with severe symptoms are usually treated with a combination of virus- and drug-induced immuno-suppression medicines. Critical clinical complications of the respiratory system due to secondary bacterial infections (SBIs) could be the reason for the high mortality rate in COVID-19 patients. Unfortunately, antimicrobial resistance is increasing daily, and only a few options are available in our antimicrobial armory. Hence, alternative therapeutic options such as enzymes derived from bacteriophages can be considered for treating SBIs in COVID-19 patients. In particular, phage-derived depolymerases have high antivirulent potency that can efficiently degrade bacterial capsular polysaccharides, lipopolysaccharides, and exopolysaccharides. They have emerged as a promising class of new antibiotics and their therapeutic role for bacterial infections is already confirmed in animal models. This review provides an overview of the rising incidence of SBIs among COVID-19 patients. We present a practicable novel workflow for phage-derived depolymerases that can easily be adapted for treating SBIs in COVID-19 patients.
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1. Introduction


The world has experienced four serious viral outbreaks during the last two decades including the 2002 Severe Acute Respiratory Syndrome (SARS) Coronavirus epidemic, the 2009 influenza A H1N1 pandemic, 2012 Middle East Respiratory Syndrome (MERS) outbreak, and recently the COVID-19 pandemic. In December 2019, Wuhan, China, experienced an outbreak of pneumonia with an unknown origin [1]. Different lethal novel strains spread in human populations frequently and increasing global concern. The earliest etiological research revealed that the SARS-CoV-2 virus was a member of the Coronaviridae family. Later, on 1 March 2020 the World Health Organization (WHO) declared it a pandemic on due to rapid and significant global propagation. COVID-19 illness is the biggest pandemic of our generation (WHO), with a cumulative total of 572,239,451 confirmed infected cases and 6,390,401 deaths (https://www.who.int/emergencies/diseases/novel-coronavirus-2019, accessed on 29 July 2022). The spectrum of clinical symptoms of COVID-19 is highly variable, range from mild respiratory disorders and fever to acute respiratory distress syndrome (ARDS), and along with other clinical complications, it can be fatal [2]. During any viral outbreaks, antiviral treatments are critical in order to reduce the morbidity and mortality rate. However, critically sick individuals may even have a high risk of developing secondary bacterial infections (SBIs) due to bacterial resistance to a combination of virus- and immuno-suppressive drugs [3]. Bacterial infections of secondary nature can occur during or after a viral illness when a person is exposed to a pathogen and has an immune system that cannot respond adequately [4]. SBIs are becoming more common in COVID-19 patients, increasing disease severity and mortality, particularly in those who require invasive mechanical ventilation [5]. At least one in seven COVID-19 patients was found to be additionally infected with a secondary bacterial infection with 50% of the fatalities during the SARS-CoV-2 pandemic caused by untreated or untreatable secondary bacterial infections, in most cases in the lung [6,7]. According to Elabbadi et al. (2021), severely ill COVID-19 patients have a very high rate of SBIs and are particularly susceptible to developing pneumonia afterward [8].



The recommendations to prevent disease transmission and treatment mainly focus on observed symptoms and the clinicians’ prescription. In the absence of effective antiviral medications, supportive management and next generation antibiotics can be the alternative therapeutic options to cope with symptoms of SBIs [4]. Unfortunately, antibiotics do not have impact on the virus itself and are being depleted to rescue COVID-19 patients from bacterial co-infections. Any surge in antibiotic use during the COVID-19 pandemic will have a detrimental effect on the prevalence of multidrug-resistant (MDR) bacteria and fuel global growth of antibiotic resistant bacterial pathogens [9]. In the past three years, the SARS-CoV-2 pandemic challenged the world and contributed further to the multidrug-resistance crises, due to the prophylactic administration of antibiotics in avoid to secondary infections [10]. The MDR becomes a worldwide public health issue since there are often no (chemical) antibiotics available, mainly for secondary infections [11]. Therefore, it is crucial to evaluate the morbidity caused by secondary infections and consider alternative clinical approaches to the currently used therapies [12].



Among some of the most promising approaches for the control of secondary bacterial infections is the use of phages and their related enzymes. Phages are found everywhere in the environment [13,14,15,16,17]. They are obligatory parasites and “natural enemies” of bacteria. The “predator-prey” interactions are identified as a potentially effective way to treat infections [18,19,20]. However, bacteria have evolved several defense mechanisms to prevent or lessen phage effects [21]. One method of phage resistance is to produce polysaccharide-thick layers, such as capsules, slime, or biofilm matrix, to prevent virion adsorption to the bacterial surface [22]. Bacteria use capsular polysaccharides (CPS) to defend against viral infection [23]. However, some phages evolved a particular technique to overcome this obstacle. Using virion-associated proteins with depolymerization activity, phages first recognize, bind to, and enzymatically destroy the CPS of the bacterial cell to gain access to the membrane and inject DNA. The tail fibers or tail spikes contain most of these structural enzymes, known as capsule depolymerases [24]. Phages now possess a wide range of bacteria-specific capsule depolymerases through the processes of natural selection [25].



The interest in anti-virulent agents, such as phage-encoded enzymes, has emerged as a promising method for infection management because of the increasing number of bacterial targets that might serve as the foundation for new antibiotic medication development [26]. Phage derived enzymes are more similar to conventional antibiotics and thus more suitable than whole phages for the current drug approval process. Phage-derived depolymerases administrated against bacterial capsules are showing therapeutic promise in animals against bacterial infections [27,28]. Capsule depolymerase aims to disarm the pathogen, in contrast to conventional antibiotics that either kill germs or stop their development [29]. In several animal, polymerases generated from phages that target bacterial capsules demonstrate high therapeutic potential. In some cases, enzymes may be preferred to complete phages since depolymerase does not lyse bacteria and does not emit endotoxin. The development and acceptance of phage-derived enzymes as a novel class of antibiotics could be substantially aided by in-depth knowledge of enzyme structure and dynamics [30].



In the subsequent sections of this opinion review, we will highlight the anti-virulence potential of phage-derived depolymerase enzymes against increasing rates of SBIs in COVID-19 patients. Additionally, we will propose a workflow of phage-derived enzymes that can be used to overcome the SBIs in COVID-19 patients.




