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Abstract 
Background 

Antibiotic-resistant pathogens constitute an important and growing threat to public health. The emergence 

of multidrug-resistant organisms in nosocomial infections is being highly associated with frequent causes 

of morbidity and mortality in patients. In view of the growing threat of antibiotic resistance, the World 

Health Organization has warned for a return into a pre-antibiotic era. The antibiotic crisis has rekindled the 

interest in phage therapy approaches that were developed in Eastern Europe, one of the alternatives recently 

regaining interest, which was first introduced by Felix d’Herelle at the beginning of the 20th century.  

Objectives: 

The main objective of this study was to quantify the pooled therapeutic efficacy and safety status of 

Bacteriophage for bio-control of nosocomial infections associated with but not limited to multidrug-

resistant “Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, Enterobacter species pathogens” (ESKAPE) bacteria in humans 

based on available studies. 

Methods: 

In this review, the study protocol was submitted for registration in PROSPERO and eligible studies 

involved prospective interventional studies with patients infected with one or all the six pathogens and who 

were treated with bacteriophages or a phage cocktail specific to the pathogen, regardless of the year of 

publication up to December 2019. We searched the PubMed/Medline, Embase and Web of science 

databases for articles on phage therapy. 14 studies were included in the review with six considered for meta-

analysis to quantify the therapeutic efficacy based on available studies on phages that may prevent and 

eradicate infections associated with but not limited to “Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter species 

pathogens” in humans for control of Nosocomial infections. In addition current gaps in the literature that 

would prompt further research on bacteriophage in the fight against antibiotic resistance were identified.  

Results:  

Phage safety was sufficiently reported in that all studies showed no side effects related to phage 

administration. A moderate pooled effect size was obtained with a high evidence of heterogeneity (SMD = 

0.52, (C.I. = -1.18, 2.22), P< 0.00001, I2 = 96%). Most studies were pointing towards the overall effect size 

with one study regarded as an outlier. However, there was no significant treatment difference between the 

two therapeutic arms as observed in the forest plots. Moreover, the therapeutic efficacy of bacteriophage is 
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inconclusive due to the few available randomized phage studies found with even few sample sizes. Hence 

more streamlined phage clinical trials with large sample sizes are needed to detect sufficient effect sizes. 

Key words; 

Antibiotic resistance, Multidrug resistance, Hospital acquired infections, Phage, Therapy, Clinical practice 
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Chapter one 
Introduction 

1.1 Background 
Antibiotic-resistant pathogens constitute an important and growing threat to public health. To understand 

how important they are, one must recognize that infectious diseases are in aggregate the leading cause of 

human death worldwide (1). More than 70% of the bacteria that cause hospital-acquired infections are 

resistant to at least one of the drugs most commonly used to treat these infections (2). Antibiotic resistance 

occurs in many ways and one of which is when a microbe acquires a gene, which allows the microbe to 

inactivate the antibiotic or otherwise nullify its antimicrobial activity (3). This may occur as a spontaneous 

genetic mutation or involve acquisition of a mobile genetic element such as a plasmid, transposon, integron, 

or gene cassette (3). In the past decade, there has been an increasing focus on the costs of medical care and 

it also has become clear that prolonged hospital stay and higher costs result from infections caused by 

antibiotic-resistant pathogens (4). The emergence of multidrug-resistant bacteria (MDROs) poses a serious 

threat to public health worldwide with nosocomial infections such as, but not limited to Urinary tract 

infections which are by no means a new problem, being frequent causes of morbidity in our patients (5). 

By some estimates, MDRO infections will cause 10 million deaths per year by 2050 more than those due 

to cancer (6). Because patients have limited treatment options if they contract MDROs, the organisms are 

associated with longer hospital stays and increased mortality (7). The ESKAPE pathogens (Enterococcus 

faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa, Enterobacter species), are the leading causes of nosocomial infections throughout the world 

and the leading multidrug resistant bacteria as ranked by the World Health Organization (8). The 

nonspecific activity of the antibiotics also has resulted in some of the commonly observed antibiotic side 

effects such as diarrhea, associated with the disruption of the beneficial human microflora and hence due 

to  misuse, the effectiveness is being affected by resistance (9). The resistance is partly attributed to bacteria 

being associated with Biofilm formation which can also elicit disease processes by detachment of individual 

cells or aggregates of cells resulting in bloodstream infections, by production of endotoxin, or by providing 

a niche for the development of antibiotic resistant organisms (10). In view of the growing threat of antibiotic 

resistance, WHO has warned for a return into a pre-antibiotic era (10).  

