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Abstract: Control of pathogenic bacteria by deliberate application of predatory phages has potential
as a powerful therapy against antibiotic-resistant bacteria. The key advantages of phage biocontrol
over antibacterial chemotherapy are: (1) an ability to self-propagate inside host bacteria, (2) targeted
predation of specific species or strains of bacteria, (3) adaptive molecular machinery to overcome
resistance in target bacteria. However, realizing the potential of phage biocontrol is dependent on
harnessing or adapting these responses, as many phage species switch between lytic infection cycles
(resulting in lysis) and lysogenic infection cycles (resulting in genomic integration) that increase the
likelihood of survival of the phage in response to external stress or host depletion. Similarly, host
range will need to be optimized to make phage therapy medically viable whilst avoiding the potential
for deleteriously disturbing the commensal microbiota. Phage training is a new approach to produce
efficient phages by capitalizing on the evolved response of wild-type phages to bacterial resistance.
Here we will review recent studies reporting successful trials of training different strains of phages to
switch into lytic replication mode, overcome bacterial resistance, and increase their host range. This
review will also highlight the current knowledge of phage training and future implications in phage
applications and phage therapy and summarize the recent pipeline of the magistral preparation to
produce a customized phage for clinical trials and medical applications.

Keywords: biocontrol; FDA approval; antibiotics; bacterial resistance; phage evolution; Biofilm
clearance; phage arbitrium

1. Introduction

The emergence of antibiotic resistance in bacterial pathogens, accompanied by a rise
in the attributable mortality [1], has led to considerable research effort being directed
toward finding alternative treatments. Bacteriophages (phages) are viruses that infect
bacteria [2], and deliberate therapeutic application of phages to infections caused by
multi-drug resistant bacteria is a promising alternative to antimicrobials. Phages are the
Earth’s most abundant biological entity and play a key role in the ecology of microbial
communities, including the human microbiota and soil [3,4]. Phages are characterized by a
narrow host range and a typical phage particle can only infect a limited number of closely
related bacterial species or strains within the same species [5]. When a phage enters the
bacterial cell it begins one of two primary life cycles; virulent phages pursue the lytic life
cycle where they quickly lyse their host cell and release viral particles, while temperate
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phages can integrate their nucleic acid into the host genome and pursue the lysogenic life
cycle [6].

For the treatment of infection, the advantages of phage therapy over anti-bacterial
drugs and the challenges facing effective phage therapy are summarized in Table 1.

Table 1. Shows a brief comparison between advantages and disadvantage of phages over antibacterial agents.

Pros of Phages Cons of Phages
The efficiency of killing multi-drug resistant bacteria [7,8] Narrow host range, as sometimes infections involve multiple
and biofilm clearance [9] bacterial pathogens [5]

A narrow host range that causes no considerable harm to
commensal microbiotas [10]

Phage-microbiome interactions in the human body are poorly
understood and phages may have as yet undescribed adverse
effects on microbiomes and host immunity [11-14]

Isolation, identification and development of phages from the Some bacteria have evolved resistance against phages through
environment is an easy and inexpensive processes [15,16] multiple mechanisms that prevent phage infection [17]
Low inherent toxicity [18] and auto-dosing [19] Immunogenicity [20]

The advantages of phage therapy and the challenges facing effective phage therapy
have been comprehensively reviewed elsewhere by Loc-Carrillo and Abedon [21].

The key advantage of phage therapy over antibiotics is that phages respond to bacte-
rial defenses; for example, phage host range has been expanded through both evolutionary
selection and genetic engineering [22,23]. Furthermore, phages have the ability to over-
come bacterial resistance mechanisms and increase their host range through adaptation or
training [23-26].

Co-evolution studies employ the Appelmans protocol to understand the phage adap-
tation to bacterial hosts, which is known as “phage training” [25]. Phage training can
be divided into natural, enforced, and engineered. In natural phage training there is no
bias between the selection of bacteria and phage; both are developed on the same track to
keep the balance that exists in nature without human interference. However, in enforced
phage training, selection is biased toward the phage, for example by countering phage-
resistant secondary bacterial growth through co-treatment with silver nanoparticles [27]
or antibiotics [28]. It is important to distinguish between pseudo-enforced phage training
approaches where the effect is temporary and dependent upon the effector, for example
using antibiotics to convert lysogenic cycle to lytic in temperate phage [29], and enforced
phage training where the induced changes are permanent, for example exposing the phage
to a chelating agent [30,31]. In engineered phage training selection is absolutely biased
toward the phage as it evolves naturally after engineering.

Although phages are a highly promising alternative to antimicrobial agents, there are
presently a number of recognized drawbacks due to bacterial defense mechanisms and
limits in our scientific knowledge, as outlined above. Stemming from this, we need to better
understand and predict phage behavior in order to develop safe and efficacious applica-
tions. This review aims to highlight the common strategies based on previously approved
regulations [32,33] to optimize phage agents for biocontrol applications, including how
phages can be deliberately switched between lytic and lysogenic cycles and how a better
understanding of phage:bacteria interactions will subdue the development of bacterial
resistance and expand phage host range. The review will also describe the various regula-
tions and approvals in place for using phages in biocontrol of pathogens. By pinpointing
the maneuvers that phage naturally execute, we can manipulate phage behavior to benefit
therapeutic applications.

