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SUMMARY
Epstein-Barr virus (EBV) and human leukocyte antigen (HLA) polymorphisms are well-known risk factors for
nasopharyngeal carcinoma (NPC). However, the combined effects between HLA and EBV on the risk of NPC
are unknown. We applied a causal inference framework to disentangle interaction and mediation effects be-
tween two hostHLA SNPs, rs2860580 and rs2894207, and EBV variant 163364 with a population-based case-
control study in NPC-endemic southern China. We discovered the strong interaction effects between the
high-risk EBV subtype and both HLA SNPs on NPC risk (rs2860580, relative excess risk due to interaction
[RERI] = 4.08, 95% confidence interval [CI] = 2.03–6.14; rs2894207, RERI = 3.37, 95% CI = 1.59–5.15), ac-
counting for the majority of genetic risk effects. These results indicate that HLA genes and the high-risk
EBV have joint effects on NPC risk. Prevention strategies targeting the high-risk EBV subtype would largely
reduce NPC risk associated with EBV and host genetic susceptibility.
INTRODUCTION

Although nasopharyngeal carcinoma (NPC) is rare in most parts

of the world, it is one of the most common cancers in southern

China.1 Epstein-Barr virus (EBV) has long been postulated to

be a near-necessary factor for NPC development because it is
C
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present in the tumor cells of almost all patients with NPC, and

it is the basis for serologic viral antibody and DNA tests that

are widely used for screening and early diagnosis of NPC in

high-risk populations.2–4 Recent studies identified that the EBV

subtype that carries the non-synonymous variant at position

163364, encoding the V317M mutation in EBV BALF2 protein,
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significantly contributes to the overall risk of NPC (p = 2.40E�32,

odds ratio [OR] = 6.14), and its distribution is strongly associated

with the unique epidemic of NPC in southern China.5 However,

because EBV infection is common and NPC is rare, it is widely

accepted that other host genetic or environmental factors

are also important determinants of NPC risk. Previous studies

implicated that both host genetic, including the SNPs in the hu-

man leukocyte antigen (HLA), TERT, CDKN2A/2B, TNFRSF19,

MECOM, CIITA, and ITAG9 regions,6–9 and environmental fac-

tors, including cigarette smoking, consumption of salt-preserved

fish (a traditional Cantonese food suggested to be an NPC risk

factor), and occupational exposures to wood dust,1 may play a

role in NPC development.

Among the genetic factors, HLA genes have the most consis-

tent and prominent evidence for the association with NPC. Pre-

vious genome-wide association studies (GWASs) have identified

two host HLA genetic variants, rs2860580 (pGWAS = 1.34E�28,

OR = 1.72) and rs2894207 (pGWAS = 1.22E�16, OR = 1.64), to

be strongly associated with NPC.6–8 Given the a priori knowl-

edge of the central role of HLA in host immune response against

virus and the most prominent associations ofHLA genes and the

high-risk EBV subtypes with NPC, it is postulated that HLA-

mediated pathways may cooperate with EBV in NPC develop-

ment.1 However, genetic and epidemiological evidence is lack-

ing on how HLA genes and EBV act collaboratively to cause

NPC.Without this knowledge, the clinical and public health utility

of the genetic findings is limited.

Specifically, one possible causal pathway is that certain HLA

genes may increase individuals’ vulnerability to the oncogenic

effect of high-risk EBV infection and that they synergistically in-

fluence the risk of NPC, a form of gene-EBV interaction. The

other possible pathway is that the association of HLA genes

with NPC risk may be mediated through increasing susceptibility

to high-risk EBV infection, a form of mediation effect through

EBV. Hence, a comprehensive and quantitative assessment of

HLA-EBV genetic interplay is required to provide novel insights

into the etiology of NPC and may inform the design of effective

prevention strategies. Traditional methods to disentangle these

possible pathways have been limited by the lack of adequate

methods to accommodate mediation and interaction effects

within a single framework and inadequate handling of case-con-

trol data and confounders.

Here, in a population-based case-control study of NPC con-

ducted in NPC-endemic areas of southern China, we applied

an advanced causal inference framework10–13 to study whether

the effects of two important host HLA variants (rs2860580 and

rs2894207) on NPC are mediated by the EBV variant 163364,

as well as their interactions. The causal inference method we

applied accommodates gene-EBV interaction and mediation

and allows us to disentangle mediation and interaction effects

within one framework. To ensure the validity and reproducibility

of this study,14 we conducted mediation and interaction ana-

lyses using a two-phase design: an original study followed by a

replication study, where we replicated the novel findings of the

significant interactions between the two host HLA variants and

the EBV variant from analyses of the original study with an inde-

pendent, non-overlapping dataset. To highlight the public health

implication, we further evaluated how much the genetic effects
2 Cell Genomics 4, 100474, February 14, 2024
of the two HLA variants on NPC that are mediated by EBV, or

are due to their interaction, can theoretically be eliminated by

prevention strategies targeting individuals infected with the

high-risk EBV subtype.

RESULTS

Study population characteristics and associations with
host and EBV variants
We performed the causal inference analyses in a population-

based case-control study conducted in two provinces, Guang-

dong and Guangxi, in NPC-endemic areas of southern China.

The case-control data were frequency matched on the following

variables, sex, 5-year age group, and area of residence, as

described in the STAR Methods. Data exclusion criteria are out-

lined in Figure S1. Briefly, two human SNPs at the HLA locus,

rs2860580 and rs2894207, and EBV variant 163364 were geno-

typed from saliva DNA. The success rate for genotyping both hu-

man SNPs was 98.7% (3,906/3,956, 1,683 affected individuals

and 2,223 control subjects), whereas the genotyping rate for

the EBV variant was 66.9% (2,648/3,956, 1,098 affected individ-

uals and 1,550 control subjects). Hence, the success rate for

EBV genotyping is likely dictated by the quantity of EBV DNA

in saliva. As shown in the literature, periodic lytic EBV production

in the oral epithelium is hypothesized to be themain source of the

likely random fluctuation observed for saliva EBV DNA.15–18 The

missingness of EBV genotyping data did not differ by age, the

consumption of salt-preserved fish, educational level, rural or ur-

ban area of residence, current occupation, selected environ-

mental exposures, or a family history of NPC, and successful

EBV genotypingwas not correlated with increased NPC risk (Fig-

ure S2). A lower missing rate of EBV variant was found among

smokers and men (who were substantially more likely than

women to be smokers) (Figure S2B). This pattern is concordant

with the observation that smoking stimulates EBV lytic produc-

tion, which increases the chance of EBV being genotyped.19,20

However, because the relative risk and attributable risk of NPC

associated with smoking are relatively small, with a relative risk

of only 1.1–1.519 compared to a relative risk of 6–7 associated

with the high-risk EBV subtype,5 any bias caused by smoking

in our dataset would be small. Additionally, sex, age at interview,

a family history of NPC, salt-preserved fish consumption, smok-

ing, educational level, rural or urban area of residence, current

occupation, and environmental exposure were included as co-

variates in the logistic regression models for the interaction

and mediation analyses to control for confounding in the

following causal inference analyses (STAR Methods).