2. Higher Rates of SBIs in COVID-19 Patients: A Primary Concern


COVID-19 has recently been identified as a life-threatening infectious disease, and scientists are trying to rapidly increase their understanding of the pathogenesis relevant to the disease [31]. High morbidity and mortality rates are primarily due to the prevalence of the SARS-CoV-2 coronavirus and subsequent microbial infections in the respiratory system [32]. Healthcare practitioners have raised concerns about secondary severe bacterial infection, and this concern has grown in the COVID-19 era. A link between COVID-19 infection and subsequent bacterial infections has already been established [33]. In COVID-19 patients, the rate of concurrent severe bacterial infections with viral disease is increasing and, consequently, so is extended hospitalization. This situation might worsen COVID-19 sickness and increase mortality [34].



Acinetobacter baumanii, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Staphylococcus aureus are the most frequent pathogens found for SBIs in COVID-19 patients. The isolation ratio of carbapenem-resistant and colistin-resistant A. baumannii, P. aeruginosa and K. pneumoniae were 83.7%, 79.2%, 42.7%, and 5.6%, 1.7%, 42.7%, respectively [35]. Acinetobacter pittii clustering was seen in one of the ICUs in the hospital. This study also found an increasing frequency of multidrug resistant 92 (5.4%) Corynebacterium striatum isolates as a causative agent [35]. Due to Enterococcus, some COVID-19 patients had a higher incidence of BSI but not generally, and whole-genome sequencing of Enterococcus isolates demonstrated that nosocomial transmission did not explain the increased rate [36].



SBIs were found to be strongly associated with outcome severity in multicenter research involving 476 COVID-19 participants [2]. According to evidence from past pandemics and seasonal flu epidemics, co-infections may worsen viral diseases, but it is unclear if they definitively affect COVID-19 patient outcomes. Up to 30% of patients with secondary bacterial infections were found during the first SARS-CoV outbreak in 2003, and co-infection was positively related to disease severity [37]. In another study, bacterial co-infections are seen in 2–65% of patients during typical influenza seasons and are linked to increased morbidity and mortality [38]. The intensifying of bacterial co-infections during seasonal flu highlights the potential of studying the underlying phenomenon of pathogenicity, particularly with COVID-19.



A retrospective study that was published by Zhou et al., found that during the current COVID-19 pandemic, one in seven patients hospitalized with the illness developed a potentially fatal secondary bacterial infection, with nearly half of the non-survivors (27 out of 54) also creating a secondary infection and with ventilator-associated pneumonia developing in 10 of 32 patients (31%), necessitating invasive orienting mechanical ventilation [7]. A few studies indicated that COVID-19 patients have a more severe illness and a fatality rate three times higher than patients with influenza [39]. In addition, COVID-19 patients had two times the inpatient mortality rate from pulmonary secondary bacterial infections. Compared to influenza infection, COVID-19 patients required more time from admission to bacterial growth [40]. According to a meta-analysis of 24 cohort studies involving 3338 hospitalized COVID-19 patients, 3.5% of patients (with a 95% confidence interval (CI) of 0.4% to 6.7%) had bacterial co-infection at the time of presentation and 14.3% of patients (with a 95% CI of 9.6 to 18.9%) had secondary bacterial infection [41]. Based on the findings of microbial culture tests, 92 (8.7%) patients had respiratory or circulatory tract infections that were microbiologically confirmed. Out of 61 patients, respiratory tract infections were found in 44 patients to be monomicrobial and 17 patients to be polymicrobial [42]. Of 94 included patients, 68% acquired at least one of the studied SBIs during their ICU stay. Almost two-thirds of patients (65.96%, n = 62) attained secondary pneumonia [43].



COVID-19 patients had higher rates of bacterial infections (12.6% vs. 8.7%) and for a longer time (4 (1–8) vs. 1 (1–3) days) than other pneumonia patients. Gram-positive infections that developed later (> 48 h after admission) were more frequent in COVID-19 patients (28% vs. 9.5%). For COVID-19 patients, secondary infection was linked to a 2.7-fold increased risk of death [44]. According to Zhang et al., 22/38 patients (57.89%) experienced secondary infections. Secondary infections are more likely to occur in patients undergoing invasive mechanical ventilation or in critical condition (p < 0.0001). Lower discharge and increased mortality rates would result from secondary infections [45].



According to several disease severity markers, COVID-19 patients generally had more severe illnesses and worse outcomes, as indicated by a more significant percentage of intubations or deaths [46]. Importantly, COVID-19 patients had more secondary bacterial infections than had been described, which were separately linked to death in COVID-19. These data imply that SBIs may contribute significantly to disease severity in COVID-19 patients and may even be a therapeutic factor [10].




3. Major Challenges about SBIs Associated with COVID-19


Antimicrobial resistance (AMR) crises and prolonged hospitalization are major threats when we contact SBIs in the COVID-19 affected patients. Antimicrobials use is imperative for treating infectious diseases. The problem of antimicrobial resistance has worsened due to the indiscriminate use of antibiotics during the COVID-19 outbreak (Figure 1). Despite the widespread use of antibiotic therapy, the higher prevalence of SBIs in COVID-19 patients may be related to AMR bacteria in hospital settings [47]. The most prevalent infections discovered in blood and mucous samples of COVID-19 patients are ESKAPE pathogens (Enterococcus faecium, S. aureus, K. pneumonia, A. baumannii, P. aeruginosa, and Enterobacter species). During an influenza illness, secondary pneumonia is known to be caused by the S. aureus pathogens. Environmental modifications and immunological responses that produce favorable conditions for S. aureus infection are blamed for its dissemination to the lungs. Additionally, A. baumannii has been linked to long-term respiratory predisposition illnesses, such as influenza-like upper respiratory tract infections [48]. P. aeruginosa is a typical opportunistic pathogen of the respiratory system. Still, it is also recognized as the most prevalent Gram-negative bacterial species linked to serious hospital-acquired infections in several institutions [49]. Intensive care units (ICUs) and patients with impaired immune systems are particularly vulnerable to nosocomial infections caused by the Gram-negative, multiple-drug resistant (MDR) bacteria A. baumannii and K. pneumoniae. Among the microorganisms grown in blood cultures, coagulase-negative staphylococci with a percentage of 31%, and A. baumannii with 27.5% were prominent. In respiratory tract cultures, A. baumannii constitutes the majority with a rate of 33.3%, followed by S. aureus and K. pneumonia with a percentage of 9.5% each. The most resistant bacteria were A. baumannii, resistant to all antibiotics other than colistin [42]. There are not many antibiotic options available for those “superbugs” and to make matters worse, the use of some “last-resort” antibiotics, such as colistin, is closely regulated due to their potential for organ toxicity, disruption of normal flora, and AMR induction.



