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Abstract

:

The steadily increasing number of drug-resistant bacterial species has prompted the search for alternative treatments, resulting in a growing interest in bacteriophages. Although they are viruses infecting bacterial cells, bacteriophages are an extremely important part of the human microbiota. By interacting with eukaryotic cells, they are able to modulate the functioning of many systems, including the immune and nervous systems, affecting not only the homeostasis of the organism, but potentially also the regulation of pathological processes. Therefore, the aim of this review is to answer the questions of (i) how animal/human immune systems respond to bacteriophages under physiological conditions and under conditions of reduced immunity, especially during bacterial infection; (ii) whether bacteriophages can induce negative changes in brain functioning after crossing the blood–brain barrier, which could result in various disorders or in an increase in the risk of neurodegenerative diseases; and (iii) how bacteriophages can modify gut microbiota. The crucial dilemma is whether administration of bacteriophages is always beneficial or rather if it may involve any risks.
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1. Introduction


Bacteriophages (or, shortly, phages) are viruses infecting bacterial cells and propagating there, using resources present inside their hosts. As such, they are classified as bacterial parasites or parasitoids (rather than predators, as can be found in many papers due to the erroneous recognition of their propagation mode, which is inconsistent with biological definitions of relationships between organisms), depending on details of their life cycles [1].



Phages can propagate according to three general developmental schemes, including lytic, lysogenic, and chronic modes [1,2,3]. The lytic mode consists of the infection of a bacterial host through adsorption of the bacteriophage virion on the cell envelope and injection of its genome (build of RNA or DNA), followed by expression of phage genes, replication of its genome, and finally production and assembly of progeny virions, which are released from the host cell after its lysis (mediated by phage-encoded enzymes). When host cells are under metabolically poor conditions, some bacteriophages may switch to ‘pseudo lysogeny’, where their development is halted, until the metabolism is re-started [4]. The lysogenic mode includes (after adsorption and genome injection) either the integration of the phage genome into the host chromosome and its passive replication together with the nucleoid (as a prophage) or, less frequently, the persistence and replication of phage DNA in the form of a plasmid. However, when the lysogenic host cell is endangered by environmental conditions causing DNA damage, a prophage is excised, and the phage propagation is switched to the lytic mode [5]. The chronic mode (also called a permanent infection) resembles the lytic mode, but newly formed virions are released without killing the bacterial host cell, or at least not killing it immediately. In fact, the host eventually dies, but due to exhaustion of the energy sources rather than to cell lysis [6].



Current calculations strongly suggest that bacteriophages are the most abundant biological objects on Earth [7,8]. As such, their roles in all natural habitats, especially in controlling the spread of bacteria, are enormous [9]. Moreover, there are numerous examples of the importance and the use of bacteriophages in medicine and biotechnology (see below).



In the natural environment, phages control the abundance of bacteria in virtually all habitats, ensuring ecological equilibrium [10]. These viruses facilitate the lateral transfer of bacterial DNA between strains and species, contributing to the modification of microbial cells’ metabolism. Moreover, phage lytic development contributes to the circulation of matter in ecosystems due to bacterial cell lysis and the reallocation of compounds (from cells to the environment) [11]. Recent studies indicated that bacteriophages are involved in multi-organismal interactions, participating in complex microbial trophic networks [12]. Such properties of viruses specific to bacterial hosts led to their employment by people in wastewater monitoring and controlling [13,14].



Bacteriophages also occur in guts of animals and humans, effectively modulating their microbiomes, thus influencing the physiology of these complex eukaryotic organisms [15,16]. Some phages bear genes encoding toxins that enhance or empower bacterial virulence, thus contributing to pathogenicity of their hosts [17,18]. On the other hand, lytic bacteriophages (which ultimately kill their host cells) are being proposed as antibacterial agents to be used in combating infections by pathogenic bacteria, in a treatment called phage therapy [19,20]. A similar approach can be used to protect food, medical devices, and other materials against colonization by bacteria, and especially the formation of a biofilm [21,22].



The importance of bacteriophages in biotechnology is enormous. They may be dangerous for biotechnological processes, as by infecting and destroying bacterial cultures in bioreactors, phages not only disrupt technological processes, but may also thwart the further cultivation of microbes used for the synthesis of bioproducts [23]. On the other hand, these viruses and elements of their genomes are being used to construct various cloning and expression vectors, invaluable tools in genetic engineering [24]. Furthermore, phage display technology, allowing us to expose virtually any peptides on the surface of phage virions when fused to one of coat proteins [25], has revolutionized the biotechnological search for compounds able to bind to any specific target molecules. This technology is useful in a wide spectrum of applications, such as improving medical diagnostics, searching for novel drugs, developing effective vaccines, inactivating toxins, producing novel materials (including nanomaterials), and others [26,27,28,29,30].



The short overview of biology of bacteriophages and they applications, presented above, indicates the enormous importance of these viruses in both nature and human civilization. In this light, understanding their interactions with eukaryotic organisms, including animals and humans, appears to be indispensable for the further development of phage-based systems and technologies employed in medicine and biotechnology.



As mentioned above, bacteriophages are abundant in animal and human intestines [15,16]. Therefore, these complex organisms are exposed to permanent contact with these viruses. Moreover, due to the growing crisis of antibiotic therapy, phages are supposed to provide alternatives in the fight against serious bacterial infections, while in the procedures of the phage therapy, they should be applied in large numbers (usually 109 virions or higher) [19,20]. This raises the question of how bacteriophages are recognized by the animal or human immune system [31].



To make the host immune system ready to respond to a viral infection, a series of complex sequential reactions must take place, which require the activation of specialized proteins, and are key to transitioning the organism into a state of readiness to fight against the virus. The first step is to identify the virus genetic material, whether it is DNA or RNA. In this case, pattern recognition receptors (PRRs) play a key role. Several classes of pattern recognition receptors can be differentiated, including NOD-like receptors, RIG-I-like receptors, C-type lectin receptors, and Toll-like receptors (TLR). The following are responsible for recognizing the genetic material of viruses: TLR9 recognizing DNA, TLR7 and TLR8 identifying ssRNA, and TLR3 recognizing dsRNA [32]. This is followed by an increased production of pro-inflammatory cytokines, especially type I and type III interferons, which induce interferon-stimulated genes (ISG) that exhibit potent antiviral activity [33]. An important component of the immune system that has the greatest (and dual) involvement in the interaction with bacteriophages is the spleen and liver mononuclear phagocyte system. On the one hand, these organs are characterized by the highest accumulation of phage particles, as confirmed by comparative analyses of phage titers from different mammalian internal organs. Nevertheless, the spleen and liver are responsible for the rapid neutralization of bacteriophages, even when a specific immune system response has not been developed [32].



Another crucial part of the overall defense mechanism in the fight against viruses are inflammasomes. Although interleukin-1β (IL-1β) and interleukin 18 (IL-18) are pro-inflammatory cytokines, their initially synthetized pro-forms are biologically inactive and require proteolytic processing with the involvement of caspase-1 which, in turn, requires activation by a multiprotein complex called the inflammasome [33]. Inflammasomes are thus important protein complexes, not only responsible for the maturation of pro-inflammatory cytokines (IL-1β and IL-18), but also for directing cells infected with viral or bacterial pathogens into the path of pyroptosis, the so-called inflammatory mode of cell death. On the other hand, this can help eliminate infections, but in the absence of proper regulation, it can also result in the development of severe inflammation [31].



