
MINI-REVIEW

Phages of life – the path to pharma

Correspondence Colin Hill, APC Microbiome Institute, University College Cork, Cork, Ireland. E-mail: c.hill@ucc.ie

Received 31 May 2017; Revised 15 September 2017; Accepted 4 October 2017

Amanda Forde2,* and Colin Hill1,2,*

1School of Microbiology, University College Cork, Cork, Ireland, and 2APC Microbiome Institute, University College Cork, Cork, Ireland

*Equal contribution.

Bacteriophage (phage) therapy has encountered both enthusiasm and scepticism in the past century. New antimicrobial
strategies against lethal pathogens are now a top priority for the World Health Organization, and although compassionate use of
phages recently met with significant success, regulated clinical interventions seem unlikely in the near future. The hundredth
anniversary of their discovery seems an appropriate time for a revival of phage therapy, particularly as the dilemma of antibiotic
resistance grows. Phages are ubiquitous in the environment, on our food and in and on our bodies. Their influence on human
health is currently being evaluated, and in this mini-review, we examine data from recent metagenomic studies that propose a
role for phages in the structure of the microbiome and in health and disease. We assess evidence for phages as vehicles for gene
transfer in the context of antibiotic resistance and discuss challenges and opportunities along the critical path from phage dis-
covery to a patient-focused pharmaceutical intervention.

Abbreviations
ARG, antibiotic resistance genes; CRISPR, clustered regularly interspaced short palindromic repeats; FMT, faecal microbiota
transplantation; MTase, methylase; WHO, World Health Organization
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Introduction
In the century since the first published descriptions of bacte-
riophages (phages) (Twort, 1915; D’Herelle, 1917), many
have described the pros and cons associated with their clini-
cal use (O’Flaherty et al., 2009; Loc-Carillo and Abedon,
2011; Oliveira et al., 2015; Doss et al., 2017; Roach and
Debarbieux, 2017). After World War II, interest in phages as
therapeutic agents diminished with the advent of antibiotics,
and although phage therapy remained popular in Eastern
Europe, the West has seemed reluctant to develop phage-
based therapies. It is only since the emergence of antibiotic-
resistant ‘superbugs’ that phage therapy has received
renewed interest. Such re-appraisal is timely, given a recent
publication by the World Health Organization (WHO)
stressing the need for novel alternative biocontrol agents
against ‘priority pathogens’ (Table 1) that pose the greatest
threat to human health (Tacconelli and Magrini, 2017).

A handful of small companies are paving the way to
manufacture phage preparations for health, food, veterinary,
agriculture and aquaculture applications. While such prepa-
rations are permitted in the USA as food additives, from a
therapeutic perspective, there are no phage-specific regula-
tory guidelines yet in place (Oliveira et al., 2015; Palfrene
et al., 2016; Fauconier, 2017), making the application of
phage therapy currently extremely challenging. Therefore,
more research, awareness, acceptance and agreement on
appropriate regulations for phage therapy would serve not
only to target bacteria on the WHO priority pathogen list
but also to save lives. In a recent Food and Drug
Administration-approved emergency case in the USA, intra-
venous administration of phages is claimed to have saved
the life of a near-death patient with a multi-drug-resistant
bacterial infection. Although this case is encouraging,
approved application of phage therapy still faces several
fundamental challenges (LaFee and Buschman, 2017).

An understanding of the natural occurrence of phages in
humans, particularly their roles in the onset or prevention
of illness, could help to ameliorate scepticism and promote
greater acceptance of phage therapy in Western society. As
the Western lifestyle is associated with serious metabolic

health disorders, much attention has focused on the influ-
ence of the gut microbiota in health and disease (Sekirov
et al., 2010). Microbial balance (as well as presence or absence
of certain microbial species) is proposed to be important for
maintaining gut health, although whether or not beneficial
or detrimental health effects result from population shifts re-
mains conjectural. Scientists are now turning their attention
to the more neglected components of the microbiota (includ-
ing fungi and viruses/phages) and their complex relation-
ships with bacteria in the gut. Specifically, Mirzaei and
Maurice (2017) made reference to the ‘ménage ā trois’ that ex-
ists between bacteria, phages and the human gut, stressing
that understanding of the phage component could help to
improve disease outcomes. Here, we assemble the evidence
supporting phages as key actors on the microbiome stage,
with a focus on metagenomic and transplant studies of the
gut microbiota. We explore the evidence for bacteriophages
as vehicles for carrying antibiotic resistance and address con-
cerns over phage resistance as limiting factor for clinical in-
tervention. We also discuss phage pharmacology and the
practices needed to prepare commercial phage therapy
products.

