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 Cholesterol carried on HDL (HDL-C) has long been be-
lieved to be cardioprotective, based on consistent epidemio-
logic fi ndings of an inverse relationship between incident 
CVD and HDL-C levels in subjects healthy at baseline ( 1, 2 ). 
Estimates from the Framingham Heart Study found that 
risk of myocardial infarction (MI) increased by 25% for 
each 5 mg/dl decrease in HDL-C below median values of 
HDL-C for both healthy men and women ( 2 ). Similar fi nd-
ings of the cardioprotective effects of HDL-C have also been 
reported in subjects with CVD at baseline ( 3 ). 

 In confl ict with these epidemiologic fi ndings, recent at-
tempts to establish a causal relationship between HDL-C 

       Abstract   Recent     studies have failed to demonstrate a causal 
cardioprotective effect of HDL cholesterol levels, shifting fo-
cus to the functional aspects of HDL. Phospholipid transfer 
protein (PLTP) is an HDL-associated protein involved in re-
verse cholesterol transport. This study sought to determine 
the genetic and nongenetic predictors of plasma PLTP activ-
ity (PLTPa), and separately, to determine whether PLTPa 
predicted carotid artery disease (CAAD). PLTPa was mea-
sured in 1,115 European ancestry participants from a case-
control study of CAAD. A multivariate logistic regression 
model was used to elucidate the relationship between PLTPa 
and CAAD. Separately, a stepwise linear regression deter-
mined the nongenetic clinical and laboratory characteristics 
that best predicted PLTPa. A fi nal stepwise regression consid-
ering both nongenetic and genetic variables identifi ed the 
combination of covariates that explained maximal PLTPa 
variance. PLTPa was signifi cantly associated with CAAD 
(7.90 × 10  � 9 ), with a 9% decrease in odds of CAAD per 1 unit 
increase in PLTPa (odds ratio = 0.91). Triglyceride levels 
( P  = 0.0042), diabetes ( P  = 7.28 × 10  � 5 ), paraoxonase 1 (PON1) 
activity ( P  = 0.019), statin use ( P  = 0.026),  PLTP  SNP 
rs4810479 ( P  = 6.38 × 10  � 7 ), and  PCIF1  SNP rs181914932 
( P  = 0.041) were all signifi cantly associated with PLTPa.   
PLTPa is signifi cantly inversely correlated with CAAD. Fur-
thermore, we report a novel association between PLTPa and 
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plasma PLTP mass is reported to be in the “inactive” form 
( 19, 22 ), which is distinguished from active plasma PLTP 
mass by mean molecular mass (160–210 kDa for active 
PLTP vs. 340 to >600 kDa for inactive PLTP) and Stokes 
diameter   (7.6–12.0 nM vs. 12 to >17 nM for active and in-
active PLTP, respectively). For the remainder of this pa-
per, “PLTPa” will refer to the active form of PLTP in the 
plasma. 

 PLTP facilitates the effl ux of cholesterol from periph-
eral cells to HDL for RCT through various mechanisms: 
fi rst, PLTP is expressed in macrophages, is upregulated in 
cholesterol-laden macrophage foam cells, and is present 
in atherosclerotic plaque ( 16, 17 ). On peripheral cells or 
in atherosclerotic plaque, PLTP promotes the binding of 
HDL to cholesterol-laden macrophages and fi broblasts 
and assists in HDL remodeling, which improves choles-
terol and phospholipid removal ( 23 ). Recent evidence 
demonstrated that in vitro RNA interference silencing of 
PLTP decreased apoA1- and HDL3-mediated cholesterol 
effl ux by 67 and 30%, respectively, highlighting the poten-
tial role of PLTP in RCT ( 24 ). 

 In contrast to these fi ndings, mouse and other animal 
models have generally supported a proatherogenic role of 
PLTP [see review in ( 25 )]. Mice defi cient in  PLTP  have de-
creased atherosclerosis when combined with apoE-defi cient 
or apoB-transgenic backgrounds ( 26 ). Increased  PLTP  ex-
pression in mice has been positively associated with athero-
sclerosis ( 27, 28 ) and decreased HDL, LDL, and VLDL 
levels ( 27 ). Moreover, increased  PLTP  gene expression has 
been reported to decrease RCT in mice through measure-
ment of the amount of intraperitoneally injected radioac-
tive-labeled cholesterol that reaches the feces ( 29 ). In 
humans, genetic variants in  PLTP  are associated with de-
creased HDL-C and increased triglyceride levels ( 30 ). Sep-
arately, a gene score based on two  PLTP  SNPs, rs6065904 
and rs378114, predicted lower PLTP activity (PLTPa), de-
creased hepatic  PLTP  expression, increased HDL3 concen-
tration, and decreased CVD risk in humans ( 31 ). 

 In contrast to these fi ndings that suggest PLTP is athero-
genic, it is notable that macrophage  PLTP  gene expression 
is cardioprotective in mouse models. First, in transgenic 
 PLTP   � / �   and  APOE   � / �   mice receiving a bone marrow 
transplant resulting in  APOE  expression in macrophages 
only, the lack of  PLTP  gene expression resulted in de-
creased APOE secretion from macrophages, increased 
cholesterol buildup, and accelerated atherosclerosis 
development ( 32 ). Similarly, in transgenic  PLTP   � / �   and 
 LDLR   � / �   mice receiving a bone marrow transplant result-
ing in  PLTP  gene expression in macrophages only  , the 
mice expressing  PLTP  had signifi cantly lower LDL choles-
terol levels, higher HDL-C levels, and decreased size of 
atherosclerotic plaque ( 33 ). Finally, even in transgenic 
 LDLR   � / �   mice with normal systemic  PLTP  and  APOAI  
gene expression, it was found that PLTP-mediated macro-
phage atheroprotection could still be derived following 
bone marrow transplant ( 34 ). Together, these fi ndings 
suggest that the physiologic context of  PLTP  expression is 
an important factor in determining its effects on athero-
sclerosis, with atherosclerotic lesion-based PLTPa likely 

and CVD have failed. First, in the AIM-HIGH randomized 
clinical trial, pharmacologic use of niacin resulted in sig-
nifi cant increases in HDL-C levels. However, this niacin-
induced increase in HDL-C was not found to affect CVD 
mortality or hospitalization at 2 years of follow-up ( 4 ). Sec-
ond, in a Mendelian randomization study of approxi-
mately 20,000 MI cases and 100,000 controls, a genetic 
variant ( LIPG Asn396Ser  ) that signifi cantly increased HDL-C 
did not associate with differential MI risk ( 5 ). Together, 
the failure of these two studies to establish a causal link 
between HDL-C and CVD outcomes has raised new doubts 
regarding the cardioprotective effects of HDL. 

