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Epstein-Barr virus (EBV) has been implicated in several human cancers, but its
broader cancer risk remains unclear. We investigated the association between
EBV VCA-IgA antibody levels and cancer risk in two large prospective cohorts
from Southern China, comprising 73,939 adults. During around 8-10 years
follow-up, 964 and 1026 incident cancer cases were identified in the Zhong-
shan and Wuzhou cohorts. VCA-IgA seropositivity was associated with higher
age-standardized incidence rates for total cancer significantly. In pooled ana-
lyses, VCA-IgA seropositive individuals had higher risks of total cancer (HR
4.88, 95% Cl: 2.84-8.37), lung cancer (1.76, 1.23-2.54), liver cancer (1.70, 1.10-
2.63), nasopharyngeal carcinoma (26.05, 11.77-57.65), and lymphoma (3.20,
1.46-6.99) compared to seronegative individuals. The associations showed an
increased dose-response pattern, and keep persistent even up to ten years
prior to diagnosis. The population-attributable risk percentage for total cancer
due to VCA-IgA seropositivity is estimated at 7.8%. These findings provide
prospective evidence that EBV seropositivity is associated with increased risks
of multiple cancers. This association results in a heightened attributed cancer
burden in Southern China.

Epstein-Barr virus (EBV) is the most common and persistent human accounting for 239,700-357,900 new cases of cancer and

virus, affecting ~95% of the global population with asymptomatic life-
long infection'. While widespread in its host population, only a small
proportion of EBV infections have been linked to human diseases,
particularly those of lymphocytic and epithelial origin, with cancer
being the most severe manifestation. Given its oncogenesis roles, EBV
has been classified as a Group I carcinogen by the International Agency
for Research on Cancer since 1997. Nevertheless, to date, only limited
cancer types, such as certain histological subtypes of lymphomas,
nasopharyngeal carcinoma (NPC), lymphoepithelioma-like carcinoma
(LELC), and a minor proportion (-10%) of stomach cancer (although in
controversial), have been directly linked to EBV infection’™,

137,900-208,700 cancer deaths worldwide in 2020°°.

EBV primarily targets oropharyngeal epithelial cells and subse-
quently infects B cells, establishing a latent infection that allows the
virus to evade the host’s immune response. Under certain conditions,
EBV can undergo spontaneous reactivation, switching from latent to
lytic phase, wherein the virus replicates, produces new viral particles,
and induces specific antibodies targeting various EBV proteins’. The
detection of antibodies against EBV proteins in the blood has been
widely observed in several EBV-associated malignancies, including
NPC. Among the over 80 gene products of EBV, the Viral Capsid
Antigen (VCA) emerges as a key structure protein expressed in the late
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phase of lytic replication, playing a vital role in viral assembly and
transmission®. While VCA-IgA is not a definitive marker of lytic reacti-
vation, its elevated levels are strongly associated with increased EBV
activity and cancer risk’. Numerous prospective cohort studies con-
sistently demonstrate associations of an increased risk of NPC, with
abnormal antibody elevation persisting several years before NPC
diagnosis'®™. At present, the detection of anti-VCA-IgA has been
recommended by the Chinese Ministry of Health for NPC screening.
Additionally, a series of nested case-control studies indicated asso-
ciations between elevated EBV antibodies, including VCA-IgA, and the
risks of Hodgkin lymphoma and Burkitt lymphoma'>*,

Despite challenges in infecting most normal cells, recent com-
prehensive pan-cancer genome and whole-transcriptome analyses
have revealed a notable prevalence of EBV in the host genome™”. A
most recent study discovered a previously unappreciated link between
EBV infection and host genomic instability across 2439 tumors from 38
cancer types, suggesting that EBV infection might predispose indivi-
duals to a broad spectrum of cancer types®. These recent discoveries,
along with earlier individual cancer studies, provide potential evidence
that certain uncontrolled EBV activity may contribute to the develop-
ment of cancers widely beyond the established types. Despite these
insights, a comprehensive understanding of the associations between
EBV VCA-IgA antibodies and the risk of other cancer types remains
limited.

In light of the hypothesis that uncontrolled EBV activity might
broadly contribute to cancer development, we conducted a two-site,
prospective cohort study. This systematic investigation assessed the
association of EBV VCA-IgA antibodies with cancer risks in 73,939
adults with a median follow-up approaching a decade in Southern
China, an endemic area for NPC. This study not only explores indivi-
dual cancer risks but also assesses overall cancer risks, aiming to
evaluate the EBV-attributed cancer burden. The serostatus of VCA-IgA
served as a risk factor, measuring the host immune reaction
against EBV.

Results

Characteristics of the cohorts at baseline

Among the 29,026 participants in the Zhongshan cohort (median age
46 years, 50.9% males), 1910 (6.6%) were VCA-IgA seropositive. In the
univariable analysis, elder age, male, lower education level, current
smoking and more frequent alcohol consumption were positively
associated with risk of VCA-IgA seropositivity, while higher BMI was
negatively associated with VCA-IgA seropositivity. In the multivariable
analysis, age, education level, BMI and smoking history were inde-
pendently associated with the risk of VCA-IgA. Among 44,913 partici-
pants in the Wuzhou cohort (mean age 47 years, 40.3% males), 2520
(5.6%) were VCA-IgA seropositive, with age consistently associated
with VCA-IgA seropositive risk (Table 1, Supplemental Table 1, and
Supplemental Data 1).

Age-standardized incidence rate of cancer according to VCA-IgA
serostatus

In the Zhongshan cohort, 964 participants developed cancer during
298,313 person-years (PYs) of follow-up, resulting in a cumulative age-
standardized incidence rate of 275.0 per 100,000 PYs. Similarly, in the
Wuzhou cohort, 1026 subjects developed cancer during 376,790 PYs
of follow-up, with an ASR of 285.17 per 100,000 PYs (Supplemental
Table 2). The ASR of total cancer in the VCA-IgA seropositive group was
significantly higher than that in the seronegative group in both cohorts
(Zhongshan cohort: 592.73 vs. 253.77 per 100,000 PYs, P=1.32x10"%;
Wuzhou cohort: 650.10 vs. 262.45, P=2.81x10™"). Consistent with
previous studies, VCA-IgA seropositive individuals showed a sig-
nificantly higher incidence of NPC compared to seronegative indivi-
duals. Furthermore, seropositive individuals had significantly higher
ASRs for specific cancers in each cohort. In the Zhongshan cohort,

Table 1| Baseline characteristics of participants in Zhongshan
and Wuzhou cohorts by VCA-IgA serostatus