The antibiotic crisis has rekindled the interest in phage therapy approaches that were developed in Eastern 

Europe, one of the alternatives recently regaining interest which was first introduced by Felix d’Herelle at 

the beginning of the 20th century (11). Historically, it was successfully used in Western countries (12) and 

abandoned with the emergence of antibiotics. Nonetheless, it is in use until today in East European countries 
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(13). The key benefits of phage therapy are attributed to their relative specificity, which is less likely to 

impact the commensal flora, ability to multiply at the infection site and disappear together with the 

pathogen, their efficacy against biofilms; and being natural products, they are likely to be devoid of apparent 

toxicity (14). The discovery and early promise of antibiotics in the 1940s eventually led to the abandonment 

of phage therapies such as these (13). Now given the problem of antimicrobial resistance, it is appropriate 

to give phages another look. Thus, phages could be an effective addition to the arsenal of tools already 

available to combat antibiotic resistance. Although numerous studies have assessed phage safety and 

efficacy against ESKAPE pathogens, data on the collective therapeutic efficacy and safety of phages that 

can eradicate ESKAPE pathogens in vivo are scarce. In this systematic review, we will quantify the 

therapeutic efficacy and safety (to obtain a pooled effect) based on the available studies on phages that may 

prevent and eradicate the ESKAPE pathogens in human and hence used to recommend phage use in 

countries that are not practicing this technology. In addition, we will also identify current gaps in the 

literature that would prompt further research on bacteriophage in the fight against antibiotic resistance.  

1.2 Problem Statement 
Microorganisms are an intrinsic part of us, and we would do well to learn to live with them (15). Although 

many bacteria remain susceptible to most of the antimicrobial agents, a number of them has emerged that 

escape the lethal action of antibiotics in hospitals, both in the developed and the developing world. With 

the abuse of antibiotics, drug resistance has been found in growing numbers of infections and, as such, there 

is an urgent need to find new methods of control. Bacteriophage therapy is part of the standard medical 

practice in the former Soviet Union countries (13). There are several studies about bacteriophage but no 

single study has quantified its therapeutic efficacy in human. In contrast, in Western Europe and African 

nations the use of phage therapy is unfamiliar and this has generated a lack of clinical studies analyzing the 

efficacy and safety of this possible alternative therapeutic approach yet all regions around the globe are 

being affected by antibiotic resistance.  

1.3 Significance of the study 
New resistance mechanisms are emerging and spreading globally, threatening the ability to treat common 

infectious diseases and resulting in prolonged illness, disability and death (16). Without effective 

antimicrobials for prevention and treatment of infections, medical procedures such as organ transplantation, 

cancer chemotherapy, diabetes management and major surgery (for example, caesarean sections) become 

highly risky as presented by the CDC (17). AMR also increases the cost of health care with lengthier stays 

in hospitals and the requirement of more intensive care (18). 
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Chapter two 
2.0 Literature review 

2.1 Nosocomial Infections 
The term “nosocomial” applies to any disease contracted by a patient while under medical care. More 

precisely, nosocomial infections (NI) also known as hospital associated/acquired infections (HAI) are those 

infections that develop in a patient during his/her stay in a hospital or other type of clinical facilities which 

were not present at the time of admission (19). It may become clinically apparent either during 

hospitalization or after discharge. The estimated burden of antimicrobial resistance exhibited in nosocomial 

pathogens is 3-20-fold higher in low-income countries (20).  

2.2 Antimicrobial Resistance (AMR) 
AMR happens when microorganisms (such as bacteria, fungi, viruses and parasites) change after exposure  

or intrinsically resistant to antimicrobial drugs (such as antibiotics, antifungals, antivirals, antimalarials 

and anthelmintics) (21–24). As a result, these medicines become ineffective and infections persist in the 

body, increasing the risk of spread to others (25). Microorganisms that develop resistance to antimicrobials 

are sometimes referred to as “superbugs”(26). The rapid emergence of infections caused by multidrug 

resistant organisms (MDRO) and the antimicrobial choices for treatment are now a global public health 

crisis (27). By some estimates, MDROs will cause 10 million deaths per year by 2050 more than those due 

to cancer (6), the same thing tackling a crisis for the health and wealth of nations was earlier on mentioned 

by Lord Jim O’Neill and his team in the United Kingdom in 2014 . The antibiotics for which resistance has 

been reported in the last decade are amoxicillin, ampicillin, chloramphenicol, cotrimoxazole, ciprofloxacin, 

doxycycline, erythromycin, fluoroquinolone, furazolidone, gentamicin, kanamycin, nalidixic acid, 

neomycin, norfloxacin, polymyxin B, quinolone, streptomycin, spectinomycin, SXT (sulfamethoxazole–

trimethoprim), sulphonamides, tetracycline, trimethoprim and vancomycin which are commonly prescribed 

for patients in Hospitals (27) as discussed by Kitaoka and colleagues in  2011. Hence there is notice that, 

there is a large clinical and public health burden associated with AMR, that this burden is likely to increase 

over time, and that urgent action is required (4). Nosocomial infections are caused by a variety of organisms, 

including bacteria, fungi, viruses, parasites, and other agents (3) with some of the most problematic 

“superbugs” being ESKAPE pathogens; Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter species, causing infections 

in Hospitals (15).  

