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Abstract 

Background:  Antibiotic resistance among pathogenic bacteria has created a global emergency, prompting the 
hunt for an alternative cure. Bacteriophages were discovered over a century ago and have proven to be a successful 
replacement during antibiotic treatment failure. This review discusses on the scientific investigation of phage therapy 
for Gram-positive pathogens and general outlook of phage therapy clinical trials and commercialization.

Main body of the abstract:  This review aimed to highlight the phage therapy in Gram-positive bacteria and the 
need for phage therapy in the future. Phage therapy to treat Gram-positive bacterial infections is in use for a very 
long time. However, limited review on the phage efficacy in Gram-positive bacteria exists. The natural efficiency and 
potency of bacteriophages against bacterial strains have been advantageous amidst the other non-antibiotic agents. 
The use of phages to treat oral biofilm, skin infection, and recurrent infections caused by Gram-positive bacteria has 
emerged as a predominant research area in recent years. In addition, the upsurge in research in the area of phage 
therapy for spore-forming Gram-positive bacteria has added a wealth of information to phage therapy.

Short conclusion:  We conclude that the need of phage as an alternative treatment is obvious in future. However, 
phage therapy can be used as reserve treatment. This review focuses on the potential use of phage therapy in treat-
ing Gram-positive bacterial infections, as well as their therapeutic aspects. Furthermore, we discussed the difficulties 
in commercializing phage drugs and their problems as a breakthrough medicine.

Keywords:  Phage therapy, Antibiotic resistance, Phage commercialization, Phage products, Future medicine, Gram-
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1 � Background
The rising antibiotic resistance is troubling the healthcare 
system, encouraging researchers to look at new or modi-
fied antibiotics. However, discovering a new antibiotic is 
a daunting task that may take several years, and the pos-
sibility of bacteria showing resistance to newly found 
antibiotics will always remain unanswered [111]. Bacte-
rial mechanisms are so fast that resistance to antibiotics 
develops in a shorter period. Notably, a few large pharma-
ceutical firms, including Novartis and Sanofi, have ceased 

antibiotic research and development [73, 101]. Conse-
quently, there is an increasing need for the global sci-
entific community to look for new therapeutics focused 
on non-antibiotic therapies to meet the challenge. Phage 
therapy is one of the oldest and effective therapies and is 
recommended as a superior medication in a few Euro-
pean countries and Russia (the former Soviet Union). The 
bacteriophage is a ubiquitous virus that preys on bacteria 
(host) for their multiplication and kills them at the end 
of the process, a tool for releasing progeny particles [99, 
110]. Ernest Hankin, a British bacteriologist, identified 
the first antibacterial agents from the Ganges in 1896, but 
he could not name the agent involved in bacterial killing. 
Later in 1915, Fredrick Twort speculated that the agents 
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were viruses. It was Felix d’Herelle in 1917 who called it 
a ‘bacteriophage’ and conducted his first human test on a 
patient at Paris’ Enfants Malades hospital. Based on their 
early success, bacteriophages were used to treat bacterial 
infections and continue to be an effective tool in Georgia, 
Poland, and Russia. However, much of the Western world 
refused to consider phage therapy due to a lack of clini-
cal trials to prove its effectiveness. Since the discovery of 
antibiotics in the 1940s, the use of phages in therapy has 
lost its importance in Western medicine. Antibiotics have 
taken many forms since their discovery to be an effec-
tive antibacterial medicine. However, constant antibiotic 
pressure has resulted in antibiotic-resistant development 
in bacteria, which ultimately contributes to the post-
antibiotic era, which began in the late 2000s. Treatment 
failure and the number of deaths caused by antibiotic-
resistant bacterial infections are increasing linearly. This 
situation has recalled the importance of bacteriophages, 
and now, there is a renewed interest in phage therapy.

Bacteriophages (in medicine) are well known for their 
properties such as (a) self-replication, which reduces the 
need for several doses during treatment; (b) target speci-
ficity, which renders normal flora harmless; (c) they do 
not interact with mammalian cells; (d) they have a high 
ability to cross the blood–brain barrier, and (e) their abil-
ity to disrupt bacterial biofilms [41]. All of this impor-
tance demonstrates that phages have a distinct mode of 
action than chemotherapeutic agents, making them an 
effective antibacterial agent [52]. Lytic bacteriophages are 
used in therapy because they destroy bacteria and reduce 
bacterial load in a short period. On the other hand, the 
lysogenic phage incorporates its genome into its host 
chromosomal DNA and replicates, therefore, carrying 
circulating toxin or other virulence genes from the previ-
ous cycle. So lysogenic phages can mobilize virulence or 
resistance genes, rendering them unsuitable for therapy 
[47, 76]. Well-developed and flexible genetic pathways 
in Gram-positive bacteria appear to exhibit susceptibil-
ity to most chemical drugs. World Health Organization 
(WHO) published a list of global priority pathogens 
based on global infections and their importance in pub-
lic health. Among them, three Gram-positive bacteria, 
Staphylococcus aureus, Enterococcus faecium, and Strep-
tococcus pneumoniae, were prioritized as high and 
medium pathogens. Notably, these bacteria are becom-
ing resistant to the last-resort antibiotics making treat-
ment complicated [4]. Most Gram-positive bacteria 
link to healthcare and community-associated diseases, 
notably S. aureus and S. pneumoniae [14, 105]. Gram-
positive bacteria have adapted to respond to the selective 
pressure in the antibiotic system, resulting in the prolif-
eration of antibiotic-resistant and, ultimately, resistance 
transmission to other co-colonized bacterial species. For 

instance, in S. pneumoniae, antibiotic stress has resulted 
in gene regulon transcription, resulting in an increasing 
exchange of resistance genes in the co-colonized bacte-
rial population [28, 76].

Phage research against Gram-positive bacteria began 
before antibiotics discovery. Two age-old companies, Eli 
Lilly and Eliava phage therapy center, are known for their 
large repository of bacteriophages against Gram-positive 
bacteria. The therapeutic bacteriophages against Gram-
positive bacteria fall under the order—Caudovirales that 
comprise nine families: Ackermannviridae, Autographi-
viridae, Chaseviridae, Demerecviridae, Drexlerviridae, 
Herelleviridae, Myoviridae, Podoviridae, and Siphoviri-
dae. Bacteriophages belonging to the order Caudovirales 
have a double-stranded DNA. Members of the Cau-
dovirales have a distinct morphology. Myoviridae has a 
long contractile tail, whereas Podoviridae have a short 
non-contractile tail, and Siphoviridae has a long non-
contractile tail. [6, 7, 25, 51]. While Ackermannviridae 
and Herelleviridae are distinct families, they share simi-
lar architecture to Myoviridae, except Ackermannviridae 
having a star-like spike at the base of the tail. To date (as 
of 2nd August 2021), 4847 complete genomes of Cau-
dovirales are in the GenBank’s RefSeq database, of which 
63 belong to Ackermannviridae, 136 Herelleviridae, 1018 
Myoviridae, 720 Podoviridae, 2310 Siphoviridae family, 
387 Autographiviridae, 14 Chaseviridae, 87 Demerecviri-
dae, and 112 Drexlerviridae [3, 81].

Several experiments on phage therapy prove that it is 
an effective antibacterial agent against a wide range of 
bacterial infections. However, bringing them into real-
ity is the most difficult challenge in the current scenario. 
Accessibility determines the benefit of any medicinal 
substance for human use. Therefore, researchers, poli-
cymakers, and regulatory authorities can work together 
to make phage therapy a viable alternative to antibiotics. 
This review will apprise on the current status of phage 
therapy, challenges facing phage therapy, commercializa-
tion of the phages, and the future of phage therapy.

2 � Main text
2.1 � Scrutinizing phages for therapy
The isolation of bacteriophages against few bacterial 
species is rather tricky irrespective of their abundance 
in nature. For example, several researchers have previ-
ously reported the difficulty of isolating Staphylococcus 
and Clostridium phage, considering their large diversity 
[64]. For a phage to get accepted for treatment, it requires 
proper characterization before clinical trials. At present, 
a therapeutic phage is characterized based on many cri-
teria such as (A) polyvalent nature (broad-host range 
activity), (B) life cycle parameters (adsorption, latency, 
and burst size), (C) morphological analysis (using TEM, 
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transmission electron microscope), (D) genome analysis 
(whole genome sequencing), (E) the appearance of bac-
teriophage insensitive mutants (phage-resistance), and 
(F) the purity of phages (removal of endotoxin). Gram-
positive bacteria that are profoundly infectious belong to 
the genus Streptococcus, Staphylococcus, and Clostrid-
ium, while others are more often involved in causing mild 
infections. In general, phage characterization for therapy 
begins with determining the host range and continuous 
up to clinical trials that give a comprehensive overview 
of therapeutic efficiency and the clinical outcome [90]. 
The host range of a phage is an evolutionary process [54, 
65]. One of the favorable circumstances of bacteriophage 
is its specificity which does not disturb the bacterial 
cells outside their host range and guarantee that normal 
flora remains flawless. The phage–bacterial interaction 
is between their receptors. This lock and key mechanism 
are unique for a phage and a bacterium, it depends on 
the receptor of the bacteria and the ability of the phage 
to recognize bacterial receptors. The host range of phages 
can vary from narrow to broad, but the host range in 
treatment can vary between the patients based on the 
infecting bacteria at the infection site. It is preferable to 
choose a phage that attacks a broad range of pathogenic 
species. For example, staphylococcal phage φ812 was 
found to have a host range of 95% to S. aureus and 43% 
against other Staphylococcus spp. [82].

Current standard and treatment strategies of phage 
administration in humans differ by patient history, treat-
ment strategies, mode of administration, etc. [70]. The 
treatment depends on the specificity of the phages to rec-
ognize the bacteria to which a patient is infected. Each 
phage is unique in its mechanism of action and varies 
upon numerous factors, personalized therapy or targeted 
therapy is the method of choice in many phage centers 
[113]. This therapy uses a specific phage from the reposi-
tory, called phage bank, to treat an infected patient. Now, 
phage products are available from numerous companies 
that rely on generalized phage therapy. The clinical out-
come depends on the results from the randomized con-
trolled trials [62]. Thus, companies like Adaptive Phage 
Therapeutical, USA, have developed a strategy to use 
personalized phages (from phage bank) to determine the 
host range and prepares the readymade phage cocktail 
for treatment [26].

