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Abstract

The connections between viruses and cancer have historically been 
studied in the context of viral oncogenesis. For decades, tumour 
virology has focused on oncogenic viruses such as hepatitis B virus,  
hepatitis C virus, human papillomavirus, Epstein–Barr virus, 
human T cell leukaemia virus type 1, Kaposi sarcoma-associated 
herpesvirus and Merkel cell polyomavirus, elucidating their oncogenic 
mechanisms, which include mutagenesis, chronic inflammation and 
immune evasion. However, the human virome is vast and complex, 
and this oncogenesis-centred view has overshadowed the possibility 
that certain viral exposures enhance antitumour immunity. Through 
millions of years of coevolution with animal hosts, the virome, 
consisting of diverse bacteriophages and eukaryotic viruses, 
including endogenous retroviruses, appear to have evolved strategies 
for coexistence that shape immune development and potentiate 
host surveillance pathways capable of recognizing and eliminating 
cancer cells. Non-oncogenic viruses can prime innate and adaptive 
immune responses, mimic tumour antigens and modulate the 
expression of immune checkpoints, as exemplified by the association  
of the enterovirus and rhinovirus CE1 epitope with protective liver 
cancer immunity. Moreover, endogenous retroviruses, naturally 
occurring oncolytic viruses and microbiome-associated phages may 
act as allies in cancer control. This Review explores the emerging 
evidence for viral anticancer immunity, its underlying mechanisms, 
and implications for a virome-guided framework for cancer prevention 
including new approaches to risk assessment, immune-based 
therapeutics and applications in low-resource settings.
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In microbial ecology, competition among pathogens can indirectly 
protect the host. For example, Helicobacter pylori infection has been 
associated with lower incidence of tuberculosis19,20. Furthermore, 
the immune system seems to have evolved permissiveness to certain 
viruses while resisting others21.

Persistent or repeated viral exposures can recalibrate innate immu-
nity, often involving macrophages and natural killer cells through mech-
anisms of ‘trained immunity’22 or ‘bystander immunity’23, and may exert 
different effects on carcinogenesis. Chronic inflammation caused by 
HBV or HCV promotes hepatocarcinogenesis, but other viral infections 
can instead prime immune surveillance to recognize nascent tumour 
antigens24–26. Epidemiological evidence supports these mechanisms. 
For example, childhood varicella (chickenpox) infection correlates 
with lower risk of glioma27,28, and mumps has been linked to reduced 
incidence of ovarian cancer29,30. Moreover, autoimmune diseases asso-
ciated with viral infections, such as EBV-linked multiple sclerosis, often 
coincide with lower incidence of cancer31,32, suggesting an evolutionary 
trade-off between autoimmunity and tumour tolerance.

These insights introduce a broader paradigm of host–virome 
coevolution, whereby certain viral elements might have been retained 
as a result of selection for their immunoprotective potential (Fig. 1). 
Endogenous retroviruses (ERVs), which constitute about 8% of the 
human genome33, exemplify this coadaptation because, once parasitic, 
they now contribute to placenta formation, immune regulation and 
other physiological functions34,35. Likewise, viral exposures that induce 
durable immune priming might provide protection against malignancy.

This Review explores the emerging concept that some viruses 
have protective roles in cancer immunity. We examine the evolutionary 
rationale for host–virus coadaptation, mechanisms of viral immune 
training and mimicry, and new evidence linking benign viral exposures 
to antitumour immunity. Finally, we highlight the translational poten-
tial of virome-guided cancer prevention, in which past viral exposures 
can be repurposed to predict, prevent and intercept cancer.

The human virome
At the beginning of the twenty-first century, advances in metagenome 
and metatranscriptome sequencing allowed researchers to greatly 
expand the known diversity of viruses, including the discovery of 
numerous, previously uncharacterized viral groups36. The human 
virome comprises a vast collection of diverse viruses17,37. Some of the 
viruses in the human virome cause acute infections, whereas others 
establish long-term latency. Furthermore, some viruses establish per-
sistent infections without apparent pathogenicity and may exist as 
commensal or symbiotic components of the human virome17.

There are three fundamentally different types of viruses present 
in humans: (1) viruses replicating in human cells (bona fide human 
viruses); (2) viruses infecting human-associated microbes (primarily, 
bacteria, but also archaea, fungi and protists); and (3) viruses associ-
ated with food sources (mostly plants) that do not replicate in any cells 
of the host holobiont17. Numerous recent studies have characterized 
the human virome at different body sites, such as the gastrointestinal 
tract38, oral cavity39, respiratory tract40, blood41, skin42, urogenital 
system43 and nervous system44, revealing rich and distinct viral com-
munities at different locations45. Although interindividual variation 
does exist, within a healthy adult, the virome is usually stable over time, 
in parallel with the stability of the bacterial and archaeal microbiome17.

The human body, especially the intestine, is the habitat of more 
than 1014 bacterial and archaeal cells. Accordingly, bacteriophages com-
prise the overwhelming majority of the human virome. Bacteriophages 

Key points

	• Beyond its established role in oncogenesis, the human virome, 
shaped by long-term host–virus coevolution, includes symbiotic 
and endogenous viruses that can enhance antitumour immune 
surveillance.

	• Non-oncogenic viral exposures can prime innate and adaptive 
immunity, enabling cross-reactive responses against emerging 
tumours.

	• Viral–tumour molecular mimicry and endogenous retroviral 
expression provide antigenic and innate immune signals that sensitize 
tumours to immune attack.

	• A virome-guided framework offers new opportunities for cancer 
risk stratification, immunoprevention and scalable immune-based 
interventions.

Introduction
For more than a century, viruses have been studied primarily as causes 
of disease, including cancer. Oncogenic viruses hijack host processes, 
promoting tumorigenesis (Box 1). Epidemiological and mechanistic 
studies have established hepatitis B virus (HBV) and hepatitis C virus 
(HCV) as major drivers of hepatocellular carcinoma (HCC)1, human 
papillomavirus (HPV) as the cause of cervical and other anogenital 
cancers2, and Epstein–Barr virus (EBV) as the aetiologic agent of naso-
pharyngeal carcinoma, Burkitt lymphoma, Hodgkin lymphoma and 
gastric cancer3. Additional examples of oncogenic viruses include 
the aetiological roles of Merkel cell polyomavirus (MCV) in Merkel cell 
carcinoma4, human T cell leukaemia virus type 1 (HTLV1) in adult T cell 
leukaemia/lymphoma5, and Kaposi sarcoma-associated herpesvirus 
(KSHV) in Kaposi sarcoma and related malignancies6.

Experimental studies revealed that these viruses promote malig-
nancy by inactivating tumour suppressors (for example, HPV E6-medi-
ated and E7-mediated inactivation of p53 and RB in epithelial cells), 
boosting host cell survival (for example, latent membrane protein 1 
(LMP1) from EBV acting as a CD40 homologue in B cells), and inducing 
chronic inflammation (for example, during persistent HBV or HCV infec-
tion of hepatocytes)7. To maintain their persistence, oncogenic viruses 
use diverse immune evasion mechanisms8 such as reduced antigen 
presentation (through downregulation of human leukocyte antigen 
class I (HLAI) molecules mediated by HPV E5 and E7)9, induction of T cell 
exhaustion in chronic hepatitis10, and direct infection of lymphocytes 
by EBV and HTLV1 (refs. 5,11). Collectively, viral oncogenesis accounts 
for an estimated 15–20% of human cancers12–14. The causal role of viral 
infection in these cancers has been validated by clinical studies and pub-
lic health efforts, most notably, the implementation of HBV and HPV  
vaccines, which have substantially reduced the risk of HCC and cervical 
cancer, respectively15,16.

However, this historical focus on oncogenesis has meant the com-
plementary possibility that some viral interactions might benefit the 
host, particularly, by enhancing antitumour immunity, has been over-
looked. Humans and human ancestors have coexisted with a complex 
virome through millions of years of evolution17, which has probably 
imposed selective pressures not only to resist damage caused by 
viruses but also to retain viral features conferring immune advantage18. 
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affect the human microbiome via multiple processes and mechanisms 
such as through integration of phage DNA into bacterial genomes46, 
acting as vehicles for horizontal gene transfer47 and killing of the 
host bacterial species48. Through these processes, bacteriophages 
exert multiple effects on human health that are not yet thoroughly 
understood49. Many bona fide human viruses are consistently present 
in healthy humans without causing disease17. These symbiotic viruses 
can be categorized into three functional classes. The viruses of the first 
class, such as anelloviruses, infect human cells of different tissues but 
are not associated with any disease50. The viruses of the second class, 
such as herpesviruses and adenoviruses, do not cause disease in healthy 
humans but can turn pathogenic in immunosuppressed individuals51. 
The third class of symbiotic viruses are human ERVs (HERVs) that 
descend from the ancient integration of infectious retroviruses, result-
ing in different degrees of disruption and rearrangement of the viral 
genes. More than 3,000 HERVs are integrated into the human genome, 
comprising about 8% of human DNA33. The relationship between the 
HERVs and the human host is a typical symbiosis, with both beneficial 
and potentially deleterious effects on the host.