Affected individuals and control subjects recruited from

Guangdongwere used in the original study, while those recruited

from Guangxi were used for the replication study. Table 1 sum-

marizes the demographic characteristics of the original and

replication study subjects. The original and replication studies

had similar distributions for the case-control status, sex, and

age. In the pooled dataset, affected individuals were slightly

younger than control subjects and were more likely to live in ur-

ban areas, to have a first-degree family history of NPC, to be less

educated, to have blue-collar jobs, and to be exposed to

selected hazardous agents (mostly inhalants; Table 1).



Table 1. Characteristics of nasopharyngeal carcinoma affected individuals and control subjects among the original, replication, and pooled studies

Variables

Original study Replication study Pooled study

Affected individuals n

= 572 n (%)

Control subjects n

= 696 n (%) p

Affected individuals n

= 497 n (%)

Control subjects n

= 826 n (%) p

Affected individuals n

= 1,069 n (%)

Control subjects n

= 1,522n (%) p

Age, years – – 0.103 – – 0.002 – – 2.2E�4

Mean (SD) 48.6 (10.9) 49.6 (10.7) 0.108 49.2 (10.8) 51.1 (10.9) 0.003 48.9 (10.8) 50.4 (10.8) 3.9E�4

<35 58 (10.1) 52 (7.5) – 45 (9.1) 53 (6.4) – 103 (9.6) 105 (6.9) –

35–59 424 (74.1) 512 (73.6) – 366 (73.6) 568 (68.8) – 790 (73.9) 1,080 (71.0) –

>59 90 (15.7) 132 (19.0) – 86 (17.3) 205 (24.8) – 176 (16.5) 337 (22.1) –

Sex – – 0.879 – – 0.928 – – 0.819

Male 431 (75.4) 527 (75.7) – 381 (76.7) 635 (76.9) – 812 (76.0) 1,162 (76.4) –

Female 141 (24.7) 169 (24.3) – 116 (23.3) 191 (23.1) – 257 (24.0) 360 (23.7) –

Education level,

years

– – 0.117 – – 0.102 – – 0.021

<7 229 (40.0) 247 (35.5) – 216 (43.5) 310 (37.5) – 445 (41.6) 557 (36.6) –

7–9 233 (40.7) 286 (41.1) – 179 (36.0) 327 (39.6) – 412 (38.5) 613 (40.3) –

R10 110 (19.2) 163 (23.4) – 102 (20.5) 189 (22.9) – 212 (19.8) 352 (23.1) –

Residential area – – 4.6E�6 – – 0.251 – – 2.9E�5

Urban 96 (16.8) 58 (8.3) – 65 (13.1) 89 (10.8) – 161 (13.1) 147 (10.8) –

Rural 476 (83.2) 638 (91.7) – 432 (86.9) 737 (89.2) – 908 (86.9) 1,375 (89.2) –

Salt-preserved fish

consumption in

2000–2002

– – 0.186 – – 0.027 – – 0.119

Yearly or less 390 (68.2) 450 (64.7) – 431 (86.7) 678 (82.1) – 821 (76.8) 1,128 (74.1) –

Monthly or more 182 (31.8) 246 (35.3) – 66 (13.3) 148 (17.9) – 248 (23.2) 394 (25.9) –

NPC history among

first-degree relatives

– – 1.9E�8 – – 7.3E�5 – – 2.4E�13

No 487 (85.1) 653 (93.8) – 449 (90.3) 790 (95.6) – 936 (87.6) 1,443 (94.8) –

Yes 73 (12.8) 26 (3.7) – 39 (7.9) 22 (2.7) – 112 (10.5) 48 (3.2) –

Unknown/missing 12 (2.1) 17 (2.4) – 9 (1.8) 14 (1.7) – 21 (2.0) 31 (2.0) –

Smoking status – – 0.732 – – 0.785 – – 0.864

Never 224 (39.2) 266 (38.2) – 217 (43.7) 367 (44.4) – 441 (41.3) 633 (41.6) –

Ever 348 (60.8) 430 (61.8) – 280 (56.3) 459 (55.6) – 628 (58.8) 889 (58.4) –

Current occupation – – 3.9E�12 – – 5.5E�4 – – 1.0E�5

Farmer/Unemployment 208 (36.4) 232 (33.3) – 192 (38.6) 388 (47.0) – 400 (37.4) 620 (40.7) –

Blue collar 236 (41.3) 213 (30.6) – 190 (38.2) 265 (32.1) – 426 (39.9) 478 (31.4) –

White collar 89 (15.6) 102 (14.7) – 59 (11.9) 118 (14.3) – 148 (13.8) 220 (14.5) –

Unknown 39 (6.8) 149 (21.4) – 56 (11.3) 55 (6.7) – 95 (8.9) 204 (13.4) –

(Continued on next page)
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Table 1. Continued

Variables

Original study Replication study Pooled study

Affected individuals n

= 572 n (%)

Control subjects n

= 696 n (%) p

Affected individuals n

= 497 n (%)

Control subjects n

= 826 n (%) p

Affected individuals n

= 1,069 n (%)

Control subjects n

= 1,522n (%) p

Selected

environmental

exposurea

– – 6.5E�19 – – 0.029 – – 1.3E�16

None 58 (10.1) 82 (11.8) – 35 (7.0) 85 (10.3) – 93 (8.7) 167 (11.0) –

Dust exposure 226 (39.5) 217 (31.2) – 246 (49.5) 326 (39.5) – 472 (44.2) 543 (35.7) –

Smoke/exhaust

exposure

107 (18.7) 91 (13.1) – 125 (25.2) 167 (20.2) – 232 (21.7) 258 (17.0) –

Other exposure 175 (30.6) 193 (27.7) – 85 (17.1) 245 (29.7) – 260 (24.3) 438 (28.8) –

Unknown/missing 6 (1.1) 113 (16.2) – 6 (1.2) 3 (0.4) – 12 (1.1) 116 (7.6) –

EBV infection

determined

by variant 163364

– – 0.693 – – 0.692 – – 0.890

Multiple strains 16 (2.8) 17 (2.4) – 16 (3.2) 30 (3.6) – 32 (3.0) 47 (3.1) –

Single strain 556 (97.2) 679 (97.6) – 481 (96.8) 796 (96.4) – 1,037 (97.0) 1475 (96.9) –

