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ORIGINAL ARTICLE

Reduced plasma levels of small HDL particles
transporting fibrinolytic proteins in pulmonary

arterial hypertension

Lars Harbaum,' Pavandeep Ghataorhe,' John Wharton, ' Beatriz Jiménez,’
Luke S G Howard,>* J Simon R Gibbs,* Jeremy K Nicholson,” Christopher J Rhodes,'

Martin R Wilkins'

ABSTRACT

Background Aberrant lipoprotein metabolism has been
implicated in experimental pulmonary hypertension,

but the relevance to patients with pulmonary arterial
hypertension (PAH) is inconclusive.

Objective To investigate the relationship between
circulating lipoprotein subclasses and survival in patients
with PAH.

Methods Using nuclear magnetic resonance
spectroscopy, 105 discrete lipoproteins were measured
in plasma samples from two cohorts of patients with
idiopathic or heritable PAH. Data from 1124 plasma
proteins were used to identify proteins linked to
lipoprotein subclasses. The physical presence of proteins
was confirmed in plasma lipoprotein subfractions
separated by ultracentrifugation.

Results Plasma levels of three lipoproteins from the
small high-density lipoprotein (HDL) subclass, termed
HDL-4, were inversely related to survival in both the
discovery (n=127) and validation (n=77) cohorts,
independent of exercise capacity, comorbidities,
treatment, N-terminal probrain natriuretic peptide, C
reactive protein and the principal lipoprotein classes.
The small HDL subclass rich in apolipoprotein A-2
content (HDL-4-Apo A-2) exhibited the most significant
association with survival. None of the other lipoprotein
classes, including principal lipoprotein classes HDL and
low-density lipoprotein cholesterol, were prognostic.
Three out of nine proteins identified to associate

with HDL-4-Apo A-2 are involved in the regulation

of fibrinolysis, namely, the plasmin regulator, alpha-
2-antiplasmin, and two major components of the
kallikrein—kinin pathway (coagulation factor Xl and
prekallikrein), and their physical presence in the HDL-4
subfraction was confirmed.

Conclusion Reduced plasma levels of small HDL
particles transporting fibrinolytic proteins are associated
with poor outcomes in patients with idiopathic and
heritable PAH.

INTRODUCTION

Idiopathic and heritable pulmonary arterial hyper-
tension (PAH) is a proliferative vascular disorder
that results in raised pulmonary vascular resis-
tance, leading to right heart failure and premature
death.! It is characterised by obstructive vascular
remodelling of pulmonary arteries and arterioles,
perivascular inflammation and metabolic changes,

What is the key question?

» What is the relationship between circulating
lipoproteins levels and outcomes in patients
with pulmonary arterial hypertension (PAH)?

What is the bottom line?

» Reduced levels of the smallest subclass of high-
density lipoprotein (HDL) particle, termed HDL-
4, are associated with high mortality in patients
with idiopathic or heritable PAH. Particles of
this small HDL subclass transport proteins
controlling fibrinolysis, such as prekallikrein,
a mechanism likely to be responsible for the
association with clinical outcomes.

Why read on?

» lIdiopathic or heritable PAH is a rare but fatal
vascular disorder with poor patient outcomes.
The involvement of lipoproteins, which are
critical for vascular homoeostasis, has not been
defined.

including alterations in beta-oxidation and aerobic
glycolysis.”> Genetic and metabolic studies support
the clinical observation that PAH is a heterogeneous
condition with variation in life expectancy and
response to treatment.’ *

Low-density lipoproteins (LDL) are active
participants in atherosclerotic vascular disease and
constitute major drug targets; reduced levels are
associated with a significant reduction in cardio-
vascular disease.” Contrary to the benefits seen in
atherosclerosis, treatment with statins has no signif-
icant effect on exercise capacity, cardiac output®
and mortality” in PAH.

High-density lipoproteins (HDLs) facilitate
cholesterol efflux from tissues and exhibit vasodila-
tory, anti-inflammatory, and endothelial protective
properties, which would be expected to abrogate
the development of pulmonary vascular remodel-
ling.® Indeed, a peptide mimetic of apolipoprotein
(Apo) A-1, the major protein component of HDL,
has been reported to reduce pulmonary hyperten-
sion in rodent models of this condition.” '” On this
basis, raised circulating HDL might be expected to
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Table 1 Characteristics of study subjects
Discovery cohort Validation cohort
n=127 n=77

Age, years 54+17 5717
Body mass index, kg/m? 28+7 29+8
Female, n (%) 89 (70) 47 (61)
Caucasian ethnicity, n (%) 111 (87) 58 (75)
Vasoresponder, n (%) 8(6) -
Heritable PAH, n (%) 9(7) 2(3)
Baseline haemodynamics

Mean pulmonary artery pressure, 52+16 49+12

mm Hg

Pulmonary artery wedge pressure, 1245 1145

mm Hg

Pulmonary vascular resistance, WU 116 115

Cardiac output, L/min 43+1.6 3.9+1.6
Functional capacity

6MWD, m 313+158 263+162

WHO-FC NIV, n (%) 94 (74) 55 (72)
Laboratory investigations

NT-proBNP, ng/mL 711839 1316+1287

Bilirubin, pmol/L 14+10 18+9

Creatinine, mg/dL 86+31 99+50

C reactive protein, mg/dL 5+7 9+12
Medication

Phosphodiesterase type 5 inhibitor, n 97 (76) 42 (54)

(%)

Endothelin receptor antagonist, n (%) 51 (40) 47 (61)

Prostacyclin analogue, n (%) 23 (18) 8(10)

Statin, n (%) 38 (30) 21 (27)

Oral anticoagulation, n (%) 100 (79) 51 (66)

ACE inhibitor, n (%) 19 (15) 23 (30)

Diuretics, n (%) 58 (46) 48 (62)

Aldosterone antagonists, n (%) 47 (37) 33 (43)
Comorbidities

Atrial fibrillation/flutter, n (%) 21(17) 16 (21)

Diabetes mellitus, n (%) 24 (19) 19 (25)

Coronary artery disease, n (%) 19 (15) 21 (27)

COPD, n (%) 10 (8) 16 (21)

Systemic hypertension, n (%) 38 (30) 25 (33)

Means and SDs or counts are given.

