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ABSTRACT

Introduction: The mounting incidence of
multidrug-resistant bacterial strains and the
dearth of novel antibiotics demand alternate
therapies to manage the infections caused by

resistant superbugs. Bacteriophages and pha-
ge=derived proteins are considered as potential
alternates to treat such infections, and have
several applications in health care systems. The
aim of this review is to explore the hidden
potential of bacteriophage proteins which may
be a practical alternative approach to manage
the threat of antibiotic resistance.
Results: Clinical trials are in progress for the
use of phage therapy as a tool for routine
medical use; however, the existing regulations
may hamper their development of routine
antimicrobial agents. The advancement of
molecular techniques and the advent of
sequencing have opened new potentials for the
design of engineered bacteriophages as well as
recombinant bacteriophage proteins. The phage
enzymes and proteins encoded by the lysis
cassette genes, especially endolysins, holins,
and spanins, have shown plausible potentials as
therapeutic candidates.
Conclusion: This review offers an integrated
viewpoint that aims to decipher the insights
and abilities of bacteriophages and their derived
proteins as potential alternatives to antibiotics.
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Key Summary Points

The soaring crisis of antibiotic resistance
has directed research towards the
development of alternatives to antibiotics.

The use of engineered phages as therapy
that is helpful in killing resistant bacteria
is a promising tool to confront antibiotic
resistance.

Pre-screening of phage-encoded proteins
may be performed before in vitro or
in vivo analysis of the candidate protein.

Bacteriophage lysins target only specific
bacteria and do not damage the microflora
as do antibiotics, thus phage therapy has
an advantage over antibiotics.

Bacteriophages and associated proteins
have been suggested as promising
antibacterials, and may have a wide range
of applications in humans, animals, and
agriculture.

In future, further experimental and
clinical investigations are essential
regarding the safety profile, half-life, dose,
and site specificity of the bacteriophages
or their proteome to be used as novel
therapeutic candidates.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14316113.

INTRODUCTION

In the current era, antibiotic resistance has
become an emerging and important threat,
globally jeopardizing healthy living. The non-
judicious use of antibiotics is leading to the

emergence of multidrug-resistant superbugs.
Antibiotic resistance is posing huge economic
and health losses in both the developing and
the developed world. According to WHO esti-
mates, multidrug-resistant infections account
for approximately 25,000 deaths every year,
which will increase to 10 million by 2050.
Overall, it costs about €55 billion/year in the
US, which could rise to US$100 trillion by 2050.
The stay of patients suffering from such resis-
tant infections is approximately 13 days, which
costs about $29,000/patient treated with such
resistant bacterial infections. In this regard, a
total annual economic loss (productivity loss) of
about $35 billion has been reported [1–4]. The
global nature of this issue emphasizes the need
to control the antibiotic resistance crisis [1, 5].

At present, there is increasing interest in the
use of bacteriophages as well as their lytic pro-
teins to treat resistant bacterial infections. Bac-
teriophages are known as natural enemies of
bacteria, their self-replicating particles having
stringent host specificity to recognize and kill
bacteria by hijacking the cell machinery [6].
Phages destroy the pathogenic bacteria without
destroying the microflora, hence prevent the
side effects that are usually associated with
antibiotic treatment, for example, antibiotic-
associated diarrhea [7].

Phage-associated peptidoglycan hydro-
lasinges are potential antibacterials. During the
last decade, bacteriophage research has evolved
from basic to applied and up to clinical trials,
e.g., use of endolysins as antibacterials. These
hydrolases destroy the peptidoglycan layer of a
host bacterial cell, which results in rapid killing
of the host and the exit of phage progeny [8].
This useful killing ability of endolysins may be
utilized by employing these hydrolases as chi-
meric proteins to destroy the resistant and
pathogenic bacterial strains [9, 10]. This plan
proved to work well against Gram-positive
bacterial pathogens, which have no external
protection for their cell walls, permitting direct
access of recombinant endolysins to the pepti-
doglycan layer of the cells. Additionally, many
studies to make lytic enzymes effective against
Gram-negative bacteria have been reported in
recent times [11].

1172 Infect Dis Ther (2021) 10:1171–1193

https://doi.org/10.6084/m9.figshare.14316113
https://doi.org/10.6084/m9.figshare.14316113


The World Health Organization (WHO) has
proclaimed the urgent need for antibiotics
against ESKAPE (Enterococcus faecium, Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobac-
ter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp.) pathogens [12]. These patho-
gens are associated with severe nosocomial
infections, especially in critical patients [13].
Several studies have reported the effectiveness
of phage therapy in humans. Previously, a
patient with P. aeruginosa-associated septicemia
was treated with phage therapy [14], and
another patient with P. aeruginosa-associated
aortic graft infection has also been managed
successfully by employing phage therapy [15].

Additionally, the role of bacteriophages in
the food industry and as potential sanitizing
agents against multidrug-resistant pathogens
has also been recognized [16]. Antibiotics are
unable to penetrate the matrix of biofilms to kill
or destroy the bacterial species; however, the
phages have been found to be very effective in
killing bacterial biofilms, making them a viable
alternative to antibiotics [17]. The prevalence
rate of antimicrobial resistance has increased
remarkably in food-borne pathogens, and the
emergence of resistance in the food chain is an
increasing public health concern across the
globe. Phage therapy has profound beneficial
effects on human and animal health, and can
lead to a greater productivity rate in the live-
stock industry. Meeting the increasing demand
for meat can be possible only by adopting
alternative approaches to antibiotics, like phage
therapeutics, to control infections in intensified
production systems [18].

The increase of multidrug-resistant bacterial
strains and the lack of new antibiotics calls for
the development of new antibacterial drugs or
alternative strategies, like phage therapy and
the use of phage lytic proteins [19]. Moreover, a
few pathogens can evade the action of antibi-
otics by hiding themselves in safe niches within
the host, e.g., S. aureus, a recognized pathogen
that may survive in the intracellular environ-
ment, biofilms, or abscesses, resulting in per-
sistent infections. Thus, the development of
novel, target-specific, safe, and effective
antibacterials is urgently required [20–22].

