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Abstract
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Bacteriophages have been applied therapeutically for more than

a century for the management of bacterial infections in humans.
Although their potential as a safe alternative or adjunct to antibiotics
iswell established, clinical success is difficult to predict fromin vitro
testing. There is currently no consensus on the optimal way to use
them, nor are there any simple extrapolations from the use paradigms
of conventional antibiotics. A rational approach to phage therapy
requires informed phage selection and a comprehensive understanding
of bacterial-phage-human host relationships and the management

of bacterial and phage adaptations that occur in vivo. Phages may be
used in ways that antibiotics are not and are a powerful approach for
addressing the problem of antimicrobial resistance, not least because
their optimal use requires amore thoughtful approach. In this Review,
we explore key aspects of phage biology that underpin the effective
use of phages for therapy. We outline clinical strategies for applying
phages against a range of infections, highlighting their advantages and
limitations. We then address challenges in production, scalability and
regulation of phage preparations, identifying areas requiring further
development. Finally, we discuss interactions between phages and the
humanimmune system, and theirimportance for therapeutic success.
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Introduction

Antimicrobial-resistant infection is arguably the greatest threat to
global healthin the twenty-first century. Predicted toincrease by more
than 70% over the next generation with massive impacts on health
systems and the global economy, it is already responsible for at least
5 million deaths per year and is expected to be the leading cause of
global mortality by 2050 (refs. 1,2). Complex surgical and medical
advancesthat we currently take for granted are allnow at risk and there
isanurgent need for new solutions.

The natural viral predators of bacteria, the bacteriophages (from
phagein, @ayeiv, to eat), were first deployed therapeutically more than
a century ago but decades passed before they were visualized in one
of the earliest applications of electron microscopy®~. Non-motile and
lacking an energy source, bacteriophages (phages)® are fundamen-
tally opportunistic and their archetypeis that of alethal obligate para-
site. In nature, phages exist in a fine balance with their bacterial hosts.
They act as microbial control systems, with waves of adaptation and
counter-adaptations sweeping through natural populations®. They are
the most numerous and diverse biological entities on earth, shaping
ecosystems inour soils, oceans, plants and all the animals that live here”®,

Restricted host bacterial specificity means that phages were dif-
ficult touse at first (without modern diagnostics) and often missed the
target. Additionally, administered crude bacterial lysates frequently
caused inflammatory reactions. Sulfonamides and penicillins emerged
soon after scepticism about the therapeutic value of phages began to
rise’ and phage therapy was quickly eclipsed by mass-produced antibi-
oticsinbooming post-war Western economies. Now, modern diagnos-
ticsand genomics combined with efficient scalable biomanufacturing
has enabled improved purity and precision in phage therapeutics, to
build on arich history of phage therapy that continues to this day in
countries such as Poland" and Georgia".

Although the optimal clinical use of these ‘living antibiotics™ is
not yet settled, there are increasingly well-documented descriptions
of phage applications and examples of new opportunities for genetic
engineering and the role of modern diagnostics™ . A highly cited cure
ofasevere and highly resistant Acinetobacter baumanniiinfectionillus-
trates the diagnostic power of genomics to guide the use of multiple
phages over successive weeks™. Aninflammatory response during cura-
tive short-course phage therapy for limb-threatening Pseudomonas
aeruginosa infection in a child was elucidated by the correlation of
quantitative PCR and human transcriptomics with clinical findings,
to point to the causative role of marked bacterial lysis™. Genetically
modified phages are used to manage otherwise untreatable infec-
tions caused by Mycobacterium abscessus”, and phage components
are being developed as small-molecule therapeutics”. Standardized
treatment and monitoring protocols, as well as randomized clinical
trials, are building on a strong safety profile, and convincing signals
of efficacy are emerging'.

However, phages differ fundamentally from antibacterial drugsin
being self-amplifying (‘auto-dosing’) and highly adaptive in vivo. Their
high specificity (reduced collateral ecosystem damage compared with
broad-spectrumantibiotics), utility as delivery vectors (of antibiotics,
small peptides, diagnostic markers or engineered payloads®), synergy
with antibiotics and potency in the face of antibacterial drug resistance
are key therapeutic strengths. In this Review, we will discuss the most
relevant aspects of phage biology for the successful implementation
of phage therapy. Although derived primarily from human studies,
theseinsights could inform therapy in other animals and uses beyond
the purely clinical.

Phage biology relevant to phage therapy

Anideal therapeutic phage introduces no unwanted genetic material,
isinnocuous to the host presenting the bacterial infection, is easy to
purify, store and administer, and hunts its prey to extinction. Not all
these attributes are necessarily advantageous in nature but they may
be engineered or selected in vitro.

Phage life cycles in nature and in human infection

The archetypal phage has a double-stranded DNA genome packed
tightly into anicosahedral capsid ‘head’,and a‘tail’ (often contractile,
hence myovirus) with slender fibres that give it the distinctive ‘lunar
lander’ appearance. Common phage morphotypes are showninBox 1.
For the taxonomist, these have mostly historic value? asit haslong been
known that similar morphologies do not predict genetic relatedness
or common ancestry”.

Understanding phage behaviour across different growth states
is essential to their effective use as anti-infectives. A typical predating
phage usesits tail fibres to attach to one or more bacterial cell surface
receptors, injecting genetic material from the viral capsid through the
cylindrical tailinto the cell, where it hijacks host machinery toreplicate.
New phage structural proteins are synthesized in the host cytoplasm
andassembled into capsid heads that are filled with new copies of phage
genomes. These are then attached to their tails before the bacterium
is lysed from within, with the help of phage-encoded proteins such as
holins (which disrupt the bacteria inner cellmembrane) and endolysins
(which digest the cell wall), releasing a ‘burst’ of virus progeny (Fig. 1).

This process of lysisis commonly deferred innaturein the interests
of both host bacterial populations and infecting phages®. Bacteria
benefit by avoiding population extinction as well as unchecked popula-
tiongrowth, while phages maintain prey availability and opportunities
for rapid expansion. Some abundant human gut phages (for example,
CrAssphage) can persist as extrachromosomal phage-plasmids, with
similarities to classic episomal plasmids®. Both horizontal (phage-like)
transmission and vertical (plasmid-like) transmission mechanisms may
have an important role in genetic recombination and gene transfer
in these phage-plasmids (phagemids)**. Avoidance of bacterial host
destructionis alsoafeature of small filamentous phages (Tubulavirales,
especially Inoviridae), which generate chronic productive infection
from an episomal form in normally growing bacteria®.

