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infections caused by such strains has become a formidable challenge. In the post-antibiotic era,
phage therapy is an attractive solution for this problem and some successful phase 1 and 2 studies
have demonstrated the efficacy and safety of phage therapy over the last decade. It is a form of
evolutionary medicine, phages exhibit immunomodulatory and anti-inflammatory properties.
However, phage therapy is limited by factors, such as the narrow spectrum of host strains, the
special pharmacokinetics and pharmacodynamics in vivo, immune responses, and the develop-
ment of phage resistance. The aim of this minireview was to compare the potencies of lytic phages
and chemical antibiotics to treat bacterial infections. The advantages of phage therapy has fewer
side effects, self-replication, evolution, bacterial biofilms eradication, immunomodulatory and
anti-inflammatory properties compared with chemical antibiotics. Meanwhile, the disadvantages
of phage therapy include the narrow spectrum of available host strains, the special pharmaco-
kinetics and pharmacodynamics in vivo, immune responses, and phage resistance hurdles.
Recently, some researchers continue to make efforts to overcome these limitations of phage
therapy. Phage therapy will be a welcome addition to the gamut of options available for treating
antibiotic-resistant bacterial infections. We focus on the advantages and limitations of phage
therapy with the intention of exploiting the advantages and overcoming the limitations.

1. Introduction

One of the greatest medical breakthroughs of the 20th century was the introduction of antibiotics into clinical medicine. Unfor-
tunately, their widespread use has led to the rapid emergence of antimicrobial resistance [1], which is currently regarded as one of the
biggest threats to human health, especially multidrug-resistant pathogens, such as Acinetobacter baumannii, Pseudomonas aeruginosa,
Klebsiella pneumoniae, Enterococcus faecium, and Staphylococcus aureus [2]. Bacterial infection is a common clinical disease that
breaches the innate immune barriers or uncoordinates adaptive immune response. The pathogenicity of bacterial infection depends on
the ability of bacterial adhesion, invasion and toxins [3]. When bacteria invade the body, they grow, multiply, and release toxins and
affect a variety of organs and tissues, including skin, mucosa, gut, lungs, heart, brain, blood and so on. Antimicrobial-resistant bacterial
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infection is predicted to be the leading cause of death by the year 2050 if no action is taken [4]. The development of new antibiotics is
unable to keep up with the pace at which antibiotic resistance is increasing [5]. Only less than 20 % of the antibiotics undergoing phase
I trials are estimated to be approved ultimately, while the cost behind their discovery and development is as high as $500 million [6].
All these factors have caused this research field to gradually decline [7]. Thus novel antimicrobials and strategies must be explored to
tackle the crisis of growing antimicrobial resistance.

Phages are viruses that naturally predate on bacteria. They cohabitate the same environments as their prey, including the human
body and our food and water sources [8]. There are two types of phages classified based on their life cycle. Temperate phages replicate
often through a lysogenic cycle or sometimes through a lytic cycle. Lytic phages, also called virulent phages, replicate exclusively
through a lytic cycle and trigger the death of the host bacteria, releasing many copies of themselves. The main difference between
temperate and virulent phages is that virulent phages exclusively undergo the lytic cycle whereas temperate phages frequently un-
dergo the lysogenic cycle. Using lytic phage therapy to treat bacterial infections is an old idea. The English microbiologist Frederick
Twort [9] and the French-Canadian biomedical scientist Felix d’He’relle [10] discovered phages independently. Pioneered by
Bruynoghe and Maisin in 1921 [11], the potential of phage therapy to treat infectious diseases was soon recognized. Bruynoghe and
Maisin used phage to treat a skin infection patient successfully. In 1924, Smith used B. typhosus phage to explore the treatment outcome
of seven typhoid fever cases. After the administration of phages, the temperature of five patients then subsided, and the examination
results of the faeces were negative with B. typiosus [12]. However, the discovery of antibiotics and the outbreak of World War II stunted
its development and application. Currently, clinical and public health is seriously threatened by the emergence of antibiotic-resistant
bacteria [13], especially multidrug-resistant Gram-negative bacteria, such as the third-generation cephalosporin-resistant and
carbapenem-resistant Enterobacteriaceae and carbapenem-resistant A. baumannii and P. aeruginosa [14]. Furthermore, phages do not
lyse human cells in vitro [15]. They can specifically and effectively kill almost any bacteria without affecting the normal bacterial flora.
The killing mechanisms include adsorption, nucleic acid injection, virion assembly, virion release and further transmission [16].
Moreover, they can be easily isolated and cheaply cultivated. Consequently, interest in phage therapy to treat bacterial infections has
rejuvenated in the last 20 years.

The main aim of this mini-review was to compare the use of lytic phages and chemical antibiotics for treating bacterial infections.
We focus on the advantages and limitations of phage therapy with the intention of exploiting the advantages and overcoming the
limitations. Phage therapy is associated with distinct advantages. It is aligned with the concept of evolutionary medicine. Moreover, it
modulates the immune system and regulates anti-inflammatory responses. Some successful phase 1 and 2 trials over the last decade
have testified to its efficacy (Table 1). The disadvantages of phage therapy include the narrow spectrum of available host strains, the
special pharmacokinetics and pharmacodynamics in vivo, immune responses, and phage resistance hurdles.