The cause of the renewed interest of researchers in alternative methods for combating bacterial infections is the problem of antibiotic resistance. However, it cannot be overlooked that, also in the case of therapies based on the applications of bacteriophages, their efficacy in repeated administration or long-term use may be impaired by the complex mechanisms of bacterial resistance that are constantly evolving, representing a kind of arms race that poses a serious challenge to modern medicine and veterinary medicine. One strategy used by bacteria is to modify the surface molecules that phages use as specific receptors for adsorption. These modifications include, but are not limited to, mutations that lead to disruption of the synthesis of these molecules, resulting in their absence or a fundamental change in their structure. However, it is a double-edged weapon of sorts, not only protecting bacteria from phages, but also capable of causing them to be significantly weakened. This is because these molecules often determine important processes, such as motility, cell membrane integrity, or nutrient transportation [34]. Importantly, the use of therapies based on two or more bacteriophages appears to be an effective solution in the fight against bacterial resistance to phage therapy. There are two key arguments in favor of this approach. First, there is a low probability of several mutations causing resistance to different bacteriophages in the same cell. Second, the balance of benefits and losses could be unfavorable for the bacterial cell in the event of acquiring resistance to several phages, due to disruption or loss of key functions resulting from the occurrence of the above-mentioned mutations [35]. The situation becomes more complicated when a phage cocktail consists of bacteriophages using the same target receptors on the bacterial cell surface, in which case the phenomenon of cross-resistance can occur, giving the bacteria the advantage of being resistant to several phages simultaneously. It is, therefore, also important to consider the range and potential diversity of receptors on host cells that phages present in the cocktail recognize, and their interactions during adsorption. The administration strategy is also important. For example, the risk of developing bacterial resistance can be reduced by replacing the simultaneous administration of all phages with sequential dosing or being preceded by the use of an appropriate antibiotic [36]. However, the mechanisms of development of bacterial resistance to different combinations of therapeutic agents and frequency of therapeutics used are still under intensive investigation [37].



A specific issue is the problem of bacterial infections of the gastrointestinal tract. Although phage therapy may be effective in the eradication of the infectious bacteria, the question arises as to whether significant changes in the composition of the gut microbiota can be recognized as an adverse effect that can induce long-term negative consequences for the organism. Phage therapy still raises a lot of ambiguities and concerns, especially because of the need to look for alternatives in fighting infections with antibiotic-resistant strains of bacteria. It is crucial to assess whether bacteriophages are our allies, or Trojan horses that can stimulate the immune system in an uncontrolled way, disrupt the functioning of the nervous system, and modify the composition of the intestinal microbiota.



Therefore, the aim of this review is to answer the question of how animal/human immune systems respond to bacteriophages under physiological conditions and under conditions of reduced immunity. We will also discuss the issue of whether bacteriophages can induce negative changes in brain functioning after crossing the blood–brain barrier (BBB), which could result in various disorders or increase the risk of neurodegenerative diseases. Moreover, we will describe and discuss how phages can modify gut microbiota, and whether it is always beneficial, or rather if it may involve serious risks.




2. General Safety and Efficacy of Phage Therapy


Considering the use of phage therapy, one should take into account the impact of bacterial toxins which, as a result of the lysis of bacterial cells by bacteriophages, affect human/animal immune systems. To address this problem, a review of the available literature has been conducted, including both case reports (35 cases) and results from animal experiments (20 reports). They suggested that phage therapy is generally safe and well-tolerated. However, due to the lack of sufficient data, the negative effects of bacteriophage interactions with eukaryotic cells cannot be unequivocally ruled out, especially as there are references indicating that phages can stimulate the human immune system in ways that are not fully understood so far [38]. It was also demonstrated that, although bacteriophages modulate the immune response in a significant way, this modulation is not associated with harmful side effects [39]. Such a conclusion was made on the basis of a study that aimed to compare the efficacy and safety of various treatments of the mouse model of acute pneumonia, induced by two Escherichia coli strains (536 and LM33). Apart from two bacteriophages (536_P1 and LM33_P1), administered intranasally, three antibiotics (ceftriaxone, cefoxitin and imipenero-cilastatin) were tested. Interestingly, both bacteriophages and antibiotics were effective in controlling the infection, and the rapid lysis of bacterial cells following phage therapy did not induce an enhanced innate inflammatory response. Moreover, blood parameters normalized more promptly as a result of the phage therapy, compared to antibiotics. Only slight increases in lung interferon-γ (IFN-γ) and interleukin-12 (IL-12) levels was induced by bacteriophage 536_P1 administration [39].



In another study, a 20-day experiment, using an analogous model of pneumonia in mice, confirmed that the phage cocktail against Staphylococcus aureus NOVO12 (P68 and K710 phages), applied topically, did not induce adverse effects. A safety analysis of phage therapy included mucosal changes, tissue damage, or infiltration of the immune cells [40]. In addition, experiments with a large mammalian model were also conducted to test the safety and effectiveness of phage therapy [41]. After 7 days of biofilm formation, sheep with sinusitis were treated with a phage cocktail CT-PA, which was administered twice a day, by frontal trephine flushes, for one week. A detailed histopathological analysis confirmed the lack of adverse changes in the sinuses, lungs, heart, liver, spleen, and kidneys. Moreover, phage therapy was shown to be highly effective in eradicating the bacterial biofilm.



Many studies on phage therapy focused on its effectiveness, sometimes marginalizing aspects of the safety or potential interactions with mammalian immune systems, which can be negative with long-term use. In this regard, not only the route of administration, but also the location of the infection, which determines the potential direction of bacteriophage propagation to adjacent tissues/organs, can be crucial.



Potential interactions with eukaryotic cells are also dependent on whether monotherapy or a phage cocktail is used [42]. Various animal models were used in different studies, from the most common with mice and rats, to rabbits, dogs, sheep, or pigs. The main problem in interpreting and evaluating the results obtained is that the induced infection is usually acute rather than chronic, which is quite a limitation. The literature data indicated that monotherapy can be effective for skin infections, but the optimal results are obtained with a phage cocktail containing phages with an appropriate host range [43].



It has been demonstrated experimentally how important choosing the appropriate route of administration is, and thus to consider the pharmacokinetics of bacteriophages in assessing their therapeutic potential [44]. Those studies were conducted using mice that were infected with a high dose of Pseudomonas aeruginosa, followed by verification of the efficiency of a cocktail consisting of three bacteriophages, which was administered once by three different routes: intramuscular, intraperitoneal, or subcutaneous. As expected, the intraperitoneal administration proved to be the most effective, providing the opportunity for the rapid spreading of the bacteriophages throughout the organism. Another research approach was based on a single administration of bacteriophages, but with an appropriately selected ratio of phage particles to bacterial cells (multiplicity of infection, m.o.i.) [45]. Namely, topically applied bacteriophages were used in a mouse model of skin wounds. It was shown that a single administration of bacteriophages at an m.o.i. of 200 was more effective than all the synthetic preparations tested or the commonly recommended antibiotics. However, the use of phage preparations with a high m.o.i. raises questions about the potential loss of efficiency with repeated use in short intervals (due to production of anti-phage antibodies), and about the unpredictable effects of possible interactions with eukaryotic cells.



As far as the respiratory system is concerned, reports on phage therapy in the control of upper respiratory bacterial infections are very few, in contrast to studies focusing on lower respiratory infections, which may be due to their greater seriousness or sometimes even risk to the patient’s life [42]. In this case, the available literature data indicate that the effectiveness of phage therapy is largely determined by the choice of the most suitable route of administration. Intranasal application seems to be the most appropriate one. However, a major limitation hindering the objective assessment of both the efficacy and safety of phage therapy as an alternative treatment of respiratory infections is the lack of adequate animal models.



When analyzing the safety issues of phage therapy, it is also worth asking the fundamental question of why the immune system does not treat bacteriophages as classic, potentially dangerous viruses. It is estimated that more than 31 billion bacteriophages undergo transcytosis from the intestine to different areas of our organism every day. In addition to being commonly found in the gut, bacteriophages have been confirmed in saliva, urine, and peripheral blood, and have also been shown to propagate to various internal organs [46]. Because bacteriophages and their products are non-self-antigens, the immune system is able to recognize and react in a way that, theoretically, reduces the benefits of bacteriophage therapy. The presence of antibodies neutralizing the bacteriophage T4, hosted by E. coli, were found in more than 80% of investigated persons, despite the fact that they had never received phage therapy [47].