The best-known mechanism of deferred lysis includes the use of
phage-encoded integrases to integrate (‘temperate’) phages into host
bacterial chromosomesto replicate passively (Fig.1). These integrated
‘prophages’ intercommunicate and monitor bacterial cell signalling
through quorum-sensing systems akin to those in bacteria, as well as
through peptide-based communicationssuchasthearbitriumsystem 2,

This process of passive (pro)phage reproduction with deferred
lysis (‘lysogeny’) can switch quickly to explosive phage production
when bacterial populations are stressed, including by antibiotics (for
example, quinolones®); in fact, prophage-mediated lysis may be an
important mediator of bacterial death upon antibiotic exposure®.
In the meantime, host bacteria benefit from virulence attributes
encoded by integrated phages as well as from the immunity that
prophages provide against other predating phages™.

This carefully tuned lifestyle makes most sense in highly competi-
tiveenvironments wherebacterial specialization isimportant, phage and
bacterial population densities are high and interactions are frequent (for
example, inthe mammalian gut)*, as opposed to a‘hitand run’ obligate
lytic lifestyle when sparse opportunities in dispersed ecosystems must
beimmediately exploited (for example, the marine environment)>>*,
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Box 1| Phage morphology, taxonomy and receptor interactions

Most naturally occurring therapeutic phages are tailed double-stranded DNA (dsDNA) viruses with genomes of less than 200kb and
icosahedral capsids with diameters of 45-185nm. The myovirus, siphovirus and podovirus morphotypes, which dominated phage taxonomy
for decades, are shown in the table**“¢. Some key proteins (for example, tape measure and distal tail proteins, and tail-associated lysozyme

in siphoviruses) are important structural determinants but there is evidence of modular and convergent evolution, and limited genetic
relatedness within morphotypes'®®. The now-abolished order Caudovirales (dsDNA) included five families: Myoviridae (for example, T4, with a
contractile sheath around the tail, along with the distinct Ackermannviridae and Herelleviridae), the Siphoviridae (for example, T5, with a long
non-contractile tail) and the Podoviridae (for example, T7, with a short tail)’®°. The class Caudoviricetes now contains more than 70 families of
dsDNA viruses of bacteria and archaea with icosahedral capsids'®. Original proposals for reclassification’*'°® have had to accommodate some
genetic mosaicism”®' and the International Committee on Taxonomy of Viruses maintain the definitive phylogenetic taxonomic reference on
their website.

Myovirus Long contractile tail with sheath Common features: irreversible blinding by long tail fibres
morphotype For example, T4 phage, approximately  (for instance, to outer membrane proteins) typically
160kb dsDNA precedes definitive receptor binding (for example, to

inner core oligosaccharides of Escherichia coli by ‘T-even’
phages), which triggers infection*®

Siphovirus Long non-contractile tail Long flexible tails may facilitate direct recognition of
morphotype For example, T5 phage, approximately  definitive receptors (for example, T5 phage and FhuA;
120kb dsDNA A\-phage and LamB)'*
Podovirus Short non-contractile tail; fibres Tail spike proteins or enzymes initiate infection, oriented
morphotype assembled on capsid head by phage tail fibres (for example, T7 binding E. coli
For example, T7, T3 and P22, lipopolysaccharide; ®29 binding Bacillus subtilis teichoic
approximately 40kb dsDNA; ®29 acids™**')
(approximately 19kb)
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Fig.1|Bacteriophage lifestyles. Four life cycle models are commonly described.
Alyticlife cycle ends in destruction of the host population but is deferred in
lysogeny (chromosomally integrated ‘prophages’) and in pseudolysogeny,
whereas filamentous phages generate chronic productive infection.

Potential contrasting pathways are included in the ‘pseudolysogenic’ panel.
Pseudolysogenized L-forms grow slowly and support passive proliferation of

(episomal) phages. In pseudolysogenized stationary phase bacteria, bacterial
growth and phage lytic cycle are suspended. A scavenger phase may produce
small numbers of virus progeny if stringent conditions persist (exclamation
mark), for which an episomal phase is not defined (question mark). Phage lytic
cycles resume with optimal bacterial growth.

The lysis cycle of apparently obligate lytic (‘'virulent’) phages
may also be paused when the bacterial host faces existential threat
(for example, from nutrient stress®’) or when other stress responses
are activated®, as well as in slow-growth bacterial lifestyles com-
monly encountered in human infections (for instance, in station-
ary phase growth and in L-forms, which lack a normal cell wall*>*°).
This ‘pseudolysogeny’ prevents extinction of bacterial popula-
tions that are already sub-lethally stressed”. Pseudolysogenized
bacteria generally proceed to lysis when vigorous bacterial growth
resumes”.

Slow-growing and L-form states are expected in chronic urinary
tract infections and device-related infections with biofilms, and (for
L-forms) when using B-lactam and carbapenem antibiotics®, in the
presence of which L-forms continue to grow steadily******, possibly also
with phages in episomal forms®®. The osmotically fragile L-forms often
go unnoticed, asthey are not detected in normal (isotonic) laboratory
media and require special handling for isolation and testing”.

The therapeutic corollary is that important antibiotics such as
carbapenems mayinduce or promote anin vivo bacterial growth state
in which many commonly used phages may not proceed to complete
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thelytic cycle. This occurs despite any demonstrable antibacterial syn-
ergy with those antibiotics in standard laboratory growth conditions
in vitro. These phage lifestyles are therefore important to consider
when planning phage therapy.

Lysogenic conversion and the therapeutic choice

The delivery of extraneous genetic material to an infected bacte-
rium (‘lysogenic conversion’) by integrating temperate (pro)phages
is responsible for virulence in the causative agents of cholera®,
diphtheria® and botulism*’, among others. Inadvertent packaging of
non-phage DNA is also animportant consideration in lysogenic (tem-
perate) phages. It is associated with a mechanism, favoured by larger
phage genomes, which packs DNA tightly into the capsid head until
filled (‘headful’ packaging, as opposed to more precise cohesive end
site (cos) mechanisms)***. Random chromosomal integration, aber-
rant excision mechanisms (specialized transduction) or false packag-
ing initiation recognition (pseudo-pac) sites may result in accidental
packaging of bacterial DNA (reviewed elsewhere*').

For all these reasons, temperate (Ilysogenic, chromosomally inte-
grating) phages are generally not preferred for therapy. Neverthe-
less, faecal microbial transplantation, rich in temperate phages, is
widely accepted as safe evenin critically ill individuals*? and temperate
phages may still provide an option when others are limited*. Virulent
(obligate lytic) phages more reliably control rapidly expanding bac-
terial populations but often also defer lysis to preserve equilibrium
between predator and prey, resident and host. Phages that are most
successfulinnature arelikely to include those in sustainable dynamic
equilibriumwith their host. Conversely, virulent phages that regularly
lyse stressed bacterial populations (for example, stationary phase or
L-forms) mightbe expected to be less commonly found in nature and/or
intherapeutic phage repositories.

