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Summary
The human gastrointestinal tract harbours an abundance of viruses, collectively known as the gut virome. The gut
virome is highly heterogeneous across populations and is linked to geography, ethnicity, diet, lifestyle, and urbanisa-
tion. The currently known function of the gut virome varies greatly across human populations, and much remains
unknown. We review current literature on the human gut virome, and the intricate trans-kingdom interplay among
gut viruses, bacteria, and the mammalian host underlying health and diseases. We summarise evidence on the use
of the gut virome as diagnostic markers and a therapeutic target. We shed light on novel avenues of microbiome-
inspired diagnosis and therapies. We also review pre-clinical and clinical studies on gut virome-rectification-based
therapies, including faecal microbiota transplantation, faecal virome transplantation, and refined phage therapy.
Our review suggests that future research effort should focus on unravelling the mechanisms exerted by gut viruses/
phages in human pathophysiology, and on developing phage-prompted precision therapies.

Copyright � 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction
The human gastrointestinal (GI) tract extends from the
oral cavity to the anus and harbours an immense num-
ber of microorganisms. The GI microorganism commu-
nities and their constituent genomes/genes range from
the small intestine, large intestine, rectum, to faeces.
These communities collectively known as the gut micro-
biome and the majority of them are bacteria and bacte-
rial genes.1 The gut microbiome plays a crucial role in
human immune development and homeostasis by
interacting with epithelial and immune cells, and regu-
lating metabolism (such as bile acid and short-chain
fatty acids metabolism).2-5 In addition to bacteria, a sub-
stantial quantity of viruses (that outnumber bacteria at a
ratio of 1:1-10:1) co-colonise the human gut (grow or live
in the GI tract), and are collectively referred to as the
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gut virome.6 The human virome is composed of eukary-
otic and prokaryotic viruses, including viruses that
infect human cells, viruses that infect microbes (such as
bacteria, fungi, and archaea), and plant viruses that are
primarily derived from environment and diet.7 Akin to
the bacterial microbiome (bacteriome), the gut virome
also plays an important role in the pathogenesis of dis-
ease, including inflammatory bowel disease (IBD),8

Clostridioides difficile infection (CDI),9 obesity,10 diabe-
tes, SARS-CoV-2 infection,11,12 liver diseases,13 colorectal
cancer (CRC),14 as well as malnutrition.15 Gut virome
rectification has shown great potential as disease thera-
peutics through faecal microbiota transplantation
(FMT), faecal virome transplantation (FVT), and phage
therapy.9,16,17 All these therapies were reported to be
highly efficacious in treating antibiotics-induced gut
dysbiosis,18 recurrent CDI (rCDI),16 obesity,19 and bac-
terial infectious diseases.20,21 Taken together, these
studies demonstrated that the gut virome is critical for
disease pathogenesis and therapeutics, and may inspire
novel therapeutic strategies based on the gut virome.
FVT and phage therapy could provide benefits in
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clinical practice beyond contemporary microbiome ther-
apeutics (including FMT, bacterial probiotics consump-
tion, or antibiotics usage), which may introduce
opportunistic pathogens and further distort the bacterial
microbiome assembly linking to an unwanted dysbiosis
and hence health concerns.

Owing to prior technological restraints in sequenc-
ing technology, screening, and culturomics, our recog-
nition into the landscape of the human gut microbiome
was deficient. General understanding of the human gut
bacteriome has improved over the past decade, due to
the rapid development of metagenomic sequencing (a
next-generation sequencing approach that simulta-
neously sequences all genetic materials in a sample in a
high-throughput manner), bioinformatic analyses, and
molecular biology techniques. However, specific studies
of the gut virome as significant component of the gut
microbiome are lagging. Since the first glimpse of the
diversity and richness of the human gut virome in
2003,22 there has been a rapid growth in peer-reviewed
studies on the community composition and genetic
composition of the human gut virome. As of January
2022, over 11,551 viral genome sequences and 4507 viral
species have been deposited into the National Center of
Biotechnology Information (NCBI) GenBank and
Refseq databases. A recent study reported an updated
collection of gut viral lineages titled the Metagenomic
Gut Virus (MGV), which catalogued 189,680 viral draft
genomes and estimated 54,118 viral species.23 In this
review, we will summarise the current knowledge
regarding the composition and function of the human
gut virome and we will discuss its clinical implications
and therapeutic applications.
The composition of the gut virome
The human virome has a site-specific composition
across the different anatomical compartments of the
human body, including blood, GI tract, respiratory tract,
urogenital system, and skin.7 The quantity of gut
viruses in an adult human has been estimated at a simi-
lar order of magnitude to gut bacteria, with over 1012

virus-like particles (VLPs) per person, proportional to
individual body size.6 The GI tract harbours the highest
number of viruses across the human body, and is esti-
mated to have »109-1010 VLPs per gram of faeces.7 A
healthy adult gut virome is composed of DNA viruses
(both single-stranded DNA [ssDNA] and double-
stranded DNA [dsDNA] viruses) and RNA viruses (both
single-stranded RNA [ssRNA] and double-stranded
RNA [dsRNA] viruses). Studies by us and those by
others have consistently shown that humans have
highly individualised gut virome configurations, that
vary across geography, lifestyle, diet, and age.24,25