Multiple strains represent the genotype CT for EBV variant 163364; single strain represents the genotype C or T for the same variant.
aDust exposure includes exposure to wood, metal, textile, leather, cement, and other types of non-soil dust. Smoke/exhaust exposure includes exposure to exhaust of diesel, gasoline, coal,

firewood, asphalt/tar, nature gas, and other types of exhaust/smoke. Other environmental exposure includes exposure to wood preservatives, formaldehyde, organic solvents, pesticides,

and other types of chemical vapor, as well as sulfuric acid, hydrochloride, and other types of acid/alkali.
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Table 2. Association between two host genetic variants or EBV

variant 163364 and risk of nasopharyngeal carcinoma

Affected

individuals n (%)

Control

subjects n (%) OR (95% CI)a

Original study in Guangdong

rs2860580 (risk allele = G)

AA/AG 242 (42.3) 402 (57.8) reference

GG 330 (57.7) 294 (42.2) 1.93 (1.52, 2.44)

rs2894207 (risk allele = T)

CC/CT 148 (25.9) 266 (38.2) reference

TT 424 (74.1) 430 (61.8) 1.70 (1.32, 2.19)

Joint status of rs2860580 and rs2894207b

Low risk 303 (53.0) 493 (70.8) reference

High risk 269 (47.0) 203 (29.2) 2.24 (1.75, 2.85)

EBV 163364 (high-risk subtype = T)

C 83 (14.5) 374 (53.7) reference

CT/T 489 (85.5) 322 (46.3) 6.99 (5.25, 9.31)

Replication study in Guangxi

rs2860580 (risk allele = G)

AA/AG 213 (42.9) 459 (55.6) reference

GG 284 (57.1) 367 (44.4) 1.73 (1.38, 2.18)

rs2894207 (risk allele = T)

CC/CT 111 (22.3) 269 (32.6) reference

TT 386 (77.7) 557 (67.4) 1.74 (1.34, 2.26)

Joint status of rs2860580 and rs2894207b

Low risk 256 (51.5) 561 (67.9) reference

High risk 241 (48.5) 265 (32.1) 2.12 (1.68, 2.69)

EBV 163364 (high-risk subtype = T)

C 122 (24.6) 563 (68.2) reference

CT/T 375 (75.5) 263 (31.8) 6.55 (5.07, 8.46)

Pooled study

rs2860580 (risk allele = G)

AA/AG 455 (42.6) 861 (56.6) reference

GG 614 (57.4) 661 (43.4) 1.80 (1.53, 2.11)

rs2894207 (risk allele = T)

CC/CT 259 (24.2) 535 (35.2) reference

TT 810 (75.8) 987 (64.9) 1.68 (1.41, 2.01)

Joint status of rs2860580 and rs2894207b

Low risk 559 (52.3) 1,054 (69.3) reference

High risk 510 (47.7) 468 (30.8) 2.12 (1.79, 2.50)

EBV 163364 (high-risk subtype = T)

C 205 (19.2) 937 (61.6) reference

CT/T 864 (80.8) 585 (38.4) 6.86 (5.68, 8.27)
aAdjusted for age at interview, sex and smoking joint status, education

level, salt-preserved fish consumption in 2000–2002, NPC history among

first-degree relatives, rural or urban area of residence, current occupa-

tion, and environmental exposure.
bThe joint status of high-risk group: GG for rs2860580 and TT for

rs2894207; the joint status of low-risk group: AA/AG for rs2860580 or

CC/CT for rs2894207.
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Table 2 displays the effects of the two host SNPs, rs2860580

and rs2894207, their joint status, and EBV variant 163364 on

NPC risk in the original, replication, and pooled studies. No de-

viation from Hardy-Weinberg equilibrium was detected for the

two human SNPs. The two human SNPs were independent of

each other with weak linkage disequilibrium (R2 = 0.01) among

the control subjects in this study, consistent with previous

GWASs.6 In the pooled study, individuals carrying only the risk

allele of rs2860580, only the risk allele of rs2894207, and only

the risk alleles of both host SNPs had an increased NPC risk

by 1.80-, 1.68-, and 2.12-fold, respectively, compared to the in-

dividuals in the reference group indicated in Table 2; the effect

associated with per risk alleles was 1.68 (95% confidence inter-

val [CI] = 1.47–1.91) and 1.65 (95%CI = 1.40–1.93) for rs2860580

and rs2894207, respectively, consistent with the published

GWAS results (Table S1). EBV variant 163364 was associated

with 6.86-fold increased risk of NPC in both datasets (Table 2).

Interaction effects between host SNPs and EBV variant
Figure 1 shows ORs, additive interactions, and their 95% CIs

for the joint effects of host HLA SNPs rs2860580 and

rs2894207 and EBV variant 163364 on NPC risk. Compared

to the subjects carrying both protective alleles (AA/AG) of

rs2860580 and the low-risk EBV variant (C), those carrying

only the susceptible alleles (GG) of rs2860580, only the high-

risk EBV variant (CT/T), or both had approximately 1.5-, 6-,

and 11-fold increased risk, respectively, in the original and

the replication studies (Figure 1A). Similarly, joint ORs and

95% CIs are shown for rs2894207 and EBV variant 163364

(Figure 1B). Importantly, significant additive interactions were

observed between the two host SNPs, rs2860580 and

rs2894207, and EBV variant 163364 in both the original and

replication studies (Figure 1). In the pooled study, the total ef-

fect of carrying only host-susceptible HLA alleles and the

high-risk EBV subtype due to interaction (relative excess risk

due to interaction [RERI]) was 4.08 (95% CI = 2.03–6.14) for

rs2860580 and 3.37 (95% CI = 1.59–5.15) for rs2894207 (Fig-

ure 1). Furthermore, in the interaction analyses, we combined

the two host genetic variants into one categorical variable by

their joint status, which divided the study subjects into two

groups: one group carrying only risk alleles of both host

SNPs and the other group carrying protective alleles of either

host SNP. We identified significant and stronger interaction ef-

fects between the joint status of the two host SNPs and EBV

subtypes in both the original study (RERI = 6.03, 95% CI =

2.06–9.99) and the replication study (RERI = 4.68, 95% CI =

1.13–8.23) than analyzing the two host SNPs separately

(Figure 1C).

