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ARTICLE INFO ABSTRACT

Keywords: The human gut virome plays a crucial role in the gut and overall health; its diversity and regulatory functions
Gut virome influence bacterial populations, metabolism, and immune responses. Bacteriophages (phages) and eukaryotic
Bac:f“‘)l’hage viruses within the gut microbiome contribute to these processes, and recent advancements in sequencing tech-
Dysbiosis

nologies and bioinformatics have greatly expanded our understanding of the gut virome. These advances have led
to the development of phage-based therapeutics, diagnostics, and artificial intelligence-driven precision medicine.
The emerging field of phageomics shows promise for delivering personalized phage therapies that combat an-
timicrobial resistance by specifically targeting pathogenic bacteria while preserving beneficial microbes. More-
over, CRISPR-Cas systems delivered via phages have shown success in selectively targeting antibiotic resistance
genes and enhancing treatment effectiveness. Phage-based diagnostics are highly sensitive in detecting bacte-
rial pathogens, offering significant benefits for human health and zoonotic disease surveillance. This synthesis
of the current knowledge highlights the pivotal role of the gut virome in regulating microbial communities and
its transformative potential in personalized medicine, emphasizing its importance in advancing therapeutic and
diagnostic strategies for improving health outcomes.

Phage therapy
Fecal virome transplantation
CRISPR-Cas system

1. Introduction that influences host health [4]. These interactions are integral to main-

taining a stable gut ecosystem and have significant implications for the

The human gut virome, an essential part of the gut microbiome, com-
prises a diverse range of viruses, including phages, eukaryotic viruses,
and endogenous retroviruses. These viruses play crucial roles in shaping
microbial communities, supporting immune responses, and influencing
metabolic processes [1]. Despite its importance, the gut virome has not
been studied as extensively as the bacteria in the microbiome [2]. Re-
cent advances in sequencing technologies and computational tools have
provided new insights into the complexity and dynamic nature of the
virome, revealing its impact on both gut health and overall physiology
[3] (Fig. 1).

Understanding the origin and diversity of the gut virome is criti-
cal because it is shaped by evolutionary, environmental, and dietary
factors. The virome constantly interacts with other microbiome compo-
nents, such as bacteria, fungi, and archaea, forming a complex network

development of diseases. Changes in the composition of the gut virome
have been linked to various human diseases, including inflammatory
bowel diseases, autoimmune disorders, metabolic conditions, gastroin-
testinal disorders, and neurological diseases. The virome also appears to
play a role in the body’s response to viral infections, such as COVID-19,
adding to its relevance in current medical research. Identifying these
associations will help us understand the mechanisms through which vi-
rome alterations contribute to disease progression [5].

In addition to its role in disease, the gut virome has the potential to be
an innovative therapeutic and diagnostic tool. Techniques such as fecal
virome transplantation (FVT) offer promising ways to restore a healthy
balance in the virome, whereas phage-based therapies have the potential
to precisely target harmful bacteria [6]. Advances in the CRISPR-Cas
system and artificial intelligence have further enhanced our ability to
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Fig. 1. Contrasting effects of a healthy gut microbiome on dysbiosis. In the normal gut, diverse microbial populations contribute to optimal metabolic processes, im-
mune regulation, and overall health. Conversely, dysbiosis is characterized by an imbalance in microbial diversity, leading to potential adverse effects on metabolism

and immune responses and increased susceptibility to diseases.

manipulate and understand the virome, opening new possibilities for
personalized medicine and microbiome-based treatments [7].

This review aims to provide a comprehensive understanding of the
human gut virome by exploring its origins, diversity, and the environ-
mental and dietary factors that influence its composition. Moreover,
we analyzed the interactions between the virome and other compo-
nents of the microbiome, emphasizing their collective role in main-
taining the gut and overall health. Furthermore, this study delved into
the association between virome dysbiosis and various human diseases,
including inflammatory bowel disease (IBD), autoimmune disorders,
metabolic conditions, gastrointestinal and neurological disorders, and
coronavirus disease 2019 (COVID-19). Emerging therapeutic and diag-
nostic approaches, such as FVT, phageomics for personalized medicine,
and CRISPR-Cas-based interventions, have been critically examined,
along with the potential of artificial intelligence in advancing virome
research. By synthesizing current knowledge and identifying gaps, this
review aims to highlight the significance of the gut virome in health and
disease, paving the way for innovative research and therapeutic strate-
gies.

2. Origin and diversity of the human gut virome

The human gastrointestinal tract contains a wide variety of viruses
essential for both health and disease, collectively called the gut virome.
These viruses can be classified into two main groups: phages and eukary-
otic viruses. Phages that infect bacteria are the most abundant, consti-
tuting > 90 % of the gut virome. They significantly influence the compo-
sition and function of the gut microbiome by regulating bacterial popu-
lations, thereby affecting digestion, immune response, and synthesis of
essential nutrients. On the other hand, eukaryotic viruses infect human
cells and can range from benign to pathogenic, including viruses like
norovirus and rotavirus that cause gastroenteritis [8,9].

The number of viruses in the adult human gut is estimated to be
comparable to that of gut bacteria, with over 10'2 virus-like parti-
cles (VLPs) per individual, adjusted for body size. The gastrointestinal
(GI) tract contains the highest concentration of viruses in the human
body, with approximately 10°-10!° VLPs per gram of feces. Predom-
inant viruses in the gut include Human Parechovirus (HPeV) types 1
and 6, Picobirnaviruses, and Anelloviruses (such as Torque Teno Virus

[TTV] and Torque Teno Mini Virus [TTMV]). Other viruses such as ro-
tavirus, astrovirus, Aichi virus, adenoviruses C and F, and bocavirus
(HBoV-1) are detected less frequently. The absence of some common
enteric viruses in certain studies, such as saliviruses, cosaviruses, coron-
aviruses, sapoviruses, noroviruses, and cardioviruses, may be due to dif-
ferences in the detection methods, populations studied, sampling times,
and geographical variations. It is essential to consider that viral detec-
tion in the gut can vary significantly and may not always capture the
full extent of viral diversity present [10-12].

The balance and diversity of the gut virome are essential for main-
taining homeostasis. A broad virome is linked to a healthy gut, whereas
its disruption or imbalance, referred to as dysbiosis, can contribute to
various diseases. These include inflammatory bowel disease, diabetes,
obesity, and neurological conditions facilitated by the gut-brain axis.
Advances in metagenomic sequencing have allowed a more comprehen-
sive understanding of the gut virome, revealing its dynamic nature and
the factors influencing its composition, such as diet, antibiotics, and age
[13-15].

The gut virome begins to establish itself at birth and evolves over
a person’s lifetime, with factors such as breastfeeding, environmental
exposure, and genetics playing significant roles in shaping its develop-
ment. The mode of delivery also affects viral diversity, with vaginal
births resulting in greater viral diversity than Cesarean section births
[16]. Breast milk contains beneficial viruses such as phages, which reg-
ulate the infant’s gut microbiome and protect against harmful bacterial
and viral infections. Human endogenous retroviruses (HERVs) play reg-
ulatory roles in the immune system. Anelloviruses, which are a part of
the normal viral flora, are thought to help modulate the immune sys-
tem [17]. Breast milk provides crucial protection to infants via maternal
immune cells and macromolecules. Maternal antibodies in breast milk
target a range of viruses, including Rubella, respiratory syncytial virus
(RSV), measles, dengue, herpes simplex virus (HSV), varicella zoster
virus (VZV), parechovirus, and influenza (Table 1) [18]. Human milk
oligosaccharides contribute to the defense against norovirus, rotavirus,
and influenza. Additionally, lactoferrin targets rotavirus, norovirus, and
SARS-CoV, whereas mucin targets the pox virus. Together, these ele-
ments play crucial roles in enhancing the infant immune system and
shielding against viral infections during the critical early stages of de-
velopment [19] (Fig. 2). Initially, the virome was predominantly com-
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Table 1

Antiviral components in human breast milk and their mechanisms of action [25-29].
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Molecule

Mechanism of Action

Targeted Viruses

Maternal Antibodies (IgA, IgG)

Human milk Oligosaccharides (HMOs)
Lactoferrin

Mucin

Gangliosides
Lactadherin
Tenascin C
Glycosaminoglycans
Monolaurin

Vitamin A
Chondroitin Sulphate
Oxysterols
Cytokines

Lysozyme
a-Lactalbumin

MicroRNAs

Neutralize viruses, prevent attachment to host cells

Block pathogen binding, promote beneficial bacteria
Binds iron, inhibits viral replication, direct antiviral activity

Traps pathogens, prevents adhesion to gut lining

Inhibit virus binding to host cell receptors

Inactivates virus by binding to virus and host cells

Binds to viral envelope proteins, neutralizes virus

Block virus-host cell binding

Inactivates viruses by solubilising the lipids and phospholipids in
the viral envelop, enhances immune function

Enhances immune function, reduces viral replication, Cytokine
Production.

