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Abstract

Epstein-Barr virus (EBV) is a ubiquitous gammaherpesvirus that establishes a lifelong persistent 

infection in the oral cavity and is intermittently shed in the saliva. EBV exhibits a biphasic life 

cycle, supported by its dual tropism for B lymphocytes and epithelial cells, which allows the virus 

to be transmitted within oral lymphoid tissues. While infection is often benign, EBV is associated 

with a number of lymphomas and carcinomas that arise in the oral cavity and at other anatomical 

sites. Incomplete association of EBV in cancer has questioned if EBV is merely a passenger or a 

driver of the tumorigenic process. However, the ability of EBV to immortalize B cells and its 

prevalence in a subset of cancers has implicated EBV as a carcinogenic cofactor in cellular 

contexts where the viral lifecycle is altered. In many cases, EBV likely acts as an agent of tumor 

progression rather than tumor initiation, conferring malignant phenotypes observed in EBV-

positive cancers. Given that the oral cavity serves as the main site of EBV residence and 

transmission, here we review the prevalence of EBV in oral malignancies and the mechanisms by 

which EBV acts as an agent of tumor progression.
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EBV life cycle in the oral cavity

Epstein-Barr virus is a gammaherpesvirus that establishes life-long persistent infections in 

the oral cavity in the majority of adults worldwide. Infection typically begins in early 

childhood, with 50% of children infected by the age of five (Porter et al., 1969). Acquisition 

of the virus continues through adulthood with greater than 90% of adults becoming infected 

(Cohen et al., 2011). Early EBV infections are generally mild or asymptomatic; but primary 

infection in adolescence carries an increased risk for developing infectious mononucleosis 

(IM), a self-limited lymphoproliferative disease with a clinical triad of fever, pharyngitis, 

and swollen lymph nodes (Henle et al., 1968, Niederman et al., 1976). The symptoms of IM 

are primarily due to a massive T cell response to the EBV-infected B cell blasts with 

replication of the virus in the oropharynx (Murray et al., 1992, Schendel et al., 1992). Other 

viral and parasitic pathogens can cause IM-like symptoms, but IM caused by EBV is 
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typically associated with a heterophile-positive antibody response that is the basis for the 

Monospot clinical mononucleosis test. IM patients have high viral loads in blood and saliva 

for 6 months after convalescence (Fafi-Kremer et al., 2005). Following primary infection, 

EBV establishes a lifelong infection, with periodic, asymptomatic EBV shedding.

The oral cavity is a primary site for transmission and persistence of EBV. EBV disseminates 

to other anatomical sites, and is found in blood circulating B cells in healthy carriers at a 

frequency of 1 to 50 in 106 B lymphocytes (Khan et al., 1996). EBV is periodically shed in 

the saliva throughout the lifetime of infected individuals and can be transmitted to naïve 

individuals (Ling et al., 2003, Yao et al., 1985). Lifelong carriage of EBV is achieved by the 

biphasic nature of the viral life cycle. Transmission via the oral cavity targets epithelial cells 

and naïve B lymphocytes for infection. Lymphoid rich regions in the oral cavity such as 

tonsils and adenoids that constitute Waldeyer’s ring juxtapose epithelial and B lymphocytes 

for efficient entry and egress of the virus (Hadinoto et al., 2009, Niederman et al., 1976). 

Indeed, EBV is frequently detected in adenoids and tonsils, but not the hard palate (Berger et 

al., 2007, Jiang et al., 2015). Epithelial cells support the amplification of the virus shed in 

saliva, while B lymphocytes, specifically memory B cells, are the primary reservoir for long 

term persistence of EBV (Babcock et al., 1998, Hadinoto et al., 2009, Jiang et al., 2006).

The EBV virion consists of an enveloped capsid that carries a linear, double-stranded DNA 

genome approximately 170 kilobase pairs in length. Entry into naïve B lymphocytes and 

epithelial cells is mediated by engagement of viral glycoproteins on the viral envelope with 

cellular receptors on the cell’s plasma membrane (reviewed in (Chesnokova et al., 2015)). 

The virus enters cells by either endocytosis in B lymphocytes or direct fusion of the viral 

envelope with the plasma membrane of epithelial cells. Inside the virion, the linear EBV 

genome carries few epigenetic marks being mostly devoid of DNA methylation or histones 

(Fernandez et al., 2009, Szyf et al., 1985). Following entry, the virus delivers its linear 

genome to the nucleus where the genome undergoes a circularization event through 

recombination of terminal repeats present at the ends of the linear DNA (Lindahl et al., 

1976). Each circularization event results in a fused terminal repeat fragment that has a 

unique number of repeats, and is used as a marker for viral clonality (Raab-Traub & Flynn, 

1986). Furthermore, the EBV genome in cells is replicated and maintained as an 

extrachromosomal episome. The EBV genome also rapidly associates with nucleosomes and 

the viral DNA is methylated having a similar chromatin structure as the host genome (Kalla 

et al., 2010). DNA methylation and histone modifications are epigenetic marks that regulate 

gene expression. Depending on the cellular context, EBV establishes various viral gene 

expression states that are integral to completion of the viral lifecycle.

EBV infection of B cells supports the latent phase of the viral life cycle and long term viral 

persistence (Qu & Rowe, 1992, Rooney et al., 1989, Tierney et al., 1994). Memory B cells 

are the lifelong reservoir for EBV. EBV reaches memory B cells by direct infection or by 

navigating short-lived B cells through their differentiation program into long-lived memory 

B cells (Kurth et al., 2003, Thorley-Lawson & Gross, 2004). Several EBV latency programs, 

characterized by a set of increasingly restricted viral gene expression patterns, have been 

observed at different points in the B cell differentiation program (Table 1). The EBV latency 

programs result from silencing of viral gene expression to avoid elimination by cytotoxic T 
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cells as an immune evasion strategy required for viral persistence in the B cell compartment 

(Murray et al., 1992, Schendel et al., 1992). Epigenetic modifications, such as DNA 

methylation and histone modifications, on viral promoters regulate various viral gene 

expression states. In naïve B cells, six Epstein-Barr virus nuclear antigens (EBNA) 1, 2, 3A, 

3B, 3C, and LP, and three latent membrane proteins (LMP) 1, 2A, and 2B are expressed. 

Known as latency III or the growth program, these viral factors promote B cell growth and 

are required for in vitro B cell immortalization (Reviewed in (Kang & Kieff, 2015)). The 

EBNA proteins are involved in transcriptional regulation while LMP1 mimics CD40 

signaling and LMP2 mimics B cell receptor signaling, together providing signals necessary 

for B cell activation, proliferation, and cell survival (Reviewed in (Kang & Kieff, 2015)). In 

germinal center B cells, four latency proteins are expressed: EBNA1, LMP1, LMP2A, and 

LMP2B (known as Latency II or the default program). In dividing memory B cells, the 

latency I program is limited to expression of EBNA1, which is required for the maintenance 

of the viral episome during cell division (Yates et al., 1984), and LMP2A (Babcock et al., 

2000). Latency 0 is the absence of all viral gene expression and has been reported in non-

dividing memory B cells (Decker et al., 1996, Ruf & Sample, 1999). In addition, EBV has 

non-coding RNAs that are expressed in the latency programs that include the EBV-encoded 

RNAs (EBERs), BamH1 fragment A rightward transcripts (BARTs), and viral microRNAs 

(Qu & Rowe, 1992, Tierney et al., 1994). Rescue from latency and induction of the 

productive phase of the viral life cycle (termed viral reactivation) occurs upon terminal 

differentiation of memory B cells into plasma cells, which is induced upon antigen 

stimulation of the cognate B cell receptor (Crawford & Ando, 1986, Laichalk & Thorley-

Lawson, 2005). Virus released from the B cell can then infect epithelial cells where the virus 

is amplified for cell-to-cell spread or infection of a new host. Epithelial differentiation also 

regulates the viral lifecycle, with viral replication occurring in the upper differentiated layers 

(Greenspan et al., 1985, Sixbey et al., 1984, Tugizov et al., 2003). Epithelial cells may also 

harbor latent EBV infection, but the nature of EBV epithelial latency is less understood than 

in B cells (Reusch et al., 2015).

EBV in the tumor context

EBV infections typically have no pathogenic consequences despite long term carriage of the 

virus. However, in some cases, EBV has been associated with a number of lymphoid and 

epithelial malignancies arising in the oral cavity and at other anatomical sites. The viral 

oncogenic potential is demonstrated by the ability of EBV-infected B lymphocytes to 

proliferate indefinitely as immortalized lymphoblastoid cell lines in vitro (Gerper et al., 

1969, Henle et al., 1967). EBV was originally discovered in Burkitt’s lymphoma (BL), and 

EBV’s association with malignancies has expanded to include associations with Hodgkin’s 

lymphoma, natural killer/T cell lymphoma, nasopharyngeal carcinoma (NPC), gastric 

carcinoma, and oropharyngeal squamous cell carcinoma (OSCC) (Burke et al., 1990, 

Epstein et al., 1964, Henle & Henle, 1970, Jiang et al., 2012, Levine et al., 1971, Tao et al., 

2002). As a persistent infection, EBV is tightly controlled by cell mediated innate and 

adaptive responses to prevent disease. In cases of immunosuppression, such as in transplant 

recipients or those living with acquired immunodeficiency syndrome (AIDS), there is an 

increased risk for developing an EBV-associated malignancy that includes post-transplant 
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lymphoproliferative disease, oral plasmablastic lymphoma, primary effusion lymphoma 

coinfected with Kaposi’s sarcoma herpesvirus, primary central nervous system lymphoma, 

smooth muscle tumors, and oral hairy leukoplakia (OHL).

The mechanisms governing how EBV contributes to the tumorigenic process likely differ in 

each of its associated malignancies, but some common features are noted. In all EBV-

associated malignancies, EBV is in a latent state. Viral latency allows for sustained 

expression of viral oncogenes while avoiding immune detection and cytopathic effects from 

the replicative phase of the viral lifecycle. Yet, high viral loads have also been correlated 

with tumor development as individuals with IM have 4-fold greater risk of developing 

Hodgkin’s lymphoma (Bernard et al., 1987, Carter et al., 1977, Connelly & Christine, 1974, 

Gutensohn & Cole, 1981, Hjalgrim et al., 2000, Kvale et al., 1979, Levine et al., 1998, 

Munoz et al., 1978, Rosdahl et al., 1973, Serraino et al., 1991). In addition, high EBV 

antibody titers have been detected in patients with BL, Hodgkin’s lymphoma, and NPC and 

precede tumor onset by a short period of only a few years (de-The, 1982, Levine et al., 1971, 

Mueller et al., 1989, Ji et al., 2007). As such, monitoring EBV antibody titers is used for the 

clinical detection of NPC (Lee et al., 1997, Zhong et al., 2006). The reasons behind such 

increased viral titers are unknown, but aberrant viral reactivation would increase the virus 

pool and the likelihood of infecting existing pre-neoplastic cells.

Confounding EBV’s role in cancer is an incomplete association of the virus in cancers of 

similar histogenetic phenotypes. However, EBV infection can also result in epigenetic 

reprogramming of lymphoid and epithelial cells (Birdwell et al., 2014, Hansen et al., 2014, 

Saha et al., 2015, Vockerodt et al., 2008). Epigenetic changes are defined as heritable 

changes in gene expression that do not result from DNA mutations. EBV-associated 

malignancies display altered DNA methylation states from EBV-negative tissues (Cancer 

Genome Atlas Research, 2014, Chang et al., 2006, Dai et al., 2015, Hansen et al., 2014). 