To evaluate the impact of individual alleles of the two variants

and produce OR for each risk allele, we performed the interac-

tion analyses using the additive model that compares the effects

of carrying homozygous versus heterozygous versus no risk al-

leles. The interaction effects with EBV variant 163364 on NPC

were statistically significant in both the original and replication

studies and were 3.08 (95% CI = 1.79–4.37) and 2.57 (95%

CI = 1.24–3.90) per risk allele for rs2860580 and rs2894207,

respectively, in the pooled study (Figure S3). These results

further showed that the findings of highly significant interaction
Cell Genomics 4, 100474, February 14, 2024 5
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effects between EBV and the two human HLA genetic variants

were robust to the assumed genetic models, i.e., both the addi-

tive model and the recessive model (comparing the individuals

carrying only susceptible alleles versus those carrying protective

alleles). Taken together, these coherent results indicate that

host-susceptible HLA genes and the high-risk EBV subtype

have synergistic interaction effects on the risk of NPC.

Genetic effects mediated by high-risk EBV subtype
The associations between the two host HLA SNPs, rs2860580

and rs2894207, and EBV variant 163364 (Table S2) indicate

that the genetic effects might be mediated through increasing

the frequency of high-risk EBV subtype. We applied causal

mediation analyses, allowing for interaction between host

SNPs and EBV (STAR Methods). The mediation effects (indirect

effects) for NPC risk through EBV variant 163364 and direct ef-

fects are shown in Table 3. Both the original and replication

studies, as well as the pooled study, revealed significant direct

effects and small, statistically non-significant or weakly signifi-

cant indirect effects. The direct effect in the pooled dataset

was estimated as ORs 1.69 (95% CI = 1.40–2.03) for

rs2860580 and 1.56 (95% CI = 1.27–1.90) for rs2894207,

whereas the indirect effect was close to 1 (OR = 1.07, 95%

CI = 0.98–1.17 for rs2860580; OR = 1.10, 95% CI = 1.00–1.21

for rs2894207). When we combined the two host SNPs as one

categorical variable by their joint status and compared the indi-

viduals carrying only risk alleles of both host SNPs to those car-

rying protective alleles of either host SNP, the mediation effect

through EBV subtypes (indirect effect) became significant, albeit

weak, in the pooled analysis at a 5% significance level (indirect

effect, OR = 1.12, 95% CI = 1.02–1.23; Table 3), possibly due

to the stronger genetic effects of combining two SNPs together

(Table 2).

We further used the additive model to assess themediation ef-

fects per risk allele of each HLA SNP. Similarly, the direct effects

of both hostHLA SNPs were highly significant in both the original

and replication studies, while the indirect effects through high-

risk EBV variant 163364 were statistically non-significant for

rs2860580 (indirect effect, OR = 1.05, 95% CI = 0.98–1.22) and

became significant for rs2894207 at a 5% significance level (in-

direct effect, OR = 1.12, 95% CI = 1.03–1.21; Table S3) in the

pooled analysis. In accordance with the results using the reces-

sive model (comparing the individuals carrying only susceptible

alleles versus those carrying protective alleles; Table 3), the ef-

fect sizes using the additive model per risk allele on NPC through

increasing the frequency of the high-risk EBV subtype (Table S3;

indirect effect, ORs = 1.05 and 1.12 for rs2860580 and

rs2894207, respectively) were small and could not explain the

majority of genetic effects for the two HLA SNPs or the EBV

variant on NPC. Taken together, these results indicate that the

majority of the effects of the host SNPs rs2894207 and

rs2860580 on NPC risk might not be mediated by the high-risk

EBV subtype.
Figure 1. Joint effect and additive interaction between EBV variant 163

(A) rs2860580, (B) rs2894207, and (C) their joint status. OR, odds ratio; CI, confide

combined as one categorical variable in the models by their joint status, which div

risk alleles of both host SNPs and the other group at lower risk carrying protecti
NPC risk attributable to the high-risk EBV subtype
Evaluating the interaction between host genes and EBV sub-

types enables quantification of attributable risk, that is, the

potential beneficial impact of preventing infection with the

high-risk EBV subtype. Therefore, we applied four-way decom-

position to evaluate the proportion of NPC risk due to host-virus

interaction and mediation that can be reduced or eliminated by

intervention against high-risk EBV. The four-way decomposition

method separates the excess relative risk of NPC due to host ge-

netic effects into four parts involving interaction, mediation, both,

or neither (Figure 2). The decomposition analysis showed that

the excess relative risk of NPC due to pure interaction between

HLA SNPs and EBV variant 163364 was significant in the pooled

dataset (rs2860580: reference interaction = 0.47, 95%CI = 0.21–

0.73; rs2894207: reference interaction = 0.40, 95% CI = 0.15–

0.65) and accounted for the largest proportion for both SNPs

(Figures 2A and 2B). In the pooled dataset, interaction with the

high-risk EBV (reference interaction + mediated interaction) ac-

counted for 66.0% of the total excess risk associated with

SNP rs2860580 and 69.2% with rs2894207, comparing individ-

uals carrying only susceptible HLA alleles with those carrying

protective alleles. The association of NPC risk with both SNPs

mediated through the high-risk EBV (mediated interaction +

pure indirect effect) was non-significant in both the original and

replication studies (Figures 2A and 2B). When we combined

the two HLA SNPs in one model and compared the individuals

carrying only risk alleles of both host SNPs to those carrying pro-

tective alleles of either host SNP, the excess relative risk of NPC

due to the pure interaction effect between HLA SNPs and EBV

variant 163364 became even stronger (reference interaction =

0.57, 95% CI = 0.26–0.87 in the pooled dataset; Figure 2C).

Furthermore, by combining the effects of host-virus interaction

and mediation (reference interaction + mediated interaction +

pure indirect effect) in the pooled dataset, we found that

74.5% and 82.7% of the total excess relative risk associated

with carrying only the susceptible alleles of rs2860580 and

rs2894207, respectively, can potentially be eliminated by pre-

venting high-risk EBV infection (Figures 2A and 2B). Consis-

tently, in the model using the joint status of the two SNPs,

69.9% of the total excess risk associated with carrying only sus-

ceptible alleles of both SNPs can potentially be eliminated by

preventing high-risk EBV infection (Figure 2C). The remaining

effects independent of high-risk EBV (i.e., the controlled direct

effects) would be small (Figure 2).

Finally, the conclusion of the relatively small risk effects inde-

pendent of high-risk EBV is robust under the additive model.

