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Background: Epstein-Barr virus (EBV) is linked to multiple cancers, including classical 

Hodgkin lymphoma (cHL), endemic Burkitt lymphoma (eBL), nasopharyngeal carcinoma (NPC), 

and extranodal natural killer/T-cell lymphoma (NKTCL).

Methods: Anti-EBV IgG and IgA antibody responses targeting 202 sequences from 86 EBV 

proteins were measured using the same EBV whole proteome array across four case-control 

studies investigating EBV-positive cHL, eBL, NPC and NKTCL (407 cases/620 controls). We 

grouped EBV-targeted antibodies into pathways by immunoglobulin type (IgA and IgG) and life 

cycle stage (latent, immediate early lytic, early lytic, late lytic, and glycoprotein) and evaluated 

their association with each cancer type. In an additional analysis, we focused on the subset 

of 46 individual antibodies representing the top candidates for each cancer and compared their 

associations across the four cancer types using multivariable linear regression models.

Results: IgA antibody responses targeting all EBV life cycle stages were associated with NPC 

but limited to anti-early lytic stage for cHL. NPC and eBL were associated with IgG antibodies 

across the viral life cycle; cHL with antibodies in the early lytic, late lytic and glycoprotein stages; 

and NKTCL with antibodies in the latent, immediate early lytic and early lytic phases. EBNA3A, 

BBLF1, BDLF4, and BLRF2 IgG antibodies were associated with all cancer types.

Conclusion: Our observed similarities and differences across four EBV-associated cancers may 

inform EBV-related oncogenesis.

Impact: Understanding the comparative humoral immune response across EBV-related cancers 

may aid in identifying shared etiologic roles of EBV proteins and inform unique pathogenic 

processes for each cancer.
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Introduction

Epstein-Barr virus (EBV) is a ubiquitous gamma-herpesvirus transmitted through oral 

secretions and found in over 90% of the global population (1). In 1964, EBV became the 

first virus to be etiologically linked to human cancer when it was discovered in tumor cells 

obtained from an African child with Burkitt lymphoma (BL), and it was subsequently found 

to be epidemiologically associated with pediatric Burkitt lymphoma in Uganda (2). Since 

then, EBV has been implicated in both Hodgkin and non-Hodgkin lymphomas, as well as 

in epithelial cancers of the gastrointestinal tract and nasopharynx (1,3). EBV-related cancers 

exhibit unique ethnic and geographical distributions, although the reason for this remains 

unclear (4). EBV is unique since it causes cancers that affect distinct cell types, including 

epithelial cells, lymphocytes, and mesenchymal cells (5).

EBV infection initiates in the oropharyngeal mucosal epithelium (6) and persists latently 

in B cells (7), with periodic phases of viral reactivation and lytic replication (7). Host 

factors such as age at primary infection with EBV (8), smoking (9), and host genetics 

(10) might influence the levels of humoral immune (antibody) responses against EBV. 

The molecular diversity (i.e., individual EBV antigen complexes) of the humoral immune 
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response is thought to reflect host exposure to EBV proteins expressed during the different 

stages of viral latency, reactivation, and replication, which may differ among EBV disease 

entities linked to the pathogenic process (11). EBV infection in cells occurs as latent or 

lytic infection (12). Latent infection occurs almost exclusively in B cells and involves 

expression of a limited set of EBV genes (EBNA1 and EBV-encoded small RNAs [EBERs]) 

to maintain viral episomes in the cells. Lytic infection occurs in B cells and epithelial 

tissue, where the virus expresses many genes with a goal of producing viral progeny. Lytic 

replication involves temporal phases that are labeled as immediate early, early, and late 

cycles, during which specific EBV proteins are synthesized and released. Lytic replication 

ends when the infected cell bursts to release viral progeny that infect other cells in the same 

host or are transmitted to a new host, usually through saliva (13). Immunoglobulin A (IgA) 

antibodies to EBV are indicative of infection at mucosal surfaces and wane relatively rapidly 

upon control of lytic infection (14,15). In the context of tumorigenesis, these antibodies 

are believed to be enhanced by the reactivation of latent B cells that shed EBV along 

mucosal surfaces. In contrast to IgA, immunoglobulin G (IgG) antibodies reflect systemic 

exposure to EBV infection in circulating B cells. Since IgG antibody levels tend to wane 

very gradually over time, they reflect longer-term exposure.

