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John Bienenstock CM FRSC
1936-2022

John Bienenstock, who has been a highly valued member of the executive board
of the Old Herborn University Foundation since 2017, passed away unexpectedly
on July 25.

John Bienenstock was born on October 6, 1936, in Budapest, Hungary, of Jewish
parents. He escaped with his parents to England in 1939, where he did grow up.
He was educated at St. Paul’s School in London and studied medicine at King’s
College and Westminster Hospital Medical School in London. He graduated with
his MBBS degree in 1960.

John moved to the United States in 1964 where he was offered a position in the
famous Masachusetts General Hospital. There he held a Fellowship in
Rheumatology in the Lovett Memorial Group under Dr. Kurt Bloch. John trained
further in mucosal immunology as a postdoctoral researcher with Dr. Tom Tomasi
in Buffalo, NY. Here mucosal mast cells were first characterized by him, as was
"BALT" (i.e. bronchus associated lymphoid tissue) which led to the concept of a
common mucosal immune system. Both revelations have resulted in significant
changes to therapeutic approaches in allergy and mucosal immunology
respectively.

John was recruited to the new McMaster University Medical School in Hamilton,
Ontario, Canada in 1968. He held the title of Distinguished University Professor
(Medicine and Pathology) at McMaster University.



John was the Founding Director of the McMaster Brain-Body Institute at St.
Joseph’s Healthcare Hamilton where he studied the interactions between the
nervous and immune systems. His landmark studies since 1987 on the two-way
interactions and influences between the nervous and immune systems
(psychoneuroimmunology) have impacted our understanding of conditions as
varied as allergy and rheumatoid arthritis.

John was former Chair of Pathology and Dean and Vice-President of the Faculty
of Health Sciences at McMaster University.

John received many awards and honours: he was recipient of the Order of the Red
Cross in 1990, he was named a fellow of the Royal Society of Canada in 1992,
and he received an Honorary MD from the Géteborg University, Sweden in 1998.
In 1999 he was named Distinguished University Professor at the Mc Master
University; he was named to the Order of Canada in 2002 and was inducted into
the Canadian Medical Hall of Fame in 2011.

In 1996 was John invited to give a lecture on “Neuro-Endocrino Immunology”at
the 10" Old Herborn University Seminar on “New Antimicrobial Strategies”.
Traditionally he was appointed “Honorary Professor” at the Old Herborn
University and he was invited to become a member of the Science Advisory
Committee. From that year on he attended all seminars accompanied by his wife
Dody who, at occasions, also actively participated in the discussions.

In 2005 was John one of the moderators of the 19" Old Herborn University
Seminar on “Defence Mechanisms of the Innate System; Influence of Microbes”
and in 2007 was John one of the moderators of the 21 Seminar om “The
Biological Significance of Gaseous Biomarkers from the Microbiota in the
Alimentary Tract”. In the same year, the Old Herborn University Foundation was
officially registered and John became a member of the Executive Board, a
function that he kept until his passing. He remained very active over the years and
was one of the moderators of the 2022 Seminar on “The Biological Empire of the
Bacteriophage”.

We will miss him greatly and will remember him as a dear friend, a true
gentleman and as a driven scientist whose ideas and discoveries will continue to
have great influence on basic research as well as on the medical field.

We express our condolences to his wife Dody and his family.

Peter J. Heidt
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BACTERIOPHAGE THERAPY:
CLINICAL EXPERIENCE AND CURRENT DEVELOPMENTS

MZIA KUTATELADZE

G. Eliava Institute of Bacteriophage, Microbiology and Virology,
Thilisi, Georgia

SUMMARY

The Eliava Institute is a Tbilisi, Georgia based, research organization that
has been practicing phage therapy for nearly 100 years, beginning shortly
after the initial discovery of bacteriophages. While phage therapy waned in
the West during the antibiotic halcyon of the 1950s through perhaps 2000,
the Eliava Institute continued to hone its experience in treating bacterial
infections with phages. Today, it has one of the largest collections of
therapeutic phages in the world. And, without question, the Eliava Institute
has the broadest and longest experience of any institute in the world in
employing phage therapy. The Institute’s spinoff “Eliava Phage Therapy
Center” is regularly and successfully treating domestic and international
patients who have acute or chronic antibiotic resistant infections.

This review article discusses the discovery of the biological entity of
bacteriophages, and their adoption and evolution as a principal thrust at
what became the Eliava Institute. The article also follows the institute
through the 20" century and shares its present structure and activities.
Research into new antibiotics has fallen precipitously in recent decades,
while the rise of antimicrobial resistance (AMR) has skyrocketed globally.
In a world where antibiotic resistance now threatens to kill 10 million
people a year by 2050, it is highly likely that phage therapy will become
increasingly important and widespread in combatting antibiotic resistant
“superbugs” in the coming decades. The Eliava Institute is proud to leading
the way in helping other countries rediscover the importance of phage
therapy.

WHAT ARE BACTERIOPHAGES?

Bacteriophages — phages, for short —are
the most abundant and ubiquitous or-
ganisms on our planet. Bacteriophages
are bacterial viruses, meaning that they
target and kill only bacteria. A specific
bacteriophage seeks out host bacteria to
which it is active, attaching itself to the
exterior of the bacterial cell wall, and
injecting its DNA into the bacterium.
The phage’s DNA then highjacks the
cell’s reproduction mechanism and

reprograms it to produce bacteriophage
particles (a process similar to many
other viruses). During this active infec-
tion process and after the phage has
sufficiently multiplied and assembled
phage progeny within the cell, enzymes
are released by the phages which lyse
the outer wall of the bacteria, killing
the bacteria and releasing new bacterio-
phage into the environment to find and
attack other bacteria of that type.
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Figure 1: Electron microscope picture of a bacteriophage (left) and phage diagram (right).

Since phages multiply geometrically, a
bacterial concentration (i.e., an infec-
tion) can be decimated literally within
hours.

Above is described the action of “lytic”
phages. Actually, phages follow two

different primary life cycles. One is
lytic (known as virulent) and the other
is lysogenic (temperate). Mostly lytic
phages are applied clinically in phage
therapy.

HISTORY OF THE DISCOVERY OF BACTERIOPHAGES AND
THE FOUNDING OF THE ELIAVA INSTITUTE

Bacteriophages were discovered inde-
pendently by Frederick W. Twort in
Great Britain (1915) and Félix
d’Hérelle in France (1917). The French
Canadian d’Hérelle assigned the term
“bacteriophage” to his discovery, de-
scribing the viruses’ bactericidal prop-
erties as a “bacteria eater”. In the first
human therapy, d’Hérelle treated a
young boy with dysentery, drinking his
concoction first to show the child’s
parents it was safe.

D’Hérelle soon began working with
Dr. Giorgi Eliava, a young microbiolo-
gist and doctor from the Soviet Repub-
lic of Georgia, director of the Institute
of Bacteriology in Tbilisi (Figure 2).
These two scientists decided to create a
World-center of phage research and
application, and the Institute of Bacte-
riophages, Microbiology and Virology

(IBMV) was founded in 1923. In 1989
the Institute was given the eponymic
name of its founder, G. Eliava.
d’Hérelle’s fascinating life became the
somewhat fictionalized subject of the
American author, Sinclair Lewis in the
novel, “Arrowsmith”.

Eliava was executed during the
Stalin purges of the late 1930s and
d’Hérelle never returned to Georgia.
But the institute thrived, particularly
during World War II when phages were
produced en masse for Soviet soldiers
to treat and protect mainly from intesti-
nal infections resulting from poor sani-
tary conditions and contaminated water
sources.

Eliava scientists produced numerous
scientific papers on phages, ranging
from typology to therapy.
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Figure 2: Giorgi Eliava and Felix d’Hérelle

ADOPTION OF PHAGE PRODUCTS IN OTHER COUNTRIES

In the late 1920s and throughout the
1930s, bacteriophage research and
therapy were conducted in many coun-
tries — including by the U.S. Big Phar-
ma company Eli Lilly. Numerous
issues, not the least of which was the
discovery of antibiotics, led to the near
abandonment of interest in phages in
the Western countries after World War
II. But research and the prophylactic
and therapeutic use of bacteriophages

continued unabated in the Soviet Union
and Eastern Europe, led by the Eliava
Institute. Though dramatically affected
by the collapse of the Soviet Union, the
Eliava Institute has rebounded from the
difficult decade of the 1990s and still
remains today a leading organization in
bacteriophage research and in the pro-
duction and practical application of
phage preparations.

DECLINE OF ANTIBIOTIC RESEARCH AND THE RISE OF
ANTIMICROBIAL RESISTANCE

For one fleeting moment in the 1960s,
some believed that the world had con-
quered bacterial infections through the
liberal application of antibiotics. The
decline in research on new antibiotics
due in large part to the excessive time
and cost of getting a new drug
approved, coupled with the overuse of
antibiotics in human treatment and par-
ticularly as unnecessary growth stimu-
lants in livestock and poultry,

facilitated the evolution of antibiotic
resistant bacteria. This has created an
ever-worsening situation of antimicro-
bial resistance (AMR). Estimates are
that AMR infections will kill 10 mil-
lion people a year by 2050.

In response to AMR, a growing
number of institutes, companies, and
government agencies are once again
investigating  bacteriophages as a
treatment for antibiotic  resistant
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Figure 3: Vials of Eliava products from the 1930-40s

bacteria, and once again following the
Eliava’s lead in this quest. U.S. re-
search dollars grew following the U.S.
Presidential Directive against AMR
(September 2014) and the United Na-
tions resolution on AMR (September
2016). However, the U.S. Food and
Drug Administration has not approved
bacteriophages for treatment since
rigorous investigation of safety and
efficacy through clinical trials has not
been conducted. In Georgia, Russia, the

Former Soviet Union, and parts of
Europe (Poland), phages were and con-
tinue to be a normal part of the health
care system’s treatment of bacterial in-
fections. But even these countries are
now encountering requirements to par-
ticipate in clinical trials to demonstrate
scientifically the safety, efficacy, and
manufacturability of their products, and
to adopt good manufacturing produc-
tion (GMP) guidelines, and to seek
regulatory approval for their products.

PRODUCTS OF THE ELIAVA INSTITUTE IN THE PAST

During its heyday in the 1960s through
1980s, the Eliava Institute was pro-
ducing 200 metric tons a month of bio-
logical preparations (vaccines, sera,
diagnosticums, and bacteriophages)!
Bacteriophages for treatment and
prophylaxis of bacterial infections in-
cluded:
* Mono-phages (staphylococcal,
streptococcal, E. coli, Pseudomo-
nas, dysenterial, typhoid)

* Poly-phages (Pyo-bacteriophages,
Intesti-bacteriophages)
* Bacteriophages for diagnostic pur-
poses (indicatory phages).
The Eliava Institute also produced sera
for treatment and identification (diph-
theria, tetanus, gangrene, scarlet fever,
meningococcus, Salmonella and Shi-
gella), and various vaccines (anti-
rabies, anthrax, Brucella, smallpox, in-
testinal)
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Eliava Institute

Eliava
Foundation

Eliava Eliava Analytical Eliava Phage Eliava Eliava Phage
BioPreparations Diagnostic Therapy Pharmacy Service
Center Center

Figure 4: Organization of the Eliava Institute and Foundation

MAIN CONCLUSIONS IN EARLY CLINICAL STUDIES

Treatments in the 1930s were adopted
for gastro-intestinal infections (dysen-
tery, sub-toxic/toxic dyspepsia, colitis,
Typhoid fever, Shigella, Salmonella, E.
coli and others). While clinical trials,
per se (double blind, placebo-con-
trolled) were not approved by the
Soviet Government, the Eliava scien-
tists recorded observations from the
institute’s early years of phage treat-
ments which can be summarized here:
* Success outcome of phage therapy
is up to 95%
* Rapid improvement and cure with-
in 3-5-7 days
* Positive cosmetic effect (no scars
left)
* No relapsed cases
* No side effects
* Minimization of the mortality rate
among children

* Due to prophylactic phage use, the
number of actually registered dis-
ease cases in comparison with ex-
pected rates is reduced 3-6 times

* Mild disease cases in a “phaged”
group

» Effect similar to vaccination

* Reduced hospital days.

Of course, these are generalizations and
each assertion can be the subject of
much research and discussion. But
these observations continue to be the
experience of Eliava phage therapy
physicians even today, all indicating
that the safety and efficacy of human
phage treatment has been long demon-
strated. The oversights in scientific
method during the Soviet era that logi-
cally led to the questionable statistical
significance of early work should not
erase the strong empirical evidence of
the positive results of human phage
therapy.
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THE ELIAVA INSTITUTE TODAY

To better conduct basic science in its
role as a State Institution, but also to
pursue commercial opportunities as a
non-State entity, the Eliava institute
organized itself based on a model for
sustainable development. The institute
remains subordinate to the Georgian
Ministry of Science and Education.
But, the non-for-profit Eliava Founda-

tion is a founder of several spin-off
companies. These include a bio-
preparations and phage production
operation, a diagnostic center, an out-
patient therapy center, a pharmacy, and
a catch-all entity for other services
(Figure 4). Staff from the institute may
work for these commercial companies,
as well.

MAIN ACTIVITIES AT THE INSTITUTE

The main directions of the Eliava Insti-

tute are to:
* Conduct research on Dbacterial
strains  (including  antibiotic-

resistant strains), which are the
causative agents of various bacte-
rial infections
* Identify and prepare phage-based
remedies against these bacterial in-
fections.
Over the decades of its existence, the
Eliava Institute has amassed a collec-
tion of more than 200 bacterial species,
over 13,000 bacterial strains, over 950

individual isolates, and over 1,800
phage lysates. The principal uses of the
institute’s phages are for:
* Human therapy
* Animal protection (infections in
poultry, cow mastitis, aquaculture)
* Plant protection (bacterial blight in
cotton and rice, grape’s diseases,
potatoes' disease etc.)
It also has phages for protection against
Agents of Biological Origin (ABO)
known also as Especially Dangerous
Pathogens (including B. anthracis,
Brucella, Y. pestis, and F. tularensis).

CONSORTIUM ACTIVITIES - PHAGE THERAPY

The Eliava Institute scientists conduct
phage research, maintain the phage and
bacteria collections, and provide cus-
tom phage treatments on request. As
mentioned above, the Eliava Founda-
tion consists of several spin-off entities.
These are a diagnostic center, a phage
production facility, a pharmacy, a
phage therapy center, and a company
that can pursue other opportunities,
such as bacterial decontamination. The
diagnostic center and pharmacy are not
specific only to phage-related activities
and provide broader services.

For the present paper the most relevant
consortium spin-off company is the

Eliava Phage Therapy Center (EPTC).
The EPTC is an outpatient clinic asso-
ciated with the Eliava Institute under
the Eliava Foundation structure that
provides clinical services to patients
with acute and chronically progressed
illnesses. From 2015 through 2021
more than 1,500 foreign patients from
66 different countries have come to the
EPTC for phage treatment. The number
of foreign patients doubled in 2016 and
tripled in 2018. Documentaries, publi-
cations and special programs made by
news outlets from several countries in-
cluding France, Germany, the Nether-
lands, Italy, Japan, Norway, the U.K.,



Table 1: Frequently Encountered Infections at the EPTC

Prostatitis
Urologic and Urethritis
Gynecologic —
Diseases Vaginitis

Cystitis, other inflammatory diseases of the urinary tract

Chronic wounds

Surgical infections | Diabetic foot ulcers

Prosthetic associated infections

Gastrointestinal

tract
diarrhea, irritable bowel syndrome, small intestine bacterial
overgrowth syndrome and infectious diarrhea

diseases: antibiotic associated

Internal Medicine,
ENT and
Pediatrics

Respiratory system diseases: sinusitis, otitis, tonsillitis,
bronchitis, bronchiectasis, pneumonia

Cystic fibrosis

Skin and soft tissue diseases

Staphylococcus,

Frequent Bacterial
Proteus,

Pathogens

E.coliy Enterococcus,
Enterobacter,
nosocomial infections

Psecudomonas,

Klebsiella, MDR  bacteria,

the U.S. have broadened awareness of
the institute. The institute’s own publi-
cations also have spread awareness of
phage treatment (several are included
in the references.)

EPHC patients suffer from infec-
tions of different organs and systems,
including surgical infections, post-
operational infectious complications,
prosthetic-associated fistulas, infec-
tions developed after traumatic injuries,
skin and soft tissue infections, chronic
osteomyelitis with the sinus openings
in the soft tissue and patients with Type
IT diabetes (diabetic foot ulcers), etc.
Generally, patients with the mentioned
infections are referred to the EPTC af-
ter multiple, lengthy and ineffective
treatments with antibiotics, causing the
patient financial toll and the loss of
quality of life.

The EPTC areas of expertise include:
e Paediatrics

Internal medicine

Ear, nose and throat

Gynaecology

Urology

Pulmonology

Dermatology

Endocrinology

Epidemiology

Surgery

A number of the infections treated at

the EPTC is shown in Table 1.

The EPTC administers phages by
various methods and routes, such as
oral intake, instillations into the sinus
opening or fistula, wound irrigation,
and by application of phage ointments
on a wound or pustule. Approval for
intravenous application — which was
practiced during the Soviet period — is
pending.
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Figure 5: EPTC physicians and staff

Phage treatment is scientifically admin-
istered but also it is an artform, requir-
ing physician decisions regarding
dosing, duration of treatment, probable

expected outcomes, and other factors
that the practitioners have experience
with.

BOOKS ON THE CLINICAL APPLICATION OF PHAGES
IN THE ELIAVA LIBRARY

The Eliava Institute has a unique
library with numerous books, journals,
monographs, conference proceedings
and dissertations and theses pertaining
to biology and bacteriophages specifi-
cally. Recognizing the importance of
the collection, a British donor support-
ed the compilation and translation of
some of the documents. About 5,000

items have been analysed. The institute
has published two partial reviews of its
holdings, including abstracts organized
by topic area. One of these monographs
covers the practical application of bac-
teriophages in medicine, veterinary
sciences, and environmental research
(based on old documents and publica-
tions).

WHO IS WORKING ON PHAGE THERAPY NOW?

A visceral — though irrational if phage
activity is understood — public response
to the use of phage treatment might be:
“You are going to treat my bacterial
infection with a virus? No way!” This
is irrational because a bacteriophage

can only attack specific bacteria, noth-
ing else. Phages are programmed only
to attach to the receptors specific to
those bacteria.

This appreciation for phage therapy
is beginning to be understood by clini-
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cians and patients alike. In particular,
when all other treatments have failed
and amputation or possibly death
looms, patients, doctors, and regulatory
authorities all have accepted the use of
phages even though general use in a
country is not approved. In the U.S. the
FDA approves these so-called “com-
passionate use” exemptions.

Clinical trials on many fronts are
proceeding. Over sixty clinical trials
are underway or planned from coun-
tries including the U.S., France,
Poland, Belgium, Israel, Denmark, and
the U.K. A wide number of infections
are being evaluated, such as Urinary
tract, Primary Immune Deficiency,

Prosthetic Joint Infections, Cystic
Fibrosis, Osteomyelitis, Shigellosis,
Mild  Gastrointestinal ~ symptoms,

Wound infections, Diabetic Foot infec-
tions, Staph infections, Pseudomonas
infections, Enterocolitis, Venous leg
ulcers, Crohn’s Disecase, and Acne.
Some of these may include synthetic
phages created or modified by new
gene-splicing technologies such as
CRISPR-Cas9.

It is an exciting time to be involved
with what may be an old technology
but one which has such important rami-
fications for the world’s future health.
The Eliava is proud to be associated
with progress in this field.
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SUMMARY

Bacteriophages (phages) have a long history of use in Eastern Europe and are
poised for wider exploitation as novel antimicrobials in the context of anti-
microbial resistance. Integrating phages into mainstream medicine requires
an in-depth understanding of phages and of regulatory, economic and practi-
cal frameworks. Here we summarise insights from a UK perspective into
therapeutic phage development and detail our progress towards being able to
use phages for UTIs.

Phages are of interest as new medicines to target bacterial infections that
are currently difficult to treat with the available therapies, and protect the
medicine that protect us, by preventing the use of last line antibiotics. A press-
ing need has arisen for phage products to be able to treat urinary tract infec-
tions (UTIs) caused by E. coli and Klebsiella pneumoniae. Clinical trials data
are needed to ensure the safety, efficacy and clinical benefits of phage treat-
ment according to modern criteria, motivate interest from clinicians and
investment from the pharmaceutlcal industry and thus widen access to
phages. We therefore aim to conduct a human clinical trial in participants with
recurrent UTIs.

We have established a UTI phage cocktail (combination) that we are opti-
mising through a robust analysis of the phage genomes and phenotypes. On
the genome front, we implement our graph-based framework to probe the
genetic relationships between phages in the absence of a common marker. We
describe here our repurposed ecological framework where we contextualise
phage traits such as functionality in relevant physiological conditions. Ulti-
mately, we hope to combine these approaches and correlate phage traits with
therapeutic efficacy and more easily predict which phages should be devel-
oped as treatments.

Human trials can be informed by data from large scale animal trials and
we show how our recent work on swine and poultry pathogens informs phage
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dosage, in vivo dynamics and bacterial resistance. In parallel, because we will
deliver phages directly to the bladder, we are currently using a murine model
to collect the necessary safety and efficacy data needed for regulatory pur-

poses.

INTRODUCTION

Antimicrobial resistance and phages
Antimicrobial  resistance =~ (AMR)
is a major global problem with 2 million
deaths attributed to an AMR infection in
2019 (Antimicrobial Resistance Collab-
orators, 2022) and 10 million
deaths/year predicted to be caused by
antibiotic resistant infections by 2050
(O’Neill, 2016). There is a critical need
for new therapies, in light of this in-
creasing AMR and a general lack of new
antibiotic development.

To move from these startling statis-
tics to the impact of AMR on individu-
als, we are often sent incredibly power-
ful letters and emails from patients with
AMR resistant UTIs, who talk of their

pain, difficulty and frustration caused
by lack of access to effective treatments.
We are grateful for the insights from pa-
tients who motivate us to try and find so-
lutions. Phages are a disruptive technol-
ogy and, in many ways, their lack of
commonality with chemical antimicro-
bials along with concerns over problems
of securing intellectual property and
investment have flummoxed the phar-
maceutical industry. We hope our work
and that of others can one day direct
patients’ to a source of available phages
within the NHS.

Bacteriophages (phages) are natu-
rally occurring viruses that kill bacteria
and thus can be used as an alternative to
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Figure 1: The number of papers on phage therapy published by country in Europe since 1941.
Phage therapy papers were identified using the search terms: (PubMed entrez search for "phage
therapy", or "phage cocktail", or "bacteriophage therapy", or "bacteriophage cocktail".
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Figure 2: Number of phage papers published over time. Number of phages therapy papers published

globally from 1941-2022.

Phage therapy papers were identified using the search terms: (PubMed entrez search for "phage
therapy", or "phage cocktail", or "bacteriophage therapy", or "bacteriophage cocktail".

antibiotics in order to prevent or treat
bacterial diseases. Although phages
were discovered in 1915 and 1917 and
used as antimicrobials soon after this,
they were not widely used after antibiot-
ics were discovered. Phages were seen
as being problematic due to their narrow
specificity towards individual bacterial
species, or often a subset of strains
within a species, and because of the
inherent ~ complexities  associated
with developing a biological entity in
comparison to an antibiotic (Gordillo et
al., 2019).The routine use of phages as
antimicrobials in Georgia and Russia
and for compassionate use in some
European countries such as France and
Poland (Gordillo et al., 2019) did con-
tinue (4bedon, et al., 2011) and cur-
rently Belgium has been increasing the
amount of phage use for compassionate
cases (Djebara et al., 2019). In the UK
there are limited compassionate
use studies e.g. Dedrick et al. (2019).
This relatively small number of phage

treatments largely reflects concerns
regarding the safety, efficacy and conse-
quences of using an unlicensed product,
the lack of availability of phage
products, and a lack of knowledge from
the medical community.

Evidence for interest in the use of
phages to treat bacterial diseases in
Europe can be seen in Figure 1 which
shows the number of papers on phage
therapy published in Europe since 1941
by country. Figure 2 shows how the total
number of phage papers written since
1941 has increased each year. Grant
funding across the world and resources
invested by biotechnology, pharmaceu-
tical and agricultural companies have
also increased.

In order for phage treatment to be
accepted in the UK, it is essential to
have doctors and patients’ interest,
awareness and understanding of how
phages work and how they differ from
antibiotics.  The  Medicines and
Healthcare products Regulatory Agency
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(MHRA) will also need to approve
phage products.

The relative benefits of personalised
and standardised phage products have
been extensively reviewed elsewhere
(Pirnay et al., 2011) and are not the sub-
ject of this paper. There is a role for per-
sonalised phage treatment in cases
where emergency treatment is required
(in case of multi-antibiotic resistant bac-
teria, or complications secondary to
antibiotic use). However, there are cur-
rently no effective UK structures for
phage provision. The practicability of
administration in context of the English
health care system needs to be assessed.

Progress towards a UK clinical trial
and the scope of this review

In this review paper, we summarise the
rationale for the development of clinical
trials of phages developed to treat uri-
nary tract infections (UTIs) caused by
Escherichia coli and Klebsiella.

The following aspects are considered
in the review below: a) burden of AMR
in the context of UTIs; b) lessons
learned from recent systematic reviews
of phage therapy and rapid reviews of
papers on phage toxicity; c) lessons
learned about factors affecting phage
efficacy from the on-going laboratory in
vitro, in situ, in vivo, and bioinformatic
work at University of Leicester.

A major hurdle to phage therapy is
using optimally useful phages that have
the correct target specificity. This
requires well understood phage sets.
Here we show how we have developed
approaches and tools to study this. We
highlight findings from our work on
studying phage efficacy under different
physiological settings. We provide a

rationale for developing an ecological
framework to identify useful phages
according to their ‘traits’. We also sum-
marise how a graph-based analytical
pipeline approach can provide addi-
tional information on phage relation-
ships and be useful to probe different
aspects of individual phages and inform
phage cocktail composition. Ultimately
we hope to be able to map key ‘thera-
peutically’ good traits within the graph-
based system and the ecological frame-
work, in order to expedite future devel-
opment and use.