The human gut virome contains eukaryotic viruses
(viruses that infect eukaryotic cells, primarily human
cells in the gut) and prokaryotic viruses (viruses that
infect prokaryotic cells, mostly bacteria), of which the
eukaryotic viruses account for <10%.6 Eukaryotic DNA
viruses (such as herpesviruses, anelloviruses and adeno-
viruses) are mostly latent and dormant in steady-state,
calibrating host immunity.26 Meanwhile, eukaryotic
RNA viruses are rare in the healthy state, and most
intestinal eukaryotic RNA viruses are reported to be
plant viruses.7,27 Pathogenic RNA viruses may appear
in the gut when the human host is under infection-
induced stress,12,28,29 and is a cause of significant health
concern due to transmission via the faecal-oral route,
contaminated food/water, and person-to-person contact.
Generally, the RNA virome in the human gut is signifi-
cantly less studied than the DNA virome, due to that
RNA viruses appear to be less stable in samples com-
pared to DNA viruses, causing difficulty in their identifi-
cation by metagenomic sequencing.30 Compared to
eukaryotic viruses, a substantially greater abundance of
phages (also known as bacteriophages and bacterial
viruses) are observed in the human gut, accounting for
>90% of the gut virome (the phageome), whereas RNA
phages are significantly less abundant (Figure 1).6 In
recent studies, a higher diversity of RNA phages have
been reported to be more widely distributed than previ-
ously recognised in several environmental niches,
including animal faeces.30,31 Most of the known intesti-
nal phages in the human gut are DNA encoded. The
most abundant taxa in the gut virome are Caudovirales
(dsDNA viruses) at the order level, followed byMicroviri-
dae (ssDNA viruses) at the family level.6,23 Only
»56¢6% of the gut virome could be annotated at the
family and lower taxonomic levels, and the major unan-
notated viruses were predicted to belong to Caudovir-
ales.23 The Caudovirales in the phylum Caudoviricetes
was recently disbanded by the International Committee
on Taxonomy of Viruses (ICTV) in 2021, and six new
families (Ackermannviridae, Chaseviridae, Herelleviridae,
Demerecviridae, Drexlerviridae and Autographiviridae)
have been officially ratified to replace the previous Cau-
dovirales order.32 Of note, the taxonomic entities men-
tioned in the present review are as reported in the
original publication. CrAssphage is a prevalent phage
family (Intestiviridae family) within the Crassvirales order
(a new order created by ICTV in 2021). Diverse variants
of crAssphage have been found in human faeces glob-
ally, accounting for »22%-90% of relative abundance
(percentage of a microbial taxon in the whole gut micro-
bial community) within the human gut virome.32,33

Although crAssphages are hypothesised to be stable col-
onisers in the human gut, their phenotypic linkages to
human health and disease are still unclear.34

The composition of the human gut virome develops
as a function of age (Figure 1). A longitudinal study of
the composition of the infant GI virome revealed that
eukaryotic, bacterial, and archaeal viruses were estab-
lished during early life.35 Eukaryotic viruses are present
in the earliest time window after birth and expand
www.thelancet.com Vol 81 Month , 2022



Figure 1. The composition of the human gut virome. a) The composition, richness, and diversity of the gut virome change as a function of age. b) The ratio of bacteriophage to bacteria
abundance changes as a function of age.
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during the first two years of life.35 In contrast, the rich-
ness and diversity of phages are greatest at birth, gradu-
ally decreasing from birth to two years old.35 An inverse
relationship in the gut microbiome between the phag-
ome diversity and the bacteriome diversity is present in
human infants, shifting from a high phageome, low
bacteriome diversity community at birth (1-4 days) to a
low phageome, high bacteriome diversity community at
the age of two years.35 A recent study showed that per-
sistent immature gut microbiota in children, which is
characterised by low a diversity (the ecological diversity
of a given taxonomical entity in a sample or environ-
ment) of the gut microbiota and disproportionately
higher levels of Proteobacteria [recently renamed Pseu-
domonadota in 202136], is closely related to stunting,
suggesting an important role of gut microbiota in child
development.37 A 2¢5-year follow-up analysis of an adult
gut virome showed that almost 80% of the identified
viral contigs persisted throughout the study.38 Consis-
tently, another year-long longitudinal study of faecal
VLPs (n=10 healthy individuals) showed stable and indi-
vidual-specific gut virome constitution, dominated by
crAss-like and Microviridae bacteriophages.25 In another
longitudinal study on the human gut virome (n=12
healthy adults), only a small proportion (»5%) of viro-
types fluctuated over one year.39 In conclusion, after
establishment at birth, the human gut virome con-
stantly evolves during babyhood/childhood, then stabi-
lised during adulthood in a healthy state.
The function of the gut virome
Cross-kingdom interactions between phages and bacte-
ria and between viruses/phages and the host immune
system underly the function of the human gut virome
in health and disease.7 As natural parasites of bacteria,
phages can shape the composition, to regulate metabo-
lism, evolution, and adaptability of the bacteriome in
the gut.40 Beyond that, gut viruses are crucial players in
the establishment, development, and function of the
human immune system. In return, the composition
and functionality of the gut virome are reciprocally
shaped and regulated by both the gut bacteriome and
host immunity.40,41
Interactions between Gut Virome and Bacteriome
Phages are widely distributed in the intestinal lumen
and faeces, and on the intestinal mucosal surfaces,7

interacting profoundly with the co-residing bacteria in
the human gut. The ability of phages to shape the com-
position of gut bacterial communities largely depends
on their replication cycles (also known as life cycles)
(Figure 2a). Four types of life cycles (including lytic,
temperate/lysogenic, pseudolysogenic, and bacterial
budding life cycles) are reported for phages, and the
lytic and lysogenic life cycles are the two classical
forms.42 Lytic phages (also known as virulent phages)
inject their genome into the host bacterium, followed by
the production of viral macromolecules and particles,
which are critical biological event potently regulating
the composition of the gut bacteriome.42 The lytic
phage phenotype is pervasive under environmental
stress and gut inflammation. The lysogenic life cycle is
another typical replication cycle, carried out by lysogenic
phages (also known as temperate phages).42 In most
cases, temperate phages integrate their genomes into
the chromosome of their host bacteria and maintain a
quiescent “prophage” state unless encountering unfav-
ourable environmental factors.42 Antibiotics, ultraviolet
radiation, alterations in temperature or pH, chemical/
diet inducers, and oxidative/inflammatory stressors are
all effective factors that promote excision of the phage
genome, leading to a switch to a lytic life cycle
(Figure 2c).43-46 In general, prophage induction is
phage-dependent and inducer-dependent, whereas
many phages do not have such a life cycle.47 In addition,
some phages can lead a pseudolysogenic life cycle under
unfavourable environmental conditions, where the
phage genome exists in the bacterial cell as a plasmid-
like (episomal) construct without integration or replica-
tion.48 Occasionally, some phages, such as Plasmaviri-
dae, lead a special replication mode, that can bud out of
the host cells, protecting the bacterial host from lysis or
death.49 Although the underlying mechanisms remain
unclear, evidence has confirmed the gut virome can
undergo an age-dependent lytic-to-lysogenic phage
shift50 and a disease-dependent lysogenic-to-lytic switch
(Figure 2c).15,51 However, whether this transformation
is a cause or a consequence of disease, and how phages
change during the disease course remains elusive and
warrants extensive investigation.