Several studies showed a longer hospitalization time for COVID-19 patients as compared to pneumonia with other pathogens. Therefore, critically ill people can easily acquire the SBIs during a more extended stay in the hospital. Moreover, a higher rate of bloodstream infections (BSIs) has been seen in COVID-19 patients given immunosuppressive treatments, e.g., tocilizumab, anakinra, and corticosteroids. As a result, mortality and admissions to ICU have increased in patients with BSI. Furthermore, COVID-19 infection induces pathological changes in the body such as a weakened immune system, diffuse alveolar damage, and dysregulated immune signaling. This situation leads to the commencement of SBIs and narrows down the potency of antibiotic treatments.




4. Phage-Derived Enzymes as an Alternative


Given the slow rate at which new antibiotics are being discovered, intact phages and their proteins are prospective treatments for bacteria [52,53,54], that are resistant to antibiotics [55]. The benefits of phage therapy include host specificity, amplification where bacteria are present in high concentrations and the evolving nature of phages that can counteract bacterial resistance [56]. Yet there are drawbacks, such as the need to match phages to the infecting strain and the simple fact that bacteria have many escape mechanisms. Furthermore, one significant factor preventing entire phages from being developed into drugs and approved is their complicated biology and pharmacological features. In this context, virus-encoded proteins with the potential to fight bacteria have attracted much research. Phage proteins can be extracted and also engineered for deployment as an alternative to whole phage therapeutic applications. These include virus-produced enzymes such as polysaccharide depolymerase, virion-associated lysins (VALs), and endolysins [50]. Endolysins are enzymes of a lytic nature employed by phages to break down bacterial peptidoglycan (PG) by the end of the replication cycle, leading to fast host lysis and the release of phage progeny [57]. At the start of infection, VALs and depolymerases help break down bacterial cell surface barriers by being attached to the virion particle [50]. In contrast to depolymerases, which break down polysaccharide molecules like capsules, lipopolysaccharide (LPS), or biofilm matrix, VALs are in charge of breaking down PG needed for injection of phage genetic material into the infected host cell [24].




5. Exploring the Antivirulence Potential of Phage-Derived Enzymes: Depolymerases


The bulk of phage polysaccharide depolymerases are linked to the virion surface and are frequently encoded as parts of structural proteins such as tail fibers. Depolymerases are believed to act on the CPS, exopolysaccharide (EPS), or LPS of their host bacterium, cleaving these polymeric compounds produced by the host cell and exposing the cell surface receptors required for binding, facilitating the phage infection (Figure 2). Depolymerases are now being researched to prevent and treat biofilm-related infections because CPS, EPS, and LPS play a significant role in forming biofilms. Phage depolymerases’ manner of action is their principal benefit. Depolymerases, non-lytic enzymes, function as antivirulent agents, reducing the severity of the infection and assisting the host’s immune system in removing the infection. Despite these appealing characteristics, the majority of the research into the therapeutic use of phage depolymerases has so far been concentrated on a small number of bacterial species where the critical role of capsular polysaccharides as virulence factors has been well established, particularly in ESKAPE pathogens [15,16,17]. Depolymerase enzymes are now being investigated as prospective antimicrobials for the treatment of biofilm-related infections due to their capacity to both prevent the production of new biofilms and break down existing ones. According to some findings, depolymerases can be used as an adjuvant antibiotic to fight MDR microorganisms and support the development of novel antibacterial drugs. These outcomes suggest that these phage-derived enzymes could be a game-changer for treating secondary infections in COVID-19 patients who are also resistant to treatment.



Capsular depolymerases show an interesting type of antibiotic: they do not kill, but merely strip the bacteria of protective polysaccharides and thus expose the bacteria to immune components [27]. They have a potential advantage over endolysins in that they do not lyse the bacteria, thereby minimizing inflammatory responses from endotoxins [58]. In vivo studies of capsular depolymerases are limited as yet but their effectiveness has been demonstrated in animal models (Table 1). It has been shown that recombinant depolymerases shield mice against lethal systemic bacterial infections [50,59,60], and dislodge biofilms to improve antibacterial efficacy [61]. Depolymerases and antibiotics administered together will enhance antibacterial efficacy; this is predicted but needs to be adequately validated by trials. The adjuvant effect of gentamicin and a depolymerase produced from Aeromonas punctata (a facultative anaerobic Gram-negative bacterium) in treating mice infected with non-lethal doses of K. pneumoniae was first documented [62]. For systemic infection and lung infection, respectively, intravenous administration of the combination dramatically decreased bacterial counts compared to single-agent therapies. They explained the increased bacterial susceptibility to gentamicin after the depolymerase decapsulated the germs as the cause of the increased bacterial killing efficiency. To help gentamicin penetrate K. pneumoniae biofilms, depolymerases also successfully dispersed the EPS matrix [63]. The polymyxin B and Dep42 depolymerase work synergistically when treating K. pneumoniae biofilms [64]. Contrarily, Latka and Drulis-Kawa demonstrated that the KP34p57 depolymerase was not having any effect on the action of ciprofloxacin but might significantly increase the antibiofilm effectiveness of phages that do not produce depolymerase [65]. Depolymerase may improve the antibiofilm performance of the antibacterial enzyme endolysin, which is encoded by a phage [66].




6. Challenges to Consider in COVID-19 SBIs


Phages are biological entities, so phage-based products should be manufactured using methods based on good manufacturing practices (GMP) [73]. The quality control of phage-based products is another significant consideration. They should be checked frequently for stability (shelf life), sterility, cytotoxicity, and periodic pH readings [74]. Phage-based products usually raise the concern that widespread usage of these products could lead to a problem akin to antibiotic resistance [56]. Some additional limitations can highlight the scarcity of phage-derived enzyme practice for COVID-19 patients.