2. Advantages of Phage therapy
2.1. Advantages over antibiotics
The inappropriate and massive use of antibiotics in medical and livestock settings has resulted in the increasing incidence of

antibiotic resistance, rendering most antibiotics impotent. Thus there is urgent need of developing alternative drugs for antibiotics.
Lytic phages may be an alternative for the treatment of bacterial infections and they enjoy some advantages over chemical antibiotics

Table 1
Summary of the last five years phage therapy clinical trials.
Year Country Patients/participants Phage Methodology Results References
therapy
2019 France and burn wounds infected by P. PP1131 Randomised, controlled, The primary endpoint was reached slower in [17]1
Belgium aeruginosa (PhagoBurn) double-blind phase 1/2 the PP1131 group than in the standard of
trial care group. The maximal bacterial burden of
participants was higher in the PP1131 group
that in the standard of care group. The
adverse events were lower in the PP1131
group that in the standard of care group.
2019 USA healthy adults LHO1, LL5, Randomized, double- There were no effects of treatment sequence [18]
T4D, and blind, placebo- on comprehensive metabolic panel
LL12 controlled crossover outcomes
intervention
2019 Australian recalcitrant chronic AB-SA01 Phase 1, first-in- Intranasal irrigation with AB-SAO1 for 14 [19]
rhinosinusitis due to S humans, open-label days was safe and well tolerated, with
aureus clinical trial promising preliminary efficacy observations.
2020  Australian severe S. aureus infections AB-SA01 Single-arm non- Phage therapy was safety and tolerability. [20]
comparative trial No adverse reactions were reported.
2021  Georgia urinary tract infections in Pyophage Randomised, placebo- Intravesical phage therapy was non-inferior [21]

patients undergoing
transurethral resection of
the prostate

controlled, double-blind
clinical trial

to standard-of-care antibiotic treatment in
terms of efficacy or safety in treating UTIs in
patients undergoing TURP. Phage safety
profile seems to be favorable.
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(Table 2). Phages are widely existed in nature and usually are isolated from the sewage samples. The filtered sewage solution is utilised
to prepare liquid medium and the logarithmic phase host bacteria are added and mixed. After incubation at 37 °C for 18 h, the su-
pernatant is used to purify phage through double-layer agar plate method. Phage is purified until the plaques are uniform in size [22].
Phage lysates is filtered and the production of phage therapy products should follow the Expert Consensus Quality and Safety Re-
quirements for Sustainable Phage Therapy Products [23].

Phages represent large, replication-competent, constantly evolving biological agents. Phages and bacteria co-exist and co-evolve
because their best chance for survival is to adapt to each other. If bacteria develop novel defense mechanisms, phages evolve new
strategies (e.g. RNA-based anti-CRISPRs [24], phage-inducible chromosomal islands [25]) to attack the bacteria. In the lytic life cycle,
receptor recognition is an important initial step. Phages recognize and adsorb to a specific receptor on the bacterial cell surface; they
fail to lyse bacteria if the cell lacks the specific receptor. If the surface receptor has undergone some changes, the phage will alter the
base plate spikes and/or tail fibers to match strain-specific variants of the receptor and establish an infection. Thus, a continuous
evolutionary and dynamic balance exists between phages and bacteria. A single amino acid substitution in the major capsid protein F of
an Escherichia coli phage led to significantly slower adsorption to host cells, but their burst size or lysis time remained unchanged [26].
The bacterial resistance and phage host range of P. fluorescens SBW25 and its lytic phage, ®2, were observed to increase over
coevolutionary time [27]. Horizontal gene transfer is especially remarkable among temperate phages. Homologous recombination is
crucial for accelerated phage evolution [28].

Unlike antibiotics, phage therapy does not require frequent doses because a large burst size in the lytic cycle can produce and
release abundant progeny in situ. Theoretically, only one phage can target a single host bacterium, likening it to act as a self replicating
pharmaceutical. Hence, a single low dose of phage will replicate by itself at the infection site, continuously adsorbing to and killing
bacteria [29]. In a randomized phase 1/2 trial regarding the treatment of burn wound infections using phage therapy, 26 patients were
randomly administered (1:1) either a cocktail of 12 lytic anti-P. aeruginosa phages (PP1131) or the standard of care (1 % sulfadiazine
silver emulsion cream) as a daily topical treatment for 7 days. After 2 weeks of follow-up, the daily bacterial burden in the phage group
had successfully reduced by two quadrants or more compared with that in the standard of care group, although the median time to
achieve this endpoint was significantly longer [17]. In a murine model of lethal E. coli septicemia infection, administering a single dose
of 1 x 10°® plaque-forming units (PFU)/mouse of ®IK1 phage suspensions at 10 and 60 min post-bacterial infection rescued 100 % and
95 % of the mice, respectively [30]. Xu et al. [31] also used a single dose of phage KPP10 to treat P. aeruginosa strain D4-induced
pneumonia murine models. After 2 h and 8 h of bacterial inoculation, KPP10, at a multiplicity of infection (MOI) of 80, was
administered via nasal inhalation. Phage-treated mice had a significantly higher survival rate and a significantly lower number of
viable bacteria in their lungs compared with control mice. They also showed lesser bleeding, lesser infiltration of inflammatory cells,
and lesser mucus secretion in the lung interstitium upon pathological examination of lung tissues. The level of interleukin-1f (IL-1p) in
the lungs of phage-treated mice was much lower than that in the control mice.