Variable No.of VCA-IgA  No.of VCA-lgA P*
negative (%) positive (%)
Zhongshan cohort
Age, years 468 478 2.67x10™
Sex 0.03
Female 13,365 (49.3) 893 (46.8)
Male 13,751 (50.7) 1017 (53.2)
Education level 1.85x10®
University or more 2350 (8.7) 131(6.9)
High school 15,513 (57.2) 1023 (53.6)
Primary school 9253 (34.1) 756 (39.6)
or less
BMI 0.150
18.5-22.9 11,083 (40.9) 823 (43.1)
<18.5 908 (3.3) 70 (3.7)
23.0-27.5 11,805 (43.5) 783 (41.0)
>27.5 3320 (12.2) 234 (12.3)
Waist circumference 0.315
Normal (Male <85, 12,165 (44.9) 880 (46.1)
female <80)
Abnormal (Male 14,951 (55.1) 1030 (53.9)
>85, female >80)
Smoking history 1.80x10°°
Never smoker 22,002 (81.1) 1457 (76.3)
Ex-smoker 1217 (4.5) 77 (4.0)
Current smoker 3897 (14.4) 376 (19.7)
Alcohol consumption
Less than monthly 22,312 (82.3) 1527 (79.9) 8.35x107°
Monthly or weekly 3512 (13.0) 250 (13.1)
Everyday 1292 (4.8) 133 (7.0)
Physical activity 0.040
Less than monthly 7096 (26.2) 497 (26.0)
Monthly or weekly 9751 (36.0) 639 (33.5)
Everyday 10,269 (37.9) 774 (40.5)
Wuzhou cohort
Age, years 47+9 48+9 1.44x107°
Sex
Female 25,315 (59.7) 1496 (59.4) 0.744
Male 17,078 (40.3) 1024 (40.6)

BMI body mass index.

*The P values for comparisons between the VCA-IgA seropositive and seronegative groups were
calculated using the Student’s t-test for continuous variables (age) and the Chi-square test for
categorical variables, including gender, education level, BMI, waist circumference, smoking
history, alcohol consumption, and physical activity. All the tests were two-sided.

seropositive individuals showed significantly higher ASRs for lung
cancer (62.75vs. 37.16, P=0.02), liver cancer (60.65 vs. 31.30, P=0.01),
nasopharyngeal carcinoma (233.67 vs. 13.23, P=180x10"), and
lymphoma (22.67 vs. 5.39, P=1.59 x107°). In contrast, in the Wuzhou
cohort, significant differences in ASRs were observed for liver cancer
(47.68 vs. 24.86, P=0.04) and nasopharyngeal carcinoma (345.47 vs.
8.36, P<1.00 x1071%°), while not for lung cancer or lymphoma (Fig. 1
and Supplemental Table 3).

Associations between VCA-IgA serostatus and the risk of total
and site-specific cancers

In the combined analysis of two cohorts, the adjusted hazard
ratios of VCA-IgA seropositive, compared to VCA-IgA ser-
onegative counterparts, were 4.88 (95% confidence interval [CI]:
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Fig. 1| Age-standardized cancer incidence in Zhongshan and Wuzhou cohorts
by VCA-IgA serostatus. The age-standardized incident rates were generated based
on the world standard population. The comparison between the two groups were
conducted using standardized rate ratios. All the tests were two-sided. The indivi-
duals with seropositive and seronegative VCA-IgA antibodies were indicated using

red and blue colors, respectively. The comparison between seropositive and ser-
onegative individuals was marked with stars if the incidences changed statistically
significantly. * represents P values less than 0.05 and more than 0.01; ** represents P
values less than 0.01 and more than 0.001; *** represents P values less than 0.001.
Source data are provided as a Source Data file.

2.84-8.37) for total cancer, 1.76 (95%Cl: 1.23-2.54) for lung cancer,
1.70 (1.10-2.63) for liver cancer, 26.05 (11.77-57.65) for naso-
pharyngeal carcinoma, and 3.20 (1.46-6.99) for lymphoma (see
Fig. 2 and Supplemental Table 4). In Zhongshan cohort, the
adjusted hazard ratios for VCA-IgA seropositive participants were
3.70 (2.67-5.14) for total cancer, 1.67 (1.02-2.74) for lung cancer,
1.79 (1.02-3.14) for liver cancer, 17.34 (11.21-26.82) for naso-
pharyngeal carcinoma, 5.00 (1.97-12.72) for lymphoma. In Wuz-
hou cohort, the hazard ratios were 6.42 (4.65-8.85) for total
cancer, 1.88 (1.10-3.21) for lung cancer, 1.58 (0.80-3.14) for liver
cancer, 39.00 (25.55-59.52) for nasopharyngeal carcinoma, 1.10
(0.26-4.63) for lymphoma (Supplemental Data 2).

To evaluate the robustness of the results, we conducted
sensitivity analyses by regarding cancers other than the outcome
as competing events, as well as excluding patients diagnosed
within the initial one to three years of follow-up. The associations
between VCA-IgA antibody and cancer risks (including total can-
cers, lung, liver, nasopharynx, and lymphoma) were consistent
with our primary findings (Supplemental Data 3, 4). Stratified
analyses by gender and age also demonstrated similar associa-
tions across various subgroups (Supplemental Tables 5, 6). Sub-
group analyses by histological type showed significant
associations between VCA-IgA antibody and increased risks of
small-cell lung cancer and hepatocellular carcinoma (Supple-
mental Table 7). Matching the age distribution in the Zhongshan
cohort, we analyzed participants aged 30-59 in the Wuzhou
cohort. The outcomes paralleled those observed for ages 30-69
(Supplemental Table 8). After adjusting for HBV infection status,
the association between elevated VCA-IgA antibody levels and
liver cancer risk remained statistically significant (adjusted HR =
2.02, 95% CI: 1.06-3.87, P=0.034, Supplemental Table 9). This

finding demonstrates that the observed relationship between
VCA-IgA and liver cancer risk may not be confounded by HBV
infection. Additionally, we observed a significant synergistic
interaction between VCA-IgA and HBsAg in relation to liver cancer
risk. Compared to individuals negative for both VCA-IgA and
HBsAg, the HRs were 1.51 for those with VCA-IgA positivity alone
(VCA-IgA (+) & HBsAg (-)), 34.93 for those with HBsAg positivity
alone (VCA-IgA (-) & HBsAg (+)), and 73.15 for individuals positive
for both markers (VCA-IgA (+) & HBsAg (+)). The attributable
proportion (AP) for interaction was 0.52 (95% Cl: 0.18-0.85, P for
interaction =0.001, Supplemental Table 10). These results sug-
gest a synergistic effect between elevated VCA-IgA levels and HBV
infection, significantly amplifying liver cancer risk. To further
evaluate the robustness of our findings, we conducted sensitivity
analyses using multiple adjustment models in the Zhongshan
cohort, ranging from unadjusted to partially and fully adjusted
models for all available covariates. Across all eight models, the
association between VCA-IgA antibody levels and cancer risk
remained stable and statistically significant (Supplemental
Table 11).