COPD, chronic obstructive pulmonary disease; 6MWD, 6 min walk distance; NT-
proBNP, N-terminal pro-brain natriuretic peptide; WC, Wood units; WHO-FC, WHO
functional class.

be associated with improved survival in patients with PAH but
studies to date have provided contrasting results."'™*

HDL lipoproteins are heterogeneous in size, structure and
lipid/protein composition.'> Proton nuclear magnetic resonance
(NMR) spectroscopy has been widely used in metabolic profiling
of plasma samples,'® and recent advances have enabled quanti-
tative analysis of multiple lipoprotein subclasses.'” We hypothe-
sised that differences in the levels of lipoprotein subclasses, and
in particular their associated proteome,'®° may provide insight

into the relationship between HDL and the natural history of
PAH.

We used NMR spectroscopy to investigate two cohorts of
patients with idiopathic and heritable PAH. We discovered
and validated that circulating levels of the small HDL subclass,
termed HDL-4, independently associated with patient survival.
We identified nine proteins associated with small HDL-4 and
directly confirmed the presence of fibrinolysis-linked proteins
in this plasma subfraction. Enrichment and network analyses
revealed the kallikrein—kinin pathway, prekallikrein in particular,
as a likely biological mechanism linking HDL-4 to the progres-
sion of PAH.

METHODS

Study cohorts and clinical measurements

We analysed two cohorts of patients with idiopathic or heritable
PAH who attended the National Pulmonary Hypertension
Service at Hammersmith Hospital, London, UK. The diagnosis
of PAH was made using standard diagnostic criteria and interna-
tionally agreed guidelines.”' To rule out a post capillary compo-
nent in patients with pulmonary artery wedge presseru >15 mm
Hg but no other findings indicating left heart failure concom-
itant left ventricular end diastolic pressure was measured. The
first (discovery) cohort comprised 127 consecutive patients with
PAH recruited between 1 November 2011 and 13 August 2013.
A distinct second (validation) cohort of 77 patients with PAH
was recruited between 7 April 2003 and 2 April 2014 (patients
recruited between 1 November 2011 and 13 August 2013 but
whose samples failed for technical reasons in the first experi-
ment were reanalysed in the second experiment). Patients in both
cohorts were predominantly prevalent cases. The two cohorts of
patients were censored on 1 June 2017. No patient was lost to
follow-up and no patient was referred for lung transplantation.

Venous blood samples were drawn from the antecubital fossa
and collected in ethylenediaminetetraacetic acid-Vacutainer
tubes (BD, Oxford, UK) under non-fasting conditions during
routine clinical appointment visits. Samples were held on ice,
processed within 30 min and plasma was stored at —80°C until
thawed for experiment. Aliquots were used for NMR, proteomic
analysis and measurement of N-terminal pro-brain natriuretic
peptide (NT-proBNP). All samples and data were obtained with
informed written consent and local research ethics committee
approval.

Clinical data including WHO functional class and 6 min
walk distance (6MWD) were recorded on the date of sampling.
Further clinical biochemical data including creatinine, bilirubin,
HDL cholesterol, LDL cholesterol and C reactive protein (CRP),
were recorded within 30 days of the sample date. The subgroup
of patients with PAH and limited cardiovascular comorbidities
were defined by having less than three risk factors for left heart
failure.”” The subgroup of patients with incident disease was
defined by having been sampled within a period of 180 days
from diagnosis.

NMR spectroscopy

NMR data were acquired using a 600 MHz Avance III NMR
Spectrometer (Bruker Biospin) following the protocol previ-
ously described.” Lipoprotein analysis of the "H NMR spectra
was conducted using Bruker IVDr Lipoprotein Subclass Anal-
ysis (B.L.-LISA) developed by Bruker BioSpin GmbH, Germany,
which defined the concentration of 105 distinct lipoproteins
(online supplementary methods). Briefly, data from a training
sample set, separated by density-gradient ultracentrifugation,
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Table 2  Cox proportional hazard analyses of four prognostic lipoproteins (full list of primary analyses are given in the online supplementary table
$3), and secondary analyses with known prognostic factors, principal lipoprotein classes and CRP

Discovery cohort

Validation cohort

HR 95%Cl P values HR 95%Cl P values
Primary analysis: adjusted for age, diuretic treatment and atrial fibrillation
HDL-4-Apo A-2 0.48 0.33t00.7 1.35x10™ 0.6 0.43100.84 2.67x107
HDL-4-Apo A-1 0.51 0.35t00.73 2.41x107 0.62 0.46 to 0.85 3.03x10°7
HDL-4-phospholipids 0.54 0.38100.76 3.75x10™ 0.61 0.44 10 0.84 2.33x107°
Secondary analysis: adjusted for 6MWD and NT-proBNP
HDL-4-Apo A-2 0.55 0.36 to 0.84 6.03x107 0.61 0.43 10 0.86 5.18x107
HDL-4-Apo A-1 0.63 0.42 to 0.96 3.29x107 0.65 0.47 t0 0.92 1.38x107
HDL-4-phospholipids 0.63 0.42 10 0.94 2.38x1072 0.64 0.46 t0 0.89 7.91x107
Secondary analysis: adjusted for HDL cholesterol, LDL cholesterol and CRP
HDL-4-Apo A-2 0.57 0.39t0 0.84 453x107 0.54 0.34t0 0.86 9.32x107
HDL-4-Apo A-1 0.60 0.40 to 0.90 1.41x107 0.53 0.33t00.85 8.28x107
HDL-4-phospholipids 0.61 0.41 t0 0.91 1.53x107 0.51 0.32t0 0.82 5.03x107

Apo, apolipoprotein; Cl, confidence interval; CRP, C reactive protein; HDL, high-density lipoprotein; HR, hazard ratio; LDL, low-density lipoprotein; 6MWD, 6 min walk distance; NT-

proBNP, N-terminal pro-brain natriuretic peptide.

was used to construct a linear regression model that used the
"H NMR spectra to predict the concentration of distinct lipo-
proteins subclasses in samples.”* The four principal lipoprotein
classes (VLDL, IDL, LDL and HDL) were separated in up to
six distinct subclasses, which were labelled numerically, starting
with the lowest density.