The molecular profiles associated with IgG and IgA responses to EBV in the context 

of diverse EBV-associated diseases have received relatively little scientific attention (11). 

Due to technological constraints, earlier studies focused on testing antibodies against 

only a limited number of EBV proteins or EBV-encoded antigen complexes (11,15). 

However, although only a few EBV-encoded proteins are expressed during viral latency, 

approximately 100 open reading frames are translated by EBV during a full lytic replication. 

To comprehensively assess the complexity of antibody responses against EBV, our group 

has developed a custom EBV array targeting 202 sequences representing 86 proteins 

expressed in the complete EBV proteome and all known splice variants (at the time of 

array printing). High coverage was achieved across the five EBV strains, with 97% of the 

predicted sequences for each train represented on the microarray at ≥99% homology. The 

protein array includes three synthetic EBNA1, VCAp18, and EAD multi-epitope peptides; 

85% (169) of the 199 predicted sequences represented complete transcripts from genes 

<1000bp in length, and 30 predicted sequences represented linear segments from eight 

EBV genes >1000bp. Comparison with the outputs from a well-established enzyme-linked 

immunosorbent assay (ELISA) showed high correlations between the microarray IgA output 

and previously generated ELISA data for IgA antibodies against VCAp18 and EBNA1 

(Spearman coefficients = 0.76 and 0.79, respectively; p < 0.01). We utilized this assay to 

assess and compare serological responses for EBV-related nasopharyngeal carcinoma (NPC) 

(16), classical Hodgkin lymphoma (cHL) (17), endemic Burkitt lymphoma (eBL) (18), and 

extranodal NK/T-cell lymphoma (NKTCL) (19). cHL was defined as EBV-positive when 

EBV latent membrane antigen (LMP)-1 was detected using immunohistochemical staining 

and/or EBERs were detected using in situ hybridization of tumor biopsies. Herein, we 

integrated the datasets from studies of each of these malignancies to investigate how EBV 

proteins targeted by antibody responses compare across the distinct cancer types, to further 

elucidate EBV’s potential mechanisms of action in tumorigenesis.
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Methods

Data and Specimen Collection

Data from various case-control studies were assessed to identify similarities and differences 

in anti-EBV serologic profiles across NPC, eBL, EBV-positive cHL, and NKTCL. Details 

regarding these studies are provided in the Supplementary Methods S1. Briefly, the NPC 

analysis was based on a study including 67 early-stage NPC cases and 175 community 

controls (frequency matched to cases on sex, age, and region) in northern Taiwan between 

1991 and 1994 (16). NPC cases were recruited from two large referral hospitals in Taiwan 

and controls were selected randomly from the Taiwanese National Household Registration 

system. The eBL analysis was based on 150 eBL cases (age range, 0–17 years) and 

150 apparently healthy controls (frequency matched on sex, age, and enrollment period) 

recruited in Ghana between 1965 and 1994 (18). All cases were recruited in one hospital 

in Ghana, and controls were selected from neighbors nearest to the home of the cases. 

The cHL analysis was based on 139 EBV-positive cHL cases and 141 population-based 

controls from the United Kingdom (20,21) and from Denmark and Sweden (22) enrolled 

in 1993–1997 and 1999–2002, respectively (17). Samples from the UK were derived from 

two population-based case–control studies (Scotland and Newcastle Epidemiological study 

of Hodgkin’s Disease [SNEHD] (23) and Young adult Hodgkin disease and Haematological 

malignancy Case Control Study [YHHCCS] (24)), as well as three cHL cases collected 

from a case series study (Investigation of The Cause of Hodgkin lymphoma [ITCH]. All 

cases and controls were resident in Scotland or the north of England. In the SNEHD 

study, eligible cases were residents aged 16–74 years diagnosed with cHL, and controls 

were randomly selected from computerized regional primary care lists. In the YHHCCS 

study, eligible cases were residents aged 16–24 years diagnosed with cHL, and controls 

were randomly selected from people registered with general practitioners in the study area. 

ITCH is an ongoing study focused on collection of newly diagnosed cHL cases aged ≥15 

years in the west of Scotland and previously also in the northern region of England (21). 

