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Coronary Endothelial Dysfunction Is Associated With Elevated Serum
PCSK9 Levels in People With HIV Independent of Low-Density

Lipoprotein Cholesterol

Thorsten M. Leucker, MD, PhD; Robert G. Weiss, MD; Michael Schar, PhD; Gabriele Bonanno, PhD; Lena Mathews, MD; Steven R. Jones,
MD; Todd T. Brown, MD, PhD; Richard Moore, MD; Yohannes Afework, MSc; Gary Gerstenblith, MD; Allison G. Hays, MD

Background—HIV+ people are at increased risk of coronary artery disease, but the responsible mechanisms are incompletely
understood. Proprotein convertase subtilisin/kexin type 9 (PCSK9) is traditionally recognized for its importance in cholesterol
metabolism; however, recent data suggest an additional, low-density lipoprotein receptor—independent adverse effect on
endothelial cell inflammation and function. We tested the hypotheses that PCSK9 levels are increased and that abnormal coronary
endothelial function is related to PCSK9 serum levels in HIV+ individuals.

Methods and Results—Forty-eight HIV+ participants receiving antiretroviral therapy with suppressed viral replication, without
coronary artery disease, and 15 age- and low-density lipoprotein cholesterol-matched healthy HIV— subjects underwent magnetic
resonance imaging to measure coronary endothelial function, quantified as percentage change in coronary artery cross-sectional
area during isometric handgrip exercise, an endothelial-dependent stressor; and blood was obtained for serum PCSK9 and
systemic vascular biomarkers. Data are presented as mean+SD. Mean serum PCSK9 was 65% higher in the HIV+ subjects
(302+146 ng/mL) than in the HIV— controls (183+52 ng/mL, P<0.0001). Coronary endothelial function was significantly
reduced in the HIV+ versus HIV— subjects (percentage change in coronary artery cross-sectional area, 2.9+9.6% versus
11.1£3.7%; P<0.0001) and inversely related to PCSK9 (R=—0.51, P<0.0001). Markers of endothelial activation and injury,
P-selectin and thrombomodulin, were also significantly increased in the HIV+ subjects; and P-selectin was directly correlated with
serum PCSK9 (R=0.31, P=0.0144).

Conclusions—Serum PCSK9 levels are increased in treated HIV+ individuals and are associated with abnormal coronary
endothelial function, an established measure of vascular health. (/ Am Heart Assoc. 2018;7:€009996. DOI: 10.1161/JAHA.
118.009996.)
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dramatically improved.' Today, HIV infection is viewed as a
chronic manageable disease, and as the HIV+ population is
aging, atherosclerotic cardiovascular disease (ASCVD) has

B ecause of the increased use of highly active antiretroviral
therapy, the life expectancy of people with HIV is
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emerged as a leading cause of morbidity and mortality in
these patients.”* Although traditional ASCVD risk factors
and accelerated atherosclerosis are prevalent among HIV+
individuals,*® people with HIV have a higher burden of ASCVD
and cardiovascular event rates, even after adjustment for
traditional cardiovascular risk factors,® suggesting significant
contributions from nontraditional factors.

Coronary endothelial function (CEF) reflects coronary
endothelial cell NO release and, as such, can be used to
probe pathophysiologic contributors to ASCVD.” Abnormal
CEF is an important contributor to the development and
progression of ASCVD, an independent predictor of adverse
cardiovascular events and, therefore, a potential target for
medical interventions.®? Although endothelial dysfunction in
the peripheral circulation is reported in HIV+ people,
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Clinical Perspective

What Is New?

» Although traditional coronary artery disease risk factors
contribute to atherosclerosis in people living with HIV, this
work demonstrates that elevated proprotein convertase
subtilisin/kexin type 9 levels, independent of traditional
coronary artery disease risk factors, are strongly and
directly related to impaired coronary artery endothelial cell
function, a driver of coronary atherosclerosis.

What Are the Clinical Implications?

The identified relationship between proprotein convertase
subtilisin/kexin type 9 and coronary endothelial function in
people living with HIV is of potential clinical importance,
because it suggests that the effects of interventions
designed to lower proprotein convertase subtilisin/kexin
type 9 levels on coronary endothelial function should be
evaluated in future studies.