2. Training Phage Lysogenic-Lytic Decision
2.1. Training Phage to Be Lytic

The process of controlling the phage to switch from lysogenic cycle to lytic cycle opens
the door for researchers to control the replication dynamics of prophages and train them
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to get maximum benefit from using them to control pathogenic bacteria. Lytic phages
are of special interest given their role as a bacterial control agent and have advantages
over the lysogenic phage which were described elsewhere [34]. Many experiments have
been designed to achieve the lytic-lysogenic switch in the laboratory. In one experiment,
the universal lysis-inducing agent, Mitomycin-C, was employed to induce the phages of
Serpulina hyodysenteriae, in which bacteria were incubated for around 7 h, then studied [35].
The treated culture showed lower optical density, and phage particles were detected using
an electron microscope and an extrachromosomal band, indicative of phage nucleic acid,
was visualized by gel electrophoresis [35]. Other studies have used forward genetics to
explore the bases of lysis activity in phage. For example, one study incubated the SA13
temperate phage in sodium pyrophosphate to induce mutation before viable, lytic phage
were recovered by picking phages that produce clear plaques on lawns of susceptible
Staphylococcus aureus bacteria [36]. This process was repeated 25 times at which point the
phage showing the best lysis effect was isolated and named SA13m. Compared to the SA13
wild-type phage, the virulent mutant SA13m did not show lysogens and could lyse bacterial
cells faster than the wild-type [36]. Moreover, the comparative genome analysis done for
both SA13 and SA13m showed random mutations that resulted in non-functional truncated
genes in SA13m that included integrase, CI repressor, anti-repressor protein, and other
proteins belonged to the lysogen decision gene cluster [36]. The pyrophosphate method to
generate strictly non-temperate phages was previously applied by other researchers [31].
Although both papers promote genome deletions, the resulting genomes had the same
length and both did not demonstrate with sufficient controls that the supposedly obligate
non-temperate phages really could not undergo the lysogenic life cycle.

Studies have shown that prophage can shift to the lytic cycle under stress conditions
such as pH. In a study by Choi et al. [37], various inducing factors were examined against
Nitrosospira multiformis, an ammonia-oxidizing bacteria used in wastewater treatment.
Culturing in sub-optimal acidic culture media (pH 5) was observed to increase the number
of non-viable bacterial cells and the number of virus like particles (VLPs) relative to a
control cultured under optimal pH conditions (pH 7), which indicates that the phage
shifted into a lytic mode of action. In addition, a series of experiments showed an increase
in VLPs in response to an increase in chlorine (IV) concentration from 0.002 to 0.1 mM,;
above 0.1 mM chlorine (IV) the number of VLPs and bacterial count are decreased due
to chlorine (IV) toxicity. At low (<4 °C) and high (>45 °C) temperatures, the growth
of N. multiformis is inhibited, but at 35 °C VLPs are increased and the cell viability is
decreased, indicating the lytic switch [37]. These results highlight the possibility of using
prophage under acidic conditions and even in the presence of low level of chlorine to
control pathogenic bacteria.

2.2. Training Phage to Be Lysogenic

The lytic to lysogenic switch is less studied, which might be due to several reasons:
(i) virulent phages have clearer application as antimicrobial and biocontrol agents thereby
researchers tend to be less interested in lysogenic phages [36], (ii) temperate phages exert
less selective pressure on bacterial ecosystems relative to virulent phages as lytic phages
kill ~20% of the bacterial community per day [38], (iii) fewer methodologies are opti-
mized to study lysogeny, e.g., no direct tests to count the lysogens have been reported
and studies rely on triggering the lytic switch to quantify phage by counting the resulting
phage particles with a large margin of error and possibility of false negative results [37].
Other studies rely on metagenome sequencing, which at this time is both relatively expen-
sive and requires a high-performance computer infrastructure [39]. Older lysogenisation
tests are outside of the scope of this review and have previously been well critiqued by
Kourilsky [40].

Whilst the lysogenic decision takes place when a phage switches its replication mode
from the lytic to the lysogenic cycle, phages can also inhibit lysis without the need of a
replication mode switch. Phage superinfection exclusion (Sie), happens when phages are
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not allowed to enter the host cell due to the presence of the same or closely related phages
within the bacteria [41]. During Sie phages undergo lysis inhibition waiting for all the
in-host phages to lyse the host bacteria and be released into the external environment [42].
This is distinct from a lysogeny switch as during Sie phages halt the lysis, but do not
undergo lysogeny. Multiplicity of infection (MOI) is one of the factors that encourage
lytic to lysogenic switch [40] and there is a direct relationship between the phage ratio
to bacterial number and switching processes in the temperate phage; Kourilsky (1973)
suggested that the high average number of phages in bacterial host cells (or high MOI)
favors the lysogenic mode of action [40]. Moreover, infection by more than one replicating
phage leads to lysogenisation, while infection with a single phage is likely to result in lytic
replication. However, recent work suggests that it is not applicable for a bacterium to be
infected by more than one phage or phagemid due to Sie and P3 expression [41,43]. These
results are explained by Abedon’s rationale, when he suggests that as the virulent phages
disrupt more and more bacterial hosts the number of susceptible host cells decreases [44],
which places a burden on the phages, as if they do not find sufficient host cells to infect they
face deactivation. One way to avoid that burden, is for phages to inhibit the lysis process or
go into lysogenic switch and pass their genome along with the bacteria to balance the cell
density and the phage to host cell ratio, and that is why as the MOI increases, the isolated
phages will be mostly temperate phages.

ClII is a working gene in the lysogenic decision gene cluster and it has been shown
that increasing the initial phage titer elevates expression of transcription factors and
consequently increases CII gene expression [45-47]. Another study found that CII gene
increases as the integrated phage particles increases [48]. Further investigations showed
that CII gene upregulates the CI gene, which is the main agent in the phage lysogenisation
process [45-47]. Respectively, the trainer can control the phage attitude between lytic and
lysogenic cycles by adjusting the initial inoculum, since a larger inoculum of bacteria or
lower inoculum of phage switches on the lytic cycle.

A study of a coral reef ecosystem associated increased bacterial density with a lytic to
temperate phage switch [49]. Genes encoding integrase, excisionase proteins, and prophage
hallmarks were all detected by metagenomic analysis of phages isolated from environments
with fast growing bacteria. These findings suggest that in cases of fast-growing bacteria,
phages chose the lysogenic cycle and piggyback the bacteria. The Piggyback-the-Winner
(PtW) model, describes the positive relationship between bacterial densities and the lytic
to lysogenic switch and opposes the long favored hypothesis, Kill-the-Winner (KtW)
model, which suggests that lytic phages predominate when the number of bacteria cells is
increasing [50].

2.3. Phage Communication Shapes Lytic-Lysogenic Decision

The importance of communication between bacteria (quorum sensing) has been rec-
ognized since the late 1960s [51,52], but recent discoveries have shown that phages are
also “socially” communicating important information to boost their surveillance just like
bacteria [53]. One footprint of phage communication is lysis inhibition. In cases of superin-
fection exclusion, detailed in Section 2.2, lysis inhibition suggests a kind of communication
among phages as phages somehow sense the hardship in tethering (adsorbing) and en-
tering the bacterial host, then choose communally to undergo lysis inhibition until all
primary infection phages lyse the bacterial host. After the first round of infection and
lysis is completed, the phages switch back to lysis mode and infect bacterial host [42].
Furthermore, Abedon [44] highlighted a dilemma in this scenario when he asked how
some phages (outside the host cells) could inhibit the lysis process, while other phages
(inside the host cells) continue their normal lysis replication cycle.

The details of how phage particles can sense host cell stress were unclear until the
purification of a small signal peptide that facilitates the phage communication [54]. The
experiment detected a hexapeptide moiety that is secreted during the lytic cycle, but
encourages the phage to commit to the lysogenic mode as it accumulates. Release of
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the peptide communicates that phages have successfully lysed the bacterial host and
increased [55] concentrations indicate more and more successful phages, and corresponding
lower host abundance (high MOI), which encourages phages to switch to the lysogenic
cycle [56]. In the absence of this signaling moiety, however, the phages are induced to
switch into the lytic mode. This finding is revolutionary in the field of sociovirology as it
opens a new horizon for the peptide-based decisions for viruses [57,58].

3. Training Phages against Phage-Resistant Bacteria

Phages and their bacterial hosts compete to survive. Meanwhile, they boost the diver-
sity of several microbial ecosystems [59]. In vitro experiments suggest that bacteria-phage
co-evolution contributes to the potential of employing phages in therapeutic approaches.
Unlike antibiotics, phages maneuver to overcome the antiviral mechanisms raised by the
bacterial hosts [60]. In this section, we will discuss the mechanisms of bacterial resistance
and how phages overcome these challenges (Figure 1).

("~1  1- Adsorption block

# A) Produce polyvsaccharide lyaseshvdrolase
| B)Recognize the new receptors

L. = C) Modify their RBPs

Figure 1. Phage interruption mechanisms against bacterial resistance. The figure shows the four steps of the phage life cycle

where it responds to bacterial host cell defense.

3.1. The Mechanisms That Bacteria Use to Resist the Phage

To successfully infect a bacterium, phages must first adhere to receptors presented on
the cell surface and then inject their nucleic acids into the host to commence replication.
Bacteria have developed numerous defense mechanisms against each of these steps and
here we will review the four main approaches: (i) preventing phage adsorption, (ii) pre-
venting phage nucleic acid entry, (iii) cutting phage nucleic acids, (iv) activating abortive
infection systems. Other defense mechanisms are described elsewhere [17]. The process of
bacterial resistance toward phages is of critical importance to the health and drug discovery
sector in the future. Anti-bacterial-resistance mechanisms are summarized in Figure 1 and
will be detailed in the following sections.



Biologics 2021, 1

75

3.1.1. Preventing Phage Adsorption and Nucleic Acid Entry

Tethering of phages to bacterial receptors and nucleic acid entry are fundamental
steps of the infection process and a variety of obstacles have evolved in bacteria to block
them. For instance, to resist phage adsorption, bacteria developed several techniques
to prevent phage from binding host receptors. For example, S. aureus produce protein
A [61] and Escherichia coli produce TraT protein [62], which mask the phage receptor and
modify cell surface receptors, respectively. Other bacteria such as the Pseudomonas produce
alginates, which are polysaccharide moieties secreted into the extracellular matrix that
prevent the phage entry into the cell [63-65] and some bacteria use molecules that work
as competitive inhibitors for the phage receptors [66]. Moreover, temperate phages can
produce membrane-associated proteins to activate the previously illustrated phenomenon:
Sie, which inhibit other lytic phage from injecting DNA into the bacterial host when the
primary phage is still inside [67].

3.1.2. Cutting Phage Nucleic Acids

Bacteria destroy the invading phage nucleic acids through one of three defense sys-
tems: (i) restriction-modification, (ii) prokaryotic argonautes (pAgos), and (iii) Clustered
Regularly Interspaced Short Palindromic Repeats with CRISPR associated genes (CRISPR-
Cas) system. The restriction-modification system uses restriction enzymes to cut the
injected phage genome at specific restriction sites [68]. Bacteria have evolved modification
dependent systems (MDSs) to differentiate between methylated and hydroxymethylated
DNA [69]; for example, E. coli CT596 has glucose-modified restriction systems: S and D
that cleave glucosylated hydroxymethylcytosine (HMC)-containing DNA, which have no
effect on unglucosylated DNA [70]. Moreover, E. coli bacteria produce fused polypeptide
GmrS and GmrD that can prevent the effect of internal protein I (IPI) in phage and block
phage infection [70,71].

The CRISPR-Cas system is a complex adaptive system against phage invasion [72].
This system includes the spacers, which have around 3040 nucleotides from the invading
phages, that are first transcribed into small CRISPR RNA (crRNA) guides. CRISPR types I,
II, and V use crRNA guides to detect the complementary sequence in the invading phage
genome called a “protospacer” and they need a conserved protospacer-adjacent motif
(PAM) located beside target DNA [73-75], whereas both Types III and VI do not need
PAM [76,77], and Type VI CRISPR targets RNA only [78]. On the other hand, pAgos are
newly recognized as bacterial innate defense mechanisms [79]. Agos relies on degrading
the invader DNA sequence non-specifically, then using this as guide DNA that provides
sequence-specific interference facing the same target [80,81]. To date, various mechanisms
have been illustrated, such as DNA-guided DNA silencing [82] and RNA-guided DNA
silencing [81]. The phage can be trained by developing anti-CRISPR-Cas system genes [83]
which can be done through artificial selection.

3.1.3. Activating Abortive Infection Systems

Abortive infection (Abi) system appears in a bacterial community as a form of al-
truism as a bacterium will sacrifice itself to protect the surrounding community through
programmed cell death. In Abi, bacteria prohibit the release of functional phage particles
along with toxin-antitoxin (TA) systems [84]. TA systems have toxins, proteins which
reduce the metabolism level without killing the bacteria. The phage progeny is reduced
due to the lower metabolic activity of the host [85].

3.2. The Phage Interrupting Bacterial Defenses

Phages overcome various resistance mechanisms raised by bacteria. Thus, the co-
evolution process is dynamic as we can still see both of them in nature. Phages are able
to recognize and deal with changed bacterial receptors and successfully adhere to the
bacterial cell. Phages can also bypass the modification dependent systems (MDSs) that
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are produced by the bacteria and employ their own anti-CRISPR system against bacterial
adaptive immunity.

3.2.1. Phages Defeat MDS Systems and Receptor Change

A number of different strategies for overcoming host MDS systems have evolved in
phages. Some phages have glucosylated hydroxymethylcytosine (HMC) or a methylated
genome to avoid particular endonucleases [86] and phages can also accumulate mutation
to lose the restriction sites such as Staphylococcus Phage K, which loses the Sau3A restriction
site in both DNA double-strands [87,88]. Furthermore, phage T4 may earn a resistance
to MDSs by the glucosylation of HMC residues [60]. Some T4-like phages can produce
76-amino-acid-residue nuclease inhibitor, IPI, into the bacterial host, to inhibit the unfused
GmrS-GmrD system. So, those phages are allowed to infect E. coli strains that have this
system [71]. To overcome receptor changes phages can produce polysaccharides such as
lyases or hydrolases to “shew” the adsorption obstructs [89,90].

3.2.2. Anti-CRISPR and Anti-Abortive Infection (Abi) Systems

Phages develop mechanisms to avoid bacterial CRISPR—Cas and Abi systems. For
instance, anti-CRISPR proteins (Acr), whose transcription is regulated by anti-CRISPR-
associated (Aca) proteins, were found to be able to increase the fitness of phages against
almost all CRISPR-Cas systems [91,92]. Phages could also avoid CRISPR-Cas systems by
producing mutations at PAM sites [93]. Furthermore, phages have anti-abortive infection
machinery, such as mutations in the nucleotide metabolism genes of Lactococcus spp. phages
that allow them to escape from AbiQ mechanism [94] and phage TE produces pseudo-
antitoxin RNA which contributes in preventing toxin—antitoxin systems in bacteria [95].

3.3. Training Phage to Overcome Resistant Bacteria

As phages adapt to bacterial resistance naturally, we can artificially train them against
resistant bacteria. Phage-resistant bacteria are the major drawback of phage applications
and much attention is devoted to recognizing examples of host resistance in natural
ecosystems [25]. E. coli O157:H7 is a pathogenic bacterium with the ability to form mutant
strains that resist PP01 phage. A study found that following 100 h of incubating the resistant
bacteria with PP01 phage, that the phage became naturally trained to lyse the bacteria [96].
Another study focused on Pseudomonas aeruginosa PAOw-1, a Pseudomonas strain with an
altered O-antigen on its receptors that confers resistance to PaoP5 phage infection. A trial
employed phage training to produce a phage capable of overcoming this obstacle and
following several transfer experiments the resultant “trained” phage exhibited alteration in
genes that encode phage receptor binding proteins. The mutation yielded a synthetic phage
called PaoP5-m1, with a mutation A715C in orf75 that enabled the phage to recognize the
mutated receptor of PAOw-1. In this case phage training worked against an altered and
truncated O-antigen, but training failed against the total loss of the O-antigen [97].

However, bacteria are also able to evolve as a response of phage attack. For instance,
after a susceptible P. aeruginosa PAO1 was serially challenged six times with panel of phages
a mutant bacteria strain was selected that resists ancestors of two phages of the panel.
However, correspondingly, after six serial transfers the trained phages had the ability
to lyse both P. aeruginosa PAO1 and the mutant strain [98,99]. This finding suggests the
co-evolution between the bacteria and phage might increase the potential of phage usage
in therapeutics.

Nonetheless, the co-evolution of bacteria has a burden on its growth. Pseudomonas
fluorescens with its phage phi2 is a model for long co-evolutionary dynamics between
bacteria and phage. The findings showed that bacteria with phage generate more mutations
than those incubated without phage [100]. Moreover, the phage-resistant bacteria had a
slower growth rate and were less virulent; representing a fitness cost [101].
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4. Host Range

The range of bacterial strains that are recognized and infected by phage is known as
the “phage host range”. Phages are classified based on their host range as monovalent or
polyvalent phages [102]. Monovalent phages infect limited strains of bacteria by binding
to a single receptor with a narrow host range; whereas polyvalent phages bind to many
different receptors and have a broad host range. The most common phages are monovalent
and are restricted to a small number of bacterial strains of the same species. The narrow
host range can be advantageous in phage applications as the applied phage cannot affect
potentially beneficial off-target bacteria. Due to the massive variety in bacterial strains, it is
hard to identify all the infecting bacterial strains and all their specific phages. In addition,
some infections are caused by multiple bacterial strains, so it is even harder to isolate a
single phage active against them all [2,103]. Therefore, deliberately expanding the phage-
host range by phage training can solve these challenges in several phage applications.

4.1. Factors Determine Phage Host Range

Phage receptor binding proteins (RBPs) are the primary determinant of host range.
Phages initiate infection by binding to bacterial host receptors including saccharides,
proteins, and organelles using their RBPs (Figures 2 and 3). RBPs are located at the tip
of the tail and vary in structure between phages according to their morphology. The
majority of changes in the attachment mechanism between the phage and its host are due
to alterations in the RBPs [104]. Accordingly, RBPs became the main target of several studies
to expand the phage host range and potentially widen the range of phage applications,
however biochemical interactions during infection and the phage-resistance mechanisms
employed by the host (see Section 2) also contribute to shaping phage host range [5].

Gram negative bacteria cell wall structure re—TrYra——
® 1
Rough LPS structure Q@ O-Antige
O J
o 2 ]
° ; ore
5] polysacch
® ¢ .
o Lo S P
A Lipid A
FepA, -

FhuA,
GamR ol

and

LamB

Periplasm

00000000000 000000000 ‘.......'...................F

200000000000 0000000000000000000000000000000000000000000

Figure 2. Target receptors of Gram-negative bacteria for phage adsorption including lipopolysaccha-
rides, and flagellum.



Biologics 2021, 1

78

Gram positive bacteria cell wall structure

Lipoteichoic
acid

Teichoic acid

---------------
esasashecsssese sy
R S e T we
---------------
snsmenheenessnsn
w8 aelleusgeueuy
sssesnhbessnsnsney
----------------

----------------
----------------

---------
S Ty
LA e o s e ]
ssas e e
---------

---------

Peptidoglycan

Cytoplasmic
l' membrane

Figure 3. Target receptors of Gram-Positive bacteria for phage adsorption including peptidoglycan, lipoteichoic acid,

teichoic acid, and integral proteins in cytoplasmic membrane.