Recently, encapsulation of phage is one of the most 
prominently studied areas in phage therapy research. 
Since phage viability is critical throughout therapy, phage 
encapsulation was adapted to keep them viable and sta-
ble during treatment [107]. Encapsulation of phage is to 
guarantee significant stability to phage, thereby increas-
ing the therapeutic efficiency. In one of the earlier stud-
ies by Felix d’Herelle, chemical compounds such as 

dihydroxy aluminum sodium carbonate were used to 
reduce the effect of gastric juice (stomach) on phages 
[72]. Recently, microencapsulation has been found sig-
nificant in maintaining phage persistence at the site 
of infection [60]. Encapsulation helps in controlled or 
continuous discharge at the vicinity of infection. For 
instance, Clostridium difficile that causes severe diar-
rhea in humans was treated successfully with phages, 
which requires administered phages to pass through vari-
ous stress and pH environments. Thus, encapsulation of 
Clostridium phage can improve the therapeutic outcome 
of phage therapy. A study led by Gurinder et al. showed 
that encapsulated Clostridium phage holds significant 
protection upon continuous exposure to an acidic envi-
ronment and also holds phages for a prolonged period at 
the site of infection [19, 33, 60, 108]. Thus, encapsulated 
phages can be considered for therapy.

Antibiotic resistance has caused additional pressure on 
patients due to the increasing hospital stay and the medi-
cal costs. Though the cost of phage therapy is unclear, it 
depends largely on the easy availability of phage therapy 
centers but is predicted to cost lesser than antibiotic 
therapy. A comparison of Methicillin-Resistant Staphy-
lococcus aureus (MRSA)-infected patients treated with 
antibiotics and phage therapy showed that the cost spent 
on phage therapy was half the cost of antibiotics [71]. In 
many countries (including the USA), phage therapy is an 
alternative treatment option, particularly for antibiotic-
resistant infections. With growing recognition, many 
countries have established phage therapy centers that will 
significantly reduce treatment costs.

2.2 � Is phage therapy a choice in secondary bacterial 
infection?

Co-infection and secondary bacterial infection dur-
ing viral infections are the major problems [59, 114]. S. 
aureus (20%) and S. pneumoniae (65%) are the most 
common bacteria that cause co-infection. A study on 
the H1N1 pandemic by Ashley et al. [29] has shown 60% 
of the mortality in pediatric patients were due to bacte-
rial co-infection. An experiment conducted in monkeys 
showed that the co-infection of influenza A virus with S. 
pneumoniae resulted in severe lower respiratory infec-
tions and morbidity within 40 h [8, 13, 75].

The recent pandemic caused by SARS-CoV-2 (severe 
acute respiratory syndrome-coronavirus-2) was no 
exception; a study in China showed that 50% of the 
patients who died of coronavirus disease-19 (COVID-
19) had a secondary bacterial infection [45, 55]. The 
increasing resistance exhibited by some bacteria caus-
ing co-infections or secondary bacterial infections has 
made antibiotics insensitive, using phage therapy against 
the targeted bacteria could serve this purpose [61]. It is 
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essential to eliminate the co-colonizing bacteria as they 
enhance the binding of the virus to the mucosal surface 
leading to the spread of infection into the inner vis-
ceral parts [79]. In November 2020, the Food and Drug 
Administration (FDA, USA) approved the extended 
use of phage therapy as an expanded assessment of 
investigational new drug (IND) in critically ill COVID 
patients with secondary bacterial infections. This study 
was conducted by Adaptive Phage Therapeutics, Inc. 
in collaboration with the Walter Reed Army Institute 
of Research. They have begun a clinical trial registered 
under the National Institutes of Health (NIH) in the USA 
(NCT04636554) [1]. At present, co-colonized or second-
ary infection-causing bacteria are eliminated by adminis-
trating antibiotics, which might fail when the colonizing 
bacteria show resistance to the antibiotics. The use of 
phage therapy can overcome this drawback. Many stud-
ies on phage therapy have reported the adequate bacte-
rial clearance of respiratory infection within 24–48  h. 
[88], which reduces the bacterial load making the disease 
less complicated. During treatment, bacteriophage can 
be administered with nebulizers or through inhalants 
at a controlled rate [10, 18, 63, 103]. In China, a recent 
study by Wu et al. proved that phages are effective against 
secondary bacterial infections in which they successfully 
treated four COVID-19 patients [112]. The issue related 
to the simultaneous administration of bacteriophage and 
viral vaccines remains undiscovered. Thus, there is a need 
for clinical experimentation to implement phage therapy 
in treating secondary bacterial infections. Another case 
where secondary bacterial infections are more promi-
nent is in cancer patients, who are more prone to be 
affected by S. aureus [22]. A study conducted by Weber 
et  al. showed the effect of phage therapy against bacte-
rial co-infections in 20 cancer patients who had a previ-
ous history of antibiotic treatment failure. The patients 
had a bacterial infection caused by resistance strains of 
S. aureus, P aeruginosa, K pneumoniae, K oxytoca, and 
E. coli. For systemic infections, host-specific phages 
were given orally three times a day for 2–9  weeks, and 
for localized infections, they were applied topically. This 
study showed that bacterial infection was cleared with-
out any adverse effects in all the patients. However, the 
impact of phages on cancer cells was not analyzed [109].

2.3 � Oral biofilm and recurrent infections
One of the complications of dental treatment is an 
implant and oral biofilm. The oral microbiome (biofilm) 
consists of both Gram-positive and Gram-negative bac-
teria. Actinomyces spp., Lactobacillus spp., Streptococcus 
spp., and Enterococcus spp. are the most common Gram-
positives. Oral biofilm treatment could become much 
easier with the increasing interest in phage therapy. These 

bacteria appear to form co-aggregates, resulting in bio-
film formation [40, 98, 100]. The biofilms are composed 
of self-secreted exopolysaccharides (EPS), dividing and 
non-dividing cells. EPS plays a role in providing an outer 
coat for the biofilm cells, thereby hindering the interac-
tion of antibiotics with the bacteria. Bacteriophages can 
break up biofilms by encoding depolymerases (enzymes) 
that degrade polysaccharides and penetrate biofilms [15].

A study showed that depolymerases produced by 
staphylococcal phage had the highest efficiency in clear-
ing the biofilm [97]. Biofilms are dense with persister 
cells, non-dividing inactive cells, and the important 
causes of chronic and recurrent infection in humans [83]. 
Persister cells are those which reflect the failure of antibi-
otics to clear the bacterial population. They cause recur-
rent infection resulting in a high mortality rate [2]. The 
principle of phage behavior on persister cells has been 
the subject of interest in recent studies.

A report by Harper et  al. showed that phages act on 
persister cells, in which phage remains dormant within 
persister cells. Phage lysis starts once persister cells revert 
to normal, which shows that phage therapy can be used 
in recurrent infections and is a promising alternative 
therapy for many incurable infectious diseases [37]. The 
implant-associated biofilm is caused by Staphylococcus 
spp., which remains to be a challenging endeavor to treat. 
To better understand the interaction between phage and 
the biofilm, it needs an in vivo study to put forth the out-
come. Another study conducted by Seth et  al. showed 
an adequate biofilm clearance in rabbit wound models 
infected with S. aureus wild-type UAMS1 strain and bio-
film deficient UAMS929 strain [94, 95].

A study by Marion et al. showed the ability of phages 
to act against S. mutans, which significantly reduced the 
bacterial load. The reduction was recorded as 5 log CFU/
ml in laboratory broth, 3 log CFU/ml in artificial saliva. It 
decolonized the S. mutans biofilm from the teeth surface 
within 24  h post-administration. The metabolic activity 
of phage-treated biofilm cells of S. mutans assessed by 
XTT assay (2,3-bis-(2- methoxy 4-nitro-5-sulfophenyl)-
2H-tetrazolium- 5-carboxanilide salt) proved that the 
cell’s metabolic activity remained stable even after 48 h, 
showing prolonged phage activity [102]. The oral bio-
film comprises multi-species that live in symbiosis [34, 
36], including a primary colonizer like S. mutans, E. fae-
calis, and later colonized by Actinomyces spp. Most of 
the species of oral biofilm show a distinct resistance to 
antibiotics. Despite the resistant nature, most of the oral 
microbiome inhabiting the root canals remains hidden 
from the human immune systems. Enterococcus faecalis 
is one of the most challenging bacterial species among 
the oral microbes; their ability to grow in high alkaline 
pH and thrive under glucose starvation has aided them 
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to become a prominent flora in oral infections [65, 67]. 
As eradication of enterococcal biofilm is challenging, the 
application of phages has shown anti-biofilm properties 
in many studies. Another distinct nature of the Entero-
coccus is the ability to form recurrent infection, and their 
persistence in adverse conditions adds up the extremity 
of disease [11]. The severity of biofilm increases with bac-
terial age due to the persister cells. The phage application 
in mature biofilms is a breakthrough for phage therapy. 
A few reports have shown the ability of the phages to kill 
the mature biofilms as seen in Enterococcus phage, which 
cleared a 2-week-old biofilm in the tooth model within 
24 h, thus showing a significance of phage therapy in bio-
film clearance [42, 44]. The growing interest in develop-
ing synthetic phages for medical applications is an added 
advantage. A study conducted by Justine et al. has shown 
the significant impact of the engineered phage (EF11/
ØFL1C (∆ 36)PniSA) on biofilm formed by both vancomy-
cin-sensitive and vancomycin-resistant E. faecalis with 
10–100-fold reduction of biomass post-phage treatment 
[102].

The research on bacteriophages infecting Gram-pos-
itive bacteria is very minimal. Just 3% of the complete 
genome of the S. pyogenes phage is currently available in 
the public database [34, 36]. The high frequency of gen-
eralized transduction makes the majority of the S. pyo-
genes phage temperate. For example, genomic analysis 
of the first lytic phage A25 isolated against S. pyogenes in 
the 1950s revealed an escaped lytic phage from prophage. 
Further investigation revealed homology to cluster in 
prophage of S. pyogenes M2, M3, and M4 strains [65, 
67]. Several publications have also mentioned S. pyo-
genes phage’s potential to lose integrase function, result-
ing in lysogenic-lytic shifts [66, 68]. Future research 
should focus on genetically engineered phages against S. 
pyogenes.