Samples from Denmark and Sweden were collected as part of the Scandinavian Lymphoma 

Etiology (SCALE) study, which was based on the entire population aged 18–74 years living 

in Denmark and Sweden (22). Patients newly diagnosed with cHL were identified through 

a rapid case ascertainment system, and controls were randomly sampled from continuously 

updated computerized population registers. In the present study, we selected cHL cases with 

known tumor EBV status and controls who were frequency matched to EBV-positive cHL 

cases on sex, age, and study area. The cases and controls for cHL have been pooled into one 

case-control study to address the anti-EBV serologic profiles in patients with cHL stratified 

by EBV tumor status; this approach has been described in detail previously(25). Finally, 

the NKTCL analysis was based on 51 NKTCL cases and 154 control adults collected as 

part of the AsiaLymph, a multi-center hospital-based case-control study in Hong Kong and 

Taiwan conducted between 2012 and 2017 (19). Eligible cases were aged 18–79 years at 

diagnosis and living in the geographic region served by the partnering hospital, and controls 

were selected from patients seen at the same hospital for diseases/conditions that were not 

associated with risk factors under study.
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We obtained written informed consent from the patients and the studies were conducted in 

accordance with Declaration of Helsinki. All contributing studies were approved by regional 

scientific ethics committees and data protection agencies.

Serum or plasma samples were probed against a custom EBV protein microarray designed 

to target IgG and IgA antibodies against a total of 202 EBV sequences and analyzed as 

described previously (16). All laboratory technicians were blinded to case-control status. A 

total of 199 EBV protein sequences representative of nonredundant open reading frames and 

predictive splice variants in 86 proteins from five viral strains (AG876, Akata, B96–8, Mutu, 

and Raji) were included, in addition to three synthetic EBV peptides (VCAp18, EBNA1, 

and EAD) commonly used for EBV serological studies (16,26–29) as well as positive and 

negative array controls. Details of the testing method have been published (16,18,19,25) and 

are summarized in the Supplementary Methods S1 section.

For each sample tested, four spots were blank or without DNA (no-DNA) to assess 

test background reactivity. Raw fluorescence intensities were corrected for spot-specific 

background; corrected data were transformed using variance stabilizing normalization in 

Gmine (30) and output was standardized to person-specific background (normalized value 

divided by mean + 1.5 standard deviation of the four “no DNA” spots). Subsequently, 

analyses were based on standardized fluorescence intensities. We included a random subset 

of blinded duplicates from participants in each study (n = 80 NPC, 25 cHL, 25 BL, and 

25 NKTCL) to assess across-batch variability of the assay. Antibodies with coefficients of 

variation (CVs) >20% were excluded from analyses focusing on individual antibodies.

Statistical Analysis

To identify potential similarities and differences in the associations between 

immunoglobulin class (IgA and IgG) and/or stage of viral life cycle (latent, immediate 

early lytic, early lytic, late lytic, and glycoprotein) and risk of the four cancer types of 

interest, all 202 sequences (corresponding to 86 EBV proteins) across the EBV proteome 

were grouped by life cycle stage and immunoglobulin type, and compared across cancer 

types (Supplementary Table S1). Since our included studies were conducted in different 

periods and populations, and samples were tested in different batches, we did not conduct 

analyses by pooling the data from various cancer types directly. Instead, two approaches 

were used to assess patterns of anti-EBV serologic profiles across cancer types to account 

for heterogeneity of the populations and across-batch variability (i.e., the fact that samples 

were tested in different batches and periods).

In the first approach (Statistical Analysis 1), we analyzed the 202 antibodies on the array 

grouped by EBV life cycle stage separately for each cancer type. Details on how markers 

were grouped into life cycle stage can be found in Supplementary Table S2. Briefly, for each 

cancer and for each antibody in a particular stage of the EBV life cycle, we fitted linear 

regression models that included case status (cancer vs. control), age group, and sex as the 

independent variables, with levels of antibodies (i.e., standardized fluorescence intensities) 

as the dependent variable (Supplementary Methods S1). We then used an adaptive rank 

truncated product statistic (31) to compute the test statistic, a combined p-value for each 

stage of the EBV life cycle based on the antibody-specific p-values for the estimated 
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coefficients associated with case-control status. The p-value for this test statistic was then 

determined using a permutation approach. This approach minimizes the multiple testing 

burden, as it treats EBV life cycle stage and immunoglobin type (as opposed to the 

individual antibody) as the unit of analysis. Stages of the EBV life cycle were classified 

by grouping antibodies into five biologically relevant phases of viral infection (i.e., latent, 

immediate early lytic, early lytic, late lytic, and glycoprotein) separately for IgG and 

IgA antibodies (10 groups). Additional assessments by overall immunoglobulin class (IgA 

and IgG) were also conducted, resulting in 12 overall groups for the analysis. P values 

less than 0.004 were considered statistically significant (equivalent to Bonferroni-corrected 

P<0.05 for 12 tests). A more detailed description of these methods can be found in the 

Supplementary Methods S1 section.

