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Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a secreted protein that enhances degradation of the LDL re-
ceptor. While agents that inhibit PCSK9 markedly reduce atherogenic lipoproteins and show great promise for event
reduction, it is unknown whether plasma PCSK9 levels predict incident cardiovascular events.

In a nested case—control evaluation conducted in a prospective cohort of >28 000 initially healthy American women,
we measured plasma concentrations of PCSK9 at baseline among 358 participants who subsequently developed major
cardiovascular events (cases) and among 358 age, smoking, and hormone replacement therapy matched participants
who remained free of disease during 17 years of follow-up (controls). Proprotein convertase subtilisin/kexin type 9 level
was not significantly related to smoking status, hypertension, obesity, or a family history of premature cardiovascular
disease but was positively associated with apolipoprotein B-100 (r = 0.20, P < 0.001), and triglycerides (r = 0.13,
P = 0.004). No associations were observed between PCSK9 and apo A1, HDLC, lipoprotein(a), or high-sensitivity
C-reactive protein. Despite modest positive association with atherogenic lipids, baseline levels of PCSK9 did not predict
the first cardiovascular events; the odds ratios (ORs) for future vascular events for the lowest (referent) to highest
baseline quartiles of PCSK9 were 1.0, 0.94, 0.98, and 1.15 (P-trend = 0.53). In contrast, the corresponding ORs for
baseline apo B levels were 1.0, 1.14, 1.34, and 1.94 (P-trend = 0.002).

In a large-scale primary prevention cohort, plasma levels of PCSK9 measured at baseline did not predict future cardio-
vascular events.

PCSK9 e Epidemiology e Apolipoprotein B e Prevention e Myocardial infarction

Introduction

In 2003, Abifabel and colleagues identified gain-of-function muta-
tions in proprotein convertase subtilisin/kexin type 9 (PCSK9) as a
novel cause of autosomal dominant hypercholesterolaemia that as-
sociates with premature coronary heart disease.” Soon thereafter,
sequence variation in PCSK9 resulting in loss-of-function mutation
was found to be associated with very low LDL cholesterol levels
and protective against coronary artery disease.> Subsequent
work has shown PCSK9 to be highly expressed in the liver where
it binds to the LDL receptor and promotes internalization and deg-
radation of the LDL receptor in hepatic lysosomes.** By slowing this
degradation process, inhibitors of PCSK9 promote recycling of the

LDL receptor, increasing its functional half-life and reducing circulat-
ing levels of apo B containing lipoprotein particles. Monoclonal anti-
bodies that functionally inhibit PCSK9 have already proved capable
of markedly reducing LDL cholesterol both as monotherapy® and as
adjuncts to statin treatment,” and are now under investigation in
multiple large-scale event reduction trials.® Substantive LDL reduc-
tion is also seen with PCSK9 inhibitors when used in settings of het-
erozygous and homozygous familial hyperlipidaemia as long as there
is at least partial LDL receptor function.”'®

Despite these data, whether plasma PCSK9 levels predict incident
cardiovascular events is unknown since prior studies evaluating this
question'""? have been conducted largely among secondary pre-
vention patients who are likely to be taking statin therapy. This is
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a potential source of confounding as statins increase circulating le-
vels of PCSK9." To address this issue, we conducted a nested
case—control study in which we measured plasma levels of
PCSK9 as well as standard lipids, apolipoprotein B-100 (apo B), apo-
lipoprotein A-1 (apo A), lipoprotein(a) (Lp(a)), and high-sensitivity
C-reactive protein (hsCRP) at baseline in a prospective cohort of
initially healthy American women who were followed over a
17-year period for incident vascular events.