2.4 � Phage therapy against spore‑forming bacteria
Bacillus is well known for infecting humans and causing 
gastrointestinal and pneumonia-like infections. Bacillus 
anthracis and Bacillus cereus are two clinically significant 
pathogens. Bacillus phage research started in the early 
1950s, and their diversity is very high. Bacillus phages 
TP-13, TP-10, TP-18, and CP-51 were isolated from 
the soil and were all transduced phages. The majority of 
Bacillus phages have a limited host range, but there are 
exceptions [29, 31]. Several cases of B. anthracis treat-
ment with phage therapy had been reported as being 
successful. The first phage study in B. anthracis was in 
the Thomas strain, and the bacteriophage was isolated 
from malignant pustules. In this experiment, mice were 
infected with 106  CFU/mL of bacteria and treated with 
109–1010 PFU/mL of phage, resulting in 100% survival. 

More evidence exists that phage-encoded enzymes can 
treat Bacillus infections [21, 80, 91–93]. The biggest chal-
lenge in the treatment of Bacillus spp. is their ability to 
form spores. An experimental analysis by Henry et al. has 
shown that the phages lysis the spores. The study showed 
that high phage titers are required for the clearance of 
spores, thus promising against Bacillus infections [36, 
38].

Despite rising antibiotic resistance, bacteriophages are 
rarely in use to treat Clostridium difficile infection (CDI). 
Most phages against C. difficile are temperate. There is 
no evidence in the literature showing a single phage with 
lytic activity against C. difficile which is the most signifi-
cant limiting factor for in  vivo testing of bacteriophage 
for CDI [33, 35, 75, 77, 90, 91]. There are no reports of 
phage treatment against spore-forming Clostridium dif-
ficile. Despite this, there are many studies undertaken 
to treat CDI with temperate phages [30, 32, 76, 78]. Due 
to this drawback, researchers are focusing on using a 
phage-encoded endolysin [95, 96]. An in vivo study with 
temperate phage was conducted using 80 strains of C. 
difficile belonging to 21 ribotypes of central epidemic ori-
gin. They came up with an interesting result that phage 
cocktails with lysogenic phages could kill most of the epi-
demic strains within 36 h. Post-infection and prevented 
the appearance of phage-resistant colonies [76, 78]. The 
impact of phages on the other species, C. perfringens and 
C. tetani, is less studied. Most of the studied lytic phages 
are used in phage typing [84, 85, 88, 89].

2.5 � Tackling phage resistance
Antibiotic resistance is an old phenomenon and revealed 
soon after the discovery of penicillin. Alexander Fleming 
has emphasized the risk of antibiotic resistance if bacteria 
are exposed to non-lethal levels of antibiotics. The con-
cept of resistance is possible even for phages. So, phages 
should be used as an emergency or backup medication. 
In the present situation, the phages are used as interven-
tional medicine when antibiotics fail to cure a bacterial 
infection. Luria and Delbrück [56, 58] reported the first 
case of rising phage-resistant mutants, and they observed 
the initial phage clearance followed by bacterial regrowth. 
Numerous researches are going on to deal with phage-
resistant mutants, and phage cocktails are advantageous. 
Phage resistance may occur due to the mutation or shed-
ding of the receptor/mutation to the receptor, CRISPR/
Cas, restriction modifications, and selective pressure 
during evolution [9, 12, 23, 97]. The chance of growing 
competitive binding among the phages might influence 
the therapeutical index, which can overcome by using 
various combinations of phages [16]. By mechanism, the 
bacterial receptors determine the phage strain specificity. 
Few phages tend to use more than one receptor for their 
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absorption [48, 50]. In Gram-positive bacteria, the outer 
layer is made up of carbohydrate moieties and teichoic 
acid, which are the central receptors of Gram-positive 
phages. The phage and bacterial receptor interaction in 
Gram-positive bacteria is represented in Fig. 1.

Phage cocktails can overcome the rising phage-resist-
ant mutants where multiple phages are used against a 
target bacterium [32, 34]. However, the clinical evidence 
for the phage-resistant mutants is less recorded. Few 
studies have added that repeated dosage of phage for a 
stipulated period can eliminate the rising bacterial resist-
ance [47, 49]. Phage cocktails can restrict the frequency 
of appearance of phage resistance and are formulated 
from huge phage stocks. Another aspect of phages as the 
therapeutic drug is challenging the bacteria with a syn-
ergistic combination of phage and antibiotics [55, 57]. It 
is an effective treatment strategy against bacterial infec-
tions, significantly eliminates the overuse of phages and 
antibiotics. It has been shown to hold a high therapeutic 

efficacy in which the antibiotics act as adjuvants to 
enhance the activity of phages by weakening the bacte-
rial resistance mechanisms [20]. The study conducted by 
Sandeep et al. found that the administration of antibiotics 
before phage therapy improved the efficiency of staphy-
lococcal phage by enhancing the phage adsorption and, 
thereby, increases the therapeutic efficacy. They claim 
that the synergistic effect might be due to antibiotic stress 
resulting in impaired protein production in bacteria [41, 
43]. Another study showed clearance of MRSA biofilm 
when treated with phage–antibiotic combination (genta-
mycin, oxacillin, ciprofloxacin, linezolid) [22, 24]. A study 
led by Chan et al. showed that the bacteriophage recep-
tor is related to the efflux system such as MexXY and 
MexAB conferred antibiotic susceptibility after phage 
treatment, as alterations in the efflux pump rendered the 
bacteria susceptible to the antibiotic [17]. A study con-
ducted by Kirby et al. [44, 46] showed that treatment of S. 
aureus with phages combined with gentamicin reduced 

Fig. 1  Diagrammatic representation of binding of bacteriophages to different receptors in the Gram-positive bacteria
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the rate of phage resistance in S. aureus. Many stud-
ies that showed the significance of synergistic activity of 
phage and antibiotic also showed that phage–antibiotic 
treatment might have some therapeutic complications 
because synergistic activity can vary between different 
strains of bacteria, antibiotics, and phage itself. Besides, 
there is a lack of proof to show whether the sub-inhib-
itory antibiotic regimen can interfere with the bacte-
riophage activity. However, we understand that there is 
limited information to prove the therapeutic efficacy of 
phage–antibiotic synergy [28, 30].

2.6 � Clinical trials of phages as therapeutic drug
Since the bacteriophage discovery, there have been 
numerous uncontrolled clinical trials to ascertain the 
therapeutic efficiency and safety of phage therapy for 
human use. Most chemotherapeutic agents used for 
treatment tend to exhibit side effects, while phage ther-
apy has minor side effects but is less studied [40, 42]. The 
lack of controlled and randomized human trials makes 
it difficult to determine their actual side effects. Though 
there is a lack of proper clinical trials, the data from 
Georgia, Poland, and the former Soviet Union have a 
90–95% success rate. The request to determine phage effi-
cacy on humans has brought about many in vivo studies 
and clinical trials. The clinical outcome and the therapeu-
tical efficacy of phage therapy are evaluated based on the 
frequency of phage requirement, route of administration, 
persistence of phages at the infection site, and anti-phage 
antibody production. The study conducted by Miedzy-
brodzki et al. at Ludwik Hirszfeld Institute of Immunol-
ogy and Experimental Therapy, Wroclaw, Poland, found 
that the frequency of phage requirement for the treat-
ment of infection caused by S. aureus was high (51.6% 
dosage frequency) with a low recovery rate of 36.7%. 
But the treatment of E. faecalis infection required low-
frequency phage (11.1% dosage requirement) produced 
a 64.7% recovery rate, which showed that the therapeu-
tical efficacy of the phage is directly proportional to the 
recovery rate [68, 70]. The route of phage administration 
also determines the efficiency of the treatment. Many 
studies have also shown that the route of administration 
has an indirect impact on the immune response, oral and 
topical applications had the lowest immune responses. 
Another factor that may have a partial impact on clinical 
outcomes is phage persistence at the site of infection. To 
test the persistence of phage at the site of infection, Eric 
et al. [72, 74] assessed the sinus sample taken after 24 h 
post-phage administration and found a minimal level 
of phages still circulating in the infected area. Another 
study led by Catherine et  al. has shown that the pres-
ence of phage activity for the maximum of 25 days after 
the phage administration at the sinus region explains 

self-replicative and non-immunological phage clearance 
at the site of injection [67, 69]. Intraperitoneal injection 
of OMRII phage appeared in blood shortly post-admin-
istration in mouse bacteremia model, thus showing the 
importance of the route of parental administration based 
on the pharmacokinetics and the type of infection [5].

There are minimal notable case studies and clinical tri-
als of bacteriophages against Gram-positive bacteria [56, 
54, 106]. Among all, S. aureus bacteriophage has a well-
documented clinical trial. Most of the whole phage and 
phage-encoded endolysins against Staphylococcus spp. 
are in phase II and phase III clinical trials. For instance, 
lysin exebacase (CF-301) produced by ContraFect, USA, 
is in phase III clinical trial, which acts against MRSA 
for treating endocarditis and prosthetic joint infections. 
GangaGen, India, has a phase II clinical trial of recombi-
nant protein (ectolysin, P128) that kills MRSA. Most pre-
liminary clinical trials are concerned about safety, while 
the efficacy and the clinical outcome of phage therapy 
are yet to be determined [39, 37, 106]. For example, the 
first FDA-approved phase I safety clinical trial conducted 
by Intralytix, USA, in chronic venous leg ulcer patients 
against P. aeruginosa, S. aureus, and E. coli has shown the 
safety in the administration of phages for wound ulcers 
[86, 87].

Recently, Centre Hospitalier Universitaire de Nīmes 
has registered for phase I/II clinical trial in collaboration 
with Pherecydes pharma to study phage (PHAGOPIED) 
against MRSA and MSSA in diabetic foot ulcer patients, 
which will complete in 2022. To our knowledge, there 
is no record of successful phase III clinical trial. But we 
strongly believe that phase III clinical trials in humans 
will help promote the globalization of phage therapy.