4.2. Methods of Host Range Expansion (HRE)
4.2.1. Natural Co-Evolution

Phage-host coevolution is a natural process that sustains both phage and bacterial
existence. The bacteria dynamically form anti-phage barriers and employ adsorption
blockers to prevent phage tethering and phages evolve accordingly to overcome these
barriers along with expanding their host range, ensuring the survival of both phages
and bacteria.

It has been shown that E. coli and its phage T7 coevolve for the benefit of the phage.
When T7 phage expanded its host range to include a mutated E. coli, these trained phages
were less sensitive resistance in the initial bacterial population [105]. In addition, studies
have shown that the continuous mutations occurring in co-cultured bacteria and phages
increase the phage host range. A study that performed four co-evolution experiments,
where EfV12-phil phage was grown on Enterococcus faecium with serial transfers twice daily
for eight days [106]. Genome sequencing highlighted that E. faecium resists phage due to
mutations in the yqwD2 gene, which is involved in exopolysaccharide biogenesis and export.
In addition, more mutations were placed in the rpoC gene, which is responsible for the
synthesis of the RNA polymerase 3" subunit. EfV12-phil phages adapt to these mutations
by evolving tandem duplications within a putative tail fiber gene, which increased phage
adsorption to several strains of E. faecalis. Host range assays concluded that co-evolution
causes blockage of bacterial adsorption at first, whereas phage infectivity increases over
time due to mutations in its tail fiber [106].

Appelmans Protocol

The Appelmans protocol is currently used to expand phage host range. It relies on
serial passages of co-infection using a continuous culture of a trained phage with the
same original wild-type host at each passage [23]. The protocol showed promising results
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to expand the host range of P. aeruginosa-specific phages. Researchers used cocktails of
phages to expand phage host range, prevent formation of the biofilm, and to reduce the
pre-existing biofilm of P. aeruginosa strains. The Appelmans protocol was then modified by
using seven clinical and three laboratory strains of P. aeruginosa (two of them were sensitive
to phages) and a cocktail of three Pseudomonas phages. The phage cocktail was incubated
with each bacterial strain and after 30 rounds of applying the protocol, the host range
of isolated phages’ progenies was expanded since the seven clinical Pseudomonas strains
became sensitive to all phages. The genetic analysis revealed that many recombination
events occur between the two most closely related phages in the cocktail. These results
suggest that the Appelmans protocol can expand the host range of phage cocktail without
new genetic information being added [23].

Natural Co-Evolution: Role of Acquisition of Sensitivity in Host Range Expansion

In the acquisition of sensitivity (ASEN) phenomenon, the receptors of the sensitive
bacterial hosts exchange with the adjacent resistant cells. Researchers using resistant and
sensitive strains of Bacillus subtilis and lytic phage SPP1 found that resistant cells, which
lack the SPP1 receptor, are killed when co-cultured with sensitive cells. This exchange
is an example of horizontal gene transfer that occurs between different strains to allow
phage adsorption to non-host strains [107]. Many factors boost the process of expanding
phage host range along with the Appelmans protocol: (i) using a virulent phage cocktail
is essential to allow recombination with diversity; (ii) using both clinically relevant and
up-to-date bacterial isolates that are resistant to the cocktail; (iii) including a sensitive
bacterial host for lytic growth of most or all the phages in the cocktail [23].

4.2.2. Genetic Engineering of Phage-Host Range

Genetically engineered phages offer another approach to expand host range for multi-
species bacterial communities. It is achieved by displaying hybrid phage tail or tail fiber
proteins to expand host range. Phage engineering has been applied to several species of
Klebsiella, Salmonella, Escherichia, Shigella, and Enterobacter [108]. Furthermore, synthetic
biology has been used to alter E. coli phage scaffolds to target pathogenic Yersinia and
Klebsiella bacteria and alter Klebsiella phage scaffolds to target E. coli by modular swapping
of tail components of the phage [109].

As a key factor in host range research, effort has focused on the phage RBPs as the
C-terminal region in particular is one of the most important determinants for host range
specificity. On the other hand, other regions may indirectly alter receptor specificity by
changing binding site supportive capacity. A study used T4-like phage, WGO01, to change
the host range of another T4-like phage, QL01, by replacing different parts of the host-
determinant gene in its tail fiber protein with that of QL01 [22]. The results showed that a
mutation of a single nucleotide in phage RBPs can change the host specificity. They also
highlighted recombination events in the RBP domains in the new phage, WQD, which led
to host range expansion to involve the parent phages and the novel hosts [22].

