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Lipoprotein lipase (LPL) plays a major role in the lipid homeostasis mainly by mediating the intravascular lipolysis of
triglyceride rich lipoproteins. Impaired LPL activity leads to the accumulation of chylomicrons and very low-density
lipoproteins (VLDL) in plasma, resulting in hypertriglyceridemia. While low-density lipoprotein cholesterol (LDL-C) is
recognized as a primary risk factor for atherosclerosis, hypertriglyceridemia has been shown to be an independent risk
factor for cardiovascular disease (CVD) and a residual risk factor in atherosclerosis development.
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| 1. Introduction

There are three main lipids in the blood: cholesterol, phospholipids, and triglycerides. Cholesterol is important for the
synthesis of bile acids and steroids and for maintaining the integrity of cell membranes, while phospholipids are a major
component of all cell membranes. Triglycerides (TGs) serve as a storable high-energy fuel. In humans, almost 80% of the
energy requirements of the heart and liver are fulfilled by oxidation of the long fatty acyl chains present in TGs .

Because lipids are poorly soluble in blood plasma, they need to be transported as lipoproteins. Lipoproteins are
composed of cholesteryl esters and TGs surrounded by a hydrophilic shell made of phospholipids, unesterified
cholesterol, and apolipoproteins. Depending upon the origin of the lipoproteins they differ in size, density, and composition
(28] The lipoproteins are generally divided into five major classes. These classes are chylomicrons, VLDL, LDL,
intermediate-density lipoprotein (IDL), and high-density lipoproteins (HDL). Each class of lipoprotein serves distinct roles
in the lipid metabolism (Figure 1); (i) the large chylomicrons and VLDLs are responsible for the transport and delivery of
energy rich TGs, (i) LDL deposits cholesterol in tissues, and (i) HDL absorbs cholesterol and transports it back to the
liver for degradation and redistribution (Figure 1). The lipoproteins constantly undergo enzymatic processing, exchange of
lipids or apolipoproteins, and progressive degradation by lipid unloading. Combined, this network is crucial for lipid
homeostasis, and even minor alternations in either of the lipoproteins classes potentially perturbs the entire lipoprotein
processing network. LDL and HDL have been found to be important for the development of arteriosclerosis due to their
cholesterol cargo. However, studies have shown that elevated plasma triglyceride levels known as hypertriglyceridemia
(HTG) is associated with an increased risk of atherosclerosis and CVD BIEIE, |pL is responsible for the hydrolysis of the
triglyceride in capillaries and thereby transform chylomicrons and VLDL to smaller lipoproteins particles. This process is
tightly regulated by a number of proteins that either display a stabilizing, activating, or inhibitory effect of LPL and
perturbations of this homeostasis may have anti-atherogenic effects B On the other hand, data have shown that
when LPL is expressed by macrophages in the vessel wall it displays pro-atherogenic effects 12, With this in mind, there
is a great need to understand the underlining molecular mechanism(s) causing increased triglyceride levels in
hypertriglyceridemia and atherosclerosis and map the complex regulation of LPL. This knowledge will likely identify new
avenues for lipid lowering strategies that could serve as supplements to the existing interventions (e.g., statins) to help
further restraining ASCVD progression.



Exogenous pathway
'f / HDL
" - N
(/) 7 ™\
. 2 > 4

HDL  Chylomicron
Mature

remnant
chylomicron

Capillary
endothelium

HDL %

s —

LDL: cholesterol cholesterol
Heart, SKM, and 1oL deposition absorption
WAT e S
Endogenous pathway

Figure 1. Chylomicron and VLDL life cycle. Chylomicrons are secreted from the intestines to the circulation where they
extract apolipoproteins from HDL. The mature chylomicrons are arrested at the capillary endothelium by LPL that is in
complex with glycosylphosphatidylinositol anchored high density lipoprotein binding protein 1 (GPIHBP1). LPL performs
lipolysis on the encapsulated TGs, which releases free fatty acids that are taken up by the underlying tissues (white
adipose tissue (WAT), skeletal muscle (SKM), and the heart). Upon complete hydrolysis, a chylomicron remnant particle is
released to the circulation. The chylomicron remnant particle back-exchanges apolipoproteins to circulating HDL, before
final catabolism in the liver. A similar life cycle is found for VLDL. VLDL is secreted from the liver and is arrested and
hydrolyzed by the LPLGPIHBP1 complex. This releases IDL, which can either be taken up by the liver or be hydrolyzed
further into LDL. LDL deposits cholesterol esters in various tissues. HDL absorbs cholesterol and transports it to the liver.