Further adjustments to different covariables produced similar
associations between VCA-IgA and cancer risks in the Zhongshan
cohort (Supplemental Table 11).

Dose-response and time-dependent associations between VCA-
IgA antibody level and cancer risks

In the Zhongshan cohort, the restricted cubic spline model, using
VCA-IgA antibody level as a continuous exposure, revealed a
positive association between VCA-IgA antibody level and risk of
total cancer. This indicates that the risk of total cancer is
enhanced with a dose-response relationship corresponding to the
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Cancer site* No‘;:sfel:(ln:g:ig:g:ser Hazard Ratio(95%Cl)* P.value* P.fdr.value®

Total cancers

Zhongshan 964/28 062 ' — 3.70 (2.67 - 5.14) 5.63x107'* 3.38x107"*

Wuzhou 1026/43 887 —— 6.42 (4.65 - 8.85) 8.57x107%° 5.14x107%

Pooled Effect 1990/71 949 ‘ 4.88 (2.84 - 8.37) 9.77%x107% 5.86x1072°
Lung E

Zhongshan 153/28 062 :—I— 1.67 (1.02 - 2.74) 0.04 0.08

Wuzhou 140/43 887 —I— 1.88 (1.10 - 3.21) 0.02 0.08

Pooled Effect 293/71 949 ‘ 1.76 (1.23 - 2.54) 0.002 0.006
Colorectum

Zhongshan 128/28 062 —'—‘— 0.77 (0.36 - 1.66) 0.51 0.77

Wuzhou 124/43 887 ——r— 0.79 (0.35 - 1.80) 0.58 0.77

Pooled Effect 252/71 949 ’ 0.78 (0.45 - 1.36) 0.38 0.57
Breast

Zhongshan 112/13 802 —_— 0.83 (0.37 - 1.90) 0.67 0.80

Wuzhou 117/26 214 —-'— 1.29 (0.72 - 2.33) 0.39 0.67

Pooled Effect 229/40 016 - 1.11 (0.69 - 1.79) 0.67 0.80
Liver

Zhongshan 118/28 062 :—I— 1.79 (1.02 - 3.14) 0.04 0.08

Wuzhou 103/43 887 ——'— 1.58 (0.80 - 3.14) 0.19 0.38

Pooled Effect 221/71 949 ‘ 1.70 (1.10 - 2.63) 0.02 0.04
Nasopharynx

Zhongshan 83/28 062 —— 17.34 (11.21 - 26.82) 1.27%x107%7 1.52%107%

Wuzhou 102/43 887 —=— 39.00 (25.55 - 59.52) 1.06x10%¢ 1.27x107%

Pooled Effect 185/71 949 ‘ 26.05 (11.77 - 57.65) 1.12x10% 1.34x10°%
Corpus uteri

Zhongshan 50/13 802 —.—-— 1.34 (0.48 - 3.72) 0.58 0.77

Wuzhou 49/26 214 —_—— 1.08 (0.34 - 3.49) 0.89 0.92

Pooled Effect 99/40 016 i 1.22 (0.57 - 2.63) 0.61 0.80
Thyroid ;

Zhongshan 41/28 062 —_— 1.23 (0.38 - 3.98) 0.73 0.80

Wuzhou 35/43 887 *—'—— 0.52 (0.07 - 3.81) 0.52 0.77

Pooled Effect 76/71 949 —— 0.99 (0.36 - 2.71) 0.98 0.98
Lymph system

Zhongshan 23/28 062 P —e— 5.00 (1.97 - 12.72) 7.29x10*  0.002

Wuzhou 31/43 887 4—'— 1.10 (0.26 - 4.63) 0.89 0.92

Pooled Effect 54/71 949 ‘ 3.20 (1.46 - 6.99) 0.004 0.009
Cervix Uteri

Zhongshan 31/13 802 4—!— 1.02 (0.24 - 4.28) 0.98 0.98

Wuzhou 22/26 214 = 0.90 (0.12 - 6.75) 0.92 0.92

Pooled Effect 53/40 016 ’- 0.98 (0.30 - 3.16) 0.97 0.98
Others

Zhongshan 225/28 062 —v-'— 1.31(0.82 - 2.07) 0.26 0.45

Wuzhou 244/43 887 — 1.42 (0.90 - 2.24) 0.13 0.31

Pooled Effect 469/71 949 b 1.36 (0.99 - 1.89) 0.06 0.10
Total cancers (Excluding NPC)

Zhongshan 881/28 062 —-— 1.36 (1.08 - 1.72) 0.008 0.02

Wuzhou 924/43 887 '-'- 1.31(1.02 - 1.67) 0.03 0.09

Pooled Effect 1.805/71 949 :’ 1.34 (1.13 - 1.58) 0.001 0.004

\ \ \

\ \ \ \ \
0.3 1 2 4 8 16 32 64

Hazard ratio

elevation of VCA-IgA antibody (P=6.95x107, Fig. 3A). Similar total cancer increased as the VCA-IgA antibody level increased
trends were also observed for lung cancer, liver cancer, NPC and  (Pyeng =2.90 1078, Supplemental Table 14). Furthermore, ele-
lymphoma (Supplemental Tables 12, 13). Additionally, we cate- vated levels of VCA-IgA were consistently and significantly asso-
gorized EBV antibody levels into four groups based on the quar- ciated with an increased risk of cancer, even up to 10 years prior
tiles and observed a consistent trend that the adjusted HR for to diagnosis (Fig. 3B).
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Fig. 2 | Associations of VCA-IgA serostatus with cancer risk in Zhongshan and
Wuzhou cohorts. # According to the results of the proportional hazards (PH)
assumption test, hazard ratios (HRs), and P values for total cancer were estimated
using a time-dependent Cox regression model, where VCA-IgA was modeled as a
time-varying covariate. For site-specific cancers, the PH assumption was satisfied,
and HRs were estimated using standard Cox proportional hazards models with
fixed covariates. *In the Zhongshan cohort, the HR and P values in the multivariable
analysis were adjusted by age, sex (male and female), education level (classified as
primary school or less, high school, and university or more), body mass index
(normal weight: 18.5-22.9, underweight: <18.5, overweight: 23.0-27.5 and obese:
>27.5 kg/m?), waist circumference (normal: <85 cm for male or <80 cm for female;
abnormal: =85 cm for male or >80 cm for female), smoking history (categorized as

never smoker, ex-smoker, current smoker), alcohol consumption (grouped into
less than monthly, monthly or weekly, once or more a day) and physical activity
(grouped into less than monthly, monthly or weekly, once or more a day). In the
Wuzhou cohort, the HR and P values were calculated using Cox regression models
adjusting for age and sex (male and female). HR and P values for total cancers were
adjusted for the aforementioned variables and for the time-varying variable of VCA-
IgA. All the tests were two-sided. The solid squares in the center of the error bars are
the HR values, and the error bars are the corresponding 95% confidence intervals of
the HRs. The solid diamonds represent the pooled HR and the corresponding 95%
confidence intervals of Zhongshan and Wuzhou cohorts. All the tests were two-
sided. “P. FDR value represents that the adjusted P value was calculated by the false
discovery rate (FDR) method.