2.7 � Hurdles in making phage therapy a reality
Phage therapy is being used as a reserve drug in vari-
ous parts of the world. When antibiotics fail, the use 
of phage therapy has become a usual treatment in 
most Western countries. The two most significant bar-
riers to the globalization of phage therapy are (a) for-
mulation and (b) commercialization. The question of 
’What conditions must be met before phage therapy is 
administered to humans?’ remains unanswered for the 
time being. Even though a few successful cases have 
occurred globally, not much is known about the immu-
nological response. The lack of evidence and complete 
understanding of phage biology and its effectiveness 
has made medical practitioners less interested in phage 
therapy. Asking for an alternative is often less com-
mon among the patients due to lack of awareness and 
medical emergencies. Many developed countries have a 
modern medical system, in which medical insurance is 
one of the top-most priorities. Because phage therapy 
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is not covered by standard medical insurance, it poses a 
financial challenge for many patients who cannot cover 
the costs [16]. Countries like Switzerland have planned 
for reimbursing such alternative medicines [45, 47], and 
few countries have started to approve them under med-
ical claims. In order to bring phage therapy to a global 
extension, there requires a public awareness.

The inability to patent a phage product is one of the 
concerns for pharmaceutical companies to invest in 
phage production. Despite this, several companies are 
producing phages on a large scale for human use, and 
the global distribution of phage pharmaceutical prod-
ucts is considerably less. The phage centers are not 
globally distributed but confined within Europe, the 
USA, and Russia, which questions the therapy costs and 
travel expenses incurred during the treatment, putting 
an additional burden on patients from other nations. 
The global distribution of bacterial strains based on 
geographical locations makes the standard phage 
preparations more complicated. Thus, the challenge of 
developing a phage formula at the worldwide standard 
is another hurdle for phage therapy. The interaction 
between a bacteria and phage brings several factors 
into play, such as target bacteria, the metabolic state 
of the host, phage defenses, etc. Another major com-
plication in constructing a universal phage formulation 
is the relationship between the bacteria, phage, and the 
human immune system [16].

The phage therapy is not generalized globally because it 
varies from antibiotics in various aspects such as admin-
istration, formulation, and therapeutical index. One of 
the most challenging aspects is to establish broader host 
specificity. Naturally occurring genetic drifts can lead 
to resistant mutants that can be eliminated only when 
phage cocktails are used [78, 80]. There are numerous 
reports on the evolution of bacterial resistance to bacteri-
ophage-based on different mechanisms (explained previ-
ously). The ready-to-make phage cocktails offer flexibility 
in therapy for encountering resistant bacteria, thereby 
reducing the need for universal phage formulations [17, 
68, 70]. Alternatively, phage–antibiotic combinations 
are explored against resistant bacteria. Mechanically, a 
selective pressure-induced resistance may be reversed by 
exposing them to different antibiotic combinations. The 
documented results showed that the choice of antibiot-
ics in phage synergy influences phage production. This 
enlightened the phage researchers to study the impact of 
phage–antibiotic synergy in treating antibiotic-resistant 
bacterial infections. The challenge for phage standardiza-
tion does not start with commercialization; it emerges in 
laboratory experiments. A perfect outline to study phage 
and phage biology is critically essential before going 
for therapy. The possible challenges faced in studying 

Gram-positive phages during laboratory experiments are 
briefed in Fig. 2. Many factors differ between in vitro and 
in vivo phage activity, but molding phages for human use 
is one of the biggest challenges for the future.

2.8 � The market scope for global phage therapy
The commercialization of phage products is one of the 
biggest challenges faced by phage scientists. To bring 
a therapeutic product for human use, it has to pass 
through definite requisite which depends on the formula-
tion, therapeutical efficiency, and the clinical (trials) out-
comes. Phage therapy is a well-accepted treatment in the 
pre-antibiotic era. Still, it has not received global atten-
tion from the regulatory authorities to get approval for 
human use in the post-antibiotic era.

Commercialization of chemotherapeutical agents was 
easy as it tends to have fixed property, while phage ther-
apy might need additional evidence on the efficacy, treat-
ment strategy, and product development. In the past, 
Poland, Russia, and Belgium conducted clinical investi-
gations under their declaration standards, and the export 
of phage products was less. Most of the countries are 
not coming forward to follow these declaration stand-
ards. Now phage commercialization should be of global 
demand, and the requirements should meet the interna-
tional standards at the highest priority for the phage com-
panies [50, 52, 64, 66]. There are few oldest phage centers 
to use phage products, (A) L’Oreal in France was the first 
to promote the phage products before the discovery and 
the development of antibiotics, and (B) Eli Lilly Co. sold 
their phage products in the 1940s. In those days, early 
clinical trials of bacteriophages were not accepted in the 
USA and other European countries, but countries like 
the former Soviet Union, Georgia, and Poland sold phage 
products for human use under their declarations [93, 
94]. Eliava phage center in Georgia is profound in pro-
ducing phages against Gram-positive bacteria such as S. 
aureus, Enterococcus spp. and Streptococcus spp. The big-
gest asset for the Eliava phage therapy center is the secret 
standard methods that are followed for years (https://​
eliav​aphag​ether​apy.​com/). The use of phage cocktails at 
different combinations is the success behind the phage 
center, where no reports of phage resistance up-to-date. 
Indeed, they keep an update about the phage host range 
with the current pathogenic strains, and if needed, they 
are replaced [50, 52].

Today, several companies have emerged to combat 
this war against antibiotic-resistant bacteria. To date, 
51 companies are working on the various aspects of 
phages and phage products. Most companies are mid-
way through their global clinical outputs, while a few 
are already in production and the last stage of their test-
ing. The details of companies working on phage research 

https://eliavaphagetherapy.com/
https://eliavaphagetherapy.com/
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against Gram-positive bacteria and their strategies for 
phage commercialization are outlined in Table  1. Com-
panies develop a unique model to bring the phages into 
the market. For example, Adaptive phage therapeutics, 
USA, works on personalized phage therapy, while Locus 
bioscience, USA, works on synthetic phage production 
by utilizing CRISPR/Cas mechanism. The production/
synthesis of phages using synthetic biology is of interest 
among the phage companies due to their ability to have 
a proprietary against the product [102]. Armata phar-
macy, USA, produces phages against ESKAPE pathogens, 
creates a platform for synthetic phage production and 
increases its pharmacological importance. They are cur-
rently in the early stages (Investigational New Drug) of 
phage testing.

To date, very few phage products get FDA approval to 
conduct clinical testing. According to Data Bridge Mar-
ket research among pharma companies in 2021, the peak 
market growth in global phage therapy is expected to 
occur between 2021 and 2028. North America (USA), 
Europe (Germany, France), Asia–Pacific (India, Japan, 

and China), the Middle East, and Africa will be the most 
promising countries in the expanding phage market 
(https://​www.​datab​ridge​marke​trese​arch.​com/​repor​ts/​
global-​bacte​rioph​ages-​thera​py-​market). As the bacterio-
phages are (bacterial) viruses, there is always a concern 
among the public about their safety. Therefore, creating 
public awareness about the safety of phage therapy is 
indispensable. Similarly, significant commercialization 
depends on the cost that should be appealing from the 
customers’ perspective to take phages from the labora-
tory to the patient’s bedside.

3 � Discussion
Phage therapy is the best complimentary from nature 
in the post-antibiotic era. Although detailed clinical tri-
als are required, phage therapy will find a niche as an 
antibacterial drug in modern medicine. Phage therapy 
research is advancing faster than expected; still, a lot 
needs to be studied from a therapeutic aspect. Although 
we have a record of ‘phage therapy centers’ treating 
patients for years, the globalization of phage therapy is 

Fig. 2  Schematic representation of the hurdles faced in phage laboratories and their potential solutions during the isolation of bacteriophages 
against Gram-positive bacteria

https://www.databridgemarketresearch.com/reports/global-bacteriophages-therapy-market
https://www.databridgemarketresearch.com/reports/global-bacteriophages-therapy-market
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in its infancy. The acceptance of phages as a therapeutic 
drug will be the first success in product globalization. 
There is a significant amount of phage population in the 
humans known as phageome. Therefore, the introduction 
of phages as a therapeutic agent is considered safe. The 
future of phage therapy will largely be determined by the 
research output (clinical trials), the cost per treatment, 
and the production [51, 53].

Many Gram-positive bacterial infections remain 
untreatable, including MRSA and VRE. Despite the avail-
ability of last-resort antibiotics, the mortality rate is still 
high for these MDR bacterial infections. Treating such 
infections using phage therapy has to be overlooked by 
physicians, funding bodies, governments, and policy-
makers. The use of a combination of phage–antibiotics 
is a growing trend in phage research, but their imple-
mentation is hampered by a lack of proper execution and 
authorization. Though the number of ongoing clinical tri-
als is limited and very few clinical trials are in phase II, 
there is plenty of information from Georgia and Poland 
that shows that phages are effective therapeutic agents 
[104].

The recombinant technology (rDNA) in phage biol-
ogy has brought out a lot of improvement in phage 
preparation for a therapeutic cure [83, 84]. The infor-
mation recovered from the whole genome sequence has 
unlocked numerous information on phage biology [46, 
48, 85, 86]. The ideas and outputs of pharmaceuticals 
and research centers have shown that phage therapy is 
an effective alternative. The use of phage therapy in sec-
ondary bacterial infections such as in COVID-19, influ-
enza virus outbreak, and cancer is an unexplored topic in 
phage therapy [13, 43, 45, 103]. A strategic plan to tackle 
such infections using phage therapy needs investigation.

The lack of acceptance of phage therapy is due to the 
lack of standard clinical trials in humans and proper 
regulatory guidelines. The knowledge gap in phage biol-
ogy is mainly due to the lack of funds or investments to 
carry out research endeavors. Other barriers include age-
dependent treatment strategies, improper clinical guid-
ance, and large-scale phage production to meet a global 
market [25, 27]. Despite all hurdles, the efforts to bring 
phage therapy as an alternative to antibiotics are growing 
to meet the global standards.

4 � Conclusions
A survey by WHO has shown that growing antibiotic resist-
ance is life-threatening in which even a minor injury would 
lead to complications. The recent pandemic of COVID-19 
has shown us the consequence of not having a prior medi-
cation/vaccine, which leads to fatalities globally. Antibiotic 
resistance is also growing to be a global healthcare crisis; 
acting early would save the days left in the post-antibiotic 

era. Growing technical advancements such as next-gen-
eration sequencing and high-throughput screening have 
opened a vast space for research in evaluating the efficacy 
of phage interactions in the humans and increased the 
chances of genome analysis and speeding-up the character-
ization of phages. Many research and clinical trials carried 
out in different parts of the world have shed light on phage 
therapy as an effective alternative. Though phages will not 
replace antibiotics, they will be the best compliment that 
will revolutionize the era of non-antibiotics.

