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Genome-Wide Association Study of 
Cardiovascular Resilience Identifies 
Protective Variation in the CETP Gene
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Le Thi Phuong Thao , PhD; John J. McNeil , MD, PhD; Andrew M. Tonkin , MD;  
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BACKGROUND: The risk of atherosclerotic cardiovascular disease (ASCVD) increases sharply with age. Some older individuals, 
however, remain unaffected despite high predicted risk. These individuals may carry cardioprotective genetic variants that 
contribute to resilience. Our aim was to assess whether asymptomatic older individuals without prevalent ASCVD carry car-
dioprotective genetic variants that contribute to ASCVD resilience.

METHODS AND RESULTS: We performed a genome-wide association study using a 10-year predicted ASCVD risk score as a 
quantitative trait, calculated only in asymptomatic older individuals aged ≥70 years without prevalent ASCVD. Our discovery 
genome-wide association study of N=12 031 ASCVD event-free individuals from the ASPREE (Aspirin in Reducing Events in 
the Elderly) trial identified 2 independent variants, rs9939224 (P<5×10−8) and rs56156922 (P<10−6), in the CETP (cholesteryl 
ester transfer protein) gene. The CETP gene is a regulator of plasma high-density lipoprotein cholesterol, low-density lipo-
protein cholesterol, and lipoprotein(a) levels, and it is a therapeutic drug target. The associations were replicated in the UK 
Biobank (subpopulation of N=13 888 individuals aged ≥69 years without prevalent ASCVD). Carriers of the identified CETP 
variants (versus noncarriers) had higher plasma high-density lipoprotein cholesterol levels, lower plasma low-density lipopro-
tein cholesterol levels, and reduced risk of incident ASCVD events during follow-up. Expression quantitative trait loci analysis 
predicted the identified CETP variants reduce CETP gene expression across various tissues. Previously reported associations 
between genetic CETP inhibition and increased risk of age-related macular degeneration were not observed among the 3917 
ASPREE trial participants with retinal imaging and genetic data available.

CONCLUSIONS: Common genetic variants in the CETP gene region are associated with cardiovascular resilience during aging.

REGISTRATION: URL: https:// www. clini caltr ials. gov; Unique identifier: NCT01038583.
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During aging, the risk of atherosclerotic cardio-
vascular disease (ASCVD) increases sharply and 
becomes the leading cause of death.1,2 However, 

despite high predicted risk, some “resilient” older in-
dividuals remain ASCVD event free beyond the age of 

70 years. Such individuals may be more likely to carry 
naturally occurring cardioprotective genetic variants.

Previous genome-wide association studies (GWASs) 
of ASCVD3,4 and genetic studies of blood cholesterol  
levels5,6 have identified common ASCVD risk-associated 
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variants. Rare loss-of-function variants in genes regu-
lating low-density lipoprotein cholesterol (LDL-C) lev-
els, including PCSK9 and APOB, also demonstrate 
that single variants can reduce plasma LDL-C levels 
and thereby decrease ASCVD risk.7 Rare variants that 
inhibit the function of these genes, however, are car-
ried by few people in the general population (<2%) and 
do not account for all genetic ASCVD risk modifica-
tion. Common variants (polymorphisms) are carried by 
larger subgroups of the population and can also ex-
plain variation in ASCVD outcomes, especially in ag-
gregate, as shown with polygenic scores.8–10

Here, we use an unconventional “controls-only” 
GWAS approach as an alternative strategy to identify 
cardioprotective common risk-modifying variants for 

ASCVD. Our study leverages the unique ascertainment 
of >20 000 healthy ASCVD-free older individuals en-
rolled into the ASPREE (Aspirin in Reducing Events in 
the Elderly) trial11,12 and the UK Biobank,13 who at the 
time of providing DNA samples, had no prior clinically 
manifest ASCVD events. Both cohorts have healthy 
volunteer/survivorship bias, where participants, on av-
erage, were healthier at enrollment than the general 
population at equivalent ages.14,15 This ascertainment 
bias (by design) was hypothesized to increase the 
power of our controls-only analytical method to dis-
cover candidate cardioprotective variants.

METHODS
Availability of Data and Materials
The ASPREE trial data can be accessed via https:// 
aspree. org/ aus/ for- resea rchers/ .14 The UK Biobank 
data can be accessed via https:// www. ukbio bank. ac. 
uk/  .13 The data that support the findings of this study 
are available from the corresponding author upon rea-
sonable request.

For detailed methods, please see Data S1. The phe-
notype used for GWAS was a derived quantitative vari-
able of 10-year predicted ASCVD risk,16 calculated only 
in healthy asymptomatic older individuals without a his-
tory of diagnosed ASCVD events who have survived 
despite increasing age and risk. The risk prediction 
score (Systematic Coronary Risk Evaluation 2–Older 
People [SCORE2-OP]) estimates 10-year cardiovas-
cular disease risk in individuals aged ≥70 years.16 We 
modified the score to focus on ASCVD risk associated 
with lipid metabolism.

Study Samples
The discovery GWAS included healthy older individu-
als, aged ≥70 years, without a history of diagnosed 
ASCVD events enrolled into the ASPREE trial, a ran-
domized double-blind placebo-controlled clinical trial 
to determine whether daily 100-mg aspirin extended 
disability-free survival in healthy older individuals.14 The 
design and protocol of the ASPREE trial have been 
reported previously,11 including genetic analyses.10,12 
Longitudinal analyses involved use of follow-up data 
from the ASPREE-XT (Extension) study.17

Of the 19 114 ASPREE trial participants, a total 
of 12 031 genotyped, unrelated participants aged 
≥70 years with European ancestry (see Figure S1 for a 
principal component [PC] plot of genetic races and eth-
nicities) were included in the GWAS (Figure 1). Aspirin 
allocation was investigated as a covariate in sensitivity 
analysis. ASPREE trial participants provided written in-
formed consent for genetic analysis. The study was ap-
proved by the Alfred Hospital Human Research Ethics 
Committee in Australia and site-specific institutional 

RESEARCH PERSPECTIVE

What Is New?
• This study uses an unconventional “controls-

only” genome-wide association study design 
to identify candidate protective genetic variation 
contributing to the phenotype of cardiovascular 
disease resilience during aging.