Cancer burden attributed to VCA-IgA seropositivity in
Southern China

Based on the identified EBV-cancer associations, we estimated the
cancer burden attributed to VCA-IgA seropositivity. The attributable
risk percentage (ARP) of total cancers among VCA-IgA seropositive
individuals was 58.5% (95% CI: 53.3-63.7%), indicating that ~-58.5% of all
VCA-IgA seropositive cancer cases can be attributed to EBV. The PARP
for total cancer was 7.8% (6.3-9.4%), indicating that about 7.8% of
cancers can be attributed to VCA-IgA seropositivity at the population
level in Southern China. The calculated exposure impact number (EIN)
of 28.6 suggests that, among every 28.6 VCA-IgA seropositive indivi-
duals, one additional cancer patient can be attributed to VCA-IgA
seropositivity. Similarly, the case impact number (CIN) of 12.8 indi-
cates that for every 12.8 cancer cases, one case would be attributable to
VCA-IgA seropositivity. These figures highlight the notable etiological
impact of VCA-IgA seropositivity, thereby reinforcing the significant
burden of EBV-associated cancers within the region. Furthermore,
when excluding NPC from the total cancer burden calculation, the
PARP was ~2.6% (1.3-4.0%), meaning that about 2.6% of total cancers,
excluding NPC in these areas, can be attributed to VCA-IgA ser-
opositivity (Table 2 and Supplemental Table 15).

Epstein-Barr Virus-encoded RNA (EBER) detection in lung and
liver cancer tissues

We performed EBER-ISH analysis on tumor tissues from 129 lung
cancer and 348 liver cancer cases. EBER positivity was observed in 1.6%
(2/129) of lung cancer samples and 1.1% (4/348) of liver cancer samples,
while none of the adjacent normal tissues showed positivity. Among
the EBER-positive cases, the lung cancer samples were squamous cell
carcinoma, and the liver cancer samples were intrahepatic cholangio-
carcinoma. In both lung and liver cancer, EBER signals were primarily
detected in tumor cells (Fig. 4).

Discussion

In this population-based prospective cohort study across two sites
involving over 70,000 individuals, with nearly a decade of follow-up,
we provided robust epidemiological evidence supporting the asso-
ciations between EBV VCA-IgA antibodies and a wide spectrum of
cancer risks. This comprehensive assessment expands beyond tradi-
tional EBV-associated cancers, such as NPC and lymphoma, to include
prevalent malignancies such as lung and liver cancers.

During the past 60 years since the discovery of EBV, epide-
miologists worldwide have endeavored to delineate the intricate
relationships between EBV activity status, host immune response,
and cancer risk. These efforts, crucial in guiding mechanistic
research and influencing clinical diagnosis and treatment, have pre-
dominantly linked specific EBV-related malignancies—such as ende-
mic Burkitt lymphoma in Africa, NPC in Asia, and rare
lymphoepithelioma-like carcinoma (LELC)—to EBV carcinogenesis’.
However, common cancer types, notably lung and liver cancers, have
seldom been investigated in large-scale epidemiological studies,

leading to an insufficient exploration of the overall cancer burden
attributed to EBV.

Although previous epidemiological studies have individually
investigated the associations between anti-EBV antibodies and risks of
site-specific cancer®'* %, most of which were retrospective case-
control designs, few utilized nested case-control designs, often limited
by modest or small sample sizes. Notable exceptions include large-
scale screening cohorts for NPC established in high-incident areas of
East Asia, such as Guangdong", Guangxi®, and Taiwan'®. Our study
builds upon this foundation, reinforcing the association of EBV ser-
opositivity with NPC and revealing a 20-30-fold higher risk in ser-
opositive individuals. Regarding lymphoma, earlier studies have
observed the associations between EBV antibodies and the risk of
Burkitt lymphoma in children and Hodgkin lymphoma in adults. A
prospective cohort study conducted in Uganda in 1978 revealed that
children with high antibody titers to the VCA face an elevated risk of
developing Burkitt Lymphoma, utilizing a nested case-control design
with 14 incident cases and 69 controls'. Similarly, another prospective
cohort carried out in the United States in 1989 demonstrated that
participants with elevated VCA-IgA antibody had a significantly higher
risk for Hodgkin’s disease compared to controls. This study employed
a nested case-control design and included 43 incident cases and 96
controls®. Our study provided large-scale prospective evidence
between elevated EBV antibodies and lymphoma risk in Southern
China. Seropositive individuals exhibited an approximately threefold
increased risk of lymphoma compared to the seronegative ones in the
combined analysis. However, the significant association between VCA-
IgA and lymphoma was observed in the Zhongshan cohort, while no
such association was found in the Wuzhou cohort. This discrepancy
may be due to regional differences in lymphoma incidence. According
to the China Cancer Registry Annual Report (2014), the incidence of
lymphoma is higher in Zhongshan compared to Wuzhou (ASR: 7.19 vs.
4.06 per 100,000 PYs for males and 4.53 vs. 2.42 per 100,000 PYs for
females). Additionally, previous studies have indicated that different
antibodies against EBV, such as VCA-IgG, not VCA-IgA, are more
commonly associated with the risk of lymphomas, especially for Bur-
kitt lymphoma and non-Hodgkin lymphoma?. These differences
highlight the complex relationship between EBV serology and lym-
phoma risk, which may depend on the specific antibody type, lym-
phoma subtype.

