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Abstract

Background—Epstein-Barr virus (EBV) is necessary for the development of nasopharyngeal 

carcinoma (NPC). By adulthood, ~90% of individuals test EBV-positive, but only a fraction 

develop cancer. Factors that identify which individuals are most likely to develop disease, 

including differential antibody response to the virus, could facilitate detection at early stages when 

treatment is most effective.

Methods—We measured anti-EBV IgG and IgA antibody responses in 607 Taiwanese 

individuals. Antibodies were measured using a custom protein microarray targeting 199 sequences 

from 86 EBV proteins. Variation in response patterns between NPC cases and controls was used to 

develop an antibody-based risk score for predicting NPC. The overall accuracy (area under the 

curve[AUC]) of this risk score, and its performance relative to currently-used biomarkers, was 

evaluted in two independent Taiwanese cohorts.

Findings—Levels of 60 IgA and 73 IgG anti-EBV antibodies differed between Stage I/IIa NPC 

cases and controls (P<0·0002). Risk prediction analyses identified antibody targets that best 

discriminated NPC status–BXLF1,LF2,BZLF1,BRLF1,EAd, BGLF2,BPLF1,BFRF1, and 
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BORF1. When combined with currently-used VCA/EBNA1 IgA biomarkers, the resulting risk 

score predicted NPC with 93% accuracy (95%CI 87–98%) in the general Taiwanese population, a 

significant improvement beyond current biomarkers alone (82%;95%CI 75–90%,P≤0·01). This 

EBV-based risk score also improved NPC prediction in genetically high-risk families (89%;95%CI 

82–96%) compared to current biomarkers (78%;95%CI 66–90%,P≤0·03).

Interpretation—We identified NPC-related differences in 133 anti-EBV antibodies and 

developed a risk score using this microarray dataset that targeted immune responses against EBV 

proteins from all stages of the viral life cycle, significantly improving the ability to predict NPC.
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INTRODUCTION

Epstein-Barr virus (EBV) is necessary for the development of nasopharyngeal carcinoma 

(NPC).(1) By adulthood, approximately 90% of individuals globally are EBV-infected.(2–4) 

The virus establishes lifelong latency in memory B-cells, periodically expressing lytic 

proteins necessary for replication in plasma B-cells and epithelial cells.(5, 6) Despite the fact 

that EBV is a ubiquitous pathogen, EBV-associated cancers develop in only a small fraction 

of infected individuals. Identification of differences present in the subset of EBV-positive 

individuals who develop cancer, including differences in the immune response to the virus, 

could guide biomarker development. Biomarkers to aid early detection are particularly 

important for NPC since clinical symptoms associated with the disease are non-specific, and 

no known pre-cursors exist. This often results in diagnosis being delayed to advanced stages 

of disease, when five-year survival is less than 50%, as opposed to identifying NPC at early 

stages when five-year disease-free survival can reach 90%.(7)

Evidence suggests that antibodies against EBV may be well suited for NPC early detection. 

Research focusing on select antigens has consistently documented higher antibody titers 

against viral capsid antigen (VCA) and early antigen (EA) in NPC patients.(8–10) 

Prospective data from Southeast Asia, where NPC is 50- to 100-fold more common than in 

the US/Europe, indicates that IgA antibodies against defined VCA sequences (VCAp18) and 

the EBV nuclear antigen 1 protein (EBNA1) are elevated years prior to NPC diagnosis.(11–

14) Accordingly, anti-VCA and EBNA1 IgA antibodies are currently being evaluated in 

Southeast China as biomarkers to identify disease-free individuals harboring the highest risk 

for developing NPC.(15)

However, these select antibodies represent a very small fraction of the immune response 

against EBV’s nearly 100 proteins.(16) Whether antibodies targeting additional EBV 

proteins can improve the stratification of individuals according to cancer risk is unknown. To 

address this question, we applied a custom protein microarray to measure both IgG and IgA 

antibody responses against a comprehensive set of 199 EBV protein sequences within three 

independent studies from Taiwan, one of the highest-incidence regions for NPC globally.
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METHODS

We initially probed blood collected from 175 histologically confirmed NPC cases diagnosed 

in Taiwan between 1991–1994 (67 Stage I/IIa,16 Stage IIb,88 Stage III/IV,4 unknown) and 

175 community controls recruited during the same time period, frequency matched to cases 

on age, sex, and region.(17) Tumor stage was defined as: stage I/IIa (T1/T2,N0,M0); stage 

IIb (T1/2,N1,M0); stage III (T3,N0-2,M0 or T1/2,N2,M0); and stage IV (T4,N0-2,M0; 

TN,N3,M0; or TN,MN,M1). Blood was drawn at the time of NPC diagnosis but prior to 

therapy for cases and at study enrollment for controls.

