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Abstract

:

The therapeutic potential of phages has been considered since their first identification more than a century ago. The evident concept of using a natural predator to treat bacterial infections has, however, since then been challenged considerably. Initially, the vast success of antibiotics almost eliminated the study of phages for therapy. Upon the renaissance of phage therapy research, the most provocative and unique properties of phages such as high specificity, self-replication and co-evolution prohibited a rapid preclinical and clinical development. On the one hand, the typical trajectory followed by small molecule antibiotics could not be simply translated into the preclinical analysis of phages, exemplified by the need for complex broad spectrum or personalized phage cocktails of high purity and the more complex pharmacokinetics. On the other hand, there was no fitting regulatory framework to deal with flexible and sustainable phage therapy approaches, including the setup and approval of adequate clinical trials. While significant advances are incrementally made to eliminate these hurdles, phage-inspired antibacterials have progressed in the slipstream of phage therapy, benefiting from the lack of hurdles that are typically associated with phage therapy. Most advanced are phage lytic enzymes that kill bacteria through peptidoglycan degradation and osmotic lysis. Both phages and their lytic enzymes are now widely considered as safe and have now progressed to clinical phase II to show clinical efficacy as pharmaceutical. Yet, more initiatives are needed to fill the clinical pipeline to beat the typical attrition rates of clinical evaluation and to come to a true evaluation of phages and phage lytic enzymes in the clinic.
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1. Phages and Phage-Inspired Antibiotics


Ever since their discovery, bacteriophages have inspired to be used as antibacterial therapeutics. Whereas initially the use of intact phages has been considered for therapy, intensive research of phage biology has nowadays yielded several other avenues of investigation towards the development of novel antibacterials. Indeed, during their replication cycle phages interfere at all stages with the bacterial integrity and viability, providing different clues for novel antibacterials.



Many phages are equipped with polysaccharide depolymerases in their tail fibers or tail spikes. When initiating a phage infection cycle, these enzymes degrade capsule polysaccharides (CPSs), O-polysaccharide chains of lipopolysaccharide (LPS) molecules or extracellular polysaccharides (EPSs) that form a biofilm matrix [1]. Treatment of mice infected with Klebsiella pneumoniae with a capsule-specific depolymerase led to complete survival without significant clinical signs of illness, whereas the lack of treatment resulted in a high lethality (87.5%) [2]. Moreover, isolated phages equipped with putative depolymerases or their isolated depolymerases successfully rescued mice and Galleria mellonella larvae infected by a hypervirulent K. pneumoniae strain, which is a hyper-producer of capsular polysaccharide [3,4,5,6,7]. Additionally, Escherichia coli K1, K5 and K30-specific depolymerases were successfully evaluated in a mouse thigh model to treat infections [8]. Depolymerases are proposed to function as antivirulence compounds through the degradation of a major bacterial virulence factor. Encapsulated K. pneumoniae cells exposed to recombinant capsular depolymerases become more prone for complement-mediated killing in serum and phagocytosis, resulting in a reduced virulence in a Galleria mellonella larvae infection model [4]. In addition, capsule removal by depolymerases can increase the in vivo efficacy of standard-of-care antibiotics [9].



An important class of phage-encoded enzymes with antibacterial potential are phage lytic enzymes [10,11]. To eject the phage genome into the host cell, phages locally degrade the cell wall with a first phage lytic enzyme, called virion-associated peptidoglycan hydrolase. This enzyme creates a local hole in the peptidoglycan layer for transfer of the genome, but its association with the phage particle structure avoids extensive damage of the peptidoglycan layer taking place. A second phage lytic enzyme is produced at the end of the replication cycle. This protein is produced as a soluble, free enzyme and is called an endolysin. At a genetically programmed time point, (pin)holins release the endolysin to the periplasm or activate previously secreted endolysin molecules. These endolysins then extensively degrade the peptidoglycan layer from within, resulting in a sudden osmotic lysis of the bacterial cell and dispersion of the newly matured phage particles [12]. The potential of phage lytic enzymes as antibacterials for use in medicine and food conservation was first described in 2001 and 2000, respectively [13,14].



Besides intact phages and phage-encoded enzymes, also small chemical molecules mimicking growth-inhibitory phage-host interactions have been proposed as novel antibacterials. From the early stage of infection, such phage-host interactions take place to control the host cell machinery and to redirect the cellular resources for phage production. These interactions are often mediated by small proteins, which are among the earliest expressed ones [15]. Thirty-one phage proteins were identified in 26 Staphylococcus aureus phages with a growth-inhibitory effect [16]. The specific interaction between a phage protein and the bacterial target DnaI was used to screen for small molecules, mimicking the effect of the phage protein. Insights in the basic biology of phage-host interactions are now drastically accumulating [17,18,19,20], offering further clues for small molecule design.



The first phage-borne depolymerases are now evaluated preclinically, while phage-inspired antibiotics based on phage-host interactions are in the discovery phase with a single small molecule hit selected. In contrast, both phages and lytic enzymes have been demonstrated to be efficient and safe in extensive preclinical studies [21,22,23,24,25]. In addition, the safety of specific phages and lytic enzymes has been proven in human case studies and completed clinical trials phase I (Table 1 and Table 2). One phase I/II and one phase I trial has been completed with static phage-containing medicinal products (drugs in US), and three phase I trials for phage lytic enzymes. Different clinical phase II or II/III trials have been initiated for phages and phage lytic enzymes. Phage-containing medicinal products (drugs) and recombinant phage lytic enzymes are thus the most advanced phage(-derived) products on the clinical development path for use in human medicine. Both phages and phage lytic enzymes were withheld in a recent pipeline review of alternative antibacterials [26]. Phage lytic enzymes were classified as the alternative with the highest potential on effective implementation for antibacterial therapy. Wild type and engineered phages were also scored high for their potential impact, but ranked lower for the technical feasibility of their introduction. The authors underlined the need for more clinical studies on a higher number of different phage lytic enzymes and phages to ensure an effective translation into novel, safe and approved antibacterial products, especially given the typically high attrition rates during clinical analysis and the currently limited number of ongoing clinical trials. Additional investments will be needed to explore and exploit the full potential.



In this minireview, we compare the advantages and hurdles of phages and phage lytic enzymes in terms of their development towards clinically approved pharmaceutical compounds. While none of them have reached clinical implementation as pharmaceuticals yet, we explain why phage lytic enzymes moved significantly faster through the development pipeline, and why unique properties of phages represent, simultaneously, their high potential, but are also the reason for a delayed development process.




2. Phages versus Their Lytic Enzymes as Antibacterials: An Old and Young History


Phages were discovered in the early 20th century. They have been investigated for application in phage therapy shortly after their discovery. The earliest experiments were performed by Felix D’Herelle in 1918, treating a 12-year-old boy with severe dysentery. Twenty years later, the first commercial companies, L’Oréal in Europe and Eli Lily Company in the United States, produced phage preparations for human therapy [38]. The discovery and global use of classical antibiotics as first-line antibacterials led, to a large extent, to the abandoning of phage therapy in the west. In contrast, the use of phage therapy persisted in the USSR, even when mass antibiotic production was established in the USSR by 1950. Phage research especially found ground in Georgia, where the Eliava institute (Tbilisi) was founded, which is nowadays still a global key site for phage therapy [39]. The renewed interest in the west is triggered by the global call for novel treatments of bacterial infections because of the spread of multi-drug resistant bacterial isolates and an insufficiently filled development pipeline of new antibiotics. The prospect of phage therapy remains a matter of intense debate between proponents and opponents, awaiting clinical efficacy data.