The discovery of potent and safe antimicrobial agents is arguably the single greatest health care advance in 

history and the availability of these agents rapidly reduced the morbidity and mortality associated with a 
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host of formerly fatal diseases (15). In addition, the confidence that infections could be prevented or treated 

by antibiotics allowed major leaps forward in the treatment of noninfectious diseases, including serious 

heart disease, cancers, and organ failure requiring transplants (28). Medical care, as we now know it, could 

not exist without the availability of effective antibiotics. The widespread use of antibiotics has been 

associated with what we now know to be the predictable emergence of resistance (29,30). Early confidence 

that infections would eventually be conquered has given way to a greater appreciation of the genetic 

flexibility of common human pathogens (28).  

2.3 Bacteriophage 
Many natural agents were developed to prevent foodborne pathogen contamination such as lactoferrin, 

organic acids, bacteriocins and bacteriophages. One promising approach to treating MDRO infections is 

bacteriophage (phage) therapy (31) with most of their advantages of not just being bacteriostatic but 

bactericidal in nature as discussed by Carrillo and Abedon (14). 

Bacteriophages are bacterial viruses that can infect bacteria by either replicating to release new progeny 

and lyse the bacterial cell in what is known by lytic cycle or inserting its DNA into the bacterial genome in 

what is known by lysogeny (32). The ability of bacteriophage to lyse bacteria is the basis of phage therapy 

that may be the best way to face the problem of MDR bacteria. The problem with application of Phages has 

always been with the regulations. In 2006, US FDA approved the use of bacteriophage as a novel food 

preservative method that can be used as bacterial biocontrol agents for fresh vegetables and meat products. 

A similar study was approved by the FDA in 2018 to describe the use of bacteriophage biocontrol to target 

a variety of bacterial pathogens in various foods, ranging from ready-to-eat deli meats to vegetables (33). 

Using phage as an antimicrobial for biocontrol has many advantages including the fast, cheap and the ease 

of propagation at the infection site, having host cell specificity without affecting normal flora, minimum 

side effects, ability to be administered by different routes and rare allergic reactions as described by Kutter 

and coleagues in 2010 (13). The easy availability and low cost of the phage cocktails make it more 

preferable over searching for new antibiotics as discussed by Villa and Veiga-Crespo in 2010. Although 

phage therapy has many advantages, its application as antimicrobials still faces some challenges and 

problems. Having too narrow host range as the serotype specificity as discussed by Kutter and colleagues 

in 2010, might reduce its effectiveness. However, this problem was addressed by use of phage cocktails 

which will target a diverse number of pathogens (34). Purification of pathogen-free phages suitable for 

treatment, potential immunogenicity in human body and control of pharmacokinetics when administered 

against encapsulated bacteria or biofilms are the major problems, of which is being solved by understanding 

the phage mechanism and their target organisms. The phage brief popularity in the 1930s was superseded 

by the use of chemical antibiotics and phages ceased to be used therapeutically (31). However, uncritical 
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use of antibiotics has led to the development of multi-resistant strains of bacteria such as ESKAPE 

pathogens causing serious illness and occasionally death mostly in hospital settings (15). 

2.4 Phage use 
A number of studies has been conducted in animal models presenting with a protective effect, hence 

suggesting a potential use of the phage for the control of both local and systemic human infections (35,36). 

Phages have been investigated for the control of P. aeruginosa infections in mice and in guinea pigs (37). 

A similar study was carried out earlier in 2009 in humans to evaluate the efficacy and safety of a therapeutic 

bacteriophage preparation (Bio phage-PA) targeting antibiotic-resistant Pseudomonas aeruginosa in 

chronic otitis approved by the UK Medicines and Healthcare products Regulatory Agency (38). More 

recently, reports of treatment of single cases of a human burn and a dog ear infection have indicated that 

bacteriophages multiplication in such settings is associated with clinical improvement (13).  

Approximately 20% of the general population is persistently colonized with S. aureus, most frequently in 

the anterior nares, although other body sites, such as the perineum and throat, may also be colonized. 

Another 30% of the general population is intermittently colonized, and the remaining 50% appear not to be 

susceptible, for unknown reasons, to S. aureus carriage (39). Methicillin-resistant S. aureus (MRSA) has 

become endemic in health care institutions worldwide, with up to 70% of invasive S. aureus infections 

having resistance and most patients who develop drug-resistant S. aureus infection will have been colonized 

prior to infection (40). A study by Pastagia in 2013 reported, the application of bacteriophage endolysins 

could represent a future strategy for improved MRSA decolonization, however, they went ahead to use 

endolysins, hence derivatives of phage could be used to reduce on the levels of toxicity. A previous study 

revealed highly specific activity and low minimum inhibitory concentrations (MICs) of the bacteriophage 

endolysin PRF-119, a precursor of HY-133, against S. aureus (41), which indicated a low phage 

concentration required for treatment. A similar study was carried out to determine the bactericidal effect 

which was investigated by the determination of the minimum inhibitory concentration (MIC) and minimum 

bactericidal concentration (MBC) of the Phage under different growth conditions in comparison to 

mupirocin and daptomycin, similar results were obtained as described by Dennis Knaack in 2019 (42,43).  