Bacteriophages are generally assumed to be non-toxic, but there are reports indicating their immunomodulatory properties, notably their anti-inflammatory potential or their ability to activate phagocytosis. The recruitment of neutrophils, necessary for effective phage therapy against P. aeruginosa, is also an interesting example [46]. As mentioned above, the viral genetic material is recognized as PAMPs by TLRs. In the case of phage DNA, it can be postulated that after transcytosis or phagocytosis, it is recognized by TLR9. The result of the interaction of bacteriophages with immune cells is the synthesis of cytokines, which is particularly important during bacterial infections. However, it is essential to realize that the anti-inflammatory effect is not always the same as the immunosuppressive potential of the drugs or agents used. In the case of some phages, we may be dealing with the creation of special conditions in which the immune response is weakened, directly translating into the virulence of the bacteria and their viability [32]. Even if cytokine balance is disturbed as a result of phage therapy, it is short-lived and normalizes considerably faster than in the case of antibiotic therapy, the adverse effects of which are long-lasting and threaten the homeostasis of the entire organism. In the case of antibiotics, the most frequently reported adverse effects are those affecting the gastrointestinal tract, such as nausea, vomiting, diarrhea, abdominal pain, loss of appetite, bloating, and gut flora disturbances. These effects also include, depending on the dose used and frequency of the intake, skin allergies, skeletal pains, and dysfunctions of the reproductive and nervous systems. Antibiotics also affect the composition of the intestinal microbiota which, in turn, influences the immune response, especially in children which, in the future, translates into susceptibility to infections and the development of allergies and autoimmune diseases. Compared to adults, the antibiotic treatment of infants has disproportionately greater consequences because the infant microflora is evolving, quite unstable, and immature until 2–3 years of age [39]. Therefore, it is so important to know all potential risks associated with administered therapeutics, even if their effectiveness has been known for many years, as well as to constantly search for new, equally effective but safer alternative methods.




3. The Use of Bacteriophages in Animals/Humans with Efficient Immune Systems during Bacterial Infection


It is widely believed that bacteriophages are unable to infect eukaryotic cells. This is due to a number of limitations. First of all, the structural elements of the phage tail only allow it to bind to specific receptors on the surface of the target bacterial cell (despite the possibility of an unspecific binding to some molecules present on the surface of mammalian cells). Moreover, there are differences between the eukaryotic and prokaryotic molecular machineries that determine the proper course of the transcription, translation, and replication processes. Nevertheless, the fact that bacteriophages are able to exert a direct effect on the mammalian immune system cannot be denied. The effect is anti-inflammatory, and includes the impact on innate immunity via the modulation of the cytokine response, as well as adaptive immunity through antibody production [48]. This was corroborated by the results of recent experiments, which have shown that a phage cocktail administered orally for 14 days to Salmonella enterica-infected chickens exhibited an anti-inflammatory potential, evident in the form of increased concentrations of cytokines showing anti-inflammatory effects, especially interleukin-10 and interleukin-4 (IL-10 and IL-4). The efficacy of the phage cocktail involved not only effective elimination of the bacteria, but also a reduction of otherwise strong inflammation, measured as elevated levels of key pro-inflammatory cytokines (IL-1β, IL-6, IFN-γ, IL-8, and IL-12), which normalized when the phages were administered 24 h after the bacterial infection or 2 days after detection of the tested bacteria in feces. Moreover, administration of the phage cocktail did not disrupt the number of lymphocytes and their subpopulations, which are key cells of the immune system, not only in the fight against bacterial or viral infections, but also in the organism’s daily functioning. The results not only confirmed the effectiveness of phage therapy, but also provided an important rationale for confirming the safety of its use in terms of the immune system, as well as in relation to the functioning of the stress axis, which determines the homeostasis of the entire organism [49].



The analyses were not limited to white blood cell parameters. It was shown that bacterial infection also has negative consequences for hematological indicators, which can quickly lead to deterioration of the overall health of the animals. However, sufficiently rapid administration of a phage cocktail can result in the effective and safe normalization of hematocrit, MCV, MCH, and MCHC. When analyzing the safety of administering various drugs or potential therapeutics, the hepatotoxic effects must also be taken into account. Unlike antibiotic therapy, phages turned out to not cause any adverse effects, estimated on the basis of the lack of increased levels of some enzymes, like alanine transaminase and aspartate aminotransferase, which indicated proper liver functioning [50].



Gangwar et al. [51] confirmed the lack of adverse effects of phage therapy after both single and repeated (28 days) oral administration of the Klebsiella pneumoniae-specific XDR bacteriophage to rats. Animals receiving a daily dose of 1010 plaque-forming units (p.f.u.)/mL or 1015 p.f.u./mL (an extremely high dose) of bacteriophage did not differ from the control group in terms of the analyzed parameters. Verification of the safety of phage therapy included hematological and biochemical parameters, as well as the cytokine profile (IL-1β, IL-4, IL-6, and IFN-γ).



The analyses of the cytokine profiles, pharmacokinetics, and biodistribution after the administration of various doses of three bacteriophages were also conducted in experiments with healthy rats and monkeys [52]. The pharmacokinetic profile was characterized by a significant decrease in the bacteriophage titer in plasma after intravenous administration in both rats and monkeys, but the key determinants were the type of bacteriophage and the dose used. The administered bacteriophages were eliminated from the organism within 72 h. The innate immune response was assessed on the basis of concentrations of cytokines in plasma. Elevated concentrations of TNF-α, IL-6 and keratinocyte chemoattractant/growth-regulated oncogene were observed in rats after the administration of the tested bacteriophages. However, it should be noted that normalization of these values occurred within 24 h, which is still significantly shorter than the long-term disruption of cytokine balance observed after antibiotic therapy. Interestingly, the results of the analysis of the cytokine profile in nonhuman primates were different, which is of key importance in the context of testing the safety of phage therapy intended for use in medicine, and not only in veterinary medicine. Namely, there were no increases in the concentrations of TNF-α, IL-6, IL-10, and IFN-γ after the administration of the SE_SZW1 phage. The same bacteriophage caused increases in the concentrations of the tested cytokines in the plasma of rats. Therefore, it is crucial to note that when analyzing the safety of phage therapy, many variables must be taken into account, including the type of bacteriophage, the route of administration, the site of application, the frequency of administration, and the species of the animal study model.



Other important factors may also be the differences between the immune responses in males and females. These might arise from the influence of sex hormones, as well as other factors, like differences in the permeability of the BBB. Studies conducted with Salmonella-specific phages have shown a lack of adverse effects after two weeks of daily oral administration of the cocktail composed of two bacteriophages (vB_SenM-2 and vB_Sen-TO17) to mice of both sexes. The safety was demonstrated not only in the context of immune functions, but also the functions of the central nervous system, indirectly tested through behavioral pattern analyses. Interestingly, the dysfunctions of both the aforementioned systems were observed in females after antibiotic therapy [53].



As the organism’s response to viral infections is hormonally modulated, including a gender factor in this type of analysis may be crucial, indeed. The hormonal cycle affects at least the induction of PRRs which, in turn, significantly modulates the production of IFN-β or MX2, which are proteins that have a significant impact on the course of viral infections [54].



As is evident from the above-mentioned examples, the question of assessing the safety of phage therapy in normally functioning animal (or human) organisms, especially during bacterial infection, is not easy. The problem is even more complicated when the organism is weakened by a severe and/or aggravating chronic disease.




4. The Use of Bacteriophages in Animals/Humans with Impaired Immune Systems during Infection


It appears that, in the context of the development of phage therapy, major therapeutic approaches are focused on the treatment of chronic infections that affect the skin and lungs. In fact, these conditions are especially difficult to treat, due to impairment of the immune system caused by various reasons, like long-term exposure to attacks of antibiotic-resistant, pathogenic bacteria in the respiratory system or tissue damage arising after burns of the skin [55].



Acute bacterial lung infections are often caused by P. aeruginosa. Although bacteriophage Pf, specific to this bacterium, was used as an excellent model in studies demonstrating how phages are able to modify the evolutionarily highly conserved mechanisms of the mammalian immune response to various types of infections [55], its use in phage therapy is unlikely. Namely, Pf is a temperate phage, and it can even promote bacterial pathogenesis.



P. aeruginosa, in addition to causing severe skin infections or lung diseases, hinders the healing of wounds resulting from burns. In this light, it is worth mentioning the first clinical trial with phage therapy, where a phage cocktail was applied topically to 13 patients hospitalized due to skin burns. It turned out that, in this case, phage therapy was generally of poor efficacy, evidently less effective than the standard treatment (1% sulfadiazine silver emulsion cream). Additionally, 3 of the 13 patients receiving the phage cocktail reported adverse effects [56]. However, it is important to note that a very low dose of bacteriophages (100 p.f.u., which is several orders of magnitude lower than usually used doses) was administered. Thus, it is clear that such low doses are not efficient in the phage therapy, and it is crucial to prepare phage cocktails containing sufficient titers of bacteriophages, like 109 p.f.u./mL or higher.



A more complex situation concerns patients with severe bacterial infections and a number of comorbidities. This can be exemplified by the case of a 60-year-old patient, hospitalized due to peritonitis caused by Enterobacter cloacae, as well as abdominal sepsis, dispersed intravascular coagulation, herniation, and bowel strangulation. As a result of prolonged hospitalization, this patient developed difficult-to-heal bedsores, colonized by P. aeruginosa, as well as kidney damage. Despite the introduction of phage therapy by the intravenous route, which successfully improved renal parameters, the patient died [57].



Social and economic life has recently come to a standstill as a result of the COVID-19 pandemic, which has left almost 7 million people dead worldwide. The major reason for such a high mortality rate was the disruption of the communication between innate and adaptive immunity, resulting in the cytokine storm, accompanied by an inability to produce antibodies to neutralize the virus in a timely manner. However, another reason appeared to be the secondary bacterial respiratory infections that occurred in many patients. It was suggested that the special weapon in the fight against both problems may be bacteriophages [58]. As confirmed by the results of in vitro and in vivo studies, carried out over recent years, phages can influence the course infections caused by eukaryotic viruses. These effects of phages on viral infections in animals/humans involve not only the bacteriophages themselves, but also other compounds present in phage lysates (contaminations if the lysates are not highly purified) or phage genetic material. These antiviral properties include the synthesis of interferons by animal/human cells in the presence of bacteriophages, the affinity of bacteriophages for the same cellular receptors as those specific to eukaryotic viruses, and the induction of the release of antibodies that cross-react with pathogenic viruses [59]. The possibility for the use of modified bacteriophages, through the “phage display” technique, to produce specific antibodies against SARS-CoV-2, should not be overlooked, giving patients much-needed time to produce their own specific antibodies and protecting the organism from the fatal consequences of a heightened immune response, especially the huge overproduction of cytokines [58].



As already mentioned, secondary respiratory infections, accompanying viral diseases, are a serious problem. Analyses of samples of blood and those taken from the respiratory tract of COVID-19 patients that suffered from secondary infections showed that, in most cases, the pathogenic agents belonged to the ESKAPE group, i.e., Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter spp. Unfortunately, in many cases, last-resort antibiotics are administered, such as colistin, which cause many adverse effects, like damage of organs and tissues, long-term changes in the intestinal microbiome, and/or increased antibiotic resistance [60]. Therefore, the search for alternative methods should be a priority. Phage therapy with bacteriophages specific to these bacteria is a promising option.



It must be noted that the effective use of bacteriophages in combating bacterial infections strongly depends on the availability of phages capable of destroying specific strains of pathogenic microorganisms. Therefore, the specific pathogen should be isolated first and tested for its susceptibility to phages present in the collection of the hospital or clinical center. This implies that any effective, systemic phage therapy procedures must be based on the presence of large collections of bacteriophages that are specific to various strains of many pathogenic bacteria. The commonly occurring phenomenon of the high specificity of bacteriophages (which is otherwise beneficial for not causing significant changes in the microbiome while eliminating pathogens), in this aspect, might by identified as one of limitations of phage therapy. Namely, one can easily imagine a situation where the available phage collection (if not large enough) lacks specific strain(s) capable of infecting the bacterial isolate identified as an etiologic agent of the disease. One possible solution is the close cooperation of different centers possessing phage collections, enabling the quick exchange and sharing of bacteriophage strains of requested specificity.




5. Bacteriophages and the Central Nervous System


For many years, the brain was considered as an immunologically privileged organ. This was primarily due to the lack of the immune system surveillance, and thus, the fact that, in healthy individuals, there are no lymphocytes (which are immunologically competent cells), natural killer (NK) cells (characterized by cytotoxic activity, especially against tumor cells), and antibodies in the brain. The situation is completely different in the case of injuries, infections, or autoimmune diseases. The result of these events is partial damage, or sometimes complete destruction, of the BBB, allowing the free flow of immune cells. Even when the integrity of the BBB is preserved, antigen-stimulated lymphocytes can penetrate from the peripheral blood into the brain tissue, mainly through adhesion molecules, integrins, and selectins. The inflammation accompanying these processes is characterized by an increased inflow of pro-inflammatory cytokines, such as TNF-α and IFN-γ. One should also consider the reactive microglia which, under the influence of cytokines, can successfully act as antigen-presenting cells [61]. Therefore, in a healthy organism, the brain is characterized by apparent immune privileging, due to the absence of lymphatic vessels and the presence of the BBB.



Importantly, bacteriophages are also present in the central nervous system, as a result of their ability to penetrate the BBB [62]. This raises the crucial question of whether this is a beneficial phenomenon, or a serious cause for concern.



Recent analyses of the efficacy and safety of phage therapy in the rat model also included assessments of the functions of the brain [63]. The analyses were performed primarily to test cognitive processes, locomotor activity, and the functioning of the hippocampus, a brain structure crucial for memory. It was demonstrated that the intraperitoneal administration of bacteriophages (108 p.f.u./mL, administered for seven consecutive days) did not show any adverse effects on memory processes, the functioning of hippocampal neurons (CA1, CA2 and CA3 hippocampus areas), or the parameters tested in blood serum.



Similarly, it was demonstrated that phage therapy did not negatively affect the functioning of the central nervous system, which was reflected by the lack of disturbances in the analyzed behavioral patterns in mice of both sexes. However, after antibiotic therapy, many adverse effects were noted, both in relation to key parameters of the immune system and those of the nervous system, which were particularly severe in females [53].



The relationships between the gut phageome, the gut bacteriome, and executive functions (which also include cognitive processes such as initiation, planning, action sequencing, working memory or cognitive flexibility) have been verified in light of the use of phage therapy [64]. The complex experimental scheme included studies with oral administration of bacteriophages to mice and fruit flies (Drosophila melanogaster). Both direct administration of bacteriophages to fruit flies and transplantation of the gut microbiota in mice resulted in improved memory processes through impacts on the expression of genes crucial for synaptic plasticity, neuronal development, or memory formation. These results suggested that, by modifying the diet and the gut microbiota, a highly beneficial effect on cognitive processes can be achieved.