The composition and stability of the human virome varies across 
body sites, reflecting selection pressure originating from the inter-
action of individuals with the environment45. This is exemplified by 
comparing three sites that host the most abundant viruses, namely, 
the gut, skin and oral mucosa. As alluded to above, the gut is home to 
the vast majority of the microbiome, and therefore, the gut virome 
is overwhelmingly dominated by bacteriophages. The gut virome of 

an individual has a unique composition that can be considered an 
individual’s ‘fingerprint’ and, at least, in healthy individuals, remains 
remarkably stable over long time periods (months to years)52. In stark 
contrast, the skin virome is far more dynamic and less stable because 
the skin is constantly exposed to environmental factors. Although the 
skin virome includes a core set of viruses, its composition can change 
considerably over short periods due to environmental impacts and 
hygiene practices53. The oral cavity represents a middle ground with 
respect to the stability of its virome and this is owing to its position in 
the body, connecting the digestive tract with the skin and the outer 
environment; however, local spots such as dental plaques and biofilm 
within the oval cavity are stable, structured habitats54.

Evolutionary strategies of human viruses
Life history trade-offs in oncogenic and non-oncogenic viruses
Viruses with high replicative capacity cause acute infection by pro-
ducing large amounts of virions in hosts for dissemination within a 
short period of time. These viruses either kill the host or are ultimately 
cleared by the immune system, and the surviving host recovers (Fig. 2, 
path 1). By contrast, oncogenic viruses trade low replicative capac-
ity with intermittent latency for persistent infection and long-term 
dissemination8. During viral persistence, viral DNA can accidentally 
integrate into a host chromosome, resulting in perturbations of the 
viral genome. On rare occasions, this process leads to disruption of 
the genes required for viral life cycle (for example, the E2 protein of 
HPV and the full-size large T antigen of MCV) but preserves oncogene 

Box 1 | Oncogenic viruses and mechanisms of viral oncogenesis
 

Virus was the first identified carcinogenic factor in the history of 
cancer research222,223. Experiments performed in the early twentieth 
century demonstrated that injecting cell-free filtrate of a chicken 
tumour could transmit the disease to healthy chickens, and later, the 
virus responsible for this cancer transmission, subsequently named 
Rous sarcoma virus in honour of its discoverer, was identified224. Since 
the 1960s, viruses have been revealed to be important carcinogens in 
domestic animals, such as chickens, pet mice, cats and cattle. From 
1970 to 1990, more than 15 cancer-causing viruses in animals were 
characterized, and studies on their cell-transforming mechanisms 
resulted in the discovery of viral oncogenes. The search for human 
homologues of these oncogenes led to the identification of proto-
oncogenes including SRC, MYC, MYB, RAS family genes (including 
HRAS and KRAS), and epidermal growth factor receptor (EGFR) family 
genes, and eventually, mutant oncogenes225–230.

Epidemiological and clinical studies have identified viruses 
as the aetiological factors of several types of human cancer. For 
example, Epstein–Barr virus was found to be associated with 
Burkitt’s lymphoma, and with mononucleosis (a benign proliferation 
of B lymphocytes) as well as a particular type of nasopharyngeal 
carcinoma in southeast China222. A family of human papilloma 
viruses (HPVs) were found to cause cancers of higher incidence, 
such as cervix, anogenital and oropharyngeal carcinomas, and 
other types of head and neck carcinomas7,231,232. Certain viruses 
reproducing in particular cell types can cause cancer in specific 
tissues and organs: for example, hepatitis B virus and hepatitis 
C virus reproducing in hepatocytes are strongly associated 
with hepatocellular carcinoma1,13. It has been estimated that 

approximately 15–20% of human cancers worldwide are linked to 
viral infections12.

The common feature of oncogenic viruses is that they maintain 
persistent replication and dissemination in the host organism after 
infection. Persistence is achieved mainly through two types of 
mechanism. First, the viruses dysregulate the cell cycle checkpoints 
and/or signalling of cellular growth and survival, allowing the virus 
to exploit these activities for their own reproduction. For example, 
HPVs express E6 and E7 proteins that bind and deactivate p53 and 
RB proteins, respectively, blocking apoptotic pathways and causing 
uncontrolled S-phase entry in the cell cycle of the host cells233. 
Second, to establish persistence within the hosts, viruses need to 
evade immune surveillance, frequently, through reduced viral protein 
expression, downregulation of host antigen presentation pathways 
and active interference with innate immune signalling234. For example, 
oncogenic HPVs express the E5 protein that downregulates the 
expression of major histocompatibility complex (MHC) class I 
molecules and interferon-β (IFNβ) in the infected host cells233. Another 
important mechanism is the generation of persistent inflammation with 
a low frequency of symptoms, as in the cases of HPV, hepatitis B virus 
and hepatitis C virus69. Persistent inflammation causes repetitive tissue 
damage and repair, creating an immunosuppressive environment that 
protects viruses from immunosurveillance7. Moreover, prior severe 
inflammation caused by viral infection may remodel the tissue immune 
microenvironment, promoting carcinogenesis235. Together, these 
mechanisms cause an uncontrolled cell cycle, immortalization and 
immune evasion in the infected cells, resulting in the accumulation of 
mutations and eventual transformation.

http://www.nature.com/nrc


Nature Reviews Cancer

Review article

functions (for example, the E6 and E7 proteins of HPV and the truncated 
large T antigen of MCV), resulting in cell transformation, so that the 
transformed cell rather than the virus becomes the actual proliferat-
ing unit55,56. The loss of replication capacity is a common feature of 
tumour viruses8,57.

These observations on the persistence of viruses in humans show 
that a replication-incompetent state of the viruses is not imposed 
by the host cells; rather, it is a prerequisite for the virus to be able to 
transform instead of killing the cell. For the virus, a tumour in which 
the virus does not replicate is an evolutionary dead end (Fig. 2, path 2). 
For the host, cancer is a catastrophic failure of cellular control, eventu-
ally resulting in death. Thus, any cancer caused by a virus is a dead end 
for the virus, reducing the fitness of the virus population compared 
with persistence in normal cells. From an evolutionary perspective, 
persistent viruses should be expected to adopt a fitness maximization 
strategy of long-term coexistence with the host while reproducing at 
the maximum rate that is achievable without causing harm to the host, 
including carcinogenesis (Fig. 2, path 3).

Virus–host symbiosis and evolutionary pressures
Like the microbiome as a whole, the virome is a stable component of 
the host holobiont that was acquired over the course of mammalian 
evolution. The virome interacts with the host throughout life, providing 
signals that regulate physiological processes, in particular, establishing 
and maintaining the immunological tone37. Thus, the virome should 
be regarded as a symbiotic component of our biology, capable of both 
beneficial (mutualism) and detrimental (parasitism) effects on host 
fitness, in particular conferring defence and disease susceptibility, 
respectively17,37.

To build symbiotic relationships, both viruses and hosts must 
mutually adapt, while maintaining their fitness over time. For 
long-term persistence, viruses usually need to enter latency with 
minimal reactivation and develop an immunoevasive capacity58,59. For 
example, several RNA viruses undergo 5′-terminal trimming of their 
genome that both suppresses replication and prevents the activa-
tion of innate immune responses60. To avoid clearance by the adap-
tive immune response, an infected cell has to become ‘invisible’ to 
the immune system, by eliminating both surface expression of viral 
proteins and major histocompatibility complex (MHC)-mediated 

presentation of viral peptides61. Other strategies used by viruses 
include host gene mimicry or co-option62, modulating or even 
blocking host immune signalling pathways63, and manipulating host 
chromatin64 and extracellular immune signalling65. The ultimate 
stealth is to integrate into the host genome permanently, as is the 
case for the ERVs66 (Fig. 2, path 3).

In parallel, host cells may need to tune set points for immunity 
against specific viral strains, while early-life exposures can induce toler-
ance for specific viruses. The transmission route can impact the coevo-
lution between viruses and hosts because vertical or within-family 
transmission can select strains with lower virulence, in contrast to 
purely horizontal transmission that facilitates higher virulence67. This 
process has been implied by association of genetic polymorphisms in 
host genes encoding immune system components with differential 
susceptibility and outcomes to various viral infections, including muta-
tions in Toll-like receptor 9 (TLR9), interferon lambda 3 (IFNL3), TLR2, 
mannose-binding lectin 2 (MBL2), CD209 (which encodes DC-SIGN), 
interleukin-10 (IL10), interferon γ (IFNG), TLR7, interferon α receptor 2  
(IFNAR2), IL6 and CC-chemokine ligand 5 (CCL5). These polymorphisms 
reflect the diverse evolutionary pressures that have shaped the immune 
response of human populations to a multitude of viruses68. The posi-
tive selection of immune gene polymorphisms that promote tolerance 
rather than resistance suggests that, for certain viruses, the evolu-
tion of a non-inflammatory, persistent host–virus equilibrium was 
advantageous69,70.

