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Summary

Epidemiological studies have shown that HDL-cholesterol levels are inversely
correlated with the risk for cardiovascular diseases (CVD). HDL is thought to
protect against atherosclerosis by mediating reverse cholesterol transport and
potentially through anti-oxidative and anti-inflammatory activities. It recently
emerged that HDL can loose its anti-atherogenic functions and may even become
pro-atherogenic(1-3). The mechanisms underlying this transformation are not well

understood.

Within the first project, we investigated whether HDL is post-translational modified
by cyanate in atherosclerotic lesions. Proteins are carbamylated through cyanate
(OCN"), a reactive electrophile that irreversibly transforms lysine to homocitrulline
(also known as carbamyllysine). Cyanate is formed from thiocyanate via
myeloperoxidase (MPO) or by decomposition of urea. Myeloperoxidase (MPO)
can binds to HDL within human atherosclerotic lesions and might therefore act in
closest proximity to HDL.

We established a state of the art method to quantitatively assess homocitrulline
and 3-chlorotyrosine (a specific MPO oxidation marker) via liquid chromatography
tandem mass spectrometry. The mass spectrometry analysis revealed that
carbamylation through OCN™ is a major modification of HDL in atherosclerotic
lesions, which was more than 20-fold higher than the MPO oxidation product 3-
chlorotyrosine. The comparison with total lesion protein and lesion derived low-
density lipoprotein (LDL) indicates that HDL is a specific target for carbamylation.
We translated the mass spectrometry result to functional experiments by using a
similar modification rate as observed in atherosclerotic lesion. The functional
analysis revealed that protein carbamylation alters HDL structure and function.
Carbamylation increased binding affinity of HDL to its physiological receptor
scavenger receptor B-I (SR-BI), shifting the balance between scavenger receptor
B-I (SR-Bl) mediated cholesterol efflux and uptake towards cholesterol uptake,
thereby causing intracellular cholesterol accumulation and lipid droplet formation.
In addition, our studies provide convincing evidence that the anti-oxidative

capacity of HDL is reduced upon carbamylation. Moreover, the activity of the HDL-



associated anti-inflammatory enzyme paraoxonase 1 was strongly reduced,
whereas lipoprotein-associated phospholipase A2 activity increased.

In summary, the present results provide evidence that protein carbamylation is an
important modulator of HDL functions in atherosclerotic lesions, thereby rendering

HDL dysfunctional.

In the second part, we investigated the effect of advanced renal disease on HDL
composition and function. Functional impairment of HDL during renal disease may
contribute to the excess cardiovascular mortality in these patients. The data
available regarding the impact of advanced renal disease on HDL composition and
functionality are limited. In particular, the effect of renal disease on the first step of
reverse cholesterol transport, the efflux of cellular cholesterol from macrophages
to HDL, has not been determined yet

We used mass spectrometry and biochemical analyses to show that HDL isolated
from patients on maintenance hemodialysis (HD) has a considerable altered
protein and lipid composition. Our studies revealed a significant increase in acute
phase protein serum amyloid A1, albumin, lipoprotein-associated phospholipase
A2 and apoC-Illl content of HD-HDL, whereas apoA-l and apoA-Il levels were
decreased. Proteomic alterations were accompanied by a decreased phospholipid
and increased triglyceride and lyso-phospholipid content of HDL. In regard to
function, HDL from hemodialysis patients was less potent in promoting cholesterol
efflux from lipid-laden macrophages. Importantly, correlation analysis showed that
functional changes are linked to compositional alterations.

In summary, HDL functionality and composition are significantly altered in renal
diseases patients. Our results provide insights into mechanism leading to the
functional impairment of HDL and raise the possibility to identify humans at

increased risk of cardiovascular disease.



Zusammenfassung

Epidemilogische Studien haben gezeigt, dass high-density Lipoprotein (HDL) -
Cholesterin ein unabhangiger Risikofaktor in der Entstehung von kardiovaskularen
Krankheiten ist. Dabei kommt HDL eine zentrale Rolle beim reversen
Cholesterintransport, der zum Abtransport von Uberschussigem Cholesterin aus
dem Gewebe fuhrt, zu. Zusatzlich besitzt HDL anti-entztndliche und anti-oxidative
Eigenschaften die aus heutiger Sicht zum Schutz gegen kardiovaskulare
Krankheiten beitragen.

Seit kurzem ist bekannt, dass die Funktionalitat von HDL eingeschrankt sein kann.
Dabei kann HDL seine schiutzende Wirkung verlieren, oder sogar atherogene
Prozesse fordern. Wie es zu dieser Umwandlung kommt ist aus heutiger Sicht
weitgehend unbekannt.

Wahrend der ersten Projektphase haben wir HDL aus humanen
atherosklerotischen Lasionen isoliert und auf post-translationale Modifikationen
untersucht. Cyanate hat die Fahigkeit Proteine zu Carbamylieren und dadurch
Lysin in Homocitrullin umzuwandeln. Cyanate entsteht durch Myeloperoxidase
(MPO) vermittelte Oxidation von Thiocyanat oder durch den Zerfall von Harnstoff.
Dadurch, dass MPO an HDL binden kann und beide in atherosklerotischen
Lasionen vorkommen, kann man postulieren, dass MPO generierte Oxidantien,
wie z.B. Cyanate, in direkter Nachbarschaft zu HDL gebildet werden.

Im Zuge dieser Dissertation wurde eine auf Massenspektrometrie basierende
Methode zur Quantifizierung von Homocitrullin und 3-chlorotyrosin (ein MPO
spezifisches Oxidationsprodukt) etabliert. Mit Hilfe dieser Analysenmethode war
es uns moglich zu zeigen, dass HDL in atherosklerotischen Lesionen wesentlich
hoher carbamyliert als chloriert war, ein durchaus Uberraschendes Ergebnis.
Durch den Vergleich von HDL mit low-density Lipoportein (LDL) und
Gesamtprotein von atherosklerotischen Lasionen konnten wir zeigen, dass HDL
ein selektives und spezifisches Angriffsziel fur Cyanate ist.

Diese in vivo Ergebnisse wurden genutzt um in in vitro Experimenten den Effekt
vergleichbarer Carbamylierungsgrade auf die Funktionalitdt von HDL zu
uberprufen. Interessanterweise zeigte sich, dass carbamyliertes HDL eine erhdhte
Affinitat zu dem HDL Rezeptor “Scavenger Receptor B-I“ (SR-BI) besitzt. Dadurch



verschiebt sich das  Gleichgewicht  zwischen SR-BI vermittelter
Cholesterinaufnahme und -abgabe, zu Gunsten der Cholesterinaufnahme.
wodurch eine intrazellulare Cholesterinakkumulation verursacht wird, ein sicherlich
stark pro-atherogener Effekt. In weiteren Experimenten konnten wir zeigen, dass
die anti-oxidative Eigenschaft und die Aktivitat des anti-entziindlichen Enzyms
Paraoxonase durch Carbamylierung stark eingeschrankt wird.

Zusammenfassend veranschaulichen diese Ergebnisse, das HDL ein spezifisches
Angriffziel fur Cyanate in atherosklerotischen Lasionen ist. Daruber hinausgehend
konnten wir zeigen, dass die Carbamylierung die wichtigen athero-protektiven
Eigenschaften von HDL reduziert und dadurch an der Bildung von funktionell

eingeschrankten HDL beteiligt sein kann.

In der zweiten Projektphase haben wir eine detaillierte Studie Uber die
Zusammensetzung und Funktion von HDL in Patienten mit Niereninsuffizienz (NI)
auf Hamodialyse (HD) durchgefuhrt. Diese Patienten leiden unter einem stark
erhohten Risiko fur kardiovaskulare Krankheiten, wobei vermutet wird, dass
funktionell eingeschranktes HDL daran beteiligt ist. Daten, die beschreiben, in wie
fern sich NI und HD auf HDL vermittelten reversen Cholesterintransport
auswirken, sind nicht verfugbar.

Wir haben mittels Massenspektrometrie und biochemischen Analysen wurde die
Protein- und Lipidzusammensetzung von HDL von HD Patienten analysiert. Dabei
konnten wir feststellen, dass HDL von HD Patienten erhéhte Proteinmengen an
serum amyloid A1, albumin, lipoprotein-associated phospholipase A2 und apoC-lli
beinhaltet, wogegen apoA-I und apoA-Il reduziert waren. Auf Lipidseite wies HDL
von HD Patienten reduzierte Phospholipide und erhdhte Triglyceride und Lyso-
Phospholipide im Vergleich zu HDL von Kontrollprobanden auf. Auf funktioneller
Ebene konnten wir zeigen, dass HDL von HD Patienten weniger Cholesterin aus
Lipid-beladenen Makrophagen mobilisieren kann ein deutlicher Hinweis darauf,
dass HD-HDL dysfunktional ist. Mittels Korrelationsanalysen von Protein-, Lipid-
und Cholesterineffluxwerten haben wir festgestellt, dass die Anderungen der HDL
Zusammensetzung in direkten Zusammenhang mit einer funktionellen

Einschrankung stehen.



Zusammenfassend lasst sich feststellen, dass HDL von HD Patienten eine
signifikant veranderte Zusammensetzung aufweist, welche die Fahigkeit von HDL,

Cholesterin aus Makrophagen zu mobilisieren, signifikant einschrankt.
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|. Chapter: Introduction into the field

1. Cardiovascular diseases are a global healthcare problem

Cardiovascular diseases (CVD) are the leading cause of death worldwide (4). The
world health organisation (WHO) estimated that 17.1 million people died from
CVDs in 2004, which accounts for 29% of all global deaths (Fig I-1). Of these
deaths, about 7.2 million were due to coronary heart disease and 5.7 million due to
stroke (4,5). The prevalence of death by CVDs is even higher in Austria,
representing ~40% of all deaths (Fig I-1). The perspective for the year 2030 is that
CVDs will remain the leading cause of death worldwide, with the most increases in

the Eastern Mediterranean and South-East Asia Region (4).

WORLD AUSTRIA
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Figure I-1: Causes of deaths worldwide. A) Chart showing an estimate for global death dissected
by causes. Cardiovascular diseases (CVDs) account for ~ 27 % of all deaths (4). B) Analysis of
causes of death in Austria. Cardiovascular diseases account for more than 37 % of all deaths (4).
NCD, non-communicable diseases.

respiratory-

This epidemiological data make CVDs to a global healthcare problem. CVDs were
estimated to cost the European Union about € 167 Billion annually, with healthcare
accounting for about 62% of costs (6).

Therefore, considerable effort is made to elucidate molecular mechanism behind
disease initiation and progression, which should lead to improved diseases

prevention and treatment strategies.



I. Chapter: Introduction into the field

2. Pathogenesis of Atherosclerosis

The classical concept describes atherosclerosis as a disorder of lipid metabolism
and lipid deposition in the arterial wall (7). The concept of low-density lipoprotein
(LDL) as “bad cholesterol” and high-density lipoprotein (HDL) as “good
cholesterol” has gained wide acceptance. However, a substantial body of evidence
has shown that atherogenesis extends beyond lipid metabolism, and nowadays,

atherosclerosis is seen as a multifactorial inflammatory disease.

Atherosclerotic lesions are local thickenings of arteries intima. The thickening
progresses over time and can be asymptomatic for decades until vessel occlusion
or plaque rupture occurs, which can lead to heart attack, stroke or death. The
development of an atherosclerotic plaque is schematically shown in Figure 1-2.
Dependent on the morphology and severity, an atherosclerotic plaque can be
classified into distinct stages (8,9).

Atherosclerosis is believed to start with the retention of lipoproteins in the vessel
wall (Figure I-2A). LDL can infiltrate the arterial wall and is retained in the intima,
particularly at sites of hemodynamic strain (10). Patterns of hemodynamic flow
typically overlap with atherosclerosis-prone segments, especially where arteries
branch and low average shear but high oscillatory shear stress occurs (11). LDL
can bind to proteoglycans or lipoprotein lipase, both interactions are thought to
contribute to retention LDL particles (12,13). The retained LDL might undergo
oxidative and/or enzymatic damage, thereby releasing inflammatory lipid
mediators, which can activate the endothelium. The retention of lipids, disturbed
blood flow and/or injuries of the vessel wall are thought to initiate the inflammatory
process leading to plaque formation.

The activated endothelium up-regulates the expression of leukocyte adhesion
molecules, such as E-selectin, VCAM-1 and ICAM-1. Blood monocytes can bind
and are retained at sites of activation. Once bound, they transmigrate into the
subendothelial space (Figure 1-2B). In experimental studies genetic abrogation and
pharmacological blockade has proofed that inhibition/depletion of adhesion

molecules restricted monocyte recruitment and atherosclerosis in mice (14).
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Figure 1-2: Development of an atherosclerotic plaque. A) The arterial vessels consist of 3 layers.
A layer of endothelial cells together with matrix proteins and connective tissue builds the tunica
intima. The human tunica intima contains resident smooth muscle cells (SMC). The second layer,
the tunica media, consist of elastic fibers, connective tissue, SMC and is separated from the third
layer, the tunica adventitia, by the elastic band called external elastic lamina. The adventitia
consists of mostly connective tissue with nerves. However, mast cells can be found in the
adventitia. It is thought that the endothelium is activated due to injuries, disturbed flow or retained
lipoproteins and subsequently releases inflammatory mediators. B) An initial step in plaque
development is the adhesion of monocytes. The activated endothelium expresses adhesion
molecules, which tether monocytes from the circulation, allowing them to transmigrate into the
intima, where they differentiate into macrophages. Excessive lipid uptake subsequently leads to
foam cell formation. C) Foam cells eventually die and release lipids/cholesterol extracellular, which
act as inflammatory stimuli. As plaque progression continues, SMC migrate from the media into the
intima. Proliferation of SMC together with an increased synthesis of matrix proteins, such as
collagen, leads to the formation of a fibrous cap. D) In late stages, the excessive deposit of
lipids/cholesterol forms a lipid rich core which is often associated with necrosis. Once the plaque
ruptures, thrombogenic material is exposed, which leads to thrombus formation in the lumen, which
can cause flow-limiting stenoses and tissue ischemia. Released thrombi can lead to myocardial
infarction or stroke (15).

Monocytes in the intimal space differentiate into macrophage and/or dendritic cell-
like cells (16,17), e.g. in response to macrophage colony-stimulating factor

(mCSF) (18). Differentiated cells express scavenger receptors, such as scavenger
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receptor A (SR-A) and scavenger receptor class B type 1 (SR-BI) (19), which are
able to internalize a broad range of molecules, including bacterial endotoxins,
apoptotic cell fragments, and oxidized LDL particles (20). If cholesterol is taken up
by macrophages and cannot be mobilized again, foam cells are formed. The term
foam cell reflect the microscopic appearance of these lipid-laden macrophages
(15), which are the prototypical cells of the atherosclerotic plaque. The
accumulation of foam cells leads to fatty streak formation, which is prevalent in
young people, never cause symptoms, and may progress to atheroma or
eventually disappear. Especially during this early stages HDL might act beneficial

by removing excess lipids from initial lesions.

In atherosclerotic lesions the most abundant cells are macrophages, followed by
resident smooth muscle cells (SMC), mast cells and T-cells. SMC are recruited
from the tunica media into the tunica intima, where they proliferate, in response to
mediators, such as platelet derived growth factor. Their proliferation and the
synthesis of high amounts of matrix proteins (such as collagen) form a fibrous cap,
which covers the plaque (Figure 1-2C) (15). However, T-cells can also be found in
atherosclerotic plaques, although their relative number is very low, they have been
suggested to regulate inflammation within the vessel wall (15).

As monocytes continue to enter, lesion size and lipid accumulation increases. High
local concentrations of cholesterol can lead to apoptosis of foam cells (21). When
the removal of apoptotic bodies is insufficient, lipids/cholesterol can accumulate
extracellular, which forms a lipid-rich core beneath the fibrous cap (Figure 1-2D)
(22). This extracellular disposal releases inflammatory mediators together with

photolytic substances, which is thought to destabilize the plaque.

Sites of plaque rupture are mostly located on the shoulder region, nearby the lipid-
rich core, where the fibrous cap is thin, and commonly high concentration of
macrophages can be found (15). Once the plaque ruptures, thrombogenic material
leads to thrombus formation in the lumen causing flow-limiting stenoses and tissue
ischemia (Figure |-2d). Released thrombi can lead to myocardial infarction or
stroke (15).
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3. HDL as a novel drug target in the treatment of atherosclerosis

Cardiovascular diseases correlate with increased LDL and decreased HDL levels
(23). Statins are widely used inhibitors of HMG-CoA reductase, the enzyme
synthesizing endogenous cholesterol. Statin therapy reduces cardiovascular
events and mortality in several patient cohorts at increased risk (24-26). Although
statins effectively lower LDL cholesterol, the decrease in cardiovascular events in

statin treated patients is modest (20-30%).

Therefore, additional therapeutic strategies are necessary for the treatment of
cardiovascular disease. While the use of statins is effective against high levels of
LDL cholesterol, it has little or no effect in raising HDL cholesterol. Therefore, HDL

raising therapies might offer a novel treatment option.

A series of studies in small animal models could provide evidence that raising or
administration of HDL is beneficial against cardiovascular diseases (27,28).
Elevated levels of HDL have been found to slow progression and stabilize plaques
in humans (29). Inhibition of cholesteryl ester transfer protein (CETP) leads to a
substantial increase in plasma HDL and is therefore hypothesized to decrease
cardiovascular events. However, the CETP inhibitor torcetrapib was tested in a
large clinical trial, but failed due to an increase in cardiovascular events (30,31).
Nevertheless, HDL plasma levels (+50%) and HDL functionality (measured as
cholesterol efflux capacity) were increased in treated patients (32). Post-hoc
analysis suggested that the failure of torcetrapib was probably caused by off-
targets effects, most likely by an increase in blood pressure.

Two new CETP inhibitors (dalcetrapib, anacetrapib) are currently under
investigation. Anacetrapib (high affinity CETP inhibitor) has already proven to be
safe and effective (LDL - 40%, HDL +150%) (33), and an endpoint trial will finish in
2014. Dalcetrapib (low-affinity CETP inhibitor) has also been evaluated to be safe
and to increase HDL (+40%) (34). A large clinical endpoint trial testing the
hypothesis that CETP inhibition with dalcetrapib reduces cardiovascular morbidity
and mortality in patients with recent acute coronary syndrome is ongoing and
results are expected at the end of 2012 (35). The results of these trials will shed

light on the hypothesis whether raising HDL through CETP inhibition is beneficial.
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Increasing evidence suggest that the relationship between HDL and
cardiovascular diseases extends beyond HDL levels. The prevalence of low HDL
in patients with established cardiovascular diseases is only about 20 — 60%
(36,37). A meta-analysis of clinical trials investigated the association between
treatment-induced changes in HDL-cholesterol and CVD events, adjusted for
changes in LDL-cholesterol (38). This analysis could not strengthen the theory that
simply raising HDL would be beneficial. Furthermore, subjects with apolipoprotein
A-lvilano (major apolipoprotein of HDL) (which contains an Arg173—Cys mutation)
have very low levels of HDL (less than 50 %), but no increase in atherosclerosis
(39). Low levels of HDL are also present in subjects with heterozygosis for loss-of-
function mutations in ATP-binding cassette, sub-family A, member 1 (ABCA1),
which are not at increased risk for ischemic heart disease (40). ABCA1 mediates
the efflux of cholesterol and phospholipids to lipid-poor apolipoproteins (apoA-I
and apoE) generating nascent high-density lipoproteins (HDL).

These observations suggest a divergence between HDL quantity and quality. The
determination of parameters describing the functional state of HDL is therefore of
particular relevance. Evidence supporting these theory came from a recent clinical
study, showing that HDL functionality (measured as cholesterol efflux capacity)
was a better predictor of CAD than HDL-cholesterol and LDL-cholesterol levels
(41).

In summary, there is a substantial need to understand and evaluate HDL
functionality and its relationship to HDL quantity, which could provide new

mechanistical insights as well as new therapeutic options.

4. Lipid metabolism

4.1. Structure and properties of lipoproteins

Lipoproteins are macromolecular complexes composed of proteins and lipids.
They are classified into the following 4 major classes according to there density.
chylomicrons, very-low density lipoprotein (VLDL), low-density lipoprotein (LDL)
and high-density lipoprotein (HDL) (Table I-1).
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Table I-1: characteristics of lipoproteins

Chylomicrons VLDL LDL HDL
TG = 80 - 95 45 - 65 4-8 2-7
PL 2 3-6 15-20 18 - 24 26 -32
FC 3 1-3 4-8 6-8 3-5
CE a 2-4 16 - 22 45 - 50 15-20
Protein 1-2 6-10 18 - 22 45 - 65
apoproteins A'g_f"'e/_ ’I IAE:\{i”B'é& B'g_’ﬁ’ (E::Iﬁ"’ B-100 A-l, Al E
MW (kDA) 400000 10000 - 80000 2300 170 - 360
size (nm) 75-1200 30-80 18 - 25 5-12
density (g/ml) 0.95 0.95-1.006 1.019-1.063 1.063-1.21

The lipoprotein classes are morphological and compositional distinct.
Chylomicrons and VLDL are very large particles, which carry mostly triglycerides,
whereas LDL is smaller in size and carries mostly cholesterol. HDL is the smallest
subgroup (5 — 12nm), is phospholipid- and protein-rich, and contains only small
amounts of triglyceride. The apoprotein composition is specific for each subclass,
and each class has a distinct apoprotein profile supporting the biological functions
(Table I-1).

