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Abstract
Phage therapy is revolving to address the issues mainly dealing with antibiotic resistance in the pathogenic bacteria. Among 
the drug-resistant microbial populations, the bacterial species have been categorized as high-priority or critical-priority 
bacteria. This review summarizes the efficiency and development in phage therapy used against these drug-resistant bacteria 
in the past few years mainly belonging to the critical- and high-priority list. Phage therapy is more than just an alternative 
to antibiotics as it not only kills the target microbial population directly but also leads to the chemical and physical modi-
fications in bacterial cell structures. These phage-mediated modifications in the bacterial cell may make them antibiotic 
sensitive. Application of phage therapy in antibiotic-resistant foodborne bacteria and possible modulation in gut microbes 
has also been explored. Further, the phage cocktail antibiotic formulation, containing more than one type of phage with 
antibiotics, has also been discussed.
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Introduction

It has been more than a century when the bacteriophages 
were first reported in the waters of the rivers Ganges and 
Yamuna in India for their distinguished antibacterial action 
against Vibrio cholerae (Hankin, 1896). First bacteriophage 
therapy or phage therapy was used to treat bacterial infection 
during 1910–1917 and commercially produced during the 
1940s. However, since the discovery of antibiotics, most of 
the countries stopped the usage of bacteriophage for treat-
ment (Sulakvelidze et al., 2001). Antibiotic therapy has been 
very successful in the treatment of a wide range of bacte-
rial infections. The emergence and transfer of antimicrobial 
resistance among pathogenic microbial community alerted 
the scientific community and health care practitioners to 
look for alternate therapies.

Higher antibiotic resistance is prominent in bacterial bio-
films as compared to an individual cell. Biofilms are made 
up of self-produced extracellular polymeric substances 
(EPS) to provide surface attachment and increased resistance 
to antibiotics. This resistance mechanism involves a combi-
nation of mechanisms within biofilm cells. Antibiotic resist-
ance genes may be present on the bacterial genome, plas-
mid, or can be taken up by Horizontal gene transfer (HGT), 
which seems to be the most common mode for transferring 
the resistance. Understanding of genotypes at a depth might 
allow the further understanding of phenotypic changes that 
imparts the resistance (Banin et al., 2017).

Antibiotic resistance ultimately results in an antibiotic 
failure during the treatment. Bacteriophage or phages 
therapy is regaining the importance to deal with antibiotic 
failure. Bacteriophages are infectious viral particles, which 
may invade and kill the bacterial cell through the lytic cycle. 
These Bacteriophages are highly specific toward their target 
and bind to cell surface receptors. The lytic cycle releases 
new infectious virions, which may further infect the nearby 
bacterial cells, thus reducing the target bacterial population 
(Nobrega et al., 2018). There are a number of advantages 
associated with phage therapy as it may work with single-
dose potential. As the virulent phages have the ability to 
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increase their number till the availability of host bacte-
rial cells thus further follow auto-dosing. The numbers of 
bacteriophages are regulated through auto-dosing with-
out affecting the other microbial cells. However, in many 
cases, including animals a single dose may not work well 
and several doses may be required. Bacteriophage attack 
on host bacterial cell sometimes results in phage resistance 
by modifying the cell surface targets. These phage-resistant 
bacterial strains do not allow a particular bacteriophage to 
infect the cell; thus, the phage is unable to replicate in bac-
terial cell. Phage cocktail development has the potential to 
deal with such issues (Yen et al., 2017). A phage cocktail 
contains more than one type of bacteriophages with different 
strategy or receptor sites to attack the bacterial cells. It is 
worth mentioning here that the phages may attack on spe-
cific bacterial species, whether they are resistant to an anti-
biotic or not. So, the idea behind using phage cocktail is to 
increase the host range (the ability of bacteriophage to infect 
diverse bacterial strains or species). This host range includes 
(i) antibiotic-resistant pathogenic strains, (ii) non-resistant 
pathogenic strains, and (iii) particular phage-resistant path-
ogenic strains. Restoration or enhanced sensitivity toward 
antibiotics has also been observed in infectious microbes 
during phage treatment (Chan et al., 2018). Bacteriophages 
are abundantly present in the human body. However, their 
direct relationship with the human is still being explored. 
Some studies point toward a complex association related 
to direct cure from infectious bacteria or supporting the 
human immune system. Bacteriophages may also influence 
the mammalian host cell to kill the infection-causing bacte-
ria through a number of mechanisms (Bodner et al., 2020).

Overall the platform is open to discuss the potential role 
of bacteriophages in clinical treatments. Thus, this review 
summarizes the antibiotic resistance in bacteria mainly 
included in priority lists, different phages used against 
critical and high-priority antibiotic-resistant bacteria, and 
advantages of phage cocktail on the basis of in vitro and 
in vivo experiments. Further, the mechanisms involved in the 
restoration of antibiotic sensitivity in drug-resistant bacteria 
were emphasized. Bacteriophage therapy in combination of 
antimicrobial or antibiotic compounds has also been dis-
cussed, which seems to be a future direction of this research.

Antibiotic‑Resistant Bacteria in Priority List

The spread of antibiotic-resistant bacteria poses a substantial 
threat to morbidity and mortality worldwide. A lot of litera-
ture is available on different mechanisms and the emergence 
of antibiotic resistance in pathogenic bacteria (Wilson et al., 
2020; Yelin & Kishony, 2018). WHO categorized antibiotic-
resistant "priority pathogens" in it’s first-ever list. These 
antibiotic-resistant bacteria were stratified in the priority 

list as critical, high, and medium priority. On the basis of 
this categorization, carbapenem-resistant Acinetobacter bau-
mannii, Pseudomonas aeruginosa, carbapenem-resistant, 
and third-generation cephalosporin-resistant Enterobacte-
riaceae were included in the critical-priority bacteria list. 
The high-priority bacteria list consists of vancomycin-resist-
ant Enterococcus faecium, methicillin-resistant Staphylococ-
cus aureus, clarithromycin-resistant Helicobacter pylori, 
fluoroquinolone-resistant Campylobacter spp., Neisseria 
gonorrhoeae, and Salmonella typhi (Tacconelli et al., 2018). 
Antibiotic failure is commonly observed in the case of infec-
tion with these antibiotic-resistant bacteria. Thus, there is 
an urgent need to take care of these drug-resistant bacteria 
along with some multidrug-resistant bacteria, which could 
be life-threatening. There are a number of phages that have 
been used against infectious bacteria and we have selected 
a few recent studies dealing with antibiotic-resistant bacte-
rial strains.