Host specificity and receptor binding

Bacteria commonly deny phage attachment to prevent phage infec-
tion and this may be regarded as a first defence. Initial binding
(adsorption) is typically of lower affinity (often reversible) and fol-
lowed by higher-affinity binding to a second receptor that triggers
DNAinjection.

In Gram-positive bacteria such as Staphylococcus aureus, cell
wall teichoic acids are common targets, and their relatively limited
diversity is reflected in that of their commonly occurring obligate
lytic phages**. In Gram-negative bacteria such as Escherichia coli
or P. aeruginosa, hydrophobic lipopolysaccharide (LPS)-rich outer
membranes and exopolysaccharide capsules provide highly diverse
receptors that provide an effective defence but also act as physi-
cal barriers* against which many phages deploy depolymerases to
improve outer membrane access. The lipid A core itself is often a
definitive receptor, along with outer membrane proteins that may
serve as initial (adsorption) receptors*® (Box 1). Surface structures
such as pili or flagellae are occasional receptors*” and can be modi-
fied or downregulated to avoid predation, often at the expense of
important corresponding virulence attributes such as adhesion or
motility. The common T4-like phage uses its long, contractile tail to
bind LPS and/or major outer membrane proteins such as OmpC in
E. coli, with its long tail fibres adjusting orientation*s. The T7-like
phages and others that share ‘podovirus’ structural features such
as short non-contractile tails can also bind LPS core and lipid A and,
similarly to many phages, have receptor specificities that can be
‘trained’ to accommodate common bacterial variations***°.

Bacterial phage resistance and internal defence systems

Once attached, aphage must deal with the intracellular defences that
are used by bacterial populations to build fitness and preserve specific
‘memory’ and to deal with sudden opportunistic phage infections®*".
Recentstudies have greatly expanded the known repertoire of bacterial
defence mechanisms and interested readers are referred to compre-
hensive reviews*>**, but note that this is a rapidly growing literature
as modern techniques allow for the discovery of previously unknown
anti-phage defence systems™. The most important post-attachment
defencesappear toberestriction modification and adaptive CRISPR sys-
tems (named for the clustered regularly interspaced short palindromic
repeats that define them) and abortive infection (abi) or cell ‘suicide’
systems (in which self-destruction mediated through toxin-antitoxin
modules can abort phage infection)*® (Fig. 2).

These internal anti-phage defences may be particularly important
forregulating prophage lysogeny within bacterial populations, whereas
phage receptor usage, rather than specialized post-attachment defence
mechanisms, may play a greater role in defining the host range of lytic
phages used therapeutically” *°. An important corollary of this is that
occasional bacteria will resist large sets of phages that would normally
betested onthebasis that they caninfect the target bacteria’s close rela-
tives. Such pan-phage-resistant bacteria are more likely to be those with
potent post-attachment defences, in which phage training® (to bypass
receptor-level defences) may be less feasible. Nevertheless, phage adsorp-
tion (attachment) may still occur (and s easily tested) and anantibacterial
payload attached to the phage may therefore still be delivered®.

Bacterial adaptation and phage counter-adaptation

Like the Red Queen®, phages and bacteria run fast just to stay in the
same place, rapidly adapting and counter-adapting in vivo. It is intui-
tive that adaptations are easiest when bacteria and viruses have only
each other to contend with, and thus bacterial mutations easily dem-
onstrated in vitro during phage infection in optimal growth media may
be much less common in vivo, where the adaptive landscape is more
restrictive. Essentially unchanged bacteria are commonly recovered
after treatment failure, even with intravenous administration of high
doses of phages during high-density bacteraemia in vivo®*®°, This is
unsurprising, as bacteria can survive phage attack by modulating
receptor expression — a strategy that sometimes entails trading off
growth and/or virulence attributes — and/or various other inherent
mechanisms, including after phage attachment.

It follows that inherently more plastic®® or highly diversified
bacterial populations beyond the reach of host immune defences
and antibiotics™ should be most tolerant of the trade-offs required
and most able to generate successful mutants. Bacterial biofilms,
which commonly include stressed populations, present challenges,
yet some phages have developed strategies to overcome them®*’,
including directinterference with bacterial population-level regulation
viaquorum sensing’®’. In such situations, bacterial populations with
the greatest adaptive possibilities are likely to be advantaged’; for
example, highly mutation-prone mismatch repair mutants arecommon
in long-term P. aeruginosa lung infections’. Failure to recognize and
anticipate bacterial target population diversity and plasticity promotes
the emergence of phage resistance and therisk of therapeutic failure’®.
Multiple and periodic sampling should therefore be considered as
bacteriaand phage populations co-adaptin thesessituations, including
before, during and after phage administration.

It is also worth emphasizing that bacterial adaptation to phages
differs in many ways from adaptation to antibiotic drugs. Gene
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Fig.2| Anti-phage defence, counter-phage responses and strategies for
phage therapy. Common bacterial anti-phage defence mechanisms (yellow-
outlined boxes), phage counter-defence mechanisms (callout boxes) and
possible implications from bacterial trade-offs in phage therapy (greenboxes,
advantages; red boxes, disadvantages). Strategies for phage therapeutics
encompass a range of approaches. These include synergistic interactions
between phages and antibiotics, and combinations of phage with biofilm-active
agents. Lytic phages self-propagate (auto-dosing) and evolve; although repeated
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dosing may encourage adaptive evolution in bacteria. The use of phages capable
of evading CRISPR-Cas, as well as phage training (pre-adaptation), natural
selection or engineering, can help select the most successful predatory phages.
Monitoring during and after therapy for development of resistance, bacterial
and phage genomics, and amplification responses can help understand the
contribution of phage therapy to clinical outcomes. LPS, lipopolysaccharide;
OMVs, outer membrane vesicles.

acquisition, deletion and mutation feature strongly in the latter
whereas bacterial adaptations to phages, fine-tuned over aeons, are
generally less dependent onthe acquisition of new mechanismsin vivo.
Phages might become useful insituations where antibacterial drugs are
avoided or highly restricted in aneffort to prevent antibiotic resistance.