4.2. Lipid metabolism

Metabolism of lipids can be divided into the exogenous pathway, which refers to
the metabolism of intestinally derived lipids, and the endogenous pathway, which
refers to hepatic-derived lipids. In case of cholesterol about 10 - 20 % is derived
from the diet and 75 % is endogenously synthesized (42).

Dietary fats are emulsified with bile acid in the intestine to form mixed micelles,
which contain triglycerides (TG), phospholipids (PL), cholesterol and bile salts.
Pancreatic lipases bind to micelles and digest TG to yield fatty acids (FA) and 2-
monoglyceride (2-MG). FA and 2-MG are taken up by fatty acid transporters,
whereas cholesterol is shuttled by NPCL1 (Figure [-3). Short chain FA and
cholesterol are also taken up via passive diffusion. Once inside the enterocytes,
free cholesterol and fatty acids are re- esterified, packaged with triglyceride,
phospholipids and apolipoprotein B-48 into chylomicrons (43). After secretion,
chylomicrons enter the circulation via the lymph. In the circulation, chylomicrons
acquire apoC-Il, which activates lipoprotein lipase (LPL) to hydrolyse TG from

chylomicrons. The released fatty acids are taken up by the adjacent tissue or cells
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Figure I-3: Schematic overview on lipid metabolism. Lipid and cholesterol derived from the diet
are emulsified with bile salts, taken up as fatty acids (FA) and free cholesterol (C) via FA-
transporters or Niemann Pick diseases type 1 protein, respectively. Cholesterol together with
phospholipids and re-synthesized triglyceride is packed with apoB48 by microsomal TG-transfer
protein (MTTP) into chylomicrons. Cylomicrons are released into the circulation and hydrolyzed by
lipoprotein lipase (LPL) to form chylomicron remnants (CMR), which are taken up by the liver via
the LDL-receptor-related protein 1 (LRP1). Endogenous cholesterol is synthesized primarily in the
liver by 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR). Endogenous and and/or dietary
cholesterol are packed with TG into VLDL, which upon release is converted to LDL by LPL and
hepatic lipase (HL). LDL transports cholesterol in form of cholesteryl-ester into the periphery or
back to the liver via the LDL receptor (LDLR).
Reverse cholesterol transport (RCT) starts with the secretion of apoA-I from the liver/intestine,
where it is immediately lipidated by ATP-binding cassette transporter A1 (ABCA1). In the periphery,
nascent HDL acquires free cholesterol and phospholipids via ABCA1. Free cholesterol is esterified
by lecithin-cholesterol acyltransferase (LCAT) to form mature HDL. Endothelial lipase (EL) has high
phospholipase A1 activity and remodels HDL into small particles, whereas hepatic lipase (HL) is
more effectively in hydrolysing triglycerides, causing shrinking of HDL and loss of lipid-poor apoA-I.
The mature particle can accept further cholesterol via ATP-binding cassette transporter G1
(ABCG1) and scavenger receptor B-lI (SR-BI). Mature HDL undergoes remodeled by the plasma
factors cholesteryl-ester transfer protein (CETP) and phospholipid transfer protein (PLTP). CETP
transfers cholesteryl-esters to LDL, whereas PLTP transfers phospholipids onto HDL. RCT closes
when HDL transports cholesteryl-ester (CE) back to liver via SR-Bl. Excess cholesterol is excreted
via the bile.

for utilization or storage. The chylomicron remnants are internalized by the liver via
LDL- or LRP-receptor (Figure I-3). In liver cells (hepatocytes), cholesterol derives
from the diet or is synthesized de novo, via 3-hydroxy-3-methylglutaryl coenzyme
A reductase (HMGCR). Cholesterol is packed together with TG and apoB100 into
very low-density lipoprotein (VLDL). VLDL is secreted and LPL hydrolyzes TG to
generate VLDL remnants (IDL), which is further hydrolysed by hepatic lipase (HL)
to yield cholesterol-rich LDL (44). LDL transports cholesterol from the liver to the
periphery, where it is endocytosed by peripheral cells via LDL receptor, assisted
by an adaptor protein (AP) (Figure 1-3) (44).
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5. HDL metabolism

5.1. HDL structure and diversity

HDL particles compromise a very heterogeneous population ranging from
discoidal to spherical particles (Figure |-4), which differ in their density, size,
shape, protein components and electrophobic mobility (45). HDL is protein-rich
and the major protein constituents are apoA-l (~60%) and apoA-ll (~10%). In
addition, a substantial list of additional HDL-associated proteins (>70) has been
identified recently (46-48). These HDL-associated proteins have been implicated
in lipid metabolism, complement activation, growth-factors regulation and

proteolysis regulation, indicating that HDL exerts multiple biological activities.

shape density
discoidal HDL, (6=1.063 - 1.125 g/ml)
spherical HDL, (6=1.125-1.210 g/ml)

surface size
charge HDL,, (~10.6 nm)
Aol HDLZa (~9.2nm)
ore-beta HDL,_ (~8.4 nm)
gamma HDL,, (~8.0 nm)

HDL3C( 7.6 nm)

protein composition

apoA-L. A-ll, A-IV, C's, E
LpA-I, LpA-I+A-II

Figure 1-4: Heterogeneity of HDL. HDL particles can be classified into distinct classes according
to their physiochemical properties. Ultracentrifugation separates HDL according to density into
HDL, and HDL;. Isopycnic density centrifugation of fast performance liquid chromatography can
separate HDL according to size in 5 subclasses. Electrophobic mobility on during gel
electrophoresis separates HDL depending on its surface charge into alpha, pre-beta and gamma.
The shape of HDL can be very distinct and particles are therefore classified as discoidal (nascent)
and spherical (mature) HDL. In addition, classification depending on the presence or absence of
protein yields different HDL subfractions (45).

HDL can be separated based on its density into two subclasses, the less dense
HDL, (1.063-1.125 g/ml) and the denser HDL3 (1.125-1.21 g/ml) (Figure 1-4) (45).
Separation of HDL with isopycnic density centrifugation or non-denaturating gel-

electrophoresis yields five subclasses according to size: HDL2, (~10.6 nm), HDL2,
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(~9.2nm), HDL3, (~8.4 nm), HDL3, (~8.0 nm) and HDL3; (~7.6 nm). (45,49) In
addition, HDL has been classified depending on its protein composition (presence

of apoA-I| or apoA-l and apoA-Il) or its surface charge (Figure 1-4) (49).

Accumulating evidence suggests that HDL functionality varies between subclasses
(45,50,51). The current knowledge of subclass specificity has been reviewed
recently (51). Nevertheless, the relationship of HDL subclass quantity and quality
to CVD is not fully understood.

5.2. HDL biosynthesis and reverse cholesterol transport

ApoA-I, the main protein constituent of HDL, is mainly synthesized by the liver and
partially derives from the intestine. Lipid-poor apoA-| is a cholesterol acceptor via
the ATP-binding cassette transporter A1 (ABCA1) pathway, which is located on
liver and peripheral cells (macrophages, SMC) (Figure I-3). In an ATP-dependent
step, ABCA1 can transfer cholesterol together with phospholipids onto lipid-poor
apoA-l, thereby forming nascent HDL (also called “discoidal” HDL). These
particles consist of about two apoA-l molecules, phospholipids and free (un-
esterified) cholesterol. Lecithin-cholesterol acyltransferase (LCAT) converts the
hydrophilic free cholesterol into more hydrophobic cholesteryl-ester, which is
immediately sequestered into the core of the HDL particle (52). As a result, mature
HDL (also called spherical HDL) is generated, which is the major form of HDL in
the circulation. The reaction between HDL and LCAT generates a cholesterol
gradient from the core to the surface, which ensures that cholesterol moves into
HDL.

Mature HDL is a ligand for ATP-binding cassette transporter G1 (ABCG1) and SR-
Bl. HDL does not bind directly to ABCG1, instead ABCG1 increases and
reorganizes the pool of plasma membrane free cholesterol that it can be more
readily absorbed by cholesterol acceptors (53). Nascent and mature HDL are
equally effective acceptors for ABCG1, as expected for an aqueous diffusion
pathway (45). SR-BI binds larger spherical HDL and forms a complex, probably
containing a hydrophobic channel, which allows cholesterol efflux onto HDL
(54,55). This process is bi-directional and also allows cholesterol to enter via SR-
Bl. In circulating monocytes, expression of SR-BI is undetectable, but increases

highly upon differentiation into macrophages (56,57). The fourth cholesterol efflux
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pathway is passive diffusion, which is driven by the cholesterol gradient between
cell membrane and acceptors. It is thought that this pathway alone is insufficient,
but further studies are necessary to clarify its role in RCT.

Besides LCAT, several other plasma factors are involved in remodelling of HDL
(Figure 1-3). Mature HDL is a substrate for cholesteryl-ester transfer protein
(CETP), a lipid transfer protein that transfers cholesteryl-esters, triglycerides and,
to a lesser extent phospholipids, between HDL, VLDL, and LDL (58). This transfer
leads to an equilibration between the cholesteryl-ester pools, but in dyslipidemia
this can cause net movement of cholesterol from HDL into VLDL/LDL, which has
been proposed to contribute to cardiovascular diseases (59). Phospholipid transfer
protein (PLTP) is a plasma factor that transfers phospholipids between VLDL and
HDL. Lipid-poor apoA-l is shed from the particle and particle fusion generates
large HDL.

Two lipases, endothelial lipase (EL) and hepatic lipase are important in HDL
metabolism. Although both belong to the triglyceride lipase family, they have
distinct activities. EL is secreted from endothelial cells and acts at site of secretion
bound to proteoglycans of the glycocalix (60). EL has high phospholipase A1
activity and remodels HDL into small particles. In contrasts to EL, HL is produced
by the liver and is more effectively in hydrolysing triglycerides. It also causes the
remodelling of HDL into smaller particles, but additionally causes the release of
lipid-poor apoA-I (60).

The important role of CETP, PLTP, EL and HL in lipid metabolism was further
strengthened as genome-wide association studies identified genomic loci in these
genes to be causally related to its plasma lipid levels (61-63).

The mature particle can deliver cholesterol via hepatic SR-BI to the liver or
indirectly via CETP mediated CE-transfer to LDL/VLDL followed by subsequent
liver uptake, where it can be excreted in form of bile acids. Besides clearance
through the liver, a non-biliary RCT pathway has emerged, where HDL-cholesterol
can be released into the intestine via the enterocytes with the help of ABCGS5 and
ABCGS3 (64,65).

In summary, the net effect of reverse cholesterol transport is the removal of
excess cholesterol from the peripheral tissue and its excretion. Recently, it was
shown that the capacity of HDL to promote cholesterol efflux is associated with the

risk for coronary artery diseases, pointing out its physiological importance (41).

12
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5.3. Non-reverse cholesterol transport functions of HDL

Promoting cholesterol efflux form peripheral tissue and especially from lipid-laden
macrophages is still considered to be the main function of HDL. However, several
other functions of HDL have been described, which might contribute to the
atheroprotective effects (Figure I-5). These non-classical functions of HDL have
been recently reviewed in detail (50,58,66,67). Nevertheless, the anit-oxidant and

anti-inflammatory properties of HDL will be discussed in the following.
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Figure I-5: Overview of non-cholesterol efflux functions of HDL. The figure summarizes
described functions of HDL, which have been recently reviewed in detail (50,66-68).

5.3.1. Antioxidant properties of HDL

Already in 1990, it was recognized that HDL possesses anti-oxidative properties.
HDL was found to be able to inhibit LDL oxidation induced by transition metals
(69). Subsequently, it was found that HDL is the major carrier of lipid
hydroperoxides in human plasma, (70) and that lipid hydroperoxides are faster
taken up by the liver than non-oxidized lipids (71). This early results suggested an

important role of HDL in conquering oxidative stress.
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In recent years, it evolved that the anti-oxidative role of HDL critically involves
HDL-associated enzymes, such as paraoxonase 1 (PON1), lipoprotein-associated
phospholipase A2 (Lp-PLA2) and LCAT, which were reported to hydrolyse
oxidized phospholipids into lyso-phosphatidylcholine (Figure [-5) (50,72-75). In
addition, methionine residues on HDL can detoxify redox-active phospholipid
hydroperoxides (PLOOH) in redox-inactive phospholipid hydroxides (PLOH),
thereby forming methionine-sulfoxides (Figure 1-5) (76).

5.3.2. Anti-inflammatory properties of HDL

One of the initial steps in atherogenesis is the activation of the vascular
endothelium, leading to up-regulation of adhesion molecules (such as E-selectin,
ICAM-1, VCAM-1) and to the secretion of pro-inflammatory mediators (such as
monocyte chemoattractant 1, (MCP-1)) (Figure I-2b).

Several groups have shown that HDL has anti-inflammatory effects (77), which it
mostly exerts on the vascular endothelium and on macrophages. HDL can inhibit
cytokine-induced expression of VCAM-1, ICAM-1, and E-selectin on human
umbilical vein endothelial cells, thereby reducing adhesion and transmigration of
monocytes (78,79). Contrary, HDL did not inhibit cytokine-induced expression of
VCAM-1 and ICAM-1 on human aortic endothelial cells, which represents a
physiological more relevant model (80). Nevertheless, administration of apoA-I or
HDL reduced adhesion molecule expression and monocyte infiltration in small
animal models (27,81). In addition, HDL has the ability to change the secretion of
mediators from endothelial cells. Secretion of MCP-1, a chemokine, which causes
infiltration of blood monocytes into inflammatory sites, can be inhibited by HDL
(82).

In summary, the non-cholesterol efflux properties of HDL are thought to contribute
to HDLs atheroprotective role and open new avenue for research and treatment

options.

5.4. HDL dysfunction

It recently emerged that HDL can loose its anti-atherogenic functions and may
even become pro-atherogenic (1-3). The mechanisms underlying this

transformation are not well understood.
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The first observations that HDL functionality can be altered came from studies
investigated HDL during the acute phase response or influenza A infection (83,84).
Inflammation caused dramatic changes in HDL composition with incorporation of
inflammatory cargo, such as serum amyloid A1 (SAA1). Acute phase HDL lost its
ability to protect LDL against oxidation and to inhibit cytokine-induced adhesion
molecule expression (84). The ability of HDL to promote cholesterol efflux was
also markedly reduced (85).

The hypothesis that HDL can become dysfunctional was further supported by the
observation that coronary artery diseases (CAD) patients, despite high levels of
HDL, had less anti-inflammatory activity (as measured by inhibition of PL
oxidation) (86,87). In a series of studies, several patient cohorts (systemic lupus,
end-stage renal diseases and metabolic syndrome) showed pro-inflammatory HDL
(2). Although, these results are very intriguing, there is still a need for better and

more physiological assay to assess functional properties of HDL.

HDL particles are very heterogeneous in composition and particle size or density
might have direct effects on its properties. In recent years, it was revealed that
HDL has a substantial list of HDL-associated proteins (>70) (46-48). These
associated proteins are involved in lipid metabolism, complement activation,
growth-factors regulation and proteolysis regulation, reflecting that HDL exerts
multiple biological activities. The impact of HDL protein cargo is evident as HDL
from CAD patients had an altered proteome (46,88). Importantly, these changes
could be reversed by a combined treatment of CAD patients with statins and niacin
(89). These exchangeable proteins could be one of the key to the functional
alterations of HDL. Especially, impairment of HDL-associated enzymes is thought
to play a role in rendering HDL dysfunctional. For example, decreased PON1
activity was observed under chronic inflammatory conditions, such as in CAD and
ESRD (90,91).

Myeloperoxidase (MPQO) is a hem-containing protein, which resides within the
azidic granula of neutrophils. Upon activation, neutrophils release MPO during the
oxidative burst, to generate various reactive oxidants and diffusible radical species
(92,93). These reactive compounds are key feature of the innate immunity.

Besides the un-doubtful important role of MPO in host defence, excessive activity
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of MPO is thought to contribute to oxidative damage of proteins, dysfunctional
HDL formation and subsequently to CVD.

The MPO/CI/H,0, system of neutrophils produces hypochlorous acid (HOCI), a
potent oxidizing agent. Oxidation reactions of HOCI can be measured specifically
by determination of 3-chlorotyrosine (Figure 1-6B) (94). High levels of MPO have
been reported in atherosclerotic lesions (95), where it resides in close proximity to
apoA-l and macrophages (96). Importantly, HDL isolated from atherosclerotic
plagues was shown to co-immunoprecipitate with MPO (97) and to be enriched in
3-chlorotyrosine (98,99). The effect of HOCI oxidation on apoA-l was investigated

intensively and can be summarized in the following (3).

- apoA-l is a selective target for MPO in atherosclerotic plaques
- 3-chlorotyrosine and 3-nitrotyrosine content is higher in patients with CAD
- apoA-l tyrosine chlorination causes specific loss of ABCA1-mediated

cholesterol acceptor activity

Besides HOCI, MPO can produce further reactive nucleophils and oxidants. The
preferred substrate of MPO is thiocyanate, which upon oxidation is transformed in
hypothiocyanic acid (HOSCN) and cyanate (OCN’) (100). HOSCN is cell
membrane permeable and preferentially oxidises sulfhydryl groups, thereby
leading to the activation of intracellular signalling pathways and/or to apoptosis
(101,102).

A SCN- UREA B

R _R R _R l R R
NH NH NH
@j)}\ HOCI >
CARBAMYLAT|0N HO CHLORINATION

Cl

NH,

Homocntrulllne

Lysine Tyrosine 3-chloro-tyrosine

(Carbamyllysine)

Figure 1-6: Formation of homocitrulline and 3-chlorotyrosine. A) Cyanate (OCN) is a reactive
electrophile, which transforms lysine into homocitrulline (also known as carbamyllysine). Cyanate is
produced by the oxidation of thiocyanate (SCN’) by myeloperoxidase (MPO), which requires
hydrogen peroxide (H,O,) as cofactor. A second source for cyanate is urea, which slowly
decomposes into cyanate. B) 3-chlorotyrosine is a marker of hypochlorite (HOCI) induced
oxidation. HOCI is formed through MPO mediated oxidation of CI" in the presence of H,0..
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However, the reactive electrophile OCN™ causes protein carbamylation, thereby
transforming lysine into homocitrulline (Figure I-6A). In a recent publication the
content of plasma homocitrulline was found to correlate with the degree of CVD,
raising the possibility that protein carbamylation contributes to the development of
CVD (103).

The oxidation of thiocyanate by MPO might be of particular relevance in smokers
with high levels of thiocyanate. It is thought that the MPO-thiocyanate axis
contributes to the high burden of CVD in smokers. Nevertheless, carbamylation
can also occur without the action of MPO. Urea slowly decomposes to cyanate,
which in turn can cause protein carbamylation (Figure |-6A). This pathway might
be especially important in patients with chronic kidney diseases, where urea levels

are very high.

In summary, the discovery that atheroprotective HDL may be rendered
dysfunctional or even pro-atherogenic is of major importance for understanding
CVD development. Nevertheless, the pathophysiological pathways leading to the

formation of dysfunctional HDL are poorly understood and warrant further studies.
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6. Aim and description of the thesis projects

The present doctoral thesis aimed to elucidate possible compositional and
functional alteration of HDL in patients with atherosclerosis and in patients with

chronic kidney disease (CKD).

The aim of the first project was to establish a mass spectrometry (MS) method to
assess post-translational modifications of HDL. The general requirements for this
method were a fast protein hydrolysis method combined with simple sample
preparation and quantification of homocitrulline and 3-chlorotyrosine as well as its
parent amino acids lysine and tyrosine.

With the established MS method, we quantified homocitrulline and 3-
chlorotyrosine levels of lesion-derived HDL, LDL and total lesion protein. The
analysis revealed that HDL is a specific target for carbamylation, reflected by the
high content of homocitrulline.

We translated the MS-result to functional in vitro experiments by using a similar
modification rate as observed in atherosclerotic lesion. Functional assays were
performed to determine the impact of carbamylation on HDL cholesterol efflux,

anti-oxidative, anti-inflammatory functions.

The aim of the second project was to perform a detailed analysis of compositional
and functional alterations of HDL from patients with CKD on maintenance
hemodialysis, a patients group with high risk for CVDs..

We made use of a state-of-the-art MS method to quantify HDL-associated proteins
and biochemical analysis to quantify major lipid species on HDL. The result
indicated specific changes in the protein and lipid cargo of HDL from CKD
patients.