Similarly, with the additive model (Figure S4), interaction with

the high-risk EBV subtype accounted for 61.6% and 54.8%,

the largest proportion, of the genetic effects of per risk allele

on NPC risk for rs2860580 and rs2894207, respectively; 69.0%

and 71.1% of the total excess relative risk associated per risk

allele of rs2860580 and rs2894207, respectively, can potentially

be eliminated by preventing high-risk EBV infection.
364 and host HLA SNPs on the risk of nasopharyngeal carcinoma

nce interval; RERI, relative excess risk due to interaction. Two host SNPs were

ided the study subjects into two groups: one group at higher risk carrying only

ve alleles of either host SNP.
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Table 3. Direct and indirect effects on nasopharyngeal

carcinoma between host SNPs rs2860580 and rs2894207 as well

as their joint status and EBV variant 163364

Effect ORa 95% CIa p

rs2860580 and EBV 163364

Original study natural direct effect 1.88 1.44, 2.46 3.4E�6

natural indirect effect 1.02 0.90, 1.16 0.730

marginal total effect 1.92 1.44, 2.58 1.2E�5

Replication

study

natural direct effect 1.56 1.20, 2.02 8.0E�4

natural indirect effect 1.13 0.99, 1.28 0.066

marginal total effect 1.76 1.31, 2.35 1.5E�4

Pooled study natural direct effect 1.69 1.40, 2.03 2.5E�8

natural indirect effect 1.07 0.98, 1.17 0.157

marginal total effect 1.80 1.47, 2.21 1.9E�8

rs2894270 and EBV 163364

Original study natural direct effect 1.53 1.16, 2.03 0.003

natural indirect effect 1.13 0.99, 1.29 0.062

marginal total effect 1.73 1.27, 2.36 5.0E�4

Replication

study

natural direct effect 1.62 1.21, 2.17 0.001

natural indirect effect 1.08 0.94, 1.25 0.294

marginal total effect 1.75 1.27, 2.41 6.1E�4

Pooled study natural direct effect 1.56 1.27, 1.90 1.5E�5

natural indirect effect 1.10 1.00, 1.21 0.052

marginal total effect 1.71 1.37, 2.14 1.7E�6

Joint status of host SNPsb and EBV 163364

Original study natural direct effect 2.04 1.55, 2.69 3.5E�7

natural indirect effect 1.12 0.98, 1.27 0.088

marginal total effect 2.28 1.68, 3.09 1.2E�7

Replication

study

natural direct effect 1.90 1.46, 2.48 2.2E�6

natural indirect effect 1.13 0.99, 1.29 0.067

marginal total effect 2.15 1.59, 2.91 6.2E�7

Pooled study natural direct effect 1.92 1.59, 2.31 1.3E�11

natural indirect effect 1.12 1.02, 1.23 0.020

marginal total effect 2.14 1.73, 2.64 2.2E�12
aAdjusted for age at interview, sex and smoking joint status, education

level, salt-preserved fish consumption in 2000–2002, NPC history among

first-degree relatives, rural or urban area of residence, current occupa-

tion, and environmental exposure.
bTwo host SNPs were combined as one categorical variable in the

models by their joint status, which divided the study subjects into two

groups: one group at higher risk carrying only risk alleles of both host

SNPs and the other group at lower risk carrying protective alleles of either

host SNP.
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Potential mechanistic interaction between EBV
subtypes and HLA alleles
By contributing themajority of disease risk, the strong interaction

effect we discovered indicates that NPC risk depends not only

on EBV subtypes but also on the HLA alleles of the host. To

explore the plausible mechanisms underlying the high-risk EBV

subtype and its interaction with host HLA variants on NPC risk,

we evaluated the impact of high-risk EBV variant 163364 on

the protein function.We used AlphaFold2 to predict the structure

of BALF2 proteins from the low-risk and high-risk EBV
8 Cell Genomics 4, 100474, February 14, 2024
strains.21,22 Interestingly, we observed that BALF2 amino acid

317, encoded by EBV SNP 163364, is located in the neck region,

a presumed single-stranded DNA (ssDNA) binding pocket (Fig-

ure S5A). Within this pocket, two positively charged amino acids,

D309 and E546 on the opposite side, form a gate structure, facil-

itating the movement of ssDNA through the binding pocket.

Meanwhile, two negatively charged amino acids, R322 and

K548, dock the ssDNA. With the presence of V317M mutation,

encoded by the high-risk variant 163364, the long side chain of

M drives a shift of a-helix (314–328) harboring M317 and its

neighboring loop (308–313), narrowing the gate between D309

and E546, as well as the docking interface between R322 and

K548 (Figures S5B–S5D). This narrowed gate and binding

pocket due to the M317 high-risk variant may potentially affect

DNA movement and viral DNA replication during the lytic cycle.

Furthermore, our findings underscore a substantial additional

risk associated with the concurrent presence of the high-risk

EBV subtype and susceptible HLA alleles. This association

may be related to distinct HLA-mediated T cell immune re-

sponses to different EBV subtypes, suggesting a potential for im-

mune evasion by the high-risk EBV subtype from susceptible

HLA alleles. Among the HLA alleles associated with NPC in

southern Chinese populations, A*0207 is the most significantly

associated risk allele.9,23,24 Thus, we evaluated HLA-A*0207

binding affinity for the nonamer peptide pairs from high-risk

and low-risk EBV subtypes using NetMHCpan-4.1.25 There is

no difference in the predicted binding affinity for the high-risk

peptide containing BALF2 variant 163364, but some other pep-

tides associated with this variant and NPC risk have a lower

binding affinity to A*0207 in the high-risk strain (Figure S6).

Therefore, EBV SNP 163364 may be a marker linked to yet still

unidentified functional variation in the NPC high-risk strain.

DISCUSSION

Our analyses revealed significant additive interactions on NPC

risk between the EBV subtype classified by variant 163364 and

host SNPs rs2860580 at HLA-A and rs2894207 at HLA-B/C

loci. The evidence was weaker for the EBV-mediated genetic ef-

fects associated with the two HLA SNPs. By decomposing the

total effects of the host risk alleles into separate and joint effects

of interaction and mediation by high-risk EBV subtype, we

showed that interaction between host SNPs and EBV accounts

for the majority of excess NPC risk conferred by the host genetic

variants rs2860580 and rs2894207. Finally, we found that nearly

three-quarters of the excess NPC risk attributable to both host

HLA SNPs could in theory be eliminated by prevention of the

infection with the high-risk EBV subtype through vaccination.

Our study thus provides strong evidence of the critical interplay

between human genetics and EBV subtype in the etiology of

NPC and lays the groundwork for EBV-subtype-specific preven-

tion for reducing the NPC burden in endemic populations.