Phage lytic enzymes have been studied since the late 50 s of the 20th century, with the first biochemical characterizations of the endolysin of streptococcal phage C1 [40], the endolysins of E. coli phages from the T-series (T1 up to T7), selected by Max Delbrück in an effort to focus the global work of phage researchers on a standard set of phages [40,41,42,43], and E. coli phage λ [44]. The T4 lysozyme was a model protein for the study of protein folding [45]. In addition, the lytic activity of endolysins from phages infecting Gram-positive bacteria was thankfully used to lyse Gram-positive cells for the study of wall carbohydrate and protein components or to produce protoplasts. Only since the beginning of the 21st century, the interest in the use of phage lytic enzymes as enzyme-based antibiotics or “enzybiotics” has emerged [13,46], and the first companies started focusing on phage lytic enzymes about 10 years later.



In spite of the longer history of phage therapy, reflected by a high number of studies addressing phage therapy compared to therapy with phage lytic enzymes, the (pre)clinical evaluation of phage lytic enzymes has obviously advanced faster. While both classes of antibacterials are clearly different from existing classes of antibacterials, the standards used in the preclinical analysis of small molecule antibiotics could be more easily translated to the preclinical evaluation of phage lytic enzymes compared to phages. Furthermore, the availability of a platform for protein production, engineering and formulation into different dosage forms for an increased number of proteinaceous products (enzymes, hormones and monoclonal antibodies) registered annually to the market will facilitate entry of the phage lytic enzymes to the market [47]. Some of the unique features of phages that may leverage the therapeutic potential (discussed below) also represent hurdles that have to be tackled, resulting in a slower process featured by gradually proceeding insights to develop phages as successful antibacterials.




3. Bacteriophages can Replicate and Evolve


The replicative and evolvable nature of phages has been highlighted as a unique feature in terms of therapy. After infection of—and replication in—a bacterial host, a multifold of new phage particles (burst size) are produced. Yet, it has been shown that the bacterial cell number should be higher than the proliferation threshold to sustain an active multiplication. This proliferation threshold is a function of the rate at which a phage meets a bacterium, the burst size of the phage, and phage decay through inactivation or removal by the reticulo-endothelial system of spleen and liver. In other words, phage amplification is only able to compensate for phage decay above this threshold. Below this threshold, the doses of phage particles must be sufficiently high (a multiplicity of infection of 10) to ensure killing of every cell without relying on self-replication [48,49]. When active replication takes place, phages are also able to evolve by the accumulation of stochastic mutations. In combination with natural selection, this will result in co-evolved phages that respond to the development of resistance by the target bacterium. Indeed, bacteria have evolved an extensive array of mechanisms to protect themselves from phage infection, ranging from adsorption inhibition, superinfection exclusion systems, restriction-modification systems, CRISPR-Cas mediated immunity, inhibition of crucial steps of phage multiplication [50] to the recently discovered chemical molecules [51]. Bacteria are not known to have developed natural resistance against phage lytic enzymes. Infected cells are already getting resource-depleted before phage endolysins come into play. Resistance mechanisms against the earliest stages of phage infection therefore appear as most meaningful.



The potential of replication and evolution set phages apart from any other antibacterial, but consequently also apart from any existing regulatory framework that exists for the approval process of clinical trials and eventually their approval as medicinal products. The advantages of replication of phages thus also represent a significant delaying factor in the preclinical and clinical evaluation of their potential. Phage lytic enzymes do not replicate. They must be applied in sufficiently high doses as any other antibiotic to kill the bacteria before they are removed from the body.




4. Pharmacokinetics


The self-replication of phages results in more complex pharmacokinetics influenced by both decay and proliferation. Due to this complexity, there is still a relative lack in the understanding of pharmacokinetics of phages. Although in vivo amplification of phages has been demonstrated, the insights are dominated by mathematical modeling of in vitro infections, which does not necessarily reflect in vivo amplification [52]. The limited knowledge on phage pharmacokinetics has already contributed to the failure of phage therapy experiments, for example when dosing relied too much on the self-replicating nature of phages [48]. In contrast, phage lytic enzymes behave more as standard pharmaceutical drugs in terms of pharmacokinetics. SAL200, a S. aureus-specific endolysin, has a t1/2 between 0.04 and 0.38 h after intravenous administration in healthy volunteers. Based on the molecular weight, the authors state that renal clearance and distribution for the intravascular to the extravascular space should be minimal. Therefore, the decay of this endolysin is mainly explained by the presence of plasma proteases [21]. Other endolysins have a longer half-life (e.g., CF-301 has a half-life of 11.3 h and P128 has a half-life of 5.2 and 5.6 h for the highest doses, 30 and 60 mg/kg, respectively) [32,53]. Simpler pharmacokinetics allow easier determination of the dosing regimen of lytic enzymes in (pre)clinical analyses compared to dosing regimen of phages.



There is a general acceptance that phages and endolysins are safe, assuming they have been produced in a pharmaceutical-grade way, e.g., lacking lipopolysaccharides. No (persistent) adverse effects were observed in phase I clinical trials (Table 1 and Table 2). Massive bacterial cell lysis, induced by either phages or endolysins, may result in the release of toxin (e.g., endotoxin) that could trigger a septic shock. Yet, a recent in vitro study showed that exposure to β -lactams leads to a higher release of endotoxin compared to when exposed to two selected E. coli phages, even in spite of the slower mode-of-action of β-lactams. Since β-lactams are widely and safely used, this study provides comforting data regarding the endotoxin-related safety of therapeutically relevant phages [54]. When using lytic enzymes, it is required that the dosing regimen is sufficient to kill the cells, while a too high fragmentation of the cell wall must be avoided to prevent an increase in pro-inflammatory cytokines [55].




5. Specificity


Phages are typically characterized by a narrow spectrum. Whereas, for some species, a single phage can be identified to kill the majority of strains (e.g., phage P100 infecting Listeria monocytogenes), phages killing species with high clonal diversity (e.g., Pseudomonas aeruginosa) typically only kill a small cohort of strains of this species. The specificity is determined by the phage receptor, antiviral defense mechanisms and specific interactions with the host machinery. Due to this high specificity, a phage-sur-mesure approach has to be followed for each infection. A phage then has to be selected from a previously collected phage bank or a new isolation is necessary. In addition, phages can be “trained” to become more active against the infecting bacterial strain and to elicit less bacterial resistance when applied [56]. It is evident that this approach is only possible for chronic infections. This potential of a tailor-made approach is outside the range of the currently applied regulatory framework. To treat acute infections, phage cocktails composed from phages that together span the whole spectrum of strains, are proposed. Disadvantages of phage cocktails are the complex procedures and intensive research needed for the production of a suitable and stable cocktail. However, from another perspective, phage cocktails may also become unnecessary for species of which the epidemiological strains show only limited clonal diversity. Phage lytic enzymes generally have a broader specificity at the genus or species level, with a few reported endolysins being specific at the serovar level [57]. The specificity is determined by the chemical composition of the peptidoglycan, which is largely conserved at the species level, and the presence of specific epitopes that are targeted by cell wall binding domains. The broader specificity of phage lytic enzymes offers more flexibility for the treatment of both acute and chronic infections. Yet, identification of the pathogen or a prediction with a high probability still remains essential to select a custom phage lytic enzyme. Broad-spectrum antibiotics killing both Gram-positive and Gram-negative species do not require identification, but have a drastic and adverse effect on the whole microbiota, including benign flora, which is increasingly considered as non-desired [58].




