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Abstract

Darapladib, a lipoprotein-associated phospholipase A2 (Lp-PLA2) inhibitor, failed to demon-

strate efficacy for the primary endpoints in two large phase III cardiovascular outcomes tri-

als, one in stable coronary heart disease patients (STABILITY) and one in acute coronary

syndrome (SOLID-TIMI 52). No major safety signals were observed but tolerability issues of

diarrhea and odor were common (up to 13%). We hypothesized that genetic variants associ-

ated with Lp-PLA2 activity may influence efficacy and tolerability and therefore performed a

comprehensive pharmacogenetic analysis of both trials. We genotyped patients within the

STABILITY and SOLID-TIMI 52 trials who provided a DNA sample and consent (n = 13,577

and 10,404 respectively, representing 86% and 82% of the trial participants) using genome-

wide arrays with exome content and performed imputation using a 1000 Genomes reference

panel. We investigated baseline and change from baseline in Lp-PLA2 activity, two efficacy

endpoints (major coronary events and myocardial infarction) as well as tolerability parame-

ters at genome-wide and candidate gene level using a meta-analytic approach. We repli-

cated associations of published loci on baseline Lp-PLA2 activity (APOE, CELSR2, LPA,
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PLA2G7, LDLR and SCARB1) and identified three novel loci (TOMM5, FRMD5 and LPL)

using the GWAS-significance threshold P�5E-08. Review of the PLA2G7 gene (encoding

Lp-PLA2) within these datasets identified V279F null allele carriers as well as three other

rare exonic null alleles within various ethnic groups, however none of these variants nor any

other loci associated with Lp-PLA2 activity at baseline were associated with any of the drug

response endpoints. The analysis of darapladib efficacy endpoints, despite low power, iden-

tified six low frequency loci with main genotype effect (though with borderline imputation

scores) and one common locus (minor allele frequency 0.24) with genotype by treatment

interaction effect passing the GWAS-significance threshold. This locus conferred risk in pla-

cebo subjects, hazard ratio (HR) 1.22 with 95% confidence interval (CI) 1.11–1.33, but was

protective in darapladib subjects, HR 0.79 (95% CI 0.71–0.88). No major loci for tolerability

were found. Thus, genetic analysis confirmed and extended the influence of lipoprotein loci

on Lp-PLA2 levels, identified some novel null alleles in the PLA2G7 gene, and only identified

one potentially efficacious subgroup within these two large clinical trials.

Introduction

Lipoprotein-associated phospholipase A2 (Lp-PLA2) is the product of activated inflammatory

cells with circulating Lp-PLA2 predominantly bound to low-density lipoprotein (LDL) choles-

terol [1]. Elevated plasma levels of Lp-PLA2 are associated with an increased risk of cardiovas-

cular (CV) events, such as coronary heart disease (CHD) death, myocardial infarction (MI)

and stroke [2,3]. High expression of Lp-PLA2 has been noted in human atherosclerotic lesions,

particularly in thin cap fibroatheroma or ruptured plaques [4,5]. In these high risk lesions that

often lead to sudden death or MI, the enzyme is highly localized to activated macrophages

undergoing apoptosis in the lipid necrotic core and fibrous cap suggesting a potential role in

promoting plaque instability [5]. Therefore, it had been proposed that direct inhibition of the

pro-inflammatory Lp-PLA2 enzyme may reduce vascular inflammation and promote stability

of vulnerable plaques. The IBIS-2 study demonstrated (using intravascular ultrasound virtual

histology) that darapladib could halt the growth of the plaque necrotic core volume (a second-

ary endpoint) over 12 months in CHD patients, further supporting this hypothesis, though

there were no significant differences in the primary endpoints of plaque deformability or

plasma high-sensitivity C-reactive protein [6]. A reduction of plaque necrotic core area and

reduction in medial destruction had also previously been observed in hypercholesteremic

swine treated with darapladib [7]. Few human genetic data was available to support target vali-

dation of Lp-PLA2 prior to the Phase III trials commencing.

Darapladib (SB-480848) is a novel, selective, reversible, orally active inhibitor of Lp-PLA2

activity that was in development by GlaxoSmithKline (GSK) for CV risk reduction. GSK con-

ducted two phase III outcome studies investigating the clinical efficacy of long-term treatment

with darapladib enteric coated (EC) tablets, 160 mg (oral once daily dose) as compared to pla-

cebo when added to standard of care. It was hypothesized that direct inhibition of Lp-PLA2

activity with darapladib may reduce residual cardiovascular events in high risk individuals

when given as an adjunct to standard of care, including lipid-lowering and anti-platelet thera-

pies [1;3;8–10]. Each trial was randomized, double-blind, placebo-controlled, multicenter, and

event-driven with approximately 1,500 major adverse cardiovascular events (MACE: first

occurrence of non-fatal stroke, non-fatal MI or CV death). The first study was STABILITY
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(STabilisation of Atherosclerotic plaque By Initiation of darapLadIb TherapY; NCT00799903),

which focused on darapladib’s effect on the incidence of MACE in 15,828 subjects with chro-

nic coronary heart disease (CHD) [11]. The SOLID-TIMI 52 (The Stabilization Of pLaques

usIng Darapladib-Thrombolysis In Myocardial Infarction 52) trial, evaluated the effects of dar-

apladib on the incidence of major coronary events (MCE: CHD death, non-fatal MI or urgent

revascularization for myocardial ischemia) in 13,026 subjects within 30 days of hospitalization

with an acute coronary syndrome (ACS) (NCT01000727)[12]. The primary endpoint of the

SOLID-TIMI 52 trial was changed from MACE to MCE prior to study unblinding, following

the availability of the results of the STABILITY trial. Neither of the trials showed statistically

significant results for the primary efficacy endpoints [13;14]. However, there was a potential

signal of efficacy in the STABILITY trial where nominally significant reductions were observed

for the MCE HR 0.90; 95% CI, 0.82 to 1.00; p = 0.045) and total coronary events endpoints

(CHD death, non-fatal MI, hospitalization for unstable angina, or any coronary revasculariza-

tion procedure; HR 0.91; 95% CI, 0.84 to 0.98; p = 0.02) [14], but not in the SOLID-TIMI 52

trial [13]. Both trials observed a higher percentage of patients experiencing diarrhea (darapla-

dib treated vs placebo: 12% vs 6% in STABILITY and 11% vs 6% in SOLID-TIMI 52), odor

(darapladib treated vs placebo: 13% vs 2% in STABILITY and 12% vs 2% in SOLID-TIMI 52)

but no consistent, serious adverse events were observed.

A natural deficiency in Lp-PLA2 is present in East Asian populations due to a genetic null

variant (V279F; rs76863441)[15] and as a result subjects who carry two copies of this genetic

null variant have absent or very low levels of enzyme activity in plasma. Therefore subjects

with both parents of Japanese, Chinese or Korean ancestry were screened and those with Lp-

PLA2 activity levels�20 nmol/min/mL (indicative of 279FF subjects) were excluded from

enrollment into the STABILITY and SOLID-TIMI 52 studies as there would be no clear ratio-

nale for exposing such subjects to darapladib. Attempts to use this variant to predict CHD risk

have provided mixed results, with some meta-analyses suggesting no relationship [16,17] and

a study in Koreans suggesting risk reduction, but only in men with MI or angiographically

defined disease [18]. A more recent study in China provided robust evidence of a lack of asso-

ciation with stroke (concordant with results from both darapladib trials) though it was under-

powered for coronary heart disease [19]. Null alleles are rare in other ethnic groups as evi-

denced by a very recent meta-analysis in a multi-ethnic study, designed to test the association

of PLA2G7 variants and CHD [20]. In over 180,000 subjects of European or South Asian

descent, less than 40 carriers of null alleles were found. No significant associations with CHD

were observed with either these null variants or the V279F in an East Asian sample (~10K

cases and ~15K controls), with point estimates broadly concordant with the clinical trial

results.