The use of engineered phages as a therapy
that helps to kill bacteria could be the next step
to confront antibiotic resistance. Engineered
phages precisely detect and control bacteria,
serving as a new source of antimicrobials as well
as a vehicle for the delivery of vaccine antigens
and drugs. For example, endolysins have a
modular structure that may be exploited for
phage engineering by substituting and recom-
bining the functional domain of diverse species,
which could lead to the development of chi-
meric proteins with the desired features. This
practice may also be a good option for other
phage lytic proteins like virion-associated pep-
tidoglycan hydrolases (VAPGHs). Additionally,
it could be a promising tool for proteins with
non-phage origins, like bacteriocins and auto-
lysins [23]. The specificity of such engineered
proteins would be a key advantage when used as
antibacterials, for further bactericidal activity,
with a negligible risk of resistance development,
and good efficacy against persister cells, mul-
tidrug-resistant strains, and biofilms [9]. In this
review, an attempt is made to explore the hid-
den potential of bacteriophage proteins, which
may be a practical alternative approach to
manage the threat of antibiotic resistance.

This article is based on previously conducted
studies, and does not contain any new studies
with human participants or animals performed
by any of the authors.

BACTERIOPHAGE PROTEINS

Bacteria are all around the world, good ones and
bad ones. The dominance of bad bacteria leads
to infections and disease in the susceptible host.
Antibiotics not only kill the bad bacteria but are
also harmful to the good ones, and overuse of
antibiotics introduces resistance in exposed
bacterial populations. The development of bac-
terial resistance to many antibiotics has become
a crucial therapeutic challenge across the globe.
Often, these multidrug-resistant bacteria are
associated with the community as well as with
hospital-acquired infections. Because of the
alarming situation of antibiotic resistance
among bacterial species and complications in
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Fig. 1 A Various phage-associated proteins located at
different structural components of a bacteriophage. B Key
structural components of the bacterial host related to
phage infection. C Attachment of bacteriophage to the
host (bacterium); attachment initiates after long-term
facilitation binds (reversibly) to host receptors, leads to
conformational changes to the base plates and allows
rotation, resulting in short-term facilitation binding
(irreversibly) to the host receptors. Sheath contraction
allows gp27-associated DNA translocation, while gp5 and
gp29 play roles in channel formation. D–F Various steps
along with different phage-encoded proteins in the lytic
phase of the infection. D Ribosylation of host RNAp by
phage-encoded gp Alt recruits RNAp to early gene
transcription, while the MotA transcriptional regulator
inhibits transcription from the host (bacterial) DNA and
initiates middle transcription by binding to the MotA box.
Middle phase transcription product, gp55, along with
proteins of DNA polymerase enhancer complex and gp33
initiates late transcription, while subsequent products play
an important role in phage assembly. E Phage DNA
replication through phage-encoded DNA polymerase

(gp43) depends on the DNA polymerase enhancer
complex, while replisome-associated proteins include a
DNA polymerase enhancer complex (clamp loader),
Primase gp 61 (produces primers for DNA elongation),
gp41 (helicase activity), gp30 (ligation), Rnh gene (RNase
H), and gp32 (ssDNA binding activity). F Assembly of
phage components takes place right after the formation of
the gp20–gp40 initiation complex followed by head
recruitment, while the DNA is transferred to head domain
via ATPase-dependent gp16–gp17 DNA translocation
activity, wile phage-encoded holins and spanins assist the
phage existing from the host cell. G The CI repressor binds
with the oL and oR operators and represses the transcrip-
tion from pL and pR, retaining the virus in a prophage
state, while SOS leads to CI de-attaching from the
operators. Modification of RNAp by the N and Q proteins
allows it to pass through the terminators tR1, tL1, and tR’,
leading to lytic genes transcription, while the N protein-
associated CII expression leads to the expression of Int and
the integration of phage DNA into the host DNA
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treatment, possible support or alternatives are
required to reduce the infection rate [24].

Bacteriophages have been suggested as
antibacterial agents to combat bacterial infec-
tions in humans, animals, and crops. Since
bacteriophages encode a variety of proteins that
play a vital role in the bacteriophage replication
cycle, from the recognition of the host to the
lysis of the cell (Fig. 1), phage-encoded proteins
like receptor binding proteins, VAPGHs, endo-
lysins, and holins are being considered as a
possible means to fight antibiotic-resistant bac-
teria [25].

RECEPTOR BINDING PROTEINS
(RBPS)

The role of RBPs as detecting tools for bacterial
pathogens has been described, and they have
also been suggested as probes for bacterial
O-serotyping [26–28]. RBs-encoded depoly-
merases have been proposed to be applied in
pathogen-specific targeting. Thus, a depoly-
merase has been used as a host immune system
adjuvant against bacterial infection by inhibit-
ing the bacterial capsule [29, 30]. On the other
hand, the amazing capsule specificity of these
depolymerases may be employed for diagnostics
and capsular typing, particularly for K. pneu-
moniae [31, 32]. Thorough knowledge regarding
the structural and molecular phenomena con-
trolling the RBPs and phage–host interaction
would substantially improve the applicability of
phage-derived tools in the medical and
biotechnological fields.

These proteins are particularly valuable for
identifying particular receptors, like the mem-
brane surface-anchored protein gamma phage
receptor, GamR, on the surface of the cell wall
of Bacillus anthracis, thus making it possible to
detect particular bacteria [33]. RBPs can identify
glycosylation patterns of O signature antigens
(determinants of the immunogenicity of bacte-
ria and disease spread). The binding affinity and
specificity of these proteins have a major role in
the detection of bacterial endotoxin contami-
nants [28]. The binding specificity of phages is
mediated by RBPs, which form spikes or tail
fibers at the caudal end. A monomeric RBP

located at the T5 tail tip, called Pb5, showed
irreversible binding with FhuA receptors of the
bacterial host during the infection, i.e., E. coli
[34, 35]. The outer membrane protein, FhuA has
a key role in iron acquisition by E. coli from the
environment as it transports the
siderophore–ferrichrome very actively.

Recombinant phage-derived proteins have
also been designed which introduced specific
tags (Cys-tag) to the receptor binding proteins,
which significantly improved their capturing
performance and their efficiency as detection
probes [36]. It has been identified that the
C-terminal domain of these receptor binding
proteins is responsible for the binding and
recognition to the host receptors, such as cell
wall teichoic acids [37]. Due to the higher
affinity and specificity of receptor binding pro-
teins, many of their applications are directed
towards pathogen detection rather than patho-
gen control [38]. Therefore, the use of such
proteins to detect bacterial pathogens can help
to manage bacterial infections, including
antibiotic-resistant bacteria.

LONG TAIL FIBER (GP37-GP38)

To infect the bacterial host cell by targeting
specific receptors, tailed bacteriophages use
their molecular machinery, having a wide range
of RBPs, like tail spikes, central tail spikes, and
tail fibers. After the recognition of the host,
these tail fibers penetrate the cell and deliver
the phage DNA into the host cytoplasm. Dif-
ferent receptors for these fibers include porins,
lipopolysaccharides (LPS), outer membrane
protein C (OmpC), and teichoic acids. The first
contact of a long-tail fiber with any of the
mentioned receptors is followed by a second
contact of another long-tail before the dissoci-
ation of the first one. It is a repetitive process
until the phage finds the proper site for per-
manent adsorption followed by DNA ejection
[35, 39] (Fig. 2).