In addition to a direct regulation through “predator-
prey” relationships between phages and bacteria, intesti-
nal phages can also influence gut bacteriome functions
via regulating bacterial metabolism and viability
(Figure 2b). For instance, Escherichia coli infected with
the bacteriophage F24B was found to be more resistant
to acid.52 Some phages, such as filamentous phages,
can improve the environmental adaptability and viru-
lence of the host by modulating gene expression of the
bacterial host to change the bacterial metabolism and
biofilm structure and/or up-regulating the exogenous
toxins production of bacteria.53 Furthermore, phages
can promote the horizontal transfer of antibiotic-resis-
tant genes (ARGs) across bacterial communities during
the lysogenic process.54,55 The acquisition of ARG medi-
ated by phage transduction has been observed in clinical
bacterial pathogens, such as Enterococcus faecalis,56

Staphylococcus aureus,57 and C. difficile,58 which partly
accounts for the antibiotic resistance issues frequently
observed in the clinical settings of bacterial infections.
Of note, some recent studies showed contrasting results
that human-associated and animal-associated
www.thelancet.com Vol 81 Month , 2022



Figure 2. Interactions between gut viruses and bacteria. a) Four primary life cycles of phages. b) Infection of phages facilitates phenotypic alterations of the bacterial host. Phages are a natu-
ral predator of bacteria, and how their predatory behaviour shapes the bacterial community composition largely depends on their replication cycles. In the lytic replication cycle, phages
inject their genome into the host bacterium and end with the release of viral offspring and lysis of the host bacteria cell. The lysogenic replication cycle is a life cycle led by temperate phages
under favourable conditions in the human gut. The integration of prophages facilitates alterations in bacterial phenotypes via transfer of phage-coding factors and horizontal transfer of
genes encoding for antibiotic-resistance or toxins between bacterial communities, and thus enhance metabolism capacity, environmental adaptation, and pathogenicity of gut bacteria. c)
The inducing factors of prophages. Temperate phages remain at a prophage state unless encountering stimulating factors, such as antibiotics, ultraviolet radiation, alterations in temperature
or pH, chemical/diet inducers as well as oxidative/inflammatory stress.
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phageomes rarely carried ARGs,59,60 suggesting that
bona fide ARG attributed to phages in viromes might be
overestimated.

Factors encoded by phages can also influence the
pathogenicity of intestinal bacteria via promoting their
adhesion, invasion, colonisation and production and
delivery of toxins (Figure 2b).40 An elegant example is
ankyrin protein (ANKp), a protein encoded by phages
that was found to attenuate endothelial innate immune
defence against E. coli, leading to the expansion of path-
ogenic E. coli.61 Adenosine-diphosphate-ribosyltransfer-
ases (ADPRTs), a class of enzymes encoded by certain
phages, were demonstrated to increase adherence and
colonisation of the bacterial pathogen (C. difficile) on the
host mucosa.62 A recent study revealed that ADPRTs
could enhance the overall energy utilisation and muco-
sal colonisation of gut microbes.63 From an evolutionary
biology perspective, phages function as a reservoir or
intermediary pool of certain genes, facilitating pheno-
typical alterations during chromosome exchange
between bacteria, due to repeated cycles of phage infec-
tion or lysogenic conversion.64 The combined mecha-
nisms of action exerted by phages contribute to the
functionality, adaptability, stability, and consequently
evolution of the bacterial communities within the
human gut.
Interactions between the gut virome and host
immunity
In addition to the intestinal lumen and faeces, ample
amounts of viruses/phages are present in the GI
mucosa, which regulate both the innate and adaptive
immunity of the host.40 A set of phages that have vari-
able Ig-like domains on viral capsids (such as T4 phage
with Hoc proteins) were reported to bind to mucin gly-
coproteins on the intestinal mucous layer of the host via
the interaction between Ig-like proteins and mucin-dis-
played glycans.65 These abundant, adherent phages on
mucosal surfaces can contribute to the establishment of
an innate immune barrier by providing an antimicrobial
upfront defence against luminal bacterial pathogens
(Figure 3a).40 Weakly adherent T4 phages with Hoc pro-
teins (Ig-like domain) at the mucosal surface exhibit
abnormal sub-diffusive motion behaviour, effectively
reducing bacterial infection of human mucosal/epithe-
lial cells.66

Beyond direct defence against bacterial invasion at
the mucin layer, phages can also interact with the
human immune system to maintain immune homeo-
stasis and affect the disease process.67 It is estimated
that approximately 31 billion phage particles are daily
transported across human GI epithelial cells and into
the human circulation.68 Most phages in circulation are
captured and filtered by the mononuclear phagocyte sys-
tem in the liver and spleen and are neutralised by
phage-specific antibodies within 24 hours (Figure 3a).69
Several studies have revealed that phages influence the
human immune system by regulating the release of
cytokines, enhancing opsonization and recognition of
bacteria, and tuning the activities of T and B cell activity
(Figure 3a).70 A recent study showed that feeding germ-
free (GF) mice with E. coli phages or T4 phages can
increase infiltration of interferon gamma (IFN-g)-pro-
ducing CD4+ and CD8+ T cells in the intestinal mucosa.
In dextran sodium sulfate (DSS)-induced IBD mice
model, E. coli phages were shown to exacerbate colitis
by activating Toll-like receptors 9 (TLR9) and IFN-g
dependent pathways.71 These studies suggest that
phages play an important role in the pathogenesis of
IBD and are very likely to be potential therapeutic tar-
gets.