As antibacterial agents, phages themselves hardly have side effects on humans. The main components of phages are nucleic acids

Table 2
Comparison of chemical antibiotics and lytic phages in the treatment of bacterial infections.
Aspect Chemical antibiotic Lytic phage
Belongs to Chemicals Biologicals
Evolution Unable evolution Co-evolve with bacteria
Discovery process Difficult Easy
Mechanism Inhibition of bacteria wall synthesis, DNA replication, or Infection and lysis of bacteria
protein synthesis
Specificity Broad spectrum: Gram-positive or Gram-negative species or Narrow spectrum: one or limited to a bacterial species

Interaction with bacteria
Dosage

Affect of microbiota
pharmacokinetics

Half-time life

Innate immune responses
Adaptive immune responses

Reduced virulence of bacteria

Impaired antibiotic efflux

Treat biofilms

Treating intracellular bacterial
pathogens

Neutralizing antibodies

Generation of endotoxins during
therapy

Natural resistance

Acquired resistance

Costs

Regulatory frameworks

both

Bacteriostatic or Bacteriacidal

Continually dosed to clear infection

Yes

Release controlable

Several hours up to 1 d

No direct effect on innate immune cells

Deactivate adaptive immune cell and no antibody induction

No

No

Yes (a few antibiotics)
Some antibiotics

No
No

Yes (target missing)

Yes (mutations)

Low production costs

High development costs
Approval process well established

Bacteriacidal

Fewer doses needed

No

Concentration rely on replication

Several hours to weeks

Phages interact with innate immune cells
Activate adaptive immune cell and produce anti-phage
antibodies

Yes

Yes

Yes (many phages)

Can not entry into eukaryotic cells

may be
Yes

Yes (nonsusceptible strains)

Yes (CRISPR-Cas system, target modification, etc.)
High production costs

Low development costs

Regulatory guidelines not fully established
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and proteins. Phages can be purified using the modified streak-for-isolation technique suggested by Peters et al. [32] or the
double-layer agar plate method [22]. Through filtration, ultrafiltration, ultracentrifugation and endotoxin removal columns, phages
are non-toxic [23]. Furthermore, since eukaryotic cell surface receptors and intracellular machinery are different from their bacterial
counterparts, phages cannot infect eukaryotic cells. According to Nguyen et al. [8], about 31 billion phage particles access the human
body daily through the gut epithelium. Subsequently, phages permeate into most organs of the body, including the kidney, spleen,
lung, urinary tract, liver, and brain [33,34]. The human gut microbiota plays an important role in physiology, metabolism, and health
[35]. Lytic phages can selectively reduce pathogenic bacteria in the gut. Except a few broad spectrum phages and polyvalent phages,
usually, the spectrum of many phages is very narrow and limits to only a few strains. Compared with antibiotics, phages have little
effect on beneficial natural microbiota due to their specificity. Thus, they may modulate the composition and diversity of the gut
microbiota. Besides, they travel throughout the human body without exerting any side effects and were eliminated by the reticulo-
endothelial system.

Phage therapy is highly likely to be a novel treatment for sepsis. Lytic phages can help attenuate bacteremia that accompanies a
syndrome while limiting excessive inflammatory responses. Petrovic et al. [20] conducted a single-arm non-comparative trial that
included 13 participants aged 21-87 years old in an Australian hospital, suffering from at least two consecutive days of S. aureus
bacteremia. The participants were intravenously administered a commercial cocktail of three Myoviridae phages (AB-SA01) twice daily
for 2 weeks. The general clinical, hematological, and blood biochemical parameters of the participants were monitored for 90 days and
no adverse reactions were recorded, vouching for the safety of these intravenously injected phages. A randomized, placebo-controlled,
clinical trial in Georgia found that intravesical phage therapy is non-inferior to systemically applied antibiotics in the treatment of
urinary tract infections. The authors recruited 113 patients, who were allocated in a 1:1:1 ratio by block randomization to the pyo-
phage, placebo, and antibiotic treatment groups. After 7 days of treatment, the intravesical phage group did not differ from the other
two groups. Moreover, adverse events were less frequent in the phage group (21 %) than in the placebo (41 %) and antibiotic groups
(30 %). Thus, the safety profile of phage therapy seems to be favorable [21].

Most antibiotics have no or limited activity against bacterial biofilms, but phages can eradicate them. The S. aureus-specific phage
Sb-1 can eradicate biofilms alone and in combination with antibiotics, such as fosfomycin, daptomycin, vancomycin, rifampin, and
ciprofloxacin. Another instance is that phage $AB182 has high synergy with colistin, polymixin B, ceftazidime and cefotaxime to
eradicate the biofilms formed by A. baumannii [36]. Matrix exopolysaccharide gets reduced in a dose-dependent manner [37]. Ryan
et al. [38] also found that phages and antibiotics synergistically eradicate E. coli biofilms in vitro. When in vitro biofilms of P. aeruginosa
PA14 were treated with phages alone, antibiotics alone, or a phage—antibiotic combination, the latter reduced bacterial densities more
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Fig. 1. Migration of phages across epithelial cell layers and interaction with immune cells.
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than the individual treatments could. The phage-antibiotic combination is more potent probably because of the higher diffusion of
antibiotics in biofilms that are already disaggregated by the phages [39]. Depolymerases and lysins play a vital role in clearing the
biofilm extracellular polymeric matrix [22,40]. As early as the year 1998, Hughes et al. found phage-borne polysaccharide depoly-
merase which derived from phage SF153b could degrade exopolysaccharide (EPS) of Enterobecter agglomerans strain 53b [41].

When phage and sublethal doses of some antibiotics were added to bacterial cultures, the diameters of phage plaques were bigger
than those obtained after only phage treatment [42]. Phage—antibiotic synergy has been studied for a long time. Gram-negative and
Gram-positive bacteria, in the presence of phages, were found to swell extensively, leading to an increase in the amounts of DNA and
phage protein-encoding mRNAs. Lysis is delayed in swollen bacterial cells due to the relative shortage of holin [43]. Another study,
investigating the synergy between the phage PEV20 and five different antibiotics against three P. aeruginosa strains, revealed that the
ciprofloxacin—-PEV20 combination was the most potent [44]. Similarly, the synergistic relationship between E. coli phage ®HP3 and
antibiotics has been evaluated [45]. When a single treatment of ®HP3 or its combination with an ineffective low dosage of antibiotics
was administered, the E. coli JJ2528 strain was revived after 8 h. As the concentration of antibiotics increased to intermediate doses,
the revival of JJ2528 was inhibited by all antibiotics except trimethoprim and ciprofloxacin. High concentrations of antibiotics
combined with ®HP3 completely prevented the revival of the bacteria. Under certain conditions, phages can lower the minimum
inhibitory concentration of antibiotic-resistant strains. The phage-antibiotics combination could reduce the development of antibiotic
resistance and the dose of antibiotics during treatment [46].

An electromagnetic field (EMF) can influence the life cycle of phage, including shifting phages from lysogenic to lytic growth,
increasing phage adsorption rate, burst rate and lytic efficiency, reducing the latent period of phage and phage-resistant bacterial
mutants [47]. Recently, Grygorcewicz et al. [48] found the adsorption rate of E. coli T4 phage increased from 3.13 x 10~° to 1.64 x
1078 mL min~! in the electromagnetic field, as well as the adsorption rate of S. aureus phage vb_SauM_A increased from 4.94 x 10~° to
7.34 x 10~ mL min 1.

2.2. Immunomodulatory and anti-inflammatory properties

Although phages as a treatment for bacterial infections have been studied for almost 100 years, their interactions with the immune
system are only recently being elucidated. Phages play an important role in maintaining the diversity, balance, and resilience of the gut
microbiome. Like probiotics, they exert immunomodulatory effects in the intestines [49]. Barr et al. [50] observed that phages in the
mucosal layer interacted with bacterial hosts, increasing the phage-to-bacteria ratios and subsequently, protecting the underlying
epithelium from bacterial invasion. Phages share a symbiotic relationship with their metazoan hosts, which limits microbial coloni-
zation and pathology. The adherence of phages to the mucosal layer is mediated through displayed immunoglobulin (Ig)-like domains
in phage glycans and capsid proteins. Fig. 1 shows how phages can migrate across epithelial cell layers and invade capillaries and
tissues. In the blood, they are taken up by macrophages or dendritic cells and encounter other immune cells.

Phages adopt a non-specific transcytosis mechanism to migrate across epithelial cell layers. When orally administered, they can be
detected in the urine and blood [51]. They are endocytosed by epithelial cells within 10 min, trafficked via the Golgi apparatus, and
exocytosed by the basal cells. Approximately 31 billion phage particles are transcytosed daily across the gut epithelium into the human
body, including the lymph, organs, blood, and even the brain [8]. After entering the bloodstream, phages encounter and interact with
immune cells. For instance, the T4 phage expresses the Lys-Arg-Gly motif in its capsid protein, gp24. This motif can bind $3 integrins
and downregulate the activities of p3* cells (monocytes, platelets, lymphocytes, cancer cells) by inhibiting integrin functions [52].
Barfoot et al. [53] observed that dendritic cells could rapidly trap T4 phages. Despite multiple hypotheses for phages penetrating the
epithelial barrier, including transcytosis by epithelial cells, translocation through the damaged, direct sampling by intestinal dendritic
cells, and transport via bacteria, the precise mechanism remains unknown.