Several genome-wide association studies (GWAS) of Lp-PLA2 activity levels and mass were

performed (Framingham Heart Study [FHS][21]; Cohorts for Heart and Aging Research in

Genomic Epidemiology [CHARGE][22]; Justification for the Use of statins in Primary pre-

vention: an Intervention Trial Evaluating Rosuvastatin [JUPITER][23]). The majority of the

loci that showed genome-wide association contained genetic variants that are known to be

involved in lipid metabolism and have been observed to strongly influence circulating levels of

LDL-C and/or HDL-C [22].

We hypothesized that genetic variants may also influence response to darapladib. As the

STABILITY and SOLID-TIMI 52 trials were so large (>24,000 patients combined), we con-

ducted genotyping ahead of time so that the data would be available contemporaneously with

the clinical data upon trial completion. In order to maximize the power we performed meta-

analyses of the STABILITY and SOLID-TIMI 52 trials for efficacy, pharmacodynamic and tol-

erability endpoints. The efficacy analysis was focused on MCE and MI endpoints, as those

Pharmacogenetic analysis of darapladib clinical trials
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phenotypes had greater efficacy within STABILITY as compared to others. We also investi-

gated baseline and change from baseline Lp-PLA2 activity levels. Baseline Lp-PLA2 activity lev-

els were associated with primary and secondary endpoints in STABILITY [24], but not in

SOLID-TIMI 52. We used both a genome-wide and candidate gene approach, with the candi-

date genes including those known to influence Lp-PLA2 activity levels and darapladib absorp-

tion, distribution, metabolism and excretion (ADME). The results reported here represent the

one of largest pharmacogenetic (PGx) studies of cardiovascular treatment endpoints reported

to date and also contain exome chip variants which have not been included in many PGx eval-

uations to date. We found genetic variation influencing baseline Lp-PLA2 activity levels, but

those variants did not influence outcomes. Despite the large size of the clinical trials and avail-

ability of a good pharmacodynamic marker, we found just one common locus that appeared to

influence cardiovascular outcomes.

Results

Sample size, demographics, and laboratory characteristics of each endpoint by study are pre-

sented in Table 1. Although most characteristics were similar for the STABILITY and SOLID-

TIMI 52 trials, there were considerable differences in the use of P2Y12 inhibitors (34% vs 89%

respectively) and the prevalence of chronic kidney disease (30% vs 17% respectively), which

may be explained, at least in part, by the different study design with regard to disease charac-

teristics (chronic vs acute).

Table 1. Characteristics of PGx study subjects (n = 23,981).

STABILITY SOLID-TIMI 52

Placebo Darapladib 160mg daily Placebo Darapladib 160mg daily

N* 6863 6714 5201 5203

Age (years) 64.3 (9.3) 64.5 (9.2) 64.3 (9.4) 64.0 (9.4)

Male, % 81.2 82.0 74.0 74.8

Current smoking, % 19.0 17.5 18.9 18.9

BMI (kg/m2) 29.0 (4.9) 29.1 (5.09) 28.5 (5.10) 28.6 (5.11)

Waist/hip ratio 0.97 (0.08) 0.97 (0.08) 0.97 (0.09) 0.98 (0.09)

Systolic blood pressure (mmHg) 132.0 (16.4) 132.0 (16.4) 126.0 (16.3) 126.0 (16.2)

Diastolic blood pressure (mmHg) 78.8 (10.2) 78.7 (10.4) 74.6 (10.1) 74.9 (9.9)

Total cholesterol (mg/dL) 4.2 (1.0) 4.2 (1.1) 4.0 (1.1) 4.0 (1.1)

HDL-C (mmol/L) 1.2 (0.3) 1.2 (0.3) 1.1 (0.3) 1.1 (0.3)

LDL-C (mmol/L) 2.2 (0.8) 2.2 (0.9) 2.1 (0.8) 2.1 (0.9)

Triglycerides (mg/dL) 1.8 (1.3) 1.8 (1.4) 1.8 (1.1) 1.8 (1.1)

hsCRP (mg/L) 3.0 (6.6) 2.9 (5.8) 12.4(21.9) 12.6(24.4)

Lp-PLA2 activity levels (nmol/min/ml) 176 (47.2) 175 (47.6) 178 (48.2) 178 (49.1)

Statin, % 97.2 97.5 95.2 94.6

Aspirin, % 93.4 92.1 96.4 96.4

Beta blockers, % 79.8 79.2 88.0 87.9

P2Y12 inhibitors, % 33.8 33.5 88.5 88.7

ACE inhibitor or ARB, % 77.7 77.6 83.1 83.2

Chronic kidney disease, % 29.7 30.2 16.7 16.0

Diabetes, % 38.0 38.9 33.5 33.9

Mean (SD) for continuous, percent for categorical variables

*number of subjects that passed genotyping QC

https://doi.org/10.1371/journal.pone.0182115.t001
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Our PGx analysis included various clinical endpoints and analysis populations, as outlined

in Table 2. Further detail on the rationale and definition of the endpoints and analysis popula-

tions can be found in the table footnotes and under the Methods section.

When we assessed whether the PGx population was representative of the overall clinical

study in STABILITY study, a bias was identified in the PGx population resulting in slightly

lower hazard ratios in the efficacy endpoint (MCE: PGx subjects HR 0.87 [CI 95% 0.78, 0.97]

vs all subjects HR 0.90 [CI 95% 0.82, 1.00]) and the tolerability endpoints (diarrhea: PGx sub-

jects HR 1.9 [CI 95% 1.7, 2.1] vs all subjects HR 2.0 [95% CI 1.8, 2.3]; any odor: PGx subjects

HR 5.9 [CI 95% 4.9, 6.9] vs all subjects HR 6.19 [95% CI 5.3, 7.3]). This difference in STABIL-

ITY may be explained by the collection of PGx samples at the month 3 study visits, rather than

at randomization, thereby missing collection of samples from subjects with early MCE events

and those who withdrew from the study due to tolerability issues. PGx sample collection was

also delayed in some countries due to late approval of the PGx component to the study. The

SOLID-TIMI 52 study, where PGx samples were collected at baseline, did not show this bias.

Genome-wide association of lipoprotein-associated phospholipase A2

activity at baseline and change from baseline

We first performed a single variant association analysis for Lp-PLA2 activity at baseline for

imputed variants with imputation r2� 0.5 using a linear regression model that included the

top 10 principle component (PC) scores as covariates in STABILITY (n = 12,640) and SOLID-

TIMI 52 (n = 9,516) separately. Meta-analysis of the ~13.6 million common, low frequency

Table 2. Overview of pharmacogenetic analysis populations by endpoint.