 Recent evidence from prospective cohort studies may 
explain the failure of the aforementioned studies ( 4, 5 ) to 
establish a causal relationship between HDL-C and CVD. 
In the fi rst study from the European Prospective Investiga-
tion into Cancer and Nutrition (EPIC), decreases in inci-
dent CVD were signifi cantly associated with increased 
HDL particle (HDL-P) concentration. Moreover, this pro-
tective correlation between HDL-P and incident CVD was 
independent of apoB and triglyceride levels ( 6 ). In a sec-
ond study from the Multi-Ethnic Study of Atherosclerosis 
(MESA), HDL-P concentration was signifi cantly associated 
with decreased carotid intima media thickening. More-
over, although HDL-P and HDL-C were highly correlated 
with one another (Spearman’s correlation coeffi cient = 
0.69), the association of HDL-P with decreased carotid in-
tima media thickness (cIMT) remained signifi cant even 
after inclusion of HDL-C levels in the multivariate regres-
sion model, suggesting that HDL-P had cardioprotective 
effects independent of HDL-C levels ( 7 ). 

 The fi ndings in the EPIC ( 6 ) and MESA ( 7 ) studies sug-
gest that although HDL-C captures a large portion of 
HDL-P variation, HDL-C measurements do not refl ect the 
functional elements of HDL that are primarily responsible 
for cardioprotection. To help identify the specifi c compo-
nents of HDL responsible for cardioprotection, we have 
found that the HDL3 subfraction is the superior predictor 
of carotid artery disease (CAAD) when compared with 
HDL2, HDL-C, or apoA1 ( 8 ), and that this association is 
independent of the HDL3-associated ( 9 ) and cardiopro-
tective ( 10–13 ) paraoxonase 1 (PON1) enzyme activity 
( 8 ). Other work has determined that concentrations of 
the medium-sized (but not small or large) HDL-Ps differ 
signifi cantly between CAAD cases and controls, and that 
medium HDL-P concentration is highly correlated with 
HDL3 ( 14, 15 ). 

 Phospholipid transfer protein (PLTP) is involved in the 
transport of cholesterol from the periphery to the liver 
[reverse cholesterol transport (RCT)], which represents 
another potentially cardioprotective aspect of HDL that is 
not refl ected by HDL-C. PLTP is ubiquitously expressed 
( 16, 17 ) and physically associates with apoA1 ( 18 ), which 
facilitates cholesterol and phospholipid transfer from pe-
ripheral cells to HDL. Two forms of functionally defi ned 
PLTP are found in the plasma ( 19 ): an “active” form that 
can transfer triglyceride-rich phospholipids from VLDLs 
and chylomicrons to HDL ( 20, 21 ), and an “inactive” form 
that lacks this capability. Between 50 and 90% of total 
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measures, baseline demographic/clinical characteristics, and ge-
netic variants in the  PLTP  region. Of the studied 1,115 partici-
pants, 462 (41%) were on statin pharmacotherapy; this rate was 
72% in CAAD cases and 18% in controls (see supplementary Ta-
ble 1). Censored age, for analyses with CAAD as the outcome, is 
defi ned as the age at CAAD diagnosis for cases and age at enroll-
ment and blood draw for controls. Participants with milder ca-
rotid artery stenosis [between 15 and 49% in one (or both) 
internal carotid artery] were not phenotyped for PLTPa and 
were therefore excluded from these analyses. 

 Genotyping and imputation of SNPs 
 To maintain genetic homogeneity, only European ancestry 

subjects, as confi rmed by use of Illumina HumanCVD BeadChip 
SNP data ( 48 ) and the program STRUCTURE ( 49 ), were in-
cluded in these analyses. Genotyping of 48,742 SNPs relevant to 
CVD was performed using the Illumina HumanCVD BeadChip 
( 48 ). Duplicate genotyping in 34 participants showed 99.7% con-
sistency in genotype calls. Participants were fi ltered for an indi-
vidual call rate of <97%. SNPs were fi ltered for a SNP-specifi c call 
rate of <97%. 

 Imputation of the Illumina HumanCVD BeadChip data [post-
quality control (QC) measures outlined above] was performed 
for all autosomes (chromosomes 1-22) using IMPUTE2 ( 50 ) with 
phased haplotype data from the 1000 Genomes Project (March 
2012 release) as a reference panel ( 51 ). CLEAR participant geno-
type data was prephased prior to imputation using SHAPEIT 
( 52 ). Only imputed genotypes with a probability >0.9 were in-
cluded. Imputed SNPs with >5% missing genotypes or whose 
genotype distributions were not consistent with Hardy-Weinberg 
equilibrium at the  P  < 10  � 6  level were fi ltered out of the genetic 
dataset. SNPs within 50 kb of the  PLTP  gene and with a minor 
allele frequency >1% were considered for analyses, a total of 124 
SNPs measured in 1,591 European ancestry participants. 

 Plasma lipid measurements 
 All plasma lipid measurements were made on fasting whole 

plasma. Standard methods were used to determine plasma levels 
of total cholesterol, triglycerides, VLDL, and HDL using an Ab-
bott Spectrum analyzer. HDL subfraction 2 (HDL2), HDL3 ( 53 ), 
and apoA1 ( 54 ) levels were measured using previously described 
methods. The distributions of triglycerides and VLDL were natu-
ral log (ln) transformed to reduce left skewness. All plasma lipid 
levels had approximate normal distributions or were natural log 
transformed (triglycerides and VLDL). 

 PON1 arylesterase activity measurement 
 PON1 enzyme activity was measured by rate of enzymatic deg-

radation of phenylacetate [arylesterase (AREase)] by a continu-
ous spectrophotometric assay with lithium heparin plasma, as 
previously described ( 10–12 ). PON1 AREase activity had an ap-
proximate normal distribution. 

 PLTPa measurement 
 Radiometric gold-standard liposome assay.   Plasma PLTPa was mea-

sured from whole fasting plasma using the standardized radiomet-
ric method as previously reported ( 20, 55 ), blinded to all other 
participant data, at the Northwest Lipid Metabolism and Diabetes 
Research Laboratories. Each plasma sample was stored at  � 70°C 
and only thawed once prior to assay. In brief, the transfer of  14 C-
phosphatidylcholine to a HDL acceptor was measured in the pres-
ence of 1  � l of human plasma. All samples were incubated at 37°C 
for 15 min; the rate of transfer from cultured liposomes to HDL is 
linear within this period ( 40, 56 ). The analysis was performed 
in three technical replicates and counted four times from each 

being atheroprotective and systemic PLTPa possibly being 
atherogenic ( 35 ), though confl icting results have also 
been reported with macrophage PLTPa not being associ-
ated with an increase in RCT ( 29 ). 

 Further investigation on the effects of PLTPa and vascular 
disease in humans is necessary. Several studies have associ-
ated PLTPa with increased risk of coronary heart disease 
(CHD) ( 31, 36–38 ). However, cardioprotective effects of 
PLTPa have also been reported for peripheral artery disease 
( 39 ). Given this fi nding in combination with the report that 
 PLTP  expression in macrophages is associated with decreased 
atherosclerosis ( 33 ), we hypothesized that PLTPa could 
potentially be protective against cerebrovascular disease. 

 We have previously reported the association of PLTPa 
with  PLTP  locus SNPs and nongenetic covariates, including 
HbA1c in a male non-CAAD subset of this present study (n = 
87) and a 210 person replication dataset ( 40 ). Due to the 
relatively low throughput of our standardized PLTPa as-
say, similar data have not been reported in a larger human 
dataset, nor has the association of PLTPa with other 
plasma lipid traits been evaluated in a large cohort. Thus, 
the goal of this larger study was threefold: fi rst, to deter-
mine the correlation between fl uorescence-based PLTPa 
assay measures and our standardized PLTPa assay; second, 
to examine the PLTPa associations with plasma lipid traits, 
regional SNPs, and other clinical or demographic covari-
ates; and third, to determine the relationship between 
PLTPa and CAAD, adjusting for potential confounders. 

 METHODS 

 Ethics statement 
 Institutional review boards at the University of Washington, 

Virginia Mason Medical Center, and Veterans Affairs Puget Sound 
Health Care approved this study. Written informed consent was 
obtained from all participants. 

 Sample 
 All data for this study came from the Carotid Lesion Epidemi-

ology and Risk (CLEAR) study ( 8, 10–12, 40–47 ). The CLEAR 
study is a Seattle-based prevalent CAAD case-control study, com-
prised mostly of veterans, with controls distribution matched by 
sex and age at diagnosis of CAAD cases. All participants under-
went ultrasound assessment of both carotid arteries to quantify 
atherosclerotic plaque, except for a small number of CAAD cases 
that had prior carotid endarterectomy for symptomatic obstruc-
tion. CAAD was defi ned as >50% stenosis in either internal ca-
rotid artery as determined by ultrasound. Controls had <15% 
stenosis in both internal carotid arteries and absence of lower 
extremity peripheral artery disease or of known CHD. Exclusion 
criteria for the CLEAR study included familial hypercholesterol-
emia, total fasting cholesterol >400 mg/dl, hypocoagulable state 
or use of hypocoagulant medication, post-organ transplant, or 
inability to consent. For the purposes of our study, diabetes status 
was defi ned as hemoglobin A1c  � 6.5%, use of oral hypoglycemic 
therapy or insulin. Medication use was determined via self-report 
and then matched to pharmacy records. 

 The study population is a subset (n = 1,115) of the previously 
described CLEAR study ( 8, 10–12, 40–47 ) composed of 493 
CAAD cases and 622 controls with data on PLTPa, plasma lipid 
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 PLTP region SNP associations with PLTPa.   SNPs with  � 1% fre-
quency identifi ed in the  PLTP  region between 50 kb upstream of 
the fi rst codon or downstream of the last (n = 124 SNPs) were 
included in our analyses of the genetic predictors of PLTPa. Due 
to a highly dispersed pattern of linkage disequilibrium (LD) 
among these SNPs (see supplementary Fig. 1), attempts to re-
duce the number of tests through use of LD patterns to cluster 
correlated SNPs into a single test ( 57 ) were unproductive. PLINK 
( 58 ) was used to perform linear regression with the 124 identi-
fi ed  PLTP  region SNPs (with SNP genotypes coded additively) on 
the outcome of PLTPa, adjusted for the effects of age, sex, diabe-
tes status, statin use, ln(triglyceride levels), current smoking 
status, and PON1 AREase activity. Only SNPs signifi cantly indi-
vidually associated with adjusted-PLTPa in univariate analyses 
( P   �  0.05) were included in the fi nal nongenetic and genetic 
predictors of PLTPa stepwise regression model (see above). 

 Association of PLTPa and potential confounders with CAAD sta-
tus.   Using R with standard regression packages available, we 
performed multivariate logistic regression to determine whether 
PLTPa was associated with CAAD case status. In this model, age, 
sex, and all covariates we previously determined to be predictive 
of PLTPa variance by decreasing model AIC [ln(triglycerides), 
diabetes status, PON1 AREase activity, current smoking status, 
and apoA1; all of which are potential confounders of CAAD sta-
tus] were included in addition to PLTPa. 

 As CAAD is treated with statins, statin use was confounded for 
CAAD status and could not be directly included in the model pre-
dicting CAAD. Therefore, in the model predicting CAAD status, 
we adjusted PLTPa for the effects of statin use by subtracting the 
covariate-adjusted difference in PLTPa from statin use in controls 
( � 1.02, n = 601) using a previously described method   ( 47, 59, 60 ). 

 RESULTS 

 Demographic, clinical, and lipid variables of the studied 
subset of the CLEAR study are presented in   Table 1  .  The 
studied subset of CLEAR (n = 1,115) was comprised of two 
groups: those who had been previously analyzed by Jarvik 
et al. ( 40 ) (n = 87) and those who were newly phenotyped 
for PLTPa for this study (n = 1,028). The previous analysis 
examined only non-CAAD control males who were not on 

participant’s sample to reduce measurement variation  . All assays 
were performed using the same liposome acceptor preparation to 
reduce assay variability. QC values varied on average by 4–8%; as-
says with QC values exceeding 10% variability were repeated. Assay 
validation was also established by repeating randomly chosen sam-
ples in another separate assay, from which 3–5% intra-assay vari-
ability in assay yields for triplicate samples was calculated. Similar 
to the prior step, samples with greater than 10% variability in the 
intra-assay validation step were re-assayed. After all samples had 
been assayed, the values of PLTPa were adjusted for the QC vari-
ability to remove inter-assay differences. 

 Fluorescence-based liposome assay.   PLTPa was measured in a sub-
set of 20 male CLEAR participants without CAAD and not taking 
statin pharmacotherapy using two methods:  1 ) the previously de-
scribed radiometric assay; and  2 ) using a commercial fl uoromet-
ric assay from Roar Biomedical, Inc, previously used in numerous 
studies of PLTPa and CVD ( 36–38 ). In brief, 3  � l of sample 
plasma was incubated with kit-provided donor and acceptor par-
ticles resulting in the PLTP-mediated transfer of fl uorescent 
phospholipid. Each assay was performed in triplicate and re-
peated if inter-assay variation exceeded 10%. 