Studies nested within prospective cohorts

The Cancer Screening Project (CSP) is comprised of 23,943 Taiwanese residents who 

participated in a population-based screening project between 1991–1992.(18) Blood was 

drawn at cohort enrollment (baseline). We probed blood collected from 37 individuals in the 

cohort who were disease-free at the time of blood draw but developed NPC during follow-up 

(incident cases), as ascertained by linkage with the Taiwanese National Cancer Registry 

through October 2002. We also probed blood collected from 117 individuals who remained 

disease-free during follow-up, matched to incident cases on age, sex, township, and cohort 

enrollment/blood collection date.

The Taiwan Family Study (TFS) is comprised of 2,557 individuals recruited between 1996–

2005 from 358 NPC multiplex families (≥2 first- or second-degree family members affected 

by NPC).(19) Blood was drawn at cohort enrollment. We probed blood collected from 26 

individuals in the cohort who were disease-free at the time of blood draw but developed 

NPC during follow-up (incident cases), as ascertained by clinical evaluation and linkage 

with the Taiwanese National Cancer Registry through December 2014. We also probed 

blood collected from 77 individuals who remained disease-free during follow-up, frequency 

matched to incident cases on age and sex.

EBV protein microarray testing and quality control

Predicted protein sequences were generated using five EBV strains (AG876, Akata, B95-8, 

Mutu and Raji), representing both African (Mutu, Raji and AG876) and Asian (Akata) 

variants. Annotated genomic coordinates in GenBank for each strain (http://

www.ncbi.nlm.nih.gov/) were supplemented with annotations from identified splice variants 

in the literature to generate a list of predicted protein sequences. 632 predicted sequences 

from 86 EBV proteins were identified across the five strains, of which 199 represented non-

redundant open reading frames (ORFs).(20–22) High coverage was achieved across the five 

EBV strains, with 97% of the predicted sequences from each strain represented on the 

microarray at ≥99% homology. Comparison of the sequence identity of Chinese EBV strains 

(i.e., strains likely present in our Taiwanese study populations) to sequences printed on the 

array at the protein level revealed a mean percent identify of 99% (Supplemental Figure 1).

After PCR amplification of the 199 non-redundant ORFs from purified EBV cell line DNA, 

each sequence was cloned into a linearized, proprietary T7 expression vector (Antigen 

Discovery Inc., Irvine, CA), expressed using the E. coli cell-free protein system, and printed 
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onto nitrocellulose slides (i.e., microarrays). Each participant was tested on a single 

microarray, with 16 arrays per slide/batch. Personnel were blinded to case status, and within 

each slide of 16 microarrays, we tested a proportional number of cases and controls to 

minimize batch effects. After testing, air-dried slides were scanned on an Axon GenePix 

4300A (Molecular Devices, CA); the raw fluorescence intensities were corrected for spot-

specific background using the Axon GenePix Pro; and the corrected data were transformed 

using variance stabilizing normalization (VSN) in R (www.bioconductor.org).

Four “no DNA” (no translated protein) spots were printed onto the microarray as a 

participant-specific measure of non-EBV background reactivity (e.g., E.coli reactivity). 

Case-control differences in the mean antibody response were compared using standardized 

signal intensity, a continuous measure defined as the output for each antibody response 

divided by the participant-specific background (mean +1·5 standard deviation[SD] of the 

four “no DNA” spots). Output was further categorized into positive and negative responses, 

with a positive (i.e., elevated) response defined as ≥1·0.

Comparison to enzyme-linked immunosorbent assay (ELISA) standards

To increase confidence in the first application of this multiplex technology to EBV, we 

compared IgA data generated from the array to IgA data generated from ELISAs. 

Specifically, we previously measured IgA antibodies against synthetic VCAp18, EBNA1, 

and EAdp47 peptides in a subset of participants (N=207) using an ELISA; we compared that 

data to the IgA antibody output for those participants against these same synthetic peptides 

printed onto the microarray.(11, 23) Correlations between the microarray IgA output and 

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

strong and significant (Spearman=0·76 and 0·79,respectively,P<0·01). The intra-assay 

correlation was significant but moderate for EAdp47 (Spearman=0·53). However, the 

majority (68·6%) of individuals tested negative for anti-EAdp47 IgA; among positive 

individuals, we observed strong intra-assay correlation (Spearman=0·71;P<0·01). Additional 

details can be found in Supplemental Methods.