The molecular mechanisms used by myo-
phages for the adsorption and infection of
Gram-positive bacteria have been described
previously. Phage phi812 uses its tail fibers to
contact the host bacteria (S. aureus), which
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alters the shape of the base plate [40]. However,
phi812 has a distinct base plate conformation as
compared to T4; it possesses heavy ‘legs’, a tri-
mer of RBPs and tripod proteins. These all lead
to base plate reorganization by binding with
specific receptors (receptor–tripod complex).
The phi812 myophage with double-layered base
plate machinery can infect both Gram-negative
and Gram-positive bacteria [41, 42].

The long tail fiber proteins have been
demonstrated as high-affinity molecules for the
detection of Salmonella. The long tail fiber pro-
teins have a great capability for diagnosing a
broad spectrum of bacteria. These proteins are
made particularly useful by coating them with
paramagnetic particles for capturing S. typhi-
murium from food samples. A new method,
enzyme-linked long tail fiber assay (EELTA), has
now been suggested that detects as low as
102 CFU/ml of S. typhimurium. It has been
observed that phage S16 long tail fiber

paramagnetic beads have a great capability to
bind and immobilize all strains of Salmonella. A
98% detection rate of S. typhimurium cells from
tested suspensions has been demonstrated. It is
suggested that the microflora does not affect
these proteins, as these are also able to tolerate
variable concentrations of salt and pH. These
factors promote in situ detection of Salmonella
by these proteins. Tail fibers may be used as a
promising diagnostic tool for pathogen detec-
tion in health care settings [43]. The LPS of P.
aeruginosa are of two types: the A-band (com-
mon polysaccharide antigen) and the B-band
(O-specific antigen) [44]. The LKA1 phage of
Pseudomonas primarily utilizes the LPS B-band
O-specific antigen as a receptor. The tail spike
protein LKAI gp49 has three basic domains: b-
helix, b-barrel, and b-sandwich. This protein has
a strong enzymatic activity and can degrade the
LPS binding protein and ultimately destroy the
biofilm matrix, allowing small molecules to

Fig. 2 Schematic of the endolysin structure of Gram-
positive and Gram-negative bacteria. A The endolysin of
Gram-positive bacteria possesses two domains, namely the
N-terminus catalytic domain and the C-terminus cell wall
binding domain. Some endolysins also have a 2nd catalytic
domain which is different from the 1st one. The cell wall
binding domain contains binding motifs which may be
single or multiple. B Endolysin of Gram-negative bacteria

exhibit a catalytic domain. In those which contain a cell
wall binding domain, this domain is situated on the
N-terminus rather than the C-terminus of the protein.
Artilysin, an engineered lysin, can be made by adding
hydrophobic or amphipathic sequences at either the
N-terminus or the C-terminus, and are effective only
when applied externally
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rapidly diffuse across the membrane. Owing to
its high specificity and enzymatic activity,
LKA1gp49 can be used for various microbio-
logical as well as biotechnological applications.
The tail spike protein LKA1gp49 can act as a
powerful antimicrobial agent [45]. The depoly-
merase activity of LKA1gp49 is considered a
potential antibacterial. The LKA1 is a lyase and
specifically degrades O5 serotype LPS molecules,
thus disrupting the biofilm matrix [45].

LONG-TAIL FIBER PROTEIN GP37

Phage T4 of E. coli has long tail fibers through
which they interact with the LPS of their host,
and thus recognizes and binds to it. Long-tail
fibers consist of four different proteins: gp34,
gp35, gp36, and gp37 [46]. The tip of the tail
fiber protein gp37 comprises a length of 1600
Angstroms and divides into two portions
(proximal and distal) of about 70 nm [47]. The
distal portion of the long tail fiber interacts with
the LPS of bacteria, thus determining the pha-
ge’s host range against Gram-negative bacteria
[47]. Overall, gp37 is one of the key proteins in
the distal segment of the phage tail, forming a
needle-like foot containing the receptor-bind-
ing site at the C terminus. It is interlaced with a
globular collar, an elongated needle, and head.
It is the iron ions that hold the interlaced strand
and residues in the head domains, which facil-
itate the binding to LPS, OmpC, or porins of the
host [47, 48].

TAIL SPIKES

P22 typically infects serotype S. typhimurium,
has icosahedral symmetry, and has a short tail.
It is almost 60 nm in diameter, and belongs to
the Podoviridae family. P22 has a tail spike gp9
protein which forms a homotrimer, and each
unit contains three domains. The N terminus
binding domain has two central b-sheets used
to attach the tail of the phage [49]. The C ter-
minus receptor binding domain facilitates the
attachment with the O antigen and shows
endorhamnosidase hydrolyzing activity which
cuts the O polysaccharide chain [28, 50].

Bacteriophage infection occurs as the gp9 tail
spike protein of bacteriophage P22 binds to the
O antigen of S. typhimurium. This spike protein
hydrolyzes the alpha-1, 3-O-glycosidic linkage
of the O antigen polysaccharide. It then enters
either in the lytic phase (in which the virus
replicates itself and ultimately releases its pro-
geny cells through cell lysis) or in the lysogenic
phase (in which the cell divides by integrating
the phage’s DNA into the chromosomes of the
host) [50]. Also, the Det7 (myophage) and SP6
(podophage) display the same tail spikes (gp49
and gp207 respectively) and host specificity, as
they both can infect Salmonella species [51].

Although tail spikes may vary in their host
specificity or receptor binding domains, they
generally contain conserved structures. More-
over, these proteins frequently carry different
enzymes which destroy the host cell wall and
expedite the ejection of phage DNA. Thus, these
proteins are useful for serotyping purposes. and
also helpful in visualizing phase variations
during vaccine production [25].