 Statistical analysis 
 Determination of nongenetic and genetic (full model) sources of 

PLTPa.   Using R (R Project for Statistical Computing) with stan-
dard regression packages, stepwise linear regression was used to 
determine the nongenetic covariates that predicted the highest 
PLTPa variance (n = 1,056  ). Nongenetic covariates entering the 
model were: BMI, diabetes status, statin use, current smoking sta-
tus, total cholesterol levels, ln(triglycerides), ln(VLDL), apoA1, 
HDL-C, HDL2, HDL3, and PON1 AREase activity. Model com-
parison was performed using Akaike’s information criterion 
(AIC), beginning with a base model considering age and sex. 

 After identifi cation of the nongenetic covariates and  PLTP  re-
gion SNPs that signifi cantly associated with PLTPa, a fi nal step-
wise linear regression model considering both genetic and 
nongenetic covariates was used to determine the regression 
model that predicted the maximal amount of PLTPa variance 
(n = 995). All nongenetic covariates and  PLTP  region SNPs that 
improved model prediction via AIC were included in the fi nal 
stepwise linear regression model, with model comparison begin-
ning with a base model with age and sex. SNP genotypes were 
coded additively. 

 TABLE 1. Demographic and clinical characteristics of the studied CLEAR subset       

Variable n
Current Subset 

(n = 1,028) Prior Subset (n = 87) Total (n = 1,115)  P 

Current age, y 1,115 69.3 ± 8.6 65.4 ± 9.4 69.0 ± 8.7 <0.001  a  
Female, % 1,115 166 (16%) 0 (0%) 166 (15%) <0.001  b  
Diabetic, % 1,115 169 (16%) 7 (8%) 176 (16%) 0.03  b  
BMI, kg/m 2 1,115 28.1 ± 4.9 28.3 ± 4.4 28.1 ± 4.9 0.88  a  
Statin use, % 1,115 462 (45%) 0 (0%) 462 (41%) <0.001  b  
Current smoking status, % 1,115 123 (12%) 6 (7%) 129 (11%) <0.001  b  
CAAD case, % 1,115 493 (48%) 0 (0%) 493 (44%) <0.001  b  
Total cholesterol, mg/dl 1,100 187 ± 41 198 ± 37 187 ± 41 0.004  a  
apoA1, mg/dl 1,110 144 ± 28 143 ± 27 144 ± 28 0.81  a  
HDL-C, mg/dl 1,100 50 ± 17 51 ± 17 50 ± 17 0.59  a  
HDL2, mg/dl 1,098 9.6 ± 6.3 9.7 ± 6.1 9.6 ± 6.3 0.37  a  
HDL3, mg/dl 1,099 41 ± 11 41 ± 12 41 ± 11 0.75  a  
ln(Triglycerides) 1,100 4.9 ± 0.55 4.7 ± 0.55 4.9 ± 0.54 0.004  a  
ln(VLDL) 1,100 3.3 ± 0.55 3.2 ± 0.54 3.3 ± 0.54 0.003  a  
PON1 AREase activity, IU 1,077 137 ± 51 151 ± 46 139 ± 50 <0.001  a  
PLTPa,  � M/h 1,115 13.4 ± 4.5 15.2 ± 2.7 13.5 ± 4.4 <0.001  a  

  a   Wilcoxon rank sum test used for  P  value calculations for differences between subsets.
  b   Pearson chi-square test used for  P  value calculations for differences between subsets.
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model for PLTPa, but were not signifi cantly associated 
( P  > 0.05) with PLTPa. These results are summarized in 
  Table 2  .  

 Sensitivity analysis evaluating whether the PLTPa rela-
tionship with other factors differed for cases versus con-
trols was performed by analyzing each of these groups 
separately; controls (n = 601, see supplementary Table 2) 
and CAAD cases (n = 455, see supplementary Table 3). 
With the exception of statin use, all variables signifi cantly 
associated with PLTPa in  Table 2  had the same direction 
of effect in both CAAD cases and controls. However, statin 
use was signifi cantly associated with a decrease in PLTPa 
of 1.02  � M/h in CAAD controls ( P  = 0.037, see supple-
mentary Table 2), while it was not associated with a differ-
ence in PLTPa in CAAD cases. 

 To evaluate the association of PLTPa with CAAD, multi-
variate logistic regression was used to predict CAAD consid-
ering PLTPa, censored age, female gender, ln(triglycerides), 
diabetes status, PON1 AREase activity, current smoking 
status, and apoA1 levels (see supplementary Table 4) 
(n = 1,056 with complete covariate and phenotype infor-
mation). As discussed in the Methods, PLTPa was pre-
adjusted for statin use, due to confounding of statin use 
and CAAD status. From this analysis, statin-adjusted PLTPa 
was strongly inversely associated with CAAD status [odds 
ratio (OR) = 0.91,  P  = 7.90 × 10  � 9 ], with an approximate 
9% decrease in odds of CAAD per 1  � M/h increase in 
statin-adjusted PLTPa. Notably, of the predictors of PLTPa 
that were also included in the regression model, 
ln(triglycerides) (OR = 1.27 per 2-fold increase in triglyc-
eride levels,  P  = 0.0051), diabetes status (OR = 3.25, 
 P  = 6.31 × 10  � 9 ), PON1 AREase activity (OR = 0.94 per 10 
IU increase in activity,  P  = 0.0011), and current smoking 
status (OR = 4.55,  P  = 1.38 × 10  � 12 ) were all signifi cantly 
associated with CAAD status. The sizes of these effects are 
summarized in   Fig. 2    .  

