Special Issue: Antimicrobial Resistance and Novel Therapeutics

Cell

REVIEWS

Phage Therapy: Going Temperate”?
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Strictly lytic phages have been consensually preferred for phage therapy
purposes. In contrast, temperate phages have been avoided due to an inherent
capacity to mediate transfer of genes between bacteria by specialized trans-
duction — an event that may increase bacterial virulence, for example, by
promoting antibiotic resistance. Now, advances in sequencing technologies
and synthetic biology are providing new opportunities to explore the use of
temperate phages for therapy against bacterial infections. By doing so we can
considerably expand our armamentarium against the escalating threat of anti-
biotic-resistant bacteria.

The Awakening of Phage Therapy

The last decades have witnessed the steady rise of antibiotic resistance as both a clinical and a
public health problem [1]. In fact, antibiotic-resistant bacteria are predicted to kill 10 million
people each year by 2050'. Importantly, there is also a growing fear that the unfeasibility of using
antibiotics to treat bacterial infections will threaten routine medical procedures such as
childbirth, blood transfusion, or minor surgeries like tonsillectomy, due to a high risk of
postprocedure infections. It has thus become clear that new and more effective strategies
are vital to prevent such a frightful future.

About 100 years ago, bacterial viruses called bacteriophages (phages) (see Glossary) were
discovered by Felix d’Herelle and were immediately proposed for treating and preventing
infectious diseases in both humans and animals [2]. At the time, d’Herelle envisioned a future in
which phage therapy would be a major weapon in the fight against bacterial infections. But the
discovery of the first antibiotic [3] rapidly caused the fall of phage therapy into oblivion. Now,
with the threat of (multi-)antibiotic-resistant bacteria, d’Herelle’s vision may actually become a
reality.

Phages offer a few important advantages over antibiotics: a narrow spectrum of activity that
protects the normal microbiota of the host, the capacity to multiply at the site of infection, being
apparently harmless to humans, and lower discovery and production costs [4,5]. But, in order to
use phages for therapeutic purposes, we need to consider that phages and bacteria have
coevolved for millions of years, and that their interaction cannot lead to the extinction of one
population. Thisimplies that phages willnever completely eliminate a target bacterial population on
their own since a small subset of the bacterial population will evolve towards a phage-resistant
phenotype. The immune system may here play a fundamental role in the success of phage
therapy: neutrophil-phage synergy was shown to be essential for the efficient elimination of both
phage-sensitive and emergent phage-resistant variants [6]. The combined use of phages with
antibiotics or other antimicrobial strategies is also a viable option to overcome the ecological
limitation of phage therapy. Moreover, phages display some other limitations that require the
design of strategies to circumvent or eliminate these less favourable features. Synthetic biology
has allowed for major advances in this area, having been successfully employed for modulating
phage host range [7], reducing phage toxicity and immunogenicity [8,9], enhancing phage
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survival after administration [10], improving phage activity against biofilms [11], and enhancing
bacterial killing when combined with antibiotics [12].

Recommendations for phage therapy advise the choice of strictly lytic phages (Box 1), mostly to
avoid potential transfer of bacterial antibiotic resistance or virulence genes by temperate
phages (Box 1) via transduction [13,14]. However, this guideline was set before the devel-
opment of efficient approaches for engineering phage genomes. Now, synthetic biology can be
used to improve the safety and efficacy of temperate phages in a manner similar to that
employed with strictly Iytic phages. Furthermore, unique properties of temperate phages,
including the capacity to integrate into the bacterial genome, can be exploited in singular
therapeutic approaches. In the following paragraphs we debate both the limitations and the
possible advantages of using temperate phages for therapy, and discuss the main strategies
being pursued to do so.

Limitations of Temperate Phages for Phage Therapy

There are numerous concerns about the application of temperate phages for therapeutic
purposes. Due to their intrinsic nature, temperate phages will often opt for a lysogenic life cycle
(Box 1) in which they integrate into the bacterial genome and replicate in synchrony with the
bacteria [6]. Therefore, the administration of temperate phages may not result in an immediate
bactericidal effect. Also, when integrated in the bacterial chromosome, temperate phages may
display superinfection immunity [15], making phage-sensitive bacteria insensitive to further
phage infections.