In regard to function, we investigated the ability of HDL to promote cholesterol
efflux and observed that HDL from CKD patients was functionally impaired. The
combination of compositional and functional data indicated that the functional

impairment was linked to specific compositional alterations.
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IIl. Chapter:

Carbamylation renders HDL
dysfunctional in atherosclerotic
lesions
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1. Abstract:

Aim: Protein carbamylation by the reactive electrophile cyanate is associated with
increased cardiovascular risk. Cyanate is formed in vivo through oxidation of
thiocyanate by the phagocyte enzyme myeloperoxidase or by break-down of urea.
Myeloperoxidase binds to HDL within human atherosclerotic lesions and might
therefore act in closest proximity to HDL. Therefore, we investigated in the present
study whether cyanate specifically targets HDL for carbamylation and whether
cyanate alters HDL function.

Results: We established a rapid method to quantitatively assess homocitrulline
and 3-chlorotyrosine via LC-MS/MS. We were successful to reduce the extensive
protein-hydrolysis time (110°C for 24 hours) to (160°C, 5 minutes) by
implementing a rapid-low volume hydrolysis method. With this method, we were
able to show that carbamylation of HDL through OCN" is a major modification of
HDL in atherosclerotic lesions, which was more than 20-fold higher in comparison
to 3-chlorotyrosine levels, a specific oxidation product of MPO. Notable, the
homocitrulline content of lesion-derived HDL was 5 to 8-fold higher when
compared to lesion-derived low-density lipoprotein (LDL) or total lesion protein and
increased with lesion severity. Functional analysis of carbamylated HDL revealed
that carbamylation shifts the balance between SR-BI mediated cholesterol efflux
and uptake towards cholesterol uptake, thereby causing intracellular cholesterol
accumulation and lipid droplet formation. Moreover, carbamylation of HDL
impaired the lipoproteins ability to activate LCAT, thereby presumably inhibiting
particle maturation.

Concerning, non-classical functions, carbamylated HDL was less potent in
inhibiting LDL oxidation compared to native HDL. The activity of the HDL-
associated enzyme paraoxonase was dramatically reduced already at low levels of
carbamylation. In striking contrast, the activity of Lp-PLA2 was increased,
revealing another potential pro-atherogenic feature of protein carbamylation.
Conclusion: The present results provide convincing evidence that protein

carbamylation is an important modulator of HDL function in atherosclerotic lesions.
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2. Introduction

There is a consensus that atherosclerosis represents a state of heightened
oxidative stress characterized by lipid and protein modifications in the vascular
wall (104). LDL and HDL are prone to be modified in atherosclerotic lesions, but
there is considerably less known about the role of HDL modifications in
atherogenesis. Increasing evidence suggests that endogenously generated
aldehydes are involved in pathophysiologies associated with cardiovascular
diseases such as atherosclerosis (104,105). Recent observations demonstrated
that HDL isolated from subjects with cardiovascular disease is dysfunctional and
shows pro-inflammatory activities (2,77), indicating that dysfunctional HDL is
involved in the pathogenesis of atherosclerosis.

Functional impairment of proteins through carbamylation is of particular relevance
as clinical studies have shown that carbamylated proteins (measured as plasma
levels of protein-bound homocitrulline) are independent risk factors for
development of coronary artery disease, future myocardial infarction and stroke
(103). Proteins are carbamylated through cyanate (OCN"), a reactive electrophile
that irreversibly transforms lysine to homocitrulline (also known as
carbamyllysine). One potential major enzymatic source for OCN™ generation within
human atheroma is the heme protein MPO (103). MPO utilizes hydrogen peroxide
in the presence of the preferred substrate thiocyanate to generate OCN". In line
with this observation previous immunohistochemical data showed that
polymorphonuclear neutrophils and monocytes, MPO-rich cells, are markedly
enriched with carbamylated proteins (106).

OCN' is also a decomposition product of urea. This is particularly relevant in renal
disease, where plasma concentrations of urea and carbamylated proteins increase
(107). Notably, carbamylated LDL was shown to be the most abundant LDL
modification found in human plasma (108). Moreover, in a mouse model of renal
disease, the oral administration of urea increased carbamylated LDL significantly
resulting in more severe atherosclerosis (109). However, there is very little
information available about the vulnerability of HDL to carbamylation: with only one
study reporting that carbamylation decreases anti-apoptotic activities of HDL
(103).
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We could previously demonstrate that proteins oxidized by hypochlorous acid
(specific oxidation products of the MPO/H20,/CI" system) localize with apoA-I in
the human atheroma (110). Subsequently, it was found that 3-chlorotyrosine (a
specific fingerprint of the MPO/H,O,/CI™ system) is enriched on lesion-derived HDL
indicating that MPO selectively targets HDL for oxidative modification in
atherosclerotic  lesions  (97,98). We  therefore  hypothesized  that
MPO/H,0./thiocyanate derived OCN  specifically targets HDL in atherosclerotic
lesions, thereby modulating the functional properties of HDL. This could be of
particular importance, since thiocyanate, even at low physiologic concentrations, is
reported to be the preferred substrate for MPO (100).

In this study, we developed a mass spectrometry method to analyse post-
translational modifications on HDL. The LC-MS/MS analysis demonstrated that
homocitrulline levels were markedly elevated in HDL isolated from human
atherosclerotic tissue. We observed that less than one homocitrulline residue per
HDL-associated apoA-I was sufficient to induce cholesterol accumulation in
macrophages through a pathway involving scavenger receptor class B, type 1
(SR-BI). Overall, our observations raise the possibility that OCN™ promotes human

atherogenesis by promoting macrophage cholesterol accumulation.
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3. Material and Methods

3.1. Materials

Table II-1: List of materials

NAME

[°H]-cholesterol

'2%_sodium iodide
'3Cg-3-chlorotyrosine
3Cg-homocitrulline

3Ce-lysine

3Ce-tyrosine
2,2'-Azobis(2-methylpropionamidine)
dihydrochloride (AAPH)
3-chloro-L-tyrosine

Ammonium formiate (for HPLC)
Butylated hydroxyl toluene (BHT)
chloroform

Cholesterol FS Kit

deoxycholate
Diethylenetriaminepentaacetic acid (DTPA)
Dynabeads Protein G

EZ:faast amino acid analysis
Free cholesterol

Free cholesterol FS Kit

hexane

Homocitrulline

Hydrobromic acid

isopropyl alcohol

KH2PO,4

LCAT assay Kit

L-glycine

Lithium-Citrat buffer

L-lysine

L-methionine

Lp-PLA2 assay Kit

L-tyrosine

lyso- phosphatidylcholine
Lyso-phosphatidylcholine (LPC) assay Kit
L-a-phosphatidylcholine
Methanol Chromasolv (for HPLC)
Na3P04

NaCl

NEFA (Non-Esterified Fatty Acid) Kit
Paraoxon

PD Minitrap G-25

PD Spintrap G-25

PD-10 columns

Pr.Nr.:

118303
141571
CLM-7103
custom-made
CLM-2247
CLM-1542

44,091-4

512443
17843
W218405
2445
11300
D6750
32319
10003D
KHO-7339
C3045
11360
42731
F2995
18730
19516
P5655
428900
50046
80-2038-10
L5501
64319
760901
91515
97281-36-2
325779-2
840053P
34860
342483
3957.1
434-91795
PS-610
28-9180-07
28-9180-04
17-0851-01

COMPANY

Hartman Analytic
Hartman Analytic
EUROISO-TOP
Ascent Scientific
EUROISO-TOP
EUROISO-TOP

SIGMA

SIGMA

SIGMA

SIGMA

Merck

Diasys

SIGMA

SIGMA
Invitrogen
Phenomenex
SIGMA

Diasys

Roth

Bachem

SIGMA

SIGMA

SIGMA

Merck

SIGMA
Biochrom
SIGMA

SIGMA
Cayman Europe
SIGMA

Avanti Pol. Lipids
ALFRESA
Avanti Pol. Lipids
SIGMA

SIGMA

ROTH

Wako Chemicals
Supelco

GE Healthcare
GE Healthcare
GE Healthcare
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Phenol 328111 SIGMA
Phenylacetate 108723 SIGMA

Phorbol 12-myristate 13-acetate (PMA) P1585 SIGMA
phospholipase A2 60500 Cayman Europe
Phospholipids FS Kit 15741 Diasys
Potassiumbromide 60093 SIGMA
Potassiumcyanate 60160 SIGMA
Protease inhibitor cocktail P8340 SIGMA

Qsert vials 186001130DV Waters

Sodium hypochlorite (HOCI) 239305 SIGMA
Sodiumcholate C6445 SIGMA
Sydrogen peroxide 34,998-7 SIGMA
T0901317 T2320 SIGMA
Thiocyanate 467871 SIGMA
Triglycerides FS Kit 15710 Diasys

Triton X-100 BP151 Fisher Scientific
Ultra Clear centrifuge tubes (16x76 mm) 344322 Beckman Instr.
Urea 5378 SIGMA

Water (for HPLC) 95304 SIGMA

Table II-2: List of antibodies

NAME dilution Pr.Nr.: COMPANY
apoA-l, mouse monoclonal 1:1000 NB100-65491 NOVUS Bio.
paraoxonase 1, mouse monoclonal 1:1000 ab24261 Abcam
SR-BI, rabbit polyclonal 1:1000 ab24603 Abcam

3.2. Sources of human tissue and plasma

Atherosclerotic tissue was collected by the Division of Transplantation Surgery at
the Medical University of Graz.

Aorta abdominalis of 15 subjects, who died of cerebral haemorrhage during multi-
organ procurement, was harvested according to a protocol approved by the Ethics
Committee of the Medical University of Graz. The harvested arteries were snap-
frozen and stored in liquid nitrogen for further analysis. Blood was obtained from
the investigated subjects in parallel for plasma analysis and HDL/LDL isolation.
The subjects were 61.4 +/- 15.2 years old with normal total cholesterol (< 180
mg/dl) and no increase in plasma urea (< 45 mg/dl). The morphology of the aortas
investigated ranged from thickened intima up to pronounced atheroma containing
calcium inclusions. The morphology of the aortas was classified according to

previously described methodology (8,9).
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3.3. Isolation of HDL-like particles from atherosclerotic lesions

HDL- or LDL-like particles were isolated from human atherosclerotic tissue as
previously described with minor modifications (98).

The atherosclerotic tissue was snap-frozen in liquid nitrogen and pulverized. As
extraction buffer 10 mmol/L NasPOg4, pH 7.4 containing 15 mol/L NaCl, 100 umol/L
DTPA, 100 pmol/L butylated hydroxyl toluene and protease inhibitor cocktail was
used. The pulverized tissue powder was suspended in 2 ml extraction buffer and
incubated overnight with gently shaking. The tissue was pelleted by centrifugation
and the supernatant collected. The tissue pellet was extracted a second time with
1 ml extraction buffer for 1 hour. The supernatants were pooled and used for
isolation of lipoprotein-like particles (HDL, LDL) by sequential density gradient
ultracentrifugation as described above. Following centrifugation, HDL was isolated
and purified with a polyclonal anti-apoA-l and LDL with a polyclonal anti-apoB
antibody bound to magnetic beads (Dynabeads Protein G) according to the
manufacturers instructions.

The main components of the isolates were identified by LC-MS/MS analysis
(performed by Dr. Birner-Gruenberger, Core Facility Proteomics, Center for

Medical Research, Medical University of Graz) and by immunoblotting.

3.4. Isolation of HDL and apoA-I

HDL was isolated by a rapid one-step density gradient ultracentrifugation method,
with minor modifications (111). Plasma or serum was isolated by centrifugation at
400 g for 15 minutes at 8°C. Serum density was adjusted to 1.24 g/l with
potassium bromide (KBr). To improve the separation capacity of the published
method, we used longer centrifuge tubes (16 x 76 mm, Beckman). A two-layer
density gradient was produced by layering the density-adjusted plasma (1.24 g/ml)
underneath a KBr-density solution (1.063 g/ml). Centrifugation tubes were sealed
and centrifuged at 90.000g for 4 hours. After centrifugation, the HDL band was
clearly separated from the serum and was isolated by puncturing the tube with a
syringe. HDL was desalted by gel filtration on a PD-10 column and either directly

used or stored at -70°C.
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3.5. Preparation of reconstituted HDL

Discoidal reconstituted HDL (rHDL) containing L-a-phosphatidylcholine (PC), free
cholesterol (FC) and apoA-l were prepared using the cholate dialysis method
(112). PC was dissolved in chloroform to 10 mg/ml (13.2 pmol/L), FC to 1 mg/ml in
chloroform (2.6 pmol/L) and apoA-l to 0.167 ug/ml (5.83 pmol/L) in 0.2 mol/L
potassium phosphate buffer, pH 7.4. From these stock solutions, 250 pl (3.3 pmol)
of PC was mixed with 5.6 pl (14.0 nmol) of FC and chloroform was evaporated
under a stream of argon. Dried PC/FC was resuspendend during vortexing by drop
wise addition of ~200 pl sodium-cholate (10% solution in 0.2 mol/L potassium
phosphate buffer, pH 7.4) to achieve a clear solution. Afterwards, 560 ul apoA-I
(3.27 nmol) was drop wise added and the solution was vortexed twice for 30
seconds. The resulting solution was extensively dialyzed against PBS. During

preparation, lipids and apoA-l were kept under argon to prevent oxidation.

3.6. Carbamylation of HDL, rHDL and apoA-I

HDL (1 - 5 mg protein/ml) was incubated with potassium cyanate (100 pymol/L up
to 250 mmol/L) in phosphate buffered saline (pH 7.4) containing 100 umol/L DTPA
for 4 hours at 37°C. Under these conditions, from ~0.5 to 50% of apolipoprotein
lysine residues were carbamylated as estimated by mass spectrometry analysis.
Modified HDL preparations were passed over a PD10 column to remove

unreacted reagents and used immediately for experiments

3.7. Plasma parameter analysis

Plasma parameter analysis was performed by the Clinical Institute of Medical and
Chemical Laboratory Diagnostics at the Medical University of Graz. Levels of total
cholesterol, triglycerides, creatinine and urea and were measured enzymatically
with commercially available kits (Diasys, Holzheim, Germany). LDL cholesterol
was calculated according to the Friedewald equation described previously (113)
using HDL cholesterol values measured in the supernatant of phosphotungstic

precipitates.

3.8. Phospholipid analysis

Phospholipid analysis of HDL samples was performed by the Core Facility
Lipidomics at the Medical University of Graz. The used methodology was as
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follows. HDL-lipids were extracted with methyl-tert-butyl ether as previously
published (114). The lipid extract was re-suspended in 100 pyl CHCIl3 / MeOH (1:1,
v/v) and 100 pmol 12:0/13:0 phosphatidylethanolamine (PE) was added as internal
standard. Lipids were chromatographically separated with an Accela UHPLC
(Thermo Scientific, Vienna, Austria) equipped with a Thermo Hypersil GOLD C18,
100 x 1 mm, 1.9 ym column.

The mobile phase A was water with 1% ammonia acetate and 0.1% formic acid,
and mobile phase B was acetonitrile/2-propanol (5:2, v/v) with 1% ammonia
acetate and 0.1% formic acid. Lipids were eluted with a discontinuous gradient
ramping solvent B from 35 — 70 % in 4 minutes, followed by ramping solvent B to
100 % in 16 minutes. Elution was continued for 10 minutes at 100 % of solvent B.
The flow rate was 250 pl/min. Phospholipids were determined by a TSQ Quantum
Ultra (Thermo Scientific) in positive ESI mode. Total phosphatidylcholine was
detected in a precursor ion scan on m/z 184 at 30 eV and PE was detected with a

neutral loss scan on mass 141 at 25 eV.

3.9. Measurement of lipoprotein hydroperoxide content

Conjugated dienes develop in lipoproteins through the oxidation of
polyunsaturated fatty acids with isolated double bonds to polyunsaturated fatty
acid hydroperoxides with conjugated double bonds (= dienes). The formation of
dienes can be monitored by an increase of UV-absorption maximum at 234 nm.
Baseline absorption of native HDL was determined and compared to absorption of

HDL after carbamylation.

3.10. Protein hydrolysis

A custom-made aluminium block with pore holes to support 20 vials with an
aluminium cover plate was used to heat samples on a “IKAMAG RTC basic”
hotplate to 160°C for 5 minutes. Initial experiments confirmed that 160°C interior
temperature for 5 minutes is sufficient to hydrolyze samples comparable to the
standard protocol, which features heating to 110°C for 24 hours. Due to the heat
transfer time and capacity of the used apparatus, the hot plate was pre-heated to
203°C and the aluminium block was heated for 11 minutes to achieve 5 minutes of

160°C exposure.
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Protein samples (3 to 20 ug) for hydrolysis were placed in Qsert vials and 10 ul
internal standard containing 10 ng *Ce-HCit, 10 ng *Ce-3-CT, 0.3 ug "Ce-tyrosine
and 1 pg "Ce-lysine was added. Hydrobromic acid containing 0.25% phenol
(phenol was always dissolved freshly) was added to a final concentration of 6 N.
Vials were flushed carefully with argon and sealed with screw caps. The vials were
inserted in the aluminium block and incubated on the pre-heated hotplate (203°C)
for 11 minutes. Afterwards, the aluminium block was cooled in ice-chilled water for
2 minutes. Hydrobromic acid was evaporated in a speed vac and sample stored

afterwards at -20°C.

3.11. Homocitrulline, 3-chlorotyrosine and amino acid quantification

Protein hydrolysates were suspended in 100 pl 0.2 mol/L Li-Citrat buffer (pH 2.8)
and derivatized with the EZ:faast Kit (Phenomenex, Aschaffenburg, Germany)
according to the manufacturers instructions.

Electrospray ionization tandem mass spectrometry (LC-MS/MS) with online HPLC
was used for quantification of HCit and lysine. Calibrations curves were prepared
by using varying amino acids and HCit levels with fixed amounts of internal
standards. The calibration curves had a linearity range from 100 pg — 50 ng for
HCit and 3-CT (R% 0.9981 and R?: 0.9990), 50 — 3000 ng for lysine (R* 0.9993)
and 20 — 1200 ng for tyrosine (R% 0.9988).

The HPLC column (250x4 mm, AAA-MS HPLC column, Phenomenex,
Aschaffenburg, Germany) was equilibrated for 15 minutes with 100% solvent A at
35°C. Solvent A was 10 mmol/L ammonium formiate in water and solvent B was
10 mmol/L ammounium formiate in methanol. After equilibration, the sample (10
pl) was injected onto the HPLC column at a flow rate of 0.25 ml/min. Compounds
were eluted with a discontinuous gradient starting with 83% solvent B for 13
minutes followed by 68% of solvent B for 4 minutes. The HPLC column effluent
was introduced into an API 200 triple quadrupole mass spectrometer. lons were
generated by electrospray ionization in the positive-ion mode with multiple
reactions monitoring of parent and characteristic daughter ions. Following
transitions were monitored indicated by their mass-to-charge ratio (m/z): m/z
318->127 for HCit; m/z 324>132 for *Cg-HCit; m/z 430 170 for 3-CT; m/z
436->176 for *Ce-3-CT; m/z 361>170 for lysine; m/z 367>175 for *Ce-lysine;
m/z 396->136 for tyrosine; m/z 402->142 for "*Ce-tyrosine. Following mass
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spectrometry analysis, the generated calibration curves were used to quantify

HCit, 3-CT, tyrosine and lysine.
3.12. Cell culture

3.12.1. Cell culture materials

Table II-3: List of materials

NAME Pr.Nr.: COMPANY
DMEM E15-883 PAA
RPMI 1640 E15-885 PAA
Ham’s F-12 E15-890 PAA
FBS Gold A11-151 PAA
Penicilin/Steptomycin 100x (PS) P11-010 PAA
G-418 P11-012 PAA
Accutase L11-007 PAA
Cryomaxx S J05-013 PAA
BSA, fatty acid free K31-502 PAA
BSA, fraction V K41-001 PAA
PBS (1x) with Ca & Mg H15-001 PAA
PBS (1x) without Ca & Mg H15-002 PAA

3.12.2. Thawing, freezing and splitting of cells

Vials with cells frozen in CryoMaxx S were transferred from liquid nitrogen into a
37°C water bath. After thawing, cells were transferred into 10 ml media and
centrifuged at 400g for 5 minutes. The cell pellet was re-suspended in media and
transferred into a new cell culture flask.

Cells in culture were grown to confluency and splitted twice a week. Cells were
detached with accutase for ~3 - 5 minutes at 37°C. After cells were detached,
accutase was inactivated by adding fresh media containing 10% FBS. An
appropriate aliquot of cells was transferred into a new cell culture flask containing
10 ml media.

For freezing, cells were detached, collected in falcon tube and spinned down at
400g for 5 minutes. The cells pellet was resuspendend in CryomaxxS to a cell
density of about 1 — 5*10%ml. Cells were transferred to -70°C for 24 hours and

transferred afterwards into liquid nitrogen.
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3.12.3. Culture of cell lines

THP-1: Human monocytic THP-1 cells were maintained in RPMI 1640 medium
with stable glutamine supplemented with 1% PS (100 units/ml penicillin, 100 pg/ml
streptomycin) and 10% FBS. To induce differentiation into macrophages, THP-1

cells were cultured for 48 hours in the presence of 100 nmol/L PMA.