The ESKAPE pathogens (Enterococcus faecium, Staphy-
lococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter spe-
cies) are the opportunistic pathogens involved in nosocomial 
infections. These bacterial species are continuously develop-
ing antibiotic resistance (Ma et al., 2020). High pathogenic-
ity and emergence of antibiotic resistance in these pathogens 
have allowed them to be in the priority list.

Phage Therapy for Critical‑Priority 
Antibiotic‑Resistant Bacteria

The most critical group of multidrug-resistant bacteria 
includes Acinetobacter, Pseudomonas, and various Enter-
obacteriaceae. These bacteria are particularly associated 
with hospitals-acquired infections. Table  1 enlists few 
recent studies related to the application of bacteriophages 
against antibiotic-resistant high-priority bacteria. Acineto-
bacter baumannii is a Gram-negative nosocomial pathogen 
species. Phage therapies have been used against antibiotic-
resistant strains of A. baumannii. A lytic phage Bϕ-R2096 
ameliorated histologic damage to lungs infected by carbap-
enem-resistant A. baumannii in Galleria mellonella larvae 
and a mouse model during acute pneumonia. There was no 
mortality or any significant side effects that were observed 
in phage-treated groups during the 15 days of treatment. 
Thus, the study strongly suggested the use of lytic phage 
Βϕ-R2096 as an alternative antibacterial agent to treat A. 
baumannii infections (Jeon et al., 2019). Similarly, two lytic 
bacteriophages WCHABP1 and WCHABP12 belonging to 
the Myoviridae family were able to infect about 50% of 
the carbapenem-resistant strains of A. baumannii isolated 
from clinical samples. A. baumannii infection in Galle-
ria mellonella larva could efficiently be treated with these 
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bacteriophages, which increased the survival rate of these 
larvae up to 75% (Zhou et al., 2018). Phage SH-Ab15519 
belonging to the Podoviridae family was considered to be 
safe for phage therapy on the basis of its complete genome 
analysis. In vivo study on a mice suffering from lethal A. 
baumannii lung infections successfully demonstrated that 
phage SH-Ab15519 could effectively rescue the mice with-
out any side effects (Hua et al., 2018).

It is important for the lytic phages to efficiently destroy 
the bacterial biofilms along with free planktonic cells. Two 
phages ISTD and NOVI have shown their activity against 
carbapenem-resistant A. baumannii strain 6077/12. Phage 
ISTD could reduce 3.5 log in planktonic cells, while 2 log 
biofilm-associated viable bacterial cells and also demon-
strated a broader host range, when tested against different 
clinically isolated A. baumannii strains in terms of better 
adsorption rate and larger burst size (Vukotic et al., 2020). 
Supplementation of antibiotics also augmented the antibac-
terial property of bacteriophage. KARL-1, a lytic phage 
belonging to the Myoviridae family, was effective against 
40% of multidrug-resistant clinical isolates of A. bauman-
nii. This bactericidal activity was significantly enhanced 
by supplementation of meropenem and colistin antibiotics. 
The therapeutic outcome of the study confirmed a positive 
influence on the antibacterial activity of KARL-1 by the 
supplementation of traditional antibiotics (Jansen et al., 
2018). Multidrug-resistant Acinetobacter baumannii may 

cause severe urinary tract infections (UTI). A randomized, 
placebo-controlled, double-blind trial investigating bacte-
riophages in UTI treatment revealed that the bacteriophages 
seem to be potentially revolutionizing treatment option 
(Leitner et al., 2017).

P. aeruginosa is a widespread Gram-negative opportun-
istic pathogen in natural and domestic environments. It may 
cause severe infections and the treatment becomes difficult 
in the case of multidrug resistance strain. Three lytic phages 
SL1, SL2, and SL4 isolated from hospital sewage demon-
strated their activity against different clinical isolates of mul-
tidrug-resistant P. aeruginosa. SL2 demonstrated its activ-
ity against planktonic cells, while SL4 showed significant 
anti-biofilm activity. Phage SL1 rescued bacteria-infected 
Galleria melonella larvae (Latz et al., 2017). Similarly, 
lytic phages MAG1 and MAG4 were active against differ-
ent antibiotic-resistant strains of P. aeruginosa including 
carbapenem-resistant P. aeruginosa (Kwiatek et al., 2017). 
In both the studies, the application of phages cocktail was 
suggested against antibiotic-resistant strains. However, few 
more detailed studies are required before human trials of 
these phages.