Still, the major concern is the aptitude of temperate phages to mediate horizontal gene
transfer between bacterial genomes via both generalized and specialized transduction [14]. In
generalized transduction, fragments of bacterial DNA are packaged into the viral capsid during
phage assembly inside the cell and are transferred to new hosts after subsequent phage
infection [14]. It should be noted that this type of transduction can also be performed by lytic
phages and is thus difficult to avoid in phage therapy. In specialized transduction, which occurs
frequently with temperate phages, genes adjacent to the phage genome in the bacterial

Box 1. Bacteriophage Lifestyles

Bacteriophages are viruses that depend upon infection of a specific bacterial host for replication. Infection begins with
the adsorption of the phage to specific bacterial receptors located at the cell surface; this causes ejection of the phage
genome into the cell. The subsequent replication strategy depends on whether the phage is strictly lytic or temperate.

Strictly lytic phages follow a Iytic life cycle in which, immediately upon genome ejection, the expression of phage early
genes redirects the host metabolism to phage DNA replication and protein synthesis. Viral proteins are then assembled
and the viral genome is packaged into the capsids. At the end of the Iytic cycle, the production of phage late proteins, as
holins and endolysins, leads to cell lysis for the release of progeny phages that can start another round of infection
[44,45].

Temperate phages follow a lysogenic life cycle in which they generally integrate their genome into the host chromosome
where they remain quiescent, as prophages. The prophage is replicated along with the bacterial chromosome and
transmitted by cell division to the daughter cells. This quiescent state can be maintained for long periods unless the cell
is exposed to an environmental stress that can cause the prophage to be induced into a lytic life cycle [19,44].

Additionally, phages can assume a pseudolysogenic life cycle, in which the phage genome is carried in the host cells
without propagation (lytic cycle) or replication with the cell genome (lysogenic cycle). The phage's unintegrated genome
is inherited by only one of the emerging progeny cells. This phenomenon is apparently caused by unfavourable growth
conditions for the host cells, such as serious starvation, and is terminated when these conditions improve; the phage
then restarts its development either through the lytic or the lysogenic life cycle [46,47].
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Glossary

Allele: one of two or more variants
of a given gene that arises by
mutation and is found in the same
position on a chromosome.

Allelic exchange: replacement of a
native allele with an alternative one
carrying a mutation, by homologous
recombination.

Bacteriophage: a virus that
specifically infects and replicates
within bacteria and archaea.
Biofilm: microbial communities
adhered to biotic or abiotic surfaces
and embedded in a self-produced
polymeric matrix.

CRISPR-Cas: a prokaryotic version
of adaptive immunity, in which DNA
fragments of invading DNA are
captured into CRISPR repeats, which
allow for cleavage of the invader
DNA by a Cas nuclease upon a
second invasion.

Dominant allele: an allele whose
phenotype masks the contribution of
another allele of the same gene at
the same locus.

Endolysin: a phage-encoded
enzyme, synthesized in the last stage
of the phage lytic cycle, which
cleaves the host cell wall for progeny
release.

Endotoxin: a toxic molecule
released from the cell wall of Gram-
negative bacteria upon cell lysis.
Fastidious: any organism with a
complex nutritional requirement.
Filamentous phage: a type of
phage defined by its filament-like or
rod-like shape, single-stranded DNA,
and replication without host death.
Gibson assembly: a molecular
cloning method that allows the
assembly of multiple DNA fragments
in a single-tube isothermal reaction.
Horizontal gene transfer: the
transfer of genetic material between
organisms in the population other
than by inheritance from ancestors
(vertical transmission).
Immunogenicity: the ability of a
substance to trigger an immune
response.

Integrase: a viral enzyme that
catalyses the integration of viral DNA
into the host chromosome.
L-forms: cell-wall-deficient variants
of normally walled bacteria which
retain the ability to grow and divide.
Lysogen: a bacterial cell that
harbours a prophage integrated into
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chromosome can be erroneously excised together with the phage genome, and integrated into
the chromosome of newly infected bacterial hosts [16-18].