First, SARS-CoV-2 infection induced some pathological changes in the body, i.e., a secondary pulmonary disease that can create blockage in the airway passage, which is a major obstacle in the delivery of therapeutic enzymes at the bacterial infection site. Second, effective enzymes based therapies always involve the patient’s immune responses. Regrettably, COVID-19 may affect immune signaling and damage the immune cells at the bacterial infection site. Moreover, it is observed that immuno-suppressive therapies have been employed in COVID-19 patients, which leads to BSIs [75]. This alarming situation raises more challenges and obstacles for exterminating resistant bacteria. It leads to the evolution of phage-resistant bacteria, a critical characteristic of phage-based enzymes for SBIs related to COVID-19. Third, SARS-CoV-2 is very dangerous and its management requires a biosafety level-3 (BSL-3) lab and trained staff with proper equipment, which increases the cost and complications and makes it laborious. Moreover, after infection, it spreads all over the body, damaging many organs and complicating the enzyme-based therapy process, including phage isolation, screening, protein cloning, expression, purification, and evaluation of its efficacy.



Patient care and bacterial sample collection are routine processes performed in specified patient wards and laboratories by trained staff equipped with a BSL-3 lab. Ready-to-use vials are routinely formulated in standard labs using specific host bacteria, and a GMP approved plant was used for their containment. On the other hand, a customized therapy based on a phage product requires a stranded phage library which is then passed on to a designated BSL-2 lab for phage screening, and protein purification evaluation under PPE conditions. The purified protein is transferred to the BSL-3 lab for inspection of efficiency. Finally, proficient protein vials that contain highly tittered protein against specific bacteria are transported for enzyme therapy.




7. A Practicable Workflow


A procedure that will depend on the cooperation of many functional areas calls for different PPE levels. In a hospital that has been COVID-19 designated, standard patient care and bacterial culture will probably be carried out in the inpatient ward and clinical laboratory. A dedicated portion of the clinical laboratory will be specified for phage screening and efficiency analysis under BSL-3 lab PPE circumstances. Phages will be routinely amplified by growing in the original host bacterium in the typical microbiology laboratory to create ready-to-use phage vials. A packaging facility with GMP certification will pack the vials. Qualified vials containing purified protein can be quickly chosen and delivered to the inpatient ward for therapy by utilizing the material flow (from lower BSL lab zones to higher BSL lab zones) and the reverse information flow. Bacterial isolates will frequently be phage-typed for epidemiological purposes. This information will ultimately help create enough phage-derived therapeutic proteins and combined broad-spectrum, fixed-composition cocktails for emergencies (Figure 3).




8. Conclusions


The end of the COVID-19 pandemic will take a long time, even though massive efforts have been made to control it. Numerous disease severity markers showed that some COVID-19 individuals are more seriously unwell and have worse outcomes. Our ability to remove MDR bacteria is waning as they become more prevalent, which worsens the SBIs in COVID-19 patients. Although there have been few clinical studies on SBIs in COVID-19, the results show that the illness may be treatable. Alternative phage-based treatments can be utilized when the complete phage may not be as effective due to problems including resistance, host specificity and drug development process through the purification and characterization of phage-derived antimicrobials. Using enzymes produced from phages slows down resistance development dramatically. However, some limitations and important questions arise about the delivery route of these phage-derived therapeutic and host immune responses.







Author Contributions


A.N. and J.S. reviewed the literature and prepared the first draft of the manuscript. Y.C. and Y.L. were responsible for this manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the National Key Research and Development Program of China (2019YFA0904002), the Innovation Capability Improvement Project for Science and Technology SMEs in Shandong Province (2022TSGC2384), and the Natural Science Youth Foundation of Shandong Province (ZR2022QC028), and Linyi City Agricultural and Animal Husbandry Waste Recycling and Public Health Improvement Project (CXGC2022A27).




Data Availability Statement


Not applicable.




Conflicts of Interest


There are no conflict of interest.




References


	



Shahin, K.; Zhang, L.; Mehraban, M.H.; Collard, J.-M.; Hedayatkhah, A.; Mansoorianfar, M.; Soleimani-Delfan, A.; Wang, R. Clinical and experimental bacteriophage studies: Recommendations for possible approaches for standing against SARS-CoV-2. Microb. Pathog. 2022, 2022, 105442. [Google Scholar] [CrossRef] [PubMed]

	



Feng, Y.; Ling, Y.; Bai, T.; Xie, Y.; Huang, J.; Li, J.; Xiong, W.; Yang, D.; Chen, R.; Lu, F. COVID-19 with different severities: A multicenter study of clinical features. Am. J. Respir. Crit. Care Med. 2020, 201, 1380–1388. [Google Scholar] [CrossRef] [PubMed]

	



Schoot, T.S.; Kerckhoffs, A.P.M.; Hilbrands, L.B.; van Marum, R.J. Immunosuppressive Drugs and COVID-19: A Review. Front Pharm. 2020, 11, 1333. [Google Scholar] [CrossRef] [PubMed]

	



Kubin, C.J.; McConville, T.H.; Dietz, D.; Zucker, J.; May, M.; Nelson, B.; Istorico, E.; Bartram, L.; Small-Saunders, J.; Sobieszczyk, M.E.; et al. Characterization of Bacterial and Fungal Infections in Hospitalized Patients with Coronavirus Disease 2019 and Factors Associated with Health Care-Associated Infections. Open Forum Infect. Dis. 2021, 8, ofab201. [Google Scholar] [CrossRef] [PubMed]

	



Ripa, M.; Galli, L.; Poli, A.; Oltolini, C.; Spagnuolo, V.; Mastrangelo, A.; Muccini, C.; Monti, G.; De Luca, G.; Landoni, G.; et al. group C-Bs Secondary infections in patients hospitalized with COVID-19: Incidence and predictive factors. Clin. Microbiol. Infect. 2021, 27, 451–457. [Google Scholar] [CrossRef] [PubMed]

	



Mirzaei, R.; Goodarzi, P.; Asadi, M.; Soltani, A.; Aljanabi, H.A.A.; Jeda, A.S.; Dashtbin, S.; Jalalifar, S.; Mohammadzadeh, R.; Teimoori, A.; et al. Bacterial co-infections with SARS-CoV-2. IUBMB life 2020, 72, 2097–2111. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X. Clinical course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054–1062. [Google Scholar] [CrossRef]

	