Plasma proteome measurements

Circulating plasma proteins were measured using SOMAscan V.3
(Somalogic, Boulder, Colorado, USA), which uses DNA-based
aptamer reagents to define the levels of 1124 proteins.”

Density-gradient ultracentrifugation

Ultracentrifugation was performed as previously described.?
Briefly, the background density of plasma samples from eight
patients with PAH was adjusted to 1.125kg/L by potassium
bromide using the formula provided by Havel et al,”” and over-
laid with aqueous solution of normal saline adjusted to the iden-
tical density. Ultracentrifugation was performed for 48 hours at
50000rpm using a fixed angle rotor (Type 70.1 Ti, Beckman
Coulter, Brea, California, USA).

Enzyme-linked immunosorbent assay

ELISAs were performed on whole plasma and plasma subfrac-
tions. To measure Apo A-1 levels, samples were diluted 1:20 000
and added 1:2 to the diluent (R&D Systems, #DAPA10, Minne-
apolis, Minnesota, USA). For prekallikrein measurements,
samples were diluted 1:4000 (Abcam, #ab171015, Cambridge,
UK) and for neuropilin-1, samples were diluted 1:200 and added
to 1:1 to the diluent (R&D Systems, #DNRP10).

Statistical analyses
Prior to analysis, NMR lipoprotein and plasma proteome data
were transformed to Z-scores (by subtracting the mean and
dividing by the SD) for ease of comparison. Plasma proteome
data were log-transformed prior to Z-score transformation.
Survival analyses were performed using time from sampling
to death/census. First, potential confounding factors, including
patient demographics, comorbidities, treatment, renal and
hepatic function, were assessed by separate Cox regression

analysis and the three most significant factors (age, diuretic
treatment and atrial fibrillation) were selected as covariates for
the lipoprotein survival analysis (online supplementary table
S1). Preserved renal function was defined as creatinine <735
pmol/L and liver function as bilirubin <21 pmol/L. Applying
a backward-forward selection process to fit a multivariate Cox
model (with p>0.05 as removal and p<0.05 as entry criterion)
confirmed that these parameters provided independent prog-
nostic information. Cox regression analysis was then used to
identify prognostic lipoprotein subclasses individually, adjusting
for these covariates. Subsequently, comparisons were also made
against the principal lipoprotein classes (HDL cholesterol and
LDL cholesterol), the inflammatory marker CRP, the 6WMD
and the marker NT-proBNP to show the specificity and inde-
pendence of the subclasses.

To account for multiple testing, we applied conservative
Bonferroni corrected thresholds using a type I error rate (o)
of 5% for significance in the discovery data set, based on the
number of proteins or metabolites being individually tested
in each analysis. The results were validated in an indepen-
dent data set, again with correction for the number of tests
performed.

Kaplan-Meier estimations illustrated events (deaths) from
time of sampling in relation to lipoprotein levels. The log-rank
test was used to compare survival distributions. Receiver oper-
ating characteristic (ROC) curves were used to assess the prog-
nostic discriminatory ability of specific lipoproteins.

Plasma proteomic measurements were available for 173
patients in total, 122/127 in the discovery and 51/77 in the vali-
dation cohorts. Linear regression models were used to assess the
relationship between levels of individual lipoprotein subclasses
and individual proteins (as a continuous variable) correcting for
potential confounders including age, gender, ethnicity, PAH-tar-
geted drugs, statin therapy, oral anticoagulation, diabetes, renal
and hepatic impairment, survival status and batch. Associations
between lipoprotein and protein levels were also assessed using
Spearman’s rank correlation. Enrichment analysis of identified
proteins was conducted using the gene ontology enrichment anal-
ysis tool.?® Network analysis of proteins and lipoprotein parti-
cles was performed based on second order partial Spearman’s
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Prognostic HDL subclasses. (A) HRs and 95% Cl after correcting for age, diuretic treatment and the presence of atrial fibrillation/flutter are

shown for all HDL subclasses in the discovery and validation cohorts. Red/yellow indicates HDL subclasses, which meet Bonferroni correction in both
cohorts. (B) Average composition of the HDL-4 subclass is shown across patients with PAH. Apo, apolipoprotein; Cl, confidence interval; HDL, high-

density lipoprotein; HR, hazard ratio; PAH, pulmonary arterial hypertension.

rank correlation coefficients.”” Networks were visualised using
Cytoscape V.3.6.1.%

Data are presented as absolute numbers, percentages, mean
with SD or median with IQR. The threshold for significance is
presented separately for each multiple testing approach. P values
are presented unadjusted unless stated otherwise. Column bars,
Bland-Altman and forest plots were visualised using GraphPad
Prism V.5 (GraphPad Software, La Jolla, California, USA). Statis-
tical analyses were performed with IBM SPSS Statistics V.23
(IBM Corp), Microsoft Excel 2013 (Microsoft, Redmond, Wash-
ington, USA) and R-V.3.4.1 with the associated packages ‘Hmisc’
and ‘survival’ (R Foundation for Statistical Computing, Vienna,
Austria).

RESULTS

Characteristics of cohorts

The characteristics of the discovery and validation patient
cohorts are presented in table 1. There were 43/127 (34%) and
45/77 (58%) deaths during a median follow-up time of 4.89
(IQR 3.76-5.22) and 3.4 (IQR 1.59-5.16) years, respectively.

Agreement and distribution of lipoprotein measurements in
patients with PAH

NMR and clinical measurements of the principal lipoprotein
classes (LDL and HDL cholesterol) showed good agreement as
indicated by correlation analyses (r=0.83-0.94, all p<0.0001,
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HDL-4-Apo A-1 0.28 (0.19-0.36) 5.6x10°> HDL-4-Apo A-1 0.27 (0.15-0.4)  7.5x10%4
HDL-4-Apo A-2 0.27 (0.18-0.36) 2.1x10°> HDL-4-Apo A-2 0.3(0.18-0.42) 3.2x1003
HDL-Cholesterol 0.43 (0.32-0.53) 1.7x10°*  HDL-Cholesterol 0.37(0.24-0.5) 4.84x1002

Figure 2 HDL-4 lipoproteins identified non-survivors in PAH. ROC assessing the ability to discriminate survivors and non-survivors for HDL-
4-phospholipids, HDL-4-Apo A-1 and HDL-4-Apo A-2, as well as overall HDL cholesterol are shown in the discovery and validation cohorts. Apo,
apolipoprotein; AUC, area under the curve; HDL, high-density lipoprotein; PAH, pulmonary arterial hypertension; ROC, receiver operating characteristic.

online supplementary table S2, figure S1A) and assessed by
the Bland-Altman method (online supplementary figure S1B).
Mean plasma HDL cholesterol was 60 mg/dL (SD =13) in the
discovery and 46 mg/dL (£12) in the validation cohort, respec-
tively. Mean plasma LDL cholesterol was 106 mg/dL (£34) and
80 mg/dL (£28), respectively.

Identification and validation of lipoproteins associated with
survival in patients with PAH

In the discovery cohort, circulating levels of 3 out of the 105
lipoproteins measured were associated with survival inde-
pendent of confounding factors (all p<4.8x107*, table 2 and
online supplementary table S3). These lipoproteins belonged
to the same lipoprotein subclass (HDL-4)—HDL-4-Apo A-1,
HDL-4-Apo A-2 and HDL-4-phospholipids. None of the other
lipoprotein classes or subclasses tested, including HDL choles-
terol and LDL cholesterol, were prognostic (online supplemen-
tary table S3). The same three lipoproteins from the HDL-4
subclass were also associated with survival in the validation
cohort, again independent of confounders (all p<1.7x1072,
table 2). The HDL-4 subclass is the smallest in size and highest
in density in the spectrum of HDL particles. The hazard ratios
(HR) for principal HDL classes and different HDL subclasses
(ranging from large HDL-1 to small HDL-4) were similar in
both cohorts, with higher levels of HDL-4 consistently associ-
ated with significantly better outcomes (figure 1A). HDL-4-Apo
A-2 exhibited the most significant association with survival
(table 2) and constitutes 13.5% of the total concentration of
HDL-4 subclass lipoproteins, with HDL-4-Apo A-1 being the
most abundant lipoprotein in this subclass (figure 1B).

We next tested the sensitivity of the HDL-4 subclass newly
identified to clinical measurements of exercise capacity and
inflammation. All three HDL-4 lipoproteins identified in
the survival analysis (HDL-4-Apo A-1, HDL-4-Apo A-2 and
HDL-4-phospholipids) were associated with outcomes indepen-
dent of 6MWD and NT-proBNP level, in both the discovery and

validation cohorts (all p<0.05, table 2). These three lipopro-
teins were also prognostic independent of the principal lipopro-
tein classes, HDL cholesterol and LDL cholesterol, and of the
inflammatory marker, CRP, in both cohorts (all p<0.03, table 2).
This emphasises the value of the lipoprotein subclasses measured
by NMR above the principal classes usually captured in clinical
testing.

To determine the ability of the lipoprotein subclasses to
distinguish survivors and non-survivors, we performed ROC
analyses. The three HDL-4 lipoproteins showed similar perfor-
mance in the discovery and validation cohorts (area under the
curve 0.27-0.30, figure 2), while total HDL cholesterol was not
discriminative in either cohort (area under the curve 0.43-0.37,
figure 2).

Analysis of potential clinical confounders

We investigated the importance of lipid-lowering treatments on
our analyses. Patients treated with statins at the time of lipopro-
tein measurement had lower levels of LDL subclasses but not
HDL subclasses (including HDL-4), and statin treatment was not
a predictor of outcomes in either cohort (online supplementary
figure S2, table S1). This suggests little impact of statins on our
main findings.

Kaplan-Meier survival estimates for patients with PAH
separated into HDL-4-Apo A-2 tertiles significantly stratified
outcomes in both cohorts (p<0.03, figure 3). We also assessed
the prognostic value of HDL-4-Apo A-2 in a subgroup of
patients with PAH and limited cardiovascular comorbidities
(less than three risk factors for left heart failure).”* HDL-4-Apo
A-2 remained strongly prognostic in both cohorts (p<0.03,
online supplementary figure S3). Similarly with incident
patients sampled around the time of diagnosis, reduced levels
of HDL-4-Apo A-2 tended to be associated with poor outcomes
(online supplementary figure S4).
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Figure 3  High, intermediate and low levels of HDL-4-Apo A-2 are
prognostic in PAH. Kaplan-Meier survival estimates for patients with
PAH separated into tertiles based on high (blue, range 22—-33 mg/

dL), intermediate (yellow, range 18-22 mg/dL) and low (orange, range
7-18 mg/dL) HDL4-Apo A-2 levels are shown in the discovery and
validation cohorts. Apo, apolipoprotein; HDL, high-density lipoprotein;
PAH, pulmonary arterial hypertension.

Defining small HDL and proteome associations in PAH

To explore the contribution of the HDL proteome in PAH,
HDL-4-Apo A-2 levels, which exhibited the most significant asso-
ciation with survival, were first related to measurements of 1124
circulating proteins. Nine proteins were found to associate with
HDL-4-Apo A-2 (all p<4.5x107%independent of confounders
in linear regression models), including the Apo A-1 protein itself
(figure 4A, table 3 and online supplementary table S4). Asso-
ciation of these proteins with HDL-4-Apo A-2 was similar in
survivors and non-survivors (figure 4B). No additional protein
was found using levels of the other two HDL-4 subclasses,

HDL-4-Apo A-1 or HDL-4-phospholipids (online supplemen-
tary figure S5).