Phages of life
Phages (Figure 1) outnumber all forms of life on our planet
(Clockie et al., 2011). They undergo either a lytic cycle (viru-
lent) whereby they infect and destroy a bacterial cell to re-
lease progeny phages, or a lysogenic (temperate) cycle
whereby they integrate into the bacterial genome until con-
ditions provoke them to undergo lytic replication. Erez et al.
(2017) recently demonstrated the existence of a ‘communica-
tion’ system in phages that actually controls lysis-lysogeny
decisions. For phage therapy, the preference is to use well-
characterized lytic phages with a broad host range and to
avoid lysogenic phages which are less likely to eliminate the
target. They also have the capacity to exchange genetic infor-
mation between bacteria, possibly transferring undesirable
traits such as antibiotic resistance or virulence (Figure 2).

Table 1
WHO list of drug-resistant ‘priority’ pathogens (Tacconelli and Magrini, 2017)

Critical High Medium

1. Acinetobacter baumannii –
carbapenem-resistant

4. Enterococcus faecium – vancomycin-resistant 10. Streptococcus pneumoniae –
penicillin-non-susceptible

2. Pseudomonas aeruginosa –

carbapenem-resistant
5. Staphylococcus aureus – methicillin-resistant,
vancomycin-intermediate and resistant

11. Haemophilus influenzae –
ampicillin-resistant

3. Enterobacteriaceae –

carbapenem-resistant,
ESBL-producing

6. Helicobacter pylori – clarithromycin-resistant 12. Shigella spp., �
fluoroquinolone-resistant

– 7. Campylobacter spp., – fluoroquinolone-resistant –

– 8. Salmonellae – fluoroquinolone-resistant –

– 9. Neisseria gonorrhoeae – cephalosporin-resistant,
fluoroquinolone-resistant

–
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Phages are natural entities found in all ecological niches.
In the human body, they are dominant members of the
microbiome, which is dispersed across four major habitats:
the oral cavity, gastrointestinal tract, vagina and skin
(Wahida et al., 2016). Within the gastrointestinal tract,
phages have been described as the ‘movers and shakers’ ofmi-
crobial communities, critically affecting the balance between
health and disease (Mills et al., 2013). The mechanisms by
which phages modulate the gut microbiome are likely to be
multi-factorial and, although studies to date are limited, re-
searchers are now beginning to acquire clearer insights
through metagenomic analysis, made possible by advances
in high-throughput sequencing technology. A recent
metagenomic survey revealed that the gut bacteriophage
community can be categorized as ‘core’, found in more than
50% of people, ‘common’ (20–25% of the population) and
‘rare’, representing phages rarely shared or unique to a person
(Manrique et al., 2016). The majority show temperate behav-
iour, typically associated with healthy gut status, compared
with a higher level of virulent phages found in patients suffer-
ing from bowel diseases (Norman et al., 2015). The most prev-
alent and conserved of gut phages is crAssphage, so-called
based on the cross assembly software used to identify it
(Dutilh et al., 2014). Although it has not been propagated in
the laboratory as yet, crAsspahge is predicted to infect the ge-
nus Bacteriodes and is carried by up to 75% of the global

population. Despite this, the human gut ‘phageome’ is
thought to be highly individual-specific (Reyes et al., 2010).
According to Manrique et al. (2016), the existence of a
‘healthy’ gut phageome suggests that the overall influence
of phages in the human gut is beneficial rather than deleteri-
ous. They also propose that our ‘core’ phages could poten-
tially be used for clinical therapeutics and controlled
manipulation of the human gut ecosystem.

Whilemetagenomics has helped our understanding ofmi-
crobial communities in the gut, a significant obstacle for
phageome research is the lack of suitable phage reference ge-
nomes in public databases, meaning that only a fraction of
phage sequences can be identified. In addition, a high per-
centage of lysogenic phages often go undetected, as a result
of having beenmislabelled in databases as part of bacterial ge-
nomes. Furthermore, compared to double-stranded DNA
phages, single-stranded DNA and RNA phages are more likely
to go un-sequenced, either due to their relative scarcity or the
technical difficulties associated with their extraction and am-
plification. A further complication is contamination of phage
fractions with bacterial DNA which, being far more abundant
than viral, poses difficulties during sequence analysis (Roux
et al., 2013; Bibby, 2014; Bruderet al., 2016; Hayes et al., 2017).

