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Chapter 2

ABSTRACT

In persons with dyslipidemia, a high residual risk of cardiovascular disease remains despite lipid
lowering therapy. Current cardiovascular risk prediction mainly focuses on LDL-C levels, neglecting
other contributing risk factors. Moreover, the efficacy of LDL-C lowering by statins resulting in
reduced cardiovascularriskis only partially effective. Secondly, from a metrological viewpoint LDL-C
falls short as a reliable measurand. Both direct and calculated LDL-C tests produce inaccurate test
results at the low end under aggressive lipid lowering therapy. As LDL-C tests underperform both
clinically and metrologically, there is an urging need for molecularly defined biomarkers. Over the
years, apolipoproteins have emerged as promising biomarkers in the context of cardiovascular
disease as they are the functional workhorses in lipid metabolism. Among these, apolipoprotein
B (ApoB), present on all atherogenic lipoprotein particles, has demonstrated to clinically
outperform LDL-C. Other apolipoproteins, such as Apo(a) - the characteristic apolipoprotein of
the emerging risk factor lipoprotein(a) -, and ApoC-Iil - an inhibitor of triglyceride-rich lipoprotein
clearance -, have attracted attention as well. To support personalized medicine, we need to move
to molecularly defined risk markers, like the apolipoproteins. Molecularly defined diagnosis and
molecularly targeted therapy require molecularly measured biomarkers. This review provides a
summary of the scientific validity and (patho)physiological role of nine serum apolipoproteins,
Apo(a), ApoB, ApoC-I, ApoC-Il, ApoC-lll, ApoE and its phenotypes, ApoA-I, ApoA-ll, and ApoA-
IV, in lipid metabolism, their association with cardiovascular disease, and their potential as

cardiovascular risk markers when measured in a multiplex apolipoprotein panel.
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INTRODUCTION

CVDisaleading cause of death worldwide and is associated with significant morbidity and mortality.
In primary prevention the 10-year cardiovascular risk prediction model SCORE2 is applied which
includes the following variables: non-high-density lipoprotein cholesterol (non-HDL-C), systolic
blood pressure, sex, age, smoking status and geographical risk.* In secondary prevention patient
management primarily relies on the conventional lipid panel, encompassing HDL-C, triglycerides,
TC, and calculated LDL-C. If an individual is scored at high risk in primary or secondary prevention,
the standard procedure is therapy with statins, which serve as the pharmaceutical cornerstone of
cardiovascular therapy. Even if highly stringent LDL-C treatment target levels are met with statins,
a substantial absolute risk of 70% of major adverse cardiovascular events (MACE) remains.? This
“forgotten majority”, reflected by the substantial residual cardiovascular risk group beyond state-

of-the-art treatment, has to be addressed!

The tests don’t work

Diagnosis and patient management to suppress residual cardiovascular risk assessment should
be improved. Both direct and indirect tests of HDL-C and LDL-C are inherently flawed. As far
back as 2010, Miller et al. assessed seven distinct direct tests to quantify HDL-C and LDL-C.?
While most of these tests performed adequately when applied to normolipidemic samples from
healthy individuals, they proved inadequate for individuals with abnormal lipid levels. This lack
of specificity towards an atypical lipoprotein profile caused all seven tests to fail their analytical
performance criteria. Under aggressive lipid lowering and in case of hypertriglyceridemia the
measurement uncertainty of LDL-C tests at the low end is huge, making conventional LDL-C tests
no longer fit for on-treatment monitoring of patients. Unfortunately, clinicians are not sufficiently
aware about these test limitations and just treat the numb. Instead of a meaningful test result that
is measured accurately, based on a well-defined measurand. Therefore, a paradigm shift towards
molecularly defined measurands and targeted therapies is required as we need to understand
what we are measuring to refine diagnoses and target therapies.* Only then we contribute to

precision diagnostics, taking into account the patient’s phenotype and interindividual variation.

Besides flawed tests for traditional lipids, emerging risk factors such as Lp(a) have challenged
analytical test development and performances. Lp(a) has emerged as a strong independent
predictor of ASCVD and aortic valve stenosis.® Despite the 2022 EAS consensus statement
recommending forimproved patient’s risk classification its measurement at least once in a lifetime,
Lp(a) is not yet routinely measured in clinical practice.® The standardization of immunoassay-
based Lp(a) tests is challenging because of the heterogeneity of the Apo(a) molecules both in

patient specimens and in kit calibrators used.®®
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The drugs don’t work

Primary and secondary CVD prevention is focused on LDL-C lowering with statins as a first hit,
which is further expanded with other therapeutic agents such as ezetimibe, proprotein convertase
subtilisin/kexin type 9 (PCSK9) inhibitors alirocumab and evolocumab, or small interfering
RNA (siRNA) inclisiran. These therapies only target one risk factor (LDL-C), while other lipid
abnormalities, such as elevated Lp(a) levels, accumulation of remnant VLDL and/or chylomicron
(CM) particles, increased levels of dysfunctional HDL, or familial dysbetalipoproteinemia, are

neglected and therefore remain untreated.

Statins are widely prescribed as cardiovascular therapy, as recommended by large randomized
controlled trials (RCTs). However, their clinical efficacy in terms of cardiovascular event prevention,

side-effects, adherence, and toxicity are also questionable.**

RCTs have a tendency to selectively include specific patient groups, introducing a selection bias
that masks the true effectiveness of the novel therapeutic agent under study. Multiple examples
of this phenomenon can be given. For example, Diamond and Ravnskov described that within
the British Heart Protection Study, 26% of the participants allocated to simvastatin therapy were
excluded during the run-in period, likely because of adverse events or lack of effects. Obviously,
this introduces a serious bias.?’ If an RCT fails to demonstrate the efficacy of a therapeutic agent in
alarge group of subjects, subsequent post-hoc analyses on subgroups are performed to eventually
find a selection of patients that may benefit from the novel therapy.’® In addition, the results of
many RCTs are reported as relative risk reduction in percentages between the study group and
placebo group, which gives the impression of a substantial risk reduction. However, the absolute
risk reduction may be marginal, typically around 1-2% for most cardiovascular RCTs.*® Moreover,
current treatment targets are based on the perfect average patient archetype; a Caucasian male
between 40 and 60 years old and with only one health condition, while we are all aware that
this average patient is not representative for the whole group of patients.!! This approach is
outdated and unjustifiable. As health care professionals, we must strive for a more tailored and

personalized approach.

Over the years new therapies directly targeting molecularly defined biomarkers such as Apo(a),
ApoC-Ill and ApoB have gradually made their way to the market or are currently in the process
of being developed.'?* If the intention is to molecularly target these risk factors, then we must
molecularly measure these factors as well. This involves medical tests that comply to both
analytical performance and clinical performance criteria. We need to move towards molecularly

defined health and disease criteria.
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Apolipoproteins are the future!

Apolipoproteins are key components of lipoprotein particles, which play a crucial role in lipid
transport and metabolism.* Apolipoproteins are more and more recognized as important biomarkers
for CVD risk assessment and disease management. In particular, apolipoprotein B (ApoB) has
been identified as a strong independent predictor of CVD risk, with several studies demonstrating
its superiority over traditional lipids such as LDL-C, and non-HDL-C.}*® Additionally, Apo(a), a
characteristic apolipoprotein of Lp(a), attracted attention as well.> With the advent of precision
medicine, there is a growing need for accurate and reliable biomarkers that support risk assessment
and guide personalized treatment strategies. In this context, apolipoproteins have emerged as
promising candidates for precision diagnostics, offering new opportunities for improved CVD risk
management. We believe that the following apolipoproteins are most promising in cardiovascular
risk management: Apo(a), ApoB, ApoC-l, ApoC-ll, ApoC-lll, ApoE, ApoA-l, ApoA-Ill, and ApoA-1V,
including ApoE phenotype. Table 1 lists these apolipoproteins, the lipoproteins they reside on,
whether they are exchangeable or not between these lipoproteins, and the major site of synthesis.
Table 2 lists the receptors, enzymes and transporter proteins that interact with the apolipoproteins as
part of the lipid metabolism. In this review we summarize the rationale for selecting the chosen nine
apolipoproteins (apolipoprotein panel, or apo-panel) on lipid metabolism and their association with
CVD. Awaiting the outcome of the apolipoprotein profiling performed in the ODYSSEY OUTCOMES
trial regarding clinical effectiveness, relevant test indications will be deduced for this apolipoprotein

panel as well as its test role in the clinical care pathway for cardiovascular precision medicine.

Table 1: Characteristics of apolipoproteins across the lipoprotein classes

Apo Lipoproteins Exchangeable? Site of synthesis

ApoB-100 VLDL, IDL, LDL, Lp(a) No Liver

ApoB-48 CM, CM remnants No Intestine

Apo(a) Lp(a) No Liver

ApoA-| HDL, CM Yes Liver, intestine

ApoA-Il HDL, CM Yes Liver, intestine

ApoA-IV HDL, CM Yes Intestine

ApoC-I CM, VLDL, IDL, and HDL Yes Liver

ApoC-lI CM, VLDL, IDL, and HDL Yes Liver, intestine, macrophages
ApoC-llI CM, VLDL, IDL, and HDL Yes Liver

ApoE CM, CM remnants, VLDL, IDL, HDL Yes Liver, intestine, macrophages, brain
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Table 2: Receptors, enzymes and transporter proteins and their interaction either (+) activated or (-)
inhibited by apolipoproteins in lipid metabolism

Involved particle Essential apo Ref
Receptor
LDLR LDL ApoB-100 ©
VLDL, IDL ApoE 0
ApoB-100 lesser degree than ApoE
CcM ApoE 0
Remnants ApoE 0
ApoB-100 lesser degree than ApoE
VLDLR VLDL, IDL ApoE 0
™M ApoE B
Remnants ApoE 0
LRP1 VLDL, IDL ApoE =
Remnants ApoE 0
CcM ApoE 0
SR-B1 HDL ApoA-| 22
Free ApoE
Enzyme
HL VLDL, IDL ApoE (+) 2%
HDL ApOE (+) 25,26
ApoC-I (-)
LPL VLDL, IDL ApoC-I (-) 2731
ApoC-ll (+ or - depending on its concentration)
ApoC-lli(-)
LCAT HDL ApoA-| (+) 25,32
ApoA-IV (+)
ApoC-I (+)
Transporter protein
ABCA1 HDL ApOA-| (+) 33,34
ApoE (+)
CETP VLDL, CM, HDL ApoC-l on HDL (-) *

BIOCHEMISTRY OF APOLIPOPROTEINS IN LIPID METABOLISM
AND THEIR EFFECT ON CARDIOVASCULAR DISEASE

ApoB

ApoB is an insoluble 550 kDa apolipoprotein, which cannot be exchanged between the particles

of different lipoprotein classes. ApoB-100 is present on VLDL, IDL, VLDL-remnants, LDL, and Lp(a),

while its truncated form, ApoB-48, is only present on chylomicrons (CM) and their remnants.

Role of ApoB-100 in lipid metabolism

ApoB-100 is essential in the formation of VLDL particles. ApoB-100 is produced in the liver.

Microsomal triglyceride transfer protein (MTP) enriches ApoB-100 with triglycerides, resulting in
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pre-VLDL. Pre-VLDL is then further lipidated to its mature state, after which it is released into the
circulation. *® The primary function of VLDL is to transport TG to muscle cells and adipose tissue.
The majority of VLDL is cleared from the circulation through lipolysis of TG by LPL, resulting in IDL
which is further metabolized to either LDL or to VLDL remnants, which both contain an ApoB-100
molecule per particle.’ A second metabolic pathway is direct clearance of VLDL or IDL via ApoE-
mediated binding to the LDL receptor (LDLR), LDL-like receptor protein-1 (LRP1) and the VLDL
receptor (VLDLR).? LDL particles can only be cleared from the circulation via ApoB-100 recognition
by the LDLR. VLDL remnant particles, which besides ApoB-100 also contain ApoE, can be cleared
more easily through ApoE-mediated binding to several receptors: LDLR, LRP1 and VLDLR.

Role of ApoB-48 in lipid metabolism

ApoB-48 is essential in CM assembly, stability, and metabolism. After being synthesized, ApoB-
48 is lipidated by MTP in intestinal cells to form nascent CM, followed by further processing,
maturation, enrichment with ApoA-IV (see further), and entry into the circulation. Clearance of
CM involves lipolysis of TG, similar to VLDL clearance, resulting in CM remnants. CM remnants
are cleared by the liver through ApoE-mediated binding to LDLR, LRP1 and VLDLR.?*® Noteworthy,
ApoB-48 itself is unable to interact with LDLR as it lacks the LDLR-binding domain present on
ApoB-100.* Accumulation of TGRLs and their remnants may cause atherosclerosis, as they are
able to penetrate the arterial wall. In addition, they can cause inflammation and endothelial

dysfunction contributing to cardiovascular risk.3¢38

ApoB-100 as cardiovascular risk marker

Recently, Mendelian randomization studies demonstrated that ApoB-100 (ApoB) is causally
linked to the risk of coronary heart disease (CHD), CAD, ACS, and heart failure.’**! Genetic
variants of ApoB also elucidated the role of ApoB in cardiovascular risk. For example, familial
hypercholesterolemia (FH) is predominantly caused by a defective LDLR (90%-95%). However, in
a minority of cases (5-10%) FH is related to a defective ApoB-100 variant, which is associated with
elevated levels of LDL-C and elevated risk of ASCVD. This is caused by a reduced binding affinity
of mutant ApoB-100 to the LDLR, hampering the clearance of LDL particles from the circulation.*
When comparing the elevated LDL-C levels observed in this ApoB-related FH to those in LDLR-
related FH, the LDL-C levels are lower, which can lead to underdiagnosis of ApoB-related FH.*?
As to ASCVD risk prediction ApoB is highly correlated to the well-established biomarkers, LDL-C
and non-HDL-C, it is recommended to implement ApoB in current clinical practice, since LDL-C
and non-HDL-C are biologically and clinically less meaningful than ApoB.*® Indeed, over the years
several studies have reported that ApoB is more predictive than LDL-C and non-HDL-C.***® For

example, in the ODYSSEY OUTCOMIES trial ApoB levels were associated with the risk of MACE,
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independent of LDL-C and non-HDL-C.*® In addition, ApoB is molecularly defined and can be
measured accurately and precisely unlike LDL-C and non-HDL-C.* This superiority is particularly
evident at low LDL-C levels, where conventional LDL-C testing is insufficient, and at high TG levels
that disturb calculation of LDL-C.* Overall, ApoB is a highly accurate marker for cardiovascular risk
assessment, for treatment effect monitoring, and to examine whether targets are reached. An
important advantage of the choice for ApoB is the fact that ApoB tests are robust and not matrix-

sensitive, in contrast to LDL-C and non-HDL-C tests.* 1> 4445

Apo(a)
Role of Apo(a) in lipid metabolism

Apo(a) is a plasminogen-like glycoprotein that is covalently bound to ApoB-100 in Lp(a), an
LDL-like particle. Due to the presence of varying numbers of repeats of kringle-IV type 2 (KIV2)-
encoding sequences, Apo(a) exhibits size polymorphism, which results in the existence of over
40 isoforms of Apo(a).’> Human kinetic studies have shown that Lp(a) assembly occurs both
extracellularly as a product of LDL binding to Apo(a), as well as intracellularly where nascent
Apo(a) and ApoB are assembled in the liver.**® However, the exact mechanism of Lp(a) formation
is not fully understood.* Neither is the clearance mechanism of Lp(a) fully understood. It has
been proposed that Lp(a) is cleared from the circulation via the LDLR as Lp(a) resembles LDL.*
However, conflicting results on the involvement of LDLR in Lp(a) clearance have been reported.*
This is illustrated by the fact that both statins and PCSK9 inhibitors upregulate LDLR. If LDLR is
involved in Lp(a) clearance, both therapies should reduce Lp(a) levels. Surprisingly, while PCSK9
inhibitors effectively lower Lp(a) levels, statins increase Lp(a) levels, suggesting that LDLR does
not significantly contribute to Lp(a) clearance.>®>* Other receptors like scavenger receptor B1
(SR-B1), and the plasminogen receptor Plg-R . have been proposed as well.> However, it is still

unclear whether these receptors are involved in Lp(a) clearance in humans.