Five of the nine proteins, namely, Apo A-1, alpha-2-anti-
plasmin, coagulation factor XI, afamin and alpha-2-HS-gly-
coprotein, have previously been identified in HDL
subfractions.’® 2° 3! Prekallikrein levels showed the highest
association with HDL-4-Apo A-2 (p=4.9%x107%, table 3 and
online supplementary table S4) and were statistically associated
with each of the three HDL-4 subclasses in linear regression
models (HDL-4-Apo A-1, HDL-4-Apo A-2 and HDL-4-phos-
pholipids, online supplementary figure S4). Newly identified
neuropilin-1, which showed the only significant inverse rela-
tion, was only detected with HDL-4-Apo A-2. Using ultracen-
trifugation to separate the plasma subfraction corresponding to
small HDL-4, we were able to confirm the physical presence of
prekallikrein and neuropilin-1 with Apo A-1 in this subfraction
(figure 4C).

Functional annotation of the nine proteins associated with
the small HDL-4-Apo A-2 revealed an over-representation of
proteins involved in the regulation of fibrinolysis, including
prekallikrein, coagulation factor XI and alpha-2-antiplasmin (all
corrected p<0.05, figure 5A, online supplementary table S5).
When restricting the analysis to proteins previously reported or
physically confirmed (7/9), the functional annotation displayed
identical results (data not shown).

To determine which of the nine proteins were most closely
associated with HDL-4-Apo A-2 and each other, we performed
a network analysis based on partial correlation coefficients.
Prekallikrein formed a central hub connecting small HDL-4
particle to factor XI and alpha-2-antiplasmin (all p<0.0001,
figure 5B).

DISCUSSION

This study provides a comprehensive analysis of plasma lipopro-
tein subclasses in PAH. To our knowledge, it is the first to use
a metabolomics approach to explore lipoprotein profiles in this
disorder and to identify and validate the association of a small
and highly dense HDL subclass with clinical outcomes. Levels of
the small HDL-4 subclass, with Apo A-1, Apo A-2 and phospho-
lipids as the main components, were identified as robust prog-
nostic factors in PAH.

The clinical significance of altered plasma lipoprotein levels in
pulmonary hypertension has been unclear and studies of the rela-
tionship between circulating HDL cholesterol levels and survival
in patients with PAH have produced contrasting conclusions.!*™*
Our data suggest that HDL subclasses differ in their contribution
to the pathology of PAH; only plasma small HDL-4 levels were
independently prognostic in patients with PAH. HDL-4 incorpo-
rates the previously described HDL3b and HDL3c¢ subclasses.® **
These have been implicated in several biological pathways rele-
vant to PAH, including upregulation of endothelial nitric oxide
synthase promoting vasodilatation, anti-inflammatory effects
through decreased expression of endothelial adhesion mole-
cules, decreased oxidation of LDL, antiapoptotic effects on the
endothelium and activation of fibrinolysis.*’

Increasing evidence implicates the protein content of
HDL particle as functionally important in cardiovascular and
respiratory disease.®** Mass spectrometry-based proteomic anal-
ysis has revealed an enrichment of acute-phase response proteins
in the small HDL subclass in patients with coronary artery
disease,'® and demonstrated that the protein content influences
oxidation.?’ The Apo A-1 content of HDL has both antioxidant
and antiapoptotic effects in endothelial cells.*> We found that
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Figure 4 Proteins related to HDL-4-Apo A-2. (A) Scatter plot showing the relation of Apo A-1 and HDL-4-Apo A-2 in the combined discovery and
validation cohort, in which non-survivors are marked in yellow/red, with statistical result from Spearman’s rank correlation. (B) Scatter plot showing
the significance from Spearman’s rank correlation between HDL-4-Apo A-2 levels and proteomic measurements in all PAH patients and PAH survivors,
in the combined discovery and validation cohort. Proteins marked in yellow/red significantly related with HDL4-Apo A-2 after Bonferroni correction,
independent of confounding factors in linear regression models. (C) Bar plots (mean+SEM) showing the presence of Apo A-1, prekallikrein and

NRP1 in whole plasma and lipoprotein fractions obtained by ultracentrifugation corresponding to small and dense HDL-4 from eight patients with
PAH. Apo, apolipoprotein; HDL, high-density lipoprotein; NRP1, neuropilin-1; PAH, pulmonary arterial hypertension; RFU, relative fluorescence unit;

SEM, SE mean.

nine plasma proteins, including Apo A-1, statistically associate
with the small Apo A-2-rich HDL-4 subclass. Only five out of
nine identified proteins (alpha-2-antiplasmin, alpha-2-HS-gly-
coprotein, afamin, coagulation factor XI and Apo A-1) have

Table 3 Linear regression models of nine proteins associated with
the HDL-4-Apo A-2 particle adjusted for possible confounding factors
including demographics, treatments, comorbidities and survival status

Adjusted linear regression models against

HDL-4-Apo A-2
Proteins Beta SE P values
Prekallikrein 0.59 0.10 4.86x10°°
Apo A-1 0.68 0.12 2.08x107
Alpha-2-antiplasmin 0.51 0.09 3.39x107
CNDP1 0.69 0.13 4.58x107
Coagulation factor XI 0.69 0.13 6.12x107
Afamin 0.59 0.13 1.7x10”
Neuropilin-1 —0.50 0.1 1.8x107
Growth hormone receptor 0.43 0.09 1.37x107
Alpha-2-HS-glycoprotein 0.42 0.09 2.04x107°

Apo, apolipoprotein; CNDP1, carnosine dipeptidase 1; HDL, high-density lipoprotein.