Outcome Endpoint

Variable

Analysis Population MAF*
cut-off

STABILITY (n.event/

n.total)

SOLID-TIMI 52 (n.

event/n.total)

Meta-Analysis# (n.

event/n.total)

Lp-PLA2

enzyme

activity

Baseline PGx subjects in placebo arm and

darapladib treated arm

> 0% 12640 9516 22156

Change from

baseline

PGx subjects in darapladib treated

arm

> 0.5% 6170 4704 10874

Efficacy MCE PGx subjects in placebo arm and

darapladib treated arm

> 0.5% Placebo:688/6863;

Darapladib:585/6714

Placebo:752/5201;

Darapladib:733/5203

Placebo:1440/12064;

Darapladib:1318/11917

MI (fatal + non-

fatal)

PGx subjects in placebo arm and

darapladib treated arm

> 0.5% Placebo:358/6863;

Darapladib:292/6714

Placebo:475/5201;

Darapladib:448/5203

Placebo:833/12064;

Darapladib:740/11917

Tolerability Diarrhea§ White PGx subjects with diarrhea

event within 90 days of receiving

darapladib, excluding subjects on

Metformin

> 0.5% Darapladib:235/3405 Darapladib:246/3155 Darapladib:481/6560

MS diarrhea§ -

Moderate and

severe

White PGx subjects with diarrhea

event within 90 days of receiving

darapladib, excluding subjects on

Metformin

> 0.5% Darapladib:97/3267 Darapladib:115/3024 Darapladib:212/6291

Odor—

Bathroom event

PGx subjects in darapladib treated

arm

> 0.5% Darapladib:735/6568 Darapladib:548/5071 Darapladib:1283/11639

Odor—Non-

bathroom event

PGx subjects in darapladib treated

arm

> 0.5% Darapladib:340/6173 Darapladib:244/4769 Darapladib:584/10942

* MAF = Minor Allele Frequency; Analyses included imputed variants (imputation r2� 0.5) in both STABILITY and SOLID-TIMI 52 studies. Analysis of Lp-

PLA2 enzyme activity was performed using 13,572,687 variants, whilst 9,334,585 variants were used for the efficacy and tolerability analyses
# Meta-analyses were done within placebo or darapladib treated arm separately.
§ In order to reduce a signal to noise ratio, the diarrhea endpoint was defined as a subset that was most likely associated to treatment with darapladib. For

more details, see Material & Methods (Phenotype definition and measurements).

MI = Myocardial infarction; MCE = Major Coronary Event

https://doi.org/10.1371/journal.pone.0182115.t002
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and rare genome-wide variants was carried out to combine the association results from both

studies. We detected 578 variants with consistent direction of effect in both STABILITY and

SOLID-TIMI 52 studies that surpassed the genome-wide significant P-value threshold of 5E-

08 in regions of chromosomes 1, 6 (2 clusters), 9 (2 clusters), 12, 15 and 19. Results for the

most significant variant from each chromosomal cluster are summarized in Table 3; with data

for other variants in S1 Table. All genomic control (λgc) estimates were close to 1, suggesting

no inflation due to uncontrolled population structure (see histograms, QQ and Manhattan

plots in S2 Fig).

Of the 578 genome-wide significant variants, 25 were contained within the exome compo-

nent of the genotyping array, while 171 were considered rare variants (minor allele frequency

[MAF]<0.5%). The most striking association detected is due to the well-known PLA2G7
V279F null variant (Table 3) [15;18;25–36]. As expected this variant was mostly observed in

Asian countries (Table 4). We also found genome-wide associations (P�5.0E-08) for three addi-

tional rare PLA2G7 null variants (S2 Table), which tended to be specific to certain ethnic groups

(Table 4). Two common PLA2G7 coding variants also showed genome-wide associations statis-

tically independent of the association between PLA2G7 V279F variant and baseline Lp-PLA2

activity. The V379A common variant was associated with a slightly higher Lp-PLA2 activity and

the R92H common variant was associated with a slightly lower Lp-PLA2 activity (S11 Fig).

Table 3 outlines the most significant variants for each locus associated with baseline and/or

change from baseline in Lp-PLA2 activity and how this correlates with various baseline lipid

and C-reactive-protein levels. The strongest association at the 1p13 locus was for rs12740374,

located in the 3’UTR of the CELSR2 gene. This variant was also significantly associated with

baseline LDL and HDL levels. Four significant variants were located in the LPA gene. Variant

rs10455872 was the most significant and was also associated with baseline LDL levels. Low fre-

quency variant rs57578064 is the most significant in the locus that includes the TOMM5 and

FBXO10 genes and has not been previously described (S3 Fig). Another novel locus on chro-

mosome 9 contained the intergenic rare variant rs189889864 with a very large effect. A cluster

of significant variants were located within the SCARB1 gene, with the most significant effect

observed for rs11057830. Another large cluster of significant variants was observed on chro-

mosome 15, of which intronic variant rs2733201 located in the FRMD5 gene was the most sig-

nificant (S3 Fig). The variants in this large cluster are in high LD with each other and fall

within several large rearrangements/copy number variations in the region. For the APOE/
APOC1 locus variant rs7412 (APOE ε2 allele) in the APOE gene was the most significant vari-

ant, which was also associated with baseline LDL and triglyceride levels.

Besides the genome-wide analysis, review of the results for the pre-specified candidate gene

variants for Lp-PLA2 activity revealed two additional loci that surpassed the candidate gene

significance threshold of 5E-04, but were not genome-wide significant (Table 3): LPL coding

variant rs328, which changes the amino acid at position 474 from a serine to a stop codon, was

associated with baseline Lp-PLA2 activity, HDL and triglyceride levels (S3 Fig); intronic vari-

ant rs6511720 in the LDLR gene with baseline Lp-PLA2 activity and LDL levels.

Meta-analysis of change from baseline lipoprotein-associated

phospholipase A2 activity

Analysis of change from baseline Lp-PLA2 activity after one month of treatment revealed three

significant loci around the CELSR2, APOE and PLA2G7 genes, none of which were associated

with change from baseline Lp-PLA2 activity after adjusting for baseline Lp-PLA2 activity

(Table 3; unadjusted P-values in S1 Table), indicating that the baseline Lp-PLA2 genetic associ-

ation was confounding the change from baseline analysis.
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Meta-analysis of efficacy endpoints

Genome-wide analysis of efficacy focused on the MCE and MI endpoints, looking at potential

effects in the darapladib and placebo treated subjects separately. A total of 13,577 STABILITY

and 10,195 SOLID-TIMI 52 subjects were analyzed (Table 2) for a total of ~9.3 million common

and low frequency variants (MAF>0.5%). Due to the low treatment effect in both the STABIL-

ITY and SOLID-TIMI 52 clinical trials there was limited power to identify genetic variants that

may impact efficacy (See S1 Fig for power curves). One common locus and six low frequency

loci met the genome-wide significant association threshold of 5E-08 with consistent direction

of effect in both STABILITY and SOLID-TIMI 52 studies, five of these were associated with

MCE and two with MI (Table 5; S5 and S6 Figs). The associated common locus (MAF 24%),

rs181937009 which was reasonably well imputed (r2 STABILITY 0.84 and SOLID 0.75), had a

significant allele by treatment interaction effect (P = 6.03E-9) but marginal main genetic effect in

individual treatment arms. Carriers of the minor allele in the placebo groups had an elevated HR

1.22 (95% CI 1.11–1.33), meta-P = 4.30E-5 and in the darapladib groups a reduced HR 0.79

(95% CI 0.71–0.88), meta-P = 2.07E-5. All six associated low frequency variants had MAF<2.5%

and many had imputation r2 values between 0.5 and 0.8, which reduces the level of confidence in

these results. All genomic control (λgc) estimates were close to 1, suggesting no inflation due to

uncontrolled population structure (see QQ and Manhattan plots in S4 Fig).

