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A B S T R A C T   

In recent years, the human virome has gained importance, especially after the SARS-CoV-2 
pandemic, due to its possible involvement in autoimmune, inflammatory diseases, and cancer. 
Characterization of the human virome can be carried out by shotgun next-generation sequencing 
(metagenomics), which allows the identification of all viral communities in an environmental 
sample and the discovery of new viral families not previously described. Variations in viral 
quantity and diversity have been associated with disease development, mainly due to their effect 
on gut bacterial microbiota. Phages can regulate bacterial flora through lysogeny; this is asso-
ciated with increased susceptibility to infections, chronic inflammation, or cancer. The virome 
characterization in different human body ecological niches could help elucidate these particles’ 
role in disease. Hence, it is important to understand the virome’s influence on human health and 
disease. The present review highlights the significance of the human virome and how it is asso-
ciated with disease, focusing on virome composition, characterization, and its association with 
cancer.   

1. Introduction 

The human microbiome includes all the microorganisms (protozoa, fungi, bacteria, archaea, viruses), their genetic material, and 
metabolites, which inhabit and interact in the different ecological human body niches [1–4]. An imbalance in the proportion of 
microorganism species has been associated with disease development [5]. Several studies have focused mainly on the characterization 
of the bacterial microbiome and its metabolites in cancer, autoimmune, neurological, and metabolic diseases, among others [5–7]. All 
this evidence has made it possible to recognize the role played by the bacterial microbiome in human health and immunity. 

Moreover, in recent years, especially after the SARS-CoV-2 pandemic, efforts have been made to characterize not only the bacteria 
that inhabit our body but also the viruses (human virome) [8,9]. The human virome is composed of viruses that infect eukaryotic cells, 
bacteria (phages), other microorganisms such as protozoa, fungi, or archaea, and genetic elements derived from viruses anchored to 
the host chromosomes [10]. Furthermore, the imbalance of the human virome has been associated with the development of cancer, 
metabolic, and inflammatory diseases [11–13]. For example, Chen F. et al. (2022) compared the gut virome of colorectal cancer 
patients and healthy subjects. The authors found that the virome was drastically altered, identifying viruses that were only present in 
cancer patients [14]. 

Moreover, phages can be lysogenic or lytic. Lysogenic phages do not kill the cell; they integrate into the host genome without 
interfering with the replication [15]. On the other hand, lytic phages bind to specific receptors in the cell and then penetrate and 
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invade the host; by doing so, they hijack the cell’s machinery to make copies of the virus and release their genetic material to the 
environment. Lytic phages have been used as alternatives to antibiotic therapies and to treat infections [15]. Furthermore, phages can 
act as vectors by transferring genetic material to other bacteria (Transduction), improving their virulence, production of virulence 
factors, toxic synthesis, and antibiotic resistance [12,16]. The order Caudovirales (Myoviridae, Siphoviridae, and Podoviridae), which are 
double-stranded DNA phages, is the most prevalent [8,17]. 

A metagenomics approach using shotgun-type next-generation sequencing (NGS) technology has made it possible to characterize 
the human virome [5,6,12]. The main advantage of NGS over other methods is that it does not require prior knowledge of the viruses in 
the samples; hence all the genetic material can be identified and characterized [15,18]. Breitbart M. et al. (2002) started the virome 
study with the characterization of viruses present in a seawater sample, in which a wide diversity of viral communities was found and a 
high number of viral genomes that had not been previously characterized [19]. Since then, the number of publications to describe the 
virome in different ecological niches has increased using Metaviromics approaches for its characterization [20]. 

The adult gut virome is highly stable and may be dominated by one virotype over different time periods [8,21]; however, the 
interindividual variability is significant. For instance, Reyes A. et al. (2010) compared the virome of 88 different subjects and found 
that only eight genomes were found in more than one individual [21]. Furthermore, an imbalance of the human virome could be 
promoted by different factors, such as diet, breastfeeding, medications (antibiotics, chemotherapy, immunosuppressants), host ge-
netics, geographic region, underlying diseases, and age [13]. Moreover, based on the virus ability to kill bacterial hosts, the human 
virome could potentially modulate the proliferation or decrease of specific bacterial communities, and their production of metabolites, 
leading to an imbalanced microbiome [12,16,17]. 