For the second approach (Statistical Analysis 2), we examined whether the associations 

between individual antigen-specific antibody response and cancer risk were similar or 

different across the four EBV-associated cancer types. To focus on the strongest cancer-

associated markers, we compared the effect sizes (i.e., fold changes) across cancer types for 

antibodies identified in the literature (16,18,25). The individual antibodies with the lowest 

statistically significant p-values for each cancer type were selected from an initial literature-

derived list (based on the Bonferroni corrected p-value cutoff in the original literature). 

The resulting list was then narrowed down to the top twenty antibodies for NPC and 

eBL, seventeen antibodies for cHL (representing all significant antibodies after Bonferroni 

correction), and six antibodies for NKTCL (again, representing all significant antibodies 

after Bonferroni correction). Overlapping hits across cancers were then assessed, resulting 

in a final list of 46 antibodies (representing 27 EBV proteins). We then fitted a single linear 

regression model to all cancers combined, adjusting for sex, age group, region and study 

(i.e. original data source). Additionally, we included an interaction term for case-control 

status with each cancer type to determine whether associations differed by outcome, and 

we based the test of heterogeneity by cancer type on the p-value of the interaction term. 

Correction for multiple testing was not applied because using a p-value of 0.05 was a 

conservative choice to determine heterogeneity. For each cancer type, antibodies associated 

with a ≥1.3-fold change in risk were considered to be strongly associated, and those with a 

fold change between 1.1 and 1.2 were considered to be modestly associated. P-values < 0.05 

were considered statistically significant.

Data Availability Statement

The data generated in this study are available from the corresponding author upon request.

Results

Complete Array Analysis by Stage of EBV Viral Life Cycle and Immunoglobulin Type 
Groupings (Statistical Analysis 1)

Characteristics of study participants are summarized in Supplementary Table S2. Cases and 

controls within each study had a similar distribution of age, sex, and region.
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In the analysis examining immunoglobin type and stage of viral life cycle as the 

unit of analysis, we found that IgA antibodies, including those targeting each stage 

of the viral life cycle, were significantly associated with NPC (all p-values <0.004) 

(Figure 1A). IgA was also found to be significantly associated with EBV-positive cHL 

overall (p-value=5.98×10−4), but in contrast with NPC, the IgA association for cHL was 

limited to antibodies targeting antigens from the early lytic phase of EBV infection (p-

value=1.78×10−4).

Anti-EBV IgG antibodies were significantly associated with all four cancer types (all p-

values <0.004; Figure 1B). NPC and eBL were associated with antibodies targeting EBV 

proteins from all stages of the viral cycle, whereas EBV-positive cHL and NKTCL were 

not. EBV-positive cHL was preferentially associated with IgG antibodies targeting early 

and late lytic proteins and glycoproteins (p-values=1.40×10−5, 6.00×10−6, and 3.60×10−4, 

respectively). In contrast, NKTCL was preferentially associated with IgG antibodies 

targeting immediate early lytic, early lytic, and latent proteins (p-values=9.52×10−4, 

4.96×10−4, and 9.28×10−4, respectively).

Individual A-priori Marker Analysis (Statistical Analysis 2)

We next evaluated individual markers representing the strongest associations observed 

for each cancer type to better characterize the EBV proteins that might be driving the 

associations with viral life cycle stage described above. Antibody seropositivity rates varied 

considerably by isotype, antibody, and cancer type among the 46 individual antibodies 

examined for this study (Supplementary Table S3). A formal statistical assessment of 

similarities and differences observed across cancers for each antibody is presented in Tables 

1 and 2. Individual antibodies with evidence for similar associations with all four cancer 

types evaluated (p-value for heterogeneity > 0.05) were IgG antibodies targeting EBNA-3A 

(latent protein; two variants), LMP-1 (latent protein; one variant), BBLF1 (early lytic 

protein; two variants), BDLF4 (early lytic protein), BDRF1(late lytic protein), BPLF1 (late 

lytic protein; one variant), BLRF2 (late lytic protein), BVRF2 (late lytic protein), BBRF3 

(glycoprotein), BDLF3 (glycoprotein; two variants), and BILF2 (glycoprotein) (Table 1).