A strong interaction between host genetic susceptibility and

EBV subtypes indicates that the direct effects of the host variants

on NPC risk may occur primarily among individuals carrying the

high-risk EBV subtype. This risk model is supported by the fact

that the ORs associated with rs2860580 and rs2894207 were

1–2 among individuals carrying the low-risk EBV subtype,
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whereas the ORs associated with the two SNPs were 6–13

among individuals carrying the high-risk EBV subtype. The

strong interaction highlights that the susceptible HLA alleles in-

crease the risk associated with high-risk EBV infection for

NPC, supporting potential immune evasion by the high-risk

EBV subtype from susceptible HLA alleles. The association be-

tweenHLA genes and NPC risk has been confirmed consistently

in both candidate-gene studies and several independent

GWASs, highlightingHLA-A*1101 andA*0207 as themost signif-

icantly associated genes in these investigations.6,9,23,24,26 HLA-

A*1101 is the protective allele, while A*0207 is the risk allele. The

EBV EBNA-3B epitope IVTDFSVIK, restricted toHLA-A*11, has a

high-frequency mutation (IVTDFSVIKN) among southern Chi-

nese populations with a high A*11 frequency. These mutations

are thought to provide selective advantage in the highly A*11-

positive populations.27–29 Our findings, revealing an additional

risk associated with the co-occurrence of NPC-high-risk EBV

and HLA-A*0207, suggest that the high-risk EBV may carry the

sequence variations correlated with reduced binding affinity for

A*0207, potentially contributing to an elevated NPC risk among

individuals carrying the A*0207 allele. A recent study has also re-

ported the trend of decreased HLA-A*02 binding affinity with

peptides harboring NPC-high-risk mutations.30 Specifically, the

LMP-1 YFLEILWRL mutant peptide, which shows association

with NPC risk, has been reported to evade recognition by

A*02-restricted epitope (YLLEMLWRL)-specific T cells (Fig-

ure S6; Table S4) and to fail to elicit T cell responses in patients

with NPC.31,32 Since EBV LMP-1 protein is among the few latent

antigens expressed in NPC cells, it is plausible that NPC cells in-

fected with the high-risk EBV subtype possess an enhanced

ability to evade HLA-A*0207-mediated T cell immune surveil-

lance. This scenario could further increase the NPC risk among

individuals carrying the susceptible HLA allele and the high-risk

EBV subtype. Extensive mapping of T cell epitopes of the high-

risk EBV subtype is important for designing EBV vaccines and

T cell therapies targeting NPC.

Furthermore, the NPC-derived EBV strain, M81, has been

shown to exhibit an epitheliotropism and a high level of sponta-

neous replication in B cells.33 These unique properties of M81

are thought to be related to its epithelial oncogenic potential

and consistent with the observed increased viral replication pre-

ceding NPC onset. Polymorphisms within the NPC-high-risk

EBV subtype, particularly in the transactivator protein BZLF1

and its promoter region, the non-coding RNA EBER2, as well

as the gene structure of BALF5, have been reported to contribute

to these properties.33–38 Given the role of BALF2 as the ssDNA

binding protein, an essential component of EBV DNA replication

complex, the V317Mmutation (variant 163364) in the BALF2 pro-

tein of high-risk EBV strains, could potentially influence the

conformation of the ssDNA interaction surface, thereby altering

its function during viral DNA replication. Functional analysis of

these high-risk EBV variants would be indispensable to elucidate

whether they might contribute the enhanced oncogenicity.
Figure 2. Four-way decomposition of total excess relative risk for nas

(A) rs2860580, (B) rs2894207, and (C) their joint status. CI, confidence interval;

combined as one categorical variable in the models by their joint status, which div

risk alleles of both host SNPs and the other group at lower risk carrying protectiv
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Taken together, the distinct viral functional properties between

NPC-high-risk and low-risk EBV, coupled with their interplay

with HLA genetic factors, suggest that vaccine design aimed

at NPC prevention should take into account the genetic varia-

tions within the high-risk EBV subtype.

In summary, our findings constitute strong epidemiological ev-

idence for the joint interaction effect between host HLA genes

and EBV subtypes on the risk of NPC, thereby providing an illu-

minating model of the interplay between critical host genetic fac-

tors and the virus in NPC carcinogenesis. Notably, the substan-

tial contribution of the interaction with the high-risk EBV subtype

to the genetic susceptibility associated with HLA SNPs in NPC

suggests that a vaccine targeting high-risk EBV could signifi-

cantly mitigate NPC risk associated with both viral and host ge-

netic factors within the southern Chinese population. In this

context, careful consideration of the genetic diversity specific

to the NPC-high-risk EBV subtype is imperative for the develop-

ment of vaccines aimed at NPC prevention. Moreover, given that

both precancerous lesions and early NPC can be treated suc-

cessfully, routine NPC screening would benefit early disease

detection and treatment among individuals carrying the high-

risk EBV subtype in endemic populations.

Limitations of the study
First, the weakmediation effect cannot be robustly detected with

the current sample size. Using the simulation method proposed

by Rudolph et al.,39 we found that under the recessive genetic

model, the necessary sample size with at least 80% power for

detecting the mediation effect (natural indirect effect [NIE]) of

1.07 for the host SNP rs2860580 through EBV variant 163364

needs to be at least 2,390 affected individuals and 3,501 control

subjects, more than double the current sample size (1,069

affected individuals and 1,522 control subjects). Under the addi-

tive model, the current sample size has the power to detect a

modest mediation effect (NIE) of 1.12 for the host SNP

rs2894207 but still lacks sufficient power to robustly detect a

weak mediation effect (NIE) of 1.05 for rs2860580. For a media-

tion effect of 1.05 per risk allele of rs2860580 through EBV variant

163364, the necessary sample size with at least 80% power

needs to be 1,999 affected individuals and 2,846 control sub-

jects. However, the significant interaction effects between

the two HLA SNPs and the EBV variant were robust to both

the additive and recessive genetic models, indicating a relatively

strong HLA-EBV interaction effect on NPC risk. Second,

although we have adjusted for major NPC risk factors and

several factors related to socioeconomic status, our estimates

of interaction and mediation effects might be biased by unad-

justed or incompletely adjusted confounders. Our case-control

study bases were chosen because of the high incidence of

NPC, the relatively stable population, the geographic contiguity,

and the comparable industrialized level. The control subjects

were completely randomly sampled (within strata of age and

sex) from the same population in each study base using
opharyngeal carcinoma associated with host SNPs

proportion, the proportion of total excess relative risk. Two host SNPs were

ided the study subjects into two groups: one group at higher risk carrying only

e alleles of either host SNP.
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computerized population registries, and the participation rate

was high (83%),40 such that the control subjects are a represen-

tative sample of the underlying population where affected indi-

viduals were recruited, and they are genetically homogeneous

with the affected individuals. Taken together, using a popula-

tion-based study design and controlling for the confounders,

including the rural or urban area of residence, current occupa-

tion, and environmental exposure, as well as educational level

as a representative of socioeconomic status, the potential con-

founding related to population stratification, environmental

exposure, and spatial dependence could be largely reduced.