Bacteriophages may represent a therapeutic alternative to treat infections caused by multidrug-resistant 

(MDR) pathogens. However, studies analyzing their activity against MDR pathogens in human are limited. 

These pathogens are frequently resistant to extended-spectrum cephalosporins owing to the production of 

extended-spectrum b-lactamases (ESBLs) and/or plasmid-mediated AmpC b-lactamases (pAmpCs) (44). 

Moreover, even some of  the last therapeutic options, namely carbapenems and polymyxins, are under 

attack due to the spread of carbapenemase and/or MCR-1/2-producing strains, respectively (45). In this 

overall scenario, the use of bacteriophages (highly species-specific self-propagating viruses that can infect 
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and lyse bacteria) could represent a valid therapeutic alternative to treat infections caused by extended-

spectrum cephalosporin- and/or carbapenem-resistant Gram-negative pathogens (44). Bacteriophage has 

for long been used for typing of bacterial strains and also determining transmission of infection as earlier 

on described by R. Kesswani in burn patients in 1982 (46). While historical phage studies were not always 

conducted according to the rigors of modern clinical trials, they do strongly suggest that phages could be 

useful in outbreak settings, such as in the Haiti cholera epidemic of 2010, which affected more than 700,000 

people (47). In such situations, phages could help fill gaps that are not fully addressed by current medication 

and hygiene strategies. Hence there is more need to demonstrate bacteriophage safety and efficacy in large 

numbers of Human subjects. 

Thus, phage therapy in humans is far from an exceptional footnote within medicine but instead an integral 

and, in fact, ongoing aspect of the treatment and control of infectious diseases. In this work, we reviewed 

articles on prospective interventional studies that have explored the use of Bacteriophage for bio-control of 

nosocomial infections associated with but not limited to ESKAPE pathogens in humans. 
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Chapter three 
3. Objective 
The main objective of this study was to quantify the pooled therapeutic efficacy and safety status of 

Bacteriophage for bio-control of nosocomial infections associated with but not limited to multidrug-

resistant ESKAPE bacteria in humans based on available studies. 

3.0 Methods 

3.1 Registration  
In accordance with the PRISMA guidelines, our systematic review protocol was submitted for registration 

with the International Prospective Register of Systematic Reviews (PROSPERO). PROSPERO 

acknowledgement of receipt [164534]. 

3.2 Research question 
How much is the therapeutic efficacy of bacteriophage in the treatment of nosocomial infections associated 

with but not limited to multidrug-resistant ESKAPE bacteria in human? 

3.3 Eligibility criteria 

3.3.1 Inclusion criteria 

Studies were selected according to the following criteria;  

 Study design: Prospective interventional studies (RCTs and uncontrolled interventional studies) 

reporting on Phage therapy with patients infected (or not) with one or all but not limited to the six 

ESKAPE pathogens were considered.  

 Participants: we included studies that examined patients who were infected with one or all but not 

limited to the six ESKAPE pathogens and treated with bacteriophage irrespective of the age group.  

 Intervention: our interest was studies with Bacteriophage therapy and any antibiotic standard of care or 

placebo.  

Setting: we included studies irrespective of the country or region.  

 Language and publication: We considered peer-reviewed articles reported in English language 

regardless of the year of publication up to December 2019. 

3.3.2 Exclusion criteria 
Studies were excluded if :- 

 The Study design was non-interventional, observational, case reports on Phage therapy.  

 Pre-clinical studies    

 Non-English language publications were excluded from the study. 
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3.4 Search Methods 
This review was designed following the Preferred Reporting Items for Systematic Reviews and Meta-

Analysis Protocols (PRISMA) Guideline (48). Published research papers were systematically and 

comprehensively searched in PubMed/Medline, Embase and Web of science. Manual search from Google 

scholar and Google databases was also done for grey literature screening. The search terms were developed 

in line with the Medical Subject Headings (MeSH) using a combination of big ideas (key terms) driven 

from the research question. The reference lists of retrieved articles were probed (forward and back ward 

searching) to identify articles that may not have been retrieved from databases and our manual search, we 

also contacted corresponding authors of two articles that we did not find full texts but we did not receive 

any reply. Two reviewers independently searched the articles (BN & SB). 

The domains of the search terms were (key terms), “bacteriophages, therapeutics, Clinical Trials,” “phage 

therapy,” “antibiotic resistance” and “nosocomial infections”. These were combined with the Boolean 

operator ‘‘OR’’, and the result was combined with the other terms with ‘‘AND’’. The full search was 

retrieved into Mendeley reference software and then Titles, abstracts and Full texts screened for eligibility 

by independent reviewers (BN and SB). We also contacted corresponding authors of eligible studies that 

we did not get main texts. 

3.5 Study Selection and Data Extraction 
Searched articles were directly imported and handled using Mendeley citation manager (London, UK). 

Based on the PRISMA approach, duplicate articles were excluded automatically using the software and the 

titles and abstracts of the remaining papers screened independently for inclusion in full text evaluation by 

two reviewers based on the inclusion and exclusion criteria. Differences between the two reviewers were 

resolved through discussion. In case of disagreements, the decision was determined by the supervisor (YW). 