We then move to showcase data from

our laboratory studies where we show
how we have constructed phage cock-
tails (combinations of multiple phages)
to kill E. coli and Klebsiella, and how
we are building on this work to create
improved cocktails with optimal physi-
ological properties and host ranges.
There is a lack of pharmacokinetic data
within phage therapy on how to best
deliver and formulate bacteriophages
and indeed what the optimal phage dose
is. We have recently carried out trials in
animal settings, both in swine and poul-
try and present insights from these stud-
ies focusing on how they inform the
design of our human clinical trial.
The regulation regarding phage prod-
ucts has also been the subject of much
review across the globe ® and is not a
main focus here. Regulatory bodies
within the UK are becoming increas-
ingly engaged in the development of
regulatory  frameworks for non-
traditional antimicrobials. The conclu-
sions of the review include suggested
next steps for the research groups such
as ours who wish to advance phage
therapy.

THE MOTIVATION FOR FOCUSING ON PHAGE THERAPY FOR UTIS

Literature studies and consultation with
general practitioners, clinical microbiol-
ogists, infectious disease specialists and
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urologists highlighted innovative Uri-
nary Tract Infection (UTI) treatments as
a priority because of their high burden



on health care and patients, and because
they can act as a driver and spreader of
antimicrobial resistance.

Each year globally there are 400 mil-
lion UTIs diagnosed and 236,786 UTI-
related deaths (Zeng et al., 2022). In
England UTI-related morbidity, mortal-
ity and NHS costs are high with 175,000
UTlI-related hospital admissions annu-
ally at a cost of over £450 million. A
third of all UTI hospital admissions
have a length of stay greater than 7 days
(NHS England, 2022).

UTIs are a major part of prescribing
costs in primary care, and the most com-
mon Healthcare Associated Infection
(HCAI) (Mantle, 2015). Furthermore,
the number of deaths following E. coli
bacteraemia has been increasing
(Abernethy et al., 2016) (We have used
the 2019-20 data to avoid confusing the
story with a COVIDI9 confounding
effect). E. coli bacteraemia is estimated
to cost £20 million per year in England.
Resistance to antibiotics increases the
cost per infection by £180 - £430
depending on the resistance type
(Naylor et al., 2019). Indeed, E. coli is
the commonest cause of Bloodstream
Infections (BSIs) and UTIs frequently
lead to BSIs. In England in 2020 the
number of E. coli BSIs was estimated at
37,823 and over a quarter of E. coli BSIs
(29.3%) were resistant to one or more
antibiotic treatment. The resistance in E.
coli isolated from blood resistant to
third-generation cephalosporins has
increased significantly (UK Health
Security Agency, 2021).

UTIs and AMR

This burden will increase further as bac-
teria become more resistant to anti-
biotics resulting in additional deaths and
disability (Cassini et al., 2019). The key
bacteria that cause both UTIs and sepsis
are E. coli and Klebsiella along
with Enterobacter species (UK Health
Security Agency, 2021; Medina and

Castillo-Pino, 2019). These bacteria are
classified in England as ‘key pathogens’
because of their rapidity in developing
AMR, a lack of alternative antibiotics to
treat them and the fact they cause com-
mon infections such as UTIs (as well as
BSIs, pneumonia and surgical wound
infections).

The healthcare problems associated
with E. coli and Klebsiella are com-
pounded by antibiotic resistance, usu-
ally caused by Extended-Spectrum
Beta-Lactamases (ESBL). ESBL-pro-
ducing E. coli and Klebsiella are on the
list of World Health Organisation
‘priority pathogens’ which is the highest
category (World Health Organization
(WHQO), 2017). Of major concern, both
E. coli and Klebsiella are becoming
more resistant to antibiotics even
amongst antibiotics that are in the
‘Watch’ and ‘Reserve’ categories '8,

The inappropriate antibiotic pre-
scribing for UTIs is a key driver of anti-
biotic resistance (Pujades-Rodriguez et
al., 2019). To address this, a main target
of the national AMR plan, ‘Tackling
antimicrobial resistance 2019 to 2024:
the UK’s 5-year national action plan’, is
to halve healthcare associated Gram-
negative bloodstream infections
(GNBSIs) and therefore the risk to de-
velop sepsis. One of the priorities to
achieve this target is to reduce urinary
tract infections (UTIs) including cathe-
ter associated UTIs.

Therefore, as a test case to progress
lytic phages towards a widespread clin-
ical use in the UK we have focused on
treating UTIs. Phage therapy is a poten-
tially effective and safe complementary
measure to the antibiotic treatment of
UTI or CAUTI (Catheter Associated
Urinary Tract Infections) when requir-
ing last line antibiotics treatment. Treat-
ing UTIs and its complications could
contribute to protecting antibiotics and
prevent further antimicrobial resistance,
which are key priorities in the UK 5
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Years national AMR plan (Pujades-
Rodriguez et al., 2019). Phages could do
this by:

a) reducing the consumption of antibiot-
ics associated with recurrent UTI, there-
fore antibiotic consumption for UTIs;
b) reducing the risk of recurrent UTIs
becoming resistant to ‘Access Anti-
biotics’ and,

c¢) reducing the risk of complications of
recurrent UTIs including BSIs.

Another key part of this strategy docu-
ment - of key importance to our work is
that ‘bacteriophages’ are now included
as part of the new therapeutics for devel-
opment.

ANALYSIS OF THE SYSTEMATIC REVIEWS OF PHAGE THERAPY

Our clinical trial work builds on a body
of previous phage clinical trials and and
we summarise data from this work. To
synthesise all available information
from previous phage therapy trials, elec-
tronic databases were systematically
searched (June 2022 for all systematic
reviews about phage therapy in humans)
and analysed here. This identified 14
papers that had systematically reviewed
clinical trials, case studies and case
series of phage therapy in humans. All
of these papers were published in the
last five years, further demonstrating the
growing interest in human phage
therapy.

The following paragraphs are a pre-
liminary analysis of these thirteen sys-
tematic reviews (Rahimzadeh et al.,
2018; Dgbrowska, 2019; El Haddad et
al., 2019; Saperkin et al., 2019; Clarke
et al., 2020; Steele et al., 2020;
Geneviere et al., 2021; Kenneth, et al.,
2021; Liu et al., 2021; Thomas et al.,
2021; Aranaga et al., 2022; Ozal et al.,
2022; Uyttebroek et al., 2022; Walter et
al., 2022) that mainly identify case stud-
ies and case series of human phage ther-
apy, and randomised control trials
(RCTs). This lack of high-quality trials
means that there are knowledge gaps in
many aspects of phage therapy
(Saperkin et al., 2019; Uyttebroek et al.,
2022).

All the papers analysed conclude that
phage therapy, using lytic phages, is a
promising alternative  antimicrobial

16

strategy. Complex and intractable infec-
tions, due to bacterial strains resistant to
available antibiotics, do respond to
phage therapy (Clarke et al., 2020).
Phage pharmacokinetics (how the
host affects the phage’s absorption and
distribution within the body tissues and
microbiota) and pharmacodynamics
(how the phage affects the host through
toxicity, side effects and inhibition of
bacterial growth) affect the success of
phage therapy (Dgbrowska, 2019; Suh
et al., 2022). Phage therapy is effective
in treating bacterial infections (exclud-
ing infection caused by intracellular
pathogens) provided that the following
factors are taken into consideration: the
use of specific phages for each bacterial
strain (Aranaga et al., 2022), the precise
characterisation of the bacteria and its
concentration at the site of infection, the
co-infection with other species of bacte-
rial strains; the mode of administration
(Dgbrowska, 2019; Suh et al., 2022); the
phage concentration at time of admin-
istration, its dosage and frequency of
administration; the patient’s clinical
condition; the potential development of
phage resistant bacteria; the concomi-
tant administration or not of antibiotics.
When effective, phage therapy reduces
bacterial concentrations and degrades
biofilms thus allowing healing and
improving outcomes. This occurred
through the administration of either a
single phage or a phage cocktail.
Systematic reviews of phage therapy



on specific infection sites have been for
bone, joint and prosthetic infections,
burn wounds and superficial infections;
for these sites of infection, phages can
be administered topically or by direct
injection to the infection site. Although
oral administration effectively delivers
phages to the alimentary tract, it is the
least effective for systemic phage pene-
tration. The most efficient delivery was
achieved by injections (intravenous -
IV, intraperitoneal - [P, or intramuscular
- IM) that led to effective phage dissem-
ination within minutes, but these deliv-
ery routes are likely to generate a greater
response from the immune system
(Dgbrowska, 2019).

In most studies reviewed, phage
treatment is considered to be safe
because there are no adverse effects
either in recent trials, case studies or
case series. Most studies however do not
include a deep analysis of safety and
toxicity issues and indeed comprehen-
sive and standardised reporting of
potential toxicities associated with
phage therapy is generally lacking in the
published literature (Liu et al., 2021).

The heterogeneity of the studies
included in the systematic reviews
means that it is difficult to draw conclu-
sions (Walter et al., 2022; Suh et al.,
2022). The studies covered a wide vari-
ety of pathologies (from mild to life-
threatening) and were caused by a
diverse set of bacterial pathogens, infec-
tion types and locations within the body.
They also differed in whether they used
single phages or cocktails and in admin-
istration routes (intravenous, oral, local,
or combined). Phage therapy was some-
times combined with other treatments
(such as antibiotics). In some cases,
phage sensitivity testing was carried out
before the start of the treatment, in

others it was not (empirical phage
therapy with a standardised phage cock-
tail), or this information was lacking.
For some studies, no information was
provided on either the phage formula-
tions (liquid or powder) or the concen-
tration of the phage solutions. Outcome
parameters were poorly defined and the
follow-up period was short, with no
information on long-term effects.

In conclusion, all of the systematic
human phage therapy reviews show the
potential of phage therapy but stress the
need for high quality clinical trials,
taking into consideration the large num-
ber of variables that can affect efficacy
and safety outcomes, devising treatment
guidelines, or designing clinical trials
and case studies. The critical analysis of
clinical information, the building of
strong clinical databases, the design of
consensual therapeutic guidelines, and
the availability of regulatory policies are
essential steps that need to be taken
(Azevedo et al., 2022). The conduct of
well-designed and sufficiently powered
trials would facilitate registration and
wide acceptance of phage treatments
(Saperkin et al. 2019).

The systematic reviews show more
confidence for the short-term adoption
of phage therapy for topical applica-
tions, and in bio-preservation, bio-
decontamination and bio-sanitization
(Ssekatawa et al., 2021). They express
more confidence in phage therapy
through individualised treatment with
phages matched to the bacteria, but with
an expectation that in the longer-term
phage therapy can be used in the early
stages of infection and on a larger scale,
reducing the up-front use of antibiotics,
helping to preserve them (Suh et al.,
2022).
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ASSESSING PHAGE SAFETY

An early step in developing a phage
therapy clinical trial is to consider all
potential safety issues with phage. We
cover the general concerns in this area
in order to show how we will address
them in our work. Various mechanisms
can cause drug toxicity: a) on-target (or
mechanism-based) toxicity; b) immune
hypersensitivity and immune response;

c) off-target toxicity; d) bioactiva-

tion/covalent modification; e) idio-

syncratic events (Guengerich, 2011).

The key phage characteristics that are

critical to consider to assess the safety

of phage treatment are listed below:

1) Phage interaction with human
cells. Because phages replicate in
bacterial cells, it was previously
thought that they are unable to prolif-
erate in eukaryotic cells (Kwiatek et
al., 2020). However, some studies
suggest that interactions between
phages and eukaryotic cells are pos-
sible (Podlacha et al., 2021) and thus
it is important to further understand
this and from a regulatory perspec-
tive determine if they accumulate
inside eukaryotic cells and the poten-
tial consequences of this.

2) Phage target specificity and life
cycle. Phages have a narrow infec-
tion spectrum, and therefore leave
the commensal microbiota unaf-
fected. However, depending on the
phage replication cycle, they may
contain genes coding for factors that
increase or generate pathogenicity of
the bacteria for example, bacterial
toxin genes (Tiwari et al., 2014).
Thus, understanding both specificity
and phage life cycles and how these
impacts on the ‘ecology’ of an infec-
tion is critical to understanding their
safety.

3) Phage mediated immune
responses. Phages can elicit/ induce
immune response either from a) the
crude phage lysates; b) in response to
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the in situ ‘lysates’ coming from the

destruction of the bacterial cell wall

in situ (Tsonos et al, 2014;

Dgbrowska, 2019). Understanding

the extent of these reactions is key for

successful phage deployment.

4) Phage movement within the
human body. Phages are able to pass
through bodily barriers such as
organs (7Tsonos et al., 2014; Van
Belleghem et al., 2017).

Reviews of phage safety data highlight

that the lethal impact of phage therapy

is extremely rare (van Belleghem et al.,

2017; Liu et al., 2021; Aranaga et al.,

2022). Indeed, most published accounts

of phage therapy report no adverse

events after phage administration via
oral, inhaled, or intravenous (7sonos et
al., 2014; Principi et al., 2019; Kwiatek
et al., 2020; Suh et al., 2022). Adverse
events reported were transient and very
rarely required stopping the phage ther-
apy. They included: fever, shortness of
breath and wheezing; in another case
hypotension, diarrhoea, epistaxis, oro-
pharyngeal pain, cough, rhinalgia, and
decreased blood bicarbonate (Liu et al.,

2021; Suh et al., 2022).

As stated above, increased immune
responses can occur, directly due to
phages or due to the bacteriophage-
mediated lysis from a large bacterial
load that causes the release of endo-
toxins, resulting in cytokine release syn-
drome (Van Belleghem et al., 2017;
Kwiatek et al., 2020; Liu et al., 2021;
Suh et al., 2022).

Hypersensitivity  and  cytokine
release syndromes can also be induced
by bacterial components and toxins pre-
sent in phage preparation (Liu et al.,
2021). Phage preparations can also
impact the innate and adaptive immune
system directly, resulting in production
of phage antibodies. The anti-bacterio-
phage humoral response seems to be
dependent on a number of factors;



largely the route of bacteriophage
administration and the dosage (Principi
etal., 20019; Kwiatek et al., 2020; Liu et
al., 2021).

Some chemical components used in
the purification process of phages can
have toxic effects for example intoxica-
tion from Caesium Chloride (CsCl) can
result in gastrointestinal distress, hypo-
tension, syncope, numbness, or tingling
of the lips (Liu et al., 2021). Other bio-
logical effects include transaminases,
transient septic episodes and anaphylac-
tic related decompensation (Liu et al.,
2021). Bacterial resistance to phages
was reported in some clinical case
reports (Aranaga et al., 2022).

Limitations of phage safety studies
Although minimal toxicity has been
reported from both in vivo animal and
human phage therapy studies, many
concerns have little data associated with
them and thus need to be taken into con-
sideration. The distribution of phages
within the body and their impact on tis-
sues and physiological processes are
largely unknown. This is in part because
most of the studies focusing on this
issue were carried out on temperate
phages (Liu et al., 2021). Furthermore,
the impact of phage therapy on the
human microbiome is unclear (Liu et al.,
2021).

Very few studies have documented
the effects of the release of endotoxins
or reported data on immunogenicity of
phage (Liu et al., 2021). Similarly, data
on phage preparation are under-reported
in animal and human studies, including
genotype information (Liu et al., 2021).
Although phages are clearly distinct
from standard API’s (active pharmaceu-
tical ingredients) very few studies have
actually defined the median effective
dose (EDS50), lethal dose for 50%
(LD50), or the therapeutic index (TI)
(Liu et al., 2021). We discuss a dose
response below in connection with our

animal studies.

Another limitation is that no studies
were found that assessed genetic tox-
icity of phages or the effects of phage
therapy on pregnancy growth and devel-
opment. A more general point is also
that the animal trials were carried out on
rodents and not large animals (e.g.,
pigs), this limits the generalizability to
humans (Liu et al., 2021). Finally, there
are currently no animal or human stud-
ies that present data on assessing the risk
of emergence of bacterial resistance
against phage (Principi et al., 2019).
Several recommendations for toxicity
studies of phage therapy were made
(Principi et al., 2019; Liu et al., 2021;
Suh et al., 2022). We are currently
addressing these in our pre-clinical
work in anticipation of the clinical trial
work.

1) Factors relating to the phage
formulation:

a) Describing the methods used to
propagate and purify the phage
preparations should be standard.

b) Quantify and document the pres-
ence of bacterial components in
phage preparation especially en-
dotoxin.

c) Ensure the removal of chemical
contaminants in phage prepara-
tion.

2) Factors relating to the characteri-
sation of the phages used:

a) Include an analysis of immuno-
genicity of phages in both animal
and human studies.

b) Include information on the char-
acteristics of phages used in ani-
mal studies and clinical studies,
including their  morphology,
genetics, and protein profile, as
well as the composition of the
phage preparations, including the
levels of bacterial contaminants
and other impurities.

c¢) Sequence the phage genome and
ensure it does not contain genes
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enabling the lysogenic lifestyle,
antibiotic resistant genes (ARG),
genes for phage-encoded toxins.
3) Factors relating to data that should
be collected from the patients:
a) Reports on the safety of phage
therapy should include infor-
mation on the general health of

participants, adverse  events,
chemistry, and hematologic test-
ing data.

b) Information on immune responses
should be evaluated prior, during,
and after phage therapy.

FACTORS TO CONSIDER FOR PHAGE EFFICACY.

Developing well-characterised phage
sets

Having set the scene for safety concerns
we now consider aspects that relate to
efficacy. To develop an effective phage
therapy product requires an understand-
ing of the phage specificity and behav-
iour with respect to the pathogen of
interest. A knowledge of how many
phage types are required to kill the most
relevant circulating serotypes or micro
diversity within that bacteria strain is
essential. We have built a large collec-
tion of AMR E. coli and Klebsiella
strains isolated from urinary samples
from patients with UTIs and represent-
ing the most prominent circulating
sequence and capsule types. This is sup-
ported by the UK literature for uro-
pathogenic E.coli (Doumith et al., 2015;
Day et al., 2019), unfortunately for
Klebsiella the data on dominant sero-
types is less well-defined (Gorrie et al.,
2018; Caneiras et al., 2019).

One approach to minimise bacterial
resistance towards phages and maxim-
ise target specificity within a species, is
to administer a phage cocktail. To
ensure that the phage cocktail is effec-
tive, phages in the cocktail should not
hinder each other and preferably be syn-
ergistic. Experiments have been con-
ducted at Leicester university to investi-
gate the interactions of phages within a
cocktail (Haines et al., 2020). A
‘virulence index’ has been used to
define and quantify the phage cocktail
efficacy (Storms et al., 2020). This
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method quantifies bacterial death by
measuring the optical density of bacteria
over time. Using this method, a score of
‘0’ means that there is no impact on the
bacteria and ‘1’ is maximum impact
with all bacteria killed. By comparing
the local virulence index of individual
phages, to that of phage combinations
(doublets/triplets/sextuplets)  positive
and negative interactions between
phages can be identified (Haines et al.,
2020).

A clear example of synergy was seen
between the phages UP17 & JKO8 that
target E.coli. The synergy was seen
across several clinical isolates, but was
particularly marked for E. coli KR2733
where virulence index for UP17 alone
was 0.3, for JKO8 alone was 0.45, but
when both phages were used in combi-
nation the impact increased to 0.95.

The current study suggests that some
phage adds to the efficacy of other
phages while being of limited efficacy
on their own. This phenomenon would
not have been identified using the cur-
rent phage selection methods. This
highlights the need for well character-
ised phage sets to be generated in order
to produce ‘nuanced’- less obvious
phage combinations.

The impact of Oxygen on phage
infection

A number of the pathogens on the
World Health Organisation’s priority
list of antibiotic resistant bacteria
(Shrivastava et al., 2018) are facultative



Figure 3: Specific bacteria and phage combinations respond differently to oxygen concentration.
A: The phage is unable to infect the bacterial host under standard aerobic conditions of oxygen yet
when it infects the host in an anaerobic environment it grows well.

B: The opposite is true and the phage infects well under aerobic conditions

anaerobes, which means that they are
able to switch between aerobic and
anaerobic respiration. This allows them
to survive or even thrive, in diverse
environments with varying levels of
oxygen available. In humans these envi-
ronments include skin wounds, the uri-
nary tract, the digestive system, and the
lungs where these pathogens can cause
biofilm. We showed that according to
plaque morphology, some phages work

infections.

It is part of phage development to
assess their ability to work in conditions
under which they are likely to encounter
their bacterial hosts. In a bladder infec-
tion this may include the ability of
phages to work under microaerophilic
conditions or possibly in anaerobic con-
ditions if the infection occurs within a
better in anaerobic conditions and others
in aerobic (Figure 3).
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There is little in-depth knowledge of
how changes in oxygen availability
affects the efficiency with which a
phage can infect its host. Our recent
review reports on phage phenotypes
under aerobic growth conditions and
conditions where oxygen is limited
(Hodges et al., 2021). Ultimately it con-
cluded that oxygen availability can have
a clear impact on phage effectiveness.
This conclusion is also supported by
unpublished results from our previous
work which demonstrates that oxygen
availability can have an effect on the
burst size, latent period, adsorption rate,
and efficiency of plating (EOP)
measured in the characterisation of a
phage (Figure 4). From this figure we
can see that @Al had a shorter latent
period and faster adsorption rate under
anaerobic conditions, a higher EOP
ratio under aerobic conditions, and there
was no significant difference measured
in the burst size for this phage between
aerobic and anaerobic conditions.

The review also highlights the need
for standardising the measurements of
phage virulence taking into considera-
tion the bacterial environment. Meas-
urements such as burst size, latent
period, and adsorption rate are all
affected by the environmental condi-
tions under which the phage encounters
its host (Hodges et al., 2021) and this is
not usually accounted for in experi-
mental design or virulence testing.

Data collection of phage virulence
under different bacterial environments
would contribute greatly to the reliabil-
ity of in vitro phage characterisation
when work is translated to in vivo stud-
ies and larger scale trials.

Of note, in our work we showed that
different parts of a phage life cycle are
‘better’ or ‘worse’ in terms of
contributing to phage reproduction,
under high or low oxygen conditions.
We do not currently know which of
these attributes best correlates to a good
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therapeutic outcome, but these data
suggest a lot more characterization
could be done to relate these properties
on a larger scale to efficacy and thus
ultimately use the information to better
predict which features will work well
for particular infections under particular
conditions.

The ability of phage to work in
different pH and in biofilms

Ideally, phages should be tested in con-
ditions that mimic the bacterial host
environment. The bladder and urine are
a potentially hostile, de-activating envi-
ronment for phages. The pH of human
urine can vary from 4.5 — 8.0, so it is
important to test efficacy in this pH-
range. Furthermore, a buffer could be
used for the final phage cocktail for
intravesical therapy within the murine
model of infection and ultimately in
humans. Such as salts, for example
magnesium or calcium salts could also
be added to improve efficacy (Jornczyk
etal., 2011).

Additional in vitro testing will con-
sider the ability of phage cocktails to
combat bacterial virulence factors such
as biofilms (biological matrices that
bacteria produce to protect themselves
from the environment). Their im-
portance in urinary tract infections has
been previously shown for E. coli and
Klebsiella (Hancock et al., 2010). Our
previous work (Haines et al., 2020)
demonstrated the efficacy of the phage
cocktail against E.coli biofilms (11/19
isolates), but required improvement for
biofilms created by Klebsiella (5/19 iso-
lates). The phage cocktail has now been
refined and experimental work is in pro-
gress to determine the efficacy of the
improved combination.

Phage efficacy in model systems

Over the last decade we have developed
several physiologically relevant models,
in which to study phage efficacy (Nale
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and Clokie, 2021). These include a
range of relevant cell lines that provide
critical data on how phages interact with
components of the immune system.
Insect models are incredibly useful to
establish dosing regimens and to look at
the impact of bacteria that are resistant
to phages. Artificial gut models allow

the observation of how phages impact
on other microbiota. For this work we
have designed an artificial bladder that
we will use in conjunction with cathe-
ters from patients in order to show how
effective our phages are on natural UTI
biofilm communities.

PHAGES MUST NOT INTERFERE WITH
CURRENT AVAILABLE THERAPY

The development of phage therapy
requires study of the interactions of
phages with current therapy, such as
antibiotics. The current work at the Uni-
versity of Leicester includes assessing
the positive or negative interactions
between common antibiotics used to
treat UTIs and our phage collections.
There are many examples of phage-
antibiotics synergies (PAS) and an
excellent review on this phenomenon
(Lusiak-Szelachowska et al., 2022).
There have been reports of instances
where antibiotic resistant bacterial iso-
lates have become sensitive after selec-
tive pressure of phage treatment.

Frameworks to recognise ‘phage
types’ to progress therapy

Phages in their natural environments,
like all viruses, have evolved to not im-
mediately kill all of their bacterial hosts
and to avoid generating resistance ie.
they have a plethora of ways to ensure
their survival until they can target an
appropriate host. However, a subset of
phages will have sets of characteristics
that render them more appropriate at
performing this than others. Unfortu-
nately, it is not known in a general con-
text which phages have optimal traits
that are suitable for therapy. A major
research focus within our laboratory is
to do exactly that. We have repurposed
an ecological framework that is based
on a botanical framework (Clokie et al.,
2020) and we are currently trying to
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understand what ecological features
across all phage groups render particular
phages effective.

The CSR concept was developed by
Grimes in the 1970s to the 2000s in
order to classify all UK flowering plants
into a functional type with the view to
better understanding individuals, com-
munities and to be able to make
predictions about what types of plant
species we would expect in specific
environments (Grime, 1979). All plants,
Grimes argued, can be divided into
those which are good competitors, stress
tolerators or ruderals (Figure 5). Com-
petitor plants are those that when envi-
ronmental conditions are good they cre-
ate a good infrastructure before repro-
duction, A classic example is stinging
nettles. Stress tolerant plants in contrast,
are highly conservative with their
‘resources’ such as wild thyme with tiny
leaves and flowers. The final category,
ruderals are good at coping with disturb-
ance and can get to their reproductive
state very quickly in order to exploit a
newly formed environment. A classic
ruderal is a poppy which is a symbol of
war because it is one of the first plants
to grow on land disturbed by trenches.
Plants can also be any combination of
these categories. As this scheme has
stood the test of time within botany,
rather than designing an entirely new set
of axes from the outset we are trying to
understand if this may also serve a use-
ful purpose within phages.