None of the pre-specified candidate gene variants for efficacy, including the PLA2G7
V279F null variant, were associated under the candidate gene significance threshold (P = 5E-

04) with MCE or MI in either the darapladib or placebo treatment arm. Also none of the vari-

ants that were associated with Lp-PLA2 activity were associated with efficacy endpoints (MCE

or MI events)(S8 Fig).

Meta-analysis of tolerability endpoints

To investigate genetic variants that could impact darapladib tolerability, we performed

genome-wide analysis of ~9.3 million common variants for the diarrhea and odor-related

Table 4. Summary of PLA2G7 variants observed (allele count and effect size) in STABILITY and SOLID-TIMI 52 studies showing some ethnic

group specificity (in bold).

Race (N) rs76863441

V279F

rs201842579

I317N*
rs1805018

I198T

rs1051931

V379A

rs140020965

Q287X

rs1805017

R92H

rs147252565

T278M*
rs34159425

L389S

All (22147) 339 10 2621 8483 12 12297 3 14

Effect size (All) (Beta, SE)

Asian—East/Japanese/

South East Asian Heritage (1703)

298 9 467 423 713

White -White/Caucasian/European

Heritage (18823)

37 1 1796 7453 12 10318 2 1

African American/African Heritage

(490)

2 159 221 300 12

American Indian or Alaskan Native

(244)

23 77 185 1

Asian—Central/South Asian

Heritage (517)

1 112 153 557

White—Arabic/North African

Heritage (195)

30 78 121 1

Mixed race (143) 1 30 67 92

Native Hawaiian or Other Pacific

Islander (14)

1 8 6

*Variant carrier observed in STABILITY only

https://doi.org/10.1371/journal.pone.0182115.t004
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Table 5. List of significant results for efficacy endpoints (MCE and MI).

Placebo Darapladib

Combined

Variant Gene Location Major

Allele

Minor

Allele

Study N MAF r2 HR# P HR P P P*

(95% CI) (95% CI) Interaction (2 df

test)

Major Coronary Event

rs138741635 FHIT intron T A STABILITY 13577 0.019 0.7 1.89

(1.33,

2.7)

3.36E-

04

0.79

(0.46,

1.35)

3.85E-01 6.69E-03 2.41E-

03

SOLID-TIMI

52

10404 0.02 0.66 2.16

(1.52,

3.13)

1.98E-

05

0.73

(0.44,

1.2)

2.14E-01 3.89E-04 1.69E-

04

META 23981 2.02

(1.59,

2.56)

2.87E-

08

0.75

(0.52,

1.09)

1.33E-01 9.01E-06 1.90E-

06

rs192427471 intergenic C T STABILITY 13577 0.024 0.67 1.19

(0.79,

1.79)

4.10E-

01

2.46

(1.79,

3.45)

4.38E-08 4.03E-03 3.33E-

06

SOLID-TIMI

52

10404 0.021 0.68 0.97

(0.63,

1.49)

8.81E-

01

1.61

(1.12,

2.33)

9.57E-03 7.85E-02 5.35E-

02

META 23981 1.08 (0.8,

1.45)

6.23E-

01

2.04

(1.61,

2.56)

6.31E-09 9.49E-04 1.80E-

06

rs181937009 intergenic A G STABILITY 13577 0.244 0.84 1.27

(1.11,

1.45)

5.66E-

04

0.78

(0.67,

0.91)

2.14E-03 1.46E-05 6.43E-

05

SOLID-TIMI

52

10404 0.236 0.75 1.18

(1.03,

1.33)

1.95E-

02

0.8 (0.69,

0.93)

2.78E-03 9.74E-05 4.42E-

04

META 23981 1.22

(1.11,

1.33)

4.28E-

05

0.79

(0.71,

0.88)

2.07E-05 6.03E-09 1.00E-

07

rs12290663 intergenic G A STABILITY 13577 0.013 0.9 1.03

(0.64,

1.67)

9.18E-

01

2.06

(1.37,

3.13)

5.17E-04 1.16E-02 3.08E-

03

SOLID-TIMI

52

10404 0.018 0.65 1.07

(0.68,

1.67)

7.72E-

01

2.16

(1.52,

3.03)

1.62E-05 1.30E-02 3.32E-

04

META 23981 1.05

(0.76,

1.45)

7.78E-

01

2.11

(1.61,

2.78)

3.15E-08 4.07E-04 4.40E-

06

rs147204125 ACOT6 upstream A G STABILITY 13577 0.008 0.57 2.31

(1.32, 4)

3.52E-

03

1.79

(0.88,

3.57)

1.09E-01 5.49E-01 7.83E-

03

SOLID-TIMI

52

10404 0.011 0.54 3.34

(2.04,

5.56)

1.24E-

06

1.71 (1,

2.94)

5.11E-02 9.19E-02 2.40E-

05

META 23981 2.86

(1.96,

4.17)

2.45E-

08

1.74

(1.14,

2.7)

1.16E-02 9.14E-02 1.70E-

06

Myocardial infarction

rs192476688,

rs201052613

RP1-

15D23.2

intron AT A STABILITY 13577 0.012 0.76 1.23

(0.63,

2.44)

5.62E-

01

1.74

(0.88,

3.45)

0.114879 5.54E-01 3.20E-

01

SOLID-TIMI

52

10404 0.011 0.66 0.83

(0.38,

1.82)

6.48E-

01

4.29 (2.7,

6.67)

1.58E-09 6.95E-04 3.90E-

06

META 23981 1.04

(0.63,

1.75)

8.94E-

01

3.21

(2.17,

4.76)

4.47E-09 4.06E-03 1.50E-

04

(Continued)
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endpoints, evaluating darapladib treated subjects only (Table 2). In order to reduce a signal to

noise ratio, the diarrhea endpoint was defined as a subset that was most likely associated to

treatment with darapladib (limited to subjects with diarrhea experienced in the first 90 days of

darapladib treatment, excluding subjects who were also treated with metformin [diarrhea is a

well-known side-effect of metformin treatment] and subjects of White race only. Three loci on

chromosome 6, 16 and X (males only) respectively were significantly associated with the diar-

rhea endpoint at the genome-wide level (S5 Table). A further eight loci met the genome-wide

significant association threshold for the more stringent moderate/severe (MS) diarrhea end-

point (S5 Table). Most of the significant variants at all 12 associated loci had low allele frequen-

cies, ranging from 0.6 to 1.5%, with few alleles observed in the population analyzed. Only the

loci on chromosomes 5, 9 and X (females) included significant variants with frequencies

around 3.5–4.5%. There was no correlation between the diarrhea endpoints and Lp-PLA2

activity levels in the darapladib treatment arm at these loci (S8 Fig).

Analysis of the bathroom and non-bathroom related odor endpoints did not identify any

significant genome-wide associations, although we did observe some regional differences in

reporting of the odor events (see S1 Text for details).