Inhibits virus binding (preventing them from binding to and
entering host cells, particularly those that use heparan sulfate
proteoglycans for attachment.), anti-inflammatory effects

Inhibit viral entry, assembly, and replication

Modulate immune responses, anti-inflammatory effects

Destroys bacterial cell walls, enhances immune function
Antimicrobial activity, some forms of a-lactalbumin, like HAMLET
(Human Alpha-lactalbumin Made Lethal to Tumor cells), can
induce apoptosis in virus-infected cells, reducing viral replication.
Regulate immune responses, potential direct antiviral effects

Respiratory Syncytial Virus (RSV), Herpes Simplex Virus
(HSV), VZV, SARS-CoV, Influenza, Enteroviruses, Dengue,
Measles, Parechovirus (PeV).

Norovirus, Rotavirus, HIV

RSV, HSV, HIV, Cytomegalovirus (CMV), HCV, HBV,
Rotaviruses, Noroviruses, Polioviruses, and Parainfluenza
viruses.

RSV, Influenza, Rotavirus

Rotavirus, Influenza

Rotavirus

HIV

HIV

HSV, HIV, Influenza Virus

HIV, Measles Virus, RSV

HIV, HSV, Zika Virus (ZIKV), Dengue Virus
HSV, ZIKA, Ebola, HCV

Broad antiviral activity

Indirectly affects viral infections by reducing bacterial load
Broad antimicrobial effects, HSV. HIV, RSV, Papillomavirus

Broad antiviral potential

RSV - Respiratory Syncytial Virus, HSV — Herpes Simplex Virus, VZV - Varicella-Zoster Virus, SARS-CoV - Severe Acute Respiratory Syndrome Coronavirus, HIV
- Human Immunodeficiency Virus, HBV - Hepatitis B Virus, HCV - Hepatitis C Virus, CMV - Cytomegalovirus, ZIKV - Zika Virus, PeV — Parechovirus, HAMLET -
Human Alpha-lactalbumin Made Lethal to Tumor cells.
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Fig. 2. Overview of the human gut virome and factors influencing its composition. The adult gut virome predominantly comprises phages (> 90 %) and eukaryotic
RNA and DNA viruses. Virome diversity and composition change across life stages, with high phage diversity in neonates, increasing bacterial diversity in infants,
homeostasis in adults, and decreased diversity in aging [56]. Key factors influencing the gut virome are highlighted in red and include diet, infections, age, lifestyle,
geographic and environmental exposure, antibiotic use, mode of delivery, and feeding practices. Maternal components, such as mucin, cytokines, and microRNAs,
are critical in shaping the neonatal gut virome. Abbreviation: VLPs, virus-like particles.
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posed of members of the order Caudovirales, which are double-stranded
DNA (dsDNA) phages common in many environments, including the hu-
man gut. These phages can either be temperate (integrate into the host
genome) or lytic (destroy the host cell to release new phage particles).
As infants grow, there is a notable shift in the composition of the gut vi-
rome. By the age of 2 years, the Microviridae family of phages is the most
prevalent group in the gut virome, a pattern also observed in adult gut
viromes. Microviridae are small single-stranded DNA (ssDNA) phages
that are typically lytic, meaning that they replicate within and lyse their
bacterial hosts to release new viral particles [20,21].

A study of 53 infants and their mothers revealed that infants had a
higher abundance and diversity of gut viruses than their mothers, with
phages being the most prevalent. The infant virome evolves over the
first three years of life, showing an increase in the abundance of di-
etary/environmental viruses and a decrease in the abundance of human-
host viruses [22]. This diversity likely stems from infants’ immature im-
mune systems and dynamic gut environments, which permit broader vi-
ral colonization than adults. Early bacterial colonization combined with
dietary and environmental exposure during development contributes to
virome evolution. The dominance of phages reflects their pivotal role in
shaping the dynamics of the infant gut microbiota. Additionally, crAs-
like phages, including prototypical crAssphages (p-crAssphages), are an-
other significant component of the gut virome. These phages are lytic
and specifically infect members of the bacterial phylum Bacteroidetes,
which are abundant in the human gut. CrAssphages first appear in the
gut virome of infants aged 1-3 months. Their prevalence increases as
children grow older and becomes widespread among children aged 2-5
years [23].

Despite its importance, the gut virome remains less studied than the
bacterial microbiome, partly because of the complexity of viral identifi-
cation and classification. The lack of a curated database of human gut vi-
ral sequences is a major obstacle in metagenomic studies. However, the
Global Virome Database (GVD) aims to fill this gap despite limitations in
geographic representation and RNA virus detection. The GVD can facili-
tate ecosystem-wide examination of virome dynamics and has potential
applications in personalized medicine, environmental monitoring, and
broader viral detection in various ecosystems. Enhanced viral mapping
and mechanistic studies are essential to advance our understanding of
human and environmental microbiomes [24].

3. Influence of the environment and diet on the gut virome

The human gut virome is a diverse and abundant component of the
gut microbiome that plays a significant role in health and disease. Re-
cent research has highlighted how environmental and dietary factors
profoundly influence the composition and function of the gut virome.
Geographical differences, such as those observed in a cohort of 930
healthy adults across six ethnicities in China, contribute to variations
in virome diversity. Urbanization tends to increase dissimilarities in vi-
rome composition among individuals, likely due to differences in expo-
sure to environmental factors, such as climate and sanitation [30]. Sim-
ilarly, research involving a Japanese cohort of 4198 individuals found
that geographical and environmental factors, host bacterial distribution,
and antiviral defenses significantly affected virome diversity. This study
identified numerous factors, including age, sex, and lifestyle, with dis-
ease and medication showing the strongest effects on the virome struc-
ture [31].