Methods

Study cohort, endpoint ascertainment, and
evaluation of proprotein convertase subtilisin/
kexin type 9 levels

We investigated the relationship of baseline plasma PCSK9 levels as a
predictor of future cardiovascular events in a nested case—control study
conducted among initially healthy participants in the prospective Wo-
men’s Health Study (WHS)." In brief, 28 263 women aged 45 and
over who were free of reported cardiovascular disease provided base-
line plasma samples, which were collected in EDTA and stored in liquid
nitrogen until the time of analysis. Once enrolled, all study participants
were prospectively followed over an average period of 17 years for the
occurrence of the first ever cardiovascular events (myocardial infarc-
tion, thromboembolic stroke, or cardiovascular death). The end point
of myocardial infarction was confirmed if symptoms of ischaemia
were present and if the event was associated with diagnostic changes
in cardiac enzyme levels or if there were diagnostic electrocardiographic
changes. The diagnosis of thromboembolic stroke was confirmed if the
patient had a new neurological deficit of >24-h duration that was not
coded by the WHS neurologic endpoint committee as having a primary
haemorrhagic origin; computed tomography or magnetic resonance
scanning was available for almost all cases. Deaths from coronary heart
disease were confirmed by record review, death certificates, autopsy re-
ports, and information provided by family members.

For the current analysis, we limited the WHS cohort to those women
not taking statin therapy, and then constructed a nested case—control
study within the cohort in which baseline samples were obtained
from 358 study participants who subsequently developed a confirmed
cardiovascular end point during follow-up (cases). For each of these
case women, baseline plasma samples were also obtained from a wo-
man who was randomly selected from the pool of remaining study par-
ticipants not taking statin therapy who did not develop cardiovascular
events during follow-up (controls). Case and control women were
matched on the basis of age (+ 2 years), smoking status (former, cur-
rent, never), and use of hormone replacement therapy (HRT). No
women with a history of heterozygous or homozygous familial hyper-
cholesterolemia were included in the study.

Baseline plasma samples obtained in the fasting state from each case
(N = 358) and control (N = 358) participant which had been stored
since study initiation in liquid nitrogen were thawed and assayed for total
plasma PCSK9 in a core laboratory certified by the NHLBI/CDC Lipid
Standardization program. Proprotein convertase subtilisin/kexin type
9 levels were measured using a commercial assay (Quantikine Human
Proprotein Convertase 9/PCSK9 Immunoassay, R&D Systems).

Matched plasma specimens were analysed in duplicate, with the pos-
ition of the case specimen varied at random to reduce systematic bias
and minimize inter-assay variability. To evaluate the PCSK9 assay, an ini-
tial pilot study was conducted in which 10 plasma samples were selected
at random from other participants within the WHS cohort that were
obtained, shipped, stored, and processed in an identical manner to those

that would be used in the main study. These 10 samples were then split
and sent as blinded slit samples to the reference lab in order to calculate
coefficients of variation for PCSK9.

In addition to PCSK9, levels of standard lipids, apo B, apo A-l, Lp(a),
and hsCRP were measured in the same central core laboratory facility as
previously described." ="

Statistical analysis

Medians and proportions for baseline risk factors were computed for
case and control participants and compared using the Wilcoxon signed
rank test or McNemar’s test. The Wilcoxon rank sum test was used to
compare plasma PCSK9 values in risk factor subgroups. Pearson correl-
ation coefficients were used to evaluate for any evidence of relationship
between plasma PCSK9 and the additional measured plasma biomarkers.

Tests for trend were used to evaluate evidence of association be-
tween increasing levels of PCSK9 and the first ever cardiovascular
events after dividing the study population into quartiles on the basis
of the distribution of control values. In these analyses, risk estimates
were obtained with conditional logistic regression models that ac-
counted for the matching variables of age, smoking status, and hormone
replacement therapy. Additional logistic regression models were used
that also adjusted for potential confounding variables (apo B, HDL chol-
esterol, systolic blood pressure, body mass index, diabetes, parental
history of myocardial infarction before age 60 years).