Discussion

We have performed a comprehensive PGx analysis of pharmacodynamic, efficacy and tolera-

bility phenotypes in two large darapladib cardiovascular outcomes trials which failed to meet

their primary endpoints. Although the trials did not show efficacy of darapladib, understand-

ing whether genetics could delineate responsive subgroups was considered a key question.

Additionally, it was important to understand the tolerability phenotypes as an alternative indi-

cation for darapladib was under consideration.

In addition to the V279F null allele we identified three other rare null PLA2G7 alleles within

various ethnic groups, but did not observe any association with clinical endpoints. We repli-

cated the associations of six published loci on baseline Lp-PLA2 activity levels and identified

three novel loci. The analysis of darapladib tolerability endpoints did not reveal any robust,

high confidence genetic associations, since most of the significant variants at the associated

loci had low allele frequencies, with few alleles observed and analyzed. Efficacy analyses re-

vealed only one common variant which had a differential effect by treatment arm, conferring

Table 5. (Continued)

Placebo Darapladib

Combined

Variant Gene Location Major

Allele

Minor

Allele

Study N MAF r2 HR# P HR P P P*

(95% CI) (95% CI) Interaction (2 df

test)

rs117714106 intergenic C T STABILITY 13577 0.007 0.59 0.36

(0.08,

1.69)

1.96E-

01

3.75

(1.89,

7.69)

0.000162 5.79E-03 1.88E-

03

SOLID-TIMI

52

10404 0.007 0.61 0.72

(0.23,

2.27)

5.80E-

01

3.82

(2.22,

6.67)

8.00E-07 1.02E-02 1.75E-

04

META 23981 0.57

(0.23,

1.43)

2.26E-

01

3.79 (2.5,

5.88)

5.23E-10 2.09E-04 1.50E-

06

# Hazard ratio for minor allele

* A 2-degree-freedom test for both genotype main and genotype by treatment interaction effect

MAF = Minor allele frequency

https://doi.org/10.1371/journal.pone.0182115.t005
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risk in the placebo arm but reducing risk in the darapladib arm. Furthermore, none of the loci

associated with Lp-PLA2 activity levels at baseline were associated with any of the drug

response endpoints.

Lipoprotein-associated phospholipase A2 activity

In the present meta-analysis, we identified eight loci associated with baseline Lp-PLA2 activity.

Of these eight loci, five had been previously described in other GWAS studies of Lp-PLA2

activity [21–23]. PLA2G7 null variant rs76863441 (V279F) was the most significant variant

associated with baseline and change from baseline Lp-PLA2 activity. Although this variant is

almost exclusively observed in East-Asian populations, other common PLA2G7 variants were

also significant in this study and mirror observations from the Framingham Heart, CHARGE

and JUPITER studies [21–23]. Other genome-wide significant loci that have previously been

reported include CELSR2, SCARB1, LPA and APOE [21–23]. Whilst four genes are markedly

linked to LDL-cholesterol (CELSR2, LPA, APOE and LDLR) and likely represent the known

positive correlation between Lp-PLA2 and LDL-cholesterol, two HDL-cholesterol associated

genes (LPL and SCARB1) were also associated with Lp-PLA2. This is not surprising as HDL

particles are known to carry a minority of Lp-PLA2.

Additionally, three novel loci were found, one of which is represented by an intronic

FRMD5 gene variant on chromosome 15 in a region of large copy number variation, some of

which encompass the entire gene. Genome-wide significant associations have been reported

between FRMD5 variants and triglyceride levels [37], but not with Lp-PLA2 activity. The other

two loci were observed on chromosome 9, both rare variants with large effects. Carriage of the

A allele of a TOMM5 intronic variant was correlated with a large increase in Lp-PLA2 activity

and observed at very low frequency (0.15%). Database review to assess possible impact on gene

regulation did not reveal any convincing evidence. It is also located upstream of the FBXO10
gene, for which sub-genomewide associations have been reported with lipid traits and triglyc-

eride levels (dbGAP data entries pha003081 & pha003082 from the NHLBI Family Heart

Study study) and lymphocyte counts [38]. For the second locus, only seven A alleles were

observed for the top-associated variant rs189889864 in the 22,150 subjects analyzed. This locus

falls in a region with many olfactory receptor family 13 genes and multiple sub-genomewide

associations have been reported between the OR13C5 and OR13C9 genes and lipid traits, tri-

glyceride levels, stroke and coronary artery calcification [39–42] (dbGAP data entry

pha002887 for STAMPEED Cardiovascular Health Study). On the basis of these results it

appears that only the PLA2G7 gene itself is completely independent of lipids. None of these

eight loci were associated with change from baseline Lp-PLA2 activity after adjusting for base-

line Lp-PLA2 activity, nor were they linked to efficacy in terms of the MCE and MI endpoints.

A composite of the genetic variants associated with baseline Lp-PLA2 activity may provide

a useful tool in future studies where the impact of genetics on Lp-PLA2 activity is assessed. The

variance explained in Lp-PLA2 activity by all significant associated variants reported in Table 3

and additional PLA2G7 null variants was 8.34% in all subjects, 38.63% in East Asians and

4.89% in Whites, versus 4.08% in all, 35.45% in East Asians and 0.53% in Whites by the well

known PLA2G7 V279F null variant itself. These data suggest that the multi-variant predictor

can be used as a Mendelian randomization “instrument” in human disease genetics analyses,

particularly in European populations where common variants have very small effects alone.

However, the correlation with lipids would need to be accounted for appropriately in any eval-

uation of the score with a disease endpoint.

We also identified additional significant rare null alleles within the PLA2G7 gene which

were population specific; I317N in East Asians, Q287X in whites and L389S in subjects of
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African origin. Based on their effect on Lp-PLA2 activity, T278M and R82H (S2 Table) are also

likely to be null alleles, but were too infrequent to generate significant results. Carriers of null

alleles did not demonstrate any difference in either MCE or MI as compared to non-carriers.

Darapladib efficacy & tolerability

The genome-wide meta-analysis did not reveal any high confidence effects of common genetic

variants on darapladib tolerability, even though the study was relatively well powered to detect

these effects. Our ability to identify efficacy variants though was dramatically reduced by the

low treatment effects observed in STABILITY and no treatment effect observed in the SOLID-

TIMI 52 clinical trials, leading to low power for the PGx analysis. Nevertheless, six low fre-

quency (MAF<2.5%) loci associated with the MCE or MI endpoints suggested a marginally

improved outcome with the common allele following treatment with darapladib when com-

pared to placebo (see S1 Text for more details). However, many of these imputed variants had

r2 values between 0.5 and 0.8, leading to some uncertainty as to their validity. One common

variant located 3.2kb 5’ of RP3-332B22.1 had a significant interaction P-value, but was only

marginally significant in the placebo and darapladib arms. Nevertheless, approximately 24% of

subjects carried the minor allele of rs181937009 which was associated nominally with 22% ele-

vated risk in the placebo patients but a 21% reduction in risk in the darapladib arms. The re-

sults were consistent in the two trials and were reasonably well imputed, suggesting this region

may warrant further investigation. Despite the significant association in the placebo arm, this

is not a known cardiovascular risk locus and did not demonstrate a nominally significant effect

in the CARDIoGRAMplusC4D meta-analysis of coronary artery disease with ~185,000 cases

(P = 0.063)[43]. Assessment of the genomic control parameter by MAF or imputation r2 bins

did not identify any significant deviation from 1 for lower frequent (MAF<1%) or less well

imputed variants (r2<0.8). Ideally, these variants should be directly genotyped to confirm, but

that is not feasible at the present time.

Analysis of darapladib tolerability endpoints was challenging due to uncertainty around the

validity of the more heterogeneous and subjective nature of the diarrhea and odor endpoints,

as well as the high prevalence of diarrhea in the placebo arm for both trials. In order to reduce

the non-specificity of the diarrhea phenotype and to focus on diarrhea related to darapladib

drug treatment, we limited the time window and ethnicity (reduce heterogeneity) as well as

excluded metformin users. Initial meta-analysis was performed using a>0.1% minor allele fre-

quency threshold. However, as this generated a lot of noise in the results and complicated the

interpretation of the data the minor allele frequency threshold was raised to 0.5% to alleviate

these problems. Most of the loci associated with diarrhea were represented by variants with

frequencies ranging from 0.6 to 1.5% and no association was seen with common variants

(MAF>5%) in any of the tolerability meta-analyses (see S1 Text for more details). Although

these observations with low frequency variants are interesting, the impact of these on any clini-

cal utility is limited.

The lack of association signals for the odor-related endpoints is likely due to the heteroge-

neity and subjectivity of this endpoint, highlighted by the regional and possibly cultural differ-

ences in reporting (S6 Table). S10 Fig, a principle components world map for STABILITY

subjects, highlights the great diversity in country origin which is inherent to large clinical

trials.

Strengths and limitations

A key strength of this study was the genotyping conducted while both trials were ongoing,

allowing opportunity to timely identify genes contributing to drug response at the time of trial
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completion had they existed. Additionally, by combining both trials a total number of ~24,000

subjects available for the analysis of various endpoints. However, the lack of treatment effect in

the STABILITY and SOLID-TIMI 52 clinical trials severely limited the power to find any effi-

cacy genetic effects. This mirrors a recent review of efficacy PGx studies [44] which concluded

that drugs that have failed in their primary efficacy objectives have a minimal chance of being

rescued by a pharmacogenetics approach. Even though there was no efficacy observed in these

large Phase III clinical studies, few large PGx study based on cardiovascular outcomes had

been performed previously and therefore exploring a dataset like this could still reveal novel

findings. DNA collection at month 3 for STABILITY introduced a bias which influenced the

genetics analysis and illustrates why it is important to collect samples at baseline.

Additionally, the different disease background of the STABILITY (chronic heart disease)

and SOLID-TIMI 52 (acute coronary syndrome) clinical trials may have had an impact on our

ability to see a consistent genetic effect on response to darapladib treatment. Cardiovascular

disease trials are extremely heterogeneous with broad endpoints (MACE), which are challeng-

ing for genetic studies. It is worth noting that genetic studies for CHD used to predict drug

effects tend to have much more discrete set of phenotypes (such as MI or angiographically

defined disease) as compared to the phenotypes in the STABILITY and SOLID-TIMI 52 trials.

For the darapladib trials combining stroke and CHD meant a limited genetic overlap in these

broad endpoints. Besides the analysis of baseline Lp-PLA2 activity, none of the efficacy or tol-

erability endpoint analyses included rare variants (<0.5% allele frequency) and therefore any

genetic signals from rare variants will not have been detected in this study.

For GWAS, the classical GWAS-significance threshold (P�5E-08) was applied to declare

significant results. This threshold was established at a time when most GWAS involved ap-

proximately 1 million independent tests, mostly for common variants with MAF>5%. Given

the larger number of both common and low frequency variants (MAF<5%) to be analyzed

here, this implies a lack of stringent multiple testing correction such that any associations

reaching classical genome wide significance would be in need of further follow-up for valida-

tion or replication.

Conclusions

Meta-analysis of two large darapladib Phase III trials identified only one region with common

variants that significantly influenced differential response to darapladib, though the main

effects were not statistically significant. No major loci for tolerability were found. Ten variants

associated with baseline Lp-PLA2 activity were observed, which, further demonstrated the

close relationship between Lp-PLA2 activity and lipoproteins and extends the number of vari-

ants that can be included in a gene score for Lp-PLA2, for investigation of other diseases or

conditions. These genetic variants associated with baseline Lp-PLA2 activity levels did not

however contribute to the interpretation of darapladib treatment response, which seems to

correspond with the lack of effect of Lp-PLA2 inhibition on cardiovascular events in the trials.

Thus, genetic analysis confirmed and extended the influence of lipoprotein loci on Lp-PLA2

levels, identified some novel null alleles in the PLA2G7 gene, but did not identify any major

efficacious subgroups within these two large clinical trials.

Significant exome variants, included as additional content on the genotyping array, were

useful for the baseline and change from baseline Lp-PLA2 activity endpoints, as this content

also allowed the identification of additional PLA2G7 null allele carriers. Finally, this darapladib

meta-analysis represents one of the largest PGx studies ever conducted, providing a large pool

of data with comprehensive data mining opportunities, to further the understanding of the

mechanism of action of Lp-PLA2 inhibitors and CHD disease genetics.
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Materials and methods

Study population

Subjects included in our study were recruited as part of two darapladib Phase III trials: STA-

BILITY (STabilization of Atherosclerotic plaque By Initiation of darapLadIb TherapY) and

SOLID-TIMI 52 (The Stabilization Of pLaques usIng Darapladib-Thrombolysis In Myocardial

Infarction 52). Clinical study approval was provided by the relevant Ethics Committee of each

participating country: Argentina, Australia, Belgium, Brazil, Bulgaria, Canada, Chile, Colom-

bia, Czech Republic, Denmark, Estonia, France, Germany, Greece, Hong Kong, Hungary,

India, Israel, Italy, Japan, Korea, Mexico, Netherlands, New Zealand, Norway, Pakistan, Peru,

Philippines, Poland, Romania, Russia, Slovakia, South Africa, Spain, Sweden, Taiwan, Thai-

land, Turkey, Ukraine, United Kingdom, United States. A full list of Ethics Committees and

Independent Review Boards used in the STABILITY and SOLID-TIMI 52 trials can be found

in S7 and S8 Tables respectively. Clinical investigation was conducted according to the princi-

ples expressed in the Declaration of Helsinki. Blood samples for genetic analysis were obtained

at or after randomization once subjects had provided written informed consent for genetic

analysis.

All STABILITY subjects had chronic CHD, defined as prior MI, prior coronary revasculari-

zation or multivessel CHD without revascularization. In addition, subjects had to fulfill at least

one of the following: age�60 years; diabetes mellitus requiring pharmacotherapy; HDL-cho-

lesterol<1.03 mmol/l; current or previous (discontinuation within three months of randomi-

zation) smoker defined as� 5 cigarettes per day on average; significant renal dysfunction

(estimated glomerular filtration rate�30 and<60 mL/min per 1.73 m2 or urine albumin:cre-

atinine ratio�30 mg albumin/g creatinine); or polyvascular disease (CHD and cerebrovascu-

lar disease or CHD and peripheral arterial disease)[11]. Among the 15,828 Intent-to-Treat

recruited subjects, 13673 (86%) provided informed consent for genetic analysis. The self-

reported racial distribution of these subjects was 80.2% White, 2% African-American/Black,

15.4% Asian and 2.6% other.