Beyond NPC and lymphomas, studies linking EBV to other
cancer types were limited, especially in prospective designs. Our
study establishes prospective links between VCA-IgA ser-
opositivity and the risks of common cancers such as lung and
liver cancers. EBV is well-known for its association with
lymphoepithelioma-like lung cancer and lymphoepithelioma-like
intrahepatic cholangiocarcinoma, rare subtypes characterized by
undifferentiated carcinoma cells surrounded by dense lymphoid
stroma. In these cancers, EBV plays a direct and central oncogenic
role, as evidenced by its frequent detection within tumor
cells®%. However, the cancer types analyzed in our study,
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Fig. 3 | Dose-response and time-dependent associations between VCA-IgA
levels and cancer risk in Zhongshan cohort. a Dose-response association of VCA-
IgA antibody level with overall cancer risk. The horizontal dashed line represents
the referent hazard ratio (HR) of 1. The vertical line indicates that the HR of 1
corresponds to a relative optical density (rOD) of VCA-IgA of 0.41; The shaded area
represents the 95% confidence interval for the HRs. b Time-dependent associations
of VCA-IgA antibody with overall cancer risk. The horizontal dashed line indicates a
referent HR of 1. The vertical line signifies that elevated VCA-IgA antibody was
significantly associated with overall cancer risk up to ten years before cancer
diagnosis. The solid line depicts the variation in overall cancer risk with VCA-IgA
antibodies over time prior to diagnosis. The shaded area represents the 95%

confidence interval for the HRs. The HR and P values were calculated using cox
regression models adjusted by age, sex (male and female), education level (classi-
fied as primary school or less, high school, and university or more), body mass
index (normal weight: 18.5-22.9, underweight: <18.5, overweight: 23.0-27.5 and
obese: >27.5 kg/m?), waist circumference (normal: <85 cm for male or <80 cm for
female; abnormal: >85 cm for male or >80 cm for female), smoking history (cate-
gorized as never smoker, ex-smoker, current smoker), alcohol consumption
(grouped into less than monthly, monthly or weekly, once or more a day) and
physical activity (grouped into less than monthly, monthly or weekly, once or more
a day). All the tests were two-sided.

including small-cell lung cancer and hepatocellular carcinoma,
are more prevalent and exhibit complex, multifactorial etiologies.
The significant associations observed between VCA-IgA antibody
levels and the risks of these cancers, along with the limited pre-
sence of EBV in tumor tissues, suggest that EBV may contribute
indirectly to tumorigenesis in these cancers. Potential mechan-
isms include immune modulation, chronic inflammation, host
genomic instability, or synergistic interactions with established
risk factors, such as smoking for lung cancer and hepatitis virus
infections for liver cancer. These findings suggest that while EBV’s
oncogenic role may vary across cancer subtypes, its indirect
contributions to tumorigenesis warrant further investigation.

We hypothesize that environmental risk factors, such as smoking
and alcohol consumption, may influence EBV activity, thereby mod-
ulating cancer risk. Smoking-induced chronic inflammation, oxidative
stress, and immune suppression could enhance EBV activity, as sup-
ported by prior studies showing that cigarette smoke extract upre-
gulates EBV lytic gene expression’. Additionally, our unpublished data
identified a significant interaction between smoking and VCA-IgA
antibody levels, suggesting a synergistic effect that elevates NPC risk.
These findings support the hypothesis that smoking-EBV interactions
may contribute to lung carcinogenesis, warranting further investiga-
tion to clarify their role in lung cancer development. For liver cancer,
chronic alcohol consumption, known to induce liver inflammation and
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Table 2 | Attributable fractions and impact numbers for cancer risk due to VCA-IgA seropositivity

Cancer types Attributable fractions and impact numbers

Zhongshan cohort

Wuzhou cohort

Combined cohort

Total cancers *

Attributable risk percentage, % (95% CI)

52.7 (44.1-61.3)

62.4 (55.8-68.9)

58.5 (53.3-63.7)

Population attributable risk percentage, % (95% Cl) *

6.3 (4.0-8.5)

9.1(6.87-11.2)

7.8 (6.3-9.4)

Exposure impact number

29.0 (21.8-43.1)

28.9 (22.9-39.0)

28.6 (23.8-35.8)

Case impact number

14.6 (11.0-21.6)

11.7 (9.35-15.8)

12.8 (10.7-16.0)

Total cancers excluding nasopharyngeal carcinoma *

Attributable risk percentage, % (95%Cl)

31.0 (15.5-46.6)

28.4 (11.0-45.7)

31.0 (19.6-42.3)

Population attributable risk percentage, % (95%Cl) *

2.6 (0.6-4.6)

2.3 (0.6-4.1)

2.6 (1.3-4.0)

Exposure impact number

75.1 (44.0-256.0)

125.0 (68.1-768.0)

93.5 (61.5-195.0)

Case impact number

35.5 (20.8-121.0)

47.2 (25.7-287.0)

39.1(25.8-81.5)

* “Total cancers” refers to all incident cancer cases.
* The prevalence of VCA-IgA seropositivity is 0.06.

$“Total cancers excluding nasopharyngeal carcinoma” refers to all incident cancer cases except for nasopharyngeal carcinoma.

a. Liver cancer
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Fig. 4 | Histopathological images of Epstein-Barr virus-encoded small RNA
(EBER)-positive tumor tissues. In situ hybridization (ISH) for Epstein-Barr virus-
encoded RNA (EBER) and corresponding hematoxylin and eosin (H&E) stain-

ing were performed in EBER-positive liver (a) and lung (b) tumor tissues. Images are

b. Lung cancer

shown at 200xmagpnification; scale bar =50 pm. ICC intrahepatic cholangiocarci-
noma, SCC squamous cell carcinoma. Each staining was independently performed
twice per sample with consistent results.

immune dysfunction®®, may similarly interact with EBV to facilitate
carcinogenesis. Notably, our findings demonstrated a significant
interaction between VCA-IgA and HBV infection, underscoring the
intricate interplay between EBV and environmental factors in liver
cancer. These observations highlight the urgent need for longitudinal
studies and experimental models to confirm these associations and
unravel the mechanisms underlying these complex interactions.
Furthermore, the detection of EBER positivity in a small subset of
lung (1.6%) and liver (1.1%) cancer tissues suggests a potential role for
EBV in these malignancies. EBER signals were primarily localized to
tumor cells, providing direct evidence of EBV presence in these can-
cers. For lung cancer, our findings are consistent with previous reports
of EBV detection in histological subtypes such as squamous cell
carcinoma®. Similarly, for liver cancer, the detection of EBV in intra-
hepatic cholangiocarcinoma aligns with molecular studies identifying
EBV transcripts in liver cancer cases among Chinese and Japanese
populations®*, Recent genomic and transcriptomic studies have
highlighted the broad presence of EBV across various cancers™"”.
Notably, EBV has been implicated in promoting host genomic
instability, with the Epstein-Barr nuclear antigen-1 (EBNAI) protein
known to induce chromosomal breaks at 11q23, thereby contributing
to tumorigenesis®. Additionally, EBV-related proteins and transcripts
have been shown to modulate the immune response, drive epigenetic

alterations, and facilitate tumor progression®’. The sporadic detection
of EBER in these cancer types may be explained by the “hit and run”
hypothesis®. This theory posits that EBV may act transiently during the
early stages of tumorigenesis, inducing genetic or epigenetic altera-
tions that initiate cancer development, but its presence diminishes in
later stages. Such transient viral activity could lead to genomic
instability, chronic inflammation, or immune modulation, contributing
to a tumor-promoting environment. It is important to note that the
EBV positivity rate in these tissues may be underestimated due to the
limited sensitivity of ISH in detecting low viral loads, latent viral states,
or RNA degradation® ¢,