These findings are consistent with observations from studies con-
ducted in the United States, which highlighted that individuality and
ethnicity contribute more to taxonomic variation in the gut virome than
short-term dietary changes [32,33]. Urban and rural settings also play a
role in this phenomenon, with urbanization and industrialization influ-
encing viral diversity and potentially altering the gut virome composi-
tion. Additionally, hygiene and sanitation practices, as well as exposure
to pets and wildlife, can introduce or reduce specific viral taxa, thereby
modulating gut virome diversity and functional potential [34].
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Dietary factors also significantly affect gut microbiota. Various di-
ets—omnivorous, vegetarian, and vegan— affect viral composition and
interactions differently. For instance, a study on individuals adopting a
gluten-free diet revealed notable changes in virome composition, par-
ticularly among those with initially lower microbial diversity [35]. Om-
nivorous diets rich in diverse foods may promote a more varied virome,
whereas vegetarian and vegan diets, which often include more fiber and
fewer animal products, can influence viral populations in distinct ways
[36]. Dietary components such as macronutrients and micronutrients
also contribute to this diversity. Probiotics and prebiotics affect the gut
virome by introducing beneficial viruses and promoting the growth of
beneficial viral communities. Fermented foods, which naturally contain
viruses, can also enhance viral diversity. Conversely, artificial additives
and preservatives might negatively affect viral populations, whereas al-
cohol consumption can alter the gut virome composition, potentially
disrupting the balance by reducing viral diversity [37,38]. The inter-
play between diet and the environment further complicates their indi-
vidual effects on the gut virome. The combined influence of these factors
affects viral diversity and function through their effects on the gut mi-
crobiota. For instance, dietary patterns that promote beneficial micro-
bial populations may also favor beneficial viral communities, whereas
environmental factors, such as urbanization and hygiene practices, can
modulate these effects. Understanding the interaction between dietary
and environmental factors is crucial for managing health and diseases.
The gut virome also influences key physiological processes, including
nutrient absorption, immune modulation, and overall digestive health.
These observations reveal that variations in virome composition driven
by dietary and environmental factors can predispose individuals to or
protect them from various diseases, highlighting the importance of per-
sonalized nutrition and environmental interventions.

4. Interaction between the gut virome and other microbiome

The interaction between the gut virome and other microbiome com-
ponents is a complex and dynamic process that affects various aspects
of gut health and function. Phages, the predominant elements of the gut
virome, play a crucial role in regulating bacterial populations and sup-
porting gut equilibrium [39]. These phages engage in several life cycles.
In the lytic cycle, they lyse bacterial cells to release new viral particles,
thereby reducing bacterial populations, especially under stress and in-
flammation. During the lysogenic cycle, phage DNA integrates into the
bacterial genome, replicating with the host without immediate destruc-
tion, but can switch to the lytic cycle under certain conditions, such as in
the presence of antibiotics. The pseudo-lysogenic cycle, which involves
phage DNA persisting in a latent state within bacteria until the transition
to lytic or lysogenic cycles, is possible. Additionally, the bacterial bud-
ding cycle involves the gradual release of new phage particles through
budding, which do not immediately lyse the host cell, thereby ensuring
a controlled influence on bacterial populations (Fig. 3) [40,41].

Phages also contribute to horizontal gene transfer through a pro-
cess called transduction. During transduction, phages can package bac-
terial DNA and transfer it to other bacterial cells, spreading beneficial
traits such as antibiotic resistance, metabolic capabilities, and virulence
factors. Gene transfer can enhance the adaptability and functionality
of the gut microbiome [42]. For instance, antibiotic resistance genes
are transferred among clinical bacterial pathogens, such as Enterococ-
cus faecalis, Clostridioides difficile, and Staphylococcus aureus, through
phage-mediated transduction, exacerbating concerns about antibiotic
resistance in medical settings [43].

The gut virome also influences bacterial metabolic function. Some
phages carry auxiliary metabolic genes (AMGs) that augment the
metabolic capabilities of their host bacteria. These genes can enhance
processes such as carbohydrate metabolism, nitrogen cycling, and vi-
tamin synthesis, thereby optimizing the overall metabolic output of the
gut microbiome and contributing to the host’s nutritional status [44,45].
Moreover, phages can modulate gene expression in bacterial hosts to
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Fig. 3. Illustration of the multifaceted interactions between phages, the gut microbiome, and the host immune system. Three phage replication strategies— the lytic
cycle, pseudolysogeny, and the lysogenic cycle—are depicted, demonstrating the mechanisms through which phages propagate and interact with host bacteria. The
highly immunogenic outer capsid proteins (Hoc proteins) of T4 phages facilitate interactions with mucin glycoproteins in the gut epithelium, thereby influencing
microbial adhesion and colonization. In the gut lumen, phages play a pivotal role in antimicrobial resistance by transferring resistance genes via mechanisms such as
transduction, thereby contributing to the spread of resistant bacterial strains. Phage-encoded auxiliary metabolic genes (AMGs) enhance microbial functions, including
carbohydrate metabolism, nitrogen cycling, and vitamin synthesis, which are crucial for maintaining gut microbial balance. Phage-mediated disruption of microbial
biofilms further modulates the gut microbial dynamics. On the host immune side, phage-bacteria interactions trigger immune responses. Antigen-presenting cells
(APCs) stimulate T cells and B cells, leading to the release of antibodies and cytokines such as interferon-gamma (IFN-y) and interleukin-15 (IL-15). These immune
mediators play key roles in regulating immune responses and maintaining gut homeostasis. This comprehensive depiction underscores the critical role of the gut

virome in microbial ecology and immune system modulation.

improve environmental adaptability and virulence, as observed in fila-
mentous phages that alter the biofilm structure and promote toxin pro-
duction [46].

Phages interact with the host’s immune system in a multifaceted
manner. Bacterial components of lysed bacteria can stimulate immune
responses through phage activity. Certain phages can modulate immune
signaling pathways, influencing the balance between pro-inflammatory
and anti-inflammatory responses, which is crucial for maintaining im-
mune homeostasis and preventing chronic inflammation associated with
diseases such as IBD and autoimmune disorders [47]. Phages can also
provide antimicrobial protection against luminal bacterial pathogens
and interact with mucosal surfaces, contributing to innate immune
defense. Moreover, phages containing immunoglobulin-like domains,
such as T4 phages with Hoc proteins, bind to mucin glycoproteins in
the intestinal mucosal layer, thereby strengthening the mucosal barrier
[48,49].

Phages can also communicate with the immune system through the
systemic circulation, where they are recognized by innate immune cells
after passing through intestinal epithelial cells. This interaction can im-
prove opsonization and bacterial recognition and control cytokine pro-
duction, including interferon-gamma (IFN-y). Phage-derived peptides
present in naive T lymphocytes by antigen-presenting cells (APCs) stim-
ulate cellular and humoral responses. Under certain conditions, phages
may induce B cells to produce phage-specific antibodies or increase the
production of pro-inflammatory cytokines. For example, E. coli phages
can exacerbate colitis in dextran sodium sulfate (DSS)-induced IBD
mouse models by stimulating Toll-like receptor 9 (TLR9) and IFN-y de-
pendent pathways. Conversely, phages possess anti-inflammatory and
immunomodulatory properties that may be advantageous in contexts

that require immunological tolerance, such as allotransplantation [50-
52]. Eukaryotic viruses play a role in maintaining host immunity and
gut homeostasis. For instance, intraepithelial lymphocytes (IELs) and
various receptors like Toll-like receptors (TLR3, TLR7) and cytosolic re-
ceptors such as retinoic acid-inducible gene-1 (RIG-I) recognize enteric
viruses and produce IFN-g and interleukin-15 (IL-15), which suppress
inflammation and support IEL homeostasis [53,54]. Furthermore, eu-
karyotic viruses, like murine astrovirus, have been shown to have pro-
tective effects by producing IFN-y in immunocompromised mice [55].

Phages also affect the formation and stability of biofilms. Biofilms
are platforms in which bacteria aggregate and adhere to the gut sur-
face, providing a protected environment against stressors, antibiotics,
and the host immune system. Phages can disrupt biofilms through lysis
or by using depolymerases that target the exopolysaccharides (EPSs) of
bacterial host cells. An analysis of 143 phages identified 160 putative de-
polymerases categorized as lyases (e.g., hyaluronidase and pectin/pectin
lyase) and hydrolases (e.g., sialidase and glucanase). These enzymes ei-
ther act as free agents or as part of phage tail spike proteins, binding to
and breaking down EPSs, thereby disturbing the biofilm structure and
allowing for deeper phage penetration [56].