RAW 264.7: Murine monocytic RAW 264.7 cells were maintained in DMEM
medium with stable glutamine supplemented with 1% PS (100 units/ml penicillin,
100 pg/ml streptomycin) and 10% FBS.

CHO: Stable transfected murine Chinese hamster ovary (CHO) cells expressing
SR-BI (LdIA7[SR-BI]) and control CHO cells (LdIA7) were cultured in Ham'’s F12
medium supplemented with 5% FBS and 100 units/ml penicillin, 100 pg/ml
streptomycin. The medium for LdIA7[SR-BI] additionally contained 1% Geniticin
(G-418) to assure continuation of receptor expression. Both cell lines were kindly

provided by Dr. Monty Krieger (Massachusetts Institute of Technology, Boston).

HepG2: Human liver HepG2 cells were maintained in DMEM medium
supplemented with 2 mmol/L glutamine, 1% PS (100 units/ml penicillin, 100 pg/ml
streptomycin) and 10% FBS.

3.13. Cell culture experiments

3.13.1. Recombinant adenovirus preparation

Adenoviral vectors encoding for SR-Bi and lacZ were kindly provided by Dr. Sasa
Frank (Medical University of Graz, Austria). Vectors were constructed as

described previously (115,116).

3.13.2. Induction of SR-BI expression in THP-1 macrophages

THP-1 macrophages (3*10° cells) were plated on 6-well plates and differentiated
with PMA (100 nM) for 48 hours. In initial experiments, cells were infected with
adenoviral vectors encoding human SR-BI or LacZ with a multiplicity of infection
(moi) ranging from 50 - 500 for 1 hour, inducing moderate (50 moi), moderate to

high (100 moi) and very high (500 moi) SR-Bl expression. Infections were
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performed in serum-free media for 2 hours followed by a medium change (RPMI
1640, 10% FBS), without washing of cells. After infection, THP-1[Ad/SR-BI] or
THP-1[Ad/LacZ] cells were cultured for two days in RPMI 1640 containing 10%
FBS to allow SR-Bl expression (115,117). SR-Bl expression was verified by
Western blotting. Cell surface expression of SR-Bl was assessed by
immunofluorescence staining using a primary polyclonal SR-BI antibody for 1 hour
and secondary anti-rabbit AF488 antibody (Invitrogen) for 1 hour. Cells were
imaged using the Olympus I1X70 system. Cells infected with moi 100 were used for
further experiments. No cell toxicity was observed under these experimental

conditions.

3.13.3. Induction of ABCA1 expression in RAW 264.7 macrophages

RAW 264.7 macrophages were treated for 16 h in DMEM supplemented with 0.2%
BSA in the presence or absence of 0.3 mM cAMP to induce ABCA1 activity as
described (118).

3.13.4. Cholesterol efflux experiments

THP-1 macrophages were seeded in RPMI (10% FBS, 100nmol/L PMA) on 24- or
48-well plate, with 1.2*10° cells or 3*10° cells, respectively. Cells were allowed to
differentiate for 48 hours. Adherent cells were labelled with 1 puCi/mi
[*H]cholesterol in the presence of 50ug/ml carbamylated LDL for 48 hours. After
cholesterol loading, cells were rinsed twice with PBS containing 5 mg/ml BSA and
equilibrated in serum-free RPMI media supplemented with 2 mg/ml BSA for 2
hours at 37°.

Cells were washed afterwards and cellular cholesterol efflux was initiated by
addition of HDL/apoA-I, carbamylated HDL/carbamylated apoA-l in serum-free
RPMI containing 2 mg/ml BSA. After 4 h, the medium was collected and
centrifuged at 1000g for 5 minutes to remove cell depris. An aliquot was
transferred into scintillation vial, scintillation cocktail was added and radioactivity
(cpm) assessed. To estimate the total cell associated [*H]cholesterol-label, cells
were lysed with 0.1% SDS in 0.3N NaOH for 30 minutes on a shaker. The
complete lysate was transferred into scintillation vials, scintillation cocktail added

and radioactivity measured. Cholesterol efflux was calculated as follows:
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cpm supernatant
% Cholesterol efflux = x 100
cpm supernatant + cpm cell lysate

To determine SR-BI specific efflux, [3H]cholesterol-efflux of lacZ-transfected THP-1

cells were subtracted from efflux of SR-BI transfected THP-1 cells.

3.13.5. Cell association studies

Association studies with native or carbamylated HDL, rHDL and apoA-lI to THP-
1[Ad/SR-BI] or THP-1[Ad/LacZ] cells were performed for 1 hour at 37°C with
increasing concentration of [125l1]-labelled proteins. After the association period,
cells were rinsed twice with PBS containing 5% (wt/vol) BSA and twice with PBS
alone. Cells were lysed with 0.1% SDS in 0.3N NaOH for 30 minutes on a shaker.
The radioactivity and protein content of the cell lysate were measured in the same
aliquot. Specific association was calculated as the difference between the total

and nonspecific association.

3.13.6. Total cholesterol accumulation of THP-1 macrophages

THP-1 macrophages were seeded on 6-well plates (3 - 5*10° cells/well) in RPMI
(10% FBS, 100 nmol/L PMA). Cells were allowed to adhere and to differentiate for
48, where medium was changed again after 24 hours. After 2 days, THP-1 cells
were transfected with MOI 100 of either adenoviral vectors encoding human SR-BI
(THP-1[Ad/SR-BI]) or LacZ (THP-1[Ad/LacZ]) as described above. Additional 48
hour of incubation were allowed to assure high expression of SR-BI or lacZ in
THP-1 cells.

To investigate, the effect of native or carbamylated HDL on cellular cholesterol
accumulation in THP1 macrophages, cells were incubated in the presence or
absence of native or carbamylated HDL (100 pg/ml in serum-free RPMI 1640) for
48 hours at 37°C. The medium was aspirated subsequently, and cells were rinsed
twice with PBS containing 2 mg/ml BSA followed by two washes with PBS alone.
The cellular cholesterol content was determined with Cholesterol FS Kit (DiaSys;
Holzheim, Germany). Therefore, 1 ml cholesterol-PAP solution was added to each
well and incubated for 15 minutes at 37°C. The supernatant was transferred into
eppendorf tubes and centrifuged at 13000 rpm for 5 minutes. An aliquot of the

supernatant was transferred into cuvettes and absorbance measured at 500 nm.
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To quantify cellular cholesterol, a standard curve with a standard solution was
measured in parallel.

HDL induced cholesterol uptake was calculated by subtracting cholesterol content
of cells grown in the absence of HDL from cells incubated with different HDL
preparations. To determine the specific effect of SR-Bl on cholesterol content of
macrophages, THP-1[Ad/LacZ] cells were subtracted from THP-1[Ad/SR-BI] cells.

Each condition was measured in triplicates in two independent experiments.

3.13.7. Bodipy staining of lipid droplets

To assess neutral lipid accumulation, THP-1 macrophages were differentiated for
72 hours in RPMI1640 containing 3% lipoprotein-deficient serum. Cells were
incubated with 200 pg/ml lipoproteins for 48 hours and lipid droplets were stained

in formaldehyde fixed cells with 1 pl/ml Bodipy.

3.14. Paraoxonase/Arylesterase assay

Ca2*-dependent paraoxonase activity was determined as the rate of hydrolysis of
paraoxon into 4-nitrophenol, which can be monitored by an increase in
absorbance at 405 nm (119). Native or carbamylated HDL (10 pg protein) was
placed into a 96-well and the reaction initiated by the addition of 200 pl buffer per
well containing 100 mmol/L Tris, 2 mmol/L CaCl,, 1 mmol/L paraoxon, pH 8.0. The
assay was performed at 37°C and readings were taken every 5 minutes at 405 nm
on a plate reader to generate a kinetic plot. Form the kinetic chart, the slope was
used of the determine AAbosnm / min. Enzymatic activity was calculated with the
Beer-Lambert Law from the molar extinction coefficient of 17100 mol*I™*cm™. PON
activities were expressed as formed 4-nitrophenol (nmol/L/min).

Ca2*-dependent arylesterase activity was determined with a photometric assays
using phenylacetate as substrate (119). Native or carbamylated HDL (2 pg protein)
was added to 200 pl buffer containing 100 mmol/L Tris, 2 mmol/L CaCl, at pH 8.0,
either containing 1 mmol/L phenylacetate. The rate of hydrolysis of phenylacetate
was monitored in the increase of absorbance at 270 nm and readings were taken
every 30 seconds to generate a kinetic plot. Form the kinetic chart, the slope was
used of the determine AAb,7onm / Min. Enzymatic activity was calculated with the
Beer-Lambert Law from the molar extinction coefficient of 1310 L*mol™*cm™" for

phenylacetate.
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3.15. Substrate efficiency of HDL for LCAT

LCAT activity was measured using a commercial available kit (Merk,
Darmstadt, Germany), which was adapted to measure substrate efficiency of HDL
preparations. Therefore, native or carbamylated HDL was pre-incubated with
LCAT substrate (Kit component No.KP23001) for 90 minutes at 37°C and unbound
substrate was removed via gel-filtration. The binding efficiency was ~95% of the
added substrate, determined by fluorescence measurement of the substrate at
470 nm after gel-filtration. The labelled HDL preparations were used to determine
the substrate efficiency in response to LCAT enzymatic activity. LPDS was used
as source for LCAT.

The experimental setting was as follows: 200 pl / well: 100 pg labelled HDL + 10 pl
LPDS, completed with LCAT puffer to 200 ul. LCAT puffer contained 150 mmol/L
NaCl, 10 mmol/L TRIS, 4 mmol/L mercaptoethanol and 1 mmol/L EDTA.

Endpoint readouts were obtained after incubation for 5 hours at 37°C. Results are

expressed as percent of substrate hydrolysed.

3.16. Lp-PLA2 activity assay

Lp-PLAZ2 activity was measured with a commercially available photometric assay.
The assay uses 2-thio platelet-activating factor (PAF) as substrate, which is
hydrolysed by Lp-PLA2 and upon hydrolysis, free thiols are detected by 5,5-
dithio-bis-(2-nitrobenzoic acid) (DTNB). Reactions mixtures contained 0.40 — 0.75
mg/ml HDL in assay buffer (0.1 mol/L Tris-HCI, pH 7.2, containing 1 mmol/L
EGTA) and 160 pmol/L 2-thio PAF. Measurements were performed on 384-well
plates and measurements at 405 nm were taken every 5 minutes to generate a
kinetic chart. Form the kinetic chart, the slope was used of the determine AAb4osnm
/ min.  Enzymatic activity was calculated from the extinction coefficient of 12.8

mmol*I™*cm™ for DTNB.

3.17. Determination of the anti-oxidative capacity of HDL

The anti-oxidative activity of HDL was determined as described previously
(69,120). LDL (100 pg/ml protein) was oxidized in vitro with the free radical initiator
AAPH (1 mmol/L in PBS) in the presence or absence of HDL (100 ug/ml protein)

at 37°C. The oxidation was monitored at 234 nm. One single time point in the
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middle of the propagation phase was selected for quantification. Oxidation in
presence of HDL was calculated as relative value to oxidation of LDL alone, which

was set to 100 %.

3.18. SDS-PAGE and Western blotting

SDS-PAGE and subsequent Western blotting experiments of different HDL
preparations were performed with 5-20% polyacrylamide gradient gels as
described (96).

3.19. Statistical analysis

Statistical analyses were performed using PASW Software V.18 or GraphPad
Prism. Mean values of 2 independent groups were compared with the Mann-
Whitney U-test (for non-parametric data) or 2-tailed student’s t-test (for parametric
data). Comparisons of 2 dependent groups were performed using the Wilcoxon
signed-rank test. Significances were accepted at * p<0.05, ** p<0.01 and ***
p<0.001.
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4. Results:

4.1. Development of an LC-MS/MS method for quantification of post-

translational modified amino acids

In order to investigate and quantify post-translational modifications on HDL and
other serum proteins, we developed an LC-MS/MS quantifications method within

this doctoral thesis. The general requirements for this method were:

- fast protein hydrolysis with low sample volumes
- fast sample preparation for MS-detection
- quantification of the homocitrulline and 3-chlorotyrosine as well as its parent

amino acids lysine and tyrosine

In order to meet the criteria of a fast an easy to handle protein hydrolysis method,
we developed in collaboration with the group of Dr. Oliver Kappe (Christian
Doppler Laboratory for Microwave Chemistry, University of Graz) a low-volume
high-throughput hydrolysis method.

The conventional hydrolysis protocol requires a 24 hours heating period at 110°C
with 6N HCI, whereas the new adapted method can be performed within 5 minutes
of microwave-irradiation at 160°C with 6N HCI or HBr (121). To make this method
even more feasible, we transferred the microwave-assisted irradiation protocol to a
simple heating plate. Aluminium plates with 20 pore holes with the proper size to fit
standard screw-cap HPLC vials were produced. The thermal properties and
heating characteristics of the used Qsert HPLC vials inside the aluminium plate
were analyzed with a thermal probe by our collaborators (Damm, M; Kappe, O).
The thermal analysis shows that preheating of the heating plate to 202°C is
required to achieve 160°C inside the vial. To compensate for pre-heating of the
aluminium block, a total heating period of 11 minutes is sufficient to achieve a 5
minutes period of 160°C (Figure lI-1). The thermal analysis also showed that 2
minutes of cooling in an ice-bath is enough to cool the HPLC vials inside the
aluminium plate. In total, the time necessary for protein hydrolysis could be
reduced from 24 hours to 11 minutes. Due to the low-volume used, evaporation of

acid using a speed vac can be performed in approximately 60 minutes.
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Figure 11-1: Thermal analysis of aluminium plate. An aluminium plate was custom-made to
support 20 standard HPLC vials. The vials are covered with a plate to counteract vapour pressure
during heating. The aluminium block was placed onto the preheated hotplate and the temperature
was measured inside the vial over time. After 6 minutes, 160°C were achieved inside the vial,
which remained constant over the next 5 minutes. The plate was transferred into an ice-bath and
cooled for 2 minutes, which was sufficient to reduce in-vial temperature for further handling.

The second criterion for the MS-based quantification method was a fast sample
preparation. We choose to use a commercial available Kit for amino acid analysis
from Phenomenex. The “EZ:faast amino acid kit for protein hydrolysates” is build
for protein hydrolysates analysis and features a sample clean-up and a
derivatisation step to improve MS-fragmentation. The used HPCL column also
ensured that sufficient resolution of amino acids prior to detection, which allowed
multiple reactions monitoring (MRM).

In the initial experiments, homocitrulline, 3-chlorotyrosine, lysine and tyrosine were
derivatized with the EZ:faast kit for MS-detection on a API2000 system. The
derivatized pure compounds were used to detect their mass to charge ratio (m/z)
(Figure 11-2). The molecules m/z, e.g. m/z = 327 for HCit, was selected in “Product
lon” scan mode and fragmented (Figure 1I-2). The most abundant daughter ion
was selected and used in MRM scan mode to optimize the fragmentation process.
The optimal settings for each single compound were determined and are
summarized in Table IlI-4. The same procedure was performed for internal
standards used ("*Cg-homocitrulline, '*Cs-chlorotyrosine, 'Cg-lysine, 'Ce-

tyrosine).
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Figure 1I-2: Derivatisation and fragmentation strategy for MS-detection. Amino acids and
derivatives were hydrolyzed with the EZ:faast Kit. Shown are the mass to charge (m/z) ratios
detected for the non- and derivatized compounds. The derivatized compounds were analyzed in
Full Scan mode to identity the corresponding molecule peak. The m/z for lysine was 361, for
tyrosine 396, for homocitrulline 318 and for 3-chlorotyrosine 430. The molecule m/z was selected
and fragmented in product ion scan mode. The daughter ions were selected and the most
abundant further optimized, which were m/z 170 for lysine, m/z 136 for tyrosine, m/z 127 for
homocitrulline and m/z 170 for 3-chlorotyrosine.

Table lI-4: API 2000 settings

HCit 3-CT lysine tyrosine
Declustering Potential (DP) 10 6 13 12
Focusing Potential (FP) 400 400 400 400
Entrance Potential (EP) 6 7 7 10
Collision Energy (CE) 32 44 26 42
Exit Potential (CXP) 6 3 7 6
Curtain Gas (CUR) 50 50 50 50
Collision Gas (CAD) 4 4 4 4
lonspray Voltage (IS) 4500 4500 4500 4500
Temperature (TEM) 200 200 200 200
lon Source GAS 1 (GS1) 55 55 55 55
lon Source GAS 2 (GS2) 55 55 55 55
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Calibration curves were established to allow quantification of amino acids and
derivatives. They were prepared by varying amino acids or derivatives levels with
fixed amounts of internal standards. To mimic the complexity of protein samples,
unrelated amino acids were added to the calibrations solution as matrix (Table II-
5). The following concentrations were used for calibration of homocitrulline and 3-

chlorotyrosine.

Table 1I-5: Calibration solutions for HCit and 3-CT

1 2 3 4 5 6 7
HCit (pg) 100 250 500 1500 5000 15000 50000
3-CT (pg) 100 250 500 1500 5000 15000 50000
13Ce-HCit (pg) 10000 10000 10000 10000 10000 10000 10000
13C6-3-CT (pg) 10000 10000 10000 10000 10000 10000 10000
lysine (ng) 1000 1000 1000 1000 1000 1000 1000
tyrosine (ng) 300 300 300 300 300 300 300
methionine (ng) 100 100 100 100 100 100 100
glycine (ng) 1000 1000 1000 1000 1000 1000 1000

Due to the high concentrations differences between the analytes (e.g. HCit in pg
range, lysine in ug range), a separate calibration was performed for lysine and

tyrosine with the following calibration solution (Table II-6):

Table 11-6: Calibration solutions for lysine and tyrosine

1 2 3 4 5 6
lysine (ng) 50 100 200 500 1000 3000
tyrosine (ng) 20 40 80 200 400 1200

3Ce-lysine (ng) 1000 1000 1000 1000 1000 1000
BCe-tyrosine (ng) 300 300 300 300 300 300

methionine (ng) 100 100 100 100 100 100
glycine (ng) 1000 1000 1000 1000 1000 1000

Samples for calibration went through the complete sample preparation including
acid hydrolysis and derivatisation prior to MS-measurement. The ratio between the
peak areas of internal standard and analyte were blotted to generate standard
curves. The calibrations curves had a linearity range from 100 pg — 50 ng for

homocitrulline (r = 0.9981) and 3-chlorotyrosine (r = 0.9990). Lysine had a linearity
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range from 50 — 3000 ng (r = 0.9993) and tyrosine from 20 — 1200 ng (r = 0.9988).
The workflow of the established method is summarized in Figure |I-3.

1. isolation >> 2. hydrolysis 3. analysis

atherosclerotic

lesion
i\ = |
N\ ) free I
HDL amlnooaads E | |
160°C, 5min ow?’ = |
@ e XS CACAS i \ \
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@ ) R - \
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13C labelled carbamyl-lysine
plasma and 3-chlorotyrosine

Figure 11-3: Workflow of LC-MS analysis of post-translational modifications. The protein of
interest is isolated from tissue or plasma and subjected to acid hydrolysis to generate free amino
acids. The hydrolysis can be performed rapidly in 11 minutes using the new established hydrolysis
protocol as described. Free amino acids are derivatized and subjected to mass spectrometry
analysis. The amino acids are separated on a HPLC column prior to MS-detection to allow multiple
reaction monitoring.

4.2. Quantification of the homocitrulline and 3-chlorotyrosine content of

HDL isolated from plasma and lesions

The MPO/H,02/SCN" system of activated phagocytes is a dominant mechanism
for cyanate formation and protein carbamylation at sites of inflammation (103).
Since MPO is a component of HDL in the human atherosclerotic intima, we

investigated whether carbamylated HDL accumulates in the artery wall.

In this study, we used tissue and plasma from patients with atherosclerosis and
healthy controls. The atherosclerotic plaques were classified based on their
histological composition and structure (by Dr. Martin Gauster, Medical University
of Graz) (8,9). The morphology of the lesions ranged from initial lesion of type |
with thickened intima until advanced lesions of type V with fibrous connective
tissue and lipid cores. Concerning the blood lipid parameters, both, control and
atherosclerotic subjects had normal total cholesterol and no increase in plasma
urea (Table II-7).
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Table 1I-7: Clinical characteristics of study subjects
atherosclerosis control

n 15 5

Age 61.4+15.2 54.9+10.3
Creatinine (mg/dL) 1.0+£04 09+£0.2
Urea (mg/dL) 36.9+13.9 289+7.0
Total cholesterol (mg/dL) 129.6 + 52.1 146.1 £47.0
Triglycerides (mg/dL) 103.2 + 671 94.0 £ 36.0
LDL-cholesterol (mg/dL) 78.31+28.4 89.0 £ 26.2
HDL-cholesterol (mg/dL) 41.1 + 38.1 446 +13.3
VLDL-cholesterol (mg/dL) 10.2+6.7 125+ 5.5

Results are given as means + SD. Significances were accepted at

the level of *p<0.05
The atherosclerotic tissue and the corresponding plasma were used to isolate HDL
by density gradient ultracentrifugation. HDL recovered from atherosclerotic tissue
was further purified with a monoclonal apoA-I antibody bound to magnetic bead
reagent. The purity of the isolated HDL was determined with two different
approaches. First, isolated proteins were blotted and visualization via silver
staining. Second, recovered HDL was enzymatically digested and peptides mass
was identified by mass spectrometry. The corresponding protein was determined
by homology search in the SpectruMill database.
From these analyses, we concluded that the preparations mainly contained apoA-
[, lower amounts of apoA-Il and albumin followed by low levels of apoE and
antitrypsin (Figure 11-4).
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Figure II-4: Protein composition of lesion-derived HDL. HDL was isolated from atherosclerotic
plaques by ultracentrifugation and further purified with a monoclonal anti-apoA-I antibody bound to
magnetic beads. (A) Proteins were separated by SDS-PAGE (5-20% gradient gels) and visualized
by silver staining. (B) In addition, lesion-derived HDL was analyzed by LC-MS/MS. The data were
analyzed by searching the human NCBI nonredundant public database with Spectrum mill Rev.
A.03.03.078 (Agilent) and Mascot 2.2 (MatrixScience).
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Next, mass spectrometry analysis was performed to quantitatively assess the
homocitrulline content of HDL isolated from plasma and atherosclerotic lesions. To
test whether MPO contributes to HDL carbamylation in vivo, the specific MPO
oxidation product 3-chlorotyrosine was determined in parallel (94). Measurement
of 3-chlorotyrosine levels is currently the best method available for probing the
MPO-mediated oxidation in the pathology of inflammatory diseases (122). Mass
spectrometry analysis showed that both, control and atherosclerotic subjects had
comparable homocitrulline levels in plasma HDL (Figure [I-5A). Remarkably, the
homocitrulline content of lesion-derived HDL was significantly higher in
comparison with total lesion tissue or lesion-derived LDL (isolated from the same
atherosclerotic tissue) (Figure 11-5B). The homocitrulline levels of lesion-derived
HDL were dependent on lesion severity and increased significantly from initial or
moderate lesions (type | — type lll) to advanced lesions (type IV-V) (Figure 1I-5B).
The 3-chlorotyrosine content of lesion-derived HDL followed the trend observed for
homocitrulline (Figure II-5C). However, 3-chlorotyrosine levels of lesion-derived
HDL were more than 20-fold lower when compared to the homocitrulline content.
This clearly indicates that protein carbamylation is a major post-translational

modification of HDL in the vessel wall.
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Figure II-5: Homocitrulline content is increased in lesion-derived HDL. (A) LC-MS/MS
quantification of homocitrulline (HCit) in plasma HDL and lesion-derived HDL from subjects with
atherosclerotic lesions, classified as type | (initial lesion, n=5), type II-lll (intermediate, n=5) and
type IV-V (complicated lesion, n=5). Quantification of HCit (B) and 3-chlorotyrosine (3-CT) (C)
levels in total atherosclerotic tissue protein (TOTAL), lesion-derived LDL and lesion-derived HDL
isolated from type | (n=5), type lI-lll (n=5) and type V (n=5) lesions.

* p<0.05; total tissue protein vs. lesion-derived HDL.

1 p<0.05; lesion-derived HDL (type |) vs. lesion-derived HDL (type IV/V).

1 p<0.05; lesion-derived LDL vs. lesion-derived HDL.
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4.3. Correlation between homocitrulline content of lesion-derived HDL

and 3-chlorotyrosine levels

Both, homocitrulline and 3-chlorotyrosine levels were increased in lesion-derived
HDL. Further data analysis revealed a positive correlation between homocitrulline
and 3-chlorotyrosine levels in lesion-derived HDL (Figure 1I-6A), whereas the
homocitrulline content of LDL or total lesion tissue did not correlate with 3-
chlorotyrosine levels (Figure 1I-6B, C). Importantly, neither plasma urea
concentration (Figure [I-6D) nor plasma lipid levels correlated with the
homocitrulline content of lesion derived HDL (Table 1I-8). These results implicate

that MPO significantly contributes to HDL carbamylation in atherosclerotic lesions.
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Figure II-6: Correlation between HCit and 3-CT of lesion-derived HDL indicate a possible role
of MPO in carbamylation. (A) Blot between HCit and 3-CT levels in lesion-derived HDL (A), LDL
(B) and total lesion tissue (C) (n=15). The correlation between HCit and 3-CT in lesion-derived HDL
was significant, while no significance was observed in lesion LDL and total lesion tissue. (D)
Plasma urea levels blotted against the HCit level of lesion-derived HDL. The significance level of
Pearson’s correlation is noted for each plot.
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Table 1I-8: Correlation between HCit and plasma parameters of patients with
atherosclerosis

HCit CREA UREA TC TRIG LDL-C HDL-C VLDL-C
total lesion  Pearson’sr -.053 -078 -236 .756 -244 -251 576
protein p .858 .791 438 .003 445  .431 .064
lesion HDL Pearson’'sr -423 -.158 403 .040 .338 .268 1400

p 132 .589 .172 .898 .282  .400 .223
lesion LDL Pearson’sr .449 126 -557 .166 -437 -545 -119
p .107  .667 .048 .587 .155  .067 .728
total plasma Pearson’sr .535 .756 .034 .071 259  -218 .365
protein p .049 .002 912 .818 .416  .496 .270
plasma HDL Pearson’sr -.310 .100 503 -.189 .508 .235 .609
p 302 745 .096 .556 .111  .488 .062
plasma LDL Pearson’sr .712 .801 -.039 209 -176 .027 -.033
p .006 .001 .899 .494 584  .933 .922

Pearson’s correlation coefficients (Pearson’s r) are shown. Significances were accepted at the level
of **p<0.01. CREA, creatinine; TC, total cholesterol; LDL-C, LDL-cholesterol; HDL-C, HDL-
cholesterol; VLDL-C, VLDL-cholesterol.

4.4. Carbamylation increased binding affinity of HDL to the HDL receptor
SR-BI

In line with our observation that MPO mediates carbamylation of HDL in the vessel
wall, a previous study had demonstrated that carbamylated epitopes co-localize
with MPO in human atherosclerotic lesions (103). These findings suggest that
macrophage associated MPO generates OCN", which subsequently reacts with
HDL-associated apolipoproteins to generate homocitrulline. Given that
macrophages express high levels of the HDL receptor SR-Bl in human
atherosclerotic lesions (56,57,123), we hypothesized that carbamylation of apoA-I
in the artery wall might modulate binding of HDL to SR-BI in macrophages.

To test this hypothesis, HDL was carbamylated with OCN™ and the homocitrulline
content was assessed by LC-MS/MS, which confirmed that a relevant degree of
protein carbamylation was present (0.57 and 5.25 HCit/apoA-l). Carbamylated
HDL was separated by SDS-PAGE and visualized by silver staining, revealing that
OCN' treatment did not induce crosslinking or degradation of apoA-I (Figure 1I-7).
We also tested whether HDL associated phospholipids were modified upon OCN™
treatment, since the primary amino group of phosphatidylethanolamine (PE), a
minor fraction of HDL associated phospholipids (about 3 % of total HDL
phospholipids, 1-2 molecules PE per HDL) (124), is prone to be modified by
reactive aldehydes (125). As seen in Figure 1I-7B, total phospholipid content was
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not significantly altered in carbamylated HDL, whereas the PE content was
significantly decreased. Importantly, OCN" treatment did not induce hydroperoxide
formation (Figure 11-7C).
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Figure lI-7: Carbamylation does not alter HDL integrity. HDL and carbamylated HDL (cHDL,
5.25 HCit/apoA-l) was analyzed for (A) protein integrity by silver staining; (B) for changes in
phospholipid (PL) and phosphatidylethanolamine (PE) composition and (C) for changes in the
hydroperoxide content (formation of dienes). Results shown in B and C represent the mean of
triplicate determinations + SD of a representative experiment performed at least two times.
**p<0.01

In contrast to macrophages in atherosclerotic lesions, cultured macrophages
generally express low levels of SR-Bl (56,126). Therefore, we used a human
monocytic cell line (THP-1), that can be infected by adenoviral vectors to induce
SR-BI expression (Figure [I-9A).

We first investigated whether OCN™ induced HDL carbamylation could affect the
binding properties of HDL to SR-Bl expressing THP-1 cells. As seen in Figure
II-8A, SR-BI specifically mediated the binding of '®I-labeled carbamylated HDL
and '®|-labeled native HDL. Carbamylation of HDL increased the binding affinity
and capacity to SR-Bl (Table 1I-9), whereas binding of HDL to control
macrophages was unaltered (Figure |I-8A).

To directly demonstrate that homocitrulline formation in HDL associated apoA-|
increases binding affinity to SR-BI, we prepared reconstituted HDL (rHDL) using
human apoA-l and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), an
inert phospholipid. As seen in Figure 1I-8B and Table 1I-9, binding affinity and
capacity of rHDL to SR-BI increased after OCN™ treatment. Moreover, already 2
homocitrulline residues present on lipid-free apoA-l increased binding affinity to
SR-BI more than 5-fold (Table 11-9).
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Figure 1I-8: Carbamylation of HDL increases binding affinity to SR-Bl. THP-1 macrophages
infected with adenoviral vectors encoding SR-BI or LacZ (control) were incubated for 2 hours at 4
°C in the presence of increasing concentrations of (A) '?®|_|labeled native HDL or '*°|-labeled
carbamylated HDL (cHDL) or (B) "*°I-labeled reconstituted HDL (rHDL) or '®I-labeled carbamylated
rHDL. Values obtained with LacZ expressing cells were subtracted from SR-BI expressing cells to
calculate SR-BI specific binding. Results represent the mean of triplicate determinations + SD of a
representative experiment performed at least two times.

Table 1I-9: Binding properties of different ligands to SR-BI

HCit / apoA-I Ka [ug/ml] Bmax [ng/mg]
HDL <0.01 32+7.9 173 + 15
cHDL 0.57 23+4.9 175+ 12
cHDL 5.25 15 + 3.9 251 +19
rHDL <0.01 22+02 248 + 13
c.rHDL 0.51 2.0£02 299 + 10
c.rHDL 1.87 1.7+0.2 289 + 11
apoA-I <0.01 293 + 53 205 + 28
c.apoA-| 0.58 138 + 27 171 + 21
c.apoA-| 2.04 57 + 35 93 + 14

Calculated Kd and Bmax values for binding of % | labeled HDL, rHDL
and apoA-l to SR-Bl. Calculations were performed by nonlinear
regression analysis (GraphPad Prism).
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4.5. Carbamylated HDL-induced cholesterol accumulation in

macrophages is SR-Bl dependent

SR-Bl mediates selective HDL cholesteryl-ester uptake by formation of a
productive lipoprotein/receptor complex, which requires specific structural domains
and conformation states of apoA-1 (127). We hypothesized that increased binding
of HDL through carbamylation might confer pro-atherosclerotic properties by
inducing SR-BI dependent cholesterol accumulation in macrophages. Remarkably,
HDL exposed to OCN induced marked total cholesterol accumulation in SR-BI
expressing THP-1 cells, but not in control cells (Figure 11-9B). A recent study
demonstrated that cholesterol efflux of human macrophages is dependent on SR-
Bl and ABCA1, but independent of ABCG1 (128). Therefore, we tested whether
OCN" modulates the ability of HDL to induce SR-BI and ABCA1 mediated
cholesterol efflux from macrophages. Interestingly, carbamylation moderately, but
significantly reduced the ability of HDL to promote SR-Bl dependent cholesterol
efflux (Figure 11-9C), whereas cholesterol efflux of control cells was not altered.
Lipid-poor apoA-I removes cellular cholesterol from macrophages exclusively by
an active transport process mediated by ABCA1. The process appears to involve
the amphipathic a-helical domains of apoA-l. Modification of lysine residues may
alter the ability of lipid poor apoA-I to remove ABCA1 dependent cholesterol from
lipid-laden macrophages (129). However, carbamylation of apoA-l did not

decrease ABCA1 mediated cholesterol efflux (Figure 11-9D).
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Figure 1I-9: Carbamylated HDL induces cholesterol accumulation in THP-1 macrophages via
SR-BI. (A) Western-blot analysis of SR-BI and B-actin (loading control) expression of differentiated
THP-1 macrophages infected with adenoviral vectors encoding SR-Bl (Ad/SR-Bl) or LacZ
(Ad/LacZ) (B) SR-BI or LacZ (control) expressing THP-1 macrophages were incubated with 100
pg/ml native HDL or carbamylated HDL (with increasing amounts of homocitrulline (HCit) per apoA-
1) for 24 hours at 37°C. Subsequently, cells were rinsed and total cellular cholesterol was
estimated. HDL-induced cholesterol-uptake was calculated by subtracting cholesterol content of
cells grown in the absence of HDL (16.1 + 2 yg/mg cell protein) from cells grown in presence of
HDL. (C) To measure SR-BI dependent cellular cholesterol efflux, THP-1 cells expressing SR-BI or
LacZ were labeled with [3H]-cholesterol. Subsequently, cells were incubated with 100 ug/ml native
HDL or carbamylated HDL (0.57 HCit/apoA-l) as cholesterol acceptors for 2 hours at 37°C. At the
end of the experiment, media and cells were separately collected to determine cholesterol efflux.
To calculate SR-BI specific [sH]—choIesteroI (FC)-efflux, values obtained with LacZ expressing cells
were subtracted from SR-BI expressing cells. (D) RAW264.7 cells were [3H]—cholesterol—labeled
and incubated in the presence or absence of cAMP to induce ABCA1 expression. Cells were
incubated with 10 pg/ml native or carbamylated apoA-l (5.62 HCit / apoA-l) for 2 hours at 37°C.
Media and cells were collected separately to determine cholesterol efflux. Specific cholesterol
efflux was calculated by subtracting efflux in the absence of acceptors from efflux in the presence
of acceptors. Results represent the mean of triplicate determinations + SD of a representative
experiment performed at least three times. **p<0.01; ***p<0.001
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4.6. Carbamylated HDL induces SR-Bl dependent lipid droplet formation

in macrophages

The cholesterol uptake and efflux experiments indicate that carbamylation of HDL
destabilizes the HDL/SR-BI mediated balance between cholesterol-uptake versus
efflux, indicating that net cholesterol content of macrophages increases.
Therefore, further assessment whether carbamylated HDL could induce lipid-
droplet formation in macrophages was performed. Transfection of THP-1 cells with
adenovirus was used to induce SR-BI expression in differentiated macrophages

(Figure 11-10A) Incubation of SR-Bl expressing macrophages with HDL led to a
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significant increase in lipid-droplet formation, which was dependent on the degree
of carbamylation. Only minor lipid droplet accumulation was observed in control
cells (Figure 11-10B).

HCit / apoA-I

A antisrBI B conTroOL 057

Figure 1I-10: Carbamylated HDL induces SR-BI dependent lipid droplet formation. (A) SR-BI
or LacZ (control) expression was induced in THP-1 macrophages by infection with adenoviral
vectors encoding SR-Bl or LacZ. Cell surface expression of SR-Bl was visualized by
immunofluorescence staining with an anti-SR-BI antibody of non-permeabilized cells. (B) SR-BI
and LacZ expressing macrophages were incubated with 200 pg/ml native HDL (control) or
carbamylated HDL (0.57 or 5.25 HCit/apoA-l) for 48 hours at 37°C. The intracellular uptake of
neutral lipid was visualized by Bodipy staining

4.7. Carbamylated HDL is a less potent substrate for LCAT

HDL plays a central role in lipid metabolism and especially in the reverse
cholesterol transport pathway (described in Chapter 1). HDL effluxes free
cholesterol from peripheral cells, which is converted into cholesteryl-ester by
LCAT. The esterified cholesterol is sequestrated into the core of HDL. This step
drives the maturation of nascent HDL into spherical HDL, an essential step in
RCT.

LCAT activation was found to be dependent on stoichiometry, structure and
conformation of apoA-I, and on the sequence of apoA-I that includes amino acids
140-163 (130-132). Since this amino acid sequence includes a lysine residue,
which might be targeted by cyanate, we investigated the impact of carbamylation
on HDL-mediated LCAT activation.

To assess this question, we adopted a commercial available assay for
serum/plasmaLCAT activity to measure the efficiency of different HDL preparation
to activate LCAT. Therefore, HDL was labeled with a fluorescent LCAT substrate,
which upon LCAT activity changes its fluorescent emission wavelength from 390

nm to 460 nm. The labeled substrate was rapidly incorporated into HDL (Figure
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[I-11A). Afterwards, the labeled HDL preparations were incubated with the same
amount of LCAT to determine their activation capacity. Interestingly, carbamylation

caused a dose-dependent decrease in LCAT activation (Figure 11-11B).
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Figure 1I-11: Carbamylation decreases HDL ability to activate LCAT. (A) A fluorescent lipid
substrate for LCAT was incubated with HDL for 90, 180 or 240 minutes. After filtration of HDL, the
total fluorescence was found in the HDL fraction indicating that the fluorescent substrate was
incorporated. Blank sample confirmed the sufficient removel of unbound substrate by gelfiltration.
(B) Labeled HDL (100 pg/ml) was incubated with lipoprotein-deficient serum as LCAT source. Upon
LCAT activity the substrates fluorescence emission changes from 390 nm to 460 nm, which can be
monitored over time and used for quantification. Results represent the mean of duplicate
determinations + SEM of three independent experiments. *p<0.05; **p<0.01

4.8. HDL-mediated protection of LDL oxidation is impaired by

carbamylation

Besides HDL’s important role in lipid metabolism, HDL has anti-oxidative capacity.
We investigated the ability of HDL to inhibit radical-induced LDL oxidation. LDL
was incubated with AAPH (a radical inducer) and a characteristic oxidation curve
with lag time and propagation phase was obtained (Figure 1I-12A). The oxidation
could be markedly reduced by the addition of native HDL. However, the ability of
HDL to inhibit radical-induced oxidation was decreased by increasing amounts of
homocitrulline on HDL (Figure 11-12B), which indicates that carbamylation impairs

HDL anti-oxidative capability.
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Figure 1I-12: Carbamylated HDL fails to prevent LDL oxidation. LDL (100 ug/ml) was incubated
with AAPH (free radical inducer) in the presence or absence of HDL (100 upg/ml). (A) A
representative time course of an AAPH-induced oxidation process is shown, which was monitored
at 234 nm for 350 minutes. (B) One time point in the middle of the propagation phase was selected
for quantification. Oxidation in presence of HDL was calculated as relative value to oxidation of LDL
alone, which was set to 100 %. Results represent the mean of triplicate determinations + SEM of
three independent experiments.

4.9. Carbamylation decreases activity of HDL-associated paraoxonase

Paraoxonase (PON), a HDL-associated enzyme has been demonstrated to be an
important contributor to the antioxidant capacity of HDL (75). Increased expression
of PON has been reported in human atherosclerotic lesions (133). Interestingly,
HDL from CAD patients has decreased PON activity, which was linked to an
impaired ability of HDL to stimulate endothelial eNOS-activating pathways and NO
production (134). PON has at least three enzymatic activities (135), namely
paraoxonase activity, arylesterase activity and lactonase activity. Importantly, the
activity of PON is regulated by its interaction with apoA-lI (136). We addressed
whether carbamylation of HDL influences HDL-associated paraoxonase and
arylesterase activity. Strikingly, we observed that already a minimal carbamylation
of HDL significantly reduced paraoxonase and arylesterase activity (Figure II-13A,
B).

We investigated whether a loss or deactivation of paraoxonase from HDL was
responsible for the decreased enzymatic activity. We subjected carbamylated HDL
to native non-denaturating gel electrophoresis and observed that increased
carbamylation caused PON (~ 45kDa) to dissociate from HDL (Fig II-13C).
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Figure lI-13: Carbamylation decreases activity of HDL-associated paraoxonase. (A)
Arylesterase activity of HDL-associated paraoxonase (PON) was measured with phenylacetate as
substrate (HDL, 20 pyg/ml). (B) Paraoxonase activity of HDL-associated PON was measured with
paraoxon as substrate (HDL, 50 ug/ml). Paraoxonase and arylesterase activity were calculated
from the slopes of three independent experiments and are expressed as means + SEM. .*p<0.05;
**p<0.01 (C) Native gel of HDL was blotted and probed for PON. Free paraoxonase is visible at
~45kDa.

4.10. Lp-PLAZ2 activity increases upon carbamylation of HDL

Lp-PLA2 is a lipoprotein associated enzyme which partially resides on HDL
(~20%) (137).It hydrolyses platelet activating factor (PAF) and its activity is
associated with CVD (138). We addressed whether carbamylation of HDL
influences Lp-PLA2 activity. In striking contrast to PON activity, Lp-PLA2 activity
trended to increase upon HDL carbamylation (Fig [I-14). The changes were

moderate, but significant.
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Figure 1I-14: Lp-PLA2 activity after carbamylation of HDL. Lipoprotein-associated
phospholipiase A2 (Lp-PLA2) activity was measured with 2-thio PAF as substrate. Kinetics of 2-thio
PAF turnover can be monitored at 405 nm and used to calculate the enzymes activity. Results
represent the mean of triplicate determinations + SEM of two independent experiments. *p<0.05;
**p<0.01
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5. Discussion

A clinical study demonstrated that plasma levels of protein-bound homocitrulline

independently predict an increased risk of coronary artery disease (35).

In the present study, we established a state of the art method to quantitatively
assess modified amino acids with mass spectrometry. We could substantially
reduce the extensive hydrolysis time (from 24 hours to 11 minutes) of amino acid
analysis by implementing a rapid-low volume hydrolysis method. With this method,
we were able to provide evidence that post-translational modification of HDL
through OCN' is a major modification of HDL in atherosclerotic lesions. Compared
to other atherosclerotic tissue derived fraction (LDL, total protein), the HDL fraction
contained the highest amount of homocitrulline, suggesting that HDL is a specific
target for carbamylation. The high homocitrulline content was accompanied by an
increase in 3-chlorotyrosine. MPO has been found bound to HDL recovered from
atherosclerotic lesions and immunohistochemical analysis showed that MPO and
apoA-| colocalizes in atherosclerotic lesions (96-98). It suggests that MPO-derived
oxidants will be generated in closest proximity to HDL. This is in good agreement
with our observation that HDL was much higher carbamylated and oxidized as
other lesion proteins. Interestingly, carbamyllysine content of HDL was about 30-
times higher than the oxidation marker 3-chlorotyrosine (Figure II-5). Importantly,
homocitrulline and 3-chlorotyrosine did correlate with each other, indicating that
MPO is involved in both reactions (Figure II-6A). We suggest that under conditions
found in atherosclerotic lesions the MPO/SCN/H,0O, carbamylation-pathway is
dominant over the MPO/CI/H,0 chlorination pathway. SCN is the preferred target
of MPO and as long as SCN is present, cyanate and hypothiocyanate will be the
major products (100).

A recent report demonstrated that carbamylated LDL is the most abundant LDL
modification found in human plasma (108). We observed that the homocitrulline
content of plasma proteins and HDL is high (about 60-fold higher than 3-
chlorotyrosine) (Figure 1I-5). The homocitrulline content of plasma proteins did not

correlate with 3-chlorotyrosine, suggesting that plasma proteins are mainly
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carbamylated by urea derived cyanate. This pathway may be of particular

importance in renal patients where urea concentrations are high (106,139).

Prompted by the observation that high levels of carbamylated HDL are present in
atherosclerotic lesions, we investigated the effect of carbamylation on HDL
atheroprotective functions. We observed that carbamylated HDL induced
cholesterol accumulation in macrophages via a SR-Bl dependent pathway.
Macrophages in human atherosclerotic lesions express high levels of SR-BI
(56,57). The multiligand receptor SR-BlI has been described to mediate (i)
selective HDL cholesteryl-ester uptake, (ii) uptake of oxidized lipoproteins as well
as (iii) the secretion of cholesterol to high-density lipoprotein (140). On the one
hand, macrophage SR-BI is thought to play an atheroprotective role, because of
its ability to mediate cholesterol efflux from macrophages. On the other hand,
macrophage SR-Bl in early stage lesions was shown to induce cholesterol
accumulation, thereby triggering fatty streak development (141). The binding
affinity of HDL to SR-BI increased dependent on the degree of carbamylation
(Figure 11-8). Several modified proteins that are being recognized by the
multiligand receptor SR-BI hold in common a negative charge, suggesting that SR-
Bl recognizes the negative charge of proteins. Our findings indicate that
modification of HDL-lysine residues by OCN™ (leading to a decrease of positive
charge) affects the interaction of HDL with SR-BI, consistent with the observation
that oxidation of (lipo)proteins with hypochlorous acid, resulting in the oxidation of
lysine residues, show increased binding affinity to SR-BI (96,142).

Taken together, our results support the hypothesis that carbamylation shifts the
balance — between SR-Bl mediated cholesterol efflux and uptake — towards
cholesterol uptake, thereby causing intracellular cholesterol and lipid droplet
accumulation (Figure 11-10B).

HDL maturation during the RCT pathway is an important step, which is partially
mediated by LCAT. Interestingly, we found that HDLs ability to activate LCAT was
reduced when HDL was carbamylated (Figure I[I-11B). LCAT activation is
dependent on stoichiometry, structure and parts of the apoA-l sequence (131). It
was observed that, the apoA-lI sequence between amino acid residue 140 - 150 is
essential for LCAT activation (130). Interestingly, this sequence part of apoA-I

harbors a lysine residue, which could be targeted by carbamylation. This could in
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turn interfere with structural or charge requirements of LCAT activation.
Interestingly, previous reports from uremic patients with high levels of urea (source
for cyanate) showed that LCAT activity was low and particle maturation was
perturbed (143,144), raising the possibility that protein carbamylation contributes
to the observed effects.

Non-classical HDL function has been intensively studied over the last decade
(51,77). HDL was found to possess anti-oxidative, anti-inflammatory and anti-
thrombotic activity which might contribute to its atheroprotective effects. In our
study, the ability of carbamylated HDL to inhibit radical-induced LDL oxidation was
significantly decreased (Figure 11-12). Cyanate targets mainly lysine residues, but
can also react with cysteine to form carbamylcysteine (145). Cysteine has
antioxidant properties and the sulfhydryl groups of cysteine have been found to be
important for the enzymatic functions of PON or LCAT (146,147). Therefore, the
loss of anti-oxidative function of HDL might be due to the loss of lysine and/or
cysteine residues. It will need further studies to elucidate the molecular
mechanism, how carbamylation causes a loss of anti-oxidative capacity of HDL.
The anti-oxidant ability of HDL depends on the apoprotein moiety and on the
presence of associated enzymes. HDL-associated paraoxonase has been
demonstrated to be an important contributor to the anti-oxidant capacity of HDL
(75,148). Experimental studies indicated that impaired paraoxonase activity leads
to dysfunctional HDL and diet-induced atherosclerosis in mice (149,150). A very
intriguing finding of the present study was that already minimal modification of one
homocitrulline per apoA-l was sufficient to significantly decrease of HDL-
associated paraoxonase and arylesterase activity (Figure 1I-13A, B). By native gel-
electrophoresis, we observed that carbamylation caused paraoxonase to
dissociate from HDL (Figure 1I-13C). Since PON activity is dependent upon
binding to apoA-l (136), the observed dissociation might be the major trigger in
reducing PON activity.

Lp-PLA2 has been recently associated with enhanced risk of coronary artery
disease (138) and inhibitors are currently undergoing clinical trials (151,152). An
interesting finding in our study was that Lp-PLA2 activity trended to increase upon
HDL carbamylation. A Previous study suggested that Lp-PLA2 bound to HDL is
less active than LDL bound Lp-PLA2, which was suggested to be dependent on

the lipid environment (137). The changes in our study were moderate, but
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significant (Figure [1-14). This unexpected result might be related to conformational
changes in apoA-l, the enzyme itself or to the release of the enzyme and its
presumably higher activity in free form.

In summary, the present study provide evidence that carbamylation is a
physiological relevant modification of HDL in atherosclerotic lesions.
Carbamylation might critically impair anti-atherogenic properties of HDL in the
atherosclerotic intima, thereby destabilizing the cellular balance between
macrophage mediated cholesterol-uptake versus efflux, a critical step in the
development of atherosclerosis. Carbamylated HDL showed impaired anti-
oxidative and anti-inflammatory functions. @ Taken together, carbamylation
counteracts HDL athero-protective function and might be causally involved in

atherogenesis.
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1. Abstract:

Aim: Functional impairment of high-density lipoprotein (HDL) during renal disease
may contribute to the excess cardiovascular mortality in these patients. However,
the data available regarding the impact of advanced renal disease on HDL
composition and functionality are limited. In particular, the effect of renal disease
on the first step of reverse cholesterol transport, the efflux of cellular cholesterol

from macrophages to HDL, has not been determined yet.

Results: Mass spectrometry and biochemical analyses showed that HDL isolated
from patients on maintenance hemodialysis (HD) depicts considerable alterations
in the protein and lipid composition. Our studies revealed a significant increase in
acute phase protein serum amyloid A1, albumin, lipoprotein-associated
phospholipase A2 and apoC-lll content of uremic HDL, whereas apoA-lI and apoA-
Il were decreased. Proteomic alterations were accompanied by a decreased
phospholipid and increased triglyceride and lyso-phospholipid content of HDL. In
regard to function, HDL from hemodialysis patients was less potent in promoting
cholesterol efflux from lipid-laden macrophages. Exposure of lipid-laden
macrophages to control and HD-HDL did decrease intracellular cholesterol stores,
but uremic HDL was significantly less potent. Importantly, correlation analysis

could show that functional changes are linked to compositional alterations.

Conclusion: HDL functionality and composition is significantly altered in renal
failure patients on hemodialysis. Our results provide insights into mechanism
leading to the functional impairment of HDL and raise the possibility to identify

humans at increased risk of cardiovascular disease.
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2. Introduction:

Cardiovascular disease, stroke and peripheral vascular disease are notorious
problems in patients with chronic kidney disease (153). Cardiac mortality in
dialysis patients aged 45 years or younger is more than 100-fold increased in
comparison to the general population (154). Accelerated atherosclerosis is thought
to be a consequence of increased inflammation, oxidative stress and impaired
triglyceride and HDL metabolisms (155,156). HDL is thought to protect against
atherosclerosis by promoting reverse cholesterol transport and potentially through
anti-oxidative and anti-inflammatory activities (77,157,158). More recent studies
suggest that the HDL proteome is implicated in HDL functionality; identifying HDL-
associated proteins involved in lipid metabolism, complement activation, growth-
factor and proteolysis regulation (46-48). These multiple mechanisms of action
make HDL a therapeutic target with great potential for the treatment of patients

with atherosclerosis.

Low levels of HDL, such as found in renal patients, correlate with an increased risk
of atherosclerotic vascular disease (159). However, more recent findings have
suggested that the relationship between HDL and cardiovascular risk is more
complex and extends beyond the levels of HDL in plasma (160). Notable, it was
found that HDL particles may become dysfunctional or even pro-inflammatory in
chronic and inflammatory diseases (161). Recent studies focused on the loss of
antioxidant and anti-inflammatory effects of HDL in dialysis patients (162-164).
The loss of anti-inflammatory properties in HDL of renal patients was shown to
correlate with a higher 30-month adjusted hazard ratio for death in uremic patients
(162). Moreover, oxidized plasma proteins in end-stage renal disease patients
were shown to interfere with HDL clearance, thereby potentially contributing to the
abnormal composition of HDL (117). However, the data available regarding the
effect of advanced renal disease on HDL functionality are limited and the effects of
renal disease on the first step of reverse cholesterol transport, the efflux of cellular
cholesterol from macrophages to HDL, has not been established yet. This is of
particular interest, since cholesterol efflux capacity from macrophages, has a
strong inverse association the likelihood of coronary artery disease, independently

of the HDL cholesterol level (41). Accordingly, to understand the role of HDL in
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chronic and inflammatory diseases, such as end stage renal disease, it is essential
to analyze the protein and lipid composition of HDL, reflecting its functional state.
Therefore, the current study was designed to test the hypothesis that renal
disease modifies HDL composition, thereby altering anti-atherogenic properties of
HDL.

In this explorative study, LC-MS/MS analysis was used to investigate the
proteomic profile of HDL from 27 hemodialysis patients and 19 control subjects.
The analysis revealed that HDL from hemodialysis patients carries a distinct

protein and lipid cargo that is linked to decreased cholesterol efflux properties.
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3. Materials and Methods:

Isolation of HDL, culture of cell lines and Lp-PLA2 activity assay are described in

Chapter Il in the section Materials and Methods.

3.1. List of Materials:

Sources of materials are described in Chapter Il section 3.1.

Table Ill-1 antibodies

name dilution Nr.: company
apoA-I, mouse monoclonal 1:1000 NB100-65491 NOVUS Biol.
apoC-ll, rabbit polyclonal 1:1000 ab76452 Abcam
apoA-1V, rabbit polyclonal 1:100 ab72395 Abcam
Lp-PLAZ2, rabbit polyclonal 1:250 160603 Cayman Europe
albumin, rabbit polyclonal 1:1000 ab83465 Abcam
antitrypsin, mouse monoclonal 1:1000 ab90158 Abcam
transthyretin, rabbit polyclonal 1:4000 ab16006 Abcam

SAA 1, mouse monoclonal 1:1000 ab81483 Abcam

RBP4, rabbit polyclonal 1:1500 ab64194 Abcam

3.2. Blood collection

Blood was taken from hemodialysis patients prior to the dialysis session and age
matched control subjects at the time of routine laboratory investigations in
agreement with the Ethical Committee of the Medical University of Graz. Blood (5
ml) was collected in standard sterile polystyrene vacuum tubes containing 5
mmol/L EDTA.

3.3. Plasma parameter and HDL lipid analysis

Plasma parameter analyses were performed by the Clinical Institute of Medical
and Chemical Laboratory Diagnostics at the Medical University of Graz. Levels of
total cholesterol, non-esterified cholesterol, triglycerides, phospholipids, creatinine,
urea, (Diasys, Holzheim, Germany), lysophosphatidylcholine (Cosmo Bio Co.
LTD., Tokyo, Japan) and non-esterified fatty acids (Wako Chemicals, Neuss,
Germany) were measured enzymatically with commercially available kits. LDL

cholesterol was calculated according to the Friedewald equation described
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previously (113) using HDL cholesterol values measured in the supernatant of

phosphotungstic precipitates.
3.4. Apolipoprotein determination by immunoturbidimetry

Apolipoprotein quantification was performed by the Clinical Institute of Medical and
Chemical Laboratory Diagnostics at the Medical University of Graz. The following
methodology was used: ApoA-Il, apoA-Il, apoB, apoC-Il, apoC-Illl, apoE (Greiner,
Flacht, Germany) and lipoprotein(a) (Wako Chemicals, Neuss, Germany) were
determined by immunoturbidimetry. All analyses were performed on an Olympus

AU640 analyser (Olypmpus Diagnostika, Hamburg, Germany).

3.5. Lipid extraction from cells

Cells were washed twice with PBS (0.5 % BSA) and once with PBS. Lipids were
extracted from 6-well plates with 2 ml hexane/isopropyl alcohol (3:2, v/v) for 1 hour
at 4°C. Lipids were dried under nitrogen and re-suspended in 200 pl 0.5 % Triton
X-100 in chloroform. Chloroform was evaporated under nitrogen and lipids re-
suspended in 100 yl PBS for 15 minutes at 37°C. Aliquots were used to quantify
lipid species.

Cellular proteins were extracted with 0.3N NaOH overnight at RT. The protein
solution was frozen and incubated for additional 2-3 h at RT. Protein content was

determined with the Lowry protein assay.

3.6. Protein isolation for SDS-PAGE

Cells were washed twice with PBS. Ice-cold RIPA buffer (50 mmol/L KH,PO4, 150
mmol/L NaCl, 1% Triton X-100, 0.5% deoxycholate, 1:1000 protease inhibitor
cocktail (before use)) was added to the cells and incubated for 10 minutes at 4°C
on a shaker. Cells were scraped down, the solution carefully re-suspended and

transferred into a sterile 1.5 ml eppendorf tube and stored at -20°C.

3.7. SDS-PAGE and Western blotting

SDS-PAGE and subsequent Western blotting experiments of different HDL
preparations were performed with 5-20% polyacrylamide gradient gels as
described (96).
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ApoA-IV, albumin, antitrypsin, transthyretin, SAA1, RBP4 and Lp-PLA2 were
immunodetected by, separating HDL (1 pg for apoA-I, 2.5 ug for albumin, 5 ug for
antitrypsin, RBP4, SAA1, 10 pg for transthyretin, apoA-VI) SDS-Page. Gels were
blotted onto PDVF membranes and probed using specific antibodies (see list of

materials).

3.8. Cellular cholesterol efflux assays:

Cholesterol efflux assay: RAW264.7 macrophages were plated on 24-well plates

(~7.5*10° cells) and grown overnight. Cells were labelled for 24 hours with 1
uCi/ml [*Hlcholesterol in medium supplemented with 5% FBS and 50 ug/ml
carbamylated LDL. In addition, cells were stimulated with the LXR agonist TO-
901317 (2 umol/L). After labelling, cells were washed with PBS, equilibrated in
serum free media with 0.2% BSA for 2 hours, washed again with PBS, and
incubated with 50 pg/ml HDL for 2 or 20 hours at 37°C to determine
[*H]cholesterol efflux.

SR-BI specific cholesterol efflux: IdIA7 or IdIA7[SR-BI] cells were plated on 24-well

plates and grown overnight. Cells were loaded with 1 pCi/ml [°*H]cholesterol for 24

hours, washed once with PBS, equilibrated in serum free media with 0.2% BSA for
2 hours and washed once with PBS again. The cellular cholesterol efflux was
assessed in response to 100 pg/ml HDL for 2 hours at 37°C. SR-BI specific efflux
was calculated by subtracting the efflux of IdIA7 cells from IdIA7[SR-BI] cells.

ABCAA1 specific cholesterol efflux: RAW264.7 macrophages were plated on 24-

well plates (~7.5*10° cells) and grown overnight. Cells were labelled for 24 hours
with 1 pCi/ml [*H]cholesterol and stimulated with 300 pmol/L cAMP in medium
containing 5% FBS and 50 pg/ml carbamylated LDL. Cells were equilibrated in
serum free media with 0.2% BSA for 2 hours in the absence or presence of 20
pgmol/L probucol. To initiate efflux, cells were incubated with 20 pg/ml HDL or
apoA-l. ABCA1-specific efflux was determined by subtracting efflux of probucol-
treated cells from efflux of untreated cells.

For all efflux experiments, supernatants and cells were separately collected.
Supernatants were transferred into eppendorf tubes and centrifuged for 5 minutes
at 5000 rpm to remove cells and cell debris. An aliquot was used to determine the

radioactivity through scintillation counting.
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Cells were lysed with 0.3 N NaOH containing 0.1 % SDS for 2 hours. Cells were
suspended carefully and transferred into scintillation vials to estimate the cell-
associated radioactivity.

[*H]cholesterol efflux is expressed as the radioactivity in the supernatant relative to
total radioactivity in the supernatant and cells. HDL-specific cholesterol efflux was
calculated by subtracting cholesterol efflux in the absence of HDL from efflux in
the presence of HDL.

3.9. PLA2-treatment and lyso-phospholipid enrichment of HDL

HDL was incubated in the presence of 500 ng/ml phospholipase A2 for 16
hours to hydrolyse HDL associated phospholipids. After incubation, phospholipase
A2 was removed by density gradient ultracentrifugation of HDL as described
above. To generate lyso-PC-enriched HDL, 0.65 mmol 1-palmitoyl-2-hydroxy-sn-
glycero-3-phosphocholine (lyso-PC) dissolved in chloroform/methanol (1:1, v/v)
was placed in a glass tube and the solvent was evaporated under a stream of
nitrogen. Dried lyso-PC were re-suspended in PBS by vortexing for 3 minutes,
drop wise added to 1 mg/ml HDL, and incubated for 2 hours at 37°C. Unbound
lyso-PC was removed by gel filtration and lyso-PC content analyzed as described

above.

3.10. Net cholesterol efflux from lipid-laden macrophages

RAW264.7 macrophages were plated on 6-well plates (3-4*10°) and grown
overnight. Cells were cholesterol-loaded by incubating with 100 pg/ml aggregated
LDL in DMEM plus 5% FBS in the presence of 100 nmol/L PMA for 48 hours. The
cellular cholesterol mass of untreated control cells was 11.4 + 2.3 ug total
cholesterol / mg cell protein and 53.9 + 2.0 ug total cholesterol / mg cell protein for
cholesterol-loaded cells. After cholesterol loading, cells were washed twice with
PBS and equilibrated in serum free media with 0.2% BSA for 8 hours. Media was
removed and cholesterol efflux was initiated by addition of 100 pg/ml HDL for 14
hours. At the end of the experiment, the cells were washed twice with PBS,
containing 0.2% BSA and once with PBS. Lipids were extracted as described in
section 3.5. To adjust for cell density, total cellular proteins were determined in

parallel (see section 3.6).
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3.11.LC-MS/MS analysis and homology search

Proteomic analysis of HDL was performed by the Core Facility Mass Spectrometry
at the Medical University of Graz by Dr. Birner-Gruenberger. The used
methodology was as follows.