90

8o /
/

m /
O o
LNl -
& Wl R e
S 50/ N
& Y
06 ‘ 4 .
S e

100 4%

30

}
¥
¥ 40""

\‘v,.%
N2
N

: \ \ 60 N
® £\
Y / P\

\ 80

&

f

Vg

—

] £\

100 90 80 70

¥ & Stress (S)

30 20 10 ¢

Figure 5: Plants that represent attributes according to an axis of competition (C), stress (S) or
disturbance (D). The ‘familiar’ species we chose to depict these categories are stinging nettle (C),
thyme (S) and poppy (D). CR is sea holly, CS is blueberry and CR is buttercup. Wild strawberry
represents CSR. Phages have been imposed on the diagram to illustrate that they will also conform

to a range of ecological strategies (Grime, 1979).

Phage traits are more hidden than
those associated with plants, but it is
likely that many traits can be predicted
from phage genomes such as the genes
that encode for parts of their replication
and translational machinery. They are
also likely to include genes that encode
proteins associated with stability, or
stress. As an initial proxy for this
scheme, we have looked at the propor-
tion of phage genes that are expressed at
different points in the life cycle (Clokie
et al., 2020). Based on these concepts,

phages could be classified as a) compet-
itor phage which encodes proteins that
enable significant rearrangements to the
bacterial cell; b) ruderal phage dis-
turbance surviving phage) and c) stress
phage which encodes proteins that facil-
itate the survival of the bacteria whilst
replication can occur. Although we have
been limited to date by the small number
of phage transcriptomes that have been
collected, data suggest our theory is
plausible (Figure 6).
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Figure 7: A schematic representing all genomes in NCBI for phages that target Klebsiella (A) and
E. coli (B) respectively. The colours represent phage taxonomy.

Although recent large-scale changes to phage taxonomy have disbanded three large families, for
backwards compatibility, phages from the former Myoviridae, Podoviridae and Siphoviriade are
included alongside the recently described families. The colours represent these groupings,
Siphoviridae (cobalt blue), Demerecviridae (light blue), Ackermannviridae (orange), Microviridae

(pink) and taxonomically unclassified (white).

A) The Klebsiella clouds have 1270 phages within ~20 clouds.
B) The E. coli cloud has 1657 phages composed of ~30 clouds.
The figures are scaled so that in both cases dot size is reflective of the genome size.

Another key tool that we show data
for is a graph-based method that we
have developed to look at the evolution-
ary relationships between phage
genomes. Ultimately, we hope to link
these two concepts together and there-
fore to impose our ecological frame-
work onto our clouds network. In this
review we will showcase the clouds-
based approach with respect to bacte-
riophages that target both E. coli and
Klebsiella pneumoniae.

In the last five years, we have in-
creasingly been working to build both
experimental and computational frame-
works to determine and select phages
and phage combinations with maximum
therapeutic suitability. To support the
experimental workflow and to get a

rapid overview of the phages and phage
cocktails isolated and developed in our
laboratory, we have developed a graph-
based method to quickly characterize
their genomic and evolutionary relation-
ships (Rangel-Pineros et al., 2021).

To explain our graph-based method,
in Figure 7A, the clouds towards 11:00
o'clock have multiple cloud connections
that, from our experience, are indicative
that they have a temperate lifestyle. This
is consistent with the fact that they con-
tain known prophages (Rangel-Pineros
et al., 2021). Although there are a larger
number of phages within the E. coli
cloud (Figure 7B), it allows us to see
some interesting trends. Because E. coli
phages are comparatively well under-
stood, we know which are temperate
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and again they as expected in this figure,
being within the clouds that are con-
nected closely to each other such as
those at 6:00 o'clock. It is also clear that
there are clouds that contain phages with
very small, and some with much larger
genomes.

The phages represented by yellow
dots are those that we are characterising
in detail, many of which came from a
collaboration with Ellie Jameson who
has extensively characterised their
physiological parameters and host-
ranges (Townsend et al., 2021). We have
been adding to this body of data and in
general, and as expected, we notice
more similar ‘behaviours’ in terms of
physiological parameters, from phages
within a cloud than between those in dif-
ferent clouds.

Phage traits

In addition to virulence and host-range,
many other facets of phage biology are
likely to be useful to inform clinical
development. These are yet to be
defined and referred to here as ‘phage
traits.” These will be the genes/proteins
to render phages so effective at killing
under specific conditions. They may
also be traits that activate immune
responses that convey less clearance
from the human body - or those that can
enter eukaryotic cells in order to clear
infection. Conversely, it is equally
important to establish which traits make
phages less effective, for example what
traits link to the safety questions raised
above, or to the phage life phage cycle?
Answering these questions would
improve phage cocktail design and
facilitate effective phage selection and
clinical phage bank design.

One concept we are also investigat-
ing is if we can use traits/attributes from
one phage taxa to inform others within
the clouds described above. For exam-
ple, if one cloud member carries a
specific toxin gene, does the whole
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group have the potential ability to also
do this? Similarly, if there are any tem-
perate markers associated with the
phage, or known phenotypic character-
istics of transduction for example,
should the whole cloud be down priori-
tised as therapeutic phages? Once we
have a greater understanding of what
traits are measurable and what they
mean, we will ultimately be able to pro-
ject them onto the phage clouds and also
combine this with their different ecolog-
ical lifestyles to help work out their
therapeutic potential. For example, to be
able to quickly project a phage’s thera-
peutic suitability onto the phage clouds,
we developed a machine learning based
pipeline checking for presence of
temperate  markers,  antimicrobial
resistance genes, and virulence genes
(Yukgehnaish et al., 2022).

Our efficacy studies of phage cock-
tails in various animal settings show that
the best performing phage combinations
are often those containing phages from
different phage clouds with different
ecological strategies. This is important
within the challenge of bacterial phage
resistance.

Traits that we would deem to be
incredibly useful within a phage are
those that allow the phage to be useful
and to function in its intended location
such as within a human environment. A
phage ideally would also be amenable to
propagation and formulation at high
titre and easily separated from any
potential toxins that might make infec-
tion more severe. It is also becoming
increasingly clear that phages are not
fully inert to human cells, some phages
appear to drive an increased immune
response whereas others appear to
reduce the amount of cytokines and
chemokines that are produced during an
infection. These are likely to be traits to
be taken into consideration during the
selection of clinically relevant phages.
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Overall patterns within clouds

Schematic phage clouds for several
common bacterial pathogens of humans
and other animals are shown in Figure
8. Clearly phage clouds that contain a lot
of species have a difference in density to

those with relatively few repre-
sentatives. We are currently investigat-
ing if we can identify patterns within
host specific phage cloud space and
apply that information to the phage
cloud space from unrelated hosts.

LESSONS FROM ANIMAL STUDIES

Phages can amplify in situ

As stated in our Systematic Reviews of
clinical phage use, there is little data
available on the ability of phages to rep-
licate in vivo, which impacts our ability
to determine the appropriate dose to use
within our human trials. Studies in ani-
mals can inform us of dose responses
and show us how the dose changes the
efficacy. Furthermore, as mentioned
above, very little work has been carried
out in large animals and thus pig trials
can be particularly informative in terms
of the pharmacodynamics and pharma-
cokinetics.

From the pig data (Figure 9A and B)
it was clear that when phages were
given to the animals who were then
challenged with Salmonella, there was a
reduction of bacterial numbers and an
increase in  phage amplification
throughout their digestive tract. In con-
trast, when phages were given to the
pigs in the absence of bacterial chal-
lenge the number of phages observed
was consistently lower.

Our data show that ultimately it may
be possible to add relatively small doses
of the phages and demonstrate efficacy.
During our study we added phages at
10° phage per gram within the pig feed.
The selection of a low dose was dictated
by the fact that we lost a significant
amount of the phage titre following the
industrial spray drying of the phages in
order to be able to incorporate them into
the animal feed. These low dosages but
clear amplification are consistent with
the way that phage preparations are
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given to patients in Georgia. In general
a low titre, highly diverse phage mix is
given to patients with the idea being that
the correct phage within the mixture will
amplify in situ.

Lower dosages are more effective
than higher dosages

Although the pig work was a relatively
small study, the data on Salmonella re-
duction and phage amplification pro-
vided us with the incentive to test the
pages on a larger scale. We have subse-
quently carried out a large-scale chicken
trial with 672 birds (Figure 9C). The
main objective of this trial was to show
safety and efficacy and determine the
optimal phage dose. The most striking
observation from our data was that the
lowest phage dose was the most effec-
tive in terms of clearing Salmonella
from the intestine of the birds. Here we
have presented the data in terms of the
amount of Sa/monella bacteria that were
shed from the chickens in terms of what
could be recovered from sampling the
pens (there were sixteen pens per treat-
ment group). When data were analysed
in terms of the number of colonies shed
from individual birds, the same trend
was apparent and the lowest dose (0.1x)
was the most effective. The reason for
this highly effective lower dose is
unknown, but we hypothesise that it is
related to the lower dose having a lower
rate of bacterial killing which would
allow higher levels of localised replica-
tion and infection prior to clearance by
the host immune response.
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Figure 9: A) the number of bacteria isolated from the different regions of a pig digestive five days
post challenge (Thanki et al., 2022). In the sample group that were given phages, significantly fewer
bacteria were found in the stomach, duodenum, colon and caccum than were found in the control
group. B) the number of phages in each section of the gut, with the animals given the bacterial
challenge shown in grey. In all cases, the animals that received bacterial challenge had a greater
number of phages in the sample. C) the data from a poultry study where phages were given in feed
to poultry and the bacteria enumerated from the chicken pens. These data show that phages reduce
the spread of infection by reducing the bacterial load shedding from the animals. At the lowest phage
dose (0.1x), no bacteria were found in any pen. The other two doses (1x and 10x) also had a markedly
good impact on the amount of Salmonella that can be recovered after 42 days.
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Resistance

One of the knowledge gaps that we rec-
ognised from the systematic reviews
was information on bacterial resistance.
Clearly there is a lot of data on this
within the literature, but most of it is
from in vitro work. We isolated bacte-
rial colonies from the multiple days up
to 42 of the study and in no cases did we
find examples of bacteria that were
resistant to our phages. Forty-two days

is not a particularly long time-frame but
it is encouraging that we did not see
resistance on this time scale. Future
work will be needed in order to confirm
that specific phages do not drive high
resistance rates. Clearly, it is of
paramount importance to ensure that
wedo not repeat the mistakes of the past
and breed phage resistance in these
settings that would make human based
treatments ineffective

CLINICAL TRIAL

The overall aim of the current pre-
clinical UTI based studies within our
group is to provide the necessary data
that will allow us to conduct a clinical
trial in humans. We plan to conduct a
phase I/Il multi-centre clinical trial with
participants who have known recurrent
E.coli and Klebsiella UTlIs.

Our pre-clinical work is currently in
progress and involves the use of a
murine UTI model to provide prelimi-
nary efficacy and safety data of our
defined phage cocktail in an in vivo
model. The model will involve the
direct intraurethral administration of
phages to mimic how they would be
used in humans where they would be
catheterised directly into the bladder.
We are using relevant clinical strains of
E. coli and Klebsiella that have already
been well characterised within murine
models, and are using our optimised
phage cocktails. In addition to the
murine work, we will also assess human

urinary epithelial cell toxicity and
immune responses.

In the USA, there is an interesting
clinical trial that is currently recruiting
patients, being carried out by
Adaptive Phage Therapeutics - APT
(NCTO04287478). There are similarities
with our work, in that researchers
involved with this trial will treat UTIs
caused by E.coli and Klebsiella. The
main difference is that they will provide
‘personalised” phage therapy as
opposed to the ‘off-the shelf” product
we will be using. To ensure our trial pro-
vides data on efficacy, our inclusion cri-
teria will ensure only participants who
have bacterial isolates that are sensitive
to our defined phage cocktail. Another
difference is that the APT trial will com-
pare two routes of administration,
intravesical and intravenous, while our
clinical trial will assess the intravesical
route only.

REGULATION

In a recent report published by the Anti-
bacterial Resistance Leadership Group
(ARLG) based in the USA, it was indi-
cated that the compassionate use of
phages is a viable regulatory pathway
for the use of phages to treat patients
who have few options left. The ARLG
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endorsed the collection of systematic
data on patients who receive phage ther-
apy through this access pathway until
regulatory bodies approve a licensed
phage therapy (Suh et al., 2022).

At present in the UK, there are no
licensed phage products and no specific



regulatory frameworks for the use of
phage-based products in humans, so
compassionate use is the only way
phage therapy can be administered to a
patient. In the UK, phage therapy can be
prescribed to a patient on a ‘named
patient basis’. This type of prescription
is only carried in certain circumstances
when particular criteria are met and it
considers the special needs of an indi-
vidual patient. Pathways established to
drive innovation in medicine by the UK
government and within the UK’s
National Health Service (NHS) such as
the Promising Innovative Medicine
Designation (PIM) and the Innovative
Licensing and Access Pathway (ILAP)
could potentially provide routes for
licensing phage-based therapies for
compassionate use on a wider scale,
though it is not yet clear how this would
work.

Within the UK, following clinical
trial data to support safety and efficacy
of phage products for human therapeutic
use will be regulated through the

Medicines and Healthcare products
Regulatory Agency - MHRA. It is clear
that phage products used on a large-
scale, and for compassionate use will
have to be produced under GMP (Good
Manufacturing Practice) conditions.
Although there are no facilities cur-
rently available for this to occur within
the UK, there is significant demand for
this resource and growing interest in set-
ting up such a facility that UK academ-
ics, doctors and companies producing
phages for clinical trials can access.
There are several ongoing initiatives
that are actively working towards mak-
ing phage therapy more accessible for
clinicians and patients in the UK as well
as facilitating discussions with key
stakeholders on the potential for estab-
lishing a phage production facility in the
UK. Globally such facilities can be
accessed although costs can be prohibi-
tive with a significantly large proportion
of the resource required for a clinical
trial being directed into GMP phage pro-
duction.

CONCLUSIONS AND FINAL THOUGHTS

In this paper we have outlined why UTIs
are a major problem and why there is a
desperate need to develop novel treat-
ments. We also summarised the reviews
on the extensive body of literature that
strongly suggests that phages are inher-
ently safe. There is a caveat to this of
course, which is that many aspects of
toxicity have not been rigorously as-
sessed and such studies are needed.
From our work we show that the ear-
lier key phage traits can be integrated
into a phage selection programme, the
better. Simply identifying phages on the
basis of their host range and virulence is
likely to result in omitting useful
phages. Our current approach may lead
to identifying phages/phage cocktails
which are good all-rounders; on the
other hand it could be that a phage needs

to have the ability to cope with stress
such as a low oxygen environment,
which will result in higher virulence
than as measured under optimal condi-
tions.

Our work on larger animals and
within large scale settings., and mouse
work using a UTI model, provides a pre-
clinical framework for a human clinical
trial of phage therapy for UTI

Importance of the long view

It is important to remember that we are
building on a large body of literature as-
sembled by our Georgian, Russian and
Polish colleagues. In addition, there is
more clinical interest than ever before.
It is possible to go straight from phage
isolation to genome sequencing.
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Bacteriophage bioinformatics

There are many bioinformatic chal-
lenges that bacteriophage genomes pre-
sent us. Some of our authors have a
strong background in using bioinfor-
matics to extract information from an-
cient life, complex metagenomes and
unique evolutionary trajectories — we
have combined forces to apply this
knowledge to identify phage diversity.
The extreme diversity of phage ge-
nomes limits our ability to identify the
function of the majority of their putative
open reading frames. This means that
even genes that we know must be pre-
sent within the genome such as major
structural genes are not always identifi-
able. This may even extend to whole
bacteriophage genomes which may not
be recognisable either from meta-
genomic data sets or from whole bacte-
rial genomes. To address this, we have
written Phageboost that looks to find
novel phages from within bacterial
genomes or metagenomes based on
feature space rather than sequence simi-
larity (Sirén et al., 2021).

Furthermore, the fact that they have
no genes in common means that a com-
parative scheme such as that used to bar-
code or other forms of life based on
shared ribosomal RNA is not available.
To address this, we designed the graph-
based phage cloud approach that we pre-
sented above to examine genome rela-
tionships. To identify phages suitable
for therapy we exploited our knowledge
of attributes that render phages unsuita-
ble for therapy and developed Phage-
leads as screening tool (Yukgehnaish et
al., 2022).

Molecular and structural biology

Another pertinent aspect of phage
therapy is that unlike the case for
previous  generations of  phage
researchers, we can manipulate the
genomes of an increasing number of
phages. There are an increasing number
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of recombineering and selection
approaches coming on-line, CRISPR
based technologies for example are
becoming more standard and synthetic
biology and Gibson assemblies fol-
lowed by approaches such as ‘re-
booting” in easier hosts means that
phages can be manipulated to under-
stand the relevance of key features and
also potentially to expand and extend
their properties. These approaches will
be increasingly important to gain funda-
mental knowledge to expand phage
properties.

Phage structural biology is likely to
be of increasing importance to progress
our understanding of therapeutically rel-
evant phages. Again, new approaches
such as Alphafold2 that predicts protein
structures e.g. (Dowah et al.,, 2021;
Tunyasuvunakool et al., 2021) will be of
importance to predict key structures that
can then be verified using standard ap-
proaches and direct biochemical and
functional analysis. Furthermore, using
cryo-electron microscopy and electron
tomography to resolve phage protein
and phage-host protein complexes are
likely to be important in understanding
how bacteriophages function.

Final thoughts inspired by patients

We have outlined the healthcare
problem, the economic backdrop and
the lack of availability of antimicrobi-
als, particularly with respect to UTIs
caused by E. coli and Klebsiella. We
have also detailed our approaches to
developing and testing phage sets. The
length and multifaceted nature of this
paper reflects the many aspects to phage
therapy development. Whilst under-
standing the science and elucidating a
mechanistic basis for why phages work
is of paramount importance to develop-
ing phages in a sustainable and effective
manner, it is important to remember that
AMR infections in people is a real prob-
lem now and thus we need to expedite



phage development programmes to save

lives and prevent misery.
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MYCOBACTERIOPHAGES: DIVERSITY, DYNAMICS, AND
THERAPEUTIC POTENTIAL
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SUMMARY

Mycobacteriophages are viruses that infect Mycobacterium hosts, including
the pathogens Mycobacterium tuberculosis and Mycobacterium abscessus,
as well as environmental strains such as Mycobacterium smegmatis. A large
collection of phages isolated on M. smegmatis — of which more than 2,000
have been completely sequenced and annotated — provides a high-resolution
view of viral diversity, origins, and the mechanisms of viral evolution. This
diversity underlies extensive variations in phage life cycles, gene expression
and its regulation, and is driven by the highly dynamic relationship between
bacteria and their viral invaders. Many Mycobacterium infections in humans
— especially those caused by multidrug-resistant tuberculosis or non-
tuberculous mycobacteria (NTM) strains such as M. abscessus — are very
challenging to treat with currently available antibiotic regimens, and myco-
bacteriophages present a plausible option for patients with no further tradi-
tional treatment options. A series of case studies using phages to treat a
variety of NTM infections provides insights into the considerable opportuni-
ties as well as the challenging limitations of this therapeutic strategy.

INTRODUCTION

The bacteriophage population is vast,
highly dynamic, and old (Hendrix,
2002). It is perhaps not surprising then
that it is highly diverse genetically,
shaped by billions of years of variation,
selection, and pervasive genetic ex-
change (Hatfull and Hendrix, 2011).
Bacteria are under constant attack by
lytically growing viruses, and must
evolve resistance to survive, while the
phages must co-evolve to infect sensi-
tive bacterial hosts (Hampton et al.,
2020). These bacterial-phage dynamics
have dominated microbial evolution for
perhaps three billion years and have
strongly influenced nearly all aspects
of bacterial and bacteriophage genomes
(Bernheim and Sorek, 2020).

To characterize bacteriophages, it is
not uncommon to focus on one or a rel-
atively small number of bacterial hosts,
which simplifies the technical ap-
proaches, and it is expected that gen-
eral principles learned this way will be
applicable to phages of other bacterial
hosts (Hatfull, 2015a). Different bacte-
rial systems offer various attributes,
and several years ago we chose to iso-
late and study phages of Mycobacte-
rium smegmatis, a non-pathogenic rela-
tive of the human pathogens Mycobac-
terium tuberculosis and Mycobacte-
rium  abscessus  (among  others)
(Hatfull, 2006). There are three key
attributes favouring the development of
this system. First, mycobacteriophages
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(viruses of Mycobacterium) can offer
insights into viral diversity, evolution,
and origins, and represents a notable
departure from well-studied model
organisms such as Escherichia coli.
Secondly, mycobacteriophages are a
source of broadly applicable genetic
tools, and can thus advance the genetic
analysis of important pathogens such as
M. tuberculosis, which grows very
slowly and for many years was genet-
ically intractable (Jacobs, 2000). Third,
mycobacteriophages have potential
utilities clinically for both diagnostic

and therapeutic applications. Bacterio-
phage discovery and genomics have
also proven to constitute a terrific
platform for advancing science educa-
tion, and course-based implementations
of mycobacteriophage isolation and
characterization have strongly impact-
ed the phage science while inspiring
many fledgling student researchers
(Hatfull, 2015b). Here, I will discuss
some of the key advances in our under-
standing of the diversity, dynamics,
and therapeutic potential of mycobac-
teriophages.

MYCOBACTERIOPHAGE DIVERSITY

Mycobacteriophage isolation and
genomics

Phages of Mycobacterium hosts were
first isolated over 60 years ago, moti-
vated in part by finding potential tools
for typing of clinical isolates of Myco-
bacterium, particularly M. tuberculosis
(Snider et al., 1984; Good and Mastro,
1989; Cater and Redmond, 1961;
Murohashi et al., 1963). However, the
faster growing and non-pathogenic M.
smegmatis was shown to be a useful
host for phage isolation, and several
phages were characterized by host
range and electron microscopy (Takeya
et al., 1959a, 1959b, 1961). These early
studies in the pre-genomic era showed
that there was considerable variation in
host range and morphotypes, and while
a multitude of other features were
described, their evolutionary relation-
ships remained elusive (Mizuguchi,
1984).

The first mycobacteriophage with a
completely sequenced genome was that
of phage L5 (Hatfull and Sarkis, 1993),
a temperate double-stranded DNA
tailed phage of M. smegmatis isolated
in Japan (Doke, 1960). This fuelled a
series of further studies to characterize
the phage, but also prompted a deeper
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dive into comparative mycobacterio-
phage genomics. Over the next decade
a dozen more mycobacteriophages
were sequenced (Pedulla et al., 2003),
revealing that the overall diversity was
indeed substantial and that many more
phages would need to be characterized
to provide a higher resolution genomic
view. This was a major impetus for the
development of integrated research-
education programs that served the
dual purposes of expanding the reper-
toire of sequenced phage genomes,
while also providing authentic discov-
ery-rich research experiences for nov-
ice scientists, including high school and
undergraduate students (Hanauer et al.,
2006). Initially, the Phage Hunters
Integrating Research and Education
(PHIRE) program was established to
run locally at the University of Pitts-
burgh (Hatfull et al., 2006) but was
subsequently expanded nationally in
the US (but with some international
participants) as the Science Education
Alliance Phage Hunters Advancing
Genomics and Evolutionary Science
(SEA-PHAGES) (Hanauer et al., 2017,
Jordan et al., 2014); both programs are
funded by the Howard Hughes Medical
Institution. The SEA-PHAGES
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Figure 1: Genetic mosaicism in mycobacteriophage genomes.

Short segments of five phage genomes are shown, with their phage name and clus-
ter/subcluster/singleton designations in parentheses. Genes are shown as coloured boxes either
above or below the genome rulers, indicated rightwards and leftwards transcription, respectively,
with gene numbers within the boxes. Genes in the same family are coloured similarly, and dumb-
bell lines are shown linking homologues in different genomes that share amino acid sequence
similarity. Nucleotide sequence similarity is shown as colour-spectrum shading between the
genomes, with violet being the most similar, and red being the least similar above a threshold
BlastN value of 10, Note that Trinitium 25 and IdentityCrisis 40 are related (50% amino acid
identity) but are situated in different genomic contexts with different genes to their left and to their
right. Che8 (F1) and Constella (J) have several genes in common in this region and note the seg-
ment of internal repeats reflected in the nucleotide similarity between Che8 57 and Constella /09.
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program is large with over 170 partici-
pating institutions, and over 5,500

sequenced and annotated (Hatfull,
2020). Over 10,000 of these phages

students each year. As a consequence, a
very large collection of over 20,000
individual phages isolated from
environmental samples has developed,
of which over 4,000 are completely

were isolated using M. smegmatis, of
which over 2,000 are completely
sequenced; the other phages were
isolated using other bacteria within the
phylum Actinobacteria and will not be
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discussed in detail here. The complete
collection 1S described at
https://phagesdb.org.

Mycobacteriophage
genomics

How best to present the mycobacte-
riophage diversity? Early on in the
genomic era it became apparent that
groups of evidently related phages
emerged, and that they shared little or
no sequence similarity to phages out-
side their group (Pedulla et al., 2003,
Hatfull et al., 2006, 2010). A system
was therefore introduced in which
sequence-related phages are grouped
into ‘clusters’ (designated Cluster A, B,
C etc.). Phages with no close relatives
are designated as ‘singletons’. When
the collection was small, this classifica-
tion was simple, because related phages
were usually very similar at the nucleo-
tide sequence level over large spans of
their genomes, whereas phages in dif-
ferent clusters were completely differ-
ent at the sequence level, often sharing
few if any genes with shared amino
acid sequences (Hatfull et al., 2010).

As the phage collection grew, a key
architectural feature emerged, in that
phage genomes are pervasively mosaic;
that is, they are composed of genome
segments — often single genes — that are
exchanged among the phages, presum-
ably by illegitimate or non-sequence-
directed recombination (Hendrix et al.,
1999; Pedulla et al., 2003). Thus, indi-
vidual genes — or variants of genes —
may be found in different genomes but
in different contexts, flanked by differ-
ent and unrelated genes (Figure 1). As
a consequence, the expectation is that
with deeper sampling of the phage
population, the boundaries between
clusters would become less clear, and
that a continuum of diversity would
emerge, albeit with unequal representa-
tion caused by isolation biases and dif-
ferences in abundance of different

comparative
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phage types (Pope et al., 2015). This
was indeed observed and warranted
revision of the parameters used for
cluster assignations. Currently, a value
of 35% pairwise shared gene context is
used for cluster inclusion, although this
is essentially arbitrary, and does not
reflect any underlying biological pro-
cess (Pope et al., 2017). In fact, it is not
hard to find pairwise shared gene con-
tent values straddling the 35% thresh-
old value (Mavrich and Hatfull, 2017).
A further finding is that there is often
considerable intra-cluster diversity, and
sometimes this appears sufficiently
structured as to warrant division into
‘subclusters’ (i.e. Subcluster Al, A2,
A3, within the broader Cluster A phag-
es) (Hatfull et al., 2010).

Currently, the >2000 sequenced my-
cobacteriophages are grouped into 31
clusters and seven singletons, and a
network phylogeny is shown in Figure
2. The largest by far is Cluster A with
722 members grouped into 20 subclus-
ters, but several (Clusters U, V, X, Y,
Z, AA, AB, AC, AD, AE) have five or
fewer members (https://phagesdb.org/),
together with the seven singletons. The
sampling would thus seem incomplete,
and there are likely more and different
phages to be recovered from environ-
mental samples, but the overall
heterogeneity means that these are iso-
lated with decreasing frequency. Clus-
ters/subclusters often have common
features and behaviours, including life-
styles and host ranges (Mavrich and
Hatfull, 2017). For example, over 50%
of the cluster/singleton set are predom-
inantly temperate, and have genomic
components such as repressor genes,
integrases, or partitioning cassettes.
However, it is not uncommon for lytic
phages to be isolated that group within
a temperate cluster but have lost their
repressor gene and can no longer form
lysogens (Ford et al., 1998). A simple
explanation is that obligatorily lytic
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Figure 2: A network phylogeny of actinobacteriophages.

A randomly chosen phage from each subcluster and non-subclustered cluster together with the
singletons were compared by their gene contents and the relationships displayed using SplitsTree
(Huson, 1998). Each phage node is indicated by a coloured circle indicating the genus of the
bacterial host used for isolation. Clusters containing 100 or more individual phages are circled and

the cluster indicated. (Reproduced with permission from Hatfull, 2020).

phages form larger and clearer plaques
and thus are easier to identify and to
choose for purification during the isola-
tion process. Cluster/subcluster desig-
nation can also correlate with host

range, as demonstrated by the abilities
of these phages to infect either M.
tuberculosis, or other strains of M.
smegmatis (Jacobs-Sera et al., 2012;
Guerrero-Bustamante et al., 2021).

MYCOBACTERIOPHAGE LIFE CYCLES

As noted above, temperate phages are
common among mycobacteriophages.
These temperate phages are capable of
cycles of lytic growth, similar to oblig-
atorily lytic phages, but differ in that
they can also enter the state of lyso-
geny upon infection. Transcriptomic
analyses of lytic growth show that there
are predominantly two patterns of tran-
scription (Gentile et al., 2019, Dedrick
et al., 2013, 2017b, 2019b). Soon after

infection, early lytic gene expression is
observed, which continues for about
20-30 minutes, then late lytic expres-
sion begins and continues until lysis
about three hours after infection. The
early lytic genes typically include those
that are not directly involved in virion
structure and assembly, functionally
defined genes for DNA metabolism
and regulation, but also a multitude of
genes of unknown function. These
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Figure 3: Systems for establishment of lysogeny and prophage maintenance.

When the linear viral DNA of a temperate phage is injected into the cell, the genome circularizes
and either integrates (‘Integration’) or replicates as an extrachromosomal circle (‘Plasmidial’). In
the integration process, the phage-encoded integrase (Int) catalysed site-specific recombination
between phage and bacterial attachment sites (a#tP and attB respectively) to form an integrated
prophage flanked by attachment junctions a#L and attR. The attB sites used by tyrosine-family
integrases often overlap a host tRNA gene. Plasmidial phages do not integrate but replicate
extrachromosomally from a phage origin of replication (ori) and encode partitioning systems
(parABS) to prevent loss at cell division. Some phages use an unusual integration system (‘Integra-
tion-dependent immunity’) in which the a#tP site is located within the repressor gene (Rep, cl) of
the temperate phage. Integration ‘breaks’ the repressor gene, separating its 5’ and 3’ parts in the
prophage. The viral form of the repressor is inactive due to a C-terminal tag for proteolytic degra-
dation, which is absent from the prophage-encoded repressor and can actively confer superinfec-

tion immunity.

genes are typically under the control of
a single early lytic promoter, which is
recognized by the host RNA polymer-
ase, and in temperate phages is under
control of the phage repressor (Nesbit
et al., 1995, Brown et al., 1997). The
late lytic genes are comprised of the
virion structure and assembly genes,
including those for DNA packaging
and capsid and tail assembly. During
late lytic growth, the lysis genes are
also expressed, leading to cell rupture
and the release of progeny particles
(Payne et al., 2009; Payne and Hatfull,
2012).

For temperate phages, infection can
result in either entry into lytic growth
or the establishment of lysogeny. The
frequencies with which these pathways
are followed varies enormously for
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different phages and conditions, and
lysogeny can result from as few as 5%
of infections or as high as over 90% of
infections. The molecular determinants
of the decision outcomes are unclear
for most mycobacteriophages, although
they are well established for model sys-
tems such as phage lambda (Prtashne,
1987). Lysogeny itself, however, re-
sults from expression of the repressor
protein and its down-regulation of the
early lytic genes. Lysogens are charac-
teristically immune to superinfection
by the same phage, a phenomenon in
which the prophage-expressed re-
pressor down-regulates any newly-
introduced genomes of the same phage
(Donnelly-Wu et al., 1993). For most
temperate mycobacteriophages, a pro-
phage is established by site-specific



integration of the phage genome into
the host chromosome (Figure 3), medi-
ated by the phage-encoded integrase
(Lee et al., 1991). However, some
mycobacteriophages (all within Cluster
A) do not integrate, and instead estab-
lish extrachromosomal ‘plasmidial’
prophages, which replicate at low copy
number and encode partitioning sys-
tems to negate prophage loss at cell
division (Wetzel et al., 2020) (Figure
3).

Mycobacteriophages use a variety of
mechanisms for prophage integration
and the establishment of lysogeny. Two
main types of integration systems are
prevalent, represented by the tyrosine-
integrases (Int-Y) and serine-integrases
(Int-S). Both catalyse site-specific
recombination between a phage at-
tachment site (attP) and a bacterial at-
tachment site (attB) which share a short
reglon of sequence 1dent1ty (3-45 bp;
the ‘common core’) within which
strand exchange occurs. Recombination
results in formation of an integrated
prophage flanked by attL and attR sites
(Figure 3). The integrase can also me-
diate excisive recombination by attL x
attR exchange although this typically
requires a phage-encoded Recombina-
tion Directionality Factor (RDF) (Lewis
and Hatfull, 2001). Most Int-Y systems
have common cores 25-45 bp long, and
thus if the phage genome sequence is
available, the attB site can usually be
predicted by homology searching in the
host chromosome. Interesting, these
attB sites commonly overlap a host
tRNA gene. In contrast, Int-S systems

usually have shorter common cores (3-
10 bp) and the a#tB sites cannot be
readily predicted bioinformatically
(Kim et al., 2003). Because of the over-
all diversity of the integration systems,
at least 14 a#B sites have been identi-
fied in M. smegmatis (Hatfull, 2022).
Some mycobacteriophages use an
unusual system for lysogenic estab-
lishment referred to as ‘integration-
dependent immunity’ (Broussard and
Hatfull, 2013, Broussard et al., 2013)
(Figure 3). The tell-tale feature of these
is that the a#tP site is located within the
repressor reading frame of the phage.
This would seem counterintuitive, as
integrative recombination will result in
loss of the 3’ part of the repressor gene,
rendering it non-functional. In fact, the
opposite is true. The viral form of the
repressor carries a C-terminal SsrA-like
tag that targets the protein for degrada-
tion by host proteases and is functional-
ly incapable of conferring immunity to
superinfection (Broussard et al., 2013).
Integration results in loss of the degra-
dation tag, stable protein is expressed,
and immunity is established (Figure 3).
Interestingly the Int-Y protein also car-
ries a C-terminal degradation tag such
that the stability of the integrase fun-
damentally determines the frequency of
lysogenisation. Although these integra-
tion-dependent immunity systems were
discovered in phages of M. smegmatis,
they are quite prevalent among extant
prophages of Mycobacterium genomes,
especially those of Mycobacterium
abscessus (Dedrick et al., 2021a).

MYCOBACTERIOPHAGE - HOST DYNAMICS

The determinants of phage host range
and the dynamic interactions between
bacteria and their phages are complex,
and there is much to learn. Mycobacte-
rium strains have been shown to carry

restriction-modification systems
(Shankar and Tyagi, 1993a, 1993b) and
M. tuberculosis carries a CRISPR
locus, although most mycobacterial
strains are CRISPR-free (He et al.,
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2012). Receptor variation is likely also
important, although few mycobacterio-
phage receptors have been identified,
other than the potential role of glyco-
peptidolipids in phage I3 infection
(Chen et al., 2009). However, we note
that a number of phage host range mu-
tants have been reported with substitu-
tions in tail spike proteins suggesting
the direct role of phage-receptor inter-
actions (Jacobs-Sera et al., 2012,
Dedrick et al., 2019a, Guerrero-
Bustamante et al., 2021). It is likely
that there are a multitude of additional
bacterial mechanisms  influencing
phage host ranges.
Prophage-mediated viral defence
systems

Interestingly, temperate phages are
directly involved in phage host range
determination, because some prophages
express defence genes that prevent
productive infection of other unrelated
phages (Bondy-Denomy et al., 2016). A
multitude of such defence systems have
been described in Cluster N phages
(Dedrick et al., 2017a), but they are
also present in other mycobacterio-
phages (Gentile et al., 2019). There are
likely many yet to be discovered. Some
of these may act by interference with
DNA injection and viral exclusion sim-
ilar to a related system in E. coli
(Cumby et al., 2012, Dedrick et al.,
2017a), whereas others appear to act
after DNA injection has occurred and
are mediated by abortive infection
(Dedrick et al., 2017a). These defence
systems are often quite specific for par-
ticular phages, and the specificities are
unpredictable and need to be experi-
mentally determined. In one notable
case, an M. smegmatis lysogen carrying
a Sbash prophage confers defence to
infection by phage Crossroads (Gentile
et al., 2019). Sbash (Subcluster 12) and
Crossroads (Subcluster L2) are unrelat-
ed at the sequence level, and
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remarkably, the Sbash defence does not
operate against any of the other eight
Subcluster L2 phages tested, all of
which are very closely related to
Crossroads (Gentile et al., 2019).
Discovery of such defence systems is
only possible by making use of a very
large collection of genomically-defined
phages isolated on the same bacterial
isolate (M. smegmatis mc*155), and
carefully determining their efficiencies
of plating on a lysogenic strain relative
to the non-lysogenic parent (Gentile et
al., 2019).

Exclusion of superinfection in lytic
growth

The competition in nature is not just
between phages and their bacterial
hosts, but also between lytically grow-
ing phages. When phages are growing
lytically, there is strong selection for
optimization of phage production,
which can be threatened via superinfec-
tion by phage particles that seek to use
microbial resources. It is thus no sur-
prise that phages express genes in lytic
growth that exclude superinfection by
other phages (Ko and Hatfull, 2018).
This can also be surprisingly specific
and unpredictable bioinformatically.
Experimentally identifying such func-
tions, however, can also be challeng-
ing. One approach that has been in-
formative is to use a surrogate assay
that simply screens for phage genes
that are toxic when expressed in the
host (Ko and Hatfull, 2020). Some such
genes act by interfering with the func-
tions of essential host proteins that
phages need for productive infection,
and are thus toxic when expressed, alt-
hough toxicity per se is irrelevant for
phage growth. One good example is
gp52 in phage Fruitloop (Subcluster
F1). While gp52 is not required for
Fruitloop lytic growth, it is expressed
early in Fruitloop infection and inter-
acts directly with the essential host



DivIVA (Wag31) protein (Ko and
Hatfull, 2018). Fruitloop gp52 was dis-
covered through a screen for proteins
toxic to M. smegmatis and its interfer-
ence with DivIVA specifically prevents
infection by unrelated phage Rosebush
(Subcluster B1).

A striking feature of phage genomes
is the abundance of relatively small
genes — leading to an average gene size
that is only two-thirds of that of bacte-
rial genes — most of which are of un-
known function. What do all these
genes do, and why are they present in
phage genomes? Where they have been
tested, many or most of these are ex-
pressed lytically but are not required
for lytic growth (Dedrick et al., 2013).

We suggest that most of these act to
influence host-viral dynamics and to
determine host range, by conferring
defence against viral infection of lyso-
gens, by excluding superinfection by
other phages during lytic growth, or by
acting in counter-defence against both
host- and prophage-encoded defence
systems. The specificity of these inter-
actions complicates the untangling of
this vast set of interactions, and thwarts
simple bioinformatic or machine-
learning strategies for predicting host
range. But with many hundreds of
thousands of phage genes of unknown
function — just within the actinobacte-
riophage genomes — new approaches
are needed to address these questions.

THERAPEUTIC POTENTIAL OF MYCOBACTERIOPHAGES

Many Mycobacterium pathogens cause
diseases that are challenging to treat
with antibiotics, including M. tubercu-
losis strains with multiple acquired re-
sistances, and intrinsically resistant
nontuberculous Mycobacterium (NTM)
infections (Nick et al., 2021, Mirzayev
et al., 2021). There is thus a need for
new therapeutic approaches, and it is
plausible that mycobacteriophages
could contribute to the arsenal of anti-
Mycobacterial ‘drugs’. However, the
opportunities and challenges are quite
different for considering the therapeutic
use of phages for NTM versus TB in-
fections.

The first therapeutic use of myco-
bacteriophages

The first therapeutic use of myco-
bacteriophages was for a paediatric
cystic fibrosis (CF) patient who had a
disseminated M. abscessus infection
following a bilateral lung transplant
(Dedrick et al., 2019a). The infection
could not be resolved with antibiotics,
was life threatening, and the patient

was at home on palliative care. The
first challenge was to identify poten-
tially useful phages, as few if any
phages had been isolated on any M.
abscessus strain and attempts at phage
discovery using the specific patient
strain (GDO1) were not productive. A
carefully chosen subset of M. smegma-
tis phages (based on the genomic rela-
tionships and host range information
using M. tuberculosis) were then
screened against the M. abscessus
GDO1 strain (Dedrick et al., 2019a).
One lytic phage called Muddy infected
GDO1, while two others that infected
(BPs and Zoel) were both temperate,
and therefore needed to be engineered
to inactivate the repressor gene
(Sampson et al., 2009, Dedrick et al.,
2019b). One of them (BPs) only infect-
ed M. abscessus GDO1 at a reduced
efficiency of plating, but a host range
mutant (HRM) was isolated that effi-
ciently infects the pathogenic strain. A
three-phage cocktail was assembled, in
the hope that these genomically diverse
phages would infect through different
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mechanisms such that resistance arising
to one phage would not confer re-
sistance to the others. The three phages
were amplified, purified, and the cock-
tail was administered intravenously
twice daily at a dose of 10° plaque
forming units (PFU)/ml. The phages
were provided as an adjunct to the on-
going antibiotic regimen. The patient
showed substantial improvement, with
resolution of an infected node in the
liver, healing of the infected sternal
transplant wound, and clearance of skin
nodules (Dedrick et al., 2019a).

Broadening the therapeutic use of
mycobacteriophages

Can the therapeutic use of mycobacte-
riophages be extended to other patients
with NTM infections? Addressing this
has been facilitated by screening a
large series (~250) of clinical isolates
for phage susceptibility, learning about
these profiles, and providing phages for
additional compassionate-use cases
where possible (Dedrick et al., 2021b,
2022). A key finding is that a substan-
tial proportion (~40%) of the M.
abscessus isolates have a smooth colo-
ny morphotype and no phages have
been identified that efficiently infect
and kill any of these strains. The other
~60% have a rough colony morphotype
strains, with at least one potentially
therapeutic phage identified for about
75% of these strains. This raises sever-
al additional questions. First, because
the total number of potentially thera-
peutically useful different phages that
have been identified is only around six
to eight, where will additional phages
come from? Second, how can we
extend the proportion of rough strains
that can be treated? Third, if strains are
only sensitive to a single phage, can
that phage be used without failure due
to phage resistance? Fourth, how will
phages be discovered with utility for
smooth  colony  strains?  Some
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preliminary answers are emerging for
at least some of these questions.

In terms of identifying additional
phages that could be used therapeuti-
cally, it is helpful to recognize that
what is needed are phages that are ge-
nomically different to those already
available. Such phages could be used in
cocktails with extant phages to try and
avoid resistance, or may have new tro-
pisms (host preferences) that expand
the proportion of rough strains that can
be infected and killed. Several ap-
proaches to identifying more of these
phages are plausible. First, although
few phages have been identified using
M. abscessus as a host for isolation,
this warrants substantial additional ef-
fort, using a wider range of strains.
Second, the current and new phages
isolated on M. smegmatis may continue
to be a fruitful source, especially
through the isolation of HRMs that
have acquired the ability to efficiently
infect one or more of the M. abscessus
isolates (Dedrick et al., 2021b). Finally,
there is also the prospect of exploiting
the prophages integrated into M.
abscessus genomes (Dedrick et al.,
2021a). Many of these appear to be
intact and capable of lytic growth, and
spontaneously induced particles are
present in culture supernatants. The
challenge then is to find another M.
abscessus strain on which these phages
can grow lytically and form plaques.
An attractive feature of this approach is
that ~85% of M. abscessus clinical
isolates have one or more prophages
integrated into their genomes, and
some have as many as six prophages
(Dedrick et al., 2021b). So, there is a
wealth of such prophages which
constitutes a large resource that can be
exploited, and bioinformatic analyses
show that these are distinct from the M.
smegmatis phages (Dedrick et al.,
2021a, 2021b). Pairwise screening has
facilitated lytic growth of
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spontaneously induced prophages, and
these can then be engineered to prevent
lysogeny and potentially added to the
therapeutic arsenal. These potential
paths towards the expansion of the
therapeutic phage bank should expand
the number of rough strain morphotype
infections that can be treated.

In the first treatment case, a cocktail
of three phages was used because of
concerns about phage resistance. How-
ever, subsequent observations have
shown that phage resistance occurs rel-
atively infrequently in M. abscessus
strains, and resistance has not been en-
countered when used clinically, even in
treatments where only a single phage
was deployed (Dedrick et al., 2022,
2021b). Some phage-resistant M.
abscessus mutants have been recovered
in vitro, but it is not yet clear if these
have compromised fitness for in vivo
growth in the patient (Dedrick et al.,
2021b).

A consecutive series of 20 compas-
sionate use phage therapies for
Mycobacterium infections

To date, a total of 20 case studies have
been reported, a majority of which
(11/20) show favourable microbiologi-
cal or clinical indications (Dedrick et
al., 2022) (Table 1). However, in four
cases there was no evident clinical im-
provement, and in the remaining cases,
treatment is either ongoing or incom-
plete. No adverse reactions were ob-
served, and in several cases strongly
favourable outcomes are reported, in-
cluding resolution of a pulmonary in-
fection in a CF patient (Nick et al.,
2022), and resolution of a disseminated
Mycobacterium chelonae cutaneous
infection in a mildly immunosup-
pressed patient (Little et al., 2022).
Together, these cases provide consider-
able encouragement for continued ex-
ploration of phage treatments for NTM
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infections, highlighting some opportu-
nities and some limitations. For exam-
ple, in 11 cases, only a single phage
was used because it was the only phage
to which the strain was sensitive. In
these cases, however, phage resistance
was not observed in any case nor was it
the cause of treatment failure. Although
this was unexpected, it bodes well for
future treatments, moderating one of
the major concerns in the general ther-
apeutic use of phages (Dedrick et al.,
2022) (Table 1). It is also noteworthy
that these treatments are lengthier
(years in some cases) than in phage
therapies for other diseases, and these
are not trivial interventions. But we
know little about optimal dosage,
routes of administration, or phage
pharmacokinetics, and blinded clinical
trials are needed to address these un-
knowns. Nonetheless, these case stud-
ies provide insights into safety and
clinical and microbiological parameters
to monitor during treatments that are
invaluable for trial design and effective
implementation (Dedrick et al., 2022,
Nick et al., 2022).

Interestingly, clinical isolates of M.
tuberculosis have limited genetic diver-
sity and relatively minor variations in
phage infections profiles (Guerrero-
Bustamante et al., 2021). A set of five
distinct phages, taking advantage of
engineering and isolation of HRMs — as
described above for NTMs — constitute
a potential cocktail for a broad range of
clinical isolates, although only some of
these five might ultimately be needed.
And subsets of these could be adminis-
tered sequentially to negate impedi-
ments presented by neutralization.
However, compassionate use cases of
TB that are both suitable for phage
treatment and meet regulatory require-
ments are rare, and initial clinical trials
would seem warranted.



SUMMATION

The study of mycobacteriophages has
contributed major advances to our un-
derstanding of phage diversity, phage
biology including expression and regu-
lation, host-virus dynamics, science
education, and clinical utility for treat-
ing Mycobacterium diseases. However,
there is still much to learn, to explore,
and to discover. Many of the phages
have not been investigated beyond
genomic characterization and will give
new insights when studied in detail.
Collectively, there are hundreds of
thousands of genes of unknown func-
tion and elucidating their roles will
require new and higher-throughput
strategies. We also know little about

host range beyond the inclusion of
infection profiles for the pathogens M.
tuberculosis and M. abscessus. Our
current understanding of mycobac-
teriophages is largely based on those
isolated using M. smegmatis mc 2155 as
a host, and it is likely that new and dif-
ferent types of phages would be dis-
covered when using other mycobacte-
rium hosts. We note that this is chal-
lenging for very slow growing strains
and pathogens, but insights from pro-
phages of sequenced NTM strains sug-
gests there’s an abundance of diverse
phages awaiting discovery, many of
which will add to the arsenal of thera-
peutic options.
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SUMMARY

Bacteriophage are abundant in the human body, including at sites of infection.
We report that Pf4 phage, a filamentous bacteriophage produced by Pseudo-
monas aeruginosa, dampens inflammatory responses in response to either P.
aeruginosa airway infection in a mouse model of acute pneumonia or bacte-
rial endotoxin treatment. Pf4 triggers TLR3-dependent type I interferon pro-
duction and antagonize production of anti-bacterial cytokines and chemo-
kines. In particular, Pf4 phages inhibit CXCLS5, preventing efficient neutro-
phil chemotaxis in response to endotoxin. These results suggest that Pf4
phages alter innate immunity to bacteria potentially dampening inflammation
and neutrophil migration at sites of bacterial colonization or infection.

INTRODUCTION

Bacteriophages, viruses that parasitize
bacteria, are abundant at sites of bacte-
rial colonization and infection, includ-
ing in the lungs of patients infected with
Pseudomonas aeruginosa. However, it
remains unclear how the innate immune
system senses phages or how phages
impact sensing of bacteria (Popescu et
al., 2021). While some phages are
potent immunogens and have been used
for vaccine development (Dgbrowska et
al., 2014; de Vries et al., 2021), other
phages induce minimal inflammation,
including phages used in phage therapy
(Cano et al., 2021; Liu et al., 2021). The
mechanisms that drive these distinctions
are unclear.

We and others have previously inves-
tigated the impact of Pf phages on their
bacterial and human hosts. Pf'is a genus
of filamentous bacteriophages that
infect the common bacterial pathogen P.
aeruginosa, and includes the phages

Pf1-Pf8 (Knezevic et al., 2015; Mai-
Prochnow et al, 2015; Hay and
Lithgow, 2019; Fiedoruk et al., 2020).
Pf phages are Inoviruses and have a sin-
gle stranded (ss) DNA genome pack-
aged within a helical filamentous struc-
ture made up of thousands of copies of
the major coat protein CoaB (Marvin et
al., 2014; Hay and Lithgow, 2019; Roux
et al., 2019). Pf virions are ~ 6-7 nm in
diameter and ~ 1-2 pm in length
(Janmey et al., 2014). Approximately
half of P. aeruginosa isolates harbour Pf
phages (Knezevic et al., 2015; Burgener
et al., 2019). Unlike lytic or lysogenic
phages that lyse their bacterial hosts
after replication, Pf phages follow a
chronic infection life cycle whereby Pf
virions are continuously extruded from
the bacterial cell envelope without lysis
(Secor et al., 2020).

Production of Pf4, a well-studied
member of the Pf family, contributes to
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bacterial phenotypes associated with P.
aeruginosa chronic infection, including
reduced twitching motility, increased
adhesion, enhanced biofilm formation,
and antibiotic tolerance (Rice et al.,
2009; Secor et al., 2015, 2017; Sweere
et al., 2019; Tarafder et al., 2020).
Indeed, filamentous phages like Pf4
contribute to the fitness of their bacterial
hosts and the pathogenesis of P. aeru-
ginosa infections (Mai-Prochnow et al.,
2015; Bille et al., 2017; Pant et al.,
2020; Pourtois et al., 2021; Schmidt et
al., 2022). Consistent with this, we pre-
viously reported that Pf phages are com-
mon in individuals with cystic fibrosis
(CF) and that P. aeruginosa infections
associated with Pf+ strains are charac-
terized by older age, advanced lung dis-
ease, worse disease exacerbations, and
antibiotic resistance in this group
(Burgener et al., 2019). Pf phages are
likewise associated with chronic P.
aeruginosa wound infections (Sweere et
al., 2019).

Along with effects on bacterial path-
ogenesis, Pf4 phage enables P. aeru-
ginosa to evade the mammalian host

immune response. In a model of acute
lung infection, mice inoculated with P.
aeruginosa supplemented with Pf4
phage did not develop sepsis, had less
pulmonary inflammation, and survived
significantly longer than mice infected
with WT P. aeruginosa only (Secor et
al., 2017). In a chronic wound infection
model, Pf4 phage was associated with
impaired phagocytosis and reduced
levels of tumour necrosis factor alpha
(TNF-a) (Sweere et al., 2019). These
effects were mediated by Toll-like
receptor 3 (TLR3) and type I interferon
(IFN) production (Sweere et al., 2019).
However, the nature of these responses
was unclear given that Pf4 phage is a
ssDNA virus and TLR3 recognizes
double-stranded (ds) RNAs.

Here, we identify a role for Pf4 phage
in inhibiting neutrophil chemotaxis in
response to P. aeruginosa infection. We
find that Pf4 phage downregulates the
expression of neutrophil chemoattract-
ants by human macrophages, resulting
in impaired ability to recruit cells to the
site of infection.

MATERIALS AND METHODS

Bacterial strains and
conditions

Bacterial strains and plasmids used in
this study are listed in the “Key
Resources Table”. The P. aeruginosa
isolate mPAO1 served as a wildtype that
harbours the filamentous phage Pf4 in
all experiments (Rice et al., 2009).
Isogenic phage-free strain PAO1APf4
was derived from strain PAO1 that lacks
Pf4 entirely but can be reinfected by Pf4
(Rice et al., 2009). Unless stated other-
wise, all P. aeruginosa strains were
grown with aeration in Brain Heart
Infusion (BHI, BD Bacto™, Cat. No.
237200), or Luria-Bertani (LB Miller
Broth, BD Bacto™, Cat. No. DF0446-

growth
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07-5) at 37°C. Escherichia coli DH5a
was used for plasmid maintenance and
was grown in LB with aeration at 37°C.
Antibiotics were used in the following
final concentrations: gentamycin (10
pg/ml for plasmid maintenance in E.
coli; 100 pg/ml for plasmid mainte-
nance in P. aeruginosa, VWR, Cat. No.
97062-974).

Preparation and quantification of
bacteriophages

P. aeruginosa mPAO1 was used to pro-
duce Pf4. Mock phage preparations
from PAO1APf4 were prepared accord-
ing to the same protocol as other phage
samples. Cultures were inoculated with



an ODeoo 0f 0.1 and grown to the midlog
phase in which the respective phage was
added and co-incubated overnight. The
next day, the bacteria were harvested at
6,000 x g; 30 minutes; 4°C. The super-
natant was sterile filtered using a 0.22
um bottle top filter and treated with 50
U/ml of benzonase nuclease (Sigma
Aldrich, Cat. No. E1014-25KU) for 2
hours. The phage solution was incu-
bated with polyethylene glycol 8000
(PEG-8000, Sigma-Aldrich, Cat. No.
P2139-500G) at 4°C overnight as
described previously (Boulanger et al.,
2009) and dialyzed against PBS for 48
hours. Purified phage preparations were
quantified by plaque assays as well as
by qRT-PCR using primers directed
against the major coat protein of the
respective phage and a vector based
(pBS-SK back bone) standard compris-
ing the gene encoding for the respective
major coat protein. Phages were stored
in 1x PBS at 4°C. Endotoxin was quan-
tified by EndoZyme II  assay
(BioVendor, Cat. No. 890030) as per
manufacturer’s directions.

Tissue culture

Human U937 macrophages (ATCC,
Cat. No. CRL-1593.2™) were main-
tained in RPMI (Thermo Fisher Scien-
tific, Cat. No. 11875093) supplemented
with 10% FBS (RMBIO, Cat. No. FGR-
BBT), penicillin-streptomycin (Fisher
Scientific, Cat. No. MT30002CI) and
sodium pyruvate (Thermo Fisher Scien-
tific, Cat. No. 11360070).

Cell stimulation

For cytokine release and reporter
assays, cells were seeded at a density of
5x10* cells/well in a 96-well plate.
Unless otherwise specified, stimuli were
as follows: 1x10% pfu/well of purified
phage preparation and 100 ng/ml LPS
(Invivogen, Cat. No. tlrl-eblps). The
TLR3 signalling inhibitor (EMD Milli-
pore, Cat. No. 614310) was used at 27

uM and anti-human IFNAR2 antibody
(PBL Assay Science, Cat. No. 21385-1)
was used at 100 ng/ml. Cells were incu-
bated at 37°C and 5% CO: for the indi-
cated timepoints, then centrifuged at
300 x g for 5 minutes prior to superna-
tant removal.

Enzyme-linked immunosorbent assay
(ELISA)

Human CXCL5 (BioLegend; Cat. No.
440904), human TNF-a (BioLegend;
Cat. No. 430904) and human IFNf
(Invitrogen; Cat. No. 414101) were per-
formed using manufacturer’s instruc-
tions. Absorbance was read on a Spark
microplate reader (Tecan).

Luminex analysis

U937 macrophages were plated in 96-
well plates at 5x10* cells/well. Cells
were stimulated for 24 hours with 1x10%
pfu/well of purified Pf4 phage or equiv-
alent volume APf4 preparation and 100
ng/ml LPS (Invivogen, Cat. No. tlrl-
eblps). Cells were centrifuged at 300 x g
for 5 minutes and supernatant was col-
lected and used for cytokine profiling
through Luminex (The Human Immune
Monitoring Center, Stanford). Human
89-plex kits were purchased from
eBiosciences/Affymetrix and  used
according to the manufacturer’s recom-
mendations with modifications as
described below. Briefly: Beads were
added to a 96 well plate and washed in a
Biotek ELx405 washer. Samples were
added to the plate containing the mixed
antibody-linked beads and incubated at
room temperature for 1 hour followed
by overnight incubation at 4°C with
shaking. Cold and room temperature
incubation steps were performed on an
orbital shaker at 500-600 rpm. Follow-
ing the overnight incubation plates were
washed in a Biotek ELx405 washer and
then biotinylated detection antibody
added for 75 minutes at room tempera-
ture with shaking. Plate was washed as
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above and streptavidin-PE was added.
After incubation for 30 minutes at room
temperature wash was performed as
above and reading buffer was added to
the wells. Each sample was measured in
duplicate. Plates were read using a
Luminex 200 instrument with a lower
bound of 50 beads per sample per cyto-
kine. Custom assay Control beads by
Radix Biosolutions were added to all
wells.

Luminex data analysis

Technical replicate MFI values were
averaged for each sample and trans-
formed into log> fold-change with
respect to the control LPS sample. Data
was plotted as a heatmap using the
pheatmap package (v1.0.12) in R.
Isolation and
neutrophils
Human neutrophil isolation protocol
was adapted from Swamydas et al.
(2015). Briefly, whole blood was
obtained from the Stanford Blood
Center, diluted 1:1 in 1x PBS (Corning,
Cat. No. 21-040-CV), and layered over
a double Histopaque-based density gra-
dient (density 1.119 g/ml (Sigma-
Aldrich, Cat. No. 11191-6X100ML)
and density 1.077 g/ml (Sigma-Aldrich,
Cat. No. 10771-6X100ML). The sus-
pension was centrifuged at 900 x g for
30 minutes at 22°C with no brake, and
neutrophils from the interface of the
Histopaque-1119 and Histopaque-1077
layers were collected and washed in
RPMI + 10% FBS. Count and viability
of neutrophils was determined by trypan
blue exclusion.

preparation  of

Neutrophil migration assay

Primary human neutrophils isolated as
described were stained at room temper-
ature for 20 minutes with 5 pM Calcein
AM (BioLegend, Cat. No. 425201) and
applied to the top well of a fluorescence-
blocking 24-well transwell plate with 3
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um pores (Corning, Cat. No. 351156).
Bottom wells were filled with condi-
tioned media from U937 macrophages,
and chemotaxis was tracked by plate
bottom fluorescence using a Spark
microplate reader (Tecan) over the
course of 30 minutes.

Murine pneumonia model
Experiments were performed as
described in Secor et al. (2017). Briefly,
an isolated colony of P. aeruginosa
PAOI1 or PAO1AP{4 was grown to mid-
exponential phase (OD600, 0.5) in 4 ml
LB broth at 37°C with aeration. The
PAOI1 culture was infected with 100 ul
of Pf4 stock (10' pfu/ml) to promote
phage production. These cultures were
grown overnight at 37°C with aeration.
On the following day, bacteria were pel-
leted by centrifugation at 6,000 x g for
10 minutes, washed 3x in sterile PBS,
and resuspended in PBS to a final con-
centration of 3x10% CFU/ml. Mice (8-
10wk C57BL/6, male; The Jackson
Laboratory) were intranasally inocu-
lated with 1.5x10” CFU/ml in 50uL PBS
of each strain or PBS control.

Mice were sacrificed at 24 hours post
infection. The lungs were lavaged with
0.8 ml sterile PBS as described previ-
ously (Secor et al., 2017). BAL fluid
samples were pelleted, and supernatant
was frozen for use in ELISA and qPCR
assays. BAL cells were resuspended in
1 ml ACK lysis buffer 30 s, followed by
washing in PBS with 2% foetal calf
serum and 1mM EDTA (fluorescence-
activated cell sorting [FACS] buffer).
The cells were resuspended in 1 ml
FACS buffer and stained with Zombie
Near-IR Live/Dead (Biolegend, Cat.
No. 423105), CDIll1b-Pacific Blue
(Biolegend, Cat. No. 101223), CD1l1c-
BV605 (Biolegend, Cat. No. 117333,
CD45.2-BV650 (Biolegend, Cat. No.
109835), Ly6G-BV785 (Biolegend,
Cat. No. 127645), Siglec F-PE
(Biolegend, Cat. No. 155505), and
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Figure 1: Neutrophil migration is reduced by Pf4 phage production in an acute P. aeruginosa
pneumonia murine model.

(A) Mice were inoculated intranasally for 24 hours with either PBS, PAOI1, or the isogenic P.
aeruginosa strain PAO1APf4 that lacks a functional copy of Pf4 phage. After 24 hours the animals
were sacrificed and bronchoalveolar lavage (BAL) fluid was collected for cytokine measurements
and cellular assessments via flow cytometry.

(B and C) BAL fluids samples were evaluated for (B) total cell content and (C) neutrophil quantities
as determined by flow cytometry.

(D to E) BAL chemokine quantifications for (D) CXCLI, (E) TNF-a, and (F) CXCL5 as measured
by ELISA.

Data are displayed as the mean + SD from three individual experiments with n > 9 mice per
experiment. * =p <0.05; ** =p <0.01; and *** = p <0.001. Significance was assessed by ANOVA
followed by Holm-Sidak test for multiple comparisons.

Ly6C-AF647 (Biolegend, Cat. No. Statistical analysis

128009) as per manufacturer’s instruc-
tions. After staining, the cells were fixed
with 4% paraformaldehyde and then run
on a Cytek Northern Lights machine,
followed by analysis with FlowJo™
software. Total live cells within the
CD45" gate was reported, as well as live
neutrophils within the CD45" Ly6G*
gate. Absolute cell counts were adjusted
by total BAL volume recovered.

Where n is not stated, graphs show a
representative experiment of n > 3 as-
says, with n > 3 technical or biological
replicates. All statistical analyses were
performed wusing GraphPad Prism
(GraphPad Software, Inc. La Jolla, CA).
Significance was assessed by ANOVA
followed by Holm-Sidak test for multi-
ple comparisons unless otherwise indi-
cated. Depicted are means with standard
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deviation (SD) of the replicates unless
otherwise stated. Statistical significance
was considered p < 0.05. Non-signifi-
cance was indicated by the letters “n.s.”.
For experiments involving cell assays,

each replicate was normalized against a
specified control condition to control for
varying inter-experiment intensities of
cytokine production or reporter protein
secretion.

RESULTS

Pf4-overproducing P. aeruginosa elic-
its diminished neutrophil migration

Building on our previous finding that
treatment with P. aeruginosa strain
PAOL supplemented with Pf phage re-
duced pulmonary inflammation in
response to bacterial infection (Secor et
al., 2017), we examined P. aeruginosa
infection in the absence of Pf4 phage.
To this end, we treated mice with PAO1
or an isogenic strain lacking Pf4,
PAOI1APf4. These strains have compa-
rable growth curves (Sweere et al.,
2019) such that differences between
them cannot be attributed to altered
growth. After 24 hours, bronchoalveolar
lavage (BAL) fluid was collected and
evaluated for cell influx and chemo-
kine/cytokine content (Figure 1A). Mice
infected with PAO1APf{4 showed signif-

icantly greater neutrophil influx and
pro-inflammatory cytokine production
than mice infected with Pf4-producing
PAO1 (Figure 1B-C). PAOIl-infected
mice also exhibited significantly lower
levels of CXCL1, TNF-a, and CXCL5
in BAL as compared to PAO1APf4-
infected mice (Figure 1D-F).

Together, these data demonstrate that
Pf4 is associated with diminished neu-
trophil influx in this model in conjunc-
tion with reduced production of pro-
inflammatory cytokines.

Pf4 downregulates a distinct set of
neutrophil chemokines in a TLR3-
and IFNAR-dependent manner

To obtain a more complete picture of
Pf4-induced cytokine changes to the
bacterial stimulation, we moved to an in

Figure 2: Pf4 impairs the production of a distinct set of chemokines in human macrophages which
promote neutrophil migration in a TLR3- and IFNAR-dependent manner.

(A) Luminex analysis of U937 macrophage supernatants treated with 100 ng/ml LPS and/or 10°
pfu/ml Pf4 for 24 hours.

(B and C) CXCLS5 protein levels of U937 macrophages incubated with 100 ng/ml LPS, or 100 ng/ml
LPS + 10° pfu/ml Pf4 at indicated time points. Anti-TNFR antibody was added in various
concentrations to human U937 macrophages along with 100 ng/ml LPS and CXCLS5 production was
determined via ELISA.

(D) U937 human macrophages were supplemented with PBS, mock Pf4 preparation, or 10° pfu/ml
Pf4 without or with 100 ng/ml LPS for 24 hours. IFNf production was determined by ELISA.

(E) U937 cells treated with vehicle (PBS), 100 ng/ml anti-TNFR antibody, 27 uM of a TLR3/dsRNA
complex inhibitor, or 100 ng/ml anti-IFNAR antibody along with LPS in absence or presence of Pf4
for 24 hours were assessed for CXCLS5 production by ELISA.

(F) Schematic of human neutrophil migration assay. Human U937 macrophages were stimulated
with LPS, Pf4 or TLR3 antagonists for 24 hours. The supernatant was isolated and used as a
chemoattractant in a transwell setup. Human neutrophils isolated from freshly drawn blood and
stained with Calcein AM, then applied to the top of a transwell plate with 3 um pore size (STAR
methods). Neutrophil migration towards conditioned media was assessed at 60 minutes.

(G) Neutrophil migration normalized to LPS control.

All data shown as the mean + SD of at least 3 biological replicates with n > 2 technical replicates
per condition and experiment. * = p < 0.05; ** = p < 0.01; and *** = p < 0.001. Significance was
assessed by ANOVA followed by Holm-Sidak test for multiple comparisons.
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vitro system with LPS as the source of
inflammation. We examined superna-
tants from human U937 macrophages
treated with LPS with or without Pf4
phage via multiplexed bead-based assay
(Figure 2A). We used U937 cells for

these experiments because of the central
role of macrophages in airway inflam-
mation (Byrne et al., 2015; Hashimoto
et al., 1996).

We observed that Pf4 downregulated
production of multiple factors made in
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response to LPS including
GROa/CXCL1, CXCL5, and TNF-a, as
reported above, as well as other key pro-
inflammatory proteins such as IL-6, IL-
la, IL-1b, and GM-CSF (Figure 2A).
We chose to explore the functional im-
pact of Pf4 on LPS-mediated production
of CXCLS, a neutrophil chemoat-
tractant, because dysregulation of neu-
trophil influx has been shown to
strongly impact responses to P. aeru-
ginosa and based on our findings in the
acute P. aeruginosa lung model (Koh et
al., 2009; Lavoie et al., 2011). Moreo-
ver, neutrophil influx is critical to con-
trol and clear P. aeruginosa infections
(Koh et al., 2009; Lavoie et al., 2011).

We established that CXCL5 made in
response to LPS is significantly down-
regulated by Pf4 at the protein level by
24 hours in U937 macrophages, analo-
gous to the effect of Pf4 phage on TNF-
o production reported previously
(Sweere et al., 2019) (Figure 2B). We
then sought to determine whether
CXCL5 levels reflect impaired TNF-a
signaling in this system. To that end, we
blocked the TNF-a receptor (TNFR)
prior to treatment with Pf4. We found
that CXCLS protein expression is not
significantly attenuated by diminished
TNF-a signaling (Figure 2C).

We previously reported that TNF-a
production by macrophages was inhib-
ited by Pf phage in a TLR3 and type 1
interferon-dependent manner (Sweere et
al., 2019). We asked whether CXCI5
inhibition was also mediated in this
way. We indeed observed that Pf4 in-
duces type I IFN production by macro-
phages (Figure 2D). We then assessed
the dependency of the present system on
TLR3 by treating U937 macrophages
with a small-molecule compound that
specifically prevents dsRNAs from
binding TLR3 (Cheng et al., 2011), and
found that CXCL5 down-regulation in
response to Pf4 was abolished (Figure
2E). Similarly, cells treated with a
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blocking antibody against the type I IFN
receptor, IFNAR1/2, showed a loss of
phenotype (Figure 2E). Taken together,
these data indicate that Pf4 downregu-
lates multiple pro-inflammatory cyto-
kines in human macrophages, including
neutrophil chemoattractants, in a TLR3-
and IFNAR-dependent manner. More-
over, the pathway that results in CXCL5
inhibition is parallel to but not depend-
ent on the effects of Pf4 we previously
reported on TNF-a (Sweere et al., 2019).

Pf4 impairs neutrophil recruitment
by human macrophages

To test the functional consequences of
reduced chemokine production, we
adapted a neutrophil migration assay
(Frevert et al., 1998) using freshly iso-
lated human primary neutrophils from
multiple donors and conditioned media
from human U937 macrophages.
Macrophages were exposed to purified
Pf4 preparation along with LPS for 24
hours to induce inflammatory cytokine
production, and conditioned media from
these cells was used as a chemoat-
tractant in a transwell setup (Figure 2F).
Neutrophils were stained with the live-
cell dye calcein AM and tracked as they
migrated through the 3 pm pores of the
transwell insert.

We found that conditioned media
from cells treated with a combination of
Pf4 and LPS induced less migration
than cells treated with LPS alone
(Figure 2G), indicating that the presence
of purified Pf4 is sufficient to alter
macrophage function in response to bac-
terial stimulation. Inhibition of either
TLR3 or IFNAR in macrophages re-
sulted in loss of Pf4-driven reduced neu-
trophil chemoattraction as compared to
the LPS control (Figure 2G).

Together, these data indicate that Pf4
reduces the ability of LPS to stimulate
macrophages to induce granulocyte
migration.



DISCUSSION

We report that Pf4 phage downregulates
multiple LPS-induced factors, including
the potent neutrophil chemoattractant
CXCLS5. These suppressed macro-
phages are less effective at inducing
neutrophil migration in a mouse model
of acute P. aeruginosa lung infection, as
well as in vitro using a human neutro-
phil migration assay. Neutrophil influx
to sites of P. aeruginosa infection is crit-
ical to control and clear an infection
(Koh et al., 2009; Lavoie et al., 2011).
The findings we present in this work in-
dicate that the presence of Pf4 phage
could be a marker of negative outcome
in patients infected with P. aeruginosa,
through ineffective macrophage activa-
tion and subsequent impaired recruit-
ment of neutrophils at early stages of in-
fection. The intriguing question of
whether Pf4-associated negative out-
comes are related to the titres of Pf4 in
the CF airways would be important to
investigate further.

Although we chose to focus on the
interaction between macrophages and
neutrophils due to the observed down-
regulation of several neutrophil chemo-
attractants, several other cytokines
altered by Pf4 stimulation may affect the
course of an immune response to P.
aeruginosa. In particular, the IL-1a/B
and GM-CSF axis has been shown to be
important for neutrophil longevity and

thereby effective bacterial clearance
(Bober et al., 1995; Fossati et al., 1998;
Laan et al., 2003). In addition, GM-CSF
has been shown to amplify bystander
phagocyte cytokine production in
Legionella infection (Liu et al., 2020).

The co-existence of filamentous
phages with the bacterial hosts they
infect suggests a potential symbiotic
relationship. Indeed, prior work has
demonstrated that Pf4 impacts P. aeru-
ginosa pathogenesis during chronic pul-
monary and wound infections (Secor et
al., 2015; Secor et al., 2017; Burgener et
al., 2019; Sweere et al., 2019). Unlike
lytic phages which lyse the bacterial
host cell, chronically infecting phages
like Pf4 integrate their genetic material
into the bacterial genome and co-exist
with the bacteria in high titres. This co-
existence assures that continued interac-
tion between the phage and the bacterial
cell will continue, manifesting in such
phenomena as liquid crystal formation
using bacterial polymers and phage-
formed occlusive sheaths that protect
bacterial cells from antibiotics (Secor et
al., 2015; Tarafder et al., 2020). In this
work, we present yet another instance of
Pf4-Pseduomonas symbiosis, in which
the phage prevents the clearance of the
bacterium by reducing phagocyte
immune responses.
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SUMMARY

Bacteriophages are obligate bacterial viruses capable of infecting and
replicating only within their bacterial hosts. Yet this classical definition is
limiting when we begin to consider bacteriophages within the broader
context of their mammalian or eukaryotic hosts. Within this tripartite
context bacteriophages may directly interact and influence their bacterial
hosts, but they can further bind, enter, and stimulate the mammalian host
directly. These interactions are largely unexplored and there exists an
enormous potential for discovery of diver mechanisms, feedback loops, and
symbioses within these tripartite contexts.

LINEAR RELATIONSHIPS

Picking up any undergraduate microbi-
ology textbook you will find the defini-
tion of a ‘bacteriophage’ something
akin to “a virus capable of infecting
and replicating only within bacterial
cells”. This description applies when
considering the diverse array of inter-
actions that bacteriophages (or simply
phages for short) can have with their
bacterial hosts. These interactions span
the diversity of symbioses including
strictly parasitic through to mutualism.
While this definition is technically cor-
rect, it is limiting when considering
bacteriophages in a broader context of
tripartite symbioses. In these tripartite
systems bacteriophages may indeed
directly interact with their bacterial
hosts, but they also interact with their
mammalian or eukaryotic host through
a diverse range of mechanisms (Figure
1). These interactions can include di-
rection binding to eukaryotic cells, in a
fashion similar to their bacterial host,
yet without the injection of their

genetic material (Lehti et al., 2017).
This was demonstrated by Lehti et al.
showing that an Escherichia coli in-
fecting bacteriophage that recognised a
polysialic acid residue on its bacterial
host could also target and bind the
same residue on a eukaryotic neuro-
blastoma cell, triggering receptor me-
diated endocytosis and internalisation.
Phages can also non-specifically adsorb
or adhere to eukaryotic cell layers or
their secretions (i.e. mucins) and be
subsequently internalised through non-
specific micropinocytosis events (Barr
et al., 2013; Bichet et al., 202la;
Nguyen et al., 2017). Binding or direct-
ly adhering to cellular mucins may fur-
ther elicit intracellular responses (Barr,
2017). This was demonstrated by Bloch
et al. who characterised the interactions
between phages and malignant tumour
cells, showing that phages bound ex-
ternally displayed mucins and inhibited
the growth of these tumours (Bloch,
1940). Decades later, Dabrowska et al.
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Figure 1: Bacteriophage interaction with the mammalian cell layer depicting the broad mechanism
that phages can interact and stimulate the mammalian host directly. (Taken from Barr, 2017).

tested this observation, showing that T4
phages bound the membranes of cancer
cells, attenuating tumour growth
(Dabrowska et al., 2004a,b). Further,
phages may indirectly stimulate or in-
hibit mammalian host cells and tissues
through the production of auxiliary
metabolic compounds encoded within
their genomes and produced during
either lytic or lysogenic infections of
their bacterial hosts (Sanchez et al.,
2015; Thompson et al., 2011). Indeed,

the diversity of auxiliary metabolic
genes that phages encode is highly di-
verse, with the production of these
compounds having potentially varied
effects. As such, it is important that we
consider bacteriophages as not only
‘viruses capably of infecting bacterial
cells’ but also as diverse biological
agents capable of interacting with and
influencing their broader mammalian
hosts.

TRIPARTITE SYMBIOSES

Here I will discuss the concept of
tripartite symbioses whereby bacterio-
phages can both directly and indirectly
interact with their bacterial and mam-
malian hosts. This description is set in
place of the previously described linear
model, where bacteriophages were lim-
ited to only direct interactions with
their bacterial hosts and indirect
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interactions with the mammalian host.
Utilising this new tripartite model
allows us to consider much broader
affects those bacteriophages can have
on larger symbiotic systems.

Taking the naturally-occurring phage
populations residing within the human
body we can consider the diversity of
mechanisms by which they may
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interact with both bacterial and mam-
malian hosts. In most cases, the muco-
sal surface is the first point of contact
between the mammalian cell layer and
phage populations that naturally reside
within and upon it. Once there, bacteri-
ophages can adhere to the mucosal sur-
face (Barr et al., 2013; 2015). By ad-
hering, bacteriophages can find and
infect the resident bacterial community
with greater ease. Once past the muco-
sa, phages can directly access the cell
surface and interact with the underlying
cellular epithelium. It has been demon-
strated that phages are even capable of
crossing this epithelial cell barrier in
the gut and gain direct access to the
bloodstream (Gorski et al.,, 2006;
Nguyen et al., 2017). This non-specific
transcytosis mechanism has been pro-
posed to facilitate 31 billion bacterio-
phage transcytosis events across the
human gut epithelial barrier every day
(Nguyen et al., 2017). Once within the
circulatory system these ‘intra-body
phages’ are able to gain access to all
cells, organs and systems of the body
(Barr, 2017). In fact it has been shown
that some of these phages are even
capable of crossing the blood-brain
barrier — the most stringent biological
barrier within the human body that
even some small molecules and drugs
fail to cross (Geier et al., 1973).

This tripartite model of bacterio-
phage-bacterial-mammalian  interac-
tions has led to a wave of research that
has highlighted the diverse and surpris-
ing ways that bacteriophages can inter-
act with and influence mammalian cells
and those of other higher vertebrates.
Bacteriophages have been demon-
strated to bind cellular receptors on the
apical surface of epithelial cell layers,
leading to the activation of signal
transduction pathways and other cellu-
lar functions (Lehti et al., 2017; Singh
and Hollingsworth, 2006). These
bacteriophage-cellular binding effects
have been associated with increased
mucus production, activation of anti-
inflammatory responses, and even the
aforementioned attenuation of tumour
growth (Dabrowska et al., 2004; Van
Belleghem et al., 2017). Further evi-
dence suggests that phages are endocy-
tosed by epithelial cells and trafficked
throughout the endo-membrane system
(Lehti et al., 2017; Nguyen et al., 2017).
Once internalised, phages are encaged
within membrane-bound vesicles. Once
here, phage proteins and/or nucleic
acids may be recognised by either cyto-
stolic or endosomal membrane-bound
receptors, triggering a broad host of
cellular responses. But from where do
these phages originate, and how can
they build upon these tripartite models?

THE INTRA-BODY PHAGEOME

In a previous review article, I intro-
duced and discussed the role of the
‘intra-body phageome’ (Barr, 2017).
This phageome is proposed to originate
from the highly diverse, expansive, and
naturally occurring bacteriophage pop-
ulations that are resident within the
human gut. The gut microbiome plays
an essential role in modulating our
overall health and disease (Scarpellini
et al., 2015). While the bacterial
component of the gut microbiome has

received considerable attention, com-
paratively little research and under-
standing has been provided to the gut
viruses. Consisting overwhelmingly of
bacteriophages, the gut virome is noted
to contribute increasingly important
roles in our overall health and well-
being (Clooney et al., 2019; Gregory et
al., 2020; Liang et al., 2020; Sutton and
Hill, 2019). Gut bacteriophages can
directly predate upon and regulate gut
bacterial populations. Further, gut
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phages can indirectly influence gut
bacterial populations through the open-
ing of niche space, release of diverse
metabolites, and in-direct modulation
of inter-bacterial species competition
(Hsu et al., 2019). There have been a
number of studies investigating the role
of gut bacteriophages in states of
dysbiosis. As such it has been found
that specific bacteriophage populations
have been correlated with a range of
inflammatory bowel diseases, such as
Crohn’s and  Ulcerative  Colitis
(Norman et al., 2015; Clooney et al.,
2019). Conversely, gut bacteriophages
have also been linked with a number of
beneficial implications, including a
reported increase in cognitive function
through the modulation of bacterial
populations and the secretion of key
neuro-transmitters in the gut, which
were found to affect short-term
memory in flies and mice, while corre-
lations were seen within human cohorts
(Maynernis-Percaxhs et al., 2022). As
such, there is a growing body of
evidence suggestion the potential
health and disease benefits of these gut
bacteriophages.

Importantly, these resident gut bac-
teriophage populations with their
potential health and immune-modula-
tory affects are also the source for the
‘intra-body phageome’. Here, gut bac-
teriophage populations interact with the
epithelial cell layers of the large intes-
tine and subsequently are internalised
by non-specific  macropinocytosis
mechanisms (Bichet et al., 2021b;
Nguyen et al., 2017). This was pro-
posed to facilitate over 31 billion phage
uptake and transcytosis events within
an adult human every single day
(Nguyen et al., 2017). Thus, there exists
a large potential for resident gut bacte-
riophages to be continually internalised
and trafficked into the ‘classically-
sterile’ regions of the body. This allows
for a low-level, constituent resident
collection of naturally occurring gut
bacteriophages that are interacting with
the broader mammalian host cells,
organs and systems. This broader tri-
partite system has incredible potential
to modulate the mammalian host in
diverse and largely as yet undiscovered
ways.

PHAGE UPTAKE, DELIVERY AND ACTIVATION OF THE
MAMMALIAN SYSTEM

The broader question when considering
tripartite symbioses is ‘why do bacte-
riophages interact with mammalian
cells and ‘what potential response
could they be mediating?” (Or, if
you’re proclivity is mammalian-centric,
‘why do mammalian cells internalise
bacteriophages and for what pur-
pose?’). The answer to this question
could be surprising, diverse, and unex-
pected. In fact, these interactions and
their derivative effects may be so
unexpected that it would be foolish to
predict these entirely. Instead, we
should look to the diversity of interac-
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tions that the gut bacteria mediate and
the process towards their discoveries.
Here I will explore two potential mech-
anisms that bacteriophages can and
may directly influence the mammalian
host.

The first is through the triggering of
pattern recognition receptors (PRRs).
As bacteriophages contain either RNA
or DNA genomes as part of their life
cycle, the nucleic acid sensing of the
mammalian cell could be triggered.
Once bacteriophage particles are inter-
nalised by mammalian cells there exist
two main mechanisms through which



their genomes could trigger PRRs (7an
et al., 2018). The first is through TLR9
receptors positioned within the endo-
somal structures. It has been shown
that bacteriophage particles are endocy-
tosed and trafficked through the endo-
membrane system (Bichet, et al.,
2021a; Nguyen et al, 2017). If
bacteriophage capsids are damaged or
tail fiber structures triggered, then their
genomic material could be exposed
within the endosomes and lead to the
activation of TLR9, whose downstream
activation can stimulate Type I IFN
response (Sweere et al., 2019; Van
Belleghem et al., 2019). Alternatively,
if bacteriophage particles or their
genomes escape these endomembrane
vesicles, they may gain access to the
mammalian cytosol. There the major
innate immune sensor for nucleic acids
is the cGAS/STING (cyclic GMP-
AMO synthase/stimulator of interferon
genes) pathway (7an et al., 2018).
When dsDNA fragments are detected
by cGAS, a molecule of cGAMP will
be produced and sent to the STING
complex to activate the production of

cytokines like INF (Blasius and
Beutler, 2010). These two pathways
lead to signalling cascades that culmi-
nate in the production of inflammatory
cytokines, leading to the induction of
an antimicrobial state, activation of
adaptive immunity, and eventual clear-
ance of the triggering pathogen.

The second potential mechanism
that bacteriophages could influence the
mammalian cell is through direct pro-
tein-to-protein interactions. This could
be initiated through bacteriophage cap-
sid interactions with G-protein coupled
receptors at the cell membrane (Bosch
et al., 2009). Once activated these
could lead to protein phosphorylation
cascade within the cell that may
activate a diverse array of mechanistic
responses and modulation of cellular
function (Carraway et al.,, 2003;
Lillehoj et al., 2004). Mechanistically
these two responses are diverse in both
their activation and downstream signal
cascades. Further experimental valida-
tion of if and how bacteriophages may
interact with mammalian cells and the
responses they induce are needed.

HYPOTHETICAL GENE POTENTIAL

A final hypothetical alternative for bac-
teriophage uptake and internalisation
by mammalian cells is the potential for
gene delivery and transduction. Once
internalised, there exists the possibility
for bacteriophages to deliver their
genetic material into the mammalian
cell allowing for the transcription and
translation of virally encoded DNA by
the eukaryotic cellular machinery — a
process more broadly known as ‘trans-
duction’ (Merril, 1974, Tao et al.,
2013).

Bacteriophages have indeed been used
as viral gene delivery vectors and nano-
carriers, primarily due to their ease of
use, capacity for nucleic acid
packaging and their relative safety in

humans (Karimi et al., 2016). To
accomplish this, a process known as
‘phage-display’ is used for the targeted
delivery of phage-carried nucleic acids
and proteins to specific mammalian
cells (Ilvanenkov and Menon, 2000;
Pranjol and Hajitou, 2015). In this pro-
cess bacteriophages are engineered to
display ligands on their capsids that are
complementary to mammalian cell sur-
face integrins. Phage-displayed ligands
then bind to these integrins and trigger
receptor-mediated endocytosis of the
bacteriophage particle on contact with
the mammalian cell. These bacterio-
phage capsids can be recombinantly
packaged with DNA, RNA, or proteins
for the targeted delivery of genes and
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Figure 2: Model of tripartite symbioses in the human gut and the potential for the delivery and
transduction of bacteriophage-encoded nucleic acid material to the mammalian cell. (Taken from

Barr, 2019).

enzymes into the mammalian cells of
interest. Using these approaches,
engineered bacteriophage particles
have successfully been used to trans-
duce mammalian cells to correct meta-
bolic deficiencies (Geier et al., 1973;
Merril et al., 1971), elicit antibody
response (7ao et al.,, 2013), and to
deliver reporter genes or enzymes
(Poul and Marks, 1999). These studies
demonstrate the capacity for bacterio-
phage-encoded genetic material to be
delivered to and transduce mammalian
cells.

This leads to a major hypothesis as
to whether the uptake and internalisa-
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tion of naturally occurring bacterio-
phage populations within the human
gut are capable of transduction (Figure
2). As theses gut bacteriophages are
known to be internalised and trans-
cytosed at consistent levels (Nguyen et
al., 2017) and studies have shown
engineered bacteriophage particles can
deliver and transduce cells (Geier and
Merril, 1972) this mechanistic route for
natural bacteriophage populations to
transduce the mammalian host remains
and open possibility.

When considering the enormous
diversity of bacteriophage populations
within the human gut and the large
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hypothetical genes they encode — more
commonly referred to as ‘viral dark
matter’ — this is an intriguing hypothe-
sis to explore further. A clear under-
standing of the cellular and molecular

interactions between these bacterio-
phage particles and mammalian cells
will be required to elucidate any novel
symbioses.

LITERATURE

Barr, 1.J., Auro, R., Furlan, M., Whiteson, K.
L. L., Erb, M. L. L., Pogliano, J., Stotland,
A., Wolkowicz, R., Cutting, A. S. S.,
Doran, K. S. S., Salamon, P., Youle, M.,
and Rohwer, F.: Bacteriophage adhering to
mucus provide a non-host-derived immuni-
ty. Proc. Natl. Acad. Sci. USA 110, 10771-
10776 (2013).

Barr, J.J., Auro, R., Sam-Soon, N., Kassegne,
S., Peters, G., Bonilla, N., Hatay, M., Mour-
tada, S., Bailey, B., Youle, M., Felts, B,
Baljon, A., Nulton, J., Salamon, P., and
Rohwer, F.: Subdiffusive motion of bacte-
riophage in mucosal surfaces increases the
frequency of bacterial encounters. Proc.
Natl. Acad. Sci. USA 112, 13675-13680
(2015).

Barr, J.J.: A bacteriophages journey through
the human body. Immunol. Rev. 279, 106-
122 (2017).

Barr, J.J.: Missing a Phage: Unraveling Tripar-
tite Symbioses within the Human Gut.
mSystems 7, e00105-19 (2019).

Bichet, M.C., Chin, W.H., Richards, W., Lin,
Y.-W., Avellaneda-Franco, L., Hernandez,
C.A., Oddo, A., Chernyavskiy, O., Hilsen-
stein, V., Neild, A., Li, J., Voelcker, N.H.,
Patwa, R., and Barr, J.J.: Bacteriophage up-
take by mammalian cell layers represents a
potential sink that may impact phage thera-
py. iScience 24, 102287 (2021a).

Bichet, M.C., Patwa, R., and Barr, J.J.: Proto-
cols for studying bacteriophage interactions
with in vitro epithelial cell layers. STAR
Protoc. 2, 100697 (2021b).

Blasius, A.L. and Beutler, B.: Intracellular
Toll-like Receptors. Immunity 32, 305-315
(2010).

Bloch, H.: Experimental investigation on the
relationship between bacteriophages and

maligant tumors. Arch. Virol. 1, 481-496
(1940).

Bosch, T.C.G., Augustin, R., Anton-Erxleben,
F., Fraune, S., Hemmrich, G., Zill, H.,
Rosenstiel, P., Jacobs, G., Schreiber, S.,
Leippe, M., Stanisak, M., Grotzinger, J.,
Jung, S., Podschun, R., Bartels, J., Harder,
J., and Schréder, J.-M.: Uncovering the
evolutionary history of innate immunity:
the simple metazoan Hydra uses epithelial
cells for host defence. Dev. Comp. Immu-
nol. 33, 559-569 (2009).

Carraway, K.L., Ramsauer, V.P., Haq, B., and
Carothers Carraway, C.A.: Cell signaling
through membrane mucins. Bioessays 25,
66-71 (2003).

Clooney, A.G., Sutton, T.D.S., Shkoporov,
A.N., Holohan, R.K., Daly, K.M., O’Regan,
O., Ryan, F.J., Draper, L.A., Plevy, S.E.,
Ross, R.P., and Hill, C.: Whole-Virome
Analysis Sheds Light on Viral Dark Matter
in Inflammatory Bowel Disease. Cell Host
Microbe 26, 764-778 (2019).

Dabrowska, K, Opolski, A., Wietrzyk, J.,
Switala-Jelen, K., Boratynski, 1.,
Nasulewicz, A., Lipinska, L., Chybicka, A.,

Kujawa, M., Zabel, M., Dolinska-
Krajewska, B., Piasecki, E., Weber-
Dabrowska, B., Rybka, J., Salwa, I.,

Wojdat, E., Nowaczyk, M., and Gorski, A.:
Antitumor activity of bacteriophages in mu-
rine experimental cancer models caused
possibly by inhibition of beta3 integrin sig-
naling pathway. Acta Virol. 48, 241-248
(2004a).

Dabrowska, K., Opolski, A., Wietrzyk, J.,
Switala-Jelen, K., Godlewska, J., Boratyn-
ski, J., Syper, D., Weber-Dabrowska, B.,
and Gorski, A.: Anticancer activity of bac-
teriophage T4 and its mutant HAP1 in

75



mouse experimental tumour models. Anti-
cancer Res. 24, 3991-3995 (2004b).

Geier, M.R. and Merril, C.R.: Lambda phage
transcription in human fibroblasts. Virology
47, 638-643 (1972).

Geier, MR., Trigg, M.E., and Merril, C.R.: Fate
of bacteriophage lambda in non-immune
germ-free mice. Nature 246, 221-223
(1973).

Gorski, A., Wazna, E., Dabrowska, B.-W.,
Dabrowska, K., Switala-Jelen, K., and
Miedzybrodzki, R.: Bacteriophage translo-
cation. FEMS Immunol. Med. Microbiol.
46, 313-319 (20006).

Gregory, A.C., Zablocki, O., Zayed, A.A.,
Howell, A., Bolduc, B., and Sullivan, M.B.:
The Gut Virome Database Reveals Age-
Dependent Patterns of Virome Diversity in
the Human Gut. Cell Host Microbe 28, 724-
740 (2020).

Hsu, B.B., Gibson, T.E., Yeliseyev, V., Liu, Q.,
Lyon, L., Bry, L., Silver, P.A., and Gerber,
G.K.: Dynamic Modulation of the Gut Mi-
crobiota and Metabolome by Bacterio-
phages in a Mouse Model. Cell Host Mi-
crobe 25, 803-814 (2019).

Ivanenkov, V.V. and Menon, A.G.: Peptide-
mediated transcytosis of phage display vec-
tors in MDCK Cells. Biochem. Biophys.
Res. Commun. 276, 251-257 (2000).

Karimi, M., Mirshekari, H., Moosavi Basri,
S.M., Bahrami, S., Moghoofei, M., and
Hamblin, M.R.: Bacteriophages and phage-
inspired nanocarriers for targeted delivery
of therapeutic cargos. Adv. Drug Deliv.
Rev. 106, 45-62 (2016).

Lehti, T.A., Pajunen, M.I.,, Skog, M.S., and
Finne, J.: Internalization of a polysialic
acid-binding Escherichia coli bacteriophage
into eukaryotic neuroblastoma cells. Nature
Commun. 8, 1915 (2017).

Liang, G., Zhao, C., Zhang, H., Mattei, L.,
Sherrill-Mix, S., Bittinger, K., Kessler,
L.R., Wu, G.D., Baldassano, R.N., DeRus-
so, P., Ford, E., Elovitz, M.A., Kelly, M.S.,
Patel, M.Z., Mazhani, T., Gerber, J.S.,
Kelly, A., Zemel, B.S., and Bushman, F.D.:
The stepwise assembly of the neonatal
virome is modulated by breastfeeding.

76

Nature 581, 470-474 (2020).

Lillehoj, E.P., Kim, H., Chun, E.Y., and Kim,
K.C.: Pseudomonas aeruginosa stimulates
phosphorylation of the airway epithelial
membrane glycoprotein Mucl and activates
MAP kinase. Am. J. Physiol. Lung Cell.
Mol. Physiol. 287, L809-L815 (2004).

Maynernis-Percaxhs, J., Castells-Nobau, A.,
Arnoriaga-Rodriguez, M., Maldonado, R.,
and Fernandez-Real, J.-M.: Caudovirales
bacteriophages are associated with im-
proved executive function and memory in
flies, mice, and humans. Cell Host Microbe
30, 340-356 (2022).

Merril, C.R., Geier, M.R., and Petricciani, J.C.:
Bacterial virus gene expression in human
cells. Nature 233, 398-400 (1971).

Merril, C.R.: Bacteriophage interactions with
higher organisms. Trans. NY Acad. Sci. 36,
265-272 (1974).

Nguyen, S., Baker, K., Padman, B.S., Patwa,
R., Dunstan, R.A., Weston, T.A., Schlosser,
K., Bailey, B., Lithgow, T., Lazarou, M.,
Luque, A., Rohwer, F., Blumberg, R.S., and
Barr, J.J.: Bacteriophage Transcytosis Pro-
vides a Mechanism To Cross Epithelial Cell
Layers. MBio, 8, e01874-17 (2017).

Norman, J.M., Handley, S.A., Baldridge, M.T.,
Droit, L., Liu, C.Y., Keller, B.C., Kambal,
A., Monaco, C.L., Zhao, G., Fleshner, P.,
Stappenbeck, T.S., McGovern, D.P.B.,
Keshavarzian, A., Mutlu, E.A., Sauk, J.,
Gevers, D., Xavier, R.J., Wang, D., Parkes,
M., and Virgin, H.W.: Disease-Specific Al-
terations in the Enteric Virome in Inflam-
matory Bowel Disease. Cell 160, 447-460
(2015).

Poul, M. a, & Marks, J. D.: Targeted gene de-
livery to mammalian cells by filamentous
bacteriophage. J. Mol. Biol. 288, 203-211
(1999).

Pranjol, M.Z.1. and Hajitou, A.: Bacteriophage-
derived vectors for targeted cancer gene
therapy. Viruses 7, 268-284 (2015).

Sanchez, S.E., Cuevas, D.A., Rostron, J.E.,
Liang, T.Y., Pivaroff, C.G., Haynes, M.R.,
Nulton, J., Felts, B., Bailey, B.A., Salamon,
P., Edwards, R.A., Burgin, A.B., Segall,
A.M., and Rohwer, F.: Phage Phenomics:



Physiological Approaches to Characterize
Novel Viral Proteins. J. Vis. Exp. 100:
€52854 (2015).

Scarpellini, E., laniro, G., Attili, F., Bassanelli,
C., De Santis, A., and Gasbarrini, A.: The
human gut microbiota and virome: Potential
therapeutic implications. Dig. Liver Dis. 47,
1007-1012 (2015).

Singh, P.K. and Hollingsworth, M.A.: Cell
surface-associated mucins in signal trans-
duction. Trends Cell. Biol. 16, 467-476
(20006).

Sutton, T.D.S. and Hill, C.: Gut Bacteriophage:
Current Understanding and Challenges.
Front. Endocrinol. 10, 784 (2019).

Sweere, J.M., Van Belleghem, J.D., Ishak, H.,
Bach, M.S., Popescu, M., Sunkari, V.,
Kaber, G., Manasherob, R., Suh, G.A., Cao,
X., de Vries, C.R., Lam, D.N., Marshall,
P.L., Birukova, M., Katznelson, E., Lazza-
reschi, D.V., Balaji, S., Keswani, S.G.,
Hawn, T., Secor, P.R., and Bollyky, P.L.:
Bacteriophage trigger antiviral immunity
and prevent clearance of bacterial infection.
Science 363, eaat9691 (2019).

Tan, X., Sun, L., Chen, J., and Chen, Z.]J.: De-
tection of Microbial Infections Through In-

nate Immune Sensing of Nucleic Acids.
Annu. Rev. Microbiol. 72, 447-478 (2018).

Tao, P., Mahalingam, M., Marasa, B.S., Zhang,
Z., Chopra, A K., and Rao, V.B.: In vitro
and in vivo delivery of genes and proteins
using the bacteriophage T4 DNA packaging
machine. Proc. Natl Acad. Sci. USA, 110,
5846-5851 (2013).

Thompson, L.R., Zeng, Q., Kelly, L., Huang,
K.H., Singer, A.U., Stubbe, J., and
Chisholm, S.W.: Phage auxiliary metabolic
genes and the redirection of cyanobacterial
host carbon metabolism. Proc. Natl Acad.
Sci. USA, 108, E757-E764 (2011).

Van Belleghem, J.D., Clement, F., Merabish-
vili, M., Lavigne, R., and Vaneechoutte,
M.: Pro- and anti-inflammatory responses
of peripheral blood mononuclear cells in-
duced by Staphylococcus aureus and Pseu-
domonas aeruginosa phages. Sci. Rep. 7,
8004 (2017).

Van Belleghem, J.D., Dabrowska, K.,
Vaneechoutte, M., Barr, J. J., and Bollyky,
P. L.: Interactions between bacteriophage,
bacteria, and the mammalian immune sys-
tem. Viruses 11: 10 (2019).

77



78



GUT VIROME CHANGES WITH NUTRITION AND
METABOLIC DISEASE INFLUENCING COGNITIVE FUNCTION

ANNA MOTGER ALBERTI and JOSE MANUEL FERNANDEZ-REAL

Department of Diabetes, Endocrinology and Nutrition, Dr. Josep Trueta
University Hospital, Avinguda de Franga, s/n, 17007 Girona, Spain;
Department of Medical Sciences, Faculty of Medicine, Girona University,
Edifici Centre, ¢/ Emili Grahit 77, Campus Centre, 17003 Girona, Spain; and

Nutrition, Eumetabolism and Health Group, Girona Biomedical Research Institute

(IdibGi), Carrer del Dr. Castany, s/n, 17190 Salt, Girona, Spain

SUMMARY

The study of the gut virome and its relationship with illness has emerged in
recent years. Some studies have hinted at bacterial microbiome dysbiosis as
having a substantial impact on the pathophysiology and development of
metabolic diseases such obesity and type 2 diabetes. The gut microorganism
ecology interacts with metabolic impairment and could play a role in the
systemic traits of those prevalent metabolic diseases. Importantly, the
richness and diversity of the gut virome is decreased in adult subjects with
obesity. Furthermore, recent research has revealed a link between gut bacteria
and cognition. Caudovirales, in particular, were associated with enhanced
executive function and immediate memory. Microviridae, on the other hand,
may be detrimental to cognitive function. Siphoviridae and Microviridae
counts were associated with specific bacterial microbiome profile in four
independent cohorts. Gut bacterial functions and plasma and faecal
metabolites run in parallel to bacteriophage counts, integrated in a network
that influenced cognition. A kind of dose-response effects of bacteriophages
was observed in the human gut microbiome transplanted to mice: the genes
that most changed in recipient mice were precisely those involved in memory
in a concordant manner with mice cognition. These findings could open up
new horizons in the pathophysiology of mental health and neurological
diseases arising from the gut.

INTRODUCTION

Cognitive decline is becoming increas-
ingly common as people live longer, and
is one of the world's leading public
health problems. The prevalence of
dementia has risen sharply and is ex-
pected to increase by more than 78 mil-
lion and 139 million by 2050. Obesity,
on the other hand, is a metabolic disease
of concern due to its exponential upward
trend, and has become a serious public
health issue in recent decades, with

hundreds of millions of subjects show-
ing overweight and obesity (WHO,
2019).

The ineffectiveness of existing
approaches and therapies are compel-
ling reasons to discover new ways to un-
derstand and treat them. One of the
mechanisms that has recently gained
strength for addressing and compre-
hending these disorders is the Gut-Brain
Axis (GBA) approach, a bidirectional
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Table 1: Cognitive function is divided into six cognitive domains by the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5), each of which has subdomains

COGNITIVE DOMAINS

SUBDOMAINS

BRAIN AREA

Executive function

Planning, decision making, working memory,
responding to feedback, inhibition, and
flexibility.

Complex attention

Sustained, divided, selective attention and
processing speed.

Frontal lobe

Social recognition

Recognition of emotions, theory of mind, and
Insight.

Learning and memory

Free and cued recall, recognition memory,
semantic and autobiographic, long-term
memory, and implicit memory.

Temporal lobe

Language

Objects naming, word-finding, fluency,
grammar and syntax and receptive language.

Visuoconstructional reasoning and

Parietal lobe

Perceptual-motor function

perceptual-motor coordination.

Visual perception

Occipital lobe

communication system that connects
the brain (emotional and cognitive pro-
cesses) with peripheral intestinal func-
tions.

Recent research breakthroughs have
discovered the microbiome that influ-
ences these relationships. The microbi-
ota influences gut-brain communication
via endocrine, (Fava et al., 2019), im-
munological (Hooper et al., 2012) and
neuroactive pathways (Socafa et al.,
2021). Microbial neurotransmitters (e.g.
GABA, catecholamines) and metabo-
lites such as Short Chain Fatty-Acids
(SCFAs) (Topping et al., 2001; Koh et
al., 2016), bile acids (2BAs) (Jones et
al., 2008), and tryptophan (O' Mahony
et al., 2015) are the most well-known
examples of microbial-derived interme-
diates that communicate from the gut
microbiome to the central nervous sys-
tem (CNS). Although some of these
intermediates directly interact with en-
teroendocrine cells, enterochromaffin
cells, and the mucosal immune system
to spread bottom-up signalling, others
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can pass the intestinal barrier and enter
systemic circulation, and may even
breach the blood-brain barrier (BBB).
Microbial signals may also be sent
through neurological pathways involv-
ing vagal and/or spinal afferents
(Latorre et al., 2016).

In fact, this new gut-brain approach
is rethinking the study of various dis-
eases affecting the central nervous sys-
tem, from neurodegenerative diseases
such as Alzheimer's or Parkinson's,
neurodevelopmental disorders such as
Attention-Deficit Hyperactivity Disor-
der (ADHD), Autism spectrum disor-
der, or even psychiatric diseases such as
depression (Chen et al., 2021). Previ-
ously, these diseases were approached
from the perspective of brain mecha-
nisms. However, in recent years, the
focus of these diseases has shifted
towards the gut and its microbiota, as
well as its impact on the brain. Further-
more, not only can the aforementioned
disorders influence cognition, but meta-
bolic diseases like obesity also affect



cognitive functioning, especially execu-
tive skills and memory (A4rnoriaga-
Rodriguez et al., 2020, 2021). More-
over, cognitive dysfunction has been
described as both a cause and a conse-
quence of obesity.

In order to better understand the dif-
ferent cognitive functions, this chapter
will provide a brief introduction and

description of the cognitive domains
according to the Diagnostic and Statisti-
cal Manual of Mental Disorders (DSM-
V). Then, the link between the gut and
metabolic diseases will be explored.
Lastly, current human results relating to
cognition and the gut virome will be dis-
cussed.

BRAIN STRUCTURE AND COGNITIVE FUNCTIONS

Cognitive functions are processes in the
CNS that take place in different areas of
the brain, which in turn, are intercon-
nected with each other. CNS integrates
data from the entire body and coordi-
nates activities throughout the whole
organism.

The Diagnostic and Statistical Man-
ual of Mental Disorders divides cogni-
tive function into six cognitive domains,
each of which has subdomains
(American  Psychiatric ~ Association,
2013), which have been acknowledged
by the neuropsychological and psychi-
atric societies.

The brain is divided into four cortical
lobes: frontal lobe, temporal lobe, parie-
tal lobe and occipital lobe. These are not
only connected to each other, but also to
subcortical structures (caudate nucleus,
globus pallidus, amygdala, etc.).
Despite this interconnectivity between
areas, studies of brain damage have re-
vealed which region of the brain is pri-
marily responsible for each cognitive
function, as well as emotion and behav-
iour processes.

The frontal lobe is involved in atten-
tion and executive function (working
memory, inhibition, self-regulation, or-
ganization and planning, and phonemic
verbal fluency). Executive function is a
combination of cognitive abilities that
enable us to manage our behaviour, set

goals, and analyse information in order
to become as adaptable as possible in
our environment. This specific area is
involved in psychiatric and movement
disorders. The temporal lobe is impli-
cated in language (processing and un-
derstanding verbal information and
speaking among others) and memory
function (storing and retrieving infor-
mation). The parietal lobe is involved in
processes and integrates sensory infor-
mation, orientation, and visuospatial
skills. Finally, the occipital lobe is in-
volved in visuoperception, memory for-
mation, and face recognition (Table 1).
A neuropsychologist evaluates cogni-
tive function using particular neurocog-
nitive tests that produce a raw score that
is then translated into normative-
standard scores according to the test
manual.

In the same way that establishing
cognitive impairment in patients with
neurological diseases is critical, as-
sessing cognitive decline in patients
with obesity and/or type 2 diabetes may
explain disease maintenance. Therefore,
understanding how cognitive impair-
ment has an effect on these metabolic
diseases could make it possible to find
physical or dietary  treatments
(Arnoriaga-Rodriguez and Ferndandez-
Real, 2019).

81



Emotional

Top-down

Vagusmene

Bacteria metabolites
SCFA
GABA
Serotonin precursors

Cognition

permeability

Gut virome -
Microbiota

Behaviour

l Microglia & Astrocytes

Bottom up

Bidirectional biochemical pathways
Endocrine, Immune, Metabolic and Neural

Figure 1: The GUT-BRAIN-AXIS (GBA): The gut microbiome communicates with the Central
Nervous System (CNS) predominantly through microbial-derived intermediates, with Short Chain
Fatty Acids (SCFAs), secondary Bile Acids (2Bas), and tryptophan metabolites. The GBA can send
and receive data messages in both directions: from the brain to the gut and from the gut to the brain.

THE GUT-BRAIN AXIS

The connection between the brain and
the intestinal tract is known as the “Gut-
Brain Axis” (GBA). The two systems
have a strong and reciprocal interaction.
The gut and the brain are connected by
an information exchange network that
encompasses the central nervous,
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endocrine, metabolic, and immune sys-
tems. The GBA has the ability to trans-
fer information in both directions: “top-
down” from the brain to the gut and
“bottom-up” from the gut to the brain.
In addition to the hypothalamic-
pituitary-adrenal axis and endocrine
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pathways (i.e., intestinal peptides and
hormones), there is mounting evidence
that bacteria metabolites (e.g. SCFAs,
neurotransmitters, and their precursors)
affect the levels of related metabolites in
the brain via blood circulation, regulat-
ing brain functions and cognition. Gut
microbiota can also communicate with
the brain via the local neurological sys-
tem (e.g., enteric nerves, vagus nerve),
sending very rapid messages to the
brain. The gut microbiome communi-
cates with the CNS predominantly

through microbial-derived intermedi-
ates, with SCFAs, 2BAs, and trypto-
phan metabolites being the most well-
studied examples (Wikoff et al., 2009,
Tolhurst et al., 2012, Yano et al., 2015)
(Figure 1). However, the interaction
between gut viruses, mainly bacterio-
phages, brain and cognition is fairly
unexplored, and only recent studies
have shown interactions among the gut
phageome, gut bacteriome and cogni-
tion (Mayneris-Perxachs et al., 2021).

GUT VIROME AND METABOLIC DISEASES

The study of the microbiome and its
impact on cognition began with signifi-
cant discoveries in animal studies
(Braniste et al., 2014). The gut microbi-
ome is being implicated in a growing
number of investigations as a crucial
role in the regulation of neurodegenera-
tive processes, cognition modulation,
and neurological diseases (Cryan et al.,
2020; Morais et al., 2021).

At the same time, many studies have
focused on bacteria (Morais et al.,
2021). Nevertheless, the gut human
viral community has been less studied
and recent data reveal that viruses can
have a significant impact on physiology
and the development of diseases
(Mirzaei and Maurice, 2017; Keen and
Dantas, 2018) through microbiome
dysbiosis. There is evidence about the
relationship between the human virome
and metabolic diseases such as obesity,
type 2 diabetes and type 1 diabetes
(Zhao et al., 2017, Ma et al., 2018, Tetz
et al., 2019, Vehik et al., 2019, Wook et
al., 2019, Cinek et al., 2021, Bikel et al.,
2021, Hasan et al., 2021).

Obesity
Alterations of normal microbiota com-
position are well known to occur in sub-

jects  with  obesity  (Arnoriaga-
Rodriguez et al., 2020, 2021; Sandoval-

Vargas et al., 2021). In mice, Bacteria
belonging to Firmicutes phylum had a
positive correlation with total viral con-
tent, while Bacteroidetes phylum and
Bifidobacterium genera had a negative
correlation with total viral content
(Yadav et al., 2016). The Caudovirales
bacteriophages dominated the gut
virome (Biker et al., 2021, Yang et al.,
2021). Escherichia phage, Geobacillus
phage, and Lactobacillus phage showed
the highest relative abundance among
the differential species.

The richness and diversity of the gut
virome could vary depending on age
and geographic factors. Bikel et al.,
(2021) found that the phage diversity
and richness of people with obesity
tended to rise in childhood. In contrast,
in the adulthood the trend was in the op-
posite direction: individuals with obe-
sity had lower gut virome richness
(Chaol index) and diversity (Shannon
index) than subjects without obesity
(Yang et al., 2021).

In childhood, the abundance of vari-
ous phage contigs was linked to gut bac-
terial taxa as well as anthropometric and
biochemical markers in subjects with
obesity and metabolic syndrome, in-
cluding increased serum lipid and glu-
cose levels (Bikel et al., 2021). Interest-
ingly, a negative relationship between

&3



BMI, HDL cholesterol and triglyceride
levels with the abundance of certain
phage contigs was observed.

In comparison with subjects without
obesity, 11 virus species were shown to
be enriched in subjects with obesity.
Escherichia phage, Geobacillus phage,
and Lactobacillus phage showed the
highest relative abundance among the
differential species, showing distinct
gut virus abundance and taxonomic
compositions (Yang et al., 2021).

The gut virome changed after losing
weight, either through, diet, exercise or
after surgical interventions such gastric
bypasses and vertical band gastroplasty
(Sandoval-Vargas et al., 2021).

Type 2 Diabetes (T2D)

T2D is a metabolic condition associated
with obesity-related insulin resistance
with characteristic alterations in the gut
microbiota composition (Larsen et al.,
2010).

Yang et al., (2021) investigated alpha
diversity across subjects with and with-
out type 2 diabetes and lean controls.
Subjects with obesity and T2DM had a
more disrupted gut viral dysbiosis, with
reduction in diversity and loss of bene-
ficial viruses, and pathogen conversion
of beneficial viruses compared with
subjects with obesity alone.

No significant difference was ob-
served in viral Chaol richness or
Shannon's diversity in subjects with
obesity without type 2 diabetes when
compared with control subjects. On the
contrary, subjects with both obesity and
T2DM had lower viral richness and

diversity and distinct gut viral profiles
when compared with lean controls. In
comparison to lean controls, 17 viral
species were differentially present in
subjects with obesity and T2DM. Four
viral species (Micromonas pusilla virus,
Cellulophaga  phage,  Bacteroides
phage, and Halovirus) were found to be
elevated in obesity with T2DM, while
13 viral species (Hokovirus,
Klosneuvirus, and Catovirus, among
others) were found to be decreased.
When T2DM patients were compared to
patients without T2DM, they found 28
distinct virus species. Finally, these
authors also postulated that geographic
considerations may be linked to gut
virome variation.

Type 1 Diabetes (T1D)

The intestinal microbiota has been
linked to the development of autoim-
mune illnesses, including T1D, accord-
ing to evidence from murine models.
Environmental factors, notably bacteria
and viruses, are thought to play a role in
the aetiology of T1D (Faulkner et al.,
2021). Dysbiosis has been linked to
disease development in subjects who
are at risk for T1D (Needell et al., 2016)
while SCFAs were increased in patients
with T1D. The gut microbiota may play
a role in islet destruction (Brown et al.,
2011). Interestingly, autoimmunity in
T1D was associated with changes in
bacteriophages and the Circoviridae
family was linked to a protective effect
over autoimmunity. However, the

involved mechanisms remain unclear
(Zhao et al., 2017).

NUTRITION COULD IMPACT THE RELATIONSHIP BETWEEN
GUT VIROME AND COGNITION

Recent research has shown that viruses
can have a significant impact on the
physiology of their bacterial hosts
(Mirzaei and Maurice, 2017; Keen and
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Dantas, 2018). Bacteriophages are well
known to constitute the most common
members of the human virome. Tem-
perate (lysogenic) bacteriophages can



transfer genes to their bacterial hosts,
changing their phenotypic and modify-
ing gene expression. Despite this fact,
prophages are found in more than 80%
of bacterial genomes. As a result, bacte-
riophages may have a significant impact
on bacterial diversity and function, as
well as human health (Mirzaei and
Maurice, 2017; Keen and Dantas,
2018).

A recent study has explored the re-
lationship between gut-resident bacte-
riophages and the microbiome's struc-
ture and metabolism, as well as their
effects on cognition (Mayneris-
Perchachs et al., 2022). The authors
found that the presence of, Caudo-
virales bacteriophages in the gut micro-
biome was associated with improved
executive function, specifically, cogni-
tive flexibility and working memory.
Specific Caudovirales (the former
Siphoviridae family with the old taxon-
omy comprising the new Demerec-
viridae, Drexlerviridae, and Sipho-
viridae families) levels were positively
associated with cognitive flexibility,
whilst Microviridae counts were nega-
tively associated with this trait.

According to gene and genome anal-
ysis of unassembled and assembled
data, most of the Caudovirales were
uncultured and uncharacterized, while
others putatively infected predominant-
ly Lactococcus spp. and other gut bacte-
ria belonging to Enterobacteriacaea,
Firmicutes (e.g., Eubacterium rectale),
or Bacteroidetes. The gene content and
annotation of these Caudovirales re-
vealed common gene traits, as those
coding for structural proteins (capsid,
portal, neck, and tail) and other Cau-
dovirales functional proteins (e.g., ter-
minases). For several of these Caudo-
virales, metagenomics assembly re-
sulted in a fragmented genome assem-
bly, particularly for Lactococcus virus-
es, which have been linked to higher
performance in central executive

processes (Mayneris-Perchachs et al.,
2022). Within the Caudovirales, a
strong positive relationship between
Siphoviridae levels (as per new ge-
nome-based taxonomy) and cognitive
flexibility was also disclosed. Unlike
other Caudovirales levels, Siphoviridae
levels were likewise associated with im-
proved inhibitory control (meaning
being less impulsive) and short- and
long-term memory, underlining the po-
tential importance of the Siphoviridae
family in cognitive function.

On the other hand, some the counts
of ssDNA Microviridae were linked to
a worsening of executive function.
Microviridae levels correlated positive-
ly with fat mass, confirming recent find-
ings that showed their rise after a high-
fat diet (Schulfer et al., 2020). In both
unassembled and assembled data,
Microviridae signature genes and pro-
teins were clearly recognized. Some of
them resembled Escherichia phage
alpha3 and uncultured Microviridae
seen in the stomach before. Surprising-
ly, identification of putative hosts
revealed that some Microviridae infect
Bacteroidetes (most likely Alistipes
onderdonkii), and one Microviridae
virus (contig name c055944) showed a
broad host range because CRISPR
spacers from Ruminococcus  spp.,
Oscilobacteriales, and Lachnospiracea
matched viral protospacers of this virus.
Bacteriophages may play a crucial role
in host health and disease by altering
bacterial communities through transpo-
sition, induction, and horizontal gene
transfer (Keen and Dantas, 2018).
When Mayneris and  co-authors
(Mayneris et al., 2022) looked at the
relationships between these bacterio-
phages and bacterial composition and
functionality, Lactic acid bacteria (Lac-
tobacillales order), particularly Strepto-

coccus, Lactobacillus, Lactococcus,
and Enterococcus species, were posi-
tively  associated  with  specific
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Caudovirales levels, while Bacteroides
species were inversely associated. In
fact, all known lactic acid bacteria
phages are classified as Caudovirales,
with the majority of them belonging to
the Siphoviridae family (Murphy et al.,
2017). In this study, 40% of the species
most associated with certain Caudo-
virales were also associated with cogni-
tive flexibility. Microviridae levels, on
the other hand, were negatively linked
to various Lactobacillus, Streptococcus,
and Enterococcus species, while they
were positively linked to Bacteroides
and Prevotella species. In addition, sub-
jects with increased specific Caudo-
virales had better phonemic verbal
fluency (specific executive function
related to language) and information
processing speed (Mayneris-Perxachs
et al., 2022).

A consistent positive relationship
between specific Caudovirales levels
and Lactococcus lactis, as well as sev-
eral Lactobacillus (L. crispatus, L.
plantarum, L. salivarius, and Lacto-
bacillus uc) and Streptococcus (S. mitis,
S. salivarius, S. vestibularis, and Strep-
tococcus uc) species in three out of four
cohorts. S. salivarius and S. mitis are the
most common streptococcal species in
human milk microbiota (Martin et al.,
2016), whereas L. lactis and Lacto-
bacillus sp. are commonly employed in
dairy product fermentation (Murphy et
al., 2017). In the human milk micro-
biota, S. salivarius and S. mitis are the
most common streptococcal species
(Martin et al., 2016). They identified
consistent ~ positive  relationships
between Caudovirales levels and the
intake of dairy products, as well as with
the plasma levels of medium-chain fatty
acids, naturally prevalent in dairy fat.
The authors also objectived certain
Caudovirales-linked lactic acid bacteria
and dairy products. The Microviridae
family, on the other hand, showed a
negative relationship with medium-

86

chain fatty acids. In this context, it is
interesting to mention that the supple-
mentation of mice and humans with
medium-chain fatty acids has been
demonstrated to promote synaptic plas-
ticity and cognitive performance (Page
et al., 2009; Wang and Mitchell, 2016).

Significant correlations between
bacterial pathways, bacteriophages, and
human host executive functions were
also discovered using functional anal-
yses based on the Kyoto Encyclopaedia
of Genes and Genomes (KEGQG) path-
way. Caudovirales levels were found to
be substantially linked to folate-medi-
ated one-carbon metabolism (Mayneris-
Perxachs et al., 2022). Folate metabo-
lism is important for a variety of physio-
logical activities because it provides the
1C units needed for cellular operations
(Ducker and Rabinowitz, 2017). It is
also a part of the methionine cycle,
which is required for the production of
S-adenosylmethionine (SAM), the uni-
versal methyl donor in a variety of
methylation processes, including DNA
methylation. It modulates redox defence
by generating antioxidants like taurine
and glutathione from cysteine via the
trans-sulfuration mechanism. All of
these bacterial pathways were posi-
tively linked to specific Caudovirales
levels and negatively with Microviridae
levels. A link between the metabolism
of vitamins B2 and B6 (important co-
factors in the folate cycle) and the pres-
ence of some Caudovirales was also
uncovered. The bacterial genes thyX
and dut, both involved in folate-medi-
ated pyrimidine biosynthesis, had the
strongest relationships with Caudo-
virales levels, according to functional
analyses at the enzyme level. Thymi-
dylate synthase is encoded by the thyX
gene (7YMS in humans). Reduced
TYMS expression is known to cause a
misalignment of DNA synthesis and
methylation, which is crucial for neuro-
development, synaptic plasticity, and



memory (Heyward and Sweatt, 2015).
In addition, a lack of folate-mediated
one-carbon metabolism has been linked
to neurodegenerative illnesses, which
could be caused by a lack of dTMP syn-
thesis and subsequent uracil misincor-
poration into DNA (Blount et al., 1997,
Ducker and Rabinowitz, 2017). Other
critical pathways in the central nervous
system, such as glutamatergic,
GABAergic, dopaminergic, sero-
tonergic synapse, and retrograde endo-
cannabinoid transmission, were simi-
larly negatively related with certain
Caudovirales levels. Other closely con-
nected bacterial genes were found to be
involved in folate-mediated histidine
catabolism (FTCD, FTCD) and purine
biosynthesis (FTCD, FTCD) (purH,
purU) (Mayneris-Perxachs etal.,2022).

Finally, many circulating and faecal
metabolites were also associated with
Microviridae and Caudovirales levels.
Most of these metabolites were directly
implicated in one-carbon metabolism:
choline, glycine, formate, histidine, and
glucose are among the metabolites that
feed 1C units to the folate pool, as are
related catabolites (urocanate, gluta-
mate, inosine, f-aminoisobutyric acid,
and methionine sulfoxide). The most
important sources of folate 1C units,
choline and glycine (Ducker and
Rabinowitz, 2017), exhibited the closest
relationships with Microviridae and
specific Caudovirales levels. Closing
the circle, bacterial metabolic pathways
for glycine and histidine were also
linked to particular Caudovirales and
Microviridae levels. Glycine is pro-
duced by the breakdown of dietary cho-
line and serine, which provide carbon
units to the 1C-metabolism. Serine can
also be made from 3-phosphorylglycer-
ate, which is a glycolysis intermediate.
The glycine cleavage system (GCS),
which produces a carbon unit for the
methylation of tetrahydrofolate, is also
a 1C source (THF). Bacteriophage

levels were consistently linked to genes
involved in the GCS (gcvH, gcvP, and
gcvR), serine synthesis (serB and serA),
and choline transport and catabolism
(serB and serA) (sox and opuD). The
GCS transcriptional repressor (gcvR)
was associated with the Microviridae
family (Mayneris-Perxachs et al.,
2022), whereas GCS genes exhibited
the largest negative correlation with
particular Caudovirales levels. In both
mice and humans, mutations in genes
encoding the GCS have been demon-
strated to lead to neural tube abnormal-
ities and neurological dysfunction
(Kure et al., 2006; Narisawa et al.,
2012).

In order to validate the findings, the
authors performed a microbiota trans-
plantation from humans to mice. A
dose-response effect based on the spe-
cific Caudovirales levels in the donor's
microbiome was found 4 weeks later:
the higher the Caudovirales levels, the
higher the scores in the novel object
recognition test, which is used to assess
cognition,  particularly = immediate
memory. Increased Microviridae levels
in the donor's microbiome, on the other
hand, were linked to recipient mice's
cognitive impairment. They also inves-
tigated whether faecal microbiota trans-
plantation had an effect on the transcrip-
tome of the recipient's prefrontal cortex
of mice, involved in executive pro-
cesses and memory. Of note, 23 and 18
genes were up- and down-regulated,
respectively, in response to the donor's
specific Caudovirales levels, according
to RNA sequencing. Microviridae
levels in donors were linked to up- and
down-regulation of 18 and 10 genes,
respectively (Mayneris-Perxachs et al.,
2022) Several of the most up-regulated
gene transcripts with increased donor's
specific Caudovirales levels were well
known memory-promoting genes (e.g.,
Are, Fos, Egr2, and Btg2), whereas
those  down-regulated (Ide and
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Ppplr42) were memory suppressors
(Poon et al., 2020).

Based on gene ontology analysis,
cognition was identified as the most
over-represented biological function
linked to the donor's unique Caudo-
virales levels (Mayneris-Perxachs et
al., 2022). In the hippocampus and
retrosplenial cortex of adult mice, learn-
ing and memory acquisition is known to
lead to increased expression of the /EGs
Arce, Fos, Btg2, Sikl, Duspl, ler2, and
Egr2 (Peixoto et al., 2015).

Finally, in this study, the exposure of
Drosophila melanogaster to lactococcal
936-type  bacteriophages led to
improved memory retention, changing
the expression of memory-related genes
in the brain. These findings revealed
that thermolabile components in whey
powder, including the presence of bac-
teriophages in this product, could im-
prove memory.

An old paper published in Nature in
1971 showed “bacterial virus gene ex-
pression in human cells” (Merrill et al.,
1971). Bacteriophages have long been
known to be able to cross the blood-
brain barrier (Frenkel and Solomon,
2002). This raises the question as to
whether intrabody bacteriophages can
accumulate within the central nervous
system or brain, and mediate direct be-
havioural and neurological effects in
mammals. As noted in a seminal paper
by Dr Jeremy Barr in 2017, “practically
no research has been done investigating
the role and function of native intra-
body bacteriophages on the central

nervous system and brain” (Barr,
2017). As bacteriophages had been de-
scribed to bind to P-amyloid and o-
synuclein, it was hypothesised that “iz is
possible that bacteriophages act as
cleaners of the brain” and that “we
must consider the possibility of bacte-
riophage mind control” (Barr, 2017).

Recent findings seem to go far be-
yond of initial expectations. Not only
Siphoviridae and Microviridae counts
were reciprocally associated with exec-
utive function (one of the domains of
cognition) in two independent cohorts,
but also with a specific microbiome pro-
file in four independent cohorts. It was
also noted that gut bacterial functions
and plasma and faecal metabolites run
in parallel to bacteriophage counts, inte-
grated in a network impacting cogni-
tion. A kind of dose-response effects of
bacteriophages was observed in the
human gut microbiome transplanted to
mice: the genes that most changed in
recipient mice were precisely those
involved in memory in a concordant
manner with mice cognition (Mayneris-
Perxachs et al., 2022).

In summary, there is little doubt that
the novel findings reported so far are
promising to decipher new therapeutic
targets through diet and nutrition, focus-
ing on the microbiota and its relation-
ships with body systems. The impact on
the central nervous system through
treatments for cognitive and memory
impairment could include the use of
known bacteriophages.
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SUMMARY

CrAss-like phages were originally identified as highly abundant and ubiqui-
tous members of the gut microbiome from studies involving metagenomic
sequencing and cross-assembly of reads from multiple individuals (crAss -
Cross Assembly). More recently, it has been established that crAss-like
phages infect bacteria of the phylum Bacteroidetes. One of the most interest-
ing facets to crAss-like phages is their ability to persist at high numbers over
extended periods in the laboratory and in the gut without significantly impact-
ing the abundance of their bacterial hosts. Here we recount what is known
about crAss-like phages so far, from their in silico discovery in 2014 and the
subsequent identification of unique genomic features, to the first isolation of
crAss001 and the elucidation of various biological characteristics resulting
from the study of phage-host pairs in vivo. A large amount of information has
been gleaned in a relatively short period of time but it is clear that crAss-like
phage research is still in its infancy. Future research lies in further in vivo
work with phage-host pairs, coupled with the isolation of further crAss-like
phage from more divergent groups.

INTRODUCTION

CrAss-like phages are an intriguing
member of the human gut microbiome.
They are both extremely prolific and
widespread, and account for over 86%
of gut viral genomes. (Yutin et al., 2021)
They have been identified in faecal sam-
ples from all over the globe, and are
found in all age groups from infants to
the elderly (Edwards et al., 2019).
While crAssphages are rarely a compo-
nent of the new-born microbiome, they
become increasingly prevalent within
the first year of life. It has been sug-
gested that vertical transmission leads to
this initial colonisation (McCann et al.,
2018; Siranosian et al., 2020). They
have also been shown to be transferred
and to stably engraft in recipients of

faecal microbiota transplants (Draper et
al., 2018). CrAss-like phages have been
identified in both remote and traditional
hunter-gatherer populations, albeit at a
reduced prevalence to that of industrial-
ised populations (Edwards et al., 2019;
Honap et al., 2020). CrAss-like phages
have also been identified in sequences
recovered from old and new world pri-
mates, suggesting an ancient association
of crAss-like phages with these primates
(Edwards et al., 2019). CrAss-like
phages are generally viewed as benign
viruses of the gut. Correlations between
crAss-like phages and a number of dif-
ferent health and disease factors have
been examined, but no significant asso-
ciations have been identified (Honap et
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al., 2020). At the same time, one crAss-
like phage, termed IAS virus, was iden-
tified in stool samples from HIV-1
patients with unexplained diarrhoea.
While no correlations between IAS

virus and diarrhoea were established, it
was significantly associated with
advanced stages of HIV-1 disease
(Oude Munnink et al., 2014).