The gut virome also influences pathogen colonization. Phages that
specifically target pathogenic bacteria can act as barriers to pathogenic
colonization, preventing harmful microbes from establishing themselves
in the gut [57]. This protective effect is vital for defending against in-
fections and maintaining healthy microbial balance. Conversely, a re-
duction in the number of protective phages predisposes the host to op-
portunistic pathogenic infections. The gut virome diversity is directly
linked to the bacterial microbiome diversity. A diverse virome, compris-
ing a wide range of phages infecting various bacterial species, supports
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a stable and diverse bacterial community. This diversity is crucial for
resilience against various disturbances, such as antibiotic treatment, di-
etary changes, and infections. The loss of virome diversity can reduce
bacterial diversity and increase susceptibility to dysbiosis and its asso-
ciated diseases [58,59].

The evolutionary dynamics between phages and their bacterial hosts
drive rapid genetic changes in both populations. Bacteria have evolved
mechanisms, such as CRISPR-Cas systems, to evade phage infection,
whereas phages have developed counter-strategies to overcome bacte-
rial defenses. This coevolution contributes to the genetic and functional
diversity of both the virome and microbiome, influencing their roles in
health and disease [60]. Phages act as a reservoir or intermediate pool
for specific genes, facilitating phenotypic changes through recurrent cy-
cles of phage infection or lysogenic conversion between bacteria and
chromosomal exchange, helping bacterial communities in the human
gut become more stable, adaptable, and evolve [61].

5. Gut virome-associated human diseases
5.1. Inflammatory bowel disease (IBD)

IBD, which encompasses Crohn’s disease (CD) and ulcerative colitis,
is increasingly recognized for its association with disturbances in the gut
virome (Table 2). Research has provided insights into the correlation be-
tween dysbiosis of the gut virome and IBD pathogenesis. Studies have
shown a significant reduction in the abundance and diversity of lytic
and temperate phages in the ileal mucosa of patients with CD, particu-
larly during disease flare-ups [62]. This dysregulation is characterized
by a decrease in the overall phage population and a shift in the com-
position of phage communities, which contribute to the inflammatory
processes observed in IBD. Under normal conditions, phages maintain
microbial balance by controlling bacterial populations through various
infection cycles, including the lytic, lysogenic, and pseudolysogenic cy-
cles. However, the disruption of this balance is evident in IBD. Certain
phages from the order Caudovirales have been implicated in the exac-
erbation of IBD. These phages can engage TLRs, such as TLR9, leading
to the activation of inflammatory pathways and the release of cytokines
like IFN-y, further intensifying mucosal inflammation [63]. The inter-
action between these phages and the host immune system can trigger a
cascade of inflammatory responses that contribute to the chronic nature
of IBD.

Table 2
Association of various diseases with specific viruses and their symptoms.
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In addition, phage-derived factors, including lysins and endolysins,
have been identified as potential contributors to mucosal damage. These
factors can directly lyse bacterial cells, leading to the release of bacte-
rial antigens and the perpetuation of the inflammatory response. This
disruption of the microbial ecosystem results in an altered gut virome
composition, exacerbating the inflammatory state [64]. Virome dysbio-
sis, characterized by changes in phage diversity and abundance, is cru-
cial for understanding the pathophysiology of IBD. The imbalance in
phage populations and their interactions with the gut microbiota con-
tributes to the disruption of microbial communities, leading to sustained
inflammation and immune system activation. Altered phage populations
in patients with IBD may impair the natural regulatory functions of
phages, which normally help control bacterial populations and main-
tain gut homeostasis [65].

The long-term consequences of gut virome dysbiosis in IBD are mul-
tifaceted and have profound implications on disease progression and
overall gut health. Chronic dysregulation of the gut virome can lead
to persistent inflammation, exacerbating tissue damage and increasing
the risk of complications such as strictures, fistulas, and even colorectal
cancer (CRC) [66]. Over time, the disrupted virome can also impair the
ability of the gut to restore microbial equilibrium, further prolonging
disease flares and reducing responses to conventional therapies. Addi-
tionally, sustained virome imbalances may impact immune system reg-
ulation beyond the gut, potentially influencing systemic inflammatory
responses and contributing to the extraintestinal manifestations of IBD.
Understanding the long-term effects of virome dysbiosis is crucial for
developing comprehensive treatment strategies that address immediate
symptoms and promote long-term remission and gut homeostasis [67].

Overall, the complex interplay between the gut virome and IBD un-
derscores the need for further investigation into how specific phages
influence inflammatory pathways and microbial balance. Understand-
ing these mechanisms could pave the way for novel therapeutic strate-
gies aimed at restoring the virome balance and mitigating IBD symp-
toms. Targeting the virome, either by modulating phage populations or
restoring beneficial phages, represents a promising avenue for develop-
ing more effective treatments for IBD.

5.2. Autoimmune disorders

Autoimmune disorders such as systemic lupus erythematosus (SLE),
multiple sclerosis (MS), and rheumatoid arthritis (RA) have been in-

Disease Category Specific Diseases

Associated Viruses

Symptoms

Inflammatory Bowel Disease (IBD) CD, and Ulcerative colitis
[114,115]

Autoimmune Disorders [116] RA, Multiple Sclerosis, SLE,
and T1DM

Obesity, MetS, NAFLD,
T2DM, and CVD

Acute Diarrhea, CRC, and
NEC

MDD, AD, MHE, Stroke,
Hypertension, Periodontitis,
and GWI

COVID-19

Metabolic Disorders [117]
Gastrointestinal Diseases [118]

Neurological Diseases [119]

COVID-19 [120]
Liver Diseases [121] Cirrhosis, Hepatitis
Respiratory Diseases [122] COPD, Asthma

Dermatological Conditions [123] Atopic Dermatitis, Psoriasis

Phages (Caudovirales), Lytic and Temperate
Phages

Phages (crAss-like, Podoviridae,
Circoviridae-related sequences)

Phages (Caudovirales, Microviridae, Siphoviridae)

Eukaryotic viruses (Rotavirus, Adenovirus,
Calicivirus, Astrovirus), Phages

Phages (Siphoviridae, Clostridia-like,
Erysipelatoclostridiaceae-like phages), Eukaryotic
viruses (Herpesviruses, Parvoviruses, Gillianvirus)
CrAss-like phages, Myoviridae, Siphoviridae,
Pepper mild mottle virus, Cytomegalovirus

HBV, HCV, and Torque Teno virus

Human bocavirus, Torque Teno virus and, Phages

HPV, Torque Teno virus, Phages

Chronic diarrhea, abdominal pain, weight loss,
fatigue

Joint pain, fatigue, skin rashes, neurological
symptoms, increased thirst and urination
Weight gain, insulin resistance, hypertension,
dyslipidemia, liver fibrosis, cardiovascular issues
Diarrhea, vomiting, abdominal pain, bloody
stools, rectal bleeding, weight loss

Cognitive impairment, mood disorders, ischemic
events, systemic inflammation

Respiratory symptoms, gastrointestinal issues,
systemic inflammation

Jaundice, fatigue, liver dysfunction, abdominal
pain

Chronic cough, wheezing, shortness of breath,
chest tightness

Skin rashes, itching, redness, flaking

Inflammatory Bowel Disease (IBD), Crohn’s Disease (CD), Rheumatoid Arthritis (RA), Systemic Lupus Erythematosus (SLE), Type 1 Diabetes Mellitus (T1DM),
Metabolic Syndrome (MetS), Non-Alcoholic Fatty Liver Disease (NAFLD), Type 2 Diabetes Mellitus (T2DM), Cardiovascular Disease (CVD), Colorectal Cancer (CRC),
Necrotizing Enterocolitis (NEC), Major Depressive Disorder (MDD), Alzheimer’s Disease (AD), Minimal Hepatic Encephalopathy (MHE), Gulf War Illness (GWI),
Hepatitis B Virus (HBV), Hepatitis C Virus (HCV), Chronic Obstructive Pulmonary Disease (COPD), and Human Papillomavirus (HPV).