Viral factors have been shown to manipulate the host epigenetic machinery affecting the host 

epigenome as well, suggesting that EBV-induced epigenetic alterations can contribute to 

tumor progression in the absence of the virus or viral gene expression in a “hit-and-run” 

manner (Birdwell et al., 2014, Hino et al., 2009, Paschos et al., 2012, Skalska et al., 2010, 

Tsai et al., 2002). EBV also participates as co-factor that likely replaces the need for 

additional genetic and epigenetic alterations during cancer progression. The oral cavity 

where EBV is routinely shed is a key site to address some questions about EBV-associated 

malignancies. The sections that follow review the incidence of EBV-associated malignancies 

in the oral cavity and how EBV contributes to tumor progression of oral cancers.

EBV and Oral Lymphoproliferative Diseases

In general, the occurrence of lymphomas in the oral cavity is rare accounting for less than 

5% of all lymphoma (Silva et al., 2016). However, oral lymphomas are the third most 

frequent oral cancers following OSCC and salivary gland carcinomas (Silva et al., 2016). 

Hodgkin’s lymphoma, which is EBV-associated in approximately 50% of tumors, rarely 

presents in the oral cavity with only a handful of reported cases that involved the tongue, 

palate and tonsil (Darling et al., 2012). Diffuse large B-cell (DLBCL) and Burkitt’s 

lymphomas are the most common EBV-associated non-Hodgkin’s lymphomas that occur in 
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the oral cavity (Silva et al., 2016). Despite a continual presence of EBV in the oral cavity, 

the incidence of EBV-associated oral non-Hodgkin’s lymphoma, regardless of immune 

status, is comparable to non-Hodgkin’s lymphoma arising at other anatomical sites (Gulley 

et al., 1995, Hummel et al., 1995, Leong et al., 2001, Solomides et al., 2002). It is important 

to note that oral lymphomas are often misdiagnosed. Common manifestations of intraoral 

non-Hodgkin’s lymphoma include swelling and ulceration at various regions throughout the 

oral cavity (involving the tonsils, gingiva, tongue, palate, and buccal mucosa), tooth 

mobility, and pain (Ardekian et al., 1999, Richards et al., 2000). As the manifestation of oral 

lymphomas mimic symptoms of periodontal disease, osteomyelitis, or other diseases 

(Richards et al., 2000), misdiagnosis often delays initiation of proper treatment resulting in 

worsened disease outcome (Dodd et al., 1992, Nittayananta et al., 1998, Spatafore et al., 

1989). Thus, understanding how EBV contributes to oral lymphomagenesis will be 

important in uncovering virally derived biomarkers for early diagnosis and treatment.

EBV and Oral Diffuse Large B-Cell Non-Hodgkin’s Lymphoma

EBV has been associated with DLBCL of the elderly, a clonal B cell lymphoma occurring 

more commonly in older patients (> 50 years of age) from Asia (Reviewed in (Ok et al., 

2013)). Though less frequently, these tumors can also occur in younger persons, as well as in 

North America or Europe. Determination of EBV status is based on in situ hybridization 

detection of the EBERs. The EBER transcripts are an abundantly expressed set of viral 

noncoding RNAs that are frequently used for the clinical detection of EBV. Assignment of 

EBV positivity is usually based on all tumor cells being positive for EBV. However, the 

percentage of EBER-positive cells varies in DLBCL. The incomplete association of EBER 

in DLCBL suggests that EBV in a few cells may be sufficient to support the oncogenic 

phenotype. EBV viral proteins and RNAs have been shown to be transferred in exosomal 

vesicles with phenotypic effects transferred to the uninfected cells (Meckes et al., 2013, 

Pegtel et al., 2011). Alternatively, EBERs may not be the most robust marker for EBV 

detection in theses tumors, and a stronger correlation with EBV infection may be missed. 

The EBV status in oral DLBCL is not well defined due to the rarity of these tumors. In 

general, EBV-positive DLBCL has been shown to carry a lower frequency of p53 mutations 

and increased macrophage infiltration in contrast to EBV-negative DLBCL (Courville et al., 

2016, Morscio et al., 2017). EBV-positive DLBCL display a type II or III latency pattern. 

The oncogenic phenotype of EBV-positive DLBCL is thought to be regulated by the EBV 

oncoprotein LMP1, an integral membrane protein that promotes cell proliferation and 

survival. LMP1 signals in a ligand-independent manner and mimics CD40 signaling with 

activation of a number of signaling pathways that include NF-kB, JNK/AP-1, MAPK, and 

PI3K-Akt. A phenotype of DLBCL is activation of the NF-kB pathway, which is known to 

also be activated by LMP1. EBV-positive DLBCL carry a poorer prognosis than EBV-

negative DLBCL.

EBV and Oral Burkitt’s Lymphoma

BL is a rapidly proliferating tumor that arises at extranodal sites in children and adults. The 

hallmark of BL is a chromosomal translocation involving MYC and the immunoglobulin 

gene locus, resulting in high levels of MYC expression (Zech et al., 1976). BL is categorized 

into three subtypes: endemic or African, sporadic, and AIDS-associated. These BL forms 
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share clinical and histological presentation, but differ in geographical region and prevalence 

of EBV infection. Endemic BL occurring mainly in children in the equatorial belt of Africa 

is very highly associated with EBV infection, with a nearly 100% association, while 

sporadic BL and HIV-associated BL exhibit a lower prevalence of EBV-positivity at 

approximately 10–20% and 30–60%, respectively (Magrath, 1990, Mbulaiteye et al., 2014). 

Oral BL is more prominent in the endemic BL form where about half appear in the jaw, 

while most sporadic BL present as an abdominal mass (Silva et al., 2016).

EBV is thought to play an early role in the development of BL. Some BL tumors are a clonal 

expansion of a single EBV-infected cell (determined by the terminal repeat number as a 

marker of clonality), suggesting that infection occurred prior to proliferation and expansion 

of the tumor cells. High EBV titers are a risk factor for development of BL. In addition to 

EBV, malaria has been implicated as a co-factor in endemic BL. Parasite burden has been 

shown to correlate with the incidence of EBV-positive BL in geographic regions endemic for 

malaria (Morrow, 1985). It has been suggested that malaria-induced immunosuppression of 

T cells or T cell exhaustion allows for greater expansion of EBV-positive proliferating B 

cells, which in turn increases the probability of a MYC translocation event and subsequent 

BL formation (Ho et al., 1986, Whittle et al., 1984). Constitutive c-Myc expression drives B 

cell proliferation but also induces apoptosis through the p53 pathway or the BCL2-like 

protein 11 (BIM) apoptotic activator (Harrington et al., 1994). However, EBV-positive BL 

show resistance to apoptosis compared to EBV-negative BL suggesting that EBV confers 

protection from c-Myc-mediated apoptosis (Kelly et al., 2006, Piccaluga et al., 2015). Most 

EBV-positive BL display a latency I viral gene expression program, with EBNA1, LMP2A, 

and viral microRNAs detected (Rowe et al., 1987). These viral factors have been shown to 

provide survival advantages to B cells by various mechanisms (Kennedy et al., 2003, Lu et 

al., 2011, Riley et al., 2012).

Mapping of the mutation spectrum of BL has uncovered a number of mutations in addition 

to the defining MYC-immunoglobulin gene translocation. TP53 mutations occur in 

approximately 40% of BL tumors (Bhatia et al., 1992, Giulino-Roth et al., 2012). Other 

common mutations include the negative transcriptional regulator ID3 (in 34% of BL), anti-

apoptotic gene MCL1 (in 17% of BL) and chromatin remodelers ARID1A and SMARCA4 

(in 25% of BL) (Giulino-Roth et al., 2012, Love et al., 2012). Importantly, EBV-positive BL 

have a lower number of mutations than EBV-negative BL (Giulino-Roth et al., 2012, 

Vockerodt et al., 2008). In addition, DNA hypermethylation of the B-Lymphocyte-Induced 

Maturation Protein 1 promoter, involved in B cell terminal differentiation with putative 

tumor suppressor activity, is more frequent in EBV-positive BL than EBV-negative BL 

(Zhang et al., 2014). The observations support the notion that EBV may substitute the 

requirement for mutation during lymphomagenesis.

EBV and Oral Lymphomas in the Immunocompromised Host

Secondary immune suppression due to AIDS or transplantation carries an increased 

incidence for lymphoma. Prior to antiretroviral therapy, AIDS patients showed a 60 to 200-

fold increase in lymphoma compared to HIV-negative individuals (Bower et al., 2006). 

Many of these lymphomas were linked to EBV (Carbone, 2003, Shibata et al., 1993). 
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Plasmablastic lymphomas are an aggressive oral lymphoma that frequently occur in the jaw 

and oral mucosa of AIDS patients. Plasmablastic lymphoma is a variant DLBCL with 

immunoblastic morphology and plasma cell immunophenotype that is associated with latent 

EBV infection in approximately 70% of cases (Colomo et al., 2004, Delecluse et al., 1997, 

Gaidano et al., 2002). Introduction of antiretroviral therapies decreased the incidence of 

HIV-associated non-Hodgkin’s lymphomas (Hishima et al., 2006). In transplant patients, 

Post-Transplant Lymphoproliferative Disease (PTLD) is a life-threatening complication 

(Nalesnik et al., 1988). PTLD consists of a spectrum of disorders that range from a benign 

polyclonal lymphoid proliferation to a malignant/clonal lymphoma. PTLD mainly occurs in 

the gastrointestinal tract, and a few cases of oral PTLD have been reported (Amorim 

Pellicioli et al., 2016, Lones et al., 1995, Ojha et al., 2008). Intraoral PTLDs have been 

observed in the gingiva, hard palate, and tongue (Broudy & Sabath, 1995, Chang et al., 

1994, Hanto et al., 1981, Johnson et al., 2007, Oda et al., 1996, Ojha et al., 2008, Raut et al., 

2000). The risk of PTLD is dependent on the organ transplant, the age and EBV status of the 

patient, and type and duration of immune suppression, with PTLD incidence ranging from 1 

to 20%. Latent EBV is associated with 80% of PTLD cases, predominating in early PTLD 

which appear within the first year following immune suppression. Furthermore, EBV-

seronegative transplant recipients are 20 times more likely to develop PTLD (Haque et al., 

1996). Thus, PTLD is associated with primary EBV infection where EBV latency III/growth 

program stimulates B cell growth that goes unchecked in the absence of immune control. 

Restoration of immune function through adoptive T cell therapy with EBV-specific cytotoxic 

T cells or reduction of immunosuppression results in regression of the tumor in many cases 

(Bollard et al., 2012).

