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Abstract

The role of Apolipoprotein A-I (ApoA-I1), the main protein component of HDL, in cholesterol transport and metabolism
is well known and has been studied for more than four decades. More recently, ApoA-| protein has been shown to
also have a positive role in glucose control by both stimulation of glucose uptake by muscles and by increasing
glucose-stimulated pancreatic insulin secretion.

Two of the four papers included in this thesis are focused on the role of ApoA-I in glucose control.

In paper |, we discovered that pre-incubation of beta cells and isolated murine islets with ApoA-I augmented glucose
stimulated insulin secretion. To dissect the cellular mechanisms of action, we used a variety of functional and
microscopic approaches. We concluded that ApoA-I's positive action on beta cells involves ApoA-I internalization
into beta cells, Pdx1 nuclear translocation, and increased levels of proinsulin processing enzymes. Altogether, these
events lead to an increased number of insulin granules.

In paper Il, we addressed the impact of hyperglycemia on the function of ApoA-I in glucose control. Prolonged
hyperglycemia in poorly controlled diabetes leads to an increase in reactive glucose metabolites that covalently
modify proteins, including ApoA-l, by non-enzymatic glycation reaction. To investigate the impact of ApoA-I glycation
on its functionality, we chemically glycated ApoA-I with two different metabolites and performed structural and
functional studies. We concluded that site-specific, covalent modifications of ApoA-l alter the protein structure,
reduce the lipid-binding capability as well as the ability to catalyze cholesterol efflux from macrophages. Glycation
modifications eliminated the ApoA-I stimulatory effect on the in vivo and in vitro glucose clearance. Altogether, it
was concluded that glycation modification of ApoA-l impairs the ApoA-I protein functionality in lipid and glucose
metabolism.

The two remaining papers included in this thesis are focused on another aspect of ApoA-l, its ability to aggregate in
insoluble fibrils causing a disease known as ApoA-| related amyloidosis. So far, more than twenty known human
amyloidogenic variants of the APOA1 gene have been found to lead to progressive accumulation of ApoA-I protein
in vital organs, causing their dysfunction and failure. ApoA-I amyloidogenic mutations are associated with low ApoA-
| and HDL-cholesterol plasma levels, however, subjects affected by ApoA-I-related amyloidosis do not show a higher
risk of cardiovascular diseases.

In paper IV , we investigated the structural features, the lipid-binding properties and the functionality of four ApoA-I
amyloidogenic variants. We found that these variants are characterized by a higher efficiency at catalyzing
cholesterol efflux from macrophages. This finding can at least in part explain why the carriers of ApoA-I
amyloidogenic variants do not have a higher risk of developing cardiovascular diseases despite lower levels of HDL-
cholesterol. To further expand on these observations, in paper Ill, we examined the clinical plasma samples
obtained from patients carrying two of the variants previously investigated in vitro and from matched control
individuals. Patients displayed a unique HDL profile with a higher content of the smaller HDL particles was observed
in samples from carriers as compared to controls. In line with previous observations, the HDL from the carriers had
an improved cholesterol efflux capacity. Structural analysis revealed that ApoA-i variants in 8.4 nm HDL particles
showed an increased protein dynamics in close proximity to the region of the mutations. This region-specific
increased protein flexibility may contribute to improved functionality of the ApoA-| variants in catalyzing cholesterol
efflux.
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Preface

Apolipoprotein A-I (ApoA-I) is a versatile protein, characterised by several beneficial
effects. As it is the main protein component of HDL, the “good” cholesterol, it is mostly
well-know and described for its atheroprotective properties.

The presented thesis is centred around two much lesser-explored functions of ApoA-I.
The first part explores and explains the positive properties of ApoA-I to regulate glucose
control, providing a possible new treatment avenue for type 2 diabetes and one of its
main complications, cardiovascular diseases. Hyperglycemia, which is a common
hallmark of diabetes, leads to the progression of the disease as well as to modification
of many plasma proteins. The consequences of ApoA-I modification are addressed in
this thesis, strengthening the need for plasma glucose control in diabetic people.

ApoA-I-related amyloidosis is a rare, genetic condition which leads to organ failure. In
the second part, we found that these naturally occurring ApoA-I amyloidogenic variants
have improved capacity to efflux cholesterol. Structure-function connection was
determined providing an important insight into this novel finding.

The presented thesis is based on three published papers and one manuscript. In the
following pages I will first introduce you to ApoA-I and its remarkable properties and
then discuss our findings in the light of other research. I hope that you will enjoy this
journey.

If you are looking for a short summary of my thesis, on page 73 you will find “Science
for everyone”.
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Background

It wasn’t up until 1901 when Josef Nerking observed that plasma contained fat bound
to protein, leading to the discovery of lipoproteins'. After treating horse plasma with
pepsin and HCI, he discovered that there were significant amounts of fat released that
were impossible to extract by ethyl ether alone. It took almost another thirty years until
lipoproteins were successfully isolated for the first time, which was done by researchers
from the Pasteur institute in 1929*°. Thanks to the development of electrophoresis and
ultracentrifuge techniques, the researchers were able to isolate and classify different
lipoproteins. Significant advancements have been made since then of which some of
the core findings are presented in the brief summary below.

Lipoproteins

Lipoproteins are water-soluble, heterogeneous nanoparticles formed by specific proteins,
called apolipoproteins, and lipid molecules. Plasma lipoproteins are secreted mostly by
the liver or the intestine, whereas lipoproteins of the central nervous system are secreted
mainly by the glial cells*>. Mature lipoprotein particle consists of an apolar lipid core
containing mainly cholesterol esters (CE) and triglycerides (T'G), and an amphipathic
lipoprotein coat that contains a monolayer of phospholipids, free (un-esterified)
cholesterol and apolipoproteins. The placement of apolipoproteins on the lipoprotein
surface is vital for the particle structure and function in lipid transport and metabolism.
Apolipoproteins contain both hydrophobic and hydrophilic regions which allow them
for interactions in aqueous and lipid environment. Thanks to these amphipathic
properties, apolipoproteins control the transport of water-insoluble lipids in aqueous
environment, such as plasma. Additionally, they ensure lipid metabolism by interacting
with enzymes, lipid transfer proteins, lipid transporters and lipoprotein receptors®*.

The lipoprotein nomenclature, which was first introduced already in 1955 and still in
use today, classifies lipoproteins on the basis of their density. Particles containing more
apolipoproteins are denser than those containing more lipids (Figure 1). There are five
major classes of lipoproteins, “chylomicrons”, “very low density lipoproteins” (VLDL),
“intermediate-density lipoproteins” (IDL), “low density lipoproteins” (LDL), and
“high density lipoproteins” (HDL). Brief introductions to the different lipoprotein
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classes are presented below followed by detailed description of organization and
function of HDL particles, which is the main focus of the thesis.

Chylomicrons

Chylomicrons are large TG rich lipoproteins found only after a meal and formed in
intestines. They were described in 1924 and ultimately named after their chylous
properties, i.e. found associated with lipids, and for being in the micrometre- range
size'’. Chylomicrons are involved in the transport of dietary TG and cholesterol to
peripheral tissues and the liver. The main structural protein of chylomicrons is one
molecule of Apo B-48 accompanied by additional apolipoproteins such as ApoA-I, A-
I, A-IV, A-V, Cs, and E. The size of chylomicrons varies between 75 to 1200 nm''
and is dependent on the amount of fat consumed. A high fat meal leads to the
formation of larger particles with high amounts of TG, whereas during the fasting state
chylomicrons are small and low on TG".

Very low density lipoproteins VLDL

VLDLs are produced by the liver and are rich in triglyceride. Their main apolipoprotein
is Apo B-100, one per particle, accompanied by ApoCs and ApoE. As in case of
chylomicrons, the size of VLDLs depends on the quantity of triglyceride carried in the
particle and it ranges between 40-100 nm. When hepatic production of triglyceride is
increased, secreted VLDL particles are larger'”.

Intermediate density lipoproteins IDL

IDL particles are products of the degradation of VLDLs by lipoprotein lipase (LPL)".
They contain apolipoproteins ApoB-100 and ApoE which encircle the lipoprotein core

enriched with TGs and CEs. The size range of IDLs is between 25-35 nm. They are
pro-atherogenic'”.

Low density lipoproteins LDL (“bad cholesterol”)

LDL particles originate from VLDL and IDL particles and are further enriched in
cholesterol. LDLs are the principal carriers of cholesterol in circulation. The main
apolipoprotein of LDL particles is Apo B-100, one per particle'>. LDL particles vary in
size (21-24 nm) and density. High blood levels of small, dense LDLs are associated with
hypertriglyceridemia, low HDL levels, obesity, type 2 diabetes, and inflammatory
states. They are also considered to be more pro-atherogenic as compared to bigger
particles. This is due to decreased affinity for the LDL receptor which results in longer
retention of the LDL particle in the circulations, as well as higher likelihood to enter
the arterial wall where they are retained and may cause damage. Importantly, small
dense LDL particles are more prone to oxidation, which increases their uptake by
macrophages leading to the formation of foam cells and the development of
atherosclerotic plaques'.
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High density lipoproteins HDL (“good cholesterol”)

High density lipoproteins (HDL) are the smallest of lipoproteins (8-12 nm) and with
the highest density. The composition of the HDL particle includes an outer
amphipathic envelope consisting of phospholipids (mainly phosphatidylcholine),
several molecules of un-esterified cholesterol and proteins, which together encircle the
core of esterified cholesterol and TG". As described in more detail below, the HDL
population is highly heterogeneous and can be divided into several particle subclasses
based on protein content, density and size. HDL are linked to a vast variety of
cardioprotective properties, due to their pivotal role in the reverse cholesterol transport
(RCT), process by which cholesterol is transported from peripheral tissues to the liver,
where is catabolized and secreted out as bile””. Moreover, HDL were found to have
anti-oxidative'’, anti-inflammatory'’, anti-thrombotic'®, and anti- apoptotic
properties”. There have been more than 200 proteins identified in the HDL proteome,
and the different particle subclasses are characterised by a different protein
compositions”’. The by far the most abundant HDL protein is Apolipoprotein A-I
(ApoA-I), making up to 70% of the protein content. Second most abundant HDL-
associated protein is apolipoprotein A-II (ApoA-II) and it accounts for around 15-20%
of the total HDL protein content’’. The remaining part is made up of amphipathic
proteins such as ApoCs, ApoE, ApoD, ApoM, ApoA-1V, and many others”. ApoM,
for example, is only found in 5% of the total HDL particle pool in human plasma®?*.
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Figure 1. Representation of plasma lipoproteins. Major classes of plasma lipoproteins, including chylomicrons,
very low, intermediate, low and high density lipoproteins (VLDL, IDL, LDL, HDL) are shown with inidcated particle
diameters. Lipoprotein compositon and characteristic apolipoproteins are shown in the flags. The densities of the

different classes of lipoproteins are shown in the table.

Lipoprotein metabolism

The western diet, highly enriched with saturated fats and sucrose, and low dietary
intake of fibre, provides a health risk which contributes to the development of
metabolic diseases™. Lipids are insoluble in water therefore they must be transported in
the circulation as lipoproteins. Lipoprotein metabolism starts in the intestine with an
uptake of diet-derived lipids by chylomicrons. Once in the circulation, the TG
associated with chylomicrons are metabolized in the peripheral tissue by LPL resulting
in the release of free fatty acids which can be taken up by cells and used as an energy
source. The remnant chylomicrons are taken up by the liver. TG-rich VLDLs are
formed in the liver and secreted into circulation. Again, LPLs activity leads to the release
of free fatty acids and subsequent formation of IDLs. The IDLs are further metabolised
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to become LDL, which can be then taken up by multiple tissues, including liver, via
the LDL receptor. The RCT facilitated by HDL, leads to the transport of cholesterol
from peripheral tissues to the liver where it can be catabolised and secreted through the
bile. This process is highly important as it accounts for multiple positive outcomes,
including anti-atherogenic properties'”. HDL biogenesis, cholesterol efflux, as well as
structural and functional aspects of HDL will be further discussed in the presented
thesis.

Apolipoprotein A-I (ApoA-I)

ApoA-1 is the main protein component of HDL and is primarily produced by the liver,
and to a smaller extent in the intestines®. The most important function of ApoA-I is
meditating cholesterol efflux from peripheral tissues, which constitutes for its
cardioprotective properties”’. Moreover, ApoA-I creates a scaffolding that enables
packaging of lipids in HDL particle and promotes interaction with accessory proteins
(lipases, enzymes, transfer proteins, cell surface proteins), responsible for remodelling
and maturation of lipoproteins throughout their lifespan®. These vital properties as
well as structural features of the ApoA-I protein are the focuses of the following chapter.

Structural features of ApoA-I

ApoA-I (28 kDa) is a 243 amino acids single polypeptide that lacks glycosylation and
disulfide bridges. It makes up around 70% of the total HDL protein content. The
concentration of ApoA-I in human plasma is around 130 mg/dL (around 50 pM) with
plasma HDL/ApoA-I turnover of around five days®. Lipid-free (LF) ApoA-I accounts
for 5-10% of total ApoA-I (around 2 pM ), and is mostly monomeric*®?’. ApoA-I
consists of an N-terminal domain (amino acids 1-43), a C-terminal domain (amino
acids 44-243), and a central domain (amino acids 123-166)'. ApoA-I has 10
amphipathic o-helical repeats (eight 22-mers and two 11-mers) typically interspersed
by proline residues that create a kink in the helical structure *. The APOAI gene is
located on the 11™ chromosome and is encoded by two regions of the gene. The initial
translation product of ApoA-I contains an N-terminal extension, a 24-amino acid long
pre-pro-sequence. The 18-amino acid signal peptide that directs the protein to the
rough endoplasmic reticulum where the signal peptide is cleaved off, resulting in the
formation of a pro-protein. The pro-protein, which now contains the remaining 6
additional amino acids, is secreted in plasma where the extra amino acids are removed
and mature ApoA-I is formed™. The final translation product of the ApoA-I first
region, encoded by exon-3, is named G-helix and consists of residues 1-43. It is divided
into proline (Pro)-rich GO motif (residues 1-10) and three 10/11-mer motifs G1-G3
(residues 11-43). The second 44-243-region is encoded by exon-4 and consists of ten
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Pro-interspersed 11/22-mer tandem repeats, named H1-H10. This region has a high
tendency to form amphipathic a-helices, which are considered to be the main lipid
surface binding motifs in apolipoproteins®**(Figure 2).

ApoA-I
Exon 3 (1-43) Exon 2 (44-243)

[ NN/ N\

N GO G1 G2 G3 H1 H2 H3 H4 H5 Hé6 H7 H8 H9 H10 C
243

I\ | |
1 Pro 3,4,7,10 66 99 121 143 165 209 220
*Gly 26, 35, 39 65 81 129 145 185,186 217

variable s constant variable

A(1-43)ApoA-I (Borhani et al.,1997)

A(185-243)ApoA-| (Mei & Atkinson 2011)

Y

\

A

ApoA-| consensual model (Melchior et al., 2017)

Y

A

Figure 2. Schematics of ApoA-l domains. Segment 1-43 is encoded by exon 3 forming four 10/11-mer tandem repeats
GO0-G3 (light grey). Segment 44-243 is encoded by exon 4 forming ten 11/22-mer repeats, H1-H10 (dark grey). Pro (red
lines) and Gly (stars) positions are shown by residue number. Segments, proposed to have a variable or constant
structure in a double belt model, are depicted below®. Region coverage for X-ray cristal structure of N-temrminal
truncated A(1-43)ApoA-I with a resolution of 4A%, C-terminal truncated A(185-243)ApoA-I with a resolution of 2.2A 3¢,
and consensual model of the full-length ApoA-|, are depicted.

ApoA-I transiently dissociates and re-attaches to the lipid surface, adapting to the
increasing lipid load. However, the mechanisms governing this phenomenon are not
understood®. In the discoidal model of the HDL with a diameter of 9.6 nm, there are
two ApoA-I molecules per particle’”. The discs are composed of stacked anti-parallel
protein rings, in the organisation known as the “double belt model”*®. This model
proposes two antiparallel copies of ApoA-I closely wrapped around the HDL border
via amphipathic o-helices. An H5/H5 registry is described although cross-linking
studies revealed that these ApoA-I rings can adopt at least two different antiparallel
registries with respect to each other’”, which was shown to have impact on HDL
functionality®. HDL formed with ApoA-I molecules artificially linked by their fifth
and second helices (H5/H2) was shown to impair lecithin-cholesterol acyltrasferase
(LCAT, introduced in detail in the next chapter) esterification activity as compared to
H5/HS registry or the WT particle®. This provides compelling evidence for structural
properties being a determinant of the HDL function. Thanks to its flexible and
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adaptable structure, ApoA-I exists in multiple states: LF, lipid-poor, and multiple lipid-
bound states*'. The flexible nature, tendency to self-associate and to bind hydrophobic
substances, brings a challenge for high-resolution structural studies. Multiple
approaches were undertaken to crystallize ApoA-I in its LF, monomeric sate, providing
crystal structures of truncation mutants, one lacking N-terminal 44 amino acids®, and
the other lacking C-terminal 58 amino acids®. The most up-to-date consensus model
of ApoA-I in LF monomeric state, based on published data, was proposed by Melchior
and colleagues®.

HDL subclasses

The HDL fraction in human plasma is made out of many subpopulations of particles
which are being constantly remodelled by various plasma factors. The heterogeneity of
the HDL population has been linked to its atheroprotective function. Nondenaturing
gradient electrophoresis allows for separation of HDL into two major HDL
subpopulations, HDL, and HDL; (Figure 3). The first one contains ApoA-I but no
ApoA-II, whereas the latter contains both apolipoproteins. Therefore, HDL; particles
are denser and smaller as compared to HDL,**. HDL can also be classified based on
their surface charge into particles that migrate to either pre- B -position or a-position
during agarose gel electrophoresis. Pre- B-position corresponds to LF ApoA-I, lipid-
poor ApoA-I, and most of the discoidal HDL. Spherical HDL migrate to o -position®®,
as presented in Figure 3.

HDL remodelling plasma factors

Once in the circulation, the C-terminal domain of ApoA-I interacts with an
extracellular loop of the ATP-binding cassette (ABC) transporter A subfamily (ABCA1)
receptor expressed by peripheral cells (Figure 4). Consequently, free cholesterol and
phospholipids are transferred to the lipid-free/lipid-poor ApoA-I leading to the
formation of discoidal HDL?. The discoidal HDL consist of a phospholipid bilayer
containing cholesterol that is enclosed by two ApoA-I molecules®. The interaction with
ABCAL receptor is clearly of importance in HDL biogenesis. In humans with Tangier
disease, a loss-of-function mutation in the ABCAI gene leads to reduced export of
cellular cholesterol and phospholipids to apolipoproteins, as well as inhibition of HDL
biogenesis. In the homozygous state, the carriers are characterised by the absence of
HDL-cholesterol (HDL-C), and in heterozygotes, HDL-C levels are around half of the
normal individuals, which consequently leads to an increased cholesterol accumulation
in all cell types “*°'.
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Figure 3. HDL subclasses. Nondenaturing gradient electrophoresis separates HDL into two major subpopulations,
HDL: and HDLs. The HDLs particles are denser and smaller as compared to HDL.. HDL are also classified based on
their surface charge into particles that migrate to either pre- 3 -position or a-position during agarose gel electrophoresis.
Pre- B-position corresponds to lipid-free (LF) ApoA-l, lipid-poor ApoA-I, and most of the discoidal HDL. Spherical HDL
migrate to a —position.

There is a number of plasma factors that regulate the distribution of the HDL
subpopulations. One of the most important HDL modulating proteins is lecithin-
cholesterol acyltransferase (LCAT), an ApoA-I-activated enzyme™. LCAT ensures
HDL maturation by the hydrolysis of phospholipid s#-2 acyl ester bonds in discoidal
HDL. Resulting fatty acyl groups are transferred by LCAT to the 3-hydroxyl group of
cholesterol, producing cholesteryl esters (CE) and lysophosphatidylcholine (Figure 4
and Figure 5). Due to the high hydrophobicity of the CE they are enclosed in the core
of the lipoprotein particle esters which consequently expand the core of the HDL
particles forming spherical HDL (Figure 5). The lysophosphatidylcholine (removed
from the HDL particle) associates with albumin. The LCAT-driven reaction exhausts
discoidal HDL of un-esterified cholesterol, leading to the formation of a concentration
gradient where more cholesterol is transferred from other lipoproteins and from cell
membranes to the HDL surface. This ensures a constant generation of CE***“.

Of note, people with LCAT deficiency were reported to have primarily discoidal HDL
in their plasma . LCAT activity is proposed to be a rate limiting step in RCT, making
it a potential therapeutic target for prevention of atherosclerosis®. Structural” and
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functional ***%studies strongly suggest that LCAT interacts directly with ApoA-I on
HDL, with almost 300-fold increased enzymatic activity in the presence of the protein
*, which makes ApoA-I the most potent LCAT-activator. Another important HDL-
modulating factor is cholesteryl ester transfer protein (CETP), which activity leads to
a decrease of plasma HDL cholesterol levels and reduction of HDL particle size. CETP
stimulates the bidirectional transfer of CE and TG between lipoproteins (Figure 4).
People with CETP deficiency are characterised with larger HDL particles as well as
overall higher plasma levels of HDL cholesterol 5400 For this reason, HDL raising
therapies using CETP inhibitors were under investigation over the past fifteen years.
However, the failure of clinical trials on CETP inhibitors®"** shows the complexity of
HDL biology and the need for further research. Phospholipid transfer protein (PLTP)
ensures the transfer of phospholipids between lipoproteins. PLTP remodels HDL
particles by stimulating either particle fusion or dissociation of LF ApoA-I (Figure 4)%.
Re-entering of the LF or the lipid-poor ApoA-I into the circulation promotes HDL
biogenesis by augmenting cholesterol and phospholipid efflux from cells expressing
ABCA1%. Hepatic lipase’s (HL) activity leads to preferential hydrolysis of HDL-
associated T'G, but also to smaller extent phospholipids, and generation of small core-
lipid depleted lipoproteins followed by dissociation LF or lipid-poor ApoA-I (Figure
4). CETP and VLDLs-mediated enrichment of HDL with TG makes an excellent
substrate for HL. Endothelial lipase (EL) preferentially hydrolyses HDL phospholipids
and to a smaller extent TG. EL’s phospholipase activity only slightly decreases HDL
size and does not lead to dissociation of LF or lipid-poor ApoA-I*%. Research shows that
in mice overexpression of EL is associated with lower plasma concentration of HDL
and ApoA-I*. In humans, a loss-of-function mutation in the EL gene has been linked
to an increase in HDL cholesterol levels®. The role of scavenger receptor B, type I
(SR-BI) in the regulation of plasma HDL cholesterol levels is also of importance. SR-
BI mediates selective uptake of CE from HDL to the liver, where they are further
metabolised and secreted®®>* (Figure 4).
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Figure 4. Metabolism of HDL. ApoA-| is synthesized in the liver and small intestine, followed by secretion to blood and
mesenteric lymph. Lipid-free (LF) or lipid-poor ApoA-I accepts phospholipids and un-esterified cholesterol from cell
membranes that express ATP-binding cassette (ABC) transporter A subfamily (ABCA1), leading to the formation of
discoidal HDL. Lecithin-cholesterol acyltransferase (LCAT) binds to the discs and is activated by ApoA-I, resulting in
the formation of spherical HDL particles, HDL2 and HDLs. LCAT action leads to the esterification of free cholesterol to
become cholesteryl esters (CE), which reside in the core of the HDL. HDL2 and HDL3 contain two to four molecules of
ApoA-I. Of note, spheroidal, large HDL (mainly HDL2) can efflux cholesterol and phospholipids from peripheral tissues
via ATP-binding cassette (ABC) transporter G subfamily (ABCG1) receptor. Unesterified cholesterol and cholsteryl
esters are transferred from HDL: to the liver by reversibly binding to Scavenger receptor class B type | (SR-BI).
Alternatively, the transfer is via cholesteryl ester transfer protein (CETP) to atherogenic lipoproteins (VLDL, IDL, LDL),
followed by uptake by the LDL receptor (LDLR). In hepatocytes, CE are oxidized to bile acids and secreted out. HDL
are subjected to remodelling catalysed by CETP, hepatic lipase, and plasma phospholipid transfer protein (PLTP). This
results in LF ApoA-l being dissociated from the HDL particle which can then interact with ABCA1 in the next lipidation
cycle. The activity of endothelial lipase leads to slightly decreased HDL particle size. HDL can also be hydrolysed in the
liver via uptake through HDL receptor (HDLR)®".
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Figure 5. Biogenesis of spherical HDL particles.LCAT hydrolyses the phospholipids in discoidal HDL which leads to
the release of fatty acyl groups and lysophosphatidylcholine. The fatty acyl groups are transferred to unesterified
cholesterol, leading to the generation of cholesteryl esters (CE) which are integrated into the core of the spherical HDL.
The remaining lysophospatidylcholine binds to albumin. Discoidal HDL, depleted from unesterified cholesterol, is re-
filled in the concentration gradient- manner with additional cholesterol from VLDL/LDL and cell membranes, which can
be hydrolysed by LCAT.

Molecular aspects of cholesterol efflux

Cholesterol catabolism is a very important process as it prevents from cholesterol
overloading which, as in the case of macrophages foam cells in the arterial wall gives
rise to atherosclerotic plaques®®. Most cells of the body are not capable of cholesterol
catabolism, therefore efficient cholesterol efflux and transport by the HDL particles is
crucial for maintaining homeostasis. RCT starts with efflux of the free cholesterol (FC)
from the cell plasma membrane to HDL, facilitated by passive and active processes.
The passive pathways involve simple diffusion and SR-BI-mediated diffusion. The
active pathways involve transmembrane transporters ABCA1 and ATP-binding cassette
(ABC) transporter G subfamily (ABCG1). It is noteworthy that, at least in mice, two-
thirds of the cholesterol efflux is mediated by active pathways, mostly via ABCA1%.
Indeed, deficiency of ABCA1l and ABCGI transporters results in foam cells
accumulation and consequent progression of atherosclerosis in mice’®. LF ApoA-I
interacts with ABCAIl-expressing macrophages leading to active transport of
phosphatidylcholine. Thanks to the phospholipid translocase activity of the ABCA1,
this is followed by simultaneous FC and phospholipids efflux and formation of nascent
(pre-B) HDL particles”. The half-life of ABCA1 is very short (1-2 h) and its cellular
levels depend on the availability of ApoA-l, as the binding of ApoA-I to ABCA1
protects the transporter from calpain-driven proteolysis’’. It has been shown that C-
terminal o-helix of the ApoA-I determinates the efflux of FC, possibly due to the high
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hydrophobicity and high lipid affinity of this region”. After ApoA-I binding to the cell
surface, phospholipids are transported and solubilized allowing the formation of the
nascent HDL, which is a rate-limiting process for the overall FC and phospholipid
efflux. It is noteworthy that the catalytic efficiency (B../K)) is highest for LF ApoA-I.

ABCG]1 transporter is expressed by most of the cells, including arterial macrophages.
Unlike ABCA1 mediated transport of FCs and phospholipids, ABCG1 enhances efflux
to HDL but not to LF ApoA-I and does not require binding of the lipoprotein to the
cell surface™. Aqueous diffusion efflux pathway includes FC efflux to HDL particles in
a nonprotein-mediated process. Highly hydrophobic cholesterol molecule is desorbed
from the donor particle creating a high free energy state. When cholesterol desorbs
completely to the aqueous phase it collides with an acceptor particle, leading to rapid
absorption. Cholesterol can diffuse in both directions between the donor and acceptor
particle in a concertation gradient-dependent process 7. The second passive pathway of
cholesterol transport is via SR-BI. Due to its role in the RCT, SR-BI is mostly expressed
by the liver, but as well, by the steroidogenic tissue where it facilitates cholesterol
delivery. SR-BI mediates cholesterol uptake into cells in a selective process where only
CEs are transferred without degradation of the HDL particle, and additionally, its
action has been shown to enhance efflux of cellular cholesterol to HDL”. The selective
CE uptake into cells involves first HDL binding to the receptor followed by CE transfer
from the HDL-bound particle to the plasma membrane. Importantly, the Ky for the
HDL binding to the receptor depends on an HDL particle size. Larger particles have
lower K, meaning enhanced binding of the bigger particles to SR-BI. On the other
hand, SR-BI mediated FC efflux depends on the local concentration of HDL. At low
HDL concentration, the binding of the HDL is critical for the bidirectional transfer of
FC through the hydrophobic tunnel of the SR-BI’s extracellular domain. At high HDL
concentration, binding to the receptor is saturated, but still, FC efflux to HDL is
increased. This is due to FC reorganization in the plasma membrane, introduced by
the SR-BI. The reorganized FC is desorbing more easily from the plasma membrane
and can then associate with HDL'.

ApoA-I in glucose control

The role of HDL and ApoA-I in the prevention of atherosclerosis and cardiovascular
diseases (CVD) is well established. More recently, ApoA-I has been shown to play
important roles in the regulation of glucose control, providing a compelling link
between diabetes and CVD. The positive effect of ApoA-I/HDL on glucose disposal
includes stimulation of glucose uptake, increase of glucose-stimulated insulin secretion
(GSIS), as well as improvement of cellular insulin sensitivity. These and other aspects
of ApoA-I/HDL in glucose control are the subject of the current section and are
discussed in detail below.

28



Diabetes

Diabetes mellitus (DM) is a metabolic disorder which is currently the fastest increasing
disease worldwide. In 2015, there were around 415 million people with diabetes and
this number is expected to rise up to 643 million by the year 20407°. Understanding
the disease and finding anti-diabetic solutions are therefore of great importance. The
two main types of diabetes are type 1 (T1D) and type 2 (T2D). A main difference
between these two types is the presence (in T1D) or absence (in T2D) of autoantibodies
against pancreatic islet beta cell autoantigens, which occurrence leads to little or no
insulin production in T1D patients. Another difference is the age at diagnosis, with
T1D being diagnosed early in life. Of note, around 90% of the diabetes patients are
diagnosed with T2D. While this classification is widely used, a recent study
distinguishes five clusters of diabetes based on patient characteristics and prevalence of
diabetic complications. The refined classification may greatly contribute to future,
more precise diagnosis and better treatment of diabetes””. The risk factors for
developing T1D are mostly genetic predispositions and, to smaller extent, co-existent
autoimmunity’®. Even though it has been over 100 years since the discovery of insulin,
it is still the main therapy choice for the T1D patients™.

When blood glucose increases, pancreatic beta cells secrete insulin, the only hormone
of the human body capable of lowering blood sugar level. The pathophysiology of T2D
includes development of insulin resistance (IR), a condition characterised by a reduced
response to insulin-stimulated glucose uptake in liver, muscle, and adipose tissue. At
first, in order to compensate for a greater peripheral tissue demand, insulin production
significantly increases. This leads to beta cell exhaustion and may consequently result
in beta cell failure’”® (Figure 6). It is debated whether IR occurs first, leading to
hyperinsulinemia or, reversely, if a primary increase in beta cell insulin secretion causes
the IR. Many excellent studies are published in support of both notions and are
presented in the review by Czech et al””. Additionally, abdominal and visceral fat, which
is a highly metabolically active tissue, secretes unesterified fatty acids which in turn
impair the action of insulin contributing to the development the IR. Around 75-80%
people with T2D is or had been obese, therefore obesity is among the most important
risk factors for the development of the disease. Also, age, physical inactivity, genetic
and epigenetic predispositions play a part in the development of the disease. The
diagnosis of T2D is based on the levels of fasting glucose (27.0mmol/L) and glycated
haemoglobin (HbA1C=48mmol/mol or 6.5%) *. The HbA1C provides information
about how much glucose is bound to the blood cells. As the haemoglobin is a very stable
protein, the test allows for the determination of prolonged hyperglycemia. The
treatment of T2D involves lifestyle changes, such as weight loss, healthy diet and
increased physical activity. From the therapeutic point of view, metformin is considered
as a first line of treatment. Metformin inhibits liver gluconeogenesis, thus decreasing
fasting glucose levels by around 20% and HbAI1C by around 1.5%. The main
advantages of taking metformin are low grade of side effects and possibility to combine
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it with other medications. Among the newly developed drugs are glucagon-like peptide
1 (GLP1) analogues, i.e., incretins that stimulate postprandial insulin release, as well as
sodium-glucose cotransporter 2 (SGLT2) inhibitors, which block renal reabsorption of
glucose®. When untreated, prolonged hyperglycemia and dyslipidaemia may lead to a
number of complications. Among the most common T2D-comlications there are heart
failure, cardiovascular diseases (CVD), retinopathy and molecular oedema,
nephropathy, and non-alcoholic steatohepatitis (NASH)**(Figure 6). CVD is the most
common cause of death among T2D patients, indeed, an estimated 75% of deaths will
result from cardiovascular events®.
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Figure 6. Diabetes complications. Overnutrition and consequent hyperglycaemia and dyslipidaemia result in
pancreatic beta cell dysfunction and development of type 2 diabetes (T2D). Prolonged, untreated T2D leads to
complications. Among the most common diabetes complications are heart failure, cardiovascular diseases (CVD),
retinopathy and molecular oedema, nephoropathy, non-alcoholic steatohepatitis (NASH) and isulin resistance (IR).
Therapeutics, such as glucagon-like peptide 1 (GLP-1), augument beta cell insulin secertion and promote satiety, or
improve glucose clearance via the kidney, as the sodium-glucose cotransporter 2 (SGLT2) inhibitors. ApoA-I was shown
to improve beta cell functionality, reduce inflammation and IR, have potent anti-CVD properties, and improve kidney
funcion. These properties make ApoA-I-derived peptides promising future anti-diabetic agents.
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HDL-C/ApoA-I levels in glucose control

Metabolic syndrome includes a cluster of conditions such as high blood sugar, excess
body fat around waist, high levels of LDL cholesterol and TG, as well as high blood
pressure. Together these conditions increase the risk of development of CVD and T2D.
The levels of ApoA-I and HDL are potent modulators of the metabolic syndrome and
are, therefore, important biomarker of glycaemic control®*®. The link between low
HDL and ApoA-I levels and elevated cardiovascular risk is well established *.In line
with this, high HDL levels were shown to protect from CVD, as shown by the
Framingham Heart Study®. Conversely, low and dysfunctional HDL leads to
development of T2D and are associated with pathologies such as IR, obesity and high
plasma TG. Studies show that infusions of reconstituted HDL (rHDL) particles
reduces circulating glucose and increases insulin levels in diabetic mice” and in T2D
patients’’. Furthermore, in the Chinese population, low ApoA-I levels were found to
be independently correlated with occurrence of T2D and the lower ApoA-I levels were
proposed to improve T2D risk predictions®. Additional, cross-sectional study
presented by Feng et al.*>, showed that people with impaired glucose tolerance exhibit
significantly lower ApoA-I levels, thus suggesting a negative correlation between low
ApoA-I and development of IR, and proposing low ApoA-I as an independent risk
factor for impaired glucose tolerance. In further support of this notion, IR is
accompanied by dyslipidaemia, a common hallmark of T2D. This includes
hypertriglyceridemia together with low HDL-C levels which lead to the progression of
the IR in the early stages of T2D, as supported by multiple studies®®. Among those,
epidemiological investigations, such as the Uppsala Longitudinal Study of the Adult
Man (ULSAM), determined that HDL-C is a long-term predictor of insulin
sensitivity’”. Additionally, therapies aimed at lowering TG or increasing HDL levels,
resulted in improved insulin sensitivity (as reviewed in®). In established T2D, lower
levels of HDL-C and ApoA-I were found to be associated with earlier initiation of
pharmacological control of glucose®”. Important knowledge regarding the importance
of ApoA-I levels in glucose control comes from genetic mice models. Both ApoA-I
deficient and ApoA-I overexpressing were investigated by Lehti et al””. ApoA-I deficient
mice were characterised by fasting hyperglycemia and impaired glucose tolerance test
as compared to wild type (WT) counterparts. On the other hand, ApoA-I
overexpressing mice exhibited decreased fasting glucose, improved glucose tolerance
test (GTT), reduced fat mass, when on a normal diet. Of note, mice with genetically
increased HDL/ApoA-I did not develop diet-induced hyperglycemia due to increased
glucose utilization. However, increased HDL/ApoA-I levels did not protect the mice
from high-fat diet related body weight and fat mass gain.
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HDL/ApoA-I in peripheral tissue metabolisms and insulin sensitivity

Regulation of glucose uptake

Glucose is the main metabolic fuel for mammalian cells, therefore its transport into the
cells is tightly regulated. Glucose transporter isoform 4 (Glut4) is specifically expressed
in insulin-sensitive tissues, such as skeletal muscle, heart, and adipose tissue®®. The
action of the Glut4 in transporting glucose is regulated by insulin and the AMP-
activated protein kinase (AMPK) contraction-induced pathway”. Under basal
conditions when insulin levels are low, Glut4 is located intracellularly. When insulin
levels rise, Glut4-containing vesicles translocate to the cell surface, where transport of
glucose from the extracellular environment into the cell can be ensured. For this reason,

Glut4 plays a key role in normal glucose homeostasis as well as during the development
of IR in T2D*.

ApoA-I/HDL in glucose uptake

As shown by Han et al.”, the stimulation of the C2C12 myotubes with ApoA-I led to
an increase in phosphorylation of AMPK and acetyl-CoA-carboxylase (ACC), and
subsequent stimulation of the glucose uptake. Moreover, the authors proposed that
clathrin-dependent ApoA-I internalisation into the cells is a determinant of this positive
action. Additionally, ApoA-I knockout mice were shown to have reduced AMPK
phosphorylation in liver and skeletal muscles and increase in liver gluconeogenesis.
These findings were translated into humans by Drew et al’’. Muscle biopsies obtained
from T2D patients who had been infused with rHDL confirmed activation of AMPK.
The proposed mechanisms involved binding of ApoA-I/HDL to cell surface receptors,
like ABCAI, leading to recruitment of intracellular Ca** and activation of
calcium/calmodulin-dependent protein kinase (CaMKK), resulting in phosphorylation
of AMPK and glucose uptake. The role of ApoA-I in the stimulation of glucose
utilization was further investigated. As shown by Dalla-Riva et al.”’, discoidal HDL is
a potent activator of the Glut4 translocation in cultured skeletal muscles. Moreover,
discoidal HDL promoted glucose uptake to the levels comparable with insulin
stimulation. Of importance, the C-terminal domain of ApoA-I (190-243 peptide) was
identified to potently induce glucose uptake on its own, opening doors for future
ApoA-I-based peptide formulations”. ApoA-I/HDL was furthermore shown to directly
improve mitochondrial functionality in C2C12 muscle cells resulting in enhanced
glucose utilization™. This functionality of ApoA-I was proposed to be a protective
mechanism against the development of high-fat-diet-induced impairment of glucose
homeostasis in ApoA-I overexpressing mice™. Additionally, the role of ApoA-I/HDL
in reducing plasma glucose levels was shown to include a rise in glycogen synthesis in
skeletal muscles. Glycogen serves as a cellular storage form of glucose, which can be
used when energy is needed. Its synthesis is facilitated by the action of glycogen
synthase, which is in turn negatively regulated by glycogen synthase kinase-3 (GSK3)-
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mediated phosphorylation®™. The effect of long-term infusions of HDL into the T2D
mice was reported to induce an increased glycogen deposit in the muscle tissue, due to
inhibition GSK3”. Importantly, in insulin-resistant diet-induced obese (DIO) mice, a
single injection of ApoA-I was found to potently induce glucose uptake by the heart in
addition to the previously described skeletal muscles”. A transient insulin secretion
blockade allowed to conclude that ApoA-I-mediated glucose uptake acts in an insulin-
independent manner, involving activation of the AKT (also known as protein kinase
B) pathway™. These findings were further confirmed by others in the primary human
skeletal muscle cells'”. The proposed mechanisms of action involve ApoA-I-stimulated
phosphorylation of the insulin receptor and insulin receptor substrate-1 (IRS-1),
activation of the P13K/AKT/AS160 pathway and consequent translocation of Glut4
to the cell membrane. Of note, ApoA-I’s ability to promote insulin-dependent and

insulin-independent glucose uptake by skeletal muscle was shown to be mediated by
ABCALI and SR-B1.

HDL/ApoA-I in beta cell function

Pancreas

The pancreas consists of endocrine and exocrine tissue. The endocrine tissue accounts
for 1-2% of the entire organ and consists of neuroendocrine cells which form highly
vascularized islets of Langerhans. The cells secrete a number of hormones,
neurotransmitters and peptides which play a crucial role in the metabolic and
physiologic functions of the body'"". The islets consist of insulin producing beta cells
(most abundant), glucagon producing alpha cells, somatostatin producing delta cells,
pancreatic polypeptide producing gamma cells, and ghrelin producing epsilon cells.
The vast majority of the pancreas accounts for the exocrine tissue. It is made out of
acinar, centroacinar, and ductal cells which together form the acinus. The islets are
distributed across the acinar tissue which ensures interactions between the exocrine and
endocrine tissue. This is of importance as insulin and other pancreatic islet peptides
were shown to activate exocrine tissue. Also, ductal and acinar cells were shown to
regulate the physiology of endocrine tissue by secretion of cytokines and growth

factors'®2.

Insulin secretion

Insulin is the main glucose-lowering hormone of the human body, therefore its release
is tightly regulated. Increasing concentrations of glucose and its cellular metabolism are
the triggers for beta cell insulin secretion. Glucose induced insulin secretion begins with
glucose entering the beta cells via the glucose transporter-GLUT2, where it is
immediately phosphorylated by glucokinase. This results in the formation of glucose-
6-phosphate, further metabolised via glycolysis. Formed pyruvate is utilized as a
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substrate in the mitochondrial citric acid cycle leading to formation of ATP. Increasing
intracellular ATP to ADP ratio causes the closure of the ATP-sensitive potassium (K)
channels in the beta cell membrane. Consequential beta cell membrane depolarization
opens voltage-dependent calcium channels, allowing for infux of calcium ions (Ca*).
As the basal levels of free intracellular Ca*"are approximately 100nM, around 20 000
times lower than free extracellular Ca®, transient opening of the calcium channels
results in an up to 10 times increase of the cellular (Ca*)'®. The signal is further
amplified by 3’,5’-cyclic adenosine monophosphate (c(AMP) and leads to the fusion of
insulin containing granules with the plasma membrane and subsequent release of
insulin into the circulation'®. Of note, other nutrients, such as free fatty acids and
amino acids can potentiate GSIS'®. Insulin secretion is also regulated by hormones
such as glucagon-like peptide 1 (GLP-1), acetylcholine, somatostatin, andrenaline'®*1%,

Regulation of insulin synthesis

The regulation of insulin synthesis begins on a transcriptional and translational levels.
Among the most important positive transcriptional regulators is pancreatic and
duodenal homebox-1 (Pdx1)'”". This transcription factor plays a central role in beta cell
function and survival. The action of Pdx1 is dependent on its nuclear location. It has
been shown that deleterious effects of fatty acids on beta cell function are accompanied
by sequestration of Pdx1 into the cytoplasm'®®. Importantly, positive effect of glucose
on insulin transcription was proposed to be a result of Pdx1 nuclear translocation'®.
The insulin gene encodes an insulin precursor-preproinsulin, containing a N-terminal
signal peptide. Preproinsulin translocates across the rough endoplasmic reticulum (ER)
membrane to the ER lumen. There, signal peptide is cleaved by a signal peptidase
resulting in the formation of proinsulin. Proinsulin maturation involves folding and
formation of three disulfide bonds and translocation from the ER to the Golgi
apparatus'®. The proinsulin consists of A chain, B chain and C-peptide. The formation
of mature insulin requires action of processing enzymes. Prohormone convertase
enzyme PC3 (PC1/3) cleaves at the B chain/C-peptide junctions and PC2 at C-
peptide/A chain. This is followed by removal of COOH-terminal basic arginine
residues from A and B chain by carboxypeptidase E (CPE)'" (Figure 7). Of note, mice
with deficiency in PC1/3 action have severely impaired proinsulin processing'''.
Mature insulin consists of 21 amino acid residues A chain and 30 amino acid B chain
bound together by disulfide bridges. Insulin and C-peptide are kept in beta cells as
densely packed granules. Insulin is stored in a hexameric form consisting of 6 molecules
of insulin peptide, in the form of 3 dimers'®.
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Figure 7. Processing of proinsulin. The proinsulin consists of A chain, B chain and C-peptide. The formation of mature
insulin, consisting of A chain and B chain, requires action of processing enzymes. Prohormone convertase enzyme PC3
(PC1/3) cleaves at the B chain/C-peptide junctions and PC2 at C-peptide/A chain. This is followed by removal of COOH-
terminal basic arginine residues from A and B chain by carboxypeptidase E (CPE).

ApoA-I/HDL and insulin secretion

One of the main hallmarks of T2D is beta cell exhaustion, resulting from an increase
of insulin secretion to compensate for the progressing IR. Deterioration of the beta cell
function and reduction in beta cell mass is accompanied by apoptosis and loss of beta
cell identity''>'". Studies show that ApoA-I restores beta cell functionality. Firstly,
HDL-raising agents, such as CETP inhibitors were found to enhance postprandial
insulin secretion in humans and potentiate ex vivo beta cell GSIS'". Furthermore, in
obese and insulin-resistant mice a single injection of ApoA-I, followed by 3h
incubation, led to improved glucose tolerance and insulin secretion. As an explanation
of this, it was proposed that in addition to direct stimulation, ApoA-I primes the beta
cells for improved GSIS'". In a follow-up study, ApoA-I’s ability to improve beta cell
function was proposed to involve the amplification of insulin release after glucose
challenge”. As the main function of ApoA-I is the transport of lipids, another study
investigated whether long-term ApoA-I injections into mice with beta-cell specific
ABCA1 and ABCGI-deletions, characterised with high islet cholesterol content and
impaired GSIS", would improve their beta cell function. The treatment with ApoA-I
significantly increased GSIS in these mice, however, islet cholesterol levels were not
changed. This led to the conclusion that ApoA-I improves beta cell function
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independent of ABCA1 and ABCG1'". Valuable information regarding ApoA-I’s role
in improving beta-cell functionality also comes from in vitro studies that utilize clonal
beta cell lines. In mouse-derived Min6 cells, incubation with either HDL isolated from
human plasma, rHDL, or LF ApoA-I, led to an increased beta cell insulin secretion in
basal glucose as well as in stimulatory glucose environment. Importantly, cholesterol
accumulation in beta cells was proposed to deteriorate beta cell functionality in
T2D"*'" To explore whether incubation with ApoA-I can reverse this deleterious
effect, cholesterol-enriched Min6 were incubated with LF ApoA-I. Surprisingly, while
insulin secretion was potentiated, the intracellular cholesterol levels were not changed,
suggesting that ApoA-I positive effect on insulin secretion is independent of cholesterol
efflux'?. In another cellular model of beta cell, rat derived INS-1E, incubation with
ApoA-I was found to directly increase glucose-stimulated, and basal insulin release'".
Of note, prolonged incubation with ApoA-I resulted in a significantly higher
transcription of the insulin coding genes /nsI and Ins2 as well as Pdx1. The authors
proposed a mechanism explaining the positive effect of ApoA-I on beta cell
functionality, which involves the protein interaction with the cell surface expressed
ABCAL. The direct interaction of ApoA-I with ABCA1 was proposed to increase GSIS
and initiate transcription of /zs] and Ins2 by activation of the G-protein subunit. This
was followed by the increase of intracellular cAMP and activation of protein kinase A
(PKA), which in turn phosphorylates and excludes the transcription factor forkhead
box protein O1, the repressor of insulin gene transcription, from the INS-1E nucleus'*'.
There are apparent inconsistencies in the proposed explanation of ApoA-I’s positive
action on improving beta cell functionality. As described above, ApoA-I significantly
increases GSIS in beta cell-specific ABCA1 knockout mice'”, therefore ApoA-T’s
interaction with ABCA1 does not seem to be a determinant of this phenomenon. The
activation of the G-protein subunit may be achieved by alternative pathways, which
remains to be investigated. To better understand the mechanisms of ApoA-I-mediated
improvement of beta cell function, a study was performed (paper I) and is presented in

detail in the following chapters'**.

ApoA-I as a potential therapeutic

The HDL-C-raising therapies, including CETP inhibitors and rHDL infusions,
exhibited anti-diabetic properties. This includes protection against diabetes
development, attenuation of diabetes progression, and improvement of glycaemic
control in individuals with established disease’'?*!*. However, the negative outcome
of the clinical trials employing these agents as an anti-CVD solution decreases the
likelihood of reusing them for anti-diabetic purposes. Another way to raise the HDL
levels is by lifestyle interventions. After one year of calorie restriction diet and increased
physical activity, the T2D subjects were shown to have improved glucose control,
reduced intake of anti-diabetic therapeutics and increased HDL levels'®’. Other
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promising candidates for anti-diabetic HDL-targeted therapies are ApoA-I mimetic
peptides. There are multiple advantages of employing therapeutic peptides over full-
length proteins or antibodies. They are smaller and therefore easier to synthesize, they
have high activity and specificity, and are less likely to accumulate in organs which
minimises the possibility of toxic side effects. Peptides are also less immunogenic than
recombinant proteins or antibodies'*. The administration of the L-4F ApoA-I-mimetic
peptide into obese mice was shown to reduce visceral fat content and improve glucose
tolerance and insulin sensitivity. The proposed mechanism involved a reduction of
systemic inflammation, phosphorylation of AMPK and insulin receptor, and increase

in plasma adiponectin levels'”’. A recent study deriving from our group proposes a novel

anti-diabetic ApoA-I-derived peptide, the RG54 peptide, which exhibits added anti-
CVD benefits. DIO and diabetic Lep7” mice injected with RG54 were shown to have
significantly improved glucose clearance in a GTT. Supported by additional in vitro
studies, this positive effect was proposed to be via dual mechanisms. The first includes
direct stimulation of glucose uptake in skeletal muscles and the other priming of the
beta cell for improved GSIS. This is agreement with conclusion derived from our
previous study for full-length ApoA-I””. The potential role of the RG54 in the
treatment of cardiometabolic disease was presented in the atherosclerotic Apoe’ mice
model. The treatment with RG54 reduced the number of atherosclerotic plaques as
well as the aortic plaque area in these animals. In support of this, RG54 more efficiently
than full-length ApoA-I, catalysed cholesterol efflux from cultured macrophages'*®.
Altogether, HDL-raising therapies and ApoA-I-mimetic peptides provide a very
promising treatment avenue. This is of particular interest for diabetic and pre-diabetic

individuals with increased risk of CVD.

Glycation of ApoA-1

Chronic hyperglycemia in T2D is a causative factor for the development and
progression of the disease and diabetic complications. Additionally, prolonged exposure
to high glucose environment modifies many biomolecules, including ApoA-I, leading
to the deterioration of their functionality.

Advanced glycation end-products (AGEs)

Biomolecules are modified by sugars in the process called Maillard reaction, leading to
the formation of advanced glycation end-products (AGEs). Reactive reducing sugars,
such as glucose, are capable of non-enzymatic reaction with amino groups in proteins,
lipids and nucleic acids, forming precursors of AGEs called Shiff bases and Amadori
products (Figure 8). Glycation is often accompanied by oxidation, leading to the
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Figure 8. Formation of advanced glycation end products (AGEs). In the Maillard reaction, an aldehyde group
deriving from reactive reducing sugars, such as glucose, reacts with an amino group of proteins, lipids or nucleic acids.
Formed Schiff's base undergoes rearrangement to form more stable Amadori product. A spontaneous cleavage of
glucose, Schiff's base or Amadori products leads to the formation of reactive intermediates, which can as well form
AGEs by interacting with amino groups. Accumulation of AGEs leads to oxidative stress and diabetes complications'?°.

formation of so-called glycoxidation products'*. Advanced glycation occurs over longer

periods, hence affecting long-lived proteins such as haemoglobin. As the Milliard
reaction is enhanced in diabetes °"'*?, the rate of glycated haemoglobin (HbA1C) is a
common biomarker of hyperglycemia events monitored over past 6 to 12 weeks'*’ and
used for diagnosis of diabetes. Notably, Milliard reaction is accompanied by the
formation of reactive intermediate products called alpha-dicarbonyls, including
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methylglyoxal (MG) and glycolaldehyde (GA), which are capable of creating AGEs.
The build-up of reactive dicarbonyls, as well as glycoxidation and lipoxidation
products, leads to the development of carbonyl stress. It has been proposed that
carbonyl stress is a common hallmark of diabetes and uraemia leading to an acceleration
of vascular damagel34. Furthermore, AGEs have been associated with a number of
conditions such as renal, retinal, neural complications in diabetes'?>'%
ageing'”’.

as well as

Functional aspects of glycated ApoA-I

ApoA-l, together with many other plasma proteins, is subjected to non-enzymatic
glycation in both type 1 and type 2 diabetes **. HDL isolated from diabetic patients
were found to have an 400% increase in glycation events as compared to control
subjects'”. Multiple studies have therefore addressed the functional consequences of
ApoA-I glycation. Firstly, modification of ApoA-I/HDL with MG was shown to affect
the conformation of ApoA-I in the region important for its interaction with LCAT and
lipid binding. This was manifested by a decreased size of HDL as the LCAT-mediated
cholesterol esterification was reduced when ApoA-I was glycated'®. Furthermore,
glycation of ApoA-I was demonstrated to impair its anti-inflammatory properties.
Infusions of glycated ApoA-I into rabbits with induced vascular inflammation less
effectively counteracted the inflammation as compared to non-modified ApoA-I/HDL.
As supported by in vitro studies, the authors proposed a mechanism involving the
diminished ability of the glycated ApoA-I/HDL to inhibit activation of the nuclear
factor kappa-light-chain enhancer of activated B cells (NF- kB) protein complex and
increased formation of reactive oxygen species (ROS). It is suggested that structural and
conformational changes, which occur as a result of ApoA-I glycation, are important
contributing factors to this phenomenon'*'. On that note, modification of ApoA-I with
reactive carbonyls such as malondialdehyde (MDA), was proposed to mainly target
lysine residues (Lys) in the C-terminal of ApoA-I. The resulting MDA-Lys are proposed
to be responsible for impairment of cholesterol efflux through the ABCA1 pathway '**.
Since a main function of ApoA-I/HDL is the reverse transport of lipids and cholesterol,
which ensures its cardioprotective and antiatherogenic properties, the capability of
glycated ApoA-I to mediate cholesterol efflux has been thoroughly investigated'*%°.
The studies, however, provided conflicting results. Firstly, HDL isolated from plasma
of healthy individuals and thereafter glycated i vitro were shown to mediate cholesterol
efflux from cultured macrophages to the same extent as the non-modified HDL'%. This
was further supported by another study, where the authors used ApoA-I isolated from
plasma and subjected to a similar analysis. No change was observed for the ability of
either LF glycated ApoA-I or glycated rtHDL to mediate cholesterol efflux from
cultured macrophages. Notably, a negative effect of glycation on the ability of ApoA-I
to mediate cholesterol efflux has also been described'****. This was shown in THP-1
macrophages, in isolated human monocytes and in ABCAIl-transfected HeLa cells,
which exhibited more than 70% reduction in the ability of AGE- modified ApoA-I to
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promote cholesterol mobilisation. This deleterious effect was reversed by the prevention
of AGE formation'*. Additionally, another report stated that metformin, a commonly
used anti-diabetic therapeutic, can protect from glycation-induced impairment of HDL
to accept cholesterol . With the aim to bring clarity to these contradictory findings,
we performed additional experiments, and the emerging findings are included in this
thesis in paper II'*.

ApoA-1 is a potent positive regulator of glucose control. Given its antiatherogenic
properties, therapeutics based on the ApoA-I biology may provide a promising
therapeutic solution for people with metabolic syndrome. As summarized above, a lot
of research has been done in order to unravel the molecular mechanisms behind ApoA-
I’s positive effect on glucose control. The research shows that ApoA-I, due to its
versatile functional benefits, exerts potential for the treatment as well as the prevention
of the disease. There is still a lot to be understood, especially in terms of its action on
beta cells. Additional research and cohort studies will hopefully bring a renaissance to
clinical trials of ApoA-I/HDL-based therapies.
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ApoA-I related amyloidosis

The previous section was devoted to the beneficial functions of ApoA-I but there is a
darker side to this protein. This following chapter is centred around the deleterious
propensities of natural, but rarely occurring, ApoA-I variants to become misfolded and
to form amyloids in vital organs.

Protein misfolding and diseases

Proteins constitutes the building blocks of the living cell and are, therefore, vital for
life-maintenance. Numerous disorders can arise from the acquisition of proteins
dysfunctional conformations. These are termed conformational or protein misfolding
diseases, and lead to the formation of protein aggregates and fibrils, also termed
amyloids, that result in a loss of function and in an acquisition of toxic properties.
There are approximately 50 different proteins or peptides known to assemble into
amyloid fibrils causing human disease'”. Some proteins are more prone to become
misfolded and the risk of forming fibrils increases with age and protein concentration.
Among these, there are intrinsically disordered B-Amyloid peptide (AB), responsible for
the development of Alzheimer’s disease, a-synuclein of Parkinson’s disease, and islet
amyloid peptide of the pancreatic islets of Langerhans. These “natively unfolded”
proteins are in their soluble form characterised by high flexibility and lack of secondary
structure '*%, There are many endogenous and exogenous factors which can increase the
propensity of proteins to change their conformation and become misfolded. Among
the most common are disturbed interactions with endogenous factors such as
membranes, chaperones, and extracellular matrix components, as well as point
mutations, exposures to toxins, impaired posttranslational modifications, and oxidative
stress. Misfolded proteins transition from their soluble state into amyloid fibrils, which
are stable, highly organized, filamentous aggregatesm. Amyloids can deposit in various
organs and tissues causing multiple disorders, collectively termed amyloidoses. Even
though amyloids of different proteins largely vary in size, they share several
characteristics. They are of varied length, consist of two to six unbranched
protofilaments of each 2-5 nm diameter that together make rope-like like fibrils that
are 7-12 nm thick'”, and display core cross- B-sheet structure with polypeptide chain
organized in B-sheets parallel to the fibril axis''. Native proteins exist in dynamic
equilibrium with their disordered states. The fibril formation starts when one of these
states assemble into oligomeric species. The further assembly of these pathogenic
oligomers leads to the formation of higher-order oligomers containing fibril nucleus,
which recruits other monomers, in the lag time of assembly. The next phase, termed
elongation phase, includes exponential growth by conversion of the monomers into
fibrils and recruitment of aggregation-prone species. These fibrils can then associate
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with one another or with other proteins, leading to the development of amyloid plaques
and intracellular inclusions'?.

The similarity of amyloidogenic fibrils originating from structurally diverse proteins
implies that a major structural rearrangement must take place. Well-folded globular
proteins are not susceptible to such rearrangements thanks to the presence of tertiary
structure constrains. The amyloidogenic properties of these proteins were proposed to
be due to the destabilization of their native structure by occurring mutations, changes
in pH, or temperature’">?, This is the case of ApoA-I and its amyloidogenic N-

terminal fragment as discussed below.

Table 1. The mutations occurring in ApoA-I sequence related to amyloidogenic propensities.
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Mutation

Internal mutations

Affected organ or tissue

Kidney, liver, peripheral nerves,

Ethnic origin

G26R"%3 British, Scandinavian
Gl tract
E34K'54 Kidney, liver Polish
S36A™%* Asymptomatic British
G35V Asymptomatic Caucasian
W50R155 Kidney, liver, Gl tract Jewish
LB6OR"%6 Kidney, liver, testes, heart British
L64P"57 Kidney,liver Italian
AB0-71+VT ins'%® Liver Spanish
A70-72"%° Kidney, liver,choroid German
F71Y'%4 Liver,palate British
N74K frameshift!® Kidney, uterus, ovaries, pelvic German

L75P160
LooPe!

External mutations

lymph nodes, Gl track
Kidney, liver, testes

Skin, heart, larynx

Italian, German, other

French, American

AL107162 Circulatory system Scandinavian
A154 frameshift'>® Kidney German

H155M frameshift'>* Kidney British

L170P1%® Asymptomatic German
R173pP6" Kidney, skin, heart, larynx American, British
L1748 Skin, testes, heart, larynx Italian, Dutch
A175P">* Larynx, testes British

L178H"64 Larynx, skin, heart, nerves French

L178P"64 Heart, larynx Dutch




ApoA-I and amyloidosis

There are more than 50 naturally occurring human ApoA-I variants and most of them
are associated with low plasma levels of ApoA-I/HDL. While some of them are
beneficial, such as the ApoA-Imiano (Leul73Cys) variant that exhibits protective role
against atherosclerosis'®, the majority have deleterious effects as in the case of
amyloidogenic variants. There are two forms of human ApoA-I amyloidosis, acquired
and familial. Acquired amyloidosis, independent of genetic predisposition, is the most
common and it involves the deposition of full-length, wild-type ApoA-I as fibres in
aortic plaques'®. This process is proposed to be proatherogenic as it is shown to increase
the vulnerability of the plaques, activate macrophages, and exert toxic properties'®”'¢.
Based on the iz vitro studies, WT ApoA-I forms amyloids upon methionine oxidation,
which may also be the mechanism of ApoA-I fibrillogenesis in the oxidative

environment of atherosclerotic plaques'®.

Of importance, more than twenty ApoA-I variants lead to the development of familial
ApoA-I amyloidosis (AApoA-I). These variants differ from the WT protein for point
substitutions, frame shifts, and deletions®*'>*(Table 1), mainly concentrated to two
regions of the ApoA-I protein (residues 26-107 and 154-178). AApoA-I is a late-onset,
autosomal, dominant condition, where N-terminal (9-11 kDa, amino acids 80-100
amino acid residues long) of the mutant ApoA-I accumulate in various vital organs
(kidney, liver, skin testes, heart), leading to their damage®'”°. The mutations occurring
in the N-terminal domain (amino acid residues 26-107), termed “internal” mutations,
result in the preferential deposition of the amyloidogenic fibres in liver, kidneys and
testes. Instead, mutations in the C-terminal segment (amino acid residues 154-178),
termed “external mutations”, result in a preferential amyloid accumulation in heart,
skin and larynx (Figure 9). To date, the only available treatment is end-stage organ

transplant'’.

There are many unknowns regarding the development and mechanisms of this disease.
Firstly, different AApoA-I mutations form N-terminal fibrillogenic fragments, which
are sometimes distant from the actual mutation site. Secondly, the same mutation can
result in different severity of symptoms, as in case of the carriers of Leu75Pro
mutation®"”*'”2, Thirdly, and most strikingly, even though AApoA-I patients have
reduced by 30 to 50% plasma levels of HDL/ApoA-I"7*'7, they are not at higher risk
of developing atherosclerosis'’*!”>. This suggests that AApoA-I is a complex disease
where a lot still remains to be understood. Due to the rare nature of the disease and
limited material, only few research groups are working towards a better understanding
of this complex condition. Nevertheless, a number of functional and structural methods
have been applied, providing important new knowledge on the subject. These
advancements are summarised in the following section.
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Figure 9. A map of ApoA-l single point amyloidogenic mutations. The mutations occurring in the N-terminal domain
of the ApoA-I protein are termed “internal” mutations, whereas mutations occurring in the C-terminal domain are termed
“external” mutations. The location of the mutation in the APOA1 gene determines the preferential organ accumulation
of the ApoA-| variant fibrils.

Clinical phenotype of the AApoA-I patients

Clinical description of AApoA-I patients based on small case studies. One example is
the evaluation of 253 carriers of Leu75Pro ApoA-I amyloidogenic variants, who belong
to 50 families from a region in the north of Italy'”?. The disease penetrance was shown
to be age-dependent and clinical phenotype emerged with rising age. The kidney was
identified as a predominant target organ for amyloid deposition and, to a smaller extent,
liver and testes. Another case study of two patients with Leul74Ser and Leul78Pro
AApoA-I variants identified amyloids deposits in the larynx'®’. Severe lesion progression
was found after a 4-year follow-up in these patients. Of note, although AApoA-I carriers
are heterozygous for the mutated gene, only the variant isoforms is detected in the
amyloid deposits. Interestingly, in patients with amyloidogenic mutations WT ApoA-
I is expressed at higher level as compared to the variant protein, at least in the
Leul74Ser and Leu75Pro carriers'®"””. There is a challenge with the diagnosis of
AApoA-I as it often requires examination of the affected organs by biopsy. Limited data
describing the clinical manifestation of this complex condition provide difficulty in the
characterisation of the disease and establishment of the treatment avenues. Together,
these observations suggest that AApoA-I is an underdiagnosed condition.
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Structural and functional features of the ApoA-I fibrillogenic peptide

Identification of the structural and environmental factors driving the fibrillogenic
process is key to a better understanding of the pathology and to the discovery of novel
strategies to prevent it. ApoA-I fragment extracted from amyloid deposits of a patient
affected by ApoA-I-related amyloidosis was characterised as natively unfolded at neutral
pH and consisting of N-terminal 1-93 residues. The exposure of the isolated fragment
to acidic environment induced a complex fibrillogenic pathway, which led to a shift
from a random coil structure to a transient helical conformation, and final aggregation
into a B-sheet polymeric structure'”’. It is proposed that accumulation of the N-
terminal fragments as amyloid fibrils is a result of the structural destabilization, induced
by mutations, and consequent proteolysis, that generates a high concentration of the
amyloid precursors®'”®. This is supported by mass spectroscopic analysis of several
“internal” variants, where only the fragments of the mutant protein were identified in
fibrils"%. Of note, for “external” variants, N-terminal deposited fragments were
mutation-free’'”®.

A breakthrough in understanding the structure-function relation of AApoA-I came
with the crystallization of the C-terminal deletion mutant of ApoA-I*°, which contains
all sites of known amyloidogenic mutations. It allowed for the identification of the two
amyloidogenic “hot-spot” mutation sites included in the APOAI gene, N-terminal
residues 26-107 and C-terminal 154-178'7%. According to the model, LF ApoA-I forms
a dimer made of two antiparallel, and largely a-helical ApoA-I molecules, stabilized by
two four-segment bundles at its ends. The perturbations of the bundle structure in the
N-terminal domain by mutations are proposed to be a causative factor for the
development of the ApoA-I amyloidosis. The destabilization of ApoA-I interaction
with lipids leads to dissociation of LF ApoA-I from HDL. Additionally, the presence
of mutations destabilizes the four-helix bundle of the protein which changes its
conformation. The increased mobility of the protein exposes the helical repeats 3 and
4 (H3-H4, residues 80-120) to the solvent, making that region more susceptible to
proteolysis. Moreover, the misfolding of the N-terminal fragment from native a-helical
structure to [3-sheet results in fibril formation'”®'””. The studies on crystal structure, as
1% also revealed that the residue segment 44-55
adopts high B-sheet propensity, which plays an important role in the a -helix to -sheet
conversion. Of note, the presence of these residues was proposed to be a prerequisite
for fibril formation'' (Figure 10).

well as other low resolution studies

The observation that ApoA-I amyloidogenic variants are characterised by a destabilized
structure were confirmed by a hydrogen-deuterium exchange (HDX) — mass
spectrometry (MS) analysis '*. This method allows for the monitoring of high
structural resolution local changes in the dynamics of a protein. The authors compared
WT ApoA-I with amyloidogenic G26R (also referred as ApoA-liow.). In agreement with

previous studies™'”®, major structural differences between the proteins occurred in the
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N-terminal fragment, which is largely destabilized in the variant. Moreover, the authors
found that the disordering in G26R leads to a loss of 30 helical residues translating to
around 12% total alpha-helix reduction, as estimated by circular dichroism (CD)
spectroscopy'®.
relationship of the amyloidogenic ApoA-I variants comes from the studies performed

by our group, included in the presented thesis in paper III and paper IV'¥.

A major advancement in understanding the structure-function

In summary, AApoA-I is a very complex condition affecting multiple vital organs and
the late-onset clinical phenotype manifestation provides a challenge for its
characterisation and treatment. Understanding how structural rearrangements and
destabilizations lead to ApoA-I amyloidosis is likely key in the development of new
therapeutics.

1. Amyloidogenic mutation 11l. Formed 9-11 kDa amyloidogenic
destabilizes the monomer, fragment has unstable structure
leading to proteolytic cleavage

I. Mutation reduces HDL at residues 80-100

stability and promotes C 93 5\5

dissociation of o

monomeric ApoA-| )
_ ) AN l N
yk.y )) IV. B-sheet formation and

Lipid-free ApoA-| amyloid deposition
~60% a-helix

HDL
ApoA-| on HDL surface,
dimer with ~80% a-helix

Figure 10. Proposed model of molecular mechanism leading to ApoA-l misfolding in hereditary amyloidosis.
Variant ApoA-| is susceptible to dissociation from HDL. Free, variant ApoA-lI undergoes a proteolytic cleavage and
formation of N-terminal amyloidogenic fragment. The misfolding of the fragment leads to the transition from the native
a-helical structure to parallel 3-sheet and amyloid deposition.
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Aims

Overall aim

The aim of my PhD was the in-depth investigation of the structural and functional
properties of ApoA-I.

Specific aims

The goals were to determine

e the mechanisms of ApoA-I-mediated increase of glucose stimulated insulin
secretion from pancreatic beta cell.

e the structural and functional consequences of ApoA-I glycation in
hyperglycemia.

e the function-to-structure connection of ApoA-I amyloidogenic variants that
cause improved capabilities to mediate cholesterol efflux.
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Methods

Glucose stimulated insulin secretion (GSIS)

GSIS is a widely used laboratory technique which measures the sensitivity of the beta
cells to secrete insulin in response to stimulatory glucose levels. It provides valuable
information regarding the beta cell functionality. In the GSIS experiments included in
papers II and III, we developed “the priming model”, as shown below, to assess the role
of ApoA-I/HDL on the biological processes.

ApoA-I/HDL Buffer change

PRIMING GSIS
2h 1h
INS-1E

Isolated islets

) Insulin measurement
3.3 mM glucose no ApoA-I/HDL

Figure 11. “The priming” experimental model. INS-1E or isolated mouse islets were incuabated for 2 h in the absence
(Control) or in the presence of ApoA-l or rHDL in low glucose environment (priming). Buffer was replaced to one
containing either low or stimulatory glucose, in the absence of the protein. Insulin secretion was measured after 1 h
glucose challenge.

Cells — INS-1E

Cellular models are valuable tools in understanding the molecular mechanisms of
biological processes. The experiments can be performed in controlled, reproducible
environments, which is the main advantage of the cell culture studies over the in vivo
experiments. Compared to animal models, they are also cheaper, faster to complete,
and do not require ethical permit. The main disadvantage is that the cells are not no
longer exposed to naturally occurring interactions, which raises the question of
translatability of the results obtained in cells to physiological environment.
Nevertheless, cellular models are needed to elucidate the biological processes.

Rat insulinoma-derived clonal beta-cell line INS-1E'® was used in experiments
included in paper I and paper II. Cell studies included GSIS preceded by pre-
incubation with ApoA-I/HDL or glycated ApoA-I/HDL (paper II). Additionally, in
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paper I, INS-1E were used for immunological and microscopy analysis. Cell studies
with INS-1E largely contributed to uncovering the mechanisms behind ApoA-I-
mediated increase in GSIS (paper I) as well as verification of the observed in vivo effect
(paper II), confirming the deleterious effect of the glycation on ApoA-I’s function.

Isolated mouse islets

To more closely represent the 7z vivo processes, we used isolated mouse islets to verify
findings emerged from the iz vitro studies in paper I. Pancreas from sacrificed male
C57BL/6 mice were digested by intraductal injection of collagenase and the islets were
handpicked using pipette and light microscope. After overnight recovery, cells were
stimulated with ApoA-I/HDL and glucose followed by insulin determination according
to the “priming model” presented above, and transmission electron microscopy was
performed.

The use of isolated mouse islets includes the effects of the neighbouring endocrine cells,
such as glucagon secreting alpha cells. As the treatment is performed ex vivo, it allows
for precise dosing, although it does not fully represent the natural environment. Even
though mouse islets share a lot of structural and functional similarities with the human
islets, there are still some differences. As an example, as oppose to human islets, mouse
islets have alpha cells concentrated in the outer ring of the islet'®. This can lead to
functional differences, which should be verified in human pancreatic islets in future
experiments.

Glucose tolerance test (GTT)

In paper II, we used a mouse model to study the impact of the ApoA-I glycation on
ApoA-Ts ability to improve glucose tolerance. Using mice is a well-regarded approach
to study biological processes in the iz vivo setting. Mice are inexpensive, small, and easy
to house, which allows for quick acquisition of reliable results. Ethical considerations
are an important aspect when working with mice. Good experimental planning and
proper handling are crucial for obtaining reliable results with using minimal number of
animals.

Prior to the experiment, male C57BL/6 mice were fed a high-fat diet (60% fat content)
for two weeks, which leads to the development of IR in these animals, as shown
before'”. After overnight (12 h) fasting, mice were intraperitoneally injected with
ApoA-I (glycated or not). After 3 h, glucose was administered followed by a collection
of serum samples (for determination of insulin) and measurement of blood glucose
levels.
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ApoA-I amyloidogenic variants

Production of recombinant variants

ApoA-I amyloidogenic variants, as well as the WT protein were produced in a bacterial
expression system. The Escherichia coli strain BL21(DE3) containing ApoA-I expressing
pEXE-5 plasmid was used, as we previously described '**'®” with modification included
in the paper IV'®. ApoA-I variants were purified from bacteria lysate using two-step
immobilized metal affinity chromatography system (His-Trap-Nickel-chelating
columns, Akta, GE Healthcare).

Using a recombinant system for ApoA-I production is very advantageous. It provides a
fast, efficient and inexpensive way of producing the protein without being limited by
the availability of plasma material. Moreover, ApoA-I does not undergo major post-
translational modifications, as it lacs glycosylation sites and disulfide bonds®. These
properties of ApoA-I justify the use of recombinant protein in studying naturally
occurring processes. The possible disadvantages include the risk of bacterial-derived
endotoxin accumulation and lack of exposure to plasma modifying agents.

Clinical samples

Serum samples from carriers of ApoA-I amyloidogenic variants and from unrelated
healthy controls were obtained from Dr Laura Obici (Amyloidosis Research &
Treatment Centre, Pavia, Italy). The samples included 11 controls, 11 L75P carriers
and 4 L174S carriers. The subjects were between 37 to 77 years of age, both males and
females. The HDL species distribution and functional properties of these clinical
samples were studied in paper III. To research the functional properties of the HDL
contained in plasma of ApoA-I amyloidosis patients, we performed cholesterol efflux
experiments. Prior to the analysis, samples were depleted of Apolipoprotein B, which
could potentially serve as additional cholesterol acceptor'®. HDL subspecies
distribution was studied by Western Blot from denaturant PAGE and native PAGE.

The use of clinical samples for the experiments shown in paper III reinforced the
findings obtained with the study on the recombinant proteins (in paper IV), and
further strengthen the physiological relevance of drawn conclusions on higher efficiency
of the amyloidogenic variants to catalyse efflux cholesterol.
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Cholesterol efflux

Cholesterol efflux assay was performed in paper II and papers III, IV included in this
thesis. The assay is designed to measure the ability of ApoA-I/HDL (WT, variant,
glycated) to accept cholesterol released from macrophages. First, radioactively labelled
cholesterol was added into mouse-derived ]J774 macrophages, followed by 24 h
incubation. Next, the medium was changed to one containing low serum concentration
to promote equilibration of the labelled cholesterol among the intracellular cholesterol
reservoir. In order to unify results, chemical agents were added to inhibit cholesterol
esterification and induce ABCA1 expression. Finally, ApoA-I was added to the
macrophage cultures and cholesterol efflux to the media was measured by the
scintillation counter and presented as the percentage of the total *H-cholesterol.
Cholesterol efflux follows the Michaelis-Menten kinetics allowing for the
determination of efflux capacity-Bum.x and efflux efficiency-Ky. While commonly used
Michaelis constant (K.,) is a measure enzyme kinetics, here we apply the dissociation
constant-Kq4. It provides an information about the affinity of the ligand (L) for the
binding site of the protein (P), as determined by the thermodynamic preferences.

Kq
PL— P+ L

The higher the affinity of the ligand to the protein binding side the lower the Ky value.
In our case, the ligand corresponds to ABCA1 delivered cholesterol and Ky determines
its affinity to bind cholesterol acceptor.

The main difference between both constants originates from their definition. K, is a
kinetic parameter and Ky is a thermodynamic parameter.

Another parameter used in the analysis of cholesterol efflux is B, which informs about
acceptor capacity'®. The higher the acceptor capacity-Bumu the greater the efflux
capacity of the protein.

HDL particle preparation

Reconstituted HDL (rHDL) were prepared in two different ways, depending on the
nature of experimental analysis. Lyophilized DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine) was used for the assessment of the kinetics of solubilisation of
phospholipid multilamellar vesicles (MLV) to form discoidal ApoA-I-PL complexes, as
shown in the lipid clearance assay presented in papers III and IV. The decrease in
absorbance (at 325 nm) is proportional to the rate of phospholipid incorporation (or
phospholipid solution clearance) into the protein-lipid complexes, as it was described
in detail before'. Even though the lipid-binding of apolipoproteins is a complex,
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multistep process, this assay is a well-accepted method in the field providing an
approximate view on the lipid-binding capabilities of an apolipoprotein.

The cholate dialysis method (method described in detail in paper IV) was used in order
to prepare HDL particles of defined size for structural and functional analysis, included
in paper I, paper III, and paper IV. This method provides more physiological-like
environment of the prepared particle preparation; however, it requires incubation with
detergent, which makes it unsuitable for measurements of dynamic processes such as
the lipid clearance assay. Lyophilized POPC (1-palmityl-2-oleoyl-sn-glycero-3-
phosphocholine), FC and protein were mixed in two different molar ratios resulting in
the formation of defined size particles, either 9.6 or 8.4 nm. To ensure homogeneity of
the preparations, size-exclusion chromatography was applied and peak fractions
collected.

Circular dichroism (CD)

Circular dichroism (CD) spectroscopy is a widely used spectroscopic technique to study
obtain protein low-resolution structural information using a small amount of sample.
It allows for determination of conformational changes of protein in their secondary
structure as well as monitoring of structural changes under a range of conditions. A
good example is thermal stability assay where structural rearrangements are followed
during temperature-induced folding and unfolding of proteins (assay presented in
paper II, paper III, paper IV). The principles of this method utilize differences in
absorption of polarized light by left-and right-circularly polarized light by chiral
molecules in the far-UV wavelength region (190-250 nm). Amplitude at 222 nm is
used to estimate the helix content’.

In case of the bench-top, conventional CD the source of light is usually a xenon arc
lamp. Important limitations of the conventional CD instruments in performing
measurements on ApoA-I/HDL are firstly the presence of large lipid particles which
may cause light scattering, and secondly, common buffer components such sodium
chloride may have high absorption in the far-UV range. These factors largely increase
the noise to signal ratio and thus negatively impact the quality of the obtained spectra,
affecting the correct estimation of the structural content distribution of alpha helix,
beta strand-turn, and random coil®*1%2,

Synchrotron radiation circular dichroism (SRCD)

In order to overcome the aforementioned limitations, synchrotron radiation circular
dichroism (SRCD) was performed. This method utilizes light produced by a
synchrotron source thus allowing for a higher photon flux into the sample across the
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UV range. This brings many important advantages for the measurement of lipid-
containing samples, such as HDL""'?>. The advantages of a high, focused photon flux
include (i) an increased signal-to-noise ratio, (ii) minimization of the amount of the
material required, (iii) possibility to perform high-throughput screening, (iv) enabled
comparison of proteins with subtle differences, (v) extension of the UV region for data
collection, of particular importance for determination of unordered structure, which
has a major CD peak at wavelengths <200 nm'”’. The SRCD measurements presented
in this thesis were performed at the Diamond Light Source, United Kingdom194 and
analysed with the use of in-house developed software CD Apps. By applying a suitable
algorithm'”, the data was deconvoluted based on reference spectra allowing for
determination of the relative contribution of the different secondary structure elements
in the sample, which is a major advantage of this methodology.

Hydrogen-deuterium exchange mass spectrometry (HDX
MS)

HDX MS is a powerful technique for investigating protein-ligand interactions, protein
folding, and protein dynamics. The conformational changes of proteins in solution are
monitored through the rate of exchange of the protein backbone amide hydrogens with
deuterium in solution. Hydrogens, which are involved in weak interactions or are
located at the surface of the protein can easily undergo exchange with deuterium. On
the other hand, hydrogens located in the interior of the protein or involved in the
formation of stabilizing hydrogen bonds, are exchanged slower. The monitoring of
deuterium incorporations as a function of time is thus informative of conformational
dynamics of the protein at the equilibrium. Next, upon sample incubation in
deuterated buffer, the pH is dramatically decreased to stop the exchange process and
protein enzymatic digestion (usually by pepsin) is performed'*. MS is then applied to
reveal localized exchange information in the produced peptides. The comparison of
these overlapping peptides provides an overview of protein conformational changes in
the defined regions. The results are represented as “heat maps” and are included in
paper III, where we monitored local changes in the dynamics of ApoA-I amyloidogenic
variants. The main advantages of HDX MS-based investigation of conformational
dynamics of proteins are (i) the possibility to performing measurements under
physiological conditions, (ii) small sample amount requirement, (iii) changes can be
linked to protein’s amino acid sequence (region), and (iv) capability to analyse large
proteins'”’.
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Other relevant techniques

Microscopy

Confocal microscopy

Confocal microscopy is a widely used laboratory technique which allows for imaging
of cellular processes in the cross sections of cells and tissues. The technique uses lasers
and fluorescence to generate an image of the sample. It provides possibility to control
depth of field and eliminate or reduce background signal, which are the main
advantages of the confocal microscopy over the fluorescence microscopy.

Proteins can be imaged either by the direct coupling with fluorescent label to their
amine group or by using fluorescent antibodies. Both approaches were undertaken in
paper 1. ApoA-1 was labelled with fluorescein isothiocyanate (FITC) to study its
localization in the cell. To monitor other proteins, such as Pdx1 and insulin, we used
immunostaining, which first includes incubation with specific primary antibody
followed by incubation with fluorescently-labelled secondary antibody. