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Improvements in genome analysis technology using next-generation sequencing have revealed that abnormalities
in the composition of the intestinal microbiota are important in numerous diseases. Furthermore, intestinal
commensal pathogens that are directly involved in the onset and exacerbation of disease have been identified.
Specific control of them is strongly desired. However, antibiotics are not appropriate for the control of intestinal
commensal pathogens because they may Kkill beneficial bacteria as well. The intestinal tract contains many
viruses: most are bacteriophages (phages) that infect intestinal bacteria rather than viruses that infect human
cells. Phages have very high specificity for their host bacteria. Therefore, phage therapy is considered potentially
useful for controlling intestinal commensal pathogens. However, the intestinal tract is a specialized, anaerobic
environment, and it is impossible to isolate phages that infect host intestinal bacteria if the bacteria cannot be
cultured. Furthermore, genomic analysis methods for intestinal phages have not been well established, so until
recently, a complete picture of the intestinal phage has not been clear. In this review, I summarize the importance
of next-generation phage therapy based on metagenomic data and describe a novel therapy against Clostridioides

difficile developed using such data.
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INTRODUCTION

There is a large body of evidence regarding the impact of
the gut microbiota (the bacteriome) on disease. Abnormalities
of the human gut microbiota (dysbiosis) have been implicated
in allergy, obesity, cancer, inflammatory bowel disease, diabetes
mellitus, atherosclerosis, and autoimmune diseases [1-4], among
others. In recent years, research has been conducted worldwide
to improve dysbiosis using fecal microbiota transplantation
and other therapies to control disease. In addition to dysbiosis,
pathobionts—which are directly involved in the pathogenesis of
diseases—have been identified, such as in Crohn’s disease [5-9].
Therefore, controlling pathobionts may be useful for disease
prevention and treatment. However, antibiotics kill not only
pathobionts but also beneficial bacteria, which could promote
dysbiosis. Thus, development of pathobiont-specific control
strategies is highly desirable.

In recent years, the trans-kingdom interactions between the
bacteriome and the viral microbiome (virome) have been shown

to be related to the pathogenesis of intestinal bacteria-mediated
diseases [10—15]. Less well known are the viruses that dominate
our intestinal tract—these are not viruses that infect our cells
(such as norovirus and rotavirus) but are viruses that infect our
intestinal bacteria [16]. They are called bacteriophages (or, more
commonly, phages). A phage recognizes a characteristic receptor
molecule on the membrane of its host bacterium and delivers the
genome stored in its head into the bacterium when infection is
established. The phage then uses the bacterial cell to replicate
daughter phages in large numbers and destroy the bacterium via
membrane-disrupting lytic enzymes, thereby releasing new phage
particles.

Historically, Ernest Hankin discovered in 1896 that there
was “an antiseptic substance” in the water of the Ganges
River that killed certain bacteria, and in 1915, Frederick Twort
discovered “a transparent material” that changed the properties
of Staphylococcus aureus [17]. In 1917, Félix d’Hérelle named
an “invisible microbe” that lysed Shigella a “bacteriophage”.
Furthermore, d’Hérelle proposed phage therapy, i.e., the
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treatment of bacterial infections using phages, and practiced
phage therapy in humans and animals, including for Shigella
and cholera (which is caused by the bacterium Vibrio cholerae).
D’Hérelle also met Giorgi Eliava at the Pasteur Institute, and
between 1923 and 1936, they established several institutes in
Tbilisi, Georgia, with the support of the Soviet Union. One of
them, the Eliava Institute, became a hotbed of phage research
and phage therapy, and it continues to operate to this day. With
the discovery of the antibacterial drug penicillin in 1928 and the
subsequent commercialization of antibiotics [18], phage therapy
was abandoned in Western countries. However, during the Cold
War, the Soviet Union developed phage therapy as an alternative
way to treat infectious diseases because of the lack of supply of
the newly developed antibiotic drugs in that country. Even today,
phage cocktail solutions are formulated and used as treatments
for infectious diseases in Russia, Georgia, and Poland [19].
Meanwhile, the overuse of antibiotics has led to the emergence
of a variety of multidrug-resistant bacteria, which has developed
into a critical global medical problem. Therefore, phage therapy
against multidrug-resistant bacteria has begun to attract renewed
attention around the world as a next-generation treatment method.

Recently, the development of analytical technology using
next-generation sequencing has made it possible to obtain whole
genome sequences of intestinal phages as well as their host
intestinal bacteria, which can be technically difficult to cultivate
[20]. However, phage research was originally developed based
on morphology using electron microscopy, and the development
of reference genomes for phages has not progressed worldwide.
Therefore, when metagenomic sequencing reads have been
subjected to homology analysis using known phage genome
databases, most of them have been assigned to unknown phages.
The difficulty of analyzing phages has led them to be described as
“viral dark matter” [21].

IMPENDING THREAT OF DRUG-RESISTANT
BACTERIA

While we are currently confronting an unprecedented pandemic
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), we should not forget that the threat of drug-
resistant bacteria is also close at hand. If no action is taken, it
is predicted that infections caused by drug-resistant bacteria will
be the leading cause of death by 2050 [22, 23]. The problem of
drug-resistant bacteria is becoming more serious worldwide.
In Japan, methicillin-resistant Staphylococcus aureus (MRSA)
and drug-resistant Escherichia coli (fluoroquinolone-resistant
E. coli and third-generation cephalosporin-resistant E. coli) are
the most frequently occurring drug-resistant bacteria [24]. Given
that S. aureus is one of the species that makes up the indigenous
microbiota of our skin, preventing the spread of MRSA is very
important. Until about 20 to 30 years ago, detection of drug-
resistant bacteria was rare, even in large hospitals in Japan, but
in recent years, their detection has become increasingly common,
even in medium and small hospitals. Considering that these drug-
resistant bacteria have been detected not only in infections within
hospitals but also in outpatients and newly admitted patients, it is
natural to assume that they have already spread outside hospitals.
Therefore, countermeasures outside of medical institutions are
extremely important, and even the general public now need to
know how to prevent the spread of drug-resistant bacteria (such

as infection control measures like hand washing and proper use
of antimicrobial agents).

Carbapenem-resistant Enterobacteriaceae (CRE) are less
frequently detected than the aforementioned drug-resistant
bacteria, but they are resistant to carbapenems such as meropenem
and broad-spectrum B-lactams. These bacteria are considered
an urgent public health threat by the U.S. Centers for Disease
Control and Prevention [25]. The rate of carbapenem resistance
among the major Enterobacteriaceae, such as E. coli, Klebsiella,
and Enterobacter, has reportedly increased over the past 10 years,
and countermeasures have already begun in many countries
[26]. However, there are still no CRE-specific and effective
treatments. Deaths due to diseases caused by these drug-resistant
organisms, which are normally treatable, have already begun to
occur. The current problem of drug-resistant bacteria requires
a “One Health” approach that includes not only human health
but also animals and the environment, and the use of antibiotics
must be reviewed in cooperation with various sectors, including
agriculture, fisheries, and livestock production.

PHAGE THERAPY

Phage therapy is considered a trump card in the fight against
drug-resistant bacteria [27]. In Japan, the National Action Plan
(Research and Development and Drug Discovery) calls for
“research on drug resistance and promotion of research and
development to ensure preventive, diagnostic, and therapeutic
measures against drug-resistant microorganisms”. Hence, phage
therapy, a treatment method that does not use antimicrobial
agents, has gradually been attracting attention. However, it must
be emphasized that there are still no clinical cases or preparations
of phage therapy in Japan.

In the United States, Intralytix has commercialized a phage
spray using phages as a preventive measure against Listeria food
poisoning, and this phage preparation has been approved by the
Food and Drug Administration as a food additive for spraying
on the surfaces of meat during shipment. In France, a phage
cocktail preparation for burns (PhagoBurn) is being developed,
and a European Union-led multicenter clinical trial is underway
[28]. Other phage therapies are being developed against S. aureus
and Pseudomonas aeruginosa, and phage therapy using modified
phage technology is being tested [29, 30].

DEVELOPMENT OF NOVEL PHAGE THERAPIES
FOR INTESTINAL BACTERIA-MEDIATED DISEASES

With the improvement of genome analysis technology using
next-generation sequencers, it has become important to understand
in detail how the intestinal microbiota affects the host and its
involvement in various pathological mechanisms. In particular,
how to improve dysbiosis and how to control pathobionts are
very important for disease prevention and treatment.

Therefore, my colleagues and I considered the use of intestinal
phages to control intestinal bacteria, because intestinal phages are
abundant in the intestinal tract. First, we worked on clarifying the
complete picture of an intestinal phage (i.e., visualizing the viral
dark matter). Unlike bacteria and fungi, viruses do not have universal
genome signatures (e.g., 16S rRNA genes for bacteria, internal
transcribed spacers for fungi) [31]. Therefore, targeted sequencing
analysis (such as 16S rRNA gene analysis) cannot be performed.
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Hence, we purified viral fractions from human fecal samples
derived from 101 healthy subjects, extracted the viral genomic
DNA, and performed shotgun sequencing [13]. Although a large
number of viral genome sequences were obtained, it was not
possible to classify the phage species based on the sequencing
reads because the reference genome database for intestinal phages
was insufficient (as mentioned above). Therefore, we decided to
create contigs by assembling the obtained sequence reads and
tried to classify phage species based on the sequence information.

First, we attempted to classify the obtained contigs by referring
to existing databases, but only about 0.5% of the contigs could
be classified. Next, we added the open reading frames (ORFs)
encoding proteins to the analyses and classified the phage species
based on ORF information. Because it is known that crAss-like
phages have terminases and polymerases characteristic of crAss-
like phages, we classified crAss-like phages by using these
sequences as landmarks. Next, Caudovirales were classified
according to tail protein sequences, followed by Microviridae
according to capsid protein sequences. Phage species that could
not be determined by the above classifications were classified
using a combination of multiple ORFs in the contigs. Using this
method, >90% of the obtained contigs could be classified [13].

Next, host searches of the obtained phage sequences were
performed. For host searching, we considered it important to
obtain intestinal bacterial genomes from the same feces samples
used for the viral analysis. Thus, we purified bacterial fractions
from the human fecal samples of the aforementioned 101 healthy
subjects, extracted bacterial genomic DNA, and performed
shotgun sequencing. As with the phage-derived sequencing
reads, contigs were generated from the resulting bacteria-derived
sequencing reads.

Phages have two life cycles: the lytic cycle and the lysogenic
cycle. Both lytic and lysogenic cycles can infect host bacteria,
but lytic phages have been considered suitable for phage therapy
because they lyse their host bacteria after infecting and replicating
in them. Lysogenic phages incorporate their phage genomes
into the chromosomes of their host bacteria as prophages after
infection and repeatedly multiply with their host bacteria. Because
lysogenic phages are incorporated into the genomes of their host
bacteria, they are considered unsuitable for phage therapy using
phages themselves.

We used two analytical methods to identify associations
between intestinal host bacteria and intestinal phages based
on genomic information. In the first method, we identified
prophage regions in the bacterial contigs and performed
homology analysis with the phage-derived contigs. This method
can be used to identify the host bacteria—phage associations of
lysogenic phages. In the second method, clustered regularly
interspaced short palindromic repeat (CRISPR) sequences in
the bacterial contigs were identified, and a homology analysis
was performed with the phage-derived contigs to identify host
bacteria—phage associations. This method can be used to identify
the host bacteria—phage associations of lytic phages. Previously,
host bacteria—phage associations were generally clarified by
experimentally isolating phages that lyse host bacteria, but by
using large-scale metagenomic information, it is now possible to
identify phages that infect pathobionts [13].

The next step was to develop a phage therapy to control
a pathobiont. However, the intestinal lumen contains many
difficult-to-culture bacteria, making it very difficult to isolate the

host-specific phage itself. In this regard, it may not be realistic to
apply phage therapy using phages themselves for all pathobionts.
Therefore, we tried to develop a method of controlling host
bacteria based on lysogenic phages by using the genomic
information on host bacteria—phage associations that we had
established so far.

Clostridioides difficile, a Gram-positive, spore-forming,
anaerobic bacterium, is endemic in the intestinal tract of healthy
people. It is a representative cause of nosocomial diarrhea
following antibiotic treatment. In Japan, improvement is often
observed after administration of antibiotics to which C. difficile
is susceptible, such as vancomycin and metronidazole, but
in Western countries, there have been cases of unsuccessful
treatment and relapse due to the emergence of highly virulent
strains of C. difficile and resistance to antimicrobial agents [32].

By using sequencing data obtained from healthy subjects and
clinical isolates of C. difficile strains, we developed a new phage
therapy that is specific for C. difficile. We searched for novel
phage-derived bacteriolysis enzymes specific for C. difficile using
the obtained sequencing data. Using our phage genome analysis
pipeline, we were able to identify several novel sequences
of endolysins—bacteriolytic enzymes used when phages are
released from bacteria after growth inside the bacteria—from C.
difficile prophage sequences. These endolysins were synthesized
and shown to have bacteriolytic activity in vitro; they were also
found to be effective in a mouse model of C. difficile infection.
This is a practical example of a next-generation phage therapy
based on metagenomic information, and its strategy can be
applied to various targets in the future [13] (Fig. 1).

CONCLUSION

Analysis of the gut microbiota has advanced dramatically,
and relationships between the gut microbiota and diseases have
gradually become clear. We can now also analyze intestinal
phages, which was difficult in the past; this will not only be a very
powerful analytical tool for the future practice of phage therapy
but will also lead to various industrial applications of phages. The
integration of phage science with a wide range of fields, including
medicine, microbiology, bioinformatics, and synthetic biology,
will be promoted in the near future.

The number of genes possessed by intestinal bacteria is 100 to
1,000 times greater than the number possessed by humans, and
the commensal microbiota, in which each bacterium functions in
concert, may be thought of as an organ. Designing and managing
the intestinal microbiota will be necessary for maintaining
our health and improving diseases in the future. I would like
to continue to confront intractable diseases from multiple
perspectives and promote new medical developments.
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To detect phage-derived antibacterial enzymes that can specifically control pathobionts, intestinal bacterial and viral metagenomic information is acquired
from human fecal samples. Phage-derived bactericidal enzymes can kill host bacteria specifically.
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