EBV and Oral Carcinoma

Given its tropism for epithelial cells and lifelong residence in the oral cavity, EBV has also 

been linked to carcinomas arising in the oral cavity. Although not an oral carcinoma per se, 

EBV association with NPC is well established and has provided correlates for EBV’s role in 

carcinoma. NPC is an aggressive, highly invasive squamous cell carcinoma with prominent 

lymphoid infiltrates that arises in the nasopharynx. NPC is prevalent in Southern China, 

Southeast Asia, and Inuit populations accounting for 20% of all cancers in these endemic 

regions, but NPC is rare in Western populations. NPC has been classified into 3 groups 

according to the differentiation state and keratinizing tumor morphology. Nearly all 

undifferentiated NPC are associated with EBV. Increased EBV antibody titers have been 

reported approximately three years prior to NPC detection (Ji et al., 2007). EBV infection 

has also been shown to follow early genetic changes in the premalignant epithelium to 

facilitate a stable latent infection. NPC tumors display a type II latent EBV infection which 

is defined by expression of viral oncogenes LMP1, LMP2, EBNA1, and viral noncoding 

RNAs. Importantly, EBV infection of epithelial cells has been shown to confer phenotypes 

observed in NPC tumors. EBV infection is able to delay differentiation, likely 

reprogramming epithelial cells with features of basal or progenitor stem cells (Birdwell et 

al., 2014). LMP2A has been shown to induce a delay in epithelial differentiation (Scholle et 

al., 2000), while LMP1 can induce a cancer stem cell/progenitor phenotype in 

nasopharyngeal epithelial cells (Kondo et al., 2011). In addition, EBV infection has been 
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shown to confer a metastatic phenotype to EBV-infected cells (Queen et al., 2013, Kassis et 

al., 2002). Thus, EBV infection in the context of carcinoma may promote tumor progression 

conferring the salient phenotypes that are associated with the morbidity and mortality of 

NPC.

EBV and Oropharyngeal Squamous Cell Carcinoma

Epidemiological studies have revealed variable rates of EBV infection in OSCC, ranging 

from no association to 100%. Geographic and ethnic differences are one explanation for the 

varied EBV association in OSCC. (Bagan et al., 2008, Cruz et al., 1997, D’Costa et al., 

1998, Iamaroon et al., 2004, Kobayashi et al., 1999, Sand et al., 2002, Tsang et al., 2003). 

However, inconsistencies in detection methods and the prevalence of EBV in the oral cavity, 

in particular EBV-positive lymphoid tumor infiltrates, have obscured the ability to 

definitively associate EBV with OSCC. In addition, epithelial tissues exhibiting severe 

dysplasia show a more pronounced EBER expression than OSCC, suggesting that EBERs 

may not be a reliable marker for assigning EBV-positivity in OSCC (Kikuchi et al., 2016). In 

addition to EBER, LMP1 and EBNA2 have been detected in OSCC (Kikuchi et al., 2016, 

Shimakage et al., 2002). LMP1 in particular has been detected in the absence of EBER 

expression, consistent with the possibility of an EBER-negative latent EBV infection in 

OSCC (Gonzalez-Moles et al., 2002, Bonnet et al., 1999, Kobayashi et al., 1999, Sugawara 

et al., 1999). Fewer than one EBV genome per cell has been detected in OSCC, further 

raising the question of whether EBV serves as a factor in tumor progression or is simply a 

passenger (Goldenberg et al., 2004). However, several studies have demonstrated 

considerably higher levels of EBV infection in OSCC versus healthy tissues of the same 

cohort (Bagan et al., 2008, Cruz et al., 1997, D’Costa et al., 1998, Jiang et al., 2015, 

Kobayashi et al., 1999, Sand et al., 2002).

An epidemic rise in OSCC has been observed over the past several decades that is associated 

with human papillomavirus, specifically HPV16 (Ramqvist & Dalianis, 2010). HPV is a 

small DNA tumor virus more traditionally associated with cancers arising in the anogenital 

tract. EBV and HPV co-infection have been detected in 15–20% of carcinomas occurring in 

the oropharynx (Jalouli et al., 2012, Polz-Gruszka et al., 2015). Interestingly, the vast 

majority of OSCC occurs in the tonsils and the base of tongue, lymphoid-rich regions where 

EBV resides (Dahlstrand & Dalianis, 2005, Licitra et al., 2002). Specific analysis of 

EBV/HPV co-infection in tonsillar and base of tongue squamous cell carcinoma has shown 

co-infection rates of 25% and 70%, respectively (Jiang et al., 2015). This study also showed 

that all tumors harbored integrated HPV, suggesting that when EBV was detected it was 

likely in a cell harboring an integrated HPV (Jiang et al., 2015). OSCC prognosis has been 

shown to vary depending on a number of factors, particularly age, with older patients 

exhibiting poorer prognosis (Jadhav & Gupta, 2013). However, HPV-positive OSCC exhibit 

a better prognosis compared to HPV-negative OSCC with treatment de-escalation being 

recommended to reduce the extensive morbidity following chemotherapy (Benson et al., 

2014). A better understanding of the etiology of HPV-positive OSCC is critical for the 

development of effective treatment regimens.
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HPV-positive OSCC exhibits distinct characteristics when compared to other HPV-

associated cancers. HPV-positive OSCC are poorly differentiated, highly invasive, and 

exhibit a more rapid onset, developing within a matter of years as opposed to decades. A 

correlation between EBV infection and poor differentiation status in OSCC has been 

demonstrated (Gonzalez-Moles et al., 1998). Experimentally, EBV infection has been shown 

to delay epithelial differentiation and promote an invasive phenotype, further enhancing the 

invasiveness of epithelial cells expressing HPV16 E6 and E7 oncogenes (Birdwell et al., 

2014, Jiang et al., 2015, Kassis et al., 2002, Queen et al., 2013). Furthermore, delayed 

differentiation and enhanced invasiveness were retained in epithelial cells even after loss of 

EBV, indicating that a stable epigenetic reprogramming followed EBV infection (Birdwell et 

al., 2014, Queen et al., 2013). EBV could therefore contribute to OSCC pathogenesis via 

epigenetic reprogramming of infected tumor cells, and help explain the inconsistent 

detection of EBV in OSCC. How EBV might contribute to the pathogenesis of HPV-positive 

OSCC still needs to be defined, but may reflect the influence of HPV and EBV on one 

another’s viral lifecycles. One study showed that EBV/HPV co-infection increased both 

EBV and HPV replication in organotypic raft culture (Makielski et al., 2016). Alternatively, 

HPV infection may alter the EBV life cycle to favor latency, which was observed when EBV 

infected HPV-immortalized organotypic raft cultures (Guidry and Scott, unpublished 

observations). In either case, increased viral outputs or latency are consistent with clinical 

manifestations of EBV-associated carcinomas.

EBV and Salivary Gland Epithelioma

EBV infection is also linked to salivary gland epithelioma, a rare carcinoma endemic to 

southern Chinese and Arctic Inuit populations (Albeck et al., 1993, Kuo & Hsueh, 1997, 

Leung et al., 1995). salivary gland epithelioma exhibits histological similarities of non-

keratinizing, undifferentiated NPC and most commonly occurs in the parotid gland with 

lymphoid infiltrates (Ambrosio et al., 2013). Endemic areas have a salivary gland 

epithelioma incidence of 5.9% (Abdulla & Mian, 1996), with an almost complete 

association with EBV infection (Abdulla & Mian, 1996, Iezzoni et al., 1995, Jen et al., 

2003). EBV in salivary gland epithelioma has been characterized as a clonal latent EBV 

infection (Leung et al., 1995) specifically detected in carcinoma cells and not in infiltrating 

lymphocytes or in surrounding benign tissues (Hamilton-Dutoit et al., 1991, Huang et al., 

1988, Iezzoni et al., 1995, Jen et al., 2003, Lanier et al., 1991). LMP1 protein has been 

detected in a subset of EBV-positive salivary gland epithelioma (Jen et al., 2003, Leung et 

al., 1995), in which a considerable portion of tumors exhibited C-terminal mutations in 

LMP1, including a 30bp C-terminal deletion characteristic of EBV-associated NPC in 

Chinese populations, as well as various C-terminal point mutations. The C-terminal deletion/

mutations are thought to promote cellular proliferation, and may enhance the oncogenic 

effects of EBV in salivary gland epithelioma (Jen et al., 2003).

EBV and Oral Hairy Leukoplakia

Particularly seen in AIDS patients, OHL is another disease manifestation in the oral 

epithelium associated with EBV infection (Braz-Silva et al., 2008, Mabruk et al., 1994, 

Mabruk et al., 1996, Schmidt-Westhausen et al., 1993). OHL itself is not necessarily 

associated with significant morbidity or mortality, but instead serves as sign of 
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immunodeficiency, particularly in the context of HIV infection (Chattopadhyay et al., 2005, 

Cherry-Peppers et al., 2003, Greenspan et al., 2004). OHL presents as elevated white lesions 

typically at the lateral borders and dorsum of the tongue, though lesions have also been 

described at the soft palate, floor of mouth, and buccal and oral mucosa (Triantos et al., 

1997). OHL directly results from EBV replication, and is not related to a latent EBV 

infection (Greenspan et al., 1985, Greenspan & Greenspan, 1989, Walling, 2000). Treatment 

with the herpesvirus antiviral nucleoside analog acyclovir, which inhibits EBV replication, 

was shown to resolve OHL lesions within a matter of weeks (Resnick et al., 1988). 

Antiretroviral therapies and reconstitution of immune function have reduced OHL in HIV-

infected individuals.

The presence of permissive EBV replication makes OHL unique compared to EBV-

associated malignancies; however, latency-associated genes are also concomitantly 

expressed in OHL (Sandvej et al., 1992, Thomas et al., 1991, Webster-Cyriaque & Raab-

Traub, 1998, Webster-Cyriaque et al., 2000), which may influence regulation of cell 

proliferation and apoptosis and likely contribute to its histopathologic features (Walling, 

2000). EBV replication in OHL does not culminate in cell lysis, likely due to the expression 

of anti-apoptotic viral genes, such as LMP1, which induces anti-apoptotic cellular gene 

expression, and BHRF1, which acts as a viral Bcl-2 homologue (Henderson et al., 1993). 

EBV oncogenic gene expression and the consequential cell survival in the face of extensive 

viral replication likely contribute to acanthosis, a hypertrophy of the infected epithelium at 

the spinous layer with EBV replication itself contributing to the koilocytic changes 

characteristic of OHL (Becker et al., 1991, Dawson et al., 1995, Triantos et al., 1997, 

Webster-Cyriaque & Raab-Traub, 1998). OHL may also exhibit a heterogeneous EBV 

infection characterized by co-infection of different EBV types and strain variants (Walling et 

al., 1992, Walling et al., 1994, Walling et al., 1995, Walling et al., 1999, Walling & Raab-

Traub, 1994). Similar heterogeneous EBV infections have also been detected in 

immunocompetent individuals and could potentially enhance EBV pathogenicity in OHL 

(Burrows et al., 1996, Gan et al., 2002, Kelly et al., 2002, Midgley et al., 2000, Walling, 

2000).

Summary

Although the oral cavity serves as the site of EBV residence and transmission, EBV-

associated oral cancers are relatively rare, but are often misdiagnosed as symptoms mimic 

those of less severe diseases. In general, EBV-associated cancers do not seem to 

predominate in the oral cavity, but the oral cavity likely serves as a primary site of 

persistence that seeds cancers at other sites such as the nasopharynx and stomach. The role 

of EBV in its associated cancers is co-factorial requiring other genetic alterations and is 

associated with other infections (malaria and HPV). However, EBV infection is a critical 

oncogenic event that correlates with a rapid tumor progression and metastatic phenotype. 