We also assessed the reproducibility of this multiplex assay by testing blinded duplicates 

from 80 participants (50 cross-sectional,18 CSP,12 TFS) and using SAS PROC GLM to 

calculate the coefficient of variation (CV) and the intra-class correlation coefficient (ICC), 

the latter being a measure of the percent of overall variation due to inter-participant 

differences rather than assay noise. CVs describing inter-assay variability were <20% for 

199 IgA and 197 IgG markers; average IgA and IgG CVs were 9·7% and 12·7%, 

respectively (Supplemental Figure 2).

Analyzing cross-sectional differences in the EBV antibody repertoire

In the 50 duplicate cross-sectional samples, 186 of 199 IgA antibodies (93%) and 166 of 199 

IgG antibodies (83%) met a ICC≥0·70 threshold (i.e., 70% of antibody variability due to 

inter-participant differences rather than assay noise) and were carried forward to examine 

NPC-related differences.

We examined the average level of response targeting groups of proteins defined by EBV life 

cycle stage (e.g., immediate early, Supplemental Table 1) between 175 community controls 

Coghill et al. Page 4

Clin Cancer Res. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.bioconductor.org


and 175 NPC cases. The mean response level for each individual antibody was further 

compared between controls and 67 Stage I/IIa (early-stage) NPC cases using unpaired t-

tests. For antibodies with early-stage NPC differences meeting a stringent Bonferroni-

corrected p-value (P<0·0002), we calculated a delta statistic. The delta statistic normalizes 

disease-related differences in mean antibody response to account for the distribution of the 

antibody in the study population and can be used to generate a receiver operative curve 

(ROC) describing a potential biomarker’s predictive ability (e.g., sensitivity and specificity).

(24) In our previous research, EBNA1 IgA achieved a delta statistic of ~1.0,(11) so 

antibodies with deltas <70% of this benchmark were not included in further NPC prediction 

analyses.

Identifying a risk stratification signature

Only antibodies that met the following criteria were carried forward for risk prediction 

analyses: ICC≥0·70, P<0·0002, and delta-statistic ≥0.70. Among these potential risk 

stratification markers, we evaluated which antibodies demonstrated the greatest ability to 

accurately discriminate between 67 Stage I/IIa NPC cases and 175 community controls by 

mutually entering them into a stepwise logistic regression model both continuously and as 

categorical variables (quartiles of the standardized output in controls). We required P<0.15 

as the model entry criterion and P<0.05 for an antibody to remain in the model (SAS PROC 

LOGISTIC). This first approach identified 14 antibodies. In parallel, the continuous output 

was analyzed using the R statistical package randomForest, which used a recursive-

partitioning algorithm to build and average findings across multiple decision trees from 

randomly sampled subsets of the data. We listed the 14 antibodies with the highest values for 

MeanDecreaseGini and MeanDecreaseAccuracy, two randomForest prediction metrics. 

Finally, we considered these two randomForest metrics alongside stepwise logistic 

regression output and included in our risk stratification signature the 12 antibodies that 

overlapped as the most promising markers for at least 2 of the 3 metrics.

Independently validating the risk stratification signature in two prospective cohorts

The final risk stratification signature was comprised of the 12 array-identified antibodies 

described above, in addition to currently-studied VCAp18/EBNA1 IgA biomarkers (14 

antibodies in total). Our objective was to determine whether disease-free individuals with 

elevated levels of these 14 antibodies at baseline were those most likely to develop NPC 

during follow-up.

The EBV-based NPC risk score for a given individual was calculated as the sum of the 

product of each antibody’s level (quartile level as calculated among controls specific to each 

study population) multiplied by that antibody’s corresponding log-odds ratio from a 

regression model including each of the potential risk stratifiers. We evaluated the predictive 

accuracy of this EBV-based risk score in each study population using the area under the 

curve (AUC), a measure of how well this score classified individuals based on who did or 

did not develop NPC during follow-up. To obtain unbiased estimates of the AUC, we used 

leave-one-out cross-validation. In addition to calculating the AUC of our 14-antibody risk 

score, we considered the accuracy of a model including only the currently-used VCAp18/

EBNA1 IgA biomarkers.
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Finally, we estimated the specificity (1-false positivity rate in disease-free individuals) 

corresponding to NPC detection rates of 75–85% (75–85% sensitivity) for each risk model. 

This information, along with estimated NPC incidence rates in each study population, was 

used to calculate the number of individuals that tested positive per NPC detected using the 

formula below.(11)

RESULTS

We measured IgA and IgG antibody responses against 199 EBV protein sequences in a 

cross-sectional study of NPC patients and community controls, as well as two independent 

studies nested within prospective Taiwanese cohorts (Table 1). Within the general population 

cohort (Cancer Screening Program[CSP]), the average time between baseline blood draw 

(i.e., antibody measurement) and NPC diagnosis for incident cases was 4·2 years (SD=2·2), 

with nearly three-fifths (59·4%) diagnosed within five years of baseline. The average lag 

time in families with a high underlying genetic risk of NPC (Taiwan Family Study[TFS]) 

was 5·8 years (SD=3·7), with two-fifths (42·3%) diagnosed within five years.

Cross-sectional differences in the EBV antibody repertoire

Levels of 119 IgA and 139 IgG antibodies were different (P<0·05) between NPC cases and 

community controls; this included significant case-control variation in the IgA and IgG 

responses to groups of proteins representing all stages of the EBV life cycle (P<0·001; 

Figure 1). This pattern of differential response persisted in those diagnosed with early-stage 

NPC; after Bonferroni correction, 133 anti-EBV antibody levels (60 IgA and 73 IgG) were 

elevated in Stage I/IIa NPC patients (P<0·002; Figure 2 and Supplemental Table 2). The 

strongest early-stage NPC differences included IgA responses against two predicted BMRF1 

(early antigen[EA]) sequences, LF2, and BXLF1 (thymidine kinase[TK]), as well as IgG 

responses against the same LF2 and BXLF1(TK) sequences, in addition to BRLF1(Rta), 

BZLF1(Zta), BGLF2, and BFRF1. Table 2 summarizes output for the ten IgA and IgG 

antibodies with the highest delta statistic, a metric that highlights a potential biomarker’s 

ability to discriminate between cases and controls. Notably, five of these top ten responses 

overlapped for IgA and IgG–BXLF1,LF2,BMRF1, BRLF1, and BALF2-p138(ssDNA 

binding protein).

Among the 199 anti-EBV antibodies evaluated, only 12 IgA and 11 IgG markers displayed 

differences (P<0·05) when comparing late-stage (Stage III/IV) to early-stage NPC 

(Supplemental Figure 3), although none of these stage-related differences reached the 

Bonferroni correction threshold of P<0·0002. The most pronounced elevations in antibody 

positivity for late-stage compared to early-stage disease were observed for BALF2-p138 

ssDNA binding protein (IgA OR=9.3;95%CI 4.9–17; IgG OR=19;95%CI 9.4–39) and 

BORF2 IgG (OR=12;95%CI 5.1,27).
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Identifying a NPC risk stratification signature

A total of 103 antibodies (45 IgA and 58 IgG) evaluated in cross-sectional data met all 

analytical filtering criteria (see Methods). Within this subset, prediction analyses identified 

the 12 most promising antibody targets from the microarray (Table 3)–BXLF1(IgG and 

IgA), LF2(IgG and IgA), BRLF1 IgA, BZLF1 IgG, BGLF2 IgG, BPLF1 IgA, BFRF1 IgG, 

BORF1 IgG, and 2 distinct BMRF1 IgA sequences.

We first assessed whether each of these 12 array-identified antibodies was differentially 

present at baseline between disease-free individuals who either did or did not develop NPC 

during prospective follow-up. When considered individually, each of the 12 antibodies was 

elevated (P<0·01) at baseline in persons who developed NPC during follow-up in the general 

population (CSP) cohort. All except BORF1 IgG were elevated in patients diagnosed with 

NPC within 5 years of blood draw, and all but BFRF1 IgG were also elevated in patients 

diagnosed ≥5 years after blood draw. In the genetically high-risk (TFS) cohort, we observed 

no NPC-related IgA differences, but IgG antibodies against five EBV proteins were elevated 

at baseline (P<0·05) in those who developed NPC during follow-up–

BXLF1,LF2,BGLF2,BPLF1, and BORF1 (Supplemental Tables 3 and 4).

Independently validating the risk stratification signature in the general population (CSP 
cohort)

The final risk stratification signature was comprised of the 12 array-identified antibodies, in 

addition to the currently-studied VCAp18/EBNA1 IgA biomarkers (14 antibodies in total). 

We calculated a risk score for disease-free individuals based on their level for each of the 14 

antibodies to determine whether those with elevated responses were more likely to develop 

NPC.

Including the 12 array-identified antibodies in the risk signature improved the NPC 

prediction accuracy of currently-used VCAp18/EBNA1 IgA biomarkers. The 14-antibody 

risk score measured at baseline predicted NPC in disease-free persons with 93% accuracy 

(AUC=92·6%; 95%CI 87·0–98·1%), a significant improvement (P<0·01) compared to 

VCAp18/EBNA1 IgA alone (AUC=82·3%; 95%CI 74·9–89·7%, Figure 3a). In exploratory 

analyses, marker selection identified four antibodies that contributed the most information to 

the signature: EBNA1 IgA, VCAp18 IgA, BZLF1 IgG, and BRLF1 IgA. Compared to the 

VCAp18/EBNA1 IgA biomarkers alone, this four-antibody subset improved NPC prediction 

(AUC=89·9%; 95%CI 83·2–96·7%, P=0·03), a finding that warrants replication.

To illustrate the potential clinical impact of applying our 14-antibody risk stratification 

signature in this cohort, we estimated the specificity corresponding to points on the ROC 

curve in Figure 3a that achieved 75–85% sensitivity for NPC detection. For that sensitivity 

range, our risk score achieved specificity ranging from 61–83%, compared to 60–67% for 

VCAp18/EBNA1 IgA biomarkers alone. This improvement in specificity translated into 

potential reductions in the number of test-positive persons per detected NPC of 5–49%; 

specifically, the estimated number of individuals testing positive per detected NPC was 268–

548 for our 14-antibody risk signature compared to 527–575 for VCAp18/EBNA1 IgA.
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Independently validating the risk stratification signature in high-risk families (TFS cohort)

Inclusion of the 12 array-identified antibodies also improved NPC prediction among high-

risk family members (P=0·03). Whereas VCAp18/EBNA1 IgA biomarkers predicted NPC in 

disease-free family members with 78% accuracy (AUC=78·1%; 95%CI 66·2–89·9%), the 

14-antibody risk score achieved a ~10% improvement (AUC=88·7%; 95%CI 82·0–95·5%, 

Figure 3b). Exploratory marker selection identified two antibodies contributing the most 

information to the signature in high-risk families: EBNA1 IgA and LF2 IgG. This two-

antibody subset alone, however, did not improve upon the accuracy of VCAp18/EBNA1 IgA 

(AUC=83·0%; 95% CI 74·6–91·4, P=0·29).

In the 75–85% sensitivity range for NPC detection in these genetically-susceptible family 

members, our 14-antibody risk signature and VCA/EBNA1 IgA biomarkers translated into 

similar numbers of test-positive individuals per detected NPC. However, at slightly higher 

sensitivities on the ROC curve in Figure 3b (89–92%), the improved specificity achieved by 

our 14-antibody risk score resulted in a 24% reduction in the number of test-positive 

individuals per detected NPC (277 vs. 210).

DISCUSSION

We report the discovery and validation of an EBV antibody-based signature which 

accurately stratifies individuals according to their risk of developing NPC. Our effort 

targeted immune responses to 199 distinct peptide sequences, representing the first 

evaluation of antibodies against the full spectrum of EBV proteins for cancer biomarker 

discovery. We report NPC case-control differences in 60 IgA and 73 IgG EBV-directed 

antibodies. A parsimonious subset of targets–TK,LF2,Zta,Rta,EAd,BGLF2,BPLF1,BFRF1, 

and BORF1 – significantly improved upon the NPC prediction ability of current VCAp18/

EBNA1 IgA biomarkers. When applied in a prospective setting in Taiwan, our antibody-

based risk score measured at baseline accurately identified 93% of disease-free persons in 

the general population and 89% of high-risk family members who developed NPC during 

follow-up.