Elabbadi, A.; Turpin, M.; Gerotziafas, G.T.; Teulier, M.; Voiriot, G.; Fartoukh, M. Bacterial coinfection in critically ill COVID-19 patients with severe pneumonia. Infection 2021, 49, 559–562. [Google Scholar] [CrossRef]

	



Vaillancourt, M.; Jorth, P. The unrecognized threat of secondary bacterial infections with COVID-19. MBio 2020, 11, e01806–e01820. [Google Scholar] [CrossRef]

	



Feldman, C.; Anderson, R. The role of co-infections and secondary infections in patients with COVID-19. Pneumonia 2021, 13, 5. [Google Scholar] [CrossRef]

	



Nazir, A.; Zhao, Y.; Li, M.; Manzoor, R.; Tahir, R.A.; Zhang, X.; Qing, H.; Tong, Y. Structural Genomics of repA, repB1-Carrying IncFIB Family pA1705-qnrS, P911021-tetA, and P1642-tetA, Multidrug-Resistant Plasmids from Klebsiella pneumoniae. Infect. Drug Resist. 2020, 13, 1889. [Google Scholar] [CrossRef] [PubMed]

	



Catalano, A.; Iacopetta, D.; Ceramella, J.; Scumaci, D.; Giuzio, F.; Saturnino, C.; Aquaro, S.; Rosano, C.; Sinicropi, M.S. Multidrug Resistance (MDR): A Widespread Phenomenon in Pharmacological Therapies. Molecules 2022, 27, 616. [Google Scholar] [CrossRef] [PubMed]

	



Nazir, A.; Dong, Z.; Liu, J.; Tahir, R.A.; Rasheed, M.; Qing, H.; Peng, D.; Tong, Y. Genomic analysis of bacteriophage Xoo-sp13 infecting Xanthomonas oryzae pv. oryzae. Arch. Virol. 2021, 166, 1263–1265. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Yang, L.; Sun, E.; Song, J.; Wu, B. Characterisation of a newly detected bacteriophage infecting Bordetella bronchiseptica in swine. Arch. Virol. 2019, 164, 33–40. [Google Scholar] [CrossRef]

	



Chen, Y.; Wang, S.; Wang, Y.; Zhangxiang, L.; Chen, H.; Li, X.; Qian, P. Complete genome sequence of the novel phage vB_EcoS_PHB17, which infects Shiga-toxin-producing Escherichia coli. Arch. Virol. 2019, 164, 3111–3113. [Google Scholar] [CrossRef]

	



Chen, Y.; Sun, E.; Song, J.; Yang, L.; Wu, B. Complete Genome Sequence of a Novel T7-Like Bacteriophage from a Pasteurella multocida Capsular Type A Isolate. Curr. Microbiol. 2018, 75, 574–579. [Google Scholar] [CrossRef]

	



Nazir, A.; Ali, A.; Qing, H.; Tong, Y. Emerging aspects of jumbo bacteriophages. Infect. Drug Resist. 2021, 14, 5041. [Google Scholar] [CrossRef]

	



Nazir, A.; Dong, Z.; Liu, J.; Tahir, R.A.; Ashraf, N.; Qing, H.; Peng, D.; Tong, Y. Isolation, Characterization, and Genome Sequence Analysis of a Novel Lytic Phage, Xoo-sp15 Infecting Xanthomonas oryzae pv. oryzae. Curr. Microbiol. 2021, 78, 3192–3200. [Google Scholar] [CrossRef]

	



Chen, Y.; Sun, E.; Song, J.; Tong, Y.; Wu, B. Three Salmonella enterica serovar Enteritidis bacteriophages from the Siphoviridae family are promising candidates for phage therapy. Can. J. Microbiol. 2018, 64, 865–875. [Google Scholar] [CrossRef]

	



Chen, Y.; Guo, G.; Sun, E.; Song, J.; Yang, L.; Zhu, L.; Liang, W.; Hua, L.; Peng, Z.; Tang, X.; et al. Isolation of a T7-Like Lytic Pasteurella Bacteriophage vB_PmuP_PHB01 and Its Potential Use in Therapy against Pasteurella multocida Infections. Viruses 2019, 11, E86. [Google Scholar] [CrossRef]

	



Olszak, T.; Shneider, M.M.; Latka, A.; Maciejewska, B.; Browning, C.; Sycheva, L.V.; Cornelissen, A.; Danis-Wlodarczyk, K.; Senchenkova, S.N.; Shashkov, A.S. The O-specific polysaccharide lyase from the phage LKA1 tailspike reduces Pseudomonas virulence. Sci. Rep. 2017, 7, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Zou, X.; Xiao, X.; Mo, Z.; Ge, Y.; Jiang, X.; Huang, R.; Li, M.; Deng, Z.; Chen, S.; Wang, L.; et al. Systematic strategies for developing phage resistant Escherichia coli strains. Nat. Commun. 2022, 13, 4491. [Google Scholar] [CrossRef] [PubMed]

	



Perera, S.R.; Sokaribo, A.S.; White, A.P. Polysaccharide Vaccines: A Perspective on Non-Typhoidal Salmonella. Polysaccharides 2021, 2, 691–714. [Google Scholar] [CrossRef]

	



Latka, A.; Maciejewska, B.; Majkowska-Skrobek, G.; Briers, Y.; Drulis-Kawa, Z. Bacteriophage-encoded virion-associated enzymes to overcome the carbohydrate barriers during the infection process. Appl. Microbiol. Biotechnol. 2017, 101, 3103–3119. [Google Scholar] [CrossRef]

	



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

	



Knecht, L.E.; Veljkovic, M.; Fieseler, L. Diversity and function of phage encoded depolymerases. Front. Microbiol. 2020, 10, 2949. [Google Scholar] [CrossRef]

	



Lin, H.; Paff, M.L.; Molineux, I.J.; Bull, J.J. Antibiotic Therapy Using Phage Depolymerases: Robustness Across a Range of Conditions. Viruses 2018, 10, E622. [Google Scholar] [CrossRef]

	



Chen, Y.; Sun, E.; Yang, L.; Song, J.; Wu, B. Therapeutic Application of Bacteriophage PHB02 and Its Putative Depolymerase Against Pasteurella multocida Capsular Type A in Mice. Front. Microbiol. 2018, 9, 1678. [Google Scholar] [CrossRef]