 To identify the genetic predictors of PLTPa while maxi-
mizing statistical power, we used linear regression includ-
ing PLTPa-associated covariates: age, sex, diabetes status, 
statin use, ln(triglyceride levels), current smoking status, 
apoA1 levels, and PON1 AREase activity on 124 SNPs 
within 50 kb of the  PLTP  gene on chromosome 20. The 
analysis included 1,025 CLEAR study participants with ge-
netic and covariate data. Of these 124  PLTP  region SNPs, 31 
were nominally associated with covariate-adjusted PLTPa 
in univariate association testing ( P   �  0.05, supplementary 

statins, while the newly PLTPa phenotyped subset in-
cluded females (15%), statin users (41%), and CAAD 
cases (44%). In addition, the newly PLTPa phenotyped 
subset tended to be older (69.3 years vs. 65.4 years), more 
likely to be diabetic (16% vs. 8%), and more likely to 
smoke (12% vs. 7%). With regard to lipid covariates, the 
newly PLTPa phenotyped subset had signifi cantly lower 
total cholesterol (mean 187 mg/dl vs. 197 mg/dl) and 
PON1 AREase activity (mean 137 IU vs. 151 IU), but sig-
nifi cantly higher levels of ln(triglycerides) (mean 4.9 vs. 
4.7) and ln(VLDL) (mean 3.3 mg/dl vs. 3.2 mg/dl). HDL-
related measures (apoA1, HDL-C, HDL2, and HDL3) did 
not signifi cantly vary between the two subsets of the cur-
rent data. Finally, the newly PLTPa phenotyped subset of 
CLEAR had signifi cantly lower mean PLTPa when com-
pared with the previously analyzed subset (13.4  � M/h vs. 
15.3  � M/h). Descriptive statistics of the current subset of 
CLEAR are also presented stratifi ed by CAAD status in 
supplementary Table 1 .  

 As a separate QC analysis, we performed additional 
PLTPa assays on 20 male control subjects not on statin 
pharmacotherapy using the commercial fluorometric 
PLTPa assay. We found that the Pearson’s pairwise correla-
tion coeffi cient for this subset of 20 participants was equal 
to 0.4799 between the gold-standard and low-throughput 
PLTPa assay ( 20, 55 ) used in this study and the commer-
cial fl uorescence-based PLTPa assay (see   Fig. 1  ).  

 To determine the predictors of PLTPa in an unbiased 
method, stepwise linear regression beginning with a base 
model of age and sex was used in a subset of the cohort 
(n = 1,056) with full covariate data. Several lipid-related 
measures and clinical characteristics were found to im-
prove model prediction of PLTPa variance [by decreasing 
model AIC, see the “Determination of nongenetic and 
genetic (full model) sources of PLTPa” subsection in the 
Methods]. Triglyceride levels [ �  coeffi cient = 0.88 PLTPa 
increase per 1 unit increase in ln(triglycerides),  P  = 0.002] 
and diabetes status ( �  coeffi cient = 1.41 increase in PLTPa 
if diabetic,  P  = 0.0003) were positively associated with 
PLTPa and explained 1.60 and 0.96% of PLTPa variance, 
respectively. PON1 AREase activity was also associated with 
an increase in PLTPa ( �  coeffi cient = 0.0082 increase in 
PLTPa per 1 IU increase in PON1 AREase activity,  P  = 
0.01) and explained an additional 0.98% of PLTPa vari-
ance. Finally, current smoking status, apoA1, and statin use 
all met the AIC threshold to remain in the fi nal regression 

  Fig. 1.  Correlation between PLTPa measurements 
from the gold-standard radiometric liposome assay 
used in the current study and the widely used com-
mercial fl uorometric liposome assay. The black line 
represents the correlation coeffi cient from a classi-
cal linear regression model between the two PLTPa 
assays.   
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proteins, such as PLTP and apoA1, and excreted through 
the liver ( 23 ). The importance of RCT has recently been 
highlighted in a study that measured cholesterol effl ux ca-
pacity, the ability of HDL to accept cholesterol from mac-
rophages, in a prospective cohort of 2,924 adults initially 
free from CVD. After a median of 9.4 years of follow-up, 
there was a 67% reduction in risk of CVD in the highest 
quartile of HDL-C effl ux capacity compared with the low-
est quartile ( 61 ), providing some of the fi rst prospective 
evidence that higher cholesterol effl ux capacity prevents 
CVD. 

 Within this context, we have provided further evidence 
that RCT is cardioprotective through our fi nding that 
plasma PLTPa is associated with decreased risk of CAAD 
(OR = 0.91 per 1  � M/h increase in PLTPa). In addition, 
we have performed the largest to-date analysis of the non-
genetic and genetic predictors of plasma PLTPa. For the 
nongenetic predictors, we confi rmed known associations 
of triglycerides, diabetes, smoking status, apoA1, and statin 
use, while also discovering the novel and strong associa-
tion of PON1 AREase activity with PLTPa. With regard to 
the genetic predictors of PLTPa, we have identifi ed nu-
merous associated  PLTP  region SNPs, confi rmed prior as-
sociations reported by Jarvik et al. ( 40 ), and also identifi ed 
 PLTP  SNP rs4810479 and  PCIF1  SNP rs181914932 as the 
best genetic predictors of PLTPa in these data. 

 In this work we also report on the relatively poor con-
cordance (Pearson’s pairwise correlation coeffi cient ( r ) of 
0.4799) between the gold-standard radiometric PLTPa 
assay used in the current study and the commercially 
available fl uorometric PLTPa assay previously used for 
numerous studies of PLTPa and CVD. This fi nding of poor 
correlation in male controls not on statin pharmacother-
apy is in contrast with prior reports of high concordance 
( r  = 0.90) between the two methods ( 36–38 ). Similar to the 
high correlation between HDL-C and HDL-P in MESA ( r  = 
0.69) but the lack of HDL-C to predict cIMT in a multivari-
ate model including HDL-P ( 7 ), the relative lack of corre-
lation observed between the two PLTPa assays (see  Fig. 1 ) 
in the current work may underlie the differences in con-
clusions drawn from our study and others in the published 
literature. To begin, in contrast to our fi ndings of an 
inverse association of PLTPa and CAAD, cross-sectional 
human epidemiologic CVD studies that have reported 

Table 5). An additional 16 of these 31 PLTPa-associated 
SNPs were also nominally predictive of CAAD status in uni-
variate analyses after adjustment for censored age, sex, dia-
betes status, ln(triglyceride) levels, current smoking status, 
apoA1 levels, and PON1 AREase activity ( P   �  0.05, supple-
mentary Table 5). We then analyzed a subset of nine SNPs 
previously reported by Jarvik et al. ( 40 ) to be signifi cantly 
associated with PLTPa in the subsample of 87 participants   
(see   Table 3  );  fi ve of the nine SNPs replicated (signifi -
cantly associated with PLTPa and same direction of effect) 
in this larger dataset. The association of these nine SNPs 
with CAAD was previously reported ( 40 ) and is summa-
rized in  Table 3 . Notably, rs6065904 remains predictive of 
PLTPa in the larger sample and is also predictive of CAAD 
status. 

