
Biological challenges of phage therapy and proposed solutions: 
a literature review

Katherine M Caflisch1, Gina A Suh2, Robin Patel*,2,3

1Department of Molecular Pharmacology and Experimental Therapeutics, Mayo Clinic, Rochester, 
Minnesota, USA

2Division of Clinical Microbiology, Department of Laboratory Medicine and Pathology, Mayo Clinic, 
Rochester, Minnesota, USA

3Division of Infectious Diseases, Department of Medicine, Mayo Clinic, Rochester, Minnesota, 
USA

Abstract

Introduction—In light of the emergence of antibiotic-resistant bacteria, phage (bacteriophage) 

therapy has been recognized as a potential alternative or addition to antibiotics for use in humans 

in Western medicine.

Areas covered—This review assessed the scientific literature on phage therapy published 

between January 1, 2007 and October 21, 2019, with a focus on successes and challenges of this 

prospective therapeutic.

Expert opinion—Efficacy has been shown in animal models and experimental findings suggest 

promise for safety of human phagotherapy. Significant challenges remain to be addressed prior to 

the standardization of phage therapy in the West, including the development of phage resistant 

bacteria; the pharmacokinetics of phage; and any potential human immune response incited by 

phagotherapy.
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1. Introduction

Less than a century after the discovery of penicillin, the emergence of bacteria no longer 

susceptible to small-molecule antibiotics is recognized as one of the most significant health 

threats facing modern medicine. Phages (bacteriophages) are among the strategies being 

evaluated as a potential replacement or adjunct to antibiotics.
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Phages are viruses (with single- or double-stranded DNA or RNA genomes) that exclusively 

infect bacteria. Individual phages are specific for strains of bacterial species. Like other 

viruses, phages lack a complete replisome and must therefore assume intracellular infection 

of a host to propagate. Phages undergo receptor-mediated adsorption to the surface of target 

bacteria prior to injecting their genetic material into the cytoplasm where bacterial 

replication machinery is subverted to produce new virions [1]. Phages are released following 

bacterial lysis, thereafter infecting adjacent bacterial hosts. In therapeutic settings, 

exclusively virulent phages (i.e., those that do not integrate into bacterial genomes) are 

generally favored over those that can integrate into bacterial genomes due to the predictable 

time to lysis, and also because host genomic integration and excision of temperate phages 

risks mobilization or activation of virulence and/or antibiotic resistance genes, and because 

infection by temperate phages may prevent subsequent phage infection of their bacterial host 

[2]. A detailed description of the virulent and lysogenic life cycles of phage is found 

elsewhere [1].

The earliest accounts of phage, circa 1890s, are as storied as they are disputed, particularly, 

regarding the individual(s) to whom credit for their discovery should be attributed. The 

majority of sources contend that in 1896, Ernest Hanbury Hankin, a bacteriologist 

commissioned by the British Commonwealth, observed in the waters of India’s Ganges and 

Yamuna rivers an inhibitory phenomenon which thwarted growth of Vibrio cholerae [3], and 

that in 1898, Russian scientist Nikolay Gamaleya made similar observations in his study of 

Bacillus subtilis [4]. English bacteriologist Frederick Twort is widely remembered as the 

next noteworthy individual in the phage narrative; in 1915, he observed bacteriophage in 

bacterial contaminants in experiments with Vaccinia virus, though he ascribed this to a 

bacterial co-factor negatively impacting cellular viability [2,3]. While this interpretation was 

ultimately incorrect, Twort’s research greatly contributed to the field’s understanding of 

phage biology [2]. Finally, a 1917 publication by Felix d’Herelle at the Pasteur Institute 

describing an “invisible microbe” [5] leads some sources to ascribe the discovery of phage to 

him; nevertheless, most sources contend that it was d’Herelle who first developed the notion 

of using phages therapeutically [6].

Seemingly-successful early human applications of phage in cases of pediatric dysentery [7], 

cholera [4,8,9], and bubonic plague [6,7] stimulated interest in phage therapy across Europe, 

the former Soviet Union, and the United States. Failed attempts to reproduce positive 

findings (possibly secondary to an incomplete biological understanding of phage) however, 

atrophied scientific interest and even inspired opposition from the Council on Pharmacy and 

Chemistry of the American Medical Association in 1934 [3,6–9]. The discovery of 

penicillin, and subsequently other antibiotics, alongside tensions between Eastern and 

Western political powers, further disincentivized phage use in Western medicine at the time, 

while they continue to be used in Eastern Europe and the former Soviet Union to this day 

[6,8]. However, the rise of antibacterial resistance has stimulated renewed Western interest in 

the therapeutic potential of phage, having already been approved for antibacterial 

applications in the agriculture and food processing industries [10].

Promising human case reports and case series of Western phagotherapy have been published 

over the past decade [11–13], including the recovery of a diabetic patient from necrotizing 
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pancreatitis with a multidrug-resistant Acinetobacter baumannii infection [14], bacterial 

eradication from an aortic graft infected with Pseudomonas aeruginosa [15], treatment of 

multidrug-resistant P. aeruginosa pneumonia in a cystic fibrosis patient [16], and 

stabilization of a post-lung transplant Mycobacterium abscessus infection in a cystic fibrosis 

patient [17]. Further, in vitro and experimental animal data have also demonstrated activity 

of phage against drug-susceptible and -resistant bacteria (Figures 2 and 3, Table 1). 

Nevertheless, therapeutic failure of phage in a handful of human studies, including two 

clinical trials [18,19], suggests that their clinical utility requires careful definition [19–21]. 

Biological challenges surrounding phagotherapy, which constitute the focus of this literature 

review, include i) the risk of selecting for phage-resistant bacteria, ii) pharmacodynamic and 

pharmacokinetic complexities, and iii) human host interactions. Potential solutions to these 

challenges are also discussed.

1.1 Review methods

The search strategy consisted of Embase, Cochrane Central Register of Controlled Trials 

(CCTR), Cochrane Database of Systematic Reviews (CDSR), Ovid MEDLINE, Ovid 

MEDLINE Daily, Ovid MEDLINE In-Process, Epub Ahead of Print and Other Non-Indexed 

Citations database surveys for articles published between January 1, 2007 and October 21, 

2019 (Supplemental Table).

2. Biological constraints of phage therapy in humans

2.1 Bacterial resistance to phage

Community dynamics underlying bacterial resistance are complex when the antibacterial 

agent is biologically dynamic, as occurs in phagotherapy. Unlike small molecule antibiotics, 

phages are shaped by environmentally-mediated competitive selection in addition to exerting 

the same upon bacteria. This bidirectional interaction results in co-evolution of bacteria and 

viruses as each contends for survival. To this end, the former have developed an array of 

approaches to withstand phage infection that collectively targets every major step of the lytic 

infection cycle [22] (Figure 1). Phages, in turn, have acquired mechanisms for resisting 

countermeasures exhibited by bacteria [22,23]. Such an ever-changing environment presents 

unique challenges in which to assess therapeutic outcomes. It should be noted that the 

“inevitable” [24] development of phage-resistant bacteria may be biomedically 

advantageous if the mutation incurred to withstand phage drives a fitness reduction that can 

be leveraged through secondary antibacterial treatment. For instance, exposure of multidrug-

resistant P. aeruginosa clinical isolates to virulent phage OMKO1 selected for the loss of its 

bacterial receptor, MexAB and MexXY efflux pump-associated outer membrane porin, 

OprM, ultimately renewing the isolates’ susceptibility to antibiotics [25]. Ho et al. show that 

lipotechoic acid (LTA) mutations emerge following NPV phage exposure to Enterococcus 
faecalis, a phenotypic change that can sensitize the organism to daptomycin [26]. Most 

recently, Sumrall et al. demonstrated in vitro that exposure of Listeria monocytogenes strain 

1042 to virulent phage A511 induced loss of glucose and galactose residues on wall techoic 

acids, a hallmark of the highly pathogenic serotype 4b, to phenotypically resemble the less 

invasive serotype 4d [27]. Scanlan, Buckling and Hall suggest that bacteria exposed to phage 

may be more highly evolved as a consequence of increased selective pressure [28]. Such 
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modifications may lead to concomitant changes in bacterial fitness that further impact 

response to antimicrobial treatment [29]. One extreme example of this phenomenon was 

demonstrated by Capparelli et al., who generated phage-resistant S. aureus mutants in mice 

to produce a live-attenuated vaccine [30]. Whereas bacterial fitness attenuation may be 

associated with phage resistance [31], this is not always the case [32]. Osada et al. found that 

S. aureus SA003 developed resistance to lytic phage φSA012, with transient fitness 

reduction, ultimately countered by an elevated growth rate [33]. Similarly, Kashiwagi and 

Yomo reported that an RNA phage Qβ-resistant Escherichia coli strain incurred mutations in 

genomic domains governing cell proliferation, resulting in a compensatory increase in 

doubling time related to evolution of a new pathway enabling sulfur biogenesis [34].

The emergence of phage-resistant bacteria must be acknowledged as a certain outcome of 

human phage therapy. The following are currently-known mechanisms by which bacteria 

can resist phage.

2.1.1 Cell surface and extracellular modifications

2.1.1.1 Receptor adaptations: Bacterial resistance to phage may be achieved by cell 

surface modification via receptor downregulation, concealment, or conformational change 

[22,35,36]. Bacteria may possess sensory mechanisms that detect the preliminary, weak 

molecular interactions of phage binding to garner infection resistance prior to the 

irreversible phage binding [37]. Point mutations or epigenetic modifications to bacterial 

phage receptors [38,39], including lipopolysaccharide (LPS), outer membrane proteins, 

flagella, pili, and capsule-associated proteins, for example, may result in decreased phage 

adsorption, and ultimately, infectivity. Le et al. described an observation in P. aeruginosa 
following exposure to lytic phage whereby 30% of phage-resistant bacteria exhibited 

genomic deletion of galU, a gene required for biosynthesis of LPS, the particular phage’s 

receptor [35]. Similarly, Fallico et al. reported biochemical modifications to teichoic and 

lipoteichoic acids on Lactococcus lactis IL1403 during early phage exposure to contain D-

alanine ester, hypothetically resulting in a conformational change to the phage receptors and 

limiting phage adsorption and infection [40]. Similar examples include O-antigen 

acetylation of N-acetylmuramic acid in staphylococci [41], and galactosylation of techoic 

acid in L. lactis subsp. cremoris SK110 and of cell wall techoic acid in Staphylococcus 
pseudintermedius SP015 and Staphylococcus aureus [39,42].

2.1.1.2 Outer Membrane Vesicles: Outer membrane vesicles (OMVs), nonreplicating 

structures that are part of a functionally-diverse intercellular transport system, and which 

bud from Gram-negative bacterial cells, may act as a sink during phage invasion. Phages 

may bind OMVs as a result of similar surface features to that of their parent cell, thereby 

reducing the likelihood of cellular infection [22].

2.1.1.3 Quorum Sensing: Bacterial cells may also leverage intercellular communication 

to limit viral infection within the population. Bru et al. recently reported that in vitro 
infection of P. aeruginosa UCBPP-PA14 by virulent phage DMS3vir results in decreased 

swarming motility through a mechanism involving secretion of the quorum sensing molecule 

PQS thereby spatially segregating uninfected subpopulations; this generalized stress 
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response is also observed when colonies are exposed to aminoglycosides [43]. Induction of 

PQS also stimulates release of OMVs, potentially compounding the anti-phage effect of 

quorum sensing [43].

2.1.2 Intracellular Modifications

2.1.2.1 Restriction-Modification (RM) Systems: The most ubiquitous mechanism of 

defense among bacteria and archaea, RM systems detect and cleave foreign DNA, including 

phage double-stranded DNA, based on nucleotide methylation of host DNA [44]. (RM 

systems are considered not to degrade single-stranded DNA or RNA phage.) Harbored by 

more than 90% of prokaryotes according to some estimates, RM systems play a role in 

prokaryotic homeostasis analogous to the innate immune system of higher-order organisms 

[44]. Restriction-modification systems are comprised of two functional subunits – a 

restriction endonuclease which cleaves (degrades) un-methylated DNA, and a related 

methyltransferase which methylates host DNA [44]. Such epigenetic modification forms the 

basis for recognizing and sequestering foreign genomic material [44,45] and is 

phylogenetically-conserved, with several hypotheses attempting to explain why this might 

be the case [44]. Korona et al. predict that RM systems stave off global infection of the 

bacterial community upon phage introduction to allow for the expansion of genetically-

diverse bacterial sub-populations[46].

Yet RM systems are notably flawed; inappropriate methylation of foreign DNA may occur 

with a probability of up to 0.1 per infection allowing certain phages to acquire host-modified 

nucleic acids, thereby subverting the RM defense barrier [44,47]. If this occurs, all progeny 

of the methylated phage will maintain this epigenetic mark, enabling viral propagation to 

continue [44]. Similarly, T-even phages harbor non-canonical base nucleotides that evade 

recognition and subsequent cleavage by bacterial RM systems [45]. Sneppen et al. used in 
silico analyses of phage-bacterial systems to conclude that such ‘loopholes’ within RM 

systems generate diversity among phage and bacteria alike, increasing ecological carrying 

capacity and portending the emergence of RM-resistant “epigenetic phage variants” [44]. 

These variants, in turn, promote more balanced population dynamics by reducing the net 

growth rate of the comparatively-fit RM-harboring bacterial population that remains 

susceptible to the mutant phage [44].