The role of Lp(a) in normal physiology is still unknown. However, several mechanisms have
been proposed for its role in pathophysiology. As Lp(a) resembles LDL, Lp(a) is thought to cause
atherosclerosis by the same mechanism as LDL. In addition, the lysine-binding sites of Apo(a)
have been shown to bind to damaged endothelium and to promote retention of Lp(a) in the

arterial wall.>®

Furthermore, Lp(a) is the main carrier of proinflammatory oxidized phospholipids (OxPL). OxPL
can be covalently bound to Apo(a) kringle-IV type 10. This OxPL-Apo(a) moiety has been shown
to upregulate IL-8 expression.>* Furthermore, OxPL-Apo(a) can induce multiple cellular cascades
resulting in endothelial dysfunction, recruitment of monocytes, macrophage apoptosis, cytokine

release, and smooth muscle cell migration and proliferation.>?

68



Precision Diagnostics with Apolipoprotein Profiling

Apo(a) as cardiovascular risk marker

While the exact function of Lp(a) remains unclear, Lp(a) is an established causative risk factor for
ASCVD and aortic valve stenosis.> Moreover, there is evidence suggesting an inverse correlation
between Lp(a) levels and predisposition for type 2 diabetes.> Mendelian randomization studies
have further demonstrated that elevated Lp(a) levels are causally linked to various conditions,
including CHD, myocardial infarction, stroke, peripheral vascular disease, heart failure, and aortic
valve stenosis.> °® Randomized clinical trials with therapeutics directly targeting Lp(a), such as
pelacarsen in Lp(a)HORIZON and olpasiran in OCEAN(a), are ongoing. While we await the full
results from these trials, some insights have already emerged from randomized clinical outcome
trials involving PCSK9 inhibitors. For example, the ODYSSEY OUTCOMES trial has demonstrated

that lower Lp(a) levels are associated with a reduced incidence of MACE, independent of LDL-C.>% >’

ApoC-I

ApoC-l is a component of VLDL and HDL, primarily secreted by the liver.>#¢° ApoC-l is a highly
exchangeable protein, enabling rapid dissociation from VLDL to associate with HDL, which is the
main carrier of ApoC-l in normolipidemic plasma.® ¢! The fraction of ApoC-l on non-HDL lipoproteins
is minor (®10-20%) compared with that on HDL (=80-90%).%® %2 ApoC-l concentration is elevated
in individuals with hypertriglyceridemia (HTG) and in patients with type Il hyperlipoproteinemia,
but not in persons with hypercholesterolemia. In the presence of elevated levels of TG, for example
in type 2 diabetes mellitus (T2DM) patients, the distribution of ApoC-I is shifted from HDL towards
TGRLs.%® The distribution of ApoC-I on different particles is important, as ApoC-lI exhibits an

ambiguous role in lipid metabolism depending on the particle it resides on.

ApoC-l in HDL metabolism

When residing on HDL, ApoC-I increases HDL-C by the following properties: 1) inhibition of
cholesteryl ester transfer protein (CETP) *, 2) inhibition of hepatic lipase (HL) %, 3) activation of
lecithin—cholesterol acyltransferase (LCAT) %, and 4) reduction of SR-B1-mediated uptake of HDL-C
¢, Inhibition of CETP is proposed to occur because of a change in electrostatic charge of the HDL
particle inflicted by ApoC-l, resulting in a weaker interaction between HDL and CETP, and hindering
cholesterol ester transfer from HDL to other lipoproteins.®” Besides CETP inhibition, ApoC-I is able to
inhibit HL, which converts larger HDL, particles into smaller HDL, particles.®®* Furthermore, ApoC-|
is able to activate LCAT in vitro, initiating cholesterol esterification, resulting in mature HDL.** &
By activating LCAT and inhibiting CETP and HL, ApoC-I facilitates the synthesis and stabilization of
mature HDL particles, resulting in elevated levels of HDL-C.3> %" 7° Finally, high levels of ApoC-I have
shown to reduce SR-B1-mediated uptake of cholesterol esters from HDL.% All these processes result

in an increase of HDL-C, suggesting a cardioprotective role for ApoC-I on HDL.
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ApoC-l in TGRL metabolism

In case ApoC-I resides on TGRLs, ApoC-I has a completely different role than when residing on
HDL. ApoC-l on TGRL 1) loses its ability to inhibit CETP, leading to lower plasma HDL-C levels
1, 2) inhibits LPL activity, delaying TGRL hydrolysis*” 28, 3) displaces ApoE from TGRLs, inhibiting
ApoE-mediated binding and clearance of TGRLs and IDLs by VLDLR?, LDLR’3, and LRP174, and 4)
increases VLDL-TG and VLDL-ApoB production.® Interestingly, in patients with elevated TG (e.g.
DM patients” and CAD patients with HTG or CAD patients with combined hyperlipidemia’)
CETP activity is positively correlated with ApoC-I concentrations, whereas in healthy controls
this association was absent. The distribution of ApoC-I in DM patients, favoring TGRLs over HDL,
provides a plausible explanation for the positive correlation between ApoC-I concentrations
and CETP activity observed in patients with DM. Furthermore, ApoC-I on TGRLs is able to inhibit
LPL activity by displacing LPL from these particles, thereby impairing TG hydrolysis, resulting
in delayed clearance of TGRLs.?”- % This inhibition was shown to be independent of ApoC-Ill in
transgenic mice models, another inhibitor of LPL.”” In addition, ApoC-I is able to displace ApoE
from TGRLs and/or change the conformation of ApoE”, inhibiting ApoE-mediated binding and
clearance of TGRLs and remnants by VLDLR’?, LDLR?®, and LRP174. Finally, in ApoE deficient mice
it was demonstrated that ApoC-l was able to increase the VLDL-TG and VLDL-ApoB production?,
and this has also been observed in HTG patients.®® To summarize, ApoC-I is able to inhibit LPL, HL,

and subsequent clearance of TGRLS.

ApoC-I as cardiovascular risk marker

ApoC-I has a dual role in lipoprotein metabolism and cardiometabolic risk. When residing on
TGRLs, ApoC-I delays the plasma clearance of TGRLs and, as such, ApoC-I is harmful and promotes
cardiometabolic risk; however, when residing on HDL, ApoC-I increases plasma HDL-C and is

considered protective.3> 568 78

In patients with CHD and hyperlipidemia the inhibition of plasma CETP by ApoC-l is blunted, which
is probably due to increasing amounts of VLDL-bound ApoC-I which is less active as inhibitor of
CETP than HDL-bound ApoC-1.7® The HDL of patients with CHD contains less ApoC-I (by down-
regulation) than the HDL of healthy controls.” While TGRLs are normally taken up by ApoE-
mediated binding to liver receptors, this process is inhibited by ApoC-l and ApoC-111.8° Enrichment
of TGRLs with ApoC-I is associated with a proatherogenic composition of the particles due to
increased cholesterol/TG ratio related to prolonged half-life of TGRL remnants in the circulation.®
Postprandial TGRL is enriched with ApoC-l in patients with CAD, and in healthy individuals
with increased intima media thickness (IMT).82 In normolipidemic healthy middle-aged men
postprandial TGRL enriched with ApoC-l is an independent predictor for IMT.8! These findings
suggest that the ApoC-I content of TGRL is a risk factor for early atherosclerosis and CAD.® In
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patients with carotid atherosclerosis the total plaque area increased linearly with the number
of ApoC-I molecules per VLDL-particle both in the fasting and the postprandial state. Thus, there
is ample evidence for a pivotal role for the number of ApoC-I molecules per VLDL-particle in

initiation and progression of atherosclerosis.®

Quantitative proteomics revealed that ApoC-I, ApoC-Il and ApoE were elevated in patients with
myocardial infarction.®* Furthermore, in the PROCARDIS study involving patients with CHD,
ApoC-I, ApoC-lll and ApoE were found to be associated with CHD, as measured by quantitative

proteomics.®

ApoC-li
ApoC-ll is mainly produced in the liver and intestine and assembles with VLDL, IDL, CM and HDL

particles.®®

Role ApoC-Il in lipid metabolism

Acting as an essential cofactor to activate LPL, ApoC-Il is necessary for the hydrolysis of TG into
free fatty acids (FFA) in TGRLs. After lipolysis, ApoC-II dissociates from the TGRL and moves to
HDL, which serves as a storage site for ApoC-Il until new TGRLs enter the circulation. Once new
TGRLs appear, ApoC-Il transfers from HDL to these particles to initiate the process once again.?’
The exact mechanism by which ApoC-Il activates LPL is unknown. It has been proposed that ApoC-
Il supports LPL, as it binds TGRL and facilitates the entry of TGs into the active site of LPL, enabling
efficient TG hydrolysis.®” 8 In addition, Kumari et al. showed that ApoC-Il was able to stabilize LPL
and protect it from unfolding. Moreover, ApoC-Il provides stability to sites involved in the sites
anchoring the protein lid, whereas the LPL inhibitor ANGPTL3 was found to destabilize these same

regions.® This might suggest why ApoC-Il acts as an activator, and ANGPTL3 as an inhibitor of LPL.

ApoC-ll as cardiovascular risk marker

ApoC-Il deficiency can cause impaired clearance of TGRLs, leading to the accumulation of
TGRLs, resulting in severe HTG. Interestingly, as early as 1994, it was reported that transgenic
mice overexpressing human APOC2 also exhibited HTG.* Apparently, there is an optimal ApoC-
Il concentration, which has been observed in clinical studies as well. Epidemiologic studies
showed that low ApoC-ll levels in intermediate-to-high risk patients were associated with risk
of cardiovascular mortality.? Interestingly, the association between ApoC-Il levels and the risk of
cardiovascular mortality followed an inverse J-shaped curve, with the highest risk at the lower
quintile (£28.3 mg/L) and moderate-to-high risk in the upper two quintiles of ApoC-ll levels (>46.2

mg/L), whereas in the middle quintiles the risk was low.?® These findings indicate the presence
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of an optimal ApoC-II level, highlighting that high ApoC-Il levels do not necessarily imply better
outcomes. Hermans et al. observed in the MISSION! Intervention Study that in 38 patients with
premature CAD, 11% were found to have low ApoC-Il levels (<5.0 mg/L) with normal TG levels.*°
Despite their low a priori risk score for CAD, these patients presented with ST-segment elevation
myocardial infarction and had a high relative risk of 10-year reinfarction or revascularization.*
This particular phenotype of relatively young female patients with CAD has not been recognized
earlier and deserves further study. Conversely, LPL activation was impaired at high concentrations
of ApoC-Il. Thus, it appears that ApoC-Il does not function as a true activator of LPL, as elevated
concentrations actually impair its activity. This finding aligns with the observations of Shachter
et al. in transgenic mice overexpressing human APOC2.*° They showed that in these mice VLDL
particles were enriched in ApoC-Il and depleted in ApoE. These VLDL particles with increased
ApoC-lI/ApoE ratio poorly bind to heparin, and this effect might also extend to the interaction
of VLDL with lipases or receptors at the cell surface, impairing the clearance of TGRLs, ultimately
leading to HTG.*® ApoC-Il as a therapeutic target might prove to be difficult due to the potential

risk of overshooting the desired level, i.e. the optimal ApoC-Il concentration.

ApoC-lil
ApoC-lll is primarily associated with CM, VLDL, IDL, remnants, HDL and to a lesser extent with LDL

particles.®* In normal conditions ApoC-lll is mainly associated with HDL, while in HTG patients it is

mainly associated with TGRLs.**

Role of ApoC-Iil in TGRL metabolism

The mechanisms by which ApoC-lll influences TGRL metabolism are not fully understood.
However, there is consensus that ApoC-IIl acts as an inhibitor in both the LPL-dependent and LPL-

independent metabolic pathways.

The inhibition of LPL-mediated lipolysis of TG from TGRLs by ApoC-Ill was examined in human
kinetic studies. These studies showed that loss of function (LOF) APOC3 resulted in better clearance
of VLDL-TG, compared to individuals with normally expressed APOC3. The direct clearance of
VLDL particles was not affected, indicating an inhibitory role of ApoC-Ill on LPL.3! It is suggested
that ApoC-Ill prevents LPL from binding to TGRLs, after which ANGPTL4 inactivates LPL.%?

The role of ApoC-lll in LPL-independent pathways is demonstrated in familial chylomicronemia
syndrome (FCS) patients lacking LPL or LPL activity. In these patients, ApoC-lIl impairs the ApoE-
mediated hepatic uptake of TGRLs. Administration of volanesorsen, an ASO directed at ApoC-
I1l, led to reduction of TG levels in these individuals.®® This suggests a role for ApoC-lll in the

LPL-independent clearance of TGRLs by the liver.3¥** In individuals with normal TG levels, the
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clearance of TGRLs occurs mainly through the binding of ApoE to hepatic receptors. However, in
HTG patients with TGRLs enriched with ApoC-III, the clearance is primarily affected by ApoC-llI,
leading to a reduced clearance rate.?> > This may be caused by ApoC-liI’s ability to displace ApoE

on TGRLs, preventing ApoE-mediated binding to the hepatic receptors.