 To determine the optimal combination of nongenetic 
factors (from  Table 2 ) and genetic variants (from supple-
mentary Table 5) that best predict PLTPa variance in our 
data, we used a fi nal stepwise linear regression model in 
995 participants with complete genetic and covariate data. 
In this model, the 31  PLTP  region SNPs from supplemen-
tary Table 5 were added to the model and compared using 
AIC to a base model containing all previously identifi ed 
predictors of PLTPa (from  Table 2 ), such that only the 
SNPs that further improved model prediction of PLTPa 
variance were retained. From this process, two SNPs that 
further improved PLTPa were identifi ed from the list of 31 
SNPs, rs4810479 and rs181914932 (see   Table 4  ).   PLTP  
SNP rs4810479 was associated with a decrease in PLTPa ( �  
coeffi cient =  � 1.08,  P  = 6.38 × 10  � 7 ) per each minor allele, 
C, and explained an additional 2.4% PLTPa variance. 
 PCIF1  SNP rs181914932 was positively associated with 
PLTPa ( �  coeffi cient = 1.18,  P  = 0.041) per each minor al-
lele, C, and explained the 0.31% PLTPa variance. 

 DISCUSSION 

 Functional aspects of the HDL-P not captured by HDL-
C measures may explain the recent failures of interven-
tions to raise HDL-C to prevent CVD mortality ( 8, 15 ). Of 
the many functional aspects of HDL, one of the most 
promising is RCT, whereby lipids are removed from pe-
ripheral cells and atherosclerotic plaque by HDL-borne 

 TABLE 2. Predictors of PTLPa from multivariate stepwise linear regression (n = 1,056)     

Variable Coeffi cient ± SE PLTPa (%)  P 

Intercept 7.34 ± 2.32 — —
Current age  � 0.014 ± 0.018 0.59 0.44
Female gender 0.32 ± 0.44 0.00043 0.47
ln(Triglycerides) 0.88 ± 0.28 1.60 0.0017
Diabetes status 1.41 ± 0.38 0.96 0.0003
Statin use  � 0.85 ± 0.30 0.29 0.005
PON1 AREase activity 0.0082 ± 0.0032 0.98 0.010
Current smoking status 0.58 ± 0.44 0.19 0.19
apoA1 0.0090 ± 0.0062 0.16 0.14

The 1,056 participants had complete data on all parameters considered in this stepwise linear regression 
model. All covariates included in the fi nal model improved model prediction of PLTPa as measured by AIC. Other 
covariates considered, but not retained in the fi nal model, were: BMI, total cholesterol levels, ln(VLDL), HDL-C, 
HDL2, and HDL3. Please see the Methods subsection “Determination of nongenetic and genetic (full model) 
sources of PLTPa” for further information.
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association between PLTPa and acute CVD ( 37, 62 ) refl ect 
sampling of subjects already with signifi cant atheroscle-
rotic disease, and therefore, higher PLTPa, which may be 
a consequence of the underlying pathophysiological pro-
cesses or a compensatory change. In addition, it may be 
that the cardioprotective effects of PLTPa have increased 
importance in primary prevention (i.e., before develop-
ment of sizable atherosclerotic plaque) due to its key role 
in RCT. Notably, prospective work by Robins et al. ( 36 ) did 
fi nd that higher levels of PLTPa were associated with inci-
dent CVD; however, the measures of PLTPa were from the 
fl uorometric-based assay and did not specifi cally assess 
cerebrovascular disease, instead using the composite out-
come (CHD, hemorrhagic stroke, or ischemic stroke) of 
all incident CVD. As a result, we believe that further pro-
spective studies beginning with disease-free participants 
and measuring PLTPa with the radiometric-based stan-
dardized direct transfer method are needed to fi rmly 
establish whether PLTPa is causally protective against cere-
brovascular disease (including CAAD) in particular. 

 In this work, we present what is, to the best of our knowl-
edge, the fi rst report of the association of PON1 AREase 

increased PLTPa associated with CHD ( 37 ) and cIMT 
( 62 ). Additionally, one prospective study of 1,085 partici-
pants with angiographically documented CHD at baseline 
has reported a positive association between PLTPa and the 
composite outcome of incident MI and death ( 38 ). A sepa-
rate prospective study of 2,679 participants without known 
CVD at baseline from the Framingham Heart Study found 
that PLTP higher than the median was a risk factor for in-
cident CVD in males only ( 36 ). 

 However, the cross-sectional study of CHD ( 37 ) and the 
prospective studies of CVD outcomes ( 36, 38 ) both used 
fl uorescence-based assay kits to measure PLTPa rather 
than the radiometric-based standardized direct transfer 
method of assessing PLTPa. As previously discussed, we 
have found very poor correlation between the standard-
ized method of PLTPa assessment and the commercially 
available fl uorescence PLTPa assay (see  Fig. 1 ). Thus, assay 
differences and the unexplained variation not captured by 
the fl uorescence-based PLTPa measures ( r  = 0.4799) may 
explain inconsistency in the direction of the PLTPa-CVD 
association. Additionally, as PLTPa is upregulated in ath-
erosclerosis ( 16, 17 ), it is possible that reports of positive 

  Fig. 2.  OR association with CAAD status of PLTPa and predictors from multivariate logistic regression (n = 1,056). *0.05 >  P  > 0.001. 
** P  < 0.001. See supplementary Table 4 for full regression model coeffi cients.   
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process that was further exacerbated in double knockout 
 PON1/APOE  mice ( 70 ). More recent evidence has shown 
that rare coding variation in  PON1  is associated with isch-
emic stroke in a sample of approximately 5,000 human 
participants ( 13 ). With regard to PLTP, it is known that 
PON1 protein is one of 24 different proteins that associate 
with PLTP in plasma ( 71 ). It is not known whether PON1 
directly interacts with PLTP in this plasma macromolecu-
lar complex, but its association with this complex may re-
late to its known interaction with apoA1 and clusterin, two 
major components of PLTP-containing plasma complexes 
( 56 ). It is notable that PLTP interacts with both HDL2 and 
HDL3 and is critically involved in the maturation pro-
cesses of the HDL-P ( 23 ). Furthermore, PLTP has been 
shown to reduce secretion of the pro-infl ammatory mark-
ers and mediators in human primary macrophages and 
differentiated THP1 cells in vitro by modulation of the signal 

activity with plasma PLTPa. In our data, PON1 AREase ac-
tivity and PLTPa were positively associated with each other 
and were each inversely correlated with increased CAAD 
risk. In contrast to the inconsistent direction of the PLTPa-
CVD associations, PON1 activity has been consistently re-
ported to be cardioprotective [( 10, 11 ), as reviewed in 
( 63 )], including in a well-described and large prospective 
cohort for incident heart disease ( 64 ). 