| 2. The Lipoprotein Lipase

The central role of LPL in triglyceride hydrolysis was recognized over 60 years ago by the discovery of the enzyme in
1955 131 The expression level of LPL is robust in cells and organs with a high oxidative metabolism, but it is also
expressed in other tissue types, not related to intravascular lipolysis such as the spleen, testis, lung, kidneys, and brain as
well as in macrophages 4. LPL is a 55 kDa glycoprotein consisting of an N-terminal o/p-hydrolase domain and a C-
terminal Polycystin-1, Lipoxygenase, Alpha-Toxin (PLAT) domain (Figure 2). The a/-hydrolase domain harbors the active
site that primarily hydrolyses the sn-1/sn-3 ester bonds of triglycerides, thereby releasing two unesterified fatty acids and
a sn-2 monoacylglycerol 5. The hydrolysis takes place at the luminal face of the capillary endothelium where LPL
hydrolyzes the triglycerides within the neutral cores of chylomicrons and VLDLs producing chylomicron remnants and
IDLs, respectively (Figure 1) 28, The released free fatty acids (FFA) can either be used as an energy source or be re-
esterified and stored in adipose tissues as triglycerides.
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Figure 2. Structural elements in LPL. Cartoon representation of the human LPLGPIHBP1 complex and with the
molecular surface of the LU domain (Ly6/uPAR protein domain family) of GPIHBP1 shown as a transparent light blue
envelope (generated with The PyMol Molecular Graphic System (Version 2.0 Schrddinger, LLC) using coordinates from
the LPL-GPIHBP1 crystal structure; Protein Data Bank ID code 6E7K). LPL elements implicated in ANGPTL4 binding are
highlighted in yellow &, GPIHBP1 binds to the C-terminal PLAT domain of LPL, and the location of GPIHBP1's
membrane-tethering site (GPI anchor) is indicated 8. GPIHBP1's acidic intrinsically disordered domain stabilizes LPL's
a/B-hydrolase domain and is assumed to interact with a large basic patch on the surface of LPL 1229 The active site
containing the catalytic triad (Ser134, Asp158, and His243) is represented with orange residues 2 and the orange helix
is the lid covering the active site responsible for substrate specificity 22. The triglyceride-rich lipoprotein (TRL) binding site
is indicated in green and residues important for heparin binding is shown in blue [221241[25],

| 3. LPL’s Activity Is Regulated by Apolipoproteins

Apolipoproteins are integrated in the maintenance of lipid homeostasis. They constitute a class of amphipathic proteins
having a hydrophobic region that interacts with lipids in the lipoprotein particles, while the hydrophilic region allows
interaction with soluble proteins. They provide structure-defining elements for lipoprotein particles and serve as ligands for
specific receptors. Both ApoC-Il and ApoA-V act as positive regulators of LPL in intravascular lipolysis, while ApoC-1 and
ApoC-lll display an inhibitory role towards LPL. Apolipoproteins may promote atherogenic or anti-atherogenic effects
depending on their expression levels and microenvironment.