If successful, it would provide an additional intervention to
limit atherosclerosis and, potentially, lower the burden of
heart disease in people living with HIV.

peripheral endothelial function correlates only modestly with
CEF'® and impaired CEF is more closely related to underlying
atherosclerotic coronary disease.'"'? Recent magnetic reso-
nance imaging (MRI) advances now make it possible to
noninvasively quantify NO-mediated CEF.'? Our group previ-
ously used these noninvasive MRI approaches and reported
that CEF is markedly impaired in HIV+ people even before the
development of detectable coronary artery disease (CAD).13
Mechanisms linking HIV infection to impaired CEF, however,
are not established.

Beyond its role in cholesterol homeostasis, proprotein
convertase subtilisin/kexin type 9 (PCSK9), similar to HIV
infection, is associated with the future risk of ASCVD,
independent of traditional cardiovascular risk factors.™ In
addition, prior work demonstrated that PCSK9 serum levels
are elevated in HIV+ individuals, independent of low-density
lipoprotein cholesterol (LDL-C)."® PCSK9 is expressed in
human atherosclerotic plaque'® and in vascular smooth
muscle and endothelial cells. In isolated cell preparations,
PCSK9 stimulates vascular inflammation through activation
of the nuclear factor-kB and activation of proinflammatory
macrophages.'” Elevated PCSK9, therefore, may be respon-
sible for coronary endothelial dysfunction. We tested the
hypotheses that PCSK9 serum levels are increased in HIV+
people without overt CAD compared with HIV— controls
(HIV=) and, more important, that PCSK9 levels are related
to abnormal coronary and systemic endothelial function in
these patients.

Methods

The data and analytical methods that support the findings of
this study are available from the corresponding author on
reasonable request.

Patients

All subjects provided written informed consent to participate
in the protocol, which was approved by the Johns Hopkins
Medicine Institutional Review Board. Two groups of partici-
pants were recruited: first, healthy participants without HIV
and without CAD, defined as those without a history of known
CAD, without >1 CAD risk factor (HIV—, n=15), and, if
>40 years, an Agatston coronary artery calcium score'® on a
clinically indicated computed tomographic scan of 0; second,
participants with a diagnosis of HIV without CAD, defined as
no cardiac history (no history of myocardial infarction, angina,
or CAD) and a coronary artery calcium score of 0 within the
prior 5 years (HIV+, n=48). All of the HIV+ cohort were
receiving highly active antiretroviral therapy. Patients were
recruited from outpatient clinics at the Johns Hopkins Hospital
and had no contraindications to MRI.

MRI Study Protocol

A commercial 3.0-T whole-body MR scanner (Achieva; Philips,
Best, the Netherlands) with a 32-element cardiac coil for
signal reception was used. Detailed MR parameters were
previously reported.'""'%'? Participants underwent MRI in the
morning in the fasting state (>8 hours) before the adminis-
tration of any prescribed vasoactive medications. Images
were taken perpendicular to a proximal or midcoronary
arterial segment that was straight over a distance of
~20 mm.?° To ensure that slice orientation was perpendic-
ular to the coronary artery, double oblique scout scanning was
performed, as previously reported.'® Anatomical images were
collected at baseline and during 4 to 7 minutes of continuous
isometric handgrip exercise (IHE) using an MRI-compatible
dynamometer (Stoelting, Wood Dale, IL)?" at 30% of maximum
grip strength and while being directed by a research nurse.
When 2 coronary artery segments per participant could be
imaged, the results for each were quantified and averaged. In
a subset of subjects (n=30, 21 HIV+ and 9 HIV-), we
identified the internal mammary artery (IMA) in the same
imaging plane as the right coronary artery. In this subset, we
simultaneously acquired IMA and right coronary artery area
and flow measures before and during IHE so as to measure
both systemic function and CEF simultaneously.'® Heart rate
and blood pressure were measured throughout using nonin-
vasive and MRI-compatible electrocardiogram and calf blood
pressure monitors (Invivo; Precess, Orlando, FL). The rate
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pressure product was calculated as follows: systolic blood
pressurexheart rate.