Contributions of ERVs to host physiology
In the case of symbiotic viruses, such as ERVs, the virus–host coevolu-
tion could go through multiple rounds of action and counteraction, 
such as inflammation for clearance of viruses, latency and immune 
evasion by viruses, and host tolerance to avoid tissue damage, until the 
system reaches a balanced relationship71. In this state of equilibrium, 
viruses benefit from a stable environment for maintaining replication 
and/or transmission, whereas hosts benefit from exaptation of viral 
genes and/or from viral effects that protect the host organism, such as 
bystander immunity18. This mutualistic relationship between viruses 
and hosts is best demonstrated by the integration of viral sequences 
into the human genome. It is estimated that more than half of the human 
genome sequence is derived from viruses and transposable elements, 

Viral replication Latent or staticLatent with periodic reactivation

Persistent infection 
leading to mutation 
and transformation 
of host cells
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coevolution with 
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in protective e�ect

Activated or reactivated

Chronic inflammation

Suppressed

Enhancing proliferation, 
survival, and immortalization

Mostly silenced

Bystander immunity
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E�ect on host cells

Functional features 
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Fig. 1 | Friends or foes: the two faces of viral pathophysiology — oncogenic 
versus protective. The main functional features of persistent viruses, that is, 
replication, gene expression, presented antigens, interaction with host immunity 
and effects on host cells, were subject to selection for either enhancing the 

proliferation of host cells (left) or building symbiotic relationships with the 
hosts (right). As a result, these functions evolved, respectively, to promote 
tumorigenesis or to confer a survival advantage to the host.
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primarily virus-like retrotransposons such as long interspersed ele-
ment-1 (LINE-1), along with the HERVs33. These integrated mobile ele-
ments, including HERVs, are not merely passengers but active agents 
that have, to a large extent, shaped the human genome and immune 
system. A well-studied example of the active function of HERVs is the 
syncytiotrophoblast, a critical cellular structure involved in nutri-
ent exchange and maternal immune tolerance in the placenta, which 
mediates the transport of substances required for fetal development 
during pregnancy72. The syncytiotrophoblast is formed via the fusion 
of underlying embryonic cells (cytotrophoblasts), which is driven by 
syncytin, a repurposed viral envelope protein from an ancient ERV, 
the original function of which was to enable the fusion of the virus to 
a host cell, a key step in virus entry72. More recently, it has been shown 
that capsid proteins of ERVs and related retrotransposons integrated 
into mammalian genomes form capsid-like particles that are involved 
in intercellular RNA transport contributing to the regulation of skin 
inflammation, memory consolidation in the brain and probably other 
functions as well73–75.

As ERVs can integrate functional sequences next to genes in 
the host genome, an even more common role for ERVs is in shaping 
gene regulatory networks. The long terminal repeats (LTRs) of ERVs 
are packed with binding sites for transcription factors76. When an 
ERV inserts into a new location in the genome, the regulatory sites in 
the LTRs can affect the expression control of the neighbouring host 
genes77,78. For example, the LTRs of the primate-specific ERV1 family 

appear to be the main carriers of OCT4 and NANOG transcription fac-
tor binding sites specific to human embryonic stem cells79. Over evo-
lutionary time, these switches have been co-opted to create novel, 
species-specific patterns of gene expression. This exaptation of viral 
sequences has been particularly important in primate evolution, rewir-
ing the networks that control pluripotency in embryonic stem cells and 
shaping human-specific traits76,79.

Virus–host interactions in cancer immunity
Immune priming through innate and adaptive activation
The human virome, coevolving with the host over millions of years, 
may shape host anticancer immunity via indirect immunoregulatory 
pathways and direct antigen-specific effector pathways37,51,67,80 (Fig. 3). 
Effective immune surveillance against cancer relies on the capacity of 
the immune system to detect and eliminate emerging neoplastic cells, 
a process critically enhanced by immune priming81. Encounters with 
non-oncogenic viruses can establish durable states of vigilance in both 
innate and adaptive immune compartments that can extend beyond 
pathogen defence to recognition of malignant cells. For example, 
human cytomegalovirus (HCMV), a type of herpesvirus, mediates 
immune priming by expanding adaptive-like natural killer group 2C 
(NKG2C)⁺ natural killer cells with heightened cytotoxicity82,83 and 
remodelling them epigenetically to resemble effector CD8⁺ T cells84. 
In parallel, HCMV contributes to the retention of pools of memory 
CD4⁺ and CD8⁺ T cells, creating a long-lived effector reservoir with 
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Fig. 2 | The evolutionary trajectories of viruses and mechanisms of viral 
symbiosis. Viruses use different strategies to increase their fitness. (1) Viruses 
can cause acute infections by replicating rapidly in host cells, generating high 
numbers of virions within a short time for efficient dissemination. However, in 
this case, the hosts can either respond with effective immunity to clear the virus 
or sustain too much damage to survive and support virus reproduction. Both 
consequences lead to an evolutionary dead end for the virus. (2) Viruses can 
enhance the proliferation and/or survival of the host cells, while maintaining 

latency with intermittent reactivation. This strategy ensures persistence of 
viruses to continuously generate virions in the host cells. Occasional integration 
into host genomes can disrupt viral genes, conferring oncogenic activity. Such 
events can lead to host cell transformation and loss of replicative capacity of 
the virus, again resulting in an evolutionary dead end. (3) Repeated interactions 
between the host and viruses can promote selection of mutually beneficial 
phenotypes, increasing the fitness of both the host and the virus, resulting in a 
stable mutualistic relationship. ERV, endogenous retrovirus.
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potential to target transformed cells85. In addition, herpesvirus latency 
could confer a benefit to the host by increasing resistance to bacte-
rial infection through the upregulation of the basal activation state 
of innate immunity58. Herpesviruses can also induce innate priming 
through dendritic cell sensing, which drives type I interferon (IFN) 
production86,87. Type I IFN promotes natural killer cell survival and 
function during infection and synergizes with IL-18 to amplify IFNγ pro-
duction pathways that are equally central to natural killer cell-mediated 
tumour clearance88,89. These observations are consistent with epidemi-
ological evidence for reduced cancer risk in individuals with previous 
viral infections, including childhood acute lymphoblastic leukaemia90, 
adult non-Hodgkin lymphoma91, glioma92, ovarian cancer29 and several 
other cancer types. However, the associations are not uniform and 
depend on the type of cancer and virus, as well as the age of infec-
tion. These variations warrant further investigation to validate the 
concept and define the underlying immunological mechanisms, as 
discussed below.

Other viral exposures also provide tissue-specific priming. Rhi-
novirus induces epithelial IFNβ expression and interferon-stimulated 
gene networks, whereas mouse norovirus restores lymphocyte 
function in germ-free mice through IFN signalling93,94, which might 
contribute to the maintenance of immune competence against 

tumour cells. Heterologous immunity shows that prior viral infec-
tions expand cross-reactive T cell pools95, potentially mobilizable 
against tumour-associated antigens (TAAs). In accord with these 
findings, a recent study has shown that SARS-CoV-2 mRNA vaccines 
sensitized tumours to immune checkpoint blockade (ICB) by enhanc-
ing IFN signalling and expanding CD8+ T lymphocytes, substantially 
prolonging the survival of patients with lung cancer treated with 
ICB therapies96. In addition to viral infections, tumour cells can pre-
sent peptides derived from HERVs, triggering immune responses in 
melanoma97. Collectively, these findings suggest that non-oncogenic 
viral infections can function as natural immune adjuvants, leaving 
durable imprints that strengthen the host’s capacity for tumour  
immunosurveillance (Fig. 3).

Molecular mimicry of tumour antigens
Pathogen mimicry has long been recognized in ecology as a survival 
strategy that benefits both pathogens and hosts98. Apart from immune 
priming, another route by which viral and microbial exposures influ-
ence cancer surveillance is through molecular mimicry of tumour 
antigens. In this case, viruses and bacteria contribute to antitumor 
immunity by expressing antigens that resemble tumour-associated 
epitopes, enabling infection-induced immune responses to cross-react 
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Fig. 3 | Virome-associated pathways shaping cancer immunity. The human 
virome shapes cancer immunity through two complementary routes. Indirect 
immunoregulatory pathways arise from viral infection and virus–microbiome 
interactions that condition tissue and immune environments without requiring 
antigen-specific tumour recognition. Viral sensing (at double-stranded RNA 
(dsRNA) or Toll-like receptor (TLR) ligands) induces type I interferon (IFN) 
responses and activation of innate immune cells, including natural killer (NK) cells 
and plasmacytoid dendritic cells (pDCs), priming anticancer innate immunity. 
Bacteriophages target and eliminate specific bacterial populations to impact 
inflammation and epithelial barrier integrity, therefore modulating cancer risk 

and immune permissiveness. In parallel, direct antigen-specific effector pathways 
are engaged when viral antigens or virus-related epitopes are recognized by 
adaptive immune cells. Viral antigens expressed by infected tumour cells can 
elicit CD8⁺ T cell-mediated cytotoxicity, whereas molecular mimicry between 
viral and tumour antigens can activate CD4⁺ T cells, B cells and antibody-
mediated responses against tumours. Oncolytic virus (OV) and endogenous 
retrovirus (ERV) reactivation occupy an intermediate position, predominantly 
contributing to indirect immunoregulatory effects through viral mimicry and 
interferon signalling, but in certain contexts also providing antigenic targets for 
adaptive antitumour immunity. APCs, antigen-presenting cells.
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with malignant cells99. Such mimicry can redirect pre-existing antiviral 
or antibacterial immunity towards nascent tumours, providing a plau-
sible mechanism by which prior microbial encounters shape cancer 
immunosurveillance (Fig. 3).

A well-established example is the case of EBV, where molecular 
mimicry between nuclear antigens of EBV and central nervous system 
proteins has been causally linked to multiple sclerosis32,100. Although 
this phenomenon involves autoimmunity rather than cancer, it illus-
trates how persistent viral exposures can generate cross-reactive 
immunity with host antigens, a principle that could extend to antitu-
mour contexts but could also carry a risk of off-target immune acti-
vation. Cancer-related evidence is emerging. In mouse and human 
melanoma, pre-existing antiviral immunity enhanced antitumour 
responses when viral peptides shared sequence similarity and T cell 
receptor-recognizable epitope features with tumour antigens, leading 
to the expansion of cross-reactive CD8⁺ T cells under PD1 blockade101. 
In a patient cohort of non-small-cell lung cancer, shared T cell receptor 
specificity linked a tumour antigen (TMEM161A) to EBV epitopes, pro-
viding direct evidence of viral–tumour cross-reactivity in humans102. 
HIV proteins contain peptides similar to multiple TAAs, and MHC 
tetramer-verified cross-reactive CD8⁺ T cells have been identified in ex 
vivo assays, suggesting that antiviral imprinting can confer antitumour 
potential103. Certain SARS-CoV-2 epitopes also show similarity to TAAs, 
and cross-reactive CD8⁺ T cell clones have been detected after infection 
or vaccination104. CD4+ T cells are central to this balance between effec-
tive antitumour immunity and the risk of off-target or autoimmune 
responses, as they coordinate antigen-specific priming and sustain 
CD8+ T cell responses, thereby enhancing the quality and durability of 
immune responses; however, under conditions of molecular mimicry, 
they can also support the expansion of cross-reactive clones105–108. 
Therefore, defining the exact mechanisms governing CD4+–CD8+ 
interactions in response to viral antigens is a key priority for enabling 
safe and effective virome-guided immunoprevention, while minimizing 
potential clinical risks.

Beyond T cells, humoral mimicry has also been documented. 
For example, a tumour-binding antibody isolated from non-small-
cell lung cancer (named GT103) was found to cross-react with viral 
peptides derived from several viruses including human metapneu-
movirus-1, consistent with derivation from antiviral memory B cells109. 
Emerging evidence further suggests that viral mimicry can support 
tumour surveillance through humoral mechanisms. A conserved CE1 
epitope, derived from enteroviruses and rhinoviruses, has been shown 
to elicit antibodies that cross-react with a tumour-associated protein 
aspartyl/asparaginyl beta-hydroxylase (ASPH) and in turn, mediate 
antibody-dependent cellular cytotoxicity against HCC cells (from a 
preprint)110. In addition, CE1-specific responses can engage CD8⁺ T cells 
capable of directly lysing HCC cells as well as CD4⁺ T cell and B cell 
responses111 (discussed in more detail below).

Apart from viruses, commensal microbes also contribute to mim-
icry. In melanoma, intratumoural bacterial peptides presented by HLA 
molecules were recognized by tumour-infiltrating lymphocytes112, and 
in glioblastoma, microbial epitopes activated both CD4⁺ and CD8⁺ 
T cells, which were cross-reactive with tumour-derived peptides113. 
These findings reveal that microbial exposure can broaden tumour rec-
ognition by supplying cross-reactive determinants. Collectively, these 
findings indicate that viral–tumour mimicry can mobilize pre-existing 
antiviral immunity to support tumour immunosurveillance and 
enhance therapeutic responses, highlighting infection history as a 
potential determinant of cancer immunity.

Interplay between viral antigen presentation and  
immune checkpoints
Viral infections can intersect directly with immune checkpoint path-
ways through their effects on antigen presentation. A recurring 
theme is the simultaneous reduction of peptide–MHC visibility and 
induction of inhibitory signalling. For example, the EBV Epstein–Barr 
nuclear antigen 1 (EBNA1) Gly-Ala repeats limit MHCI-mediated pres-
entation of viral antigens, whereas LMP1 of EBV can activate PDL1 
transcription via signal transducer and activator of transcription 3  
(STAT3), activator protein 1 (AP-1) and nuclear factor-κB (NF-κB), 
thereby coupling antigenic invisibility with immune checkpoint 
engagement114,115. In addition, high-risk HPVs, which are linked to 
cancer, deploy complementary strategies in which the E5 protein 
prevents the surface transport of MHCI molecules, whereas E7 upreg-
ulates PDL1 expression9,116. KSHV similarly downregulates MHCI via 
its K3 and K5 proteins and induces PDL1 expression during infection  
and lytic reactivation117–119.

Convergent mechanisms of immune modulation have also 
been discovered in other persistent infections. For example, the 
HCMV US2 and US11 gene products can displace newly synthe-
sized MHCI heavy chains from the endoplasmic reticulum to the 
cytosol, thereby reducing peptide–MHC visibility to T cells120,121. 
Equally, the HCMV UL23 gene product can exploit the PDL1 inhibi-
tory signalling pathway to evade T cell-mediated cytotoxicity during 
infection122. Whereas HIV infection can lead to the upregulation of 
PD1 expression on virus-specific T cells, viral TLR ligands and Tat 
protein can induce PDL1 expression on monocytes and dendritic cells. 
Together, these pathways might promote immune checkpoint 
engagement123,124. Furthermore, the HIV1 accessory protein Nef can 
also induce PD1 expression on T cells via a p38 MAPK–dependent 
pathway, possibly dampening antiviral effector function125. Last, the 
herpes simplex virus (HSV) immediate-early protein ICP47 can block 
transporter associated with antigen-processing (TAP)-dependent 
peptide import into the endoplasmic reticulum, thereby curtail-
ing peptide–MHCI complex formation and limiting CD8⁺ T cell  
recognition126.

In chronic viral infections, prolonged antigenic stimulation 
can enforce T cell dysfunction through immune checkpoint path-
ways. In the mouse model of lymphocytic choriomeningitis virus 
infection, exhausted CD8⁺ T cells upregulated PD1, whereas PD1 or 
PDL1 blockade restored their effector function127. Parallel mecha-
nisms have been identified in humans: during chronic HCV infec-
tion, PD1⁺ virus-specific T cells display impaired proliferation and 
cytokine production, which can be restored by PDL1 blockade128,129, 
and similar immune checkpoint-mediated suppression has been 
observed in chronic HBV infection130. These principles extend to 
virus-associated cancers. In mouse models of HPV-induced head 
and neck squamous cell carcinoma, therapeutic vaccination with 
viral E6 and E7 antigens synergized with PD1 blockade to achieve 
superior control of established lesions131. Moreover, in a chronic lym-
phocytic choriomeningitis virus infection model, low-dose IL-2 syner-
gized with PDL1 blockade to reinvigorate exhausted CD8⁺ T cells and 
promote control of viral replication132, highlighting general mecha-
nisms of T cell reinvigoration that inform immune checkpoint-based 
therapies of virus-associated cancers. Collectively, these findings 
highlight a shared axis of viral persistence, immune exhaustion, 
and immune checkpoint dependency that links chronic infection 
biology with clinical strategies and decision making for cancer  
immunotherapy.
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A case study of enterovirus and rhinovirus epitopes 
promoting anti-HCC immunity
The concept of using non-pathogenic viruses to stimulate host immu-
nity against cancer has deep historical roots133. In the former Soviet 
Union, from the late 1960s to the 1980s, Marina Voroshilova and col-
leagues pioneered the use of non-pathogenic enteroviruses as pre-
ventive and therapeutic agents, including in oncology134. Their work 
documented that oral administration of live attenuated enteroviruses 
in patients with cancer led to selective replication in malignant cells and 
early signs of tumour regression. This pioneering effort introduced the 
notion that ‘beneficial viruses’ could suppress pathogenic infections, 
stimulate immunity and protect against cancer, laying the foundation 
for modern virome-based therapy.

