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Abstract: Tumour virology was born with the discovery by Peyton Rous in 1911 of a filterable
agent in chicken cellular extracts that caused neoplasia in healthy chickens. Universally, 20% of all
human cancers have a viral aetiology. Viruses are involved at various stages of the carcinogenesis
pathway, depending on the viral pathogen, and likely require co-factors. Multiple risk factors have
been associated with oesophageal and gastric malignancy, including carcinogenic pathogens. These
viruses and bacteria include human papillomavirus (HPV) [oesophageal cancer], Epstein—Barr virus
(EBV) [proximal stomach cancer], and Helicobacter pylori (HP) [non-cardia stomach cancer]. Viruses
such as EBV have been firmly established as causal for up to 10% of gastric cancers. HPV is associated
with 13 to 35% of oesophageal adenocarcinoma but its role is unclear in oesophageal squamous cell
carcinomas. The causal relationship between hepatitis B (HBV), cytomegalovirus (CMV), HPV, and
John Cunningham (JCV) and gastric neoplasia remains indeterminate and warrants further study.
The expression of viral antigens by human tumours offers preventive and therapeutic potential
(including vaccination) and has already been harnessed with vaccines for HPV and HBV. Future
goals include viral protein-based immunotherapy and monoclonal antibodies for the treatment of
some of the subset of EBV and HPV-induced gastro-esophageal cancers.
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1. Introduction

It is estimated that between 15% and 20% of all human cancers worldwide are caused
by infectious agents [1,2]. Seven viruses [Epstein-Barr virus (EBV), hepatitis B virus, human
papillomavirus (HPV), T-cell lymphotropic virus, hepatitis C virus, Kaposi’s sarcoma virus
(KHSV)/human herpesvirus 8 (HHV-8), and Merkel cell polyomavirus] cause 12% of these
cancers. Viruses are involved at various stages of the carcinogenesis pathway depending
on the viral pathogen and likely require co-factors [e.g., smoking, contraceptives, nutrition,
co-infection with herpesvirus and Chlamydia, human immunodeficiency virus (HIV) in
cervical malignancy, alcohol, and aflatoxin in hepatocellular carcinoma] to trigger neopla-
sia [2-4]. This includes tumour initiation by integration of the viral DNA into the host
genome causing upregulation of cellular oncogene expression, viral promotion of DNA
damage, chromosomal instability, and dysregulation of cellular processes (proliferation,
apoptosis, and replicative immortality) by viral proteins [2,5,6]. Some viruses e.g., HBV
and HCV, cause hepatocellular carcinoma by indirect means i.e., chronic inflammation
over decades supplemented by co-factors of aflatoxin and alcohol [7]. Another mechanism
that is central to viral carcinogenesis is the interaction with the immune system with the
consequent evolvement of immune evasion strategies. These include downregulation of
the major histocompatibility complex (MHC), interfering with interferon action, molecular
mimicry, and generation of escape mutants [2]. It is worth noting that many of the incrimi-
nated viruses in human cancers are ubiquitous in the general population, yet only a small
minority develop a virally induced neoplasia.
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Multiple risk factors have been associated with oesophageal and gastric malignancy,
including carcinogenic pathogens. These viruses and bacteria include human papillo-
mavirus (HPV) [oesophageal cancer], Epstein-Barr virus (EBV) [proximal stomach cancer],
and Helicobacter pylori (HP) [non-cardia stomach cancer] [8-10]. The microbiome has also
been incriminated in oesophageal and gastric diseases and will be discussed in another
article in this Special Issue of Pathogens.

In this review, we discuss the published data linking viruses to oesophageal and
gastric malignancy. We pay particular attention to the role of HPV and EBV in oesophageal
and gastric cancers respectively. In addition, we discuss the role of lesser-known viruses
e.g., John Cunningham Virus (JCV) and oesophageal and gastric tumours as well as the
association between Hepatitis B and gastric neoplasia.