Image Analysis

Baseline and IHE-stress images for coronary cross-sectional
area (CSA) and IMA area were analyzed, as previously
described.'"'? Coronary flow velocity was measured in cm/
s, and coronary blood flow (CBF) was calculated using the
following equation: coronary artery CSAxcoronary artery
peak diastolic velocityx0.3, as previously described.'? %22
Segments with poor image quality (blurring attributable to
artifact/patient motion) on either the baseline or stress
examinations were excluded from analysis. Both per-segment
and per-patient analyses were performed. MRI interpretation
was performed by two independent readers (A.H. and Y.A.)
who were blinded to clinical and laboratory information at the
time of analysis.

Laboratory Measurements

Venous blood samples were collected on the day of the MRI
study after an overnight fast to determine the concentration
of PCSK9 and a vascular activity/function panel (ie, intercel-
lular adhesion molecules 1 and 3, vascular cell adhesion
molecule-1, E and P selectins, and thrombomodulin) in all
participants. Serum samples were analyzed for the above-
mentioned markers using commercially available ELISA kits
(quantikine ELISA; Bio-Techne Corporation, Minneapolis, MN).
A fasting lipid panel, CD4" cell count, HIV RNA, and hepatitis
C virus antibody measurements were obtained on the day of
the study or were available in the electronic medical records
within the prior 6 months.

Statistical Analysis

Statistical analysis was performed with Stata 14.2 (StataCorp
LLC, College Station, TX) and Prism 7.00 (GraphPad Software,
La Jolla, CA). The data were tested for normality using the
Shapiro-Wilk test. Baseline characteristics between the 2
groups were compared using the Student ¢ test for continuous
variables and Fisher’s exact test for categorical variables.
Parametric (Student t test) and nonparametric (Wilcoxon
signed rank test for paired data and Wilcoxon rank sum test
for nonpaired data) tests were used when appropriate for
normally distributed and skewed data, respectively, to com-
pare the percentage changes in CSA and CBF from rest to
IHE; and to compare CEF and systemic vascular function
variables between the 2 groups. Results are presented as
mean4SD or as median (interquartile range) when appropri-
ate and as noted in Results. We performed robust regression
analysis to assess the linear association between serum

PCSK9 levels and measures of percentage change in CSA and
percentage change in CBF. Robust regression is an alternative
form of regression analysis that is stable with respect to
violations of assumptions for ordinary least squares regres-
sion procedures, particularly in the presence of outliers.?* Our
regression analysis was adjusted for sex, smoking, hyperten-
sion, diabetes mellitus, statin use, LDL-C, high-density
lipoprotein cholesterol, and triglyceride. Statistical signifi-
cance was defined as a 2-tailed P<0.05.

Results

Patient Characteristics

The study cohort characteristics are presented in Table 1. The
treated HIV+ participants and HIV— controls differed signifi-
cantly in terms of male sex (HIV+ versus HIV—, 39 [81%]
versus 7 [47%]; P=0.0169), statin use (HIV+ versus HIV—,
13 [27%] versus 0; P=0.0271), and high-density lipoprotein
cholesterol levels (HIV+ versus HIV—, 52+15 versus
63+17 mg/dL; P=0.0194). No significant differences were
present in the other demographic or clinical variables, and in
particular LDL-C and menopausal status did not differ between
the study groups. All HIV+ individuals were receiving highly
active antiretroviral therapy with suppression of HIV RNA level
(100% with HIV RNA <20 copies/mL) and a median CD4" cell
count of 665 (interquartile range, 456-933) cells/pL. None of
the study participants had detectable hepatitis C virus
antibodies or were intravenous drug users.

MRI Assessment of CEF

All participants completed the MRI-IHE protocol, and there
were no significant differences in rate pressure product at
rest or during IHE between the 2 groups. Representative MR
images demonstrating CEF testing during IHE in an HIV+
participant are shown in Figure 1. In the HIV— group,
coronary arteries dilated significantly with IHE (baseline
cross-sectional area, 11.9+4.3 mmz, with a stress-induced
area change of 11.1+3.7% [P<0.0001] versus baseline).
Coronary arteries from HIV+ individuals minimally dilated with
IHE (baseline area, 12.14+3.4 mmz, with a stress-induced area
change of 2.94+9.6% [P=0.0491] versus baseline; Figure 2A).
In the HIV— group, CBF increased significantly with IHE
(baseline flow, 41.44+15.3 mL/min, with a stress-induced
change of 37.5+£10.0% [P<0.0001] versus baseline), whereas
blood flow did not significantly increase in HIV+ individuals
(baseline flow, 38.64+19.0 mL/min, with a stress-induced
change of 6.2+19.2% [P=0.2238]; Figure 2B). The CSA and
CBF changes with IHE were significantly less in the HIV+ than
in the HIV— group (P<0.0001 for both the CSA and the CBF
changes between the HIV— and HIV+ groups). In an adjusted
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Table 1. Demographics of the Study Cohort