Recent evidence indicates that common viral exposures can leave 
durable immunological imprints linked to the risk of HCC135,136. Building 
on these findings, a recent study revealed that natural infection with 
enteroviruses and rhinoviruses can shape liver cancer immunity111. 
In large multi-ethnic cohorts, serological antibody profiling with a 
synthetic pan-viral phage library137 identified many viral antigens with 
substantially reduced reactivity in patients with HCC compared with 
healthy individuals111. Notably, the stronger antibody responses to 
these viral antigens correlated with improved outcomes in chronic liver 
disease and HCC111,136, suggesting protective effects of prior viral expo-
sures. These studies led to the identification of CE1, a 16-amino acid con-
served epitope shared among the capsid proteins of enteroviruses and 
rhinoviruses138. Functional assays demonstrated that CE1 elicits both 
CD4⁺ and CD8⁺ T cell responses, including cytotoxic activity capable 
of lysing HCC cells ex vivo, alongside CD4+ T cell and B cell activation111 
(Fig. 4). Given that enteroviruses and rhinoviruses cause some of the 
most frequent human infections worldwide139–141, CE1-specific immune 
priming is probably widespread. This population-level imprinting sug-
gests that CE1-based immunization could leverage natural immunity 
for virome-informed cancer intervention.

Symbiotic viruses and cancer protection
ERVs and antitumour immunity
HERVs are normally epigenetically silenced33,142. However, their expres-
sion can be reactivated under certain conditions, such as DNA demeth-
ylation, viral infection or cancer-associated epigenetic dysregulation, 
with important implications for cancer immunity143. Two landmark 
studies demonstrated that DNA-demethylating agents induce ERV 

expression, leading to double-stranded RNA accumulation and type I  
interferon activation (Fig. 3). Chiappinelli et al.144 showed that ERV 
reactivation in human cancer cells triggered innate immune sensing 
and growth inhibition in xenograft cancer models, whereas Roulois 
et al.145 demonstrated that colorectal cancer organoids and xenografts 
underwent viral mimicry-driven immune activation after demethyla-
tion. Extending these findings, analyses of human tumours have shown 
that ERV re-expression correlates with immune activation and clini-
cal outcomes. For example, in ovarian cancer, higher ERV expression 
was associated with increased immune infiltration, including CD8⁺ 
T cells, and improved patient survival146. Similarly, in colorectal cancer, 
ERV expression defined a molecular subtype that, together with CD8⁺ 
tumour-infiltrating lymphocytes, is associated with improved overall 
and relapse-free survival147. Beyond their activity as immunostimulatory 
ligands, ERV products can function as bona fide tumour antigens. In 
melanoma, a HERV-K-derived peptide (HERV-K-MEL) is presented by 
HLA-A*02:01 and recognized by cytotoxic T lymphocytes148. In clear-cell 
renal cell carcinoma, HLA-A*02:01-restricted HERV-E peptides stimulate 
CD8⁺ T cells that recognize HERV-E-expressing tumours149. Humoral 
responses against HERV-K envelope glycoprotein (HERV-K Env) have 
also been documented in breast and ovarian cancers150,151. Moreover, 
Cañadas et al.152 identified a subset of interferon-inducible ERVs, 
termed stimulated 3′ prime antisense retroviral coding sequences, 
that, when upregulated via IFNγ treatment, activate tumour-intrinsic 
mitochondrial antiviral-signalling protein (MAVS) and stimulator of 
interferon genes (STING) innate immune sensing pathways, increase 
MHCI antigen presentation and enhance T cell infiltration, thereby 
sensitizing tumours to immunotherapy. Together, these findings posi-
tion ERVs as dual agents in cancer immunity, that is, innate immune 
adjuvants (via viral mimicry and type I IFN programmes) and sources 
of tumour-specific antigens. These findings support therapeutic 
strategies that safely exploit ERV de-repression to bolster responses 
to ICB.

Oncolytic viruses
Oncolytic viruses have been extensively studied as potential thera-
pies for many cancers and are discussed in detail in many other 
reviews153,154. Therefore, here we only include a brief summary. The 
oncolytic viruses exploit their natural infection cycles to selectively 
replicate in tumour cells, leveraging intrinsic oncogenic vulnerabili-
ties to trigger both direct oncolysis and immune-mediated antitumor 

Fig. 4 | Mechanism of immunoprotection against HCC mediated by the CE1 
epitope of enteroviruses and rhinoviruses. a, Antigenic properties of the CE1 
epitope. CE1 is a conserved 16-amino acid epitope derived from capsid proteins 
of common enteroviruses and rhinoviruses. CE1 is proposed to contribute 
to hepatocellular carcinoma (HCC) immunoprotection through molecular 
mimicry, whereby CE1-primed immune responses recognize tumour-associated 
antigens with shared epitope features. The CE1 sequence contains overlapping 
antigenic cores that enable engagement of multiple adaptive immune pathways. 
An eight-residue CE1 core peptide can be generated by antigen processing  
in antigen-presenting cells and presented on the closed binding groove of human 
leukocyte antigen (HLA) class I molecules (for example, HLA-A*02:01), leading to 
CD8⁺ T cell activation. By contrast, the CE1 sequence also contains a nine-residue 
core compatible with the open peptide-binding groove of HLA class II molecules 
(for example, HLA-DQA1*01:01), allowing presentation with minimal trimming, 
consistent with established HLA class II antigen-processing pathways. The 
schematic brackets represent overlapping peptide regions; for HLA class II, the 
binding core is approximately nine residues, with flanking residues extending 

beyond the binding groove, which may give the appearance of a longer segment. 
In silico analyses of HLA class II binding and B cell epitope prediction support the 
ability of CE1 to engage CD4⁺ T cells and B cells. Antibody binding to CE1 enables 
antibody-dependent cellular cytotoxicity mediated by natural killer (NK) cells. 
b, Proposed immune effector mechanisms associated with CE1. CE1-specific 
immune responses may contribute to antitumour activity through multiple 
antigen-dependent mechanisms. Following uptake and presentation by antigen-
presenting cells, such as dendritic cells, CE1 can activate CD8⁺ T cells capable 
of recognizing tumour cells that present antigens sharing molecular similarity 
with CE1 (molecular mimicry), leading to cytotoxic killing ex vivo111. CE1-specific 
CD4⁺ T cell responses can provide helper signals to support B cell activation and 
antibody production. CE1-reactive antibodies may engage Fc receptors on NK 
cells to mediate antibody-dependent cellular cytotoxicity in xenograft models 
of HCC110. Importantly, CE1 may not be transcribed or expressed by tumour cells, 
but rather, immune effector responses elicited by CE1 cross-react with tumour-
associated antigens that exhibit shared epitope features. TH1 cell, type 1 helper 
T cells; TCR, T cell receptor.
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responses (Fig. 3). For example, reovirus preferentially replicates in 
RAS-activated cells via a RAS–RalGEF–p38-dependent pathway155,156. 
Moreover, oncolytic viruses themselves carry viral antigens that can 
modulate immune responses in the tumour microenvironment. Early 
clinical studies established the feasibility of systemic and intratumoral 
delivery of wild-type reovirus, with biopsy-confirmed viral infection and 
acceptable safety157,158. Furthermore, combinations with chemotherapy 
or radiotherapy showed tolerability and early synergy159. More recent 
studies have extended these findings by demonstrating that reovirus 
can promote a T cell-inflamed tumour microenvironment, and its use 
has been evaluated in combination with immune checkpoint inhibi-
tors, providing evidence of immune activation and variable clinical 
activity across tumour types160. Other natural oncolytic viruses include 
coxsackievirus A21 (V937), which induced immune activation and 

regression in both injected and distant melanoma lesions in patients161; 
Newcastle disease virus, which showed intravenous feasibility with 
early antitumour activity162; and parvovirus H-1, which can cross the 
blood–brain barrier and has shown immunogenic tumour responses 
in patients with glioblastoma163. Artificial oncolytic viruses can be pro-
duced by engineering viral genomes to eliminate pathogenicity while 
enhancing tumour selectivity, killing efficiency or immune-modulating 
capacity. Clinical proof of concept for engineered oncolytic viruses was 
achieved with HSV1 talimogene laherparepvec (T-VEC), which improved 
durable response rates in a phase III trial of melanoma treatment164 and 
was subsequently approved by the US Food and Drug Administration 
in 2015 as the first oncolytic virus therapy. Similarly, JX-594 (Pexa-Vec), 
which is a vaccinia virus, demonstrated dose-dependent survival ben-
efit in patients with HCC165. In both cases, specific viral genes were 
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deleted to increase tumour selectivity and safety (HSV neurovirulence 
factors in T-VEC and vaccinia thymidine kinase in JX-594), while the 
granulocyte macrophage–colony-stimulating factor transgene was 
added to boost immune responses. Additional virus candidates for 
engineering to be oncolytic viruses include recombinant poliovirus 
(PVSRIPO), which achieved a survival plateau in patients with recurrent 
glioblastoma166, and measles virus (MV-NIS), which induced a durable 
complete response in patients with refractory myeloma167. In addition, 
oncolytic viruses based on vesicular stomatitis virus have shown early 
safety and disease stabilization in patients with uveal melanoma168, 
while ONYX-015 (an adenovirus) demonstrated tumour-selective rep-
lication and enhanced response in patients with recurrent head-and-
neck cancer when combined with chemotherapy169. Collectively, these 
studies show that both natural and engineered oncolytic viruses can 
lyse tumour cells, modulate the tumour immune microenvironment 
and synergize with existing therapies.

Bacteriophage-mediated and microbiome-mediated  
immune modulation
The bacterial component of the microbiome and bacteriophages influ-
ence host immunity in ways that might ultimately be harnessed to 
modulate cancer risk and therapeutic response170. Commensal bacteria 
and their metabolites provide complementary immunomodulation 
that can shape cancer immunity171. Mucus-adhering phages can enhance 
epithelial barrier defence by reducing bacterial infection of mucosal 
surfaces172, and can also transcytose across polarized epithelial cells 
to interact directly with the host immune system173. Phage DNA sens-
ing through TLR9 can skew mucosal responses towards type I IFN and 
IFNγ production, potentially exacerbating colitis174, whereas targeted 
lytic phage consortia can suppress pathobionts and attenuate inflam-
mation in vivo175. In a study integrating patient-derived microbiota 
analysis with mechanistic validation in mouse models of liver inflam-
mation, phage therapy targeting Klebsiella reduced bacterial burden 
and hepatic inflammation176. Some staphylococcal phages encode 
immune-evasion proteins, such as CHIPS, which are expressed from 
prophages integrated into bacterial genomes and are secreted to inhibit 
neutrophil and monocyte chemotaxis177.

Other microbiota components can differentially shape mucosal 
immune responses. For example, segmented filamentous bacteria can 
promote T helper 17 cell differentiation at mucosal surfaces, thereby 
enhancing mucosal immune defence against extracellular pathogens178, 
whereas microbial metabolites, such as short-chain fatty acids, pro-
mote the differentiation to regulatory T cells, which in turn medi-
ate protection against colitis179,180. Similarly, microbial tryptophan 
metabolites from Lactobacilli species activate the aryl hydrocarbon 
receptor (AhR)–IL-22 axis to strengthen mucosal immunity181, and in a 
phase Ib trial of patients with ulcerative colitis, exogenous IL-22 treat-
ment has been shown to elevate faecal AhR activity and indole deriva-
tives while exploratory clinical end points showed that some treated 
patients achieved remission182. Furthermore, microbiota-derived 
desaminotyrosine can modulate host antiviral immunity through 
metabolite-mediated signalling, rather than direct microbial sensing, 
by enhancing type I IFN signalling, and thereby increasing resistance to 
influenza virus infection183. Microbiome–immune interactions can also 
influence the response to cancer immunotherapy. For example, Bifido-
bacterium species can enhance the efficacy of anti-PDL1 treatment184 
and Bacteroides fragilis can restore responses to anti-cytotoxic 
T lymphocyte-associated antigen 4 (CTLA4) in antibiotic-treated or 
germ-free mice185.

Collectively, these findings illustrate how bacteriophages and 
the bacterial microbiome function as symbiotic regulators of baseline 
immune state. By shaping epithelial barrier integrity, inflammatory 
balance and antiviral interferon signalling, these systems primarily 
mediate indirect immunoregulatory effects that influence tumour 
initiation, immune evasion and responses to immunotherapy (Fig. 3). 
Chronic barrier disruption, dysregulated inflammation and impaired 
interferon responses are well-established contributors to carcinogen-
esis, whereas restoration of microbial balance and phage-mediated 
control of pathobionts can reinforce tissue homeostasis, lower 
pro-tumorigenic inflammation and improve immune surveillance.

More generally, phage–microbiome networks can either prime 
antiviral (type I or III IFN) pathways or dampen inflammation by remov-
ing pathobionts, both effects of which can shift tumour–immune 
set points186. Alongside ERV reactivation and oncolytic virotherapy, 
such activities of the microbiome and the phageome suggest that 
symbiotic viruses and their microbial ecosystems can be harnessed to 
reinforce cancer immunosurveillance and therapeutic responsiveness.  
The evidence for symbiotic viral immunity is summarized in Table 1.

Virome-guided cancer prevention
Concept of virome-guided early cancer intervention
Virome-guided immunoprevention is an emerging approach that lev-
erages the body’s cumulative viral exposures to sustain immune vigi-
lance and reduce cancer risk. The healthy human virome, comprising 
eukaryotic viruses, bacteriophages and archaeal viruses, contributes 
to the calibration of baseline immunity relevant to tumour surveil-
lance. For example, meta-transcriptomic analysis of tissues from the 
Genotype-Tissue Expression (GTEx) project revealed that local viral 
transcription correlates with interferon-stimulated gene expres-
sion and systemic immune activation, underscoring the influence of 
commensal viral activity on immunity187. Evidence for viral-mediated 
tumour surveillance is emerging from experimental and epidemio-
logical studies. For example, latent cytomegalovirus (CMV) in healthy 
adults has been shown to reshape immune composition by expanding 
adaptive-like NKG2C⁺ natural killer cells with enhanced cytotoxicity 
against HLA-E⁺ tumour targets188. At the population level, childhood 
infections such as measles or chickenpox inversely correlate with 
risk of lymphoma189 and glioma27, and distinct virome patterns have 
been identified as predictors of HCC and intrahepatic cholangiocar-
cinoma risk135,136. A particularly compelling example is the suppression 
of ultraviolet-induced skin carcinogenesis by immunity to commen-
sal β-papillomaviruses190,191. Together, these observations support a 
preventive framework in which benign virome–immune interactions 
contribute to sustained antitumour vigilance.

Virome-guided immunoprevention is most plausibly implemented 
through vaccine-based or immune-monitoring strategies designed 
to reinforce pre-existing antiviral immunity rather than to induce 
de novo tumour-specific responses. A representative mechanistic 
example of virome-guided immune redirection is provided by the 
conserved CE1 epitope shared across enteroviruses and rhinoviruses 
(Fig. 4), which illustrates how naturally imprinted antiviral memory 
can be harnessed for early cancer intervention111. CE1 accounts for 
nearly 40% of the antigenic differences distinguishing HCC cases from 
controls111,135. Unlike many tumour-associated antigens that require de 
novo immune priming, CE1 capitalizes on widespread immune memory 
established through lifelong viral exposure. Conceptually, CE1 differs 
fundamentally from canonical tumour antigens such as NY-ESO-1 in 
its antigenic origin. NY-ESO-1 is an endogenous cancer-testis antigen 
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and may be subject to central and peripheral tolerance, which can 
constrain T cell functional potency and durability and may require 
therapeutic vaccination or engineered T cell approaches to achieve 
clinical activity192–196. By contrast, CE1 is a foreign viral epitope, and 
immune responses to CE1 may be shaped by evolutionary programmes 
optimized for pathogen control rather than self-tolerance. As a result, 
CE1-specific T cells can achieve high functional potency and durable 
memory without the need to overcome tolerance mechanisms, sug-
gesting that foreign antigen-mediated immunity may operate through 
distinct principles in tumour surveillance compared with immunity 
directed against endogenous tumour antigens. CMV pp65 provides an 
informative comparison. As a 26-residue long viral antigen processed 
into both MHCI and MHCII epitopes, pp65 sustains lifelong CD8⁺ T cell 
memory and has demonstrated immune-mediated tumour control 
in patients with glioma and medulloblastoma as well as preclinical 
models, probably through nonspecific immune amplification rather 
than direct tumour targeting197–200. By contrast, CE1 uniquely combines 
population-level immune readiness with functional tumour reactivity, 
as CE1-specific CD8+ T cells can directly recognize and kill HCC cells 
ex vivo111. As mentioned above, preliminary observations further sug-
gest that CE1 may also engage CD4+ T cell help, B cell responses, and 
antibody-dependent cellular cytotoxicity against HCC in ex vivo and 
mouse models, consistent with mechanisms of molecular mimicry110. 
Importantly, although molecular mimicry may allow antiviral immu-
nity to be redirected towards tumours, the immune response remains 
fundamentally licensed by a foreign antigen, distinguishing it from 
responses elicited directly against endogenous tumour antigens.