All SOLID-TIMI 52 subjects were recruited based on having experienced acute coronary

syndrome (ACS; unstable angina, non–ST-elevation or ST-elevation MI) within 30 days of

randomization. In addition, subjects had to fulfill at least one of the following: age�60 years;

history of MI prior to the qualifying event, significant renal dysfunction (estimated glomerular

filtration rate�30 and <60 mL/min per 1.73 m2), diabetes mellitus requiring pharmacother-

apy, or polyvascular disease (cerebrovascular disease [carotid artery disease or prior ischemic

stroke] or peripheral arterial disease)[12]. Among the13,026 Intent-to-Treat recruited subjects,

10,621 (82%) provided informed consent for genetic analysis. The self-reported racial distribu-

tion of these subjects was 88.7% White, 2.5% African-American/Black, 5.6% Asian and 3.2%

other.

The above study recruitment criteria highlight a considerable difference between the

chronic disease phenotype for the STABILITY study and the acute phenotype in the SOLID-

TIMI 52 study. See Table 1 for the characteristics of the STABILITY and SOLID-TIMI 52

study populations. Tolerability phenotypes had similar characteristics across the two trials

(Table 2).

Phenotype definition and measurements

Baseline values were defined as the last value obtained until and including the date of randomi-

zation. Plasma Lp-PLA2 enzyme activity was measured by diaDexus, Inc. (South San Fran-

cisco, CA) using the PLAC1 Test for Lp-PLA2 Activity, both at baseline and post-baseline at
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the Month 1 treatment visit. At Month 1 most of the effect of Lp-PLA2 inhibition by darapla-

dib was expected to have occurred plus the impact of subject withdrawal was minimal, there-

fore the maximum number of subjects would be available for evaluation.

LDL, HDL, hsCRP levels were measured by Quest (Quest Diagnostics Clinical Trials Labo-

ratory, Valencia, California, USA or affiliated laboratories).

Efficacy analyses were focused on the Major Coronary Events (MCE) and myocardial

infarction (MI) endpoints in both the darapladib and placebo treatment arms. The pharmaco-

dynamic analysis of Lp-PLA2 activity was performed for baseline and change from baseline

(without adjustment for baseline and adjusted for baseline as sensitivity analysis) in the dara-

pladib treatment arm after one month of treatment.

To evaluate darapladib tolerability, both diarrhea and odor-related endpoints were analyzed

in the darapladib treatment arm only. In order to reduce a signal to noise ratio, the diarrhea

endpoint was defined as a subset that was most likely associated to treatment with darapladib.

Subjects were included based on a) diarrhea experienced in the first 90 days of darapladib

treatment (time of onset of diarrhea in placebo arm tended to be later); b) excluding subjects

who were also treated with metformin (since diarrhea is a well-known side-effect of metformin

treatment); c) including subjects of White race only (reduce cultural reporting bias). Addition-

ally, a stricter diarrhea phenotype was also evaluated, focusing on subjects who experienced

moderate and/or severe diarrhea (MS Diarrhea; S9 Fig). For the odor-related phenotype, Bath-

room (abnormal urine or faeces odor) and Non-Bathroom (mainly skin) related endpoints

were analyzed as the main odor endpoints.

S1 Fig shows the power curves for the ability of this study to detect variants associated with

the pharmacodynamic, efficacy and tolerability endpoints.

Genotype data and quality control

STABILITY: Genotype data for 951,117 markers were generated on the HumanOmniExpres-

sExome-8 v1 array (Illumina Inc., San Diego, CA, USA) by Expression Analysis Inc. (Durham,

North Carolina, USA) for 13,728 samples. Quality control was performed using the toolset

PLINK v1.07 [45] and SNP & Variation Suite v7.7 (Golden Helix, Bozeman, MT, USA; www.

goldenhelix.com). Individuals were excluded if genotyping call rates were less than 95%, if

they had a 3rd degree or higher relationship as determined by kinship coefficient estimates

using KING software [46] or, if the GWAS genotype predicted gender did not match the anno-

tated gender. Markers were excluded if they had call rates less than 95%, were monomorphic

or if Hardy-Weinberg p-values were less than 10−7 in PCA defined White and Korean sub-

groups. PCA analysis was carried out using the SNPRelate [47] software for variants with

MAF> 5% and pairwise r2 < 0.2. When a variant had multiple markers on the array the lowest

efficiency marker was removed. For markers with minor allele frequency (MAF) less than

0.5% missing genotypes were recalled using zCall [48]. After quality control, the resulting data-

set included 13,577 individuals genotyped on 881,788 variants. For the purpose of this study,

we defined rare variants as MAF<0.5%, low frequency as 0.5�MAF<5% and common vari-

ants as MAF�5%.

Additional STABILITY genotype data was generated by LGC Genomics for 12 candidate

variants in 13,752 samples using KASP technology (LGC Genomics, Hoddesdon, UK). No

markers were excluded and subjects were excluded if they had missing data for>3 markers.

SOLID-TIMI 52: Genotype data for 692,259 markers were generated on the Axiom1 Bio-

bank Plus Genotyping Array with custom content array (Affymetrix, Santa Clara, CA, USA)

by BioProcessing Solutions (BPS, Piscataway, NJ, USA) for 10,619 samples. Quality control

was performed using the toolset PLINK v1.07 [45]. Individuals were excluded if genotyping
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call rates were less than 97%, if they had a 3rd degree or higher relationship as determined by

kinship coefficient estimates using KING software [46] or if the GWAS genotype predicted

gender did not match the annotated gender. Markers were excluded if they had call rates less

than 95%, were monomorphic or if Hardy-Weinberg p-values were less than 10−6 in White

and Korean subgroups. When a variant had multiple markers on the array the best assay was

included using the Affymetrix SNPolisher Best Probeset filter (http://www.affymetrix.com/

estore/partners_programs/programs/developer/tools/devnettools.affx).

Additional SOLID-TIMI 52 genotype data was generated by BPS for 35 candidate variants

in 10,054 samples using Fluidigm1 BiomarkTM technology (Fluidigm Inc., South San Fran-

cisco, CA, USA). No markers were excluded and subjects were excluded if they had missing

data for >3 markers.

For the efficacy and pharmacodynamic (Lp-PLA2 activity levels) analyses candidate genes

or loci and key variants were selected based on published association data for CVD risk and

Lp-PLA2 activity and/or mass and related pathways.

1000 Genome imputation

1000 Genome imputation was performed using the 1000 Genomes Project Reference Panel

(phase I, 2012-03-14 haplotypes, genome map GRCh37)(http://www.1000genomes.org/),

which contains haplotypes on 1092 samples for ~39.7 million bi-allelic polymorphic markers,

by University of Michigan for the STABILITY study and by GSK for the SOLID-TIMI 52

study. Prior to genotype imputation, additional GWAS variants were excluded if Hardy-

Weinberg p-values were less than 10−7 in the Principle Component Analysis (PCA)-defined

White population or if they showed irreconcilable differences in alleles or allele frequency with

reference panel genotypes. Pre-phasing of STABILITY GWAS samples was performed per

chromosome using SHAPEIT v2.644 [49] with the options of 200 states and 2.5 Mb window.