The role of ApoC-Ill in the assembly and production of VLDL is controversial. Several studies in
mice overexpressing human APOC3 have shown an increase in VLDL production.®* However, when
examined in human studies involving individuals with either complete or partial LOF APOC3,
normal rates of VLDL secretion were observed, suggesting that ApoC-Ill plays no significant role
in VLDL assembly and secretion.®* However, in overweight men hepatic secretion of VLDL was

increased by ApoC-l11.%

Role of ApoC-IIl in HDL metabolism

In addition to its role in TGRL metabolism, ApoC-Ill may affect HDL metabolism. The number of
ApoC-lll molecules per HDL particle may vary. ApoC-lll interacts with ApoE on HDL, mitigating
the beneficial features of ApoE regarding cholesterol efflux.’” ®® In addition, human ApoC-Iil
can bind murine SR-B1 receptors.?? ApoC-lll-enriched HDL is associated with an increased risk
of CHD compared to ApoC-lll-free HDL.*® Moreover, ApoC-lll-enriched HDL was associated with

Alzheimer’s Disease.?* 1

Inadditiontoits role in TGRLand HDL metabolism, ApoC-Ill plays a role in several other atherogenic
processes by promoting monocyte adhesion, endothelial dysfunction, and pro-inflammatory

processes.”* ApoC-lll has also been reported to facilitate LDL retention in the arterial wall.2* 1!

ApoC-lll as cardiovascular risk marker

LOF mutations of APOC3 are associated with lower plasma levels of TG, remnant cholesterol, total
cholesterol and ApoC-lil levels, compared to healthy individuals without mutated APOC3.%% 102105
Interestingly, carriers with LOF APOC3 exhibit higher levels of HDL-C'®® and have a 40% lower risk

of ASCVD compared to non-carriers.106 107

In the PROCARDIS case-control study for risk prediction of CHD, Clarke et al. investigated the
relevance to determine the levels of thirteen individual apolipoproteins.®> A strong positive
association between ApoC-lll and the risk of CHD was observed, independent of TG levels and
other lipid parameters.’®® 1% |n addition, van Capelleveen et al. and Katzmann et al. showed in
CAD patients that ApoC-IIl was an independent predictor of cardiovascular events.® 1% Recently,
therapeutics targeting ApoC-lll have come to the market. In patients with FCS, volanesorsen has

been reported to reduce ApoC-Ill levels by 90%.% However, the Food and Drug Administration
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(FDA) did not approve volanesorsen due to adverse events observed in the APPROACH trial. The
European Medicine Agency (EMA) on the contrary did approve volanesorsen in FCS patients only.
A GalNAc conjugated form of volanesorsen, olezarsen, showed a 74% decrease in ApoC-lll levels
in individuals with moderate HTG at high cardiovascular risk or with prevalent CVD.*> Whether

ApoC-lll lowering improves clinical outcome is yet unknown.

ApoE

ApoE is associated with VLDL, IDL, HDL, CM, and CM remnants. Plasma ApoE is synthesized
primarily by liver hepatocytes, which account for ~75 % of the ApoE production. The second most
common organ synthesizing ApoE is the brain. Here, ApoE is synthesized in situ and does not cross

the blood brain barrier.

Role of ApoE in TGRL metabolism

ApoE plays animportant role in TGRLs clearance, since it facilitates the binding to LDLR, LRP1, heparan
sulfate proteoglycans (HSPGs), and VLDLR and therefore promoting their clearance. Clearance of
TGRLs is relatively fast as compared to LDL, which is attributed to the presence of ApoE in TGRLs.
ApoE can interact with LDLR with a higher binding affinity than ApoB-100, and thus is capable
of regulating the levels of the lipoproteins on which it resides (VLDL and their remnants and CM
remnants) as well as the levels of lipoproteins on which it does not reside (LDL).}! ApoE-mediated

binding to LRP1 in the HSPG/LRP1 pathway initiates remnant lipoprotein clearance in the liver.

Role of ApoE in HDL metabolism

In addition to TGRLs, ApoE also resides on HDL where it plays a role in reverse cholesterol
transport. ApoE binds the ATP-binding cassette transporter A1 (ABCA1) regulating the cholesterol
influx and efflux of HDL.**2 ABCA1 binding is not affected by ApoE isoforms, hence all isoforms are

equally effective in ABCA1-mediated cholesterol efflux.'*?

ApoE and macrophages

ApoE is also expressed in macrophages, promoting cholesterol efflux via this way as well.
Cholesterol efflux from macrophages is dependent on ApoE isoforms, of which ApoE2 and ApoE4
are associated with lower efflux compared to ApoE3.*** This can result in the accumulation of
cholesterol, foam cell formation and eventually inflammasome activation, all contributing to an
increased ASCVD risk.'** In addition, ApoE is able to reduce macrophage-mediated LDL oxidation
of which the effectiveness seems to be dependent on ApoE isoforms, although conflicting results

have been reported.***
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ApoE genotypes/phenotypes

ApokE is a polymorphic protein arising from three alleles: €2, €3 and €4, which occur at different
frequencies in humans and varies slightly among ethnic groups (€2, 8-10% ; €3, 70%; and €4,
15-20% in Caucasians) and give rise to three homozygous (ApoE2/2, ApoE3/3, and ApoE4/4)
and three heterozygous (ApoE3/2, ApoE4/2, and ApoE4/3) phenotypes.'** 115 ApoE3 seems to
be the normal isoform in all known functions, while ApoE4 and ApoE2 can each be dysfunctional.
ApoE3 and ApoE4 bind to LDLR with similar affinity (~20-fold greater than that of ApoB-100, the
other LDLR ligand).® ApoE2, however, defectively binds to the LDLR (~2 % of normal activity),
because it has a cysteine at residue 158 instead of an arginine as in ApoE3 and ApoE4. ApoE4
increases plasma LDL levels and the risk for ASCVD.'** ApoE2 and ApoE3 preferentially bind to
HDL, whereas ApoE4 prefers to bind to VLDL and CM remnants.*** The enrichment of VLDL with
ApoE4 accelerates their clearance from plasma by receptor-mediated endocytosis in the liver; as

a result, LDLR is downregulated, and plasma LDL levels increase.

ApoE as cardiovascular risk marker

It is generally considered that ApoE protects against the development of atherosclerosis, but this
benefit depends on the ApoE isoform, the total plasma ApoE level, and the cell type responsible
for the synthesis and secretion of ApoE. It is clear that the absence of ApoE is associated with
increased risk; however, having too much ApoE may also be associated with increased risk. The
role of high levels of ApoE in inhibiting lipolysis or increasing VLDL production may indicate an
increased ASCVD risk as those TGRLs could contribute to the formation of atherogenic remnant
particles. It is quite likely that there is an optimal range of ApoE plasma levels, and that levels

above or below that range impose a risk rather than a benefit for atherosclerosis.*

Generally, individuals with €2 genotype have lower levels of LDL, but higher plasma levels of
other lipoproteins and TG.'* Because ApoE2 binds defectively to LDLR, ApoE2 homozygosity may
precipitate type Il hyperlipidemia. This disorder occurs only when another condition -diabetes,
obesity, hypothyroidism, or estrogen deficiency- leads to overproduction of VLDL or fewer LDLR,
overwhelming the limited ability of ApoE2 to mediate the clearance of TGRLs, thereby increasing
the risk for atherosclerosis.!*” Nearly all patients with type Ill hyperlipidemia are homozygous
for ApoE2. However, not all ApoE2 homozygotes have type Il hyperlipidemia. In fact, most E2/
E2 subjects (>90%) are normolipidemic or even hypolipidemic, owing to reductions in LDL or
HDL or both. The defective binding of ApoE2 to LDLR results in a delayed clearance of TGRLs,
however this is usually insufficient to precipitate the disorder. A reason for this phenomenon may
be the presence of a second lipoprotein receptor system involving HSPG/LRP, with which ApoE2

functions more efficiently than with the LDL receptor.
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ApoE4 carriers have the highest risk to develop heart disease. In normolipidemic individuals,
ApoE4 is associated with increased levels of TC, LDL-C and ApoB, whereas ApoE2 was associated
with a reduced risk. In addition, clinical studies have shown that ApoE4 is overrepresented in both
hyperlipidemic and heart disease populations.'*®1?! For example, large vessel disease, myocardial
infarction and stroke risks were shown to be higher in €4 allele carriers than €2 allele carriers.'?>
123 Several studies estimated a 40% higher risk for CHD mortality in €4 carriers compared with €2
carriers or carriers of the €3/¢3 genotype.'** These facts sustain the nowadays increased need
for personalized medicine and treatment, based not only on marker levels in plasma, but also on

genetic characteristics of each individual.

ApoE and neurological diseases

Apart from its role in ASCVD, ApoE also exhibits significant effects on neurological diseases. For
example, carriers of the apo €4 allele are associated with an increased risk of Alzheimer’s disease,
frontotemporal dementia, Down syndrome, certain patients with Parkinson’s disease, and Lewy

body disease.!1# 125128

ApoE and Lp(a)

APOE genotypes also have its effect on Lp(a) and ApoB levels. ApoE2/E2 was shown to be
associated with the lowest levels of Lp(a) and ApoB, whereas ApoE4/E4 showed the highest
levels of Lp(a) and ApoB.'?® This may be explained by Lp(a) competing for the same receptors as
ApoE. ApoE2 is known to have defective binding and a low binding affinity for LDLR, which may
enhance the clearance rate of Lp(a). This could be further exemplified by the fact that ApoE2 is
associated with lower levels of LDL, which means less competition for Lp(a) in case it shares the
same receptors as LDL. ' On the other hand, ApoE4 has a high affinity for LDLR and LRP1, and is
associated with increased levels of LDL. This may lead to outcompeting Lp(a) binding to the same

receptors, ultimately resulting in elevated levels of Lp(a).

ApoA-I

ApoA-I, synthesized mainly in the liver and small intestine, serves as the main structural component
of HDL and represents 70% of the total protein content of HDL.**® One HDL particle contains 2-5
ApoA-I molecules, depending on the size of HDL.*** ApoA-I exhibits two distinct conformations:
lipid-bound and lipid-free. The lipid-free form of ApoA-I accounts for approximately 8% of its

overall concentration.13% 133
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Role of ApoA-I in lipid metabolism

ApoA-| plays a key role in the reverse cholesterol transport by which excess cholesterol is
removed from peripheral tissues and transported back to the liver for excretion.*** Lipid-free
ApoA-I interacts with ABCA1, which is located in foam cells, liver, intestine, placenta, brain, and
kidneys.*® After interaction, ApoA-| facilitates the transfer of free cholesterol and phospholipids,
resulting in the formation of nascent HDL.*** Lipid-bound ApoA-I can then interact with LCAT,
initiating cholesterol esterification, resulting in mature HDL. Mature HDL particles can now bind
to ABCG1, ABCG4 and SR-B1, taking up cholesterol from foam cells residing in the arterial wall,
hence stabilizing vulnerable plaques.'® *3° Subsequently, cholesterol-rich HDL can either interact
directly with hepatic SR-B1 to unload cholesterol esters, phospholipids and TG to complete
reverse cholesterol transport, or transfer cholesterol esters to VLDL, IDL and LDL by CETP.13% 131

Delipidated HDL can re-enter the cycle or be excreted by the kidneys.

ApoA-I as cardiovascular risk marker

Mendelian randomization studies identified an inverse relationship between ApoA-I and risk of
CHD.* In addition, ApoA-I mutations have been linked to low levels of HDL and dysfunctional
HDL, inflammation, defective LCAT activation, amyloidosis and overall increased risk of ASCVD.*3%
13 However, cardioprotective mutations have been reported as well. ApoA-l Milano is a genetic
variant of ApoA-I, resulting in decreased levels of ApoA-I and HDL. Surprisingly, this genetic variant

is also associated with a decreased risk of ASCVD.*’

Low levels of HDL and ApoA-I are associated with an increased risk of ASCVD. It was therefore
unexpected that raising HDL levels, and consequently raising ApoA-I by CETP inhibitors in clinical
trials, did not result in lower risk of CVD.'*® More recently, a shift in thinking has emerged,
suggesting that the focus should not solely be on increasing HDL levels, but rather on increasing
the functional subspecies of HDL. In 2022, Furtado et al. reported that CETP inhibitors did indeed
increase ApoA-I levels, but it mostly increased ApoA-I in dysfunctional HDL subspecies that are
associated with an increased risk of CHD.™ This could explain why CETP inhibitors did not improve
cardiovascular outcome. These dysfunctional HDL subspecies include HDL particles that contain
ApoC-Ill in the presence and absence of ApoE. ApoC-lIl might displace ApoE on HDL particles,

similarly as described for TGRLs, impairing the ApoE-mediated binding of HDL to liver receptors.**®