Clinical experience with phage therapy

Despite early reports of success’”, phage therapy failed to meet
expectations. Filtered lysates of varying potency and purity were often
used too late in the course of infection. Reactions were common and
phages were evensometimes deliberately injected rapidly to produce

ashockreaction”. More than 70 years on, mixed reports continue and
only aminority of published clinical trials meet the stringent criteria
required for therapeutic registration (Table 1); however, increasing
numbers of registered clinical trials up to phase Il are beginning to
provide data (Supplementary Table 1). A small but well-conducted
study of locally administered phages for P. aeruginosa chronic otitis
in2009 is an example, being so successful that the trial was stopped
early’. However, phage stability (shelf-life) and diagnostic targeting
remain important risks to manage in trial design””’. Orally adminis-
tered phages targeting E. coli showed no benefitin children with acute
bacterial diarrhoea; however, only 60% of participants had proven
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Table 1| Published clinical phage trials

Infection type and organism Bacteriophage Study design Outcomes Notes Ref.
Randomized, placebo-controlled
Chronic otitis Phage cocktail 24 patients Clinical and microbiological Stopped early due to 76
Pseudomonas aeruginosa Cocktail phage 1x10°PFU once benefit efficacy
into ear versus placebo Phage amplification in vivo
Acute bacterial diarrhoea Coliphages 120 children No benefit over standard Not powered for 79
(1.4'><1Og PFU) or Oral coliphages or coliphage of care efficacy
coliphage product product for 4days versus placebo  No in vivo amplification Phage mismatch >40%
(3.6x108PFU)
Cholera Polyvalent cocktail Phase |: 30 adults, 6 children; oral  No clinical or microbio- El Tor strains 176
(1x10% to 1x10°PFU) 3 doses (24-48h after first dose) logical benefit; tetracycline non-susceptible
cocktail versus placebo superior
Phase II: 20 adults, 10 children; i.m.
once, then oral 24 and 48h versus
tetracycline
UTI after TURP Polyvalent cocktail 113 patients; cocktail versus No difference In vitro phage 78
(1x10° to 1x10°PFU) placebo, twice-daily bladder Simple irrigation performed Matching done
irrigation better than phage Low doses
administration
Chronic diabetic foot or Polyvalent cocktail 60 patients Phage 46.7% sterile at Limited information 177
pressure ulcers 1x10°PFUmML” Phage cocktail 1x10°PFUmL" Tmonth versus 0% placebo  on phages and
topically on gauze, 3 times a day 93.3% sterile and healed suscept|b|l|t|esf no
(alternate days), weekly for 4 weeks, at 3months versus 13.3% power calculation
every 2weeks for 3months placebo
Burns Polyvalent cocktail 25 patients No clinical efficacy 1x10*to 1x10°PFU loss ~ "/(PhagoBurn
P. aeruginosa (12 phages) Cocktail versus standard of care, ~ Microbiological benefit of titre in transit study)
topical 7days for correctly targeted Low final dose
organisms (10-100 PFUML™)
Randomized, non-placebo
Secondary bacterial Polyvalent cocktail 60 patients Clinical and microbiological Phages not fully 178
pneumonia in COVID-19 (>1x10™PFU) 10ml (1x10™2PFUml™") nebulized efficacy characterized
12-hourly for 7days No phage susceptibility
testing of isolates
Uncomplicated UTI Polyvalent cocktail LBP-ECO1 with oral TMP-SMX Clinical and microbiological Small study 179
Escherichia coli Intraurethral plus dose finding response at day10 in 88% No placebo or
intravenously antibiotic-only controls
Regimen finding
Comparative
Acute tonsilitis Polyvalent cocktail 128 children Clinical response: 1.4times  No phage susceptibility 180
Pyobacteriophage complex faster improvement in testing of isolates at
nebulized versus standard of care ~ Symptoms enrolment
No power calculation
Periprosthetic hip infections  Staphylococcal 45 patients Clinical and microbiological Small sample size 181
Staphylococcus aureus bacteriophage solution  comparative control response; relapse but reached power
(at least 1x10°PFUmML™) . <R at 12months 4.5% calculation versus
Phage >1x10°PFUmL™ in bone S
R 3 RS versus 36.4% matched matched comparators
cement with >1x10°PFU into joint B—————
at day10 and antibiotics P
Chronic venous leg ulcers Polyvalent cocktail 42 patients Safety trial, not designed No microbiology or 182
P. aeruginosa 12weeks of topical phage versus  to show efficacy phage susceptibility
S, CUES saline No significant clinical or testing
E coli microbiological response
Non-comparative
Chronic rhinosinusitis Polyvalent cocktail 9 patients Safety trial, not designed Safety and tolerability 183

S. aureus

Phage twice-daily intranasal
irrigations AB-SA02 3 phages
1x10°PFU for 7days (cohort 1), 3 at
1x108PFU 14days (cohort 2), 3 at
1x10*PFU 14 days (cohort 3)

to show efficacy
Reduction in growth
observed

Negative cultures with
evident ‘cure’ 2/9

demonstrated

Nature Reviews Microbiology


http://www.nature.com/nrmicro

Review article

Table 1 (continued) | Published clinical phage trials

Infection type and organism Bacteriophage Study design Outcomes Notes Ref.
Non-comparative (continued)
Burn wounds Polyvalent cocktail 30 patients Clinical and microbiological - 184
P. aeruginosa Phage 1x10"PFUmL topical response: eradication 60%;
5-17days clinical improvement 80%
Improved healing more
than 50%
Chronic venous ulcers Polyvalent cocktail 96 patients Healed 70% Study of topical 185
PhageBioDerm Cocktail (1x10°PFUcm™) variable ~ (Bdays-15months) antibiotic plus phage
pyophage cocktail duration Improved 25% in combination
(bioqiegradable poly- Nil response 5%
mer impregnated with
ciprofloxacin and phage)
for P. aeruginosa, E. coli,
S. aureus, Streptococcus
spp., Proteus spp.
(1x10°PFUcm™)
Healthcare-associated Polyvalent cocktail K. pneumoniae: 13 patients Microbiological response: ~ Phage detected in 186
infection (ventilated) Phagebiotics in ETA-urine, 5ml mouth-ETT once reduced colonization urine and faeces
Klebsiella pneumoniae treatment and A. baumannii, K. pneumoniae,
Acinetobacter baumannii prophylaxis in P. aeruginosa, S. aureus: 14 patients
P aeruginosa healthcare- colonization; 20 ml cocktail
S. 9 associated infection (1x10°PFUmL™) intragastric for
aureus Phage cocktail 3days
(1x108PFUmML™)
S. aureus sepsis and Polyvalent cocktail 13 patients Safety and tolerability; Detailed host kinetics 65
endocarditis AB-SAOT i.v. twice a day for 14days pharmacokinetics
(3 phages at 1x10°PFU)
Compassionate cases
Mycobacterium spp. Varied mycobacterial 20 compassionate cases Clinical or microbiological Non-comparative, 81
infections phages (n=1or 2 Non-comparative response 11/20 retrospective
phagesi‘per Erehatcrjnent Mostly i.v. twice a day 1x10°PFUmL, Detailed
SIS el nebulized or both microbiological,
invitro phage, monitoring
analysis, neutralizing
antibodies
Difficult-to-treat infections Personalized phages 100 patients (consecutive) Clinical improvement 77.2% Non-comparative 82
Retrospective, observational (at least one symptom) retrospective,
Varied schedules, infections, Eradication 70% (culture or  heterogenous group,
A —— physician assessment) subjective outcomes
Detailed analyses;
proof of feasibility
Case series
Periprosthetic joint Personalized phages 10 patients No recurrenceinallcases ~ Non-comparative study 187
infections (1x10PFUML™) Case series

Protocol 1: intraoperative phage

then i.v. for 5days

Protocol 2: intraoperative phage
plus intraarticular daily for 4days

plus i.v. daily for 5days

ETA, endotracheal aspirate; ETT, endotracheal tube; i.m., intramuscular; i.v., intravenous; PFU, plague-forming units; TMP-SMX, trimethoprim-sulfamethoxazole; UTI after TURP, urinary tract

infection after transurethral resection of the prostate.