IN SILICO DISCOVERY

The founding member of the CrAss-like
phages was originally identified in silico
in 2014 (Dutilh et al., 2014). Despite
being both highly abundant and ubiqui-
tous, its divergence from other bacterio-
phage sequences in viral databases
allowed it to remain a component of the
‘viral dark matter’ for decades. Identifi-
cation of the ~97 Kb dsDNA genome of
this  prototypical crAssphage (p-
crAssphage) came from the re-analysis
of publicly available viral metagenomes
using cross-assembly software (crAss),
from which crAssphage derives its
name. A reference independent method,
crAss cross-assembles all reads from
input samples and counts the number of
shared contigs (Dutilh et al., 2012). At
the time of assembly, fewer than 20 of
the 80 predicted ORF’s could be
assigned a function. While the phage
had never been grown in the laboratory,
CRISPR spacers and co-occurrence

analysis predicted that Bacteroides was
the likely host of this phage.
Subsequent studies identified varia-
tions to the p-crAssphage genome
(Manrique et al., 2016; Liang et al.,
2016). This was expanded on by Yutin
and colleagues (Yutin et al., 2018) in
which the use of sensitive protein anal-
ysis methods revealed several hundreds
of putative members of a wider crAss-
like family, found not only in the human
gut but also in diverse environments
such as groundwater, marine sediments
and hypersaline brine. Annotation of a
number of putative tail proteins with
homologs to phage P22 led to the pre-
diction that crAss-like phages encode
for short tails, typical of that of Podovir-
idae. This was later supported by trans-
mission electron microscopy (TEM)
images of a faecal filtrate rich in crAss-
like phages that was dominated by
podoviridae (Guerin et al., 2018).

CURRENT CLASSIFICATIONS AND GENERAL GENOMIC FEATURES

Hundreds of additional CrAss-like
phage genomes (each assembled from
sequences derived from a single individ-
ual) have been further classified into
four subfamilies (Alphacrassvirinae,
Betacrassvirinae, Gammacrassvirinae
and Deltacrassvirinae) and ten genera (I
- X), based on the percentage of protein
coding genes shared between phages.
CrAss-like phages sharing > 40% of
protein coding genes were classified at
the genus level, while CrAss-like
phages sharing 20-40% were classified
at the subfamily level. (Guerin et al.,
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2018) Recent analysis by Yutin and col-
leagues (Yutin et al., 2021) identified
almost 600 crAss-like genomes and
expanded classification to include two
more groups, epsilon and zeta. It has
been proposed that crAss-like phages
could form an order within the class
Caudoviricetes, with 6 families, com-
prising the existing 4 subfamilies and
the additions of epsilon and zeta
(Walker et al., 2021).

In general, crAss-like phages have a
genome size of ~100 Kb, although they
can range from as large as ~150 - 200



Kb in the case of groups epsilon and
zeta. Their genomes are divided roughly
in two modules, with opposite gene
orientation. One side harbours genes
responsible for replication and nucleo-
tide metabolism while the other encodes
for structural genes (Yutin et al., 2018;
Shkoporov et al., 2018; Guerin et al.,
2021). At the junction of the two oppo-
site modules 2-3 genes encode a very
large RNA polymerase (RNAP) of up to
6000 amino acids in total. The genes
encoding these subunits are sometimes
on opposite coding strands. These sub-
units are highly divergent both from
each other and other known RNAP pro-
teins. They have been confirmed to be
structurally most similar to eukaryotic
RNAP that are involved in RNA inter-
ference (Drobysheva et al., 2020).
Analysis of the first crAssphage to have
been grown in culture confirms that this
large RNAP is a component of the
virion and are almost certainly involved
in transcription of early phage genes
(Shkoporov et al., 2018; Drobysheva et
al., 2020). Why crAss-like phage
encode such abnormally large genes for
these subunits is unclear.

In addition to these large RNAP
genes, crAss-like phages possess a num-
ber of other unusual genomic features.
Most encode a DNA polymerase from
either the A or B family and switching
can occur between the two, even within
the same subfamily (Yutin et al., 2018,
2021). A large number of crAss-like
phages, mainly from the beta, zeta and
epsilon groups, appear to use alternative
genetic codes (Guerin et al., 2018; Yutin
et al., 2021). Typically, this is by the
reassignment of stop codon TAG to glu-
tamine or TGA to tryptophan and seems
to mainly occur in the late phage genes.
Some crAss-like phages, particularly of
the zeta group, are characterised by an
abnormally high density of introns and
inteins (Yutin et al., 2021). Whether this
spread of mobile genetic elements is
uncontrollable due to some aspect of the
phage lifestyle or is an adaptive
approach used by the phage is so far
unknown. Those crAss-like phages iso-
lated to date, p-crAssphage and others
used in comparative studies have lacked
these features, leading to relatively
simple annotation.

IN VITRO ISOLATION AND BIOLOGICAL PROPERTIES

To date, five crAss-like phages have
been isolated with their hosts,
OCrAss001, @CrAss002, DACI1S5,
DAC17 and ®14:2, which infect hosts
Bacteroides intestinalis, Bacteroides
xylanisolvens, Bacteroides thetaiota-
omicron and Cellulophaga baltica
respectively, confirming the previous
predictions of Bacteroidetes as a host
(Shkoporov et al., 2018; Hryckowian et
al., 2020; Guerin et al., 2021; Holmfeldt
et al., 2013). ®CrAss001 and its closely
related phages DAC15 and DAC17 all
belong to the subfamily Betacrassviri-
nae, while ®CrAss002 is more closely
related to p-crAssphage, as it falls into

the category of Alphacrassvirinae.
®14:2 is a distantly related crAss-like
phage, isolated from seawater. Our lim-
ited knowledge of the biological proper-
ties of crAss-like phages comes from the
studies of these phage-host pairs.
CrAss-like phages appear to estab-
lish an equilibrium with their hosts in
liquid culture, in which they can propa-
gate stably over many subcultures, with-
out causing lysis of their hosts. This has
also been demonstrated in a mouse
model, where CrAss001 can maintain
total counts between approximately
105-10® pfu/mL over a period of 136
days, without causing a reduction in
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B. intestinalis counts (Shkoporov et al.,
2021). This corresponds with a longitu-
dinal study of ten human volunteers,
where crAss-like phages were able to
stably persist within individuals over a
period of one year (Shkoporov et al.,
2019). The Bacteroides hosts typically
encode a number of alternative capsular
polysaccharides (CPS) within their
genomes, some which seem to be per-
missive to phage infection, while others
are likely to be neutral or protective
(Porter et al., 2020). Phase variation of
these CPS’s appear to help to maintain
the bacterial population in the presence
of phages by creating a resistant sub-
population. The switch to a resistant
subtype can occur even in the absence
of phages (Shkoporov et al., 2021).
DACI15 and DAC17 can infect the wild
type version of B. thetaiotaomicron,
which produces 8 different CPS’s. On
the wild type strain they produce hazy
plaques and can be maintained in liquid
culture at 107-10% pfu/mL. When infect-
ing an engineered strain that produces
only CPS3, clear plaques are formed
and phage counts are maintained at a
level one log higher in liquid culture
(Shkoporov et al., 2021). Interestingly,
lysis of the cell culture still does not
occur, suggesting that other mecha-
nisms, such as phase variation of outer
membrane lipoproteins, may also con-
tribute to the dynamic equilibrium
between both partners (Porter et al.,
2020).

A second mechanism, likely to be
working in parallel to phase variation, is
an apparent delayed release of phage
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progeny from infected cells. In classic
one step growth curves at an MOI of 1,
®CrAss001, DAC15 and DAC17 all
generate very small burst sizes of
between 2.5-8 pfu per infected cell
(Shkoporov et al., 2018, 2021). In the
case of dcrAss001, it has been observed
that a second small burst occurs around
90 minutes after the first. Despite this,
more than 50 phage particles per cell
can be observed in TEM’s of
®CrAss001 spotted onto lawns of B.
intestinalis, and at least 20 copies of
®CrAss001 genome per copy of the B.
intestinalis genome are produced within
90 minutes of infection. Intriguingly,
this mechanism of delayed release can
be overcome by increasing the MOI in
B. theta but the same cannot be observed
for B. intestinalis (Shkoporov et al.,
2021).

While ®CrAss001, DAC15 and
DACI17 have all been demonstrated to
behave quite similarly, ®CrAss002 has
a number of additional interesting prop-
erties. It is unable to form plaques on its
host and can only form opaque spots
that are barely visible when a highly
concentrated phage stock is spotted onto
a lawn of its sensitive bacterial host.
Furthermore, propagation in liquid cul-
ture only occurs after a minimum of 3
days subculturing and it appears that it
is B. xylanisolvens that adapts to allow
phage infection. Why adaptation by the
host is delayed is unknown. Phase vari-
ation is a possible contributor here too,
with B. xylanisolvens possessing many
recombination hotspots (Guerin et al.,
2021).
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Figure 1: Both in silico and in vivo approaches can provide important information about the
crAsslike phages, but a true understanding of these highly abundant viruses (especially in terms of
their biology, structure, and genomic features) will depend on our ability to grow them in the

laboratory. Created using BioRender.com.

ECOLOGICAL MODELS

A number of different models have
been described to explain bacteriophage
lifestyles and their interactions with
their hosts in their environment.
While often used to describe phage-host
dynamics in the ocean, they can be
extrapolated to illustrate interactions
within the human gut. The “piggyback
the winner” model has traditionally
been viewed as a switch from a lytic to
temperate lifestyle, in order to keep host
levels at a high abundance (Knowles et
al., 2016). However, recent work has
suggested that a healthy human virome
is dominated by a lytic core of crAss-
like  phages and  Microviridae
(Shkoporov et al., 2019). It is possible
that the use of mechanisms such as
phase variation and delayed release of
phage progeny by crAss-like phages
correspond with alternative mechanisms
of benign infection that align with the

piggyback the winner model. These less
aggressive means of replication may
allow the bacterial population to persist
to a high abundance, therefore enabling
crAss-like phage persistence.

It is also possible that other models
are at play, such as “Royal Family”
dynamics. This is where the “kill the
winner” model operates at the strain
level, such that any fluctuations in
phage or host populations would then go
undetected (Breitbart et al., 2018).
Recently, enrichment of nonsynony-
mous variants has been described in tail
protein encoding genes of crAss-like
phages (Brown et al., 2021; Siranosian
et al., 2020). As tail proteins are often
important mediators in bacterial host
recognition, it is possible that crAss-like
phages use these tail protein variants to
switch hosts at the strain level, in line
with Royal family dynamics. Possibly,
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crAss-like phages use a number of dif-
ferent mechanisms from different
models in combination, to enable them

to persist stably, without affecting host
abundance.

CONCLUSIONS

In just eight years, CrAss-like phages
have gone from a viral unknown, to
being recognised as the most abundant
phages of the human gut, with
sequences isolated all over the world. In
silico analysis have revealed an array of
interesting genomic features but many
of their biological purposes remain
unclear. Isolation of the first few phage-
host pairs has allowed the elucidation of
some of the biological characteristics of
these phages (Figure 1). However, three
of the five isolated crAss-like phages
come from the Betacrassvirinae group,
which have been shown to make up just
< 1.5% of the crAss-like phages domi-
nating the human gut (Yutin et al.,
2021). CrAss-like phages from Alpha-
crassvirinae and Gammacrassvirinae
groups dominate the gut virome,
combined they make up just under half
of all crAss-like phages. ®CrAss002 is
the only isolated crAssphage from the
Alphacrassvirinae and it has shown to
exhibit a number of biological mecha-
nisms that are different from those of the
Betacrassvirinae phages. It is likely that

crAss-like phages employ a number of
different mechanisms that allow them to
persist so stably within the human gut.
Isolation of members from other sub-
families will be required in order to gar-
ner further insights into these mecha-
nisms. This will not be an easy task
given that the hosts of these phages are
Bacteroidetes, strict anaerobes that are
difficult to isolate in their own right. The
use of alternative genetic codes and the
presence of introns and inteins in some
of the crAss-like phage groups also add
to the difficulty of correct annotation. It
is vital that we continue to culture new
members of this extensive and newly
established phage order - the Crass-
virales. Only by growing these phages
in the laboratory will we begin to truly
understand their role in the gut microbi-
ota. An additional benefit will be struc-
tural studies that will allow us to assign
functions to the many unannotated
genes within crAssphage genomes. As
the most abundant phages of the human
gut, it is befitting that they should also
become the most studied.
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INTRODUCTION

The 34" Old Herborn University Semi-
nar focussed on the biological empire of
the bacteriophage (phage), bacterial
viruses that represent the most abundant
biological entities on Earth. Phage are
not only the most abundant and most
diverse entities in biology but they
occupy an unusual position (or no posi-
tion) on the tree of life. Given that they
have a genetic basis (they can have
ssRNA, dsRNA, ssDNA to dsDNA
genomes of lengths varying from 2kb to
over 1Mb) they are subject to evolution
and are therefore very much part of the
ongoing process of life on Earth, but
because they are not metabolically
active they cannot strictly be considered
to be living. Notwithstanding their
status as being alive or dead, they play a
very important role in bacterial life and
therefore in life on Earth. It has been
estimated that up to half of all bacteria
meet their end through an encounter
with a phage. Phage can practice either
a lytic or lysogenic lifecycle but in
either event the end result is a lysed bac-
terial cell releasing many copies of the
intact phage particle (there are excep-
tions to this, as is the case for almost any
statement about phage, in that some bac-
teria can release filamentous phage

while remaining intact).

The purpose of the 34th Old Herborn
University Seminar was to gather a
group of experts to examine some of the
recent findings about phage and the role
they may play in human health through
their relationships with their target bac-
teria. Phage can be used in medicine in
a manner similar to how we use antibi-
otics to target pathogenic bacteria caus-
ing infections, an approach usually
termed ‘phage therapy’, but it is also
likely that the ‘virome’ (the term used to
describe the collection of phages and
viruses resident in the microbiome) also
plays a role in human health by influ-
encing the composition and functional-
ity of the bacteriome. On the first day of
the Seminars the invited speakers pre-
sented recent data on various aspects of
phage biology while day two consisted
of an in-depth discussion of the presen-
tations, involving both speakers and
members of the scientific advisory
board. In the following short account I
will summarise some of the presenta-
tions and discussions but I encourage
the reader to read the individual papers
produced by each author for a more
definitive and appropriately referenced
account of their work.

PHAGE THERAPY

Volker Rusch opened the Seminar by
welcoming the participants before our

first speaker introduced the topic of
phage therapy and the historic role of
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the Eliava Institute. We had an ideal
speaker in Mzia Kutateladze, the Direc-
tor of the G. Eliava Institute of Bacteri-
ophages, Microbiology and Virology,
headquartered in Tbilisi, Georgia.
Almost a century ago George Eliava
worked at the Pasteur Institute in Paris
with Felix d’Hérelle before returning to
Georgia and setting up the Institute that
bears his name. He was later joined by
d’Hérelle in Thbilisi and together they
learned how to exploit phage to treat
infectious disease. The Eliava Institute
has spent decades deploying phage to
combat infection and have built a
knowledge base unmatched elsewhere
in the world. The strategy has been not
only to develop personalised therapies
but to create cocktails of phage that can
be used across multiple patients. Cur-
rently the Eliava produces up to six of
these cocktails for different indications,
for example the Intesti phage prepara-

tion targets Shigella, Salmonella,
enteropathogenic E. coli, Proteus,
Enterococcus,  Staphylococcus  and

Pseudomonas aeruginosa. Mzia spoke
with passion about the excellent safety
record with the use of phage as thera-
peutics but was clear as to some of the
drawbacks in terms of a lack of appro-
priate placebos and the use of different
preparations making it difficult to build
a clear picture of their efficacy. She
shared some impressive data from a
number of field trials, some in soldiers
on campaign and some conducted in
large numbers of people in Ukraine and
Russia in the 1970’s, where phage treat-
ment led to a significant reduction in the
burden of illness. She finished by offer-
ing a hopeful vision of future trials in a
number of countries on phage therapy.
The topic of phage therapy was con-
tinued with our two subsequent speak-
ers, Martha Clokie from the University
of Leicester and Graham Hatfull from
the University of Pittsburgh. Martha
focussed on one aspect of her work
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involving the clinical development of
phage for treating urinary tract infec-
tions (UTIs). She highlighted the scale
of the problem in that 400 million UTIs
are diagnosed and 236,786 UTl-related
deaths globally every year, and clearly
established the unmet need for novel
approaches. She and her team are
approaching the issue with rigour and a
clear strategy designed to bring phage
into the clinic. She was also clear about
the hurdles facing phage therapy
approaches, from finding the right
phage to proper formulation, delivery,
efficacy and potential immunogenicity.
She highlighted the ability of phage to
work against biofilms, an important
aspect of UTIs. Martha’s group are keen
to deploy ecological strategies for phage
selection to get the best outcomes for
patients. To this end they are utilising
their knowledge of phage genomes to
predict and select the most appropriate
phage to use in cocktails. She also
shared some exciting data derived from
pig and chicken models to demonstrate
the ability of phage to traverse the gas-
trointestinal tract and reduce pathogen
counts. A really exciting presentation
from a scientist at the forefront of this
area of research.

Another leading scientist in the field
is Graham Hatfull, a scientist whose
work has generated headlines globally
for one particular study involving a
child with a lung transplant and an
untreatable Mycobacterium abscessus
infection. But first Graham outlined the
SEA-PHAGES platform. This is an
absolutely inspiring programme to
encourage schoolchildren to find phage
in their environments. Over 5,500 stu-
dents take part each year and they even
get to name the phage that they help to
discover and characterise. But the high-
light of Graham’s talk was the story of
how he and his group developed a phage
cocktail, using both natural and engi-
neered phage, to treat a disseminated



infection with antibiotic resistant M.
abscessus in a 15-year-old girl. Graham
outlined how a phage cocktail was per-
sonalized for M. abscessus GDO1 and
was subsequently delivered by intrave-
nous administration at a dose of 10°
PFU (plaque forming units), twice daily.
He confirmed the personalised nature of
the treatment in that the same cocktail
does not work for most other strains, but
encouragingly they saw no adverse
reactions, and no phage resistance was
observed. Graham was determined to
emphasise that while the patient made a
complete recovery and the infection was
resolved, this remains an observation
and does not remove the need for
properly controlled clinical trials.
Graham and his lab have gone on to pro-
duce phage for compassionate use for
another 35 patients, but he stressed the
need for properly controlled trials if
phage therapy is to meet the needs of
patients. He also told the audience that

phage engineering may well be neces-
sary to increase the range and efficacy
of mycobacterial phage.

This concluded the ‘phage therapy
session’ and the talks and the discussion
on the following day all illustrated the
promise of this approach for the treat-
ment of infections, particularly antibi-
otic resistant infections. However, no
one was underestimating the challenges
that lie ahead for phage therapy to
become mainstream in ‘Western” medi-
cine. The specificity of phage, their abil-
ity to multiply and therefore evolve
within patients, the possibility of
resistance development, issues with
sceptical regulators were all topics that
were discussed at length. But as might
be expected from a group of scientists
working with phage, there was more
optimism than pessimism that phage
therapy can be, if not a replacement,
then at the very least an important
adjunct to antibiotic therapy in the years
to come.

PHAGE-HOST INTERACTIONS

Normally when we talk about phage and
their hosts, we mean their bacterial
hosts, but this session was dedicated to
role of phage in impacting on the
mammalian, mainly human, host. Three
excellent speakers participated in this
session, Paul Bollyky of Stanford
University, Jeremy Barr from Monash
University and José-Manuel Fernandez-
Real from the University of Girona.
Paul got us started by explaining how
the Pf phage that infects Pseudomonas
aeruginosa can be considered to be a
novel human pathogen. P. aeruginosa is
a Gram-negative bacterium that causes
skin and lung infections and is
considered a critical priority pathogen
by the World Health Organisation
(WHO). The cost of treating P. aeru-
ginosa infections has been estimated at

>$1 billion/per annum. Paul explained
that Pf phage is a lysogenic filamentous
phage, an Inovirus with a ssDNA
genome. Pf phage are one of those unu-
sual phages that do not lyse their bacte-
rial hosts but are extruded from the liv-
ing cell. Paul went on to demonstrate
that Pf phage contributes to Pseudomo-
nas biofilm formation and bacterial col-
onization, and that intracellular Pf phage
trigger innate immune responses that
antagonize bacterial clearance. The Pf
phage aggregate outside of the cell and
confer a number of properties on the
resultant biofilms that are informed,
including making the cells more
resistant to antibiotics. They also make
sputum more adherent and viscous. The
presence of phage can lead to tangling
of the cilia on the surface of human
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epithelial cells, thus impacting on the
ability of cilia to clear an infection. The
phages are present in a high percentage
of P. aeruginosa infections in the lungs
of patients with cystic fibrosis, and
those patients suffer a more rapid
decline in lung function over time. Paul
was able to add weight to these observa-
tions in a series of elegant animal mod-
els of disease that showed that Pf phage
are required to establish robust infection
in mice. In part at least this could be
ascribed to the ability of Pf phage to
inhibit the production of tumour necro-
sis factor (TNF) in response to LPS.
Paul’s group was also able to show that
Pf phage are internalised by mammalian
cells and both associated with and con-
tribute to the progression of wound
infections. Even in the absence of their
bacterial hosts Pf phage can inhibit
wound healing.

Next up was Jeremy Barr, who set
out to show us that phage can also enter
mammalian cells, leading to transcrip-
tional and immune responses to these
internalised phage particles. Using cell
line models Jeremy’s group showed that
phage can be found inside cells, in a
cell-type dependent manner. The size of
the phage particles also influenced

uptake. Jeremy followed a detailed
research strategy to investigate the
means by which phage were trafficked
in the cell, and the detailed response of
the cell to this phage ‘invasion’. The
transcriptional profiles revealed a num-
ber of pathways that are much too com-
plex to detail here, but really empha-
sised the sophisticated interactions
between phage and the mammalian host.

Last in this session was José-Manuel,
who gave a fascinating talk on the gut
microbiome, bacteriophages and cogni-
tive function. One of the most fascinat-
ing parts of a comprehensive presenta-
tion concerned a recent paper authored
by José-Manuel and his group entitled
‘Caudovirales bacteriophages are asso-
ciated with improved executive function
and memory in flies, mice and humans’.
It comes as a surprise to most phage
biologists that phage could play a role in
executive function and memory in
humans but José-Manuel made a com-
pelling case that this is indeed true.
Once again, I will leave it to his dedi-
cated paper in this monograph to make
the case more convincingly than I can
on his behalf, but it is an exciting pro-
spect for phage biologists to consider
going forward.

PHAGE GENOMICS

The final session was delivered by my-
self and Jos¢ Penades of Imperial Col-
lege London. In my presentation I fo-
cussed on the challenge of turning the in
silico phage genomes that are being re-
constructed in sequencing projects into
‘real’ phage that can be studied in the
lab. I gave the example of the crAss-
phage, the most abundant phage in the
human gut but which until recently had
never been grown in the lab. Scientists
in my group, led by the talented Andrey
Shkoporov, managed to identify Bac-
teroides intestinalis as the host for
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crAss001. This phage is approximately
100kb in size and practices an unusual
lifecycle in that it co-exists with its tar-
get host in culture, both in the lab and in
animal models. This mimics what we
see in human longitudinal studies where
the phage and its host co-exist over 12
months in different individuals. The un-
derlying mechanism involves switching
between different capsular polysaccha-
rides that act as a receptor for the phage,
ensuring that a mix of both sensitive and
resistant hosts are present at all times.
This almost certainly impacts the



functionality of the host in the gut since
these surface structures are also the
interface between the bacterium and its
neighbours, and its mammalian host.
Being able to grow the phage also per-
mitted the structural analysis of the
phage using cryo-EM, which also
revealed several novel features in this
podovirus. The benefits of turning in
silico phage into ‘real’ phage will have
to be realised for many additional phage
genomes in years to come, a significant
challenge for phage scientists.

José Penades gave a fascinating talk
on how phage can mobilise pathogenic-
ity islands encoding immune systems as
weapons to eradicate competitors. José
works with Staphylococcus aureus, a

talented pathogen that encodes a num-
ber of pathogenicity islands (SaPlIs).
Many of these virulence genes are lo-
cated on phage inducible chromosomal
islands (PICIs) that can be mobilised at
high frequency by phage. While these
were discovered in S. aureus, they are
now believed to be widespread among
across the bacterial Kingdom. José
showed us some elegant work that
demonstrated that some PICIs can en-
code phage resistance mechanisms that
can even block prophage induction and
horizontal gene transfer. This is an un-
derappreciated aspect of phage biology
and it was truly exciting to get a glimpse
of this hidden world where bacterial
competition is supported by phages.

DISCUSSION

It was a real pleasure to participate in
the discussion session that was both
lively and informative. It is rare that
scientists get the chance to go back over
a session with the speakers, exploring
the synergies and points of difference in
the previous days’ seminars. We took
full advantage of it, dissecting the finer
points of the talks, and enjoying the de-
bates that ensued. The objective was not
to reach consensus but all were agreed
that phage therapy offers an important
tool for our clinical colleagues, but one
that is faced with significant challenges
to deliver on that promise. The role of
phage in interacting with the mamma-
lian host was also highlighted as an

under-researched aspect of phage biol-
ogy. This is an area that would have
been regarded with scepticism until
recently but is now becoming an
accepted aspect of how phages can
potentially impact on the health and
even executive function of the mamma-
lian host. Lastly, we were all agreed
(when would scientists not agree on this
point?) that more fundamental research
in needed and that we are only scratch-
ing the surface of the extraordinary
diversity and importance of the role of
phage in shaping and influencing bacte-
rial communities, and therefore human
health.
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