Moreover, when temperate phages contain genes that the bacterial host can use to increase its
virulence, a phenomenon of lysogenic conversion may occur (i.e., phage-mediated conver-
sion of a nonvirulent strain into a virulent variant) [14,19]. Well known examples of this
phenomenon are the dysentery-causing Escherichia coli O157:H7 that has acquired two
prophages encoding the Shiga toxin [20], and the cholera pathogen Vibrio cholerae that
has acquired a filamentous phage (CTXd) encoding the cholera toxin [21]. Transduction
also favours the dissemination of antibiotic-resistance genes [17] and other mobile genetic
elements such as the pathogenicity islands in Staphylococcus aureus [22,23], thereby
contributing to the evolution of bacterial pathogenicity.

Advantages of Temperate Phages for Phage Therapy

Despite the many concerns surrounding the therapeutic use of temperate phages, these
phages also possess particularly interesting advantageous features. Temperate phages are
very abundant in nature, with nearly half of the sequenced bacteria being lysogens [24], which
makes them easy to find and isolate. Advances in next-generation sequencing technologies
are particularly promising for this purpose, since the increasing number of genome sequences
deposited in bioinformatics databases support the easier access, analysis, and identification of
temperate phages by marker genes such as integrases [25]. The possibility of identifying
temperate phages in bacterial genomes, instead of having to search for them in nature, is
particularly useful for fastidious and anaerobic bacteria, where the isolation of strictly Iytic
phages has proven to be extremely difficult [26].

While the integration of temperate phages in bacterial genomes is generally regarded as a
critical issue (as discussed earlier), it can also be explored for purposes in which it is desired.
Recent advances in synthetic biology (Box 2) have made it possible, for example, to engineer
temperate phages to deliver synthetic gene networks which interfere with important bacterial
intracellular processes with the aim of causing bacterial cell death [27] or resensitizing the
bacteria to antibiotics [28]. As this approach does not imply cell lysis, it reduces the risk of
endotoxin release associated with the use of lytic phages.

It is also possible to tailor the genome of temperate phages to eliminate genes known to be
involved in the maintenance of a lysogenic life cycle or in bacterial virulence [29,30]. By doing so,
temperate phages become lytic and can be used as any other natural strictly lytic phage, or
further improved by synthetic biology approaches. It should be noted, though, that most phage
genes are of unknown function and may thus be involved in unrecognized undesirable events.
This applies to both Iytic and temperate phages, and highlights the need for further under-
standing of basic gene function to potentiate phage engineering approaches.

How Temperate Phages Are Being Explored for Therapy

While strictly lytic phages remain the preferred option for therapeutic purposes, a few studies
have also begun to explore the potential of temperate phages (Table 1). The strategies
employed are diverse, as summarized in Figure 1 (Key Figure) and detailed below.

Strategies Using Natural (Nonengineered) Temperate Phages

A few cases have been described in which temperate phages have been used for therapeutic
purposes with interesting outcomes. Temperate phages MP22 and D3112, isolated from a
clinical strain of Pseudomonas aeruginosa, were shown to reduce the swarming and twitching
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the chromosome or as a stable
plasmid.

Lysogenic conversion
(lysogenization): a change in the
properties of a bacterial cell caused
by the presence of a prophage.
Microbiota: a community of
microorganisms that typically inhabit
a particular environment, for
example, the human gut.
Next-generation sequencing: a
general term used to describe
modern (non-Sanger-based) high-
throughput DNA sequencing.
Pathogenicity: the ability of an
organism to cause disease/damage
in a host.

Pathogenicity island: a region of
the chromosome of a pathogenic
bacterium coding for virulence genes
normally absent from nonpathogenic
strains of the same/closely related
species, acquired by horizontal
transmission.

Phage therapy: the use of phages
to treat bacterial infections.
Selective pressure: external
pressure that defines whether an
organism will be more or less
successful at surviving in a given
environment.

Superinfection immunity: blocking
of a second phage infection
superimposed on the previous one.
Synthetic biology: the design and
construction of new biological
systems, organisms, or devices for
useful purposes.

Transduction: the process by which
a phage transfers genetic material,
other than its own, from one
bacterium to another.

Virulence: the severity or degree of
damage caused by a pathogenic
organism.



Box 2. Bacteriophage Engineering Tools

Advances in the synthetic biology field have led to the development of new and more efficient genetic engineering tools
that can be applied to build synthetic phages with new and/or improved functionalities. To date, several strategies have
been successfully used to genetically engineer phage genomes.

e Homologous recombination. This technique enables recombination between heterologous DNA introduced in the
host cell and the phage genomic DNA, when both sequences share regions of homology. Generally, a plasmid
carrying regions of homology with the phage genome is introduced into the host cell and, upon phage infection,
homologous recombination occurs between the plasmid and the phage genome leading to the generation of

recombinant phages [48].

Bacteriophage recombineering of electroporated DNA. This technique improves on homologous recombination by

equipping the host cells with a plasmid encoding a recombinase protein that promotes high levels of recombination.

The coelectroporation of phage DNA and dsDNA into the plasmid-carrying host cells results in high frequencies of

engineered phages [49,50].

Yeast-based platform. This system uses Saccharomyces cerevisiae as an intermediate host for genetic manipula-

tion. The phage genome or multiple overlapping PCR fragments spanning the entire phage genome are cotrans-

formed with a linearized yeast artificial chromosome (YAC) into yeast cells. Since the YAC contains overhangs
homologous to the ends of the phage genome, homologous recombination occurs between them, and the phage
genome is captured in the YAC. The resultant YAC—phage DNA is then extracted from yeast cells and transformed

into the host bacterial cells for the recovery of recombinant phages [7].

Gibson assembly. Synthetic phages can be obtained by PCR amplification of phage genomes in multiple overlapping

DNA fragments, which can then be assembled by Gibson and transformed into the bacterial host to release the

mutant phages [30].

* CRISPR-Cas genome editing. This technique modifies the phage host cells with both a CRISPR-Cas9 plasmid and a
donor plasmid containing the desired mutation with regions of homology to the phage DNA. Cells are infected with
the phage, and the delivered genome is cleaved by the CRISPR-Cas9 nuclease at the desired site for the mutation,
resulting in genome inactivation. Due to the presence of the donor DNA, recombination occurs between the Cas9-
cleaved ends of the phage DNA and the donor DNA. This restores the integrity of the genome and allows the recovery
of the engineered phages [51].

motility of P. aeruginosa lysogens, respectively. Because the twitching motility is important for
bacterial virulence, a significant reduction in bacterial loads and mortality was observed in
models of peritonitis-sepsis and Drosophila melanogaster systemic infections when using
phage D3112 [31]. An inhibition of bacterial swarming motility was also observed for P.
aeruginosa phage DMS3, which also reduced biofilm formation by 83 of 86 lysogenized
strains. Here, the effect was found to be dependent on a CRISPR region in the host, and
may represent a novel mechanism of lysogenic conversion [32].

In an unrelated study, temperate phage @CD27 infecting Clostridium difficile was capable of
significantly reducing the C. difficile load in the colon and, surprisingly, preventing toxin
production by this bacterium. However, lysogenization also increased spore production, which
heightens the possibility of reoccurrence of C. difficile infection after phage treatment [33]. It is
clear from these studies that, while positive outcomes can emerge from phage integration in the
bacterial genome, the currently unpredictable nature of these effects prohibits the direct use of
temperate phages in therapy.

The ability to lysogenize bacteria is given to temperate phages by a gene cluster that is
responsible for integration (integrase) and maintenance (repressors of the Iytic cycle) of the
prophage. While temperate phages will usually retain this cluster, mutations may occur at low
frequency which result in loss of the phage’s capacity to lysogenize, thus creating lytic (or
virulent, vir) mutants, which can be used as any other strictly lytic phage. A natural method for
obtaining vir mutants has been patented [34]. Here, the temperate phage was treated with a
mutagen (e.g., hydroxylamine) and grown together with its cultivating strain (i.e., the strain used
for phage production) and its source strain (i.e., the strain from which the phage was isolated).
Individual phage plagues obtained from this culture were tested against both strains. Assuming
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Table 1. Summary of Results from Studies Using Temperate Phages for Therapeutic Purposes
Phage (host) Application Approach Results Refs
Natural
@cb27 Therapy Use of temperate phage for treatment of Temperate phage @CD27 significantly reduced [33]
(Clostridium difficile) C. difficile infections in the colon. bacterial load and prevented toxin production, but
increased spore production.
MP22 and D3112 Therapy Isolation of temperate phages from Temperate phages MP22 and D3112 reduced [31]
(Pseudomonas aeruginosa) clinical P. aeruginosa isolates and swarming and twitching motility of P. aeruginosa
treatment of P. aeruginosa-induced lysogens, respectively. Twitching motility is
peritonitis-sepsis and Drosophila important for bacterial virulence, so lysogenization
melanogaster systemic infection. by D3112 significantly reduced mortality and
bacterial loads.
Engineering
GEf1 Improving lytic Recombination of phage $Ef11 with a Recombinant phage ¢Ef11 had higher Iytic [29]
(Enterococcus faecalis) activity defective prophage. activity and greater host range (49% of the strains)
than the wild-type phage (6% of the strains).
N Restoring Design of phage \ for the delivery of Bacteria lysogenized by phage N mutant had the [36]
(Escherichia coli) antimicrobial dominant wild-type genes, responsible MIC values for streptomycin reduced from
sensitivity for antibiotic sensitivity, to bacteria 200 wg/mlto 1.56 wg/ml; MIC values for nalidixic
possessing a mutated version of the gene acid decreased twofold.
that conferred antibiotic resistance.
B025 Improving lytic Synthetic lytic variants of temperate phage B025 [30]
(Listeria monocytogenes) activity had improved efficacy and induced less phage
Construction of synthetic phages using resistance in bacterial cells.
. . Listeria L-forms to reboot the synthetic o
PSA Improving lytic genomes A synthetic virulent mutant of temperate phage
(Listeria. monocytogenes) activity ' PSA, armed with an endolysin gene, was able to
target phage-resistant bystander cells.
Restore antimicrobial Design of phage lambda for the delivery of Bacteria lysogenized by phage A mutant become [28]
sensitivity a CRISPR-Cas system targeting completely sensitive to streptomycin and
B-lactamase genes. gentamicin.
@SaBov Specific gene Design of phage @SaBov for the delivery In vitro, the phage mutant was able to kill all cells [27]
(Staphylococcus aureus) inactivation of a CRISPR-Cas9 system targeting the after 8 h with no survivors emerging after 24 h.
nuc gene that is present in all S. aureus In vivo, the phage mutant reduced the bacterial
cells. load by more than two orders of magnitude.
Cocktail formulation
phiCDHM1 Therapy Combination of temperate phages. The combination of temperate phages was [41]
phiCDHM2 capable of eradicating all bacterial cells after 5 hin
phiCDHM3 vitro. In vivo, bacterial colonization of the gut in a
phiCDHM4 hamster model of acute C. difficile infection was
phiCDHM5 reduced by four orders of magnitude and the
phiCDHM6 onset of symptoms was delayed by 33 h.
(Clostridium difficile)
phiCDHM1 Improving lytic Combination of temperate phages. A cocktail of four temperate phages reduced the [42]
phiCDHM2 activity C. difficile load in fermentation vessels, spiked
phiCDHM5 with combined faecal slurries from healthy
phiCDHM6 volunteers, by six orders of magnitude in a
(Clostridium difficile) prophylaxis regimen after 5 h and complete
eradication following prophylactic or remedial
regimens of 24 h. The cocktail concomitantly
increased the presence of commensal bacterial
species, which may provide protection from
further recolonization of C. difficile.
phi297 Improving lytic Isolation of vir mutants to complement vir mutants were able to lyse mutant PAO1 cells [43]
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that a vir mutant is one that can lytically infect a lysogenic host carrying the wild-type prophage,
presumptive vir mutants can be identified by their ability to infect both the cultivating and source
strain (Figure 1A).