E. coliinfections’. The PhagoBurn trial suffered from loss of phage
potency in transit but showed microbiological efficacy in those with
phage-susceptible isolates””. Bladder instillation of a phage cocktail
for urinary infections in patients undergoing transurethral resection
of the prostate showed no benefit; however, the formulation failed to
target all relevant pathogens and provided a relatively low dose even
against pathogens that were phage-susceptible’.

Studies of adjunctive phage therapy conducted within adaptive
platform trials allow multiple intervention arms® and pragmatic com-
parisons with standard-of-care therapies, but much of the current
evidence still derives from uncontrolled case series. Publication bias
against reporting of negative outcomes is a concern, but is mitigated
by the fact that most reported experience is of ‘compassionate use’,
in situations where all other therapeutic options have failed and the
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clinical response to any intervention is unlikely. More than half of
20 patients with refractory non-tuberculous mycobacterial infec-
tion receiving ‘compassionate use’ mycobacteriophages exhibited
favourable responses, some with complete resolution®. In a cohort
of 100 consecutive patients receiving phage therapy for diverse indi-
cations (mostly topical and nebulized, and mostly for S. aureus and
P.aeruginosainfections), approximately three-quarters of those who
reported back described subjective improvement®?, Patients receiving
concomitantantibiotics showed better outcomes, and overall rates of
clinicalimprovement (77%) and bacterial eradication (>60%) are similar
to other published cases, with adverse events generally reported at
rates similar to or below those of control groups’.

Phage selection and therapeutic strategies

Most demands for therapy can be met by naturally occurring phages:
those that attack gut pathogens (for example, E. coli) are found in sew-
age; and phages that attack versatile opportunistic pathogens inwater
andsoils (for example, Pseudomonas and Acinetobacter spp.) are readily
found with them in such locations. Enhanced infectivity®, expanded
host range®* and increased capacity to overcome bacterial evasion
strategies® may be derived by forced evolutionin vitro — ‘training’ the
phageontoatarget organismwith® orwithout®bacterial co-evolution —
or by deliberate engineering'>*”*%, All these are important tools for
harnessing or enhancing the efficacy of modern phage therapeutics.

Predicting therapeutic efficacy

The precision of phage therapy means that phage host specificity (host
range) and potency should ideally be defined in vitro before use and
ideally under the same conditions used for antimicrobial drugs, to allow
direct comparisons®. Phage potency is usually measured as bacterial
growth suppressionin liquid medium and/or azone of clearing (plaque)
on a bacterial lawn®°°, Phages and bacteria are combined at defined
ratios (a phage to bacteria multiplicity of infection (MOI) that ranges
over several logs but is commonly 0.1-10 for susceptibility testing)®.
Although that sort of growth suppression is easy to compare with anti-
biotic effects, the plaque of absent bacterial growth on double-layer
agar is quite different from the growth inhibition zone created by dif-
fusion of antibiotics froma central disc. The hazy edge of an antibiotic
diffusion zone usually indicates resistant subpopulations, whereas the
hazy edge of a phage plaque might signal polymerase activity or azone
of lysis inhibition associated with enhanced virus yield”..

The viable phage count (determined by serial dilution and
expressed as plaque-forming units (PFU) per millilitre) is commonly
compared withareference host as ‘efficiency of plating’ and expressed
asadecimal or percentage (see review®’), butis not perfectly concord-
antwithgrowthkineticsinbrothmicrodilution and, similar to antibiotic
testing, may vary with growth media®°. Although growth inhibitionin
liquid media may appear similar, and therefore appeal as a correlate to
the antibiotic drug minimum inhibitory concentration (MIC), espe-
ciallyinasynergy assay, it may also reflect different trade-offs to those
invivo or even in solid media and may not be highly reproducible®*®°
(Box2).Concordance of susceptibility testing varies’* and standardized
assay conditions areimportant to establish. For now, itis reasonable to
generalize that a phage unable to inhibit bacterial growth in vitrois a
poor therapeutic choiceinvivo. Insilico binding site predictions used
toguideinvitro testing” are not yet asubstitute, being generally most
useful at or above the genus level®*. Predictive models are expected to
improve with experimentally determined phage-bacterial interaction
data, such as those for common coliphages***%%,

Selecting phage combinations

An altered (for example, broader) host range can be achieved natu-
rally, by manipulation, or by combination with antibiotics or with
other phages in ‘cocktails®. Phages combined for an improved host
range, by targeting bacterial subtypes most represented in surveil-
lance programmes, provide confidence that any given member of a
target species will be treated. This is similar to vaccine development
approachesthat updateregularly according to epidemiological shifts
and increases both general utility and commercial value. Synergistic
phage combinations that precisely target a particular isolate may offer
greater certainty of success but require specific diagnostics and the
benefit (over asingle phage) is unproven:itis still the case that phage
cocktails are often assumed to be, but not confirmed as, the superior
approach”. Competition for intracellular resources’, accelerated
resistance adaptations® and increased human immune responses
might devalue a cocktail approach® over, for instance, sequential
therapy. A counter-argument is that sequential adaptations may be
less taxing to bacterial adaptive capacity than simultaneous demands
from multiple phages. An ideal phage prescription generally aims to
force competing bacterial adaptations'*® (for example, simultaneous
OmpK35and OmpK36 porin targeting in Klebsiella pneumoniae'*'°%)
or simultaneous distinct high-cost trade-offs (for example, pilin and
LPS targeting in P. aeruginosa), with defensive adaptations coming at
the cost of reduced overall virulence or ability to withstand antibiotics
and other common (oxidative, nutritional) stresses.