The defense island system associated with restriction modification (DISARM) is a bacterial 

and archaeal defense system similar to RM that is also governed by methylated self-

recognition, with putative differences between the two systems comprising specific gene 

networks involved in cleavage of foreign DNA; the mechanism and function of DISARM-

mediated methylation is incompletely defined [22,48].

2.1.2.2 Abortive Infection: A lack of consensus exists regarding the scope of the diverse 

systems of defense comprising abortive infection; some maintain that it necessarily requires 

host cell lysis, whereas others consider the term to merely require that infectivity of 

internalized virions be quenched [45,47]. Toxin-antitoxin systems represent a manifestation 

of abortive infection observed in both bacteria and archaea. An unstable antitoxin molecule 

binds and neutralizes the effect of its toxin dimer in a virally-uninfected cell, resulting in cell 
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survival, whereas phage infection interferes with antitoxin synthesis such that unbound toxin 

prevents bacterial translation through RNA-mediated means [49]. Other abortive infection 

processes include attenuation of bacterial cell membrane potential, or altered gene 

expression or maturation [47]. A consequence that may be associated with abortive infection 

is lysis of the cell following deactivation of the internalized phage to prevent infection of 

adjacent bacteria [45,47,49]. Some bacterial possess phage inhibitory chromosomal islands, 

which are prokaryotic mobile genetic elements that indirectly minimize the burst size of an 

active viral infection [50]. While abortive infection appears in Gram-positive and -negative 

bacteria, it is more prevalent in the former [49].

2.1.2.3 Bacteriophage Exclusion (BREX): The most recently-identified innate anti-phage 

defense system, phage exclusion, is a resistance mechanism found in recombinant B. subtilis 
bearing similarities with RM and abortive infection systems as it enables selective 

methylation of the host genome to prevent phage propagation; however, it does not 

subsequently degrade phage [51]. The mechanism underlying phage exclusion is unknown. 

Such systems may be present in 10% of microbial genomes, according to one estimate [51].

2.1.2.4 Superinfection Exclusion: Superinfection exclusion is a protein-mediated event 

precluding entry of subsequent, taxonomically-related phage following genomic integration 

of an earlier temperate phage [32], thereby rendering lysogenized bacteria resistant to 

secondary infection by certain phages. Superinfection exclusion is a prevalent mechanism in 

Gram-negative bacteria, occurring less frequently in Gram-positive species.

2.1.2.5 CRISPR/Cas: Clustered regularly interspaced short palindromic repeats 

(CRISPR), together with CRISPR-associated proteins (Cas), which have revolutionized the 

field of gene editing, harbor a parallel role in their native bacterial hosts where they are 

present in 50% of genomes [45,52]. The equivalent of adaptive immunity, CRISPR-Cas 

systems are comprised of repetitive DNA sequences with exogenously acquired DNA 

spacers distributed throughout. DNA is inserted into the CRISPR cassette, with Cas1 

suspected to play a role [53]. Cells use these spacers as templates to synthesize CRISPR 

RNAs (crRNA), which may then complex with Cas9 to initiate double strand breaks in the 

corresponding loci of incoming foreign DNA [53]. Such systems have been shown to 

maintain viability following recombination: Jakutyte-Giraitiene and Gasiunas recently 

reported CRISPR3-recombinant B. subtilis sourced from Streptococcus thermophilus. Anti-

phage activity between transformed B. subtilis and S. thermophilus was comparable, with 

both showing high recombination efficiency [52]. CRISPR3 enables recognition of 

replication gene sequences gp6 and gp58 of lytic phage SPP1 and subsequent destruction of 

the phage in B. subtilis [52]. The role of this mechanism in the context of phage resistance is 

incompletely understood. Prokaryotic Argonaute (pAgo) proteins, implicated in other 

bacterial defense systems, are thought to be involved in a parallel phage immunity scheme 

utilizing RNA rather than DNA templates to recognize and degrade foreign nucleic acid 

[22].
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3. Phage pharmacokinetics

Pharmacokinetics of phagotherapy are more complex than those of fixed composition small-

molecule antibiotics [54,55], more closely resembling therapeutic biologics such as stem 

cells. While adsorption, distribution, metabolism and excretion of phage can theoretically be 

computed in silico, ideal human dosing and route(s) of administration are as yet undefined 

due to potential elimination by the immune system (itself a changing entity), differential 

access to sites of infection (and oftentimes varying and unknown bacterial abundance at 

infected sites), inter-individual (human and bacterial) differences, and inter-phage variables, 

including diverse capacities of different phages to persist and replicate. Unlike antimicrobial 

chemotherapeutics which are eliminated by human phase I and phase II enzymes, 

bacteriophages are eliminated by the reticuloendothelial system in the spleen, but their 

bioavailability; clearance rate; charge and hydrophobicity; binding affinity to plasma 

proteins such as human serum albumin, lipoproteins, and glycoproteins remain largely 

unknown.

Pharmacodynamic and pharmacokinetic considerations alike expand in their complexity 

when phages or lysins are used in combination with other phages or lysins, or other 

antimicrobial agents altogether. For each, the mechanism of action and removal from the 

body should be carefully defined prior to determining the dosing regimen in an effort to 

maximize the antibacterial capacity of such combinations. Some cocktails have shown 

synergy, while others exhibit additive benefit, and some display antagonism. The order of 

delivery may impact therapeutic outcome. Kumaran et al. report an experiment in which 

planktonic and biofilm methicillin-resistant S. aureus was treated with phage SB-1 prior to 

or at the same time as rifampin, daptomycin, fosfomycin, ciprofloxacin, or vancomycin in 
vitro with sequential treatment outperforming simultaneous treatment. Similarly, treatment 

of S. aureus biofilms in vitro with phage SATA-8505 following vancomycin, dicloxacillin, 

cefazolin, tetracycline, or linezolid abrogated the antimicrobial effect [56].

4. Human interactions

The need to identify the impact of “trans-kingdom interactions” in the context of human 

phagotherapy is paramount to its widespread clinical usage safely and effectively [57]. 

Within the triad of phage-treated, human-associated bacteria, interactions between phage 

and bacteria have been well-characterized, as have those between bacteria and humans. Very 

few studies have, however, considered the possibility and hypothetical nature of any 

interactions spanning phage and humans. Given the significant reduction in planktonic and 

adherent C. difficile cells and significant increase in phage amplification observed in 

systems containing bacteria, phage, and HT-29 (human colorectal cancer) cells in vitro 
versus systems lacking HT-29 cells – presumably explained by the close proximity of 

bacteria and phage that their eukaryotic binding generated – Shan et al. propose that phage-

human dynamics be further considered [58].

Perhaps the most obvious eukaryotic niche in which to examine the impact of therapeutic 

phage is innate and adaptive immune systems. For more than fifty years, phages 

(particularly, coliphage ΦX174) have upheld a role in clinical practice in the diagnosis of 
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primary and secondary immunodeficiencies and continue to be utilized in this way today 

[59]. As a neoantigen, ΦX174 is processed only via presentation by T to B cells of the 

humoral immune system, such that inability to develop cell-mediated immunity against the 

phage indicates immune deficiency.

Despite the diagnostic role of phage in clinical medicine in addition to their myriad 

therapeutic application in humans, only a handful of studies have assessed phage safety as a 

primary endpoint [60]. A 2003 phase I trial in Switzerland demonstrated that oral ingestion 

of T4 phage resulted in neither entry of phage into the bloodstream nor altered liver enzymes 

[61]. An Egyptian burn wound trial executed in 1990 in which non-purified lytic phages 

were applied to wounds was not associated with adverse effects [62]. Even in vulnerable 

populations, including pediatric and immunocompromised patients, no serious adverse 

effects have been linked to phage therapy [59,63,64]. Some experts maintain that any safety 

threat to mankind would have been observed long ago, considering the ubiquitous presence 

of phages in the natural environment, but this supposition is perhaps an oversimplification 

[65]. Indeed, the safety of individual phage formulations is not just a function of safety of 

the phage, but is contingent on preparation methods, which are non-standardized [65]. For 

example, incomplete purification of phage from its bacterial host could result in inadvertent 

delivery of a bacterial toxin, such as endotoxin and/or an exotoxin.

Related theoretical safety concerns include that systemic application of phage may result in 

emergent toxicity following rapid bacterial lysis and, in the case of Gram-negative bacteria, 

release of endotoxin in large quantities, although this has not been observed in practice. (In 

fact, at least one group has observed diminished endotoxin release by phagotherapy versus 
antibiotic chemotherapy in vitro [66]). Dufour et al. reported on this possibility in an E. coli 
model in which two lytic coliphages (536_P1 and LM33_P1) or antibiotics were applied in 

parallel in in vitro systems using E. coli 536 and E. coli LM33 [67]; they found release of 

extracellular LPS induced by phage to be similar to that observed with amikacin and lower 

than that observed with cefoxitin or imipenem [66]. Amplification of anti-inflammatory 

suppressor of cytokine signaling 3 (SOSC3), IL-1 receptor antagonist, and IL-6, as well as 

reduction in LPS-induced inflammation by NF-κB p65 phosphorylation inhibition are 

suggestive of the anti-inflammatory properties of phage in some instances [65,68–70], while 

evidence for the hyperinflammatory potential of therapeutic phage via toll-like receptor 9 

and IFN-γ has been demonstrated in animal models to worsen preexisting conditions [71]. 

However, in one study, although one of two phages utilized in a murine pneumonia model 

yielded significant increases in IFN-γ, IL-12, monokine induced by IFN-γ (MIG), 

monocyte chemoattractant protein-1 (MCP-1), and keratinocyte chemoattractant (KC) in the 

lungs of uninfected mice, there was no statistically significant increase in these acute-phase 

inflammatory cytokines in infected, phage- or antibiotic-treated mice over the course of a 

20–22 hour infection [72]. In this way, modulation of infection-associated inflammation by 

phage is variable and likely to be phage species-specific.

As viruses, phages are capable of stimulating innate and adaptive immune systems; given 

their recent detection in the bloodstream via metagenomic analysis as part of the endogenous 

human phageome, such an interaction is likely and may influence tolerance and/or efficacy 

of phagotherapy [65]. It is unclear whether phages’ potent bioactivity may be partly 
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attributed to their recruitment of the immune system beyond inherent antibacterial properties 

[63]. For example, El-Aziz, Elgaml, and Ali observe enhanced complement-mediated 

antibacterial activity of the innate immune system by virulent phage MMI-Ps1 against P. 
aeruginosa in a murine model of acute lung infection [73]. On the other hand, Van 

Belleghem et al. report functional opsonization of phage by binding the surface of invading 

bacteria [65]; this may result in hyperinflammation or phage neutralization via secondary 

adaptive immune responses.

In some applications, there is concern that recognition of circulating phages will result in 

phage elimination, diminishing phage efficacy. Upon systemic introduction, for instance, 

phage may be intercepted by tissue proteases or the reticuloendothelial system and delivered 

to the spleen and liver for degradation [65]. Delivery of specific phage in multiple doses, 

especially systemically, also begets the possibility of neutralizing antibody production 

against the phage, possibly stimulating phage destruction. Available reports do not agree on 

the prevalence of phage-neutralizing antibodies and the degree to which they might impact 

clinical efficacy of phage therapy [3,74]. The extent of antibody production may vary based 

on routes of phage administration [3,74]. One study administered S. aureus-specific phages 

676/Z or A3/R to 122 ill patients twice or thrice daily for 7–91 days and monitored serum 

anti-phage activity [60]. The investigators found that a cohort of healthy volunteers (n=30) 

possessed a basal level of anti-phage antibodies similar to that of patients pre-treatment. 

Serum anti-phage activity increased during phage treatment in a manner dependent upon 

administration route, with local (which included “gargling, fistula irrigation, irrigation of the 

abscess cavity, sitz baths, wet compresses, nose drops, ear drops, vaginal irrigation, and 

inhalations” depending upon infection site [60]) and combined local/oral administration 

generating greater anti-phage activity than oral or intrarectal administration [75]. Anti-phage 

activity in patients waned following discontinuation of therapy although it remains a concern 

whether antibodies demonstrate cross-neutralization of related and unrelated phage species 

[60].

Finally, a small body of evidence suggests that bacterial lysogeny may directly impact 

human cells. For instance, one report presented evidence for infection of eukaryotic cells by 

enterohemorrhagic E. coli (EHEC) temperate phage [76]. The temperate phage studied 

harbored bacterial genes encoding Shiga toxin which were expressed in adjacent eukaryotic 

cells, likely via secondary translation pathways or using mitochondrial pathways [77]. This 

report is consistent with a 1971 report describing translation in mammalian fibroblasts of ß-

galactosidase with purported origins from temperate phage [78]. Sweere et al. reported that 

P. aeruginosa isolated from wounds lysogenized with temperate phage Pf supported chronic 

bacterial infection compared with non-lysogenized P. aeruginosa, with a proposed 

mechanism involving phage transcriptome-mediated production of TRIF-dependent type I 

interferon and reduction of phagocytosis and tumor necrosis factor secretion [79]. The 

application of a lytic phage treatment in a system containing such lysogenized bacteria 

might be associated with non-infection via superinfection exclusion or CRISPR, or, as these 

authors speculate, with exacerbation of bacterial infection by upregulating expression of 

virulence mechanisms by the bacterium, two clinically-relevant considerations given that 

temperate phages are present in an estimated 40–50% of bacterial genomes [80].
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5. Concessions to limitations of therapeutic phage

5.1 Phage Modification

5.1.1 Adaptation—In 1961, J.F. Vieu described a phenomenon known as phage 

adaptation, which is described as the repeated passage of a phage in the presence of its target 

bacterial host or eukaryotic host in order to increase certain therapeutic parameters, such as 

selecting for long-circulating variants in vivo or evolved receptor binding proteins capable of 

interacting with evolved bacterial receptors [8,81,82]. Such “directed evolution” has 

typically been achieved by exposing one phage to one bacterium, and consecutively testing 

the resulting phage lysate against resistant colonies until susceptibility is observed [83]. 