There are a number of ongoing human clinical trials to 
investigate the safety and efficiency of the phage cocktail 
therapy. In a randomized phase 1 and 2 trials, patients with a 
confirmed burn wound clinically infected with P aeruginosa 
were given a cocktail of 12 natural lytic anti-P aeruginosa 

Table 1   Recently reported bacteriophages against critical-priority antibiotic-resistant bacteria

NA data not available, bp base pairs

S. no. Antibiotic-resistant bacte-
rium

Bacteriophage (family and 
name)

Genome size GenBank 
accession 
number

Dose References

1 Carbapenem-Resistant Aci-
netobacter baumannii

Podoviridae
SH-Ab15519

40,493 bp KY082667 1010 PFU/ml Hua et al. (2018)

2 Multidrug-resistant Pseu-
domonas aeruginosa

Myoviridae
SL1

65,847 bp MF768470 108 PFU/ml Latz et al. (2017)

3 Multidrug-resistant Kleb-
siella pneumoniae

Myoviridae
ZCKP1

150,925 bp MH252123 50 PFU/CFU Taha et al. (2018)

4 Multidrug-resistant Kleb-
siella pneumonia

Siphoviridae
TSK1

49,836 bp MH688453 1 × 108 PFU/ml Tabassum et al. (2018)

5 Carbapenem-resistant Kleb-
siella pneumoniae

Myoviridae
P545

169,275 bp MN781108 109 PFU/ml Min Li et al., (2020a, 
2020b)

6 Multidrug-resistant E. coli 
Sw1 and E. coli O157:H7

ΦEcSw NA NA 108 PFU/ml Easwaran et al. (2020)

8 Ciprofloxacin/ceftriaxone-
resistant Escherichia coli

ɸWL-3 165,369 bp MT968995 108 PFU/ml Wang et al. (2020)

9 Multidrug-resistant Escheri-
chia coli

Siphoviridae
phi LLS

107,263 bp KY677846.1 NA Amarillas et al. (2017)

10 Carbapenem-resistant 
Enterobacter aerogenes

Myoviridae vB_EaeM_
φEap-3

175,814 bp KT321315 1.2 × 107 PFU/ml Zhao et al. (2019)

11 Multidrug-resistant Entero-
bacter cloacae

Podoviridae
MJ2

NA NA 3.5 × 108 PFU/ml Jamal et al. (2019)
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bacteriophages or standard care (1% sulfadiazine silver 
emulsion cream). The study revealed that low concentra-
tions of phage cocktail decreased bacterial burden in burn 
wounds at a slower pace than standard of care. However, 
further studies using increased phage concentrations in a 
larger sample size are warranted (Jault et al., 2019). Clinical 
trial involving phage cocktail-SPK as an adjunct to standard 
therapy for the prevention and treatment of burns suscep-
tible to infection/or infected by S. aureus, P. aeruginosa, 
or K. pneumoniae species is underway. Phase I of this trail 
involves the application of phage- cocktail-SPK spray for 
second degree burn wounds (less than 10 percent of total 
body surface area) in adult patients. This phage cocktail-
SPK spray may be used with Xeroform primary dressing 
and Kenacomb topical antibiotic cream (for wounds with 
signs of localized infection). This trial is estimated to be 
completed by August 2021 (ClinicalTrials.gov NCT Num-
ber: NCT04323475). Few recent human clinical trials of 
phage cocktail have been enlisted in (Table 2).

Family Enterobacteriaceae includes different Gram-
negative facultative anaerobic opportunistic pathogenic 
bacteria, which can cause a variety of chronic and acute 
diseases. Escherichia coli, Klebsiella spp., and Entero-
bacter spp. are well-known disease-causing members of 

Enterobacteriaceae. Multidrug resistance in these bacteria 
is becoming more challenging day by day. The emergence of 
antibiotic resistance in E. coli biofilms has become challeng-
ing and is associated with higher antibiotic treatment failure 
rates. A lytic bacteriophage ɸWL-3 in combination with fos-
fomycin has been successfully tested against the biofilm of 
ciprofloxacin/ceftriaxone-resistant E. coli strain. The in vivo 
study using a Galleria mellonella infection model enhanced 
the survival rates of infected larvae when ɸWL-3/fosfomy-
cin was used against E. coli infected larvae (Wang et al., 
2020). Similarly, a combination of a lytic phage ΦEcSw 
and antibiotic ampicillin significantly inhibited the growth 
of an antibiotic-resistant E. coli Sw1. Phage ΦEcSw also 
showed clinical relevance through its effectiveness in treat-
ing the bacterial infected zebrafish and mice. This provides 
a solution to overcome the challenges of antibiotic resistance 
and phage resistance (Easwaran et al., 2020). Among dif-
ferent parameters of phage selection during phage therapy, 
the strict lytic nature of the bacteriophages along with a 
large burst size is also important. Lytic phage phiLLS sig-
nificantly reduced the growth of multidrug-resistant E. coli. 
This phage belongs to the Siphoviridae family and exhibited 
a large burst size. The genome analysis of phage phiLLS 
confirmed it’s strict lytic and absence of virulence genes, 

Table 2   Recent human clinical trials involved phage cocktail therapy

NA data not available

S. no. Phage cocktail Infection Sample size Dose Outcome Remarks References

1 Commercially 
available Pyo 
phage

Urinary tract 
infections

97 adults includ-
ing control

20 ml twice in 
a day

Favorable No adverse effect Leitner et al. 
(2021)

2 A cocktail of 
lytic anti-P. 
aeruginosa bac-
teriophages

Burn wound 
infection

27 adults includ-
ing control

102 PFU/ml per 
daily dose

Decreased bacte-
rial burden

Insufficient effi-
cacy of Phages

Jault et al. (2019)

3 Three Myoviridae 
bacteriophages 
cocktail (AB-
SA01)

Severe Staphy-
lococcus 
aureus infec-
tions

13 patients Intravenously 
administered 
twice daily

Favorable No adverse effect Petrovic Fabijan 
et al. (2020)

4 Staphylococcal 
bacteriophage 
Sb-1 (Eliava 
BioPrepara-
tions’ commer-
cial preparation)

Diabetic toe 
ulcers

6 patients Bacteriophage 
preparation was 
dripped

Complete cure No adverse effect Fish et al. (2018)

5 Four P. aerugi-
nosa phages

MDR infections 
caused by P. 
aeruginosa

3 lung transplant 
recipients

5 × 109 PFU/
ml (Nebulized 
every 12 h)

Two patient 
cured

No adverse effect Aslam et al. (2019)

6 BFC1 (contained 
phages against 
S. aureus and P. 
aeruginosa)

Severe mus-
culoskeletal 
infection

4 lung transplant 
recipients

107 PFU/ml 
phage solution 
3 times per day

Successful No adverse effect Onsea et al. (2019)

7 A bacteriophages 
in gel form

urinary system 
infections com-
plications

235 women aged 
18 to 75 years

NA Favorable No adverse effect Vasilyev et al. 
(2020)
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which further endorsed its potential application in phage 
therapy (Amarillas et al., 2017).