To provide internal controls and a comparator for the magnitude of
risk associated with PCSK9 levels, we then repeated this process for
three plasma biomarkers with known relationship to future vascular
events in this cohort, apo B, the total to HDL cholesterol ratio
(TC:HDLC), and hsCRP. A subgroup analysis was additionally performed
among those women not taking any lipid-lowering agents at study entry.

All probability values are two tailed and all confidence intervals com-
puted at the 95% level.

Results

Baseline clinical characteristics and
proprotein convertase subtilisin/kexin
type 9 assay performance

Case and control women were matched on age (median 63 years),
smoking status (21% current smokers), and a history of hormone re-
placement therapy (43.7%). As expected, initially healthy women
who subsequently developed cardiovascular events (cases) were
more likely at baseline to have a history of hypertension, obesity,
diabetes, or hyperlipidaemia when compared with women who re-
mained free of reported disease (controls). As anticipated, case wo-
men also had higher baseline levels of apo B, LDLC, ratios of total to
HDLC, and hsCRP, and lower baseline levels of HDLC (Table 1).

Blinded repeat analysis of PCSK9 for the 10 split-samples used in
the pilot study showed a correlation in excess of 0.98 and a coeffi-
cient of variation <5%.

Determinants of plasma proprotein
convertase subtilisin/kexin type 9 levels

The distribution of PCSK9 levels for the control women is shown in
Figure 1A. Among controls as well as among cases, non-lipid cardiovas-
cular risk factors did not substantively impact upon plasma PCSK9 le-
vels; the Pearson correlation coefficients between PCSK9 and age
(r=0.044, P = 0.23), body mass index (r = 0.078, P = 0.04), systolic
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Table | Baseline clinical characteristics of study participants

Controls (N = 358)

Cases (N = 358)

P-value

Age (years)
Smoking status (%)
Current
Past
Never
HRT use (%)
Body mass index (kg/m?)
Diabetes (%)
HbA1c (%)
Hypertension (%)
Hyperlipidaemia (%)
Family history (%)
Triglycerides (mg/dL)
Total cholesterol (mg/dL)
HDL cholesterol (mg/dL)
Apolipoprotein A1 (mg/dL)

209
372

419

437

25.0 (22.3,28.9)
28
5.1(49,53)
352

39.7
9.7

130 (93, 180)

219 (192, 241)
51 (43, 63)

150 (134, 168)

Apolipoprotein B-100 (mg/dL) 108 (90, 128)
Lipoprotein(a) (mg/dL) 9.9 (4.4, 36.0)
hsCRP (mg/L) 23(1.2,4.6)
PCSK9 (ng/mL) 299.7 (252.9-358.8)

63 (58, 68) Matching variable
20.9 Matching variable
372
41.9
43.7 Matching variable

26.2 (22.7,29.3) 0.005
14.0 <0.0001

5.1 (49,54) 0.01
543 <<0.0001
41.3 <0.001
15.6 0.04
157 (104, 240) <0.0001
222 (199, 250) 0.04

48 (40, 58) 0.0004
147 (130, 169) 0.17
115 (93, 138) <0.0001
12.3 (5, 49) 0.12
35 (1.7, 6.5) <0.0001

304.4 (252.9-365.9) 0.94

Values are proportions or medians (inter-quartile range). P-value is for the comparison of women who remained free of cardiovascular disease during follow-up (controls) when
compared with women who developed incident myocardial infarction, stroke, or cardiovascular death (cases). Case and control participants were matched on age, smoking status,

and use of hormone replacement therapy.

HRT, hormone replacement therapy; HbA1c, haemoglobin Alc; hsCRP, high-sensitivity C-reactive protein; PCSK9, proprotein convertase subtilisin/kexin type 9.

blood pressure (r = 0.044, P = 0.25), and diastolic blood pressure
(r=0.014, P = 0.72) were all quite small, and no differences in
PCSK9 levels were observed between smokers and non-smokers
(319 vs. 312 ng/dL, P = 0.39), those with and without hypertension
(317 vs. 311 ng/dL, P = 0.35), HRT users and non-users (310 vs.
317 ng/dL, P = 0.37), or those with and without a family history of
premature atherosclerosis (315 vs. 314 ng/dL, P = 0.96).