However, the Appelmans Protocol is an alternative adaptation technique commonly utilized 

in the Republic of Georgia, in which a cocktail of phages, rather than a single phage, is 

tested against a bacterium because the administration of several phages together allows for 

the possibility of genetic recombination between phages [84].

Though traditionally labor-intensive, the availability of new tools such as multiplex 

automated genome engineering and phage-assisted continuous evolution has accelerated 

phage adaptation, subjecting phage to “automatic evolution” and enabling synchrony with 

adaptation of bacterial hosts [85]. Sybesma et al. found that screening K. pneumoniae and E. 
coli phages to identify those with an expanded host range improved treatment efficacy; of 38 

strains tested, Pyo-phage cocktail susceptibility increased from 66 to 93% [86,87].

Alternatively, phage adaptation may be unnecessary in place of a screening protocol that 

detected phages which naturally exhibited extended persistence or broad spectra of activity 

[88].

5.1.1.1 Engineered Phage: Phage researchers have considered optimizing the therapeutic 

potential of phages via genome engineering [89–91]. Engineering has been employed to 

increase the antibacterial capacity of phages intended for therapeutic usage. For example, 

through modifications to the genome of phage M13mp18, the damage incurred following 

simultaneous application of modified phage and ofloxacin, gentamicin, or ampicillin 

resulted in augmented killing efficiency by 5-, 3- and 5.5-fold, respectively, compared with 

bacteria treated with antibiotics alone, though the effect of phage alone was not reported 

[92,93]. Phages have also been modified to cross eukaryotic membranes in the case of 

intracellular infection, with some success [94]. Pouillot, Blois and Iris reported a gene 

editing technology that enabled pausing of the T4 phage replication cycle for insertion of 

recombinant genes, followed by re-activation of hybrid phage [95]. This technique might be 

applied for expansion of host range or to encode a bacterial antigen on a phage capsid to 

augment immune response for ultimate clearance of bacterial pathogens.

The literature describes a diversity of ways in which natural phages have been modified in 

an attempt to mitigate eukaryotic immune stimulation, which may be a problematic 

consequence of systemic administration of wild-type phage [87]. A 2005 study conducted in 

germ-free mice in which animals were treated with lambda phage bearing E158K capsid 

resulted in extended circulation when administered by intraperitoneal (IP), intravenous (IV) 

or oral routes of administration[96]. Paul et al. insertionally inactivated the endolysin gene 
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of the S. aureus-specific temperate phage P954 to determine whether compromise to the cell 

membrane exclusively (i.e., due to holin activity) might lead to bacterial cell death without 

massive release of bacterial antigen [97], a safety concern of phage therapy. In vitro studies 

using eight S. aureus strains showed that phages wtP954 and P954Δ cleared over 90% of 

bacterial cells, without cell lysis (plaque formation) with the latter. In a systemic infection 

model in neutropenic mice challenged with 5×107 methicillin-resistant S. aureus (MRSA) 

isolate B911 IP, IP P954Δ phage treatment [200 multiplicity of infection (MOI); defined as 

the number of virions administered per bacterium] 0- and 2-hours post-infection rescued 

100% of mice (n=16) with no adverse events noted, suggesting efficacy of this phage for 

treatment of bacterial infection in a way that may possibly circumvent lysis-associated safety 

concerns [97]. (Rescue from lethal bacterial challenge with wtP954 was not reported). 

Hagens and Bläsi described a similar approach in which modification of phage lambda or 

phage M13 to exclusively contain a functional holin, resulted in cell death without lysis 

[98,99], while Bardy et al. developed a holin-deficient T4LyD phage with similar effects 

[100].

Another widely-recognized exercise in phage modification was described by Lu and Collins 

in 2009 [92,98]. Following their observations that “directly lethal” antimicrobial approaches 

resulted in rapid resistance development due to strong selective pressure, the authors 

overexpressed the nonessential gene φlexA3 for repression of the SOS response as a means 

of killing bacterial pathogens without incurring phage resistance [92].

Phage engineering was recently employed for the first time in man for the treatment of 

extrapulmonary tuberculosis in a young lung transplant recipient with early success [17]. 

Whereas modifications may prompt unique regulations prior to commercial usage, 

advantages might outweigh drawbacks of phage engineering if antibacterial activity is 

augmented and/or selection of resistance blunted. Yet Citorik et al. caution against synthetic 

phage modifications, expressing concern about unintended consequences, including perhaps, 

attenuated fitness of phage that may abrogate its therapeutic potential [85]. Although the 

vast number of phages and the ability to generate novel phages through evolution and 

adaptation renders pan-resistance unlikely [101], caution should be exercised during 

experimentation to avoid the emergence of bacteria that are resistant to phage and 

antibiotics, known as “double-resistant variants” [102]. Any such potential consequences of 

viral genome modification might theoretically be minimized by incorporating synthetic kill 

switches [103]. It also stands to reason that engineered phages are as susceptible to 

continuous, directional evolution as wild-type phages, such that the changes they incur may 

not be observed in any fixed capacity.

5.1.1.2 Encapsulated Delivery: Nanoparticle delivery systems, such as liposome- or 

polyethylene glycol (PEG)-based platforms, represent another potential strategy to avoid 

human immune recognition and facilitate phage-bacterial interactions, although phage 

encapsulation may counterproductively preclude access to its bacterial receptor, resulting in 

decreased efficacy [93]. Esteban et al. have developed nano-emulsions that complex with 

phage to quench their negative charge and reduce electrostatic repulsion by bacteria for 

increased infectivity [104]. Encapsulation of phage may extend circulation in the body up to 

eight times that of wild-type phage and evade inactivation by neutralizing antibodies 
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[105,106]. In a comparative study, biofilms were preferentially infected by liposome-

encapsulated versus wild-type phage in vitro, especially as biofilm age increased; in vivo, 

liposome-encapsulated phage (KPO1K2) cleared Klebsiella pneumoniae B5055 from the 

lungs of mice in an experimental model when administered up to 72 hours post-infection, 

whereas un-encapsulated phage (KPO1K2) cleared infection only when administered no 

more than 6 hours post-infection [105,107]. In a distinct experimental setup, the same group 

demonstrated that liposome encapsulation of KPO1K2 (MOI=10) killed 95% of intracellular 

K. pneumoniae in ex vivo mouse macrophages after 24 hours compared with 21% killed 

with unencapsulated phage even at increased phage titer [107]. Chadha et al. 2017 similarly 

considered maintenance in bioactivity of phage when administered intraperitoneally (IP) 

within liposomes in a mouse K. pneumoniae infected burn model [106]. Concealment of 

phage from the immune system led to a circulation time of encapsulated phages six times 

that of un-encapsulated phages. Attenuated phage immunogenicity was observed via 

reduction of cytokine levels compared to baseline; there was 100% 4-day survival of 

liposome encapsulated phage-treated mice (n=12) when treatment was delayed by 24 hours 

post-infection compared with 0% survival of unencapsulated phage-treated mice. Lu and 

Koeris reported antibody neutralization of PEGylated phage in mice pre-vaccinated with 

phage, indicating suboptimal effects with repeated exposure to the same phage, even when 

concealed by PEG [98]. This conclusion is supported and extended by findings of Kim et al. 

in which prior exposure to wild-type or PEGylated A511 Listeria phage or Felix-O1 

Salmonella phage in BALB/c mice resulted in >99% blood clearance of phage within 24 

hours following secondary injection, regardless of encapsulation [108].

Hybrid nanoparticle systems have also been employed to optimize phage delivery, as in the 

case of Chhibber et al.’s use of a transferosome, a synthetic liposome containing 

phosphatidylcholine, to enhance permeability. Intramuscular (IM) administration of their 

phage cocktail unbound or transferosome-bound (MOI 10) 30 minutes post-infection with 

107 cfu/mL of S. aureus rescued 100% of rats, whereas IM administration 12 hours post-

infection rescued 100% of rats treated with transferosome-bound phage and 0% of rats 

treated with free phage at the study endpoint two weeks later [109].

The effect of encapsulation on phage immunogenicity is more nuanced. In one study, for 

instance, mice to which K. pneumoniae was intranasally administered were treated with 

liposome-encapsulated KPO1K2 phage; they exhibited a decrease in proinflammatory IL-1β 
and TNFα, but an increase in anti-inflammatory IL-10 compared to infected, unencapsulated 

phage-treated and infected, untreated controls [105]. Other groups utilizing PEG 

nanoparticles to deliver phage [104,108] collectively report a decreased Th-1 response and 

decreased levels of inflammatory cytokines IFN-γ and IL-6, in addition to extended 

circulatory duration [93,100,108].

5.1.1.3 Phage Component-Based Therapies: While whole phages have been the 

historical focus of phagotherapy, the use of phage component-based molecules as 

antibacterial agents has been recently investigated. Such approach features simplicity of 

regulatory execution, and perhaps more limited bacterial resistance [110–113], prevention of 

genomic integration, rapid antibacterial effect even at low concentrations, and ease of quality 

control and storage measures relative to conventional phage therapy [114–119]. The dosing 
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regimen of phage components resembles that of small-molecule antibiotics and they also do 

not replicate in their bacterial hosts as whole phages do, enabling simplified administration 

[110]. Certain phage components may even directly enhance bacterial sensitivity to 

conventional antibiotics, such as PA-PP, a serine protease that degrades outer membrane 

porin protein in P. aeruginosa PAR50 [120]. A potential drawback of employing phage 

enzymes over conventional phage therapy is the technical difficulty of their acquisition 

[121].

Over the course of endogenous phage infection of a bacterium, expression of lysins during 

intracellular biosynthesis provides the means for dissemination of new virions as lysins bind 

peptidoglycan components from the interior face, perforating the cell wall leading to 

osmotic rupture. Vázquez and García describe the enzybiotic approach as lysins 

“repurposed,” due to their extracellular, rather than intracellular, administration to effect the 

same lethal outcome [115]. Virulent phage enzymes were recently named the most 

promising alternatives to antibiotics by a pipeline portfolio review in Lancet Infectious 
Disease [113]. In fact, enzymes secreted over the course of the phage’s life cycle have in 

recent decades been considered for use as antibacterial agents in place of conventional phage 

therapy. Two clinically-relevant classes of phage enzymes include depolymerases and 

endolysins (also known as lysins or peptidoglycan hydrolases [PGHs]). To a lesser extent, 

the prospect of utilizing “small chemical molecules” that mediate initial phage binding has 

been envisaged owing to their bacteriostatic effects [113]. Waseh et al. isolated the tailspike 

protein, P22sTsp, of lytic phage P22, which plays a role in docking P22 at its bacterial 

receptor. Three doses of P22sTsp were administered to chicks beginning 1 or 18 hours after 

initial oral challenge with Salmonella enterica serovar Typhimurium and every 24 hours 

thereafter [122]. P22sTsp caused aggregation of S. enterica serovar Typhimurium 

concomitant with significant reductions in bacterial density of the liver, spleen and cecum 

following the final, third dose of P22sTsp among animals initially treated 1 hour post-

infection versus sham-treated controls, potentially suggesting an immune-enhancing 

mechanism underlying phage activity resembling antibody-mediated agglutination. While 

the precise mechanism of action is unknown, it is speculated that allosteric modulation of O 

antigen following phage-bacterial complexing impedes the organism’s motility [122].

Endolysins are enzymes produced by double-stranded DNA phages that hydrolyze the cell 

wall of bacteria. Those targeting Gram-positive bacteria are generally composed of two 

domains, an enzymatically active domain (EAD) and a cell wall binding domain (CBD) 

[123]. In contrast, most endolysins targeting Gram-negative bacteria lack a CBD [119], 

which reflects the presence of the intervening outer membrane; this structure generally limits 

the efficacy of lysins against these organisms, with exceptional lysins exhibiting 

amphipathic components capable of traversing the outer membrane [116]. In the same vein, 

Gram-negative lysins may be synthetically optimized by fusion with outer membrane 

permeabilizers, as in the case of Artilysin® [113,124,125]. Some lysins harbor two distinct 

EADs, which may minimize resistance development. As agents that may induce the 

phenomenon known as “lysis from without” in high concentrations, bacterial entry is not 

required [126]; their exclusive interaction at the bacterial surface may mitigate resistance 

development [111]. Their enzymatic activity may promote removal of bacterial structures 

such as extracellular polymeric substance that may otherwise be unaffected by conventional 
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antimicrobial agents [113]. Lysins are immunogenic due to their protein composition; the 

dose administered must account for their rapid removal from the circulation [110]. They 

may also display synergy when combined with antibiotics or one another, or enhance 

complement-mediated activity of the innate immune system [112,123,127,128] (Table 2).

Recombinant lysin systems have also been developed, typically capitalizing on protein 

engineering technology to modify the lysin gene product with the purpose of increasing its 

spectrum of activity (spanning genera, in some instances [125]), or increasing its circulation 

time in order to reach the infected site [113,115]. To better address Streptococcus 
pneumoniae infections, Blazquez et al. synthesized a chimeric lysin comprised of natural 

phage lysins Pal and LytA, both of which are N-acetylmuramoyl-L-alanine-amidases with 

bactericidal activity against S. pneumoniae, with the latter representing the major 

pneumococcal autolysin [129]. The recombination of the Pal catalytic domain with the 

consolidated CBD of LytA formed the PL3 chimeric endolysin, resulting in a reduction of 

all 10 tested choline-containing Gram-positive bacterial strains including S. pneumoniae and 

other streptococci in vitro; Pal and LytA were not tested alone, though other studies have 

demonstrated comparatively reduced potency and efficacy. Application of PL3 in a zebrafish 

(Danio rerio) embryo S. pneumoniae D39 infection model reduced mortality to 0%, from 

40% in non-treated, infected embryos [129]. Daniel et al. developed a chimeric lysin, ClyS, 

in which the N-terminal domain of the Twort phage was fused with the C-terminal cell wall 

targeting domain of φNM3, which lacks Sh3b domain binding peptidoglycan peptide 

bridges, to which bacteria may easily become resistant [112]. Others have considered 

cleaving the C-terminal to increase lysis, as the binding component precludes the catalytic 

subunit from functioning [130]. In one of the largest comparative studies of recombinant 

lysins, Schmelcher et al. reported that six of the nine PGH compounds administered IP 30 

minutes after IP challenge of BALB/c mice with MRSA NRS382 exhibited similar activity 

to vancomycin [131]. The experimental success of recombinant lysin technology has piqued 

the interest of the pharmaceutical industry. Zhang et al. demonstrated activity of phage IME-

EF1 endolysin against enterococci in vitro; this phage was active against four of 20 strains 

tested, whereas treatment with its endolysin killed 11 strains [132]. Subcutaneous 

implantation of a catheter colonized with A. baumannii and subsequently treated with 

PlyF307 endolysin resulted in a population reduction of 2 logs by 28 hours later, with the 

same endolysin able to clear bacterial EPS in vitro [124]. Lastly, Hathaway and colleagues 

loaded either a combination of endolysin CHAPK and lysostaphin into poly(N-

isopropylacrylamide) (PNIPAM)-based vesicles creating a thermoresponsive polymer-based 

approach which allowed for the ejection of antimicrobial cargo following phase transition 

induced by inflammation-associated heat release for topical administration to staphylococcal 

infections [133,134]. In vitro testing demonstrated a 0.5 fold reduction in bacterial density at 

32°C in PNIPAM-encapsulated versus unencapsulated cocktail, but a fourfold reduction in 

cell density at 37°C in PNIPAM-encapsulated versus unencapsulated cocktail [133].

Table 2 summarizes experimental animal and moth larval studies involving lysins. Examples 

of endolysin products under development include Tonabacase (Intron Biotechnology, Inc.), a 

S. aureus-specific endolysin currently in a phase II clinical trial for IV administration in 

bacteremia [135], and Exebacase (previously CF-301, ContraFect) which in 2018 completed 

a phase II clinical trial of IV administration for treatment of S. aureus bacteremia and 
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endocarditis [136,137]. Results of the trial demonstrated that combination therapy of 

Exebacase and standard of care antibiotics generated a significant increase in response rate 

versus antibiotics alone in patients with MRSA bacteremia or endocarditis [137].

5.2 Pharmacologic Optimization

5.2.1 Phage Cocktails—The application of phage ‘cocktails’ comprised of phages 

bearing divergent mechanisms of action may increase the formulation’s spectrum of activity 

and decrease the potential for development of resistance [138]. Experts have advised that 

cocktails be comprised of between two and 10 phages [24,139]. The in vitro study of a 

cocktail of phage DRA88 and phage K containing distinct host spectra showed activity 

against 74% of 95 S. aureus isolates tested in the planktonic state, with individual 

applications being active against only 60 and 64%, respectively, as measured by spot plating, 

a modification of the double overlay plaque assay [140]. In vitro population reduction of 

phage cocktail-treated S. aureus was observed for all three isolates tested (15981, MRSA 

252, H325), with a range of MOIs achieving similar effects, although lower MOIs required 

an extended time period to do so [140]. Nonetheless, phage formulation via cocktails is not a 

foolproof antibacterial strategy; if each phage in a cocktail is not maintained at a sufficient 

dose, or if constituent phages do not target the same bacteria, resistance may occur as readily 

as it would with single phages [141]. The majority of clinical trials evaluating phage therapy 

past and present have been administered as cocktails rather than individual viruses (Table 3).

5.2.2 Combination Therapy—Phages have also been combined with other 

antimicrobial agents, including antibiotics, with considerable success. One objective of 

combination therapy is to reduce the mutant selection window, or the range in drug 

concentration spanning the minimum inhibitory concentration and the mutant prevention 

concentration, to minimize resistance-selecting population expansion in the presence of the 

therapeutic [142]. Combination therapy using phage may be pursued with natural substances 

and/or antibiotics. First described in 2007, phage antibiotic synergy (PAS) is a phenomenon 

wherein the antibacterial effect observed following the combination of phage with sub-

inhibitory concentrations of antibiotic enhances phage activity [143,144]. Johnson and 

Garcia evaluated hydrogel-embedded MR-5 phage, linezolid, or a combination thereof for 

their abilities to inhibit MRSA biofilm formation in vitro. Combination therapy resulted in 

significant reductions in bacterial colonization versus no treatment or phage or linezolid 

alone, and was associated with lower mutation rates compared with those observed in the 

monotherapy groups [145]. The binding of phage to surface receptors that contribute to 

bacterial pathogenicity can diminish bacterial virulence and/or lead to selection against 

receptor expression among progeny, resulting in comparatively treatable infection, as 

discussed above [143]. Combination therapy was shown to limit the acquisition of φSan23 

phage resistance to ~33% of a S. enterica subsp. enterica serovar Enteritidis population, 

while treatment with phage alone resulted in phage resistance in ~90% of the population 

[36]. Higher drug concentrations combined with phages do not always support greater 

antibacterial effects since phages require a certain bacterial density (replication threshold) 

before phage replication can occur [143]. Recent work from Kim et al. revealed the highly-

anticipated mechanism underlying some forms of PAS to be cellular expansion mediated by 

DNA damage response pathways in the presence of antibiotic or other environmental 
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stressors, including, but not limited to, reactive oxygen species [146]. Phages in combination 

with antibiotics may also, however, elicit additive, antagonistic, or facilitative effects (the 

last being an effect in which combination therapy generates greater activity than either agent 

alone but less activity than the sum of the effects of the individual agents) beside synergistic 

effects [143].

PAS is observed in biofilms as well as planktonic cultures, as demonstrated by Akturk et al. 

in the treatment of mono- and dual-species biofilms with in vitro phage, antibiotics, or 

combination therapy administered simultaneously or staggered [147]. They report that 

treatment of 48 hour monospecies biofilms with phage for 6 hours, MIC or 8 x MIC 

concentrations of gentamicin, ciprofloxacin, and meropenem for 24 hours, combination 

phage and MIC or 8 x MIC concentrations of gentamicin, ciprofloxacin, or meropenem for 

24 hours, or combination phage (for 6 hours) and MIC or 8 x MIC concentrations of 

gentamicin, ciprofloxacin, or meropenem for 18 hours thereafter led to statistical reductions 

in P. aeruginosa biofilm-associated bacteria, while significant reductions were only seen in 

S. aureus biofilms treated with phage and ciprofloxacin or gentamicin at MIC and 8 x MIC 

concentrations. Overall, combination treatment of phage for six hours followed by 18 hours 

gentamicin (MIC or 8 x MIC) or ciprofloxacin (8 x MIC) supported the greatest reduction in 

P. aeruginosa monospecies biofilm-associated bacterial density.

In 48 hour dual-species biofilms, simultaneous combination therapy did not yield synergistic 

activity. Sequential combination therapy of EPA1 followed 6 hours later by gentamicin 

(MIC) yielded anti-biofilm synergy against P. aeruginosa constituents while S. aureus 
density was not significantly altered.

Although phage antibiotic synergy classically implicates lytic phages, recent data proposes 

that a similar phenomenon may occur by temperate phages. Population modelling suggests 

that possession of a prophage may render its P. aeruginosa host more sensitive to antibiotics, 

even if the host is antibiotic-resistant, as antibiotic exposure may place stress on the 

bacterium driving induction of temperate phage and resulting in cell lysis [148].

Overall, combination therapies offer a potentially effective, though complex, solution to 

phage resistance.

5.2.3 Selective Administration—Adjusting therapeutic phage formulations has been 

shown to increase biological stability of phage as well as increase the dose that reaches the 

site(s) of infection. In a cohort of pediatric patients with pulmonary infection, Leung et al. 

evaluated the impact on phage activity in spray-dried versus spray freeze-dried formulations. 

Superior results were found with the latter, which is able to accommodate larger viral loads, 

although some damage was observed to phage through the delivery process, dependent to an 

extent on the phage utilized [149]. The addition of L-leucine and trehalose excipients 

increased stability and bioactivity of phage solutions targeting P. aeruginosa, increasing the 

mouth-throat fraction to 58%, and preserving properties exhibited by phage prior to drying 

[150]. Results were corroborated in a similar study subjecting P. aeruginosa and 

Burkholdheria cenocepacia phages to spray-drying [151]. In a similar manner, antacids may 

be used to neutralize gastric acidity, allowing phage transit following oral administration 
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[152]. Likewise, dosing schedules may be designed to deliver higher phage titers at fewer 

time points to minimize development of antibodies and/or avoid consequences of antigen-

antibody binding [102].

Phage therapy may not be ideal for every infection. Administration into various body fluids 

may functionally reduce viral titers via biochemical interactions. For instance, serum, but 

not albumin or fibrinogen [153], inhibits phage-bacterial relations, and, as mentioned above, 

phages administered orally may be inactivated by the acidity of the gastric compartment 

[154]. Further, not all bacteria are equally susceptible to infection by lytic phage, at least 

those discovered by extant detection methods, suggesting the need for improved “phage 

hunting” methods [155]. Indeed, for some microorganisms, such as C. difficile, only a small 

number of lytic phages have been identified. Nevertheless, efforts to identify additional 

phages or lysing targeting C. difficile are underway [50,156–159].

6. Conclusion

While experimental findings suggest promise for the safety and, in some cases, efficacy of 

phage therapy, many questions remain [160]. Improved in vivo models and human studies 

are needed to better understand selection of phage resistance, and to inform 

pharmacokinetics and pharmacodynamics of phage and its interactions with human tissues, 

in the context of human phage therapy [161]. As with other aspects of this highly 

individualized treatment regimen, the precise effects of phage administration upon the 

prokaryotic and eukaryotic milieu to which it is introduced is likely to be phage species-

dependent [88,162,163].

7. Expert opinion

Although multiple factors led to the discontinuation of therapeutic phage use in Western 

medicine until recently, the impending antimicrobial resistance crisis justifies its 

reconsideration. Moreover, the authors contend that the role of phage therapy may not be 

limited to cases of dire resistance, but that phages may be considered much earlier in a 

patient’s therapeutic course, perhaps even as first-line therapy, allowing for the preservation 

of conventional antibiotics. This would represent a major paradigm-shift in the treatment of 

infections with the potential for a significant impact on reducing antibiotic usage. Phage 

therapy therefore should be seen as not only a reaction to antibiotic resistance, but more 

significantly, a way to address a root cause of development of resistance.

The authors encourage well-documented, well-controlled clinical trials of phage (and/or 

phage products) to more fully establish the disease(s) against which they may be beneficial, 

how best to select appropriate phages (and/or phage products), how best to dose and 

administer them, their potential interaction with the immune system and its impact on 

therapeutic outcome, and the selection of phage (and/or phage product) resistance.

As with other newly emerging individualized therapies, phage therapy also has the potential 

to challenge the current pathways by which drugs are regulated. Individualized gene and cell 

therapies call for a re-evaluation of current regulatory processes, and bring to light new 

ethical and safety questions.
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7.1 Novel technologies beget novel potential

Although the current ‘re-discovery’ of therapeutic phages exemplifies an unusual narrative 

in scientific discovery, the present is an ideal time for the revitalization of phage research 

[63] given recent technological advancements that afford new experimental possibilities. For 

instance, the past decade has witnessed the refinement of animal models through which to 

investigate preclinical utility, including use of the greater wax moth (Galleria mellonella) as 

a small, cost-effective, IACUC-exempt organism that is easy to maintain and possesses an 

immune system analogous to that of humans [164]. The sequencing revolution, the advent of 

-omics technologies, the emergence of the multidisciplinary field of systems biology, as well 

as the breadth of molecular [165–167] and visualization techniques [168–170] all poise the 

field to address unanswered questions asked a century ago which, in many ways, precluded 

the possibility of evidence-based clinical application [98,165]. For example, genome 

sequencing of candidate phages can now provide information regarding their ability to 

lysogenize bacteria and therefore to mobilize or enhance production of virulence factors 

[171]. Genome engineering technologies have afforded the expression of phage 

recombinases in bacteria that indicate prior phage exposure under laboratory conditions by 

way of altered gene expression [85]. Computational prediction models using inter-species 

genomics data through the use of machine learning is a promising method by which phage-

bacteria pairs can be identified rapidly and on a large scale [172].

Systems biology has also lent contributions which have included the development of tools 

that accelerate phage adaptation to maintain relevance as a bacterial predator. Insights to be 

gleaned from this approach include determination of phage predation rates amd phage 

behavior in diverse, multicellular communities [85]. While laboratory experiments are 

needed to confirm the veracity of in silico predictions, modeling represents a powerful tool 

for exploring ecological parameters governing phage-bacterial interactions in a low-risk 

environment prior to in vitro and in vivo experimentation [36,142].