ApoA-Il
ApoA-Il is the second most abundant protein on HDL accounting for 20% of the total protein
content.*® HDL can be categorized in HDL particles with ApoA-I (LpA-1), containing an average of

three to four ApoA-lI molecules, or a combination of ApoA-I and ApoA-Il (LpA-I/A-Il), containing
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two ApoA-lI molecules and one dimer ApoA-Il molecule (with a fixed molar ratio of 2:1).14% 142
ApoA-Il presents itself in different quaternary structures, including monomers, homodimers, and
heterodimers with ApoE and ApoD.' ApoA-ll is primarily synthesized in the liver, and a minor

fraction in the intestines.'*

Role of ApoA-Il in lipid metabolism

ApoA-II dimerizes after lipid loading and is released as LpA-Il in circulation. Subsequently, LCAT
combines LpA-Il with circulating LpA-I particles to form LpA-I/A-Il particles.**® Unlike ApoA-I,
ApoA-Il cannot activate LCAT.*** > ApoA-Il plays a role in HDL maturation and reverse cholesterol
efflux and exerts antioxidative properties. The majority of ApoA-Il molecules in HDL are found in
association with ApoA-I, with only a small fraction of HDL that contains ApoA-Il only (LpA-Il). The
concentration of LpA-I/A-Il is constant regardless of HDL concentration, suggesting that increases
in HDL levels is attributed to an increase in LpA-l, but not LpA-I/A-11.*** Melchior et al. reported
that LpA-I and LpA-I/A-Il particles exhibit different proteomes.'® They showed that the presence
of ApoA-ll attracts proteins mostly associated with lipid transport, whereas the absence of ApoA-
Il LpA-I results in a proteome that favors inflammatory pathways, hemostasis, immune response,
metal ion binding and protease inhibition.»® For example, they observed that ~90% of LCAT and
CETP was associated with LpA-I/A-Il and ~10% with LpA-I. In addition, LpA-I/A-Il increased the
ABCA1-mediated cholesterol efflux from macrophages to the LpA-I/A-Il particle, independently of
other proteins on the particle.'® This suggests that ApoA-Il might be able to displace ApoA-I from
HDL affecting the ApoA-I-mediated binding to ABCAL. Interestingly, plasma levels of LpA-I/A-Il are
positively associated with ApoB-containing particles, whereas there is an inverse relationship for
LpA-l and ApoB, suggesting that LpA-I/A-1l could be a marker for increased cardiovascular risk,

while LpA-I is an antiatherogenic marker.**

ApoA-II as cardiovascular risk marker

In contrast to ApoA-I, the role of ApoA-Il in ASCVD has been poorly understood despite intensive
studies. This is partly because of the structural differences between human ApoA-Il and murine
ApoA-ll, which makes it difficult to extrapolate results obtained from mice to human.}* 147
Conflicting results have been reported in terms of ApoA-Il and the risk of ASCVD. For instance,
individuals carrying the APOA2 variant rs5082 (265T/C), which leads to lower ApoA-Il levels, have
shown a decreased risk of CAD.'** 18 Conversely, complete ApoA-Il deficiency does not appear to
affect CAD risk at all.**> **0 |t is important to note that ApoA-Il deficiency is rare, which requires

caution when drawing conclusions based on the limited number of cases available.
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Contrary to the previously mentioned findings, a large body of evidence suggests that elevated
levels of ApoA-Il are associated with a decreased risk of CAD, despite an increased risk of HTG.*"
153 For example, in the Prospective Epidemiological Study of Myocardial Infarction (PRIME) trial

both LpA-l and LpA-I/A-Il concentrations were inversely associated with the risk of CHD.***

ApoA-IV

ApoA-1V is associated with CM and HDL, or circulates in its unbound lipid-free form.**> ApoA-
IV is produced in the small intestine enterocytes and is secreted into intestinal lymph during
fat absorption.**® The findings regarding the distribution of ApoA-IV across various lipid particles
are inconsistent. Some studies suggest that a significant portion of ApoA-IV exists in a lipid-free
state, while others attribute the majority of ApoA-IV to HDL or CMs.**> 157162 | ipid-free ApoA-IV is

primarily present as homodimer.**®

Role of ApoA-1V in chylomicron metabolism

ApoA-1V assembles with nascent CMs, which are eventually drained into the circulation through
the thoracic duct. The TGs present in CMs undergo hydrolysis by LPL, after which most of ApoA-
IV dissociates from the particle. This dissociated ApoA-IV either remains as lipid-free ApoA-IV or
transfers to HDL. The exact reason why ApoA-1V dissociates from chylomicron remnants is not fully
understood, but it is speculated that it may be due to competition with other apolipoproteins,

namely ApoE and ApoC’s, which are also found on the surface of the remnants.*¢ 162

Role of ApoA-1V in HDL metabolism

ApoA-1V is evenly distributed among LpA-I and LpA-I/A-Il particles.*® In vitro experiments have
demonstrated that ApoA-IV can activate LCAT thereby promoting cholesterol esterification.
ApoA-I and ApoA-IV are the two most efficient co-factors for LCAT activity!®>, however, the acyl
donor specificity of ApoA-IV differs from that of ApoA-1.1** Furthermore, in ApoA-I deficient
individuals, it has been shown that HDL with ApoA-IV is able to take up and esterify cell-derived
cholesterol, suggesting an important role for ApoA-IV in reverse cholesterol transport.'®® In
addition, HDL-sized lipoprotein particles from ApoA-IV transgenic mice conferred greater ability
to reduce cholesterol levels than those from wild type mice, possibly by increased esterification

due to LCAT activation.®’

Besides LCAT activation, human ApoA-IV overexpression in transgenic mice was able to promote
cAMP-sensitive cholesterol efflux from macrophages.’®® Analysis using N-terminal or C-terminal
deletion mutants of ApoA-IV revealed that the C-terminal domain (aa 333—376) inhibits ApoA-IV’s

ability to promote cholesterol efflux.¢®
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ApoA-IV as cardiovascular risk marker

ApoA-1V is generally considered an atheroprotective factor. In a genome-wide association meta-
analysis focused on ApoA-IV concentrations, two genetic regions within the APOA5-A4-C3-A1
cluster and one in KLKB1 were identified to be associated with ApoA-IV concentrations.®
Moreover, it was identified that 30% of the variation in ApoA-IV concentration is genetically
regulated, and genetic variants could be associated with kidney function, HDL-C and TG levels.'”®
Seven genetic variants of ApoA-IV have been identified in humans: ApoA-I1V-1, ApoA-IV-1A, ApoA-
IV-2, ApoA-IV-2A, ApoA-IV-3, ApoA-IV-0, and ApoA-IV-5, of which ApoA-IV-1 is the most common
variant.*’* In comparison to ApoA-IV-1, ApoA-IV-1A is associated with lower plasma ApoA-1V levels
and higher risk of CAD.* Carriers of ApoA-IV-2A showed increased HDL-C, and reduced LDL-C,
TG and ApoA-| levels.'’* Several observational studies have consistently shown that low levels of
ApoA-IV are associated with the risk of ASCVD, independent of classical lipids including HDL.®>
162,173 The distribution of ApoA-IV on the different lipid fractions is the same for CAD patients as
for healthy controls.’*® This suggests that the lower ApoA-IV concentration has no effect on the
distribution of ApoA-1V and that this distribution does not seems to affect the ASCVD risk in CAD

patients.

POTENTIAL ADDED VALUE OF MULTIPLEX APOLIPOPROTEIN
TESTING

Why measure apolipoproteins at all?

In this era of precision medicine the safe and effective management of dyslipidemia in all
individual patients requires a more refined approach than what can be accomplished with the
classical lipid panel of LDL-C, HDL-C, TG and TC. With expanding knowledge, a paradigm shift
from the conventional lipid panel to a more refined approach with biologically and clinically
more meaningful biomarkers is required to enable better cardiovascular risk stratification in the
context of precision medicine. Apolipoproteins are the functional proteins in the lipid metabolism
as outlined in the body of the review, and will likely serve as better indicators of lipoprotein
functionality, and thus more effective predictors of cardiovascular disease.” > % 174 ApoB has
already demonstrated its superior predictive value in comparison with LDL-C. Moreover, protein
measurands can be much more unequivocally defined, resulting in tests with improved analytical
specificity and analytical performance. Because of this, the tests that measure apolipoproteins
are expected to outperform the classical tests with the conventional lipid panel. In addition,
drugs targeting individual apolipoproteins are emerging in the market. Examples are olezarsen,
an antisense oligonucleotide directed at ApoC-IIl, and olpasiran, a siRNA directed at Apo(a). For
optimal selection of individuals that would benefit from specific therapy, it becomes imperative

to measure the target protein panel too. The same principle applies to therapy monitoring.
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Consequently, to enable personalized CVD patient management at the molecular level,

measurement of molecularly defined apolipoproteins is needed.

Why measure apolipoproteins as a panel?

Lipids are metabolized in a complex human system with a dynamic continuum of lipoproteins.
Therefore, the measurement of only a couple of biomarkers, such as LDL-C and TG, oversimplifies
the individual’s lipid metabolic status and captures only a fragment of a patient’s cardiovascular
risk. As previous chapters already pointed out, apolipoproteins are almost all interconnected,
thereby underscoring the rationale of measuring apolipoproteins as a multiplex panel. Their
functionality and effect on cardiovascular risk is dependent on what lipoprotein particles
they reside on. For example, ApoC-I can reside on HDL, employing a cardioprotective role or
on TGRLs employing an proatherogenic role. This underscores the significance of assessing the
ratios between these apolipoproteins to gain insight into their distribution, and consequently
their functionality. For instance, as to ApoC-I, its presence on HDL is associated with favorable
outcomes. Thus, evaluating the ratio of ApoC-I to ApoA-I could provide valuable information
regarding the distribution of ApoC-1 on HDL. Similarly, the ApoC-I to ApoB ratio could offer insights
into the distribution of ApoC-1 on TGRLs. This dual approach, considering both ApoC-I to ApoA-I
and ApoC-l to ApoB ratios, may offer a comprehensive view of the apolipoprotein functionality
and distribution across lipoprotein subclasses. Another example is given by ApoE of which its
phenotype exerts different properties impacting the lipid metabolism. ApoE2 for example binds
with a lower affinity to the hepatic clearance receptors than the other isoforms, affecting the
concentration of ApoE2-containing lipoprotein particles. The interaction between ApoE and the
receptors responsible for the clearance of lipoprotein particles has an impact on lipid metabolism,
and subsequent cardiovascular risk.*'! Therefore, it is important to co-determine the individual’s
ApoE phenotype in the multiplex apo panel, as some phenotypes carry a higher risk than others.
Given these considerations, adopting a multiplex approach for measuring apolipoproteins and
for ApoE phenotyping provides an informative and diagnostic procedure that will also remain

valuable to follow the results of therapy.

Why Mass Spectrometry is the preferred analytical method to quantify
apolipoproteins?

As mentioned in the previous section, apolipoproteins should be measured as part of a panel. This
calls for a mass spectrometry (MS)-based approach, which enables multiplex testing in contrast
to the more conventional immunoassay-based tests. Immunoassay-based tests quantifying
apolipoproteins have been implemented in clinical practice for Apo(a), ApoB and ApoA-Il. So

why measure apolipoproteins with an MS test that requires a relatively complex (pre-)analytical

81



Chapter 2

phase? This can be explained by a couple of examples. First, MS allows the direct measurement of
proteotypic peptides, in contrast to monoclonal/polyclonal immunoassays which depend on the
binding specificity of antibodies towards unique, non-repetitive epitopes, resulting in an indirect
measurement. Secondly, MS enables multiplex testing making this the preferred approach when
measuring a panel of proteins that are interrelated as a part of one complex biological system,
such as lipid metabolism. In addition, MS offers a certain level of flexibility, as extending an existing
protein panel with a newly identified clinically relevant protein is relatively easy as compared
to developing a new immunoassay test. Thirdly, quantification of Lp(a), through measurement
of Apo(a), by immunoassays has proven to be flawed due to the heterogeneity of Apo(a)
isoforms in both patient specimens and calibrators.” 7>¥77 Immunoassay tests often use latex-
bound polyclonal antibodies that are reported to detect the repeating KIV2 of Apo(a), making
their results Apo(a) isoform dependent, resulting in large between-method variation.”® The MS-
based test is an Apo(a) isoform independent test by design as the selected Apo(a) quantifying
proteotypic peptides are KIV2 independent, providing high analytical specificity, thus eliminating
the difficulties associated with varying Apo(a) isoforms.'” Finally, besides protein quantification,
MS enables qualitative assessment of proteins through the identification of isoforms, mutations,
glycosylations and other post-translational modifications, as well.} 1181 |n summary, MS is not

affected by the challenges that immunoassay-based tests are facing.'”®

In light of these considerations, the preference for an MS-based approach for an apopanel assay
becomes clear, despite the complexity associated with its initial (pre)-analytical phases. We and
others have developed MS-based tests to accurately quantify serum apolipoproteins.*¥28” Qur
lab-developed apopanel test enables multiplex quantification of nine apolipoproteins, including
Apo(a), ApoB-100, ApoC-I, ApoC-Il, ApoC-Ill, ApoE, ApoA-I, ApoA-Il, and ApoA-IV with stable
performance documented for up to four years at least.'®® ¥ Additionally, the test allows ApoE
phenotyping (ApoE2, ApoE3 and ApoE4 phenotypes), with a performance identical to ApoE
genotyping.t®

CONCLUSION

The path to adoption and implementation of apolipoproteins for
personalized CVD patient management

To implement a new medical test in the clinic, all five key elements of the cyclic test evaluation
framework constructed by the EFLM Test Evaluation Working Group *°, must be evaluated
(Figure 1). All five aspects of test evaluation are interconnected, centered around the clinical
care pathway. This framework departs from the identified unmet clinical needs, which in
this case is the extensive residual cardiovascular risk beyond optimal lipid lowering therapy

and the overlooked, neglected and ignored interindividual variability.”> Through improved
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analytical performance of apolipoproteins compared to traditional lipid measurements, better
risk prediction, diagnosis, and accurate monitoring of treatment effects of therapies directly
targeting the affected molecule, we anticipate to achieve improvements of cardiovascular
patient management.® The current lipid panel alone does not give sufficient clues for refined
diagnosis and tailored therapy in case of dyslipidemia. A more personalized approach is needed
and it is anticipated that apolipoproteins are promising candidates to fill this gap. The analytical
performance of the multiplex apolipoprotein panel has been demonstrated #2 and the scientific
validity and clinical relevance has been described in this review. Whether the apolipoprotein
panel is clinically effective and predicts patient outcome awaits the results of the apolipoprotein
panel measured in the ODYSSEY OUTCOMES trial, an RCT in patients with recent ACS.% In line
with the earlier quote from Kohli-Lynch in collaboration with Sniderman®: The question is no
longer what apolipoproteins add to the lipid panel, but whether the lipid panel adds anything to

apolipoproteins.

Figure 1: Test evaluation framework for multiplex apolipoprotein testing in cardiovascular patient
management. Framework adapted from Horvath et al.**®

It is now clear from the remaining residual CV risk that the clinical test-treatment pathway
for cardiovascular patient management requires major improvements, as the tests and the
drugs work on average but do not work effectively in all individual patients. Definition of the
cardiovascular risk at the molecular level, through the aid of apolipoproteins, in combination
with therapy targeting the specific molecular defects, will improve patient management and
patient outcome and enable the introduction of precision medicine for cardiovascular patient

management (Figure 2).
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-

Current practice N ( New practice h
Target population Target population
Individuals with(out) documented CVD Individuals with(out) documented CVD
Individuals at increased CVD risk Individuals at increased CVD risk
Test: Classical lipid profile Tests: Classical lipid profile AND
apolipoprotein testing
Management decision Management decision
High LDLc and Improved
risk SCORE2 characterization of No treatment
Generic treatment ~ NO treatment dyslipidemia and/or
with statins, ACE- high risk SCORE2
inhibitors’ etc. Targeted treatment
based on apolevels
Health outcome Health outcome
Subtoptimal due to: Improved due to:
Residual risk beyond LDLc reduction Biology-drived diagnosis/treatment
Underdiagnosis of CVD in women Reduced residual risk
Underdiagnosis of remnant disease ) \Personalized and more effective treatmer}

Figure 2: Clinical test-treatment pathways for CVD reduction according to current and new practices.