| 4. Regulation of LPL Lipolytic Activity by ANGPTLs

Intravascular lipolysis is strictly regulated by specific moderators of LPL activity. A tight temporal and spatial regulation of
LPL ensures that the flux of FFA arrives at the right time in target tissues in need of energy supply. This anatomical
regulation is mediated by members of the angiopoietin-like (ANGPTL) family, ANGPTL3, ANGPTL4, and ANGPTLS8
(Figure 3) [281. ANGPTL3 and ANGPTL4 are both composed by an N-terminal coiled-coil domain (CCD), a linker region,
and a C-terminal fibrinogen-like domain (FLD), while ANGPTLS8 lacks a FLD. ANGPTL3 and ANGPLT4 both inhibit LPL,
but with vastly different efficacy, and recent studies have expanded the complexity of LPL regulation as ANGPTLS8 binding
increased the potency of ANGPTL3 and reduces that of ANGPLT4. Like other key players in TG metabolism, the
atherosclerotic profiles for ANGPTLs are context dependent, highlighting the importance of understanding their biological
and biochemistry.
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Figure 3. Schematic overview of LPL translocation. LPL is secreted from adipose tissue and myocytes from skeletal
muscles and heart. Intracellular LPL folding and secretion is assisted by LMF1, SellL and SCD1. After secretion, active
LPL is bound to cell surface HSPG before being translocated to GPIHBP1, potentially via Collagen XVIIl. GPIHBP1
captures LPL in the subendothelial space and mediates LPL trancytosis across the capillary endothelium, into the lumen.
Within the lumen, the LPLsGPIHBP1 complex is responsible for the arrest of VLDLs and chylomicrons. After final
hydrolysis, either a chylomicron remnant particle or an IDL are released to be taken up by the liver or turned into LDL via
further TG hydrolysis, respectively. ANGPTL4 act as a potent LPL inhibitor in the adipose tissue, and
ANGPTL3*ANGPTLS8 act on LPL mainly in the capillaries of the muscles and heart. The inhibition of the ANGPTLs is
driven by nutritional status and exercise. MAG: Monoacylglycerol.



| 5. Dysfunctional LPL and Hypertriglyceridemia

Homozygous or compound heterozygous individuals with loss-of-function mutations in LPL, ApoC-Il, ApoA-V, LMF1, and
GPIHBP1 develop a rare monogenic disorder known as familial chylomicronaemia syndrome (FCS). The disorder is
defined by an excessive accumulation of chylomicrons with clinical symptoms such as eruptive xanthomas and acute
pancreatitis that are associated with very high serum TGs concentrations (>2000 mg/dL) 27281291 The more common
polygenic variant of HTG is caused by genetic factors in combination with secondary factors such as type 2 diabetes,
obesity, renal disease, pregnancy, and alcohol intake and is characterized by increased plasma levels of TRLs and
reduced levels of HDL-C Y. GWAS identified an association between 32 common gene variants and elevated plasma
TGs concentrations and in many cases increased risk of CVD. These variants include ApoA-V, LPL, and ApoB, which are
all strong determinants of polygenic HTG L. Of the more than 100 LPL variants that have been identified, a subset has
been classified as pathogenic. The more common LPL variants (LPL-N291A, LPL-D9N, and LPL-G188E) are associated
with mildly increased TGs levels B2 and generate an atherogenic lipoprotein profile 2. On the contrary, another common
LPL variant with gain-of-function characteristics (LPL-S447X), is associated with decreased plasma TGs levels compared
to non-carriers 22 and lower risk of CHD 3], The beneficial properties of this variant were exploited in a LPL gene therapy
strategy (Alipogene tiparvovec) for treatment of patients with LPL deficiency. The trials demonstrated transiently reduced
fasting plasma triglyceride levels compared to baseline after 12 weeks of administration, and reduction in pancreatitis
incidences 24, Despite these promising results, Alipogene tiparvovec was discontinued as therapy due to excessive
costs. Currently, first line of treatment for HTG is dietary and lifestyle interventions and control of secondary factors.
Recent developments have nonetheless provided new treatment options for patients with monogenic HTG as exemplified
by the approval of Volanesorsen, an ApoC-lil targeting drug, for the treatment of adults with FCS [55],