The protein microarray technology applied here has been used to describe the humoral 

immune response to multiple pathogens,(21, 22) but this represents to our knowledge the 

first application of this multiplex technology to explore EBV-related immune responses and 

the first application for cancer biomarker discovery. Although previous EBV-related disease 

studies demonstrated aberrant antibody patterns in patients, including elevations in VCA and 

EBNA IgA prior to NPC, these studies generally utilized simplex assays to examine a small 

number of EBV targets.(13, 14, 25, 26) The 133 case-control antibody differences we report 

here represent a marked increase beyond previously reported NPC associations and could 

not have been efficiently evaluated using simplex assays. We believe this work can serve as a 

road map for future infection and cancer investigations, particularly for research into how 

inter-individual differences in the immune response to viruses may impact disease risk in 

regions most affected by infection-related cancers.

Importantly, the selection of a parsimonious subset of antibodies that successfully 

discriminated between Stage I/IIa NPC cases and controls was extended to two prospective 
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cohorts, validating that our antibody-based signature could risk stratify individuals based on 

their likelihood of future disease. Although both our 14-antibody risk score and the 

currently-studied VCAp18/EBNA1 IgA biomarkers had the potential to achieve high 

sensitivity for identifying NPC, our signature achieved higher overall accuracy (AUC) in 

both cohorts and higher specificity for the defined sensitivity range in the general population 

CSP cohort. Improvement in this important test characteristic (specificity) could practically 

translate into a lower false positivity rate and reductions in the number of individuals 

undergoing unnecessary, potentially invasive clinical follow-up.

We observed more moderate prediction accuracy for our antibody-based risk score in high-

risk families (AUC=89%) compared to the general population (AUC=93%), despite 

improvement in the AUC compared to VCAp18/EBNA1 IgA alone. This may have been 

due, in part, to the narrower range of array-based IgA antibody responses observed in 

multiplex family members. Although the assay performed well across study populations 

(low CVs), the smaller range of IgA response in family members could have translated into 

a greater proportion of IgA variation being attributable to assay noise (Supplemental Figure 

2). Nonetheless, because high-risk family members in TFS have a 10-fold higher underlying 

NPC risk compared to the general population, when considering a similar case detection rate 

(e.g., 75–85% sensitivity on the ROC curve), the number of individuals needing to be 

screened to detect a case (83–169) was considerably lower than in CSP (268–575), making 

application of the signature more efficient in practice despite lower absolute accuracy.

The 12 array-identified antibodies included in our NPC risk score were directed against a set 

of nine proteins disproportionately representing early actors in the EBV life cycle. The 

BGLF2 viral tegument protein promotes EBV reactivation through regulation of Zta 

(BZLF1),(27) whereas the LF2 protein influences Rta (BRLF1) activity.(28, 29) Both Rta 

and Zta are crucial, immediate early proteins directly responsible for EBV latent to lytic 

cycle switching.(30) In addition, the score included antibody responses against three early 

antigen complex proteins, two peptide variations of the BMRF1 DNA polymerase and 

BXLF1 (TK).(31, 32) In addition to these early-acting proteins, our risk stratification 

signature included antibody responses against BPLF1, a deubiquitinating tegument protein 

hypothesized to contribute to virion production and innate immune evasion,(33, 34) and two 

late-acting proteins involved in viral egress (BFRF1) and capsid structure (BORF1).(35–37) 

Expression of five of our nine targeted EBV proteins–LF2, BZLF1,BRLF1,BGLF2, and 

BMRF1 was also recently detected as part of the lytic EBV transcriptome in NPC biopsies 

and the NPC C666-1 cell line.(38) Considered alongside a report of increased (abortive) 

lytic EBV gene expression in nasopharyngeal brushings of NPC patients,(39) our findings 

point to lytic proteins as a promising focus for EBV-related cancer biomarker research and 

suggest that current IgA biomarkers may be limited by exclusive targeting of latent 

(EBNA1) or late-acting (VCA) proteins.

Another notable finding was the importance of not only IgA but also IgG anti-EBV 

antibodies for NPC risk stratification. Previous NPC studies have focused primarily on the 

association with IgA, a shorter-lived antibody produced in response to recent pathogen 

exposure at mucosal surfaces. IgG is a more abundant, systemic antibody reflecting longer-

term pathogen exposure. Although the global ubiquity of EBV translates into nearly uniform 
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IgG positivity against certain proteins (e.g., EBNA1 and VCA), limiting their utility for 

screening, our comprehensive evaluation revealed several IgG antibodies reflecting longer-

term exposure to lytic viral activity that were differentially present in those EBV-positive 

adults more likely to develop NPC.