• The study involved 12 031 healthy individuals, 
aged ≥70 years, with no history of atheroscle-
rotic cardiovascular disease events, and iden-
tified 2 putatively protective risk-modifying loci 
in the CETP (cholesteryl ester transfer protein) 
gene.

What Question Should Be Addressed 
Next?
• Further investigation of genetic variation within 

the CETP gene is warranted, to better under-
stand the consequences of genetic and thera-
peutic inhibition.

Nonstandard Abbreviations and Acronyms

AMD age-related macular degeneration
ASPREE Aspirin in Reducing Events in the 

Elderly
CETP cholesteryl ester transfer protein 

gene
eQTL expression quantitative trait loci
MAF minor allele frequency
PC principal component
SCORE2-OP Systematic Coronary Risk 

Evaluation 2–Older People
TC total cholesterol
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review boards in the United States and registered on 
https:// www. clini caltr ials. gov (NCT01038583).

For the GWAS replication, we selected a subgroup 
of older ASCVD event-free individuals from the UK 
Biobank, aged ≥69 years at enrollment (73 years was 
the upper age limit of UK Biobank recruitment).13 This 
included 13 888 genotyped, unrelated White British 
individuals, aged ≥69 years, with no personal history 
of diagnosed cardiovascular events at enrollment (no 
prevalent ASCVD) (Figure 1 and Data S1). Analysis of 
the UK Biobank was approved under project identifier 
47061.

Predicted ASCVD Risk as a Derived 
Quantitative Variable for GWAS
We used the risk model SCORE2-OP recently de-
veloped and validated to estimate the 10-year risk of 
cardiovascular disease in individuals aged ≥70 years.16 
A person-specific SCORE2-OP score can be derived 
for each participant, using a weighted linear combina-
tion of age (per year), diabetes status (yes/no), current 
smoking status (yes/no), systolic blood pressure (per 
mm Hg), total cholesterol (TC) (per mmol/L), and high-
density lipoprotein cholesterol (HDL-C) (per mmol/L) for 

men and women, separately (Table S1 and Data S1). 
We modified the SCORE-OP equation to focus on risk 
associated with lipid metabolism (SCORE2-OP-Lipid), 
including only the variables of age, TC, HDL-C, interac-
tion between age and TC, and interaction between age 
and HDL-C (for men and women, separately) (Table S1). 
For details of laboratory measurement of TC, HDL-C, 
and LDL-C, see Data S1.

Genetic Data and GWAS
DNA samples provided by ASPREE trial partici-
pants were genotyped using the Axiom 2.0 Precision 
Medicine Diversity Research Array (Thermo Fisher 
Scientific, CA). Data were processed and analyzed 
following standard protocols (Data  S1). Genotyping 
and imputation of UK Biobank samples have been de-
scribed previously.13 Using a linear regression model, 
adjusted for the first 20 ancestry PCs to account for 
population stratification (model 1), we tested for single-
variant associations between minor alleles and the 
SCORE2-OP-Lipid score as a derived quantitative vari-
able, using the additive genetic model. We performed 
sensitivity analyses using model 2 (adjusted for the first 
20 PCs, lipid-lowering statin therapy [a statin reductase 

Figure 1. Flowchart of selection of the final data sets in the ASPREE trial (A) and UK Biobank (B) for the GWAS.
ASCVD indicates atherosclerotic CVD; ASPREE, Aspirin in Reducing Events in the Elderly; CVD, cardiovascular disease; GWAS, 
genome-wide association study; ICD-10, International Classification of Diseases, Tenth Revision; NSTEMI, non–ST-segment–elevation 
myocardial infarction; PMDA, precision medicine diversity array; and STEMI, ST-segment–elevation myocardial infarction.

https://www.clinicaltrials.gov
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inhibitor] use, and aspirin allocation in ASPREE trial), 
and model 3 (further adjusted for the other variables 
used in SCORE2-OP; ie, diabetes status, current 
smoking status, and systolic blood pressure) (Data S1). 
To explore the evidence of multiple independent sig-
nals within or surrounding the identified locus, we 
performed conditional analyses in which the top sin-
gle-nucleotide polymorphism (SNP) was included as a 
covariate in the linear regression model.

We repeated the same GWAS analyses, including 
the calculation of the new variable SCORE2-OP-Lipid, 
in the UK Biobank population (ASCVD-free partici-
pants aged ≥69 years at enrollment only) to replicate 
the findings.

Variant Carrier Status, Plasma Lipid 
Levels, and Incident ASCVD Risk
After performing GWAS, we used linear regressions 
to examine associations between carrier status for the 
identified variants and baseline plasma TC, HDL-C, 
LDL-C, and non–HDL-C levels, adjusting for age, sex, 
first 20 PCs, and statin use at baseline (in ASPREE 
trial) or cholesterol-lowering medication (in the UK 
Biobank). We also tested for associations between 
carrier status and risk of incident ASCVD events (fatal 
and nonfatal myocardial infarction, and death attribut-
able to coronary heart diseases) in the ASPREE trial 
population during a median of 6.4 years of follow-up, 
using Cox proportional hazards models and an addi-
tive genetic model (noncarriers=0, heterozygous car-
riers=1, and homozygous carriers=2) adjusting for the 
same covariates. We did not include aspirin treatment 
as a covariate as we found no evidence that aspirin 
was associated with risk of cardiovascular events in 
the ASPREE trial cohort,11 and the aspirin treatment 
was only provided for a median of 4.7 years of follow-
up, not applicable to the longer ASPREE-XT study.17 
In the UK Biobank population, we tested for associa-
tions between carrier status for the same variants and 
lifetime risk of ASCVD events for all White British in-
dividuals with genetic data available across all ages 
at enrollment (N=430 139), using logistic regression 
models and an additive genetic model (Data S1). We 
tested for associations between the identified GWAS 
SNPs and plasma apolipoprotein B (apoB) levels in the 
UK Biobank (apoB levels not yet measured in ASPREE 
trial).