These attributes position CE1 as a model antigen for virome-guided 
immunoprevention, with particular promise for low-cost peptide-based 
vaccines or immune-monitoring strategies in high-risk settings such 
as chronic liver disease, where reinforcement of existing antiviral 
immunity may help sustain tumour immunosurveillance. The practi-
cal appeal of CE1-based strategies lies in their potential scalability and 
cost-effectiveness relative to existing immunotherapeutic approaches. 
Unlike personalized neoantigen vaccines, engineered T cell therapies, or 
viral-vector-based platforms, CE1 is a short, conserved peptide antigen 
that could be manufactured synthetically, formulated off-the-shelf and 
administered without tumour sequencing, HLA matching or ex vivo cell 
manipulation. In parallel, CE1-specific antibody and T cell responses can 
be quantified using established, low-cost immunoassays (for example, 
enzyme-linked immunosorbent assay (ELISA), phage-display immu-
noprecipitation sequencing or peptide-stimulated T cell assays) to 
stratify cancer risk longitudinally. Declining or absent CE1-specific 
immunity could identify individuals with reduced antiviral–tumour 
cross-reactive surveillance, prompting targeted immune reinforce-
ment through booster vaccination. Such an approach reframes can-
cer prevention as an adaptive process, in which naturally imprinted 
antiviral immunity is periodically assessed and reinforced, rather than  
therapeutically induced de novo after malignant transformation.

From a broader translational perspective, the principles of 
virome-guided immunoprevention can be implemented through com-
plementary strategies (Box 2), including immune response profiling 
(see below), viral detection and surveillance, preventive vaccination and 
virome modulation. These approaches extend beyond individual antigen 

Table 1 | Examples of symbiotic viral immunity

Virus or viral element Source of symbiotic benefit Target of the immunity Mechanisms of immunity Refs.

ERVs reactivated by DNA 
demethylation (viral mimicry)

Dormant viral elements 
that act as innate immune 
adjuvants when de-repressed

Tumour cells with ERV 
re-expression

DNA demethylation → ERV dsRNA accumulation → type I IFN 
programmes → innate immune sensing and tumour growth 
inhibition; immune activation in humans and mouse models

144,145

ERV re-expression in human 
tumours (epithelial ovarian 
cancer and CRC cohorts)

Viral elements associated  
with immune activation

Tumour cells with ERV 
re-expression

Higher ERV expression associated with increased CD8+ 
T cell infiltration and improved survival; defines a CRC 
subtype that with CD8+ TILs stratifies outcomes

97,146,147

SPARCS (interferon- 
inducible ERVs)

Viral elements that act as 
innate immune adjuvants

Tumour cells with ERV 
re-expression

Upregulated ERVs activate tumour-intrinsic MAVS and 
STING innate immune sensing pathways, increase MHCI 
antigen presentation, enhance T cell infiltration and 
sensitize to immunotherapy

152

HERV-K peptide (HERV-K-MEL 
in melanoma)

Viral antigens serve as  
tumour targets

Cancer cells presenting 
HERV-K peptides

HLA-A*02:01 presentation of HERV-K peptide recognized by 
patient CTLs

148

HERV-E peptides in clear-cell 
renal cell carcinoma

Viral antigens serve as  
tumour targets

HERV-E–expressing 
cancer cells

HLA-A*02:01-restricted HERV-E peptides stimulate CD8+ 
T cells that recognize tumours

149

HERV-K Env antibodies (breast 
and ovarian cancer)

Viral antigens serve as  
tumour targets

HERV-K Env+ 
tumour cells

Tumour-associated humoral responses against HERV-K Env; 
potential for immune recognition and effector functions

150,151

Mucus-adherent 
bacteriophages (BAM model)

Commensal mutualism 
(epithelial barrier defence)

Bacterial invaders at 
mucosa

Bacteriophages adhere to mucins and reduce bacterial 
infection of mucosal surfaces

172

Phage transcytosis across 
epithelia

Commensal interaction →  
immune engagement

Mucosal pathogens 
(indirect)

Transcytosis permits phage access across polarized 
epithelium to interface with host immunity

173

Latent HCMV Virus-trained innate immunity Tumour cell lines Latency is associated with expansion of NKG2C+ NK cells 
with enhanced cytotoxicity in healthy adults

188

Commensal cutaneous 
papillomaviruses

Commensal mutualism Skin cancer (mutated 
keratinocytes)

Pre-existing immunity to commensal papillomaviruses 
protects against skin cancer and preserves homeostasis 
in highly mutated normal skin

190,191

BAM, bacteriophage adherence to mucus; CRC, colorectal cancer; CTL, cytotoxic T lymphocyte; dsRNA, double-stranded RNA; Env, envelope glycoprotein; ERV, endogenous retrovirus; 
HCMV, human cytomegalovirus; HERV, human ERV; HLA, human leukocyte antigen; IFN, interferon; MAVS, mitochondrial antiviral-signalling protein; MHCI, major histocompatibility complex 
class I; NK, natural killer; NKG2C, natural killer group 2C; OV, oncolytic virus; SPARCS, stimulated 3′ prime antisense retroviral coding sequences; STING, stimulator of interferon genes; 
TIL, tumour-infiltrating lymphocyte.
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exemplars, such as CE1, and provide a generalizable framework for lev-
eraging virome–immune interactions in cancer prevention. This frame-
work integrates mechanistic insights with scalable implementation  
strategies to enable population-level cancer risk reduction.

Viral seroprofiling for cancer risk stratification and discovery 
of beneficial viruses
High-throughput viral seroprofiling enables systematic mapping of 
lifetime viral exposure to define cancer risk and uncover protective viral 
interactions. Phage-display immunoprecipitation sequencing profiles 
antibodies against peptides spanning the human virome137,201–204, and 
population-scale platforms, such as the UK Biobank Multiplex Serology 
initiative, have validated established associations between oncogenic 
viruses such as HPV, EBV, HBV, HCV, and KSHV and their correspond-
ing cancer outcomes205. Pre-diagnostic antiviral antibodies already 
serve as robust risk markers. Examples include HPV16 E6 antibodies 
that predict oropharyngeal cancer206, EBV EBNA1 immunoglobulin A 
(IgA) that predicts nasopharyngeal carcinoma207, EBV antibody profiles 
associated with broader cancer risk in endemic regions208, and hepatitis 
B surface antigen (HBsAg) or hepatitis B e-antigen (HBeAg) positivity 
that confers ~60-fold increased HCC risk209. Similarly, seroconversion 
to HTLV1 or KSHV precedes adult T cell leukaemia/lymphoma210 and 
Kaposi sarcoma211, respectively. Beyond oncogenic viruses, broad sero-
profiling can reveal beneficial viral signatures associated with reduced 
cancer risk. Examples include inverse associations between anti-CMV 
IgG and glioma212,213, between common childhood infections and lym-
phoid malignancies189, and between distinct virome patterns and liver 
cancer risk135,136. Such data-driven mapping could potentially uncover 
protective viral exposures and candidate antigens for future interven-
tional and/or mechanistic studies, transforming viral epidemiology into 
a discovery platform for immune-based cancer prevention111.

Global applications in low-resource settings
Virome-guided cancer prevention offers scalable solutions, particu-
larly, in low-income and middle-income areas, where cancer control 
must be affordable and require little infrastructure. For example, 

plasma EBV DNA screening for nasopharyngeal carcinoma achieved 
>97% sensitivity at ~US$30 per test in Hong Kong214. Computational 
modelling also supports EBV DNA screening as cost-effective in 
endemic regions215. Furthermore, HPV DNA screening in India signifi-
cantly reduced cervical cancer mortality216 while low-cost self-sampling 
HPV testing proved feasible in China and Mexico217,218.

Beyond screening, single-dose HPV vaccination in Kenya main-
tained ~98% efficacy over 3 years219, and universal HBV vaccination in 
Taiwan significantly reduced childhood HCC incidence15. These exam-
ples are clear demonstrations of viral-based prevention. Seroprofiling 
could further enhance these programmes by prioritizing high-risk 
individuals and optimizing scarce diagnostic resources.

Finally, interventions directed at the symbiotic virome are 
beginning to emerge with features that could be compatible with 
low-resource implementation. In mouse models of inflammatory bowel 
disease, a defined phage cocktail targeting Klebsiella pneumoniae 
reduced bacterial burden and intestinal inflammation and demon-
strated viability and safety in healthy human volunteers, illustrating 
the feasibility of phage-based modulation of host–microorganism 
interactions175. Similarly, a lytic phage cocktail targeting primary 
sclerosing cholangitis (a chronic liver disease)-derived Kleb-
siella attenuated liver inflammation in hepatobiliary injury-prone 
mice, underscoring the capacity of phage therapy to modulate 
microorganism-induced inflammatory states176. Given that chronic 
inflammation driven by pathobionts can contribute to cancer initiation, 
these findings suggest that phage-directed modulation of the micro-
biota may have potential for cancer prevention. Although these studies 
are preclinical and not specific to low-resource settings, they highlight 
therapeutic principles and minimal reliance on advanced infrastructure 
that are potentially adaptable to resource-limited contexts. In humans, 
distinct bacteriophage community signatures have been associated 
with colorectal cancer status in stool samples, indicating the poten-
tial utility of virome features for non-invasive risk stratification and 
prioritization for downstream screening, an approach well suited 
to settings where diagnostic capacity is limited220. Together, these 
findings illustrate how components of the symbiotic virome may be 

Box 2 | Virome-guided cancer prevention
 

Virome-guided immunoprevention leverages the body’s immune 
vigilance of viral exposures to enable scalable, low-cost strategies  
for cancer risk reduction and interception.