previously been reported to be bound to HDL."® ?° Several of
the proteins identified (prekallikrein, factor XI and alpha-2-anti-
plasmin) regulate fibrinolysis, a function previously attributed to
the small HDL subclass.>® Prekallikrein, the physical presence of
which was confirmed in the isolated HDL-4 subfraction, formed
a central hub in a network generated from the nine proteins
identified and HDL-4. Prekallikrein can be cleaved by activated
factor XII to form plasma kallikrein, which subsequently digests
the non-enzymatic cofactor high-molecular-weight kininogen
to release bradykinin, the end product of the kallikrein—kinin
pathway.”” Both prekallikrein and bradykinin are involved in
fibrinolysis, vascular inflammation and the regulation of vascular
tone.>’

Recently the promoter of the gene encoding a major cellular
lipid transporter, ABCA1, was shown to be hypermethylated in
PAH, resulting in the downregulation of ABCA1 messenger RNA
and protein in pulmonary arterial endothelial cells from patients
with idiopathic PAH.>® This protein accelerates the transfer
of lipids to Apo A-1-containing lipoproteins, the rate-limiting
step in the generation of large lipid-rich HDL particles, and a
decrease in its expression may represent a protective mechanism
to enrich beneficial small HDL particles in PAH.

Therapeutic strategies designed to increase HDL cholesterol
levels include the use of niacin and fibrates, which also induce
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the transcription of Apo A-1.%° Direct inhibition of cholesteryl
ester transfer protein has been proposed as a means of specif-
ically increasing HDL cholesterol in cardiovascular disease,
but clinical trials of inhibitors such as torcetrapib or evace-
trapib have shown only limited improvements in cardiovas-
cular outcomes.* *' Looking more specifically at the HDL
subclasses, some studies have reported that the use of ator-
vastatin significantly increases large HDL, but not medium or
small HDL subclasses.** Lipoproteins such as Apo A-1 represent
an alternative potential therapeutic target, with Apo A-1-mi-
metics preventing the development of experimental pulmo-
nary hypertension,” ' and their use is currently being assessed
in lung diseases such as asthma and emphysema.*® Our study
raises the possibility that the potential therapeutic benefit of

Apo A-1 manipulation may extend beyond lung disease to the
pulmonary vasculature and so would be of interest to study in
the context of pulmonary hypertension.

Limitations

The majority of patients in this study were on treatment, that is,
had prevalent disease, however, we observed similar trends in a
survival analysis of incident patients recruited close to the time
of diagnosis. Corrections were made for the potential treatment
effects of PAH-targeted drugs, oral anticoagulation and statin
therapy, as well as demographics and comorbidities. The patients
were sampled in a non-fasting state, as supported by recent
guidelines recommending that non-fasting samples can be used
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for plasma lipid analysis.** Proteins associated with the HDL-4
subfraction may also circulate free in the plasma.

SUMMARY AND CONCLUSIONS

Reduced plasma levels of small Apo A-2-rich HDL-4 are inde-
pendently linked with higher mortality in PAH, supporting a
biologically important role in the natural history of this disorder.
Apolipoproteins and other HDL-4-associated proteins, including
prekallikrein and alpha-2-antiplasmin, regulate biological mech-
anisms relevant to PAH, such as fibrinolysis and vasodilation.
Circulating small HDL serves as vehicle for these proteins. Our
results support further investigation into the potential thera-
peutic benefit of increasing the levels of small HDL and its asso-
ciated proteins in PAH.

Author affiliations

'Department of Medicine, Imperial College London, London, UK

Zimperial Clinical Phenome Centre, Department of Surgery and Cancer, Imperial
College London, London, UK

*National Heart and Lung Institute, Imperial College London, London, UK
“National Pulmonary Hypertension Service, Imperial College Healthcare Trust NHS,
London, UK

*Division of Computational Systems Medicine, Department of Surgery and Cancer,
and Centre for Digestive and Gut Health, Imperial College London, London, UK

Acknowledgements This paper presents independent research supported by
the National Institute for Health Research (NIHR)/Wellcome Trust Imperial Clinical
Research Facility, at Imperial College Healthcare NHS Trust, London, UK. We
gratefully acknowledge the participation of patients and are indebted to Souad
Ali and Sharon Meehan for blood sample collection, to George Villas, Lavanya
Ranganathan and the TRIPHIC (Translational Research in Pulmonary Hypertension
at Imperial College) system for the processing and pseudonymisation of patient
information.

Contributors All authors collected data and gave constructive criticism of the
manuscript. LH, PG, JW, CJR and MRW performed study design and interpretation,
and wrote the manuscript. LH and PG analysed data and performed the experiments.

Funding LH was supported by a European Respiratory Society Research Fellowship
(LTRF 2016 — 6884). CJR was supported by an Imperial College Junior Research
Fellowship and British Heart Foundation Intermediate Basic Science Research
Fellowship (FS/15/59/31839). MRW is supported by a British Heart Foundation
programme grant (RG/10/16/28575).

Competing interests None declared.
Patient consent Not required.
Provenance and peer review Not commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See: https://creativecommons.org/
licenses/by/4.01/.

REFERENCES

1 Hoeper MM, Bogaard HJ, Condliffe R, et al. Definitions and diagnosis of pulmonary
hypertension. J Am Coll Cardiol 2013;62:042-D50.

2 Rabinovitch M. Molecular pathogenesis of pulmonary arterial hypertension. J Clin
Invest 2012;122:4306—13.

3 Machado RD, Southgate L, Eichstaedt CA, et al. Pulmonary arterial hypertension: a
current perspective on established and emerging molecular genetic defects. Hum
Mutat 2015;36:1113-27.

4 Rhodes CJ, Ghataorhe P, Wharton J, et a/. Plasma metabolomics implicates modified
transfer rnas and altered bioenergetics in the outcomes of pulmonary arterial
hypertension. Circulation 2017;135:460-75.

5 Koskinas KC, Siontis GCM, Piccolo R, et al. Effect of statins and non-statin LDL-
lowering medications on cardiovascular outcomes in secondary prevention: a meta-
analysis of randomized trials. Eur Heart J 2018;39:1172-80.

6 Zhang, Zeng W, Cheng S, et al. Efficacy and safety of statins for pulmonary
hypertension: a meta-analysis of randomised controlled trials. Heart Lung Circ
2017;26:425-32.