 PON1 is an antioxidant glycoprotein enzyme physically 
associated with the HDL-P ( 65 ) and is enriched in the 
smaller HDL3 subfraction ( 9 ). PON1 has previously been 
reported to prevent both HDL ( 66 ) and LDL oxidation 
( 67 ), leading to theories that LDL-oxidized phospholipids 
are one of the numerous targets of PON1 enzymatic ac-
tion ( 68 ). Use of transgenic mice demonstrated a key role 
for PON1 in atherosclerosis, as mice lacking  PON1  had ac-
celerated atherosclerosis when fed a high-fat diet ( 69 ), a 

 TABLE 3. Comparison of  PLTP  SNP association with covariate-adjusted PLTPa and in previously reported versus current data            

SNP Function MAF  a  2010 Number 2010 Beta  b  2010  P  b  2010 CAAD  c  2015 Number  d  2015 Beta  e  2015  P  e  Replicate   f  

rs1736493 Intron 4 0.067 87 0.09 0.011 + 1,025 0.26 0.53  � 
rs553359 Intron 4 0.39 87  � 0.05 0.0083  � 1,025  � 0.18 0.36  � 
rs11086985 Intron 6 0.37 87 0.07 0.0011  � 1,025 0.23 0.27  � 
rs6065904 Intron 8 0.22 87  � 0.08 2.55 × 10  � 5 + 1,025  � 1.05 1.35 × 10  � 5 +
rs6073952 Intron 11 0.19 87  � 0.10 3.39 × 10  � 6  � 1,025  � 0.89 0.00033 +
rs378114 Intron 12 0.27 87 0.10 5.29 × 10  � 5  � 1,025 0.51 0.024 +
rs11569668 5 ′  of  PLTP 0.026 87 0.10 0.016 + 1,025 0.51 0.39  � 
rs4810479 5 ′  of  PLTP 0.25 87  � 0.07 4.93 × 10  � 4  � 1,025  � 1.18 2.63 × 10  � 7 +
rs7679 5 ′  of  PLTP 0.18 87  � 0.11 5.39 × 10  � 7  � 987  � 1.10 2.84 ×10  � 5 +

MAF, minor allele frequency.
  a   Minor allele frequency within the entire CLEAR cohort.
  b   Analyses adjusted by age, BMI, and HBA1c levels (only men analyzed).
  c   Column indicates whether previously reported  PLTP  SNP associations with covariate-adjusted CAAD (n = 939) by Jarvik et al ( 40 ) are replicated 

in the current slightly larger dataset (n = 1,118). A (+) symbol indicates that the tested SNP has both  P  < 0.05 and consistent direction of effect for 
the ORs in both datasets. We replicate previously reported associations for rs1736493, rs6065904, rs11569668, and CAAD. A ( � ) symbol indicates 
that either the tested  PLTP  SNP was not signifi cantly associated or the direction of effect on the outcome of CAAD was inconsistent between the two 
datasets.

  d   Number available for linear regression analysis of  PLTP  region SNP effects on PLTPa dependent on the number of CLEAR participants with 
complete parameter data (PLTPa, covariates, and genotype data).

  e   Analyses adjusted by age, sex, diabetes status, statin use, ln(triglyceride levels), current smoking status, and PON1 AREase activity.
  f   Replication refers to the  PLTP  region SNP association with covariate-adjusted PLTPa. To have positive replication (+) a SNP must both be 

signifi cantly associated with PLTPa ( P  < 0.05) and have a consistent direction of effect (increase or decrease PLTPa) in both datasets. Negative 
replication ( � ) indicates that either the tested  PLTP  region SNP was not signifi cantly associated with PLTPa in the larger dataset or that the 
direction of effect on the outcome of PLTPa was not consistent in the two datasets.

 TABLE 4. Genetic and nongenetic predictors of PTLP activity from stepwise linear regression (n = 995)     

Variable Coeffi cient ± SE PLTPa (%)  P 

Intercept 13.01 ± 1.42 — —
Current age  � 0.018 ± 0.017 1.10 0.31
Female gender  � 0.38 ± 0.40 0.0019 0.35
Statin use  � 0.80 ± 0.33 0.29 0.026
ln(Triglycerides) 0.89 ± 0.26 1.38 0.0042
Diabetes status 1.55 ± 0.39 0.72 7.28 × 10  � 5 
PON1 AREase activity 0.0072 ± 0.0029 1.06 0.019
Current smoking status 0.76 ± 0.43 0.23 0.086
apoA1 0.0093 ± 0.0055 0.21 0.038
rs4810479  � 1.08 ± 0.22 2.40 6.38 × 10  � 7 
rs181914932 1.18 ± 0.66 0.31 0.041

The 995 participants had complete data on all parameters considered in this stepwise linear regression model. 
All covariates included in the fi nal model improved model prediction of PLTPa as measured by AIC. Other 
covariates considered, but not retained, in the fi nal model were: BMI, total cholesterol levels, ln(VLDL), HDL-C, 
HDL2, HDL3, and genotypes (coded additively) of the remaining 29  PLTP  region SNPs signifi cantly associated with 
PLTPa (see supplementary Table 5 for full list). Please see the Methods subsection on “Determination of nongenetic 
and genetic (full model) sources of PLTPa” for further information.
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 We also report in this work that 16 of the 31 SNPs sig-
nifi cantly associated with PLTPa are also predictive of 
CAAD status (see supplementary Table 5), replicating 
three SNPs from prior report ( 40 ) and addressing Men-
delian randomization evidence ( 5 ) of the potential causal 
role of PLTPa in atherogenesis. We note that of the two 
SNPs that were retained in the fi nal model predicting 
PLTPa (see  Table 4 ),  PLTP  SNP rs4810479 was only mar-
ginally predictive of CAAD ( P  = 0.097), while  PCIF1  SNP 
rs181914932 was not ( P  = 0.62). Moreover, it is notable 
that those SNPs that signifi cantly predict both decreased 
PLTPa and CAAD in our univariate data are associated 
with decreased CAAD risk. For example, rs6065904 is as-
sociated with a decrease in PLTPa of 1.054  � M/h per mi-
nor allele ( P  = 1.35 × 10  � 5 ) and is also associated with 
decreased CAAD odds   (OR = 0.74, 0.59–0.94,  P  = 0.012). 
Such fi ndings are not consistent with PLTPa being car-
dioprotective and suggest a complex relationship be-
tween genotype, PLTPa, and atherosclerotic end-organ 
damage. As a potential explanation, it is possible that 
the  PLTP  SNPs associated with CAAD in this work are 
more strongly correlated with increased atherogenic  PLTP  
gene expression that is hepatic or systemic ( 27, 28 ), re-
sulting in the fi nding that  PLTP  SNPs are predictive of 
CAAD. In contrast, our gold-standard assay measure of 
PLTPa may better refl ect peripheral tissue and athero-
sclerotic plaque PLTPa, thereby confi rming our fi nding 
that PLTPa measured by the radiometric assay used in 
this study is atheroprotective   ( 33, 34 ). As a whole, such a 
complex relationship with high correlation between sys-
temic and peripheral  PLTP  gene expression that is dif-
ferentially refl ected in our PLTPa measurements could 
result in confl icting fi ndings, which are overall refl ective 
of the immense complexity of PLTP and its role in ath-
erosclerosis. Further work on the tissue-specifi c gene ex-
pression changes in  PLTP  with varying genotype are 
needed, both in peripheral tissue and atherosclerotic le-
sions where  PLTP  expression is expected to be protective 
against atherosclerosis, in addition to measurements of 
systemic and hepatic elevations of  PLTP  expression that 
are likely proatherogenic, to fi rmly elucidate the role of 
PLTPa and  PLTP  genetic variants on risk of CAAD. 