Expression Quantitative Trait Loci 
Analysis
After performing GWAS, to investigate whether the 
identified SNPs were predicted to regulate gene ex-
pression levels (and if so, across what genes and tis-
sues), we performed expression quantitative trait loci 

(eQTL) analysis using the Genotype-Tissue Expression 
portal, following standard protocols.18

Variant Carrier Status and Age-Related 
Macular Degeneration

Genetic CETP (cholesteryl ester transfer protein) 
gene inhibition has been reported to be associated 
with increased risk of self-reported age-related mac-
ular degeneration (AMD)19,20; however, clinical results 
have been conflicting.21,22 We investigated associa-
tions between the lead SNPs identified by GWAS with 
the risk of prevalent AMD in the ASPREE trial popu-
lation. In a subset of 3917 participants in whom both 
retinal imaging and genetic data were available,23 we 
used logistic regression models, adjusted for age, sex, 
first 20 PCs, and smoking status, to test associations 
between carrier status for SNPs of interest and risk of 
AMD at baseline, detected on nonmydriatic 45° mac-
ular images, following methods described previously23 
(Data  S1). A flowchart showing an overview of the 
study is shown in Figure 2.

RESULTS
Baseline Characteristics and Risk Scores
The baseline characteristics of the ASPREE trial and 
UK Biobank selected populations are shown in Table 1 
(including variables used for calculating SCORE2-OP-
Lipid). The mean (SD) age of ASPREE trial participants 
was 75.1 (4.2) years, and 6606 (54.9%) were women. 
The mean (SD) age of the UK Biobank subpopulation 
was 69.1 (0.3) years, and 7285 (52.4%) were women. 
The 2 populations had similar mean plasma blood lipid 
levels (TC, HDL-C, and LDL-C) at baseline.

The risk scores SCORE2-OP and SCORE2-OP-
Lipid for the 12 031 ASPREE trial participants follow a 
bell-shaped distribution, with a shift rightward in the 
risk distribution toward men (Figure S2). Correlations 
between the distributions of SCORE2-OP, SCORE2-
OP-Lipid, and 3 baseline plasma blood-lipid measure-
ments (TC, HDL-C, and LDL-C) are shown in Figure S3 
for the ASPREE trial population. SCORE2-OP and 
SCORE2-OP-Lipid distributions were highly correlated 
(r=0.85), yet distinctly different, because of the custom-
ization of SCORE-OP-Lipid toward risk conferred spe-
cifically by blood lipid levels.

Genome-Wide Association Study
The discovery GWAS identified 8 SNPs above the 

genome-wide significance threshold (P<5×10−8) for 
the SCORE2-OP-Lipid analysis (Figure 3 and Table 2). 
Sensitivity analyses (models 2 and 3) showed that the 
signals were not changed (P<5×10−8) when adding 
relevant covariates to the models, including aspirin 
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allocation (Figure  3 and Table  S2). Quantile-quantile 
plots and genomic inflation factors (no evidence of in-
flation) for these GWASs are shown in Figure S4. No 
genome-wide significant signals were detected in the 
analysis of the phenotype SCORE2-OP in its full and 
original form, which included blood pressure, smoking 
status, and diabetes (Figure S5).

All of the 8 identified SNPs above the genome-wide 
significance threshold for SCORE2-OP-Lipid were 
located within noncoding regions of the CETP 
gene, on chromosome 16, position 56 961 923 to 
56 983 845 in GRCh38 (Table  2 and Figure  4). All of 
the minor CETP alleles were positively associated with 

SCORE2-OP-Lipid (β>0; Table 2), meaning the major 
(more common) alleles were enriched in frequency 
and associated with lower SCORE2-OP-Lipid scores, 
therefore inferred to be associated with lower ASCVD 
risk (putatively cardioprotective).

To perform an independent replication of the GWAS, 
we repeated the analysis in the UK Biobank–selected 
subpopulation of ASCVD event-free individuals aged 
≥69 years. All 8 identified genome-wide significant 
CETP SNPs from the discovery GWAS were validated 
above the genome-wide statistical significance thresh-
old in the UK Biobank population (Table  S2). One 
SNP (rs118060412) in chromosome 11 was identified 
above the genome-wide significance threshold in the 
ASPREE trial in model 1 (P=4.8×10−8) but not in mod-
els 2 and 3 (Figure 3), and was not replicated in the UK 
Biobank (P=0.71).

Conditional Analysis of GWAS SNPs
We expanded the analysis to include 15 additional 
SNPs in linkage disequilibrium r2≥0.1 with the lead 
GWAS SNP (rs9939224). These additional SNPs were 
not genome-wide significant (P<5×10−8) but passed a 
lower/suggestive statistical significance threshold of 
P<10−6 (Table 2). We explored whether the 23 GWAS 
and additional SNPs were independent or conditional 
on the lead GWAS SNP (rs9939224). Using rs9939224 
as a covariate, we found that 13 of the 23 SNPs, in 
which minor alleles were negatively associated with 
the SCORE2-OP-Lipid (β<0), were independent of 

Figure 2. Flowchart of the main analysis.
apoB indicates apolipoprotein B; ASCVD, atherosclerotic cardiovascular disease; ASPREE, Aspirin in Reducing Events in the Elderly; 
eQTL, expression quantitative trait loci; GTEx, Genotype-Tissue Expression; GWAS, genome-wide association study; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SCORE2-OP, Systematic Coronary Risk Evaluation 2–
Older People; SNP, single-nucleotide polymorphism; and TC, total cholesterol.