Neutrophils and granulocytes are vital immune cells that help defend against invading bacteria and viruses. Once activated, they
secrete an array of cytokines, which influence the course of the immune response. Experimental data have shown that phages possess
strong anti-inflammatory properties. Phage preparations were administered orally and/or locally to 37 patients with either osteo-
myelitis or infections of the skin, soft tissue, or lower respiratory tract. Nine days later, the mean C-reactive protein levels and
leukocyte counts were found to be decreased significantly. The former, especially, decreased from 50 mg/L to 5 mg/L during 2-3
weeks despite the infection still existing [54]. The immune responses of human peripheral blood mononuclear cells to five different
phages were comparable and mainly anti-inflammatory: IL-1A, IL-1B, IL-1RN, IL-6, CXCL1, CXCL5, SOCS3, and tumor necrosis factor-o
(TNF-a) were upregulated, while LYZ and TGFBI were downregulated [55]. In order to reduce phage elimination by the reticuloen-
dothelial system, Merril et al. [56] isolated long-circulating mutants of E. coli phage A and of S. typhimurium phage P22. Through the
comparison of the parental and mutant A capsid proteins, the major phage head protein E was found to alter. Moreover, adding en-
dotoxins to the purified phages did not induce additional immune responses. Sun et al. [57] also found that the inflammatory response
elicited by the M13 phage was alleviated 7 days later, with increased IL-10 and decreased TNF-a and IL-6 levels. IL-10 is a regulatory
cytokine that can inhibit allergic and inflammatory responses. It also contributes toward stabilizing mast cells from degranulation
[58], and inhibits the activities of macrophages, natural killer cells, and Thl cells. Similarly, the A3R phage is unlikely to induce
human neutrophil degranulation [59]. Hence, besides their well-known antibacterial activity, phages exhibit anti-inflammatory
properties as well.

Gorski’s group proved that phages can not only inhibit human T-cell activation and proliferation but can also diminish the acti-
vation of nuclear factor kappa B, the master regulator controlling the expression of proinflammatory cytokines, chemokines, and
adhesion molecules. Besides, phage administration reduces the infiltration of allogeneic skin allograft cells in vivo [60]. The fila-
mentous Pf Pseudomonas phage was shown to inhibit bacterial invasion of lung airway epithelial cultures using a murine pneumonia
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model. The phage by itself could lower cytokine levels, reduce neutrophil recruitment, and alleviate lung injury [61]. Pabary et al. [62]
demonstrated that treatment with phage PAO1 reduced the levels of inflammatory cytokines and neutrophils in bronchoalveolar
lavage fluid in a P. aeruginosa pneumonia model. Thus, phages can attenuate the inflammatory response, both in vitro and in vivo.

Lipopolysaccharide (LPS)-binding phage proteins can also modulate the immune response. Gp12, belonging to the phage tail fiber
proteins, can bind the surface proteins or LPS of E. coli. Recombinantly expressed gp12 still retains its ability to bind LPS without
affecting the proliferation and viability of fibroblasts and endothelial cells. When administered to mice, gpl2 almost completely
diminished IL-1a levels in the circulation and reduced IL-6 levels by approximately 50 % in the serum. Besides, gp12 inhibited
leukocytic infiltration into the lungs, liver, and spleen while producing no inflammatory effects in control animals [63].

Phage therapy does not affect the ability of phagocytes to kill bacteria. A study on 51 patients in Wroclaw ailing from chronic
bacterial infections showed that the administration of phages did not significantly affect the ability of the patients’ polymorphonuclear
neutrophils and peripheral blood monocytes to kill bacteria, including both the standard strains and the clinical isolates [64].
Therefore, phages can be used in immunosuppressed patients. A5/L phages administered to immunosuppressed mice infected with a
sublethal or lethal dose of S. aureus strain L significantly reduced the bacterial load (>90 %) in the spleen and liver. About 72 % of the
phage-treated mice attained long-term survival. The leukocyte and neutrophil count increased in the circulation while the proportion
of myelocytic cells increased in the bone marrow. The bacteriolytic effect and stimulation of myelopoiesis, both, probably contribute to
the effects elicited by phage therapy in immunocompromised patients [65].

Allergy is one of the greatest challenges to medicine and society. Allergic reactions are defined as IgE-mediated hypersensitivity
reactions. As early as the 1950s and 1960s, the American physician Baker suggested that phages may help control asthma and allergy
[66,67]. To relieve allergy, an anti-IgE antibody (BSW17) was produced through peptide libraries displayed on filamentous phages.
BSW17 can efficiently recognize receptor-bound IgE without inducing the release of mediators from human mast cells or basophils.
Therefore, such anti-IgE antibodies might be used to control allergic reactions in vivo [68].

The ability of the S. aureus phage vB_SauM_JS25 to inhibit inflammation has been demonstrated previously. MAC-T bovine
mammary epithelial cells were infected with S. aureus JYG2, and highly purified vB_SauM_JS25 was added 1 h later. At 6 h post-
treatment, the levels of IL-18 and TNF-a began to decrease in the phage-treated group compared with those in the S. aureus alone
group. vB_SauM_JS25 was found to suppress the phosphorylation of the p65 subunit of nuclear factor kappa B [69]. On the other hand,
phages also display an immunosuppressive effect. T4 phages can bind to mouse lymphocytes while retaining their biological activity.
The authors suggested that these phages may produce immunosuppressive effects. Indeed, the phages significantly improved the
survival rate of allogeneic skin allograft mice. Thus, phages may act as an additional treatment in clinical transplantation to suppress
the immune system [70].

3. Limitations of Phage therapy
3.1. Pharmacological limitations

The molecular weight of phages is a million times higher than that of antibiotics, resulting in a lower uptake and transportation rate
for them. Also, their shells package several different proteins, which can be recognized by the human mononuclear phagocytic system,
leading to rapid elimination of the phages. Thus, phages exhibit complex pharmacokinetics and pharmacodynamics.