	



Lin, H.; Paff, M.L.; Molineux, I.J.; Bull, J.J. Therapeutic Application of Phage Capsule Depolymerases against K1, K5, and K30 Capsulated E. coli in Mice. Front. Microbiol. 2017, 8, 2257. [Google Scholar] [CrossRef]

	



Oliveira, H.; São-José, C.; Azeredo, J. Phage-Derived Peptidoglycan Degrading Enzymes: Challenges and Future Prospects for In Vivo Therapy. Viruses 2018, 10, E292. [Google Scholar] [CrossRef]

	



Zhang, Q.; Bastard, P.; Bolze, A.; Jouanguy, E.; Zhang, S.-Y.; Effort, C.H.G.; Cobat, A.; Notarangelo, L.D.; Su, H.C.; Abel, L.; et al. Life-Threatening COVID-19: Defective Interferons Unleash Excessive Inflammation. Med 2020, 1, 14–20. [Google Scholar] [CrossRef] [PubMed]

	



Manohar, P.; Loh, B.; Nachimuthu, R.; Hua, X.; Welburn, S.C.; Leptihn, S. Secondary bacterial infections in patients with viral pneumonia. Front. Med. 2020, 7, 420. [Google Scholar] [CrossRef] [PubMed]

	



Farrell, J.M.; Zhao, C.Y.; Tarquinio, K.M.; Brown, S.P. Causes and Consequences of COVID-19-Associated Bacterial Infections. Front. Microbiol. 2021, 12, 682571. [Google Scholar] [CrossRef] [PubMed]

	



Hendaus, M.A.; Jomha, F.A. COVID-19 induced superimposed bacterial infection. J. Biomol. Struct. Dyn. 2021, 39, 4185–4191. [Google Scholar] [CrossRef] [PubMed]

	



Mumcuoğlu, İ.; Çağlar, H.; Erdem, D.; Aypak, A.; Gün, P.; Kurşun, Ş.; Çakır, E.Y.; Aydoğan, S.; Kırca, F.; Dinç, B. Secondary bacterial infections of the respiratory tract in COVID-19 patients. J. Infect. Dev. Ctries. 2022, 16, 1131–1137. [Google Scholar] [CrossRef]

	



DeVoe, C.; Segal, M.R.; Wang, L.; Stanley, K.; Madera, S.; Fan, J.; Schouest, J.; Graham-Ojo, R.; Nichols, A.; Prasad, P.A.; et al. Increased rates of secondary bacterial infections, including Enterococcus bacteremia, in patients hospitalized with coronavirus disease 2019 (COVID-19). Infect. Control. Hosp. Epidemiol. 2022, 43, 1416–1423. [Google Scholar] [CrossRef] [PubMed]

	



Zahariadis, G.; Gooley, T.A.; Ryall, P.; Hutchinson, C.; Latchford, M.I.; Fearon, M.A.; Jamieson, F.B.; Richardson, S.; Kuschak, T.; Mederski, B. Risk of ruling out severe acute respiratory syndrome by ruling in another diagnosis: Variable incidence of atypical bacteria coinfection based on diagnostic assays. Can. Respir. J. 2006, 13, 17–22. [Google Scholar] [CrossRef]

	



Chertow, D.S.; Memoli, M.J. Bacterial coinfection in influenza: A grand rounds review. JAMA 2013, 309, 275–282. [Google Scholar] [CrossRef]

	



Dadashi, M.; Khaleghnejad, S.; Abedi Elkhichi, P.; Goudarzi, M.; Goudarzi, H.; Taghavi, A.; Vaezjalali, M.; Hajikhani, B. COVID-19 and Influenza Co-infection: A Systematic Review and Meta-Analysis. Front. Med. 2021, 8, 681469. [Google Scholar] [CrossRef]

	



Bai, Y.; Tao, X. Comparison of COVID-19 and influenza characteristics. J. Zhejiang Univ. Sci. B 2021, 22, 87–98. [Google Scholar] [CrossRef]

	



Vijay, S.; Bansal, N.; Rao, B.K.; Veeraraghavan, B.; Rodrigues, C.; Wattal, C.; Goyal, J.P.; Tadepalli, K.; Mathur, P.; Venkateswaran, R. Secondary infections in hospitalized COVID-19 patients: Indian experience. Infect. Drug Resist. 2021, 14, 1893. [Google Scholar] [CrossRef] [PubMed]

	



Bahceci, I.; Yildiz, I.E.; Duran, O.F.; Soztanaci, U.S.; Harbawi, Z.K.; Senol, F.F.; Demiral, G. Secondary Bacterial Infection Rates Among Patients With COVID-19. Cureus 2022, 14, 22363. [Google Scholar] [CrossRef] [PubMed]

	



De Bruyn, A.; Verellen, S.; Bruckers, L.; Geebelen, L.; Callebaut, I.; De Pauw, I.; Stessel, B.; Dubois, J. Secondary infection in COVID-19 critically ill patients: A retrospective single-center evaluation. BMC Infect. Dis. 2022, 22, 207. [Google Scholar] [CrossRef] [PubMed]

	



Shafran, N.; Shafran, I.; Ben-Zvi, H.; Sofer, S.; Sheena, L.; Krause, I.; Shlomai, A.; Goldberg, E.; Sklan, E.H. Secondary bacterial infection in COVID-19 patients is a stronger predictor for death compared to influenza patients. Sci. Rep. 2021, 11, 12703. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Zhang, Y.; Wu, J.; Li, Y.; Zhou, X.; Li, X.; Chen, H.; Guo, M.; Chen, S.; Sun, F. Risks and features of secondary infections in severe and critical ill COVID-19 patients. Emerg. Microbes Infect. 2020, 9, 1958–1964. [Google Scholar] [CrossRef] [PubMed]

	



Pawar, R.D.; Balaji, L.; Mehta, S.; Cole, A.; Liu, X.; Peradze, N.; Grossestreuer, A.V.; Issa, M.S.; Patel, P.; Kirby, J.E.; et al. Viral load and disease severity in COVID-19. Intern Emerg. Med. 2022, 17, 359–367. [Google Scholar] [CrossRef]

	