Data extracted from papers to be included in the review was summarized in the standardized data extraction 

tool adopted from the Cochrane hand book for systematic reviews (48). The data retrieved from the selected 

articles by two independent reviewers included; Name of first author, patient characteristics, number of 

participants, target bacteria, phage/cocktail identification, site or type of infection, method of inoculation, 

phage doses, Formulation, treatment durations, follow-up duration, phage efficacy (patient outcomes), 

phage safety, emergence of bacterial resistance, Year of publication and country of study. 

3.6 Methodological Evaluation and Quality appraisal 
To assess the risk of bias, the two reviewers independently used the Cochrane Collaboration’s tool for 

assessing risk of bias as a Critical Appraisal tool (49). Selection bias, study design, confounders, blinding, 

data collection methods, withdrawals and dropouts, intervention integrity, analysis, allocation concealment, 

Sequence generation, Incomplete outcome data reporting, Selective outcome reporting. Reviewers’ 

judgements involved answering a specific question for each entry. In all cases, an answer ‘Yes’ indicated a 
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low risk of bias, and an answer ‘No’ indicated high risk of bias. An ‘Unclear’ judgement was also made if 

what happened in the study was unknown. These judgements were used to select studies to be included in 

the analysis. 

The primary outcomes of interest were the safety of the phages and their efficacy (patient outcome) i.e 

adverse events and bacterial reduction or clearance, against but not limited to the ESKAPE pathogens in-

vivo. The selected studies were reviewed to determine whether phages were 1) safe (as indicated by 

endotoxin removal, the absence of any side effects related to the phage application, and the absence of 

inflammation caused by phage); 2) strictly lytic (as indicated by the absence of the integrase gene and 

antibiotic-resistance genes or other virulent genes in the phage genome); 3) polyvalent (i.e., able to kill 

multiple bacterial strains); and 4) effective in vivo (i.e., able to reduce the bacterial concentration until not 

being detected or ability to cure or alleviate infection in patients). The secondary outcome of interest was 

the bacterial resistance to the phage or phage cocktail. 

3.7 Data synthesis plan 
The data extracted from eligible studies was logged into Microsoft Excel spread sheet and presented in 

form of tables and figures: A systematic narrative synthesis was provided in which summary results were 

presented using texts, tables and figures.  

3.8 Data Analysis Plan 
We also performed a meta-analysis to quantify the therapeutic efficacy of the bacteriophage conducted 

using Review Manager Analysis software (Cochrane Collaboration, Software Update, Oxford, United 

Kingdom). Means, mean differences (MD), Standard deviations and sample sizes were used as summary 

statistics for continuous outcomes, and percentages used to quantify safety outcomes. Meta-analyses for all 

outcomes were presented as forest plots with summary statistical estimates, 95% confidence intervals. The 

I2 statistic was used to estimate heterogeneity across studies, with values greater than 50% considered as 

substantial heterogeneity. We used the Hedge’s d due to the small sample sizes in the included studies, in a 

random-effects model in order to take into account the methodological variation and diverse clinical 

definitions of Phage therapy outcomes across studies. 

3.9. Subgroup Analysis plan 
We also compared subgroups basing on the bacterial reduction among patients in relation to Route of 

administration and mean age in the bacteriophage and Antibiotic or Placebo arms. The mixed effect model 

(random-effects model) was employed to cater for variations in the studies. This was done to locate the 

possible sources of heterogeneity among studies. We also presented a funnel plot to indicate the publication 

status of our study area of interest. 
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Chapter Four 

4.0 Results 

4.1 Study Characteristics 
Our initial search yielded 115 articles. After removing duplicates and discarding excluded studies, we 

reviewed 14 studies as shown in (Figure 1).  
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Figure 1. Flow diagram showing the search and selection of included studies  
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Most studies (98%) investigated phage cocktails rather than single phages. Among these 14 studies, 8 

evaluated the efficacy and safety of two or three different phage cocktails in the same article. 

Patients received doses ranging from 1×109 to 3.6×109 plaque-forming units of phages per dose (Table 1). 

The duration of phage therapy ranged from one day to 5 months. Two studies did not specify the phage or 

phage cocktail used and were inconclusive (50,51). One study reported 4 adverse events (52) and one did 

not specify while the rest reported no adverse events observed (Table 1). Studies were carried out in USA, 

Europe or Asia, and no single study was carried out in Africa. Patient outcome reporting and measurement 

was not uniform across studies, hence 6 out of the 14 studies reported outcome measurements (50,51,53–

56). Three studies reported phage treatment against multiple bacterial infections (50,57,58) while the rest 

reported against a single infection with Pseudomonas spp, E. coli and Staph. aureus being reported as the 

most common causative agents of infection in patients. Seven studies reported the use of oral route of 

administration, 4 reported topical, 2 IV, 1 IM while one study reported the use of both oral and nasal routes 

of administration (Table 1). Phage was administered to patients in form of a solution in almost all the 

studies apart from the two studies that administered as a capsule (59,60). 
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Table. 1 Showing characteristics of included studies on phage administration and formulation  

Author year  
Sample 
size 

Patient 
characte
ristics, 
Mean 
Age 

Phage 
dose Bacteria 

Route 
of 

admini

stration  
Formulati
on Txt duration 

Gindin 2018 43 30 3×109 NR Oral Capsule 28days 
Jault 2018 27 18 1×109 Pseudo. Topical Solution 7days 

Jun 2017 36men 27 
0.1,0.3,1, 
10 Staph. IV Infusion 1day 

Sarker 2016 
120 
children 

12 
months 1.4×109 E. coli Oral Solution  4days   

Mccallin 2018 
21 
women NR NR Staph. 