2. Oesophageal Cancer

Oesophageal cancer is the seventh most common cancer worldwide with a male
preponderance (70%). There are an estimated 604,000 annual incident cases, and it is the
sixth leading cause of cancer death with an estimated 544,000 deaths annually [11]. The
two major histological subtypes are squamous cell carcinoma (88% cases) and adenocarci-
noma (12% cases) [12]. Oesophageal squamous cell carcinoma (OSCC) constitutes the vast
majority of oesophageal malignancies in the East. Oesophageal adenocarcinoma (OAC) pre-
dominates in the West and has been on an exponential trajectory upwards recently [13-15].
OSCC incidence varies significantly around the globe, and the highest incidence rates are in
East Asia, Southern Africa, Eastern Africa, Northern Europe, and South-Central Asia [11].

3. 0OSCC

OSCC has a multifactorial aetiology depending on geographical location. In the
West, excess alcohol and smoking is incriminated. Intriguingly, betel nut chewing in the
Indian subcontinent and South-East Asia as well as drinking extremely hot tea in South
America and Iran has been associated with OSCC. Other postulated risk factors include
poverty, consuming pickled vegetables, and exposure to radiation [16-18]. In 1982, Syrjanen
et al. first suggested an association between human papillomaviruses and oesophageal
squamous cell carcinoma [19,20]. To this day, the association between HPV and OSCC
remains contentious primarily due to the existence of positive and negative studies which
shall be discussed in greater detail below.

4. HPV

HPYV is a non-enveloped DNA virus that belongs to the papillomaviridae family and
has more than 150 genotypes. Although it demonstrates tropism for squamous epithelium,
low copy numbers of HPV DNA have been shown to be integrated in the glandular ep-
ithelium of cervical adenocarcinoma, OAC, and its precursor lesion, Barrett’s dysplasia
(BD) [21-23]. They are classified into high-risk (e.g., HPV-16 and 18) and low-risk (HPV-6
and 11) based on their propensity to transform host cells and promote progression to can-
cer [24,25]. HPV carcinogenesis is best characterized in cervical squamous cancer whereby
infection of the basal cell layer caused by micro-abrasions results in either a sub-clinical
infection, or benign or malignant lesion [26]. Integration of HPV DNA into the host genome
is thought to be a key step in carcinogenesis. Integration probably upregulates cellular
oncogene expression (mainly E6 and E7) which may facilitate oncogenesis [4]. Integration
of the viral genome disrupts the expression of the repressive E2 gene and thus facilitates
the continued and abnormal expression of E6 and E7 oncoproteins [27]. E7 inhibits the
retinoblastoma tumour suppressor protein (pRb) and causes proteosome-dependent degra-
dation. E6 targets p53 degradation and upregulates the telomerase expression causing
immortality of transformed cells [28]. HPV is now universally recognized as the causal
agent in cervical cancer, oropharyngeal malignancy, and anal neoplasia [4,29,30].
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5. HPV and OSCC

HPV-associated OSCC usually with genotypes 16 and 18 (0-78%) varies according
to geographic location, study design, and detection methods employed [31,32]. Iran and
Northern China with high overall incidence rates of OSCC report greater HPV tumour
infection rates (32.8-63.6%) than countries with a lower incidence of OSCC, e.g., Europe
and the USA with HPV tumour infection rates of 15.6% and 16.6%, respectively [33].

Another source for the anomaly in HPV prevalence rates in OSCC may relate to
detection methods utilised to test for HPV. A systematic review conducted by Petrick et al.
noted that HPV-OSCC prevalence varied depending on detection method; 7.6% for the
Southern blot technique compared to 32.2% for HPV L1 serology. It should be noted that
L1 is the major component of the HPV capsid and is indicative of cumulative exposure to
HPYV infection and does not necessarily denote an HPV-induced cancer. Nevertheless, the
two most commonly used methods i.e., PCR and ISH, yielded similar HPV-OSCC rates [34].
Other systematic reviews and meta-analyses have resulted in contradictory data on this
issue [35-37]. Type-specific primers result in higher HPV prevalence rates. These amplify
short segments of DNA and are thus more sensitive than broad-spectrum primers that
amplify longer fragments of DNA [36]. It has also been proposed that types of specimens
used i.e., fresh-frozen versus formalin-fixed and other co-factors involved in oesophageal
carcinogenesis have also been suggested as possible reasons for the discrepancies in HPV
detection rates in OSCC [37].

Assessing transcriptional activity e.g., p16 or E6/E7 mRNA transcripts of HPV infec-
tion in OSCC, would be useful to determine if the virus has an aetiological role or otherwise
in this malignancy. p16INK4A is widely considered a surrogate marker of hr-HPV infection
in oropharyngeal cancers and cervical malignancy [38—40].

A systematic review revealed no significant correlation between HPV positive OSCC
and p16 INK4A overexpression [41]. A Swedish study involving 204 patients with OSCC
in whom 10% were HPV positive, found no difference in p16INK4A prevalence between
HPV positive (24%) and negative tumours (16%) [42].

It is possible that the high p16 promoter methylation rate in OSCC may be responsible
for the lack of p16 overexpression in HPV-positive cases [43].

High antibody titers to the HPV16 L1 (late capsid protein) have been associated with
cancers of the cervix [44,45] and oropharynx [29,46].

Significant associations between OSCC and antibodies to E6 for HPV16 (OR = 1.89,
95% CI = 1.09-3.29, p = 0.023) and HPV6 (OR = 2.53, 95% CI = 1.51-4.25, p < 0.001) has
been reported [47]. Nevertheless, a follow-up study by the same authors demonstrated no
significant link between HPV and OSCC despite the serological associations [48].

The data on the prognostic role of HPV in OSCC are conflicting [31].

Studies have revealed either reduced overall survival (OS) in HPV-associated OSCC [49]
or shown no survival differences between HPV-positive versus viral-negative oesophageal
tumours [50-52]. On the contrary, Wang et al. reported that patients with HPV-DNA
positive genotype 16 advanced OSCC, had a significantly better three-year survival than
HPV-negative oesophageal malignancies (55% vs. 21%) as well as a superior response
to chemoradiotherapy [53]. Another investigation revealed improved five-year OS and
progression-free survival (PFS) in patients with HPV-positive OSCC as compared with
HPV-negative osophageal cancer [54]. Similarly, Kumar and colleagues found that OSCC
patients with pl6-positive tumors subjected to neoadjuvant chemotherapy had better
complete remission rates than the pl6-negative group [55].

Overall, the role of HPV in OSCC is unclear. Well-designed, case-controlled studies
using optimal viral detection methodology in appropriate tissue specimens whilst un-
dertaking stringent steps to avoid contamination are required. Moreover, seeking viral
transcriptional markers is essential in demonstrating a robust association (or otherwise)
between HPV and OSCC.
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6. OAC

OAC is one of the fastest growing and deadliest cancers in the Western World [13,56].
Traditionally, Barrett’s oesophagus (BO) has been considered the only visible precursor
lesion for OAC. This ‘epidemic’ of OAC has occurred against a backdrop of progressive
reduction in the risk estimate of malignancy associated with BO [57].

Risk factors for OAC include obesity, smoking, long-standing gastro-esophageal reflux
disease (GORD), family history of GORD, BO, or OAC, older age, male sex, white race,
persistent human papillomavirus infection, and possibly reduction in H. pylori infection
rates [17,57,58]. Conversely, protective factors for OAC include H. pylori infection, use of
non-steroidal anti-inflammatories, statins, and a diet high in fruit and vegetables [58].

7. HPV and OAC

Systematic reviews have reported HPV prevalence rates of between 13% and 35% in
patients with OAC [59,60]. The authors suggested that the lower prevalence rate may have
been caused by small sample sizes and compromised detection methods [59]. Low HPV
viral load further compounds the problem [23]. The discovery of a strong association of
transcriptionally active high-risk human papillomavirus (hr-HPV) i.e., types 16 and 18
with a subset of Barrett’s dysplasia (BD) and OAC [55] may be relevant in explaining the
significant rise of OAC since the 1970s. as has been the case with the epidemic of head and
neck tumours, another viral associated cancer [61,62] (Figure 1).

Figure 1. DNA in-situ hybridization demonstrating the presence of hr-HPV genome in oesophageal
adenocarcinoma tissue. This clearly demonstrates HPV tropism for oesophageal glandular tissue.
(Courtesy of Professor S. Rajendra.)
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Increasing hr-HPV viral load and integration status is associated with more severe
disease in Barrett’s metaplasia—dysplasia—adenocarcinoma sequence [23]. Whole exome se-
quencing has revealed that HPV-positive OAC is biologically distinct to HPV-negative OAC
suggesting a different mechanism of tumour formation [63]. From a molecular perspective,
active human papillomavirus involvement in Barrett’s dysplasia and oesophageal adenocar-
cinoma is characterized by wild-type p53, upregulation of p16INK4A, and downregulation
of pRb [64].