Phage-antibiotic synergistic effects refer to the increase 
in phage production in the presence of certain antibiotics 
(Kim et al., 2018). This synergistic effect may efficiently 
destroy the bacterial cells in different states i.e., planktonic, 
sessile, or in biofilms. It also reduces the chances of the 
pathogen to escape as either phage or antibiotic will destroy 
the bacterial cell. Personalized phage therapy also seems 
to be a promising approach as a case report confirmed the 
eradication of multidrug-resistant, carbapenemase-produc-
ing Klebsiella pneumoniae infection. Custom-made, lytic 
bacteriophage preparation was administered to the patient, 
which subsequently eradicated the Klebsiella infection with-
out any adverse effect (Corbellino et al., 2020). Another case 
study reported successful eradication of recurrent urinary 
tract infection caused by extensively drug-resistant K. pneu-
monia. The application of a phage cocktail consists of six 
lytic phages (Kp152, Kp154, Kp155, Kp164, Kp6377, and 
HD001) and antibiotics trimethoprim-sulfamethoxazole 
demonstrated a strong synergistic effect against the bacterial 
infection. This phage-antibiotic combination also inhibited 
the emergence of phage resistance in bacterial cells (Bao 
et al., 2020a, 2020b). A phage cocktail consisted of the 
multidrug-resistant A. baumannii infecting bacteriophages, 
in combination with antibiotics could destroy the bacterial 
biofilm in human urine model. It was further observed that 
some of the antibiotics commonly used in the treatment of 
urinary tract infection acted synergistically with phage cock-
tails (Grygorcewicz et al., 2021).

In the genus Enterobacter, E. cloacae and E. aerogenes 
are often considered pathogens. Multidrug-resistant strains 
are also quite common in both of these species. A circularly 
permuted linear double-stranded DNA containing E. aero-
genes infecting bacteriophage ATCEA85 has been isolated 
and characterized recently (Oh et al., 2020). Bacteriophage 
MJ2 belongs to the Podoviridae family could reduce the 
biofilm of chronic infection-causing multidrug-resistant E. 
cloacae. The phage was also active against the planktonic 
bacterial cells (Jamal et al., 2019). Carbapenem-resistant 
E. aerogenes has been successfully lyzed by a lytic phage 
vB_EaeM_φEap-3. Phage vB_EaeM_φEap-3 belongs to 
the family Myoviridae and does not contain any undesir-
able genes (e.g., the genes encoding for antibiotic resistance, 
toxin production, or integrase). Based on the host range 
and different physiological parameters it was suggested 
that phage vB_EaeM_φEap-3 may be a suitable candidate 
for phage therapy against antibiotic-resistant E. aerogenes 
(Zhao et al., 2019).

Broad host range activity of the bacteriophage cocktail 
against all the three drug-resistant bacteria (Escherichia 
coli, Klebsiella spp., and Enterobacter spp.) has been pre-
pared, which consists of three bacteriophages myPSH2311, 

myPSH1235 (Podoviridae family) and myPSH1140 (Myo-
viridae family). This phage cocktail was successfully used 
against multiple bacterial mixtures, resistant to merope-
nem and colistin that reduced the bacterial load within 2 h 
(Manohar et al., 2019).

Phage Therapy for High‑Priority 
Antibiotic‑Resistant Bacteria

High and medium priority categories include the drug-
resistant bacteria, which cause some common diseases e.g., 
gonorrhea and foodborne pathogens like Salmonella. Few 
recently used bacteriophages against high-priority antibi-
otic-resistant bacteria are listed in Table 3. Gram-positive 
opportunistic pathogen Enterococcus faecalis causes noso-
comial infections and commonly associated with recalci-
trant endodontic infections. E. faecalis is resistant to several 
routinely used antibiotics and some strains are resistant to 
vancomycin. The antibiotic resistance and biofilm-form-
ing ability of E. faecalis may lead to serious therapeutic 
problems. Several phages belonging to Siphoviridae have 
been isolated from the oral cavity of patients suffering from 
root canal infections that target E. faecalis. One of the lytic 
phages SHEF2 could eradicate E. faecalis biofilm in vitro 
along with a lethal infection in zebrafish (Al-Zubidi et al., 
2019). Bacteriophage therapy has also been proposed as a 
potential alternative therapy to treat nosocomial infections 
caused by vancomycin-resistant Enterococcus. Lytic bacte-
riophage SRG1 belongs to the family Myoviridae has been 
successfully used against the Vancomycin-Resistant E. fae-
calis (Rahmat Ullah et al., 2017). E. faecalis specificity lytic 
phage EF-P29 belongs to the Siphoviridae family showed a 
broad host range against different E. faecalis strains, includ-
ing vancomycin-resistant E. faecalis. Genome analysis of 
EF-P29 confirmed that it does not contain any putative vir-
ulence factors, antibiotic resistance genes, or integration-
related proteins. A study on the mouse model reported that 
the vancomycin-resistant E. faecalis was rapidly eliminated 
from the blood of infected mice using phage EF-P29. This 
phage also alleviated the gut microbiota imbalance caused 
by E. faecalis (Cheng et al., 2017a). A Lytic bacteriophage 
EFA1 has disrupted E. faecalis biofilms. This bacteriophage 
also modulated the growth stimulatory effects of E. faecalis 
in a HCT116 colon cancer cell co-culture system, which 
further reduces its associated potential to develop colorectal 
cancers (Kabwe et al., 2021).

Methicillin-resistant Staphylococcus aureus (MRSA) is 
a multidrug-resistant pathogenic bacterium. Staphylococ-
cus induces cellular apoptosis, while its fibronectin-binding 
proteins allow other bacteria to initiate secondary infections. 
MRSA has also shown resistance toward common antibi-
otics, which made its treatment more challenging. Thus, 



438	 Food and Environmental Virology (2021) 13:433–446

1 3

bacteriophage therapy has been proposed as an effective 
alternative against this life-threatening MRSA (Nasser et al., 
2019). Phage ɸMR003 showed a wide host range by infect-
ing clinical and community-associated MRSA strains. Wall 
teichoic acid of S. aureus has been recognized as a receptor 
site for phage ɸMR003. No virulence genes (tRNA and anti-
biotic resistance genes) were detected in its genome, which 
endorsed its safety for phage therapy (Peng et al., 2019).

S. aureus is one of the major causative agents of bovine 
mastitis (an inflammation of the mammary gland) in cattle. 

Proliferation of different S. aureus strains including MRSA 
has been reduced by phage therapy using ΦSA012 and 
ΦSA039 bacteriophages in mouse mastitis model. It was 
suggested that phage therapy may reduce the treatment cost 
by reducing antimicrobial doses and also effective against 
MRSA (Iwano et al., 2018). To eradicate the MRSA bio-
film there are a few commercial phage formulations also 
available. Two commercially available phage formulations 
including monophage Sb-1 and a polyphage PYO have been 
evaluated for preventing and eradicating an in vitro biofilm 

Table 3   Bacteriophages against high-priority antibiotic-resistant bacteria

NA data not available, bp base pairs

S. no. Bacteria Bacteriophage 
(family and 
name)

Genome size Genomic 
sequence 
accession 
number

Dose References

1 Vancomycin-resistant 
Enterococcus faecium

Siphoviridae
SHEF2

41,712 bp MF678788 108 PFU/ml Al-Zubidi et al. (2019)

2 Vancomycin-resistant 
Enterococcus faecium

Siphoviridae
EF-P29

58,984 bp GKY303907 4 × 105 PFU Cheng et al. (2017a)

3 Vancomycin-resistant 
Enterococcus faecium

Myoviridae
SRG1

NA NA 10 × 107 PFU/ml Rahmat Ullah et al. 
(2017)

4 Vancomycin-resistant 
Enterococcus faecium

EF-P10 57,408 bp KY472224 NA Cheng et al. (2017b)

5 Meticillin-resistant 
Staphylococcus aureus

Herelleviridae
ɸMR003

132,152 bp DNA
Data Bank 

of Japan 
(DDBJ) 
AP019522

107 PFU/ml Peng et al. (2019)

6 Meticillin-resistant 
Staphylococcus aureus

Podoviridae
SLPW

17,861 bp KU992911 1 × 109 PFU Wang et al. (2016)

7 Meticillin-resistant 
Staphylococcus aureus

ΦSA012 142,094 bp linear DNA NC_023573 105 and 107 PFU Iwano et al. (2018)

8 Methicillin-resistant 
Staphylococcus aureus

Sb-1 127,188 bp linear DNA HQ163896 6 × 105 PFU/ml Kebriaei et al. (2020)

9 Helicobacter pylori Podoviridae
ΦHPE1

NA NA 108 PFU/ml Abdel-Haliem and 
Askora (2013)

10 Helicobacter pylori ΦHPE2
Siphoviridae

NA NA 108 PFU/ml Abdel-Haliem and 
Askora (2013)

11 Campylobacter jejuni CP220
Myoviridae

177,534 bp circular 
DNA

FN667788 107 PFU El-Shibiny et al. (2009)

12 Campylobacter coli Myoviridae
CP220

177,534 bp circular 
DNA

FN667788 9-log PFU El-Shibiny et al. (2009)

13 β-Lactamase producing 
Salmonella enteric 
Serovar Typhi

Siphoviridae
GE_vB_N5

148,669 bp MG969412 106 to 1010 PFU/ml Kakabadze et al. (2018)

14 β-Lactamase producing 
Salmonella enteric 
Serovar Typhi

Myoviridae
GE_vB_MG

172,009 bp MG969411 106 to 1010 PFU/ml Kakabadze et al. (2018)

15 β-Lactamase producing 
Salmonella enteric 
Serovar Typhi

Podoviridae
GE_vB_TR

42,436 bp MG969415 106 to 1010 PFU/ml Kakabadze et al. (2018)

16 Ampicillin resistant 
Salmonella enterica 
serovar Enteritidis

Myoviridae
Phage PA13076

52,474 bp MF740800 3 × 106 to 3 × 1010 PFU/
ml

Bao et al., (2020a, 
2020b)
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of MRSA as well as in vivo efficacy on a Galleria mel-
lonella model of MRSA systemic infection. These phage 
formulations were promising for preventing the colonization 
and killing bacteria in biofilms (Tkhilaishvili et al., 2020). 
Staphylococcus aureus bacteriophage Sb-1 has shown its 
potential activity against two MRSA strains when used alone 
or with antibiotic combinations i.e., daptomycin-phage and 
vancomycin-phage combinations (Kebriaei et al., 2020).