Colonisation of the gut with eukaryotic viruses is
also crucial for the maintenance of gut homeostasis and
host immunity (Figure 3b). Recognition of bulk enteric
viruses via the surface receptors TLR3 or TLR7 induces
IFN-b production, which protects the host from inflam-
mation.72 Receptor retinoic acid inducible gene-1 (RIG-
I) is the viral RNA recogniser in the cytosol, which can
trigger interleukin-15 (IL-15) production to maintain
homeostasis of intraepithelial lymphocytes (IELs).73 Col-
onising murine Norovirus (MNV) in GF mice elicited a
host-protective immune response, which provided criti-
cal protection against Citrobacter rodentium infection
and promoted proliferation of intestinal epithelial
cells.74 Murine astrovirus (MAV) supplementation in
immunocompromised mice protected the animals from
enteric pathogens via synthesis of IFN-g, and this pro-
tection was transferable by cohousing and faecal trans-
plantation.41 These lines of evidence suggest that
eukaryotic viruses in the gut regulate host homeostasis
by orchestrating both the bacteria and human immu-
nity. Overall, tri-kingdom interactions between viruses,
bacteria and the human host are a burgeoning area of
research.
The gut virome in human diseases
Mounting evidence has confirmed that the gut micro-
biome affects the onset and the development of both
intestinal and extra-intestinal diseases (Figure 4). The
gut virome is increasingly reported to play an important
role in the pathogenesis of many diseases, and thus rep-
resents one of the frontiers in gut microbiome research.
Diarrheal diseases
Diarrheal diseases can arise from multiple aetiologies,75

and some eukaryotic viruses (particularly RNA viruses)
are potent inducers of foodborne diarrheal diseases.76

Rotavirus was reported as the leading cause of death
among diarrheal patients aged <5 years (27%), followed
by adenovirus and Norovirus.28 Some of these viruses
are opportunistic pathogens that be detected
www.thelancet.com Vol 81 Month , 2022



Figure 3. Gut virome and host immunity. a) The interaction between phages and the human immune system. b) Eukaryotic viruses
play a key role in maintaining the homeostasis of the human gut and host immunity. In the human GI tract, phages adhere to muco-
sal surfaces to prevent luminal bacterial pathogens from adhesion. Numerous phages can be transported across the intestinal epi-
thelial cells towards the systemic circulation and directly influence the human immune system. Innate immune cells recognise
these viruses and regulate release of cytokines (such as IFN-g) and enhance opsonization and recognition of bacteria. Antigen pre-
senting cells (APC) cells present phage-derived peptides to naive T cells and activate the humoral and cellular immunity. Activated
B cells differentiate into plasmacytes, to release phage-specific antibodies to clear phages from the body circulation. Colonisation of
eukaryotic viruses is also crucial for maintaining the homeostasis of gut and host immunity. In the steady state, RNA virus can be rec-
ognised by the RIG-I receptor of dendritic cells (DCs) to maintain the homeostasis of IELs. In the inflammation state, murine Rotavirus
(MRVs) activates IFN-I/IL-22-dependent pathways to prevent mice from intestinal injury. The bulk eukaryotic viruses trigger surface
TLR3/TLR7-dependent production of IFN-b to protect the host from inflammation. In an immunodeficient state, the supplementa-
tion of astrovirus can protect mice from viral (MNVs/MRVs) infection via production of IFN-g . Abbreviations: LC, lymphoid cell; IEL,
intestinal intraepithelial lymphocyte; TLR, Toll-like receptor; IL, interleukin; IFN, interferon.
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Figure 4. The gut virome in human diseases.
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occasionally in healthy individuals, and only becoming
pathogenic under certain conditions (such as hypoim-
munity, gut microbiota dysbiosis, and intestinal
injuries).77,78

Studies have also shown significant alterations in the
gut phageome in diarrheal diseases, including C. difficile
and SARS-CoV-2 infection-induced diarrhoea.9,11,12 Our
prior study in CDI showed that CDI-diarrhoea-specific
gut virome dysbiosis was characterised by a high relative
abundance of Caudovirales and Anelloviridae, along with
a low relative abundance of Microviridae.9 In a murine
diarrhoea model induced by Salmonella Typhimurium
infection, intestinal inflammation boosted free phage
production and subsequent lysogenic conversion, and
the increase in lysogenic conversion of the P2-like
phage (SopEF) could in turn aggravate intestinal
inflammation.79 However, caution should be exercised
when interpreting the virome and bacteriome changes
in diarrhoeal diseases, as prolonged symptoms of diar-
rhoea will significantly decrease the total mass of intesti-
nal microbes. Furthermore, diarrhoea causes a high
dilution rate and altered transit time, providing an envi-
ronment that benefits fast-growing microorganisms
and is to the detriment of slow-growing microorgan-
isms. Therefore, the changes in the relative abundance
of viruses or bacteria in diarrheal diseases might reflect
www.thelancet.com Vol 81 Month , 2022
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or is a result of such pathophysiological changes in the
bowel.
Inflammatory bowel disease
IBD is a chronic inflammatory disease of the GI tract.80

It is primarily subdivided into two categories depending
on the anatomical sites affected by GI inflammation:
ulcerative colitis (UC, clinical inflammation primarily
manifests in the large bowel) and Crohn’s disease (CD,
clinical inflammation primarily manifests in the small
bowel, the large bowel, and can inflict any part of the GI
tract).81 Although the exact cause of IBD remains
unknown, a disturbed gut microbiome is hypothesised
to underpin the pathogenesis of IBD,82 which is corrob-
orated by a large number of animal studies that demon-
strate the gut microbiome to have a causal role in IBD.83