Knight, G.M.; Glover, R.E.; McQuaid, C.F.; Olaru, I.D.; Gallandat, K.; Leclerc, Q.J.; Fuller, N.M.; Willcocks, S.J.; Hasan, R.; van Kleef, E.; et al. Antimicrobial resistance and COVID-19: Intersections and implications. eLife 2021, 10, e64139. [Google Scholar] [CrossRef]

	



Rangel, K.; Chagas, T.P.G.; De-Simone, S.G. Acinetobacter baumannii Infections in Times of COVID-19 Pandemic. Pathogens 2021, 10, 1006. [Google Scholar] [CrossRef]

	



Qu, J.; Cai, Z.; Liu, Y.; Duan, X.; Han, S.; Liu, J.; Zhu, Y.; Jiang, Z.; Zhang, Y.; Zhuo, C.; et al. Persistent Bacterial Coinfection of a COVID-19 Patient Caused by a Genetically Adapted Pseudomonas aeruginosa Chronic Colonizer. Front. Cell. Infect. Microbiol. 2021, 11, 641920. [Google Scholar] [CrossRef]

	



Maciejewska, B.; Olszak, T.; Drulis-Kawa, Z. Applications of bacteriophages versus phage enzymes to combat and cure bacterial infections: An ambitious and also a realistic application? Appl. Microbiol. Biotechnol. 2018, 102, 2563–2581. [Google Scholar] [CrossRef]

	



Ferriol-González, C.; Domingo-Calap, P. Phages for Biofilm Removal. Antibiotics 2020, 9, E268. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, K. Platforms for antibiotic discovery. Nat. Rev. Drug Discov. 2013, 12, 371–387. [Google Scholar] [CrossRef] [PubMed]

	



Drulis-Kawa, Z.; Majkowska-Skrobek, G.; Maciejewska, B. Bacteriophages and phage-derived proteins–application approaches. Curr. Med. Chem. 2015, 22, 1757–1773. [Google Scholar] [CrossRef] [PubMed]

	



Abedon, S.T.; García, P.; Mullany, P.; Aminov, R. Phage therapy: Past, present and future. Front. Microbiol. 2017, 8, 981. [Google Scholar] [CrossRef]

	



Silver, L.L. Challenges of antibacterial discovery. Clin. Microbiol. Rev. 2011, 24, 71–109. [Google Scholar] [CrossRef]

	



Weber-Dąbrowska, B.; Jończyk-Matysiak, E.; Żaczek, M.; Łobocka, M.; Łusiak-Szelachowska, M.; Górski, A. Bacteriophage procurement for therapeutic purposes. Front. Microbiol. 2016, 7, 1177. [Google Scholar] [CrossRef]

	



Rahman, M.U.; Wang, W.; Sun, Q.; Shah, J.A.; Li, C.; Sun, Y.; Li, Y.; Zhang, B.; Chen, W.; Wang, S. Endolysin, a Promising Solution against Antimicrobial Resistance. Antibiotics 2021, 10, 1277. [Google Scholar] [CrossRef]

	



Azeredo, J.; Sutherland, I.W. The use of phages for the removal of infectious biofilms. Curr. Pharm. Biotechnol. 2008, 9, 261–266. [Google Scholar] [CrossRef]

	



Lin, T.-L.; Hsieh, P.-F.; Huang, Y.-T.; Lee, W.-C.; Tsai, Y.-T.; Su, P.-A.; Pan, Y.-J.; Hsu, C.-R.; Wu, M.-C.; Wang, J.-T. Isolation of a bacteriophage and its depolymerase specific for K1 capsule of Klebsiella pneumoniae: Implication in typing and treatment. J. Infect. Dis. 2014, 210, 1734–1744. [Google Scholar] [CrossRef]

	



Chen, Y.; Li, X.; Wang, S.; Guan, L.; Li, X.; Hu, D.; Gao, D.; Song, J.; Chen, H.; Qian, P. A Novel Tail-Associated O91-Specific Polysaccharide Depolymerase from a Podophage Reveals Lytic Efficacy of Shiga Toxin-Producing Escherichia coli. Appl. Environ. Microbiol. 2020, 86, e00145-20. [Google Scholar] [CrossRef]

	



Chen, X.; Liu, M.; Zhang, P.; Xu, M.; Yuan, W.; Bian, L.; Liu, Y.; Xia, J.; Leung, S.S.Y. Phage-Derived Depolymerase as an Antibiotic Adjuvant Against Multidrug-Resistant Acinetobacter baumannii. Front. Microbiol. 2022, 13, 845500. [Google Scholar] [CrossRef] [PubMed]

	



Squeglia, F.; Maciejewska, B.; Łątka, A.; Ruggiero, A.; Briers, Y.; Drulis-Kawa, Z.; Berisio, R. Structural and functional studies of a Klebsiella phage capsule depolymerase tailspike: Mechanistic insights into capsular degradation. Structure 2020, 28, 613–624.e614. [Google Scholar] [CrossRef] [PubMed]

	



Olsen, N.M.; Thiran, E.; Hasler, T.; Vanzieleghem, T.; Belibasakis, G.N.; Mahillon, J.; Loessner, M.J.; Schmelcher, M. Synergistic removal of static and dynamic Staphylococcus aureus biofilms by combined treatment with a bacteriophage endolysin and a polysaccharide depolymerase. Viruses 2018, 10, 438. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Wang, R.; Xu, M.; Liu, Y.; Zhu, X.; Qiu, J.; Liu, Q.; He, P.; Li, Q. A novel polysaccharide depolymerase encoded by the phage SH-KP152226 confers specific activity against multidrug-resistant Klebsiella pneumoniae via biofilm degradation. Front. Microbiol. 2019, 10, 2768. [Google Scholar] [CrossRef]

	



Latka, A.; Drulis-Kawa, Z. Advantages and limitations of microtiter biofilm assays in the model of antibiofilm activity of Klebsiella phage KP34 and its depolymerase. Sci. Rep. 2020, 10, 20338. [Google Scholar] [CrossRef] [PubMed]

	



Topka-Bielecka, G.; Dydecka, A.; Necel, A.; Bloch, S.; Nejman-Faleńczyk, B.; Węgrzyn, G.; Węgrzyn, A. Bacteriophage-Derived Depolymerases against Bacterial Biofilm. Antibiotics 2021, 10, 175. [Google Scholar] [CrossRef]

	



