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Abstract

Antibiotics have saved millions of lives.
However, the overuse and misuse of antibiot-
ics have contributed to a rapid emergence of
antibiotic resistance worldwide. In addition,
there is an unprecedented void in the develop-
ment of new antibiotic classes by the pharma-
ceutical industry since the first introduction of
antibiotics. This antibiotic crisis underscores
the urgent and increasing necessity of new,
innovative antibiotics. Enzybiotics are such a
promising class of antibiotics. They are
derived from endolysins, bacteriophage-
encoded enzymes that degrade the bacterial
cell wall of the infected cell at the end of the
Iytic replication cycle. Enzybiotics are fea-
tured by a rapid and unique mode-of-action, a
high specificity to kill pathogens, a low prob-
ability for bacterial resistance development
and a proteinaceous nature. (Engineered)
endolysins have been demonstrated to be
effective in a variety of animal models to com-
bat both Gram-positive and Gram-negative
bacteria and have entered different phases of
preclinical and clinical trials. In addition,
mycobacteriophage-encoded endolysins have
been successfully used to inhibit mycobacte-
ria in vitro. In this chapter we focus on the

(pre)clinical progress of enzybiotics as potent
therapeutic agent against human pathogenic
bacteria.
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Abbreviations

AG Arabinogalactan

Art Artilysin

AMP Antimicrobial peptide

CBD Cell wall binding domain

CM Cytoplasmic membrane

CoNS Coagulase-negative staphylococci
DAP Daptomycin

EAD Enzymatically active domain
EDTA Ethylenediaminetetraacetic acid
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GIcNAc  N-acetylglucosamine

GLP Good laboratory practice

HHP High hydrostatic pressure

LAL Limulus amoebocyte lysate

LPS Lipopolysaccharide

MA Mycolic acids

MIC Minimal inhibitory concentration

MRSA Methicillin-resistant Staphylococcus
aureus

MSSA Methicillin-sensitive Staphylococcus
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NA Not applicable

ND Not defined

OM Outer membrane

OMP Outer membrane permeabilizing
PAE Post-antibiotic effect

PA-SME Post-antibiotic sub-MIC effect
PG Peptidoglycan

SME Sub-MIC effect

11.1 Introduction

Multidrug-resistant pathogens represent a major
cause of morbidity and mortality and pose a seri-
ous threat on healthcare, both for humans and
animals. In the United States alone, more than
two million people are infected every year with
bacteria that are resistant to conventional antibi-
otics. A significant proportion of 23,000 people
dies (reported by the Centres for Disease Control
and Prevention (US) 2013). Besides resistance
development limiting the therapeutic potential of
currently used antibiotics, there is an increasing
awareness that the collateral damage of broad-
spectrum antibiotics, i.e. killing of the benign
commensal microbiome, causes harmful long-
term effects such as an increased risk of second-
ary infections, asthma, obesity, diabetes type I
and II (Langdon et al. 2016). Therefore, the
development of therapeutics to treat (polymicro-
bial) drug-resistant infections without affecting
the commensal microbiota is essential. However,
since the 1980s, no new classes of antibiotics
have entered the market, which further under-
lines the global need for novel strategies to com-
bat multidrug- and pandrug-resistant pathogens.
Enzybiotics are a promising new class of
enzyme-based antibacterials that may offer a
response to this global call. They are safe, effec-
tive, fast-acting and highly specific. In addition,
they weaken biofilms and have a low probability
to provoke resistance development. They can be
used alone or in combination with traditional anti-
biotics. Enzybiotics are derived from endolysins,
bacteriophage-encoded enzymes that lyse the
infected bacterial cell at the end of the lytic repli-
cation cycle. They enzymatically degrade the pep-

tidoglycan (PG) until the infected cell can no
longer withstand the internal osmotic pressure
and lyses, followed by dispersion of newly formed
viral particles (i.e. “lysis form within”"). Given the
increasing incidence of antibiotic resistance and
the lack of new alternative therapies, this unique
and well-known feature of endolysins has spurred
the idea to apply them exogenously to kill human
pathogens (Nelson et al. 2001). Indeed, purified
recombinant endolysins induce rapid osmotic
lysis of Gram-positive bacteria through degrada-
tion of externally accessible PG with consequent
cell death (i.e. “lysis from without™). The efficacy
of endolysins has been demonstrated in numerous
animal models of human disease (Nelson et al.
2001; Schmelcher et al. 2012a; Roach and
Donovan 2015; Gerstmans et al. 2017). In addi-
tion, extensive engineering efforts have been done
during the last two decades to enhance the poten-
tial of endolysins as therapeutic enzymes against
Gram-positive bacteria and to extend their appli-
cation to Gram-negative pathogens, which have a
protective outer membrane. These endeavors have
paved the path for recombinant endolysins to
enter different phases in preclinical and clinical
trials. Currently, different lead enzybiotics have
entered the clinical phase with humans. The
accelerating clinical advances and their high tech-
nical feasibility make phage endolysins as thera-
peutics the highest ranked alternatives to replace
conventional antibiotics according to a recent
pipeline investigation (Czaplewski et al. 2016).

11.2 Bacteriophages

11.2.1 From Phage Discovery
Over Phage Therapy
to Endolysin Therapy

In the early 20th century bacteriophages (or
phages) were independently discovered by Twort
(1915) and Felix d’Herelle (1917), but D’Herelle
was the first to describe bacteriophages as
bacterial viruses which have the ability to infect
bacteria followed by bacterial lysis. Not long
after their discovery, the therapeutic potential of
phages to treat human and animal bacterial infec-
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tions was recognized (Twort 1915; Sulakvelidze
et al. 2001; Salmond and Fineran 2015). The first
attempt to use bacteriophages therapeutically
was the treatment of a 12-year-old boy suffering
from severe dysentery. When the phage prepara-
tion was regarded as safe, a single dose was
administered to the child. The boy, together with
three additional patients fully recovered within a
few days after a single administration
(Sulakvelidze et al. 2001). Despite the successful
outcome, the results of these studies were not
published. In 1921, Richard Bruynoghe and
Joseph Maisin have published the first study
about the treatment of staphylococcal skin dis-
ease with phages. A regression of the infection
was reported 24—48 h after treatment (Lavigne
and Robben 2012). Several similar studies about
phage therapy have followed and in early 1930
the commercialization of phages against an array
of pathogens started. Despite these efforts, phage
therapy for humans was abandoned in the Western
medicine soon after the introduction of broad-
spectrum  antibiotics  after World War
II. Nowadays, the emergence of multidrug- and
even pandrug-resistant pathogens has revitalized
the interest in phages (Hanlon 2007).
Nevertheless, phage therapy needs to overcome
several technical hurdles such as regulation, nar-
row host range, bacterial resistance to phages,
manufacturing, side effects of bacterial lysis, dif-
ficulties in the delivery of purified phage prepara-
tions, and the complicated pharmacokinetics of
phages because of their self-replicating nature
(Sandeep 2006; Hermoso et al. 2007). Using
phage-encoded endolysins (or lysins) offer the
potential to circumvent these obstacles typically
related to intact phages (Lépez et al. 2004;
Hermoso et al. 2007).

11.2.2 Biological Function
of Endolysin-Mediated
Bacteriolysis

The biological role of endolysins is lysis of the
infected bacterial cell at the end of the lytic cycle
of bacteriophages in order to release progeny
phage particles. The release is complicated by the

presence of the bacterial cell wall, acting as a
strong barrier. As phages co-evolved with their
bacterial hosts, they have developed a variety of
strategies to overcome this barrier (Young 2014).
The most prevalent mechanism is the two com-
ponent holin-endolysin system specific to the
Caudovirales (tailed phages with dsDNA) and
regulated by a timing mechanism to achieve lysis
at an optimal time (Fig. 11.1). Endolysins accu-
mulate in the cytoplasm as they cannot migrate
through the cytoplasmic membrane (CM). The
access to the PG in the periplasm is regulated by
holins. Holins are small hydrophobic proteins
that accumulate as homodimers in the CM in a
uniformly distributed manner. At a genetically
predetermined holin concentration, the holins
aggregate into homo-oligomers and partially
depolarize the CM by forming pores. The accu-
mulated endolysins take advantage of these pores
to gain access to the PG to degrade it. In addition,
phage-encoded spanins weaken the outer mem-
brane. When the impaired cell wall can no longer
withstand the internal osmotic pressure, osmotic
lysis and the release of the progeny (“lysis from
within”) occur (Wang et al. 2000; White et al.
2011; Young 2014).

11.3 The Structural
and Biochemical Diversity
of Endolysins

Although all endolysins have a conserved bio-
logical function, the constant evolutionary strug-
gle between bacteriophage and bacterium has
resulted in a huge biochemical and structural
diversity among endolysins (Loessner 2005).
Along with the high global abundance of phages,
this diversity creates an enormous reservoir of
specific endolysins that all have a medical
potential.

11.3.1 Catalytic Specificity
of Endolysins

The PG layer is a highly preserved layer that
ensures the structural rigidity and integrity of the
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CM: cytoplasmatic membrane
PG: peptidoglycan
OM: outer membrane

Fig. 11.1 Schematic representation of the PG structure of
S. aureus, the different cleavage specificities of endolysins
and the simplified holin/endolysin lysis mechanism.
(Bottom) When the critical holin concentration is achieved,
holins depolarize the CM by forming pore lesions through
which the endolysins accumulated in the cytoplasm gain
access to PG. As a consequence, the PG is degraded and
the cell wall cannot longer withstand the internal osmotic
pressure and finally undergoes lysis. (Top) The glycan
chains consist of p-1,4-linked, alternating monomers of
N-acetylglucosamine (GIcNAc) and N-acetylmuramic

bacterial cells. PG consists of a polysaccharide of
alternating N-acetylmuramic acid (MurNAc) and
N-acetylglucosamine (GIcNAc) residues, linked
by a f1-4 glycosidic bond. The glycan polymer is
further stabilized by cross-links of the stem pep-
tides, which are attached to MurNAc residues.
Endolysins can recognize and digest a specific
chemical bond of PG. They are classified into
three different groups, according to the targeted
bond (i.e. the amide, peptide or glycosidic bond)
(Fig. 11.1) (Madigan et al. 2008).

GlcNAC

MurNAc

MurNAc MurNAc

GlcNAC

acid (MurNAc) residues and are further cross-linked via
stem peptides that are attached to the MurNAc residues.
The endolysins can be differentiated in three groups based
on their cleavage specificity: (1) endopeptidases — target-
ing peptide bonds - including L-alanoyl-D-glutamate
endopeptidase and interpeptide bridge endopeptidase, (2)
amidases — targeting amide bonds — including the
N-acetylmuramoyl-L-alanine amidases and (3) glycosi-
dases — targeting glyosidic bonds — including N-acetyl-f-
D-glucosaminidases, N-acetyl-pf-D-muramidases  and
transglycosylases. (Hermoso et al. 2007)

(I) The first group of endolysins
(N-acetylmuramoyl-L-alanine amidases; E.C
3.5.1.28) hydrolyses the amide bond between
N-acetylmuramoyl residues and L-alanine, the
first amino acid of the stem peptide. (II) The sec-
ond group (endopeptidases; E.C 3.4.X.X) cleaves
the peptide bond between two amino acids.
L-alanoyl-D-glutamate endopeptidase cleaves
the bond between L-alanine and D-glutamate in
contrast to an interpeptide bridge-specific endo-
peptidase such as D-alanyl-glycyl endopeptidase
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that targets the cross-link between adjacent stem
peptides. (III) Glycosidases are the final group
and hydrolyze glyosidic bonds. Three subgroups
can be differentiated. The first subgroup
(N-acetyl-p-D-glucosaminidases; E.C 3.2.1.52)
cleaves the N-acetylglucosaminyl-p-1-4-N-
acetylmuramine bond on the reducing side of
GlcNac. Both other subgroups, N-acetyl-p-D-
muramidases (E.C 3.2.1.17, generically also
termed lysozymes) and lytic transglycosylases
(E.C. 4.2.2.n1, cleave the N-acetylmuramoyl-f-
1-4-N-acetylmuramine bond on the reducing side
of MurNAc. In contrary to all other groups, lytic
transglycosylases are no hydrolases and cleave
the fp-1,4-glycosidic bond by an intramolecular
reaction, resulting in a N-acetyl-1,6-anhydro-
muramyl moiety (Hermoso et al. 2007; Nelson
et al. 2012; Schmelcher et al. 2012a).

CM: cytoplasmic membrane
PG: peptidoglycan

OM: outer membrane

AG: arabinogalactan

MA: mycolic acids

0]

Gram-positive
cell wall

Fig. 11.2 Antimicrobial activity of endolysins and
Artilysin®s on different cell wall types. Left: The Gram-
positive bacterial cell wall contains a CM and a thick PG
layer. As a result, PG of the Gram-positive cell wall is
readily accessible to exogenously added endolysins (blue)
making these phage enzymes suitable for the treatment of
Gram-positive infections. Middle: The Gram-negative
cell wall is composed of a CM covered by one to three
layers of PG, and an additional protective outer membrane
(OM) hindering the access of endolysins to the

ram-negative
cell wall

11.3.2 The Structural Properties
and Function of Endolysins

Next to catalytic diversity, endolysins have a
remarkable structural diversity, which has a large
impact on both enzyme kinetics and specificity
(Oliveira et al. 2013). The structural variety of
endolysins is strongly related with the cell wall
structure and differs for endolysins from phages
infecting Gram-positive and Gram-negative spe-
cies (Fig. 11.2). The Gram-negative cell wall is
composed of a CM covered by one to three layers
of PG and an additional outer membrane (OM).
The OM is a complex asymmetric membrane fea-
tured by lipopolysaccharide (LPS) molecules
composed of lipid A, core polysaccharide and
O-specific polysaccharide. Lipid A generally con-
sists of phosphorylated glucosamine disaccharide
with fatty acid chains attached, providing hydro-
phobic stabilization of the OM. The anionic phos-
phates of the lipid A and the core polysaccharide
moieties account for the negative charge of the
OM and are stabilized by ionic interactions with

%
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Mycobacterial
cell wall

PG. Artilysin®s (blue) can reach the PG through the
fusion of an endolysin with an OMP-peptide. First, the
OMP-peptide acts as a wedge by local and transient mem-
brane destabilization, whereafter the Artilysin® acts simi-
lar as a native endolysin. Right: Mycobacteria consists of
a mycolyl-arabinogalactan-PG complex. Mycobacterium
phages produces two lytic enzymes, a PG hydrolase LysA
(blue) and a lipase LysB (red) targeting the mycolic acids.
(This figure was originally published in Biochem Soc
Trans. Gerstmans et al. (2016) © Portland Press Limited)
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divalent cations (Mg>* and Ca®"). The LPS layer
serves thus as a barrier for both hydrophobic and
hydrophilic molecules larger than 600 Da. In con-
trary, Gram-positive bacteria only contain a thick
PG layer decorated with (lipo)teichoic acids,
which are linked with the PG and are responsible
for the overall negative charge of the cell surface
(reviewed by Nelson et al. 2012; Schmelcher
et al. 2012a). The cell wall of mycobacteria is
structurally different from Gram-positive and
Gram-negative bacteria as it comprises an addi-
tional layer composed of mycolyl-arabinogalac-
tan-PG complexes (Brennan 2003).

Endolysins can be divided in globular or mod-
ular enzymes. Modular endolysins are generally
encoded by phages infecting Gram-positive bac-
teria and mycobacteria, but also by some phages
infecting Gram-negative bacteria. They are com-
posed of multiple functional domains with sepa-
rate activities: (1) an enzymatically active domain
(EAD) and (2) a cell wall binding domain (CBD).
The EAD is responsible for the catalytic action of
the enzyme, digesting a specific chemical bond
of PG. A CBD directs an endolysin to its sub-
strate, i.e. the PG layer or a specific cell wall
ligand such as (lipo)teichoic acids, resulting in an
increased affinity and substrate proximity
(Schmelcher et al. 2012a; Payne et al. 2013).
Even after PG degradation, endolysins remain
attached to the cell debris via their CBD. This
may prevent neighboring, potential host cells
from being damaged by diffusion of released
endolysin molecules (Loessner et al. 2002). The
most common architecture of modular endoly-
sins is one or two N-terminal EADs and a
C-terminal CBD, but the specific composition or
order of the domains is not universally conserved
and several exceptions have been reported: the
CBD can be also located at the N-terminus (e.g.
most modular endolysins from phages infecting
Gram-negative bacteria), the CBD can be
squeezed between two EADs, or can be absent.
The domains are usually connected by a flexible
inter-domain linker sequence, which can vary in
size and ensures an autonomous function of both
domains (Schmelcher et al. 2012a; Roach and
Donovan 2015). A number of 89 different archi-

tectural modular organizations have been
described, illustrating the high evolutionary
diversity among endolysins (Oliveira et al. 2013).

Globular endolysins originating from Gram-
negative infecting phages do not have a CBD and
consist of a single domain functioning as an EAD
(Briers et al. 2007). The presence of an OM pre-
venting exogenous cleavage of the PG layer by
released endolysins and the thin PG layer may
eliminate the need for a CBD that directs endoly-
sins to the cell wall. Notwithstanding, several
Gram-negative infecting phages producing mod-
ular enzymes have already been discovered
(Walmagh et al. 2012), especially in so-called
large jumbo phages. These modular endolysins
consist of N-terminal CBD specific for the con-
served Aly PG (conserved domains PG_bind-
ing_1 and PG_binding_3) fused to a C-terminal
EAD (Briers et al. 2009) or two C-terminal EADs
(Oliveira et al. 2013).

11.4 Preclinical Analysis
of Enzybiotics
as Antibacterials

The highly lytic nature of endolysins spurred the
idea to use them as enzyme-based antibiotics (or
enzybiotics). Nelson et al. (2001) were the first to
report that purified recombinant endolysins are
able to reduce high bacterial numbers in an ani-
mal infection model. In this study, complete erad-
ication of bacteria from the oral mucosa was
observed 2 h after an oral administration of puri-
fied C1 phage lysin to mice heavily colonized
with group A streptococci. Since then, numerous
preclinical studies have demonstrated their
potential as therapeutic, whereas several con-
cerns related to their proteinaceous nature have
been rebutted. Whereas initially only Gram-
positive pathogens were targeted because their
PG is easily accessible, Gram-negative pathogens
can meanwhile also be killed by engineered
endolysins or endolysins with intrinsic antibacte-
rial activity (Table 11.1).

Enzybiotics have a high specificity, often at
genus, species or even serovar level. Specificity
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Table 11.1 Preclinical aspects and observations of enzy-
biotics related to their mode-of-action and proteinaceous
nature

Observation

Enzybiotics have generally a
high specificity to genus, species
or even serovar level. The
specificity can be adapted by
protein engineering

Enzybiotics are featured by a
rapid mode-of-action with
generally killing upon contact
depending on the dose. This high
killing rate is explained by the
enzymatic mode-of-action

No resistance development has
been observed for endolysins
targeting the conserved PG layer.
The low resistance development
profile of enzybiotics can also be
explained by the high specificity
and rapid action of endolysins.
One exception are
endopeptidases that act on the
species-specific interpeptide
cross-bridge

Synergistic effect between two
endolysins with different
catalytic specificities or between
a endolysin and an antibiotic has
been observed, resulting in a
faster degradation of the
substrate or a facilitated
antibiotic uptake. In some
combinations, enzybiotics
resensitize bacteria to antibiotics
against which they are resistant
Neutralizing antibodies can be
raised against enzybiotics but do
not completely neutralize in vivo
or have no significant impact at
all. This is currently explained
by the high affinity of CBDs to
its substrate and the fast kinetics
of enzybiotics

Aspect

Spectrum of
activity

Killing rate

Resistance
development

Antibacterial
synergetic effect
and resensitization
of antibiotics

Immunogenicity
of proteins

Allergenicity The proteinaceous nature of
endolysins may potentially
induce an allergic reaction, but
no allergic reaction have been

observed yet

Half-life Enzybiotics have a short
half-life, but are functional in
in vivo models in this short
frame due to the rapid

mode-of-action

(continued)

Table 11.1 (continued)

Aspect Observation

Inflammatory
response

A pro-inflammatory response
due to cellular debris was not
observed after single and interval
administration of endolysin.
However, an optimal dosing
regime is required since a
continuous administration can
lead to an increased pro-
inflammatory response

Some native endolysins and
chimeric endolysins are able to
kill intracellular pathogens.
Alternatively, endolysins fused
with protein transduction
domains penetrate mammalian
cells and kill intracellular
bacteria

Killing of
intracellular
bacteria

can be inferred from both domains. E.g. CBDs
can bind specific ligands such as choline in the
pneumococcal cell wall (Hermoso et al. 2003) or
specific substituents of serotype-specific teichoic
acids of Listeria monocytogenes (Eugster and
Loessner 2012), whereas some EADs specifi-
cally cleave the pentaglycine crossbridge that
only occurs in the PG of Staphylococcus aureus
(Callewaert et al. 2011). Therefore, enzybiotics
generally have a narrow spectrum of antibacterial
activity, leaving commensal flora unaffected in
contrast to the current, broad-spectrum antibiot-
ics (e.g. penicillin and tetracycline) (Nelson et al.
2012). Moreover, endolysins have a unique and
rapid mode-of-action holding several advan-
tages compared to conventional antibiotics. Their
ability to actively degrade the PG in seconds or
minutes, depending on the concentration, makes
them much faster than the existing antibiotics.
The active degradation of the cell wall renders
them also effective against persister cells (i.e.
metabolically inactive cells) (Briers et al. 2014a;
Gutierrez et al. 2014; Defraine et al. 2016).
Enzybiotics do not require an active metabolism
in contrast to antibiotics that target essential met-
abolic steps within actively growing bacteria.
Compared to the rapid mode-of-action of enzybi-
otics, inhibition of such metabolic steps by small
molecule antibiotics is usually a slow process,
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eventually leading to cell death after 2448 h
(Allison et al. 2011; Briers et al. 2014a).

Endolysin resistance has not been observed
among strains from diverse sources and resistant
strains can generally not be selected during
in vitro experiments in which strains were repeat-
edly exposed to subinhibitory concentrations of
(engineered) phage endolysins (Fischetti 2005;
Pastagia et al. 2011; Briers et al. 2014a; Defraine
et al. 2016). The high specificity and rapid action
of endolysins, and the immutable nature of the
PG layer may explain this low probability of
resistance development against phage endoly-
sins. This beneficial feature supports a prolonged
use of enzybiotics, even under regimes of
repeated use. The use of many broad-range anti-
biotics in contrary has led to the selection of
resistant strains of both target pathogen and com-
mensal bacteria, which is often accelerated by the
distribution of resistant genes via horizontal gene
transfer (Johnsborg and Havarstein 2009). In
spite of this overall low probability of resistance
development, an exception of this rule has been
reported for endolysins that target the pentagly-
cine crossbridge in S. aureus. The strain S. aureus
Newman developed resistance against both endo-
lysin LysK and bacteriocin lysostaphin. Serial
exposure (i.e. ten rounds) of S. aureus Newman
to subinhibitory doses of LysK and lysostaphin in
liquid culture resulted in a 42-fold and 585-fold
increases of the minimal inhibition concentration
(MIC), respectively (Becker et al. 2016).
Resistance is acquired by substitution of glycine
residues of the pentaglycine bridge by serines
(Climo et al. 1998). This indicates that endoly-
sins targeting species-specific interpeptide cross-
bridges are susceptible to resistance development
in contrast to endolysins targeting highly con-
served bonds in the PG layer (i.e. the polysaccha-
ride backbone and amide bond between the
polysaccharide backbone and the stem peptide).
Amidases and muramidases for example are the
most prevalent endolysins targeting these highly
conserved bonds.

Antibacterial synergistic effects have been
demonstrated between two or more endolysins or
between endolysins and other antibacterial agents
like traditional antibiotics. This synergetic effect

implies an enhanced and faster degradation of PG
resulting in an improved antibacterial efficiency,
a requirement of smaller doses and a potentially
reduced risk of resistance development
(Schmelcher et al. 2012b). Synergy between two
enzymes with different catalytic specificities
(e.g. pneumococcal phage endolysins Cpl-1 and
Pal, and staphylococcal phage endolysins LysK
and lysostaphin) can be explained by two possi-
ble mechanisms: either two endolysins simulta-
neously digest a different bond of the PG network,
resulting in a more extensive degradation or one
endolysin cleaves the first bond, concurrently
improving the accessibility for the other endoly-
sin (Loeffler and Fischetti 2003; Becker et al.
2008; Schmelcher et al. 2012b). The synergy
mechanism between endolysins and antibiotics
(e.g. the pneumococcal phage lysin Cpl-1 and
gentamicin) remains unclear but it is proposed
that partial PG degradation by the endolysin
facilitates antibiotic uptake. In addition, it has
been reported that the pneumococcal phage endo-
lysin Cpl-1 can resensitize Streptococcus pneu-
moniae to penicillin against which they are
resistant. As such, endolysins can slow down the
emergence of  antibiotic-resistant  strains
(Djurkovic et al. 2005; Viertel et al. 2014).

Since PG is a exclusively present in bacteria
and not in mammalian cells, the risk on cytotoxic
effects for humans and animals is minimized.
However, the proteinaceous character of enzybi-
otics may provoke an immune response. In vitro
and in vivo studies have shown that neutralizing
antibodies can indeed be raised against endoly-
sins after repeated exposure. These antibodies
reduce the antibacterial activity of endolysins but
do not completely neutralize them, while in other
studies they do not have a significant impact at all
(Fischetti 2010). Thus, endolysins can be used
repeatedly to treat the same bacterial infection
(Jado et al. 2003; Loeffler and Fischetti 2003;
Hermoso et al. 2007; Rashel et al. 2007; Zhang
etal. 2016). These observations may be explained
by the high affinity of the CBD for its substrate
(nanomolar range) that exceeds the affinity of
endolysin-specific antibodies and the fast kinet-
ics of these enzymes that outperform the hosts
immune response (Loessner et al. 2002; Jado
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et al. 2003; Schmelcher et al. 2010). The protein-
aceous nature of endolysins may potentially also
induce an allergic reaction, but so far no allergic
reactions have been reported against endolysins
in two clinical phase I studies with SAL200
(ClinicalTrials.gov NCTO01855048; Jun et al.
2017) and CF-301 (ClinicalTrials.gov
NCT02439359; Cassino 2016).

Proteins, including endolysins, generally have
a short half-life, which is estimated to be approx-
imately between 4 and 40 min for endolysins
(Loeffler and Fischetti 2003; Jun et al. 2017). In
spite of the short half-life, the efficacy of endoly-
sins has been demonstrated in various animal
models with intravenous administration. Again,
the fast mode-of-action of enzybiotics appears to
be of pivotal importance to compensate the short
half-life. Loeffler et al. (2003) has reported that
due to the narrow window of action a repeated
administration was required to make a therapeu-
tic treatment successful.

The release of cellular debris of lysed bacteria
upon systemic administration of enzybiotics in
humans or animals may induce a pro-
inflammatory response. This bacterial cell
debris includes lipopolysaccharides (LPS), (lipo)
teichoic acids and PG through membrane frag-
mentation and may provoke serious complica-
tions such as a septic shock (Fischetti 2010).
Entenza et al. (2005) found that rats treated with
a continuous intravenous infusion of Cpl-1 lysin
(originating of Streptococcus pneumoniae phage)
show an increased pro-inflammatory cytokine
concentration in comparison with untreated rats.
Witzenrath et al. (2009) instead reported that
administration in 12-h intervals of the same
enzyme reduces cytokine concentrations com-
pared with untreated animals. The latter observa-
tion indicates that there is an optimal dosing for
endolysins. The optimal dose should suffice to
digest the PG and to kill the bacterial pathogen
without additional fragmentation of the PG layer.
An optimization of the dosing regimen when
using endolysins in therapeutic applications is
therefore inevitable (Entenza et al. 2005;
Witzenrath et al. 2009; Fischetti 2010).

Initially, it was thought that pathogens that
propagate and survive intracellularly to evade the

immune system would be inaccessible for enzy-
biotics. However, recently, both native endoly-
sins (PlyC) and chimeric endolysins (K-L) have
been shown to eradicate intracellular patho-
gens such as Streptococcus pyogenes and S.
aureus. Alternatively, the fusion of endolysins
with protein transduction domains led to func-
tional endolysins that get into mammalian cells
and kill intracellular bacteria (Becker et al. 2016;
Shen et al. 2016).

11.5 Endolysins as Therapeutics

11.5.1 Endolysins as Therapeutic
Agents Against Gram-Positive
Bacterial Infections

In 2001 the group of Vincent Fischetti demon-
strated that purified recombinant endolysins can
be used as a preventive and curative agent of
streptococcal infections in mice. Since then,
extensive efforts have been done to expand their
potential as therapeutics including the administra-
tion of enzybiotics in complex environments
(e.g., blood stream, mucous membranes,...)
(Schmelcher et al. 2012a). Various in vitro and
in vivo animal infection models of human dis-
eases demonstrated that the administration of
purified endolysin to animals infected by Gram-
positive pathogens (such as Staphylococcus
aureus, staphylococcus sp., streptococcus sp.,
Bacillus anthracis and Enterococcus sp.) rescues
them from an otherwise deadly infection (Nelson
et al. 2001, 2012; Schuch et al. 2002; see Haddad
et al. 2017 for an overview of all animal models).
In addition, several protein engineering strategies
such as mutagenesis, truncation or domain swap-
ping (i.e. chimeric endolysins) are applied to
improve the antibacterial activity and/or modify
the specificity and other features (reviewed by
Gerstmans et al. 2017). This collection of suc-
cessful reports on the use of recombinant endoly-
sins to combat pathogens inspired to the term
‘enzybiotics’ (Hermoso et al. 2007). Below we
focus on the in vitro and in vivo models of all
(engineered) endolysins that are currently in the
clinical development stage (Table 11.2).
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11.5.1.1 Enzybiotics in the Clinical
Pipeline

Enzybiotics are increasingly developed for
human and veterinary pathogens as pharmaceuti-
cal product (clinical phase II trials are going on
by ContraFect, Intron Biotechnology, GangaGen,
Micreos), cosmetic (GladSkin series with
StaphEfekt™ as functional compound, commer-
cialized by Micreos) and wound care spray
(Medolysin® based on Artilysins announced by
Lysando).

CF-301

Endolysin CF-301 from the New York-based
company Contrafect has a potent anti-
staphylococcal activity for the treatment of S.
aureus bloodstream infections including endo-
carditis and bacteremia. This endolysin, also
referred to as PlySs2, was identified from a
Streptococcus suis prophage (Gilmer et al. 2013).
Schuch et al. (2014) demonstrated that CF-301
has a rapid antibacterial activity against S. aureus
strains, an anti-biofilm activity, and acts synergis-
tically in combination with standard antibiotics.
CF-301 shows bactericidal activity in vitro
against 250 S. aureus strains, including 120
MRSA isolates and 27 multidrug-resistant
strains. A more than 3-log reduction in cell num-
ber within 30 min was observed in vitro in con-
trary to antibiotics that required 612 h to reach
similar reduction levels. In vivo, a CF-301 treat-
ment of mice with MRSA bacteremia resulted in
a 2-log CFU reduction in bloodstream within 1 h.
In addition, CF-301 (1x MIC) was able to eradi-
cate a S. aureus biofilm in 2 h, whereas high
doses of antibiotics (1000x MIC) fail. CF-301
also exhibits a potent in vitro synergy with dapto-
mycin (DAP) (64- to 256-fold increased dapto-
mycin susceptibility) and increased survival in
bacteremia when combined with vancomycin
(from 7-31% to 82-90% survival) or DAP (from
3% to 67% survival) (Schuch et al. 2014). Further,
a strong post-antibiotic effect (PAE, time period
to resume normal growth after the antibiotic
treatment has stopped and the serum concentra-
tion is below the MIC), post-antibiotic sub-MIC
effect (PA-SME, effect of sub-MICs on bacteria
during PAE phase) and sub-MIC effect (SME,

effect of sub-MICs on bacteria without previous
exposure to suprainhibitory concentrations) has
been demonstrated for CF-301. An in vitro exper-
iment against a panel of 14 staphylococcal strains
in human serum indicated a PAE of 4.8 h, a
PA-SME up to 7.5 h and a SME up to 7.8 h. The
in vivo PAE tested in a neutropenic mouse thigh
model significantly exceeds the in vitro PAE,
reaching 23-26 h (Schuch 2016). A follow-up
study of the CF-301 SME reported that the expo-
sure to subinhibitory levels of CF-301 as low as
0.004x MIC increases antibiotic susceptibility
(DAP), reduces growth rates (tested in vitro and
in a neutropenic mouse thigh infection model
model), decreases biofilm formation and inhibits
a virulence phenotype (Oh and Schuch 2017).
CF-301 is formulated for intravenous injec-
tion. This endolysin has completed a Phase I trial
in healthy human volunteers. In the phase I clini-
cal trial (clinicaltrials.gov NCT02439359), a
placebo-controlled, dose-escalating study (from
0.04 to 0.4 mg/kg/dose) has been conducted to
examine the safety and tolerability of single
intravenous dose of CF-301 in healthy human
subjects. The clinical data have demonstrated
that CF-301 is well tolerated and has a good
safety profile. The latter implies that adverse clin-
ical safety signals (hypersensitivity or serious
adverse events), acute cardiovascular and inflam-
matory responses were absent (Cassino 2016;
Jandourek et al. 2017a, b). To investigate the
inflammatory response on CF-301, a range of
inflammatory markers such as the high-sensitivity
C-reactive protein, the erythrocyte sedimentation
rate and complement factors Bb, C3a, C5a and
CH50 were analyzed. No differences between
placebo and CF-301 injected human subjects
have been reported (Jandourek et al. 2017b). In
addition, no clinically relevant changes in sys-
tolic and diastolic blood pressure, heart rate and
QT were found in PK/PD models based on the
clinical phase I data (Ghahramani et al. 2017).

N-Rephasin®SAL200

SAL200 with anti-staphylococcal activity (com-
mercial name: N-Rephasin®) is developed by
Intron Biotechnology. SAL200 is the recombi-
nant variant of endolysin SAL-1 that is derived
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from the staphylococcus phage SAP-1. A stabi-
lizing formulation containing 0.01 M L-histidine
(pH 6.0), 5% (w/v) sorbitol, 10 mM CaCl, and
0.1% (w/v) Poloxamer 188 was developed for
human application. Initial in vitro experiments
with the formulated SAL200 demonstrated a
rapid and effective antibacterial activity against a
panel of clinical and biofilm-forming S. aureus
isolates. A daily intravenous administration of
formulated SAL200 during 3 days in mice
infected with MRSA significantly increased their
survival rate. No bacteria could be detected in
blood and splenic tissue of mice treated with
SAL200 in contrary to the control group (Jun
et al. 2013). In addition, GLP-compliant safety
evaluation studies of intravenously administered
SAL200 have been executed on rats and dogs,
including toxicity, central nervous system, respi-
ratory, and cardiovascular function tests. Both,
single-dose and repeated-dose (one dose per day
for a period of 4 weeks) toxicity tests in rats does
not result in adverse clinical effects related with
the administration. Similar to rats, repeated dose
toxicity tests were conducted in dogs. After a
2 week treatment, dogs showed no changes in
body weight, food consumption, ophthalmology,
electrocardiography, hematology, serum bio-
chemistry, organ weight or urinalysis. However,
from 10 days after the first treatment, clinical
signs such as subdued behavior, prone position,
irregular respiration, and vomiting have been
reported in dogs but were transient and mild.
These clinical signs were resolved 30 min to 1 h
after each new injection. In the safety pharmacol-
ogy studies, no adverse effects were observed in
the central nervous, respiratory and function
tests. Also in the cardiovascular function tests
there were no adverse events or laboratory abnor-
malities observed by the first and second admin-
istration. However, mild and transient changes
were observed upon the third and fourth injection
but again, the signs were resolved 6 h after
administration. Further investigation has demon-
strated that a repeated administration of SAL200
elicit an immune response in both dogs (14 days)
and rats (28 days), observed by the presence of
anti-SAL-1 antibodies (Jun et al. 2014). In addi-
tion, a reduction in blood C3 complement was

observed in the exposed dogs. C3 complement
proteins support antibodies and phagocytic cells
by killing foreign invaders and thus play an
important role in the innate immune system.
However, it is unclear whether this response was
due to the residual lipopolysaccharide endotoxin
in the recombinant protein preparation or to the
enzyme itself. After these preclinical tests, the
pharmacokinetics of SAL200 have been studied
by an intravenous administration in monkeys.
SAL200 was well tolerated and no adverse events
or laboratory abnormalities were observed when
injected as a single dose administration (up to
80 mg/kg body weight) or as a 5-day multiple-
dose administration (up to 40 mg/kg per day)
(Jun et al. 2016).

Based on these data, SAL200 entered phase 1
clinical trial (ClinicalTrials.gov NCT01855048,
results published in Jun et al. 2017) to evaluate
the safety, pharmacokinetics and pharmacody-
namics of intravenous medication SAL200 in
healthy men. After an intravenous infusion of
single ascending doses, SAL 200 was well toler-
ated and no severe adverse events or clinically
significant values were observed and all present
clinical signs including fatigue, rigors, headache,
and myalgia were transient, self-limiting, and
mild. However, as expected the humoral immune
response was induced and antibodies ranging
from 2 to 12 pg/ml were formed against the
recombinant endolysin SAL200. Also the phar-
macokinetics and pharmacodynamics analysis
support the potential use of SAL200 as new
endolysin-based therapeutic drug. The antibacte-
rial activity in blood has been assessed with an
ex vivo blood assay using blood samples col-
lected from all active pharmaceutical ingredient-
treated participants 1 h after injection. These
blood samples were spotted on a lawn of S.
aureus bacteria and compared with a standard
series of SAL200. These studies ensure that a
dosing regimen of more than 1 mg/kg of SAL200
is a viable treatment because of the following
observations: (I) The blood SAL200 concentra-
tion was greater than 0.078 pg/ml in all collected
blood samples 1 h after injection, which is the
minimum bactericidal concentration to kill a bac-
terial population of 1x10°® CFU/ml in serum
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environment. (II) The time to reduce the optical
density of the initial bacterial suspension with
50% (TODs, equivalent to one-half log drop in
initial viable bacteria) was less than 10 min (Jun
et al. 2017).

P128

The company Gangagen (India) created the engi-
neered enzybiotic P128 for intranasal use against
S. aureus. P128 is a chimeric protein that com-
bines the phage tail-associated catalytic domain
Lys16 of staphylococcus phage K with the well-
known staphylococcal cell wall binding SH3b
domain from lysostaphin. In an initial in vitro
experiment, S. aureus was found to be effective
(>99% reduction of cell numbers) against a panel
of S. aureus clinical strains, including MRSA,
methicillin-sensitive S. aureus (MSSA), and a
mupirocin-resistant S. aureus (Paul et al. 2011;
Vipra et al. 2012). George et al. (2012) confirmed
the stable activity of P128 in body fluids such as
blood, plasma and normal and hyperimmune sera
and demonstrated that P128 has no cytotoxic
effects on mammalian cells, indicating the
potency of P128 as antibacterial agent. To evalu-
ate the in vivo efficiency, P128 was formulated as
a hydrogel and tested in a nasal rat colonization
model using MRSA USA300. Rats treated with
the P128 hydrogel were either completely decol-
onized (four out of the nine rats) or the bacterial
cell numbers were significantly reduced (Paul
et al. 2011). A study on dogs diagnosed with a
canine staphylococcal pyoderma skin infection
further demonstrated the clinical efficiency of
P128. Nearly 5-6 log reduction was seen in vitro
upon P128 treatment on canine pyoderma iso-
lates. Further, a case study with 17 dogs suffering
from canine pyoderma were treated twice daily
for 8 days with hydrogel P128. All lesions of the
dogs under treatment healed completely after
treatment and no recurrence of the symptoms
occurred within 2 months (Junjappa et al. 2013).
In addition, two studies have reported P128 as
effective antibiofilm agent against sinus-derived
clinical S. aureus isolates (Drilling et al. 2016)
and coagulase-negative staphylococci (CoNS),
the major cause of catheter-related bloodstream
infections (Poonacha et al. 2017). The latter study

revealed that P128 has a potent efficiency against
both planktonic cells, biofilms and persister cells
of three CoNS species S. epidermidis, S. haemo-
Iyticus, and S. lugdunensis. Moreover, the combi-
nation of P128 and the selected antibiotics
(vancomycin, daptomycin, linezolid) showed a
high synergistic inhibition of these staphylococ-
cal strains (Poonacha et al. 2017). A renal abscess
rat model was used to evaluate the efficiency of
P128 against S. aureus bacteremia and its poten-
tial hypersensitivity reactions. Rats injected with
a single intravenous dose of P128 up to 12.0 mg/
kg and re-injected after a 15 day resting period
showed no abnormal clinical signs of Type I
hypersensitivity (anaphylaxis) in contrary to the
positive control group injected with ovalbumin,
an agent that causes anaphylaxis. In addition, no
P128-related tissue injury (vasculitis or glomeru-
lonephritis) typical for type III hypersensitivity
was observed. As expected, low titers of anti-
P128 antibodies were raised in the P128-dosed
animals. Notwithstanding this, the concentration
of a single intravenous bolus dose of 2.5 mg/kg in
rats remains above the minimal inhibitory con-
centration (4 pg/mL) for 15 min. In addition, a
single dose of P128 (2.5 mg/kg) was efficacious
in rescuing animals from fatal MRSA USA300
bacteremia and prevents formation of renal
abscesses (Channabasappa et al. 2017). Based on
these data, a second preclinical study was started
to evaluate pharmacokinetics and efficacy of
P128 in a neutropenic mouse model of bactere-
mia. A single bolus (10, 30 and 60 mg/kg) of
P138 was intravenously administered and caused
a rapid and dose-dependent antibacterial activity.
A maximum bactericidal effect was detected for
all test dose levels after 30 mins and the cell num-
bers remain low after 24 h. Finally, the half-life
was determined between 5.2 h (30 mg/kg dose) —
5.6 h (60 mg/kg dose) (Sriram et al. 2017).

Staphefekt™

In 2013, Micreos Human Health BV (the
Netherlands) launched Staphefekt™, a recombi-
nant staphylococcal phage endolysin, which is
the functional compound in the cetomacrogol-
based cream and the gel-based Gladskin series.
These products are promoted by Micreos for the
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treatment of various inflammatory skin infections
provoked by S. aureus by humans such as eczema,
rosacea, skin irritation and inflammatory acne.
The Gladskin products are currently registered as
a (class I) medical device and are prescription-
free available on the market in Europe. In a case
study, three human objects suffering from S.
aureus-related dermatoses were treated with
Staphefekt™ resulting in a clinically relevant
reduction of S. aureus on the skin. However, the
clinical symptoms quickly recurred after stop-
ping the treatment with Staphefekt™ (Totté et al.
2017).

11.5.2 Enzybiotics Against Gram-
Negative Bacteria

Gram-negative bacteria have a protective outer
membrane (OM) that shields the access to the
cell for both hydrophobic and hydrophilic mole-
cules, including endolysins. The outer membrane
comprises a lipopolysaccharide (LPS) layer
which is typically stabilized by electrostatic
interactions between divalent cations and anionic
phosphates and hydrophobic stacking of the fatty
acids of the lipid A moiety of the LPS molecules.
The presence of this membrane generally
excludes Gram-negative bacteria from being
killed by exogenously added endolysins.
Notwithstanding this largely impermeable
barrier, some endolysins can permeate to a cer-
tain extent the OM of Gram-negative bacteria.
Especially Acinetobacter baumannii appears to
be sensitive to a number of such endolysins
including LysAB3 and LysAB4 (Lai et al. 2013),
PlyAB1 (Huang et al. 2014), PlyF307 (Lood
et al. 2015), LysABP-01 (Thummeepak et al.
2016), ABgp46 (Oliveira et al. 2016) and
LysPA26 (Guo et al. 2017). However, higher con-
centrations of those endolysins appear to be
needed to kill Gram-negative bacteria (100-
500 pg/ml) compared to Gram-positive bacteria
(<10 pg/ml), indicating that this OM still hinders
the passage of endolysin (Lim et al. 2014;
Thummeepak et al. 2016; Shavrina et al. 2016).
PlyF307 has a high bactericidal activity (>5 log
reduction in cell number) against all tested clini-

cal A. baumannii strains. Further, a treatment
with PIyF307 (100 pg/ml) resulted in a signifi-
cant reduction of planktonic and biofilm A. bau-
mannii (~2-log reduction in colonizing bacteria)
both in vitro and in vivo. Finally, PlyF307
increased survival of mice with lethal A. bauman-
nii bacteremia with 50% (Lood et al. 2015).
Recent studies focusing on antimicrobial pep-
tides (AMPs) reported that several endolysin-
derived peptides have physicochemical properties
to disrupt and penetrate the Gram-negative OM
and function as potent antibacterials (Thandar
et al. 2016). Further, different compounds facili-
tate the passage of endolysins through the
OM. Aromatic essential oils (carvacrol) disinte-
grate the OM by inducing LPS release (Diez-
Martinez et al. 2013), chelating agents (EDTA)
capture the stabilizing divalent cations from their
binding sites (Briers et al. 2007) and polycationic
compounds (polymyxin E) competitively dis-
place the divalent cations (Mg?* and Ca*") (Vaara
1993; Thummeepak et al. 2016). Another
approach is the use of high hydrostatic pressure
(HHP) to permeabilize the OM for endolysins
(Briers et al. 2008). However, this approach may
only find application in the food sector for prod-
ucts that cannot be pasteurized (e.g. oysters, gua-
camole) and are mostly not suitable for
therapeutic applications.

We reported the development of Artilysin®s
(Briers et al. 2014a). Artilysins are protein engi-
neered endolysins that kill Gram-negative bacte-
ria. The Artilysin® structure is based on a fusion
of a selected endolysin and a specific outer mem-
brane permeabilizing (OMP-)peptide. This OMP-
peptide has physicochemical properties that
interferes with the stabilizing forces of the LPS
layer in the OM. OMP-peptides may comprise
cationic and hydrophobic amino acids, giving
them a polycationic or amphipathic nature. The
OMP-peptide locally and transiently destabilizes
the outer membrane for endolysin passage to the
periplasm. Once the Artilysin® reaches the peri-
plasm, they act similarly to a native endolysin: the
CBD binds its target (specifically, the PG_1 and
PG_3 CBDs bind PG with chemotype Aly) and
the EAD cleaves specific bonds of the PG, eventu-
ally resulting in osmotic lysis of the bacterial cell.
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OM permeabilizers, such as EDTA, can further
enhance the antibacterial activity of Artilysin®s
(Briers et al. 2014a, b).

The best described Artilysin® is Artilysin-175
(Art-175). Art-175 is a fusion of the broad-
spectrum sheep myeloid-29 acid (SMAP-29)
peptide to the Gram-negative specific endolysin
KZ144. The endolysin moiety has been further
modified by site-specific mutations of three cys-
teines to serines to create a more stable and
active Artilysin®. Art-175 has a high bacteri-
cidal effect (>4 log reduction in cell number
after 30 min) against all tested P. aeruginosa
strains, including environmental, clinical and
multidrug-resistant  strains. Art-175 is also
highly bactericidal against multidrug-resistant
Acinetobacter baumannii, including their per-
sisters, resulting in a complete eradication of
bacterial cultures (up to 8 log reduction)
(Defraine et al. 2016). To assess potential resis-
tance development, three different P. aeruginosa
strains were serially exposed to subinhibitory
doses of Art-175. Similar to endolysins, the
highly selective pressure of the subinhibitory
doses did not lead to the recovery of resistant
variants after 20 cycles in contrast to when con-
trol antibiotics are used. In addition, no cross-
resistance against Art-175 could be observed
with thirteen prevalent resistance mechanisms,
including colistin (Schirmeier et al. 2018). Art-
175 shows no cytotoxicity against mouse con-
nective tissue fibroblasts. These data indicate
that Art-175 is well suited for a broad range of
applications in hygiene, veterinary and humane
medicine, including persister-driven chronic
infections. Persisters are insensitive to tradi-
tional antibiotics, because they have shut down
essential metabolic processes targeted by those
antibiotics. Metabolically inactive persisters
cells likely remain susceptible to Art-175
because of its active mode of action (i.e. enzy-
matic PG degradation), while traditional antibi-
otics rely on a passive inhibition mechanism.

In vivo efficiency of Art-085 (a fusion of
OMP-peptide SMAP-29 and endolysin KZ144,
similar to Art-175 but without mutations) has
been reported in two dogs with otitis that not
could be healed with standard antibiotics. Three

different P aeruginosa strains and one
B-hemolytic Streptococcus sp. were identified in
both ears of the first dog diagnosed with otitis
externa. The dog recovered completely after a
systematic treatment of Art-085 (three doses of
Art-085 the 1st day followed by one daily dose
during 6 days) without relapse. Similar results
have been observed with the second dog suffer-
ing from media purulenta. Two different P. aeru-
ginosa strains and one Proteus mirabilis strain
were identified in both ears and a 3-week treat-
ment with marbofloxacin showed no observable
effect. Again, systematic treatment of Art-085
(seven treatments with Art-085 within 1 day and
administration of three additional doses at day 7
and 8) was effective. After 2 weeks no relapse
was observed (Briers and Lavigne 2015).

LoGT-008, which comprises a polycationic
nonapeptide fused to the endolysin PVP-
SE1gpl46, was evaluated in two infection mod-
els. Human keratinocytes were cultured in vitro
and infected by P. aeruginosa, mimicking barrier-
disrupted, infected skin wounds as in burns.
LoGT-008 could fully protect the cultured human
keratinocytes monolayer infected with the highly
virulent P. aeruginosa strain PA14, which is oth-
erwise lethal. No cytotoxic effects were observed.
Antibacterial killing of P. aeruginosa strain PA14
was confirmed using a simple in vivo
Caenorhabditis  elegans  infection  model.
Treatment with LoGT-008 led to an increased
survival rate (63%) in comparison with the
untreated worms (10%) and ciprofloxacin (45%)
(Briers et al. 2014b).

Lysando AG commercializes Artilysin®s and
reports about the development of a wound care
spray. The spray supports the healing process by
creating an optimum moisture and a protective
film and has bactericidal activity against patho-
gens. In a study to determine the efficacy of the
wound spray, a group of human subjects was
daily treated for a long period (>30 days). For
90% of the patients, the wound healing process
started immediately after application and the
wound sizes were reduced. Within 30 days, com-
plete healing of the wounds was detected for 40%
of the human subjects. One of the patients that
has been treated with the wound spray was a
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coma patient with severe decubitus that was
chronically infected by MRSA. After a few days,
signs of healing were described and complete
wound healing appeared after 10 months
(Lysando 2017).

Artilysation or modifying the properties of an
endolysin by fusion with a specific peptide can
also be used to improve the properties of Gram-
positive-specific endolysins. Artilysin-240 (Art-
240), a fusion of a polycationic nonapeptide
fused to the C-terminus of endolysin ASa2lys has
an increased in vitro antibacterial activity against
stationary streptococci cells. A 0.5-1.5 higher log
reduction in bacterial cell number was observed
compared to ASa2lys. Moreover, Art-240 has an
increased enzymatic activity over a broader range
of pH values and NaCl conditions compared to
endolysin ASa2lys. Further experiments demon-
strate that Art-240 has a twofold higher killing
rate causing a 1.7-log reduction in cell number
after 5 min whereas ASa2lys needs 30 min to
cause the same reduction in cell number. In addi-
tion, a 4 to 12-fold reduced dose of Art-240 is
required to achieve the same bactericidal effect as
the native endolysin (e.g. 12.5 nM of Art-240 and
150 nM of ASa2lys are needed for a 2-log reduc-
tion). The positive charges of the fused polyca-
tionic nonapeptide, acting as an additional and
local positive anchor, likely strengthen the inter-
actions of Art-240 with the anionic phosphate
groups in teichoic acids present on the cell sur-
face (Rodriguez-Rubio et al. 2016).

11.5.3 Endolysins Active
Against Mycobacteria

Mycobacterium tuberculosis, the causative agent
of tuberculosis, poses a major threat because of
the emergence of drug-resistant mycobacteria and
the lack of effective therapies. The mycobacterial
outer ~membrane possesses a  mycolyl-
arabinogalactan-PG complex composed of an
inner PG layer (first barrier) that is covalently
attached to arabinogalactan (AG), which in turn is
esterified with a mycolic acid rich layer. The latter
layer provides mycobacteria of a second, lipid
barrier (Brennan 2003). In nature, mycobacterio-

phages attack both barriers from within by pro-
ducing two cell wall hydrolytic enzymes, LysA
and LysB. LysA is a PG hydrolase that degrades
the PG layer and LysB is an enzyme with lipolytic
activity that completes lysis by cleaving the link-
age between the mycolic acids and the arabinoga-
lactan layer (Gil et al. 2008; Payne et al. 2009).
The presence of this mycolyl-arabinogalactan
layer partly restricts access of endolysins (LysA)
to the PG layer when added exogenously (Payne
et al. 2009; Grover et al. 2014).

The past few years, mycobacteriophage-
derived endolysins were isolated and tested
against cell wall components of different myco-
bacteria strains. Cataldo et al. (2011) examined
the endolysin LysA derived from mycobacterio-
phage Ms6. Close inspection of the lysA gene
revealed a shorter open reading frame entirely
embedded in the same reading frame, encoding a
second functional PG hydrolase. E. coli crude
extracts that contain one of both lysins were spot-
ted onto a bacterial lawn of test strains and inhib-
ited bacterial growth of Gram-positive bacteria
and mycobacteria. Grover et al. (2014) have dem-
onstrated the bacteriostatic activity of LysB (iso-
lated from two different mycobacteriophages
Bxz2 and Ms6) against M. smegmatis in combi-
nation with surfactants. The presence of surfac-
tants eliminates artifacts due to cell aggregation
and facilitates the activity of LysB. The bacterio-
static activity of LysB was highest in the pres-
ence of Tween 80. This additional anti-bacterial
effect can be explained by the oleic acid release
due to LysB-mediated hydrolysis of Tween 80
(Grover et al. 2014).

11.6 Conclusion

The rise of multidrug-resistant and pandrug-
resistant pathogens and the lack of new antibiotics
has accelerated the research focus towards enzy-
biotics as potent antibiotic alternatives. Their high
antibacterial activity against multidrug-resistant
strains and persisters, low resistance development
profile, anti-biofilm activity and synergy with
antibiotics makes enzybiotics a promising candi-
date to use as novel therapeutics for human and
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animal health. Numerous preclinical studies have
already demonstrated the potential of (engi-
neered) endolysins to combat Gram-positive and
Gram-negative pathogens and initial research has
been done to extend enzybiotics towards myco-
bacteria. Currently, different lead enzybiotics are
in the clinical development stage. Considering the
fact that different clinical trials are still in prog-
ress, we expect that new clinical developments
will be revealed in the near future.
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