7.2 The need for more, better preclinical and clinical studies

We recognize that the greatest impediment to standardized phagotherapy is well-controlled 

clinical trials. The lack of randomized controlled trial data and the complexity of regulatory 

restrictions required has driven much of the recent human data generation to be from 

compassionate use cases. However, case reports and series often include the concomitant use 

of other antimicrobial agents given the primary clinical objective of positive patient 

outcomes [11]. This kind of approach can make it difficult to draw conclusions as to the 

effects of phage therapy alone. Additional insight is critical for the determination of how 

best to select appropriate phages or phage enzymes, as well as how to dose and administer 

them; pharmacokinetic and pharmacodynamic properties must also be better defined. 

Perhaps, randomized controlled clinical trials performed in well-defined infectious diseases 

(even if not caused by drug-resistant bacteria) should be considered. As an unconventional 

approach, bioethicists Anomaly and Savulescu suggest recruiting healthy individuals to a 

representative population sample for infectious diseases studies in which participants are 

challenged with a pathogen and subsequently administered an experimental treatment 

regimen, and compensating them fairly for the potentially high risks of involvement [173].
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If shown to be efficacious, a goal of present and future research vis-à-vis phage therapy will 

be to develop a pipeline through which phage(s) targeting individual patients’ bacterial 

isolates can be identified and administered as primary or adjunctive therapy, or to identify 

appropriate phage cocktails. Some countries have begun this process already: The Queen 

Astrid Military Hospital in Brussels, Belgium has published standardized guidelines for 

phage treatment in the setting of osteomyelitis, while Germany’s Phage 4 Cure initiative 

aims to develop Good Manufacturing Practice (GMP)-grade processes for the assimilation of 

phage therapy into the regulatory confines of Western medicine expected to meet 

“international quality standards” [12]. Nevertheless, several challenges remain, including the 

creation of clinical laboratory standards for phage testing and appropriate regulation for such 

a potentially individualized anti-infective approach [174].
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Article highlights

• Growing antibiotic resistance, in addition to promising historical and current 

phage studies, has renewed interest in human phagotherapy

• To expedite consideration of phages as antibacterial agents, certain biological 

challenges associated with their use should be addressed, including acquired 

bacterial resistance to phage infection; the pharmacologic complexity of 

phage relative to small-molecule antibiotics; and interactions between the 

human immune system and phage

• Challenges may be allayed through the use of phage cocktails, phage 

modifications, encapsulation, and/or deployment of phage products
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Figure 1. 
Compensatory bacterial resistance mechanisms to phage.
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Figure 2. 
In vivo phage efficacy studies published between January 1, 2007 and October 21, 2019, by 

infection and basscterial type.
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Figure 3. 
In vivo lysin efficacy studies published between January 1, 2007 and October 21, 2019, by 

infection and bacterial type.
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Table 1.

Experimental animal and moth larvae model phage efficacy studies published between January 1, 2007 and 

October 21, 2019.

Bacterium Phage Disease model Administration 
(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

Acinetobacter 
baumannii

Cocktail: AB-
Army1, AB-Navy1, 
AB-Navy2, AB-
Navy3, AB-Navy 4

Mouse, wound 
infection

5×104 cfu AB5075 to 
wound;
4×109 pfu phage 
intraperitoneal (IP) and 
topically (5×109 pfu) 4, 
24, and 48 hours post-
infection

Infected, cocktail treated 
wounds exhibited decreased 
bacterial abundance at day 5 
and wound size at days 9 
and 13 compared with AB-
Army1-treated and untreated 
animals

[175]

Cocktail: AB-
Army1, AB-Navy1, 
AB-Navy2, AB-
Navy3, AB-Navy 4

Galleria mellonella, 
systemic infection

Proleg injection (107 cfu 
AB5075/mL);
Proleg injection (107 cfu 
AB-Army1-primed 
AB5075/mL)

95% survival (5 day survival 
analysis) G. mellonella 
infected with AB-Army1 
primed AB5075 versus 5% 
survival in wild-type 
AB5075-infected G. 
mellonella

[175]

vB_AbaS_D0, 
vB_AbaP_D2

Mouse, systemic 
infection

IP administration 
(10×LD100, 2×107 cfu 
AB9/mouse);
100 μL vB_AbaS_D0 
(109 pfu/mL), 
vB_AbaP_D2 (109 pfu/
mL), or cocktail (109 

pfu/mL) 2 hours post-
infection

0% survival of infected, 
untreated mice; 50% 
survival of vB_AbaS_D0-
treated mice; 90% survival 
of vB_AbaP_D2-treated 
mice; 100% survival of 
cocktail-treated mice; 
phage-resistant mutant 
bacteria sampled from blood 
48 hours post-infection 
demonstrated significant 
incidence in vB_AbaP_D2-
treated mice versus other 
treatment groups

[24]

vB_AbaM_3090, 
vB_AbaM_3054

Mouse, systemic 
infection

IP administration (6 × 
107 cfu FER /100 μL);
IP administration of 
50mg/kg imipenem, 
vB_AbaM_3090 and 
vB_AbaM_3054 alone 
and in combination (6 
×109 pfu/200 μL) 1 hour 
post-infection

At 7 days post-infection, 0% 
survival of infected, 
untreated mice, 17% 
survival of antibiotic-treated 
mice, and 80–100% survival 
of monophage and dual 
phage treated mice, between 
which differences in survival 
insignificant

[176]

G. mellonella, systemic 
infection

Proleg injection (5 ×105 

cfu/5μL) [FER];
Proleg injection 
vB_AbaM_3090 or 
vB_AbaM_3054 alone 
or in combination (5 
×107 pfu/10 μL) or 
imipenem (5 mg/kg) 30 
minutes post-infection

Increased survival among 
phage-treated and antibiotic-
treated groups (83–100% 
survival at 80 hours post-
infection) versus 0% 
survival of infected, 
untreated controls

BΦ-C62 Mouse 
(immunocompromised 
C57BL/6), systemic 
infection

1×109 cfu/mL 
[carbapenem-resistant 
clinical isolates, n=45] 
intranasally (IN);
Phage IP (MOI 0.1, 1 or 
10) 30 minutes post-
infection

0% survival among infected, 
non-treated mice 3 days 
post-infection; dose-
dependent effects on 
survival in phage treated 
mice at 3 days post-
infection: 100% at MOI=10, 
50% at MOI=1, 16% at 
MOI=0.1; reduced amounts 
of bacteria in lungs of 
phage-treated mice between 
6- and 9-fold relative to 

[177]
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Bacterium Phage Disease model Administration 
(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

infected, untreated mice at 
day 1 post-infection

Burkholderia 
pseudomallei

C34 Mouse, melioidosis 100 cfu [clinical isolates, 
n=43] IN;
2×108 pfu 24 hours 
before or 2 hours after 
infection

Phage improved survival to 
33% from 0% in controls, 
with no differences between 
pre- and post-treated groups, 
and extended median 
survival to 13 days in pre-
treated and 11 days in post-
treated mice compared to 8 
days in controls

[178]

Burkholderia 
cenocepacia

BcepIL02 Mouse, lung infection 107–108 AU0728 or 
K56–2 cfu 
intratracheally;
Phage (MOI=100) IN or 
IP 24 hours post-
infection

Phage treatment (IP) 
decreased AU0728 bacterial 
loads in lung but not K-562 
bacterial loads under same 
treatment conditions

[179]

Clostridioides 
difficile

ΦCDHM1 Hamster, 
gastroenteritis

104 cfu/mL spores 
[CD105HE1] per os 
(PO) every 8 hours for 
up to 36 hours;
1×108 pfu/mL individual 
or mixed phage PO

Reduction in C. difficile in 
treated versus control 
animals with extended 
survival in treated animals; 
2- and 4-phage combination-
treated animals exhibited 
comparable bacterial 
reductions of 2 and 4 log10 

in gut epithelium and lumen, 
respectively; 4-phage 
combination prolonged time 
to death versus infected, 
untreated animals

[180]

ΦCDHM2

ΦCDHM3

ΦCDHM4

ΦCDHM5

ΦCDHS1

ΦCDHS1-
ΦCDHS12

ΦCDHS5-ΦCDHS6

Cocktail: 
ΦCDHM1, 
ΦCDHM2, 
ΦCDHM3 
ΦCDHM4 
ΦCDHM5, 
ΦCDHS1

Cronobacter 
sakazakii

vB_CsaM_GAP161 G. mellonella, systemic 
infection

10×105 cfu HPB 3253 
(5× LD50) injection;
Phage injection, site 
unspecified (MOI 8) at 1 
and 0.5 hours pre-
infection, and 0, 1, 2, 4 
hours post-infection

Pre-treatment or 
simultaneously-treated 
larvae increased survival 
versus infected, untreated 
controls; post-treatment 
group comparable survival 
to controls

[164]

Cronobacter 
turicensis

Cocktail: P2, D2 Mouse, urinary tract 
infection

Bacterial-seeded (1×1011 

cfu 290708/07/mL) 
transurethral catheter;
Immediate IP phage 
treatment (1011 pfu/mL)

Renal but not bladder 
bacterial colonization 
reduced in phage-treated 
animals

[181]

Escherichia coli T4 Mouse, urinary tract 
infection

5×109 cfu uropathogenic 
E. coli (ECU5) 
transurethrally;
Phage IP at various MOI 
concurrent with bacterial 
inoculation

Bacterial inoculum 100% 
lethal in untreated mice; 
phage (MOI 60) rescued 
100% mice

[182]

Unspecified Mouse, gastroenteritis 200 μL of 2 ×108 cfu/mL 
PO;
PO administration of 
ciprofloxacin (160 μL of 
0.5 g/mL), phage (200 
μL/10 g of 2 ×109 pfu/
mL), or a combination 

No weight or behavioral 
changes, or bacterial 
detection in mice treated 
with phage 24 hours before 
or after infection; weight 
loss and behavioral changes 
noted in antibiotic or 

[183]
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Bacterium Phage Disease model Administration 
(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

24 hours post-infection, 
or phage 24 hours pre-
infection

combination-treated animals 
secondary to dysbiosis, 
though no bacterial detection 
observed in these groups

KEP10 Mouse, urinary tract 
infection

5×109 cfu 
[uropathogenic E. coli, 
ECU5] transurethrally;
Phage IP at various MOI 
concurrent with bacterial 
inoculation

Bacterial inoculum 100% 
lethal in infected, untreated 
mice; phage (MOI 60) 
rescued 90% mice

[182]

T4 Rat, gastroenteritis 105–107 cfu ATCC 
11303 PO;
3.6×107 pfu/mL 
transdermal application

83% phage-treated versus 
0% untreated rats survived

[184]

536_P1 Mouse, lung infection 1×107 or 4×107 cfu 536-
lux IN;
Phage (MOI 0.3 or 3) IN 
2 hours post-infection

Phage rescued 100% 
animals from death, 
compared with 25% survival 
in infected, non-treated 
controls; mortality reduction 
from 80% to 25% with the 
use of an adapted phage

[185]

536_P7 Mouse, lung infection 1.5×107 cfu PDP302 IN;
Phage (MOI 10) IN 2 
hours post-infection

Phage rescued 20% animals 
from death compared with 
12% survival in infected, 
non-treated controls; phage 
adaptation increased survival 
to 75% from 20%

[185]

K1-ind1 Mouse, systemic 
infection

2–3×108 cfu CAB1 or 
CAB281 IM;
102–108 phage 
intramuscularly (IM) 
administered 
concurrently

K1 capsule-dependent 
phages yielded 6 log10 

reduction (specimen 
unspecified) following 
minimum treatment dose 
versus K1 capsule-
independent phages

[186]

K1-ind2

K1-ind3

K1H

K1G

K1E

K1–5

Cocktail: EcD7, 
V18, SE40, SI3, 
CH1, Lm1, ST11

Mouse, gastroenteritis 5×107 cfu K12 C600/mL 
daily for 3 days (route 
unspecified);
106 pfu/mL PO 
concomitantly and up to 
24 hours post-infection

Bacteria in stool of untreated 
mice at 104 cfu/g stool, with 
no bacteria in phage-treated 
mice

[187]

Cocktail: CLB_P1, 
CLB_P2, CLB_P3

Mouse, gastroenteritis 55989Str PO (dose 
unspecified);
3×108–1010 pfu/mL PO 
for 24 hours days 3 to 4 
post-infection

Bacterial colonization in 
ileum treated mice reduced 
by 88% versus controls, 
although rebound occurred 
such that median bacterial 
density was similar across 
control and treated groups 
by day 7 post-infection

[188]

EC200PP Rat, systemic infection 103–106 cfu S242 
(ciprofloxacin-resistant 
clinical isolate)/mL IP;
108 pfu subcutaneously 
(SQ) 7 or 24 hours post-
infection

100% rescue and bacterial 
elimination in blood with 7 
hour post-infection 
treatment; 50% rescue with 
24 hour post-infection 
treatment

[189]

EC200PP Rat, meningitis 106–108 cfu S242 
(ciprofloxacin-resistant 
clinical isolate)/mL 
intrathecally;

100% untreated meningitis-
induced rats died by 36 
hours post-infection, 
treatment with 108 pfu 1 or 7 

[189]
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Bacterium Phage Disease model Administration 
(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

108 pfu IP 1 or 7 hours 
post-infection

hours post-infection rescued 
100%

Enterococcus 
faecalis

ΦEF24C Mouse, systemic 
infection

109–1010 cfu EF14 or 
VRE2/mL IP (LD100);
Range of MOI (100, 10, 
1, 0.1, 0.01, 0.001, 
0.0001) administered 
once, IP beginning 20 
minutes post-infection

Phage rescued 100% at MOI 
10, 1, 0.1, and 0.01 
compared to 0% survival of 
controls; MOI 0.001 and 
0.0001 did not impact 
survival

[190]

SHEF2 Zebrafish, systemic 
infection

3 ×104 OS16 cfu via 
embryonic 
microinjection
2 nL (MOI 20) SHEF2 
via embryonic 
microinjection 2 hours 
post-infection

84% survival of phage-
treated individuals versus 
27% survival of infected, 
non-treated controls at 72 
hours post-infection

[191]

EF-P29 Mouse, systemic 
infection

2 ×109 cfu VREF 002 IP 
(2× LD100);
4×103, 4×104, 4×105, 
4×106, 4×107pfu IP 1 
hour post-infection

4×105 and 4×106 pfu phage 
rescued 100% mice

[192]

Klebsiella 
pneumonaie

K01 Mouse, wound 
infection

10×106 cfu B5055/mL 
SQ;
Phage SQ or IP (dose 
unspecified) 30 minutes 
and 6 hours post-
infection

Bacterial colonization in 
blood, lung, peritoneum 
reduced 3+ hours post-
infection with IP or SQ 
phage

[193]

Kpn5 Mouse, burn wound 
infection

108 cfu B5055topically 
(LD100);
MOI 1 or 200 topically 
4, 12 and 24 hours post-
infection

Survival of low-and high-
dose phage-treated animals 0 
and 66%, respectively

[194]

vB_KpnP_K1-
ULIP33

G. mellonella, systemic 
infection

Proleg injection (104 cfu 
SA12/10 μL);
Phage administered via 
proleg injection (MOI 
10) 1 hour pre- or post-
infection

0–30% infected, untreated 
larvae; 0–30% uninfected, 
treated larvae; 90% larvae 
administered phage 
prophylactically; and 100% 
larvae treated after bacterial 
inoculation survived 4 days 
post-infection

[195]

vB_KpnP_KL106-
ULIP47

Proleg injection (103 cfu 
2198/10 μL);
Phage administered 
(vB_KpnP_KL106-
ULIP47 and 
vB_KpnP_KL106-
ULIP54 alone and 
combined) via proleg 
injection (MOI 10) 1 
hour pre- or post-
infection

0–10% infected, untreated 
larvae; 0–30% uninfected, 
treated larvae; and 80–100% 
treated larvae survived 4 
days post-infection; no 
significant difference 
between survival rates of 
monophage- versus 
polyphage-treated larvae

vB_KpnP_KL106-
ULIP54

Cocktail: 
vB_KpnP_KL06-
ULIP47, 
vB_KpnP_KL1o6-
ULIP54

Kpn5 Mouse, burn wound 
infection

SQ B5055 (LD100);
MOI 1 IP immediately 
following establishment 
of wound infection

Survival 80–100% 72 hours 
post-infection in each 
treatment group treated with 
cocktail and Kpn5 alone 
achieving similar survival

[196]

Kpn12

Kpn13

Kpn17

Kpn22

Cocktail: Kpn5, 
Kpn12, Kpn13, 
Kpn17, Kpn22
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Bacterium Phage Disease model Administration 
(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

Cocktail: KØ1, 
KØ2, KØ3, KØ4, 
KØ5

Mouse, burn wound 
infection

105 cfu B5055/mL SQ;
MOI 1 IP (liposome- or 
un-encapsulated phage) 
30 minutes post-
infection

Encapsulated phages 
circulated systemically six 
times longer than un-
encapsulated phages; 100% 
7-day survival of animals 
treated 24 hour post-
infection, liposome 
encapsulated, phage-treated 
mice compared with 0% 7-
day survival of 24 hour post-
infection, un-encapsulated 
phage-treated mice; 100% 
survival of encapsulated and 
un-encapsulated treatment 
groups when administered 
30 minutes post-infection

[106]

ΦNK5 Mouse, liver abscess 2×108 cfu NK-5 
intragastric (IG);
2×105, 2×106, 2×107, 
2×108 pfu IP or IG 0.5, 6 
or 24 hours post-
infection

IP phage 30 minutes post-
infection yielded dose-
dependent rescue, with 
100% surviving following 
≥107 pfu treatment and 30% 
surviving following 105 pfu 
treatment; similar dose-
dependent effects observed 
in IG phage 30 minutes post-
infection with 100% survival 
following ≥106 pfu; IP 
administration supported 
increased survival at both 6- 
and 24 h post-infection time 
points relative to IG dosing

[197]

SS Mouse, lung infection 108 cfu B5055 IN;
MOI 200 IP 
administered 
concomitantly or 6 or 24 
hours post-infection 
compared with phage 
(1010 pfu/mL) plus 
amikacin (3.75 mg/25 g)

No difference in pulmonary 
bacterial abundance between 
control and phage-treated 
mice, or between 
combination- and phage 
alone-treated animals

[198]

Kpn1 Mouse, wound 
infection

107 cfu B5055/mL 
topically;
MOI 10 topically 6 hours 
post-infection

Reduction in bacterial 
density on days 1–7 
following cocktail treatment 
only

[38]

Kpn2

Kpn3

Kpn4

Kpn5

Cocktail: Kpn1, 
Kpn2, Kpn3, Kpn4, 
Kpn5

Kpn5 Mouse, burn wound 
infection

108 cfu B5055 to full 
thickness burn (LD100);
MOI 200 topically as 
single dose immediately 
post-infection, compared 
with silver nitrate or 
gentamicin daily 
beginning 24 hours post-
infection

7 day survival 57% and 17% 
following 0.5% and 
0.0005% silver nitrate 
treatment, respectively; 53% 
and 13% with 1 g/L and 7 
mg/L gentamicin, 
respectively; 63% with 
phage; survival in phage-
treated versus high dose 
silver nitrate or gentamicin 
not different

[199]

NTUH-K2044-K1–
1

Mouse (BALB/cBy1), 
liver abscess

3×102 cfu NTUH K2044 
IP;
1×108 pfu IP 16 or 24 
hours later

Increase in TNF-α and IL-6 
in blood, liver and spleen; 
survival increased in mice 
treated with phage 16- or 24 

[200]
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Bacterium Phage Disease model Administration 
(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

h post-infection compared 
with controls

SS Mouse, lung infection 108 cfu B5055 IN;
IP phage (MOI 200) 
administration before, 
after, or concurrent with 
bacterial inoculation; or 
combination of IP phage 
(1010 pfu/mL) plus 
amikacin (3.75 mg/25 
kg) concurrent with 
bacterial inoculation

No effect of phage alone or 
with amikacin

[198]

Mycobacterium 
tuberculosis

D29 Mouse, lung infection Low inoculum (50–100 
cfu) or ultra-low 
inoculum (5–10 cfu) 
H37Rv inhalation;
≈107 pfu/mouse via 
inhalation 30 minutes 
prior to bacterial 
challenge

Significant decrease in lung 
bacterial load at 24 hours 
and 3 weeks post-infection, 
but no difference in splenic 
bacterial load at 3 weeks 
between low inoculum and 
untreated groups; while 
significant decrease was 
observed at 24 hours post-
infection in lungs of treated 
animals receiving ultra-low 
inoculum relative to 
bacterial load versus 
untreated animals

[201]

Mycobacterium 
ulcerans

D29 Mouse, Buruli ulcer 5.5×1010 cfu 1615 isolate 
footpad injection;
8 ×1010 pfu SQ 33 days 
post-infection

Decrease in bacterial 
abundance in phage-treated 
animals 68 days post-
infection

[202]

Pseudomonas 
aeruginosa

vB_PsaP PAT14 Rat, foreign body 
osteomyelitis

Biofilm-coated IV 
catheter placed into tibial 
medullary canal;
16 days post-infection, 
107 pfu local phage 
administration for 3 days 
alone or in combination 
with IP imipenem (120 
mg/kg) and amikacin (25 
mg/kg) daily for 14 days

Antibiotic- and phage-
antibiotic-treatment 
decreased bacterial 
abundance without affecting 
biofilm thickness

[203]

PAK_P1, PAK_P2, 
PAK_P3, PAK_P4, 
PAK_P5, LBL3, 
LUZ19, PhiKZ

Mouse, lung infection 1×107 cfu PAK-lumi IN;
Phage IM 2 hours post-
infection

Survival: 75–100% 
(PAK_P1–5), 50% (LBL3), 
37% (LUZ19), 15% 
(PhiKZ); PBS control 
achieved survival levels 
“similar” to those of PhiKZ

[204]

Cocktail (CT-PA): 
Pa193, Pa204, 
Pa222, Pa223

Sheep, sinusitis 2 mL of 108 cfu Aus20 
(clinical isolate)/mL 
frontal sinus inoculation;
Nasal rinse twice-daily 
for 7 days post-infection 
of 108, 109, or 1010 

pfu/mL or saline

Phage dose-dependent 
antibacterial effect versus 
untreated controls, but no 
differences among groups 
treated with different phage 
concentrations

[205]

Cocktail: 
vB_PaeP_PYO2, 
vB_PaeP_DEV, 
vB_PaeM_E215, 
vB_PaeM_E217

Zebrafish embryos, 
systemic infection

30 cfu PA01 in duct of 
Cuvier;
2 μL of 5×108 pfu/mL 
and/or ciprofloxacin 
(100 mg/mL) 30 minutes 
or 7 hours post-infection

Antibiotic and phage 
treatment alone reduced 
mortality versus untreated 
embryos; phage-antibiotic 
synergy observed; treatment 
at 30 minutes and 7 hours 
post-infection exhibited 
similar effects

[206]

KPP10 Mouse, systemic 
infection

108 cfu/mL D4 PO Significantly higher survival 
among 1 day post-infection 
treated mice than infected, 

[207]
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Bacterium Phage Disease model Administration 
(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

1010 pfu PO 1 day 
before, or 1or 6 days 
after infection

untreated controls, while 
treatment 1 day pre-infection 
or 6 days post-infection did 
not significantly rescue 
animals versus infected, 
untreated controls; reduction 
in fecal shedding of bacteria 
with phage delivered 1 or 6 
days post-infection; 
reductions in bacterial organ 
colonization and IL-1β, 
IL-6, TNF-α inflammatory 
cytokines 1 day post-
infection

2.4–300×106 cfu D4 IP;
1010 pfu administered IP 
1 day prior, 6 hours after, 
or concurrently with 
bacterial inoculation

Phage administered 
concurrently with bacterial 
inoculum (but not 1 day 
prior or 6 hours post-
infection) statistically 
improved survival rates 
versus infected, untreated 
controls

PAK_P1 Mouse, lung infection P. aeruginosa PAKlumi 
105 or 107 cfu IN;
MOI 10 2 hours after 
bacterial challenge or 
MOI 100 4 days before 
bacterial challenge

Administration 2 hours post-
infection rescued 100% of 
immunocompetent mice; 
administration 4 days pre-
infection rescued 100% of 
immunocompetent and 
>90% of lymphocyte-
deficient mice; neutropenic 
mice had 0% survival with 
phage treatment

[208]

MPK1 Drosophila 
melanogaster, systemic 
infection

107 cfu PA01/mL 
injection;
5×107 pfu PO

Administration of MPK1 
and MPK6 to infected D. 
melanogaster delayed death 
compared to controls

[209]

MPK6 Mouse, systemic 
infection

2×106 PA01 cfu IP;
106–107 pfu IP or IM 6–
12 hours post-infection

Approximately 1–4 log10 

reduction in bacterial loads 
in lung, spleen and liver 24 
hours post-infection wth IP 
or IM with MPK1 or MPK6 
compared with controls

ΦKZ G. mellonella, systemic 
infection

5×105 cfu PAO1 IP;
Phage injection 
immediately following 
infection and every 12 
hours thereafter

All phage administrations 
resulted in prolonged time to 
death versus infected, 
untreated controls, with 
phage cocktail achieving 
longest mean survival

[210]

Cocktail: 14/1, 
ΦKZ, PNM, PT7

5×105 cfu PAO1 IP;
Cocktail injection 
immediately following 
infection and every 12 
hours thereafter

14/1, PT7, ΦKZ, 
PNM

5×105 cfu PAO1 IP;
Phage injection 
sequentially immediately 
following infection and 
every 12 hours thereafter

PAK-P1 Mouse, lung infection 1×107 cfu PAKlumi IN;
MOI 0.1, 1 and 10 IN 24 
hours before and 2,4, or 
6 hours after infection

Phage resulted in dose-
dependent increase in 
survival, with 100% animals 
receiving MOI 10 phage 
surviving to end of 12 day 
experiment and 80% 
receiving MOI 1 surviving 
to same point; treatment 

[211]
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Bacterium Phage Disease model Administration 
(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

delays longer than 2 hours 
post-infection did not rescue 
all mice

CSV-31 Mouse, systemic 
infection

107 cfu YFN-58(clinical 
isolate) IP (lethal dose);
104, 108, 109 pfu IP 45 
minutes after infection

Phage rescued 100% 
infected mice when 
administered as late as 5 
hours post-infection at 109 

pfu

[212]

Cocktail 
(composition 
unspecified)

G. mellonella, systemic 
infection

10 or 100 cfu PAO1 
hemolymph injection;
Phage hemolymph 
injection 2 hours pre- 
(MOI 0.1, 1, 10, 100) or 
post- (MOI 0.1, 1, 10) 
infection