Zelmer, A.; Martin, M.J.; Gundogdu, O.; Birchenough, G.; Lever, R.; Wren, B.W.; Luzio, J.P.; Taylor, P.W. Administration of capsule-selective endosialidase E minimizes upregulation of organ gene expression induced by experimental systemic infection with Escherichia coli K. Microbiology 2010, 156, 2205. [Google Scholar] [CrossRef]

	



Waseh, S.; Hanifi-Moghaddam, P.; Coleman, R.; Masotti, M.; Ryan, S.; Foss, M.; MacKenzie, R.; Henry, M.; Szymanski, C.M.; Tanha, J. Orally administered P22 phage tailspike protein reduces Salmonella colonization in chickens: Prospects of a novel therapy against bacterial infections. PLoS ONE 2010, 5, e13904. [Google Scholar] [CrossRef]

	



Pan, Y.-J.; Lin, T.-L.; Chen, C.-C.; Tsai, Y.-T.; Cheng, Y.-H.; Chen, Y.-Y.; Hsieh, P.-F.; Lin, Y.-T.; Wang, J.-T. Klebsiella phage ΦK64-1 encodes multiple depolymerases for multiple host capsular types. J. Virol. 2017, 91, e02457-16. [Google Scholar] [CrossRef]

	



Volozhantsev, V.N.; Shpirt, M.A.; Borzilov, I.A.; Komisarova, V.E.; Krasilnikova, M.V.; Shashkov, S.A.; Verevkin, V.V.; Knirel, A.Y. Characterization and Therapeutic Potential of Bacteriophage-Encoded Polysaccharide Depolymerases with β Galactosidase Activity against Klebsiella pneumoniae K57 Capsular Type. Antibiotics 2020, 9, 732. [Google Scholar] [CrossRef]

	



Liu, Y.; Mi, Z.; Mi, L.; Huang, Y.; Li, P.; Liu, H.; Yuan, X.; Niu, W.; Jiang, N.; Bai, C. Identification and characterization of capsule depolymerase Dpo48 from Acinetobacter baumannii phage IME. PeerJ 2019, 7, e6173. [Google Scholar] [CrossRef] [PubMed]

	



Rice, C.J.; Kelly, S.A.; O’Brien, S.C.; Melaugh, E.M.; Ganacias, J.C.; Chai, Z.H.; Gilmore, B.F.; Skvortsov, T. Novel phage-derived depolymerase with activity against Proteus mirabilis biofilms. Microorganisms 2021, 9, 2172. [Google Scholar] [CrossRef] [PubMed]

	



García, R.; Latz, S.; Romero, J.; Higuera, G.; García, K.; Bastías, R. Bacteriophage production models: An overview. Front. Microbiol. 2019, 10, 1187. [Google Scholar] [CrossRef] [PubMed]

	



Pirnay, J.-P.; Blasdel, B.G.; Bretaudeau, L.; Buckling, A.; Chanishvili, N.; Clark, J.R.; Corte-Real, S.; Debarbieux, L.; Dublanchet, A.; De Vos, D. Quality and safety requirements for sustainable phage therapy products. Pharm. Res. 2015, 32, 2173–2179. [Google Scholar] [CrossRef]

	



Khatri, A.; Malhotra, P.; Izard, S.; Kim, A.; Oppenheim, M.; Gautam-Goyal, P.; Chen, T.; Doan, T.-L.; Berlinrut, I.; Niknam, N.; et al. Hospital-Acquired Bloodstream Infections in Patients Hospitalized with Severe Acute Respiratory Syndrome Coronavirus 2 Infection (Coronavirus Disease 2019): Association with Immunosuppressive Therapies. Open Forum Infect. Dis. 2021, 8, ofab339. [Google Scholar] [CrossRef]

	



Wu, N.; Chen, L.-K.; Zhu, T. Phage therapy for secondary bacterial infections with COVID-19. Curr. Opin. Opin. Opin. Virol. 2022, 52, 9–14. [Google Scholar] [CrossRef]








[image: Microorganisms 11 00424 g001 550] 





Figure 1. Schematic representation of drug-resistant secondary infections in SARS-CoV-2-infected patients and possible alternative treatments [50,51]. 
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Figure 2. Polysaccharide depolymerase of bacteriophages attacks on different targets. 
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Figure 3. Workflow for COVID-19 infection management proposed in this study [76]. With an established phage library, against a given pathogenic bacterium that has been isolated from a patient or a hospital surface are screened, and pre-stocked phage-enzymes vials are delivered for application to the patient or the environment. PREs: phage-related enzymes. 
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Table 1. The application of phage-derived depolymerases in animal models.
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	Phage
	Enzyme
	Model
	Delivery Route
	Outcome
	Reference





	Escherichia coli K1
	EndoE endosialidase from Coliphage E
	Neonatal rat model of bacteremia
	Intraperitoneal injection
	100% of animals protected from death
	[67]



	Salmonella Typhimurium
	P22sTsp endorhamnosidase from Salmonella phage P22
	Chicken model of gastrointestinal infection
	Oral administration
	Bacterial cfu reduction of ~1 order
	[68]



	Klebsiella pneumoniae
	K64dep capsule depolymerase from Klebsiella phage K64-1
	Mouse model of bacteremia
	Intraperitoneal injection
	100% of animals protected from death
	[69]



	Pseudomonas aeruginosa
	LKA1gp49 LPS lyase from Pseudomonas phage LKA1
	Galleria mellonella infection model
	Injection into the last pro-leg
	20% of animals protected from death
	[21]



	Klebsiella pneumoniae
	Dep_kpv79 and Dep_kpv767 depolymerase
	Mouse model
	Intraperitoneal injection, Intramuscular injection
	80%, 100%
	[70]



	Acinetobacter

baumannii
	Depolymerase Dpo71
	Galleria mellonella infection model
	Injection into the last pro-leg
	80%
	[61]



	Acinetobacter

baumannii
	Capsule depolymerase B9gp69
	Cell line model of human lung
	-
	-
	[71]



	Proteus mirabilis
	Phage derived-Depolymerase
	Galleria mellonella infection model
	Injection into the last pro-leg
	20% protected from death
	[72]



	Escherichia coli
	O91-specific polysaccharide depolymerase
	Mouse model
	Injection into the last pro-leg
	83% survival
	[60]
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