Neurodegenerative diseases have very complex mechanisms, often not yet fully understood. A good example is Parkinson’s disease with a multifactorial background. Among the factors responsible for its development, many researchers point to the involvement of pathogens that enter the brain from the respiratory tract, or those that are the part of the intestinal microbiota. Some of them were thought to induce severe inflammation, which would then lead to neurodegeneration of the brain [65]. Some reports indicated that the gut microbiome of Parkinson’s disease patients has unusually high number of dairy-borne bacteriophages. It was speculated that they could cause elevated concentrations of central pro-inflammatory cytokines and also auto-antibodies, which are particularly toxic to dopaminergic neurons [66]. It has been shown that this group of bacteriophages (especially phage 936) could intensify both peripheral and central inflammation, and negatively influence behavioral patterns, which was particularly evident in older individuals and deepened with time [67]. On the other hand, the proposal of the enhancement of the neurodegeneration by bacteriophages is in contrast to the results described in the preceding paragraph, indicating benefits, rather than dysfunctions, in the brain after the use of phage therapy.



It is worth emphasizing that many important biomarkers identified in the brain are also present in the intestines, which seems to support the hypothesis regarding the role of the gut–brain axis in the pathogenesis of neurodegenerative disorders. Moreover, inflammation results in intestinal dysbiosis, which has serious pathological consequences, often leading to intensified inflammatory processes in the periphery which, if left untreated, even propagate to the central nervous system, resulting in neuroinflammation [67]. However, it remains to be determined what the role of bacteriophages in these processes is, and whether the phage-mediated effects are positive or negative for brain functions.



An important issue is also that if phages are used as therapeutics agents in organs where they have to reach, like the brain (which could be achievable after crossing BBB by bacteriophages transported by blood), their stability must be taken into consideration. Indeed, different phages vary in their blood lifetime. When four different phages were tested in mice, their titers in blood at 2–4 h after administration varied by several orders of magnitude [68]. On the other hand, one should note that bacteriophages were suggested to be able to contribute to microbe-triggering of amyloid-associated neurodegenerative diseases. More detailed studies suggested that this mechanism has a potential origin not in phages themselves, but in phage DNA packaging-generated capsids that are not mature [69,70].




6. Bacteriophages and Gut Microbiota Modulation


Over the last few years, knowledge about the role of intestinal microbiota in maintaining homeostasis and the development of many disorders resulting from increased intestinal permeability and, as a consequence, inflammation, has been systematically increasing. There is a direct relationship between dysbiosis, inflammation, and the development of various pathological conditions, such as neurodegenerative diseases, cardiovascular disorders, cancer, diabetes, rheumatoid arthritis, or progressive aging processes. Due to the fact that there are approximately 1015 bacteriophages in the human intestine, which is 10 times more than the number of bacterial cells and 100 times more than the number of all human cells in the organism, we cannot ignore the fact that bacteriophages are one of the main determinants of the composition of the intestinal microbiota. When phage cocktails containing bacteriophages specific to several species of bacteria were added to rats’ drinking water, changes in the microbiome and impaired gut permeability were observed. Therefore, it was speculated that phages can be treated as a specific category of mammalian pathogens [71]. Again, this was quite a controversial proposal, especially in the light of studies demonstrating the benefits of applications of bacteriophages.



In this light, an extensive study was conducted, in which the effects of a cocktail of bacteriophages infecting E. coli on the intestinal microbiota, and markers of intestinal and peripheral inflammation in healthy people, were investigated [72]. The phage cocktail was administered orally for 28 days, and analyses of stool and blood samples included markers of inflammation, lipid metabolism, and gut microbiota composition. Apart from the elimination of E. coli, there were no major changes in the composition of the microbiome, as only minor changes in some bacterial species were noted. These included a slight increase in the abundance of Eubacterium spp. and a decrease in the proportion of taxa closely related to Clostridium perfringens. However, there was no effect of the tested phage cocktail on other parameters, except for a small but statistically significant decrease in IL-4 concentrations in peripheral blood. It can, therefore, be concluded that if the therapy is based on phage cocktails with a narrow host spectrum, the aim of which is to eliminate specific strains of bacteria, the risk of serious disturbances in the composition of the intestinal microbiota will be limited.



Although it is estimated that the global ratio of bacteriophage virions to bacterial cells on Earth is 10 to 1, in the human gut, this ratio may be considerably lower, indicating the different nature of the interactions and strategies employed by both phages and bacteria. A growing body of evidence suggests that phages are crucial to maintaining the mammalian organism’s homeostasis and health, as their number and diversity are considerably modified in the course of various diseases, like inflammatory bowel disease and type 1 diabetes [73]. Indeed, the composition of the phageome can change very dynamically, which correlates significantly with the organism’s health status.



Changes in the composition of the microbiome are readily apparent, as could be demonstrated in patients suffering from ulcerative colitis, where mucosa-inhabiting bacteriophages infecting E. coli and other Enterobacteria were predominant, while the general abundance of caudate phages decreased [74]. Similarly, the composition of the gut microbiome in patients with metabolic syndrome was analyzed [75]. In the latter case, the dominance of Streptococcaceae- and Bacteroidaceae-infecting phages, and a significant reduction in the abundance of Bifidobacteriaceae-infecting bacteriophages, were shown.



A significant difference in the gut microbiome of Crohn’s disease patients relative to control subjects was also noted. The stool samples from the patients showed a considerable predominance of bacteriophages infecting bacteria from Lactococcus, Enterococcus, and Lactobacillus genera [76].



The general conclusion is that the composition of the gut microbiome, including the phageome, changes over the course of different diseases. Thus, it was postulated that its analysis can provide a useful biomarker for indicating the risk of a particular disorder, monitoring its progression, or verifying the effectiveness of potential therapies [77]. However, it is still not clear whether the changes in the composition and abundance of bacterial species, as well as these parameters of bacteriophages occurring in the gut, are the causes of the effects of various diseases. Therefore, in our opinion, without understanding the roles of microbes in specific diseases and the mechanisms of their actions in different disorders, the use of the microbiome content as a disease marker would be premature. Only when the specific mechanisms leading to particular disorders are recognized, and roles of bacteriophages and microbial cells in these mechanisms are understood, can one propose and develop reliable disease markers.




7. Concluding Remarks


Despite a great deal of research into their biology, mechanisms of action, and potential interactions with eukaryotic cells, bacteriophages still seem to hold many secrets, the understanding of which will allow their enormous potential to be realized. They may prove to be an effective weapon not only to combat antibiotic-resistant bacteria, but also in the fight against various other diseases, like viral infections. On the other hand, the roles of bacteriophages in neurodegenerative diseases, cancers, or metabolic disorders are still unclear, and even the determination if their effects are beneficial or destructive remains to be performed. Definitely, in terms of their safe use in medicine and veterinary medicine, we need to fully understand biology of bacteriophages in order to effectively minimize the risk of potential adverse effects, as well as to take advantage of all the possibilities of the use of phage therapy. The major fields of interactions between bacteriophages and mammalian organisms in the light of phage therapy are summarized in Figure 1.