Characteristics HIV— (n=15) HIV+ (n=48) P Value
Age, mean+SD, y 49+8 52+12 0.3691

Male sex, n (%) 7 (47) 39 (81) 0.0169*
BMI, mean-+SD, kg/m? 2644 2844 0.0961

PCI, n (%) 0 0

CABG, n (%) 0 0

Hypertension, n (%) 3 (20) 12 (25) 1.0000

Diabetes mellitus, n (%) 0 12 1.0000

Smoker, n (%) 0 10 (21) 0.1000

ACE-inhibitor use, n (%) 1(7) 7 (15) 0.6673

Statin use, n (%) 0 13 (27) 0.0271*
[3-Blocker use, n (%) 0 24 1.0000

Aspirin use, n (%) 0 6 (13) 0.3213

LDL, mean=4SD, mg/dL 101428 106+43 0.6745

HDL, mean+SD, mg/dL 63417 52415 0.0194*
Triglycerides, mean+SD, mg/dL 93450 121+58 0.0976

Non-HDL, mean-SD, mg/dL 119+37 129+43 0.4207

HAART use, n (%) N/A 48 (100)

NRTI use, n (%) N/A 44 (92)

NNRTI use, n (%) N/A 5(17)

Pl use, n (%) N/A 0 (0)

Current abacavir use, n (%) N/A 34 (71)

CD4* cell count, median (IQR), cells/uL N/A 665 (456-933)

Viral load <20 copies/mL, n (%) N/A 48 (100)

Values are expressed as number (percentage) or mean4SD, except CD4" cell count. Student ¢ test and Fisher’s exact test were used for continuous and categorical data analysis,
respectively. ACE indicates angiotensin-converting enzyme; BMI, body mass index; CABG, coronary artery bypass grafting; CD4", cluster of differentiation 4; HAART, highly active
antiretroviral therapy; HDL, high-density lipoprotein; IQR, interquartile range; LDL, low-density lipoprotein; N/A, not applicable; NNRTI, non-NRTI; NRTI, nucleoside reverse transcriptase

inhibitor; PCI, percutaneous coronary intervention; Pl, protease inhibitor.
*Statistically significant difference between HIV— and HIV+.

multivariable robust regression analysis, the IHE-induced
changes in CSA (P=0.0027) and in CBF (P=0.0025) remained
significantly and independently reduced in the HIV+ compared
with the HIV— cohort. These observations of impaired CEF in
HIV+ individuals compared with risk factor—-matched HIV—
individuals are consistent with a prior study from our group.'®

Serum PCSK9 Levels and CEF

PCSK9 serum levels were significantly higher in the treated
HIV+ than in the HIV— cohort (302+146 versus 183+£52 ng/
mL; P<0.0001; Figure 3A). In addition, CEF, as measured by
percentage change in coronary artery CSA with IHE, was
inversely related to serum PCSK9 levels in the entire study
cohort (Figure 3B; R=—0.51, R2:0.26, CEF= —0.03394x
PCSK9+14.17, P<0.0001) and in the HIV+ group alone
(R=—0.47, R*=0.22, P=0.0008) but not in the HIV— group

alone (R=0.33, R?=0.10, P=0.2409). The association
remained significant after correction with a robust regression
analysis (P=0.0015 for PCSK9 versus % CSA); for every
100-unit increase in serum PCSK9, there is an expected
absolute 1.98% decrease in CSA with IHE (P=0.0290). PCSK9
level did not significantly correlate with CBF (R=—0.07,
R2=O.O1, CSA=—0.0118xPCSK9+16.87, P=0.5617). Because
statin medications can influence PCSK9 serum levels through
activation of the sterol regulatory element-binding protein-2,%*
we also assessed whether higher PCSK9 serum levels in the
HIV+ individuals were related to statin use and found no
significant correlation (P=0.2990).