 Several limitations of our study should be considered. 
First, this subset of the CLEAR study was composed en-
tirely of European ancestry subjects, limiting inferences 
from our data to participants of other races. Second, due 
to the cross-sectional nature of this study, no inferences 
can be made on causality, although the association of 
 PLTP  SNPs with CAAD suggests a causal role. Future 
follow-up with prospective design,  PLTP  genotype data, and 
baseline plasma PLTPa measured using the gold-standard 
assay is required to better understand the etiological role 
that PLTPa has in CVD. Third, we only examined SNPs in 
the  PLTP  region. Other genetic predictors of PLTPa likely 
exist. Finally, we could not directly adjust for the effects of 
statins in our analysis of CAAD, as statin use is confounded 
with CAAD status. Instead, we adjusted the levels of plasma 
PLTPa by the mean change in controls on statins ( � 1.02), 
a method previously used to adjust for the effects of statins 

transduction pathways ( 72 ), and PLTPa was inversely cor-
related with the extent of tissue damage in a model of 
chronic infl ammation in humans ( 73 ). Given the enrich-
ment of acute phase reactants in PLTP complexes ( 71 ), 
further molecular work could elucidate a unique role for 
PON1 and PLTP relationship in infl ammation. 

 Triglyceride and apoA1 levels were both positively asso-
ciated with plasma PLTPa in our cohort. For triglyceride 
levels, this fi nding validates numerous prior reports ( 56, 
74 ) that have previously proposed that this is due to the 
enhanced ability of triglyceride-rich HDL to accept addi-
tional phospholipids via the actions of PLTP ( 75 ). PLTP 
physically associates with apoA1 in large protein com-
plexes ( 71 ); moreover, apoA1 stabilizes recombinant 
PLTP lipid transfer activity ( 71 ). It should be noted that 
both PLTP and apoA1 are able to elicit ABCA1-dependent 
lipid effl ux for RCT, but with different lipoprotein effl ux 
acceptors; PLTP-mediated ABCA1 lipid effl ux requires the 
presence of mature HDL-Ps, while apoA1 uses lipid-poor 
HDL-Ps ( 23, 76 ). Moreover, it is notable that in this pro-
cess, PLTP binds to ABCA1 and can competitively inhibit 
apoA1 binding, indicating a shared protein-interaction re-
gion ( 76 ). Finally PLTP is ubiquitously expressed ( 16, 17 ), 
while apoA1 is largely restricted to the liver and intestines 
( 77 ), thereby highlighting the importance of plasma 
PLTPa in RCT involving macrophage foam cells at periph-
eral sites with atherosclerotic plaque ( 78 ). 

 In this work, we report that 31 total regional SNPs sig-
nifi cantly associated with PLTPa when evaluated sepa-
rately; moreover, fi ve of nine previously reported SNPs 
( 40 ) replicated in this dataset. Of the 31 signifi cantly as-
sociated SNPs, two were signifi cantly and additively predic-
tive of plasma PLTPa, when considering other covariates, 
indicating that there were likely two distinct regions inde-
pendently associated with PLTPa. The fi rst of these SNPs 
is a 5 ′   PLTP  SNP, rs4810479. Our report that rs4810479 is 
negatively associated with plasma PLTPa replicates prior 
fi ndings in a smaller subset of the current data ( 40 ). More-
over, rs4810479 has previously been associated with de-
creased mean HDL-P size ( 79 ), increased small HDL-P 
concentration ( 80 ), and decreased large LDL cholesterol 
concentrations ( 80 ). As rs4810479 is located 5 ′  of  PLTP  
and is not protein coding, it likely represents a regulatory 
region for the PLTP gene; it should be noted that it is not 
in strong LD ( r 2 < 0.8) with rs7679, a  PLTP  SNP previously 
reported to affect  PLTP  expression ( 81 ). However, in our 
data, rs4810479 was the  PLTP  region SNP most strongly 
associated with plasma PLTPa, and once it was in the fi nal 
regression model, no other  PLTP  SNP (including rs7679) 
explained additional PLTPa variance. The second unique 
genetic signal associating with PLTPa was  PCIF1  5 ′  SNP 
rs181914932, which was positively associated with PLTPa. 
We were unable to ascribe this association to LD with a 
 PLTP  SNP. Comparatively little is known about  PCIF1  or 
rs181914932.  PCIF1  encodes a WW-domain interacting 
protein that has been shown to affect RNA polymerase II 
activity ( 82 ) and  MODY4  expression ( 83 ), a gene that has 
been implicated in diabetes pathogenesis. Further work is 
needed to elaborate the role that  PCIF1  plays in PLTPa. 
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on lipid levels ( 47, 59 ), leading to a more conservative es-
timate of the effect of PLTPa on CAAD status. 

 In summary, we have performed the largest known study 
of the genetic and nongenetic factors predicting plasma 
PLTPa. In our data, we confi rm the associations of triglycer-
ides, diabetes, smoking status, apoA1, statin use, and numer-
ous  PLTP  region SNPs on PLTPa. We also report two novel 
associations: fi rst, the positive association of PON1 AREase 
activity with PLTPa and second, the association of  PCIF1  
SNPs. Due to the emerging focus on the process of RCT 
( 61 ), an increased focus on PLTPa, which we have shown 
to be cardioprotective in this data, is warranted.  

 The authors would like to thank all CLEAR participants. 
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