7 AnandV, Garg S, Duval S, et al. A systematic review and meta-analysis of trials using
statins in pulmonary arterial hypertension. Pulm Circ 2016;6:295-301.

8

9

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34
35

36

Camont L, Chapman MJ, Kontush A. Biological activities of HDL subpopulations and
their relevance to cardiovascular disease. Trends Mol Med 2011;17:594-603.
Hansmann G, de Jesus Perez VA, Alastalo TP, et al. An antiproliferative BMP-2/
PPARgamma/apoE axis in human and murine SMCs and its role in pulmonary
hypertension. J Clin Invest 2008;118:1846-57.

Sharma S, Umar S, Potus F, et al. Apolipoprotein A-l mimetic peptide 4F

rescues pulmonary hypertension by inducing microRNA-193-3p. Circulation
2014;130:776-85.

Heresi GA, Aytekin M, Newman J, et al. Plasma levels of high-density lipoprotein
cholesterol and outcomes in pulmonary arterial hypertension. Am J Respir Crit Care
Med 2010;182:661-8.

Larsen CM, McCully RB, Murphy JG, et al. Usefulness of high-density lipoprotein
cholesterol to predict survival in pulmonary arterial hypertension. Am J Cardiol
2016;118:292-7.

Zhao QH, Peng FH, Wei H, et al. Serum high-density lipoprotein cholesterol levels as a
prognostic indicator in patients with idiopathic pulmonary arterial hypertension. Am J
Cardiol 2012;110:433-9.

Cracowski JL, Labarére J, Renversez JC, et al. Plasma levels of high-density lipoprotein
cholesterol are not associated with survival in pulmonary arterial hypertension. Am J
Respir Crit Care Med 2012;186:107.

Rosenson RS, Brewer HB, Chapman MJ, et al. HDL measures, particle heterogeneity,
proposed nomenclature, and relation to atherosclerotic cardiovascular events. Clin
Chem 2011;57:392-410.

Nicholson JK, Holmes E, Kinross JM, et al. Metabolic phenotyping in clinical and
surgical environments. Nature 2012;491:384-92.

Monsonis Centelles S, Hoefsloot HCJ, Khakimov B, et al. Toward reliable lipoprotein
particle predictions from nmr spectra of human blood: an interlaboratory ring test.
Anal Chem 2017;89:8004-12.

Vaisar T, Pennathur S, Green PS, et a/. Shotgun proteomics implicates protease
inhibition and complement activation in the antiinflammatory properties of HDL. J Clin
Invest 2007;117:746-56.

Riwanto M, Rohrer L, Roschitzki B, et al. Altered activation of endothelial anti- and
proapoptotic pathways by high-density lipoprotein from patients with coronary
artery disease: role of high-density lipoprotein-proteome remodeling. Circulation
2013;127:891-904.

Davidson WS, Silva RA, Chantepie S, et al. Proteomic analysis of defined HDL
subpopulations reveals particle-specific protein clusters: relevance to antioxidative
function. Arterioscler Thromb Vasc Biol 2009;29:870-6.

Galié N, Humbert M, Vachiery J-L, et al. 2015 ESC/ERS Guidelines for the diagnosis
and treatment of pulmonary hypertension. Eur Respir / 2015;46:903-75.

Opitz CF, Hoeper MM, Gibbs JS, et al. Pre-capillary, combined, and post-capillary
pulmonary hypertension: a pathophysiological continuum. JAm Coll Cardiol
2016,;68:368-78.

Dona AC, Jiménez B, Schafer H, et al. Precision high-throughput proton NMR
spectroscopy of human urine, serum, and plasma for large-scale metabolic
phenotyping. Anal Chem 2014;86:9887-94.

Mihaleva VV, van Schalkwijk DB, de Graaf AA, et al. A systematic approach to obtain
validated partial least square models for predicting lipoprotein subclasses from serum
NMR spectra. Anal Chem 2014;86:543-50.

Rhodes CJ, Wharton J, Ghataorhe P, et al. Plasma proteome analysis in patients with
pulmonary arterial hypertension: an observational cohort study. Lancet Respir Med
2017;5:717-26.

McPherson PA, Young IS, McKibben B, et al. High density lipoprotein subfractions:
isolation, composition, and their duplicitous role in oxidation. / Lipid Res
2007,48:86-95.

Havel RJ, Eder HA, Bragdon JH. The distribution and chemical composition

of ultracentrifugally separated lipoproteins in human serum. J Clin Invest
1955;34:1345-53.

Mi H, Muruganujan A, Casagrande JT, et al. Large-scale gene function analysis with
the PANTHER classification system. Nat Protoc 2013;8:1551-66.

de la Fuente A, Bing N, Hoeschele I, et al. Discovery of meaningful associations in
genomic data using partial correlation coefficients. Bioinformatics 2004;20:3565-74.
Shannon P, Markiel A, Ozier O, et al. Cytoscape: a software environment for integrated
models of biomolecular interaction networks. Genome Res 2003;13:2498-504.
Jorge I, Burillo E, Mesa R, et al. The human HDL proteome displays high inter-
individual variability and is altered dynamically in response to angioplasty-induced
atheroma plaque rupture. J Proteomics 2014;106:61-73.

Yuhanna IS, Zhu Y, Cox BE, et al. High-density lipoprotein binding to scavenger
receptor-Bl activates endothelial nitric oxide synthase. Nat Med 2001;7:853-7.
Rosenson RS, Brewer HB, Ansell BJ, et al. Dysfunctional HDL and atherosclerotic
cardiovascular disease. Nat Rev Cardiol 2016;13:48-60.

Rye KA, Barter PJ. Cardioprotective functions of HDLs. J Lipid Res 2014;55:168-79.
Kontush A, Therond P, Zerrad A, et al. Preferential sphingosine-1-phosphate
enrichment and sphingomyelin depletion are key features of small dense HDL3
particles: relevance to antiapoptotic and antioxidative activities. Arterioscler Thromb
Vasc Biol 2007;27:1843-9.