Standard techniques for EBV detection are not always reliable as EBV gene expression may 

vary in different settings. Incomplete viral associations are often reported, but may reflect 

bystander oncogenic effects of EBV in the microenvironment or loss of EBV during tumor 

evolution. EBV-induced epigenetic reprogramming provides a mechanism for viral “hit-and-

run” where maintenance of oncogenic phenotypes occurs in the absence of the virus or viral 
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gene expression. Thus, additional studies will continue to define the contributions of EBV to 

oral tumor initiation and progression and provide virus-associated biomarkers for diagnosis, 

prognosis, and treatment.

Acknowledgments

RSS, JTG, and CEB were supported with grant awards from the National Institute of General Medical Sciences of 
the National Institutes of Health (5P30GM11070), RSS from the National Institute for Dental and Craniofacial 
Research of the National Institutes of Health (R01DE025565) and JTG and CEB with pre-doctoral fellowships from 
the LSUHSC-S Feist-Weiller Cancer Center. Due to space constraints, we apologize to those colleagues whose 
work was not cited.

References

Abdulla AK, Mian MY. Lymphoepithelial carcinoma of salivary glands. Head Neck. 1996; 18:577–81. 
[PubMed: 8902573] 

Albeck H, Bentzen J, Ockelmann HH, Nielsen NH, Bretlau P, Hansen HS. Familial clusters of 
nasopharyngeal carcinoma and salivary gland carcinomas in Greenland natives. Cancer. 1993; 
72:196–200. [PubMed: 8508406] 

Ambrosio MR, Mastrogiulio MG, Barone A, Rocca BJ, Gallo C, Lazzi S, Leoncini L, Bellan C. 
Lymphoepithelial-like carcinoma of the parotid gland: a case report and a brief review of the 
western literature. Diagn Pathol. 2013; 8:115. [PubMed: 23856064] 

Amorim Pellicioli AC, Luciano AA, Rangel AL, de Oliveira GR, Santos Silva AR, de Almeida OP, 
Vargas PA. Epstein-Barr virus (EBV)--associated posttransplant lymphoproliferative disorder 
appearing as mandibular gingival ulcers. Oral Surg Oral Med Oral Pathol Oral Radiol. 2016; 
121:e80–6. [PubMed: 26321430] 

Ardekian L, Rachmiel A, Rosen D, Abu-el-Naaj I, Peled M, Laufer D. Burkitt’s lymphoma of the oral 
cavity in Israel. J Craniomaxillofac Surg. 1999; 27:294–7. [PubMed: 10717831] 

Babcock GJ, Decker LL, Volk M, Thorley-Lawson DA. EBV persistence in memory B cells in vivo. 
Immunity. 1998; 9:395–404. [PubMed: 9768759] 

Babcock GJ, Hochberg D, Thorley-Lawson AD. The expression pattern of Epstein-Barr virus latent 
genes in vivo is dependent upon the differentiation stage of the infected B cell. Immunity. 2000; 
13:497–506. [PubMed: 11070168] 

Bagan JV, Jimenez Y, Murillo J, Poveda R, Diaz JM, Gavalda C, Margaix M, Scully C, Alberola TM, 
Torres Puente M, Perez Alonso M. Epstein-Barr virus in oral proliferative verrucous leukoplakia 
and squamous cell carcinoma: A preliminary study. Med Oral Patol Oral Cir Bucal. 2008; 13:E110–
3. [PubMed: 18223526] 

Becker J, Leser U, Marschall M, Langford A, Jilg W, Gelderblom H, Reichart P, Wolf H. Expression 
of proteins encoded by Epstein-Barr virus trans-activator genes depends on the differentiation of 
epithelial cells in oral hairy leukoplakia. Proc Natl Acad Sci U S A. 1991; 88:8332–6. [PubMed: 
1656439] 

Benson E, Li R, Eisele D, Fakhry C. The clinical impact of HPV tumor status upon head and neck 
squamous cell carcinomas. Oral Oncol. 2014; 50:565–74. [PubMed: 24134947] 

Berger C, Hug M, Gysin C, Molinari L, Frei M, Bossart W, Nadal D. Distribution patterns of beta- and 
gamma-herpesviruses within Waldeyer’s ring organs. J Med Virol. 2007; 79:1147–52. [PubMed: 
17597487] 

Bernard SM, Cartwright RA, Darwin CM, Richards ID, Roberts B, O’Brien C, Bird CC. Hodgkin’s 
disease: case control epidemiological study in Yorkshire. Br J Cancer. 1987; 55:85–90. [PubMed: 
3814482] 

Bhatia KG, Gutierrez MI, Huppi K, Siwarski D, Magrath IT. The pattern of p53 mutations in Burkitt’s 
lymphoma differs from that of solid tumors. Cancer Res. 1992; 52:4273–6. [PubMed: 1638540] 

Birdwell CE, Queen KJ, Kilgore PC, Rollyson P, Trutschl M, Cvek U, Scott RS. Genome-wide DNA 
methylation as an epigenetic consequence of Epstein-Barr virus infection of immortalized 
keratinocytes. J Virol. 2014; 88:11442–58. [PubMed: 25056883] 

Guidry et al. Page 11

Oral Dis. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bollard CM, Rooney CM, Heslop HE. T-cell therapy in the treatment of post-transplant 
lymphoproliferative disease. Nat Rev Clin Oncol. 2012; 9:510–9. [PubMed: 22801669] 

Bonnet M, Guinebretiere JM, Kremmer E, Grunewald V, Benhamou E, Contesso G, Joab I. Detection 
of Epstein-Barr virus in invasive breast cancers. J Natl Cancer Inst. 1999; 91:1376–81. [PubMed: 
10451442] 

Bower M, Palmieri C, Dhillon T. AIDS-related malignancies: changing epidemiology and the impact 
of highly active antiretroviral therapy. Curr Opin Infect Dis. 2006; 19:14–9. [PubMed: 16374212] 

Braz-Silva PH, de Rezende NP, Ortega KL, de Macedo Santos RT, de Magalhaes MH. Detection of the 
Epstein-Barr virus (EBV) by in situ hybridization as definitive diagnosis of hairy leukoplakia. 
Head Neck Pathol. 2008; 2:19–24. [PubMed: 20614337] 

Broudy VC, Sabath DE. Posttransplantation lymphoproliferative gingival disease. Blood. 1995; 
86:2891. [PubMed: 7579379] 

Burke AP, Yen TS, Shekitka KM, Sobin LH. Lymphoepithelial carcinoma of the stomach with Epstein-
Barr virus demonstrated by polymerase chain reaction. Mod Pathol. 1990; 3:377–80. [PubMed: 
2163534] 

Burrows JM, Khanna R, Sculley TB, Alpers MP, Moss DJ, Burrows SR. Identification of a naturally 
occurring recombinant Epstein-Barr virus isolate from New Guinea that encodes both type 1 and 
type 2 nuclear antigen sequences. J Virol. 1996; 70:4829–33. [PubMed: 8676517] 

Cancer Genome Atlas Research, N. Comprehensive molecular characterization of gastric 
adenocarcinoma. Nature. 2014; 513:202–9. [PubMed: 25079317] 

Carbone A. Emerging pathways in the development of AIDS-related lymphomas. Lancet Oncol. 2003; 
4:22–9. [PubMed: 12517536] 

Carter CD, Brown TM Jr, Herbert JT, Heath CW Jr. Cancer incidence following infectious 
mononucleosis. Am J Epidemiol. 1977; 105:30–6. [PubMed: 831462] 

Chang H, Wu JD, Cheng KK, Tseng HH. Epstein-Barr virus-associated lymphoproliferative disorders 
in oral cavity after heart transplantation: report of a case. J Formos Med Assoc. 1994; 93:332–6. 
[PubMed: 7914777] 

Chang MS, Uozaki H, Chong JM, Ushiku T, Sakuma K, Ishikawa S, Hino R, Barua RR, Iwasaki Y, 
Arai K, Fujii H, Nagai H, Fukayama M. CpG island methylation status in gastric carcinoma with 
and without infection of Epstein-Barr virus. Clin Cancer Res. 2006; 12:2995–3002. [PubMed: 
16707594] 

Chattopadhyay A, Caplan DJ, Slade GD, Shugars DC, Tien HC, Patton LL. Incidence of oral 
candidiasis and oral hairy leukoplakia in HIV-infected adults in North Carolina. Oral Surg Oral 
Med Oral Pathol Oral Radiol Endod. 2005; 99:39–47. [PubMed: 15599347] 

Cherry-Peppers G, Daniels CO, Meeks V, Sanders CF, Reznik D. Oral manifestations in the era of 
HAART. J Natl Med Assoc. 2003; 95:21S–32S. [PubMed: 12656429] 

Chesnokova LS, Jiang R, Hutt-Fletcher LM. Viral Entry. Curr Top Microbiol Immunol. 2015; 
391:221–35. [PubMed: 26428376] 

Cohen JI, Fauci AS, Varmus H, Nabel GJ. Epstein-Barr virus: an important vaccine target for cancer 
prevention. Sci Transl Med. 2011; 3:107fs7.

Colomo L, Loong F, Rives S, Pittaluga S, Martinez A, Lopez-Guillermo A, Ojanguren J, Romagosa V, 
Jaffe ES, Campo E. Diffuse large B-cell lymphomas with plasmablastic differentiation represent a 
heterogeneous group of disease entities. Am J Surg Pathol. 2004; 28:736–47. [PubMed: 15166665] 

Connelly RR, Christine BW. A cohort study of cancer following infectious mononucleosis. Cancer 
Res. 1974; 34:1172–8. [PubMed: 4842360] 

Courville EL, Yohe S, Chou D, Nardi V, Lazaryan A, Thakral B, Nelson AC, Ferry JA, Sohani AR. 
EBV-negative monomorphic B-cell post-transplant lymphoproliferative disorders are 
pathologically distinct from EBV-positive cases and frequently contain TP53 mutations. Mod 
Pathol. 2016; 29:1200–11. [PubMed: 27443517] 

Crawford DH, Ando I. EB virus induction is associated with B-cell maturation. Immunology. 1986; 
59:405–9. [PubMed: 3025081] 

Cruz I, Van den Brule AJ, Steenbergen RD, Snijders PJ, Meijer CJ, Walboomers JM, Snow GB, Van 
der Waal I. Prevalence of Epstein-Barr virus in oral squamous cell carcinomas, premalignant 

Guidry et al. Page 12

Oral Dis. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lesions and normal mucosa--a study using the polymerase chain reaction. Oral Oncol. 1997; 
33:182–8. [PubMed: 9307727] 

D’Costa J, Saranath D, Sanghvi V, Mehta AR. Epstein-Barr virus in tobacco-induced oral cancers and 
oral lesions in patients from India. J Oral Pathol Med. 1998; 27:78–82. [PubMed: 9526734] 

Dahlstrand HM, Dalianis T. Presence and influence of human papillomaviruses (HPV) in Tonsillar 
cancer. Adv Cancer Res. 2005; 93:59–89. [PubMed: 15797444] 

Dai W, Cheung AK, Ko JM, Cheng Y, Zheng H, Ngan RK, Ng WT, Lee AW, Yau CC, Lee VH, Lung 
ML. Comparative methylome analysis in solid tumors reveals aberrant methylation at chromosome 
6p in nasopharyngeal carcinoma. Cancer Med. 2015; 4:1079–90. [PubMed: 25924914] 

Darling MR, Cuddy KK, Rizkalla K. Hodgkin lymphoma of the oral mucosa. Head Neck Pathol. 2012; 
6:507–10. [PubMed: 22736151] 

Dawson CW, Eliopoulos AG, Dawson J, Young LS. BHRF1, a viral homologue of the Bcl-2 oncogene, 
disturbs epithelial cell differentiation. Oncogene. 1995; 10:69–77. [PubMed: 7824280] 

de-The, G. Epidemiology of Epstein-Barr virus and associated diseases. In: Roizman, B., editor. The 
Herpesviruses. Plenum Press; New York: 1982. p. 25-82.