In contrast, as would be anticipated given PCSK9 function, plasma
PCSK9 levels correlated modestly with apo B-100 (r=0.20,
P < 0.001), LDL cholesterol (r= 0.18, P < 0.001), non-HDL choles-
terol (r =0.21, P < 0.001), and the total to HDL cholesterol ratio
(r=0.14, P = 0.0002). A modest but statistically significant positive
correlation with plasma triglycerides was also observed (r = 0.13,
P = 0.004) (Figure 2).

No significant relationships were observed between PCSK9
levels and In(hsCRP) (r=0.009, P = 0.82), HDL cholesterol
(r=0.003, P=0.94), apo A1 (r=10.035 P=0.35), In(Lp(a))
(r=0.018, P = 0.63), or calculated 10-year risk estimates using
the 2013 ACC/AHA risk calculator.

Proprotein convertase subtilisin/kexin
type 9 levels and incident cardiovascular
events

The distribution of PCSK9 levels at baseline among case women
(Figure 1B) was quite similar to that of controls (Figure 1A). The

median (interquartile range) for PCSK9 in the cases was 304.4
(252.9-365.9) ng/mL which was not significantly different than
that observed in the controls (299.7 [252.9-358.8], P = 0.94).
Table 2 presents odds ratios (ORs) for the first ever cardiovascu-
lar events according to increasing quartiles of PCSK9 at study entry.
In conditional logistic regression analyses matched for age, smoking,
and HRT use, the OR’s from lowest (referent) to highest baseline
quartile of PCSK9 for future vascular events were 1.0, 0.94, 0.98,
and 1.15 (P-trend = 0.5). In multivariable adjustment that addition-
ally controlled for Apo B levels, these OR’s were 1.0, 0.98, 0.91, and
0.96, respectively, indicating no confounding effects by this factor.
For comparison, the corresponding OR'’s for baseline Apo B le-
vels were 1.0, 1.14, 1.34, and 1.94 (P-trend = 0.002), the corre-
sponding OR’s for the total to HDL cholesterol ratio were 1.0,
0.97, 1.09, and 1.85 (P-trend = 0.002), and the corresponding
OR'’s for hsCRP were 1.0, 0.87, 1.50, and 2.11 (P-trend < 0.0001;
Table 2). Thus, our study design was capable of demonstrating ex-
pected relationships between known risk markers and subsequent
vascular events in this cohort, despite being measured only once
at baseline (Figure 3). None of these latter relationships were sub-
stantially altered by adjustment for additional traditional risk factors.
Similar null findings for PCSK9 were observed in a subgroup ana-
lysis limited to those not taking any lipid-lowering agents throughout
the follow-up period; in this analysis inclusive of 329 cases, the OR’s
from lowest (referent) to highest baseline quartile of PCSK9 for fu-
ture vascular events were 1.0, 0.99, 1.01, and 1.02 (P-trend = 0.91).
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Figure | Distribution of baseline proprotein convertase subtilisin/kexin type 9 levels in the Women'’s Health Study for controls (A) and

cases (B).

Discussion

In this prospective primary prevention cohort of apparently healthy
women, we found little evidence that plasma PCSK9 levels are influ-
enced by a wide variety of traditional cardiovascular risk factors in-
cluding age, smoking status, obesity, blood pressure, HDLC, apo A1,
Lp(a), hsCRP, or estimated 10-year risk. Moreover, while plasma
PCSK9 levels correlated modestly with circulating levels of apo B,
LDLC, and triglycerides, PCSK9 levels measured at baseline did
not predict future vascular event rates. In contrast, as anticipated,
baseline levels of apo B, the TC:HDLC ratio, and hsCRP were
strongly associated with future vascular risk.