We postulate that the phageome provides a complemen-
tary (yet vital) view of the microbiome, but it is imperative
that bioinformatics hurdles are overcome to enable greater
insights into phage populations, of which greater than 90%
are as yet unexplored. Moreover, the composition of phage
populations may be more complex than just acting as a sim-
ple reflection of bacterial communities and may indeed con-
tribute to health or disease status (Navarro and Muniesa,
2017). Ly et al. (2016) suggested that viral communities are
readily shared within a household, having the capacity to
shape not only our own microbiomes but also those of our
close contacts. Phages have been proposed to alter recipient
physiology following faecal microbiota transplantation
(FMT), the transfer of stool from one host into the gastroin-
testinal tract of another to confer a health benefit (Bojanova
and Bordenstein, 2016; Broecker et al., 2016; Ott et al., 2017;
Zuo et al., 2017). FMT has been used to successfully treat re-
current Clostridium difficile infection, and there are indica-
tions that it has therapeutic potential for other intestinal or
metabolic disorders (Gupta et al., 2016). Zuo et al. (2017) pro-
posed that donor selection based on virome characteristics
should be considered in FMT practice, and Chehoud et al.
(2016) reported that temperate phages are significantly more
likely to be transferred during FMT, supporting a model that
the temperate phage life cycle has evolved partly to optimize
phage transfer between environments. Temperate phages are
understood to assist in controlling pathogen invasion, modu-
lating community structure and maintaining gut homeosta-
sis (Reyes et al., 2010). They may also modulate immune
function in a beneficial manner, with the potential for
broader application in clinical transplantation (Górski et al.,
2006, 2016). Yet after a century of study where there has been
no evidence of phages causing disease in humans, concerns
still remain over their therapeutic use, largely due to reports
that they can mediate the transfer of antibiotic resistance
genes (ARG) and virulence factors. There is also concern that
the host can mount an immune response, particularly to in-
travenously administered phages.

Figure 1
Transmission electron micrograph of bacteriophages isolated from
the human gastrointestinal tract. Genotypic and morphological
characteristics indicate that these phages belong the family
Siphoviridae.

Figure 2
Some considerations for phage therapy on the path to pharma.
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Do phages transfer antibiotic
resistance?
The answer remains controversial. Microbial genomes are
in constant flux as a result of horizontal gene transfer
events facilitated by mobile genetic elements. Natural hori-
zontal gene transfer processes include conjugation, trans-
formation and transduction, with the last mediated by
bacteriophages. A recent review by Touchon et al. (2017)
concluded that transduction and lysogenic conversion
complement other transfer mechanisms and have the
potential to play a key role in spreading adaptive genes be-
tween microbial populations. Keen et al. (2017) described
two Escherichia coli phage ‘super-spreaders’ capable of pro-
moting horizontal gene transfer by transformation, with
efficient dispersion of ARG. Earlier studies also reported
ARG to be enriched in the genomes of antibiotic-treated
phage communities in the lungs of cystic fibrosis patients
(Fancello et al., 2011) and the faeces of mice (Modi et al.,
2013). However, Enault et al. (2017) disputed these findings
on the basis of false positives because the thresholds for in
silico detection of ARG were too ‘relaxed’. They suggested
that ARG abundances in phage genomes are vastly
overestimated, and when they experimentally evaluated in
silico-predicted ARGs in vitro, they failed to confer an anti-
biotic resistance phenotype. Another study of ARGs in
viromes from raw sewage, human faeces, pig faeces, marine
and freshwater environments found that their prevalence
varied among the groups, with fewest detected in the
human-associated viromes (Lekunberri et al., 2016).