PENETRATING PROTEINS

There are some proteins, which are different
both structurally and functionally from tail
fibers and spikes, known as membrane-pene-
trating proteins. The exact mechanism of pen-
etration into the inner membrane is not known,
but it has been suggested that these proteins
have the ability to breach the boundary of the
host bacterium. In addition, a membrane-pen-
etrating protein of k phage80, i.e., gpJ, may
have a role in adsorption or in determining the
host range of the phage. The T4 myophage
central spike protein, i.e., gp5, is a lysozyme; it
hydrolyzes the glycosidic bonds in peptidogly-
cans. This gp5 forms a complex with gp27 and
looks like a long torch. The cylindrical portion
of the structure is made up of the gp27 trimer
and contains three N terminus domains of gp5
trimers. The C terminus domain of gp5 is
attached to these which then is folded into a b-
helix [34, 52]. The neighboring three gp5 lyso-
zyme domains are attached to the N-terminus
and C-terminus domains via two linkers (long
peptide) [34]. The binding of the substrate to
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Table 1 Some important endolysins against Gram-positive bacteria

Endolysins Phage source Target pathogen Main outcome References

LysK Lambda phage

K

S. aureus Has lysing activity against live and killed

staphylococcal cells

[102]

SAL-1 Phage SAP-1 MRSA strain of S.
aureus

Had increased lytic activity in synergism with

Lysk, helpful in designing a recombinant-based

drug SAL 200, helpful in treating MRSA

staphylococcal infections

[103]

PlyGRCS Phage GRCS S. aureus Has lysing activity against biofilms produced by S.
aureus

[104]

MV-L Phage MR11 S. aureus and S.
simulans

Helpful in treating staphylococcal infection, but

has no lysing activity against S. epidermidis and
E. coli

[105]

CHAPSH3b Phage vB-SauS-

philPLA88

S. aureus Reduces biofilm-forming activity of staphylococci [106]

MR-10 S. phage MR-10 MRSA S. aureus Given synergically with minocycline, effective

against MRSA staphylococcal and burn wound

infection

[107]

Stephefelet Staphylococcal
phage

MRSA S. aureus A recombinant engineered phage-based lysin,

helpful in treating skin infections (without

disturbing normal flora)

[108]

PlyV12 E. faecalis phage
lysin PlyV12

Vancomycin-resistant

Enterococcus
Show broad lytic spectrum including VRE,

Staphylococcus, group A and B streptococci

[109]

ABgp46 Phage vB-AbaP-

CEB1

A. baumannii strains Has lytic activity against A. baumannii, P.
aeruginosa, S. typhimurium

[110]

PlyAB1 Phage Abp1 A. baumannii strains Display highly effective lytic activity against

hospital acquired pan-drug A. baumannii
strains

[111]

Cpl-1 Pneumococcal

phage

S. pneumoniae Effective against pneumococcal pneumoniae and

endocarditis

[112]

Art-240 S. agalactiae
lambda phage

Sa2

S. pyogenes, S. uberis, S.
equi, Group E and G

Streptococcus

A derivative of endolysin kSa2lys, lethal to

Streptococcus isolates, exhibits enhanced
bactericidal activity

[106]

Art-175 Pseudomonas
phage
varphiKZ

Targets A. baumannii
and P. aeruginosa

Reduces the bacterial count, and displays high

lytic activity against A. baumannii
[113]

Ply511 L. lactis L. monocytogenes Has bio-preservative property against Listeria
monocytogenes

[114]

Ply700 Streptococcus
spp.

S. uberis, S. pyogenes,
and S. dysgalactiae

In milk, show antibacterial activity against S.
uberis

[115]
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the lysozyme is prevented by these linkers,
while the polysaccharide binding site is blocked
by the b-helix. Consequently, b-helix dissocia-
tion restores the activity of the lysozyme which
causes the digestion of peptidoglycan, hence
assisting in the tail tube penetration [34].
Although the puncturing mechanism of the
inner membrane is vague, it is assumed that
gp27 or gp29 are involved in the DNA ejection
[34, 53].

ENDOLYSINS

Endolysins are bacteriophage lysins or peptido-
glycan hydrolases that degrade the peptidogly-
can layer of the bacterial host during the lytic
cycle. Since the outer membrane is absent in the
cell walls of Gram-positive bacteria, purified
endolysins when applied from outside directly
gain access or reach the peptidoglycan layer,
suggesting them as potent antimicrobials [54].

The endolysin structure of Gram-positive
bacteria differs slightly from those of Gram-
negative bacteria (Fig. 1). The endolysin of
Gram-positive bacteria have two domains: the
N-terminal enzymatically active domains, and
the C-terminal cell wall binding domain (see
Fig. 2A). An enzymatically active domain con-
tains certain enzymes that are endopeptidases,
L-amidases, glucosaminidase, muramidase, or
transglycosylase. Cell wall binding domains
contain binding motifs which may be single or
multiple [55]. Enzymatically active domains
cleave the particular bonds in bacterial pepti-
doglycan, while the cell wall binding domain
specifically targets the protein to its substrate.
After lysis of the bacterial cell, it binds tightly to
the cell wall debris, thereby preventing diffu-
sion and destruction of those intact bacterial
cells that have not been infected by phage cell
[54]. Table 1 presents an overview of the endo-
lysins which have been purified and tested
against Gram-positive bacteria.

Endolysins of Gram-negative bacteria have a
single domain of globular proteins, particularly
without a cell wall binding domain. This means
that phage endolysins against Gram-negative
bacteria comprise only the catalytic domain
(Fig. 2B). Since the outer membrane is present

in Gram-negative bacteria, so phage endolysins
against Gram-negative bacteria cannot access
peptidoglycan, and are not active when applied
externally against Gram-negative bacteria. To
overcome this issue, endolysins have been
engineered. One of the most important engi-
neered endolysin is Artilysin, which is devel-
oped by adding hydrophobic/polycationic
peptide sequences to the N-terminal portion or
C-terminal portion of endolysins, which
enables penetration to the outer membrane of
Gram-negative bacteria [56]. Innolysins is a T5
endolysin combined with RBP Pb5, and it
showed significant lytic activity against E. coli
when Pb5 specific receptors FhuA are present.
Additionally, innolysins displayed activity
against other bacterial hosts carrying FhuA
receptors, such as P. aeruginosa and Shigella
sonnei [57]. Endolysins have a three-dimen-
sional crystalline structure, and two endolysins
have been successfully crystallized, namely
pneumococcal phage lysin Cp1-1 and Listeria
phage PSA [58, 59]. Various purified endolysins
active against Gram-negative bacteria are listed
in Table 2.