Author Contributions


Conceptualization, M.P. and A.W.; writing—original draft preparation, M.P. and A.W.; writing—review and editing, G.W. and A.W.; visualization, G.W.; supervision, G.W. and A.W.; project administration, A.W.; funding acquisition, A.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Science Center (Poland), project grant no. 2017/27/B/NZ9/00393 (Alicja Wegrzyn).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Węgrzyn, G. Should Bacteriophages Be Classified as Parasites or Predators? Pol. J. Microbiol. 2022, 71, 3–9. [Google Scholar] [CrossRef] [PubMed]

	



Olszak, T.; Latka, A.; Roszniowski, B.; Valvano, M.A.; Drulis-Kawa, Z. Phage Life Cycles Behind Bacterial Biodiversity. Curr. Med. Chem. 2017, 24, 3987–4001. [Google Scholar] [CrossRef] [PubMed]

	



Harper, D.R.; Abedon, S.T.; Burrowes, B.H.; McConville, M.L. (Eds.) Bacteriophages: Biology, Technology, Therapy; Springer Nature: Cham, Switzerland, 2021. [Google Scholar]

	



Łoś, M.; Węgrzyn, G. Pseudolysogeny. Adv. Virus Res. 2012, 82, 39–49. [Google Scholar] [CrossRef]

	



Węgrzyn, G.; Licznerska, K.; Węgrzyn, A. Phage λ—New insights into regulatory circuits. Adv. Virus Res. 2012, 82, 55–178. [Google Scholar] [CrossRef]

	



Pessione, E. The Russian Doll Model: How Bacteria Shape Successful and Sustainable Inter-Kingdom Relationships. Front. Microbiol. 2020, 11, 73759. [Google Scholar] [CrossRef] [PubMed]

	



Salmond, G.P.; Fineran, P.C. A century of the phage: Past, present and future. Nat. Rev. Microbiol. 2015, 13, 777–786. [Google Scholar] [CrossRef]

	



Batinovic, S.; Wassef, F.; Knowler, S.A.; Rice, D.T.F.; Stanton, C.R.; Rose, J.; Tucci, J.; Nittami, T.; Vinh, A.; Drummond, G.R.; et al. Bacteriophages in Natural and Artificial Environments. Pathogens 2019, 8, 100. [Google Scholar] [CrossRef]

	



Correa, A.M.S.; Howard-Varona, C.; Coy, S.R.; Buchan, A.; Sullivan, M.B.; Weitz, J.S. Revisiting the rules of life for viruses of microorganisms. Nat. Rev. Microbiol. 2021, 19, 501–513. [Google Scholar] [CrossRef]

	



Srinivasiah, S.; Bhavsar, J.; Thapar, K.; Liles, M.; Schoenfeld, T.; Wommack, K.E. Phages across the biosphere: Contrasts of viruses in soil and aquatic environments. Res. Microbiol. 2008, 159, 349–357. [Google Scholar] [CrossRef]

	



Naureen, Z.; Dautaj, A.; Anpilogov, K.; Camilleri, G.; Dhuli, K.; Tanzi, B.; Maltese, P.E.; Cristofoli, F.; De Antoni, L.; Beccari, T.; et al. Bacteriophages presence in nature and their role in the natural selection of bacterial populations. Acta Biomed. 2020, 91, e2020024. [Google Scholar] [CrossRef]

	



Turnau, K.; Fiałkowska, E.; Ważny, R.; Rozpądek, P.; Tylko, G.; Bloch, S.; Nejman-Faleńczyk, B.; Grabski, M.; Węgrzyn, A.; Węgrzyn, G. Extraordinary Multi-Organismal Interactions Involving Bacteriophages, Bacteria, Fungi, and Rotifers: Quadruple Microbial Trophic Network in Water Droplets. Int. J. Mol. Sci. 2021, 22, 2178. [Google Scholar] [CrossRef] [PubMed]

	



Liu, R.; Li, Z.; Han, G.; Cun, S.; Yang, M.; Liu, X. Bacteriophage ecology in biological wastewater treatment systems. Appl. Microbiol. Biotechnol. 2021, 105, 5299–5307. [Google Scholar] [CrossRef] [PubMed]

	



Barrios, M.E.; Blanco Fernández, M.D.; Cammarata, R.V.; Torres, C.; Power, P.; Mbayed, V.A. Diversity of beta-lactamase-encoding genes in wastewater: Bacteriophages as reporters. Arch. Virol. 2021, 166, 1337–1344. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Li, C.X.; Zhang, X.Z. Bacteriophage-mediated modulation of microbiota for diseases treatment. Adv. Drug Deliv. Rev. 2021, 176, 13856. [Google Scholar] [CrossRef] [PubMed]

	



Duan, Y.; Young, R.; Schnabl, B. Bacteriophages and their potential for treatment of gastrointestinal diseases. Nat. Rev. Gastroenterol. Hepatol. 2022, 19, 135–144. [Google Scholar] [CrossRef] [PubMed]

	



Casas, V.; Maloy, S. Role of bacteriophage-encoded exotoxins in the evolution of bacterial pathogens. Future Microbiol. 2011, 6, 1461–1473. [Google Scholar] [CrossRef]

	



Łoś, J.M.; Łoś, M.; Węgrzyn, G. Bacteriophages carrying Shiga toxin genes: Genomic variations, detection and potential treatment of pathogenic bacteria. Future Microbiol. 2011, 6, 909–924. [Google Scholar] [CrossRef]

	



Zalewska-Piątek, B. Phage Therapy-Challenges, Opportunities and Future Prospects. Pharmaceuticals 2023, 16, 1638. [Google Scholar] [CrossRef]

	



Kulshrestha, M.; Tiwari, M.; Tiwari, V. Bacteriophage therapy against ESKAPE bacterial pathogens: Current status, strategies, challenges, and future scope. Microb. Pathog. 2024, 186, 06467. [Google Scholar] [CrossRef] [PubMed]

	



Tian, F.; Li, J.; Nazir, A.; Tong, Y. Bacteriophage—A Promising Alternative Measure for Bacterial Biofilm Control. Infect. Drug Resist. 2021, 14, 205–217. [Google Scholar] [CrossRef] [PubMed]

	



Samson, R.; Dharne, M.; Khairnar, K. Bacteriophages: Status quo and emerging trends toward one health approach. Sci. Total Environ. 2024, 908, 168461. [Google Scholar] [CrossRef]

	



Łoś, M.; Czyz, A.; Sell, E.; Wegrzyn, A.; Neubauer, P.; Wegrzyn, G. Bacteriophage contamination: Is there a simple method to reduce its deleterious effects in laboratory cultures and biotechnological factories? J. Appl. Genet. 2004, 45, 111–120. [Google Scholar] [PubMed]

	



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

	



Jaroszewicz, W.; Morcinek-Orłowska, J.; Pierzynowska, K.; Gaffke, L.; Węgrzyn, G. Phage display and other peptide display technologies. FEMS Microbiol. Rev. 2022, 46, fuab052. [Google Scholar] [CrossRef] [PubMed]

	



Mustafa, M.I.; Mohammed, A. Developing recombinant antibodies by phage display technology to neutralize viral infectious diseases. SLAS Discov. 2024. [Google Scholar] [CrossRef] [PubMed]

	



Song, B.P.C.; Ch’ng, A.C.W.; Lim, T.S. Review of phage display: A jack-of-all-trades and master of most biomolecule display. Int. J. Biol. Macromol. 2024, 256 Pt 2, 128455. [Google Scholar] [CrossRef] [PubMed]

	



França, R.K.A.; Studart, I.C.; Bezerra, M.R.L.; Pontes, L.Q.; Barbosa, A.M.A.; Brigido, M.M.; Furtado, G.P.; Maranhão, A.Q. Progress on Phage Display Technology: Tailoring Antibodies for Cancer Immunotherapy. Viruses 2023, 15, 1903. [Google Scholar] [CrossRef] [PubMed]

	



Palma, M. Aspects of Phage-Based Vaccines for Protein and Epitope Immunization. Vaccines 2023, 11, 436. [Google Scholar] [CrossRef] [PubMed]

	



Pierzynowska, K.; Morcinek-Orłowska, J.; Gaffke, L.; Jaroszewicz, W.; Skowron, P.M.; Węgrzyn, G. Applications of the phage display technology in molecular biology, biotechnology and medicine. Crit. Rev. Microbiol. 2024. [Google Scholar] [CrossRef]

	



Carty, M.; Guy, C.; Bowie, A.G. Detection of Viral Infections by Innate Immunity. Biochem. Pharmacol. 2021, 183, 114316. [Google Scholar] [CrossRef]