6. Intellectual Property and the Nagoya Protocol


Patent protection is often essential to attract necessary investments. Phages are natural, ubiquitous entities that can be relatively easily isolated and have been extensively studied since their discovery. Therefore, the probability to get patent rights for a newly isolated phage is very low. In addition, there is an ongoing debate about the possibilities to seek for patent protection of naturally occurring organisms such as phages. It is therefore recommended to shift focus on downstream processes to produces phages of good quality and stability to get patent rights. [59,60]. Other approaches are directed to phage genome engineering to produce improved phages that can be patented [61,62].



In a phage-sur-mesure approach, a new specific phage needs to be selected for each patient. When phage cocktails are used, their composition should be continuously updated to respond to resistance development. These continuous changes are inherently in conflict with patenting law that protects a fixed product [62]. This challenging and fragile intellectual property (IP) protection makes profit-driven economic structures indecisive to invest in this avenue [59,61]. In spite of the unsuitable IP regulations, some phage preparations obtained patent protection in the US (US7507571, US7459272, US7588929, US7758856) and EU (EP1587520 B1).



An additional regulatory constraint may be the implementation of the Nagoya Protocol [63]. The Nagoya protocol is an international legislation that entered into force in October 2014 in context of the convention on biological diversity (www.cbd.int). This protocol was enacted to achieve the convention’s third objective, i.e., fair and equitable sharing of benefits arising from genetic resources procurement. In accordance with this protocol, gaining access to genetic resources of a certain country needs legislative measures that differs between one country to another. Benefits arising from using such resources shall be shared between the two parties, provider and acquirer, according to mutually approved terms. Benefits may be either in form of a monetary payment or can be non-monetary such as technology transfer. This protocol is again in conflict with the scientific realities of phage research. Both phages and their hosts are not limited to certain national borders and are ubiquitous. Strict application of the Nagoya protocol will hamper flexible and continuous updating of phage preparations with new isolates. Amendments and clarification of the Nagoya protocol will be needed [61].



Phage lytic enzymes are molecules that fit better to the current IP laws. The relative ease to get patent protection for phage lytic enzymes is reflected by the larger number of patents. Phage lytic enzymes are expected to be relatively less affected by the Nagoya protocol. A certain enzyme sequence cannot be strictly assigned to a specific phage and protein engineering is frequently used to enhance the efficacy of the native enzymes [64,65].




7. Regulatory Framework


Upon their reintroduction in Western medicine, phages were classified as medicinal products (EU) or drugs (USA). Nevertheless, it has been regularly confirmed by the competent authorities for medicines that the concept of phage therapy does not fit this regulation. The evolvable, self-replicating but self-limiting nature of bacteriophages being used in a way of personalized antibacterial treatment are multiple factors that differentiate phages from any antibiotic. The lack of a suitable regulatory framework has discouraged public and private funding. This is further enhanced by the narrow spectrum of phages in combination with a quick resistance development and thus the low number of eligible patients and lower potential return-on-investment [59]. Consequently, phage therapy treatments have only been performed in Western medicine under the legislation of the Helsinki declaration adopted by the 18th World Medical Association general assembly (Helsinki, Finland, June 1964) as unproven interventions in clinical practice or out of compassionate use and under the informed consent of the patient [66]. Recently, Belgium has installed a new regulatory framework that accepts phages being included as an active pharmaceutical ingredient of a magistral preparation after compliance with a number of logical provisions. A magistral preparation is defined as “any medicinal product prepared in a pharmacy in accordance with a medical prescription for an individual patient” (Article 3 of Directive 2001/83 and Article 6 quarter, § 3 of the Law of 25 March 1964). Included phages must be produced conform the provisions of an internal monograph. Each batch must be accompanied with a certificate of analysis from a Belgian approved laboratory. Phages from this batch can then be included in magistral formulas under the responsibility of a medical doctor and a pharmacist [67]. It is clear that regulatory aspects have hindered and delayed successful therapeutic innovation and evaluation of bacteriophages. There is need for an ongoing debate between phage developers and regulatory authorities on how the regulatory framework might support and offer appropriate flexibility in delineating the tests and studies to be undertaken.



Phage lytic enzymes are less specific than phages, do not replicate or evolve and thus comply better with the regulatory framework of medicinal products. Nevertheless, the new mode-of-action compared to traditional small molecule antibiotics and the proteinaceous nature (biological versus chemical) requires the setup of customized assays during the preclinical analysis. One phage lytic enzyme (Staphefekt), which is specific against S. aureus, has been approved under a different regulatory framework, specifically as a class 1 medical device in Europe since 2013. The lytic enzymes are formulated in a cetomacrogol-based cream and in a gel as over-the-counter treatment. The evaluation of its clinical efficacy is based on questionnaire studies, patient reviews and three reported case studies [68]. Phage lytic enzymes are also eligible for a fast track status granted by the FDA. CF-301 obtained this designation for the treatment of S. aureus bacteremia. This status is granted to experimental drugs to facilitate the development, and to expedite the review of drugs to treat serious or life-threatening conditions and fill an unmet medical need. The final goal is to make the drug more rapidly available for the patient, if safety and efficacy is demonstrated.




8. Clinical Trials


Different clinical studies of phase I, I/II and II have demonstrated the safety of phages [27,28,29,69] and phage lytic enzymes [21,32,33,68,70], which is consistent with the extensive evidence on their safety in animal models and (human) case studies (Table 1 and Table 2). To date, one randomized, double-blind, placebo-controlled phase I/II clinical trial showing efficacy of natural phages has been reported. In this study, the authors investigated a static phage-containing medicinal product against chronic P. aeruginosa infections causing otitis. The bacterial burden was significantly lower in phage-treated patients (n = 12) compared to the placebo-treated group (n = 12). Furthermore, no adverse effects were observed. Unfortunately, only a preliminary report has been published [69]. Clinical efficacy of phages could not be shown in other phase II trials for various technical reasons related to trial design. A study held in Bangladesh assessed the application of an oral E. coli phage cocktail to reduce the severity of acute bacterial diarrhea in children [28,61]. This cocktail was well tolerated but failed to improve diarrhea. The most probable reasons put forward by the authors is the lower frequency of E. coli as the diarrhea-causing pathogen than anticipated, and when present, E. coli had a lower titer than expected. In addition, there was an insufficient coverage of the infecting strains by the used bacteriophage cocktails. These elements resulted in a failed intestinal amplification and no improved clinical outcome compared to the standard care [61]. The recently terminated clinical phase II Phagoburn trial was designed to evaluate the treatment of P. aeruginosa and E. coli infected burn wounds using a phage cocktail. It was the first multi-centered trial that applied good manufacturing practices and was approved by three national health regulators (France, Belgium, and Switzerland). However, the trial was terminated prematurely due to the lack of eligible patients and insufficient efficacy of the phage cocktail. For reasons of high endotoxin content, only a diluted cocktail with a small number of phages (10–100 PFU/mL instead of the anticipated 109 PFU/mL) was actually applied. Diluted stocks also tend to be more instable [29]. Recently, the clinical trial design (phase II/III) to treat urinary tract infections with the Pyophage cocktail, which is commercially available at the Eliava institute and registered in Georgia, has been published [31]. It is obvious that the particular characteristics of phages complicate the successful execution of a clinical trial. In general, an in-depth characterization of the applied phages, standard protocols on how to amplify and purify them, could improve the outcome of clinical trials [71,72,73].