Encouragingly, IgA responses to three synthetic EBV peptides were similar when measured 

using this microarray and a simplex ELISA, increasing confidence in the validity of this 

newer technology for EBV research (see Supplemental Methods). This assay does have 

limitations worth noting; EBV proteins were printed onto the microarray as cell-free 

translated sequences, so antibody responses specific to conformational structure or post-

translational processing such as glycosylation may have been missed. Although this 

phenomenon would not be likely to introduce false associations, it may have precluded our 

ability to detect certain case-control differences.

Future research is warranted to develop clinical assays that quantitate exact amounts of the 

most promising antibodies identified here in the circulation of at-risk individuals. Our data 

allowed us to: (1) report strong associations between NPC risk and the EBV-directed 

immune response and (2) illustrate the potential of probing additional antibodies, including 

our 14-antibody signature, to improve upon current EBV-based NPC biomarkers. However, 

the antibody output from our research-based protein microarray does not directly translate to 

an amount of antibody in the blood, and our risk score and associated cutoff values should 

not be interpreted as tests ready for clinical application. Further assay development should 

also include calibration of any new clinical tests in prospective cohorts to allow for the 

generation of NPC prediction curves specific to the target population.

We utilized a custom microarray to characterize antibody responses directed against a 

comprehensive set of 199 EBV protein sequences in three independent study populations at 

risk of NPC. This multiplex technology facilitated the discovery of NPC case-control 

differences in 133 anti-EBV antibodies targeting proteins across all stages of the EBV life 

cycle. We further leveraged this high-dimensional dataset for cancer biomarker discovery, 

identifying a 14-antibody risk stratification signature that significantly improved NPC 

prediction compared to current biomarkers. This improved performance has the potential to 

translate into substantial public health benefits in global regions most affected by this cancer. 

Future studies should focus on replication of findings in other NPC-endemic populations and 

work towards the development of highly reproducible clinical tests targeting the identified 

anti-EBV antibodies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Although it has been demonstrated that antibodies against Epstein-Barr virus (EBV) are 

elevated in patients who develop nasopharyngeal carcinoma (NPC), antibodies targeting 

only ~10% of EBV’s nearly 100 proteins have been investigated as potential biomarkers 

for this EBV-related tumor. In fact, IgA antibodies against viral capsid antigen (VCA) 

and EBV nuclear antigen 1 (EBNA1) are the only EBV-based markers currently being 

evaluated for population-level NPC detection. This study represents the first 

comprehensive evaluation of the EBV antibody repertoire for cancer biomarker 

discovery, measuring both IgG and IgA antibody responses against 199 EBV protein 

sequences. Using this high-dimensional dataset, we observed 133 antibody elevations in 

Stage I/IIa NPC patients and selected a 14-antibody subset that predicted 5-year NPC risk 

with 89–93% accuracy in two independent Taiwanese cohorts. This represented a 

significant improvement beyond current VCAp18/EBNA1 IgA biomarkers alone, 

suggesting that targeting additional EBV proteins can improve EBV-related cancer risk 

stratification.
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Figure 1. 
Antibody responses in NPC cases (all stages) and controls, overall and by EBV life cycle 

grouping
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Figure 2. 
Differential anti-EBV antibody responses between Stage I/IIa NPC cases and controls
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Figure 3. 
Receiver operating curves (ROC) for NPC prediction in disease-free individuals, by EBV-

based antibody risk signature and Taiwanese cohort
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Table 3

Most promising EBV-related antibody targets for NPC prediction, identified from custom protein mircroarray

EBV Protein and Mircoarray Sequence Common Description for EBV Protein Antibody Type in Risk Score

BZLF1: YP_001129467.1-90855-90724 Zebra (Zta) lytic switch protein IgG

BORF1: YP_001129451.1-63084-64178 Viral capsid subunit IgG

BFRF1: YP_001129446.1-46719-47729 Capsid egress protein IgG

BGLF2: YP_001129486.1-115415-114405 Tegument protein IgG

BXLF1: YP_001129497.1-133399-131576 Thymidine kinase IgG, IgA

BRLF1: YP_001129468.1-93725-91908 Rta lytic switch protein IgA

LF2: YP_001129504.1-151808-150519 LF2 protein IgG, IgA

BMRF1: YP_001129454.1-67745-68959 Early antigen IgA

BMRF1: AFY97929.1-67486-68700 Early antigen IgA

BPLF1: CAA24839.1-71527-62078-2 Tegument protein IgA
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