Overcoming phage resistance
Bacteria develop a range of defences to avoid phage preda-
tion, including preventing phage attachment, digesting
phage nucleic acids and developing abortive infection or
clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR associated systems to survive the attack.
However, as phages co-evolve with their bacterial hosts, they
also have the ability to overcome the bacterial defences en-
countered during an infection. Although phage resistance
may not be viewed as problematic as antibiotic resistance
for phage therapy, it is still one of themajor concerns limiting
its application. Several studies describe the use of phage
‘cocktails’ (mixtures of several phages that target the same
host) to compensate for the development of phage resistance,
although they may not necessarily eliminate it (Chan et al.,
2013). Another approach could be to exploit the inherent
ability of phages to circumvent bacterial defence mecha-
nisms. Murphy et al. (2013) discussed the potential for
phage-encoded methylases (MTases) in phage therapy.
MTases are highly abundant in the prokaryotic world and
play important roles in several cellular processes, not least
in protecting from invading nucleic acids. They function by
transferring a methyl group to a target sequence, protecting
the sequence from digestion by a restriction endonuclease.
While MTases are often described in the context of
restriction-modification (R-M) systems, they can exist inde-
pendently as ‘orphan’ MTases and are predicted to be in-
volved in cell regulation, replication, nucleic acid repair and

evolution (Casadesús, 2016). A number of orphan MTases
have been found on phage genomes, where it is assumed that
they confer a survival benefit and contribute to the emer-
gence of progeny phages with broader host range specific-
ities. Acquisition of an MTase could allow progeny phages
to infect additional hosts by overcoming resident R-M sys-
tems. In this regard, the ever-adapting nature of MTase-
carrying phages to outsmart their bacterial hosts would be
highly advantageous for phage therapy applications.

Phages on film
Phages have an impressive ability to degrade biofilms, the
communities of microbes that adhere to each other and to
surfaces such as plant and animal tissues or medical devices
such as catheters. The microbial cells are frequently embed-
ded within extracellular polymers and, as they have height-
ened resistance to antibiotics, are major causes of persistent
infections in clinical settings. Studies have shown that path-
ogens inside a biofilm can communicate with each other
through a process called ‘quorum sensing’, allowing them
to detect and join dense populations in their environment
and build up the biofilm (Harper et al., 2014). Phages are capa-
ble of dispersing biofilms, either through the production of
de-polymerases that degrade the polymers in the biofilm or
by ‘quorum quenching’ – enzymatic disruption of the quo-
rum sensing process between bacteria in the biofilm (Pei
and Lamas-Samanamud, 2014). The use of phages as an
anti-biolfilm strategy has tremendous potential for phage
therapy, particularly in efforts to eradicate the ever-
challenging multi-drug resistant bacteria that pose signifi-
cant threat to human health.

Phages to pharma
Although interest in phage therapy has undergone a resur-
gence in recent years, fundamental challenges remain for
the conversion of phages in laboratory-based research to
patient-focused pharmaceutical agents. Development of anti-
biotics by the pharmaceutical industry follows a clear regula-
tory path, but this path is not as straightforward for phages.
Despite many advantages such as their high selectivity, low
toxicity, ability to self-multiply and lack of cross-resistance
with antibiotics, the path to phage-based therapies for
humans is yet to be elucidated. Cooper et al. (2016) detailed
the development and approval pathways for new anti-
bacterial drugs, noting the challenges faced for phages and
phage-based products. Limitations exist in terms of develop-
ment costs and regulations, with sound preclinical data as
an essential pre-requisite. So too is knowledge and experience
of phage pharmacology (Abedon, 2014).

Phage pharmacology is differentiated into two distinct
components – pharmacokinetics (how the body affects the
phage) and pharmacodynamics (how the phage affects the
body, including tissues and microbial flora). Factors such as
the half-life of the phages (a pharmacokinetic property), the
virulence of the phage (a pharmacodynamics property) and
other components of the host system influence the success
of phage treatment. According to Curtright and Abedon
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(2011), the effect of a standard chemical drug is difficult to
predict due to the complexity of the organisms being treated
(such as humans), and with anti-microbial agents (such as
phages), this complexity is further increased due to the
multi-faceted nature of the pathogens being targeted. The
success of phage therapy ultimately depends on optimal
dose, timing, formulation and administration, with pharma-
cokinetics and pharmacodynamics characterized for each
phage or phage cocktail. To date, only a few clinical trials
have evaluated the potential of phage or phage-based thera-
pies in humans (Rhoads et al., 2009; Wright et al., 2009;
Sarker and Brüssow, 2016; Jun et al., 2017). There is signifi-
cant interest in the outcomes of ‘Phagoburn’ (www.
phagoburn.eu), a European Union-funded research and de-
velopment trial assessing the safety, effectiveness and phar-
macodynamics of two therapeutic phage cocktails for burn
wounds infected by Escherichia coli and Pseudomonas
aeruginosa.