In the case of phage lytic enzymes, two phase I trials (CF-301 and SAL200) and two phase I/II trails have been completed. The results of the two phase I trials show no adverse effects [21,32,33,34,35] but the data of the I/II trials are not (yet) public. Two more clinical phase II trials have been announced (Table 2) and in the near future the clinical efficacy can be evaluated. All studies are targeting S. aureus ranging from topical and nasal to systemic infections.




9. Engineered Phages and Phage Lytic Enzymes


Using a biological such as a phage or its lytic enzymes in human medicine benefits from different traits that have evolved during natural Darwinian evolution. Typically, engineering efforts aim to perform directed evolution on a lab scale to improve the characteristics of the biological. In casu, synthetic biology and protein engineering are used to increase the therapeutic potential of phages and lytic enzymes, respectively. In fact, these efforts are similar to the extensive chemical engineering of natural antibiotics, resulting nowadays in up to the 4th generation semi-synthetic antibiotics. For phage lytic enzymes, the large, existing toolbox of protein engineering methods can be used. The most commonly used method is domain swapping [11]. Shuffling of the modular composition of phage lytic enzymes comprising cell wall binding and enzymatically active domains allows for improvement of antibacterial properties such as specificity, activity, stability, and solubility. Additionally, fusion of additional modules expands or modulates their activity. Fusion of outer membrane permeabilizing peptides to phage lytic enzymes (Artilysin®) sensitizes Gram-negative pathogens for their bacteriolytic action [65,74]. Addition of a polycationic peptide also increased and accelerated the bactericidal effect, while reducing the required dose, for a streptococcal endolysin [64]. Compared to many other commercially available enzymes, the potential of mutagenesis has merely been exploited for phage lytic enzymes [75].



Phage engineering, especially of lytic phages, has been more cumbersome. Phages have been engineered by a wide range of methods, yet with increasing efficiency along with the emergence of synthetic biology [76,77,78]. Phage engineering has offered a way to produce new variants with expanded host range and, hence, potentially decreasing the number of phages in the cocktail needed to cover bacterial diversity [76,79,80]. It has also provided an approach to attract investment by generating patentable phage variants [80]. Phages have been also engineered to allow killing of other strains and increase efficiency against biofilm forming bacteria by insertion of bacteriocins, enzybiotics, quorum sensing inhibitors, and biofilm degrading enzymes [81,82,83,84,85]. Purification efficiency could also be improved by insertion of purification tags [86]. Longer circulation of the phage in the bloodstream has been achieved by displaying a specific protein [87,88]. Finally, phage engineering has also been used to enhance the cell-internalization efficiency, to achieve targeted delivery [89,90] and to generate non-replicative bacteriophages to control their spread and for an immune-safe product [91,92,93]. The large majority of these engineering efforts are focused to eliminate the hurdles of phage therapy. Though, since phages have a genome and are replicative, the engineering of phages may raise itself additional legislative and ethical concerns related to genetic modification. In contrast, engineered phage lytic enzymes will not elicit these concerns.




10. Conclusions


Spurred by the emerging and spreading multidrug resistance of human pathogens, there has been global call for novel classes of antibacterials over the last decade. Both phages and phage lytic enzymes respond to this call. As natural predators of bacteria, phages have, since their discovery, been considered as a promising candidate. Yet, significant steps in their clinical evaluation are still needed today for the approval of their use as pharmaceutical. Their unique features have complicated their preclinical and clinical analysis, requiring more intensive research, and makes them unfit with the rigid regulatory framework. This has put a significant delay on the evaluation of their potential and we still cannot confirm or refute their clinical efficacy as a pharmaceutical. Phage lytic enzymes have been considered for application in human medicine since two decades ago. They have gone through the preclinical and clinical evaluation at a much faster pace. The upcoming years will be crucial for the evaluation of phages and their lytic enzymes for their use as pharmaceutical compounds. Meanwhile, given the typically high attrition rates during clinical trials as witnessed for antibiotics and other pharmaceutical compounds, the broad community including companies and academia must keep on investing in a better understanding, design, and development of phages and phage lytic enzymes to fill the development pipeline.







Funding


This research was funded by Research Foundation—Flanders (FWO), grant number 1.S.322.17N and Cultural Affairs and Missions Sector, Ministry of Higher Education, Egypt.




Acknowledgments


We are very thankful to Jean-Paul Pirnay (Queen Astrid Military Hospital, Brussels, Belgium) for critically revising the clinical work with phages described in this manuscript.




Conflicts of Interest


Y.B. is scientific advisor of Lysando AG and is inventor on patents related to phage lytic enzymes.




References


	



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] [PubMed]

	



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]

	



Solovieva, E.V.; Myakinina, V.P.; Kislichkina, A.A.; Krasilnikova, V.M.; Verevkin, V.V.; Mochalov, V.V.; Lev, A.I.; Fursova, N.K.; Volozhantsev, N.V. Comparative genome analysis of novel Podoviruses lytic for hypermucoviscous Klebsiella pneumoniae of K1, K2, and K57 capsular types. Virus Res. 2018, 243, 10–18. [Google Scholar] [CrossRef] [PubMed]

	



Majkowska-Skrobek, G.; Latka, A.; Berisio, R.; Squeglia, F.; Maciejewska, B.; Briers, Y.; Drulis-Kawa, Z. Phage-borne depolymerases decrease Klebsiella pneumoniae resistance to innate defense mechanisms. Front. Microbiol. 2018, 9, 2517. [Google Scholar] [CrossRef] [PubMed]

	



D’andrea, M.M.; Marmo, P.; De Angelis, L.H.; Palmieri, M.; Ciacci, N.; Di Lallo, G.; Demattè, E.; Vannuccini, E.; Lupetti, P.; Rossolini, G.M. φBO1E, a newly discovered lytic bacteriophage targeting carbapenemase-producing Klebsiella pneumoniae of the pandemic Clonal Group 258 clade II lineage. Sci. Rep. 2017, 7, 2614. [Google Scholar] [CrossRef] [PubMed]

	



Volozhantsev, N.V.; Myakinina, V.P.; Popova, A.V.; Kislichkina, A.A.; Komisarova, E.V.; Knyazeva, A.I.; Krasilnikova, V.M.; Fursova, N.K.; Svetoch, E.A. Complete genome sequence of novel T7-like virus vB_KpnP_KpV289 with lytic activity against Klebsiella pneumoniae. Arch. Virol. 2016, 161, 499. [Google Scholar] [CrossRef]

	



Borzilov, A.I.; Volozhantsev, N.V.; Korobova, O.V.; Kombarova, T.I.; Myakinina, V.P.; Krasilnikova, V.M.; Verevkin, V.V.; Svetoch, E.A.; Dyatlov, I.A. The effectiveness of bacteriophage KpV289 in treatment of acute pneumonia and a hip infection caused by Klebsiella pneumoniae in mice. Infekc. bolezni (Infect. Dis.) 2017, 15, 48. (In Russian) [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]

	



Bansal, S.; Harjai, K.; Chhibber, S. Depolymerase improves gentamicin efficacy during Klebsiella pneumoniae induced murine infection. BMC Infect. Dis. 2014, 14, 456. [Google Scholar] [CrossRef]

	



Schmelcher, M.; Donovan, D.M.; Loessner, M.J. Bacteriophage endolysins as novel antimicrobials. Future Microbiol. 2012, 7, 1147–1171. [Google Scholar] [CrossRef][Green Version]

	



Gerstmans, H.; Criel, B.; Briers, Y. Synthetic biology of modular endolysins. Biotechnol. Adv. 2018, 36, 624–640. [Google Scholar] [CrossRef]

	