Saku K, Ahmad M, Glas-Greenwalt P, et a/. Activation of fibrinolysis by apolipoproteins
of high density lipoproteins in man. Thromb Res 1985;39:1-8.

388

Harbaum L, et a/. Thorax 2019;74:380-389. doi:10.1136/thoraxjnl-2018-212144


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.jacc.2013.10.032
http://dx.doi.org/10.1172/JCI60658
http://dx.doi.org/10.1172/JCI60658
http://dx.doi.org/10.1002/humu.22904
http://dx.doi.org/10.1002/humu.22904
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.024602
http://dx.doi.org/10.1093/eurheartj/ehx566
http://dx.doi.org/10.1016/j.hlc.2016.08.005
http://dx.doi.org/10.1086/687304
http://dx.doi.org/10.1016/j.molmed.2011.05.013
http://dx.doi.org/10.1172/JCI32503
http://dx.doi.org/10.1161/CIRCULATIONAHA.114.007405
http://dx.doi.org/10.1164/rccm.201001-0007OC
http://dx.doi.org/10.1164/rccm.201001-0007OC
http://dx.doi.org/10.1016/j.amjcard.2016.04.028
http://dx.doi.org/10.1016/j.amjcard.2012.03.042
http://dx.doi.org/10.1016/j.amjcard.2012.03.042
http://dx.doi.org/10.1164/ajrccm.186.1.107
http://dx.doi.org/10.1164/ajrccm.186.1.107
http://dx.doi.org/10.1373/clinchem.2010.155333
http://dx.doi.org/10.1373/clinchem.2010.155333
http://dx.doi.org/10.1038/nature11708
http://dx.doi.org/10.1021/acs.analchem.7b01329
http://dx.doi.org/10.1172/JCI26206
http://dx.doi.org/10.1172/JCI26206
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.108753
http://dx.doi.org/10.1161/ATVBAHA.109.186031
http://dx.doi.org/10.1183/13993003.01032-2015
http://dx.doi.org/10.1016/j.jacc.2016.05.047
http://dx.doi.org/10.1021/ac5025039
http://dx.doi.org/10.1021/ac402571z
http://dx.doi.org/10.1016/S2213-2600(17)30161-3
http://dx.doi.org/10.1194/jlr.M600094-JLR200
http://dx.doi.org/10.1172/JCI103182
http://dx.doi.org/10.1038/nprot.2013.092
http://dx.doi.org/10.1093/bioinformatics/bth445
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.1016/j.jprot.2014.04.010
http://dx.doi.org/10.1038/89986
http://dx.doi.org/10.1038/nrcardio.2015.124
http://dx.doi.org/10.1194/jlr.R039297
http://dx.doi.org/10.1161/ATVBAHA.107.145672
http://dx.doi.org/10.1161/ATVBAHA.107.145672
http://dx.doi.org/10.1016/0049-3848(85)90116-1

Pulmonary vasculature

37 Long AT, Kenne E, Jung R, et al. Contact system revisited: an interface between 42 Asztalos BF, Horvath KV, McNamara JR, et al. Comparing the effects of five different
inflammation, coagulation, and innate immunity. J Thromb Haemost 2016;14:427-37. statins on the HDL subpopulation profiles of coronary heart disease patients.

38 Hautefort A, Chesné J, Preussner J, et al. Pulmonary endothelial cell DNA methylation Atherosclerosis 2002;164:361-9.
signature in pulmonary arterial hypertension. Oncotarget 2017,8:52995-3016. 43 Yao X, Gordon EM, Figueroa DM, et al. Emerging roles of apolipoprotein e and

39 Remaley AT, Norata GD, Catapano AL. Novel concepts in HDL pharmacology. apolipoprotein a-i in the pathogenesis and treatment of lung disease. Am J Respir Cell Mol
Cardiovasc Res 2014;103:423-8. Biol 2016;55:159-69.

40 Barter PJ, Caulfield M, Eriksson M, et al. Effects of torcetrapib in patients at high risk 44 Nordestgaard BG, Langsted A, Mora S, et al. Fasting is not routinely required
for coronary events. N Engl J Med 2007;357:2109-22. for determination of a lipid profile: clinical and laboratory implications

41 Nicholls SJ, Brewer HB, Kastelein JJ, et al. Effects of the CETP inhibitor evacetrapib including flagging at desirable concentration cut-points-a joint consensus
administered as monotherapy or in combination with statins on HDL and LDL statement from the european atherosclerosis society and european federation
cholesterol: a randomized controlled trial. JAMA 2011;306:2099—109. of clinical chemistry and laboratory medicine. Eur Heart J 2016;37:1944-58.

Harbaum L, et al. Thorax 2019;74:380-389. doi:10.1136/thoraxjnl-2018-212144 389


http://dx.doi.org/10.1111/jth.13235
http://dx.doi.org/10.18632/oncotarget.18031
http://dx.doi.org/10.1093/cvr/cvu141
http://dx.doi.org/10.1056/NEJMoa0706628
http://dx.doi.org/10.1001/jama.2011.1649
http://dx.doi.org/10.1016/S0021-9150(02)00149-1
http://dx.doi.org/10.1165/rcmb.2016-0060TR
http://dx.doi.org/10.1165/rcmb.2016-0060TR
http://dx.doi.org/10.1093/eurheartj/ehw152

	Reduced plasma levels of small HDL particles transporting fibrinolytic proteins in pulmonary arterial hypertension
	Abstract
	Introduction﻿﻿
	Methods
	Study cohorts and clinical measurements
	NMR spectroscopy
	Plasma proteome measurements
	Density-gradient ultracentrifugation
	Enzyme-linked immunosorbent assay
	Statistical analyses

	Results
	Characteristics of cohorts
	Agreement and distribution of lipoprotein measurements in patients with PAH
	Identification and validation of lipoproteins associated with survival in patients with PAH
	Analysis of potential clinical confounders
	Defining small HDL and proteome associations in PAH

	Discussion
	Limitations

	Summary and conclusions
	References