Immune response profiling
	• Serological detection of antiviral antibodies associated with 
reduced cancer risk

	• Viral peptide-stimulated T cell responses linked to antitumour 
immunity

	• High-throughput epitope mapping (for example, phage-display 
immunoprecipitation sequencing) to define protective 
virome–immune signatures

Viral detection and surveillance
	• Plasma cell-free viral DNA or RNA to monitor oncogenic and 
protective viral exposures (for example, Epstein–Barr virus, 
human papillomavirus, enterovirus or rhinovirus, and endogenous 
retroviruses)

	• Seroprofiling to capture virome features associated with cancer 
protection or risk

	• Stratification of populations based on virome signatures to guide 
preventive interventions

Preventive vaccination
	• Vaccines targeting oncogenic viruses to prevent virus-driven 
carcinogenesis

	• Vaccines leveraging viral mimicry of tumour antigens (for example, 
CE1 and cytomegalovirus pp65) to enhance antitumour immunity

Virome modulation
	• Bacteriophage-based targeting of cancer-promoting microbial 
communities

	• Modulation of the symbiotic virome to enhance antitumour 
immunity and reduce inflammation

	• Therapeutic enrichment of beneficial virome components to 
promote cancer protective states

http://www.nature.com/nrc


Nature Reviews Cancer

Review article

Glossary

Adaptive immune response
The antigen-specific arm of the immune 
system, which relies on somatically 
diversified B and T lymphocytes 
to generate targeted, durable and 
memory-forming responses against 
pathogens or abnormal cells.

Antibody-dependent cellular 
cytotoxicity
An immune effector mechanism in 
which immune cells, such as natural 
killer cells, recognize and kill target cells 
coated with antibodies through 
engagement of Fc receptors.

Archaea
A domain of single-celled prokaryotic 
microbes distinct from bacteria 
and eukaryotes, inhabiting diverse 
environments including the human 
microbiome, where they contribute 
to metabolic processes such as 
methanogenesis.

Bacteriophages
(or phages). Viruses that infect bacteria, 
typically with high host specificity, 
and influence microbial community 
structure and function through lytic  
or lysogenic cycles.

Beneficial viruses
Viruses that confer positive 
physiological, immunological, 
ecological or therapeutic effects on their 
hosts, either through natural infection or 
deliberate application. Unlike pathogenic 
viruses, beneficial viruses enhance host 
fitness, resilience or immune function 
rather than causing disease.

Bystander immunity
Antigen-nonspecific immune 
protection, which arises when immune 
activation in response to one stimulus 
induces cytokine-mediated or innate 
effector responses in neighbouring cells 
or tissues, enhancing defence against 
unrelated pathogens.

Capsid
The protein shell of a virus that encloses 
and protects its genetic material and 
mediates interactions with host cells 
during infection.

Chronic inflammation
A sustained, unresolved inflammatory 
process characterized by persistent 
immune activation, tissue damage 
and ongoing repair, often leading 
to pathological changes in affected 
tissues.

Commensal or symbiotic 
components
Non-pathogenic microorganisms  
that reside in or on a host, deriving 
benefit from the host environment  
while causing no harm and often 
contributing to host physiological  
and immune homeostasis.

Exaptation
The evolutionary process where a trait, 
feature or structure originally produced 
by natural selection for one specific 
function is co-opted or repurposed to 
serve a different, new function.

Heterologous immunity
An immune response in which a 
previous infection by one pathogen 
alters the response to a different, 
unrelated pathogen.

Holobiont
A host and all its symbiotic microbes, 
often used interchangeably with 
‘meta-organism’.

Horizontal transmission
The transmission of infections  
between individuals who are not  
in a parent–progeny relationship.

Immune advantage
A host state characterized by 
pre-existing immunological  
features that confer superior  
protection or responsiveness  
against infection, malignancy or 
immune challenge relative to a  
standard baseline.

Immune checkpoint pathways
Regulatory receptor–ligand systems 
that modulate immune activation 
and tolerance, maintaining immune 
homeostasis but also enabling 
mechanisms of immune evasion in 
cancer and chronic disease.

Immune priming
The initial activation or conditioning 
of the immune system, which 
enhances the magnitude or quality of 
subsequent responses to the same or 
related stimuli.

Immune surveillance
The ongoing immune monitoring 
of tissues to detect and eliminate 
infected or transformed cells, thereby 
maintaining host integrity and 
preventing disease, including cancer.

Imprinted antiviral memory
Durable immune memory shaped by 
cumulative viral exposures across the 
lifespan, including acute, recurrent and 
persistent infections, which influences 
subsequent immune responses.

Innate immunity
The fast-responding, nonspecific arm 
of the immune system that detects 
conserved microbial or danger signals 
through germline-encoded receptors 
(innate immune sensing) and provides 
immediate defence while initiating and 
shaping adaptive immunity.

Lytic phage
A bacteriophage that replicates within 
and lyses the bacterial host cell to 
release progeny virions, thereby 
reducing bacterial populations.

Lytic reactivation
Representing the switch from a latent 
infection where the virus lies dormant, 
often as an episome to the lytic cycle 
where the virus actively replicates.

Microbial ecology
The study of microorganisms and their 
interactions with each other, their hosts 
and their surrounding environments, 
and how these relationships influence 
ecosystem structure and function.

Molecular mimicry
The sharing of structurally or 
sequence-similar epitopes between 
pathogen-derived and host or tumour 
antigens, which can shape immune 
recognition and potentially enable 
cross-reactive immune responses.

Oncogenic viruses
Also known as tumour viruses or 
oncoviruses that can initiate or  
promote the development of cancer  
in infected hosts.

Pathobionts
Resident members of the commensal 
microbiota that are normally benign 
but can promote disease under certain 
conditions such as dysbiosis, immune 
dysfunction or tissue injury.

Pluripotency
The capability of differentiating into 
nearly any cell type in the body.

Seroconversion
The initial development of antibodies in 
the serum as a direct result of infection 
or immunization.

Symbiosis
A long-term, close biological 
interaction between different species, 
encompassing beneficial, neutral 
or harmful relationships such as 
mutualism, commensalism and 
parasitism.

Trained immunity
The enhanced responsiveness of 
the innate immune system resulting 
from long-lasting epigenetic and 
metabolic reprogramming after a 
primary challenge, enabling stronger 
or qualitatively altered reactions to 
subsequent stimuli.

Transposable elements
DNA sequences that can move  
from one location in the genome 
to another; some, such as 
retrotransposons, propagate via a 
‘copy-and-paste’ mechanism involving 
an RNA intermediate that is reverse 
transcribed and inserted at new 
genomic sites.

Viral seroprofiling
The high-throughput characterization 
of an individual’s antibody repertoire 
against diverse viral antigens to map 
prior exposures, immune history, and 
serological signatures of infection or 
disease.

http://www.nature.com/nrc


Nature Reviews Cancer

Review article

leveraged for early cancer intervention and risk assessment across 
diverse healthcare environments.

Conclusions and outlook
The human virome is emerging as an important modulator of cancer 
immunity, extending beyond its traditional association with onco-
genic viruses. Accumulating evidence indicates that certain viral 
exposures, whether acute, latent or endogenous, may prime innate 
and adaptive immune pathways, enhance cytotoxic responses, and 
reinforce cancer immune surveillance through both immune condi-
tioning and imprinted immune memory. Recent studies, including 
the identification of the CE1 enteroviral epitope111 and pan-viral anti-
body repertoires135,136,221 linked to chronic diseases and cancer risk, 
demonstrate that benign viral interactions can leave durable and 
potentially protective immunological imprints. Together, these find-
ings redefine the virome not merely as an oncogenic driver but as a 
reservoir of immunological potential. Future work should elucidate 
the mechanisms by which viral memory and molecular mimicry shape 
tumour immunity, identify beneficial viral antigens across diverse 
populations, and develop safe and scalable strategies to harness them. 
Decoding the human virome may ultimately enable a new generation 
of immunopreventive approaches with broad implications for cancer 
risk stratification, early intervention and prevention.

Published online: xx xx xxxx
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