R.H. Lathakumari, L.K. Vajravelu, A. Gopinathan et al.

creasingly linked to disturbances in the gut virome. Phages have a sig-
nificant effect on immune system regulation by influencing the devel-
opment and progression of autoimmune diseases through several mech-
anisms [68].

One such mechanism involves molecular mimicry, in which pep-
tides encoded by phages bear structural similarities to the host anti-
gens. This can trigger autoimmune reactions by causing the immune
system to mistakenly attack the body tissues and perceive them as for-
eign [69]. In addition to molecular mimicry, phages can also affect im-
mune responses by modulating the balance between pro-inflammatory
and anti-inflammatory cytokines. This modulation can disrupt the im-
mune homeostasis, potentially leading to the development or exacer-
bation of autoimmune diseases [70]. Dysbiosis of the gut virome con-
tributes to the pathogenesis of autoimmune diseases by disturbing the
delicate balance of the immune system. Such disturbances can promote
the activation of autoreactive T cells and the production of autoanti-
bodies, which are crucial features of autoimmune conditions [71]. For
instance, a study that tracked gut virome dynamics in children at risk of
type 1 diabetes mellitus (T1DM) found that those who developed T1DM
exhibited lower gut virome diversity. In contrast, the controls showed an
increased abundance of sequences related to the Circoviridae family of
viruses. This shift in the virome composition, particularly the presence
of disease-associated viral bacteriophage contigs linked to specific bac-
terial components, suggests that changes in the gut virome may precede
the onset of autoimmunity in patients with TIDM [72].

Further supporting the link between the gut virome and autoimmune
disorders, a comprehensive analysis of the gut virome in 476 Japanese
individuals, including those with autoimmune diseases such as RA and
SLE, revealed a notable decrease in the abundance of crA-like phages.
This reduction in phage abundance indicated a potential association be-
tween specific phage populations and the development of autoimmune
conditions. In addition, we identified a symbiotic relationship between
Podoviridae phages and the bacterial genus Faecalibacterium, highlight-
ing the complex interplay between gut viruses and bacteria. This inter-
action may influence autoimmune disease development by affecting the
microbial balance and immune responses within the gut microbiome
[73].

Persistent imbalances in the gut virome may lead to the continu-
ous activation of autoreactive immune cells and sustained production
of autoantibodies, driving the progression of SLE, MS, RA, and T1DM.
In T1DM, long-term virome disturbances can disrupt immune tolerance
mechanisms, promoting the activation of autoreactive T cells that tar-
get pancreatic f-cells, leading to progressive f-cell destruction and im-
paired insulin production. This chronic activation accelerates disease
onset, complicates long-term glycemic control, and increases the risk
of associated complications [74]. Over time, this chronic activation can
result in cumulative tissue damage, organ dysfunction, and increased
risk of comorbidities. Moreover, long-term disturbances in the virome
may compromise the ability of the gut to regulate immune tolerance,
exacerbate disease relapse, and reduce the effectiveness of immunosup-
pressive therapies. Restoring the virome balance through targeted inter-
ventions could mitigate these long-term impacts, highlighting the need
for a deeper understanding of phage-host interactions in autoimmune
disease management [75].

5.3. Metabolic disorders

Metabolic disorders have recently gained attention owing to their
association with the gut virome. Although the role of the gut micro-
biota in metabolic diseases is well established, emerging evidence high-
lights the significant involvement of the gut virome in conditions such
as obesity, metabolic syndrome (MetS), non-alcoholic fatty liver disease
(NAFLD), type 2 diabetes mellitus (T2DM), and cardiovascular disease
(CVD) [76].In animal models, particularly in mice, diet-induced changes
in the gut virome have been linked to metabolic disorders. For instance,
a Western diet promotes the enrichment of temperate phages from the
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order Caudovirales, which help bacterial hosts adapt to stress conditions
associated with obesity [77]. High-fat diets further shift viral communi-
ties, favoring phages from the Microviridae family over those from the
Siphoviridae family, indicating a possible increase in phage virulence
towards host bacteria [78]. FVT experiments have shown the potential
to alleviate obesity and T2DM symptoms by reshaping both the bacterial
and viral components of the gut microbiome [79].

Studies on humans have corroborated these findings. Obese individ-
uals exhibited enriched phage populations, with overall gut viral rich-
ness and diversity lower than those of lean controls. In children with
obesity and MetS, although phage richness and diversity were higher,
there was a noticeable loss of phages common in normal-weight individ-
uals [80]. Patients with NAFLD show reduced viral diversity and fewer
phages, with specific phages correlating with the severity of liver fi-
brosis [81]. T2DM patients also display significant gut viral dysbiosis,
characterized by altered phage populations and disrupted viral-bacterial
interactions. This dysbiosis is more pronounced in T2DM patients with
obesity, suggesting a compounded effect of both conditions on the gut
virome [82]. Research on CVD has revealed a differential abundance
of specific phages in patients compared with healthy controls, poten-
tially offering new diagnostic and therapeutic avenues. Viral markers
have shown superior discriminatory power over bacterial markers in
the early diagnosis of hypertension. These findings suggest a complex
and potentially causative role of the gut virome in the development and
progression of metabolic disorders [83].

The influence of the gut virome on metabolic health is also multi-
faceted. Phages can modulate host metabolism by interacting with gut
microbiota. Dysbiosis within the virome can disrupt the microbial com-
munities, leading to alterations in energy harvesting, insulin sensitivity,
and inflammation. In addition, phage-mediated horizontal gene transfer
can facilitate the spread of genes associated with metabolic disorders,
such as those encoding insulin resistance and adipogenesis. Phages may
also produce endotoxins during bacterial lysis, contributing to low-grade
inflammation and metabolic dysfunction, characteristic of metabolic
disorders [84].

Long-term gut virome dysbiosis in metabolic disorders, such as obe-
sity, NAFLD, T2DM, and CVD, can exacerbate disease progression by
sustaining chronic inflammation and disrupting metabolic homeostasis.
Persistent imbalances may worsen insulin resistance, promote adipoge-
nesis, and accelerate liver fibrosis and cardiovascular complications. In
T2DM, prolonged virome disturbances impair glucose regulation and in-
crease the risk of complications. Restoring the virome balance through
interventions such as FVT or precision phage therapy could mitigate
these impacts, highlighting the need for further research into virome-
host interactions for effective metabolic disorder management [85].

5.4. Gastrointestinal diseases

Gastrointestinal diseases are significantly influenced by gut virome.
These viral components play crucial roles in various gastrointestinal (GI)
conditions ranging from acute diarrheal disease to CRC. Acute diarrhea
is a major global health concern, especially among children, with promi-
nent pathogens including rotavirus, adenovirus, calicivirus, and astro-
virus [86]. Metagenomic analyses have expanded our understanding
of viral communities in diarrheal diseases, revealing additional agents,
such as picobirnavirus and TTV, which underscore the complexity of
these viral communities [87]. Studies from Shanghai and Taizhou in
China have shown that enteric viruses such as Adenoviridae and Picor-
naviridae are predominant in diarrheal cases. However, the alpha di-
versity of the diarrheal virome in these studies did not differ signifi-
cantly from that in healthy controls [88]. In Cameroon, where many
diarrheal episodes remain unexplained, research has suggested the po-
tential zoonotic origins of some enteric viruses, highlighting the diverse
and possibly animal-derived nature of these pathogens [89]. Similarly, a
study of febrile children in Tanzania indicated that unexplained febrile
illnesses could be associated with novel viruses, such as herpesviruses
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and parvoviruses, reflecting the complex viral landscape of GI condi-
tions [90].

CRC is another GI condition associated with the gut virome. Virome
dysbiosis, which is characterized by increased diversity and altered viral
communities, is frequently observed in patients with CRC [91]. Specific
bacteria-targeting bacteria, such as Bacteroides fragilis and Fusobacterium
nucleatum, have been implicated in CRC development through mecha-
nisms such as biofilm formation and horizontal gene transfer [92]. Vi-
ral markers for CRC diagnosis and prognosis have been identified, with
certain phages and eukaryotic viruses showing differential abundance
in patients with CRC, suggesting their potential as diagnostic tools. No-
tably, virome dysbiosis has been shown to persist even after surgical
intervention in patients with CRC, potentially influencing patient out-
comes and recurrence rates [93].

Recent advancements in computational biology and bioinformatics
have facilitated the identification of consistent viral signatures across
multiple cohorts, aiding CRC risk assessment and diagnosis [94]. Phages
associated with Fusobacterium, Porphyromonas, and Hungatella, which
are enriched in patients with CRC, have emerged as potential viral mark-
ers [95]. Additionally, specific viral proteins, such as Hepatitis B virus
X protein (HBx), have been linked to CRC, promoting carcinogenesis
through mechanisms involving DNA damage and activation of onco-
genic pathways [96]. Eukaryotic viruses also play an important role in
the development of GI diseases. Pathogenic viruses such as enteroviruses
and noroviruses are well recognized for inducing acute gastroenteritis
with symptoms including vomiting, diarrhea, and stomach pain. Dys-
biosis within the gut virome can disrupt the mucosal barrier integrity,
allowing pathogenic viruses to translocate and exacerbate gastrointesti-
nal inflammation. Conversely, certain viruses, such as murine norovirus,
have shown protective effects by restoring immune and epithelial cell
functions during dysbiosis, illustrating the complex role of the gut vi-
rome in gastrointestinal health and disease [97].

Persistent imbalances in the gut virome in gastrointestinal diseases,
such as chronic diarrheal conditions and CRC, can exacerbate dis-
ease progression and hinder recovery. Prolonged viral disruption may
weaken mucosal barriers, increase the risk of infection, and sustain
chronic inflammation. In CRC, ongoing virome alterations can drive
biofilm formation, horizontal gene transfer, and oncogenic pathways,
contributing to tumor growth and recurrence, even after surgery. Tar-
geted therapeutic strategies to restore viral balance could enhance
disease management, highlighting the importance of deeper insights
into virome-host interactions for effective gastrointestinal interventions
[98].

5.5. Neurological diseases

Neurological diseases have increasingly been linked to disturbances
in the gut virome through interactions within the microbiota-gut-brain
(MGB) axis [99]. Research on this relationship highlights how changes
in gut viral communities can influence neurological health and disease
progression. Major depressive disorder (MDD) is associated with signifi-
cant changes in gut virome. In studies using Macaca fascicularis monkeys
exhibiting depression-like behavior, metagenomic analyses identified 33
viral and 14 bacterial species that distinguished these monkeys from
controls [100]. Notably, changes in lipid metabolism, particularly in 1,
2-diacylglyceride (DG) levels in the prefrontal cortex (PFC), are linked
to virome disturbances. This suggests that disruptions in DG pathways
in the PFC could contribute to depressive behaviors, emphasizing the
impact of the gut virome on brain lipid metabolism and mood regula-
tion.

Alzheimer’s disease (AD) is associated with viral dysbiosis of the gut
[101]. Metagenomic studies of amyloid-positive patients with AD have
revealed reduced alpha diversity and a significant decrease in the abun-
dance of phages from the Siphoviridae family [102]. Specifically, various
Lactococcus phages are less abundant in patients than in healthy con-
trols. These viral alterations could serve as potential biomarkers of AD
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and provide insights into how gut virome changes are associated with
AD pathology [103]. Minimal hepatic encephalopathy (MHE), a cogni-
tive dysfunction associated with cirrhosis, is linked to changes in the
gut virome. Studies have shown correlations between cognitive impair-
ment and specific phases associated with Lactobacillus, Faecalibacterium,
and Streptococcus. These phages may affect neuroactive compounds such
as short-chain fatty acids and ammonia, influencing cognitive function
[104]. Longitudinal studies support these findings, suggesting that the
virome plays a role in both the development and potential reversal of
MHE.

Stroke affects the gut virome, and studies have shown altered vi-
rome composition following transient focal ischemia in mice [105]. Spe-
cific viral taxa, including Clostridia-like and Erysipelatoclostridiaceae-
like phages, exhibit changes in abundance after stroke. These alter-
ations indicate that the gut virome may respond to ischemic events
and influence stroke outcomes through interactions between gut bac-
teria and host metabolism. Hypertension (HTN) and periodontitis (PD)
have been linked to changes in the oral and gut virome. A study of
patients with HTN, PD, or both found distinct viral compositions com-
pared with healthy controls [106]. Notable viruses, such as Gillianvirus
and Torbevirus, were associated with the clinical parameters of HTN,
suggesting that viral-bacterial interactions might contribute to the ex-
acerbation of these conditions. This underscores the role of the virome
in modulating systemic health through local and gut microbiota inter-
actions. Gulf War Illness (GWI) is another example of how gut virome
dysbiosis affects neurological health. In a murine model, increased vi-
ral richness and alpha diversity correlated with gut bacterial dysbiosis
and elevated pro-inflammatory cytokine levels [107]. Viral dysbiosis is
associated with weakened intestinal barriers and heightened immune
responses, including TLR signaling. Therapeutic interventions targeting
the virome have demonstrated improvements in gut barrier integrity
and reduction in inflammation, suggesting that modulation of the gut
virome could be a viable strategy for managing GWI symptoms.

Chronic gut virome disruption can have lasting effects on neurolog-
ical health by influencing the MGB axis. In MDD, prolonged virome im-
balance may exacerbate mood disorders and increase vulnerability to
other mental health conditions. Sustained changes in the virome can
accelerate cognitive decline and amyloid accumulation in patients with
AD. MHE may lead to persistent cognitive impairment due to ongoing
virome alterations, whereas stroke recovery can be impaired by con-
tinuous viral shifts. In hypertension and periodontitis, ongoing virome
disturbances may increase the risk of cardiovascular and neurological
complications. In GWIL, prolonged virome imbalances can increase in-
flammation and worsen neurological symptoms [108].

5.6. COVID-19

Recent research has highlighted the significant impact of COVID-19
on the gut virome, revealing notable alterations in viral communities
compared with healthy controls. Studies have indicated an increase in
the abundance of crAs-like phages and members of the families Myoviri-
dae and Siphoviridae, along with a decrease in the abundance of various
phages including podophages, and eukaryotic DNA viruses in infected
individuals [109]. This dysbiosis persists up to 30 days after recovery
and correlates with inflammatory markers and disease severity. The in-
fluence of antibiotics exacerbates this issue by reducing viral diversity
and increasing opportunistic pathogens such as cytomegalovirus [110].
Additionally, significant differences in the gut virome between severe
and mild COVID-19 cases have been observed, with patterns mirrored
in mouse models [111]. Persistent virome dysbiosis, particularly in older
patients, underscores the potential of targeting the gut microbiome as
part of comprehensive COVID-19 treatment and prevention strategies
[112].

The long-term effects of COVID-19 on the gut virome are still being
explored, with evidence suggesting that these changes could lead to per-
sistent immune dysregulation and a higher risk of secondary infections
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and GI issues. As viral diversity in the gut decreases, the abundance of
opportunistic pathogens may increase, exacerbating symptoms such as
fatigue, digestive disturbances, and neurological dysfunction. An altered
gut composition may also affect metabolism and immune responses, po-
tentially increasing the risk of autoimmune diseases, cardiovascular is-
sues, and metabolic disorders. These long-term consequences are par-
ticularly concerning for COVID-19 survivors, highlighting the need to
monitor and address the post-infection gut health to mitigate these risks
[113].