Moreover, because the more than 6-fold increased NPC risk

conferred by the high-risk EBV subtype is far greater than that

associated with other known or suspected risk factors, the po-

tential unmeasured confounding bias, if any, is expected to be

proportionally small and unlikely to change the direction and sig-

nificance of the strong interaction effect between hostHLASNPs

and EBV. Finally, the current datasets used in this study do not

have sufficient power to detect the interaction and mediation ef-

fects between EBV and the non-HLA susceptibility SNPs, i.e.,

the SNPs from TERT, CDKN2A/2B, TNFRSF19,MECOM, CIITA,

and ITAG9 loci. To comprehensively understand the etiology of

NPC, a genome-wide gene-EBV interaction analysis as well as

the interplay between gene-EBV-environmental factors merit

future studies.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human saliva DNA Biological repository of the NPC Genes,

Environment, and EBV (NPCGEE) study (Ye et al.40)

https://doi.org/10.18632/oncotarget.19692

Deposited data

Human genotype data This paper National Genomics Data Center (NGDC:

GVM000648, https://bigd.big.ac.cn/gvm/

getProjectDetail?Project=GVM000648)

EBV genotype data This paper National Genomics Data Center (NGDC:

GVM000647, https://bigd.big.ac.cn/gvm/

getProjectDetail?Project=GVM000647)

Software and algorithms

SAS code: interaction effects A tutorial on interaction (VanderWeele et al.10);

Recommendations for presenting analyses

of effect modification and interaction (Knol et al.41)

https://www.hsph.harvard.edu/tyler-

vanderweele/tools-and-tutorials/;

https://doi.org/10.1093/ije/dyr218

SAS macro: direct and indirect effect Mediation analysis allowing for exposure–mediator

interactions and causal interpretation:

Theoretical assumptions and implementation

with SAS and SPSS macros (Valeri et at.11)

https://doi.org/10.1037/a0031034

(https://www.hsph.harvard.edu/tyler-

vanderweele/tools-and-tutorials/)

SAS code: interaction, mediation, and

four-way decomposition analyses

A Unification of Mediation and Interaction:

A 4-Way Decomposition (VanderWeele et al.12)

https://doi.org/10.1097/

EDE.0000000000000121
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xihong Lin

(xlin@hsph.harvard.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The EBV genotype and human genotype data are available at the National Genomics Data Center (NGDC: GVM000647 and NGDC:

GVM000648). This study did not generate any new code. Data web links and code/software used in this paper are also listed in the

key resources table.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We assessed interaction and mediation effects in a population-based case-control study of NPC based in the Zhaoqing area

(including 7 cities/counties) of Guangdong Province and the Wuzhou and Guiping/Pingnan areas (including 6 cities/counties) of

Guangxi Zhuang Autonomous Region (Guangxi), between 2010 and 2014. These bases were chosen because of the high incidence

of NPC, the relatively stable population, the geographic contiguity, and the comparable industrialized level. This case-control study of

NPC followed a population-based and frequency-matched study design. To ensure a high identification rate of NPC cases in the

study bases, a rapid case ascertainment system involving a network of local physicians in each study base was built to recruit cases

before case enrollment. Control subjects, who were frequency matched to the expected five-year age and sex distribution of the

cases, were randomly selected every six months from total population registries in each study base. The overall participation rate

was high, 83.8% for cases and 82.7% for controls, respectively. A total of 85.6% of participants enrolled from Zhaoqing area of

Guangdong and 85.8% fromWuzhou and Guiping/Pingnan areas of Guangxi were from the rural area. The study design and subject

enrollment have been previously described in detail.40
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Overall, 1306 and 1248 eligible newly diagnosed NPC cases were recruited in Guangdong and Guangxi, respectively. Through

random selection from total population registries, 1356 population-based control subjects in Guangdong and 1292 in Guangxi

were identified and enrolled with frequency matching to the cases by sex, 5-year age group, and area of residence. All cases and

controls were aged between 20 and 74 and did not have a history of cancer, or congenital or acquired immune deficiency. Each

participant completed an in-person, structured interview conducted by a trained interviewer. This study was approved by the insti-

tutional ethics committees of all the collaborative institutes. Written informed consent was obtained from each study participant.

METHOD DETAILS

Genotyping of human and EBV variants
We selected two host single nucleotide polymorphisms (SNPs) rs2860580 and rs2896207 and the EBV variant at position 163364,

based on published GWASs showing the most consistent statistically significant associations with NPC risk.5–8 Human and EBV

variant genotyping was performed using saliva DNA available from 1710 cases and 2246 controls with the Agena Bioscience

MassArray platform and was previously described in detail.42

To assess potential selection bias, the association of missingness of EBV genotyping data with case-control status and a set of

covariates was evaluated. Based on the analyses, which suggested limited bias (described in results and Figure S2), participants

with missing EBV and host genotype data were excluded. We further excluded the study subjects with missing data on smoking,

salted-preserved fish consumption, and educational level. Finally, 572 NPC cases and 696 controls from Guangdong were included

in the original study, and a non-overlapping set of 497 NPC cases and 826 controls from Guangxi were included in the replication

study (Figure S1). The current original study has been included in the validation phase of the initial study describing the EBV variant

163364 by Xu et al.,5 while the replication dataset of the current study is completely independent of this prior study. Both the original

and replication datasets of the current study are completely independent of the initial studies describing the two HLA genetic

variants.6–8

Prediction of BALF2 structure with AlphaFold2
The structures of BALF2 proteins from the low-risk Akata EBV and the high-risk M81 EBV were predicted using AlphaFold2.21 The

conformational prediction was based on the crystal structure of single-stranded DNA-binding protein ICP8 from HSV-1 (PDB code:

1URJ), a homologous protein of BALF2, resolved at 3.0 Å resolution.22 Given�25% amino acid sequence similarity between BALF2

and ICP8, we achieved a high confidence in the predicted structure of BALF2. For visualization and in-depth analysis of protein struc-

ture, we employed the PyMOL Molecular Graphics System (version 0.99, Schrödinger LLC; http://www.pymol.org/).43 Among the

variations characterizing the low-risk Akata and high-risk M81 BALF2 proteins, the high-risk EBV variant 163364 has the most pro-

nounced influence on protein structure.