Imputation was carried out in 1,109 chunks with chunk size 2.5 Mb plus 500 kb flanking

region using minimac 2013.7.17 [50,51] for STABILITY. For SOLID-TIMI 52 samples HAP-

I-UR was used [52]. After imputation, QC metrics were examined to identify strand flip errors

(e.g. correlation between measured and imputed genotype close to r2 = -1 plus a comparison

of the reference allele frequency data with the imputation allele frequency data). For X chro-

mosome, male and female subjects were phased and imputed separately using the same

methods.

In summary, data for a total of approximately 882,000 (STABILITY) and 547,000 (SOLID-

TIMI 52) common and low frequency coding variations using GWAS arrays enriched for

exome variants were used for imputation of genome-wide variants that were not part of the

GWAS arrays, resulting in approximately 13.6M markers post-QC. Imputation data for STA-

BILITY and SOLID-TIMI 52 were kept separately for the statistical analysis.

Statistical analysis

Summary of study population. Characteristics of the study population were summarized

by number of sample size, mean and standard deviation for continuous variables related to

demographics and laboratory measures, percentage for binary variables related to demograph-

ics, the use of co-medication and confounding diseases.

Power evaluation. Basic power calculations were conducted to inform the range of

genetic effects that could be found with various genetic effects and allele frequencies for all

endpoints considered. For baseline and post-baseline data for Lp-PLA2 enzyme activity (S1A

Fig), plotted on the x-axis, allelic mean difference is the standardized effect for each copy of

the effect allele. For example, while baseline Lp-PLA2 data was analyzed using samples from
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both placebo and darapladib arms, assuming an allelic mean difference = 0.15 and a sample

size of 23,000, the power to detect a genetic association given an effect allele frequency of 5% is

approximately 94% for alpha = 5E-08. As change from baseline Lp-PLA2 was evaluated in the

darapladib arm only, assuming an allelic mean difference = 0.15 and a sample size of 11,500,

the power to detect a genetic association given an effect allele frequency of 5% is approximately

31% for alpha = 5E-08. To detect genetic variants associated with efficacy endpoints related to

darapladib treatment, a sample size of 23,000 is assumed, based on the total number of PGx

subjects from both STABILITY and SOLID trials for analysis. Given an event rate of 4% per

year and a median follow-up of 3 years, and risk reductions of 10% and 0% in STABILITY and

SOLID, respectively, assuming subjects carrying the genetic allele respond better to the treat-

ment than the non-carriers and the treated non-carriers having an event rate less than or simi-

lar to those in placebo arm, S1B Fig shows the power to detect a genetic association when the

genetic effect exists in the treated arm but not in the placebo arm. The optimal power exists for

variants with a risk allele frequency around 5%. For example, assuming a hazard ratio of 0.6

for each copy of the effect allele for a genetic variant, the power to detect a genetic association

given the risk allele frequency at 5% is approximately 44% and 98% for alpha = 5E-08 and 0.001,

respectively. However, power for other risk allele frequencies is either limited due to rare fre-

quencies or not applicable because it is impossible for a variant with an allele frequency� 10%

to have a 20% or greater risk reduction in carriers comparing to non-carriers, due to the con-

straint on the proportion of allele carriers and the size of overall treatment effect. To detect

genetic variants associated with tolerability endpoints related to darapladib treatment, a sample

size of 11,500 is assumed, based on the total number of PGx subjects in the darapladib treated

arm from both STABILITY and SOLID trials for analysis. For example, assuming a hazard ratio

of 2 for each copy of the effect allele for a genetic variant, the power to detect a genetic associa-

tion given the risk allele frequency at 5% is approximately 100% (S1C Fig) for alpha = 5E-08.

Analyses of Lp-PLA2 enzyme activity. A linear regression model was used to assess the

association of allelic dosage with continuous traits including Lp-PLA2 activity at baseline for

all subjects and change from baseline at month 1 for darapladib treated subjects. Both end-

points showed symmetric bell shaped distribution and were winsorized by limiting the

extreme outliers to ±4xSD boundary before analysis. To accommodate the uncertainty of

imputed genotypes, allelic dosage, i.e. count of non-reference alleles weighted by imputed

genotype probabilities, was used assuming an additive genetic model. The top 10 PCs were

included as covariates to account for population structure. Baseline LDL was included as an

additional covariate for variants showing significant association with baseline Lp-PLA2 activ-

ity. Analyses were conducted in STABILITY and SOLID-TIMI 52 separately. For baseline and

change from baseline Lp-PLA2 activity data, summary statistics from both trials were meta-

analyzed using the inverse variance method using METAL [53]. For baseline common, low

frequency and rare variants were analyzed, whilst only low frequency and common variants

(MAF>0.5%) were analyzed for change from baseline Lp-PLA2 activity. This is because we

were specifically interested in finding and characterizing additional null alleles, which were

likely to be rare.

Evaluation of association with efficacy outcomes. A Cox proportional hazards regres-

sion model was used to assess the association of genotype of common variants (MAF>0.5%)

with time to event outcome for the efficacy endpoints (MCE and MI). A multivariate Cox

model that includes treatment, genotype and treatment by genotype interaction and top 10

PCs was used to detect genetic variants associated with efficacy response. A 2-degree-freedom

test for both genotype main and genotype by treatment interaction effect was performed. P

value, effect size estimates (hazard ratio) and standard errors (SEs) for genotype main effect

in treated and placebo arm were obtained in STABILITY and SOLID-TIMI 52 separately.
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Summary statistics from both trials were meta-analyzed using the inverse variance method

using METAL [53] in each arm separately. For results meeting the significance threshold,

Kaplan-Meier plots were generated to evaluate if the proportional hazards assumption is valid

(parallel curves by genotypes).

Evaluation of association with tolerability endpoints. A Cox proportional hazards

regression model was used to assess the association of genotype of common variants

(MAF>0.5%) with time-to-event outcome for tolerability endpoints (Diarrhea and Odor) in

patients treated by darapladib, including allelic dosage assuming an additive genetic model

and top 10 PCs as covariates to account for population structure. One degree-freedom P value,

effect size estimates (hazard ratio) and SEs for genotype main effect in the darapladib treat-

ment arm were calculated in STABILITY and SOLID-TIMI 52 separately. Summary statistics

for the darapladib treatment arm from both trials were meta-analyzed using the inverse vari-

ance method using METAL [53].

Analysis of the X-chromosome. The X chromosome was imputed and analyzed by sex

for each trait in STABILITY and SOLID-TIMI 52 separately. As more than 70% of patients

were males in both studies, meta-analysis of all endpoints were conducted in males based on

summary statistics from both trials using the inverse variance method in METAL [53].

Multiple testing adjustment. The Bonferroni corrected multiple test threshold for declar-

ing statistical significance was calculated as P�5.0E-04 for the candidate gene analysis (0.05/

number of variants tested). For GWAS, the classical GWAS-significance threshold (P�5E-08)

was applied to declare significant results. This threshold was established at a time when most

GWAS involved approximately 1 million independent tests, mostly for common variants with

MAF>5%. Given the larger number of both common and low frequency variants (MAF<5%)

to be analyzed here, this implies a lack of stringent multiple testing correction such that any

associations reaching classical genome wide significance would be in need of further follow-up

for validation or replication. Due to the exploratory nature of the genetic analyses, no further

correction was applied to adjust for the number of endpoints tested.
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