Strategies Using Engineered Temperate Phages

Phage engineering has received increasing attention ever since synthetic biology evolved with
new and more efficient techniques (Box 2). Whilst most engineering efforts have centred on
strictly Iytic phages, temperate phages have also been the subject of a few engineering
experiments for phage therapy purposes. The most obvious approach consists of genetically
modifying phages to become exclusively lytic. Zhang et al. observed that the Enterococcus
faecalis temperate phage ¢Ef11 naturally recombined with a defective prophage in the host
strain to yield a temperate phage with larger and somewhat clearer plagues than the original
phage [29]. Using this variant with potentially enhanced Iytic activity, the authors sought to
create a vir mutant that could be used to treat serious E. faecalis infections without risk of
lysogeny (Figure 1B). This was accomplished by deleting the genomic module responsible for
the establishment of lysogeny, and by substituting the cro repressor with a nisin-inducible
repressor. The modification was performed by allelic exchange between the phage variant
incorporated in its host bacteria and a vector carrying the deletion construct and the nisin
repressor. The resulting vir mutant was incapable of lysogeny and had a significantly extended
host range (49% of strains were infected by the mutant compared to 6% infected by the wild-
type phage). The extended host range is most probably the result of the vir mutant showing
productive infection (with the appearance of phage plaques) in strains previously lysogenized
by the wt phage without signs of infection. Importantly, the substitution of the cro repressor with
a nisin-inducible repressor rendered the vir phage insensitive to repression of the lytic cycle by
the cl repressor of the original bEf11 when infecting lysogenized E. faecalis [29]. Clearly, the
creation of vir mutants of otherwise temperate phages can easily extend the number and
diversity of phages available for therapeutic purposes. But it appears that the genomic
engineering required to create vir mutants can lead to phenotypic changes far beyond the
inability to lysogenize the host bacteria, such as maodification of the phage’s host range. While
an extension of the host range is an advantageous side effect, it is important to unmistakably
identify all phenotypic changes to guarantee the safety of vir mutants in therapy. Using a distinct
and fully synthetic approach, Kilcher et al. generated vir mutants of a temperate phage infecting
Gram-positive bacteria (Figure 1C) [30]. The authors assembled, de novo, the genome of
temperate Listeria phage B025, removing the lysogeny control functions that mediate genome
integration and prophage maintenance [35]. The synthetic genome was assembled by Gibson
assembly and subsequently rebooted in L-forms (i.e., bacterial variants that lack a cell wall) of
Listeria monocytogenes. The L-form cells are vital for the successful reactivation of the
synthetic phage DNA in Gram-positive cells by overcoming the cell wall barrier that obstructs
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Figure 1. (A) vir variants of temperate phages can be selected using a mutagenic agent. (B) vir variants can be obtained by genetic engineering of temperate phages,
also providing an opportunity for further modifications (e.g., replacement of the phage cro repressor by a nisin-inducible repressor to allow the vir variant to infect strains
carrying the original temperate phage). (C) Genetic engineering of temperate phages of Gram-positive bacteria to make them strictly Iytic or to improve particular
features; this can be performed by amplification of the desired fragments of the phage genome and the genes to be inserted, which are Gibson assembled and rebooted
in bacterial L-forms. (D) Temperate phages can be genetically modified to carry genes dominant for antibiotic sensitivity, and whose integration into the bacteria restores
antibiotic susceptibility. By cointroducing a gene conferring resistance to tellurite, it is possible to select for antibiotic-sensitive lysogens using this toxic compound. (E)
Temperate phages can be modified to carry CRISPR-Cas systems targeting antibiotic-resistance genes incorporated in bacterial plasmids. Combined with a lytic phage
modified to be targeted by the same CRISPR-Cas system, it is possible to select for antibiotic-sensitive lysogens. (F) The CRISPR-Cas system integrated in temperate
phages can be used to target genes specific for certain pathogenic bacterial species, causing cell death without lysis. (G) Phage cocktails of temperate phages, or of
temperate/vir mutants and lytic phages, can result in increased host range and less generation of phage-insensitive mutants than cocktails of lytic phages. (H) Symbol

description.
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genome transfer into these cells [30]. Remarkably, as previously observed by Zhang et al. [29],
the vir mutant phages displayed superior killing efficacy and were also less prone to generate
phage-resistant bacterial variants than the wild-type phage. The reasons behind these phe-
notypic changes are still unclear, and certainly need to be addressed in upcoming studies.
Additionally, Kilcher et al. applied the same strategy to L. monocytogenes temperate phage
PSA with the additional incorporation of a gene encoding an endolysin into the phage genome
for targeting of phage-resistant bystander cells. By doing so they demonstrated the potential of
rational design of synthetic phages to improve their therapeutic properties [30].