MRI Assessment of Systemic Vascular Function

In the subset of subjects (n=30) in whom the IMA was also
imaged, we quantified percentage change in IMA
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Figure 1. Representative magnetic resonance imaging (MRI) of the right coronary artery (RCA) and internal mammary artery (IMA) in an HIV-
infected individual. A, In this MRI scan, a scout scan obtained parallel to the RCA in a subject with HIV is shown together with the location for
cross-sectional imaging (red line). B, A view perpendicular to the RCA is shown in which the IMA is also seen (RCA and IMA labeled in yellow).
The areas of the RCA and IMA are zoomed in at rest (C) and during isometric handgrip exercise (IHE; D). The red arrows point to the IMA. In this
HIV+ individual, there was an abnormal response in both the IMA and RCA to IHE, with no increase in IMA or RCA area with handgrip.

vasoreactivity in response to IHE as a measure of systemic
endothelial function, as previously reported.'® Similar to the
coronary arteries, IMAs in healthy subjects (HIV—) dilated
significantly with IHE (baseline CSA, 9.842.8 mm?, with a
stress-induced change of 10.24+7.0% [P=0.0048] versus
baseline). The vasodilatory response of the IMA tended to
be impaired in HIV+ individuals (baseline CSA, 9.942.9 mm?,
with a stress-induced change of 4.54+5.0% [P=0.0653]).
Representative MR images demonstrating impaired IMA
vasoreactivity during IHE in an HIV+ participant are shown
in Figure 1. HIV— controls had a significantly better

vasodilatory response of the IMA to IHE compared with
HIV+ individuals (P=0.0003; Figure 4A).

Relationship Between PCSK9 Serum Levels and
Systemic Endothelial Function

Serum PCSK9 serum levels in the subset of subjects who had
IMA imaging were significantly higher in the treated HIV+
individuals (2964135 ng/mL) than in the HIV— controls
(155+£52 ng/mL, P=0.0053). Although there was a trend for
an inverse correlation of PCSK9 serum levels with systemic
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Figure 2. Magnetic resonance imaging assessment of coronary
endothelial function in the HIV— and HIV+ cohorts. Percentage
changes from baseline in coronary artery cross-sectional area
(CSA; A) and coronary blood flow (CBF; B) during isometric
handgrip stress are shown for healthy subjects (HIV—, n=15) and
HIV—infected individuals (HIV+, n=48). In an adjusted multivari-
able robust regression analysis, the isometric handgrip exercise—
induced changes in CSA (P=0.0027) and in CBF (P=0.0025)
remained significantly and independently reduced in the HIV+
compared with the HIV— cohort. Regression analysis was
adjusted for sex, smoking, hypertension, diabetes mellitus, statin
use, low-density lipoprotein cholesterol, high-density lipoprotein
cholesterol, and triglyceride. Bars indicate SDs. *P<0.0001 vs
HIV—.

endothelial function (R=—0.31, R?=0.09, CSA=—0.01408
x PCSK9+9.778), this did not reach statistical significance
(P=0.1012; Figure 4B).

Systemic Endothelial Activation/Injury and
Relation to PCSK9 Serum Levels

Coronary endothelial dysfunction is one of the earliest, local
markers of the development of coronary atherosclerosis. To
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Figure 3. Serum proprotein convertase subtilisin/kexin type 9
(PCSK9) measures and correlation with coronary endothelial
function (CEF). A, PCSK9 serum levels in healthy controls (HIV—,
n=15) and HIV-infected individuals (HIV+, n=48). B, Individual data
points illustrate the inverse relationship between CEF, measured
as relative change in coronary artery cross-sectional area (CSA) in
response to isometric handgrip stress, and serum PCSK9 levels
(R=—0.51, R*=0.26, CSA=—0.03394 x PCSK9+14.17, P<0.0001;
HIV+ alone, R=—0.47, R2:0.22, P=0.0008; but not in HIV— alone,
R=0.33, R2=0.10, P=0.2409). The relationship between CEF and
PCSK9 remains significant if the HIV+ subject with the PCSK9
value of 897 ng/mL is excluded (R=—0.37, RZZO.14, P=0.0028).
In addition, the association remained significant after correction
with a robust regression analysis (P=0.0015 for PCSK9 vs %
CSA). Regression analysis was adjusted for sex, smoking,
hypertension, diabetes mellitus, statin use, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, and triglyceride.
HIV+, red circles; and HIV— controls, blue circles. *P<0.0001 vs
HIV—.

determine whether PCSK9 in HIV+ individuals is also associated
with established biomarkers of early systemic endothelial
activation and downstream endothelial injury, we measured
serum markers of vascular activation/injury, including soluble
intercellular adhesion molecule-1, soluble vascular cell adhe-
sion molecule-1, E-selectin, P-selectin, soluble intercellular
adhesion molecule-3, and thrombomodulin (Table 2). Com-
pared with HIV— controls, both P-selectin, a marker of early
endothelial activation (80.1+£28.7 versus 48.1+16.0 ng/mL;
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Figure 4. Magnetic resonance imaging assessment of systemic
endothelial function. A, Percentage change from baseline in
internal mammary artery (IMA) area during isometric handgrip
stress shown for healthy subjects (HIV—, n=9) and HIV-infected
individuals (HIV+, n=21). B, Correlation between systemic
endothelial function, measured as relative change in cross-
sectional IMA area, and serum proprotein convertase subtilisin/
kexin type 9 (PCSK9; R=—0.31, R?=0.09, CSA=—0.01408
xPCSK9+9.778, P=0.1012). HIV+, red circles; and HIV—, blue
circles. Bars indicate SDs. *P=0.0003 vs HIV—.

P=0.0001; Figure 5A), and thrombomodulin, a marker of
endothelial injury (4.0£1.1 versus 3.24+1.1 ng/mL;
P=0.0222; Figure 5B), were significantly increased in HIV+
individuals. More important, P-selectin was significantly and
directly related to serum PCSK9 (R=0.31, RZZO.OQ,
P-selectin=1.446 xPCSK9+168.8, P= 0.0144, Figure 5C).

Discussion

This study demonstrates that serum PCSK9 levels are signif-
icantly higher in treated HIV+ individuals than in HIV— subjects
and confirms our prior findings that CEF is significantly impaired
in HIV+ people, despite adequate CD4" counts, undetec-
table viral loads, and LDL-C levels equivalent to those of an

HIV— age-matched control group. More important, we report that
abnormal CEF is inversely related to serum PCSK9. In addition,
MRI-assessed systemic endothelial function, as assessed by the
response of the IMA, an artery that rarely develops atheroscle-
rosis, to IHE is impaired in treated HIV+ individuals. The IMA
response is also inversely related to serum PCSK9, although to a
lesser degree than is the coronary endothelial response. Finally,
biomarkers of early systemic endothelial activation (P-selectin)
and endothelial injury (thrombomodulin) are elevated in HIV+
subjects, and P-selectin is significantly and positively related to
serum PCSK9 levels. Although traditional CAD risk factors
contribute to atherosclerosis in HIV+ people, this work demon-
strates that elevated PCSK9 levels, independent of traditional
CAD risk factors, are strongly and directly related to impaired CEF,
a driver of coronary atherosclerosis.

Clinical studies demonstrate an association between
PCSK9 and future cardiovascular events,' independent of
traditional risk factors. Specifically, elevated serum PCSK9
levels predict adverse cardiovascular events in patients with
heart failure with reduced ejection fraction,?® acute coronary
syndrome,?® and stable CAD.?” However, the underlying
mechanisms responsible for the relationship between PCSK9
and vascular events are not well characterized, and the
relationship between PCSK9 and an early marker and driver of
vascular disease, impaired endothelial vasoreactivity, was not
previously reported. Therefore, our study provides new
insights into the relationship between PCSK9 and accelerated
vascular disease in the HIV+ patient population.