Decker LL, Klaman LD, Thorley-Lawson DA. Detection of the latent form of Epstein-Barr virus DNA 
in the peripheral blood of healthy individuals. J Virol. 1996; 70:3286–9. [PubMed: 8627812] 

Delecluse HJ, Anagnostopoulos I, Dallenbach F, Hummel M, Marafioti T, Schneider U, Huhn D, 
Schmidt-Westhausen A, Reichart PA, Gross U, Stein H. Plasmablastic lymphomas of the oral 
cavity: a new entity associated with the human immunodeficiency virus infection. Blood. 1997; 
89:1413–20. [PubMed: 9028965] 

Dodd CL, Greenspan D, Schiodt M, Daniels TE, Beckstead JH, MacPhail LA, Miyasaki S, Greenspan 
JS. Unusual oral presentation of non-Hodgkin’s lymphoma in association with HIV infection. Oral 
Surg Oral Med Oral Pathol. 1992; 73:603–8. [PubMed: 1518649] 

Epstein MA, Achong BG, Barr YM. Virus Particles in Cultured Lymphoblasts from Burkitt’s 
Lymphoma. Lancet. 1964; 1:702–3. [PubMed: 14107961] 

Fafi-Kremer S, Morand P, Brion JP, Pavese P, Baccard M, Germi R, Genoulaz O, Nicod S, Jolivet M, 
Ruigrok RW, Stahl JP, Seigneurin JM. Long-term shedding of infectious epstein-barr virus after 
infectious mononucleosis. J Infect Dis. 2005; 191:985–9. [PubMed: 15717276] 

Fernandez AF, Rosales C, Lopez-Nieva P, Grana O, Ballestar E, Ropero S, Espada J, Melo SA, 
Lujambio A, Fraga MF, Pino I, Javierre B, Carmona FJ, Acquadro F, Steenbergen RD, Snijders PJ, 
Meijer CJ, Pineau P, Dejean A, Lloveras B, Capella G, Quer J, Buti M, Esteban JI, Allende H, 
Rodriguez-Frias F, Castellsague X, Minarovits J, Ponce J, Capello D, Gaidano G, Cigudosa JC, 
Gomez-Lopez G, Pisano DG, Valencia A, Piris MA, Bosch FX, Cahir-McFarland E, Kieff E, 
Esteller M. The dynamic DNA methylomes of double-stranded DNA viruses associated with 
human cancer. Genome Res. 2009; 19:438–51. [PubMed: 19208682] 

Gaidano G, Cerri M, Capello D, Berra E, Deambrogi C, Rossi D, Larocca LM, Campo E, Gloghini A, 
Tirelli U, Carbone A. Molecular histogenesis of plasmablastic lymphoma of the oral cavity. Br J 
Haematol. 2002; 119:622–8. [PubMed: 12437635] 

Gan YJ, Razzouk BI, Su T, Sixbey JW. A defective, rearranged Epstein-Barr virus genome in EBER-
negative and EBER-positive Hodgkin’s disease. Am J Pathol. 2002; 160:781–6. [PubMed: 
11891176] 

Gerper P, Whang-Peng J, Monroe JH. Transformation and chromosome changes induced by Epstein-
Barr virus in normal human leukocyte cultures. Proc Natl Acad Sci U S A. 1969; 63:740–7. 
[PubMed: 5259761] 

Giulino-Roth L, Wang K, MacDonald TY, Mathew S, Tam Y, Cronin MT, Palmer G, Lucena-Silva N, 
Pedrosa F, Pedrosa M, Teruya-Feldstein J, Bhagat G, Alobeid B, Leoncini L, Bellan C, Rogena E, 
Pinkney KA, Rubin MA, Ribeiro RC, Yelensky R, Tam W, Stephens PJ, Cesarman E. Targeted 
genomic sequencing of pediatric Burkitt lymphoma identifies recurrent alterations in antiapoptotic 
and chromatin-remodeling genes. Blood. 2012; 120:5181–4. [PubMed: 23091298] 

Goldenberg D, Benoit NE, Begum S, Westra WH, Cohen Y, Koch WM, Sidransky D, Califano JA. 
Epstein-Barr virus in head and neck cancer assessed by quantitative polymerase chain reaction. 
Laryngoscope. 2004; 114:1027–31. [PubMed: 15179207] 

Guidry et al. Page 13

Oral Dis. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gonzalez-Moles M, Gutierrez J, Ruiz I, Fernandez JA, Rodriguez M, Aneiros J. Epstein-Barr virus and 
oral squamous cell carcinoma in patients without HIV infection: viral detection by polymerase 
chain reaction. Microbios. 1998; 96:23–31. [PubMed: 10347899] 

Gonzalez-Moles MA, Gutierrez J, Rodriguez MJ, Ruiz-Avila I, Rodriguez-Archilla A. Epstein-Barr 
virus latent membrane protein-1 (LMP-1) expression in oral squamous cell carcinoma. 
Laryngoscope. 2002; 112:482–7. [PubMed: 12148858] 

Greenspan D, Gange SJ, Phelan JA, Navazesh M, Alves ME, MacPhail LA, Mulligan R, Greenspan 
JS. Incidence of oral lesions in HIV-1-infected women: reduction with HAART. J Dent Res. 2004; 
83:145–50. [PubMed: 14742653] 

Greenspan JS, Greenspan D. Oral hairy leukoplakia: diagnosis and management. Oral Surg Oral Med 
Oral Pathol. 1989; 67:396–403. [PubMed: 2542857] 

Greenspan JS, Greenspan D, Lennette ET, Abrams DI, Conant MA, Petersen V, Freese UK. 
Replication of Epstein-Barr virus within the epithelial cells of oral “hairy” leukoplakia, an AIDS-
associated lesion. N Engl J Med. 1985; 313:1564–71. [PubMed: 2999595] 

Gulley ML, Sargeant KP, Grider DJ, Eagan PA, Davey DD, Damm DD, Robinson RA, Vandersteen 
DP, McGuff HS, Banks PM. Lymphomas of the oral soft tissues are not preferentially associated 
with latent or replicative Epstein-Barr virus. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 
1995; 80:425–31. [PubMed: 8521106] 

Gutensohn N, Cole P. Childhood social environment and Hodgkin’s disease. N Engl J Med. 1981; 
304:135–40. [PubMed: 6255329] 

Hadinoto V, Shapiro M, Sun CC, Thorley-Lawson DA. The dynamics of EBV shedding implicate a 
central role for epithelial cells in amplifying viral output. PLoS Pathog. 2009; 5:e1000496. 
[PubMed: 19578433] 

Hamilton-Dutoit SJ, Therkildsen MH, Neilsen NH, Jensen H, Hansen JP, Pallesen G. Undifferentiated 
carcinoma of the salivary gland in Greenlandic Eskimos: demonstration of Epstein-Barr virus 
DNA by in situ nucleic acid hybridization. Hum Pathol. 1991; 22:811–5. [PubMed: 1651284] 

Hansen KD, Sabunciyan S, Langmead B, Nagy N, Curley R, Klein G, Klein E, Salamon D, Feinberg 
AP. Large-scale hypomethylated blocks associated with Epstein-Barr virus-induced B-cell 
immortalization. Genome Res. 2014; 24:177–84. [PubMed: 24068705] 

Hanto DW, Frizzera G, Purtilo DT, Sakamoto K, Sullivan JL, Saemundsen AK, Klein G, Simmons RL, 
Najarian JS. Clinical spectrum of lymphoproliferative disorders in renal transplant recipients and 
evidence for the role of Epstein-Barr virus. Cancer Res. 1981; 41:4253–61. [PubMed: 6272971] 

Haque T, Thomas JA, Falk KI, Parratt R, Hunt BJ, Yacoub M, Crawford DH. Transmission of donor 
Epstein-Barr virus (EBV) in transplanted organs causes lymphoproliferative disease in EBV-
seronegative recipients. J Gen Virol. 1996; 77(Pt 6):1169–72. [PubMed: 8683203] 

Harrington EA, Fanidi A, Evan GI. Oncogenes and cell death. Curr Opin Genet Dev. 1994; 4:120–9. 
[PubMed: 8193531] 

Henderson S, Huen D, Rowe M, Dawson C, Johnson G, Rickinson A. Epstein-Barr virus-coded 
BHRF1 protein, a viral homologue of Bcl-2, protects human B cells from programmed cell death. 
Proc Natl Acad Sci U S A. 1993; 90:8479–83. [PubMed: 8397406] 

Henle G, Henle W, Diehl V. Relation of Burkitt’s tumor-associated herpes-ytpe virus to infectious 
mononucleosis. Proc Natl Acad Sci U S A. 1968; 59:94–101. [PubMed: 5242134] 

Henle W, Diehl V, Kohn G, Zur Hausen H, Henle G. Herpes-type virus and chromosome marker in 
normal leukocytes after growth with irradiated Burkitt cells. Science. 1967; 157:1064–5. 
[PubMed: 6036237] 

Henle W, Henle G. Evidence for a relation of Epstein-Barr virus to Burkitt’s lymphoma and 
nasopharyngeal carcinoma. Bibl Haematol. 1970:706–13. [PubMed: 4376392] 

Hino R, Uozaki H, Murakami N, Ushiku T, Shinozaki A, Ishikawa S, Morikawa T, Nakaya T, Sakatani 
T, Takada K, Fukayama M. Activation of DNA methyltransferase 1 by EBV latent membrane 
protein 2A leads to promoter hypermethylation of PTEN gene in gastric carcinoma. Cancer Res. 
2009; 69:2766–74. [PubMed: 19339266] 

Hishima T, Oyaizu N, Fujii T, Tachikawa N, Ajisawa A, Negishi M, Nakamura T, Iwamoto A, Hayashi 
Y, Matsubara D, Sasao Y, Kimura S, Kikuchi Y, Teruya K, Yasuoka A, Oka S, Saito K, Mori S, 
Funata N, Sata T, Katano H. Decrease in Epstein-Barr virus-positive AIDS-related lymphoma in 

Guidry et al. Page 14

Oral Dis. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the era of highly active antiretroviral therapy. Microbes Infect. 2006; 8:1301–7. [PubMed: 
16697236] 

Hjalgrim H, Askling J, Sorensen P, Madsen M, Rosdahl N, Storm HH, Hamilton-Dutoit S, Eriksen LS, 
Frisch M, Ekbom A, Melbye M. Risk of Hodgkin’s disease and other cancers after infectious 
mononucleosis. J Natl Cancer Inst. 2000; 92:1522–8. [PubMed: 10995808] 

Ho M, Webster HK, Looareesuwan S, Supanaranond W, Phillips RE, Chanthavanich P, Warrell DA. 
Antigen-specific immunosuppression in human malaria due to Plasmodium falciparum. J Infect 
Dis. 1986; 153:763–71. [PubMed: 2936834] 

Huang DP, Ng HK, Ho YH, Chan KM. Epstein-Barr virus (EBV)-associated undifferentiated 
carcinoma of the parotid gland. Histopathology. 1988; 13:509–17. [PubMed: 2850990] 