The richness and diversity of the faecal virome were
reported to increase in both UC and CD patients, char-
acterised by an expansion of Caudovirales and a reduc-
tion in Microviridae abundance.82 However, a
subsequent study re-analysed the published dataset
based on a whole-virome analysis approach and revealed
no significant differences between gut virome richness
in IBD patients and healthy controls.51 This study also
observed a predominance of temperate virions (mostly
Caudovirales taxa) in the gut virome of patients with
IBD, suggesting an increase in the lysogenic conversion
of phages.51 Our recent study on the intestinal mucosal
virome also found an expansion of Caudovirales, espe-
cially Escherichia and Enterobacteria phage in patients
with UC. The expansion was particularly pronounced in
inflamed mucosa compared to non-inflamed mucosa in
UC patients.84 A recent preprint study observed that
transplantation of VLPs from UC patient faeces to
human-microbiota-associated (HMA) mice significantly
aggravated colitis in mice and changed the bacterial taxa
associated with IBD pathogenesis.8 In another murine
study, several phage taxa belonging to Caudovirales were
shown to mediate TLR9-dependent activation of CD4+

T cells to exacerbate intestinal inflammation, by enhanc-
ing the TLR-dependent production of IFN-g.71 Together,
these results emphasised the potential central role of
phages in activating the gut mucosal immune
responses and exacerbating colitis.

Our study also showed that eukaryotic viruses were
altered in the intestinal mucosa of IBD patients.84 At
the family level, a higher relative abundance of Pneumo-
viridae was observed in UC patients, in contrast to the
higher relative abundance of Anelloviridae in healthy
controls. At the Genus level, Orthopneumovirus was
more prevalent in UC, whereas a reduction in the giant
viruses Coccolithovirus, Minivirus, and the vertebrate-
infecting virus Orthopoxvirus was observed in UC
patients.84 In accordance, other studies reported that
anelloviruses are more prevalent in IBD mucosal speci-
mens compared to healthy controls.82,85 In IBD mice
www.thelancet.com Vol 81 Month , 2022
model, Norovirus was reported to trigger intestinal
inflammation through microbial interaction with IBD
susceptibility genes.85 These studies together implicate
a role for eukaryotic gut viruses in IBD.
Obesity and diabetes
Obesity and diabetes are two forms of metabolic disor-
ders that are prevalent worldwide. Our recent study in
humans showed dysbiosis of the gut virome in both obe-
sity and type 2 diabetes (T2D).10 Obese subjects, particu-
larly those with T2D, had decreased viral richness and
diversity in the gut virome compared to lean controls.10

Intensive trans-kingdom correlations between gut
viruses (including prokaryotic and eukaryotic viruses)
and bacteria were observed in lean controls, the ecologi-
cal network of which became sparse in obese subjects
with T2D.10 However, it is worth to mention that the
observed correlations between certain eukaryotic viruses
and bacteria in obesity and T2D might be an artefact
based on pure bioinformatics analysis, or a mere reflec-
tion of the mediating effect of host immunity calibrat-
ing the homeostasis between eukaryotic viruses and
bacteria in the host. A human study found an increased
relative abundance of Siphoviridae, Podoviridae, Myoviri-
dae, and unclassified Caudovirales families in T2D
patients.86 In addition, synergistic alterations of intesti-
nal bacteria and phages in the composition of T2D
patients have been discovered, including increases in
the bacterial families Enterobacteriaceae and their preda-
tory phages such as members from Caudovirales.87 Con-
sidering natural “predator-prey” relationship and the
complicated interactions between bacteria and phages,
it is not surprising to see concurrent changes in both
the bacteriome and phageome.

In a prospective cohort with longitudinal sampling
of children with genetic susceptibility to type 1 diabetes
(T1D), enteroviruses infection was found to be a risk fac-
tor for T1D.88 Later, researchers further validated the
association between the indicted viral exposures [rotavi-
ruses89 and enteroviruses90] and T1D. Consistently, a
recent study revealed that change in the gut virome pre-
dated the onset of autoimmunity in paediatric T1D
cases, and reported a higher prevalence of Circoviridae
and Picornaviridae genomic sequences in faecal samples
of T1D children compared to healthy controls.91 These
studies have presented different alteration patterns of
the gut virome between T1D and T2D, which may
underlie the different pathogenesis mechanisms of dia-
betes.

A study employing western diet-induced obese mice
showed a loss of spatial compartmentalization between
the mucosal and luminal viromes, and revealed a high
richness of lysogenic phages from the Caudovirales
order in both mucosal and luminal viromes.92 High-fat
diet (HFD)-induced obese mice showed a significant
reduction in the Siphoviridae family and an increase in
9
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the virus families Microviridae, Phycodnaviridae, and
Mimivirdae in the faecal virome.93 The study showed a
reduction in lysogenic phages in the HFD group, espe-
cially in the family Siphoviridae which is known to have
a lysogenic lifestyle.93 Recently, scientists transplanted
faecal VLPs from slim mice to obese mice induced by
HFD, which significantly decreased weight gain and
symptoms of T2D in recipient obese mice.19 These stud-
ies together highlight the importance of the gut virome
in obesity.
Liver diseases
The liver is a pivotal organ for host metabolism, which
maintains bi-directional communications with the gut
via the gut-liver axis.94 A recent study on patients with
alcohol-associated liver disease (ALD) reported a dis-
ease-specific alteration in the gut virome and identified
gut viruses as potent drivers of ALD.13 High gut viral
diversity was observed in patients with ALD, especially
in those with alcoholic hepatitis (AH). Meanwhile, the
authors found an increase in eukaryotic viruses such as
Parvoviridae and Herpesviridae, along with increases in
intestinal phages such as Enterobacteria phages, Escheri-
chia phages, and Enterococcus phages in the AH group.13

Multiple lineages of viruses such as Staphylococcus
phages and members of Herpesviridae were demon-
strated to be associated with increased severity and mor-
tality of AH.13 Studies on non-alcoholic fatty liver
disease (NAFLD) reported a decrease in gut viral diver-
sity in patients, an association between the severity of
NAFLD and a low proportion of gut phages in NAFLD
patients,95 and identified human adenovirus as a signifi-
cant risk factor for NAFLD progression.96 In liver cir-
rhosis, the alterations in the gut virome were reported
to correlate with the progression of cirrhosis.97
Cancer
Recently, accumulating evidence suggests that the gut
virome contributes to the onset and development of can-
cers, particularly GI cancers. Metagenomic analysis of
stool samples from CRC patients revealed a distinctive
faecal virome which showed an increase in the richness
and diversity of the intestinal virome.26 The enteric
virus markers that differentiated CRC from non-CRC
controls comprised Orthobunyavirus, Tunalikevirus,
Phikzlikevirus, and 19 other viral genera.26 Phage
enrichment from Inovirus and Tunalikevirus were
detected,26 wherein some species of Inovirus were
reported to regulate the production of bacterial biofilms
contributing to the carcinogenesis of the colon.14 A
study of the gut virome in CRC patients reported
decreased diversity of bacteria (especially butyrate-pro-
ducing and anti-inflammatory microbes) and significant
reductions of Enterobacteria phages and crAssphages
compared to healthy controls.98
Regarding eukaryotic viruses, especially carcinogenic
viruses in humans, a higher prevalence of Epstein-Barr
virus (EBV), human papillomavirus (HPV), human pol-
yomaviruses, and Cytomegalovirus (CMV) was seen in
CRC versus non-CRC tissues.99 Preliminary evidence
also showed that EBV infection could contribute to CRC
development by inducing mutagenesis in intestinal
cells.100 In addition, EBV-infected B lymphocytes were
reported to produce microvesicles, transmitting EBV-
derived molecules to intestinal epithelial cells and sub-
sequently triggering oncogenic transformation.101 Poly-
omavirus was reported to produce T antigen and
inactivate key regulatory tumour suppressor proteins,
thus inducing chromosomal instability and malignant
transformation of colonic cells.102

Significant alterations of the intestinal phageome
were observed in CRC,26,100 but whether the alterations
are pivotal in malignant transformation still needs fur-
ther investigation. The mainstream view is that phages
exert a dual-effect on the initiation and progression of
CRC by orchestrating the composition of intestinal bac-
teria.71 Another hypothesis is that phages increase intes-
tinal permeability, known as “leaky gut”, which
facilitates the infiltration of pathogens and triggers
chronic inflammation.103 A pilot study identified
phages, especially those from Siphoviridae and Myoviri-
dae, as a vital driving factors of gut microbiome dysbio-
sis during the transformation from the healthy intestine
to intestinal adenocarcinoma and to CRC.104 Collec-
tively, these findings highlight the significant role of
gut viruses in CRC.
Malnutrition
Children with malnutrition were reported to have an
intestinal microbiota composition that was immature
when compared to healthy controls, defined by lower ɑ-
diversity and a disproportionate expansion of Proteobac-
teria.37 Similar to the gut bacteriome, the gut virome
undergoes a malleable developmental process in chil-
dren after birth.35 Disturbance of the development tra-
jectory of the virome, including that for intestinal
phages and members of eukaryotic viruses, can increase
the risk of severe acute malnutrition.105 Another study
found that phage species from the order Caudovirales
differentially contributed to stunted growth in malnutri-
tion induced by environmental enteric dysfunction
(EED).106 Consistent with this finding, a pilot study
found that the gut phageome/bacteriome of in stunted
children were substantially distinct from those of non-
stunted children. The researchers detected a co-bloom-
ing of Caudovirales phages (especially Siphoviridae) and
Proteobacteria (one of the major bacterial hosts of Cau-
dovirales phages),107 suggesting a co-occurring phage-
bacteria dynamic in the gut of stunted children gut.15 In
vitro bacteria-phage cross-infection experiment showed
that phages isolated from stunted children up-regulated
www.thelancet.com Vol 81 Month , 2022
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the abundance of Proteobacteria (known pathogenic
bacteria), in the faeces of non-stunted children.15 These
results suggest that both viruses/phages may contribute
to the severity of malnutrition.
COVID-19
Coronavirus disease 2019 (COVID-19) is caused by the
RNA virus SARS-CoV-2, a virus that induced respiratory
disease.11 Among COVID-19 patients, 5%-33% had GI
symptoms (including diarrhoea, nausea, and vomiting),
indicating enteric involvement in COVID-19.11 Building
on that, we conducted the study to investigate micro-
biome alterations in COVID-19 infected individuals and
its association with disease severity and
presentations.12,108,109 In these studies, we found tran-
scriptionally active SARS-CoV-2 in faeces and such tran-
scriptional activity persisted even after the respiratory
clearance of SARS-CoV-2.29 These results add to the
that live SARS-CoV-2 may remain in the gut, and sug-
gesting faecal-oral transmission risk for SARS-CoV-2.
Patients with high SARS-CoV-2 infectivity in the gut
displayed a high relative abundance of the bacterial spe-
cies Collinsella aerofaciens, Collinsella tanakaei, Streptococ-
cus infantis, Morganella morganii, and a high functional
capacity for de novo nucleotide biosynthesis, amino acid
biosynthesis, and glycolysis, which is completely differ-
ent from patients with low-to-no SARS-CoV-2 infectivity
in the gut.29 Moreover, we identified an increased rich-
ness of 11 eukaryotic virus lineages and eight bacterio-
phage lineages in the gut virome of COVID-19
patients.29 Meanwhile, pepper mild mottle virus (a
plant-derived RNA virus) and 16 prokaryotic virus line-
ages were significantly underrepresented in COVID-19
cases.29 Surprisingly, the dysbiosis of both the gut bac-
teriome and the gut virome persisted for a long time,
even after discharge from the hospital.12,29 These data
indicate that SARS-CoV-2 infection has detrimental
effects on the overall configuration of the gut micro-
biome and the host physiology.
Implications of the gut virome in disease
therapeutics