4.3. The Applications for Phage Training

The first study that used the concept of phage training was conducted and published
in 2013 [98], but the concept has yet to be fully exploited. The main aim for this is to reduce
the risk of bacterial resistance toward phages by producing more evolved phages that
can be used in disinfecting surfaces at hospitals [98]. Recently, it was reported that phage
can be evolutionary accelerated over 28 days through phage training that enabled phage
to suppress bacteria by about 1000-fold more than the untrained ancestor phage [110].
However, the balance between cost and benefit should be investigated more.

5. Legal Regulation of Phage Therapy

The optimal application for trained phage falls within human therapy. Pharmaceutical
legislation and regulation were designed to serve pharmaceutical industries and large-scale
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production, not customized products, and there is no compatible regulatory framework
for phage therapy in many countries. However, many successful models have been devel-
oped to employ phages in therapeutic applications for human disease, where emergency
approval was given for individual cases with the general five prerequisites: Availability,
Production, Formulation and Administration, Dosage, and Therapeutic Evaluation [111].

Approval of Clinical Trials

Several clinical trials have been conducted in humans that use phage as an alterna-
tive therapy, all of which were based on isolated phages often in the form of a cocktail.
In 2009, phase I/1I of a clinical trial were approved by the Central Office for Research
Ethics Committees (COREC) and Medicines and Healthcare Products Regulatory Agency
(MHRA) in the United Kingdom. In this trial, phage therapy against antibiotic-resistant
P. aeruginosa (Biophage-PA) was tested on 24 patients [111]. In 2009, Phages for Human
Applications Group Europe in Belgium was founded as a non-profit organization to fill
the gap in phage therapy [112]. In 2010, Eliava Phage Therapy Center in Georgia was
established to supply patients with phage-based treatment in their home [113]. In the
USA. the FDA has approved a clinical trial phase I to use a phage cocktail prepared by
Intralytix as a therapy for leg ulcers [114]. Since 2011, the Western Sydney human research
ethics committee of Australia approved phage therapy for compassionate use to treat
P. aeruginosa urinary tract infections [115]. Moreover, in 2015 Poland, a European Union
member, established a phage treatment facility with support from Hirszfeld Institute. This
gave them authorization for the first ethically approved phage therapy in Europe, with
over than 700 patients enrolled in phage therapy under the approval of Independent
Bioethics Committee (opinion No. KB-349/2005) [116]. In addition, the phage therapy
in Poland was conducted under “experimental treatment” regulations [117]. In France,
phage therapy was used under nominative temporary authorization [118] and in 2017,
under the umbrella of the Declaration of Helsinki, a patient received intravenous phage as
a monotherapy to fight P. aeruginosa [119]. Moreover, from April 2013 to April 2018, there
were 15 patients receiving phage therapy against different bacterial strains in the Queen
Astrid military hospital (QAMH) in Brussels, Belgium [119,120]. In 2017, the Food and
Drug Administration (FDA) approved to use the phages under Emergency Investigational
New Drug (EIND), in which patients were treated by intravenous phages against resistant
Acinetobacter baumannii [121]. In 2019, the FDA approved the first clinical trial in USA for
intravenous phage therapy [33] and collaboration between France and Belgium to use a
cocktail of phages against P. aeruginosa in a study that was known as “PhagoBurn” [122].
Currently, there are nine clinical trials recruiting for phages for different diseases Table 2.
The potential problem that will be encounters is that when a trained phage is used it will
be considered a novel phage, different from the wild-type and requiring full evaluation
from the beginning.

Table 2. Current clinical trials for phage to be used as a therapy or sensor for human diseases. Data obtained from

www.clinicaltrials.gov (accessed on 9 March 2021).

NCT Number Conditions Title Sponsor/Collaborators
NCT04650607 Prosthetic joint infection Phage safety cohort study Hospices civils de Lyon
. . . . Adaptive phage therapeutics, Inc.,
NCT04287478 [123] _ Urinary tract Phage therapy in patients with " {35t States department
infection bacterial urinary tract infections
of defense
NCT04724603 Bone and Joint Infection Phage Safety Retrospective Hospices Civils de Lyon

Cohort Study

NCT04596319 [124]

Ph 1/2 Study Evaluating Safety
and Tolerability of Inhaled
Cystic fibrosis AP-PAQ2 in Subjects with Chronic
Pseudomonas Aeruginosa Lung
Infections and Cystic Fibrosis

Armata pharmaceuticals, Inc.,
and cystic fibrosis foundation
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Table 2. Cont.