Rajendra et al. have reported that HPV-positive Barrett’s high-grade dysplasia and
OAC have an improved survival compared with viral-negative osophageal tumours [65].
They demonstrated superior disease-free survival (DFS) for HPV and biomarkers for tran-
scriptionally active viruses i.e., E6, E7 mRNA, and high p16 expression but not p53. The
authors postulated that the survival benefit was derived from a three-fold reduction in
distant metastasis and possibly better loco-regional control in HPV+ as compared to HPV-
patients. This translated to a 2.7-times lower mortality from OAC in the viral positive
group. The mean duration of overall survival was again significantly improved in the
HPV + group as compared with the HPV- category [65]. This is analogous to HPV-induced
head and neck squamous cell carcinomas (HNSCC) being a distinct subset with a more
favourable prognosis compared to viral negative oropharyngeal malignancies [66,67]. In
a follow-up study, the Sydney group demonstrated that HPV status conferred a signifi-
cant effect modification in association with pRb, cyclin D; MCM, and Ki-67 in regard to
survival, disease relapse/progression, metastatic spread, and disease-specific death [68].
Patients with osophageal tumors, which were HPV+/pRB,,, had a significantly improved
DFS compared with HPV-/pRBy;g on univariable analysis (HR, 0.29; 95% ClI, 0.10-0.82,
p = 0.02) and also after adjusting for age, gender, BMI, ever smoked, excess alcohol, and
resection margin (HR, 0.33; 95% CI, 0.12-0.93, adjusted p = 0.04). Similarly, HPV+/CD1y,,
conferred a significantly favorable DFS (HR, 0.26; 95% CI, 0.09-0.76, adjusted p = 0.01) as
did HPV+/MCM pig, (HR, 0.27; 95% CI, 0.09-0.78, adjusted p = 0.02) [68]. In regard to OS,
HPV had a significant interaction only with CD1 iy, conferring a significantly improved
survival (HR, 0.38; 95% ClI, 0.15-0.94, adjusted p = 0.04) [13].

Negative association studies on HPV and BD/OAC have been reported, and the
results may have been adversely affected by poor tissue classification, suboptimal testing
methods, small sample sizes, racial and geographical variations, and the use of metaplastic
tissue, which is not associated with the virus [69-72]. Utilisation of formalin-fixed tissue
specimens greater than 10 years old with a consequent risk of DNA /RNA degradation may
also explain the discrepancy [73]. Overall though, it is now clearly recognized that a subset
of BD and OAC (approximately 25%) is associated with hr-HPV genotypes 16 and 18.

8. EBV

EBV was the first human tumour virus identified in cells cultured from Burkitt’s
lymphoma [74]. It is a DNA herpesvirus (HHV-4) with a 168 to 184 kbp genome and infects
more than 90% of the world’s population causing mostly asymptomatic infections [75,76].
It is a lymphotropic and epitheliotropic infection and consists of two subtypes, EBV-1 and
EBV-2 (based on sequence differences in the Epstein—Barr nuclear antigen) [77]. Type 1
infections are the predominant strain worldwide (Asia, Europe, and the Americas), and
type 2 strains are found mainly in Africa and New Guinea [78]. It is responsible for 1.5% of
all human cancers worldwide, mainly lymphomas and nasopharyngeal cancers but also
other non-lymphoid malignancies, including leiomyosarcomas and gastric malignancy [7].
Therefore EBV has been classified as a Class I carcinogen by the International Agency for
Research on Cancer [79].

EBV primarily infects the epithelium of the oropharynx, then replicates and spreads to
B cells establishing a latent infection that is responsible for many human malignancies [80].
Depending on the viral gene expression pattern, the infection can be classified into three
latency types (types I, II, and III) and will be discussed in greater detail below under the
subheading of EBV and gastric cancer. The latent genomes express six EBV-encoded nuclear
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antigens and three latent membrane proteins (LMPs) i.e., EBC-encoded small RNA (EBER)
and non-transcribed BART (BamHI-A region rightward transcript) [81]. The persistence of
the viral genome in malignant cells and the expression of limited latent genes as well as
co-factors (e.g., co-infections and comorbidities) are important elements in carcinogenesis.

9. EBV and OSCC

The first report of EBV DNA detection in OSCC was published in 1996 by Jenkins et al. [82].
Using microdissected tumour samples they found 5/60 oesophageal tumour samples to be
positive as well as 1/16 OSCC cell lines. Mizobuchi et al. assessed 41 surgical specimens
as well as 12 cell lines of OSCC for EBV EBNA-1 gene via PCR and found none [83].
Another Japanese study by Yanai et al. detected no EBER (EBV encoded RNA) -1-positive
cell using ISH in 36 surgically resected OSCC [84]. Likewise, a study from Thailand
investigated 104 surgically resected OSCC and found no EBER-positive cancer cells by
ISH [85]. Wang et al. analysed 51 paraffin-embedded OSCC samples (9 well differentiated,
31 moderately differentiated, and 11 poorly differentiated tumours) from a high-risk area
in Northern China for EBER via ISH and PCR amplification for EBV BamHI W fragment
and returned a total negative result [86]. Conversely, in a study from Taiwan, EBV DNA
was detected by PCR in 11/31 (35.5%) of patients with OSCC [87]. These results were
confirmed by EBER detection by ISH. Awerkiew et al. investigated the presence of EBV
DNA (PCR) and EBER transcripts (ISH) in 72 OSCC and 40 OAC from Germany as well
as 43 OSCC from Russia. They found that 34% of OSCC and 26% of OAC contained EBV
DNA but no EBER transcripts in tumour nuclei. Nevertheless, in the 24 EBV DNA-positive
cases, EBER transcripts were detected in the nuclei of tumour infiltrating lymphocytes in
7 OSCC and 1 OAC. Given there was no persistence of EBV in tumour cells, the authors
rightly concluded a negative association [88]. Hong et al. reported another negative
study whereby no EBV DNA was identified in 30 OSCC and 2 OAC cell lines [89]. The
most compelling positive report was by Wu et al. whereby they analysed 164 oesophageal
cancers (151 OSCC and 13 undifferentiated cancers) for EBV. EBV EBER and LMP-1 proteins
were identified in 10 (6.1%) tumour specimens by both ISH and IHC and were confined
to poorly differentiated squamous cell carcinomas or undifferentiated carcinomas with
intense lymphoid infiltration [90].

The contradictory data (analogous to that noted in HPV and OSCC) is due to a
combination of geographical, racial, and detection technique differences. Furthermore,
it is unclear if strict measures were undertaken to prevent contamination. The use of
old formalin-fixed tissue specimens can result in RNA degradation and hence a higher
false-negative outcome with the use of ISH. Nevertheless, it seems a small minority of
OSCC is associated with EBV.

10. EBV and OAC

No association of EBV with OAC has been reported. In a study of 162 OAC, 92 cardia
adenocarcinoma and 89 gastric adenocarcinoma, EBER transcripts were found in 0 (0%)
of OAC, 3 of cardia adenocarcinoma (3.3%), and 8 of the gastric adenocarcinoma (8.9%)
samples [91]. In another study of 465 oesophageal and gastric adenocarcinoma resected
specimens (118 OAC, 73 GOJ adenocarcinomas, and 274 gastric adenocarcinomas). EBER
detection via ISH was 0 in OAC, 2 in GOJ (2.7%), and 12 in gastric cancer (4.4%) [92].

11. Other Viruses and Oesophageal Cancer

John Cunningham virus (JC) is a small DNA virus that causes progressive multifocal
leukoencephalopathys; it is a rare, often fatal disease. Only one notable study exists in rela-
tion to the detection of JCV DNA in both oesophageal cancer tissue (5/5, 100%) and normal
oesophageal epithelium (11/13, 85%). The detection of viral proteins i.e., JCV T antigen
and agnoprotein, which signifies a productive infection was only found in carcinomatous
tissue (53% and 42%, respectively) and not benign oesophageal specimens (0%) [93]. The
authors conclude that the results suggest a potential role of JCV in the development of
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upper gastrointestinal tract malignancies. Moreover, The International Agency for Cancer
Research Monograph Working Group considers JCV as possibly carcinogenic to humans
(belonging to group 2B), on the premise that there is sufficient evidence in experimental
animals [94].