For the majority of the 46 antibodies evaluated, we observed statistically significant 

differences in associations across cancer types (Table 2). Seven of the nine IgA antibodies 

included in the individual marker analysis (representing six EBV proteins: EBNA1, BMRF1, 

LF2, thymidine kinase, BPLF1, and BVRF1) were strongly associated only with NPC (1.3 ≤ 

fold change ≤ 2.2). Two of the nine IgA markers evaluated (both representing BBLF1) were 

modestly associated with NPC and EBV-positive cHL (1.1 ≤ fold change ≤ 1.2), but not with 

eBL or NKTCL.

Of the two IgG latent markers (representing two EBV proteins) evaluated (Table 2), we 

noted strong evidence for heterogeneity across cancer types in association with LMP1 (an 

EBV protein considered an oncoprotein (32)), for which the association was stronger for 

NPC (1.4-fold change) than the other three EBV-positive malignancies evaluated (1.1-fold 

change).
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We also noted strong evidence for cancer-specific heterogeneity for three of the four IgG 

markers in the immediate early lytic phase of EBV infection, representing EBV proteins 

BRLF1 (Rta) and BZLF1 (Zta), two EBV proteins essential for EBV lytic reactivation (33). 

For BRLF1, the association was strongest for NPC (1.6-fold change), but was also notable 

for NKTCL (1.3-fold change), whereas it was more modest for eBL and EBV-positive cHL 

(1.1-fold change). For the two BZLF1 markers that exhibited heterogeneity across cancers, 

the strongest evidence for association was again noted for NPC (1.7- and 1.4-fold-change), 

whereas associations were more modest for the three EBV-positive lymphomas evaluated 

(≤1.2-fold-change).

Among the nine IgG early lytic markers (representing eight EBV proteins) evaluated, we 

noted strong evidence for cancer-specific heterogeneity for eight markers representing seven 

EBV proteins, BALF2, BGLF2, BLLF3, BMRF1, EAD_p47, LF2, and thymidine kinase. 

Strong evidence for an association with NPC was observed for all seven of these proteins 

(1.3 ≤ fold change ≤ 3.5). Strong associations between these early lytic markers and other 

cancers were also observed for BMRF1 and eBL (fold change = 1.4); EAD_p47 and eBL 

(fold change = 2.0); BALF2 and NKTCL (fold change = 1.3); and EAD_p47 and NKTCL 

(fold change = 1.5).

Among the eight IgG late lytic markers (representing six EBV proteins) evaluated, we noted 

strong evidence for cancer-specific heterogeneity for four markers representing four EBV 

proteins: BBRF1, BFRF1, BPLF1, and BVRF1. Strong evidence for an association with 

NPC was observed for all four of these proteins (1.3 ≤ fold-change ≤ 1.4), whereas they 

typically were not associated with the other three cancer types, except for an association 

between BVRF1 and eBL (fold-change =1.3).

No strong evidence for heterogeneity across cancer types was observed for any of the four 

IgG glycoprotein markers evaluated (p-heterogeneity > 0.05 for all markers).

Discussion

To our knowledge, this is the first study to compare antibody responses to the complete 

EBV proteome across multiple EBV-related cancers, including an epithelial cancer, NPC, 

and three lymphomas, eBL, EBV-positive cHL, and NKTCL. We report several notable 

differences in the associations with anti-EBV antibodies across these cancer types. These 

differences may highlight important differences in the viral pathogenesis of the cancers 

evaluated. More specifically, our results demonstrate that while elevated anti-EBV IgA 

antibodies across all stages of the EBV life cycle were strongly associated with NPC, IgA 

associations were restricted to antibodies in the early lytic phase of EBV infection for 

EBV-positive cHL, and absent for eBL and NKTCL. We also report associations between 

anti-EBV IgG antibodies and each of the four tumor types evaluated; these associations were 

evident for antibodies targeting proteins from all stages of the EBV life cycle for NPC and 

eBL; restricted to early and late lytic proteins and glycoproteins for EBV-positive cHL; and 

restricted to latent, immediate early, and early lytic proteins for NKTCL. In addition, we 

observed homogeneity of the association between several IgG antibodies and risk of all four 
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cancer types evaluated. Such similarities may point to shared etiologic roles of specific EBV 

proteins.