Abbreviations
IND: Investigation new drug; FDA: Food and Drug Administration; NIH: 
National Institute of Health; WHO: World Health Organization; MRSA: Methi-
cillin-resistant Staphylococcus aureus; EPS: Exopolysaccharide; CDI: Clostridium 
difficile Infection; UTI: Urinary tract infection; USA: United States of America; 
VRE: Vancomycin-resistant enterococcus; MDR: Multi-drug resistant; rDNA: 
Recombinant DNA.

Acknowledgements
The authors would like to thank the Vellore Institute of Technology for 
their support and motivation. All the authors contributed equally to the 
manuscript.

Authors’ contributions
AL and PM contributed to the initial idea. AL, KE, and PM contributed to 
the concept and writing. AL prepared the figures. CSV, SL, and RN contrib-
uted to the review and comments. All authors have read and approved the 
manuscript.

Funding
Not applicable.

Availability of data and materials
The dataset analyzed in the study are available in the GenBank database and 
Clinicaltrials.gov. Other data studies are presented in the form of figures and 
tables.

Declarations

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors have no conflict of interest to declare.

Author details
1 School of Bioscience and Technology, Vellore Institute of Technology (VIT), 
Vellore, Tamil Nadu, India. 2 Zhejiang University‑University of Edinburgh 
(ZJU‑UoE) Institute, Zhejiang University, School of Medicine, Haining 314400, 
Zhejiang, People’s Republic of China. 3 School of Medicine, The Second Affili-
ated Hospital Zhejiang University (SAHZU), Hangzhou, Zhejiang, People’s 
Republic of China. 4 Department of Microbiology, S.S. Institute of Medical 
Sciences and Research Centre, Davanagere, India. 5 Department of Infectious 
Diseases, Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, 
Hangzhou, People’s Republic of China. 6 Infection Medicine, Biomedical Sci-
ences, Edinburgh Medical School, College of Medicine and Veterinary Medi-
cine, The University of Edinburgh, 1 George Square, Edinburgh EH8 9JZ, UK. 

Received: 15 June 2021   Accepted: 17 August 2021



Page 13 of 15Loganathan et al. Beni-Suef Univ J Basic Appl Sci           (2021) 10:49 	

References
	 1.	 Robert J Hopkins, MD: National Library of Medicine (US) (2020) Identi-

fier NCT04636554, Personalized Phage Treatment in Covid-19 Patients 
with Bacterial Co-Infections Microbials for Pneumonia or Bacteremia/
Septicemia 2:4636554

	 2.	 Abedon ST (2019) Use of phage therapy to treat long-standing, per-
sistent, or chronic bacterial infections. Adv Drug Deliv Rev 145:18–39. 
https://​doi.​org/​10.​1016/j.​addr.​2018.​06.​018

	 3.	 Ackermann HW (2007) 5500 Phages examined in the electron 
microscope. Adv Virol 152:227–243. https://​doi.​org/​10.​1007/​
s00705-​006-​0849-1

	 4.	 Asokan GV, Ramadhan T, Ahmed E, Sanad H (2019) WHO global priority 
pathogens list: a bibliometric analysis of medline-pubmed for knowl-
edge mobilization to infection prevention and control practices in 
Bahrain. Oman Med J 34:184–193. https://​doi.​org/​10.​5001/​omj.​2019.​37

	 5.	 Barbu EM, Cady KC, Hubby B (2016) Phage therapy in the era of syn-
thetic biology. Cold Spring Harb Perspect Biol 8:1–16. https://​doi.​org/​
10.​1101/​cshpe​rspect.​a0238​79

	 6.	 Barylski J, Enault F, Dutilh BE, Schuller MB, Edwards RA, Gillis A, Klumpp 
J, Knezevic P, Krupovic M, Kuhn JH, Lavigne R (2018) Taxonomy 
proposal: To create one (1) new family, Herelleviridae, in the order Cau-
dovirales. ICTV Online: International Committee on Taxonomy of Viruses 
(ICTV)

	 7.	 Barylski J, Enault F, Dutilh BE et al (2020) Analysis of spounaviruses as 
a case study for the overdue reclassification of tailed phages. Syst Biol 
69:110–123. https://​doi.​org/​10.​1093/​sysbio/​syz036

	 8.	 Berendt RF, Long GG, Walker JS (2012) Influenza alone and in sequence 
with pneumonia due to Streptococcus pneumoniae in the squirrel mon-
key. J Investig Dermatol 132:689–693. https://​doi.​org/​10.​1093/​infdis/​
132.6.​689

	 9.	 Bertozzi Silva J, Storms Z, Sauvageau D (2016) Host receptors for bac-
teriophage adsorption. FEMS Microbiol Lett. https://​doi.​org/​10.​1093/​
femsle/​fnw002

	 10.	 Bodier-Montagutelli E, Morello E, L’Hostis G et al (2017) Inhaled phage 
therapy: a promising and challenging approach to treat bacterial 
respiratory infections. Expert Opin Drug Deliv 14:959–972. https://​doi.​
org/​10.​1080/​17425​247.​2017.​12523​29

	 11.	 Bolocan AS, Upadrasta A, De Almeida Bettio PH et al (2019) Evaluation 
of phage therapy in the context of enterococcus faecalis and its associ-
ated diseases. Viruses 11:1–18. https://​doi.​org/​10.​3390/​v1104​0366

	 12.	 Broniewski JM, Meaden S, Paterson S et al (2020) The effect of phage 
genetic diversity on bacterial resistance evolution. ISME J 14:828–836. 
https://​doi.​org/​10.​1038/​s41396-​019-​0577-7

	 13.	 Cauley LS, Vella AT (2015) Why is coinfection with influenza virus and 
bacteria so difficult to control? Discov Med 19:33–40

	 14.	 Chambers HF, DeLeo FR (2009) Waves of resistance: Staphylococcus 
aureus in the antibiotic era. Nat Rev Microbiol 7:629–641. https://​doi.​
org/​10.​1038/​nrmic​ro2200

	 15.	 Chan B, Abedon S (2014) Bacteriophages and their enzymes in biofilm 
control. Curr Pharm Des 21:85–99. https://​doi.​org/​10.​2174/​13816​12820​
66614​09051​12311

	 16.	 Chan BK, Abedon ST, Loc-Carrillo C (2013) Phage cocktails and the 
future of phage therapy. Future Microbiol 8:769–783. https://​doi.​org/​10.​
2217/​fmb.​13.​47

	 17.	 Chan BK, Sistrom M, Wertz JE et al (2016) Phage selection restores 
antibiotic sensitivity in MDR Pseudomonas aeruginosa. Sci Rep 6:1–8. 
https://​doi.​org/​10.​1038/​srep2​6717

	 18.	 Chang RYK, Wallin M, Lin Y et al (2018) Phage therapy for respiratory 
infections. Adv Drug Deliv Rev 133:76–86. https://​doi.​org/​10.​1016/j.​
addr.​2018.​08.​001

	 19.	 Choińska-Pulit A, Mituła P, Śliwka P et al (2015) Bacteriophage encap-
sulation: trends and potential applications. Trends Food Sci Technol 
45:212–221. https://​doi.​org/​10.​1016/j.​tifs.​2015.​07.​001

	 20.	 Comeau AM, Tétart F, Trojet SN et al (2007) Phage-antibiotic synergy 
(PAS): β-lactam and quinolone antibiotics stimulate virulent phage 
growth. PLoS ONE. https://​doi.​org/​10.​1371/​journ​al.​pone.​00007​99

	 21.	 Cowles PB, Hale WM (1931) Effect of bacteriophage on experimental 
anthrax in white mice. J Infect Dis 49:264–269. https://​doi.​org/​10.​1093/​
infdis/​49.3.​264

	 22.	 Da̧browska K, Kaźmierczak Z, Majewska J et al (2014) Bacteriophages 
displaying anticancer peptides in combined antibacterial and 

anticancer treatment. Future Microbiol 9:861–869. https://​doi.​org/​10.​
2217/​fmb.​14.​50

	 23.	 de Sousa JAM, Rocha EPC (2019) Environmental structure drives 
resistance to phages and antibiotics during phage therapy and to 
invading lysogens during colonisation. Sci Rep. https://​doi.​org/​10.​1038/​
s41598-​019-​39773-3

	 24.	 Dickey J, Perrot V (2019) Adjunct phage treatment enhances the effec-
tiveness of low antibiotic concentration against Staphylococcus aureus 
biofilms in vitro. PLoS ONE 14:1–17. https://​doi.​org/​10.​1371/​journ​al.​
pone.​02093​90

	 25.	 Dion MB, Oechslin F, Moineau S (2020) Phage diversity, genomics and 
phylogeny. Nat Rev Microbiol 18:125–138. https://​doi.​org/​10.​1038/​
s41579-​019-​0311-5

	 26.	 Duplessis CA (2019) A case series of emergency investigational new 
drug applications for bacteriophages treating recalcitrant multi-drug 
resistant bacterial infections: confirmed safety and a signal of efficacy. J 
Intensive Crit Care 5:11

	 27.	 Eric P, Elsa W, Cavaleiro Sanches A et al (2016) Bacteriophage therapy: a 
regulatory perspective. J Antimicrob Chemother 71:2071–2074

	 28.	 Fernández L, Gutiérrez D, García P, Rodríguez A (2019) The perfect 
bacteriophage for therapeutic applications—a quick guide. Antibiotics. 
https://​doi.​org/​10.​3390/​antib​iotic​s8030​126

	 29.	 Fowlkes AL, Arguin P, Biggerstaff MS et al (2011) Epidemiology of 2009 
pandemic influenza a (H1N1) deaths in the United States, April–July 
2009. Clin Infect Dis 52:S60–S68. https://​doi.​org/​10.​1093/​cid/​ciq022

	 30.	 Gelman D, Beyth S, Lerer V et al (2018) Combined bacteriophages and 
antibiotics as an efficient therapy against VRE Enterococcus faecalis in 
a mouse model. Res Microbiol 169:531–539. https://​doi.​org/​10.​1016/j.​
resmic.​2018.​04.​008

	 31.	 Gillis A, Mahillon J (2014) Phages preying on Bacillus anthracis, Bacillus 
cereus, and Bacillus thuringiensis: past, present and future. Viruses 
6:2623–2672. https://​doi.​org/​10.​3390/​v6072​623