Taken together, this study expands the spectrum of cancers
associated with elevated VCA-IgA levels, highlighting a broader role for
abnormal EBV activity in cancer development. Our findings align with
emerging evidence indicating that uncontrolled EBV activity plays a
role in oncogenesis by facilitating viral spread and regulating cellular
oncogenic pathways mediated by lytic proteins and miRNAs**>%"38,
accompanied by compromised host immune defense. Uncontrolled
EBV activity, characterized by the transition from latency to lytic
replication due to impaired host immune regulation, plays a pivotal
role in the development of EBV-associated cancers. Typically, EBV
establishes a lifelong asymptomatic latent infection after primary
infection, maintained under control by the host immune system.
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However, disruptions to this balance, triggered by immune suppres-
sion, chronic inflammation, or other stressors-can lead to lytic reacti-
vation, resulting in increased viral load and expression of oncogenic
viral proteins. Both latent proteins, such as EBNA1 and LMP1%, and lytic
proteins like BGLF5*’, contribute to cancer progression through
mechanisms such as immune evasion, genomic instability, and the
modulation of cellular processes. These mechanisms collectively
underscore the multifaceted role of uncontrolled EBV activity in can-
cer development, highlighting its broader implications and empha-
sizing the need for further research to clarify its contributions to
tumorigenesis across diverse malignancies.

This study evaluated attributable fractions and impact numbers
for overall cancer risk associated with VCA-IgA seropositivity in
Southern China. With most cancers exhibiting positive associations,
we identified an average population attributable risk percentage of
overall cancer at 7.8%, which was over fourfold higher than the current
global estimates of 1.9%°. This evidence emphasized that EBV activity,
particularly under compromised immune response, could result in a
substantial impact on cancer burden than previously anticipated.
While our study focused on specific regions in Guangdong and
Guangxi provinces, representing a potential risk for 180 million indi-
viduals, it may serve as a representative population for similar areas.
Notably, excluding NPC reduces the PARP to 2.6%, indicating NPC’s
significant contribution to the overall cancer risk observed in Southern
China. Additionally, removing lymphoma results in a slight decrease of
the PAR to 2.41%. This suggests that EBV’s oncogenic influence is more
pronounced in specific cancers like NPC and lymphoma but less pro-
nounced in others.

Our study has several limitations. Firstly, it was conducted in
Southern China, where the local populations exhibit a distinct genetic
background, and specific EBV subtypes are associated with NPC risk*’.
Specifically, while heterogeneity analyses (I and Cochrane Q tests)
were performed to evaluate consistency between the Zhongshan and
Wuzhou cohorts, finding minimal statistical differences for most can-
cer types, inherent differences in cohort characteristics, such as
recruitment periods, sex distribution, and covariate availability,
remain a limitation. These variations may introduce confounding that
cannot be fully addressed through meta-analysis. Future studies with
harmonized data collection across diverse populations are needed to
confirm these findings.

Secondly, residual confounding should be carefully assessed. The
Wuzhou cohort lacked detailed covariate information, potentially
influencing hazard ratios, particularly regarding smoking. However,
given that less than 1.0% of females are smokers in China*, subgroup
analysis for females showed consistent results with total and male data,
minimizing this concern. Sensitivity analyses in the Zhongshan cohort
supported stable associations after adjusting for different covariables,
reinforcing the reliability of our findings. We acknowledged that the
ASRs for lung cancer and lymphoma in VCA-IgA seropositive indivi-
duals were not significantly higher than the seronegative ones in the
Wuzhou cohort. This discrepancy may reflect variability in cohort
characteristics or other region-specific factors. As such, replication in
other studies is essential to confirm these findings. We also emphasize
that our two-stage study design provides observational associations
that should be interpreted with caution to avoid overstating conclu-
sions. Thirdly, the potential for reverse causation was addressed.
Sustained elevation of EBV antibody levels up to ten years prior to a
cancer diagnosis and sensitivity analysis excluding incident cases
during the first, second and third years of follow-up support the
temporal validity of our results. Fourthly, different VCA-IgA detection
methods were used in the two methods. Since both methods are
widely used for NPC screening with comparable seropositive rates
(6.6% and 5.6%), it is unlikely that the different methods influenced the
main results. While our study focused on VCA-IgA as a biomarker for
NPC screening, we recognize the potential value of examining

additional EBV-related antibodies to provide a more comprehensive
understanding of EBV’s role in carcinogenesis. For instance, VCA-IgG,
which reflects past EBV infection, has been associated with other EBV-
related malignancies, such as Hodgkin lymphoma**. Antibodies against
early antigen (EA) and lytic or latent-phase proteins like Zta, Rta,
EBNAL1, and BNLF2b*? could offer valuable insights into different stages
of EBV activity. Lastly, the use of a single time-point measurement of
VCA-IgA restricts our ability to assess its longitudinal fluctuations and
their potential implications for cancer risk. Future research leveraging
longitudinal designs and serial measurements of EBV-related bio-
markers would provide deeper insights into the temporal dynamics of
VCA-IgA antibodies and their association with cancer risks.

In conclusion, this study broadened the spectrum of cancers
associated with EBV, revealing varying degrees of strength in these
associations and underscoring a greater cancer burden than pre-
viously estimated. These findings emphasize the need for further
research to clarify EBV's role in diverse malignancies and the
mechanisms underlying its oncogenic activity. Establishing causal links
between EBV activity and cancer development requires robust
mechanistic studies and interventional trials. Additionally, longitudinal
and geographically diverse studies are essential to better evaluate the
contribution of EBV abnormal activity, such as the event of reactiva-
tion, to cancer risks while accounting for potential confounding fac-
tors. Longitudinal studies are warranted to explore these associations
across wide geographical regions, providing a more comprehensive
evaluation of the contribution of EBV activity to the global cancer
burden.

Methods

The study was approved by the ethical review committees of Sun Yat-
sen University Cancer Center (B-2023-714-01), adhering to the
Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines. All participants signed informed consent.

Study design and population

As a part of China’s National Cancer Screening Project, we initiated
large-scale, cluster-randomized controlled trials for screening of NPC
and other cancers in endemic areas of Southern China since 2009
(ClinicalTrials.gov identifiers: NCT04085900; NCT00941538). The
primary objective of this trial was to compare the early diagnosis rate
and mortality rate of NPC between the screening and control groups.
In the screening group, participants underwent EBV antibody tests to
identify high-risk individuals for further clinical evaluations, while the
control group received no interventions. The eligibility criteria have
been outlined previously (Supplementary Note S1)">4¢,

Zhongshan city in Guangdong province and Wuzhou city in
Guangxi province were among the pioneers to participate in the
National NPC screening project in Southern China. Based on this
screening project, we executed a population-based prospective cohort
study, encompassing all participants from the screening groups in
Zhongshan and Wuzhou cities who already had EBV antibody tests, to
investigate the association between EBV antibodies and cancer risks
(ClinicalTrials.gov identifiers: NCT06203314). Briefly, the Zhongshan
cohort, consisted of 29,026 individuals aged 30-59, recruited from
Zhongshan city between 2009 and 2014. The Wuzhou cohort, com-
prised 44,913 participants aged 30-69, enrolled in 2014.

Follow-up and outcomes

The participants were followed up annually for cancer incidence, vital
status and immigration status through the Cancer Registry, Death
Registry, and Population Registry of Zhongshan City and Wuzhou City.
Incident cancer cases were ascertained from the Cancer Registry of
both cities, both of which are included in the WHO-IARC Cancer Inci-
dence in Five Continents. Detailed diagnosis and clinical data for all
incident cancer cases were reviewed by an expert panel of two
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pathologists who were blinded to any unique information in this study.
The primary outcome of the study was the diagnosis of any type of
cancer. The cancer type for each participant was defined as their initial
and primary cancer diagnosis. The cancer type was categorized based
on ICD-10 and ICD Oncology codes (ICD-0-1-3). To ensure sufficient
power for subsequent analyses, we showed cancer types with more
than fifty patients in the cohorts. Based on the ICD-10 and ICD-0-1-3,
we categorized cancers into nine types: lung (C33-34), colon and rec-
tum (C18-20), breast (C50), liver (C22), nasopharynx (C11), corpus uteri
(C54), thyroid (C73), cervix uterus (C53), and lymphomas (C81-85, C88,
C90, C96). Types with fewer than fifty patients were combined and
assigned to the “others” group. The follow-up time was defined as the
duration from the baseline visit to the diagnosis for incident cancer
cases, or until the last follow-up date (Zhongshan cohort: June 30,
2021; Wuzhou cohort: December 31, 2022) for non-cases.

EBV antibody test

The methodology for the VCA-IgA antibody test in both the Zhongshan
and Wuzhou cohorts adhered to standard laboratory procedures and
has been widely applied in Southern China™******’_In the Zhongshan
cohort, the serum VCA-IgA antibody level was determined using an
ELISA kit (EUROIMMUN AG, Liibeck, Germany) following the manu-
facturer’s instructions (Supplementary Note S2)"*, For each tested
sample, the results were expressed as relative optical density (rOD),
which was calculated as the ratio of the sample’s OD value to that of the
reference calibrator. A sample with a rOD value >1 was considered
positive for VCA-IgA, while a sample with a rOD value <1 was con-
sidered negative for VCA-IgA. In the Wuzhou cohort, serum VCA-IgA
antibody levels were determined by titration using an Immunoenzy-
matic assay (Supplementary Note S2)****’. In brief, cell smears from
B95-8 cultures were prepared, fixed in acetone and used in the indirect
Immunoenzymatic method with peroxidase-conjugated anti-human
IgA antibody. A serum was considered positive if the cells in the well
containing the 1:5 dilution showed brown color; otherwise, the sample
was considered negative for VCA-IgA.

HBYV infection test

To assess the potential confounding effect of HBV infection, we
utilized HBV infection data from a mass liver cancer screening pro-
gram conducted in Zhongshan City in 2012*%, A total of 16,052 par-
ticipants from the Zhongshan cohort were included in this program.
Serum samples were collected at baseline and tested for hepatitis B
surface antigen (HBsAg) using enzyme-linked immunosorbent assay
(ELISA) kits (Autobio Diagnostics Co., China) according to the man-
ufacturer’s instructions. During the follow-up period, 70 incident
liver cancer cases were diagnosed. For our analysis, we included
these 70 primary liver cancer cases and 15982 controls with available
HBsAg data.

Detection of EBV-encoded RNA in tumor tissues

To investigate EBV presence in lung and liver cancer tissues, we per-
formed in situ hybridization (ISH) targeting Epstein-Barr encoded RNA
(EBER). Tissue samples were obtained from the Sun Yat-sen University
Cancer Center biobank. For lung cancer, the samples included 129
tumor tissues and 127 matched adjacent normal tissues from 129 cases.
For liver cancer, the analysis included 348 tumor tissues and 142
matched adjacent normal tissues from 348 cases. Formalin-fixed,
paraffin-embedded (FFPE) tissue sections were deparaffinized, rehy-
drated, and treated with proteinase K to facilitate probe penetration.
EBER hybridization was conducted using a commercial kit (Zhongshan
Jingiao Biotechnology Co., Ltd.) following the manufacturer’s proto-
col. EBER staining results were independently evaluated by two
pathologists blinded to clinical and pathological data. To confirm the
localization of EBER-positive signals, the corresponding matched slide
underwent hematoxylin and eosin (HE) staining.

Covariates measurement

In the Zhongshan cohort, covariates included age, sex (male and
female), education level (classified as primary school or less, high
school, and university or more), body mass index (BMI), waist cir-
cumference, smoking history (categorized as never smoker, ex-smo-
ker, current smoker), alcohol consumption (grouped into less than
monthly, monthly or weekly, once or more a day) and physical activity
(grouped into less than monthly, monthly or weekly, once or more a
day). BMI was categorized into four groups (normal weight: 18.5-22.9,
underweight: <18.5, overweight: 23.0-27.5 and obese: >27.5kg/m?)
based on Asian-based criteria*’. The waist circumference was cate-
gorized into two groups (normal: <85cm for males or <80 cm for
females; abnormal: >85 cm for males or =80 cm for females®°. Partici-
pants were categorized as smokers if they had smoked at least 100
cigarettes during their lifetime, and Ex-smokers were those who had
quit smoking for at least one year prior to the interview’. However,
there was mild missing data for certain variables: education level (17.2%
missing), BMI (14.4% missing), waist circumference (18.5% missing),
smoking history (15.4% missing), alcohol consumption (15.2% missing),
and physical activity (15.7% missing). To mitigate potential biases
arising from missing covariables, a multiple imputation analysis was
applied”, assuming that missing values were missing at random. We
employed the multivariate imputation by chained equations (MICE)
using the R package MICE (version 3.12.0). In the Wuzhou cohort, only
age and sex were available as covariates. In both cohorts, there were no
missing data for VCA-IgA antibody level and cancer risk outcomes.