For tryptic digest, 50 ug protein of HDL preparations were precipitated with 3
volumes of acetone at -20°C overnight, solubilised in 30 pl (6 mol/L) ammonium
guanidinium hydrochloride, reduced with 34 pl of (10 mmol/L) DTT for 20 minutes
by shaking at 550 rpm at 56°C and alkylated with 8 pl of (55 mmol/L)
iodoacetamide for 15 minutes by shaking at 550 rpm at room temperature. Protein
was digested by adding 1 pg of modified trypsin (Promega, Mannheim, Germany)
and left for overnight shaking at 550 rpm at 37°C. Completeness of digests was
controlled by analyzing 5 ug aliquots by SDS-PAGE. The resulting peptide solution
was acidified by adding 1.6 pl of 5% formic acid and diluted in solvent A (see
below) to a theoretical final concentration of 50 ng/ul. Samples (40 ul) were
separated by nano-HPLC on an Agilent 1200 system equipped with a Zorbax
enrichment column (300SB-C18, 5 ym, 5 x 0.3 mm) and a Zorbax nanocolumn
(300SB-C18, 3.5 pm, 150 x 0.075 mm). The samples were injected and
concentrated on the enrichment column for 6 minutes using 0.1% formic acid as
an isocratic solvent at a flow rate of 20 yl/min. The column was then switched into
the nanoflow circuit, where the sample was loaded for 6 minutes on the
nanocolumn at a flow rate of 300 nl/min and separated using the following
gradient: solvent A: water, 0.3% formic acid; solvent B: acetonitril/water 80/20,
0.3% formic acid; 0-10 minutes: 10% solvent B; 10-120 minutes 10-60% solvent B,
120-122 minutes 60-95% solvent B, 122-130 minutes 95% solvent B, 130-132
minutes 95-10% solvent B, 132-140 minutes re-equilibration at 10% B. The
sample was ionized in the nanospray source equipped with nanospray tips
(PicoTipTM Stock# FS360-75-15-D-20, Coating: 1P-4P, 15+/- 1um Emitter, New
Objective) and analyzed in a LTQ-FT mass spectrometer (Thermo Scientific,
Waltham, US) in positive ion mode by alternating full scan MS (m/z 200 to 2000)
in the ion cyclotron resonance cell and MS/MS by collision-induced dissociation of
the 5 most intense peaks in the ion trap with dynamic exclusion enabled.
LC-MS/MS data were analyzed by searching the human NCBI nonredundant
public database with Spectrum mill Rev. A.03.03.078 (Agilent, Vienna, Austria)
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and Mascot 2.2 (MatrixScience, London, UK). Detailed settings: Enzyme: trypsin,
max. missed cleavage sides: 2, N-terminus: hydrogen, C-terminus: free acid,
search mode: homology search, possible multiple oxidised methionine and
carbamylated lysine, maximum precursor charge 3; precursor mass tolerance +/-
0.05 Da, product mass tolerance +/- 0.7 Da; acceptance parameters were 2 or
more identified peptides after automatic validation (Mascot: p<0.05, FDR < 5 %;
Spectrum Mill: for precursor charge of 2: score threshold is 6.0, %SPI threshold is
60.0, Fwd-Rev score threshold is 2.0 and rank 1-2 score threshold is 2.0, for
precursor charge of 1: score threshold is 6.0, %SPI threshold is 70.0, Fwd-Rev
score threshold is 2.0 and rank 1-2 score threshold is 2.0, for precursor charge of
3: score threshold is 8.0, %SPI threshold is 70.0, Fwd-Rev score threshold is 2.0

and rank 1-2 score threshold is 2.0).

3.12. Statistical analysis

Differences in plasma and HDL parameters between hemodialysis and control
group were analyzed using Mann-Whitney-U-test. Two-way ANOVA was used to
assess for differences in plasma- and HDL parameters between the control group
and four hemodialysis subgroups (with/without diabetes mellitus, with/without lipid
lowering therapy).

Changes in HDL-associated proteins were evaluated from spectral counts (e.g. the
number of MS/MS spectra assigned to a protein) of automatically validated
proteins. The standard deviation of spectral counts was below 10% between
duplicates. The Shapiro—Wilk test (at the level of 10%) was used to assess data
normality. Because proteomic data markedly violate the assumption of normality,
the Mann-Whitney-U-test was used for analysis of differences.

Correlations between HDL mediated [°H]cholesterol efflux, HDL-phospholipids,
HDL-triglycerides, HDL-Lp-PLA2 and proteomic data were determined using
Pearson product—-moment estimates.

Significances were accepted at probability level of *P<0.05 and **P<0.01.

Statistical analyses were performed with PASW Statistics, version 18.
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4. Results:

4.1. Characteristics of study subjects

HDL was isolated from end-stage renal disease patients on maintenance
hemodialysis (n = 27) and healthy subjects (n = 19). The hemodialysis patient
group consisted of both, diabetic and non-diabetic individuals with and without
lipid-lowering therapy. The control subjects showed no sign of renal insufficiency,
were neither hyperlipidemic nor diabetic, and did not receive any lipid-lowering
therapy. The clinical characteristics of the study groups are given in Table IlI-2A.
The hemodialysis group showed significantly elevated plasma concentrations of
creatinine, urea and CRP, whereas plasma hemoglobin was reduced. Plasma
lipids of hemodialysis patients displayed characteristics of renal dyslipidemia, with
significantly increased triglyceride and free-cholesterol levels. Triglyceride/HDL-C
ratios were increased in hemodialysis patients whereas the apoA-l/apoC-lll ratios

were decreased.

Table llI-2A: Clinical characteristics of study subjects

CONTROL HD
n 19 27
mean age (yr) 52.9£12.3 61.91£17.2
male/female 9/11 15/12
statins 0/19 6/27
diabetes mellitus 0/19 10/27
plasma parameter CONTROL HD
creatinine (mg/dL) 0.9 (0.9-1.1) 6.9 (6.3-10.0)**
urea (mg/dL) 28 (25-34) 116 (97-143)**
hemoglobin (mg/dL) 13.8 (13.1-14.1) 11.5 (10.5-12.4)**
CRP (mg/dL) 1 (0-2) 9 (3-19)**

fibrinogen (mg/dL)

total cholesterol (mg/dL)
free cholesterol (mg/dL)
cholesterolester (mg/dL)
triglycerides (mg/dL)
HDL-cholesterol (mg/dL)
LDL-cholesterol (mg/dL)
phospholipids (mg/dL)
free fatty acids (umol/L)
TG / HDL-C ratio

apoA-1 / apoC-lll ratio

307 (235-396)
182 (176-224)
54 (49-62)
101 (99-119)
112 (83-169)
61 (45-72)
109 (87-123)
270 (221-314)
310 (300-440)
2.5(1.3-3.2)
19.5 (16.3-25.7)

490 (411-618)**
164 (126-199)
54 (38-67)
115 (88-134)*
147 (97-202)
43 (37-47)*
87 (62-127)
201 (185-239)*
370 (240-560)
3.4 (2.3-5.0)*
12.8 (8.4-20.3)

Results are given as medians with the inter-quartile range. Significances were accepted at

the level of *0.01 and **0.001 TG, triglycerides; HDL-C, HDL-cholesterol

67



II.CHAPTER: Uremia alter HDL composition and function

In addition, we quantified the major lipid classes of HDL. HDL from hemodialysis
patients had significant lower levels of phospholipid and free cholesterol, whereas

triglycerides and lyso-PC were increased (Table 111-2B)

Table I11-2B: HDL lipid composition

CONTROL HD
total cholesterol (ug/mg protein) 260 (235-295) 228 (181-260)*
triglycerides (ug/mg protein) 37 (23-47) 74 (52-123)**
cholesterylester (ug/mg protein) 196 (175-223) 183 (160-214)
free cholesterol (ug/mg protein) 62 (50-71) 37 (28-56)*
phospholipids (ug/mg protein) 442 (420-482) 297 (235-371)**
lyso-PC (nmol/mg protein) 8.8 (8.2-9.1) 13.5 (11.6-20.9)**

Results are given as medians with the interquartile range. Significances were accepted at
the level of *0.01 and **0.001 (Mann Whitney U test). lyso-PC, lysophosphatidylcholine.

We assessed the impact of diabetes and lipid-lowering therapy on plasma and
HDL parameters. In the hemodialysis patient group, only plasma triglyceride levels
of individuals receiving statin therapy was significantly decreased, all other

parameters were not altered (Table IlI-3A, 3B).

Table IlI-3A: Impact of diabetes and lipid therapy on plasma parameters

HD patients, n=27

plasma parameter on-diabetic diabetic without lipid  lipid lowering
_ _ therapy therapy
n=17 n=10 _ _
n=20 n=7
TC [mg/dL] 1819 + 576 159.7 + 464 178.2 + 556 159.9 + 49.2
FC [mg/dL] 58.2 + 19.6 48.7 + 152 56.5 + 193 49.0 + 153
CE [mg/dL] 123.7 + 411 1110 = 31.7 1217 + 39.2 1109 £ 34.0
TG [mg/dL] 1711 + 100.1 160.0 + 76.7 181.5 + 100.5 128.6 + 36.7*
HDL-C [mg/dL] 456 + 12.6 412 + 11.0 440 = 13.0 434 + 9.6
LDL-C [mg/dL] 102.0 + 447 86.5 + 359 978 + 428 90.7 + 40.3
PL [mg/dL] 219.8 + 493 201.0 £+ 46.9 2211 £ 48.0 189.7 + 443
FFA [mmol/L] 04 + 0.3 0.5 = 01 04 + 0.2 05 = 0.3
apoA-| [mg/dL] 128.0 + 246 1213 + 239 1263 + 247 1229 * 24.2
apoA-l [mg/dL] 271 = 6.7 228 + 64 259 + 74 240 = 5.1
apoB [mg/dL] 89.3 + 27.3 794 + 281 88.1 = 28.1 78.3 £ 26.3
apoC-ll [mg/dL] 47 + 2.7 31 = 24 45 + 28 28 + 1.5
apoC-lll  [mg/dL] 117 + 6.3 90 = 54 117 + 64 7.7 £ 3.5
apoE [mg/dL] 9.0 + 4.8 73 £ 52 86 + 5.2 78 £ 3.6
Ip(a) [mg/dL] 15.6 + 18.9 257 + 134 174 + 19.0 26.2 + 7.5

Data are given as mean + SD. Statistical analysis was performed by two-way ANOVA. *p<0.05; HD
patients without lipid therapy vs. HD patients with lipid therapy. TC, total cholesterol; FC, free
cholesterol; CE, cholesteryl ester; TG, triglycerides; HDL-C, HDL-cholesterol, LDL-C, LDL-
cholesterol; PL, phospholipids; FFA, free fatty acids; lyso-PC, lysophophatidylcholine; Ip(a),
lipoprotein a.
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Table IlI-3B: Impact of diabetes and lipid therapy on HDL lipid parameters

HD patients, n=27

HDL lipid . . . . i ipi ipi i
parameter non-diabetic diabetic w'ttnzl:;;z"d Ilplfh:)rvav:;lng
n=17 n=10 n=20 n=7

TC [mg/dL]  238.8 + 62.8 216.7 + 40.7 2345 = 60.4 2226 + 43.1
FC [mg/dL] 412 £ 187 413 + 142 415 £ 175 404 + 16.2
CE [mg/dL]  197.7 + 46.5 1754 + 30.3 192.0 + 45.8 182.1 = 30.5
TG [mg/dL] 85.5 £ 45.8 912 £ 452 90.2 + 48.1 80.3 + 35.9
PL [mg/dl]  320.7 + 132.6 277.9 + 77.0 315.5 = 1252 2746 + 81.4
lyso-PC  [nmol/mg] 98 + 2.7 99 + 39 9.8 + 3.0 99 + 34

Data are given as mean + SD. Statistical analysis was performed by two-way ANOVA. TC, total
cholesterol; FC, free cholesterol; CE, cholesteryl ester; TG, triglycerides; PL, phospholipids; lyso-
PC, lysophophatidylcholine.

4.2. HDL from HD patients carries a unique protein cargo

Over the past years, proteomic studies have markedly extended the list of HDL-
associated proteins (46-48). We sought to investigate possible alterations in the
HDL proteome of end-stage renal disease patients undergoing regular
hemodialysis. HDL was proteolytically digested, and the resulting peptides were
analyzed by tandem mass spectrometry.

LC-MS/MS analysis identified 35 proteins to be associated with HDL (Table IlI-4A).
As expected, we found that the major protein components of HDL, from the
hemodialysis group and the control group, were apolipoprotein (apo)A-lI and apoA-
II, accounting for about 50% and 10% of all detected peptides, respectively. Most
of the major apolipoproteins (apoA-l, apoA-Il, apoC-lll, apoE, apoC-I, apoD, apoC-
II, apoM) as well as SAA1, SAA4 and albumin were detected in all samples from
hemodialysis patients and controls, whereas antitrypsin, retinol-binding protein 4
(RBP4), transthyretin, apoA-VI and further minor proteins were only detected in
uremic HDL. ApoB was detected in four samples in trace amounts, always
accompanied by apo(a) indicating the presence of lipoprotein(a), whose hydrated
density overlaps with HDL (Table IlI-4A).

Quantification of proteomic data is still a substantial challenge, but many lines of
evidence suggest that spectral counting is a valid tool for assessing overall protein
abundance (165,166). After statistical analysis, we identified 9 proteins to be
significantly altered in hemodialysis patients (p<0.001). Strikingly, we observed on
average a 3 and 8-fold increase in albumin and SAA1 content of uremic HDL,

respectively, making them major HDL-associated proteins (Table Il1I-4A).



Table llI-4: Identification of proteins in HDL isolated from hemodialysis (HD)
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patients or control subjects (control)

(A) HD CONTROL
acci?5|on protein name HDL derived peptides per subject P ratio
178775 apoA-| 331.3 (27/27) 416.2 (19/19) <0.001 0.8
4502149 apoA-Il 60.9 (27/27) 72.3 (19/19) <0.001 0.8
167887493 apoC-lil 46.5 (27/27) 33.5 (19/19) <0.001 14
119588814 SAA1 45.6 (27/27) 5.6 (17/19) <0.001 8.2
10835095 SAA4 449 (27/27) 37.9 (19/19) 0.001 1.2
4557325 apoE 42.9 (27/27) 45.0 (19/19) 0.671 1.0
4502027 albumin 40.8 (27/27) 13.5 (19/19) <0.001 3.0
4502157 apoC-I 254 (27/27) 30.2 (19/19) 0.001 0.8
4502163 apoD 17.2 (27/27) 16.2 (19/19) 0.300 1.1
32130518 apoC-ll 13.9 (27/27) 8.5 (19/19) 0.001 1.6
22091452 apoM 8.0 (27/27) 11.8 (19/19) 0.002 0.7
105990532 apoB 4.0 (4/27) - (0/19) 0.067 -
114062 apo(a) 3.2 (5/27) 0.4 (3/19) 0.778 -
93163358 apoA-IV 29 (27/27) - (0/19) <0.001 -
15080499 antitrypsin 29 (11/27) - (0/19) <0.001 -
18088326 RBP4 2.0 (17/27) - (0/19) <0.001 -
114318993 transthyretin 1.0 (14/27) - (0/19) <0.001 -
6960317 a-2 catenin 1.0 (14/27) 0.6 (3/19) 0.002 -
298532 paraoxonase 1 0.8 (8/27) 0.4 (3/19) 0.329 -
34364645 Ig alpha 0.7 (5/27) - (0/19) 0.067 -
45643462 GIP 12 0.3 (1/27) - (0119) - -
4557894 lysozyme 0.3 (1/27) - (0119) - -
194386720 KIAA0590 0.3 (4/27) - (0/19) - -
7020972 PHIP 0.3 (7/27) - (0/19) - -
4503107 cystatin C 0.3 (5/27) - (0/19) - -
194386720 unknown protein 0.3 (4/27) - (0/19) - -
4505733 unknown protein 0.3 (7127) - (0/19) - -
146424184 apoC-1V 0.2 (5/27) - (0/19) - -
179665  complement C3 0.1 (1/27) - (0/19) - -
4885179 defensin alpha 3 0.1 (1/27) - (0/19) - -
119579599  haptoglobin 0.1 (1/27) - (0119) - -
181482 Vit.D-BP 0.1 (2/27) - (0119) - -
4507261 statherin 0.1 (1/27) - (0119) - -
4505733 platelet factor 4 - (0/27) 0.6 (8/19) - -
148745121 apoL-| - (0/27) 0.2 (1/19) - -
Mean total_peptidesl 698 + 61 693 + 79
subject
(B)
Lp-PLA2 mass 2.70+1.3 1.00 £ 0.8 <0.001

(densitometry units)

(A) HDL was isolated from 27 HD patients and 19 control subjects by one-step-ultracentrifugation.
The HDL proteome was analyzed on a LC-MS/MS system. The data were analyzed by searching
the human NCBI nonredundant public database with Spectrum mill Rev. A.03.03.078 (Agilent) and
Mascot 2.2 (MatrixScience). Values shown represent the mean peptide count per analyzed subject
with the corresponding number of patients where the protein was identified. Statistical
significances were calculated with the Mann-Whitney U-test. (B) Lp-PLA2 mass associated with
HDL was determined by western blot and densitometric quantification. The Lp-PLA2 activity was
determined using 2-thio PAF as substrate. Activity is shown as nmols hydrolysed 2-thio PAF per
min per mg HDL protein. RBP4, retinol-binding protein 4; GIP12 growth-inhibiting protein 12; Vit.D-
BP, Vitamin D-binding protein; PHIP, PH interacting protein.
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We were not able to assess the content of lipoprotein-associated phospholipase
A2 (Lp-PLA2) (alternatively named platelet-activating factor acetylhydrolase or
PAF-AH) with LC-MS/MS. Lp-PLA2 is an important phospholipase that has been
recently associated with an enhanced risk of coronary artery disease, stroke, and
mortality (138). Therefore, we performed immunoblot analysis, revealing a 2.8-fold
increased Lp-PLA2 content in uremic HDL (Table 111-4B).

To validate the proteomic results, further immunoblot analysis was performed
choosing significantly enriched proteins (Table IlI-4A). Protein enrichment could be
confirmed by appearance of specific bands at 67 kDa for albumin, 48 kDa for Lp-
PLA2, 47 kDa for antitrypsin, 45 kDa for apoA-VI, 23 kDa for RBP4, 16 kDa for
transthyretin and 14 kDa for SAA1 on uremic HDL (Figure IlI-1). The immunoblot
reflected a similar enrichment for the respective proteins as observed by LC-
MS/MS analysis (Table IlI-4A). In contrast to the LC-MS/MS analysis, immunoblot
analysis was more sensitive and detected even small amounts of antitrypsin,
transthyretin and apoA-IV on control HDL. Interestingly, RBP4 was only detected

in uremic HDL, indicating a specific enrichment.

control HD

kDa
albumin [we - . b.l 67
Lp-PLA2 [ B -W“..—m

anti-
trypsin -47

apoA-IV [*== ﬁm- -45

apoA-l [ ——— e e i | _ 28
RBP4 > = —|_23

TTR ™ . T

SAA1 | P..-_M

Figure Ill-1: Immunoblot detection of HDL-associated proteins. To confirm the results obtained
by LC-MS/MS, HDL isolated from hemodialysis (HD) patients and control subjects were subjected
to immunoblot analysis. HDL-associated proteins were separated by SDS-Page, transferred to
PDVF membranes and probed using specific antibodies. Molecular weights are indicated on the
right.
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Chronic kidney disease is associated with an inflammatory response caused by
the dialysis procedure, increased oxidative stress and dyslipidemia (167). The
hemodialysis group exhibited a significant increase in the plasma inflammatory
markers CRP and fibrinogen (Table 1ll-2). As expected, the HDL-associated acute-
phase protein SAA1 correlated with the plasma concentration of CRP and
fibrinogen in hemodialysis patients (Table I1I-5). Interestingly, HDL-associated
albumin did not correlate with plasma CRP or fibrinogen levels and did not
correlate with HDL-associated SAA1 or plasma levels of albumin in hemodialysis
patients (Table 1lI-5). Moreover, apoC-Illl accumulation in HDL showed no
correlation with HDL-associated albumin or SAA1 (Table 1lI-6), but correlated with
plasma apoC-lll (not shown) and creatinine (Table IlI-6). Therefore, our data
indicate different underlying mechanisms resulting in the enrichment of HDL with
albumin, apoC-IIl or SAA1.

Table IlI-5: Correlations of HDL-associated proteins with plasma parameters of
HD patients

HDL HDL HDL HDL

albumin SAA1 apoCll Lp-PLA2 CREA FIBRIN ~ CRP

HDL - albumin 1 -043  -.181 -,005 -180  -038  -.125
HDL - SAA1 -.043 1 -.463 ,074 -.101 673"  .864"
HDL - apoC-lli -.181 -.463 1 -,189 5107 -222 -.406
HDL - Lp-PLA2  -.005 074 -.189 1 -470  -088  -.043
creatinine -180  -.101 5107 -470 1 -.305 -.131
fibrinogen -.038 6737  -222 -,088  -.305 1 640"
CRP -125 864" -.406 043 -.131 640" 1

Shown are Pearson’s correlation coefficients (n = 27). Significances were accepted at the level of
**p<0.01. CREA, creatinine; FIBRIN, fibrinogen.

However, further data analysis revealed a strong positive correlation between
HDL-associated albumin and apoA-VI, antitrypsin, and RBP4 (Table IlI-6). In line
with this observation, a recent study observed that plasma albumin binds several
plasma proteins including apoA-VI, antitrypsin and RBP4 (168) raising the
possibility that albumin carries proteins onto HDL.
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Table Ill-6: Correlation of HDL-associated proteins

albumin  SAA1 apoC-lii
antitrypsin 0.626** 0.214 0.025
apoA-IvV 0.773** 0.175 0.309
RBP4 0.791** 0.249 0.158
transthyretin 0.626** 0.192 0.133

Presented are Pearson’s correlation coefficients (n = 46).
Significances were accepted at the level of **P<0.01.