Taken together, these data suggest that, unlike traditional risk
markers, plasma PCSK9 levels do not appear to be linked to the
underlying extent of atherosclerosis nor to any specific propensity
toward future vascular risk. Thus, from an epidemiologic perspec-
tive, these data suggest that regulatory factors influencing PCSK9
blood concentration are largely, if not fully, independent of non-LDL
factors that track with underlying vascular risk.

Prior data addressing epidemiologic factors that associate with
plasma PCSK9 levels are limited. However, our data are consistent
with those from the Dallas Heart Study'® as well as a Canadian
cross-sectional study'? in which the correlation coefficients be-
tween non-lipid risk factors and PCSK9 were also of small
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Figure 2 Correlation plots between plasma proprotein convertase subtilisin/kexin type 9 levels and apo-A, apo-B, LDL-C, the TC:HDLC ratio,
In[Lp(a)], In[triglycerides], In[hsCRP], and estimated 10-year risk using the 2013 ACC-AHA risk calculator.

magnitude. Our null data for 10-year risk scores is further consistent
with Dallas Heart Study data indicating no relationship of PCSK9 le-
vels to underlying coronary artery calcium score. All of these stud-

. . . . . . 20 . 21
ies, as well as earlier work in diabetic patients™ and in men,

are
consistent with the finding that the primary plasma correlates of
PCSK9 are LDL cholesterol and apo B containing lipoproteins,
both reflecting the known function of PCSK9. In our data and in
the studies cited above, modest but significant associations between
PCSK9 levels and plasma triglycerides were additionally observed.
This is of interest and may require further investigation as there is
currently little evidence that PCSK9 circulates in association with
VLDL. However, recent data suggest that circulating PCSK9 regu-
lates VLDL receptor protein and triglyceride accumulation in vis-
ceral adipose tissues.”

We are unaware of prior data evaluating PCSK9 levels as a risk pre-
dictor in primary prevention or among individuals not on lipid-lowering
therapy. These issues are relevant as statin therapy increases circulating
PCSK9 levels' and thus studies of those taking statins could be con-
founded. In one study of stable coronary artery disease patients on sta-
tin treatment, circulating PCSK9 levels modestly associated with
vascular risk, but this effect was attenuated and no longer significant
after adjustment for triglycerides.™ A second analysis of PCSK9 levels

that reported a stronger positive association with vascular risk in statin-
treated patients has recently been retracted by the authors."”

From a pathophysiologic perspective, our finding that PCSK9 le-
vels are minimally related to usual non-lipid risk factors is consistent
with laboratory data indicating that PCSK9 is regulated primarily at
the level of transcription by sterol regulatory element binding pro-
teins (SREBPs), predominantly SREBP-2 which is critical to choles-
terol metabolism.?? Static levels of plasma PCSK9 are a result of
the balance of production and clearance, both of which are directly
influenced by SREBP-2. The majority of circulating PCSK9 is derived
from the liver”® and its secretion is largely dependent on transcrip-
tional activation via SREBP-2. The one known major route of PCSK9
clearance is via hepatic LDL receptors; however, in contrast to
PCSK9 production, additional uncharacterized factors also influence
clearance of PCSK9 from blood.? In addition, a portion of PCSK9
travels with LDL particles.?® It is not known how LDL-bound
PCSK9 is regulated nor if this portion of PCSK9 is active or cleared
at the same rate as unbound PCSK9. Nevertheless, the lack of rela-
tionship between PCSK9 and traditional non-lipid risk factors is also
consistent with the observations in man that PCSK9 does not ap-
pear to have any specific function other than promoting LDL recep-
tor degradation.
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Table 2 Age, smoking, and hormone replacement therapy use adjusted odds ratios for incident vascular events
according to increasing baseline quartiles of proprotein convertase subtilisin/kexin type 9 level