In addition to the bacterial microbiome regulation, the virome may be involved in the human immune system development by 
directly interacting with the host’s mucosa at an early age. In this way, the immune system produces antibodies and cytokines that 
protect the host against viral or bacterial infections, thus proposing a mutualistic symbiotic relationship between the human being and 
the virome [10]. 

Understanding how the human virome is associated with disease is of the utmost importance to acknowledge the influence that it 
has on human health. The present review highlights the importance of the human virome and how it is associated with disease, 
focusing on virome composition, characterization, and its association with cancer. 

2. Human virome composition 

The human virome is composed of viral genetic elements anchored to the host chromosomes (human endogenous retroviruses) and 
single and double-stranded DNA and RNA viruses (ssDNA, dsDNA, ssRNA, dsRNA) that inhabit the different ecological niches of the 
human body, such as skin, mucous membranes, respiratory system, genitourinary system, gastrointestinal system, and even blood or 
cerebrospinal fluid [10,22]. It is estimated that the human body has 1012 virus-like particles (VLP), with the highest proportion in the 

Table 1 
Viruses present in several ecological niches of the human body.  

Human body site VLP Approximate amount Eukaryotic viruses Phages 

Gastrointestinal tract ~109 Siphoviridae 
Podoviridae 
Myoviridae 
Microviridae 
Inoviridae 
Caliciviridae, 
Picornaviridae 
Reoviridae 
Virgaviridae 

Microviridae 
Siphoviridae 
Podoviridae 
Myoviridae 
Inoviridae 

Oral cavity ~108 Herpesviridae, Papillomaviridae, 
Anelloviridae Redondoviridae 

Siphoviridae 
Podoviridae 
Myoviridae 

Respiratory tract n/a Anelloviridae 
Redondoviridae 
Adenoviridae, Herpesviridae 
Papillomaviridae 

Siphoviridae 
Podoviridae 
Myoviridae 
Microviridae Inoviridae 

Blood n/a Anelloviridae 
Herpesviridae, Marseilleviridae, 
Mimiviridae, Phycodnaviridae Picornaviridae 

Myoviridae, 
Siphoviridae, Podoviridae, Microviridae Inoviridae 

Nervous system ~104 Herpesviridae Myoviridae, Siphoviridae Podoviridae 
Skin n/a Polyomaviridae, Papillomaviridae Circoviridae 

Adenoviridae, Anelloviridae, 
Herpesviridae, 

Siphoviridae 
Podoviridae 
Myoviridae 

Genitourinary system ~107 Anelloviridae 
Papillomaviridae 
Polyomaviridae 
Herpesviridae 

Siphoviridae 
Podoviridae 
Myoviridae 

n/a: Not available; Modified from Liang and Bushman, 2021. 
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gastrointestinal tract (~109–10 [10] VLP). However, the quantity and diversity of the intestinal virome will depend on individual and 
environmental factors such as diet, geographical location, age, and lifestyle that influence its composition [22–25]. Most of the studies 
have focused on the description of the intestinal virome; however, the characterization of other ecological niches like the oral cavity, 
nostrils, ears, genitourinary system, and respiratory system, among others, could help to generate associations between the bacterial 
microbiome composition, host pathogenesis, and immunity [22]. Table 1 shows viruses present in various ecological niches of the 
human body [18,23,25–37]. 

Regarding the intestinal virome, the viruses that infect eukaryotic cells (eukaryotic viruses) are less than 10% of the total virome, 
which can be in a latency state until a host immunosuppression condition occurs [22]. Eukaryotic viruses can be ssDNA (Anelloviridae, 
Circoviridae) and dsDNA (Adenoviridae, Herpesviridae, Papillomaviridae, Polyomaviridae), which cause several host diseases [13,21,23, 
27]. Few RNA viruses infect eukaryotes and may induce an infectious process. RNA viruses such as Reoviridae (rotavirus), Caliciviridae 
(norovirus), and Picornaviridae (enterovirus) are examples of viruses that cause gut infection [13,28,37]. RNA viruses may be 
underestimated, as the stability of their genetic material is low, and not all of these viruses can be detected in a sample [22]. 

Most of the human virome is composed of phages (~90%), which can infect and lyse the bacteria in the gut [13,22,23,28,37]. 
However, these phages can also interact differently with bacteria. For example, phages can insert their genome into the bacterial 
chromosome and remain dormant until an induction signal leads to virus multiplication and bacterial lysis (lysogeny) [15]. An 
interaction by pseudolysogeny can also occur, in which the viral genome is free in the host without the lytic or lysogeny process. 
Finally, phages can insert their genome into the host and produce new viral particles by budding, keeping the bacterial cell intact [13, 
25]. In the human gut, Myoviridae, Podoviridae, Siphoviridae, and Microviridae are the most predominant phages [21,28,29,38]. 

Human endogenous retroviruses (viral genetic elements), coupled to the host chromosome, represent approximately 8% of the 
human genome and can be transferred to offspring [13]. These genetic elements do not produce viral particles, but they can generate 
proteins associated with the development of various autoimmune, neurodegenerative, and inflammatory diseases or cancer [11,13,29, 
32,39,40]. The viral genome harbors replication, transcription, and translation promoter regions, which could explain how these viral 
genetic elements regulate gene expression when anchored to the host cell genome and may promote disease [41]. 

3. Virome and cancer 

Several viruses have been classified as causal agents of carcinogenesis, such as the Epstein Barr virus (EBV), human papillomavirus 
(HPV), hepatitis B virus (HBV), hepatitis C virus (HCV), and human T-cell lymphotropic virus type 1 (HTLV-1) [11,13]. The effect of 
these viruses on carcinogenesis is based on the direct transformation of infected cells with virus-derived oncogenes. Cancer could also 
be generated indirectly when a virus-induced infection causes chronic inflammation [11]. Immune system development is related to 
gut microbiota composition; for instance, it has been described that the immune system of animal models was dysregulated in the lack 
of microbial communities [42]. Therefore, virome composition could be implicated in immune system development by regulating 
bacterial communities; moreover, a depressed immune system is associated with inflammatory diseases and cancer development [43]. 

Moreover, recent studies have highlighted the virome’s role in carcinogenesis (especially in CRC) [44–47]. The principal associated 
mechanism is the modulation of bacterial communities or direct host cell transformation [45,47]. The molecular and functional role is 
still under research. However, these new insights allow the potential use of virome biomarkers as diagnostic, prognostic, or treatment 
tools in several cancer types. 

Herpes simplex virus-like particles were first observed in Burkitt’s lymphoma cells [48]. After several studies, these viral particles 
were identified as EBV, and their gene products have been detected in different human cancers like nasopharyngeal carcinoma, 
Hodgkin’s disease, gastric carcinomas, and lymphoproliferative disorders [49]. The principal EBV oncogenic mechanism is epigenetic 
regulation (histone, DNA, nucleosome, and chromatin modification) that control viral gene expression [50]. 

Similarly, HPV has been identified as a high or low-malignant risk factor; its association with cervical, oral, oropharyngeal, and 
penile carcinomas has been well-documented [51–53]. HPV induces carcinogenesis by integrating into the host cells and triggering an 
altered gene expression [54]. 

Likewise, Hepatocellular carcinoma (HCC) has been associated with HBV and HCV infections [55,56]. HCC develops from HCV 
chronic infection that leads to hepatic fibrosis and cirrhosis by upregulating profibrogenic signaling pathways [57] and cell cycle 
stimulation [58]. On the other hand, HBV can integrate its viral genome into the host cells, producing viral gene products which act as 
transcriptional activators of cell growth-associated genes [59]. 

Additionally, HTLV-1 has been associated as an etiological agent of Adult T-cell leukemia, transforming infected cells by integrating 
into HTLV-1 regulatory and accessory genes, which trigger CD4+ T-lymphocytes malignancy [60]. Moreover, this virus has also been 
found in cutaneous T-cell lymphoma (mycosis fungoides) [61]. 

Virome’s role in carcinogenesis is still under study since no direct or causal associations have been reported. For example, an 
imbalanced gut virome has been reported in patients with colorectal cancer (CRC) [11–13,22]; this imbalance is characterized by 
presenting a greater viral quantity and diversity in the feces of individuals with CRC compared to healthy individuals [40]. Moreover, 
individuals with CRC may have a lower diversity of butyrate-producing bacteria (Firmicutes like Faecalibacterium prausnitzii, Eubac-
terium rectale) or a decrease in bacteria that supports a healthy gut state (R. intestinalis) [62]. 

Similarly, an enrichment of Bacteroides, Parabacteroides sp., Alistipes putredinis, Bilophila wadsworthia, Lachnospiraceae bacterium and 
Escherichia coli, Gemella, Peptostreptococcus, Parvimonashave, and Fusobacterium, has been observed in CRC patients [63,64]. Among the 
phages involved in this imbalance are Inovirus, Tunalikevirus, Siphoviridae, Myoviridae, Streptococcus phage SpSL1, Streptococcus phage 
5093, Streptococcus phage K13, Vibrio phage pYD38-A, Enterobacteria phage HK544 [40]. Phages have been associated with anti-
microbial activity when lysing gut bacteria [65]. Hence, virome gut alteration could promote pathologic bacteria enrichment and 
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trigger gut inflammation [66]. Research suggests that phages may be involved in the “leaky gut” development that could lead to 
pathogenic bacteria entry into intestinal cells, inducing a chronic gut inflammatory process [67]. A decrease in beneficial bacteria may 
be due to a greater quantity of bacterial lysis by specific phages, as observed in environmental media [68]. 

In a metagenomic analysis of colorectal carcinomas, phages were the most predominant viral species. Moreover human endogenous 
retrovirus K113, human herpesviruses 7-6B, Megavirus chilensis, Cytomegalovirus (CMV) and Epstein-Barr virus (EBV), were the most 
frequently detected viruses in primary CRC and metastases patients [69]. 

Moreover, persistent human CMV infections have also been associated with altered outcomes in cancer patients promoted by an 
upregulation of the WNT signaling pathway (associated with CRC cell proliferation and migration) in CRC-derived HT29 and SW480 
′′stem-like” cells [70]. 

Similarly, JC virus (polyomavirus family) infections have been associated with CRC by genetic and epigenetic instability promotion. 
This chromosomal instability (CIN) and the CpG island methylator phenotype (CIMP) are promoted by oncogenic T-antigen (T-Ag) JVC 
virus expression [71,72]. Moreover, DNA viruses can infect the host cell and promote long-term persistent infections, which could be 
an important aspect of cell transformation and oncogenesis [73]. 

On the other hand, phages serve as mediators of horizontal gene transfer, promoting the exchange of virulence, metabolic, or 
antimicrobial resistance genes between bacterial species in the gut [16]. As mentioned above, virome imbalance could induce an 
increase in pathogenic bacteria such as enterobacteria. Hence, the exchange of genetic material in these bacteria would cause a greater 
infective capacity, greater survival rate, and resistance to antibiotic treatments. 

Nowadays, the public health problem caused by multidrug-resistant bacteria has been broadly described [74]. The surveillance of 
viruses as mediators of antimicrobial resistance gene transfer could help to develop new strategies against infectious diseases. 

In this context, it is proposed that eukaryotic viruses could insert viral genetic elements into the host genome, encoding viral 
envelope proteins which will be expressed in the host cell membranes. These proteins would later be recognized by the immune system 
cells (lymphocytes, neutrophils, macrophages), inducing chronic inflammation and subsequent cancer development (Fig. 1). 

Viruses can transform cells (prokaryotes and eukaryotes) by inserting viral genetic elements into the host genome, which could be 
involved in gene expression regulation by modulating viral particle replication, transcription, or translation. Therefore, if those genetic 
elements are inserted into the host genome, there could be a continuous stimulation of replication, transcription, or translation 
processes of genes in which that fragment has been inserted. In this context, gene overexpression could lead to chronic inflammation 
and cancer development (Fig. 2) [75,76]. 

The viral genetic elements characterization in the human genome could clarify the quantity in which these elements are found and 
evaluate their ability to regulate gene expression. It would allow the generation of research projects to determine whether these el-
ements are involved in stimulating the cell cycle and gene expression in different types of cancer, and autoimmune/chronic inflam-
matory diseases, among others. 

Therefore, a continuous virome characterization in several environmental ecological niches is necessary, especially in those in 
direct contact with the human population. Furthermore, it could compare whether DNA/RNA fragments of the viral particles, found in 
the environment, are present in the human host genome. 

4. Virome characterization 

The virome characterization in environmental and human ecological niches has been possible thanks to the use of high throughput 

Fig. 1. Chronic inflammation induced by viral proteins anchored to plasma membranes. 1: Recognition of the viral particle by the membrane 
receptor. 2: Entry of viral genetic material into the cytoplasm. 3: Integration of the viral genome into the genome (chromosome) of the host. 4: 
Expression of viral genetic elements. 5: Anchoring of viral proteins in the plasma membrane and stimulation of the immune response. 
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metagenomic sequencing techniques; this technology allows the identification of viral communities and the characterization of new 
viruses or viruses that cannot be cultured [77]. 

Shotgun metagenomic analysis allows us to classify, at a taxonomic level, the raw data obtained in metagenomics sequencing. This 
technology includes several steps like 1) sample collection, processing, and sequencing, 2) sequence raw data processing, 3) taxonomic 
profile and functional-genomic features sequence analysis, 4) statistical and biological analysis, and 5) validation [78]. 

Metagenomics has been used in several environmental or human complex microbiomes [79–83]. The advantage of shotgun 
metagenomics over 16S rRNA NGS sequencing is the more powerful taxonomic identification in less abundant microbiome taxa [84]. 
Hence, this technology could characterize the global microbiome community organization. 

Despite the improvements in performance and sensitivity, challenges persist, for instance, the simultaneous characterization of the 
different types of viruses present in a sample (dsDNA, ssDNA, ssRNA, dsRNA). In addition, the newly identified viruses (mainly phages) 
are difficult to assign a specific host (bacteria) [77]. However, technological alternatives to solve these problems have already been 
proposed, such as commercial protocol development that allows the simultaneous extraction of DNA and RNA in several biological 
samples. Furthermore, there is an improvement in metagenomics protocol and bioinformatic tools for the species identification that 
makes up the virome [77,85]. Likewise, amplification methodologies are being improved, allowing the identification of longer se-
quences, improving genome coverage, and reducing the error rate [77]. The use of machine learning has also been implemented to 
identify the viral genome regions involved in host pathogenicity [86]. These methodologies will help to understand the interaction 
between viruses and their host and identify possible targets for drug development that prevent or limit the infectious/inflammatory 
process produced by viruses in the human body. 

5. Conclusions 

The study of the virome has gained importance due to its possible role in the development of several diseases including cancer. 
Virome biomarkers could be used as new diagnostic, prognostic, or treatment tools in several cancer types. Shotgun metagenomic 
technology becomes a powerful instrument to assess a trans-kingdom interaction (virome, bacterial microbiota, fungi, host cells) to 
search its role in carcinogenesis. Most studies have focused mainly on intestinal virome characterization due to its association with 
intestinal diseases and CRC. Viral genetic elements could be a new topic of investigation to evaluate their role in disease development. 
In conclusion, metagenomic technology is a powerful tool for human virome characterization. Knowledge obtained from metagenomic 
analysis could help to understand the genesis of several diseases and new treatment strategies development. 
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Fig. 2. Cell cycle stimulation by viral protein factors. 1: Recognition of the viral particle by the membrane receptor. 2: Entry of viral genetic 
material into the cytoplasm and integration of the viral genome into the genome (chromosome) of the host. 3: Transcription of viral genetic ele-
ments. 4: Maturation of mRNA, miRNAs, rRNA of viral genetic elements. 5–6: Expression of viral genetic elements associated with viral replication/ 
transcription stimulating factors. 7: Entry of viral replication/transcription stimulating factors into the nucleus. 8: Stimulation of replication and 
transcription of the host genome. 
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