| 6. Clearance of Processed Lipoproteins and Risk of Atherosclerosis

After intravascular processing of the marginated TRLs, the remaining lipoprotein (remnant particle) detaches from the
endothelial cells along with some inactive LPL molecules still attached. That inactive LPL acts as a ligand for a number of
internalization receptors present on hepatocytes, facilitating the hepatic uptake of remnant particles B84, These
receptors include LDL receptor, VLDL receptor, LRP1 and SCD1 [8I[39][40][41]142][43][44] A nossible downside of this
mechanism, is that, LPL may act to promote LDL and VLDL retention in the subendothelial cell matrix thus delaying their
return to the circulation by endothelial transcytosis 42, Such LPL-mediated LDL retention represents a possible
pathogenic factor for the progression of the atherosclerotic lesions as it promotes lipoprotein uptake in macrophages
increasing the risk of foam cell formation and inflammation 22, In the arterial intima, LPL facilitates this temporal
sequestering of lipoproteins by its strong ionic interactions with proteoglycans such as biglycan, versican, and collagen
XVIII B8I47 Excessive accumulation of lipoproteins in the subendothelial space leads to fatty streaks, which is a hallmark
of early precursor lesions in atherogenesis leading to plague formation and progression 4849 \When macrophages are
recruited to lipid-laden precursor lesions in the arterial intima, they start phagocytosing the dense lipid depositions and
transform into foam cells. This elicits a number of pathogenic responses ultimately leading to chronic inflammation: (i)
excessive lipid overload in macrophages impairs cholesterol efflux 2% and (ii) secretion of pro-inflammatory cytokines and
ROS upon macrophage activation by oxLDL B2 Fyrthermore, these foam cells secrete a number of proteases that
degrade the extracellular matrix weakening the plaque structure provoking its rupture with severe cardiovascular damage
and risk of thromboembolism B384, Studies in mice show that macrophages display increased LPL expression in early
atherosclerosis 531 and the enhanced LPL expression accelerates foam cell formation 87, importantly, mice with Lp/~
confined to macrophages have reduced lesion sizes and lower diet-induced atherosclerosis (28159,

| 7. Remnant Particles and Their Role in Atherosclerosis

Very severe HTG characterized by the accumulation of chylomicrons and large VLDLs is generally not considered pro-
atherogenic since these particles are too large to be trancytosed across endothelial cells and enter the arterial intima.
Remnant lipoproteins, however, with a diameter <70 nm can be transcytosed 89, IDL and small VLDL particles readily
enter the arterial intima and are hence considered atherogenic €1, The high atherogenic impact of VLDLs and IDLs in
arterial intima is underscored by the finding that the majority of ApoB isolated from human atherosclerotic plaques is
derived from VLDL and IDL lipoproteins rather than LDL 82, Studies on hyperlipidemic rabbits show that both VLDL and
IDL particles enter and are retained in the arterial intima to the same extent as LDL particles 3], Other studies claim
remnant particles to be more atherogenic than LDL itself €4, This proposition is underscored by two observations. First,
remnant particles do not need to be oxidized before they are taken up by macrophages in the arterial intima [B4I63],
Second, they carry approximately 40 times more cholesterol per remnant particle compared to LDL particles 9.



Previously, oxLDL and chylomicron remnants were considered the main atherogenic lipoproteins, but VLDL remnants may
have an even greater atherogenic potential (€8],

The formation of remnant particles is an integral part of intravascular lipolysis and represents a byproduct of normal lipid
homeostasis. Therapeutic interventions preventing the retention of remnant particles in the arterial intima appear more
straightforward than limiting the production of remnant particles. One such therapeutic approach is to block or reduce
binding of ApoB to HSPGs in the subendothelial spaces. ApoB exists in two isoforms on lipoprotein particles, ApoB-48 and
ApoB-100, both of which are encoded by the same gene and play a crucial role in lipid homeostasis B4, ApoB-100 is a
very large protein containing 4536 amino acids [€8]. It is expressed in liver and all lipoproteins synthesized by hepatocytes
(VLDL) contain ApoB-100 88l On the other hand, the shorter isoform ApoB-48 is found on lipoproteins of intestinal origin
(691 ApoB-100 is required for the synthesis, assembly and secretion of TRLs originating from liver. Loss-of-function
variants in APOB cause hypobetalipoproteinemia, normotriglyceridemic  hypobetalipoproteinemia, and
hypercholesterolemia—diseases affecting plasma cholesterol and ApoB levels. In aggregate, these observations highlight
the potential of ApoB as a clinical biomarker in diagnostics as well as therapeutic target. Mipomersen is an FDA-approved
second generation antisense oligonucleotide, that has been designed to reduce plasma concentration of ApoB-100 9,
Since ApoB-100 is an integrated component of all atherogenic lipoproteins (including LDL), use of Mipomersen may also
reduce the risk of atherosclerosis.
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