Survival improved in pre-
treated (90% MOI=100 
infected with 10 cfu and 
80% MOI=100 infected with 
100 cfu) versus post-treated 
(40% MOI=10 infected with 
10 cfu and 20% MOI=10 
infected with 100 cfu)

[213]

GNCP Diabetic mouse, 
systemic infection

3×108 cfu/mL IP;
3×1010, 109, 108, 107, 
106, and 0 pfu IP ± 
imipenem IP (30 mg/kg) 
20 minutes after 
infection, or delayed 0, 
1, 2, 3, 4, or 6 hours 
post-infection

Phage (3×106–3×108 pfu) 
rescued 90% diabetic and 
non-diabetic mice from 
lethal bacteremia versus 
20% single-dose imipenem-
treated diabetic mice; 
treatment delays up to 8 
hours post-infection rescued 
fewer diabetic and non-
diabetic animals, with 20+ 
hour treatment delay 
rescuing 10% non-diabetic 
mice and 0% diabetic mice

[214]

Cocktail: 1 P. 
aeruginosa 24, P. 
aeruginosa 25, P. 
aeruginosa 7

Mouse, lung infection 2.5×106–5×108 cfu/mL 
IN;
1.2×109 pfu IN 
simultaneously with 
infection, 48 hours post-
infection or 24 hours 
pre-infection

100% mice administered 
phage simultaneously with 
bacterial challenge cleared 
infection, while 5/7 and 6/8 
treated mice cleared 
infection in groups 
administered phage pre- and 
post-infection, respectively; 
all infected, untreated mice 
exhibited systemic infection

[215]

Cocktail: Pa1, Pa2, 
Pa11

Mouse, burn wound 
infection

2–3×102 cfu PA01Rif SQ;
3×108 pfu IP, IM, or SQ 
concurrent with bacterial 
inoculation

6% infected, non-treated 
mice died, while 28%, 22% 
and 88% infected mice 
survived when treated with 
phage IM, SC, or IP, 
respectively

[216]

Cocktail: ΦBHU49, 
ΦBHU61, 
ΦBHU83, 
ΦBHU89, 
ΦBHU98, 
ΦBHU2255, 
ΦBHU7799, 
ΦBHU10858, 
ΦBHU10956, 
ΦBHU10958, 
ΦBHU10976

Mouse, catheter 
biofilms

SQ biofilm-coated (106 

cfu) catheter;
Daily 10 μL 107 pfu/mL 
SQ beginning day of 
catheter placement for 10 
days

Infected, treated mice 
exhibited decreased 
colonization versus 
untreated animals

[217]

PA10 Mouse, systemic 
infection

104–107 cfu PA01 IP to 
immunocompetent or 
103–105 cfu to 
neutropenic mice;
IP phage (MOI 1, 10, or 
100 in 
immunocompetent l 
mice; MOI 10 in 
neutropenic mice) 

100, 100 and 80% 
immunocompetent mice 
treated with MOI 100, 10 or 
1 phage, respectively, 
survived; 0% 
immunocompromised mice 
(treated and untreated) 
survived 48 hours post-
infection

[218]
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Bacterium Phage Disease model Administration 
(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

concurrent with bacterial 
inoculation

Cocktail: Phagoburn Rat, endocarditis 108 cfu CHA;
1010 pfu/mL by bolus or 
continuous IV 
administration, IV 
ciprofloxacin bolus (20 
mg/kg), or phage and 
ciprofloxacin 
administered by IV bolus 
18 h post-infection

Phage-antibiotic 
combination resulted in 
bacterial clearance of 7/11 
rats compared with 0/28 rats 
receiving phage or 
ciprofloxacin alone

[219]

Salmonella 
enterica

1 phage 
(unspecified)

Mouse, gastroenteritis 1.5×108 cfu/mL oral 
gavage;
2×109 pfu/mL at time of 
infection; 4, 7 and 10 
days post-infection; or 4 
days pre-infection; 
ciprofloxacin (0.5 g/mL 
thrice over 24 hours) 
evaluated alone and in 
combination with phage

S. enterica isolated from 
stool of untreated mice with 
all other groups exhibiting 
absence of S. enterica in 
stool as early as 7 days post-
infection

[220]

Staphylococcus 
aureus

MR-10 Mouse, wound 
infection

105, 106, 107, 108 cfu 
ATCC 43300/mL 
hindpaw injection
MOI 100 (108 pfu/mL), 
MOI 100 (108 pfu/mL) 
+ 25 mg/kg PO linezolid 
or linezolid alone

Mice receiving phage alone 
or combination therapy 
scored similarly in 
assessment of lesion quality 
and localized edema with 
improvement versus 
untreated, infected controls

[221]

Cocktail: 2003, 
2002, 3A, K

Rat, lung infection LD100 (6–8 × 109 cfu) 
administered 
intratracheally following 
4 hours mechanical 
ventilation;
IV administration of 
teicoplanin (3 mg/kg), 
phage cocktail (109 

pfu/mL of each of 4 
phages), or combination 
teicoplanin and phage 
cocktail 2, 12, 48 and 72 
hours post-infection

Each treatment group 
exhibited similar bacterial 
loads with significant 
reduction versus infected, 
sham-treated controls; non-
significant differences in 
cytokine levels across test 
groups except for increase in 
IL-1β levels among infected 
and non-infected animals 
treated with phage versus 
non-phage treated, and 
increase in IL-6 levels in 
infected, untreated rats 
versus uninfected, sham-
treated

[222]

P-27/HP Mouse, systemic 
infection

5×108 cfu IP;
107 pfu phage SQ 24 
hours post-infection

Infected, untreated mice 4 
log10 bacteria in spleen 
versus phage-treated mice 2 
log10 cfu bacteria in spleen 3 
days post-treatment

[223]

Cocktail: 
(composition 
unspecified)

Rabbit, wound 
infection

Wounds inoculated with 
100 μL 1.5×108 cfu /mL;
2×108 pfu topical phage 
immediately before 
(prevention) or after 
(treatment) bacterial 
challenge

Infected, phage-treated 
rabbits (both treatment and 
prevention groups) higher 
rate of wound healing and 
lower bacterial wound 
colonization than infected, 
untreated animals

[224]

AB-SA01 cocktail Mouse, lung infection 3×108 cfu Xen29 IN;
50 μL vehicle or 5×108 

pfu IN 2 and 6 hours 
post-infection or SC 
vancomycin (110 mg/kg) 
2, 6, and 12 hours post-
infection

Phage-treated animals 
exhibited reductions in 
bacteria in lung versus 
untreated animals with 
comparable amounts to 
antibiotic-treated animals

[225]
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Bacterium Phage Disease model Administration 
(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

Sb-1 Rat, foreign body 
osteomyelitis

Biofilm-coated IV 
catheter in tibial 
medullary canal;
16 days post-infection, 
local phage (107 pfu) for 
3 consecutive days alone 
or with teicoplanin (20 
mg/kg) IP daily for 14 
days

Phage-antibiotic-treated 
group diminished bacterial 
load compared with control 
group and other treatment 
groups; biofilm thickness 
similar between treatment 
and control groups

[203]

Stau2 Mouse, systemic 
infection

Bacterial challenge 
(OD600=0.5) S23 IP;
MOI 0.1, 1, 10, and 100 
IP 0, 30, 60 minutes 
post-infection with 
assessment 7 days 
following infection

0/10 infected, untreated 
animals; 10/10 infected, 
treated receiving phage 0 
minutes post-infection (MOI 
100); 3/5 infected, treated 
receiving phage 30 minutes 
post-infection (MOI 100); 
2/5 infected, treated 
receiving phage 60 minutes 
post-infection (MOI 100) 
survived

[226]

SATA-8505 Mouse, skin and soft 
tissue infection

107 cfu USA 300 SQ to 
immunocompetent or 
immunosuppressed 
[chronic granulomatous 
disease (CGD) model] 
mice;
MOI 1 and 10 IP 
immediately preceding 
infection

MOI 1 reduced lesion size in 
CGD but not wild-type mice 
versus respective untreated 
counterparts with no 
differences in cfu/lesion 
among either wild-type or 
CGD mice; MOI 10 did not 
influence lesion size among 
wild-type or CGD mice 
compared with, untreated 
counterparts; reduced cfu/
lesion among CGD but not 
wild-type treated mice

[227]

MSa Mouse, systemic 
infection

106–109 cfu A170 SQ, or 
5×106 cfu A170;
107–109 pfu SQ 
concurrent with bacterial 
inoculation, or 109 pfu 
IV 10 days post-infection

Dose-dependent effect of 
phage with 100% survival in 
109 pfu-treated mice versus 
40% of 108 pfu-treated, 
concurrently infected, mice; 
100% of 10 day post-
infection treated mice 
exhibit sterility of blood, 
spleen, kidneys, and heart on 
day 20 post-infection versus 
0% of infected, untreated 
mice

[228]

MSa Mouse, local infection SQ abscess induction 
with 107 cfu A170;
SQ 109 pfu concurrent 
with bacterial 
inoculation or 4 days 
post-infection

Concurrent phage 
administration prevented 
abscess formation in 100% 
of treated mice; 4 day post-
infection phage minimized 
abscess biomass and 
bacterial colonization

[228]

S13 Mouse, systemic 
infection

6.4×108 cfu SA27/mL 
IN;
1010 pfu/mL IP 6 hours 
after infection

Phage-treated animals 
higher survival at day 14 
post-infection and decreased 
bacterial loads in spleen and 
liver at day 2 post-infection 
compared with controls

[229]

A5 Mouse (CBA mice 
administered busulfan 
PO and 
cyclophosphamide IP 
and syngeneic bone 
marrow transplant), 
systemic infection

1×107 cfu L IV
1×106 pfu IP 4 days 
post-bone marrow 
transplant, 30 minutes 
prior to bacterial 
challenge

Phage-treated mice had 
decreased splenic and 
hepatic bacterial loads 
versus controls

[230]
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(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

Cocktail: SA-
BHU1, SA-BHU2, 
SA-BHU8, SA-
BHU15, SA-
BHU21, SA-
BHU37, SA-
BHU47

Rabbit, osteomyelitis 5×106 cfu/mL femur 
osteomyelitis;
5×1012 pfu/mL 
beginning 3 weeks or 6 
weeks post-infection 
with 4 doses locally 
administered 48 hours 
apart

Wound swabs culture-
negative at conclusion of 
phage dosing (3 weeks post-
infection) in 3 week post-
infection treatment group 
and at conclusion of phage 
dosing (8 weeks post-
infection) in 6 week post-
infection treatment group

[231]

Unspecified Rabbit, wound 
infection

106 cfu UAMS-1 or 
UAMS-929 into wound;
3 days post-infection 
debridement only, phage 
only (MOI 1), or phage 
(MOI 1)-debridement 
combination every other 
day for 6–12 days

Reductions in bacterial 
counts in debridement-phage 
combination group only

[232]

Vibrio cholerae ICP1 Mouse, gastroenteritis 5×105 cfu AC53 PO;
106–107pfu PO 3 hours 
before infection

Bacterial reductions of at 
least 2 log10 with phage

[233]

ICP2

ICP3

Cocktail: ICP1, 
ICP2, ICP3

5–9×105 cfu or 1×108 

cfu AC53 PO;
3×107–3×108 pfu PO 6, 
12, or 24 hours before 
infection

Reductions in V. cholerae 
with treatment 6 and 12 
hours prior to low-dose 
challenge and 6, 12, and 24 
hours prior to high-dose 
challenge

Cocktail: ICP1, 
ICP2, ICP3

Rabbit, gastroenteritis 5×108 cfu AC53 PO;
109 pfu PO 3 or 24 hours 
before infection

Reductions in V. cholerae 
with treatment 3 and 24 
hours prior to challenge

Cocktail: ATCC 
51352- B1, -B2, -
B3, -B4, -B5

Rabbit, gastroenteritis 1×109 cfu ATCC 
51352/mL PO;
1×108 pfu/mL (total 
MOI 0.1) 6 or 12 hours 
before or 6 or 12 hours 
after infection

Phage pre-treatment no 
effect on fecal shedding of 
V. cholerae; phage treatment 
6 hours post-infection led to 
reduction in f V. cholerae 
shedding between 12 and 60 
hours post-infection, while 
phage treatment 12 hours 
post-infection generated no 
bacterial reduction over this 
timespan; infected, untreated 
controls developed severe 
diarrhea, pre-treated rabbits 
developed moderate 
diarrhea, and post-treated 
rabbits developed no 
diarrhea

[234]

Cocktail: ATCC 
51352-B1, -B2, -B3, 
-B4, -B5

Mouse, gastroenteritis 1×109 cfu ATCC 
51352/mL PO;
1×108 pfu/mL daily PO, 
ciprofloxacin (40 mg/kg) 
daily, or reduced 
osmolarity oral 
rehydration solution 
daily starting 24 hours 
after infection for 3 days

Ciprofloxacin reduced 
bacterial counts by more 
than 2 log10 compared with 
phage cocktail; both 
decreased IL-6 and TNF-α 
levels

[235]

JSF4 Mouse, gastroenteritis Human cholera (104–105 

cfu) stools - ID50 

analysis and competition 
assay;
Phage-containing and 
phage-free human stool

Infectious dose (ID50) 10-
fold higher in mice 
inoculated with phage-
containing stools versus 
phage-free stools

[236]
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(Bacteria [strain(s), if 
specified]; Phage)

Findings Reference

Cocktail: ATCC 
51352-B1, -B2, -B3, 
-B4, -B5

Rabbit, gastroenteritis 1×109 cfu MAK 757 
intrajejunally;
1×108 pfu concurrently 
administered 
intrajejunally with 
bacterial inoculum

Administration phage 
cocktail with bacteria 
reduced bacterial load, 
prevented symptom 
progression and minimized 
histopathologic findings 
(intestinal villi morphology, 
immune cell invasion)

[237]

Phi_1 Rabbit, gastroenteritis 5×108 cfu O1 1051 SmR 

in NaHCO3

Ranitidine (5 mg/kg IP) 
followed by bacterial 
challenge and 1×109 pfu 
PO

11 of 17 control animals and 
0 of 19 experimental animals 
symptoms by 24 hours post-
infection; decrease in 
intestinal and cecal fluid 
bacterial load in phage-
treated versus control 
animals

[238]

Vibrio 
parahaemolytic
us

pVp-1 Mouse, gastroenteritis 2×106–107 cfu CRS 09–
17 (clinical isolate) IP or 
PO (LD50);
2×108 pfu PO or IP 
treatment 1 hour post-
infection

56% (IP) and 52% (PO) 
infected, untreated mice died 
by 36 hours post-infection, 
while 8% and 16%, 
respectively, died in treated 
groups

[239]
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Table 2.