Hummel M, Anagnostopoulos I, Korbjuhn P, Stein H. Epstein-Barr virus in B-cell non-Hodgkin’s 
lymphomas: unexpected infection patterns and different infection incidence in low- and high-grade 
types. J Pathol. 1995; 175:263–71. [PubMed: 7745495] 

Iamaroon A, Khemaleelakul U, Pongsiriwet S, Pintong J. Co-expression of p53 and Ki67 and lack of 
EBV expression in oral squamous cell carcinoma. J Oral Pathol Med. 2004; 33:30–6. [PubMed: 
14675138] 

Iezzoni JC, Gaffey MJ, Weiss LM. The role of Epstein-Barr virus in lymphoepithelioma-like 
carcinomas. Am J Clin Pathol. 1995; 103:308–15. [PubMed: 7872253] 

Jadhav KB, Gupta N. Clinicopathological prognostic implicators of oral squamous cell carcinoma: 
need to understand and revise. N Am J Med Sci. 2013; 5:671–9. [PubMed: 24404549] 

Jalouli J, Jalouli MM, Sapkota D, Ibrahim SO, Larsson PA, Sand L. Human papilloma virus, herpes 
simplex virus and epstein barr virus in oral squamous cell carcinoma from eight different 
countries. Anticancer Res. 2012; 32:571–80. [PubMed: 22287747] 

Jen KY, Cheng J, Li J, Wu L, Li Y, Yu S, Lin H, Chen Z, Gurtsevitch V, Saku T. Mutational events in 
LMP1 gene of Epstein-Barr virus in salivary gland lymphoepithelial carcinomas. Int J Cancer. 
2003; 105:654–60. [PubMed: 12740914] 

Ji MF, Wang DK, Yu YL, Guo YQ, Liang JS, Cheng WM, Zong YS, Chan KH, Ng SP, Wei WI, Chua 
DT, Sham JS, Ng MH. Sustained elevation of Epstein-Barr virus antibody levels preceding clinical 
onset of nasopharyngeal carcinoma. Br J Cancer. 2007; 96:623–30. [PubMed: 17285127] 

Jiang R, Ekshyyan O, Moore-Medlin T, Rong X, Nathan S, Gu X, Abreo F, Rosenthal EL, Shi M, 
Guidry JT, Scott RS, Hutt-Fletcher LM, Nathan CA. Association between human papilloma virus/
Epstein-Barr virus coinfection and oral carcinogenesis. J Oral Pathol Med. 2015; 44:28–36. 
[PubMed: 25040496] 

Jiang R, Gu X, Moore-Medlin TN, Nathan CA, Hutt-Fletcher LM. Oral dysplasia and squamous cell 
carcinoma: correlation between increased expression of CD21, Epstein-Barr virus and CK19. Oral 
Oncol. 2012; 48:836–41. [PubMed: 22513207] 

Jiang R, Scott RS, Hutt-Fletcher LM. Epstein-Barr virus shed in saliva is high in B-cell-tropic 
glycoprotein gp42. J Virol. 2006; 80:7281–3. [PubMed: 16809335] 

Johnson J, Kerecuk L, Harrison M, Taylor JO, Odell E. Epstein-Barr virus-associated 
lymphoproliferative disease in oral cavity in a renal transplant recipient: a case report. Pediatr 
Transplant. 2007; 11:340–4. [PubMed: 17430495] 

Kalla M, Schmeinck A, Bergbauer M, Pich D, Hammerschmidt W. AP-1 homolog BZLF1 of Epstein-
Barr virus has two essential functions dependent on the epigenetic state of the viral genome. Proc 
Natl Acad Sci U S A. 2010; 107:850–5. [PubMed: 20080764] 

Kang MS, Kieff E. Epstein-Barr virus latent genes. Exp Mol Med. 2015; 47:e131. [PubMed: 
25613728] 

Kassis J, Maeda A, Teramoto N, Takada K, Wu C, Klein G, Wells A. EBV-expressing AGS gastric 
carcinoma cell sublines present increased motility and invasiveness. Int J Cancer. 2002; 99:644–
51. [PubMed: 12115496] 

Kelly BG, Lok SS, Hasleton PS, Egan JJ, Stewart JP. A rearranged form of Epstein-Barr virus DNA is 
associated with idiopathic pulmonary fibrosis. Am J Respir Crit Care Med. 2002; 166:510–3. 
[PubMed: 12186829] 

Guidry et al. Page 15

Oral Dis. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kelly GL, Milner AE, Baldwin GS, Bell AI, Rickinson AB. Three restricted forms of Epstein-Barr 
virus latency counteracting apoptosis in c-myc-expressing Burkitt lymphoma cells. Proc Natl Acad 
Sci U S A. 2006; 103:14935–40. [PubMed: 17001014] 

Kennedy G, Komano J, Sugden B. Epstein-Barr virus provides a survival factor to Burkitt’s 
lymphomas. Proc Natl Acad Sci U S A. 2003; 100:14269–74. [PubMed: 14603034] 

Khan G, Miyashita EM, Yang B, Babcock GJ, Thorley-Lawson DA. Is EBV persistence in vivo a 
model for B cell homeostasis? Immunity. 1996; 5:173–9. [PubMed: 8769480] 

Kikuchi K, Noguchi Y, de Rivera MW, Hoshino M, Sakashita H, Yamada T, Inoue H, Miyazaki Y, 
Nozaki T, Gonzalez-Lopez BS, Ide F, Kusama K. Detection of Epstein-Barr virus genome and 
latent infection gene expression in normal epithelia, epithelial dysplasia, and squamous cell 
carcinoma of the oral cavity. Tumour Biol. 2016; 37:3389–404. [PubMed: 26449822] 

Kobayashi I, Shima K, Saito I, Kiyoshima T, Matsuo K, Ozeki S, Ohishi M, Sakai H. Prevalence of 
Epstein-Barr virus in oral squamous cell carcinoma. J Pathol. 1999; 189:34–9. [PubMed: 
10451485] 

Kondo S, Wakisaka N, Muramatsu M, Zen Y, Endo K, Murono S, Sugimoto H, Yamaoka S, Pagano JS, 
Yoshizaki T. Epstein-Barr virus latent membrane protein 1 induces cancer stem/progenitor-like 
cells in nasopharyngeal epithelial cell lines. J Virol. 2011; 85:11255–64. [PubMed: 21849440] 

Kuo T, Hsueh C. Lymphoepithelioma-like salivary gland carcinoma in Taiwan: a clinicopathological 
study of nine cases demonstrating a strong association with Epstein-Barr virus. Histopathology. 
1997; 31:75–82. [PubMed: 9253628] 

Kurth J, Hansmann ML, Rajewsky K, Kuppers R. Epstein-Barr virus-infected B cells expanding in 
germinal centers of infectious mononucleosis patients do not participate in the germinal center 
reaction. Proc Natl Acad Sci U S A. 2003; 100:4730–5. [PubMed: 12665622] 

Kvale G, Hoiby EA, Pedersen E. Hodgkin’s disease in patients with previous infectious 
mononucleosis. Int J Cancer. 1979; 23:593–7. [PubMed: 378865] 

Laichalk LL, Thorley-Lawson DA. Terminal differentiation into plasma cells initiates the replicative 
cycle of Epstein-Barr virus in vivo. J Virol. 2005; 79:1296–307. [PubMed: 15613356] 

Lanier AP, Clift SR, Bornkamm G, Henle W, Goepfert H, Raab-Traub N. Epstein-Barr virus and 
malignant lymphoepithelial lesions of the salivary gland. Arctic Med Res. 1991; 50:55–61. 
[PubMed: 1646614] 

Lee AW, Foo W, Law SC, Poon YF, Sze WM, OSK, Tung SY, Lau WH. Nasopharyngeal carcinoma: 
presenting symptoms and duration before diagnosis. Hong Kong Med J. 1997; 3:355–361. 
[PubMed: 11847385] 

Leong IT, Fernandes BJ, Mock D. Epstein-Barr virus detection in non-Hodgkin’s lymphoma of the 
oral cavity: an immunocytochemical and in situ hybridization study. Oral Surg Oral Med Oral 
Pathol Oral Radiol Endod. 2001; 92:184–93. [PubMed: 11505266] 

Leung SY, Chung LP, Yuen ST, Ho CM, Wong MP, Chan SY. Lymphoepithelial carcinoma of the 
salivary gland: in situ detection of Epstein-Barr virus. J Clin Pathol. 1995; 48:1022–7. [PubMed: 
8543624] 

Levine PH, Ablashi DV, Berard CW, Carbone PP, Waggoner DE, Malan L. Elevated antibody titers to 
Epstein-Barr virus in Hodgkin’s disease. Cancer. 1971; 27:416–21. [PubMed: 4322464] 

Levine R, Zhu K, Gu Y, Brann E, Hall I, Caplan L, Baum M. Self-reported infectious mononucleosis 
and 6 cancers: a population-based, case-control study. Scand J Infect Dis. 1998; 30:211–4. 
[PubMed: 9790125] 

Licitra L, Bernier J, Grandi C, Merlano M, Bruzzi P, Lefebvre JL. Cancer of the oropharynx. Crit Rev 
Oncol Hematol. 2002; 41:107–22. [PubMed: 11796235] 

Lindahl T, Adams A, Bjursell G, Bornkamm GW, Kaschka-Dierich C, Jehn U. Covalently closed 
circular duplex DNA of Epstein-Barr virus in a human lymphoid cell line. J Mol Biol. 1976; 
102:511–30. [PubMed: 178878] 

Ling PD, Lednicky JA, Keitel WA, Poston DG, White ZS, Peng R, Liu Z, Mehta SK, Pierson DL, 
Rooney CM, Vilchez RA, Smith EO, Butel JS. The dynamics of herpesvirus and polyomavirus 
reactivation and shedding in healthy adults: a 14-month longitudinal study. J Infect Dis. 2003; 
187:1571–80. [PubMed: 12721937] 

Guidry et al. Page 16

Oral Dis. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lones MA, Mishalani S, Shintaku IP, Weiss LM, Nichols WS, Said JW. Changes in tonsils and 
adenoids in children with posttransplant lymphoproliferative disorder: report of three cases with 
early involvement of Waldeyer’s ring. Hum Pathol. 1995; 26:525–30. [PubMed: 7750936] 

Love C, Sun Z, Jima D, Li G, Zhang J, Miles R, Richards KL, Dunphy CH, Choi WW, Srivastava G, 
Lugar PL, Rizzieri DA, Lagoo AS, Bernal-Mizrachi L, Mann KP, Flowers CR, Naresh KN, 
Evens AM, Chadburn A, Gordon LI, Czader MB, Gill JI, Hsi ED, Greenough A, Moffitt AB, 
McKinney M, Banerjee A, Grubor V, Levy S, Dunson DB, Dave SS. The genetic landscape of 
mutations in Burkitt lymphoma. Nat Genet. 2012; 44:1321–5. [PubMed: 23143597] 

Lu J, Murakami M, Verma SC, Cai Q, Haldar S, Kaul R, Wasik MA, Middeldorp J, Robertson ES. 
Epstein-Barr Virus nuclear antigen 1 (EBNA1) confers resistance to apoptosis in EBV-positive B-
lymphoma cells through up-regulation of survivin. Virology. 2011; 410:64–75. [PubMed: 
21093004] 

Mabruk MJ, Flint SR, Coleman DC, Shiels O, Toner M, Atkins GJ. A rapid microwave-in situ 
hybridization method for the definitive diagnosis of oral hairy leukoplakia: comparison with 
immunohistochemistry. J Oral Pathol Med. 1996; 25:170–6. [PubMed: 8809685] 

Mabruk MJ, Flint SR, Toner M, Balluz I, Coleman D, Sullivan D, Atkins GJ. In situ hybridization and 
the polymerase chain reaction (PCR) in the analysis of biopsies and exfoliative cytology 
specimens for definitive diagnosis of oral hairy leukoplakia (OHL). J Oral Pathol Med. 1994; 
23:302–8. [PubMed: 7965885] 

Magrath I. The pathogenesis of Burkitt’s lymphoma. Adv Cancer Res. 1990; 55:133–270. [PubMed: 
2166998] 

Makielski KR, Lee D, Lorenz LD, Nawandar DM, Chiu YF, Kenney SC, Lambert PF. Human 
papillomavirus promotes Epstein-Barr virus maintenance and lytic reactivation in immortalized 
oral keratinocytes. Virology. 2016; 495:52–62. [PubMed: 27179345] 

Mbulaiteye SM, Pullarkat ST, Nathwani BN, Weiss LM, Rao N, Emmanuel B, Lynch CF, Hernandez 
B, Neppalli V, Hawes D, Cockburn MG, Kim A, Williams M, Altekruse S, Bhatia K, Goodman 
MT, Cozen W. Epstein-Barr virus patterns in US Burkitt lymphoma tumors from the SEER 
residual tissue repository during 1979–2009. APMIS. 2014; 122:5–15. [PubMed: 23607450] 

Meckes DG Jr, Gunawardena HP, Dekroon RM, Heaton PR, Edwards RH, Ozgur S, Griffith JD, 
Damania B, Raab-Traub N. Modulation of B-cell exosome proteins by gamma herpesvirus 
infection. Proc Natl Acad Sci U S A. 2013; 110:E2925–33. [PubMed: 23818640] 

Midgley RS, Blake NW, Yao QY, Croom-Carter D, Cheung ST, Leung SF, Chan AT, Johnson PJ, 
Huang D, Rickinson AB, Lee SP. Novel intertypic recombinants of epstein-barr virus in the 
chinese population. J Virol. 2000; 74:1544–8. [PubMed: 10627567] 

Morrow RH Jr. Epidemiological evidence for the role of falciparum malaria in the pathogenesis of 
Burkitt’s lymphoma. IARC Sci Publ. 1985:177–86.

Morscio J, Finalet Ferreiro J, Vander Borght S, Bittoun E, Gheysens O, Dierickx D, Verhoef G, 
Wlodarska I, Tousseyn T. Identification of distinct subgroups of EBV-positive post-transplant 
diffuse large B-cell lymphoma. Mod Pathol. 2017

Mueller N, Evans A, Harris NL, Comstock GW, Jellum E, Magnus K, Orentreich N, Polk BF, 
Vogelman J. Hodgkin’s disease and Epstein-Barr virus. Altered antibody pattern before 
diagnosis. N Engl J Med. 1989; 320:689–95. [PubMed: 2537928] 

Munoz N, Davidson RJ, Witthoff B, Ericsson JE, De-The G. Infectious mononucleosis and Hodgkin’s 
disease. Int J Cancer. 1978; 22:10–3. [PubMed: 681023] 

Murray RJ, Kurilla MG, Brooks JM, Thomas WA, Rowe M, Kieff E, Rickinson AB. Identification of 
target antigens for the human cytotoxic T cell response to Epstein-Barr virus (EBV): implications 
for the immune control of EBV-positive malignancies. J Exp Med. 1992; 176:157–68. [PubMed: 
1319456] 

Nalesnik MA, Makowka L, Starzl TE. The diagnosis and treatment of posttransplant 
lymphoproliferative disorders. Curr Probl Surg. 1988; 25:367–472. [PubMed: 3063441] 

Niederman JC, Miller G, Pearson HA, Pagano JS, Dowaliby JM. Infectious mononucleosis. Epstein-
Barr-virus shedding in saliva and the oropharynx. N Engl J Med. 1976; 294:1355–9. [PubMed: 
177872] 

Guidry et al. Page 17

Oral Dis. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nittayananta W, Apinawatavorngul S, Chungpanich S, Pongpanich S, Kietthubthew S. Burkitt-like 
lymphoma presenting as a periodontal disease in AIDS patients: a report of two cases. Oral Dis. 
1998; 4:281–4. [PubMed: 10200708] 

Oda D, Persson GR, Haigh WG, Sabath DE, Penn I, Aziz S. Oral presentation of posttransplantation 
lymphoproliferative disorders. An unusual manifestation. Transplantation. 1996; 61:435–40. 
[PubMed: 8610357] 

Ojha J, Islam N, Cohen DM, Marshal D, Reavis MR, Bhattacharyya I. Post-transplant 
lymphoproliferative disorders of oral cavity. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 
2008; 105:589–96. [PubMed: 18442744] 

Ok CY, Papathomas TG, Medeiros LJ, Young KH. EBV-positive diffuse large B-cell lymphoma of the 
elderly. Blood. 2013; 122:328–40. [PubMed: 23649469] 

Paschos K, Parker GA, Watanatanasup E, White RE, Allday MJ. BIM promoter directly targeted by 
EBNA3C in polycomb-mediated repression by EBV. Nucleic Acids Res. 2012; 40:7233–46. 
[PubMed: 22584624] 

Pegtel DM, van de Garde MD, Middeldorp JM. Viral miRNAs exploiting the endosomal-exosomal 
pathway for intercellular cross-talk and immune evasion. Biochim Biophys Acta. 2011; 
1809:715–21. [PubMed: 21855666] 

Piccaluga PP, Navari M, Falco G, Ambrosio MR, Lazzi S, Fuligni F, Bellan C, Rossi M, Sapienza MR, 
Laginestra MA, Etebari M, Rogena EA, Tumwine L, Tripodo C, Gibellini D, Consiglio J, Croce 
C, Pileri SA, Leoncini L. Virus-encoded microRNA contributes to the molecular profile of EBV-
positive burkitt lymphomas. Oncotarget. 2015

Polz-Gruszka D, Morshed K, Jarzynski A, Polz-Dacewicz M. Prevalence of Polyoma BK Virus 
(BKPyV), Epstein-Barr Virus (EBV) and Human Papilloma Virus (HPV) in Oropharyngeal 
Cancer. Pol J Microbiol. 2015; 64:323–8. [PubMed: 26999952] 

Porter DD, Wimberly I, Benyesh-Melnick M. Prevalence of antibodies to EB virus and other 
herpesviruses. JAMA. 1969; 208:1675–9. [PubMed: 4305626] 

Qu L, Rowe DT. Epstein-Barr virus latent gene expression in uncultured peripheral blood 
lymphocytes. J Virol. 1992; 66:3715–24. [PubMed: 1316478] 

Queen KJ, Shi M, Zhang F, Cvek U, Scott RS. Epstein-Barr virus-induced epigenetic alterations 
following transient infection. Int J Cancer. 2013; 132:2076–86. [PubMed: 23047626] 

Raab-Traub N, Flynn K. The structure of the termini of the Epstein-Barr virus as a marker of clonal 
cellular proliferation. Cell. 1986; 47:883–9. [PubMed: 3022942] 

Ramqvist T, Dalianis T. Oropharyngeal cancer epidemic and human papillomavirus. Emerg Infect Dis. 
2010; 16:1671–7. [PubMed: 21029523] 

Raut A, Huryn J, Pollack A, Zlotolow I. Unusual gingival presentation of post-transplantation 
lymphoproliferative disorder: a case report and review of the literature. Oral Surg Oral Med Oral 
Pathol Oral Radiol Endod. 2000; 90:436–41. [PubMed: 11027379] 

Resnick L, Herbst JS, Ablashi DV, Atherton S, Frank B, Rosen L, Horwitz SN. Regression of oral 
hairy leukoplakia after orally administered acyclovir therapy. JAMA. 1988; 259:384–8. 
[PubMed: 2826830] 

Reusch JA, Nawandar DM, Wright KL, Kenney SC, Mertz JE. Cellular differentiation regulator 
BLIMP1 induces Epstein-Barr virus lytic reactivation in epithelial and B cells by activating 
transcription from both the R and Z promoters. J Virol. 2015; 89:1731–43. [PubMed: 25410866] 

Richards A, Costelloe MA, Eveson JW, Scully C, Irvine GH, Rooney N. Oral mucosal non-Hodgkin’s 
lymphoma--a dangerous mimic. Oral Oncol. 2000; 36:556–8. [PubMed: 11036251] 

Riley KJ, Rabinowitz GS, Yario TA, Luna JM, Darnell RB, Steitz JA. EBV and human microRNAs co-
target oncogenic and apoptotic viral and human genes during latency. EMBO J. 2012; 31:2207–
21. [PubMed: 22473208] 

Rooney C, Howe JG, Speck SH, Miller G. Influence of Burkitt’s lymphoma and primary B cells on 
latent gene expression by the nonimmortalizing P3J-HR-1 strain of Epstein-Barr virus. J Virol. 
1989; 63:1531–9. [PubMed: 2538644] 

Rosdahl N, Larsen SO, Thamdrup AB. Infectious mononucleosis in Denmark. Epidemiological 
observations based on positive Paul-Bunnell reactions from 1940–1969. Scand J Infect Dis. 1973; 
5:163–70. [PubMed: 4801052] 

Guidry et al. Page 18

Oral Dis. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rowe M, Rowe DT, Gregory CD, Young LS, Farrell PJ, Rupani H, Rickinson AB. Differences in B 
cell growth phenotype reflect novel patterns of Epstein-Barr virus latent gene expression in 
Burkitt’s lymphoma cells. EMBO J. 1987; 6:2743–51. [PubMed: 2824192] 

Ruf IK, Sample J. Repression of Epstein-Barr virus EBNA-1 gene transcription by pRb during 
restricted latency. J Virol. 1999; 73:7943–51. [PubMed: 10482541] 

Saha A, Jha HC, Upadhyay SK, Robertson ES. Epigenetic silencing of tumor suppressor genes during 
in vitro Epstein-Barr virus infection. Proc Natl Acad Sci U S A. 2015; 112:E5199–207. 
[PubMed: 26324942] 

Sand LP, Jalouli J, Larsson PA, Hirsch JM. Prevalence of Epstein-Barr virus in oral squamous cell 
carcinoma, oral lichen planus, and normal oral mucosa. Oral Surg Oral Med Oral Pathol Oral 
Radiol Endod. 2002; 93:586–92. [PubMed: 12075209] 

Sandvej K, Krenacs L, Hamilton-Dutoit SJ, Rindum JL, Pindborg JJ, Pallesen G. Epstein-Barr virus 
latent and replicative gene expression in oral hairy leukoplakia. Histopathology. 1992; 20:387–
95. [PubMed: 1316871] 

Schendel DJ, Reinhardt C, Nelson PJ, Maget B, Pullen L, Bornkamm GW, Steinle A. Cytotoxic T 
lymphocytes show HLA-C-restricted recognition of EBV-bearing cells and allorecognition of 
HLA class I molecules presenting self-peptides. J Immunol. 1992; 149:2406–14. [PubMed: 
1326579] 

Schmidt-Westhausen A, Gelderblom HR, Neuhaus P, Reichart PA. Epstein-Barr virus in lingual 
epithelium of liver transplant patients. J Oral Pathol Med. 1993; 22:274–6. [PubMed: 8394929] 

Scholle F, Bendt KM, Raab-Traub N. Epstein-Barr virus LMP2A transforms epithelial cells, inhibits 
cell differentiation, and activates Akt. J Virol. 2000; 74:10681–9. [PubMed: 11044112] 

Serraino D, Franceschi S, Talamini R, Barra S, Negri E, Carbone A, La Vecchia C. Socio-economic 
indicators, infectious diseases and Hodgkin’s disease. Int J Cancer. 1991; 47:352–7. [PubMed: 
1993542] 

Shibata D, Weiss LM, Hernandez AM, Nathwani BN, Bernstein L, Levine AM. Epstein-Barr virus-
associated non-Hodgkin’s lymphoma in patients infected with the human immunodeficiency 
virus. Blood. 1993; 81:2102–9. [PubMed: 8386027] 

Shimakage M, Horii K, Tempaku A, Kakudo K, Shirasaka T, Sasagawa T. Association of Epstein-Barr 
virus with oral cancers. Hum Pathol. 2002; 33:608–14. [PubMed: 12152159] 

Silva TD, Ferreira CB, Leite GB, de Menezes Pontes JR, Antunes HS. Oral manifestations of 
lymphoma: a systematic review. Ecancermedicalscience. 2016; 10:665. [PubMed: 27594910] 

Sixbey JW, Nedrud JG, Raab-Traub N, Hanes RA, Pagano JS. Epstein-Barr virus replication in 
oropharyngeal epithelial cells. N Engl J Med. 1984; 310:1225–30. [PubMed: 6323983] 

Skalska L, White RE, Franz M, Ruhmann M, Allday MJ. Epigenetic repression of p16(INK4A) by 
latent Epstein-Barr virus requires the interaction of EBNA3A and EBNA3C with CtBP. PLoS 
Pathog. 2010; 6:e1000951. [PubMed: 20548956] 

Solomides CC, Miller AS, Christman RA, Talwar J, Simpkins H. Lymphomas of the oral cavity: 
histology, immunologic type, and incidence of Epstein-Barr virus infection. Hum Pathol. 2002; 
33:153–7. [PubMed: 11957138] 

Spatafore CM, Keyes G, Skidmore AE. Lymphoma: an unusual oral presentation. J Endod. 1989; 
15:438–41. [PubMed: 2637338] 

Sugawara Y, Mizugaki Y, Uchida T, Torii T, Imai S, Makuuchi M, Takada K. Detection of Epstein-Barr 
virus (EBV) in hepatocellular carcinoma tissue: a novel EBV latency characterized by the 
absence of EBV-encoded small RNA expression. Virology. 1999; 256:196–202. [PubMed: 
10191184] 

Szyf M, Eliasson L, Mann V, Klein G, Razin A. Cellular and viral DNA hypomethylation associated 
with induction of Epstein-Barr virus lytic cycle. Proc Natl Acad Sci U S A. 1985; 82:8090–4. 
[PubMed: 2999791] 

Tao J, Shelat SG, Jaffe ES, Bagg A. Aggressive Epstein-Barr virus-associated, CD8+, CD30+, CD56+, 
surface CD3−, natural killer (NK)-like cytotoxic T-cell lymphoma. Am J Surg Pathol. 2002; 
26:111–8. [PubMed: 11756778] 

Guidry et al. Page 19

Oral Dis. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Thomas JA, Felix DH, Wray D, Southam JC, Cubie HA, Crawford DH. Epstein-Barr virus gene 
expression and epithelial cell differentiation in oral hairy leukoplakia. Am J Pathol. 1991; 
139:1369–80. [PubMed: 1661074] 

Thorley-Lawson DA, Gross A. Persistence of the Epstein-Barr virus and the origins of associated 
lymphomas. N Engl J Med. 2004; 350:1328–37. [PubMed: 15044644] 

Tierney RJ, Steven N, Young LS, Rickinson AB. Epstein-Barr virus latency in blood mononuclear 
cells: analysis of viral gene transcription during primary infection and in the carrier state. J Virol. 
1994; 68:7374–85. [PubMed: 7933121] 

Triantos D, Porter SR, Scully C, Teo CG. Oral hairy leukoplakia: clinicopathologic features, 
pathogenesis, diagnosis, and clinical significance. Clin Infect Dis. 1997; 25:1392–6. [PubMed: 
9431384] 

Tsai CN, Tsai CL, Tse KP, Chang HY, Chang YS. The Epstein-Barr virus oncogene product, latent 
membrane protein 1, induces the downregulation of E-cadherin gene expression via activation of 
DNA methyltransferases. Proc Natl Acad Sci U S A. 2002; 99:10084–9. [PubMed: 12110730] 

Tsang NM, Chang KP, Lin SY, Hao SP, Tseng CK, Kuo TT, Tsai MH, Chung TC. Detection of 
Epstein-Barr virus-derived latent membrane protein-1 gene in various head and neck cancers: is it 
specific for nasopharyngeal carcinoma? Laryngoscope. 2003; 113:1050–4. [PubMed: 12782821] 

Tugizov SM, Berline JW, Palefsky JM. Epstein-Barr virus infection of polarized tongue and 
nasopharyngeal epithelial cells. Nat Med. 2003; 9:307–14. [PubMed: 12592401] 

Vockerodt M, Morgan SL, Kuo M, Wei W, Chukwuma MB, Arrand JR, Kube D, Gordon J, Young LS, 
Woodman CB, Murray PG. The Epstein-Barr virus oncoprotein, latent membrane protein-1, 
reprograms germinal centre B cells towards a Hodgkin’s Reed-Sternberg-like phenotype. J 
Pathol. 2008; 216:83–92. [PubMed: 18566961] 

Walling DM. Oral hairy leukoplakia: an Epstein-Barr virus-associated disease of patients with HIV. 
Res Initiat Treat Action. 2000; 6:10–5.

Walling DM, Clark NM, Markovitz DM, Frank TS, Braun DK, Eisenberg E, Krutchkoff DJ, Felix DH, 
Raab-Traub N. Epstein-Barr virus coinfection and recombination in non-human 
immunodeficiency virus-associated oral hairy leukoplakia. J Infect Dis. 1995; 171:1122–30. 
[PubMed: 7751686] 

Walling DM, Edmiston SN, Sixbey JW, Abdel-Hamid M, Resnick L, Raab-Traub N. Coinfection with 
multiple strains of the Epstein-Barr virus in human immunodeficiency virus-associated hairy 
leukoplakia. Proc Natl Acad Sci U S A. 1992; 89:6560–4. [PubMed: 1321443] 

Walling DM, Perkins AG, Webster-Cyriaque J, Resnick L, Raab-Traub N. The Epstein-Barr virus 
EBNA-2 gene in oral hairy leukoplakia: strain variation, genetic recombination, and 
transcriptional expression. J Virol. 1994; 68:7918–26. [PubMed: 7966582] 

Walling DM, Raab-Traub N. Epstein-Barr virus intrastrain recombination in oral hairy leukoplakia. J 
Virol. 1994; 68:7909–17. [PubMed: 7966581] 

Walling DM, Shebib N, Weaver SC, Nichols CM, Flaitz CM, Webster-Cyriaque J. The molecular 
epidemiology and evolution of Epstein-Barr virus: sequence variation and genetic recombination 
in the latent membrane protein-1 gene. J Infect Dis. 1999; 179:763–74. [PubMed: 10068570] 

Webster-Cyriaque J, Middeldorp J, Raab-Traub N. Hairy leukoplakia: an unusual combination of 
transforming and permissive Epstein-Barr virus infections. J Virol. 2000; 74:7610–8. [PubMed: 
10906215] 

Webster-Cyriaque J, Raab-Traub N. Transcription of Epstein-Barr virus latent cycle genes in oral hairy 
leukoplakia. Virology. 1998; 248:53–65. [PubMed: 9705255] 

Whittle HC, Brown J, Marsh K, Greenwood BM, Seidelin P, Tighe H, Wedderburn L. T-cell control of 
Epstein-Barr virus-infected B cells is lost during P. falciparum malaria. Nature. 1984; 312:449–
50. [PubMed: 6095104] 

Yao QY, Rickinson AB, Epstein MA. A re-examination of the Epstein-Barr virus carrier state in 
healthy seropositive individuals. Int J Cancer. 1985; 35:35–42. [PubMed: 2981780] 

Yates J, Warren N, Reisman D, Sugden B. A cis-acting element from the Epstein-Barr viral genome 
that permits stable replication of recombinant plasmids in latently infected cells. Proc Natl Acad 
Sci U S A. 1984; 81:3806–10. [PubMed: 6328526] 

Guidry et al. Page 20

Oral Dis. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zech L, Haglund U, Nilsson K, Klein G. Characteristic chromosomal abnormalities in biopsies and 
lymphoid-cell lines from patients with Burkitt and non-Burkitt lymphomas. Int J Cancer. 1976; 
17:47–56. [PubMed: 946170] 

Zhang T, Ma J, Nie K, Yan J, Liu Y, Bacchi CE, Queiroga EM, Gualco G, Sample JT, Orazi A, 
Knowles DM, Tam W. Hypermethylation of the tumor suppressor gene PRDM1/Blimp-1 
supports a pathogenetic role in EBV-positive Burkitt lymphoma. Blood Cancer J. 2014; 4:e261. 
[PubMed: 25382611] 

Zhong BL, Zong YS, Lin SX, Zhang M, Liang YJ. Epstein-Barr virus infection in precursor lesions of 
nasopharyngeal carcinoma. Ai Zheng. 2006; 25:136–42. [PubMed: 16480574] 

Guidry et al. Page 21

Oral Dis. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Guidry et al. Page 22

Table 1

EBV gene expression programs

EBV Gene 
Expression 
Program

Cell compartment Phenotype EBV Genes Expressed Associated Diseases

Latency III Naïve B cells EBV-induced B cell growth 
and survival

B cell immortalization

EBNA1, 2, 3A,3B, 3C and EBNA LP
LMP1, 2A, 2B

EBV BART
EBV miRNAs
EBER 1 and 2

DLBCL, PTLD, IM

Latency II Germinal Center B cells B cell survival EBNA1
LMP1, 2A, 2B
EBV BARTs

EBV miRNAs
EBER 1 and 2

DLBCL, HL, NPC and 
GC

Latency I Dividing Memory B 
cells

EBV episome maintenance EBNA1
EBV BARTs

EBV miRNAs
EBER 1 and 2

BL

Latency 0 Non-dividing memory B 
cells

Quiescent state None

Lytic Plasma B cells, 
Epithelial Cells

Viral replication All viral genes in an ordered cascade 
of viral gene expression

OHL

BART: BamH1 fragment A rightward transcript; BL: Burkitt’s lymphoma; DLBCL: Diffuse large B cell lymphoma; EBER: EBV-encoded RNA; 
EBNA: EBV nuclear antigen; GC: Gastric carcinoma; HL: Hodgkin’s lymphoma; IM: Infectious mononucleosis; LMP: Latent membrane protein; 
miRNA: microRNA; NPC: Nasopharyngeal carcinoma; OHL: Oral hairy leukoplakia; PTLD: Post-transplant lymphoproliferative disease
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