	 32.	 Goh S, Riley TV, Chang BJ (2005) Isolation and characterization of tem-
perate bacteriophages of Clostridium difficile. Appl Environ Microbiol 
71:1079–1083

	 33.	 González-Menéndez E, Fernández L, Gutiérrez D et al (2018) Strategies 
to encapsulate the Staphylococcus aureus bacteriophage phiIPLA-RODI. 
Viruses 10:1–13. https://​doi.​org/​10.​3390/​v1009​0495

	 34.	 Gu J, Liu X, Li Y et al (2012) A method for generation phage cocktail 
with great therapeutic potential. PLoS ONE 7:e31698. https://​doi.​org/​
10.​1371/​JOURN​AL.​PONE.​00316​98

	 35.	 Hargreaves KR, Clokie MRJ (2014) Clostridium difficile phages: still dif-
ficult? Front Microbiol 5:184

	 36.	 Harhala M, Barylski J, Humińska-Lisowska K et al (2018) Two novel 
temperate bacteriophages infecting Streptococcus pyogenes: their 
genomes, morphology and stability. PLoS ONE. https://​doi.​org/​10.​1371/​
journ​al.​pone.​02059​95

	 37.	 Harper DR, Parracho HMRT, Walker J et al (2014) Bacteriophages and 
biofilms. Antibiotics 3:270–284. https://​doi.​org/​10.​3390/​antib​iotic​s3030​
270

	 38.	 Henry M, Biswas B, Vincent L et al (2012) Development of a high 
throughput assay for indirectly measuring phage growth using the 
OmniLog TM system. Bacteriophage 2:159–167. https://​doi.​org/​10.​
4161/​bact.​21440

	 39.	 Hesse S, Adhya S (2019) Phage therapy in the twenty-first century: fac-
ing the decline of the antibiotic era; is it finally time for the age of the 
phage? Annu Rev Microbiol 73:155–174. https://​doi.​org/​10.​1146/​annur​
ev-​micro-​090817-​062535

	 40.	 Huang R, Li M, Gregory RL (2011) Bacterial interactions in dental biofilm. 
Virulence 2:435–444. https://​doi.​org/​10.​4161/​viru.2.​5.​16140

	 41.	 Huh H, Wong S, Jean JS, Slavcev R (2019) Bacteriophage interactions 
with mammalian tissue: therapeutic applications. Adv Drug Deliv Rev 
145:4–17

	 42.	 Jun SY, Jang IJ, Yoon S et al (2017) Pharmacokinetics and tolerance 
of the phage endolysin-based candidate drug SAL200 after a single 
intravenous administration among healthy volunteers. Antimicrob 
Agents Chemother. https://​doi.​org/​10.​1128/​AAC.​02629-​16

	 43.	 Kaur S, Harjai K, Chhibber S (2012) Methicillin-resistant Staphylococ-
cus aureus phage plaque size enhancement using sublethal concen-
trations of antibiotics. Appl Environ Microbiol 78:8227–8233. https://​
doi.​org/​10.​1128/​AEM.​02371-​12

https://doi.org/10.1016/j.addr.2018.06.018
https://doi.org/10.1007/s00705-006-0849-1
https://doi.org/10.1007/s00705-006-0849-1
https://doi.org/10.5001/omj.2019.37
https://doi.org/10.1101/cshperspect.a023879
https://doi.org/10.1101/cshperspect.a023879
https://doi.org/10.1093/sysbio/syz036
https://doi.org/10.1093/infdis/132.6.689
https://doi.org/10.1093/infdis/132.6.689
https://doi.org/10.1093/femsle/fnw002
https://doi.org/10.1093/femsle/fnw002
https://doi.org/10.1080/17425247.2017.1252329
https://doi.org/10.1080/17425247.2017.1252329
https://doi.org/10.3390/v11040366
https://doi.org/10.1038/s41396-019-0577-7
https://doi.org/10.1038/nrmicro2200
https://doi.org/10.1038/nrmicro2200
https://doi.org/10.2174/1381612820666140905112311
https://doi.org/10.2174/1381612820666140905112311
https://doi.org/10.2217/fmb.13.47
https://doi.org/10.2217/fmb.13.47
https://doi.org/10.1038/srep26717
https://doi.org/10.1016/j.addr.2018.08.001
https://doi.org/10.1016/j.addr.2018.08.001
https://doi.org/10.1016/j.tifs.2015.07.001
https://doi.org/10.1371/journal.pone.0000799
https://doi.org/10.1093/infdis/49.3.264
https://doi.org/10.1093/infdis/49.3.264
https://doi.org/10.2217/fmb.14.50
https://doi.org/10.2217/fmb.14.50
https://doi.org/10.1038/s41598-019-39773-3
https://doi.org/10.1038/s41598-019-39773-3
https://doi.org/10.1371/journal.pone.0209390
https://doi.org/10.1371/journal.pone.0209390
https://doi.org/10.1038/s41579-019-0311-5
https://doi.org/10.1038/s41579-019-0311-5
https://doi.org/10.3390/antibiotics8030126
https://doi.org/10.1093/cid/ciq022
https://doi.org/10.1016/j.resmic.2018.04.008
https://doi.org/10.1016/j.resmic.2018.04.008
https://doi.org/10.3390/v6072623
https://doi.org/10.3390/v10090495
https://doi.org/10.1371/JOURNAL.PONE.0031698
https://doi.org/10.1371/JOURNAL.PONE.0031698
https://doi.org/10.1371/journal.pone.0205995
https://doi.org/10.1371/journal.pone.0205995
https://doi.org/10.3390/antibiotics3030270
https://doi.org/10.3390/antibiotics3030270
https://doi.org/10.4161/bact.21440
https://doi.org/10.4161/bact.21440
https://doi.org/10.1146/annurev-micro-090817-062535
https://doi.org/10.1146/annurev-micro-090817-062535
https://doi.org/10.4161/viru.2.5.16140
https://doi.org/10.1128/AAC.02629-16
https://doi.org/10.1128/AEM.02371-12
https://doi.org/10.1128/AEM.02371-12


Page 14 of 15Loganathan et al. Beni-Suef Univ J Basic Appl Sci           (2021) 10:49 

	 44.	 Khalifa L, Brosh Y, Gelman D et al (2015) Targeting Enterococcus fae-
calis biofilms with phage therapy. Appl Environ Microbiol 81:2696–
2705. https://​doi.​org/​10.​1128/​AEM.​00096-​15

	 45.	 Kim H (2020) Outbreak of novel coronavirus (COVID-19): what 
is the role of radiologists? Eur Radiol. https://​doi.​org/​10.​1007/​
s00330-​020-​06748-2

	 46.	 Kirby AE (2012) Synergistic action of gentamicin and bacteriophage 
in a continuous culture population of Staphylococcus aureus. PLoS 
ONE 7:e51017. https://​doi.​org/​10.​1371/​journ​al.​pone.​00510​17

	 47.	 Klein SD, Torchetti L, Frei-Erb M, Wolf U (2015) Usage of complemen-
tary medicine in Switzerland: results of the Swiss health survey 2012 
and development since 2007. PLoS ONE. https://​doi.​org/​10.​1371/​
journ​al.​pone.​01419​85

	 48.	 Klumpp J, Fouts DE, Sozhamannan S (2012) Next generation 
sequencing technologies and the changing landscape of phage 
genomics. Bacteriophage 2:190–199. https://​doi.​org/​10.​4161/​bact.​
22111

	 49.	 Kortright KE, Chan BK, Koff JL, Turner PE (2019) Phage therapy: a 
renewed approach to combat antibiotic-resistant bacteria. Cell Host 
Microbe 25:219–232

	 50.	 Kortright KE, Chan BK, Turner PE (2020) High-throughput discovery of 
phage receptors using transposon insertion sequencing of bacteria. 
Proc Natl Acad Sci. https://​doi.​org/​10.​1073/​pnas.​20018​88117

	 51.	 Kropinski AM, Anany H, Kuhn JH, Tolstoy I, Kutter E, Adriaenssens EM 
(2017). To create a new bacteriophage family, Ackermann viridae, con-
taining two (2) new subfamilies including four (4) genera. ICTV Taxon 
Hist Limestonevirus.

	 52.	 Kutter E, De Vos D, Gvasalia G et al (2010) Phage therapy in clinical prac-
tice: treatment of human infections. Curr Pharm Biotechnol 11:69–86. 
https://​doi.​org/​10.​2174/​13892​01107​90725​401

	 53.	 Kutter EM, Kuhl SJ, Abedon ST (2015) Re-establishing a place for phage 
therapy in western medicine. Future Microbiol 10:685–688. https://​doi.​
org/​10.​2217/​fmb.​15.​28

	 54.	 Labrie SJ, Moineau S (2007) Abortive infection mechanisms and 
prophage sequences significantly influence the genetic makeup of 
emerging lytic lactococcal phages. J Bacteriol 189:1482–1487. https://​
doi.​org/​10.​1128/​JB.​01111-​06

	 55.	 Lai CC, Shih TP, Ko WC et al (2020) Severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) and coronavirus disease-2019 (COVID-19): 
the epidemic and the challenges. Int J Antimicrob Agents. https://​doi.​
org/​10.​1016/j.​ijant​imicag.​2020.​105924

	 56.	 Lehman SM, Mearns G, Rankin D et al (2019) Design and preclinical 
development of a phage product for the treatment of antibiotic-resist-
ant Staphylococcus aureus infections. Viruses. https://​doi.​org/​10.​3390/​
v1101​0088

	 57.	 Liu CG, Green SI, Min L et al (2020) Phage-antibiotic synergy is driven 
by a unique combination of antibacterial mechanism of action and 
stoichiometry. bioRxiv. https://​doi.​org/​10.​1101/​2020.​02.​27.​967034

	 58.	 Luria SE, Delbrück M (1943) Mutations of bacteria from virus sensitivity 
to virus resistance. Genetics 28:491–511. https://​doi.​org/​10.​1093/​genet​
ics/​28.6.​491

	 59.	 MacIntyre CR, Chughtai AA, Barnes M et al (2018) The role of pneumo-
nia and secondary bacterial infection in fatal and serious outcomes of 
pandemic influenza a(H1N1). BMC Infect Dis 18:637. https://​doi.​org/​10.​
1186/​s12879-​018-​3548-0