Anti-EBV IgA antibodies, which are known to indicate a recent infection or reactivation of 

latent EBV in B cells along mucosal surfaces, have repeatedly been shown to be informative 

biomarkers for EBV-related epithelial tumors such as NPC (34–36). In this study, IgA 

antibodies were almost exclusively elevated in NPC cases, and these associations spanned 

all stages of the EBV life cycle. These results further support the role of EBV chronic 

reactivation at mucosal sites in NPC etiology.

We found that anti-EBV IgA antibodies targeting proteins involved in the early lytic phase 

of EBV infection were associated with EBV-positive cHL. This association was driven by 

BBLF1, a finding that warrants replication. Consistent with our findings, previous studies 

have reported elevated levels of IgA antibodies against other early and late lytic proteins 

such as EA and VCA complex antigens among EBV-positive cHL patients (37,38). Together 

with the knowledge that IgA antibodies are indicative of recent infection (39), our finding 

suggests that EBV infection at mucosal surfaces could play an important part in cHL 

pathology. Our retrospective study design does not allow us to determine whether the strong 

immune response to early lytic proteins reflects mucosal infection occurring before or as 

a consequence of the tumor; however, the etiologic hypothesis is further supported by long-

standing epidemiological evidence indicating that delayed viral exposure (as indicated by a 

diagnosis of infectious mononucleosis, for example) increases the risk of EBV-positive cHL, 

particularly among younger adults (40,41), and that cHL in older adults may be attributable 

to senescence of EBV-specific immunity (41,42). Although the evidence linking prior EBV 

infection to subsequent EBV-positive cHL is strongest for young adults after mononucleosis, 

it is paradoxical that this is the age group in which the proportion of EBV positivity in cHL 

is the lowest. This paradox underscores recent observations suggesting that EBV-positive 

cHL and EBV-negative cHL are distinct biological groups based on molecular landscape, 

and the possibility that EBV-negative cHL may be the dominant tumor in young adults, 

whereas EBV-positive cHL predominates in younger and elderly people (43,44).

Our findings of homogeneity of the association between IgG antibodies and risk of all four 

EBV-related cancers highlights the shared roles of specific EBV proteins in the etiology of 

EBV-related cancers. For example, the consistent cancer-related IgG differences included 

a latent phase target essential for EBV persistence in the B-cell system and in modulating 

B-cell lymphomagenesis (i.e., EBNA3A) (45,46). It is plausible that increased EBV-driven 

proliferation and differentiation increases the number of infected B cells and provides more 

opportunities for a cancer-initiating event. We also observed differences in IgG patterns 

across the four EBV-related cancers for EBV proteins expressed in the lytic phase, such 

as BBLF1, BDLF4 and BLRF2. The biological functions of these proteins remain to be 

elucidated, although they may be involved in the efficient production of EBV particles 

(BBLF1) (47), expression of viral late lytic gene (BDLF4) (48), and production of viral 

capsid antigen (BLRF2) (49).

Of the IgG latent markers assessed, we noted strong heterogeneity across cancer types for 

LMP1, which was preferentially associated with NPC. Previous studies have shown LMP1 
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to be significantly correlated with the expression of proteins that mediate angiogenesis, 

invasion, and metastasis in the context of NPC (50–52); these biological effects have been 

seen even at very low levels, resulting in the promotion of tumor progression (53,54). LMP1 

can be detected in the tissue of nearly all premalignant or preinvasive NPC samples (55,56), 

as well as malignant tumors (55), suggesting that its presence is not simply a reflection of 

long-term systemic exposure to EBV in B-lymphocytes.

Antibodies against immediate-early lytic proteins, which are transcription factors associated 

with initiation of viral replication, were strongly associated with NPC, with robust responses 

to BRLF1 (Rta) and BZLF1 (Zta); the latter was also strongly associated with eBL. 

In contrast, patients with EBV-positive cHL, compared with controls, did not appear to 

mount differential IgG antibodies against these immediate early lytic proteins. Although the 

mechanism of action is unknown, previous studies have shown that both Rta and Zta are 

crucial in EBV latent-to-lytic cycle switching (57). Thus, the observed lack of association 

with cHL may suggest lower levels of EBV reactivation in EBV-positive cHL than other 

EBV-related cancers.

In line with these findings, early and late lytic proteins targeted by IgG antibodies were 

most strongly associated with NPC and, to a lesser degree, eBL and EBV-positive cHL. 