Young, R. Phage lysis: Do we have the hole story yet? Curr. Opin. Microbiol. 2013, 16, 790–797. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, D.; Loomis, L.; Fischetti, V.A. Prevention and elimination of upper respiratory colonization of mice by group A streptococci by using a bacteriophage lytic enzyme. Proc. Natl. Acad. Sci. USA 2001, 98, 4107–4112. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Loessner, M.J.; Inman, R.B.; Lauer, P.; Calendar, R. Complete nucleotide sequence, molecular analysis and genome structure of bacteriophage A118 of Listeria monocytogenes: Implications for phage evolution. Mol. Microbiol. 2000, 35, 324–340. [Google Scholar] [CrossRef] [PubMed]

	



De Smet, J.; Hendrix, H.; Blasdel, B.G.; Danis-Wlodarczyk, K.; Lavigne, R. Pseudomonas predators: Understanding and exploiting phage–host interactions. Nat. Rev. Microbiol. 2017, 15, 517. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Dehbi, M.; Moeck, G.; Arhin, F.; Bauda, P.; Bergeron, D.; Callejo, M.; Ferretti, V.; Ha, N.; Kwan, T. Antimicrobial drug discovery through bacteriophage genomics. Nat. Biotechnol. 2004, 22, 185. [Google Scholar] [CrossRef] [PubMed]

	



Wagemans, J.; Blasdel, B.G.; Van den Bossche, A.; Uytterhoeven, B.; De Smet, J.; Paeshuyse, J.; Cenens, W.; Aertsen, A.; Uetz, P.; Delattre, A.S. Functional elucidation of antibacterial phage ORFans targeting Pseudomonas aeruginosa. Cell. Microbiol. 2014, 16, 1822–1835. [Google Scholar] [CrossRef] [PubMed]

	



Van den Bossche, A.; Ceyssens, P.-J.; De Smet, J.; Hendrix, H.; Bellon, H.; Leimer, N.; Wagemans, J.; Delattre, A.-S.; Cenens, W.; Aertsen, A. Systematic identification of hypothetical bacteriophage proteins targeting key protein complexes of Pseudomonas aeruginosa. J. Proteome Res. 2014, 13, 4446–4456. [Google Scholar] [CrossRef] [PubMed]

	



Wagemans, J.; Delattre, A.-S.; Uytterhoeven, B.; De Smet, J.; Cenens, W.; Aertsen, A.; Ceyssens, P.-J.; Lavigne, R. Antibacterial phage ORFans of Pseudomonas aeruginosa phage LUZ24 reveal a novel MvaT inhibiting protein. Front. Microbiol. 2015, 6, 1242. [Google Scholar] [CrossRef] [PubMed]

	



Van den Bossche, A.; Hardwick, S.W.; Ceyssens, P.-J.; Hendrix, H.; Voet, M.; Dendooven, T.; Bandyra, K.J.; De Maeyer, M.; Aertsen, A.; Noben, J.-P. Structural elucidation of a novel mechanism for the bacteriophage-based inhibition of the RNA degradosome. eLife 2016, 5, e16413. [Google Scholar] [CrossRef] [PubMed]

	



Jun, S.Y.; Jang, I.J.; Yoon, S.; Jang, K.; Yu, K.-S.; Cho, J.Y.; Seong, M.-W.; Jung, G.M.; Yoon, S.J.; Kang, S.H. Pharmacokinetics and tolerance of the phage endolysin-based candidate drug SAL200 after a single intravenous administration among healthy volunteers. Antimicrob. Agents Chemother. 2017, AAC, 02629-16. [Google Scholar] [CrossRef] [PubMed]

	



Jun, S.Y.; Jung, G.M.; Yoon, S.J.; Youm, S.Y.; Han, H.Y.; Lee, J.H.; Kang, S.H. Pharmacokinetics of the phage endolysin-based candidate drug SAL 200 in monkeys and its appropriate intravenous dosing period. Clin. Exp. Pharmacol. Physiol. 2016, 43, 1013–1016. [Google Scholar] [CrossRef] [PubMed]

	



Gilmer, D.B.; Schmitz, J.E.; Euler, C.W.; Fischetti, V.A. Novel bacteriophage lysin with broad lytic activity protects against mixed infection by Streptococcus pyogenes and methicillin-resistant Staphylococcus aureus. Antimicrob. Agents Chemother. 2013, 57, 2473–2750. [Google Scholar] [CrossRef] [PubMed]

	



Channabasappa, S.; Durgaiah, M.; Chikkamadaiah, R.; Kumar, S.; Joshi, A.; Sriram, B. Efficacy of novel antistaphylococcal ectolysin P128 in a rat model of methicillin-resistant Staphylococcus aureus bacteremia. Antimicrob. Agents Chemother. 2018, 62, e01358-17. [Google Scholar] [CrossRef] [PubMed]

	



Channabasappa, S.; Chikkamadaiah, R.; Durgaiah, M.; Kumar, S.; Ramesh, K.; Sreekanthan, A.; Sriram, B. Efficacy of chimeric ectolysin P128 in drug-resistant Staphylococcus aureus bacteraemia in mice. J. Antimicrob. Chemother. 2018, 73, 3398–3404. [Google Scholar] [CrossRef]

	



Czaplewski, L.; Bax, R.; Clokie, M.; Dawson, M.; Fairhead, H.; Fischetti, V.A.; Foster, S.; Gilmore, B.F.; Hancock, R.E.; Harper, D. Alternatives to antibiotics—A pipeline portfolio review. Lancet Infect. Dis. 2016, 16, 239–251. [Google Scholar] [CrossRef]

	



Rhoads, D.; Wolcott, R.; Kuskowski, M.; Wolcott, B.; Ward, L.; Sulakvelidze, A. Bacteriophage therapy of venous leg ulcers in humans: Results of a phase I safety trial. J. Wound Care 2009, 18, 237–243. [Google Scholar] [CrossRef]

	



Sarker, S.A.; Sultana, S.; Reuteler, G.; Moine, D.; Descombes, P.; Charton, F.; Bourdin, G.; McCallin, S.; Ngom-Bru, C.; Neville, T. Oral phage therapy of acute bacterial diarrhea with two coliphage preparations: A randomized trial in children from Bangladesh. EBioMedicine 2016, 4, 124–137. [Google Scholar] [CrossRef]

	



Jault, P.; Leclerc, T.; Jennes, S.; Pirnay, J.P.; Que, Y.-A.; Resch, G.; Rousseau, A.F.; Ravat, F.; Carsin, H.; Le Floch, R. Efficacy and tolerability of a cocktail of bacteriophages to treat burn wounds infected by Pseudomonas aeruginosa (PhagoBurn): A randomised, controlled, double-blind phase 1/2 trial. Lancet Infect. Dis. 2018, 1, 35–45. [Google Scholar] [CrossRef]

	



Pherecydes Pharma. Evaluation of Phage Therapy for the Treatment of Escherichia coli and Pseudomonas aeruginosa Wound Infections in Burned Patients (PHAGOBURN). Available online: https://clinicaltrials.gov/ct2/show/NCT02116010 (accessed on 14 December 2018).