Box 2 | Measuring bacterial killing in vitro

Optimization of dosing with specific attention to the ‘minimum
inhibitory concentration’ (MIC) of antibiotics predicts outcomes

in serious infections and is used to set ‘breakpoints’ which define
an organism as ‘susceptible’ or ‘resistant”'® according to whether

a therapeutic concentration can be achieved in the tissues. Some
antibiotics have concentration-dependent killing (more is better),
for example, aminoglycosides, which bind the 16S ribosomal
subunit and inhibit protein synthesis'®; for others, time above the
MIC is important (longer is better), for instance, 3-lactams such as
penicillins, which bind and inactivate cross-linking transpeptidases
in the cell wall'®’. It remains unclear whether achieving a higher
multiplicity of infection (MOI) to overcome the ‘inundation
threshold™ is preferred (more is better) over maintained phage
pressure to mitigate natural tolerance (longer is better), or whether
this varies with phage-bacteria pairs'®®. For antibacterial drugs,
bacterial growth inhibition, as defined by the MIC, and bacterial
killing, as defined by the minimum bactericidal combination (MBC),
have different relationships for each bacteria-drug pairing, and
growth inhibition rather than killing (that is, MIC rather than MBC)

is the key predictor of clinical outcomes. If this was applied to the
phage-bacteria interaction, then bacterial growth inhibition is most
important. However, these principles are not yet clinically tested,
and phage MOI and antibiotic MIC concepts are not the same.
None of the many methods used to determine in vitro susceptibility
to phages has established clinical correlations', and laboratory
growth conditions that do not favour expression of a receptor that
is essential in vivo will make an otherwise potent phage therapeutic
seem ineffective in vitro?®®*"'",
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Sensible guides to cocktail design are widely available®*'001037105
but phages are also invariably used with antibiotics. Phage-antibiotic
synergy or antagonism (reviewed elsewhere'*®) is “dictated by the pri-
mary target of the antibiotic and the cellular processes required for
phage replication”’”” and determinedin vitro at sub-MIC antibiotic doses
and low MOI'"18, Co-administration of multiple synergistic phages and
antibiotics thatimpose intolerable bacterial trade-offs should be consid-
ered when designing phage therapy protocols, including subinhibitory
(subtherapeutic) antibiotic concentrations in tissue sites (for example,
reduced local bioavailability due to restricted tissue perfusion) and
difficult growth states such as biofilm-mediated infections'*"',

Dosing strategies

Phage dosing for human infections ranges widely (typically 1 x 10’ to
1x 10" PFU per dose), as does the frequency and duration®. A dose
must survive innate immune inactivation and, especially with intra-
venous therapy, reticuloendothelial (mononuclear phagocyte system)
clearance">'"in order to reach target bacterial populations at an opti-
mal MOI for successful infection. The passive ‘inundation threshold’
at which the bacterial population stops growing and the active ‘pro-
liferation (or replication) threshold’, beyond which phage replication
drives ongoing bacterial population decline (more comparable with
the MIC), are hard to predict a priori"*', and the actual MOl at the site
evenmore so. Higher doses or higher ‘burst sizes’ (more phages per lytic
cycle) and short lag phases (between infection and lysis) seem desir-
able, but some processes (for example, lysis inhibition) that increase
viral proliferation overall and are successful traits in some phage types
(including the common T4-like phages) are associated with delayed lysis
and smaller in vitro plaque sizes, complicating the choice of phages

Therapeutic monitoring
Quantitative PCR is a well-established tool for managing viral infec-
tions that offers precise quantification and strong concordance with
culture-based methods', including phage detection and monitoring
invitro"®, Quantitative PCR enables detection of phagesin patient serum
where residual antibiotics or in vivo co-evolution of both predator
phage and prey bacteria may render plaque assays unhelpful.
Quantification of virus in tissues (or its spillover into blood) is a
simple and robust indicator of phage proliferation'*": intravenous
doses of 1x10° PFU are mostly cleared from the bloodstream within
1hour''*® and samples taken prior to repeat dosing provide useful
proof of successful phage amplification (auto-dosing) that is usually
most evident within the first week™,

Production, scalability and regulatory challenges

Phage preparations with <350 endotoxin units (EU) per 1x10° PFU
(defined by limulus lysate assay and/or monocyte activation testing
or similar, and generally only a problem in lysates of Gram-negative
bacteria) are easy to achieve with modern chromatographic methods,
and many have beenissued ‘Generally Recognized As Safe’ notices by
the US Food and Drug Administration'”°, Clinical authorities require
‘bacterial endotoxin’ to be administered below the widely accepted
human pyrogenic threshold of <5 EU kg h™’. Inaddition, when assess-
ing preparation safety of such preparations (reviewed elsewhere'”),
pH, sterility and genomic data should be considered, with the latter
requiringaspecialized genomic and bioinformatics workflow (Fig. 3).
Published guidelines from the European Union'??, Belgium'®, the USA'*
and the UK'® provide minimum acceptable standards. Phage produc-
tion is sensitive to economies of scale. Utilization of at least 10-15%

fromin vitro performance. of abatch within its shelf-life ensures some economies'?®, meaning
s ingd Objective Objective QC failure
R CELE phage characterization phage QC evaluation (sequences may be used)
(1} ) Classification Estimate batch composition = =
Assign taxonomy « Assign family and genus « Identify single phage or
mixture Single phage Mixed
« Estimate host contamination » No host contamination  Bacterial host DNA
o Estimate relative ratios —> o No secondary phage (high level)

» Absence of induced
prophages from the host
during production

Metrics analysis

(= Assemble » Contig number
\2} sequences * Sequence quality
l * Coverage
; Characterization
(3} Identify phage » Phage and/or prophage
sequence(s) o Lifestyle (lytic or lysogenic)

| o Completeness —_—

» No induced prophage * Multiple phages

 Induced prophage

Validate genome safety

» No high-risk virulence factors
(enterotoxins or superantigens)

» No transmissable resistance

Phage encodes
* Integrase

Phage encodes
—> « No high-risk factors

o~ Annotate and e Virulence factors . ggz:rice of intearase or » No integrases « Antimicrobial resistance
\‘9 refine » Antibiotic resistance genes repressors 9 or virulence genes
o ez diones sy eme » Low phage defence systems
+ Or
Comparison Es(t:imate Rl stabilifcy Phage harbours Phage harbours
Compare « Versus local collection O EluREIS a?alnst prﬁwous « No SNPs at the start « Several SNPs = may
(5} (alignments and —> © Versus closest relatives —, [terationsofsamephageto  ____ 4 gyt may drift during indicate sample is a