Gonorrhea is a frequently reported disease around the 
globe. Drug-resistant Neisseria gonorrhoeae have acquired 
several resistance mechanisms to all antimicrobials used for 
the treatment. Besides this, no successful phage therapy has 
been reported against antibiotic-resistant N. gonorrhoeae 
to date. This has triggered the scientists to find an effec-
tive alternative against multidrug-resistant N. gonorrhoeae 
strains (Suay-García & Pérez-Gracia, 2017). Thus, it seems 
to be an urgent need to look for new lytic bacteriophages, 
specific to multidrug-resistant N. gonorrhoeae, and validate 
their clinical application. As reported by several studies 
mentioned in this article, a phage cocktail or a combination 
of phage with antibiotics may be explored to establish a suc-
cessful alternative treatment strategy.

Recently, different bacteriophages against antibiotic-
resistant ESKAPE pathogens have been isolated from river 
Ganga’s water, which suggested this river’s water to be a 
huge source of diverse bacteriophages (Mishra & Nath, 
2020). Clinical studies involving bacteriophage therapy 
against ESKAPE pathogens have been reviewed recently and 
suggested appropriate phage selection criteria, as well as 
recommendations for clinicians and scientists for a success-
ful therapy (El Haddad et al., 2019). It has been suggested 
that extensive bacteriophage cocktails, and bacteriophage 
in combination with antibiotics are needed to develop as 
an effective therapeutics against ESKAPE infections (Patil 
et al., 2021). There are a number of animal models have 
been used to evaluate the efficiency of phage therapy. But, 
the results obtained from the phage therapy on different ani-
mal models cannot be applied directly in human body. How-
ever, the knowledge gained from these animal model based 
experiments seems to be valuable and helpful to evaluate 
the effectiveness of phage therapy in the case of ESKAPE 
pathogens (Cieślik et al., 2021).

Phage Therapy for Foodborne Illnesses

The frequency of antibiotic resistance in foodborne bacterial 
pathogens is a growing concern; these bacteria are primarily 
included in the high-priority list. Among different foodborne 
bacterial infections, Salmonella infection is quite common, 
and different strains of this bacterium have already acquired 
antibiotic resistance. In the present scenario, phage therapy 
may be advantageous. Salmonella spp. with more than 2500 

serovars require broad-host-range bacteriophages for clini-
cal therapy. To effectively control the Salmonella food con-
tamination, lytic phage LPSE1 with a broad Salmonella host 
range, extensive pH tolerance, and prolonged thermal stabil-
ity has been explored. Phage LPSE1 could efficiently control 
the growth of Salmonella (Salmonella enterica subsp. enter-
ica serovar Enteritidis) in milk, sausage, and lettuce. These 
results seem to be promising to develop a lytic phage-based 
effective formulations against pathogenic Salmonella species 
present in various ready to eat foods (Huang et al., 2018).

For the bacteriophages used during food processing, it 
is also important to ensure the safety related to oral toxic-
ity and foodborne allergens. Further, it is worth mentioning 
here that phages may work well when their host bacteria are 
available at high concentration. But when the numbers of 
bacterial cells are low (which is expectable in a food pro-
cessing plant) phages might not encounter with these cells, 
and then the use of phages in this application may be limited. 
A lytic phage STP4-a demonstrated a broad host range by 
infecting about 96% (88 out of 91) of the tested Salmonella 
strains. In silico analyses further confirmed the absence 
of any known lysogeny factors and pathogenic or toxicity 
related genes. In the poultry industry, the chicken’s pretreat-
ment with phage STP4-a was suggested to be an effective 
food additive approach to control Salmonella infection (Li 
et al., 2020a, 2020b). An extended-spectrum β-lactamase 
producing Salmonella (Salmonella enterica subsp. enterica 
serovar Typhi) with decreased ciprofloxacin susceptibility 
has been successfully infected by different bacteriophages. 
There were some lysogenic bacteriophages, which did not 
show any adverse effect on the growth of Salmonella. All the 
lytic phages belong to the Siphoviridae family (Kakabadze 
et al., 2018). This study further indicates that the lytic and 
lysogenic nature of phages must be confirmed before their 
application. Lytic phages may rapidly kill the bacterial cells 
by multiplying its genetic material and forming new viri-
ons. On the other hand, lysogenic phages may integrate their 
genetic material into host’s chromosome and may live there 
for generations as prophage. These phages may also transfer 
some antibiotic resistance genes to bacterial cell through 
transduction. However, it is also possible to convert lyso-
genic phages into lytic ones by removing the genes involved 
in lysogeny e.g., vir genes (McCallin et al., 2013).

Shigellosis is another acute enteric infection caused by 
Shigella spp. Among Shigella spp., Shigella flexneri causes 
severe dysentery with high frequency in the emergence of 
multidrug-resistant strains. Phage therapy has been sug-
gested for the management of S. flexneri contamination 
in foodstuffs. A lytic phage B_SflS-ISF001 reduced S. 
flexneri growth in vitro, indicated its high potential for 
developing a phage formulation against multidrug-resist-
ant S. flexneri (Shahin & Bouzari, 2018).
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Antibiotic-resistant Campylobacter jejuni is another 
high-priority bacterium, which causes foodborne illness. 
Different bacteriophage formulations have been developed 
against such foodborne pathogens. A thermally stable dry 
powder containing bacteriophage CP 30A was formulated 
against C. jejuni (Carrigy et al., 2019). The application of 
Campylobacter specific bacteriophages has been explored 
in the poultry meat production chain, which appears as a 
promising food safety tool for the biocontrol of this pathogen 
(Nafarrate et al., 2020). Overall, bacteriophages are exten-
sively explored for their application against different multi-
drug-resistant foodborne pathogens. The strategies dealing 
with, preparation of bacteriophage containing food additive 
preparations, direct coating of the packaging material, and 
release of phages from food packaging material to control 
the microbial contaminations needs to be investigated.