	



Leitner, L.; Sybesma, W.; Chanishvili, N.; Goderdzishvili, M.; Chkhotua, A.; Ujmajuridze, A.; Schneider, M.P.; Sartori, A.; Mehnert, U.; Bachmann, L.M. Bacteriophages for treating urinary tract infections in patients undergoing transurethral resection of the prostate: A randomized, placebo-controlled, double-blind clinical trial. BMC Urol. 2017, 17, 90. [Google Scholar] [CrossRef]

	



Cassino, C.; Murphy, M.; Boyle, J.; Rotolo, J.; Wittekind, M. Results of the first in human study of lysin CF-301 evaluating the safety, tolerability and pharmacokinetic profile in healthy volunteers. In Proceedings of the 26th European Congress of Clinical Microbiology and Infectious Diseases, Amsterdam, The Netherlands, 9–12 April 2016. [Google Scholar]

	



Jandourek, A.; Boyle, J.; Cassino, C.; Wittekind, M.; Kirby, H. Long Term Immunology Results of a Phase 1 Placebo Controlled Dose Escalating Study to Examine the Safety of CF-301 in Human Volunteers. In Proceedings of the 27th ECCMID, Vienna, Austria, 22–25 April 2017; Volume 22. [Google Scholar]

	



Jandourek, A.; Boyle, J.; Murphy, G.; Cassino, C. Inflammatory markers in a phase 1 placebo controlled dose escalating study of intravenous doses of CF-301 in human subjects. In Proceedings of the ASM Microbe, New Orleans, LA, USA, 2 June 2017. [Google Scholar]

	



Ghahramani, P.; Khariton, T.; Jones, S.; Murphy, J.; Boyle, G.; Jandourek, A.; Cassino, C. Population pharmacokinetic-pharmacodynamic assessment of cardiac safety endpoints for CF-301, a first-in-class antibacterial lysin. In Proceedings of the ASM Microbe, New Orleans, LA, USA, 3 June 2017. [Google Scholar]

	



Rotolo, J.A.; Ramirez, R.A.; Schuch, R.; Machacek, M.; Khariton, T.; Ghahramani, P.; Wittekind, M. PK-PD driver of efficacy for CF-301, a novel anti-staphylococcal lysin: Implications for human target dose. In Proceedings of the ASM Microbe, Boston, MA, USA, 16–20 June 2016. [Google Scholar]

	



Totté, J.; de Wit, J.; Pardo, L.; Schuren, F.; van Doorn, M.; Pasmans, S. Targeted anti-staphylococcal therapy with endolysins in atopic dermatitis and the effect on steroid use, disease severity and the microbiome: Study protocol for a randomized controlled trial (MAAS trial). Trials 2017, 18, 404. [Google Scholar] [CrossRef] [PubMed]

	



Sulakvelidze, A.; Alavidze, Z.; Morris, J.G. Bacteriophage therapy. Antimicrob. Agents Chemother. 2001, 45, 649–659. [Google Scholar] [CrossRef] [PubMed]

	



Myelnikov, D. An Alternative Cure: The Adoption and Survival of Bacteriophage Therapy in the USSR, 1922–1955. J. Hist. Med. Allied Sci. 2018, 73, 385–411. [Google Scholar] [CrossRef] [PubMed]

	



Koch, G.; Dryer, W. Characterization of an enzyme of phage T2 as a lysozyme. Virology 1958, 6, 291. [Google Scholar] [CrossRef]

	



Tsugita, A.; Inouye, M.; Terzaghi, E.; Streisinger, G. Purification of bacteriophage T4 lysozyme. J. Biol. Chem. 1968, 243, 391–397. [Google Scholar] [PubMed]

	



Inouye, M.; Arnheim, N.; Sternglanz, R. Bacteriophage T7 lysozyme is an N-acetylmuramyl-l-alanine amidase. J. Biol. Chem. 1973, 248, 7247–7252. [Google Scholar]

	



DeMartini, M.; Halegoua, S.; Inouye, M. Lysozymes from bacteriophages T3 and T5. J. Virol. 1975, 16, 459–461. [Google Scholar] [PubMed]

	



Black, L.W.; Hogness, D.S. The lysozyme of bacteriophage λ I. Purification and molecular weight. J. Biol. Chem. 1969, 244, 1968–1975. [Google Scholar] [PubMed]

	



Matthews, B.W. Structural and genetic analysis of the folding and function of T4 lysozyme. FASEB J. 1996, 10, 35–41. [Google Scholar] [CrossRef] [PubMed]

	



Fischetti, V. Development of phage lysins as novel therapeutics: A historical perspective. Viruses 2018, 10, 310. [Google Scholar] [CrossRef] [PubMed]

	



Lagassé, H.D.; Alexaki, A.; Simhadri, V.L.; Katagiri, N.H.; Jankowski, W.; Sauna, Z.E.; Kimchi-Sarfaty, C. Recent advances in (therapeutic protein) drug development. F1000Research 2017, 6, 113. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Abedon, S.T.; Thomas-Abedon, C. Phage therapy pharmacology. Curr. Pharm. Biotechnol. 2010, 11, 28–47. [Google Scholar] [CrossRef] [PubMed]

	



Payne, R.J.; Jansen, V.A. Phage therapy: The peculiar kinetics of self-replicating pharmaceuticals. Clin. Pharmacol. Ther. 2000, 68, 225–230. [Google Scholar] [CrossRef] [PubMed]

	



Labrie, S.J.; Samson, J.E.; Moineau, S. Bacteriophage resistance mechanisms. Nat. Rev. Microbiol. 2010, 8, 317. [Google Scholar] [CrossRef] [PubMed]

	



Kronheim, S.; Daniel-Ivad, M.; Duan, Z.; Hwang, S.; Wong, A.I.; Mantel, I.; Nodwell, J.R.; Maxwell, K.L. A chemical defence against phage infection. Nature 2018, 1, 283–286. [Google Scholar] [CrossRef] [PubMed]

	



Brüssow, H. Phage therapy: The Escherichia coli experience. Microbiology 2005, 151, 2133–2140. [Google Scholar] [CrossRef] [PubMed]

	



Sriram, B.; Chikkamadaiah, S.C.R.; Durgaiah, M.; Hariharan, S.; Jayaraman, R.; Kumar, S.; Maheshwari, U.; Nandish, P. Pharmacokinetics and efficacy of ectolysin P128 in a mouse model of systemic Methicillin resistant Staphylococcus aureus (MRSA) infection. In Proceedings of the ASM Microbe 2017, New Orleans, LA, USA, 1–5 June 2017. [Google Scholar]

	



Dufour, N.; Delattre, R.; Ricard, J.-D.; Debarbieux, L. The lysis of pathogenic Escherichia coli by bacteriophages releases less endotoxin than betalactams. Clin. Infect. Dis. 2017, 64, 1582–1588. [Google Scholar] [CrossRef] [PubMed]

	



Fischetti, V.A. Bacteriophage endolysins: A novel anti-infective to control Gram-positive pathogens. Int. J. Med. Microbiol. 2010, 300, 357–362. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Friman, V.P.; Soanes-Brown, D.; Sierocinski, P.; Molin, S.; Johansen, H.K.; Merabishvili, M.; Pirnay, J.P.; De Vos, D.; Buckling, A. Pre-adapting parasitic phages to a pathogen leads to increased pathogen clearance and lowered resistance evolution with Pseudomonas aeruginosa cystic fibrosis bacterial isolates. J. Evol. Biol. 2016, 29, 188–198. [Google Scholar] [CrossRef] [PubMed]

	



Schmelcher, M.; Shabarova, T.; Eugster, M.R.; Eichenseher, F.; Tchang, V.S.; Banz, M.; Loessner, M.J. Rapid multiplex detection and differentiation of Listeria cells by use of fluorescent phage endolysin cell wall binding domains. Appl. Environ. Microbiol. 2010, 76, 5745–5756. [Google Scholar] [CrossRef]

	