Lytic phages are considered better candidates for thera-
peutic application than their lysogenic counterparts, because
they kill their hosts with high specificity and limited collat-
eral damage to the natural microbiome. Despite being the
method of choice, the use of lytic phages poses a health con-
cern because rapid bacterial lysis can result in the release of
endotoxin and inflammatory mediators (albeit that bacteri-
cidal antibiotics can have similar effects). However, there is
no evidence of immunological complications or side effects
based on trials conducted to date, implying that phages are
safe and well tolerated by humans. Immunological response
is reported to vary depend on route of administration, and
although phages can elicit specific anti-phage antibody
responses, these are not considered to be problematic
for phage therapy practice (Sulakvelidze et al., 2001; Łusiak-
Szelachowska et al., 2014; Cisek et al., 2017; Roach and
Debarbieux, 2017).

Phages intended for human use face significant
manufacturing challenges. Abedon (2017a, 2017b) listed sev-
eral phage companies that provide phage-based products
commercially, with a majority focusing on phage therapy ap-
plications. Bacteria and phage bank systems (consisting of
master cell banks and working cell banks) must first be
established and characterized (physiologically and geneti-
cally) according to various regulatory principles, and
manufacturing processes must adhere to the guidelines of
Good Manufacturing Practice (Palfrene et al., 2016). A key
challenge is the limited stability of phages in solution,
dropping in titre during processing and storage, which is un-
acceptable if they are to become regulated pharmaceutical
agents. Stability of phages is influenced by environmental
factors such as temperature, acidity and salinity and, in the
perspective of phage therapy, they should be stored at either
refrigeration or room temperature. Malik et al. (2017) have
discussed the potential for encapsulation to facilitate slow
and controlled release of phages, ensuring that phage con-
centrations remain at a therapeutically effective level over
time.

The pharmacology of phage delivery depends to a large
extent on the targeted site of action and the route of adminis-
tration (Bodier-Montagutelli et al., 2016; Cisek et al., 2017;
Malik et al., 2017). The main concern with oral delivery is
phage inactivation due to the acidic and proteolytic

environment of the stomach (Zelasko et al., 2017). Brown
et al. (2016) formulated a cream for topical treatment of
Propionibacterium acnes and found that activity was main-
tained even after prolonged storage. They also suggested that
the formulation had a dual effect, acting as a moisturizer
while allowing close contact of the phage to P. acnes-
inhabited areas of the skin. The key challenges for delivery
of inhalable phages for respiratory tract infection have been
outlined by Bodier-Montagutelli et al. (2016). They pointed
out that the sensitivity of phages to external factors is highly
variable between and within morphological families, which
should be a consideration for cocktails containing different
morphotypes. One must also consider the situation that an
ideal phage in vitromay not function as well in vivo, so it is es-
sential that preclinical experiments are conducted to the
highest standards and reported in a manner that facilitates
translation to clinical utility (Abedon, 2017a,b). In essence,
phage pharmacology is still a subject of basic research, and
progression must be rapidly accelerated in efforts to develop
phages as health-promoting, commercially viable biophar-
maceutical agents.

Concluding remarks
Metagenomics is a powerful tool for deciphering the diver-
sity of microbes in the human body. We now predict that
the human microbiota, in particular the gut microbiota,
plays a major role in health and well-being. We are in a pe-
riod of discovery about the role of phages in the overall in-
terplay between host and microbiome and, as we learn
more from metagenomic and pharmacological studies, we
will be able to identify candidate targets of diagnostic,
pharmaceutical and therapeutic significance. Although
phage therapy against pathogenic infections of humans
has a century-long history in Eastern Europe and former
Soviet countries, approved use in Western society still re-
quires several clinical, manufacturing and regulatory hur-
dles to be overcome. Ongoing dialogue between scientists,
health care professionals, pharmaceutical companies, regu-
latory authorities and policy-makers is imperative to imple-
ment phage therapy in clinical practice. In light of the
WHO’s urgency for novel agents to target the world’s most
life-threatening superbugs, the question is not whether we
should pursue phage therapy as a solution, but whether
we can risk not pursuing it.
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