6. Faecal virome transplantation (FVT)

FVT restores the gut microbial balance through a multifaceted mech-
anism that involves introducing a diverse range of viruses, primarily
phages, into the recipient’s gut. Phages play a critical role in shaping
the gut microbiome by regulating bacterial populations. During dysbio-
sis, an imbalance in bacterial and viral communities can lead to the
overgrowth of pathogenic bacteria, depletion of beneficial microbes,
and disruption of gut homeostasis. FVT addresses this by introducing
virome-rich fecal material from healthy donors, which re-establishes vi-
ral diversity and helps control the overgrowth of harmful bacteria [124].
This modulation fosters a more stable microbial environment, enhances
microbial diversity, and facilitates the proliferation of commensal bac-
teria essential for gut health.

In addition, the phage-containing fraction of the transplant influ-
ences bacterial gene expression and metabolism, driving the selection
of bacterial populations that support optimal gut function. Phages also
contribute to the horizontal transfer of genetic material, enhancing bac-
terial adaptability and resilience to environmental stressors [125]. Fur-
thermore, FVT helps modulate the immune response by altering the gut
microbial and viral composition and reducing inflammation associated
with dysbiosis-related conditions, such as IBD and small intestinal bac-
terial overgrowth. This immunomodulatory effect stems from the inter-
action between phages, bacterial components, and the gut epithelium,
which collectively strengthen the intestinal barrier and regulate immune
signaling pathways [126].

The transplantation process also affects metabolic processes in the
gut by promoting a balance of microbial communities involved in nu-
trient absorption and metabolism. For instance, FVT restores bacterial
and viral interactions that enhance short-chain fatty acid production,
which is vital for maintaining gut integrity and reducing systemic in-
flammation. Recent studies have highlighted the role of the gut virome
in modulating host metabolism and immune responses, suggesting that
FVT can affect metabolic health by restoring the viral and bacterial
balance [127]. For example, FVT improves glucose tolerance and re-
duces obesity-related metabolic disturbances in mouse models [128].
The phage-containing fraction of fecal material in FVT has been noted
for its ability to reshape the gut microbiome, enhance microbial diver-
sity, and restore balance during dysbiosis [129].

However, as with any emerging medical intervention, FMT raises
complex ethical, legal, and social issues, particularly in the contexts of
clinical research, therapy, and organ transplantation. Ethical concerns
revolve around informed consent, patient vulnerability (especially in
conditions such as IBD), and the risks associated with unproven treat-
ment. The process of FMT, although FDA-approved for recurrent CDI, re-
mains experimental for other conditions, such as IBD, leading to the po-
tential exploitation of desperate patients [130]. The challenges include
defining a “suitable healthy donor” with limited knowledge of the mi-
crobiota, stringent screening protocols, and difficulties in donor recruit-
ment. Moreover, concerns about privacy, confidentiality, and the po-
tential biological effects of donor characteristics (e.g., gender or health
background) complicate this process. Although stool banks have been
established to mitigate donor issues, logistical problems such as ship-
ping, storage, and the availability of suitable donors remain significant.
The risks related to FMT’s safety, efficacy, and long-term effects are still
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poorly understood, further complicating its application as a treatment
[131].

7. Phageomics and personalized medicine

Phageomics, the study of bacteriophage genomes, is rapidly ad-
vancing, particularly in the context of personalized medicine, and of-
fers potential solutions to the global challenge of antimicrobial resis-
tance [132]. Phage therapy involves highly specific interactions be-
tween phages and their host bacteria. The process begins when phages
recognize and bind to specific receptors on the surface of bacterial cells
using their tail fibers for adsorption. Once attached, the phage injects
genetic material into the bacterial cell, hijacking the bacterial machin-
ery to replicate the genome and produce new phage particles. This of-
ten leads to bacterial lysis, in which the bacterial cell wall is degraded,
releasing progeny phages into the environment to infect other bacte-
ria. However, some phages can enter the lysogenic cycle by integrat-
ing their genome into the host DNA and remain dormant. Phage speci-
ficity allows for the targeted treatment of pathogenic bacteria while
preserving beneficial microbiota, making it a promising therapeutic ap-
proach, particularly in personalized medicine. The potential for phage
resistance exists with bacteria-developing mechanisms such as recep-
tor site modification or CRISPR-Cas systems to counteract phage at-
tack. However, strategies, such as using phage cocktails or combining
phage therapy with other treatments, such as antibiotics or CRISPR-
based gene editing, can overcome these resistance mechanisms and en-
hance treatment efficacy. The ability of phage therapy to target spe-
cific bacterial strains, coupled with its adaptability, offers a powerful
tool for combating multidrug-resistant infections [133]. Advances in
metagenomics and whole-genome sequencing have revealed vast phage
diversity and functions, enabling their use in tailored therapies. Phage
therapy, which dates back to the early 20th century, has experienced a
resurgence, particularly in multidrug-resistant bacterial infections. Per-
sonalized phage therapy can be customized for a patient’s microbiome,
targeting pathogenic bacteria while preserving beneficial microorgan-
isms [134].

CRISPR-Cas systems have emerged as a versatile tool with broad ap-
plications in genetic manipulation and therapy [135]. The CRISPR-Cas9
system, when delivered via phage vectors, effectively targets and dis-
rupts resistance genes within bacterial populations, demonstrating the
potential of combining genome editing with phage therapy to combat
drug resistance [136]. Research has shown that CRISPR-Cas9 can be
engineered to recognize specific antibiotic-resistant plasmids, leading
to their degradation and subsequent reduction in bacterial resistance
[137]. Meanwhile, the CRISPR-Cas13a system, which targets RNA, ex-
hibits strong antiviral activity against many phages. This capability fa-
cilitates the engineering of phages with enhanced targeting precision
and potential for novel therapeutic strategies [138]. Additionally, the
discovery of bacteriophage-encoded CRISPR systems, such as the Casi
RNA-guided nuclease, reveals new possibilities for genetic manipulation
across diverse fields, including agriculture, where it can be used to cre-
ate genetically modified crops with improved traits, and cancer therapy,
where it holds promise for precise gene editing in tumor cells [139]. Fur-
thermore, the natural role of CRISPR systems in bacterial immunity, as
exemplified by the CRISPR-Cas subtype II-A in Lacticaseibacillus rham-
nosus, illustrates their evolutionary significance and adaptability [140].
These systems defend against phage infections and offer a model for en-
gineering phages for therapeutic purposes, emphasizing the broad and
evolving applications of CRISPR technologies in both basic research and
clinical settings.

The growing recognition of the role of gut viruses in health un-
derscores their potential to transform diagnostic and therapeutic ap-
proaches. Viruses within the gut microbiome, particularly phages, regu-
late bacterial populations and affect immune system functions, position-
ing them as critical elements in understanding the overall influence of
the microbiome on human health. Phage-based therapeutics could po-
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tentially be developed to modulate the gut bacteria associated with dis-
eases, including IBD and obesity, offering tailored approaches to restore
microbial balance [141]. Traditional culture methods often fail to detect
pathogens, such as mycobacteria, which are significant concerns in both
animal health and food security. These limitations highlight the need for
a more sensitive and direct detection method. Phage-based diagnostics
have emerged as a promising solution, offering enhanced sensitivity and
specificity for detecting Mycobacterium tuberculosis and other mycobac-
teria in the agricultural context [142]. These diagnostic tools are cru-
cial for early detection in food production systems to ensure both animal
welfare and public health. For instance, phage amplification assays have
demonstrated a significant potential for detecting Mycobacterium infec-
tions in livestock, providing a valuable tool for disease surveillance and
control [143].