Faecal virome transplantation (FVT)
With the gradual establishment of the relationship
between gut dysbiosis and human health/diseases,
strategies to effectively manipulate the gut microbiome
have become the focus of intense research, such as the
use of prebiotics, probiotics, synbiotics,110 FMT,9 and
phage-based therapies [including FVT111 and refined
phage therapy112]. Among these, FMT is recognised as
one of the most effective and accepted approaches for
modulating the gut microbiota, by restoring homeosta-
sis of the gut microbiome through reintroduction of
beneficial microbes from a healthy donor. It has been
www.thelancet.com Vol 81 Month , 2022
widely applied in the clinical treatment of various dis-
eases, such as CDI,9 IBD,113 sepsis,114 metabolic syn-
drome,115 blood disorders,116 mental disorders,117 and
malignant tumours.118

Our previous FMT study in patients with CDI first
demonstrated that FMT can restore the human gut
virome, where decreases in Caudovirales and similarities
to the donor virome post FMT were observed.9 Consis-
tently, another study also found a high similarity in the
phage population after FMT between donors and CDI
patients who benefited from FMT treatment (referred to
as “responders”) compared to those who did not
respond to FMT (referred to as “non-responders”), and
such similarities persisted up to 12 months after
FMT.119 In addition, our study showed that FMT res-
ponders had a higher proportion of donor-derived faecal
viral taxa (especially Caudovirales) transferred from
donor to recipient after FMT than non-responders.9

Intriguingly, among the CDI patients, when the rich-
ness of donor Caudovirales was higher than that of the
recipients, the recipients were prone to be cured after
FMT.9 Similarly, a recent study revealed that the relative
abundance change in Caudovirales was closely related to
the response to FMT in IBD patients, and those patients
who had no response to FMT had an increased relative
abundance of Caudovirales.71

Upon initial proof of the significance of the gut
virome during FMT, several studies successfully investi-
gated the utility and feasibility of FVT in treating dis-
eases (Table 1). FVT (also called faecal filtrate
transplantation, FFT) is a refined method of FMT that
removes faecal bacteria, and therefore decreases the risk
of bacterial infection associated with FMT.111 A pilot
study in a murine model revealed that autochthonous
FVT can reshape the dysbiotic gut microbiome caused
by antibiotic treatment.18 Moreover, FVT was also dem-
onstrated to successfully eliminate the symptoms of
patients with rCDI in a the clinical setting.16 Concor-
dantly, the intestinal phageome of these patients
changed in response to FVT and tended to be like that
of the donor six weeks after FVT. The similar treatment
efficacy between FMT and FVT in rCDI patients sug-
gests that live microorganisms in faeces maybe not be
necessary for FMT to treat rCDI.120 Another study also
evaluated the effect of FMT versus FVT in preventing
piglets from necrotising enterocolitis and found that
FVT was superior to FMT without any recognised side
effects.121 A significant alteration in the gut microbiome
was observed after FVT, including an increase in the
diversity of the gut virome and a decrease in the relative
abundance of Proteobacteria in the ileal mucosa.121

Recently, transfer of the caecal virome from lean mice
to obese recipient mice was also shown to decrease
weight gain and blood glucose parameters, and decrease
the expression of genes related to T2D.19 In this HFD-
induced obese mice study19 and another targeted phage
transfer study,122 phage transfer was shown to mediate
11



Disease Model Donor Route Effect Year Refs.

Antibiotics-induced

dysbiosis

Murine model Autochthonous stool Orogastric

administration

The gut bacteriome was

reshaped towards

pre-antibiotic treated

mice

2020 18

Recurrent Clostridioides

difficile infection

(rCDI)

Patients with rCDI

(n=5)

Stool from healthy

donors

Nasojejunal infusion Restored normal stool

habits; eliminated

symptoms of CDI for

a minimum period of

six months

2016 16

Recurrent Clostridioides

difficile infection

(rCDI)

Patients with rCDI

(n=4)

Uncertain Oral take capsules of

lyophilized sterile

faecal filtrate (LSFF)

75% (3/4) patients

achieved no CDI

recurrence at the end

of eighth weeks

2019 120

Necrotizing

Enterocolitis

Caesarean-deliv-

ered preterm

piglets

Breastfed, term pigs Rectal or orogastric

administration

Orogastric FVT

increased gut virome

diversity, reduced

Proteobacteria rela-

tive abundance and

completely resolved

NEC

2021 121

Obesity Type 2 Diabe-

tes (T2D)

Murine model Low-fat (LF) diet-fed

mice (lean mice)

Orogastric

administration

Alleviated symptoms of

T2D and obesity;

mediate the shift of

the metabolic profile

among obesity mice.

2020 19

Table 1: Exemplary faecal virome transplantation studies.
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the shift of the metabolic profile in plasma or faeces,
suggesting that FVT and phage transfer may change the
metabolic repertoire of the bacteria communities/mam-
malian host and/or regulate the expression profile of
metabolic genes in the bacteriome. Although the effi-
cacy of FVT has been established, we should be cautious
of FVT implementation as eukaryotic viruses are co-
transferred along with phages during FVT. The transfer
of unwanted eukaryotic viruses might be pathogenic
and potentially pose health concerns, particularly to
immuno-compromised hosts. Overall, FVT presents as
an effective therapy for treating microbiome dysbiosis-
related diseases, but the mechanisms and functional
components of FVT require further investigation.
Phage therapy
Apart from FMT/FVT which targets broadly on the gut
bacteriome, phage therapy is a more targeted therapeu-
tic approach by attacking specific pathogenic bacteria to
treat diseases associated with overgrowth of invasive
bacteria.17,123 Phage therapy has great advantages in
treating pathogenic and/or drug-resistant bacteria infec-
tions.

Adherent invasive E. coli (AIEC) is a pathovar E. coli,
that causes acute and persistent diarrhoea, including
IBD.20 In clinical practice, the treatment of AIEC infec-
tion/colonisation by antibiotics is confronted with the
problem of multi-drug-resistance, making phage ther-
apy an appealing alternative treatment.124 Research
shows that a lytic phage cocktail targeting AIEC signifi-
cantly decreased the abundance of LF82 and amelio-
rated intestinal inflammation in mice.20 PDX, a strictly
lytic Myoviridae phage isolated from sewage, was found
to lyse enteroaggregative E. coli (EAEC, a diarrhoeal
pathogen), both in vitro and in vivo in mice model.21

Therefore, PDX might be an effective therapy for EAEC-
induced paediatric and travel-related diarrhoea.21 Another
study in AIEC-aggravated intestinal tumours in mice
showed that AIEC-specific phage treatment could signifi-
cantly decrease the tumour burden and prolong the sur-
vival of mice by reducing the AIEC colonisation and
activating the TLR9-dependent immune response.71

Exploratory studies have demonstrated a curative role of
phage therapy in the treatment of extra-intestinal diseases.
For example, phages of the cytolytic bacterium Enterococ-
cus faecalis were detected to target cytolysin-positive E. fae-
calis in the intestine, to relieve the translocation of cytolytic
E. faecalis to the liver, thereby attenuating AH.17 In conclu-
sion, phage therapy appears to be an effective method to
eliminate culprit bacteria in diseases, particularly drug-
resistant pathogens.
www.thelancet.com Vol 81 Month , 2022



Review
Phages targeting C. difficile are an alternative to anti-
biotics and FMT for the treatment of CDI.125 Nearly all
identified naturally occurring C. difficile phages display
a lysogenic or pseudolysogenic life cycle with low lytic
activity once entering the GI tract, resulting in the lim-
ited efficacy of phage therapy.125 Owing to recent advan-
ces in gene editing and synthetic biology techniques,
scientists have directionally engineered the functions
and structure of phages, and promoted the refinement
of phage therapy.126,127 A recent study found that
CRISPR-Cas3 system-induced removal of the lysogeny-
related genes in C. difficile phages successfully con-
verted them to an obligately virulent (lytic) type.126 The
following experiments demonstrated that it could effi-
ciently target and lyse C. difficile both in vitro and in vivo
in mice model. In another study, scientists loaded
phages targeting Fusobacterium nucleatum (a tumour-
causing bacterium) and irinotecan (an anti-tumour
drug) together into one nanosystem, and deployed these
nanoparticles to CRC mice.127 The engineered phage-
guided nanoparticles precisely targeted tumour, and
thus inhibited the growth of F. nucleatum, promoted the
proliferation of Clostridium butyricum (a bacterium
which has anti-tumour effect by secreting butyrate).127

Though lack of clinical trial validation, these refined
phage therapies have achieved great success both in vitro
and in vivo.

Research has demonstrated the safety of phage ther-
apy, for human immune system could well tolerate lytic
phage therapy via the orogastric path.123 Compared with
FMT/FVT, phage therapy can target specific bacteria,
which comes at the cost of losing a broad target and
sometimes efficacy when implemented in complex dis-
eases involving the GI dysbiosis of a large bacteria set.
There are many barriers to the wide application of
phage therapy. Firstly, it remains largely unclear
whether lytic phages would turn temperate and hence
lose efficiency after entering the human body; and if so,
how to develop strategies to counteract this issue. Sec-
ondly, a majority of current phage therapy studies are
still exploratory and conducted in mice which need to
be translated to humans. Thirdly, regulatory challenges
hamper commercial interests and obstruct the clinical
application of phage therapy (including protecting pat-
ents regarding phage isolation/purification/combina-
tion). Further research efforts should directed toward
streamlining and standardizing phage therapy. Overall,
phage therapy has been a long-standing, conventional
therapy against bacterial infections and was extensively
reviewed in other literatures.128,129
Conclusion
Owing to the development and application of state-of-
the-art metagenomic sequencing and bioinformatic
technologies, the gut virome “dark matter” is being
unveiled. In this review, we systematically discussed the
www.thelancet.com Vol 81 Month , 2022
features of the human gut virome in health and disease,
and dissected the intricate tri-kingdom interactions
among gut bacteria, viruses/phages, and human host.
Appropriate and equilibrated gut virome configurations
are crucial for an individual to maintain a healthy gut
microbiome, whereas gut virome dysbiosis may predis-
pose an individual to disease. Hence, precision targeting
of the gut virome holds a promising prospect for clinical
diagnostics and therapeutic interventions.
Outstanding questions
Existing studies on alterations to the human gut virome
in different diseases imply that there is a close associa-
tion between gut virome dysbiosis and disease patho-
physiology. There are multiple outstanding questions
that should be addressed in future research. The correla-
tion or causation relationship between gut virome dys-
biosis and disease is largely unclear in different
diseases, and the virome studies are limited by compu-
tational tools and incomplete reference databases. The
totality of the gut virome is significantly under-explored,
and more than 50% of viral sequences generated by
metagenomic sequencing remain unclassified. This
hinders the accuracy of the generalisations and conclu-
sions gleaned from the current studies. The RNA
virome in the human gut is generally less studied than
the DNA virome. The mechanistic underpinning of var-
ious intestinal viruses/phages linking to a host pheno-
type merits an in-depth investigation to guide next-
generation microbe-based products (such as FVT and
refined phage therapy) to enhance human health
and treat a specific disease. The faecal virome/phag-
eome is worthy of exploration for non-invasive disease
diagnosis.
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