The most convenient and common administration route for any drug is oral application, and the same has been demonstrated for
phage therapy. In Bangladesh, 15 healthy adult volunteers, who either received a nine-phage cocktail at a dose of 3 x 107 and 3 x 10°
PFUs or a placebo control, showed no adverse responses. Moreover, the composition of their fecal microbiota was unaffected [71].
Four years later, the authors conducted another randomized clinical trial in children with acute bacterial diarrhea [72], wherein the
patients were given a commercial Russian coliphage product. These results showed that the oral delivery of phages is safe. However,
the prognosis of diarrhea did not improve.

Usually, the oral bioavailability of phages is very low [73]. Their titer and activity is also lower after oral application than after
intravenous, intramuscular, or intraperitoneal administration in mice [74]. Usually, most phages are sensitive to an acidic environ-
ment: they get inactivated at pH values below 3 [75]. Understandably, phage titers will reduce in the stomach upon exposure to gastric
juice.

MOI is the most important ratio defining the phage-bacteria interaction. In mouse models, the most effective MOI is below 0.1 [76],
while in humans, it is 10 or higher [77]. In severe sepsis, bacterial concentrations in the blood are in the range of 10'-10° (usually <
10%) colony-forming units per milliliter [78]. The total volume of blood in a human is about 5 L. Therefore, the expected MOljppy is
over 20 for an intravenous dose of 108 PFUs. Phage titers were observed to drop after intraperitoneal injection in rat models. A lytic
phage, EC200 (PP), was intraperitoneally injected into sepsis rat models at a dose of 1 x 108 PFUs. The phage concentration in the
blood decreased to about 107 PFU/mL after 2 h and 10* PFU/mL after 24 h [79]. Similarly, the titer of intravenously administered
antipseudomonas phage cocktail declined from 10'° PFU/mL to 10° PFU/mL within 24 h in rats [80]. Thus, the dose at the infection
site substantially drops to lower levels with time in phage therapy.

The delivery of phage to the target site also faces challenges. Phage particles have immunogenicity and can easily be cleared by the
immune system, as well as phage capsid proteins can be inactivated by the low pH in the stomach or degraded by enzymes. Thus, it is
necessary to develop some techniques to deliver phages. Excitedly, there are some successful methods to protect phages from enzy-
matic and chemical degradation, such as liposomes, hydrogels, fibrin glue. Phages can be encapsulated in liposomes to increase the
stability of phages in different environments, especially the gastric fluid. The titer of three encapsulated Salmonella phages (UAB_-
Phi20, UAB_Phi78, and UAB_Phi87) decreased by 3.7-5.4 log units whereas the titer of nonencapsulated phages decreased by 5.7-7.8
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log units. Additionally, the encapsulated phages in liposomes extended residence time in chickens [81]. Phages can be delivered via
hydrogels. Due to the protection of hydrogels against the acidic stomach pH compared to free phage, Staphylococcal phage K showed
high antibacterial activity [82]. The fibrin glue can also deliver phages. Fibrin glue polymerized P. aeruginosa phage PA5 sustainably
released high titers of phages during 11 days and effectively killed bacteria [83].

3.2. Immune response

Phages consist of DNA or RNA inside the head and a protein coat on the outside. The natural immunogenicity of phages can give rise
to interactions with the innate and adaptive immune systems. As early as 1964, Aronov et al. found phagocytic cells ingested phages
during phagocytosis. The phagocytosis of the E. coli T2 phage by macrophages and neutrophils was observed. Moreover, these
intracellular phage particles disintegrated after 15 min’ incubation [84]. Similarly, T4 phage was observed to be phagocytosed by
dendritic cells in vitro [53]. Anti-phage antibodies have been observed as early as 1987 [85], but their incidence depends on the site of
infection and the route of administration. Oral and topical application of phages has not elicited any immunological complications in
humans [86,87]. Intravenous administration, however, can activate the innate and adaptive immune systems [88]. Moreover, the
neutralizing antibodies against phages are detected in the sera of humans and animals [89].

Although the phages used to treat human infections are rigorously purified and free from any allergens, immune responses may still
be triggered. After phages cross the epithelial barrier, they reach the lymphoid organs, where they are processed and presented to T-
cells by antigen presenting cells. Subsequent injections of phages result in an increase in non-neutralizing antibodies, IgM, and later,
IgG. Researchers have verified that phage therapy can induce anti-phage antibodies. In a study in Wroclaw, levels of anti-phage an-
tibodies were evaluated in the sera of 19 patients, who received Staphylococcal phages, and 20 other healthy volunteers using enzyme-
linked immunosorbent assay [90]. After the third injection of the ENB6 phage, the titers of anti-phage IgM and IgG increased above
background by 5-fold and 3800-fold, respectively [91]. T4-like phage-specific antibodies are estimated to be present in 81 % of the
investigated sera in humans. Besides, the elevated levels of IgG and IgM are induced mainly by the major head protein (gp23) and the
highly antigenic outer capsid protein (Hoc). An increase in the amount of anti-Hoc and anti-gp23 antibodies leads to a decrease in the
activity of T4 phage in vitro and, to a certain degree, in vivo. Thus, the T4 phage-mediated protection against E. coli infection is lost in
mice [92]. Another study investigated the long-term induction of antibodies in mice after the oral administration of the T4 phage.
Serum anti-phage IgG was analyzed after 36 days, and secretory anti-phage IgA in the gut was analyzed after 79 days. IgA levels
dropped to insignificant levels when the administration of the T4 phage was stopped, while it was induced faster than before when the
T4 phage was administered a second time. Thus, the increased level of secretory IgA prevents gut transiting active phage [93]. The
elevated levels of anti-phage IgG in the serum result in the elimination of phages from blood and the tissues [94]. On the other hand,
the varphiX 174 phage is detected in circulation for 7 weeks without any detectable antibody in immunodeficient patients, while
healthy patients clear the phage normally and produce antibodies [95]. Taken together, these studies indicate that phages can trigger
the immune system to produce anti-phage-specific antibodies.