	 60.	 Malik DJ, Sokolov IJ, Vinner GK et al (2017) Formulation, stabilisation and 
encapsulation of bacteriophage for phage therapy. Adv Coll Interface 
Sci 249:100–133. https://​doi.​org/​10.​1016/j.​cis.​2017.​05.​014

	 61.	 Manohar P, Loh B, Athira S et al (2020) Secondary bacterial infections 
during pulmonary viral disease: phage therapeutics as alternatives to 
antibiotics? Front Microbiol. https://​doi.​org/​10.​3389/​FMICB.​2020.​01434

	 62.	 Manohar P, Tamhankar AJ, Leptihn S, Ramesh N (2019) Pharmacologi-
cal and immunological aspects of phage therapy. Infect Microbes Dis. 
https://​doi.​org/​10.​1097/​IM9.​00000​00000​000013

	 63.	 Mariawienhold S, Lienau J, Witzenrath M (2019) Towards inhaled phage 
therapy in Western Europef. Viruses 11:1–13. https://​doi.​org/​10.​3390/​
v1103​0295

	 64.	 Mattila S, Ruotsalainen P, Jalasvuori M (2015) On-demand isolation of 
bacteriophages against drug-resistant bacteria for personalized phage 
therapy. Front Microbiol. https://​doi.​org/​10.​3389/​FMICB.​2015.​01271

	 65.	 Mavrich TN, Hatfull GF (2017) Bacteriophage evolution differs by host, 
lifestyle and genome. Nat Microbiol 2:17112. https://​doi.​org/​10.​1038/​
nmicr​obiol.​2017.​112

	 66.	 McCallin S, Sacher JC, Zheng J, Chan BK (2019) Current state of compas-
sionate phage therapy. Viruses. https://​doi.​org/​10.​3390/​v1104​0343

	 67.	 McCullor K, Postoak B, Rahman M et al (2018) Genomic sequencing of 
high-efficiency transducing streptococcal bacteriophage A25: conse-
quences of escape from lysogeny. J Bacteriol 200:e00358-18

	 68.	 McShan WM, McCullor KA, Nguyen SV (2019) The Bacteriophages of 
Streptococcus pyogenes. Gram-Positive Pathog. https://​doi.​org/​10.​1128/​
97816​83670​131.​ch11

	 69.	 McVay CS, Velásquez M, Fralick JA (2007) Phage therapy of Pseu-
domonas aeruginosa infection in a mouse burn wound model. Antimi-
crob Agents Chemother 51:1934–1938. https://​doi.​org/​10.​1128/​AAC.​
01028-​06

	 70.	 Międzybrodzki R, Borysowski J, Weber-Dąbrowska B, Fortuna W, Letkie-
wicz S, Szufnarowski K, Pawełczyk Z, Rogóż P, Kłak M, Wojtasik E, Górski 
A (2012) Clinical aspects of phage therapy. Adv virus Res 1(83):73–121

	 71.	 Miedzybrodzki R, Fortuna W, Weber-Dabrowska B, Górski A (2007) 
Phage therapy of staphylococcal infections (including MRSA) may be 
less expensive than antibiotic treatment. Postepy higieny i medycyny 
doświadczalnej (Online) 61:461–465

	 72.	 Miȩdzybrodzki R, Kłak M, Jonczyk-Matysiak E et al (2017) Means to facili-
tate the overcoming of gastric juice barrier by a therapeutic staphylo-
coccal bacteriophage A5/80. Front Microbiol. https://​doi.​org/​10.​3389/​
fmicb.​2017.​00467

	 73.	 Mobarki N, Almerabi B, Hattan A (2019) Antibiotic resistance crisis. Int J 
Med Dev Ctries 40:561–564. https://​doi.​org/​10.​24911/​ijmdc.​51-​15490​
60699

	 74.	 Morello E, Saussereau E, Maura D et al (2011) Pulmonary bacteriophage 
therapy on Pseudomonas aeruginosa cystic fibrosis strains: first steps 
towards treatment and prevention. PLoS ONE 6:e16963. https://​doi.​org/​
10.​1371/​journ​al.​pone.​00169​63

	 75.	 Morris DE, Cleary DW, Clarke SC (2017) Secondary bacterial infections 
associated with influenza pandemics. Front Microbiol. https://​doi.​org/​
10.​3389/​fmicb.​2017.​01041

	 76.	 Munita JM, Bayer AS, Arias CA (2015) Evolving resistance among gram-
positive pathogens. Clin Infect Dis 61:S48–S57. https://​doi.​org/​10.​1093/​
cid/​civ523

	 77.	 Nale JY, Redgwell TA, Millard A, Clokie MRJ (2018) Efficacy of an opti-
mised bacteriophage cocktail to clear Clostridium difficile in a batch 
fermentation model. Antibiotics 7:1–15. https://​doi.​org/​10.​3390/​antib​
iotic​s7010​013

	 78.	 Nale JY, Spencer J, Hargreaves KR et al (2016) Bacteriophage combina-
tions significantly reduce Clostridium difficile growth in vitro and prolif-
eration in vivo. Antimicrob Agents Chemother 60:968–981. https://​doi.​
org/​10.​1128/​AAC.​01774-​15

	 79.	 Neu U, Mainou BA (2020) Virus interactions with bacteria: partners in 
the infectious dance. PLoS Pathog. https://​doi.​org/​10.​1371/​journ​al.​ppat.​
10082​34

	 80.	 Oechslin F (2018) Resistance development to bacteriophages occurring 
during bacteriophage therapy. Viruses. https://​doi.​org/​10.​3390/​v1007​
0351

	 81.	 Oliveira H, Sampaio M, Melo LDR et al (2019) Staphylococci phages 
display vast genomic diversity and evolutionary relationships. BMC 
Genom 20:1–14. https://​doi.​org/​10.​1186/​s12864-​019-​5647-8

	 82.	 Pantůček R, Rosypalová A, Doškař J et al (1998) The polyvalent staphy-
lococcal phage φ812: its host-range mutants and related phages. 
Virology 246:241–252

	 83.	 Peyrusson F, Varet H, Nguyen TK et al (2020) Intracellular Staphylococ-
cus aureus persisters upon antibiotic exposure. Nat Commun 11:1–14. 
https://​doi.​org/​10.​1038/​s41467-​020-​15966-7

	 84.	 Pires DP, Cleto S, Sillankorva S et al (2016) Genetically engineered 
phages: a review of advances over the last decade. Microbiol Mol Biol 
Rev 80:523–543. https://​doi.​org/​10.​1128/​mmbr.​00069-​15

	 85.	 Prescotti LM, Altenbern RA (1967) Inducible lysis in Clostridium tetani. J 
Bacteriol 93:1220–1226

	 86.	 Reyes A, Semenkovich NP, Whiteson K et al (2013) Phage populations. 
Nat Rev Microbiol 10:607–617. https://​doi.​org/​10.​1038/​nrmic​ro2853

https://doi.org/10.1128/AEM.00096-15
https://doi.org/10.1007/s00330-020-06748-2
https://doi.org/10.1007/s00330-020-06748-2
https://doi.org/10.1371/journal.pone.0051017
https://doi.org/10.1371/journal.pone.0141985
https://doi.org/10.1371/journal.pone.0141985
https://doi.org/10.4161/bact.22111
https://doi.org/10.4161/bact.22111
https://doi.org/10.1073/pnas.2001888117
https://doi.org/10.2174/138920110790725401
https://doi.org/10.2217/fmb.15.28
https://doi.org/10.2217/fmb.15.28
https://doi.org/10.1128/JB.01111-06
https://doi.org/10.1128/JB.01111-06
https://doi.org/10.1016/j.ijantimicag.2020.105924
https://doi.org/10.1016/j.ijantimicag.2020.105924
https://doi.org/10.3390/v11010088
https://doi.org/10.3390/v11010088
https://doi.org/10.1101/2020.02.27.967034
https://doi.org/10.1093/genetics/28.6.491
https://doi.org/10.1093/genetics/28.6.491
https://doi.org/10.1186/s12879-018-3548-0
https://doi.org/10.1186/s12879-018-3548-0
https://doi.org/10.1016/j.cis.2017.05.014
https://doi.org/10.3389/FMICB.2020.01434
https://doi.org/10.1097/IM9.0000000000000013
https://doi.org/10.3390/v11030295
https://doi.org/10.3390/v11030295
https://doi.org/10.3389/FMICB.2015.01271
https://doi.org/10.1038/nmicrobiol.2017.112
https://doi.org/10.1038/nmicrobiol.2017.112
https://doi.org/10.3390/v11040343
https://doi.org/10.1128/9781683670131.ch11
https://doi.org/10.1128/9781683670131.ch11
https://doi.org/10.1128/AAC.01028-06
https://doi.org/10.1128/AAC.01028-06
https://doi.org/10.3389/fmicb.2017.00467
https://doi.org/10.3389/fmicb.2017.00467
https://doi.org/10.24911/ijmdc.51-1549060699
https://doi.org/10.24911/ijmdc.51-1549060699
https://doi.org/10.1371/journal.pone.0016963
https://doi.org/10.1371/journal.pone.0016963
https://doi.org/10.3389/fmicb.2017.01041
https://doi.org/10.3389/fmicb.2017.01041
https://doi.org/10.1093/cid/civ523
https://doi.org/10.1093/cid/civ523
https://doi.org/10.3390/antibiotics7010013
https://doi.org/10.3390/antibiotics7010013
https://doi.org/10.1128/AAC.01774-15
https://doi.org/10.1128/AAC.01774-15
https://doi.org/10.1371/journal.ppat.1008234
https://doi.org/10.1371/journal.ppat.1008234
https://doi.org/10.3390/v10070351
https://doi.org/10.3390/v10070351
https://doi.org/10.1186/s12864-019-5647-8
https://doi.org/10.1038/s41467-020-15966-7
https://doi.org/10.1128/mmbr.00069-15
https://doi.org/10.1038/nrmicro2853


Page 15 of 15Loganathan et al. Beni-Suef Univ J Basic Appl Sci           (2021) 10:49 	

	 87.	 Rhoads DD, Wolcott RD, Kuskowski MA et al (2009) Bacteriophage 
therapy of venous leg ulcers in humans: results of a phase I safety trial. J 
Wound Care. https://​doi.​org/​10.​12968/​jowc.​2009.​18.6.​42801