Reproduced from Ruhaak et al.*®

84



Precision Diagnostics with Apolipoprotein Profiling

REFERENCES

1.

10.

11.

12.

13.

14.

15.

SCORE2 working group ESC Cardiovascular risk collaboration, SCORE2 risk prediction algorithms: new
models to estimate 10-year risk of cardiovascular disease in Europe. Eur Heart J. 2021;42:2439-2454.

Libby P. The forgotten majority: unfinished business in cardiovascular risk reduction. J Am Coll Cardiol.
2005;46:1225-8.

Miller WG, Myers GL, Sakurabayashi |, Bachmann LM, Caudill SP, Dziekonski A, Edwards S, Kimberly
MM, Korzun WJ, Leary ET, Nakajima K, Nakamura M, Nilsson G, Shamburek RD, Vetrovec GW, Warnick
GR and Remaley AT. Seven direct methods for measuring HDL and LDL cholesterol compared with
ultracentrifugation reference measurement procedures. Clinical chemistry. 2010;56:977-86.

Cobbaert CM. Implementing cardiovascular precision diagnostics: laboratory specialists as catalysts?
Ann Clin Biochem. 2023;60:151-154.

Kronenberg F, Mora S, Stroes ESG, Ference BA, Arsenault BJ, Berglund L, Dweck MR, Koschinsky M,
Lambert G, Mach F, McNeal CJ, Moriarty PM, Natarajan P, Nordestgaard BG, Parhofer KG, Virani
SS, von Eckardstein A, Watts GF, Stock JK, Ray KK, Tokgozoglu LS and Catapano AL. Lipoprotein(a) in
atherosclerotic cardiovascular disease and aortic stenosis: a European Atherosclerosis Society consensus
statement. Eur Heart J. 2022;43:3925-3946.

Tsimikas S, Fazio S, Ferdinand KC, Ginsberg HN, Koschinsky ML, Marcovina SM, Moriarty PM, Rader DJ,
Remaley AT, Reyes-Soffer G, Santos RD, Thanassoulis G, Witztum JL, Danthi S, Olive M and Liu L. NHLBI
Working Group Recommendations to Reduce Lipoprotein(a)-Mediated Risk of Cardiovascular Disease
and Aortic Stenosis. J Am Coll Cardiol. 2018;71:177-192.

Diederiks NM, van der Burgt YEM, Ruhaak LR and Cobbaert CM. Developing an Sl-traceable Lp(a)
reference measurement system: a pilgrimage to selective and accurate Apo(a) quantification. Critical
Reviews in Clinical Laboratory Sciences. 2023:1-19.

Szarek M, Reijnders E, Jukema JW, Bhatt DL, Bittner VA, Diaz R, Fazio S, Garon G, Goodman SG,
Harrington RA, Ruhaak LR, Schwertfeger M, Tsimikas S, White HD, Steg PG, Cobbaert C, Schwartz GG
and Investigators OO. Relating Lipoprotein(a) Concentrations to Cardiovascular Event Risk After Acute
Coronary Syndrome: A Comparison of 3 Tests. Circulation. 2024;149:192-203.

Schork NJ. Personalized medicine: Time for one-person trials. Nature. 2015;520:609-611.

Diamond DM and Ravnskov U. How statistical deception created the appearance that statins are safe
and effective in primary and secondary prevention of cardiovascular disease. Expert Rev Clin Pharmacol.
2015;8:201-10.

van der Laarse A and Cobbaert CM. Biochemical risk factors of atherosclerotic cardiovascular disease:
from a narrow and controversial approach to an integral approach and precision medicine. Expert
Review of Cardiovascular Therapy. 2021;19:1085-1096.

Tardif JC, Karwatowska-Prokopczuk E, Amour ES, Ballantyne CM, Shapiro MD, Moriarty PM, Baum SJ,
Hurh E, Bartlett VJ, Kingsbury J, Figueroa AL, Alexander VJ, Tami J, Witztum JL, Geary RS, O’Dea LSL,
Tsimikas S and Gaudet D. Apolipoprotein C-Ill reduction in subjects with moderate hypertriglyceridaemia
and at high cardiovascular risk. Eur Heart J. 2022;43:1401-1412.

O’Donoghue ML, Rosenson RS, Gencer B, Lopez JAG, Lepor NE, Baum SJ, Stout E, Gaudet D, Knusel
B, Kuder JF, Ran X, Murphy SA, Wang H, Wu Y, Kassahun H and Sabatine MS. Small Interfering RNA to
Reduce Lipoprotein(a) in Cardiovascular Disease. N EnglJ Med. 2022;387:1855-1864.

Yeang C, Karwatowska-Prokopczuk E, Su F, Dinh B, Xia S, Witztum JL and Tsimikas S. Effect of Pelacarsen
on Lipoprotein(a) Cholesterol and Corrected Low-Density Lipoprotein Cholesterol. J Am Coll Cardiol.
2022;79:1035-1046.

Ruhaak LR, van der Laarse A and Cobbaert CM. Apolipoprotein profiling as a personalized approach to
the diagnosis and treatment of dyslipidaemia. Ann Clin Biochem. 2019;56:338-356.

85




Chapter 2

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

86

Hagstrom E, Steg PG, Szarek M, Bhatt DL, Bittner VA, Danchin N, Diaz R, Goodman SG, Harrington RA,
Jukema JW, Liberopoulos E, Marx N, McGinniss J, Manvelian G, Pordy R, Scemama M, White HD, Zeiher
AM and Schwartz GG. Apolipoprotein B, Residual Cardiovascular Risk After Acute Coronary Syndrome,
and Effects of Alirocumab. Circulation. 2022;146:657-672.

Langlois MR and Sniderman AD. Non-HDL Cholesterol or apoB: Which to Prefer as a Target for the
Prevention of Atherosclerotic Cardiovascular Disease? Curr Cardiol Rep. 2020;22:67.

Marston NA, Giugliano RP, Melloni GEM, Park JG, Morrill V, Blazing MA, Ference B, Stein E, Stroes ES,
Braunwald E, Ellinor PT, Lubitz SA, Ruff CT and Sabatine MS. Association of Apolipoprotein B-Containing
Lipoproteins and Risk of Myocardial Infarction in Individuals With and Without Atherosclerosis:
Distinguishing Between Particle Concentration, Type, and Content. JAMA Cardiol. 2022;7:250-256.

Mehta A and Shapiro MD. Apolipoproteins in vascular biology and atherosclerotic disease. Nat Rev
Cardiol. 2022;19:168-179.

Yamamoto T, Choi HW and Ryan RO. Apolipoprotein E isoform-specific binding to the low-density
lipoprotein receptor. Anal Biochem. 2008;372:222-6.

Semenkovich CF, Goldberg AC and Goldberg 1J. Chapter 37 - Disorders of Lipid Metabolism. In: S.
Melmed, K. S. Polonsky, P. R. Larsen and H. M. Kronenberg, eds. Williams Textbook of Endocrinology
(Thirteenth Edition) Philadelphia: Elsevier; 2016: 1660-1700.

Xu S, Laccotripe M, Huang X, Rigotti A, Zannis VI and Krieger M. Apolipoproteins of HDL can directly
mediate binding to the scavenger receptor SR-BI, an HDL receptor that mediates selective lipid uptake.
J Lipid Res. 1997,38:1289-98.

Bultel-Brienne S, Lestavel S, Pilon A, Laffont |, Tailleux A, Fruchart JC, Siest G and Clavey V. Lipid free
apolipoprotein E binds to the class B Type | scavenger receptor | (SR-BI) and enhances cholesteryl ester
uptake from lipoproteins. J Biol Chem. 2002;277:36092-9.

Rubinstein A, Gibson JC, Paterniti JR, Jr., Kakis G, Little A, Ginsberg HN and Brown WV. Effect of heparin-
induced lipolysis on the distribution of apolipoprotein e among lipoprotein subclasses. Studies with
patients deficient in hepatic triglyceride lipase and lipoprotein lipase. J Clin Invest. 1985;75:710-721.

Feingold KR. Introduction to lipids and lipoproteins. 2021.

Conde-Knape K, Bensadoun A, Sobel JH, Cohn JS and Shachter NS. Overexpression of ApoC-Iin ApoE-null
mice: severe hypertriglyceridemia due to inhibition of hepatic lipase. J Lipid Res. 2002;43:2136-45.

Larsson M, Vorrsjo E, Talmud P, Lookene A and Olivecrona G. Apolipoproteins C-1 and C-lll Inhibit
Lipoprotein Lipase Activity by Displacement of the Enzyme from Lipid Droplets. J Biol Chem.
2013;288:33997-34008.

Westerterp M, de Haan W, Berbée JF, Havekes LM and Rensen PC. Endogenous ApoC-l increases
hyperlipidemia in ApoE-knockout mice by stimulating VLDL production and inhibiting LPL. J Lipid Res.
2006;47:1203-11.

Silbernagel G, Chen YQ, Rief M, Kleber ME, Hoffmann MM, Stojakovic T, Stang A, Sarzynski MA, Bouchard
C, Médrz W, Qian YW, Scharnagl H and Konrad RJ. Inverse association between apolipoprotein C-Il and
cardiovascular mortality: role of lipoprotein lipase activity modulation. Eur Heart J. 2023;44:2335-2345.

Shachter NS, Hayek T, Leff T, Smith JD, Rosenberg DW, Walsh A, Ramakrishnan R, Goldberg lJ, Ginsberg
HN and Breslow JL. Overexpression of apolipoprotein Cll causes hypertriglyceridemia in transgenic mice.
J Clin Invest. 1994;93:1683-90.

Ginsberg HN and Goldberg 1J. Broadening the Scope of Dyslipidemia Therapy by Targeting APOC3
(Apolipoprotein C3) and ANGPTL3 (Angiopoietin-Like Protein 3). Arterioscler Thromb Vasc Biol.
2023;43:388-398.

Qu J, Ko CW, Tso P and Bhargava A. Apolipoprotein A-IV: A Multifunctional Protein Involved in Protection
against Atherosclerosis and Diabetes. Cells. 2019;8:319.



33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

Precision Diagnostics with Apolipoprotein Profiling

Cavelier C, Lorenzi |, Rohrer L and von Eckardstein A. Lipid efflux by the ATP-binding cassette transporters
ABCA1 and ABCG1. Biochim Biophys Acta - Mol Cell Biol Lipids. 2006;1761:655-666.

Remaley AT, Stonik JA, Demosky SJ, Neufeld EB, Bocharov AV, Vishnyakova TG, Eggerman TL, Patterson
AP, Duverger NJ, Santamarina-Fojo S and Brewer HB, Jr. Apolipoprotein specificity for lipid efflux by the
human ABCAI transporter. Biochem Biophys Res Commun. 2001;280:818-23.

Gautier T, Masson D, de Barros J-PP, Athias A, Gambert P, Aunis D, Metz-Boutigue M-H and Lagrost L.
Human Apolipoprotein C-I Accounts for the Ability of Plasma High Density Lipoproteins to Inhibit the
Cholesteryl Ester Transfer Protein Activity. J Biol Chem. 2000;275:37504-37509.

Chan DC, Wong AT, Yamashita S and Watts GF. Apolipoprotein B-48 as a determinant of endothelial
function in obese subjects with type 2 diabetes mellitus: effect of fenofibrate treatment. Atherosclerosis.
2012;221:484-9.

Varbo A, Benn M, Tybjeerg-Hansen A, Jgrgensen AB, Frikke-Schmidt R and Nordestgaard BG. Remnant
cholesterol as a causal risk factor for ischemic heart disease. J Am Coll Cardiol. 2013;61:427-436.

Varbo A, Benn M, Tybjeerg-Hansen A and Nordestgaard BG. Elevated remnant cholesterol causes
both low-grade inflammation and ischemic heart disease, whereas elevated low-density lipoprotein
cholesterol causes ischemic heart disease without inflammation. Circulation. 2013;128:1298-309.

Richardson TG, Sanderson E, Palmer TM, Ala-Korpela M, Ference BA, Davey Smith G and Holmes MV.
Evaluating the relationship between circulating lipoprotein lipids and apolipoproteins with risk of coronary
heart disease: A multivariable Mendelian randomisation analysis. PLoS Med. 2020;17:e1003062.

Zuber V, Gill D, Ala-Korpela M, Langenberg C, Butterworth A, Bottolo L and Burgess S. High-throughput
multivariable Mendelian randomization analysis prioritizes apolipoprotein B as key lipid risk factor for
coronary artery disease. International Journal of Epidemiology. 2021;50:893-901.

Dai H, Hou T, Wang Q, Hou Y, Wang T, Zheng J, Lin H, Zhao Z, Li M, Wang S, Zhang D, Dai M, Zheng R, Lu
J, XuY, ChenY, Ning G, Wang W, Bi Y and Xu M. Causal relationships between the gut microbiome, blood
lipids, and heart failure: a Mendelian randomization analysis. Eur J Prev Cardiol. 2023;30:1274-1282.

Andersen LH, Miserez AR, Ahmad Z and Andersen RL. Familial defective apolipoprotein B-100: A review.
J Clin Lipidol. 2016;10:1297-1302.

Langlois MR, Chapman MJ, Cobbaert C, Mora S, Remaley AT, Ros E, Watts GF, Borén J, Baum H, Bruckert
E, Catapano A, Descamps OS, von Eckardstein A, Kamstrup PR, Kolovou G, Kronenberg F, Langsted A,
Pulkki K, Rifai N, Sypniewska G, Wiklund O and Nordestgaard BG. Quantifying Atherogenic Lipoproteins:
Current and Future Challenges in the Era of Personalized Medicine and Very Low Concentrations of LDL
Cholesterol. A Consensus Statement from EAS and EFLM. Clinical chemistry. 2018;64:1006-1033.

Contois JH, Langlois MR, Cobbaert C and Sniderman AD. Standardization of Apolipoprotein B, LDL-
Cholesterol, and Non-HDL-Cholesterol. J Am Heart Assoc. 2023;12:e030405.

Kohli-Lynch CN, Thanassoulis G, Moran AE and Sniderman AD. The clinical utility of apoB versus LDL-C/
non-HDL-C. Clin Chim Acta. 2020;508:103-108.

Demant T, Seeberg K, Bedynek A and Seidel D. The metabolism of lipoprotein(a) and other apolipoprotein
B-containing lipoproteins: a kinetic study in humans. Atherosclerosis. 2001;157:325-39.

Frischmann ME, lkewaki K, Trenkwalder E, Lamina C, Dieplinger B, Soufi M, Schweer H, Schaefer JR, Kénig
P, Kronenberg F and Dieplinger H. In vivo stable-isotope kinetic study suggests intracellular assembly of
lipoprotein(a). Atherosclerosis. 2012;225:322-327.

Boffa MB and Koschinsky ML. Understanding the ins and outs of lipoprotein (a) metabolism. Curr Opin
Lipidol. 2022;33:185-192.

McCormick SPA and Schneider WJ. Lipoprotein(a) catabolism: a case of multiple receptors. Pathology.
2019;51:155-164.

87




Chapter 2

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

88

Bittner VA, Szarek M, Aylward PE, Bhatt DL, Diaz R, Edelberg JM, Fras Z, Goodman SG, Halvorsen S,
Hanotin C, Harrington RA, Jukema JW, Loizeau V, Moriarty PM, Moryusef A, Pordy R, Roe MT, Sinnaeve
P, Tsimikas S, Vogel R, White HD, Zahger D, Zeiher AM, Steg PG, Schwartz GG, Committees OO and
Investigators. Effect of Alirocumab on Lipoprotein(a) and Cardiovascular Risk After Acute Coronary
Syndrome. J Am Coll Cardiol. 2020;75:133-144.

Tsimikas S, Gordts P, Nora C, Yeang C and Witztum JL. Statin therapy increases lipoprotein(a) levels. Eur
Heart J. 2020;41:2275-2284.

Koschinsky ML, Stroes ESG and Kronenberg F. Daring to dream: Targeting lipoprotein(a) as a causal and
risk-enhancing factor. Pharmacol Res. 2023;194:106843.

Tsimikas S. A Test in Context: Lipoprotein(a): Diagnosis, Prognosis, Controversies, and Emerging
Therapies. J Am Coll Cardiol. 2017;69:692-711.

Scipione CA, Sayegh SE, Romagnuolo R, Tsimikas S, Marcovina SM, Boffa MB and Koschinsky ML.
Mechanistic insights into Lp(a)-induced IL-8 expression: a role for oxidized phospholipid modification of
Apo(a). Journal of Lipid Research. 2015;56:2273-2285.

Kronenberg F. Human Genetics and the Causal Role of Lipoprotein(a) for Various Diseases. Cardiovasc
Drugs Ther. 2016;30:87-100.

Emdin CA, Khera AV, Natarajan P, Klarin D, Won HH, Peloso GM, Stitziel NO, Nomura A, Zekavat SM, Bick
AG, Gupta N, Asselta R, Duga S, Merlini PA, Correa A, Kessler T, Wilson JG, Bown MJ, Hall AS, Braund PS,
Samani NJ, Schunkert H, Marrugat J, Elosua R, McPherson R, Farrall M, Watkins H, Willer C, Abecasis
GR, Felix JF, Vasan RS, Lander E, Rader DJ, Danesh J, Ardissino D, Gabriel S, Saleheen D and Kathiresan
S. Phenotypic Characterization of Genetically Lowered Human Lipoprotein(a) Levels. J Am Coll Cardiol.
2016;68:2761-2772.

Szarek M, Bittner VA, Aylward P, Baccara-Dinet M, Bhatt DL, Diaz R, Fras Z, Goodman SG, Halvorsen S,
Harrington RA, Jukema JW, Moriarty PM, Pordy R, Ray KK, Sinnaeve P, Tsimikas S, Vogel R, White HD,
Zahger D, Zeiher AM, Steg PG, Schwartz GG and Investigators OO. Lipoprotein(a) lowering by alirocumab
reduces the total burden of cardiovascular events independent of low-density lipoprotein cholesterol
lowering: ODYSSEY OUTCOMIES trial. Eur Heart J. 2020;41:4245-4255.

Polz E, Kotite L, Havel RJ, Kane JP and Sata T. Human apolipoprotein Cl: concentration in blood serum and
lipoproteins. Biochem Med. 1980;24:229-237.

Malmendier CL, Lontie JF, Grutman GA and Delcroix C. Metabolism of apolipoprotein ClI in
normolipoproteinemic human subjects. Atherosclerosis. 1986;62:167-172.

Cohn JS, Tremblay M, Batal R, Jacques H, Veilleux L, Rodriguez C, Bernier L, Mamer O and Davignon J.
Plasma kinetics of VLDL and HDL ApoC-I in normolipidemic and hypertriglyceridemic subjects. J Lipid
Res. 2002;43:1680-1687.

Cohn JS, Tremblay M, Boulet L, Jacques H, Davignon J, Roy M and Bernier L. Plasma concentration and
lipoprotein distribution of ApoC-1 is dependent on ApoE genotype rather than the Hpa | ApoC-I promoter
polymorphism. Atherosclerosis. 2003;169:63-70.

Wassef H, Salem H, Bissonnette S, Baass A, Dufour R, Davignon J and Faraj M. White adipose tissue

apolipoprotein Cl secretion in relation to delayed plasma clearance of dietary fat in humans. Arterioscler
Thromb Vasc Biol. 2012;32:2785-2793.

Hsu CC, Kanter JE, Kothari V and Bornfeldt KE. Quartet of APOCs and the Different Roles They Play in
Diabetes. Arterioscler Thromb Vasc Biol. 2023;43:1124-1133.

Soutar AK, Garner CW, Baker HN, Sparrow JT, Jackson RL, Gotto AM and Smith LC. Effect of the human
plasma apolipoproteins and phosphatidylcholine acyl donor on the activity of lecithin cholesterol
acyltransferase. Biochemistry. 1975;14:3057-3064.

Jonas A, Sweeny SA and Herbert PN. Discoidal complexes of A and C apolipoproteins with lipids and their
reactions with lecithin: cholesterol acyltransferase. J Biol Chem. 1984;259:6369-75.



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Precision Diagnostics with Apolipoprotein Profiling

de Haan W, Out R, Berbée JF, van der Hoogt CC, van Dijk KW, van Berkel TJ, Romijn JA, Jukema JW,
Havekes LM and Rensen PC. Apolipoprotein Cl inhibits scavenger receptor Bl and increases plasma HDL
levels in vivo. Biochem Biophys Res Commun. 2008;377:1294-8.

Dumont L, Gautier T, de Barros JP, Laplanche H, Blache D, Ducoroy P, Fruchart J, Fruchart JC, Gambert
P, Masson D and Lagrost L. Molecular mechanism of the blockade of plasma cholesteryl ester transfer
protein by its physiological inhibitor apolipoprotein Cl. J Biol Chem. 2005;280:38108-16.

Conde-Knape K, Bensadoun A, Sobel JH, Cohn JS and Shachter NS. Overexpression of ApoC-l in ApoE-null
mice. J Lipid Res. 2002;43:2136-2145.

Masaki S, Norihiro S and Kohji S. Effect of apolipoproteins on the hepatic lipase-catalyzed hydrolysis
of human plasma high density lipoprotein2-triacylglycerols. Biochim Biophys Acta - Lipids Lipid Metab.
1982;713:292-299.

Rouland A, Masson D, Lagrost L, Verges B, Gautier Tand Bouillet B. Role of apolipoprotein C1in lipoprotein
metabolism, atherosclerosis and diabetes: a systematic review. Cardiovasc Diabetol. 2022;21:272.

Dautin G, Soltani Z, Ducloux D, Gautier T, Pais de Barros JP, Gambert P, Lagrost L and Masson D.
Hemodialysis reduces plasma apolipoprotein C-I concentration making VLDL a better substrate for
lipoprotein lipase. Kidney Int. 2007;72:871-878.

Jong MC, van Dijk KW, Dahlmans VE, Van der Boom H, Kobayashi K, Oka K, Siest G, Chan L, Hofker MH and
Havekes LM. Reversal of hyperlipidaemia in apolipoprotein C1 transgenic mice by adenovirus-mediated
gene delivery of the low-density-lipoprotein receptor, but not by the very-low-density-lipoprotein
receptor. Biochem J. 1999;338 ( Pt 2):281-7.

Sehayek E and Eisenberg S. Mechanisms of inhibition by apolipoprotein C of apolipoprotein E-dependent
cellular metabolism of human triglyceride-rich lipoproteins through the low density lipoprotein receptor
pathway. J Biol Chem. 1991;266:18259-67.

Weisgraber KH, Mahley RW, Kowal RC, Herz J, Goldstein JL and Brown MS. Apolipoprotein Cl modulates
the interaction of apolipoprotein E with beta-migrating very low density lipoproteins (beta-VLDL)
and inhibits binding of beta-VLDL to low density lipoprotein receptor-related protein. J Biol Chem.
1990;265:22453-22459.

Bouillet B, Gautier T, Blache D, Pais de Barros JP, Duvillard L, Petit JM, Lagrost L and Vergés B. Glycation
of apolipoprotein C1 impairs its CETP inhibitory property: pathophysiological relevance in patients with
type 1 and type 2 diabetes. Diabetes Care. 2014;37:1148-56.

Pillois X, Gautier T, Bouillet B, Pais de Barros JP, Jeannin A, Verges B, Bonnet J and Lagrost L. Constitutive
inhibition of plasma CETP by apolipoprotein C1 is blunted in dyslipidemic patients with coronary artery
disease. J Lipid Res. 2012;53:1200-9.

van der Hoogt CC, Berbée JF, Espirito Santo SM, Gerritsen G, Krom YD, van der Zee A, Havekes LM, van

Dijk KW and Rensen PC. Apolipoprotein Cl causes hypertriglyceridemia independent of the very-low-
density lipoprotein receptor and apolipoprotein Clll in mice. Biochim Biophys Acta. 2006;1761:213-20.

Shachter NS. Apolipoproteins Cl and C-lll as important modulators of lipoprotein metabolism. Curr Opin
Lipidol. 2001;12:297-304.

Yan LR, Wang DX, Liu H, Zhang XX, Zhao H, Hua L, Xu P and Li YS. A pro-atherogenic HDL profile in coronary
heart disease patients: an iTRAQ labelling-based proteomic approach. PloS one. 2014;9:e98368.

Jong MC, Hofker MH and Havekes LM. Role of ApoCs in lipoprotein metabolism: functional differences
between ApoC1, ApoC2, and ApoC3. Arterioscler Thromb Vasc Biol. 1999;19:472-484.

Hamsten A, Silveira A, Boquist S, Tang R, Bond MG, de Faire U and Bjorkegren J. The apolipoprotein Cl
content of triglyceride-rich lipoproteins independently predicts early atherosclerosis in healthy middle-
aged men. J Am Coll Cardiol. 2005;45:1013-7.

Bjorkegren J, Boquist S, Samnegard A, Lundman P, Tornvall P, Ericsson CG and Hamsten A. Accumulation
of apolipoprotein C-l-rich and cholesterol-rich VLDL remnants during exaggerated postprandial
triglyceridemia in normolipidemic patients with coronary artery disease. Circulation. 2000;101:227-30.

89




Chapter 2

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

90

Notg AT, Mathiesen EB, Brox J, Bjorkegren J and Hansen JB. The ApoC-I content of VLDL particles is
associated with plaque size in persons with carotid atherosclerosis. Lipids. 2008;43:673-9.

Rezeli M, Végvari A, Donnarumma F, Gidl6f O, Smith JG, Erlinge D and Marko-Varga G. Development of
an MRM assay panel with application to biobank samples from patients with myocardial infarction. J
Proteomics. 2013;87:16-25.

Clarke R, Von Ende A, Schmidt LE, Yin X, Hill M, Hughes AD, Pechlaner R, Willeit J, Kiechl S, Watkins H,
Theofilatos K, Hopewell JC and Mayr M. Apolipoprotein Proteomics for Residual Lipid-Related Risk in
Coronary Heart Disease. Circ Res. 2023;132:452-464.

Jackson RL, Baker HN, Gilliam EB and Gotto AM, Jr. Primary structure of very low density apolipoprotein
C-Il of human plasma. Proc Natl Acad Sci U S A. 1977;74:1942-5.

Wolska A, Reimund M and Remaley AT. Apolipoprotein C-II: the re-emergence of a forgotten factor. Curr
Opin Lipidol. 2020;31:147-153.

Zdunek J, Martinez GV, Schleucher J, Lycksell PO, Yin Y, Nilsson S, Shen Y, Olivecrona G and Wijmenga
S. Global structure and dynamics of human apolipoprotein ClIl in complex with micelles: evidence
for increased mobility of the helix involved in the activation of lipoprotein lipase. Biochemistry.
2003;42:1872-89.

Kumari A, Grgnnemose AL, Kristensen KK, Winther AL, Young SG, Jgrgensen TJD and Ploug M. Inverse
effects of APOC2 and ANGPTL4 on the conformational dynamics of lid-anchoring structures in lipoprotein
lipase. Proc Natl Acad Sci. 2023;120:e2221888120.

Hermans MPJ, Bodde MC, Jukema JW, Schalij MJ, van der Laarse A and Cobbaert CM. Low levels of
apolipoprotein-Cll in normotriglyceridemic patients with very premature coronary artery disease:
Observations from the MISSION! Intervention study. J Clin Lipidol. 2017;11:1407-1414.

D’Erasmo L, Di Costanzo A, Gallo A, Bruckert E and Arca M. ApoClll: A multifaceted protein in
cardiometabolic disease. Metabolism. 2020;113:154395.

Rosenson Robert S, Shaik A and Song W. New Therapies for Lowering Triglyceride-Rich Lipoproteins. J
Am Coll Cardiol. 2021;78:1817-1830.

Gaudet D, Brisson D, Tremblay K, Alexander VJ, Singleton W, Hughes SG, Geary RS, Baker BF, Graham MJ,
Crooke RM and Witztum JL. Targeting APOC3 in the Familial Chylomicronemia Syndrome. N Engl J Med.
2014;371:2200-2206.

Giammanco A, Spina R, Cefalu AB and Averna M. APOC-III: a Gatekeeper in Controlling Triglyceride
Metabolism. Curr Atheroscler Rep. 2023;25:67-76.