Oral, 
Nasal NR  NR 

Rhoads 2009 40 62.8 3×109 

Staph, 
pseudo, E. 
coli Topical Solution  12wks 

Wright 2009 24 56.7 200ul 
pseudo(otiti
s) Topical Solution 2wks 

Sarker 2017 15 7 3.6×108 E. coli Oral Solution 4days 
Febvre 2019 43 30 15mg E. coli Oral Capsule 28days 
Marcuk 1971 15 <7yrs 20-25ml Vibrio IV Solution 3days 
Witing 1966 44 Children NR Staph IM Solution 5months 

Weber 2002 37 NR 5ml 

Staph, 
pseudo, E. 
coli Oral Solution 3wks 

Rose 2014 9 61 1ml 
staph, 
pseudo Topical Solution NR 

Sarker 2012 15 adults 28 3.6×109 E. coli Oral NR 3wks 
         

 

NR: Not reported, IV: Intravenous, IM: Intramuscular, wks: weeks, yrs: Years, Txt: Treatment 
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Table 2. Showing characteristics of included studies on phage safety and efficacy against ESKAPE 

pathogens 

Author 
Design (Follow 
up) 

Patient 
outcome 

Outcome 
measure 
IP(µ,S.D,S.Z) 

Outcome 
measure 
Control Safety Country Single/Cocktail Report 

Gindin 
(2018) Crossover(NR) 

GIT 
distress NR NR no AEs USA Cocktail Safety 

Jault 
(2018) Parallel(14) 

Time to 
wound 
reduction 148.5,46.5(13) 157,33.1(14) no AEs 

France, 
Belgium Cocktail Efficacy 

Jun 
(2017) Parallel(50) 

Safety $ 
tolerability NR  no AEs Korea Single Safety 

Sarker 
(2016) Parallel(2days) 

Stool 
frequency 4.3, 3.2(79) 4.8, 3.9(41) no AEs Bangladeshi Cocktail Both 

Mccallin 
(2018) Sequential(NR) Safety NR  

4 AEs 
noted Bangladeshi Both Safety 

Rhoads 
(2009) Parallel(2wks) 

wound 
area 
reduction 7.3, 7.8(19) 5.8, 5.9(21) no AEs Texas(USA) Cocktail Both 

Wright 
(2009) Parallel(4days) 

Bacterial 
reduction 

2.2×109, 
(12)3.3×109 

7.1×109, 
(12)1.2×109 

no 
AEs,no 
resist London(UK) Cocktail Both 

Sarker 
(2017) Crossover(NR) 

Stool 
frequency NR NR no AEs Bangladeshi Cocktail Safety 

Febvre 
(2019) Crossover(NR) 

Gut 
microbiota 
disruption NR NR no AEs Colorado(USA) Cocktail Safety 

Marcuk 
(1971) Parallel(7days) 

Vibrio 
reduction NR NR 

no  
AEs Pakistan Cocktail Both 

Witing 
(1966) Parallel(NR) 

Asthma 
reduction 837, 33(22) 411, 15(22) NR Jersey city NR Efficacy 

Weber 
(2002) NR (3 months) 

Neutrophil 
levels 55.61,1.08(29) 

61.36, 
1.67(8) no AEs Poland NR Efficacy 

Rose 
(2014) NR(NR) 

AEs, 
Efficacy NR NR no AEs Belgium Cocktail Both 

Sarker 
(2012) Crossover(NR) 

Stool 
frequency, 
safety NR NR no AEs Bangladeshi Cocktail Safety 

Both (Efficacy and Safety), AEs: Adverse events, IP: Investigational product, (µ: Mean, S.D: Standard 

deviation, S.Z: Sample size) 
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4.2 Patient Characteristics 
The 14 studies included a total of 489 patients overall. Patients were infected with E. coli in 6 studies, S. 

aureus in 5, K. pneumoniae and A. baumannii in (none), and with P. aeruginosa in 5 studies (Table 1). 

None of the patients in the studies were infected with VRE. The age of the treated patients ranged from 

children of around 12 months to 61 year adults who suffered from wound and GIT infections mostly. Eight 

studies investigated the efficacy of the phages of which 6 reported the patient outcome measures on efficacy 

and two did not report hence they were inconclusive (58,61). 