(Genbank)

mapping)
e Taxonomy placement

Fig.3| Genomic workflow for therapeutic phage characterization and
quality control. A bioinformatic workflow should accommodate phage
characterization (including novel phages), and quality control (QC) evaluation
(phage verification and purity). DNA modifications and unique end structures
of linear DNA may complicate assemblies. Short read (for example, 150 bp

detect SNPs
e Also used for monitoring

monitoring population rather than a

single phage

paired end) at 50-fold to 100-fold coverage allows basic phage characterization;
population-level assessment in production batches (evolved phage variants

at <5% representation) may require 400-fold to1,000-fold coverage, with
minimum 5-fold coverage for detection of contaminating host DNA (prophages).
SNPs, single-nucleotide polymorphisms.
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that stability (shelf-life) isanimportant determinant of cost-effective
batch utilization®”?%, The cost of goods, market access and invest-
ment appetite are all shaped by the regulatory environment in which
production occurs. Phage cocktails that accommodate the greatest
diversity of causative pathogens may be based on asyndrome or, more
simply, acommonbacterial cause of serious infection. Clinical experts
highlight bone and joint infections (for example, with S. aureus) and
antibiotic-resistantinfections (forexample, P. aeruginosa, A. bauman-
nii and other Gram-negative bacteria, as well as mycobacteriasuch as
M. abscessus) as principal targets'**"*°. Detailed foreknowledge of likely
pathogens (from surveillance and/or published data) maximizes the
likelihood of a successful ‘hit’ and therefore efficient development of
aphage library and usage of a batch'. In fact, a two-stage approach
(‘bestguess’, then diagnostically targeted) ishow most antibiotics are
prescribed for severe infection™, simply due to clinical urgency™>.
A ‘best guess’ preparation might need to sacrifice some synergy or
potency for breadth of coverage but is least dependent on diagnostics
and best suited to large-scale production.

Human-phage interactions

and immune responses

Itis to be expected that phages, the most diverse and numerous life
formson earth*, would themselves develop a sophisticated relation-
ship with adaptive immune systems'>. Human-phage interactions
engage bothinnate and adaptiveimmune pathways, with phages capa-
ble of modulatinginflammation, influencing microbiome composition
andelicitinghumoral and cellular responses that shape therapeutic out-
comes. Inhumans, low-level inflammatory andimmune responses are
anatural and necessary counter-measure to the presence of potentially
pathogenic organisms, including viruses">'", and there is increasing
evidence that mammalian cells internalize phages as part of normal
homeostasis"*'*. Pro-inflammatory and even anti-inflammatory effects
should be considered during phage therapy.

Pro-inflammatory responses

Human gene signatures during phage therapy suggest direct modu-
lation of pro-inflammatory as well as innate and adaptive immune
response regulatory pathways'*. Both in vitro and animal models
indicate crosstalk between hub regulatory gene networks including
Toll-like receptors (TLRs)"®, Janus kinase-signal transducers and
activators of transcription (JAK-STAT)" and nucleotide-binding oli-
gomerization domain-like receptor (NLR) signalling pathways'*®, as
well as autophagy™ and mitogen-activated protein kinase (MAPK)
signalling pathways"° in the presence of bacterial and/or viralinfection
(Fig.4a), with downstream reductionin anti-inflammatory modulators
and upregulation of pro-inflammatory cytokines'*'*?, Phages binding
macrophage surface receptors trigger production of inflammatory
cytokines and reactive oxygen species'*, and this macrophage ‘priming’
may in turn alter the antibody response'*.

Injection of 10° PFU into a human blood volume of 5 results in
transient viraemia of approximately 10° PFU ml™.. The elicited innate
immune response may differ between phages, and the macrophage
priming effect that sometimes accompanies it'*>'*¢ may vary from
one phage-bacterial-mammalianinteractionto another. Inaddition,
bacterial lysis by phages generates bacterial breakdown products**’
such as lipid A endotoxin and nucleic acids'®. These potent inflam-
matory stimuli may boost immune responses against target bacteria
in immunologically privileged sites'* and phages may partner with
the mammalian immune response in this way to clear infections™%"",

Phage self-amplification (‘auto-dosing’) is frequently evident in acces-
sible tissues (for example, inthe bloodstream) in the days after dosing,
indicating phage replication'*®, Its onset is sometimes marked by
an inflammatory response to bacterial lysis products™ akin to the
Jarisch-Herxheimer reaction™?, which may be the most common and
important inflammatory effect that occurs with the administration
of properly prepared (clean) phage preparations. Allergic or ana-
phylactoid reactions to naturally occurring bacteria and viruses are
unlikely and any such reaction should prompt careful review of the
preparation and especially of any co-administered drugs.

Anti-inflammatory effects

ThefilamentousPfphagesof P.aeruginosatriggerantiviralresponsesthat
antagonize bacterial clearance by macrophages, an act of phage self-
preservation that is associated with worse outcomes in lung infec-
tions and wound healing"*>"**. Indeed, the relationship between phages
and bacterial debris may be animportant determinant of theimmune
response to phages'*®. Although much of the anti-inflammatory effect
of phage therapy can be attributed to suppression of bacterial infec-
tion, some phages appear to also directly downregulate inflammatory
responses to bacterial components in mononuclear cells'**and macro-
phages™', Specific downregulation of pro-inflammatory genes and
upregulation of anti-inflammatory genes are reported in vitro and
in vivo (reviewed elsewhere™*) and suggested in patients undergoing
phage therapy™®.

As is the case for pro-inflammatory effects, both the phage type
andtheinfection environment areimportant. Different E. coli-targeting
phagesinduced opposing spectrums of interleukin-6 (IL-6), IL-10 and
tumour necrosis factor (TNF) expression in human colorectal adeno-
carcinoma cells™®. Similarly, P. aeruginosa phages are reported to
induce strong (pro-inflammatory) IL-6 and TNF expression in human
alveolar epithelial and monocyte cell lines, but not in lung co-culture
enhanced microenvironment models™"® (Fig. 4b).

Adaptiveimmune responses

Antibody development within a few weeks is common following virus
exposures, including intravenous phage administration™’, but this
response is not invariable®">', The clinical impact of neutralizing
antibodies is uncertain as it is unclear whether prolonged courses
are necessary’® or even whether naturally induced antibodies in most
individuals are sufficient to neutralize anintravenous dose of 10° PFU.
Indeed, phage-immunized mice experienced no drop in phage titre
and no changeininfection outcomes compared with non-immunized
controls'*and therapeutic success hasbeen reportedin the presence
of anti-phage antibodies'®°'®2. When present, specific antibodies may
limit the efficacy of prolonged intravenous courses for slow-growing
organisms'® but this may not be important if most of the benefitisin
the first week'®* or even after a single dose™.