Phage therapy, particularly when personalized and complemented
by companion diagnostics, is gaining renewed interest as a strat-
egy against antibiotic-resistant infections [144]. By leveraging phage-
bacteria specificity, personalized phage therapies can be tailored to in-
dividual patient infections, ensuring a targeted treatment that avoids
disrupting the surrounding microbiome [145]. This targeted approach
not only addresses specific bacterial infections, but also reduces the risk
of resistance development in non-target bacterial populations, a com-
mon issue with broad-spectrum antibiotics. As phage therapy continues
to evolve, its potential as a personalized treatment for drug-resistant
bacterial infections has become clear. In this context, researchers devel-
oped SNIPROO1, a combination of four engineered phages designed to
target and kill Escherichia coli, including biofilms, while reducing phage
tolerance (Fig. 4) [146]. In preclinical studies using mice and minip-
igs, SNIPROO1 outperformed its individual components in reducing E.
coli load. Phage therapy is currently under clinical development to treat
potentially fatal E. coli infections in patients with cancer, further show-
casing the therapeutic promise of phage-based treatments.

Advances in phage display technology have also demonstrated
promise in identifying cancer-specific biomarkers, such as pancreatic
cancer, thus facilitating early detection and potentially improving pa-
tient outcomes [147]. Phage display involves engineering phages to
present proteins or peptides on their surface, thereby enabling the dis-
covery of molecules that specifically bind to disease-related targets. This
technology is currently being explored in cancer research to develop
early diagnostic tools and targeted treatments. For example, phage dis-
play systems have been used to identify tumor-specific antigens in can-
cers, such as pancreatic cancer, which are difficult to detect in the early
stages, potentially leading to more timely and effective interventions.
Other versatile applications of phages include bioengineering, tissue
engineering, vaccine development, and immunotherapy [148]. More-
over, engineered phages are currently being explored for targeted can-
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cer therapy, which can be designed to selectively deliver therapeutic
agents to cancer cells and minimize damage to healthy tissues. This ap-
proach is being investigated in breast and prostate cancer, where mod-
ifications to phage particles enhance their ability to recognize and bind
to tumor-specific markers, potentially improving the efficacy of both
diagnostic and therapeutic applications [149]. Moreover, innovations
in luminescence-modulating phages present novel methods for detect-
ing biomarkers in diseases such as prostate cancer [150]. Phage-based
biosensors engineered to produce detectable luminescence in the pres-
ence of specific cancer biomarkers offer promising noninvasive screen-
ing alternatives [151]. These technologies can revolutionize early can-
cer detection and provide highly sensitive, rapid, and minimally inva-
sive diagnostic tools that improve patient outcomes by enabling earlier
and more accurate disease identification [152].

Phage-based therapies and diagnostics have also made significant
strides in veterinary medicine and food security. In the agricultural con-
text, phage amplification assays have shown promise for detecting bac-
terial infections in livestock with high sensitivity. These assays are es-
pecially valuable for monitoring zoonotic diseases that can spread from
animals to humans and pose significant public health risks [153]. Phage
displays have also been used to develop novel antigen-display systems
for vaccines. These systems can be engineered to present antigens that
stimulate the immune system to recognize and combat diseases, such as
cancer or viral infections. In cancer immunotherapy, phages are devel-
oped to deliver tumor-specific antigens, triggering an immune response
that targets and destroys cancer cells. This application of phage tech-
nology highlights its potential not only as a therapeutic tool but also as
a preventive measure, offering new avenues for vaccine development
[154].

The integration of artificial intelligence (AI) into phageomics further
accelerates these advancements by analyzing large datasets of phage-
bacterial interactions and predicting which phages are most effective
against specific bacterial strains [155]. Al can also predict bacterial re-
sistance to phages, allowing clinicians to adjust treatment strategies in
real-time and improve the adaptability and success rates of phage ther-
apies. By incorporating machine learning algorithms, researchers can
rapidly identify optimal phage candidates for personalized therapies,
ensuring patients receive the most effective treatment for specific infec-
tions [156]. Recent advancements in Al have revolutionized phage iden-
tification using metagenomic datasets. Tools based on deep learning,
such as Seeker, can detect a wide range of phages, including those with
low sequence similarity to known families [157]. VIBRANT combines
machine learning with protein similarity methods to annotate phage
genomes accurately, surpassing conventional techniques [158]. Simi-
larly, VirSorter2 and PhageBoost employ sophisticated classifiers and
feature-based methods to improve viral sequence detection and anno-
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tation [159,160]. Al also plays a key role in predicting PVPs, which
is crucial for understanding phage structure and functionality [161].
Techniques such as artificial neural networks (ANNs) and specialized
phage ANN models (PhANNSs) enable the identification and functional
annotation of structural proteins, even with limited sequence conserva-
tion [162]. Tools such as STEP3 and SCORPION leverage evolutionary
data and feature selection strategies to enhance PVP prediction, thereby
refining phage therapy approaches [163,164]. For host prediction, Al
models such as VirHostMatcher-Net use network-based frameworks and
CRISPR sequences to improve the accuracy of phage-host identification.
HostG employs semi-supervised learning and knowledge graphs to pre-
dict hosts for novel viruses, expanding our understanding of phage-host
interactions [165]. To predict phage lifestyles, Al tools, such as PHACTS
and BACPHLIP, utilize similarity algorithms and conserved protein do-
mains to classify phages as virulent or temperate [166,167]. PhaTYP
employs advanced embedding models inspired by natural language pro-
cessing to enhance the prediction of phage lifestyles using fragmented
genomic data [168].

However, challenges remain, including the potential for bacteria to
develop phage resistance. This is a natural evolutionary response; how-
ever, unlike antibiotics, phages can co-evolve with bacteria, offering a
dynamic and adaptable therapeutic approach. Regulatory hurdles and
ethical concerns need to be addressed, particularly regarding the use of
genetically engineered phages for human treatment. Ensuring the safety
and efficacy of engineered viruses requires comprehensive regulatory
frameworks and ethical guidelines. The convergence of phageomics and
personalized medicine holds immense promise for revolutionizing treat-
ment strategies and offering dynamic patient-specific therapies that can
adapt to evolving bacterial threats. The potential applications of phages
span various fields, from diagnostic tools to therapeutic interventions,
including infectious disease management, cancer treatment, and agricul-
tural biosecurity. Future research and innovation are crucial for over-
coming current challenges and fully realizing the potential of phage-
based therapies in both human and animal health.

8. Conclusion

The gut virome plays pivotal roles in maintaining microbial home-
ostasis, modulating immune responses, and influencing human health
across multiple systems. It acts as a gatekeeper by preventing pathogenic
colonization, promoting microbial diversity, and driving evolutionary
adaptations. Dysbiosis, marked by disruptions in phage abundance, di-
versity, and function, has been implicated in various conditions, includ-
ing IBD, metabolic disorders, autoimmune diseases, neurological condi-
tions, and antimicrobial resistance (AMR). The growing threat of AMR
has sparked renewed interest in phage therapy as a promising solution.
Advances in metagenomics, whole-genome sequencing, and CRISPR-Cas
technologies enable the development of precision-targeted phage-based
therapies to combat multidrug-resistant pathogens. These therapies of-
fer effective bacterial control, preserve beneficial microbiota, and min-
imize unintended disruptions. As research on the gut virome advances,
its therapeutic potential has become clearer, highlighting its critical role
in addressing complex diseases and global health challenges.

Future research should focus on large-scale, longitudinal studies to
uncover the precise mechanisms by which the gut virome influences
health and disease. Advances in phage engineering, including CRISPR-
Cas systems, hold promise for developing tailored therapies to combat
AMR while preserving microbial homeostasis. Combining phage therapy
with innovative approaches such as chimeric antigen receptor (CAR)-T
cell therapy, in which engineered immune cells target bacterial anti-
gens or dysbiotic microbial communities, could revolutionize treatment
strategies for chronic infections and systemic diseases. Integrating Al
with phageomics will accelerate phage identification and optimize per-
sonalized therapies. In addition, expanding virome research beyond the
gut to explore its systemic impact will pave the way for holistic diag-
nostic and therapeutic innovations.
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