Immune responses involve cellular as well as humoral immunity. Many studies have reported the interactions between phages and
phagocytes. Kantoch [96] discovered that guinea pig leukocytes could bind phages in a time-, concentration-, and
temperature-dependent manner [97], following which the phages were internalized and eventually eliminated. Nelstrop et al. [98]
demonstrated that phages could be phagocytosed by peritoneal macrophages without the assistance of humoral factors like antibodies
and complements. The generation of phage neutralizing antibodies can interfere with their therapeutic efficacy. This can especially be
a concern for patients with chronic infections, who need repeated administration of phages. Phage neutralizing antibodies were found
to react with the distal phage tail as early as 1966 [99]. However, another study reported that the level of anti-phage IgG, IgM, and IgA
did not increase in the serum after oral administration of E. coli T4 phage for 1 month [100]. Similarly, the level of anti-phage an-
tibodies did not increase in the sera of 20 patients that were orally and/or locally administered a Staphylococcal phage cocktail. Even
in those individual cases with increased IgG and IgM, the antibodies did not affect unsatisfactory clinical outcomes. Counterintuitively,
some patients with relatively weak production of anti-phage antibodies suffered negative outcomes during phage therapy. Overall, the
production of anti-phage antibodies does not seem to be an obstacle to phage therapy [101].

3.3. Phage resistance

Although the pharmacokinetics and pharmacodynamics of phages may differ from those of antibiotics, the evolution of bacterial
resistance is inevitable. The co-evolution between phages and bacteria will eventually lead to the latter developing phage resistance.

Bacteria can develop resistance against phage infection via diverse mechanisms. In a study investigating phenotypic shift as one of
the mechanisms, P. fluorescens SBW25 and the lytic phage phi2 were co-cultured in soil environments and nutrient broths. The
presence of mucoid phenotypes of P. fluorescens were found to be associated with the phages [102]. Another study showed that the
clustered regularly interspaced short palindromic repeats—Cas (CRISPR-Cas) system will be selected if the same P. aeruginosa cell often
meets the same phage, which can influence the sensitivity of the bacteria to the phage [103,104]. The P. aeruginosa phage OMKO1 can
bind to the outer membrane protein M, inducing lysis of the infected cells. Protein M is part of the mexAB- and mexXY-multidrug efflux
systems. Binding of the phage and lysis will simultaneously direct the selection pressure toward evolving phage resistance in
P. aeruginosa. Consequently, the bacteria will harbor mutated efflux pumps, which the phages cannot recognize [105]. Besides these,
other unknown bacterial defense mechanisms may be found hiding in their genomes [106].

Another mechanism of phage resistance involves point mutations in some structures on the surface of bacteria that serve as re-
ceptors for phages. In a study, the authors sequenced four candidate genes from eight phages with unique phenotypes and identified
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eight evolved phages. The genotype of each evolved phage was related to a unique set of mutations. Crucially, most mutations were
found in the phage tail fiber gene, which participates in the adsorption of the phage to the bacterial cell surface [27]. Another study
demonstrated that the methionine aminopeptidase gene from Streptococcus thermophilus SMQ-301 is necessary for the lytic cycle of the
phage DT1. A single mutation in this gene resulted in the emergence of strong resistance against this phage. The DT1-sensitivity
phenotype was restored once the single mutation strain was complemented with the wild-type gene. When the same mutation was
introduced into another strain (S. mutans), phage DT1 also developed resistance toward the host [107]. Moreover, Alseth et al.
demonstrated that microbial community composition can drive the evolution of CRISPR-Cas adaptive immunity [108]. The CRISPR
system captures foreign DNA as a memory. When the same foreign DNA is encountered again, the bacteria recognizes and cleaves it,
ultimately resulting in phage resistance [109]. Additionally, the CRISPR-Cas system is deemed to be selected or maintained when the
phage frequently interacts with the same host [103].