Phage Resistance in Bacteria

There are a number of phage resistance mechanisms in bac-
teria including outer membrane vehicles (OMVs), inhibi-
tion of phage adsorption, and blocking phage DNA injection 
(Azam & Tanji, 2019). OMVs act as the first line of bacte-
rial defense against phage attack. Bacteria provide OMVs as 
phage receptor site and phages may inject their genetic mate-
rial into these vesicles, which do not allow the phage genetic 
material to further replicate in the bacterial cell cytoplasm 
using host cell machinery (Azam & Tanji, 2019). Cleavage 
of injected phage genetic material is another well-employed 
defense mechanisms by the host bacterial cell. Bacteria may 
alter the phage receptors by blocking them through the over-
production of exopolysaccharides or binding proteins. Super 
infection exclusions can block the entry of phage DNA by 
overproduction of proteins. Another important method 
includes clustered regularly interspaced short palindromic 
repeats (CRISPRs) and CRISPR-associated (cas) genes. This 
CRISPR–Cas system may destroy the foreign phage DNA 
to protect the cell. All these mechanisms have already been 
described in detail earlier (Labrie et al., 2010).

Similar to antibiotics, there is also a possibility to develop 
phage resistance in bacteria, which may restrict the execu-
tion of clinical phage therapy. The emergence of phage resist-
ance in bacteria may lead to some mutations, which alter their 
cell surface receptors. Some phage-induced modifications 
include reduced virulence and biofilm formation ability and 
resensitization to antibiotics (Mangalea & Duerkop, 2020). 
Recent study on the emergence of phage resistance in E. fae-
cium demonstrated that the development of resistance was 
conferred through an array of cell wall-associated molecules, 
which include secreted antigen A, enterococcal polysaccharide 
antigen, wall teichoic acids, capsule, and an arginine-aspartate-
aspartate protein. Phage resistance leads to the mutation in 

secreted antigen A and enterococcal polysaccharide antigen 
may resensitize the bacteria against the some antibiotics. It was 
observed that the phages may synergize with cell wall-acting 
antibiotics (ceftriaxone and ampicillin) and membrane-acting 
antibiotic (daptomycin) to reduce or inhibit the growth of E. 
faecium (Canfield et al., 2021).

Phage resistance in bacterial strains has been observed 
during animal as well as in human clinical trials. However, 
bacterial mutations that confer phage resistance could be ben-
eficial to the host as these strains may lose their pathogenicity 
or again resensitize to antibiotics (Oechslin, 2018). Bacterio-
phages-mediated transduction may lead to the dissemination 
of antibiotic resistance genes through their lysogenic cycle. 
However, some studies reported that this lysogenic cycle may 
incorporate the sensitivity toward some antibiotics, while few 
studies suggested a phage-transferable CRISPR-Cas system to 
killing the pathogens (Colavecchio et al., 2017). Bacteriophage 
infection may either lead to a lytic or lysogenic cycle. These 
infections may trigger the release of signaling molecules to 
communicate among the bacterial population, which induces 
various mechanisms to resensitize the bacterial cell against 
antibiotics (Fig. 1). Based on the literature available (Chan 
et al., 2016; Colom et al., 2019) phage-mediated modifica-
tions in bacterial cell surface structures are illustrated in Fig. 2. 
Thus, it is evident from the growing literature that the bacterial 
defense mechanism is well developed and phage infection may 
further induce these mechanisms. The mutations and modifica-
tions in the bacterial cells may often result in a reduction in 
virulence and reduced growth rate resensitization toward the 
antibiotics.

In conjunction with different microbes like bacteria, pro-
tozoa, and fungi, bacteriophages are naturally found inside 
the human stomach, oral and nasal cavity, genital tract, and 
eye. Most of the bacteriophages that are naturally present 
in the human body are temperate phages, while many are 
prophages. Under different conditions, the induction of this 
prophage may lead to disruption of the equilibrium among 
the microbiome balance and dysbiosis (imbalance between 
the species present in our natural microflora) that induce 
temperate intestinal phage. Recent study has suggested a 
strategy involving the recombinant polyvalent phages, which 
may target a wide host range including genetically distinct 
bacterial species. However, their effect and influence on 
human gut microflora is yet to be investigated (Gabashvili 
et al., 2021).

Phage Cocktail and Antibiotic 
Supplementation

Bacteriophage host co-evolution dynamics have been well 
proposed to understand the co-existence of phage and bac-
teria. Phages are extremely specific to their host bacteria, 
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which may specifically target a particular group of bacteria 
without disturbing other microbes. Although the develop-
ment of resistance against bacteriophage is quite common, 
that can be minimized by the use of a phage cocktail. A 
cocktail containing phage EFDG1 and EFLK1 was highly 
effective against both planktonic and biofilm cultures of 
vancomycin-resistant Enterococcus. This study demon-
strated the emergence of phage EFDG1-resistant Enterococ-
cus faecalis, which was quickly and successfully handled 
by isolating a new phage EFLK1 and further formulating a 
cocktail containing both the phages (Khalifa et al., 2018). 
Some recent studies have endorsed the application of phage 
cocktail as already discussed at the relevant places. For the 
production of phage cocktail, the strains of bacteria may 
be isolated from patients suffering from septic or intestinal 
infections, or from the bacteriological diagnostic laborato-
ries. Only virulent phages are isolated, cultured, and pro-
duced in bioreactors. The purified bacteriophages are mixed 
in appropriate combinations to formulate a phage cocktail 
(Merabishvili et al., 2009).

Besides, research articles, there are some patents and 
commercial phage formulations available. A patent Salmo-
FREE® consists of a mixture of six Salmonella lytic bac-
teriophages that have been successfully used as a potential 
therapy to control Salmonella infection in poultry products. 

The study suggested that SalmoFREE® may be an efficient 
prevention measure to avoid Salmonella--associated food 
poisoning (Clavijo et al., 2019).