Wu et al. assessed 164 OSCC surgical specimens from Shantou, China and found
HSV DNA and protein of HSV I and II in 31.7% of moderately differentiated samples [90].
Another study from the Shantou found a prevalence rate of HSV (I) of 30%, which was
significantly higher than normal oesophageal mucosa [95].

Conversely, Chang et al. reported a negative association of HSV and OSCC using
IHC [96].

12. Gastric Cancer

Gastric cancer ranks as the fifth-highest malignancy by incidence in the world with just
over a million new cases in 2020. It is also the fourth-deadliest tumour with 769,000 deaths
worldwide [11]. The highest incidence is in South-Central Asia (Iran, Afghanistan, Turk-
menistan, and Kyrgyzstan); East Asia (Mongolia and Japan); and Eastern Europe. Gastric
cancer is generally classified according to anatomical sub-sites i.e., cardia and non-cardia
malignancies with differing risk factors [11]. Chronic helicobacter pylori infection is the
major cause of gastric malignancies (75%), predominantly in the distal stomach [97]. Other
risk factors include smoking, excess alcohol intake, and preservatives (e.g., nitrates and
nitrites in processed meats can be converted into nitrosoamines in the stomach, which can
be carcinogenic). Low fruit consumption and high intake of processed meats are possibly
associated with an increased risk of gastric cancer [98].

Cardia cancers are generally associated with obesity and GORD [99-102]. H. Pylori
is not considered a risk factor for this type of cancer. There may even be an inverse
relationship of H. pylori infection and cardia tumours [103,104]. It is postulated that the
bacteria-induced corpus atrophy reduces gastric acid secretion and thus decreased GORD.

Another classification of gastric cancers is based on the Cancer Genome Atlas Consor-
tium (TCGA) molecular subtypes of (1) Epstein-Barr virus-positive tumours, (2) microsatel-
lite unstable tumours, (3) genomically stable tumours, and (4) tumours with chromosomal
instability [105].

13. EBV and Gastric Cancer

Epstein—Barr virus is associated with 8.4% of gastric cancers (predominantly adeno-
carcinomas). Proximal cancers i.e., cardia and corpus, were much more likely to be EBV
positive (13.6% and 13.1%, respectively) as compared with antral tumours (5.2%) [106].
The TCGA genomic analysis revealed approximately 9% of gastric cancers are EBV posi-
tive [107]. Burke et al. documented the first EBV-positive gastric neoplasia a lymphoep-
ithelial carcinoma in 1990 using PCR [107]. Nevertheless, lymphoepithelial-like (LEL)
tumours only account for 1% to 4% of all gastric cancers but 90% are EBV-positive [106].
EBV-positive gastric tumours as compared with virus-negative lesions tend to be a younger
cohort, have a greater male preponderance, have a stronger association with smoking,
be more likely of distal location, have reduced lymph node metastases, and have a more
favourable prognosis [108-111]. From a molecular perspective, EBV-positive gastric cancers
have fewer chromosomal aberrations and somatic mutations, extensive DNA hyperme-
thylation, increased mutations of PIK3CA, ARID1A and BCOR, and amplifications/high
expression of JAK-2, PD-L1, and PD-L2 [105,112-114].

EBER-1 is the most used method to detect EBV infections in tissue specimens [9]. It is
present in abundance in latent virus-infected cells. Normally, EBER-1 is detected in almost
all the nuclei of the virus-positive tumour (Figure 2). It is now accepted that EBV-associated
gastric carcinoma is a result of the monoclonal proliferation of the virus-infected cell [115].
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Figure 2. EBER staining patterns and morphology in gastric carcinomas. (A,B) “Lymphoepithelioma-
like” morphology; EBER positive [(A) HE; (B) EBER-ISH], (C,D) “intestinal type” morphology, EBER
positive [(C) HE; (D) EBER-ISH]; (E F) “lymphoepithelioma-like” morphology; EBER negative in the
tumour, but positive in accompanying lymphocytic infiltrate [(E) HE; (F) EBER-ISH]; (G,H) “intestinal-
type” morphology, EBER negative [(G) HE; (H) EBER-ISH] (EBER, EBV-encoded small RNAs; ISH,
in situ hybridization). https://www.researchgate.net/figure/Examples-of-EBER-staining-patterns-
and-morphology-in-gastric-carcinomas-A-B_figl_274722785 (accessed on 6 March 2022) [92].