	



Van Belleghem, J.D.; Dąbrowska, K.; Vaneechoutte, M.; Barr, J.J.; Bollyky, P.L. Interactions between Bacteriophage, Bacteria, and the Mammalian Immune System. Viruses 2019, 11, 10. [Google Scholar] [CrossRef]

	



Sahoo, M.; Ceballos-Olvera, I.; Del Barrio, L.; Re, F. Role of the Inflammasome, IL-1β, and IL-18 in Bacterial Infections. Sci. World J. 2011, 11, 2037–2050. [Google Scholar] [CrossRef]

	



Bohannan, B.J.M.; Lenski, R.E. Linking Genetic Change to Community Evolution: Insights from Studies of Bacteria and Bacteriophage. Ecol. Lett. 2000, 3, 362–377. [Google Scholar] [CrossRef]

	



Scanlan, P.D.; Buckling, A.; Hall, A.R. Experimental Evolution and Bacterial Resistance: (Co)Evolutionary Costs and Trade-Offs as Opportunities in Phage Therapy Research. Bacteriophage 2015, 5, e1050153. [Google Scholar] [CrossRef] [PubMed]

	



Nadi, Z.R.; Salehi, T.Z.; Tamai, I.A.; Foroushani, A.R.; Sillanpaa, M.; Dallal, M.M.S. Evaluation of Antibiotic Resistance and Prevalence of Common Salmonella Enterica Serovars Isolated from Foodborne Outbreaks. Microchem. J. 2020, 155, 104660. [Google Scholar] [CrossRef]

	



Wright, R.C.T.; Friman, V.P.; Smith, M.C.M.; Brockhurst, M.A. Resistance Evolution against Phage Combinations Depends on the Timing and Order of Exposure. MBio 2019, 10, 1128. [Google Scholar] [CrossRef] [PubMed]

	



Perea, L.; Rodríguez-Rubio, L.; Nieto, J.C.; Zamora, C.; Cantó, E.; Soriano, G.; Poca, M.; Blanco-Picazo, P.; Navarro, F.; Muniesa, M.; et al. Bacteriophages immunomodulate the response of monocytes. Exp. Biol. Med. (Maywood) 2021, 246, 1263–1268. [Google Scholar] [CrossRef] [PubMed]

	



Shekhar, S.; Petersen, F.C. The Dark Side of Antibiotics: Adverse Effects on the Infant Immune Defense Against Infection. Front. Pediatr. 2020, 8, 544460. [Google Scholar] [CrossRef] [PubMed]

	



Liu, D.; Van Belleghem, J.D.; de Vries, C.R.; Burgener, E.; Chen, Q.; Manasherob, R.; Aronson, J.R.; Amanatullah, D.F.; Tamma, P.D.; Suh, G.A. The Safety and Toxicity of Phage Therapy: A Review of Animal and Clinical Studies. Viruses 2021, 13, 1268. [Google Scholar] [CrossRef] [PubMed]

	



Fong, S.A.; Drilling, A.J.; Ooi, M.L.; Paramasivan, S.; Finnie, J.W.; Morales, S.; Psaltis, A.J.; Vreugde, S.; Wormald, P.J. Safety and Efficacy of a Bacteriophage Cocktail in an in Vivo Model of Pseudomonas Aeruginosa Sinusitis. Transl. Res. 2019, 206, 41–56. [Google Scholar] [CrossRef] [PubMed]

	



Melo, L.D.R.; Oliveira, H.; Pires, D.P.; Dabrowska, K.; Azeredo, J. Phage Therapy Efficacy: A Review of the Last 10 Years of Preclinical Studies. Crit. Rev. Microbiol. 2020, 46, 78–99. [Google Scholar] [CrossRef]

	



Chadha, P.; Katare, O.P.; Chhibber, S. In Vivo Efficacy of Single Phage versus Phage Cocktail in Resolving Burn Wound Infection in BALB/c Mice. Microb. Pathog. 2016, 99, 68–77. [Google Scholar] [CrossRef]

	



McVay, C.S.; Velásquez, M.; Fralick, J.A. Phage Therapy of Pseudomonas Aeruginosa Infection in a Mouse Burn Wound Model. Antimicrob. Agents Chemother. 2007, 51, 1934–1938. [Google Scholar] [CrossRef]

	



Kumari, S.; Harjai, K.; Chhibber, S. Bacteriophage versus Antimicrobial Agents for the Treatment of Murine Burn Wound Infection Caused by Klebsiella Pneumoniae B5055. J. Med. Microbiol. 2011, 60, 205–210. [Google Scholar] [CrossRef]

	



Suh, B. Bacteriophage Therapy as an Effective Alternative to Antibiotics. J. Drug Metab. Toxicol. 2017, 8, 138–154. [Google Scholar] [CrossRef]

	



Łusiak-Szelachowska, M.; Żaczek, M.; Weber-Dąbrowska, B.; Międzybrodzki, R.; Kłak, M.; Fortuna, W.; Letkiewicz, S.; Rogóż, P.; Szufnarowski, K.; Jończyk-Matysiak, E.; et al. Phage neutralization by sera of patients receiving phage therapy. Viral Immunol. 2014, 27, 295–304. [Google Scholar] [CrossRef]

	



Popescu, M.; Van Belleghem, J.D.; Khosravi, A.; Bollyky, P.L. Bacteriophages and the Immune System. Annu. Rev. Virol. 2021, 8, 415–435. [Google Scholar] [CrossRef] [PubMed]

	



Grabowski, Ł.; Węgrzyn, G.; Węgrzyn, A.; Podlacha, M. Highly Different Effects of Phage Therapy and Antibiotic Therapy on Immunological Responses of Chickens Infected with Salmonella Enterica Serovar Typhimurium. Front. Immunol. 2022, 13, 956833. [Google Scholar] [CrossRef] [PubMed]

	



Grabowski, Ł.; Węgrzyn, G.; Węgrzyn, A.; Podlacha, M. Phage Therapy vs. the Use of Antibiotics in the Treatment of Salmonella-Infected Chickens: Comparison of Effects on Hematological Parameters and Selected Biochemical Markers. Antibiotics 2022, 11, 1787. [Google Scholar] [CrossRef] [PubMed]

	



Gangwar, M.; Rastogi, S.; Singh, D.; Shukla, A.; Dhameja, N.; Kumar, D.; Kumar, R.; Nath, G. Immunological and Safety Profile of Bacteriophage Therapy: A Pre-Clinical Study. J. Appl. Microbiol. 2022, 133, 1446–1460. [Google Scholar] [CrossRef]

	



Tan, X.; Chen, K.; Jiang, Z.; Liu, Z.; Wang, S.; Ying, Y.; Zhang, J.; Yuan, S.; Huang, Z.; Gao, R.; et al. Evaluation of the Impact of Repeated Intravenous Phage Doses on Mammalian Host–Phage Interactions. Virol. J. 2023, 98, e01359-23. [Google Scholar] [CrossRef]

	



Grabowski, Ł.; Pierzynowska, K.; Kosznik-Kwaśnicka, K.; Stasiłojć, M.; Jerzemowska, G.; Węgrzyn, A.; Węgrzyn, G.; Podlacha, M. Sex-Dependent Differences in Behavioral and Immunological Responses to Antibiotic and Bacteriophage Administration in Mice. Front. Immunol. 2023, 14, 1133358. [Google Scholar] [CrossRef]

	



Hannah, M.F.; Bajic, V.B.; Klein, S.L. Sex Differences in the Recognition of and Innate Antiviral Responses to Seoul Virus in Norway Rats. Brain Behav. Immun. 2008, 22, 503–516. [Google Scholar] [CrossRef]

	