NCT Number Conditions

Title

Sponsor/Collaborators

NCT03808103 [125] Crohn Disease

Safety and Efficacy of EcoActive
on Intestinal Adherent Invasive E.
Coli in Patients with Inactive
Crohn’s Disease

Intralytix, Inc. and Mount
Sinai hospital

NCT02957370 [126] Urinary Bladder Neoplasms

Molecular Biosensors for
Detection of Bladder Cancer

University of California, Irvine

NCT03326947 [127] Neoplasm Neck

Phage II Trial of Stathmin as
Predictive Biomarker for TPF
Induction Chemotherapy
in OSCC

Shanghai Jiao Tong university
school of medicine

NCT03967236 Inflammatory bowel diseases

Impact of Intestinal Virome on
Pediatric Inflammatory
Bowel Disease

Hospices civils de Lyon

NCT03418454 [128] Oral squamous cell carcinoma

The Oral Microbiome as a
Prognostic Tool in Oral Malignant
and Premalignant Lesions and in
Medication Related Osteonecrosis

of the Jaw

Barzilai medical center

The idea of magisterial phage preparations originated from the magisterial prepara-
tions concept which is identified as “any medicinal product prepared in a pharmacy in
accordance with a medical prescription for an individual patient” (Article 3 of European
Directive 2001/83 and Article 6 quater, 3 of the Law of 25 March 1964). A clear phage ther-
apy framework was proposed to be followed (Figure 4). This approach is used in Germany,
Netherlands, Belgium, and France [117]. Unlike chemical compounds and enzymes, phage
undergo mutations throughout its genome whenever the replication process occurs [129].
Based on that, we highly recommend re-evaluation of the current regulations for using the

phage as a therapy, especially regarding phage training.

sCharacterized phages

PHAGE BANK

Seed lot

CONTROLLED
ENVIRONMENT
Active
Pharmaceutical
Ingredient (API)

eStored using a (tiered) banking system

s A phage API (single phage) is produced using a
suitable host

*Produced according to a monograph

*External quality testing based on a monograph,
performed by a “Belgian Approved Laboratory”

sUpon prescription
HOSPITAL
PHARMACY

*0One or more phage APIs are selected
(phagogram)

*Phage APIs are mixed with a carrier
(e.g. a hydrogel)

Magistral preparation

Figure 4. Shows the flow of magistral phage preparation retrieved from Pirnay et al. [130].
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However, the situation in plant crops, animal products, food, and living animals
is better since there are various commercial phage-containing products from different
manufacturers. In the USA, OmniLytics Inc. specializes in producing phages for agriculture,
while Intralytix Inc. produces phage-containing products for poultry, pet food, and human
food and Elanco Food Solutions has phage products for hide-washing [131]. Micreos Food
Safety in the Netherlands decontaminates meat surfaces and MRSA on human skin using
phages and endolysins, respectively. APS Biocontrol Ltd. in the UK is specialized in the
treatment of potatoes with phages and Proteon Pharmaceuticals SA in Poland uses phages
to treat the contamination in aquaculture and poultry farming [132-134].

The process of Good Manufacturing Practice (GMP) guidelines [135] is a gold-standard
to make sure that the phage products are of high quality and efficacy and are safe to use as
a medical product. In addition to various expert advices which include a minimum starting
point, specifications for materials, primary containers, cleaning and decontamination,
process, quality control methods, infrastructure, pharmaceutical responsibilities, quality
assurance, and workers [136].

Phage biotechnology might be beneficial to countries other than EU/US due to its
direct effect on the majority of human population. Australia is well positioned to perform
clinical trials in phage-based technology [137]. The majority of patent documents were
introduced by non-profit organizations in Asia [138]. Phages are good biocontrol agents
against pathogens in foods, agriculture and aquaculture [139-141] and dairy products [142].
Phage are effective in integrated plant protection for maintainable crop production [143]
and wastewater treatment [144]. Phage have been shown to target the zoonotic bacteria
that colonize the intestines of farm animals [8]. Phage biotechnology has the potential to
remedy a number of challenges to sustainably and phage training will be key to developing
appropriate phage interventions.

6. Conclusions

In conclusion, phages change their behavior based on different environmental vari-
ables; for example, phages convert their mode of action from lysogenic to lytic mode and
vice versa by controlling the expression of the lytic gene cluster in response to internal or
external host stress. In addition, phages can communicate by secreting a peptide to assure
the communal action of all phages against the environmental conditions. Moreover, the
majority of phages used in biocontrol are virulent with a narrow range of target bacterial
strains. Host range expansion, through natural co-evolution or genetic engineering, will be
needed to enhance the efficiency of phage therapy against diseases. By training phages,
they become able to adapt to bacterial resistance and phage cocktails widen the phage host
range. Being able to co-evolve, the phage is of higher potential to overcome obstacles posed
by the phage-resistant bacteria. Thus, further studies should try to study the co-evolution
between phage and its host bacteria. Nevertheless, producing a trained phage in vitro does
not reflect all the possible complications that occurs in vivo during the therapy.

Although different bacteria strains showed resistance mechanisms against the phages,
as well as antibiotics, phages are developing various mechanisms to fend off the resis-
tant bacteria. Phage resistance is achieved when bacteria block/truncate phage receptors,
produce membrane-associated proteins to decoy phage receptors, activate CRISPR—Cas sys-
tems and the innate defense mechanisms (prokaryotic argonautes), activate Abi, and BREX.
As a response, phages evolve diverse mechanisms to overcome the bacterial resistance via
generating polysaccharide lyases/hydrolase, methylation, mutation accumulation, and
Acr. Moreover, Phages could also show very promising antimicrobial agents not only as
antibacterial agents but also as an antiviral and antifungal agents. This may open new era
of research focus.
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