Other common mechanisms of phage defense includes restriction modification, DNA sensing immunity complexes like RecBCD and
its homologues, and abortive infection and toxin-antitoxin system. The restriction-modification (RM) systems consist of a methyl-
transferase and a restriction endonuclease. The methyltransferase methylates adenine or cytosine in bacterial own DNA, while the
restriction endonuclease recognizes short DNA motifs and cuts the unmethylated phage DNA. According to the mechanism of action
and subunit composition, RM systems are classified into four major types: type I, type II, type III and type IV systems [110]. The
RecBCD complex can recognize free DNA ends and entered into the bacterial cell [111]. The abortive infection and toxin-antitoxin
system can disturb the phage life cycle and prevent progeny phage release through stressing the infecting bacteria [112].

In order to prevent or induce the emergence of phage resistance, some strategies may be adopted. Some phages can synergise with
antibiotics to kill bacteria. For instance, P. aeruginosa phage combined with ceftazidime or ciprofloxacin to treat the infection of
P. aeruginosa. The results show that the bacterial densities reduced, compared with the best single treatment [113]. In addition to the
use of single types of phages as therapeutic agents, phage cocktails provide an alternative type of therapeutic agent. The phage
cocktails strategy is not only enlarge the host range of phages but also reduces the possibility of phage resistance. The 61-year-old
patient was diagnosed with severe abdominal sepsis accompanied by diaphragmatic hernia and disseminated intravascular coagu-
lation. He was infected with P. aeruginosa septicemia with acute kidney injury and increasing serum creatinine levels. A purified phage
cocktail (BFC1) was administered through a 6-h intravenous infusion for 10 days. Subsequently, his kidney function recovered and his
blood cultures did not show further bacterial growth [114].

3.4. Lack of standard regulatory framework

The Food and Drug Administration and the European Medicines Agency do not approve phage therapy for humans, the main
hurdles being the increased standards in the regulatory and legal framework. Currently, no explicit legal framework exists for the same,
except in Poland, Russia, and Georgia, where phage therapy has been authorized for medicinal use [115].

Phage therapy belongs to a class of customized drugs and differs from conventional medicinal products in many aspects. Con-
ventional drugs have a fixed predetermined composition, while phage cocktails vary tremendously in their constitution. Additionally,
phages sustain evolution, which is a unique challenge for regulators [116]. Thus, conventional drugs match the current regulatory
framework, while phages do not. In this respect, phage therapy is a type of personalized medicine. Obtaining marketing authorization
for phage products is a huge challenge. Researchers engaged in this field have advocated for a specific regulatory framework [117,
118]. To obtain regulatory approvals, many researchers have conducted extensive animal studies and clinical trials to explore
roadblocks [119,120]. However, the Food and Drug Administration has only approved phages for non-medicinal applications,
including food decontamination, environmental prophylaxis, and dietary supplements [121]. Phage therapy is an intriguing concept
that must be studied further.

To be gratified, the European Union has previously funded a multinational multi-center clinical trials on burn patients (PhagoBurn
Program). Between July 22, 2015, and Jan 2, 2017, scientists in France, Belgium and the Netherlands have recruited 27 patients to
evaluate the efficacy and tolerability of a cocktail of 12 natural lytic anti-P. aeruginosa phages (PP1131) for the treatment of patients
with infected burn wounds. The results of that study showed that very low concentrations of PP1131 reduced bacterial burden in burn
wounds [17]. BX001 is the three-phage cocktail which specifically targets Cutibacterium acnes (C. acnes). In the phase 1 cosmetic
randomized, controlled clinical trial, BX001 is safety, tolerability and efficacy. It has been shown to control the skin microbiome and
reduced the facial burden of C. acnes [122]. A commercial phage based product called PreforPro® was used to examin the effects on gut
microbiota and markers of intestinal and systemic inflammation in a healthy human population in a double-blinded, placebo-con-
trolled crossover trial. After 28 days of oral administration, the populations of E. coli reduced in fecal. Moreover, the alpha and beta
diversity of gut microbiota were no significant changes, suggesting that oral phages did not disrupt the microbiota [123]. There are
other commercial phage preparations, such as Bakteriofag stafi lokokovyj and Sextaphag® produced by Russia, Staphylococcal
bacteriophage and Pyo-bacteriophage produced by Georgia [124]. Thus, it shows that the policys and regulations in Eastern Europe are
favorable for phage research. At present, there is still a lack of uniform standards of phage therapy around the world.

4. Conclusion and perspectives

In the mini-review, we summarized the advantages and limitations of lytic phages compared with chemical antibiotics to combat
bacterial infections. Phage therapy would be beneficial to patients with bacterial infection in the aspect of reducing antibiotics side
effects, reducing the costs of antibiotics development and production, possessing immunomodulatory and anti-inflammatory prop-
erties, eradicating bacterial biofilms. Of course, phage therapy has its own limitations, such as narrow spectrum of available host
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strains, the special pharmacokinetics and pharmacodynamics in vivo, immune responses, and phage resistance hurdles. Phage therapy
has been employed before the advent of antibiotics in Western medicine, and recent clinical trials and case reports have yielded
promising results. Several studies have demonstrated the potency of phages to treat infections associated with wounds and those of the
gastrointestinal, respiratory, and urinary tracts. Recently, some researchers continue to make efforts to overcome these limitations of
phage therapy. Phage therapy will be a welcome addition to the gamut of options available for treating antibiotic-resistant bacterial
infections. In my opinion, it is more than very likely that phage therapy can be approved to combat bacterial infections by Food and
Drug Administration in the future.
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