Table 1. Baseline Characteristics of Study Participants

Characteristics

ASPREE trial UK Biobank

(n=12 031) (n=13 888)

Age, y

Mean (SD) 75.1 (4.2) 69.1 (0.3)

Minimum, maximum 70, 96 69, 73

Sex, n (%)

Men 5426 (45.1) 6603 (47.5)

Women 6606 (54.9) 7285 (52.4)

TC, mean (SD), mmol/L 5.3 (1.0) 5.7 (1.2)

HDL-C, mean (SD), mmol/L 1.6 (0.5) 1.5 (0.4)

LDL-C, mean (SD), mmol/L 3.1 (0.9) 3.5 (0.9)

ASPREE indicates Aspirin in Reducing Events in the Elderly; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; 
and TC, total cholesterol.
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Figure 3. Genome-wide Manhattan plots displaying genome-wide association study results for 
SCORE2-OP-Lipid as a derived quantitative variable in the ASPREE trial population.
Linear regression models were used to test for associations between minor alleles and SCORE2-OP-
Lipid scores with additive effect. Model 1 was adjusted for the first 20 genetic principle components. 
As sensitivity analyses, model 2 was adjusted for the first 20 genetic principle components, statin use, 
and aspirin allocation in the ASPREE trial, and model 3 was further adjusted for diabetes status, current 
smoking status, and systolic blood pressure. The horizontal red line denotes a genome-wide significance 
level (P=5×10−8). ASPREE indicates Aspirin in Reducing Events in the Elderly; SCORE2-OP, Systematic 
Coronary Risk Evaluation 2–Older People; and UKB, UK Biobank.
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rs9939224 (conditional P<0.05, considered marginal 
significance). These 13 SNPs were also replicated 
above the genome-wide statistical significance thresh-
old in the UK Biobank population (Table S3). For the 
13 SNPs, we further performed conditional analyses 
using their lead SNP (rs56156922) as a covariate but 
did not find any new independent signal (conditional 
P>0.05; Table 2). We, therefore, focused subsequent 
analyses on the 2 independent lead SNPs (rs9939224 
and rs56156922; Figure 4).

CETP Allele Carrier Status and Blood 
Lipid Levels
We examined associations between carrier status for 
the 2 lead CETP SNPs and baseline plasma lipid levels 
in the ASPREE trial (TC, HDL-C, LDL-C, and non–HDL-
C) (Table 3). For the rs9939224-G major allele, carrier 
status was associated with significantly higher plasma 
HDL-C (β=0.1, SE=0.007, P=1.66×10−48) and signifi-
cantly lower LDL-C (β=−0.07, SE=0.013, P=1.76×10−7) 

levels, suggesting a favorable shift in cholesterol me-
tabolism related to ASCVD risk modification. Carrier 
status for the second SNP (rs56156922-C) minor al-
leles was also significantly associated with higher 
plasma HDL-C levels and lower LDL-C levels (Table 3). 
Most associations between carrier status and HDL-C 
and LDL-C levels were replicated in the UK Biobank 
population in the same direction (P<0.05), with the ex-
ception of rs9939224-G (P=0.613).

CETP Allele Carrier Status and Incident 
ASCVD Risk
During a median of 6.4 years of follow-up in the ASPREE 
trial (N=12 031), 401 incident ASCVD events occurred. 
This included 325 fatal and nonfatal myocardial infarc-
tions and 76 cases of other coronary heart disease 
death. We examined associations between the 2 risk 
prediction scores (SCORE2-OP and SCORE2-OP-
Lipid) and risk of these incident events. The ASCVD 
events were more associated with SCORE2-OP-Lipid 

Table 2. Genome-Wide Significant (P<5×10−8) and Suggestive Significant (P<10−6) Variants in the CETP Gene Region in the 
ASPREE Trial Population

Chromosome Position
SNP 
identifier

REF 
(major)