Mendivil CO, Zheng C, Furtado J, Lel J and Sacks FM. Metabolism of Very-Low-Density Lipoprotein
and Low-Density Lipoprotein Containing Apolipoprotein C-lll and Not Other Small Apolipoproteins.
Arterioscler Thromb Vasc Biol. 2010;30:239-245.

Cohn JS, Patterson BW, Uffelman KD, Davignon J and Steiner G. Rate of production of plasma and very-
low-density lipoprotein (VLDL) apolipoprotein C-lll is strongly related to the concentration and level
of production of VLDL triglyceride in male subjects with different body weights and levels of insulin
sensitivity. J Clin Endocrinol Metab. 2004;89:3949-55.

Morton AM, Koch M, Mendivil CO, Furtado JD, Tjonneland A, Overvad K, Wang L, Jensen MK and Sacks
FM. Apolipoproteins E and Clll interact to regulate HDL metabolism and coronary heart disease risk. JC/
Insight. 2018;3:e98045.

Luo M, Liu A, Wang S, Wang T, Hu D, Wu S and Peng D. ApoClil enrichment in HDL impairs HDL-mediated
cholesterol efflux capacity. Sci Rep. 2017;7.

Jensen MK, Aroner SA, Mukamal KJ, Furtado JD, Post WS, Tsai MY, Tjgnneland A, Polak JF, Rimm EB, Overvad
K, McClelland RL and Sacks FM. High-Density Lipoprotein Subspecies Defined by Presence of Apolipoprotein
C-lll and Incident Coronary Heart Disease in Four Cohorts. Circulation. 2018;137:1364-1373.



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Precision Diagnostics with Apolipoprotein Profiling

Chan HC, Ke LY, Lu HT, Weng SF, Chan HC, Law SH, Lin IL, Chang CF, Lu YH, Chen CH and Chu CS. An
Increased Plasma Level of ApoClll-Rich Electronegative High-Density Lipoprotein May Contribute to
Cognitive Impairment in Alzheimer’s Disease. Biomedicines. 2020;8:542.

Olin-Lewis K, Krauss RM, La Belle M, Blanche PJ, Barrett PHR, Wight TN and Chait A. ApoC-IIl content
of apoB-containing lipoproteins is associated with binding to the vascular proteoglycan biglycan. J Lipid
Res. 2002;43:1969-1977.

Wulff AB, Nordestgaard BG and Tybjaerg-Hansen A. APOC3 Loss-of-Function Mutations, Remnant
Cholesterol, Low-Density Lipoprotein Cholesterol, and Cardiovascular Risk. Arterioscler Thromb Vasc
Biol. 2018;38:660-668.

Pollin TI, Damcott CM, Shen H, Ott SH, Shelton J, Horenstein RB, Post W, McLenithan JC, Bielak LF, Peyser
PA, Mitchell BD, Miller M, O’Connell JR and Shuldiner AR. A null mutation in human APOC3 confers a
favorable plasma lipid profile and apparent cardioprotection. Science. 2008;322:1702-5.

Reyes-Soffer G, Sztalryd C, Horenstein RB, Holleran S, Matveyenko A, Thomas T, Nandakumar R, Ngai C,
Karmally W, Ginsberg HN, Ramakrishnan R and Pollin TI. Effects of APOC3 Heterozygous Deficiency on
Plasma Lipid and Lipoprotein Metabolism. Arterioscler Thromb Vasc Biol. 2019;39:63-72.

Crawford DC, Dumitrescu L, Goodloe R, Brown-Gentry K, Boston J, McClellan B, Sutcliffe C, Wiseman R,
Baker P, Pericak-Vance MA, Scott WK, Allen M, Mayo P, Schnetz-Boutaud N, Dilks HH, Haines JL and Pollin
TI. Rare Variant APOC3 R19X Is Associated With Cardio-Protective Profiles in a Diverse Population-Based
Survey as Part of the Epidemiologic Architecture for Genes Linked to Environment Study. Circ Cardiovasc
Genet. 2014,;7:848-853.

Jgrgensen AB, Frikke-Schmidt R, Nordestgaard BG and Tybjaerg-Hansen A. Loss-of-Function Mutations in
APOC3 and Risk of Ischemic Vascular Disease. N Engl J Med. 2014;371:32-41.

Crosby J, Peloso GM, Auer PL, Crosslin DR, Stitziel NO, Lange LA, Lu Y, Tang ZZ, Zhang H, Hindy G, Masca
N, Stirrups K, Kanoni S, Do R, Jun G, Hu Y, Kang HM, Xue C, Goel A, Farrall M, Duga S, Merlini PA, Asselta
R, Girelli D, Olivieri O, Martinelli N, Yin W, Reilly D, Speliotes E, Fox CS, Hveem K, Holmen OL, Nikpay M,
Farlow DN, Assimes TL, Franceschini N, Robinson J, North KE, Martin LW, DePristo M, Gupta N, Escher
SA, Jansson JH, Van Zuydam N, Palmer CN, Wareham N, Koch W, Meitinger T, Peters A, Lieb W, Erbel R,
Konig IR, Kruppa J, Degenhardt F, Gottesman O, Bottinger EP, O’Donnell CJ, Psaty BM, Ballantyne CM,
Abecasis G, Ordovas JM, Melander O, Watkins H, Orho-Melander M, Ardissino D, Loos RJ, McPherson
R, Willer CJ, Erdmann J, Hall AS, Samani NJ, Deloukas P, Schunkert H, Wilson JG, Kooperberg C, Rich SS,
Tracy RP, Lin DY, Altshuler D, Gabriel S, Nickerson DA, Jarvik GP, Cupples LA, Reiner AP, Boerwinkle E and
Kathiresan S. Loss-of-function mutations in APOC3, triglycerides, and coronary disease. N Engl J Med.
2014;371:22-31.

van Capelleveen JC, Bernelot Moens SJ, Yang X, Kastelein JJP, Wareham NJ, Zwinderman AH, Stroes ESG,
Witztum JL, Hovingh GK, Khaw KT, Boekholdt SM and Tsimikas S. Apolipoprotein C-lll Levels and Incident
Coronary Artery Disease Risk: The EPIC-Norfolk Prospective Population Study. Arterioscler Thromb Vasc
Biol. 2017;37:1206-1212.

Pechlaner R, Tsimikas S, Yin X, Willeit P, Baig F, Santer P, Oberhollenzer F, Egger G, Witztum JL, Alexander
VJ, Willeit J, Kiechl S and Mayr M. Very-Low-Density Lipoprotein-Associated Apolipoproteins Predict
Cardiovascular Events and Are Lowered by Inhibition of APOC-IIl. J Am Coll Cardiol. 2017;69:789-800.
Katzmann JL, Werner CM, Stojakovic T, Madrz W, Scharnagl H and Laufs U. Apolipoprotein ClIl predicts
cardiovascular events in patients with coronary artery disease: a prospective observational study. Lipids
Health Dis. 2020;19:116.

Mahley RW. Apolipoprotein E: cholesterol transport protein with expanding role in cell biology. Science.
1988;240:622-30.

Vedhachalam C, Narayanaswami V, Neto N, Forte TM, Phillips MC, Lund-Katz S and Bielicki JK. The C-terminal
lipid-binding domain of apolipoprotein E is a highly efficient mediator of ABCA1-dependent cholesterol efflux
that promotes the assembly of high-density lipoproteins. Biochemistry. 2007;46:2583-93.

91




Chapter 2

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

92

Krimbou L, Denis M, Haidar B, Carrier M, Marcil M and Genest J, Jr. Molecular interactions between
ApoE and ABCA1: impact on ApoE lipidation. J Lipid Res. 2004;45:839-48.

Alagarsamy J, Jaeschke A and Hui DY. Apolipoprotein E in Cardiometabolic and Neurological Health and
Diseases. Int J Mol Sci. 2022;23:9892.

Kim H, Devanand DP, Carlson S and Goldberg TE. Apolipoprotein E Genotype e2: Neuroprotection and Its
Limits. Front Aging Neurosci. 2022;14:919712.

Mahley RW and Huang Y. Apolipoprotein E: from atherosclerosis to Alzheimer’s disease and beyond.
Curr Opin Lipidol. 1999;10:207-17.

Koopal C, Marais AD and Visseren FL. Familial dysbetalipoproteinemia: an underdiagnosed lipid disorder.
Curr Opin Endocrinol Diabetes Obes. 2017;24:133-139.

Davignon J, Gregg RE and Sing CF. Apolipoprotein E polymorphism and atherosclerosis. Arteriosclerosis.
1988;8:1-21.

Menzel HJ, Kladetzky RG and Assmann G. Apolipoprotein E polymorphism and coronary artery disease.
Arteriosclerosis. 1983;3:310-315.

Stengard JH, Zerba KE, Pekkanen J, Ehnholm C, Nissinen A and Sing CF. Apolipoprotein E polymorphism
predicts death from coronary heart disease in a longitudinal study of elderly Finnish men. Circulation.
1995;91:265-269.

Utermann G, Steinmetz A and Weber W. Genetic control of human apolipoprotein E polymorphism:
comparison of one-and two-dimensional techniques of isoprotein analysis. Human genetics.
1982;60:344-351.

Luc G, Bard J-M, Arveiler D, Evans A, Cambou J-P, Bingham A, Amouyel P, Schaffer P, Ruidavets J-B and
Cambien F. Impact of apolipoprotein E polymorphism on lipoproteins and risk of myocardial infarction.
The ECTIM Study. Arterioscler Thromb. 1994;14:1412-1419.

Kessler C, Spitzer C, Stauske D, Mende S, Stadlm{ller Jr, Walther R and Rettig R. The apolipoprotein E and
B-fibrinogen G/A-455 gene polymorphisms are associated with ischemic stroke involving large-vessel
disease. Arteriosclerosis, thrombosis, and vascular biology. 1997;17:2880-2884.

Stengard JH, Weiss KM and Sing CF. An ecological study of association between coronary heart disease
mortality rates in men and the relative frequencies of common allelic variations in the gene coding for
apolipoprotein E. Human genetics. 1998;103:234-241.

Mahley RW and Huang Y. Apolipoprotein e sets the stage: response to injury triggers neuropathology.
Neuron. 2012;76:871-885.

Mahley RW and Huang Y. Small-Molecule Structure Correctors Target Abnormal Protein Structure
and Function: Structure Corrector Rescue of Apolipoprotein E4—Associated Neuropathology:
Miniperspective. Journal of medicinal chemistry. 2012;55:8997-9008.

Huang Y and Mucke L. Alzheimer mechanisms and therapeutic strategies. Cell. 2012;148:1204-1222.

Mahley RW, Weisgraber KH and Huang Y. Apolipoprotein E: structure determines function, from
atherosclerosis to Alzheimer’s disease to AIDS. Journal of lipid research. 2009;50:5183-S188.

Moriarty PM, Varvel SA, Gordts PLSM, McConnell JP and Tsimikas S. Lipoprotein(a) Mass Levels Increase
Significantly According to APOE Genotype. Arterioscler Thromb Vasc Biol. 2017;37:580-588.

Bhale AS and Venkataraman K. Leveraging knowledge of HDLs major protein ApoAl: Structure, function,
mutations, and potential therapeutics. Biomed Pharmacother. 2022;154:113634.

Wolska A, Reimund M, Sviridov DO, Amar MJ and Remaley AT. Apolipoprotein Mimetic Peptides:
Potential New Therapies for Cardiovascular Diseases. Cells. 2021;10:597.

Bedi S, Morris J, Shah A, Hart RC, Jerome WG, Aller SG, Tang C, Vaisar T, Bornfeldt KE, Segrest JP, Heinecke

JW and Davidson WS. Conformational flexibility of apolipoprotein A-I amino- and carboxy-termini is
necessary for lipid binding but not cholesterol efflux. J Lipid Res. 2022;63:100168.



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

Precision Diagnostics with Apolipoprotein Profiling

Cochran BJ, Ong KL, Manandhar B and Rye KA. APOA1: a Protein with Multiple Therapeutic Functions.
Curr Atheroscler Rep. 2021;23:11.

Rosenson RS, Brewer HB, Davidson WS, Fayad ZA, Fuster V, Goldstein J, Hellerstein M, Jiang X-C,
Phillips MC, Rader DJ, Remaley AT, Rothblat GH, Tall AR and Yvan-Charvet L. Cholesterol Efflux and
Atheroprotection. Circulation. 2012;125:1905-1919.

Gillotte KL, Zaiou M, Lund-Katz S, Anantharamaiah GM, Holvoet P, Dhoest A, Palgunachari MN,
Segrest JP, Weisgraber KH, Rothblat GH and Phillips MC. Apolipoprotein-mediated plasma membrane
microsolubilization. Role of lipid affinity and membrane penetration in the efflux of cellular cholesterol
and phospholipid. J Biol Chem. 1999;274:2021-8.

Chroni A and Kardassis D. HDL Dysfunction Caused by Mutations in ApoA-l and Other Genes that are
Critical for HDL Biogenesis and Remodeling. Curr Med Chem. 2019;26:1544-1575.

Alexander ET, Tanaka M, Kono M, Saito H, Rader DJ and Phillips MC. Structural and functional
consequences of the Milano mutation (R173C) in human apolipoprotein A-l. J Lipid Res. 2009;50:1409-
19.

Barter PJ, Caulfield M, Eriksson M, Grundy SM, Kastelein JJP, Komajda M, Lopez-Sendon J, Mosca L, Tardif
J-C, Waters DD, Shear CL, Revkin JH, Buhr KA, Fisher MR, Tall AR and Brewer B. Effects of Torcetrapib in
Patients at High Risk for Coronary Events. N Engl J Med. 2007;357:2109-2122.

Furtado JD, Ruotolo G, Nicholls SJ, Dullea R, Carvajal-Gonzalez S and Sacks FM. Pharmacological
Inhibition of CETP (Cholesteryl Ester Transfer Protein) Increases HDL (High-Density Lipoprotein) That
Contains ApoC3 and Other HDL Subspecies Associated With Higher Risk of Coronary Heart Disease.
Arterioscler Thromb Vasc Biol. 2022;42:227-237.

Cho KH. The Current Status of Research on High-Density Lipoproteins (HDL): A Paradigm Shift from HDL
Quantity to HDL Quality and HDL Functionality. Int J Mol Sci. 2022;23.

Kido T, Kurata H, Kondo K, Itakura H, Okazaki M, Urata T and Yokoyama S. Bioinformatic Analysis of
Plasma Apolipoproteins A-l and A-Il Revealed Unique Features of A-1/A-Il HDL Particles in Human Plasma.
Sci Rep. 2016;6:31532.