Prediction of HLA binding affinity with EBV peptides
We predicted HLA-A*0207 binding affinity for peptide pairs derived from high-risk and low-risk EBV strains. Our analysis focused on

the nonamer peptides encompassing these variants: BALF2 variant 163364, 24 non-synonymous NPC-associated variants that were

in moderate to high linkage disequilibrium with 163364 (R2 > 0.25), and three non-synonymous variants within two previously re-

ported NPC-associated A*02 epitopes. Next, we evaluated their binding affinity to HLA-A*0207 using NetMHCpan-4.125. We

used the sliding window to consider all unique peptide nonamers containing the NPC-risk-associated amino acid as input for pre-

dicting binding affinity. Peptide pairs from high-risk and low-risk EBV strains were retained if either member could be confidently as-

signed to A*0207 with an affinity ranking <2%. We identified nine peptide pairs as candidate A*0207 epitopes, covering 13 variants,

including the two reported A*02 epitopes (Table S4). Comprehensive MHC-I benchmarking suggests that this threshold captured

approximately 90% of the epitopes that elicit T cell response in vivo.44

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were conducted separately in the original study, replication study, and pooled study. Characteristics between

NPC cases and controls were compared using the Chi-square test or t-test. Individual or joint odds ratios (ORs) and their 95% con-

fidence intervals (CIs) for the associations between NPC and the two host SNPs, rs2860580 (0 = AA/AG; 1 = GG) and rs2894207 (0 =

CC/CT; 1 = TT), the joint status of two host SNPs (low risk, 0 = AA/AG for rs2860580 or CC/CT for rs2894207; high risk, 1 = GG for

rs2860580 and TT for rs2894207) and EBV variant 163364 (0 =C, 1 =CT/T) were evaluated using logistic regressionmodels where the

recessive genetic model was employed. Alternatively, the effects associated with per risk allele were also evaluated using logistic

regression models that employed the additive genetic model for the two HLA SNPs (risk allele = G for rs2860580 and T for

rs2894207). In all the logistic models for the interaction and mediation analyses, we adjusted the same set of covariates, including

age at interview (<35, 35–59, or >59 years old), cross-classified sex and smoking status (male and never smokers, male and ever

smokers and female), education level (<7, 7–9 or R10 years), salt-preserved fish consumption in 2000–2002 (yearly or less, or

monthly or more), family history among first-class relatives (yes or no), area of residence (rural or urban), current occupation (unem-

ployment/farmer, blue-collar, white-collar), and selected environmental exposures (none, dust exposures including exposures to
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wood,metal, textile, leather, cement and other types dust but excluding the soil dust, exhaust/smoke exposures including exposures

to diesel, gasoline, coal, firewood, asphalt/tar, nature gas and other types of exhaust/smoke but excluding dust exposures, and other

exposures including exposures to chemical vapor and acid/alkali but excluding dust and smoke/exhaust exposures). Because NPC

is a rare disease, with a prevalence of approximately 0.16% in endemic regions in Southern China in 2008–2013,45,46 based on rare

event assumption, we used OR as an approximation of the relative risk in the interaction andmediation analyses. The odds ratio (OR)

of NPC (Y) associated with the host genotype (A = a) and the EBV variant (M = m) was defined as ORam. C = c denotes the set of

covariates.

We estimated the additive interaction effect between the two host genetic variants and the EBV variant on NPC risk as the relative

excess risk due to interaction (RERI). We first fit the following logistic regression model for NPC:10

log itfPðY = 1ja;m; cÞg = q0 + q1a+ q2m+ q3am+ q04 c ðModel 1Þ
Under the rare outcome assumption, we have10

RERI = OR11 � OR10 � OR01 + 1

= expðq1 + q2 + q3Þ � expðq1Þ � expðq2Þ + 1

The analyses of interaction effects were conducted using a published SAS code.10,41

Causal mediation analysis was used to investigate the mediation effect of EBV variant 163364 on the two host SNPs in relation to

the risk of NPC (Y). Mediation analysis was conducted to decompose the effect of a total effect into a direct and an indirect effect, and

these effects on the odds ratio (OR) scale were evaluated in a case-control study design setting.11,47 In addition to the logistic regres-

sion for the outcome (Model 1), a second logistic regression model for the mediator (EBV subtypes, Model 2) was applied only on

controls:11,13

log itfPðM = 1ja; cÞg = b0 + b1a+ b0
2c ðModel 2Þ

Under the rare outcome assumption, we have
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where a = 1 and a* = 0 denoting the host high-risk and low-risk genotype, respectively.11 The natural direct effect (NDE) can be in-

terpreted as the effect on odds ratio scale of the host SNPs (exposure variable) on NPC (outcome variable) not mediated by EBV

variant 163364; while the natural indirect effect (NIE) can be interpreted as the causal effect on odds ratio scale of the host SNPs

on NPC mediated by the high-risk EBV subtype. The analyses of mediation effects were conducted using a published SAS macro

with the setting ‘‘casecontrol = true’’.11

In order to concurrently investigate the potential interaction and mediation together, we further conducted a joint causal mediation

and interaction analysis by decomposing the total effect (TE) of each host genetic variant on NPC risk into the following four com-

ponents12: (1) controlled direct effect (CDE), due to high-risk host genotype in the absence of high-risk EBV genotype; (2) reference

interaction (INTref), only interaction effect between high-risk host genotype and high-risk EBV genotype; (3) mediated interaction

(INTmed), both interaction and mediation effect with high-risk host genotype acting only via high-risk EBV genotype selected by

high-risk host genotype; and (4) pure indirect effect (PIE), only mediation effect operating exclusively through high-risk EBV subtype,

but suppressing the interaction. The total effect is a sum of the four components:12

TE = CDE + INTref + INTmed +PIE

More detailed calculation formulas for the four components are provided in the Section 2.3 of the eAppendix in the paper we cite.12

For this analysis, the two logistic regression models, Model 1 and Model 2, were used, allowing interaction between host SNPs and

EBV variant in Model 1.

The sum of reference interaction and mediated interaction is the total risk attributable to interaction, and the sum of pure indirect

effect and mediated interaction is the total risk attributable to mediation. The sum of reference interaction, mediated interaction, and

pure indirect effect is the total risk due to interaction and mediation, which can be potentially eliminated by intervention in high-risk

EBV. The analyses of the four-way decomposition of total effect were conducted using the published SAS code.12

For details of the sample size estimation, see the section limitations of the study. All statistical tests used are two-sided. The 95%

CIs and p values in the interaction, mediation, and four-way decomposition analyses were calculated using the delta method.10–12,48

Analyses were implemented with SAS 9.4.
e3 Cell Genomics 4, 100474, February 14, 2024
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