Temperate phages can also be engineered to deliver synthetic gene networks. This approach
exploits the natural capacity of the phage to integrate into the host bacterium’s chromosome
where it can express molecules of interest that interfere with intracellular processes. Using this
concept, temperate phages have been modified to work as adjuvants to antibiotics. Inspired by a
previous study with the filamentous phage M13 [12], Edgar et al. modified the temperate lambda
phage to revert the pathogen to a streptomycin- and nalidixic acid-susceptible phenotype
(Figure 1D) [36]. Resistance to these antibiotics has been associated with mutations in genes
rosL and gyrA. However, the wild-type genes are dominant sensitive alleles with regard to
antibiotic resistance [37,38], meaning that sensitivity will be restored if the wild-type genes are
introduced in a resistant strain containing the mutant gene. Edgar and his coworkers explored this
property by genetically engineering phage lambda to contain wild-type rpsL and gyrA. Integration
ofthe modified phage into a resistant strain conferred sensitivity to the two antibiotics inadominant
fashion. Additionally, a gene conferring resistance to tellurite was introduced into phage lambda so
that sensitized bacteria could be enriched by selective pressure with this toxic compound. This
strategy was proposed for dispersion of modified phages on hospital surfaces to gradually reverse
the occurrence of drug-resistant pathogens [36]. However, this innovative approach is still limited
to recessive antibiotic-resistance genes, and proper application would require the use of an
alternative nontoxic form of selective pressure.

One such strategy was developed by Yosef et al. [28]. The authors combined modified
temperate and lytic phages to reverse plasmid-associated antibiotic resistance in bacteria
and select for antibiotic-sensitive variants (Figure 1E) [28]. Phage lambda was modified with the
type I-E CRISPR-Cas system and a CRISPR array targeting conserved sequences of B-lac-
tamase genes. The modified phage was capable of successfully reverting antibiotic resistance
and preventing horizontal transfer of antibiotic resistance-encoding plasmids in consequence
of plasmid degradation by the CRISPR-Cas system. Then, the lytic T7 phage was engineered to
encode the sequences targeted by the CRISPR array introduced into phage lambda. By doing
S0, a selective advantage was given to the bacteria harbouring the prophage, that is, resistance
to the lytic phage. When using both phages concomitantly, pathogens are sensitized by the
temperate phage, and the sensitized population is selected and enriched by the Iytic phage,
which kills the antibiotic-resistant bacterial variants. As CRISPR spacers can be rationally
designed to target any DNA sequence, this strategy could potentially be employed against any
antibiotic resistance. As with the study of Edgar et al. [36], this strategy was proposed for use on
hospital surfaces and hand sanitizers to facilitate replacement of antibiotic-resistance patho-
gens with sensitive variants [28]. Still, it is limited to antibiotic resistance encoded by plasmids
and it cannot be applied to genome-encoded resistance.

More recently, Park et al. used temperate phages to deliver a CRISPR-Cas9 system designed
to kill S. aureus cells (Figure 1F) [27]. The CRISPR-Cas9 system was developed to target the
nuc gene uniquely present in all S. aureus cells, thus making the targeting specific. When tested
in in vitro assays, the CRISPR-Cas9-carrying temperate phage @SaBov demonstrated
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significantly enhanced killing efficacy specifically towards S. aureus, with rare occurrence of
surviving mutants [27]. Similar enhanced efficacy of the modified phage was observed in a
murine skin infection model, although here it was dependent on the water content of the skin.
Since water activity is required for transcription and translation in S. aureus, so is the expression
of the CRISPR-Cas9 system in these bacteria. Because of this limitation, the authors suggest
the use of this strategy in topical applications supporting water activity, for example, infected
tissues or contaminated medical surfaces [27].

Overall, it is clear that the engineering of temperate phages holds promise for therapeutic
applications, either by tailoring their features towards lytic activity or by innovative exploration of
their integrative properties.