There is growing interest in the field of
engineered phage-encoded lytic proteins, called
enzybiotics, since their discovery. Lytic
enzymes make a significant impact in thera-
peutics, such as endocarditis and bloodstream
infection. Exebacase (CF-301) which is a
prophage endolysin has good lytic activity
against S. aureus [9, 60]. Recently, it has been
observed that human serum albumin and serum
lysozyme have a synergistic effect with CF-301
[61]. A hydrolase called SAL200 is currently
under investigation for the treatment of bacte-
rial-associated pneumoniae caused by P. aerugi-
nosa, A. baumannii, S. pneumoniae, B. anthracis,
and S. aureus. Likewise, a selected endolysin for
Gram-negative bacteria, i.e., PlyPa91, showed
70% challenge protection in animal models
against P. aeruginosa-induced pneumonia [62].
One commercially available pharmaceutical gel
product, Staphefekt, is an engineered endolysin
that is used to treat skin infections [63]. CF-301
was used systemically to treat experimental
osteomyelitis, and showed a significant reduc-
tion in bone localization of S. aureus [64]. A
phage-encoded protein, PlyCD, has been used
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to develop a chimeric protein, LHD, which
showed strong lytic activity against C. difficile,
mitigated C. difficile-associated diarrhea, and
reduced the toxin concentration in patient feces
[65].

Endolysins are considered as novel antibac-
terials; therefore, in vivo safety of endolysins is
critically important. It has been observed that
the phage-encoded endolysin, PlyC, has lytic
activity [66] against S. uberis, showing no cyto-
toxicity, and did not affect the production of
reactive oxygen species in leukocytes of lactat-
ing cows [67]. The advantage of endolysins over
antibiotics is that they are highly specific for
peptidoglycan and bind to the most conserved
regions in the cell walls of bacteria which are
immobile. This high specificity limits the risk of
developing antimicrobial resistance. Bacterio-
phage lysins target only specific bacteria and do
not damage the microflora as do antibiotics,
thus phage therapy has an advantage over
antibiotics [54].

An experimental study has reported that
antibodies conjugated with bacteriophage-
derived lysins or bacterial autolysins to form a
functional homodimer called a lysibody have a
protective effect against methicillin-resistant S.
aureus (MRSA). Although the Gram-positive
bacterial cell wall contains highly conserved
carbohydrate molecules, these are considered
poor immunogens. Autolysins or phage lysins
have distinct high-affinity binding domains for
carbohydrates present in the cell wall. Lysibod-
ies may be produced by combining lysin bind-
ing domains with the Fc portion of human IgG,
and it has ben observed that lysibodies have
fixed the complement on the bacterial cell sur-
face and augmented the phagocytic activity of
macrophages and neutrophils. Based on these
results, it is suggested that lysibodies could be
potential antibacterials [62].

Endolysin activity can be measured both by
quantitative and qualitative methods, namely
turbidity reduction analysis, zymogram assays,
viable count assays, minimal inhibitory

Table 2 Some important endolysins against gram negative bacteria

Endolysins Source Type of phage
protein

Targeted bond Host
organisms

References

BcepC6gp22 Phage

BcepC6B

Globular structure

with single

catalytic domain

Glycoside bond between the MurNac and

the GluNac components of the glycan

in the peptidoglycan

Burkholderia
cepacia

[116]

P2gp09 Phage P2 Globular structure

with single

catalytic domain

Hydrolyze the glycoside bond E. coli [116]

PsP3gp10 Phage PsP3 Globular structure

with single

catalytic domain

Hydrolyze glycoside bond S. enterica [116]

K11gp3.5 Phage K11 Globular or

modular

Hydrolyze the amide bond K.
pneumoniae

[116]

KP32gp15 Phage

KP32,

Globular or

modular type

Hydrolyze the amide bond K.
pneumoniae

[116]

Lys AB2 Phage AB2 Modular Hydrolyze the amide bond A. baumannii [117]

KZ144 KZ phage Modular Hydrolyze the glycoside bond P. aeruginosa [116]
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concentration assays, or plate agar lysis assays
[54]. The endolysins have a vast range of lytic
activity displaying species specificity, thus
avoiding selective pressure on commensals.
Here are some possible reasons due to which
resistance against endolysins is unlikely to
develop. Endolysins bind to and cleave highly
conserved bonds and linkages in the structures
of the cell wall, and bacteria are unable to
modify this property of phage endolysin, thus
minimizing the chances of the development of
resistance against endolysins. The majority of
endolysins have two catalytic domains in their
structure that cleave bonding within the pepti-
doglycan layer, which is unfavorable in the
development of antibiotic resistance. Since
most of the phage lysins are used externally and
target the cell wall without entering the bacte-
rial cells, the endolysins avoid possible mecha-
nisms of antibacterial resistance, such as active
efflux from the cell and reduced membrane
permeability. It has also been suggested that, to
increase their therapeutic property and to
minimize the development of antimicrobial
resistance, endolysins can be used in combina-
tion with antibiotics to treat infections. Thus,

endolysins have been suggested as potential
antibacterials to fight antibiotic-resistant bac-
teria [68].

HOLINS

The lysis mechanism of bacteriophages exhibits
two different strategies: murein hydrolase
activity, namely endolysin, and a membrane
protein known as holin. Holins include a vast
group of small proteins (Table 3). They form
pores in the cell membrane of the host, through
which lysins move to the murein layer and
degrade the peptidoglycan layer which induces
cell death and measures the timing of the
infection cycle [69, 70]. Holins perform a dis-
tinct established function which includes (1)
release of gene transfer agents, (2) facilitate
various processes required for differentiation,
like spore germination, (3) have a role in biofilm
formation, (4) release toxins and related pro-
teins, and (5) help in different responses to
stress conditions [71]. In animals, programmed
cell death is facilitated by Bax and Bak (holin-
like proteins), which may have a bacterial

Table 3 Description of important holins proteins present in bacteriophage proteome

Holins Source Belongs to Expression
medium

Main outcome References

HolGH15 S. aureus
phage

GH15

Class 2 as well as

phage holin 1

superfamily

E. coli BL21
cells

(1) Showed vast range of antibacterial

activity against S. aureus, B. subtilis, P.
aeruginosa, K. pneumonia

(2) Releases cellular contents, causing

shrinkage and death of these organisms

[76]

Hol 15 S. aureus
phage P68

Class 1 E. coli (1) Complement phage lambdam mutation.

(2) Retards growth of E. coli
[118]

Lambda

holin

S105

Lambda

phages

Holin superfamily 3

as well as belongs

to class 1 holins

E. coli By accumulating in membrane forms only

one irregular pore releasing endolysin,

causing lysis of cell within seconds

[119, 120]

Hol 3626 C. perfringens
phage

3626

Class 2 holin E. coli (1) Has antibacterial activity against C.
perfringens. (2) Helpful in control

measures in food as well as microbial

communities

[121]
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origin. It has been suggested that holins are
ubiquitous in the three domains of life as they
have also been characterized from archaea.

Structurally holins have been classified into
three major classes. Holins of Class I have three
hydrophobic transmembrane domains. The
N-terminal portion is present inside the peri-
plasm while the C-terminal portion is present
inside the cytoplasm. Lambda phage holins and
the S. aureus phage P68 Hol 15 protein have
been categorized to belong to this group. Holins
of Class II have two hydrophobic transmem-
brane domains, as well as – and C-terminal
portions, but both terminals are found in cyto-
plasmic portions. The S protein of the lambda
phage 21 and Hol 3626 holin protein from the
Clostridium perfringens phage 3626 are examples
of Class II holins. Holins of Class III also have –
and C-terminal portions with the N-terminus
inside the cytoplasm and the C inside the peri-
plasm. Examples of this category include T4
holins and holins from phage CP 26F and phage
CP390 [72, 73].

Mostly, genes encoded for holins are located
adjacent to a gene encoding for endolysin.
During the late phase of the phage infection,
before activation holins accumulate in the
plasma membrane, a gradual increase in holin
concentration is required to achieve the
threshold level, which, once it is achieved, leads
to the formation of holes that permit the release
of endolysins from the cytoplasm which
destroys the peptidoglycan [74]. Canonical
holins form large oligomer holes through which
protein molecules of about 500 kDa can pass,
thus allowing endolysins to escape and subse-
quently gain access to the peptidoglycan layer,
and ultimately cleave various bonds in the
peptidoglycan layer and digest it [75]. Pinholins
form small pores, thus depolarizing the mem-
brane. They are mostly associated with signal
arrest release endolysins. In periplasm, they are
present as an inactive-enzymatic form.

Due to the increased development of mul-
tidrug-resistant strains, holin proteins have
been suggested as potent antibacterial agents
for fighting against resistant strains of bacteria.
The S. aureus GH15 phage-associated holin, i.e.,
HolGH15, has shown significant lytic activity
against a wide host range [76]. Recently, the

lytic activity of HolGH15 was observed against
L. monocytogenes. HolGH15 showed significant
lytic activity against the tested pathogen, and it
was observed that HolGH15 showed a 240-lg/
mL minimal bactericidal concentration against
L. monocytogenes. It was concluded that
HolGH15 displayed a similar sort of lytic activ-
ity against various serotypes of L. monocytogenes.
Additionally, the antibacterial activity of
HolGH15 has also been observed at refrigerator
temperature against L. monocytogenes. Such
abilities of HolGH15 make it a potential
antibacterial agent against L. monocytogenes, and
it may be used as a spray in the course of the
handling and processing of various food items,
like fruits, eggs, meat products, and vegeta-
bles [77]. Holins do not disturb the microflora
and thus ultimately reduces the risk of the
development of antimicrobial resistance [78].

SPANINS

Since lysins and holins disrupt the cell wall and
inner membrane, respectively, disruption of the
Gram-negative bacterial outer membrane is also
very necessary with the help of the third type of
holin proteins, called spanins. Spanins disrupt
the outer membrane by catalyzing both the
outer and inner membranes. Without these
spanin proteins, the lysis mechanism is sup-
posed to be blocked, and viral particles would
remain trapped inside the dead cells instead of
being released [79]. There are two types of spa-
nins used by phages during the last step in the
course of host Gram-negative bacteria lysis, i.e.,
unimolecular spanin and bicomponent spanins
[8, 80]. Structural details of the lambda phage
Rz-Rz1 spanin (a bi-component spanin)
revealed that it contains a basic internal mem-
brane protein, i.e., I-spanin, and a lipoprotein of
the external membrane, i.e., o-spanin, which
produces a complex spanning the gel-like
matrix called periplasm. Three different genetic
configurations of bi-component spanins
include separated units, embedded parts, or
overlapped components. On the other hand, T1
gp11 (unimolecular spanin) has an N-terminal
lipoylation sequence and a C-terminal domain,
e.g., U-spanins have N-terminal signal

1182 Infect Dis Ther (2021) 10:1171–1193



protruding towards the outer membrane
lipoproteins as well as the C-terminus trans-
membrane domain [81].

Holin proteins act as the clock in the phage
lytic cycle. During phage assembly in the cyto-
plasm, these holin proteins disturb the integrity
of the whole membrane with the help of spa-
nins, create holes in the membrane, and allow
phage lysins to get access to the cell wall which
cleaves the bacterial peptidoglycan, hence
allowing the release of phages from host bacte-
rial cells. Holin also reduces the chances of
biofilm development by incorporating an
extracellular polymeric substances layer while
antibiotics do not penetrate the biofilm layers.
Thus, phage holins in conjunction with endo-
lysins could be powerful alternative lytic pro-
teins in confronting antibiotic-resistant bacteria
[78].

ANTI-CRISPR PROTEINS

From the origin of life, the fight between phages
and bacteria never ends. The bacterial system
uses an adaptive immune system, CRISPR-Cas,
to destroy the phage’s attack and, in turn, the
bacteriophages produce anti-CRISPR proteins to
fight back. The CRISPR-Cas system is divided
into two groups, the Class I and Class II CRISPR-
Cas systems. The Class I system includes types I
and III, as well as IV, with multiple subunits of
ribonucleoproteins, while the Class II CRISPR-
Cas system comprises the II, V, and VI types
with a single ribonucleoprotein. Bacteriophages
in turn develop anti-CRISPR protein systems to
combat the CRISPR-Cas system of bacteria.
These proteins also belong to two classes based
on the classification of the target CRISPR-Cas
system, namely Classes 1 and 2 anti-CRISPR
proteins [82].

The most important and notable feature of
anti-CRISPR proteins (Acr) is a lack of sequence
similarity with any other protein. The most
important anti-CRISPR proteins are AcrF1,
AcrF2, and AcrF3. The first two proteins, AcrF1
and AcrF2, bind to the type I-F CRISPR-Cas
system with the help of a binding complex
formed by multiple subunits. AcrF1 binds to
Csy3 subunits while AcrF2 binds to the Csy

complex (Csy1 and Csy2). However, AcrF3
binds to the Cas-3 helicase-nuclease protein,
preventing its recruitment to the DNA–Csy
complex [83].

One of the possible approaches to manage
antibiotic resistance is a genetic strategy that
seems to include sensitization of bacteria to
antibiotics and selective killing of antibiotic-
resistant bacteria. Towards this approach, tem-
perate phages have proved to be very helpful. By
using temperate phages, the CRISPR-Cas system
is inserted within the genome of the resistant
bacteria and this engineered CRISPR-Cas system
protects from lytic phages by degrading both
lytic phages (genetically modified) as well as
destroys plasmids having antibiotic-resistant
genes. These lytic phages selectively destroy
antibiotic-resistant bacteria and protect antibi-
otic-sensitive bacteria. A transferable CRISPR-
Cas system has been designed to sensitize the
bacteria having an antibiotic resistance gene.
The CRISPR-Cas genes are amplified by PCR and
introduced in lambda prophage via homolo-
gous recombination. The CRISPR array that
specifically targets the conserved regions of
resistant genes has also been introduced within
the same lysogen. Then, induction of prophage
and lysogenization of resistant bacteria with a
lambda CRISPR-Cas and lambda-Cas is carried
out to determine plasmid loss. Plasmid curing
occurs with lambda CRISPR-Cas, but not with
lambda-Cas (Fig. 3). It has also been seen that
the transferable CRISPR-Cas system prevents
horizontal gene transfer of antibiotic resistance
elements, as well as protects bacteria from an
engineered T7 phage, thus linking bacterial
sensitization to antibiotics with resistance to
lytic phages. This transferable system prevents
the transformation of plasmids and protects
lysogenized bacteria from the lytic phages. This
lysogenization is then used to sensitize antibi-
otic-resistant bacteria. This genetic strategy may
be used in hospital settings as well as in hand
sanitizers to replace resistant bacteria with
antibiotic-sensitive bacteria. The benefit of
using this genetic strategy is that there is no
need to administer the phages within the host
tissue [84].
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VIRION-ASSOCIATED
PEPTIDOGLYCAN HYDROLASES
(VAPGH’S)

Unlike endolysins, the VAPGHs (endopepti-
dases, glucosaminidase, etc.) facilitate the bac-
teriophage entry into the host cell by
developing a hole in the bacterial cell wall.
However, both these lytic proteins have a sim-
ilar mode of action (the same catalytic
domains), which degrades the bacterial cell
wall, called the peptidoglycan layer [80, 85].
The exact location of these enzymes is not fixed,
and they may be located at any place in the
phage. They have been observed in the capsid,
head, tail, and phage membrane [86, 87].
Hydrolases are appropriate to perform the
activity against Gram-positive as well as Gram-
negative bacteria [88]. VAPGHs have numerous
benefits which make these proteins potential
antibacterial agents against multidrug resistant
bacteria. Additionally, they are very useful food
decontaminants, particularly in processed foods
and dairy products [87]. Recently, activity of
VAPGHs against Agrobacterium tumefaciens-

associated plant diseases has been observed [89].
The bactericidal activity of VAPGHs may be
enhanced by creating chimeric proteins by
exchanging the functional domains of various
enzymes or via combining different proteins.
Chimeric proteins have shown promising
results against S. aureus infections [87].

It has been reported that VAPGHs have no
certain cell wall binding domain as have endo-
lysins. Also, it has been suggested that VAPGHs
have highly conserved regions, but modifica-
tion of these conserved regions is very rare.
Thus, the development of bacterial resistance
against these VAPGHs is a remote possibility,
suggesting VAPGHs as novel and alternative
antibacterials. VAPGHs derived from Gram-
negative infecting phages have a broad host
range compared to VAPGHs from Gram-positive
infecting phages.

The VAPGHs proteins are highly ther-
mostable, which could be exploited against
extremophile bacteria. The VAPGH HydH5 is a
novel VAPGH protein, produced from staphy-
lococcal phage vB-SauS-PhilLA88. This protein,
when combined with lysostaphin, exhibits
augmented lytic activity against S. aureus in

Fig. 3 CRISPR-CAS-based mechanism for re-sensitizing
antibiotic-resistant bacteria. A vector phage is used to
insert a CRISPR system into a targeted population of
bacteria. The Cas9 RNA-guided nuclease is conveyed along
with a guide RNA to cut a target sequence. The target

carried on plasmids leads to a plasmid-curing phe-
nomenon, i.e., re-sensitization to antibiotics, while the
target carried on the chromosome leads to the death of the
cell due to degradation of the chromosome
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milk. HydH5 is a potential antibacterial that
may be used in the dairy industry [87, 90].
VAPGH proteins act extracellularly, and can
avoid the intracellular bacterial mechanism of
resistance, i.e., as an efflux pump, and can also
share a similar mode of action as for endolysins,
this suggests them as promising antimicrobial
agents to counter drug resistance. On the other
hand, VAPGH-derived enzybiotics may be a
significant tool that can be employed to cope
with intracellular bacterial pathogens, as, due to
the absence of receptors, the phage may
encounter hurdles to obtain entry inside the
eukaryotic cell.

CHALLENGES TO FACE
WITH POSSIBLE SOLUTIONS

In the past, enzymes used in experiments con-
ducted for therapeutic evaluation of phage-en-
coded proteins were chosen randomly and are
not suitable for particular applications. Addi-
tionally, in vivo experimental conditions are
crucial to obtain good therapeutic efficacy [10].
To solve this problem, pre-screening of phage-
encoded proteins may be performed before
advance (in vitro or in vivo) analysis of suit-
able therapeutic candidate proteins. It has been
successfully demonstrated in the case of engi-
neered staphylococcal peptidoglycan hydro-
lases characterized from a collection that they
showed significant efficacy in milk, human
blood, and the inner environment of the cell
[91–93].

The therapeutic efficacy of phage-encode
proteins is dependent on the serum half-life, as
most of the proteins feature a short half-life
ranging from minutes to hours [94–96]. Gener-
ally, a long half-life is considered suitable be-
cause in this case boosting is not required, but
the associated risk of anaphylaxis is also con-
siderable in such cases. Recently, engineered
PGH-ABD demonstrated a long half-life and
augmented distribution, improved efficacy in
human blood [93].

Some bacteria, like E. coli, S. aureus, and L.
monocytogenes, can evade therapy and immu-
nity by surviving inside the cells. Few phage
proteins have the penetrating features to target

these intracellular pathogens. Significant
development has been made to solve this
problem by combining lytic enzymes with cell-
penetrating peptides, which facilitates the pen-
etration of lytic enzymes into the host. For
instance, short peptides which identify specific
cells by surface markers and can deliver the
biomolecules to a specific site are called homing
peptides (HPs). These HPs have been used in
cancer therapeutics and have been considered
for clinical trials (e.g., NGR015) [97]. The same
function of HPs may be exploited in phage-
engineered therapeutics.

Preclinical development of phage-encoded
proteins is dependent on different important
concerns, like therapeutic safety, immuno-
genicity, and cell toxicity. A study conducted in
the recent past described the safety of endoly-
sins Pal and Cpl-1: experimental mice exposed
to these endolysins showed an augmented IgG
response and decreased level of IgE, which
suggested that these enzymes have an adequate
profile of safety and toxicity to be considered for
therapeutic use [98]. Endolysins like lysostaphin
may also be used to construct lysibodies by
fusing them with the Fc portion of human IgG.
It has been observed that lysibodies play a sig-
nificant role in the opsonization of S. aureus,
which facilitates the phagocytosis of this
pathogen [99].

Industrial production is also a substantial
contributing factor in the therapeutic applica-
tion of phage-encoded proteins. Safety proto-
cols and cost-effectiveness are most important
concerns which should be kept in consideration
during the production process. This should be
related to the whole process, starting from the
selection of the host, e.g., yeast bacteria or
plants, to the removal of the endotoxins. In the
end, regulatory approval for phage-encoded
proteins to be used as therapeutics is mandatory
[23, 95]. The approval process should be that
followed in the case of therapeutic proteins.
This authorization approach was successful in
the past for the approval of recombinant ther-
apeutic proteins as compared to the approval of
new antibiotics, which is a lengthy process
[100, 101].
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CONCLUSIONS

The soaring crisis of antibiotic resistance has
directed research towards the development of
alternatives to antibiotics. In this context, bac-
teriophages and phage-encoded proteins are
promising, effective, and novel classes of ther-
apeutic agents to fight antibiotic resistance.
Despite the novelty and aspiration to use bac-
teriophage proteome as an alternative to
antibiotic therapy, it has also been proved to be
worthy of further research for clinical applica-
tions of these therapeutic engineered proteins.
Since the world is facing a serious threat of
antimicrobial resistance, it is necessary and
timely to look afresh at this approach with
practical applications. In the future, further
experimental and clinical investigations are
essential regarding the safety profile, half-life,
dose, and site-specificity of the bacteriophages
or their proteome for them to be used as novel
therapeutic candidates.
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AP, Röhrig C, et al. Engineering of long-circulating
peptidoglycan hydrolases enables efficient treat-
ment of systemic Staphylococcus aureus infection.
mBio. 2020;11(5):e01781-20 (PubMed PMID:
32963004. Pubmed Central PMCID:
PMC7512550. Epub 2020/09/24. eng).

94. Jun SY, Jang IJ, Yoon S, Jang K, Yu KS, Cho JY, et al.
Pharmacokinetics and tolerance of the phage
endolysin-based candidate drug SAL200 after a sin-
gle intravenous administration among healthy
volunteers. Antimicrob Agents Chemother.
2017;61(6):e02629-16 (PubMed PMID: 28348152.
Pubmed Central PMCID: PMC5444177. Epub
2017/03/30. eng).

95. Abdelkader K, Gerstmans H, Saafan A, Dishisha T,
Briers Y. The preclinical and clinical progress of
bacteriophages and their lytic enzymes: the parts
are easier than the whole. Viruses. 2019;11(2):96
(PubMed PMID: 30678377. Pubmed Central
PMCID: PMC6409994. Epub 2019/01/27. eng).

96. Seijsing J, Sobieraj AM, Keller N, Shen Y, Zinker-
nagel AS, Loessner MJ, et al. Improved biodistribu-
tion and extended serum half-life of a
bacteriophage endolysin by albumin binding
domain fusion. Front Microbiol. 2018;9:2927
(PubMed PMID: 30538696. Pubmed Central
PMCID: PMC6277698. Epub 2018/12/13. eng.).

97. Vrettos EI, Mez}o G, Tzakos AG. On the design
principles of peptide-drug conjugates for targeted
drug delivery to the malignant tumor site. Beilstein
J Organic Chem. 2018;14:930–54 (PubMed PMID:
29765474. Pubmed Central PMCID:
PMC5942387. Epub 2018/05/17. eng.).

98. Harhala M, Nelson DC, Miernikiewicz P, Heselpoth
RD, Brzezicka B, Majewska J, et al. Safety studies of
pneumococcal endolysins Cpl-1 and Pal. Viruses.

Infect Dis Ther (2021) 10:1171–1193 1191



2018;10(11). (PubMed PMID: 30445722. Pubmed
Central PMCID: PMC6266847. Epub 2018/11/18.
eng).

99. Raz A, Serrano A, Thaker M, Alston T, Fischetti VA.
Lysostaphin lysibody leads to effective opsonization
and killing of methicillin-resistant Staphylococcus
aureus in a murine model. Antimicrob Agents Che-
mother. 2018;62(10):e01056-18 (PubMed PMID:
30038041. Pubmed Central PMCID:
PMC6153821. Epub 2018/07/25. eng).

100. Cooper CJ, Khan Mirzaei M, Nilsson AS. adapting
drug approval pathways for bacteriophage-based
therapeutics. Front Microbiol. 2016;7:1209
(PubMed PMID: 27536293. Pubmed Central
PMCID: PMC4971087. Epub 2016/08/19. eng.).

101. Kinch MS. An overview of FDA-approved biologics
medicines. Drug Discov Today. 2015;20(4):393–8
(PubMed PMID: 25220442. Epub 2014/09/16.
eng).

102. Haddad Kashani H, Fahimi H, Dasteh Goli Y, Moniri
R. A novel chimeric endolysin with antibacterial
activity against methicillin-resistant Staphylococcus
aureus. Front Cell Infect Microbiology. 2017;7:290.

103. Jun SY, Jang IJ, Yoon S, Jang K, Yu K-S, Cho JY, et al.
Pharmacokinetics and tolerance of the phage
endolysin-based candidate drug SAL200 after a sin-
gle intravenous administration among healthy
volunteers. Antimicrob Agents Chemother.
2017;61(6):e02629-16.

104. Linden SB, Zhang H, Heselpoth RD, Shen Y, Sch-
melcher M, Eichenseher F, et al. Biochemical and
biophysical characterization of PlyGRCS, a bacte-
riophage endolysin active against methicillin-resis-
tant Staphylococcus aureus. Appl Microbiol
Biotechnol. 2015;99(2):741–52.

105. Rashel M, Uchiyama J, Ujihara T, Uehara Y, Kur-
amoto S, Sugihara S, et al. Efficient elimination of
multidrug-resistant Staphylococcus aureus by
cloned lysin derived from bacteriophage /MR11.
J Infect Dis. 2007;196(8):1237–47.

106. Rodrı́guez-Rubio L, Chang W-L, Gutiérrez D, Lavi-
gne R, Martı́nez B, Rodrı́guez A, et al. ‘Artilysa-
tion’of endolysin kSa2lys strongly improves its
enzymatic and antibacterial activity against strep-
tococci. Sci Rep. 2016;6:35382.

107. Chopra S, Harjai K, Chhibber S. Potential of com-
bination therapy of endolysin MR-10 and minocy-
cline in treating MRSA induced systemic and
localized burn wound infections in mice. Int J Med
Microbiol. 2016;306(8):707–16.
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