Secor, P.R.; Burgener, E.B.; Kinnersley, M.; Jennings, L.K.; Roman-Cruz, V.; Popescu, M.; Van Belleghem, J.D.; Haddock, N.; Copeland, C.; Michaels, L.A.; et al. Pf Bacteriophage and Their Impact on Pseudomonas Virulence, Mammalian Immunity, and Chronic Infections. Front. Immunol. 2020, 11, 244. [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.; et al. 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. 2019, 19, 35–45. [Google Scholar] [CrossRef] [PubMed]

	



Romero-Calle, D.; Guimarães Benevides, R.G.; Góes-Neto, A.; Billington 2, C. Bacteriophages as Alternatives to Antibiotics. Antibiotics 2019, 8, 138. [Google Scholar] [CrossRef] [PubMed]

	



Wojewodzic, M.W. Bacteriophages Could Be a Potential Game Changer in the Trajectory of Coronavirus Disease (COVID-19). PHAGE Ther. Appl. Res. 2020, 1, 60–65. [Google Scholar] [CrossRef]

	



Gorski, A.; Miedzybrodzki, R.; Żaczek, M.; Borysowski, J. Phages in the Fight against COVID-19? Future Microbiol. 2020, 15, 1095–1100. [Google Scholar] [CrossRef] [PubMed]

	



Wu, N.; Chen, L.K.; Zhu, T. Phage Therapy for Secondary Bacterial Infections with COVID-19. Curr. Opin. Virol. 2022, 52, 9–14. [Google Scholar] [CrossRef] [PubMed]

	



James, F.; Lorger, M. Immunotherapy in the Context of Immune-Specialized Environment of Brain Metastases. Discov. Immunol. 2023, 2, kyad023. [Google Scholar] [CrossRef]

	



Jędrusiak, A.; Fortuna, W.; Majewska, J.; Górski, A.; Jończyk-Matysiak, E. Phage Interactions with the Nervous System in Health and Disease. Cells 2023, 12, 1720. [Google Scholar] [CrossRef] [PubMed]

	



Darbandi, N.; Komijani, M.; Tajiani, Z. New Findings about Comparing the Effects of Antibiotic Therapy and Phage Therapy on Memory and Hippocampal Pyramidal Cells in Rats. J. Clin. Lab. Anal. 2023, 37, e24942. [Google Scholar] [CrossRef] [PubMed]

	



Mayneris-Perxachs, J.; Castells-Nobau, A.; Arnoriaga-Rodríguez, M.; Garre-Olmo, J.; Puig, J.; Ramos, R.; Martínez-Hernández, F.; Burokas, A.; Coll, C.; Moreno-Navarrete, J.M.; et al. Caudovirales Bacteriophages Are Associated with Improved Executive Function and Memory in Flies, Mice, and Humans. Cell Host Microbe 2022, 30, 340–356. [Google Scholar] [CrossRef] [PubMed]

	



Smeyne, R.J.; Noyce, A.J.; Byrne, M.; Savica, R.; Marras, C. Infection and Risk of Parkinson’s Disease. J. Park. Dis. 2021, 11, 31–43. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, A.; Forsyth, C.B.; Shaikh, M.; Voigt, R.M.; Engen, P.A.; Ramirez, V.; Keshavarzian, A. Diet in Parkinson’s Disease: Critical Role for the Microbiome. Front. Neurol. 2019, 10, 1245. [Google Scholar] [CrossRef] [PubMed]

	



Mou, Y.; Du, Y.; Zhou, L.; Yue, J.; Hu, X.; Liu, Y.; Chen, S.; Lin, X.; Zhang, G.; Xiao, H.; et al. Gut Microbiota Interact with the Brain through Systemic Chronic Inflammation: Implications on Neuroinflammation, Neurodegeneration, and Aging. Front. Immunol. 2022, 13, 796288. [Google Scholar] [CrossRef] [PubMed]

	



Serwer, P.; Wright, E.T.; De La Chapa, J.; Gonzales, C.B. Basics for Improved Use of Phages for Therapy. Antibiotics 2021, 10, 723. [Google Scholar] [CrossRef]

	



Serwer, P.; Hunter, B.; Wright, E.T. Electron Microscopy of In-Plaque Phage T3 Assembly: Proposed Analogs of Neurodegenerative Disease Triggers. Pharmaceuticals 2020, 13, 18. [Google Scholar] [CrossRef]

	



Serwer, P.; Wright, E.T. A Protein Assembly Hypothesis for Population-Specific Decrease in Dementia with Time. Biophysica 2021, 1, 15–21. [Google Scholar] [CrossRef]

	



Tetz, G.V.; Ruggles, K.V.; Zhou, H.; Heguy, A.; Tsirigos, A.; Tetz, V. Bacteriophages as Potential New Mammalian Pathogens. Sci. Rep. 2017, 7, 7043. [Google Scholar] [CrossRef] [PubMed]

	



Febvre, H.P.; Rao, S.; Gindin, M.; Goodwin, N.D.M.; Finer, E.; Vivanco, J.S.; Lu, S.; Manter, D.K.; Wallace, T.C.; Weir, T.L. PHAGE Study: Effects of Supplemental Bacteriophage Intake on Inflammation and Gut Microbiota in Healthy Adults. Nutrients 2019, 11, 666. [Google Scholar] [CrossRef]

	



Maurice, C.F. Considering the Other Half of the Gut Microbiome: Bacteriophages. mSystems 2019, 4, e00102-19. [Google Scholar] [CrossRef]

	



Zuo, T.; Lu, X.J.; Zhang, Y.; Cheung, C.P.; Lam, S.; Zhang, F.; Tang, W.; Ching, J.Y.L.; Zhao, R.; Chan, P.K.S.; et al. Gut Mucosal Virome Alterations in Ulcerative Colitis. Gut 2019, 68, 1169–1179. [Google Scholar] [CrossRef] [PubMed]

	



de Jonge, P.A.; Wortelboer, K.; Scheithauer, T.P.M.; van den Born, B.J.H.; Zwinderman, A.H.; Nobrega, F.L.; Dutilh, B.E.; Nieuwdorp, M.; Herrema, H. Gut Virome Profiling Identifies a Widespread Bacteriophage Family Associated with Metabolic Syndrome. Nat. Commun. 2022, 13, 3594. [Google Scholar] [CrossRef] [PubMed]

	



Imai, T.; Inoue, R.; Nishida, A.; Yokota, Y.; Morishima, S.; Kawahara, M.; Kusada, H.; Tamaki, H.; Andoh, A. Features of the Gut Prokaryotic Virome of Japanese Patients with Crohn’s Disease. J. Gastroenterol. 2022, 57, 559–570. [Google Scholar] [CrossRef]

	



Zhang, Y.; Sharma, S.; Tom, L.; Liao, Y.T.; Wu, V.C.H. Gut Phageome—An Insight into the Role and Impact of Gut Microbiome and Their Correlation with Mammal Health and Diseases. Microorganisms 2023, 11, 2454. [Google Scholar] [CrossRef] [PubMed]

	



Cyske, Z.; Anikiej-Wiczenbach, P.; Wisniewska, K.; Gaffke, L.; Pierzynowska, K.; Mański, A.; Wegrzyn, G. Sanfilippo Syndrome: Optimizing Care with a Multidisciplinary Approach. J. Multidiscip. Healthc. 2022, 15, 2097–2110. [Google Scholar] [CrossRef]








[image: Ijms 25 02107 g001] 





Figure 1. Schematic representation of the major interactions of bacteriophages with animal/human organisms, with special emphasis on administration of these viruses during phage therapy. The scheme is presented as a Cyske rosette chart (according to Cyske et al. [78]), where the interactions between bacteriophages and specific systems (like the immune system, gut microbiome, or central nervous system) or stages (like viral infections or neurodegenerative diseases) are indicated in the central part of the figure, while their effects are described in the peripheral squares. 
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