ALT 
(minor) Gene region

MAF in 
gnomAD*

MAF in 
ASPREE 
trial β SE P value

P value 
conditional 
on rs9939224

P value 
conditional on 
rs56156922

16 56968820 rs9939224 G T CETP-intron 0.21 0.20 0.098 0.016 1.49×10−9 …

16 56966973 rs12720922 G A CETP-intron 0.18 0.18 0.103 0.017 2.21×10−9 0.25

16 56965346 rs7203984 A C CETP-intron 0.20 0.19 0.100 0.017 2.26×10−9 0.15

16 56972678 rs7499892 C T CETP-intron 0.18 0.17 0.104 0.017 2.59×10−9 0.22

16 56966784 rs8045855 T A CETP-intron 0.19 0.18 0.102 0.017 2.65×10−9 0.26

16 56972466 rs11076175 A G CETP-intron 0.18 0.17 0.102 0.017 4.11×10−9 0.31

16 56972917 rs289713 A T CETP-intron 0.19 0.18 0.097 0.017 9.10×10−9 0.28

16 56963321 rs1864163 G A CETP-intron 0.26 0.26 0.084 0.015 2.47×10−8 0.06

16 56953457 rs56156922 T C None 0.33 0.33 −0.074 0.014 1.02×10−7 5.26×10−4 …

16 56953853 rs56228609 C T None 0.32 0.32 −0.075 0.014 1.04×10−7 5.26×10−4 0.56

16 56960616 rs17231506 C T CETP 
2-kilobases 
upstream

0.32 0.33 −0.074 0.014 1.21×10−7 6.70×10−4 0.93

16 56959412 rs3764261 C A None 0.32 0.33 −0.073 0.014 1.49×10−7 7.80×10−4 0.87

16 56959249 rs12149545 G A None 0.31 0.32 −0.074 0.014 1.52×10−7 6.94×10−4 0.76

16 56955678 rs247616 C T None 0.32 0.33 −0.073 0.014 1.54×10−7 8.01×10−4 0.69

16 56956804 rs247617 C A None 0.32 0.33 −0.073 0.014 1.78×10−7 8.87×10−4 0.55

16 56957451 rs183130 C T None 0.32 0.33 −0.072 0.014 1.94×10−7 9.48×10−4 0.49

16 56953103 rs12446515 C T None 0.32 0.33 −0.072 0.014 1.95×10−7 9.31×10−4 0.37

16 56967026 rs118146573 G A CETP-intron 0.12 0.12 0.103 0.020 2.58×10−7 0.32

16 56965006 rs12720926 A G CETP-intron 0.43 0.43 −0.066 0.013 6.01×10−7 1.04×10−2 0.13

16 56973539 rs289714 A G CETP-intron 0.19 0.17 0.086 0.017 7.36×10−7 0.09

16 56954132 rs173539 C T None 0.33 0.33 −0.068 0.014 7.70×10−7 1.35×10−3 0.25

16 56 970 977 rs7205804 G A CETP-intron 0.42 0.42 −0.065 0.013 9.21×10−7 1.49×10−2 0.20

16 56967304 rs4784741 C T CETP-intron 0.44 0.44 −0.065 0.013 9.91×10−7 1.41×10−2 0.17

Linear regression models were used to test for associations between minor alleles and Systematic Coronary Risk Evaluation 2–Older People–Lipid scores 
with additive effects, adjusted for the first genetic principle components (model 1). Conditional analyses for 2 lead SNPs were performed using the same model. 
ALT indicates alternative allele; ASPREE, Aspirin in Reducing Events in the Elderly; gnomAD, Genome Aggregation Database; MAF, minor allele frequency; REF, 
reference allele; and SNP, single-nucleotide polymorphism.

*Denotes MAF in European (non-Finnish) in gnomAD, version 3.1.2.
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(hazard ratio [HR]=18.84 [95% CI, 9.31–38.15]; 
P=3.41×10−16) compared with the original SCORE2-OP 
score (HR=2.76 [95% CI, 1.91–4.00]; P=6.54×10−8), 
suggesting a role driven by lipids in ASCVD risk.

The proportions (percentages) of ASCVD events 
per genotype at the 2 lead CETP SNPs are shown in 
Table 4. We found that carrier status for the 2 CETP 
variants of interest was associated with lower incident 
ASCVD risk, versus noncarriers (Table  4). This in-
cluded an almost 15% risk reduction for rs9939224-G 
carriers (HR=0.86 [95% CI, 0.73–1.02]; P=0.08) and 
rs56156922-C carriers (HR=0.84 [95% CI, 0.73–0.98]; 
P=0.03). We tested for genotype-by-age and gen-
otype-by-sex interactions in these associations but 
found no statistically significant interactions (P>0.05; 
Table  S4). After adjustment for baseline plasma lipid 
levels (TC, HDL-C, and LDL-C), the associations be-
tween CETP allele carrier status and ASCVD risk were 
no longer statistically significant (Table S5). This indi-
cates that the CETP variants and blood lipid levels are 

not independent and that the effects of the CETP vari-
ants in modifying ASCVD risk are likely to be mediated 
via blood lipid levels.

A cumulative analysis of the additive dosage effect 
of carrying between 0 and 4 of the identified CETP 
alleles (from the lead 2 SNPs) for incident ASCVD risk 
(Table 4) identified a clear downward trend (P=0.019 
in a linear trend test; Figure 5) in lower ASCVD risk 
as more cumulative risk-decreasing alleles were 
carried. Participants who carried all 4 CETP alleles 
(N=1295, homozygous at each SNP, rs9939224-GG 
and rs56156922-CC) had the most benefit and were 
associated with significantly lower risk of incident 
ASCVD events than those who carried 0 of the alleles 
(N=492) (HR=0.51 [95% CI, 0.24–0.82]; P=0.019; 
Figure 5).

We then examined the effects of CETP allele car-
rier status on lifetime risk of ASCVD in the UK Biobank 
population. We included all UK Biobank participants 
(White British ancestry) of all ages (N=430 139). In this 

Figure 4. Locus zoom plot showing genome-wide significant and suggestive significant SNPs (including 2 lead SNPs) by 
model 1 within or surrounding the gene CETP region.
r2 Denotes the linkage disequilibrium of variants with the lead SNP, rs9939224. Chr indicates chromosome; and SNPs, single-
nucleotide polymorphisms.
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younger and larger population, there were N=80 488 
ASCVD events, including hospitalized records in a life-
time, myocardial infarction reports, and coronary heart 
disease death events. Each of the identified CETP 
variants of interest was significantly associated with re-
duced risk of lifetime ASCVD events in the UK Biobank 
population (P<0.01), albeit with modest effect sizes 
(odds ratio>0.9) (Table 5).