To overcome the issues that arise during phage ther-
apy including lower stability, narrow host spectrum, and 
deprived pharmacokinetic profiles (restricted movement of 
phage into the body, the time course of its absorption, and 
action), different delivery systems for their efficient delivery 
are being explored. Among different methods, microencap-
sulation of phages or phage cocktail may efficiently pro-
tect phages against adverse gastrointestinal environmental 
conditions and control their targeted release at the site of 
infection. Microencapsulation involves the entrapment of 
phage particles in thin polymer coats. An encapsulated lytic 
phage cocktail containing MRSA-infecting phages has been 
developed using nanostructured lipid-based carriers. This 
encapsulation strategy involved a transfersome-entrapped 
phage cocktail, which showed good persistence and stabil-
ity that helped in the recovery from MRSA in vivo in rat 
models (Chhibber et al., 2017). Several studies have demon-
strated formulation of phage-delivering hydrogels in order 
to deliver a phage to the site of infection. These hydrogels 
mainly including alginate hydrogels have been used in cath-
eter-associated urinary tract infection, orthopedic implant-
associated bone infection, and trauma-associated wound 

1 Phage attack

3 Lysogenic phase2 Lytic phase

4 Modifications in 
surface structures

5 Modification in Pilli 6 Modification in Porins 7 Loss of plasmid

Sensitivity towards 
membrane degrading 

antibiotics

No transfer of antibiotic 
resistant plasmid

Sensitivity towards 
plasmid mediated 

resistance

Sensitivity towards 
Efflux pump 

mediated resistance

Sensitivity towards 
Streptomycin 

Nalidixic acid etc.

Fig. 1   Phage-mediated antibiotic sensitivity; (1) phage attack on 
bacterial cell, (2) phage-mediated lytic phase and release of signing 
molecules, (3) PROPHAGE-containing lysogenic phage, which may 
result in sensitivity toward antibiotics, (4) Modification in bacterial 
cell membrane/cell wall structures does not allow the antibiotics its 

degradation, (5) modification in pili structures does not allow the 
transfer of plasmid, (6) modification in membrane porins hinders the 
outside transfer of antibiotic through efflux pump, and (7) loss of anti-
biotic-resistant gene coding plasmid results in the sensitivity against 
antibiotics
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infection (Kim et al., 2021). For various food applications 
and to control drug-resistant Salmonella contaminations, a 
formulation containing microencapsulation of phage as a 
dry powder using whey protein isolate and trehalose was 
prepared. This microencapsulated phage powder protected 
the phage particles from the harsh temperature and pH con-
ditions and showed high effectiveness in controlling the S. 
Enteritidis and S. Typhimurium (Petsong et al., 2020).

Human body is a reservoir of bacteria and bacteriophages 
(Barr, 2017). During the bacterial infections, an antibiotic 
dose may be supplemented by bacteriophages to form an 
axis. In this scenario, bacteriophages may directly kill the 
bacteria, make them susceptible toward the antibiotics, as 
well as indirectly support the human body to fight against 
infections. Hence, there is a three-way pressure on the 
bacterial cells, this pressure can be balanced by a perfect 
bacteriophage-antibiotic axis. Thus, phage therapy using a 
phage cocktail and in combination with antibiotics holds 
the potential for future clinical applications (Segall et al., 
2019). Phage cocktail containing Pseudomonas phages, 
ϕPA01 and ϕPA02, and antibiotic ciprofloxacin and mero-
penem successfully suppressed the growth of P. aeruginosa 
(Ong et al., 2020). A recent case study reported that a patient 

suffering from a trauma-related left tibial infection caused 
by multidrug-resistant A. baumannii and Klebsiella pneu-
moniae was successfully treated with a phage cocktail and 
antibiotics. The phage cocktail contained a combination of 
phage ɸAbKT21phi3 and ɸKpKT21phi1 along with mero-
penem and colistin (Nir-Paz et al., 2019). Another clinical 
case report of a 10‐year-old cystic fibrosis patient infected 
with an antibiotic-resistant Achromobacter spp. revealed 
that a co-administration of cefiderocol, meropenem/vabor-
bactam, and bacteriophage Ax2CJ45ϕ2 cleared her infection 
and further restored baseline pulmonary function (Gainey 
et al., 2020). Thus, the recent studies and clinical trials are 
more clearly portraying the pictures related to the synergistic 
use of phage cocktail and antibiotics on planktonic as well 
as biofilm-associated sessile antibiotic-resistant bacteria 
(Fig. 3).

Conclusion

Lytic phages are a potential alternative in the treatment of 
bacterial infections. Similar to antibiotic resistance, phage 
resistance has also been observed in several bacteria. To 

OMP

Antibiotic resistance 
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Spreading antibiotic 
resistance through HGT
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Fig. 2   Phage-mediated modifications in bacterial cell surface struc-
tures providing phage resistance and sensitivity toward antibiotics: 
(1) mutation resulting in changes in phage receptor glycoprotein, (2) 
changes in flagella proteins to modify the phage receptor site (NA: no 
attachment), (3) conformational changes in receptor protein, (4) mod-
ification in glycolipids resulting in phage resistance and sensitivity 

toward cell membrane degrading antibiotics (ABS), (5) modification 
in pili structure to block the phage attachment site, which further may 
prevent the spreading antibiotic resistance through horizontal gene 
transfer (HGT), and (6) conformational changes in outer membrane 
proteins (OMP) like porins block the phage attachment, which further 
hinders the antibiotic efflux
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address this issue, phage cocktails have been suggested, 
which consist of two or more types of phages having dif-
ferent target cell-receptors. It was also observed that phage 
therapy can make resistant bacteria again sensitive toward 
antibiotics through a number of mechanisms. Thus, besides 
phage cocktail, a combination of phage along with antibi-
otic may be a successful strategy. It is important to note 
that some bacteria have developed resistance toward most 
of the available antibiotics and there is no clinically certified 
phage therapy available for these antibiotic-resistant bacte-
ria. Future research may be focused on exploring the phage 
therapy for such bacterial pathogens.
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