Although immune ablation (for example, in individuals who are
immunocompromised) may explain some ‘non-responders’, it also
appears that some phages are lessimmunogenic than others (reviewed
elsewhere'®). This may be influenced by the formulation'*® and/or by
some of the factors referred to above, or simply by whether they are
more likely to have been seen by the host immune system before, for
example, anti-staphylococcal kayvirus phages compared with diverse
anti-pseudomonal T4-like phages. The mammalian host immunog-
enotype (for example, variation in major histocompatibility complex
molecules) plays a significant role in response to infection and thera-
peutic phages*®. Finally, the classical complement pathway inhibits
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Fig. 4| Inflammatory responses to phage therapy. a, Possible phage-induced
responses. Phages exert pro-inflammatory and anti-inflammatory effects but
elimination of bacteria reduces inflammation. b, Interactions may vary with
different phages. Phages trigger pro-inflammatory Toll-like receptor 9 (TLR9),
TLR4, TLR3, nucleotide-binding oligomerization domain (NOD) and Janus kinase—
signal transducers and activators of transcription (JAK-STAT) pathways, often

attributed to bacterial debris associated with phage lysis. Phage-derived peptides
presented by antigen-presenting cells to T cells and B cells drive production

of pro-inflammatory cytokines and anti-phage antibodies, respectively. IL-6,
interleukin-6; LPS, lipopolysaccharide; NK, natural killer; TNF, tumour necrosis
factor.
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some phages"""’ but this is not universal*>'* and it may be possible to
engineer phages to limit complement-mediated clearance.

Phages for intracellular bacterial infections
Effective treatment of intracellular bacterial pathogens may be a spe-
cial case. The mechanisms of phage entry into mammalian cells are
many and varied, and directional traffic of phages through cellsis well
described. Macropinocytosis, more than receptor-mediated endo-
cytosis, appears to be a predominant pathway for intracellular uptake
and concentration of phages in mammalian cells (for example, den-
dritic cells, macrophages and epithelial cells). This may increase antigen
presentationbut also have distinct therapeutic advantages, suchasthe
opportunity for ‘trojan horse’ delivery of capsid-bound payloads™*.
Even if the pathogen becomes free in the mammalian cell cyto-
plasm, as in the case of Shigella spp., the phage must negotiate the
differentintracellular vacuoles, oftenin different stages of maturation
arrest, thatare characteristic of such infections'*®. Phage-mediated lysis
of phagocytosed bacteria within macrophages is not easily predicted
without testing, but synergy between phage and antibiotic inside the
cellis anideal outcome and certain drugs (for example, quinolones
and macrolides) have longbeen understood to concentrateinintracel-
lular locations better than others (for instance, aminoglycosides)'*’.
Neutrophil activation, acting synergistically with other phages, anti-
biotics and the hostimmune system, can enhance elimination of both
phage-susceptible and phage-resistant mutant strains"°"",

Conclusions

It seems clear that phages are safe to use therapeutically when prop-
erly prepared. The preference for ‘obligate lytic’ phages is mindful
of phage-encoded virulence traits in notorious ‘lysogenized’ patho-
gens, but the dichotomous lytic versus lysogeniclife cycle divideis an
oversimplification. Apparently obligate lytic (‘virulent’) phages com-
monly pause thelytic cyclein certain growth states, whereas temperate
(integrating) phages may be powerful biocontrol agents*'"

Similarly, the exclusion of production hosts with known virulence
and/or antimicrobial resistance traits can be managed by employ-
ing alternative, even engineered, hosts. Bacterial toxins, prophages
and DNA can also be removed during purification in production, but
it should be noted that these are invariably more abundant in the
infection that phage preparations are designed to treat. This is most
important to consider when the specific target strain must serve as
the production host. Indeed, training (adapting) ‘onto’ the target is
animportant part of preparing therapeutic phages®, and the training
effect of moving the phage onto a different production host may com-
promise activity against the primary target. Regulatory frameworks
must accommodate diversity in phages, as well as their production
hosts and growth requirements, if phage therapy is to reach its full
potential as a precision therapeutic.

Commercial imperatives favour high-volume production of a
limited number of therapeutic combinations (cocktails) most likely to
be effective without requiring sophisticated diagnostics, particularly
for high-demand pathogens such as S. aureus and P. aeruginosa. These
cocktails may not achieve the synergistic effects of different phages
or phage-antibiotic combinations in customized therapy, which are
thought toincrease the likelihood of success'>.

Asphage therapy finds its place in mainstream clinical practice as a
precision treatment for bacterial infectionin humans, theimportance
of education and training becomes paramount. Phages are more dif-
ficult to prescribe than antibiotics — more target-specific with more

complex dosing — but of great potential value as adjunctive or syner-
gistictherapy and generally unaffected by antibiotic resistance. Phages
may be used in circumstances where antimicrobial stewardship prin-
ciples prevent use of antibiotic drugs. The auto-dosing phenomenon
and the development of antibodies means that intravenous courses are
potentially self-limiting and the optimal duration may be similar to that
of most antibiotics (for example, aweek or two for most fast-growing
bacteria, or possibly muchless). The detection of auto-dosingin clinical
monitoring (therapeutic phage monitoring)"’ may be especially useful
aswe explore phage therapy pharmacokinetics and pharmacodynam-
ics, but this is still an open question as even therapeutic (antibiotic)
drug monitoring has yet to find its place'”.

As susceptibility testing is standardized, it will need to be corre-
lated with clinical outcomes for validation; however, there is no clear
equivalent to the MIC concept that has proven so useful for antibiotics.
The choice of phage-phage and phage-antibiotic combinations, which
demand high-cost adaptive bacterial trade-offs, is alogical preference
butin vitro trade-offs may not be relevantin vivo. Optimal design can
be inferred from knowledge of bacterial pathogenesis and is ideally
also evidentin vitro (so as to be detectable in laboratory tests). Large
bacterial populations that are already highly diversified and/or beyond
the reach of antibiotics and host defences are the most likely to suc-
cessfully counter-adapt to therapeutic phage administration and to
supportthe emergence of resistance in vivo. However, even these can
be managed effectively when monitored closely’.

In some scenarios, bacterial suppression is more realistic than
bacterial eradication; however, there are rational arguments for aiming
to extinguish large, rapidly growing populations” and these should
be considered on a case-by-case basis.

Trueallergy is expected to be veryrare butinflammatory responses
occasionally occurinresponse tosuddenrelease of bacterial lysis prod-
ucts™, and the converse, phage-mediated downregulation of certain
inflammatory responses must also be further explored for its therapeu-
tic potential”. Direct mammalian hostimmunomodulationis complex
and monitoring thisis nota part of routine clinicalmanagement but may
beanimportant characteristic of certain phages. Clarity is expected to
emerge as we accumulate systematic data from human therapy.

The power and accessibility of modern genomics and computa-
tional analysis places well-designed phage therapeutics within easy
reachfor thefirst timeinacentury, promising anew therapeutic part-
nerto antibiotics and an answer to the inexorable rise of drug-adapted
bacterial pathogens. Although many scientific questions remain, the
safety signalis strong and the accumulated data show that phages are
life-saving when properly deployed. The challenge for those who would
use phages therapeutically is to understand them well enough to do so.

Published online: 27 August 2026
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