While BRLF1 and BZLF1 work synergistically to enable a cascade of viral gene expression 

(33), the BMRF1 protein—a DNA polymerase processivity factor found in our study 

to be associated with NPC and eBL—has been identified as one of the primary early 

phosphoproteins that enables EBV lytic replication (58–62). BALF2, a single-stranded DNA 

binding protein significantly associated with NPC in our study, is similarly enacted, working 

at the replication forks during the lytic phase of the EBV DNA replication (62–64). Taken 

together, the expression of these proteins suggests productive viral replication in NPC, eBL, 

and EBV-positive cHL pathology.

In our study, patients with NK/T-cell lymphoma appeared have distinct EBV serologic 

patterns characterized by a lack of association with IgG antibodies to late lytic proteins and 

glycoproteins. NK and T cells are typically not permissive of EBV infection, although a 

recent study suggested that EBV can infect mature peripheral T cells via binding of EBV 

glycoprotein gp350 to the cellular membrane protein CD21 (65). Therefore, EBV’s role in 

NKTCL compared to B-cell lymphomas may differ following initial infection. Our findings 

suggest an abortive EBV lytic cycle in NKTCL, similar to that seen in EBV-positive gastric 

cancer (66), highlighting a possible similarity of EBV pathogenesis between these two 

EBV-associated malignancies.

The results presented in this study should be interpreted in light of several limitations. 

Although all the samples were run using the same standardized serological EBV microarray 

assay, participants in different studies varied by average age, sex, geographical region, 

sample collection date, and study size. The relatively young age of onset is particularly 

striking for eBL, which arises in children who have presumably experienced substantially 

fewer EBV re-infections and reactivation events than adults. We do not have reason to 

believe that length of biospecimen storage would impact the results, because antibodies 

are known to be stable proteins (67), and comparisons across cancer types were conducted 
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after adjustment for sex, age group, and region. In addition, we used estimates obtained for 

each cancer that largely controlled for across-batch variability. However, our results using 

Statistical Approach 1 (ARTP pathway analysis) do not yield a measure of the strength of 

an association; instead, they assess only the statistical significance of an association with 

antibodies related to a given stage of the EBV life cycle.

All of the included studies were retrospective in design, with modest sample sizes; therefore, 

larger longitudinal studies are required to replicate these findings. Additionally, we did 

not adjust for host and environmental characteristics such as host genetics, smoking, and 

family history of cancer, that have been shown to be associated with levels of anti-EBV 

antibodies and risk of EBV-related cancers. For eBL, exposure to malaria could be an 

important co-factor for EBV in the etiology of eBL; however, we did not have data 

to comprehensively evaluate the impact of malaria infection. For cHL, various sources 

were used to form a single case-control study and controls were selected by frequency-

matching on sex and age distribution of cHL cases by geographic region, which may 

have resulted in some uncontrolled confounding. It is unclear, however, whether residual 

confounding remained after frequency matching on age, sex and geography given that 

other than these three factors, there are no other risk factors known to be associated 

with both anti-EBV antibodies and cHL. The samples used in these studies were sources 

from limited populations/geographical areas; therefore, future studies should consider the 

potential impact of ancestral and environmental heterogeneity. The array used in this study 

was not designed to detect antibodies to conformational protein epitopes, preventing us 

from investigating potential associations between these cancers and transcripts that require 

glycosylation, including surface glycoproteins relevant to virus neutralization. Finally, a 

limitation of all antibody-based studies is that not only does a given antigen need to be 

expressed, but it also needs to be immunogenic or even immunodominant.

In conclusion, we compared and contrasted antibody responses against a comprehensive list 

of 86 in vitro expressed and array-spotted EBV proteins across four distinct EBV-related 

cancers: NPC, EBV-positive cHL, eBL and NKTCL. We noted some similarities among 

the associations observed for these four cancer types, which may aid in identifying shared 

etiologic roles of EBV proteins; as well as differences across these tumor types, which may 

inform unique pathogenic processes for each of these cancers.
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Figure 1: 
Summary of IgA and IgG antibodies associations for EBV-related cancer types (A) IgA 

antibodies associations depicting p-values on the −log10 scale by viral life cycle within 

each EBV-related cancer type, and (B) IgG antibodies associations depicting p-values on 

the −log10 scale by viral life cycle within each EBV-related cancer type. The dashed 

line represents the statistically significant p-value threshold (p=0.004; corresponding to 

correction for 12 tests) after Bonferroni correction.
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