4.3. Cholesterol acceptor capability of uremic HDL is decreased

Cholesterol efflux capacity from macrophages has a strong inverse association
with the likelihood of coronary artery disease, independently of the HDL
cholesterol level (41). We observed that the capability of uremic HDL to promote
cholesterol efflux from lipid-laden macrophages was significantly reduced at 2
hours (Figure IlI-2A) and after longtime exposure of 20 hours (Figure 11I-2B) in
comparison to control HDL. Importantly, neither diabetes nor lipid-lowering therapy
significantly altered cholesterol acceptor capacity (Figure IlI-2G, H) or proteomic

composition of uremic HDL (Table 1lI-7).
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Figure 1lI-2: HDL from hemodialysis patients possess decreased cholesterol efflux
potentials. HDL from 27 hemodialysis patients (HD) and 19 control subjects (control) were
examined for their ability efflux cholesterol. (A) HDL-mediated efflux (50 ug/ml) of [ H]cholesterol
from TO-901317 stimulated, lipid-loaded RAW264.7 macrophages for 2 hours (A) or 20 hours (B)
at 37°C. Cholesterol efflux is expressed as the radioactivity in the medium relative to total
radioactivity in medium and cells. Values shown represent means of three individual experiments
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performed in duplicates. (C) To determine SR-Bl mediated efflux, SR-BI expressing CHO cells
were labeled with [3H]-cholesterol and cholesterol efflux was determined in response to 100 pg/mi
HDL for 2 hours at 37°C. Values shown represent means of two individual experiments performed
in triplicate. (D) RAW264.7 macrophages were labeled with [3H]-cholesterol and stimulated with 0.3
mmol/L cAMP. ABCA1 was inhibited with 20 pmol/L probucol to determine ABCA1-specific efflux -
in response to 20 ug/ml HDL for 3 hours - by subtracting [3H]cholesterol efflux in presence of
probucol from [3H]cholesterol efflux in absence of probucol. (E) The induction of ABCA1 expression
by 0.3 mmol/L cAMP in RAW264.7 cells was confirmed by a high increase in [*H]cholesterol efflux
to lipid-free apoA-I for 3 hours at 37°C. Specific efflux was again calculated by subtracting efflux in
presence of probucol form efflux in absence of probucol. (F) To assess net cholesterol flux,
RAW264.7 macrophages were enriched in cholesterol by incubation with aggregated LDL (200
pg/ml) for 48 hours.. Cellular cholesterol flux was initiated by exposure of cells to serum free media
with or without 100 pg/ml HDL from HD patients or control subjects for 14 hours. Afterwards cellular
lipids were extracted and total cholesterol mass per mg cell protein determined. For ABCA1-
specific efflux (D) and net cholesterol flux (F), pooled fractions of HDL from HD patients and
controls were analyzed in triplicate in two independent experiments. The impact of (G) diabetes or
(H) lipid-lowering therapy on the capacity of HDL from HD patients (n = 27) to promote cholesterol
efflux was analyzed. Cholesterol efflux measure of (A) were used for comparision. No difference
was observed for HD patients with diabetes or without, as well no difference was observed for HD
patients with or without lipid lowering therapy. Statistical analysis was performed by Student’s t-test
for 2 groups and with ANOVA more than 2 groups. Significances were accepted at the level of
*p<0.05, **p<0.01, ***p<0.001

Table IlI-7: Impact of diabetes and lipid lowering therapy on the HDL proteome of
HD patients (n=27)

non-diabetic diabetic without lipid lipid lowering

n=17 n=10 t:e;az%y thne;agy
apoA-| 4729 = 7.71 47.89 + 755 47.68 £ 8.03 47.04 £ 6.32
apoA-| 8.84 + 117 852 + 061 872 + 113 872 % 0.52
apoC-Ill 677 + 135 649 * 097 6.62 £ 129 6.79 £ 1.02
SAAT 664 + 629 613 + 570 6.66 £ 650 5.87 % 5.80
SAA4 636 £ 1.00 6.52 + 1.07 6.22 + 089 7.00 + 1.18
apoE 622 + 233 572 + 200 576 + 226 6.82 % 1.86
albumin 610 £ 430 507 + 398 595 + 464 506 + 2.31
apoC-| 3.87 £ 085 3.23 + 059 370 £ 089 3.45 % 0.54
apoD 249 + 047 243 * 052 243 + 042 257 + 065
apoC-Ii 200 £+ 073 1.92 + 0.80 197 + 071 1.94 % 0.87
apoM 137 £ 028 074 + 046* 121 + 058 0.94 % 061
apoA-IV 042 + 028 0.41 + 039 042 + 034 038 % 0.24
antitrypsin 045 + 038 033 + 025 041 * 039 037 £ 035
RBP4 030 £ 030 023 £ 021 030 £ 025 0.22 % 0.20
transthyretin 016 £ 015 042 * 011 047 + 015 0.07 £ 0.12
a-2 catenin 014 + 017 043 £ 016  0.16 £ 016  0.08 % 0.15
paraoxonase 1 0.07 £ 013 0419 * 030  0.09 * 0.16  0.18 + 0.31
Ig alpha 004 + 010 023 + 061 0.4 + 044  0.02 % 0.06

Data shown represent the mean peptide count per subject £+ SD. Statistical analysis was
performed by two-way ANOVA. *p<0.05; diabetic vs. non-diabetic
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Cholesterol efflux is predominantly mediated by SR-BlI and ABCA1 in human
monocyte-derived macrophages (169).

Therefore, we investigated whether SR-Bl and/or ABCA1 mediated cholesterol
efflux to uremic HDL is impaired. For that purpose, we used SR-BI overexpressing
CHO cells and cAMP stimulated macrophages to specifically up-regulate ABCA1.
The induction of ABCA1 was confirmed by cholesterol efflux studies with lipid-free
apoA-l (Figure llI-2E). The difference in efflux between control and SR-BI -
overexpressing cells was taken as a measure of SR-Bl-mediated efflux. ABCA1-
specific efflux was determined by subtracting cholesterol efflux in presence of
probucol (ABCA1 inhibitor) from efflux in absence of the inhibitor. We observed
that SR-BI mediated cholesterol efflux to uremic HDL was significantly reduced
compared with control HDL (Figure 111-2C), but ABCA1 induced efflux to uremic
and control HDL did not differ significantly (Figure 111-2D).

Cholesterol efflux is bi-directional and measurement of cholesterol efflux alone
does not indicate net cholesterol flux from cells. Therefore, we measured the
cholesterol content of lipid-laden macrophages after a 20 hour exposure to control
and uremic HDL. We observed that control HDL reduced intracellular cholesterol
about ~20%, whereas uremic HDL was significantly less potent in mediating net

cholesterol flux (Figure IlI-2F).

4.4. SAA1, albumin, apoC-lll and triglyceride content of HDL correlate

with impaired cholesterol efflux potential

Prompted by the observation that the cholesterol efflux capability of uremic HDL
was significantly reduced, we assessed whether the relative concentration of
major proteins and lipids in uremic HDL correlates with the impaired ability to efflux
cholesterol.

As expected, a strong positive correlation of HDL-associated apoA-l, apoA-li
(Figure I1I-3A) and phospholipids (Figure 111-3C) with the cholesterol efflux potential
of uremic and control HDL was observed. Notably, apoA-I and apoA-Il are also
positively correlated with the phospholipid content of HDL, which is in agreement
with the high phospholipid binding capability of apoA-I/A-Il (Figure l1lI-4). In
contrast, the HDL proteins SAA1, albumin, apoC-Ill (Figure 11I-3B) and the HDL
triglyceride content (Figure 111-3C) negatively correlated with the cholesterol efflux
capability of HDL.
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Figure IlI-3: Determinants of cholesterol efflux potential of HDL. To determine factors
influencing HDL cholesterol efflux potential, the proteomic data were correlated with the [3H]—
cholesterol-efflux capability (see Figure llI-2A) of HDL preparations from HD patients and controls.
(A) Positive correlation of apoA-I and apoA-Il with [*H]-cholesterol-efflux. (B) Negative correlation of
HDL-SAA1, HDL-albumin and HDL-apoC-lll with [*H]-cholesterol-efflux. (C) Correlations of
phospholipid and triglyceride content of HDL with the [3H]-cholesterol-efflux. The Pearson’s
correlation coefficients are noted for each plot; **p<0.01
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Figure IlI-4: HDL-phospholipid content correlates with its apoA-l and apoA-ll content. The
Pearson’s correlation coefficient is noted; **p<0.017.
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4.5. SAA1, albumin and apoC-lll replace apolipoproteins A-l and A-ll

It is well known that in the circulation SAA associates with HDL particles, causing
HDL remodeling with displacement of apo-A-l (170-172). To gain further insight
into the relationship between protein composition and cholesterol efflux potential of
HDL, we performed a detailed correlation analysis. An inverse correlation of HDL-
associated apoproteins A-l and A-ll with SAA1 was observed (Figure IlI-5A).
Interestingly, also albumin and apoC-Ill inversely correlated with apoA-l and apoA-
Il content of HDL (Figure 111-5B, C).

60 60 e
S £
3 2 3
[0} [0} )
bl bl 2
5 404 5 40; >
8_ 8 o ® .
< T 8
° ° e
S 20 apoA-ll kol 204 apoA-l S 201 apoA-ll
. Sl L Sl R e VRS
b [e] 9] 2 o®
O ————————————— 0L ; : ; . 0 . . . .
0 5 10 15 20 25 30 0 5 10 15 20 4 6 8 10
HDL- SAA1 HDL- albumin HDL- apoC-lil
% of total peptide sum % of total peptide sum % of total peptide sum

Figure IlI-5: SAA1, albumin and apoC-lll replace the HDL proteins apoA-l and apoA-Il. ApoA-I
and apoA-ll content of HDL from patients and controls was correlated with (A) HDL-SAA1, (B)
HDL-albumin and (C) HDL-apoC-lll content. The Pearson’s correlation coefficients are noted for
each plot; **p<0.01; *p<0.05

4.6. ApoC-lll is linked to a high triglyceride content whereas Lp-PLA2
negatively correlates with HDL-associated phospholipids

Changes in the lipid composition of HDL directly influence the ability of the
lipoprotein to bind and retain cholesterol (45,173). Cholesterol efflux was shown to
be directly proportional to the amount of phospholipids in reconstituted HDL
particles (173). In line with these observations, we found a strong correlation
between the phospholipid content of HDL and its cholesterol efflux capability
(Figure 111-3C). We next assessed whether the Lp-PLAZ2 content of HDL correlates
with the phospholipid content of HDL. HDL Lp-PLA2 mass showed a negative
correlation with HDL phospholipids (Figure [lI-6A) and cholesterol efflux capability
(Figure 1lI-6B). Quantification of HDL-associated Lp-PLAZ2 activity revealed a
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strong correlation with HDL-Lp-PLA2 mass (Figure 1lI-6C). We also measured
lyso-phospholipid content of HDL and observed that Lp-PLAZ2 activity significantly
indicating that Lp-PLA2
hydrolyses phospholipids in HDL (Figure 111-6D). The levels of apoC-Ill, a known

correlates with lyso-phospholipid content of HDL,
inhibitor of lipoprotein lipase and an important regulator of triglyceride metabolism
(174) were reported to be altered in renal disease (175). In good agreement, we
observed an increased apoC-lll and triglyceride content in uremic HDL (Table llI-
2) correlating with each other (Figure IlI-6E). Therefore, the known risk factors

apoC-lll and Lp-PLA2 may be directly involved in rendering HDL dysfunctional.
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Figure 11I-6: Lp-PLA2 content of HDL negatively correlates with HDL-phospholipids and
cholesterol efflux capability. (A) Negative correlation between the HDL — Lp-PLA2 mass and
HDL-phospholipids. (B) Negative correlation between HDL-Lp-PLA2 mass and HDL mediated [3H]-
cholesterol-efflux capability. (C) Strong positive correlation between HDL-Lp-PLA2 mass and HDL-
Lp-PLAZ2 activity. (D) Positive correlation of HDL-Lp-PLAZ2 activity and lyso-PC content of HDL. (E)
Positive correlation of HDL-apoC-IIl with HDL-triglycerides. The Pearson’s correlation coefficients
are noted for each plot; *p<0.05, **p<0.01.
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4.7. Loss of HDL associated phospholipids impair cholesterol efflux

capacity

Next, we tested whether reducing phospholipids to levels observed in uremic HDL
reduce cholesterol efflux capacity. Phospholipase treatment effectively reduced
the phospholipid content of HDL (Figure 1l1I-7A) paralleled by an increased lyso-
phospholipid content (Figure 11I-7B). To assess the impact of lyso-phospholipid on
cholesterol efflux capacity, control HDL was enriched with lyso-phospholipid
(Figure 1lI-7C). Importantly, phospholipase mediated hydrolysis of phospholipids
reduced cholesterol efflux capacity whereas lyso-phospholipid enrichment did not

(Figure IlI-7C).
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Figure llI-7: PLA2 induced reduction of HDL-mediated cholesterol efflux is caused by
reduced phospholipids. Native HDL, PLA2 treated HDL, and lyso-PC- enrlched HDL were
analyzed for their (A) phospholipid content, (B) lyso-PC content and (C) [H] -cholesterol efflux
capability. Statistical analysis was performed by ANOVA. Significances were accepted at the level
of *p<0.05, **p<0.01, ***p<0.001

The current study provides evidence that HDL of patients suffering from renal
disease carries a unique proteome and lipid composition linked to an impaired
cholesterol efflux capacity (Figure IlI-8). Our findings raise the possibility that
dysfunctional HDL contributes to accelerated atherosclerosis in end-stage renal
patients. We applied LC-MS/MS and immunoblot technique, lipid analysis to
determine alterations of the HDL proteome and lipid composition in end stage
renal disease patients on regular hemodialysis. Several proteins, including high-
abundant proteins like SAA1, albumin, apoC-lll and low-abundant proteins like
antitrypsin, apoA-VI, RBP4, transthyretin and Lp-PLA2 were identified to be
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significantly enriched in uremic HDL (Table IlI-2). The SAA1 and albumin content
of uremic HDL was 8- and 3 fold increased, making them major HDL-associated
proteins. Notably, SAA1 accumulation correlated with the plasma inflammatory
markers CRP and fibrinogen whereas albumin, apoC-lll and Lp-PLA2 did not
(Table 11I-5). Moreover, HDL associated apoC-lll significantly correlated with
plasma creatinine, but not SAA1, albumin or Lp-PLA2 suggesting that different
mechanisms mediate their association to HDL (Table I11-5). However, further data
analysis revealed a strong positive correlation between HDL-associated albumin
and apoA-VI, antitrypsin, transthyretin and RBP4 (Table 11l-6). These data indicate
that similar mechanisms trigger HDL enrichment with these proteins or that
albumin itself carries proteins onto HDL. In line with that finding, a recent study
observed that plasma albumin binds several plasma proteins including apoA-VI,
antitrypsin and RBP4 (168).

chronic kidney diseases

dialysis

control R Uremic
H DL antitrypsin H DL

A

Figure 1lI-8: Schematic illustration of HDL remodeling in uremic patients. HDL from uremic
hemodialysis patient’'s exhibit significant changes in proteome and lipid composition linked to
impaired cholesterol acceptor capability. Proteomic analysis revealed increased levels of SAA1,
albumin, apoC-lll as well as increased levels of the low-abundant HDL-associated proteins apoA-
IV, RBP4, transthyretin (TTR), antitrypsin and Lp-PLAZ2 in uremic HDL. These proteomic alterations
were accompanied by the loss of apoA-lI and apoA-ll. In addition, uremia and dialysis lead to
profound alterations in HDL-lipid composition reflected as a decrease in phospholipids (PL) and
free cholesterol (FC) and in an increase in triglyceride (TG) and lyso-PC (LPC) content
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5. Discussion:

A major finding of the present study is that the enrichment of HDL with SAA1,
albumin, apoC-Illl and Lp-PLA2 correlated with altered metabolic properties of
HDL. We observed that the reduced cellular cholesterol efflux capability of uremic
HDL is linked to a depletion of HDL-associated apoA-I, apoA-Il and phopholipids
(Figure 111-3), all factors known to increase cholesterol acceptor capability of HDL
(45). The shedding of predominantly apoA-I is not surprising as apoA-I is the least
lipophilic of the HDL apolipoproteins. Our data indicate that in addition to SAA1,
which is known to displace apoA-l from HDL (171,172), albumin and apoC-Ill are
capable to replace apolipoproteins on HDL. The substitution of apoA-I and apoA-Il
negatively correlated with the phospholipid content of HDL, in agreement with the
high phospholipid binding capacity of apoA-lI and apoA-Il. We conclude that the
reduced phospholipid content of uremic HDL mainly contributes to the low
cholesterol efflux capacity, since phospholipase treatment of control HDL
(resulting in a HDL-phospholipid content similar to uremic HDL) decreased efflux
capacity to about the same extend as observed with uremic HDL (Figure 1lI-7). In
line with our observation, it was recently demonstrated that alterations in
phospholipid content, and not the presence of SAA in human HDL, impaired the
ability of acute phase HDL to promote cholesterol efflux (176). In plasma, HDL
undergoes a series of changes that are mediated by CETP and PLTP. CETP
mediates the exchange of HDL associated cholesteryl esters with triglycerides
from apoB-containing lipoproteins, while PLTP transfers phospholipids and free
cholesterol from triglyceride rich lipoproteins to HDL. However, most studies have
shown no significant change in plasma CETP or PLTP concentrations or activities
in patients with end-stage renal disease on hemodialysis (159), ruling out a major
impact of these enzymes on lipid alterations observed in uremic HDL.

A recent study demonstrated that chronic kidney disease patients of stages 3 and
4 are characterized by an increase in plasma Lp-PLA2 activity (177). A novel
finding in our present study was that Lp-PLA2, a novel risk factor that is involved in
the development of atherosclerosis, was 2.8-fold increased in uremic HDL (Table
[lI-4B). Interestingly, Lp-PLA2 content of HDL negatively correlated with
phospholipid levels of HDL, indicating that Lp-PLA2 might hydrolyze (oxidized)
phospholipids in HDL (Figure 11I-6A). In line with that observation, we found that
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HDL associated Lp-PLA2 activity and lyso-PC content significantly correlated with
HDL associated Lp-PLA2 mass (Figure IlI-6C, D). In the circulation, Lp-PLA2
normally resides on LDL, but about 20% is associated with HDL (178). It has to be
noted that HDL isolation methods based on prolonged ultracentrifugation may
result in the dissociation and re-distribution of Lp-PLA2 among lipoproteins. In
particular, Lp-PLA2 associated with small dense LDL appears to shift by
ultracentrifugation (179). We isolated HDL in a one step rapid ultracentrifugation
protocol and did not detect apoB-100 (major apolipoprotein of LDL) (Table IlI-4A).
Therefore, we can exclude a major contribution of small, dense LDL associated
Lp-PLAZ2 in our HDL fraction. A recent meta-analysis reported that Lp-PLA2 levels
are positively correlated with an increased risk of developing coronary heart
disease and stroke (138) and therefore therapies targeting Lp-PLAZ2 in plasma and
atherosclerotic plaque are now being developed. The observed increased content
of Lp-PLA2 in uremic HDL raises the possibility that HDL-associated Lp-PLA2
might also contribute to increased atherosclerosis in renal patients.

A further notable finding in the current study was that increased apoC-Ill content of
uremic HDL was coupled to an increased content of HDL associated triglycerides
(Figure IlI-6E), which correlated with plasma creatinine levels. This indicates that
apoC-lll metabolism is altered in renal disease. Most importantly, both HDL
associated apoC-lll and triglyceride content correlated negatively with cholesterol
efflux potential of HDL. ApoC-Ill is a small apolipoprotein that is synthesized
mainly in the liver and circulates in plasma in association with apoB containing
lipoproteins and HDL. ApoC-III inhibits lipoprotein lipase and hepatic lipase and is
thought to inhibit hepatic uptake of triglyceride-rich particles as well (180). In case-
control studies, plasma concentrations of apoC-Ill containing lipoproteins were
reported to be strong independent risk factors for cardiovascular disease (181).
Moreover, recent experimental studies have also shown that apoC-Illl may be a
crucial link between renal dyslipidemia and increased atherosclerosis (182).
Recent advances in proteomic analysis due to use of high-throughput and high-
content analysis has paved the way for clinical proteomics. The proteomic
alterations in uremic HDL identified in our present study could therefore provide
the basis for the assessment of (i) HDL functionality and (ii) identify humans at
increased risk of cardiovascular disease. In summary, we here report that renal

disease impairs the cholesterol acceptor potential of HDL. The functional
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impairment is linked to a unique protein cargo in uremic HDL accompanied by a

decreased phospholipid and increased triglyceride content (Figure 11-8).
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