Quartile 1 Quartile 2
PCSK9 (range, ng/mL) (<252) (252-299)
RR* 1.00 0.94
95% Cl Referent 0.61-1.45
P Referent 0.78
Apo B-100 (range, mg/dL) (<90) (90-108)
RR* 1.00 1.14
95% Cl Referent 0.73-1.77
P Referent 0.57
TC:HDLC (range) (<345) (3.45-4.20)
RR* 1.00 0.97
95% Cl Referent 0.61-1.53
P Referent 0.88
hsCRP (range, mg/L) (<1.17) (1.17-2.34)
RR* 1.00 0.87
95% Cl Referent 0.55-1.35
P Referent 0.53

Quartile 3 Quartile 4 P-trend
(300-358) (>358)

0.98 115 0.52
0.64—1.49 0.74-1.79

0.93 0.53

(109-127) (>127)

1.34 1.94 0.002
0.85-2.10 1.26-3.01

0.20 0.003

(4.21-5.18) (>5.18)

1.09 1.85 0.002
0.69-1.73 1.19-2.84

0.69 0.006

(2.354.58) (>4.58)

149 2.10 0.00004
0.95-2.34 1.39-3.17

0.08 0.0004

For comparison, comparable analyses are also shown for increasing baseline quartiles of apo B-100, the total to HDL cholesterol ratio (TC:HDLC), and for hsCRP.
PCSK9, proprotein convertase subtilisin/kexin type 9; Apo B-100, apolipoprotein B-100; TC:HDLC, total to HDL cholesterol ratio; hsCRP, high-sensitivity C-reactive protein.
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Figure 3 Odds ratios for future cardiovascular events according
to baseline levels of proprotein convertase subtilisin/kexin type 9,
apo B, the total to HDL cholesterol ratio, and high-sensitivity
C-reactive protein. Data are shown for increasing quartiles of
each biomarker from conditional logistic regression analyses ad-
justed for the matching variables of age, smoking, and HRT use.

The assay for PCSK9 used in our study is for total circulating PCSKO.
We thus cannot exclude the theoretical possibility that an assay de-
signed to measure active or unbound PCSK9 might have different cor-
relations with vascular risk factors or be a stronger predictor of
subsequent risk. Observed PCSK9 levels in our study are very similar
to those expected in fresh plasma; these data suggest that our collec-
tion and storage procedures, which include freezing in liquid nitrogen
at —170°Care sufficient to preserve the integrity of PCSK9. We mea-
sured PCSK9 only once in our study and thus cannot exclude the pos-
sibility that variation over time might lead to a differential outcome.
However, such variation has not been noted in other cohorts and

our data for Apo B, the TC:HDL cholesterol ratio, and CRP indicate
that our study design was adequate to demonstrate expected relation-
ships between established biomarkers of risk despite being measured
at a single time. Strengths of our study include its prospective nested
case:control design in which plasma samples for all study participants
were obtained at study entry, many years before the occurrence of
the first ever vascular events. Such a study design considerably reduces
potential biases inherent in cross-sectional or retrospective studies
where plasma sampling is done after rather than before the onset of
disease. Further, by matching case and control participants by age,
smoking, and HRT use, and by adjusting in multivariable analysis for
additional factors like Apo B, it is unlikely that confounding effects
due to any of these variables could explain our results.

When assays for PCSK9 first became available, it was hoped that
they might have clinical application both for the detection of vascu-
lar risk and for the monitoring of therapies designed to inhibit
PCSKS itself.'” While emerging monoclonal antibodies that target
PCSK9 have shown remarkable efficacy for cholesterol reduction
and there is considerable promise that PCSK9 inhibitors will prove
effective for event reduction,® these agents are easily monitored by
standard assays for direct LDL cholesterol. As such, the current
neutral data suggest that the clinical use of PCSK9 plasma levels as
a surrogate biomarker may be limited.
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