CETP Allele Carrier Status and apoB 
Levels
Some studies suggest a clinical benefit in lowering 
LDL-C levels mediated by reduction in the concentra-
tion of apoB-containing particles.24,25 Therefore, we 
examined the effects of the identified CETP alleles 
on plasma apoB levels in the UK Biobank popula-
tion (N=430 139). We found that the 2 risk-decreasing 
CETP alleles (lead SNPs) were significantly associated 
with lower apoB levels in the UK Biobank (Figure S6 
and Table S6). Measured apoB levels were not avail-
able for the ASPREE trial cohort.

eQTL Analysis
To investigate whether the 2 identified lead SNPs regu-
late CETP gene expression, and if so in what tissue, we 
performed eQTL analysis.18 Our hypothesis was that 
the identified CETP variants would be associated with 
reduced CETP gene expression (suggesting genetic 
CETP deficiency). The eQTL analysis (Table S7) pre-
dicted rs9939224 reduces CETP mRNA levels in heart 
tissue (atrial appendage) (P=1.1×10−5) and NLRC5 
mRNA levels in cultured fibroblasts (P=8.4×10−11). The 
analysis also predicted rs56156922 reduces CETP 
mRNA levels across a range of different tissues (P val-
ues ranging from 4.8×10−12 to 1.2×10−4), including the 
heart, lung, adipose tissue, stomach, and colon. The 
rs56156922 was predicted to reduce NLRC5 mRNA 
levels in cultured fibroblasts (P=9×10−28).

CETP Allele Carrier Status and AMD
CETP inhibition has previously been reported to be as-
sociated with an increased risk of self-reported AMD19,20; 
however, results have been contrary to available clinical 

Table 3. Association of Carrier Status for 2 Putatively Risk-Decreasing CETP Alleles With Baseline Blood Lipid Levels for 
ASCVD Event-Free Older Individuals in the ASPREE Trial and UK Biobank Populations

SNP genotype

rs9939224 rs56156922

G*G* G*T TT TT TC* C*C*

ASPREE trial

No. of genotype carriers 7667 3860 504 5363 5347 1321

TC, mean (SD), per mmol/L 5.28 (0.97) 5.25 (0.98) 5.23 (0.98) 5.24 (0.97) 5.28 (0.98) 5.33 (0.97)

HDL-C, mean (SD), per mmol/L 1.63 (0.47) 1.53 (0.43) 1.43 (0.40) 1.52 (0.43) 1.61 (0.46) 1.73 (0.49)

LDL-C, mean (SD), per mmol/L 3.05 (0.87) 3.13 (0.88) 3.15 (0.86) 3.11 (0.87) 3.07 (0.88) 3.01 (0.86)

Non–HDL-C, mean (SD), per mmol/L 3.66 (0.93) 3.73 (0.94) 3.80 (0.94) 3.72 (0.93) 3.68 (0.94) 3.61 (0.93)

Association of TC with risk-decreasing allele β (SE)=0.027 (0.015), P=0.063 β (SE)=0.043 (0.013), P=0.001

Association of HDL-C with risk-decreasing allele β (SE)=0.100 (0.007), P=1.66×10−48 β (SE)=0.096 (0.006), P=2.16×10−61

Association of LDL-C with risk-decreasing allele β (SE)=−0.070 (0.013), P=1.76×10−7 β (SE)=−0.046 (0.011), P=6.26×10−5

Association of non–HDL-C with risk-decreasing 
allele

β (SE)=−0.075 (0.015), P=2.71×10−7 β (SE)=−0.052 (0.013), P=3.08×10−5

UK Biobank

No. of genotype carriers 8747 4552 589 6462 6033 1393

TC, mean (SD), per mmol/L 5.72 (1.21) 5.64 (1.21) 5.57 (1.22) 5.64 (1.21) 5.73 (1.20) 5.76 (1.23)

HDL-C, mean (SD), per mmol/L 1.50 (0.39) 1.42 (0.37) 1.33 (0.34) 1.41 (0.36) 1.49 (0.39) 1.61 (0.42)

LDL-C, mean (SD), per mmol/L 3.54 (0.91) 3.54 (0.92) 3.53 (0.92) 3.54 (0.92) 3.55 (0.90) 3.48 (0.91)

Non–HDL-C, mean (SD), per mmol/L 4.21 (1.11) 4.22 (1.11) 4.23 (1.12) 4.22 (1.12) 4.23 (1.10) 4.13 (1.12)

Association of TC with risk-decreasing allele β (SE)=0.071 (0.017), P=1.58×10−5 β (SE)=0.063 (0.014), P=1.10×10−5

Association of HDL-C with risk-decreasing allele β (SE)=0.084 (0.006), P=9.52×10−52 β (SE)=0.093 (0.005), P=1.41×10−82

Association of LDL-C with risk-decreasing allele β (SE)=−0.006 (0.013), P=0.613 β (SE)=−0.022 (0.011), P=0.044

Association of non–HDL-C with risk-decreasing 
allele

β (SE)=−0.017 (0.016), P=0.292 β (SE)=−0.032 (0.014), P=0.024

In the ASPREE trial population, the associations of baseline blood lipid levels with putatively risk-decreasing alleles were assessed by linear regression, 
adjusted for age, sex, first 20 genetic principle components, and statin use at baseline. In the UK Biobank population, models were adjusted for age, sex, first 
20 genetic principle components, and cholesterol-lowering medication at baseline. ASCVD indicates atherosclerotic cardiovascular disease; ASPREE, Aspirin 
in Reducing Events in the Elderly; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SNP, single-nucleotide polymorphism; 
and TC, total cholesterol.

*Denotes the putatively risk-decreasing alleles.
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evidence.21,22 Therefore, we investigated associations 
between the 2 lead SNPs with risk of prevalent AMD 
in the ASPREE trial, as detected by nonmydriatic color 
digital images in a subset of 3917 participants in whom 
both retinal imaging and genetic data were available.23 In 
this subcohort, there were 795 cases of early AMD, 623 
cases of intermediate AMD, 46 cases of late AMD, and 
2453 participants with no signs of AMD at baseline. We 
found no associations between CETP allele carrier status 
and any stage of AMD (all P>0.05) (Tables S8 and S9).