	 88.	 Roach DR, Leung CY, Henry M et al (2017) Synergy between the host 
immune system and bacteriophage is essential for successful phage 
therapy against an acute respiratory pathogen. Cell Host Microbe 
22:38-47.e4. https://​doi.​org/​10.​1016/j.​chom.​2017.​06.​018

	 89.	 Roseman D, Richardson RL (1969) Isolation of bacteriophage for 
Clostridium tetani. J Virol 3:350–350. https://​doi.​org/​10.​1128/​jvi.3.​3.​350-​
350.​1969

	 90.	 Ross A, Ward S, Hyman P (2016) More is better: selecting for broad host 
range bacteriophages. Front Microbiol 7:1352–1352. https://​doi.​org/​10.​
3389/​fmicb.​2016.​01352

	 91.	 Sangster W, Hegarty JP, Stewart DB (2014) Phage therapy for Clostridium 
difficile infection: an alternative to antibiotics? Semin Colon Rectal Surg 
25:167–170. https://​doi.​org/​10.​1053/j.​scrs.​2014.​05.​014

	 92.	 Schmelcher M, Donovan DM, Loessner MJ (2012) Bacteriophage 
endolysins as novel antimicrobials. Future Microbiol 7:1147–1171. 
https://​doi.​org/​10.​2217/​fmb.​12.​97

	 93.	 Schuch R, Pelzek AJ, Nelson DC, Fischetti VA (2019) The PlyB endolysin 
of bacteriophage vB_BanS_Bcp1 exhibits broadspectrum bactericidal 
activity against Bacillus cereus sensu lato isolates. Appl Environ Micro-
biol. https://​doi.​org/​10.​1128/​AEM.​00003-​19

	 94.	 Seal BS (2013) Characterization of bacteriophages virulent for 
Clostridium perfringens and identification of phage lytic enzymes as 
alternatives to antibiotics for potential control of the bacterium. Poult 
Sci 92:526–533. https://​doi.​org/​10.​3382/​ps.​2012-​02708

	 95.	 Seth AK, Geringer MR, Nguyen KT et al (2013) Bacteriophage therapy 
for Staphylococcus aureus biofilm-infected wounds: a new approach to 
chronic wound care. Plast Reconstr Surg 131:225–234. https://​doi.​org/​
10.​1097/​PRS.​0b013​e3182​7e47cd

	 96.	 Shan J, Ramachandran A, Thanki AM et al (2018) Bacteriophages are 
more virulent to bacteria with human cells than they are in bacterial 
culture; insights from HT-29 cells. Sci Rep 8:1–8. https://​doi.​org/​10.​
1038/​s41598-​018-​23418-y

	 97.	 Son JS, Lee SJ, Jun SY et al (2010) Antibacterial and biofilm removal 
activity of a podoviridae Staphylococcus aureus bacteriophage SAP-2 
and a derived recombinant cell-wall-degrading enzyme. Appl Microbiol 
Biotechnol 86:1439–1449. https://​doi.​org/​10.​1007/​s00253-​009-​2386-9

	 98.	 Steier L, de Oliveira SD, de Figueiredo JAP (2019) Bacteriophages in 
dentistry-state of the art and perspectives. Dent J 7:1–7. https://​doi.​org/​
10.​3390/​dj701​0006

	 99.	 Summers WC (2012) The strange history of phage therapy. Bacterio-
phage 2:130–133. https://​doi.​org/​10.​4161/​bact.​20757

	100.	 Szafrański SP, Winkel A, Stiesch M (2017) The use of bacteriophages to 
biocontrol oral biofilms. J Biotechnol 250:29–44. https://​doi.​org/​10.​
1016/j.​jbiot​ec.​2017.​01.​002

	101.	 Theuretzbacher U, Outterson K, Engel A, Karlén A (2020) The global 
preclinical antibacterial pipeline. Nat Rev Microbiol 18:275–285. https://​
doi.​org/​10.​1038/​s41579-​019-​0288-0

	102.	 Tinoco JM, Buttaro B, Zhang H et al (2016) Effect of a genetically engi-
neered bacteriophage on Enterococcus faecalis biofilms. Arch Oral Biol 
71:80–86. https://​doi.​org/​10.​1016/j.​archo​ralbio.​2016.​07.​001

	103.	 Turgeon N, Toulouse MJ, Martel B et al (2014) Comparison of five bac-
teriophages as models for viral aerosol studies. Appl Environ Microbiol 
80:4242–4250. https://​doi.​org/​10.​1128/​AEM.​00767-​14

	104.	 Ul Haq I, Chaudhry WN, Akhtar MN et al (2012) Bacteriophages and 
their implications on future biotechnology: a review. Virol J. https://​doi.​
org/​10.​1186/​1743-​422X-9-9

	105.	 van Kassel MN, Bijlsma MW, Brouwer MC et al (2019) Community-
acquired group B streptococcal meningitis in adults: 33 cases from 
prospective cohort studies. J Infect 78:54–57. https://​doi.​org/​10.​1016/j.​
jinf.​2018.​07.​009

	106.	 Vandenheuvel D, Lavigne R, Brüssow H (2015) Bacteriophage 
therapy: advances in formulation strategies and human clinical trials. 
Annu Rev Virol 2:599–618. https://​doi.​org/​10.​1146/​annur​ev-​virol​
ogy-​100114-​054915

	107.	 Vinner GK, Richards K, Leppanen M et al (2019) Microencapsulation of 
enteric bacteriophages in a pH-Responsive solid oral dosage formula-
tion using a scalable membrane emulsification process. Pharmaceutics. 
https://​doi.​org/​10.​3390/​pharm​aceut​ics11​090475

	108.	 Vinner GK, Vladisavljević GT, Clokie MRJ, Malik DJ (2017) Microencapsu-
lation of Clostridium difficile specific bacteriophages using microfluidic 
glass capillary devices for colon delivery using pH triggered release. 
PLoS ONE 12:e0186239. https://​doi.​org/​10.​1371/​journ​al.​pone.​01862​39

	109.	 Weber-Dabrowska B, Mulczyk M, Görski A (2001) Bacteriophage therapy 
for infections in cancer patients. Clin Appl Immunol Rev 1:131–134

	110.	 Wittebole X, De Roock S, Opal SM (2014) A historical overview of bac-
teriophage therapy as an alternative to antibiotics for the treatment of 
bacterial pathogens. Virulence 5:226–235. https://​doi.​org/​10.​4161/​viru.​
25991

	111.	 World Health organization (2019) Antibacterial agents in clinical devel-
opment: an analysis of the antibacterial clinical development pipeline. 
license: CC BY-NC-SA 3.0 IGO

	112.	 Wu N, Dai J, Guo M et al (2021) Pre-optimized phage therapy on 
secondary Acinetobacter baumannii infection in four critical COVID-19 
patients. Emerg Microb Infect. https://​doi.​org/​10.​1080/​22221​751.​2021.​
19027​54

	113.	 Zhang G, Zhao Y, Paramasivan S et al (2018) Bacteriophage effectively 
kills multidrug resistant Staphylococcus aureus clinical isolates from 
chronic rhinosinusitis patients. Int Forum Allergy Rhinol 8:406–414. 
https://​doi.​org/​10.​1002/​alr.​22046

	114.	 Zhou F, Yu T, Du R et al (2020) Clinical course and risk factors for mortal-
ity of adult inpatients with COVID-19 in Wuhan, China: a retrospective 
cohort study. Lancet 395:1054–1062. https://​doi.​org/​10.​1016/​S0140-​
6736(20)​30566-3

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.12968/jowc.2009.18.6.42801
https://doi.org/10.1016/j.chom.2017.06.018
https://doi.org/10.1128/jvi.3.3.350-350.1969
https://doi.org/10.1128/jvi.3.3.350-350.1969
https://doi.org/10.3389/fmicb.2016.01352
https://doi.org/10.3389/fmicb.2016.01352
https://doi.org/10.1053/j.scrs.2014.05.014
https://doi.org/10.2217/fmb.12.97
https://doi.org/10.1128/AEM.00003-19
https://doi.org/10.3382/ps.2012-02708
https://doi.org/10.1097/PRS.0b013e31827e47cd
https://doi.org/10.1097/PRS.0b013e31827e47cd
https://doi.org/10.1038/s41598-018-23418-y
https://doi.org/10.1038/s41598-018-23418-y
https://doi.org/10.1007/s00253-009-2386-9
https://doi.org/10.3390/dj7010006
https://doi.org/10.3390/dj7010006
https://doi.org/10.4161/bact.20757
https://doi.org/10.1016/j.jbiotec.2017.01.002
https://doi.org/10.1016/j.jbiotec.2017.01.002
https://doi.org/10.1038/s41579-019-0288-0
https://doi.org/10.1038/s41579-019-0288-0
https://doi.org/10.1016/j.archoralbio.2016.07.001
https://doi.org/10.1128/AEM.00767-14
https://doi.org/10.1186/1743-422X-9-9
https://doi.org/10.1186/1743-422X-9-9
https://doi.org/10.1016/j.jinf.2018.07.009
https://doi.org/10.1016/j.jinf.2018.07.009
https://doi.org/10.1146/annurev-virology-100114-054915
https://doi.org/10.1146/annurev-virology-100114-054915
https://doi.org/10.3390/pharmaceutics11090475
https://doi.org/10.1371/journal.pone.0186239
https://doi.org/10.4161/viru.25991
https://doi.org/10.4161/viru.25991
https://doi.org/10.1080/22221751.2021.1902754
https://doi.org/10.1080/22221751.2021.1902754
https://doi.org/10.1002/alr.22046
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1016/S0140-6736(20)30566-3

	Phage therapy as a revolutionary medicine against Gram-positive bacterial infections
	Abstract 
	Background: 
	Main body of the abstract: 
	Short conclusion: 

	1 Background
	2 Main text
	2.1 Scrutinizing phages for therapy
	2.2 Is phage therapy a choice in secondary bacterial infection?
	2.3 Oral biofilm and recurrent infections
	2.4 Phage therapy against spore-forming bacteria
	2.5 Tackling phage resistance
	2.6 Clinical trials of phages as therapeutic drug
	2.7 Hurdles in making phage therapy a reality
	2.8 The market scope for global phage therapy

	3 Discussion
	4 Conclusions
	Acknowledgements
	References