EBV entry into epithelial cells (facilitated by possibly local inflammation and/or pre-
malignant changes of the gastric epithelium) involves multiple interactions between viral
and host proteins, which is poorly understood [116]. It is postulated that virus acquisition
is via lytic reactivation of a B cell reservoir [9,111]. The viral gene expression pattern at
presentation is either latency type I (EBNA1, EBER1, EBER2, BamHI-A) or, in up to 50% of
cases, latency I/1I with the addition of LMP2A [117]. Expression of both lytic genes (that
promote active replication of virus with the release of new progeny viral particles upon
lysis of host cell) and latent genes (responsible for the quiescent, non-replicating phase) is
essential in gastric carcinogenesis [118].

Methylation of both viral and host DNA is important in the development and progres-
sion of EBV-induced gastric malignancy. Methylation of viral DNA controls the expression
of both lytic and latent genes whereas methylation of host cell DNA inactivates the tu-
mour suppressor genes [119]. LMP2A is responsible for DNA methyltransferase activation
via phosphorylation of STA3 [120]. Another key driver of cancer is the EBV-induced
multiple epigenetic abnormalities in host cells [121]. Tet Methylcytosine Dioxygenase 2
(TET2) downregulation is necessary for DNA methylation in EBV-induced gastric can-
cer [122]. As such, several tumour suppressor genes e.g., p16, p14, APC, and TP73, become
methylated [123-125]. EBNA1 and EBNA3C also inhibit the p53 tumour suppressor gene
transcription and facilitate its degradation [126]. This may account for the scarcity of
mutations in the TP53 gene [116].

14. HPV and Gastric Cancer

There have been contradictory studies on the role of HPV in GC. Both positive and
negative association publications are abound [127-130]. Nevertheless, a recent meta-
analysis of fourteen studies investigating the prevalence of HPV in 901 gastric cancer
patients and 1205 controls revealed a pooled prevalence rate of 23.6% in the former. There
was a significant association between HPV infection and the risk of gastric malignancy
(OR =1.53, 95% CI 1.00-2.33, p = 0.002) [131].
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15. Other Viruses and Gastric Cancer

A systemic review/meta-analysis of nine studies that assessed 692 gastric cancer
versus 664 controls found a pooled JCV prevalence of 35.6%. There was a significant corre-
lation between this virus and gastric malignancy (OR = 2.28, 95% CI 1.14-4.56) [131]. The
presence of JCV transforming antigen was detected in all included studies as it is important
in carcinogenesis. Moreover, JCV infection has been correlated with activation of B-catenin,
wild-type p53, allelic losses, and aberrant methylation of multiple genes [116,132-137].

The same meta-analysis investigated the role of HBV (hepatitis B virus) and 53,
396 stomach cancer patients as compared to 325, 458 controls. This revealed a pooled
prevalence rate of 7.6% in gastric neoplasia. A significant association was detected between
HBYV and the risk of gastric malignancy (OR = 1.56, 95% CI 1.18-2.07) [131]. Likewise,
the CMV detection rate was analysed in the same systematic review involving 265 gastric
malignancy and 417 non-cancer controls, and significantly the pooled OR was 2.25, 95% CI
1.14-4.43 [131].

16. Conclusions

The role of viruses in carcinogenesis has been heavily debated for many years.

The mere detection of viral DNA, RNA, or proteins is inadequate in demonstrating
causality. Nevertheless, viruses such as EBV have been firmly established as causal for
up to 10% of gastric cancers. The role of HPV in a significant minority of OAC is gaining
momentum and acceptance given the weight of positive association studies [58,138,139],
but more contentious for OSCC. The causal relationship between HBV, CMV, HPV, JCV, and
gastric neoplasia remains indeterminate and warrants further investigation. The expression
of viral antigens by human tumours presents preventive and therapeutic potential and
has already been harnessed with vaccines for HPV and HBV. Future goals include viral
protein-based immunotherapy, monoclonal antibodies, and small molecule inhibitors [2].
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