Experimental animal and moth larvae model lysin efficacy studies published between January 1, 2007 and 

October 21, 2019.

Bacterium Lysin Disease Model Administration (Bacteria; 
Lysin)

Findings Reference

Acinetobacter 
baumannii

PlyF307 Mouse, 
subdermal 
catheter biofilms

Subdermal catheter with 3 day-
old biofilm;
Endolysin (250 μL) 
administered to catheter 
intraluminally at 24 and 28 
hours post-infection; catheters 
removed 3 hours post-treatment

2 log reduction in bacterial 
density on lysin-treated versus 
lysin-untreated catheters

[124]

PlyF307 Mouse, systemic 
infection

IP lethal dose (108 cfu);
1 mg PlyF07 IP 2 hours post-
infection

50% lysin-treated versus 10% 
control mice survived 14 days

[124]

K2 Galleria 
mellonella, 
systemic 
infection

Proleg injection (106 cfu NIPH 
2061/5.5 μL)
Proleg injection phage-
pretreated (0.25, 0.5, or 3 μg) 
NIPH 2061 cells or phage 
(0.25, 0.5, or 3 μg) 30 minutes 
post-infection

90% survival of phage-treated 
larvae at 20 hours and 60% 
survival at 42 hours post-
infection

[240]

Mouse, systemic 
infection

IP administration 107 cfu 
following chemically-induced 
immunosuppression;
IP lysin administration 1 hour 
post-infection

Pretreated mice survival 53%, 
69%, and 88% (0.25, 0.5, or 3 
μg/mL, respectively) at 72 
hours post-infection. Treated 
mice survival 15%, 56%, and 
70% (0.25, 0.5, or 3 μg/mL, 
respectively) at 72 hours post-
infection

Ply6A3 Mouse, systemic 
infection

IP minimum lethal dose (1×109 

cfu AB32/mL);
IP administration Ply6A3 (1 
mL, 2 mg/mL) or phage 
PD6A3 (1 mL, 109 pfu/mL); 
uninfected mice received 14-
phage cocktail (1 mL, 109 pfu/
mL), Ply6A3 (1 mL, 2 mg/mL), 
phage PD6A3 (1 mL, 109 pfu/
mL), or combined PD6A3 
phage and Ply6A3 lysin

70% survival among Ply6A3-
treated mice, 70% survival 
among combination PD6A3 
phage and Ply6A3-treated 
mice, 60% survival among 
PD6A3 phage-treated mice, 
50% survival among phage 
cocktail-treated mice, and 0% 
among infected, shame-treated 
mice at 7 days post-infection; 
decrease in WBC counts 
among all treatment groups 
versus infected, sham-treated; 
decrease in WBC counts 
among lysin Ply6A3 and 
combination PD6A3 phage and 
Ply6A3-treated animals versus 
PD6A3 alone and phage 
cocktail-treated mice; increase 
in IL-10 and procalcitonin 
levels among infected, 
untreated controls while the 
same values remained at 
baseline in uninfected mice, 
PD6A3-treated mice, and 
Ply6A3-treated mice

[116]

Escherichia coli K1E Mouse, systemic 
infection

1–4×108 cfu IM;
Capsule depolymerase (0, 2, 5, 
20 μg) IM 30 minutes post-
infection;
Toxicity assessed using IM 
depolymerase (100 μg)

20 μg depolymerase (save 
K1E) rescued most mice from 
death; toxicity studies revealed 
no changes in survival (100%), 
behavior, or body weight of 
lysin-treated versus lysin-
untreated controls

[241]

K1F

K1H

K5

K30gp41
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Bacterium Lysin Disease Model Administration (Bacteria; 
Lysin)

Findings Reference

K30gp42

Pseudomonas 
aeruginosa

PlyPa03 Mouse, skin 
infection

Topical application of PA01 
(5×106 cfu/mL);
Topical treatment 20 hours 
post-infection with PlyPa03 
(200 or 300 μg) or PlyPa91 
(100 μg)

Dose-dependent reduction in 
bacterial load (>2 log in 
PlyPa03-treated group and 1 
log in PlyPa91-treated group)

[125]

PlyPa91

PlyPa91 Mouse, lung 
infection

Two sequential intranasal 
administrations of PA01 (50 μL 
108 cfu/mL each);
Two doses (two intranasal or 
one intranasal and one 
intratracheal; each 50 μL [1.8 
mg/mL]) of PlyPa91 
administered 3 or 6 hours post-
infection

10-day survival rates 0% 
infected, untreated controls; 
20% infected mice treated with 
two intranasal phage doses; 
70% infected mice treated with 
one intratracheal and one 
intranasal dose

[125]

Staphylococcus 
aureus

Ply187 Mouse, 
endophthalmitis

500 cfu intravitreally;
Endolysin intravitreally 6 and 
12 hours post-infection

Improvement in 24 hour post-
infection clinical score of 
lysin-treated eyes at 6 and 12 
hours post-treatment versus 
controls; bacterial abundance 
reduced 24 hours post-
treatment in 6 hour post-
infection treated mice (3.6×103 

cfu/eye) and 12 hours post-
infection treated mice (2.9×104 

cfu/eye) versus untreated mice 
(1.0×105 cfu/eye)

[242]

Exebacase Mouse, systemic 
infection

106–109 cfu IP;
Lysin IP (0.25–5.0 μg/mL) 2 
hours post-infection with or 
without vancomycin or 
daptomycin

Lysin associated with 2 log10 

reduction in bacteria in blood; 
increased efficacy with 
combination of lysin and 
vancomycin or daptomycin; 
fourfold maximal increase in 
lysin MIC

[128]

P-27/HP Mouse, systemic 
infection

5×108 cfu IP;
Lysin (250 μg SQ) 24 hours 
later

Infected, untreated mice 4 
log10 bacteria in spleen versus 
endolysin-treated mice 2 log10 

cfu bacteria in spleen 4 days 
post-treatment

[243]

MR-10 Mouse, burn 
wound infection

105–108 cfu/mL SQ;
Lysin (50 μg SQ) and/or 
minocycline (50–100 mg/kg 
PO) 3 hours post-infection

Infected, untreated mice 100% 
mortality (7 days); animals 
treated with either agent alone 
35% mortality by day 5; 
animals treated with high-dose 
minocycline or combination 
therapy no mortality (7 days)

[244]

MR-10 Mouse, burn 
wound infection

107–109 cfu topical;
Lysin (50 μg SQ) and/or 
minocycline (50–100 mg/kg 
PO) 3 hours post-infection

Combination therapy-treated 
and high-dose minocycline-
treated animals nearly total 
wound closure 12 days post-
treatment versus infected, 
untreated control animals 
(28%), low-dose minocycline 
treated (43%), and lysin only-
treated (49%) animals

[244]

80α Mouse, systemic 
infection

4×107 cfu IP;
Endolysins (200 μg) IP 30 
minutes post-infection

Six of the eight PGH 
compounds administered 
intraperitoneally (200 μg) 30 
minutes after microbial 
challenge exhibited similar 
activity to vancomycin, with 
the six compounds and 
vancomycin all effecting 100% 
survival

[131]

Phi11

LysK

P68

2638A
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Bacterium Lysin Disease Model Administration (Bacteria; 
Lysin)

Findings Reference

Twort

PhiSH2

WMY

Exebacase Rat, 
osteomyelitis

Intratibial injection of 10 μL 
arachidonic acid (50 μg/mL) 
and 50 μL S. aureus (107 cfu/
mL);
IP administration of 
daptomycin (60 mg/kg twice 
daily doses for 4 days), IV 
Exebacase (single dose of 40 
mg/kg), or daptomycin and 
Exebacase combination 
therapy, all beginning one week 
post-infection

Reduction in bacterial loads in 
all treatment groups compared 
with infected, untreated 
controls 4 days post-treatment; 
reduction in bacterial loads 
among combination treated 
animals versus animals treated 
with Exebacase or antibiotic 
alone

[127]

S25–3lys-his Mouse, impetigo 2 ×108 cfu administered 
topically to inner pinna;
Topical administration of 2 μL 
(1 mg/mL) lysin immediately 
post-infection

Lysin-treated animals had 
decreased bacterial densities, 
pustule surface area (but not 
pustule quantity), and 
epidermal invasion and 
increased species richness of 
pinna epidermal microbiome 
versus infected, untreated 
pinna

[245]

Streptococcus 
pneumoniae

PL3 chimeric N-
acetylmuramoyl-
l-alanine amidase

Zebrafish 
embryos, 
systemic 
infection

Embryos cultured with 108 

cfu/mL D39;
Single dose of PL3 (15 or 20 
μg) post-infection (timing 
unspecified)

0% mortality with single dose 
20 μg PL3 versus 40% in 
untreated, infected embryos

[129]

ClyJ Mouse, systemic 
infection

2.68 × 107 cfu IP (LD100);
IP ClyJ (0.3 or 0.4 mg) or 
penicillin G (0.25 mg) 1 hour 
post-infection

0, 90, 100 and 40%, survival 
among untreated, low- and 
high-dose phage- and 
antibiotic-treated animals, 
respectively, at 10 days post-
treatment

[246]

Cpl-711 Zebrafish, 
systemic 
infection

10μL 106 cfu/mL strain 48 IP;
1 hour post-infection, 
subtherapeutic doses of 
Cpl-711 (10 μL 0.5 μg/mL) or 
PL3 (10 μL 0.15 μg/mL) 
administered IP, alone or in 
combination (10 μL 0.125 
μg/mL Cpl-711, 10μL 0.08 
μg/mL PL3)

72 hours post-infection, 28% 
survival of infected, sham-
treated animals; 44% survival 
of Cpl-711-only treated 
animals; 50% survival of PL3-
only treated animals; 78% 
survival of Cpl-711 and PL3 
combination-treated animals; 
100% survival of uninfected, 
lysin-treated animals

[115]

PL3
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Table 3.

Phage and phage lysin therapy in human clinical trials published between January 2007 and March 2019.

Trial 
Start

Trial 
Registration 
Number

Ref. Phage/Lysin 
Formulation 
(Investigator/
Sponsor)

Bacteria Targeted Treatment 
Indication

Phase Outcome

2006 [21] WPP-201 cocktail 
(Southwest 
Regional Wound 
Care Center)

Escherichia coli, 
Pseudomonas 
aeruginosa, 
Staphylococcus 
aureus

Infected venous 
leg ulcers

I No adverse effects 
observed

2009 [61] T4 coliphage 
cocktail: AB2, 4, 6, 
11, 46, 50, 55, JS34, 
37, 98, D1.4 
(Nestlé)

E. coli Dysentery I/II No adverse effects or 
benefits noted; study 
prematurely discontinued

2009 EudraCT 
2004–
001691–39

[247] Biophage-PA 
(Biocontrol Ltd)

P. aeruginosa Otitis externa I/II No adverse effects noted; 
at 42 days post-treatment, 
phage-treated cohort 
exhibited reduced median 
bacterial abundance 
compared to placebo 
group

2015 [21] PhagoBurn 
(Pherecydes 
Pharma)

P. aeruginosa, E. 
coli

Infected burn 
wounds

I/II No adverse effects noted; 
time to “sustained 
bacterial reduction” 
longer in phage treatment 
arm; study prematurely 
discontinued

2017 N/A SAL200 
(Tonabacase) 
(iNtRON Biotech)

S. aureus S. aureus 
bacteremia

II Ongoing

2017 [137] Exebacase 
(ContraFect Corp)

S. aureus Bacteremia, 
including 
endocarditis 
(single 
intravenous dose 
added to standard 
of care 
antibiotics)

II Well tolerated; higher 
clinical response rate 
compared to standard of 
care antibiotics alone in 
methicillin-resistant but 
not methicillin-susceptible 
S. aureus subgroups

2017 N/A Pyophage 
(Tzulakidze 
National Center of 
Urology)

Enterococcus 
species, E. coli, 
Proteus mirabilis, 
staphylococci, 
streptococci, P. 
aeruginosa

Urinary tract 
infections

II/III Results pending (personal 
communication, Thomas 
Kessler)

2019 N/A EcoActive 
(Intralytix, Inc.)

Adherent invasive 
E. coli (AIEC)

Exacerbation of 
inflammation in 
Crohn disease 
secondary to 
AIEC

I/II Recruitment ongoing

2019 N/A PhagoPied 
(Pherecydes 
Pharma)

S. aureus Diabetic wounds I/II Not yet recruiting

Table reproduced from [174]
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