4.3 Phage Efficacy and Safety  
Among the 14 studies, 11 phage cocktails were used in 11 separate instances. Eight out of the 14 studies 

showed phage efficacy against the respective targeted bacteria successfully decreasing bacterial growth, 

however only 6 studies reported efficacy data on bacterial reduction with successful clinical outcome of the 

infection (Table 2). The route of administration of phages differed based on the type and site of the 

infection. Among the 14 studies, 4 were administered topically, 2 intravenously, 7 orally, 1 intramuscular 

(Table 1).  

Furthermore, one study noted four side effects after phage treatment whose characteristics were not 

described and had limited data to confirm their relatedness to the phage therapy. Phage safety was 

sufficiently reported in all studies; however, all studies showed no side effects related to phage 

administration (Table 2). Of interest, no studies noted an association between death and phage 

administration. More importantly, data on the emergence of bacterial resistance were not reported for all 

the 14 studies. 

 

 

 

 

 

 

 

 



15 
 

4.4 Risk of bias assessment 
 

 

Green – Low Risk of bias 

Red – High Risk of bias 

Wight - Unclear 
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4.5 Effect size estimation 

 

 

Fig. 2. Forest plots comparing the bacterial reduction among patients in bacteriophage and Antibiotic or 

Placebo arms. 

The six studies included in the meta-analysis contained a total number of 292 patients overall. A moderate 

pooled effect size was obtained with a high evidence of heterogeneity (SMD = 0.52, (C.I. = -1.18, 2.22), 

P< 0.00001, I2 = 96%). Most studies are pointing towards the overall effect size with one study regarded as 

an outlier (Fig. 2). However, there was no significant treatment difference between the two therapeutic arms 

as observed in the forest plot. 
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4.6 Heterogeneity 

 

Fig. 3. Forest plots comparing the bacterial reduction among patients in relation to Route of administration 

and mean age in the bacteriophage and Antibiotic or Placebo arms. 

Moderator analysis was carried out to examine the possible sources of heterogeneity and we used the 

subgroup analysis by grouping them into Topical and oral routes of administration. Between the two 

subgroups there was high evidence of heterogeneity and very low chance of effectiveness of the phage 

therapy among the patients treated (SMD = -0.57 (C.I. = -1.71, 0.56) P= 0.002, I2 = 84%), (SMD = -2.33(C.I. 

= -6.70, 2.05) P< 0.00001, I2 = 97%) respectively. Age was also used as a subgroup to check for the possible 

source of heterogeneity and this was grouped according to the United Nations definition of youth (30 and 

below as a period of transition from the dependence of childhood to adulthood's independence) and above 

30 years of age as Elders. Within the youths, there was high evidence of heterogeneity and a low observed 

therapeutic phage efficacy within this age group (SMD = 3.99, (C.I. = 0.84, 7.15), P< 0.00001, I2 = 97%). 

Within the Elder age group (above 30 years), there was high evidence of heterogeneity and very low 
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observed chance of effectiveness of phage therapy among the Elder patients (SMD = -2.04, (C.I. = -4.65, 

0.57), P< 0.00001, I2 = 96%). Finally there was a high observed evidence of heterogeneity among all 

subgroups, (I2 = 62.7%) with a significant statistical difference among groups (P< 0.03). 

4.7 Publication bias 

 

Fig. 4. A funnel plot reporting publication bias.  

Studies with large effect sizes located on top of the funnel and small effect sizes to the bottom. No obvious 

symmetry was found on visual inspection of the plots. 
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Chapter Five 

5.0 Discussion 
In this systematic review, available studies were critically reviewed to establish the current use of phages 

as a therapeutic option in humans. Most of the reviewed studies showed that various phages and phage 

cocktails had a high level of safety in-vivo (Table 2). It is important to note that all patients included in this 

systematic review had bacterial strains resistant to available antibiotics, whereas in most of these patients 

(87%), bacteriophage therapy was effective in reducing the bacterial concentration, healing wounds, and 

improving outcomes (Table 2). Furthermore, most phages were safe; no patient developed side effects or 

toxicity associated with phage administration apart from one study that reported four adverse events (62).  

This is the first systematic review and meta-analysis to date quantifying the therapeutic efficacy of 

Bacteriophage against multidrug-resistant bacterial pathogens in human. While Haddad et al previously 

presented a Systematic and Critical Review of bacteriophage therapy against Multi-Drug Resistant 

ESKAPE Organisms in Humans in 2018, the synthesis was limited and inconclusive in that it did not report 

the pooled quantitative therapeutic efficacy of the included randomized studies. Herein, we provide a 

comparison of outcome between phage therapy and Antibiotic of care or placebo group analysis. Overall, 

we found there was no significant treatment difference between the two therapeutic arms (P = 0.55). 