Cocktail Formulation

Phage cocktails combine phages with distinct and often complementary features, for example,
host range, to improve the efficacy of phage therapy and to reduce the emergence of phage-
resistant variants [39,40]. While most phage cocktail formulations have used strictly lytic
phages, a few reports have emerged using temperate phages (Figure 1G). Due to a lack of
strictly Iytic phages targeting C. difficile, Nale et al. experimented with a cocktail combining
different temperate phages [41]. While single-phage treatments caused the appearance of
phage-resistant colonies, the use of the phage cocktail resulted in complete eradication of C.
difficile in vitro and prevented the emergence of resistant and lysogenic variants [41]. Subse-
quent tests in a hamster model demonstrated the potential of the lytic-temperate phage
cocktail by reducing bacteria colonization at 36 h postinfection and delaying the onset of
symptoms by 33 h [41]. In another study, a cocktail of four temperate phages infecting C.
difficile was shown to completely eradicate the bacterial load in fermentation vessels spiked
with faecal slurries [42]. Curiously, treatment also resulted in the increased presence of
commensal bacterial species, which may provide protection from further recolonization by
C. difficile. Still, it is hard to predict whether similar effects would be obtained with other phages
and bacterial species.

Additionally, Bourkal’'tseva et al. demonstrated that the inclusion of a vir mutant of P. aeru-
ginosa phage phi297 in a commercial mixture of strictly Iytic phages significantly reduced the
overall frequency of phage-resistant strains [43]. The reduction may result simply from the
targeting of an additional host receptor by the vir mutant phage, which reduces the chances of
bacteria developing resistance to all phages in the cocktail; but other unknown mechanisms
may also be involved. This suggests that complementing cocktails of Iytic phages with vir
mutants of temperate phages may be a conceivable approach to prevent the rapid emergence
of phage resistance.

Concluding Remarks

Strictly lytic phages will probably remain the main choice for phage therapy in the following
years. Still, here we have highlighted that different approaches are being explored to make the
therapeutic use of temperate phages viable and valuable. This is possible mainly because
synthetic biology allows us to tailor phage genomes. vir mutants of temperate phages can now
be easily generated, thereby increasing our arsenal of phages with strong lytic activity. But the
phenotypic changes observed in vir mutants need to be further addressed since these changes
were not restricted to loss of the mutant’s capacity to integrate the bacterial genome.

Synthetic biology also creates the possibility of exploring the natural ability of temperate phages
to integrate into bacterial genomes for therapeutic purposes. Only a few studies have begun to
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Outstanding Questions

Temperate phages are still largely
unexploited in therapy. Given their nat-
ural capacity to integrate into the bac-
terial genome, will temperate phages
ever be used in their natural form, or
will they need to be shaped by syn-
thetic biology?

Considering the opportunities created
by synthetic biology, which novel strat-
egies will be developed for the use of
temperate phages in therapy? In par-
ticular, how will integration of temper-
ate phages be explored for further
innovative strategies?

Is it possible to predict the effects of
phage therapy with temperate phages
in host/phage evolution by using, for
example, evolutionary theories, geno-
mic information, and mathematical
modelling?

What mechanisms are behind the
reduced frequency of phage-insensi-
tive mutants generally reported for
phage cocktails incorporating temper-
ate phages or their lytic variants, com-
pared to those containing strictly Iytic
phages only?

Is the combination of temperate
phages with CRISPR-Cas systems a
promising technology for controlling
the spread of antibiotic resistance in
hospital environments?

Given the prevalence of temperate
phages in bacterial genomes, could
these be a reliable option to replace
natural lytic phages in future phage
therapy approaches?

Would antibiotic resistance decrease
with the implementation of phage ther-
apy, using temperate and lytic phages,
as a routine antibacterial treatment?

Would genetically manipulated phages
be accepted by regulatory authorities
as a promising antibacterial approach?



explore this path, but have done so in very innovative and pertinent ways. The work so far can
be separated into (i) studies using phage integration to cause direct cell death (without lysis) by
interfering with essential metabolic paths, and (i studies that simply render bacteria less
pathogenic or easier to control by using conventional therapeutic methods. Moreover, it is
curious that several unrelated in vitro studies report strongly reduced frequency of emergence
of phage-insensitive variants when incorporating temperate phages (natural or vir variants) in
phage cocktails. Although the mechanism behind this phenomenon remains unknown, and the
effect in vivo in combination with the immune system remains unclear, it seems increasingly
relevant to explore combinations of temperate and strictly lytic phages in the future (see
Outstanding Questions). Overall, temperate phages seem to be holding an immense thera-
peutic potential; we must now try to understand how to use it.
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