Statistical analysis

We calculated the age-standardized incidence rate (ASR) of total can-
cers and specific cancer types for the cohort population. The ASR and
its 95% confidence interval were generated based on the world stan-
dard population®. We generated a relevant confidence interval (CI) for
the seropositive and seronegative individuals of EBV VCA-IgA antibody
based on the gamma distribution®>. We compared these two groups
using standardized rate ratios implemented in the R package
“dsr"(v0.2.2)"***. To assess the associations between VCA-IgA anti-
bodies and cancer risks, we used Cox proportional hazards regression
models to calculate crude and adjusted hazard ratios (HRs) with 95%
confidence intervals (Cls) implemented in the R package “survi-
val”’(v3.7.0). The proportionality of hazard assumptions was checked
based on Schoenfeld’s residuals®. In the Zhongshan cohort, the HR
and P values in the multivariable analysis were adjusted for the fol-
lowing covariates: age, sex (male and female), education level (classi-
fied as primary school or less, high school, and university or more),
body mass index (normal weight: 18.5-22.9, underweight: <18.5,
overweight: 23.0-27.5 and obese: >27.5kg/m?), waist circumference
(normal: <85 cm for male or <80 cm for female; abnormal: =85 cm for
male or >80 cm for female), smoking history (categorized as never
smoker, ex-smoker, and current smoker), alcohol consumption
(grouped into less than monthly, monthly or weekly, once or more a
day) and physical activity (grouped into less than monthly, monthly or
weekly, once or more a day). In the Wuzhou cohort, the HR and P
values in the multivariable analysis were adjusted by age and sex (male
and female). To assess the dose-response association between con-
tinuous VCA-IgA levels and cancer risk, we used a restricted cubic
spline Cox proportional hazards model implemented via the cph
function in the “rms” package (v6.8.2)*. HRs and 95% Cls were derived
using the Predict function based on the fitted model. To evaluate time-
dependent associations, we applied a Cox regression model with time-
dependent covariates using the coxph function in R. HRs and 95% Cls
were estimated dynamically at each time point to visualize changing
risk patterns over time. The model is defined is as follows:

h(t)=hy(t)eX© @

Nature Communications | (2025)16:5940


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60999-5

where h(t) represents the hazard function at time t, h(¢) is the baseline
hazard, X(¢t) denotes the time-dependent covariate, and f is the
regression coefficient. This method enables a dynamic assessment of
the association between VCA-IgA antibody levels and cancer risk over
time. The models controlled for the same covariates as in the Cox
proportional hazards regression models, including age, sex, and other
relevant variables. To evaluate the overall effect size of both the
Zhongshan and Wuzhou cohorts, we conducted a meta-analysis to
estimate the combined effect size of these two cohorts. Effect sizes and
95% Cls were extracted from each study, and heterogeneity was
assessed using the P statistic calculated by the Cochrane Q test. If # was
less than 75%, a fixed-effects model was used, assuming a common
effect size across studies. For P values above 75%, a random-effects
model was employed to account for both within-study and between-
study variance”’.

We also conducted several sensitivity analyses to enhance the
robustness of our findings. First, using Fine and Gray competing risk
proportional hazards models implemented in the R package “cmprsk”
(v2.2.11)°%, we conducted competing risk analysis by treating other
cancers as competing events. Second, we excluded events that
occurred within the initial 1 to 3 years of follow-up to reduce potential
reverse causation. Third, we stratified our analyses by sex (males and
females), age (<46 and >46 years, defined as the median age in the
cohort population), and the primary histological types of specific
cancer, particularly for lung cancer and liver cancer. Fourth, in the
Zhongshan cohort, the original VCA-IgA antibody level was expressed
as a continuous rOD value. We repeated our analyses by replacing the
binary VCA-IgA antibody serostatus with this continuous rOD value.
We then classified the EBV antibody levels into four quartiles as fol-
lows: “P0O-P25” (rOD<0.17), “P25-P50” (0.17<rOD<0.28), “P50-P75”
(0.28<r0D<0.48), and “P75-P100” (rOD>0.48). We analyzed the rela-
tionship between these defined EBV antibody categories and the
associated risks of cancer. Fifth, we confined our analysis in the Wuz-
hou cohort to those participants aged 30 to 59 years to coincide with
the age distribution in the Zhongshan cohort. Sixth, to further evaluate
the association between VCA-IgA antibody levels and liver cancer risk,
we incorporated HBV infection data into our analysis. Specifically, the
association was assessed after adjusting for HBV infection status using
HBsAg seropositivity. Additionally, we adjusted various covariables in
the Cox model in the Zhongshan cohort analysis.

To assess the cancer burden associated with EBV seropositivity,
we calculated the attributable risk percentage (ARP) via the following
formula:

_cl,—cl,

ARP= =

2

Where Cl, represents cumulative incidence in the EBV seropositive
group, while Cl, represents cumulative incidence in the EBV ser-
onegative group. The population attributable risk percentage (PARP)
was calculated using ARP multiplied by the prevalence of EBV ser-
opositivity in the population. In addition, exposure impact number
(EIN) was calculated to represent the number of EBV seropositive
individuals among whom one excess cancer patient was attributed to
EBV seropositivity using the following formula:

1
EN= 3)

Furthermore, the case impact number (CIN) was calculated as
the reciprocal of the PARP, which represents the number of cancer
cases among whom one case would be attributable to the EBV
seropositivity*®. Considering the uneven global prevalence of NPC,
we also calculated the cancer burden attributed to EBV seropositivity
by excluding NPC to prevent potential overestimation in regions

where NPC is not endemic. These risk fractions and impact numbers
related to cancer burden were calculated using the R package
“twoxtwo” (v0.1.0).

Statistical significance was indicated by a two-tailed P value of less
than 0.05. When analyzing the associations across multiple cancer
types, false discovery rate (FDR) adjustment was applied to account for
multiple testing, with an FDR-adjusted p value <0.05 considered sta-
tistically significant. All statistical tests were performed using R 4.1.1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The Individual-level epidemiological data generated in this study have
been deposited in the Research Data Deposit public platform (www.
researchdata.org.cn) under accession code RDDA2025560963. These
data were available under restricted access due to privacy and ethical
considerations. Researchers may request access for academic use by
submitting a formal application through the repository or by con-
tacting the corresponding author and obtaining approval from the
institutional ethics committee. The raw data are protected and are not
available due to data privacy laws. The aggregate baseline information
and summary statistics used in this study are provided in the Supple-
mentary Information. Source data are provided with this paper.
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