DISCUSSION
The main finding in this study was the implication of the 
CETP gene region in cardioprotection and ASCVD re-
silience. We identified 2 independent GWAS signals in 
the CETP gene region, implicating the CETP gene in 
ASCVD resilience. Our approach differed from previous 
studies26–28 implicating the same region by focusing on 
clinically affected individuals with ASCVD. Carrier status 
for the identified CETP variants (presumed to be inhibit-
ing CETP and causing genetic CETP deficiency29) was 
associated with beneficial outcomes, including higher 
plasma HDL-C levels, lower plasma LDL-C levels, lower 
apoB levels, and reduced risk of ASCVD events. The 
effects did not appear to be age or sex specific. In a 
subcohort of ASPREE trial participants based on retinal 
imaging data, carrier status for the 2 putatively protective 
CETP alleles was not associated with increased AMD 
risk. Although SCORE2-OP-Lipid has a nontrivial corre-
lation with HDL-C by definition, the GWAS for SCORE2-
OP-Lipid did not detect other known HDL-C–related 

genes, such as LPL, LIPC, and ZPR1,30 suggesting the 
specificity of our GWAS design for ASCVD risk. Our 
study provides a novel GWAS method for the detection 
of protective variants and presents new evidence to in-
form the ongoing consideration of CETP as a potential 
drug target for inhibition in ASCVD.

Our main GWAS results implicating the CETP gene 
region in the phenotype of cardiovascular resilience 
are biologically plausible given prior evidence avail-
able from both animal31–33 and human studies.29,34 The 
CETP gene is a well-known and important regulator 
of LDL-C, HDL-C, and lipoprotein(a) levels29,34 and is a 
contemporary drug target for inhibition in ASCVD.21,22 
The effects of CETP inhibition (either therapeutically 
or through naturally occurring genetic variation) have 
been well documented.35–37 The most obvious expla-
nation for our findings, therefore, is that genetic inhibi-
tion of CETP by the polymorphisms identified results in 
CETP deficiency, leading to increased plasma HDL-C 
and lower LDL-C levels, thereby reducing ASCVD risk. 
This hypothesis was supported by our eQTL analysis, 
which predicted the identified lead CETP SNPs to re-
duce CETP mRNA levels across various tissues.

However, the precise mechanisms by which CETP 
inhibition modifies ASCVD risk are contentious. Some 
previous studies of CETP genotypes have only assessed 
ASCVD risk in relation to HDL-C and LDL-C levels,34,35 
and other studies suggest clinical benefit in lowering 
LDL-C levels may be determined by the corresponding 
absolute reduction in the concentration of apoB-con-
taining particles.24,25 Our results demonstrate that the 2 
CETP lead SNPs were significantly associated with lower 
apoB levels in the UK Biobank (albeit with modest effect 

Table 4. Association of Carrier Status for 2 Putatively Risk-Decreasing CETP Alleles With Incident ASCVD Risk in the 
ASPREE Trial Population

SNP Genotype
No. in total (%) of incident 
ASCVD events HR (95% CI), P value

rs9939224 G*G* 241 in 7667 (3.1) 0.863 (0.731–1.020), P=0.084

G*T 140 in 3860 (3.6)

TT 20 in 504 (4.0)

rs56156922 TT 191 in 5363 (3.6) 0.844 (0.726–0.981), P=0.027

TC* 180 in 5347 (3.4)

C*C* 30 in 1321 (2.3)

Combination of 2 SNPs Cumulative dosage of 2 risk-decreasing 
alleles (category from 0 to 4)

0.889 (0.808–0.978), P=0.016

0 20 in 492 (4.1)

1 81 in 2261 (3.6)

2 149 in 4207 (3.5)

3 121 in 3776 (3.2)

4 30 in 1295 (2.3)

The HR (95% CI) and P value were estimated using the Cox model with additive allele effects, adjusted for age, sex, first 20 genetic principle components, 
and statin use at baseline. ASCVD indicates atherosclerotic cardiovascular disease; ASPREE, Aspirin in Reducing Events in the Elderly; HR, hazard ratio; and 
SNP, single-nucleotide polymorphism.

*Denotes the putatively risk-decreasing alleles.
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sizes), therefore providing evidence that genetic CETP 
inhibition may lead to modification of ASCVD risk through 
the regulation of apoB. However, modulation of lipopro-
tein(a) levels or other factors may also be contributing.

The clinical consequences of CETP therapeutic inhi-
bition by newly developed drugs have been varied with 
regard to ASCVD risk modification.34,38 The potential 
for CETP inhibition as a therapeutic strategy for ASCVD 
has been questioned28,39 because of recent disap-
pointing results of phase 3 clinical trials with reports 
of toxicity and clinical futility of new CETP-inhibiting 
therapeutic agents.22,40–43 In addition, a recent Danish 
study suggested that genetic CETP deficiency, mim-
icking pharmacologic CETP inhibition, was associated 

with lower ASCVD risk but with an increased risk of 
AMD.19 Our study could not replicate this finding, and 
our results do not suggest a relationship between ge-
netic CETP inhibition and increased AMD risk (which 
is consistent with other recent reports21,22). Our analy-
sis used retinal imaging data rather than self-reported 
AMD, providing a more robust measure of outcomes.

Other studies have reported genetic relationships 
between CETP inhibition and ASCVD risk, but using 
different epidemiologic approaches. For example, 
Ridker et  al44 reported associations between CETP 
polymorphisms and increased HDL-C levels, with re-
duced myocardial infarction risk in women, providing 
evidence to support our findings. The CETP variants 

Figure 5. Association of carrier status for categories of cumulative dosage of 2 CETP risk-
decreasing alleles with incident atherosclerotic cardiovascular disease risk in the ASPREE trial 
population.
The association (HR and 95% CI) was estimated using the Cox model, adjusted for age, sex, first 20 genetic 
principle components, and statin use at baseline. ASPREE indicates Aspirin in Reducing Events in the 
Elderly; HR, hazard ratio; and n, number of participants with a specific number of risk-decreasing alleles.
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reported by Ridker et al44 (eg, rs708272, rs4329913, 
and rs7202364) did not reach the suggestive sig-
nificance threshold (P<10−6) in our GWAS but were 
found to be in linkage disequilibrium with our 2 lead 
SNPs (rs9939224 or rs56156922). This suggests 
the underlying signal from both studies comes from 
the same CETP locus. More recently, a case-control 
study45 using an exome chip detected a CETP vari-
ant (exm-rs1800775) associated with ASCVD risk 
(P<5×10−8). This SNP also did not reach the sugges-
tive significance threshold in our GWAS but was also 
found to be in linkage disequilibrium with our lead 
SNP, rs56156922 (conditional P=0.24). These different 
studies implicating the same CETP locus provide evi-
dence to support genetic CETP inhibition as a mech-
anism for ASCVD risk modification. Furthermore, 
Nomura et al,46 in a meta-analysis of exome-sequenc-
ing studies, demonstrated that carriers of rare pro-
tein-truncating variants in the CETP gene, compared 
with noncarriers, had higher plasma HDL-C levels, 
lower LDL-C levels, and reduced ASCVD risk. This 
lends further support to the notion that naturally oc-
curring (genetic) inhibition of CETP is associated with 
beneficial outcomes for ASCVD risk reduction.

The protective effects conferred by the identified 
CETP polymorphisms on plasma LDL-C, HDL-C, and 
apoB levels may be modest but would compound 
over the lifetime, even more than the longer-term ben-
eficial effects of lipid-lowering therapy (such as statins). 
Further studies are warranted to better understand the 
relationship between naturally occurring genetic CETP 
inhibition and related mechanisms of cardioprotection.

Because there is currently no risk prediction score 
focusing on cardiovascular disease risk associ-
ated with lipid metabolism, we modified the original 
SCORE2-OP to propose the SCORE2-OP-Lipid to en-
rich the association signal for loci involved in the regu-
lation of blood lipid levels. The ASCVD incident events 
in the ASPREE trial population were more associated 
with SCORE2-OP-Lipid (HR=18.84) compared with the 
original SCORE2-OP score (HR=2.76), suggesting a 

role driven by lipids in ASCVD risk. Further studies are 
warranted to recalibrate and validate this new score 
using external data to accurately estimate 10-year 
ASCVD risk in older adults (aged ≥70 years).

Strengths of our study include the availability of 
genetic data from 2 large, well-characterized popula-
tions of healthy older individuals, where the absence of 
diagnosed ASCVD events at enrollment was clinically 
verified. In the case of the ASPREE trial population, 
subsequent incident cardiovascular events were rigor-
ously ascertained and formally adjudicated as part of a 
randomized trial. Furthermore, the availability of blood 
lipid levels and ASCVD outcomes in both cohorts en-
abled examination of the clinical and phenotypic ef-
fects of the identified CETP variants.

Study Limitations
Limitations of our study include the use of a modified 
SCORE2-OP-Lipid distribution as a GWAS quantita-
tive trait, where weights from the original SCORE2-OP 
equation were not validated in the ASPREE trial or 
other external data, with regard to ASCVD risk pre-
diction. We did not measure rare loss-of-function 
variants (including in the CETP gene region), which 
may further contribute to ASCVD risk reduction at the 
same loci. Also, we did not measure plasma CETP 
protein levels directly to examine whether the identi-
fied polymorphisms modified protein expression, nor 
did we measure plasma lipoprotein(a) levels to explore 
non–HDL-C/LDL-C–mediated effects. Although the 
GWAS for SCORE2-OP-Lipid did not detect any other 
HDL-C–related loci, we cannot exclude the possibility 
that the study was underpowered to detect these loci. 
Further investigations (eg, increasing sample size) are 
therefore warranted to understand the specificity of 
GWAS signals between HDL-C regulation and ASCVD 
risk modification. Finally, our GWAS was restricted to 
individuals of European descent, to avoid population 
stratification biases, which limits the generalizability of 
our findings.

CONCLUSIONS
Our study contributes new evidence implicating the 
CETP gene region in ASCVD risk modification dur-
ing aging, produced without an a priori hypothesis on 
the CETP gene. This notion was generated by a new 
GWAS approach for identifying ASCVD risk-modifying 
common variants, leveraging the unique ascertain-
ment of healthy older people. Our approach comple-
ments previous case-control GWASs and may also be 
applied to other complex diseases and sheds new light 
on the ongoing consideration of CETP inhibition as a 
therapeutic strategy for ASCVD.

Table 5. Association of CETP Allele Carrier Status With 
Lifetime ASCVD Risk in the UK Biobank Population

SNP
Risk-decreasing 
allele OR (95% CI) P value

rs9939224 G (major) 0.980 (0.966–0.994) 4.60×10−3

rs56156922 C (minor) 0.973 (0.961–0.985) 1.82×10−5

Combination 
of 2 SNPs

Cumulative dosage 
of 2 risk-decreasing 
alleles (from 0 to 4)

0.982 (0.974–0.990) 1.91×10−5

The association with OR (95% CI) and P value was estimated by the logistic 
models adjusted for age, sex, first 20 genetic principle components, and 
cholesterol-lowering medication. ASCVD indicates atherosclerotic cardiovascular 
disease; OR, odds ratio; and SNP, single-nucleotide polymorphism.
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