Kido T, Kondo K, Kurata H, Fujiwara Y, Urata T, Itakura H and Yokoyama S. ApoA-I/A-II-HDL positively
associates with apoB-lipoproteins as a potential atherogenic indicator. Lipids Health Dis. 2017;16:225.
Florea G, Tudorache IF, Fuior EV, lonita R, Dumitrescu M, Fenyo IM, Bivol VG and Gafencu AV.
Apolipoprotein A-Il, a Player in Multiple Processes and Diseases. Biomedicines. 2022;10:1578.

Thomas SR, Zhang Y and Rye KA. The pleiotropic effects of high-density lipoproteins and apolipoprotein
A-l. Best Pract Res Clin Endocrinol Metab. 2023;37:101689.

Forte TM, Bielicki JK, Goth-Goldstein R, Selmek J and McCall MR. Recruitment of cell phospholipids and
cholesterol by apolipoproteins A-ll and A-I: formation of nascent apolipoprotein-specific HDL that differ
in size, phospholipid composition, and reactivity with LCAT. J Lipid Res. 1995;36:148-57.

Melchior JT, Street SE, Andraski AB, Furtado JD, Sacks FM, Shute RL, Greve El, Swertfeger DK, Li H, Shah
AS, Lu LJ and Davidson WS. Apolipoprotein A-Il alters the proteome of human lipoproteins and enhances
cholesterol efflux from ABCAL. J Lipid Res. 2017;58:1374-1385.

Chan DC, Ng TWK and Watts GF. Apolipoprotein A-Il: Evaluating its significance in dyslipidaemia, insulin
resistance, and atherosclerosis. Annals of Medicine. 2012;44:313-324.

Xiao J, Zhang F, Wiltshire S, Hung J, Jennens M, Beilby JP, Thompson PL, McQuillan BM, McCaskie PA,
Carter KW, Palmer LJ and Powell BL. The apolipoprotein All rs5082 variant is associated with reduced risk
of coronary artery disease in an Australian male population. Atherosclerosis. 2008;199:333-9.

Park SH, Kim JR, Park JE and Cho KH. A Caucasian male with very low blood cholesterol and low apoA-II
without evidence of atherosclerosis. Eur J Clin Invest. 2007;37:249-56.

93




Chapter 2

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

94

Deeb SS, Takata K, Peng RL, Kajiyama G and Albers JJ. A splice-junction mutation responsible for familial
apolipoprotein A-Il deficiency. Am J Hum Genet. 1990;46:822-7.

Genest JJ, Bard JM, Fruchart J-C, Ordovas JM, Wilson PFW and Schaefer EJ. Plasma apolipoprotein A-I,
A-ll, B, E and C-Ill containing particles in men with premature coronary artery disease. Atherosclerosis.
1991;90:149-157.

Birjmohun RS, Dallinga-Thie GM, Kuivenhoven JA, Stroes ES, Otvos JD, Wareham NJ, Luben R, Kastelein
JJ, Khaw KT and Boekholdt SM. Apolipoprotein A-ll is inversely associated with risk of future coronary
artery disease. Circulation. 2007;116:2029-35.

Coste-Burel M, Mainard F, Chivot L, Auget JL and Madec Y. Study of lipoprotein particles LpAl and LpAl:All
in patients before coronary bypass surgery. Clinical chemistry. 1990;36:1889-1891.

Luc G, Bard JM, Ferrieres J, Evans A, Amouyel P, Arveiler D, Fruchart JC and Ducimetiére P. Value of
HDL cholesterol, apolipoprotein A-l, lipoprotein A-l, and lipoprotein A-I/A-Il in prediction of coronary
heart disease: the PRIME Study. Prospective Epidemiological Study of Myocardial Infarction. Arterioscler
Thromb Vasc Biol. 2002;22:1155-61.

Ezeh B, Haiman M, Alber HF, Kunz B, Paulweber B, Lingenhel A, Kraft H-G, Weidinger F, Pachinger O,
Dieplinger H and Kronenberg F. Plasma distribution of apoA-IV in patients with coronary artery disease
and healthy controls. J Lipid Res. 2003;44:1523-1529.

Wang F, Kohan AB, Lo C-M, Liu M, Howles P and Tso P. Apolipoprotein A-IV: a protein intimately involved
in metabolism. J Lipid Res. 2015;56:1403-1418.

Duverger N, Ghalim N, Ailhaud G, Steinmetz A, Fruchart JC and Castro G. Characterization of apoA-IV-
containing lipoprotein particles isolated from human plasma and interstitial fluid. Arterioscler Thromb.
1993;13:126-32.

Green PH, Glickman RM, Riley JW and Quinet E. Human apolipoprotein A-IV. Intestinal origin and
distribution in plasma. J Clin Invest. 1980;65:911-9.

Malmendier CL, Lontie JF, Lagrost L, Delcroix C, Dubois DY and Gambert P. In vivo metabolism of
apolipoproteins A-1V and A-l associated with high density lipoprotein in normolipidemic subjects. J Lipid
Res. 1991;32:801-8.

Utermann G and Beisiegel U. Apolipoprotein A-IV: a protein occurring in human mesenteric lymph
chylomicrons and free in plasma. Isolation and quantification. Eur J Biochem. 1979;99:333-43.

von Eckardstein A, Huang Y, Wu S, Sarmadi AS, Schwarz S, Steinmetz A and Assmann G. Lipoproteins
containing apolipoprotein A-IV but not apolipoprotein A-l take up and esterify cell-derived cholesterol
in plasma. Arterioscler Thromb Vasc Biol. 1995;15:1755-63.

Kronenberg F, Stuhlinger M, Trenkwalder E, Geethanjali FS, Pachinger O, Von Eckardstein A and
Dieplinger H. Low apolipoprotein A-IV plasma concentrations in men with coronary artery disease. J Am
Coll Cardiol. 2000;36:751-757.

Fournier N, Atger V, Paul JL, Sturm M, Duverger N, Rothblat GH and Moatti N. Human ApoA-IV

overexpression in transgenic mice induces cAMP-stimulated cholesterol efflux from J774 macrophages
to whole serum. Arterioscler Thromb Vasc Biol. 2000;20:1283-92.

Steinmetz A and Utermann G. Activation of lecithin: cholesterol acyltransferase by human apolipoprotein
A-IV. J Biol Chem. 1985;260:2258-2264.

Jonas A. Lecithin-cholesterol acyltransferase in the metabolism of high-density lipoproteins. Biochim
Biophys Acta - Lipids Lipid Metab. 1991;1084:205-220.

von Eckardstein A, Huang Y, Wu S, Sarmadi AS, Schwarz S, Steinmetz A and Assmann G. Lipoproteins
Containing Apolipoprotein A-1V but Not Apolipoprotein A-l Take Up and Esterify Cell-Derived Cholesterol
in Plasma. Arterioscler Thromb Vasc Biol. 1995;15:1755-1763.



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Precision Diagnostics with Apolipoprotein Profiling

Cohen RD, Castellani LW, Qiao JH, Van Lenten BJ, Lusis AJ and Reue K. Reduced aortic lesions and
elevated high density lipoprotein levels in transgenic mice overexpressing mouse apolipoprotein A-IV. J
Clin Invest. 1997;99:1906-16.

Pearson K, Saito H, Woods SC, Lund-Katz S, Tso P, Phillips MC and Davidson WS. Structure of human
apolipoprotein A-IV: a distinct domain architecture among exchangeable apolipoproteins with potential
functional implications. Biochemistry. 2004;43:10719-29.

Lamina C, Friedel S, Coassin S, Rueedi R, Yousri NA, Seppala |, Gieger C, Schénherr S, Forer L, Erhart G,
Kollerits B, Marques-Vidal P, Ried J, Waeber G, Bergmann S, Dahnhardt D, Stockl A, Kiechl S, Raitakari
OT, Kahénen M, Willeit J, Kedenko L, Paulweber B, Peters A, Meitinger T, Strauch K, Lehtimaki T, Hunt
SC, Vollenweider P and Kronenberg F. A genome-wide association meta-analysis on apolipoprotein A-IV
concentrations. Hum Mol Genet. 2016;25:3635-3646.

Mack S, Coassin S, Vaucher J, Kronenberg F, Lamina C and Apo AIVGC. Evaluating the Causal Relation of
ApoA-IV with Disease-Related Traits - A Bidirectional Two-sample Mendelian Randomization Study. Sci
Rep. 2017;7:8734.

Weinberg RB. Apolipoprotein A-IV polymorphisms and diet-gene interactions. Curr Opin Lipidol.
2002;13:125-34.

Wong WM, Hawe E, Li LK, Miller GJ, Nicaud V, Pennacchio LA, Humphries SE and Talmud PJ. Apolipoprotein
AIV gene variant S347 is associated with increased risk of coronary heart disease and lower plasma
apolipoprotein AlV levels. Circ Res. 2003;92:969-75.

Dittrich J, Beutner F, Teren A, Thiery J, Burkhardt R, Scholz M and Ceglarek U. Plasma levels of
apolipoproteins C-ll, A-IV, and E are independently associated with stable atherosclerotic cardiovascular
disease. Atherosclerosis. 2019;281:17-24.

Langlois MR, Nordestgaard BG, Langsted A, Chapman MJ, Aakre KM, Baum H, Borén J, Bruckert E,
Catapano A, Cobbaert C, Collinson P, Descamps OS, Duff CJ, von Eckardstein A, Hammerer-Lercher
A, Kamstrup PR, Kolovou G, Kronenberg F, Mora S, Pulkki K, Remaley AT, Rifai N, Ros E, Stankovic S,
Stavljenic-Rukavina A, Sypniewska G, Watts GF, Wiklund O and Laitinen P. Quantifying atherogenic
lipoproteins for lipid-lowering strategies: consensus-based recommendations from EAS and EFLM. Clin
Chem Lab Med. 2020;58:496-517.

Kronenberg F. Lipoprotein(a) measurement issues: Are we making a mountain out of a molehill?
Atherosclerosis. 2022;349:123-135.

Kronenberg F and Tsimikas S. The challenges of measuring Lp(a): A fight against Hydra? Atherosclerosis.
2019;289:181-183.

Marcovina SM, Albers JJ, Gabel B, Koschinsky ML and Gaur VP. Effect of the number of apolipoprotein(a)
kringle 4 domains on immunochemical measurements of lipoprotein(a). Clinical chemistry. 1995;41:246-
255.

Ruhaak LR and Cobbaert CM. Quantifying apolipoprotein(a) in the era of proteoforms and precision
medicine. Clin Chim Acta. 2020;511:260-268.

Hoofnagle AN and Wener MH. The fundamental flaws of immunoassays and potential solutions using
tandem mass spectrometry. J Immunol Methods. 2009;347:3-11.

Kruijt M, van der Pol LM, Eikenboom J, Verburg HJ, Cobbaert CM and Ruhaak LR. Unraveling a borderline
antithrombin deficiency case with quantitative mass spectrometry. J Thromb Haemost. 2022;20:145-
148.

Ruhaak LR, Smit NPM, Suchiman HED, Pieterse MM, Romijn F, Beekman M and Cobbaert CM. MS-
based proteomics: a metrological sound and robust alternative for apolipoprotein E phenotyping in a
multiplexed test. Clin Chem Lab Med. 2019;57:e102-e104.

95




Chapter 2

182.

183.

184.

185.

186.

187.

188.

189.

190.

96

van den Broek I, Romijn FP, Nouta J, van der Laarse A, Drijfhout JW, Smit NP, van der Burgt YE and
Cobbaert CM. Automated Multiplex LC-MS/MS Assay for Quantifying Serum Apolipoproteins A-l, B, C-I,
C-II, C-1ll, and E with Qualitative Apolipoprotein E Phenotyping. Clin Chem. 2016;62:188-97.

Smit NP, Romijn FP, van den Broek I, Drijfhout JW, Haex M, van der Laarse A, van der Burgt YE and
Cobbaert CM. Metrological traceability in mass spectrometry-based targeted protein quantitation: a
proof-of-principle study for serum apolipoproteins A-l and B100. J Proteomics. 2014;109:143-61.

Agger SA, Marney LC and Hoofnagle AN. Simultaneous quantification of apolipoprotein A-I and
apolipoprotein B by liquid-chromatography-multiple- reaction-monitoring mass spectrometry. Clin
Chem. 2010;56:1804-13.

Dittrich J, Adam M, Maas H, Hecht M, Reinicke M, Ruhaak LR, Cobbaert C, Engel C, Wirkner K, Loffler M,
ThieryJand Ceglarek U. Targeted On-line SPE-LC-MS/MS Assay for the Quantitation of 12 Apolipoproteins
from Human Blood. Proteomics. 2018;18.

Toth CA, Kuklenyik Z, Jones JI, Parks BA, Gardner MS, Schieltz DM, Rees JC, Andrews ML, McWilliams
LG, Pirkle JL and Barr JR. On-column trypsin digestion coupled with LC-MS/MS for quantification of
apolipoproteins. J Proteomics. 2017;150:258-267.

Blanchard V, Gargon D, Jaunet C, Chemello K, Billon-Crossouard S, Aguesse A, Garfa A, Famchon G,
Torres A, Le May C, Pichelin M, Bigot-Corbel E, Lambert G, Cariou B, Hadjadj S, Krempf M, Bach-Ngohou
K and Croyal M. A high-throughput mass spectrometry-based assay for large-scale profiling of circulating
human apolipoproteins. J Lipid Res. 2020;61:1128-1139.

Smit NPM, Ruhaak LR, Romijn F, Pieterse MM, van der Burgt YEM and Cobbaert CM. The Time Has Come
for Quantitative Protein Mass Spectrometry Tests That Target Unmet Clinical Needs. J Am Soc Mass
Spectrom. 2021;32:636-647.

Ruhaak LR, Smit NPM, Romijn F, Pieterse MM, van der Laarse A, van der Burgt YEM and Cobbaert CM.
Robust and Accurate 2-Year Performance of a Quantitative Mass Spectrometry-Based Apolipoprotein
Test in a Clinical Chemistry Laboratory. Clin Chem. 2018;64:747-749.

Horvath AR, Lord SJ, Stlohn A, Sandberg S, Cobbaert CM, Lorenz S, Monaghan PJ, Verhagen-Kamerbeek
WD, Ebert C and Bossuyt PM. From biomarkers to medical tests: the changing landscape of test
evaluation. Clin Chim Acta. 2014;427:49-57.



Precision Diagnostics with Apolipoprotein Profiling

97