Our findings that PCSK9 levels are elevated in treated HIV+
people compared with HIV— controls are similar to those
reported previously.'® The explanation for the increase is not
well characterized. However, the regulatory relationship
between the immunocompromised state of people living with
HIV and serum PCSK9 could be bidirectional. HIV infection of
CD4" cells activates the sterol regulatory element-binding
protein-2 in the liver and adipose tissue cell nuclei.? In vitro
experiments show that sterol regulatory element-binding
protein 1 and 2 activation can transcriptionally activate
PCSK9 via a sterol-regulatory element in its proximal
promoter region.?® Furthermore, a recent study examined
the regulatory effects of PCSK9 on the innate immune
response. The authors demonstrated that higher PCSK9 levels
were associated with acute infections, such as sepsis, and
adverse mortality outcomes; the author also showed that
reduced PCSK9 function was associated with increased
pathogen lipid clearance via the LDL receptor and improved
outcomes in HIV— patients with septic shock syndrome.?’
Those studies indicate, therefore, that HIV infection increases
PCSK9 levels and that increased PCSK9 may hinder an
immune response to the infection, with the result that HIV
infection and increased PCSK9 “reinforce” one another in the
patient population with HIV.
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Table 2. Serum Endothelial Activation and Injury Biomarkers in the HIV+ and HIV— Cohorts

Serum Marker HIV— (n=15) HIV+ (n=48) P Value
SAA, mean+SD, pg/mL 3.5+3.3 43+3.2 0.4047
SICAM-1, mean+SD, ng/mL 603.1+188.5 554.9+182.9 0.3798
sVCAM-1, mean+SD, ng/mL 570.44+122.6 605.6+171.0 0.4632
E-selectin, mean+SD, ng/mL 13.84+7.9 17.24+7.8 0.1469
P-selectin, mean+SD, ng/mL 48.1+£16.0 80.1+28.7 0.0001*
sICAM-3, mean=+SD, ng/mL 0.84+0.2 1.04+0.3 0.0819
Thrombomodulin, mean+SD, ng/mL 3.24+1.1 4.04+11 0.0222*

Values are expressed as mean+SD. Student ¢ test was used for continuous data analysis. SAA indicates serum amyloid A; sICAM, soluble intercellular adhesion molecule; sVCAM, soluble

vascular cell adhesion molecule.
*Statistically significant difference between HIV— and HIV+.

Cardiovascular event rates remain high in HIV+ patients
taking statins and after adjusting for traditional risk
factors,>®*" including LDL-C, suggesting a role for targeting
nontraditional risk factors in this population. The results of
our study indicate that one such nontraditional risk factor may
be elevated serum PCSK9. This is consistent with two
retrospective studies that reported that PCSK9 levels in
patients with acute coronary syndrome are markedly elevated
compared with those in patients with stable, chronic CAD.%¢
In addition, multivariable logistic-regression analysis demon-
strated that increased serum PCSK9 levels were associated
with a higher incidence of subsequent acute myocardial
infarction in the study cohort. The impact of PCSK9 on CEF in
our study was not mediated by its effects on LDL-C because
there were no differences in LDL-C in the 2 groups.
Furthermore, epidemiologic studies demonstrate that ele-
vated serum PCSK9 levels are associated with the future risk
of ASCVD independent of traditional cardiovascular risk
factors, including cholesterol levels.' Basic studies suggest
an association between PCSK9 and endothelial and smooth
muscle inflammatory responses through PCSK9 activation of
the cellular inflammatory gatekeeper, nuclear factor-kB.>? In
addition, PCSK9 stimulates macrophage release of proinflam-
matory cytokines,'” which play a critical role in inducing
atherogenesis by increasing the proliferation and migration of
media smooth muscle cells to the intima.®® Therefore, on the
basis of the results of the current study and others, we posit
that HIV infection triggers PCSK9 expression, resulting in
endothelial inflammation and early coronary vascular dys-
function, a critical driver of the development and progression
of atherosclerosis as well as associated clinical outcomes.*

Systemic vascular dysfunction, assessed by flow-mediated
dilatation of the brachial artery, was previously described in
HIV+ individuals.®® Those observations of endothelial dysfunc-
tion persist even after adjustment for traditional cardiovascular
risk factors,®3® suggesting effects of nontraditional risk
factors, the virus itself, or its treatment on systemic vascular

function. Our study found that systemic endothelial function,
assessed by stress-induced vasodilatation of the IMA, is also
impaired in HIV+ individuals. Although more participants in the
HIV+ group were receiving angiotensin-converting enzyme
inhibitors and statins, it would be expected that these would
enhance endothelial function and, therefore, this difference
would not be responsible for the impaired function we
observed. We observed a modest, although nonsignificant,
inverse relationship between IMA endothelial dysfunction and
systemic PCSK9 levels. In addition, we found that selected
biomarkers of systemic endothelial activation (P-selectin) and
endothelial injury (thrombomodulin) are elevated in HIV+
subjects and that P-selectin positively correlated with serum
PCSK9 levels. Taken together, our results indicate a modest
relationship between PCSK9 and systemic measures of
endothelial activation, injury, and vasoactive dysfunction.