5.1 Global Phage use 
In this study, it is noted that included Studies were carried out in the US, Europe and Asia hence no single 

study was carried out in Africa and this could be associated to the limitations in regulatory experts, phage 

researchers and pharmaceutical developers as described in the European regulatory framework for 

sustainable bacteriophage therapy in human medicine (63). The findings of this study agree with 

Kutateladze who reported the bacteriophage treatment experience and areas of awareness worldwide in 

2015 (64). Further more limited awareness about phages, financial hurdles and low scientific knowledge 

on phage therapy has raised a number of regulatory hurdles leading to a limited number of studies in a few 

parts of the world (65). All studies included consisted of small sample sizes and this could be attributed to 

the limited scientific knowledge about phages or lack of extensive preclinical studies and regulatory 

obstacles that need to be streamlined as described by Gupta and colleagues in 2019 (66). Patient outcome 

reporting and measurement also was varying across studies and this was due to the different perception of 

phage therapy in different parts of the world (13), which results do not agree with those reported by Fish in 

2018 in a case series where all the patients were treated using the same protocol (67). However, Fish’s 

results represented individualized treatment and also from the same setting. Hence this calls for need for 

careful consideration in the production process of a phage product i.e. bacteriophage identification, potency 
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and biological activity of the preparation, product purity, stability and storage conditions as well as control 

of sterility (63). 

Phage safety was sufficiently reported in all studies and no side effects related to phage administration. 

Furthermore, one study noted four side effects after phage treatment whose characteristics were not 

described and had limited data to confirm their relatedness to the phage therapy. These safety findings agree 

with the safety results among the healthy volunteers reported by Bruttin and Harald in 2005 (68) who 

presented no adverse events observed among patients. Another study reported by Huh in 2019 has also 

revealed that high titers of phage have not yet shown any negative impact in healthy humans(67). These 

results all agree with the safety findings of this study. The safety of bacteriophage is not only associated to 

adverse events but also its specificity hence not affecting the normal flora microbiota and this has been 

demonstrated in different literature as depicted by Hoe and colleagues (9). 

5.2 Pooled effect size 
A moderate pooled effect size was obtained with a high evidence of heterogeneity (SMD = 0.52, (C.I. = -

1.18, 2.22), P< 0.00001, I2 = 96%) and it is evident in the forest plot (Fig. 2) that there is no statistical 

difference between the two therapeutic arms. The results of this meta-analysis are in agreement with the 

findings of  Shafiqul A. Sarker and Harald Brussow who reported a no significant effect in the phage treated 

group (54). The trend of these pooled results does not agree with what most of the literature depicts and 

this could be due to the few small studies with even small sample sizes that couldn’t perhaps permit 

adequate power to detect significant effects. Determination of the bacterial density and treatment intervals 

could be an additional way of increasing phage therapy effect (9). However, the current results of this study 

contradict with the results of a controlled clinical trial reported by Wright in 2009 which observed a 

significant treatment difference with a P<0.05 in favor of the phage treated group (56). The high 

heterogeneity could be explained due to lack of streamlined guidelines concerning phage therapy as 

explained by Cui and colleagues on the whole standard operating procedure for phage therapy in clinical 

practice (69). It is believed that phage therapy will be used successfully, especially in personalized medicine 

for the treatment of bacterial infectious diseases. This could be well explained through the included studies 

whereby participants were grouped using mean ages in order to probably potentially tailor therapy towards 

a particular mean age with best response and highest safety margin to ensure better patient care (Table 1) 

hence, there is need for streamlined phage clinical trials based on different populations e.g. age groups, 

disease conditions etc., separately. The effect sizes are somewhat pointing to a common direction apart 

from a few outliers, but nevertheless, there is high statistical heterogeneity which relates to the many clinical 

differences among patients in different studies and perhaps the small study populations. After moderator 

analysis, there was no source of heterogeneity identified and there are many factors that could explain this, 
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i.e small studies, studies with mixed populations and different parts of the world. The high heterogeneity 

could also be explained due to the high different risk of biases depicted in the included studies (Fig. 3). For 

publication bias no obvious symmetry was found on visual inspection of the plots (Fig. 4). This could be 

due to the few studies that were included in the meta-analysis and also due to language limitation. 

5.3 Study Limitations 
Our review and meta-analysis represents the first of its kind, most updated review on bacteriophage therapy 

in humans; nevertheless it has several limitations that need to be mentioned. First, only a few English 

language RCT studies were found to be available for this analysis resulting in a serious risk of bias and 

either low or very low confidence in grade estimates for all outcomes. Hence there is need to explore studies 

in all languages across the globe. Second, findings of this study need to be interpreted with caution, as 

insufficient evidence exists to suggest these findings hold truth due to the few available randomized phage 

studies found with even few sample sizes. The length of follow up was variable across studies, thus, making 

information about change in functional outcomes, harder to interpret. Also assessment of outcomes was not 

uniform across studies.  

5.4 Conclusion 
In summary, phage therapy is found to be safe for treatment in human. However, the therapeutic efficacy 

of bacteriophage is inconclusive due to the few available randomized phage studies found with even few 

sample sizes hindering the generalization of the results. Hence more streamlined phage clinical trials with 

large sample sizes to detect sufficient effect sizes are required.  

There is also need for the focus of translational research on the discovery, development, regulation and use 

of phage agents to improve clinical outcome, and inform optimal use of these therapeutics in patients. 
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