Rafii, F.; Sutherland, J.B.; Cerniglia, C.E. Effects of treatment with antimicrobial agents on the human colonic microflora. Ther. Clin. Risk Manag. 2008, 4, 1343. [Google Scholar] [CrossRef]

	



Debarbieux, L.; Pirnay, J.-P.; Verbeken, G.; De Vos, D.; Merabishvili, M.; Huys, I.; Patey, O.; Schoonjans, D.; Vaneechoutte, M.; Zizi, M. A bacteriophage journey at the European Medicines Agency. FEMS Microbiol. Lett. 2016, 363, 2. [Google Scholar] [CrossRef] [PubMed]

	



Harper, D. Beneficial Effects of Bacteriophage Treatments. U.S. Patent No. 8,475,787, 2 July 2015. [Google Scholar]

	



Sybesma, W.; Rohde, C.; Bardy, P.; Pirnay, J.P.; Cooper, I.; Caplin, J.; Chanishvili, N.; Coffey, A.; De Vos, D.; Scholz, A.H. Silk route to the acceptance and re-implementation of bacteriophage therapy—Part II. Antibiotics 2018, 7, 35. [Google Scholar]

	



Pirnay, J.P.; Verbeken, G.; Rose, T.; Jennes, S.; Zizi, M.; Huys, I.; Lavigne, R.; Merabishvili, M.; Vaneechoutte, M.; Buckling, A. Introducing yesterday’s phage therapy in today’s medicine. Future Virol. 2012, 7, 379–390. [Google Scholar] [CrossRef][Green Version]

	



Smith, D.; da Silva, M.; Jackson, J.; Lyal, C. Explanation of the Nagoya protocol on access and benefit sharing and its implication for microbiology. Microbiology 2017, 163, 289–296. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Rubio, L.; Chang, W.-L.; Gutiérrez, D.; Lavigne, R.; Martínez, B.; Rodríguez, A.; Govers, S.K.; Aertsen, A.; Hirl, C.; Biebl, M. ‘Artilysation’of endolysin λSa2lys strongly improves its enzymatic and antibacterial activity against streptococci. Sci. Rep. 2016, 6, 35382. [Google Scholar] [CrossRef] [PubMed]

	



Briers, Y.; Walmagh, M.; Van Puyenbroeck, V.; Cornelissen, A.; Cenens, W.; Aertsen, A.; Oliveira, H.; Azeredo, J.; Verween, G.; Pirnay, J.-P. Engineered endolysin-based “Artilysins” to combat multidrug-resistant Gram-negative pathogens. mBio 2014, 5, e01379-14. [Google Scholar] [CrossRef] [PubMed]

	



World Medical Association. World Medical Association Declaration of Helsinki: Ethical principles for medical research involving human subjects. JAMA 2013, 310, 2191–2194. [Google Scholar] [CrossRef] [PubMed]

	



Pirnay, J.-P.; Verbeken, G.; Ceyssens, P.-J.; Huys, I.; De Vos, D.; Ameloot, C.; Fauconnier, A. The magistral phage. Viruses 2018, 10, 64. [Google Scholar] [CrossRef]

	



Totté, J.E.; van Doorn, M.B.; Pasmans, S.G. Successful treatment of chronic Staphylococcus aureus-related dermatoses with the topical endolysin Staphefekt SA. 100: A report of 3 cases. Case Rep. Dermatol. 2017, 9, 19–25. [Google Scholar] [CrossRef]

	



Wright, A.; Hawkins, C.; Änggård, E.; Harper, D. A controlled clinical trial of a therapeutic bacteriophage preparation in chronic otitis due to antibiotic-resistant Pseudomonas aeruginosa; a preliminary report of efficacy. Clin. Otolaryngol. 2009, 34, 349–357. [Google Scholar] [CrossRef] [PubMed]

	



Briers, Y.; Lavigne, R. Breaking barriers: Expansion of the use of endolysins as novel antibacterials against Gram-negative bacteria. Future Microbiol. 2015, 10, 377–390. [Google Scholar] [CrossRef] [PubMed]

	



Górski, A.; Międzybrodzki, R.; Łobocka, M.; Głowacka-Rutkowska, A.; Bednarek, A.; Borysowski, J.; Jończyk-Matysiak, E.; Łusiak-Szelachowska, M.; Weber-Dąbrowska, B.; Bagińska, N. Phage therapy: What have we learned? Viruses 2018, 10, 288. [Google Scholar] [CrossRef] [PubMed]

	



Kutter, E.; De Vos, D.; Gvasalia, G.; Alavidze, Z.; Gogokhia, L.; Kuhl, S.; Abedon, S.T. Phage therapy in clinical practice: Treatment of human infections. Curr. Pharm. Biotechnol. 2010, 11, 69–86. [Google Scholar] [CrossRef] [PubMed]

	



Furfaro, L.L.; Payne, M.S.; Chang, B.J. Bacteriophage therapy: Clinical trials and regulatory hurdles. Front. Cell. Infect. Microbiol. 2018, 8, 376. [Google Scholar] [CrossRef] [PubMed]

	



Briers, Y.; Walmagh, M.; Grymonprez, B.; Biebl, M.; Pirnay, J.-P.; Defraine, V.; Michiels, J.; Cenens, W.; Aertsen, A.; Miller, S. Art-175 is a highly efficient antibacterial against multidrug-resistant strains and persisters of Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2014, AAC, 02668-14. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, D.; Schuch, R.; Chahales, P.; Zhu, S.; Fischetti, V.A. PlyC: A multimeric bacteriophage lysin. Proc. Natl. Acad. Sci. USA 2006, 103, 10765–10770. [Google Scholar] [CrossRef][Green Version]

	



Yoichi, M.; Abe, M.; Miyanaga, K.; Unno, H.; Tanji, Y. Alteration of tail fiber protein gp38 enables T2 phage to infect Escherichia coli O157: H7. J. Biotechnol. 2005, 115, 101–107. [Google Scholar] [CrossRef]

	



Marinelli, L.J.; Piuri, M.; Swigoňová, Z.; Balachandran, A.; Oldfield, L.M.; van Kessel, J.C.; Hatfull, G.F. BRED: A simple and powerful tool for constructing mutant and recombinant bacteriophage genomes. PLoS ONE 2008, 3, e3957. [Google Scholar] [CrossRef]

	



Oppenheim, A.B.; Rattray, A.J.; Bubunenko, M.; Thomason, L.C.; Court, D.L. In vivo recombineering of bacteriophage λ by PCR fragments and single-strand oligonucleotides. Virology 2004, 319, 185–189. [Google Scholar] [CrossRef][Green Version]

	



Mahichi, F.; Synnott, A.J.; Yamamichi, K.; Osada, T.; Tanji, Y. Site-specific recombination of T2 phage using IP008 long tail fiber genes provides a targeted method for expanding host range while retaining lytic activity. FEMS Microbiol. Lett. 2009, 295, 211–217. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Lin, T.-Y.; Lo, Y.-H.; Tseng, P.-W.; Chang, S.-F.; Lin, Y.-T.; Chen, T.-S. A T3 and T7 recombinant phage acquires efficient adsorption and a broader host range. PLoS ONE 2012, 7, e30954. [Google Scholar] [CrossRef] [PubMed]

	



Bikard, D.; Euler, C.W.; Jiang, W.; Nussenzweig, P.M.; Goldberg, G.W.; Duportet, X.; Fischetti, V.A.; Marraffini, L.A. Exploiting CRISPR-Cas nucleases to produce sequence-specific antimicrobials. Nat. Biotechnol. 2014, 32, 1146. [Google Scholar] [CrossRef]

	



Citorik, R.J.; Mimee, M.; Lu, T.K. Sequence-specific antimicrobials using efficiently delivered RNA-guided nucleases. Nat. Biotechnol. 2014, 32, 1141. [Google Scholar] [CrossRef] [PubMed]

	



Pei, R.; Lamas-Samanamud, G.R. Inhibition of biofilm formation by T7 bacteriophages producing quorum quenching enzymes. Appl. Environ. Microbiol. 2014, 01434-14. [Google Scholar] [CrossRef] [PubMed]

	



Lu, T.K.; Collins, J.J. Dispersing biofilms with engineered enzymatic bacteriophage. Proc. Natl. Acad. Sci. USA 2007, 104, 11197–11202. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Hupfeld, M.; Trasanidou, D.; Ramazzini, L.; Klumpp, J.; Loessner, M.J.; Kilcher, S. A functional type II-A CRISPR–Cas system from Listeria enables efficient genome editing of large non-integrating bacteriophage. Nucleic Acids Res. 2018, 46, 6920–6933. [Google Scholar] [CrossRef]

	



Oślizło, A.; Miernikiewicz, P.; Piotrowicz, A.; Owczarek, B.; Kopciuch, A.; Figura, G.; Dąbrowska, K. Purification of phage display-modified bacteriophage T4 by affinity chromatography. BMC Biotechnol. 2011, 11, 59. [Google Scholar] [CrossRef] [PubMed]

	



Vitiello, C.L.; Merril, C.R.; Adhya, S. An amino acid substitution in a capsid protein enhances phage survival in mouse circulatory system more than a 1000-fold. Virus Res. 2005, 114, 101–103. [Google Scholar] [CrossRef] [PubMed]

	



Merril, C.R.; Biswas, B.; Carlton, R.; Jensen, N.C.; Creed, G.J.; Zullo, S.; Adhya, S. Long-circulating bacteriophage as antibacterial agents. Proc. Natl. Acad. Sci. USA 1996, 93, 3188–3192. [Google Scholar] [CrossRef] [PubMed]

	



Rangel, R.; Guzman-Rojas, L.; le Roux, L.; Staquicini, F.; Hosoya, H.; Barbu, E.; Ozawa, M.; Nie, J.; Dunner, K., Jr.; Langley, R.R.; et al. Combinatorial targeting and discovery of ligand-receptors in organelles of mammalian cells. Nat. Commun. 2012, 3, 788. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Staquicini, F.I.; Ozawa, M.G.; Moya, C.A.; Driessen, W.H.; Barbu, E.M.; Nishimori, H.; Soghomonyan, S.; Flores, L.G.; Liang, X.; Paolillo, V. Systemic combinatorial peptide selection yields a non-canonical iron-mimicry mechanism for targeting tumors in a mouse model of human glioblastoma. J. Clin. Investig. 2011, 121, 161–173. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Fagen, J.R.; Collias, D.; Singh, A.K.; Beisel, C.L. Advancing the design and delivery of CRISPR antimicrobials. Curr. Opin. Biomed. Eng. 2017, 4, 57–67. [Google Scholar] [CrossRef]

	



Hagens, S.; Habel, A.; Von Ahsen, U.; Von Gabain, A.; Bläsi, U. Therapy of experimental Pseudomonas infections with a nonreplicating genetically modified phage. Antimicrob. Agents Chemother. 2004, 48, 3817–3822. [Google Scholar] [CrossRef] [PubMed]

	



Matsuda, T.; Freeman, T.A.; Hilbert, D.W.; Duff, M.; Fuortes, M.; Stapleton, P.P.; Daly, J.M. Lysis-deficient bacteriophage therapy decreases endotoxin and inflammatory mediator release and improves survival in a murine peritonitis model. Surgery 2005, 137, 639–646. [Google Scholar] [CrossRef] [PubMed]








[image: Table]





Table 1. Clinical trials of bacteriophages ranked according to registry date.
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	Study
	Registry Date
	Phase
	Clinical Trial Registry Number
	Trial Results
	Public Data





	A Prospective, Randomized, Double-Blind Controlled Study of WPP-201 for the Safety and Efficacy of Treatment of Venous Leg Ulcers (WPP-201)
	22 April 2008
	I
	NCT00663091
	No adverse events were attributed to phages targeting P. aeruginosa, S. aureus and E. coli
	Results [27]



	Antibacterial Treatment against Diarrhea in Oral Rehydration Solution
	10 July 2009
	-
	NCT00937274
	Coliphages were well tolerated, but failed to improve diarrhea in children. Efficacy failure was attributed to the low frequency of E. coli as diarrhea etiologic agent and contribution of other pathogens such as Streptococcus spp. as causative agents
	Results [28]



	Evaluation of Phage Therapy for the Treatment of Escherichia coli and Pseudomonas aeruginosa Wound Infections in Burned Patients (PHAGOBURN)
	16 April 2014
	I/II
	NCT02116010
	Prematurely terminated due to low number of eligible patients and low efficacy of phage cocktail compared to standard of care (SOC) antibiotic. Diluted phage cocktails (102 PFU/mL) were used for technical reasons. Adverse effects appeared 23% of participants compared to 53% of SOC treated group
	Results [29,30]



	Standard Treatment Associated with Phage Therapy Versus Placebo for Diabetic Foot Ulcers Infected by S. aureus (PhagoPied)
	27 January 2016
	I/II
	NCT02664740
	-
	Ongoing



	Ascending Dose Study of the Safety of AB-SA01 when Topically Applied to Intact Skin of Healthy Adults
	2 May 2016
	I
	NCT02757755
	-
	Not available



	Bacteriophages for Treating Urinary Tract Infections in Patients Undergoing Transurethral Resection of the Prostate
	4 May 2017
	II/III
	NCT03140085
	-
	Trial design [31]
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Table 2. Clinical trials of phage lytic enzymes ranked according to registry date.
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	Study
	Registry Date
	Phase
	Clinical Trial Registry Number
	Trial Results
	Public Data





	Safety and Efficacy of an Antibacterial Protein Molecule Applied Topically to the Nostrils of Volunteers and Patients
	11 December 2012
	I/II
	NCT01746654
	-
	Not available



	A Study to Evaluate the Safety, Pharmacokinetics and Pharmacodynamics of N-Rephasin® SAL200 in Healthy Male Volunteers
	16 May 2013
	I
	NCT01855048
	No serious adverse events were reported. The AUC and Cmax increased in a greater-than-dose-proportional manner. A dosing regimen of more than 1 mg/kg was recommended as a treatment option.
	Results [21]



	A Placebo-Controlled, Dose-Escalating Study to Examine the Safety and Tolerability of Single Intravenous Doses of CF-301 in Healthy Subjects
	8 May 2015
	I
	NCT02439359
	A single dose of CF-301 has a low propensity to induce an inflammatory response. Long term immunological monitoring (180 days) revealed no relation between specific antibody production and hypersensitivity factors (IgE and basophils).
	Results [32,33,34,35,36]



	The Effect of Gladskin on Disease Severity and the Skin Microbiome, Including Staphylococcus aureus, in Patients with Atopic Dermatitis
	21 July 2016
	I/II
	NCT02840955
	-
	Trial design [37]



	Phase IIa Clinical Study of N-Rephasin® SAL200
	24 March 2017
	IIa
	NCT03089697
	-
	Ongoing



	Safety, Efficacy and Pharmacokinetics of CF-301 vs. Placebo in Addition to Antibacterial Therapy for Treatment of S. aureus Bacteremia
	23 May 2017
	II
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