The inverse relationship between PCSK9 and CEF is strong
and highly significant. Prior studies showed that peripheral
arterial endothelial function correlates only modestly with
CEF, %% and that the latter is more closely related to underlying
CAD.'™'? Furthermore, acute plaque rupture is rare in the
brachial artery, where peripheral endothelial function is usually
measured. Therefore, noninvasive measures of CEF may be
more relevant for understanding the underlying mechanisms for
coronary disease and provide complementary information to
assessments of systemic endothelial function. Finally, our
observation that elevated PCSK9 serum levels are significantly
related to coronary endothelial dysfunction suggests that
inhibition of PCSK9 may improve impaired CEF.

Study Limitations

One limitation of the study is the cross-sectional design; the
associations between serum PCSK9 levels and depressed CEF
in HIV+ individuals do not demonstrate causality. Further-
more, because all HIV+ participants were receiving highly active
antiretroviral therapy, we cannot exclude the possibility that
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Figure 5. Serum proprotein convertase subtilisin/kexin type 9
(PCSK9) levels and biomarkers of systemic endothelial activation.
P-selectin (A) and thrombomodulin (B) in healthy controls (HIV—,
n=15) and HIV- infected individuals (HIV+, n=48). C, Individual
data points are shown (HIV+, red circle; HIV—, blue circles)
illustrating the relationship between P-selectin and serum PCSK9
levels (R=0.31, RZ=0.O9, P-selectin=1.446 x PCSK9+168.8,
P=0.0144). Bars indicate SDs. *P=0.0001, #P=0.0222 vs HIV—.

HIV treatment contributes to elevated PCSK9 levels and the
associated coronary artery endothelial dysfunction. Neverthe-
less, these observations are novel and can be used to guide

future intervention studies to evaluate causality, which are
beyond the scope of the current study. In addition, there may be
unknown, and therefore unmeasured, confounders that could
not be adjusted. However, the 2 groups were well matched in
terms of cardiovascular risk factors and our analysis did adjust
for potential confounders, including sex, smoking, hyperten-
sion, diabetes mellitus, statin use, LDL-C, high-density lipopro-
tein cholesterol, and triglycerides. Although our study detected
an inverse relationship between endothelial-dependent coro-
nary vasodilation (area change) and PCSK9, there was no
significant relationship between CBF change with IHE stress
and PCSK?9 in participants with HIV. These findings suggest that
early functional atherosclerotic changes (eg, those in coronary
CSA) are more closely related to PCSK9 levels than are
endothelial function measures, such as CBF, that may be more
influenced by distal and downstream factors that control the
microcirculation and are regulated in a different manner than
are the epicardial coronary arteries. The small sample size in the
HIV— group may have limited the power to detect significant
differences; however, we did find a nonsignificant trend
between serum PCSK9 and MRI measures of systemic
endothelial function. However, the sample size was sufficient
to detect a significant correlation between PCSK9 and serum
markers of systemic endothelial activation.

Conclusion

This study demonstrates that serum PCSK9 levels are
increased and that coronary and systemic endothelial function
are impaired in treated HIV+ people compared with age-, LDL-
C—, and risk factor—matched HIV— individuals. Furthermore,
the PCSK9 levels in HIV+ people are strongly related to CEF, a
physiologic indicator of vascular health, and when impaired,
an early marker and driver of ASCVD and a predictor of
clinical cardiovascular events.*® These findings also indicate
that the association of PCSK9 with CEF is not related to the
traditional role of PCSK9-mediated changes in LDL-C, but is
independent of LDL-C. These observations support future
trials testing whether PCSK9 inhibition improves coronary
endothelial dysfunction in HIV+ individuals without CAD.
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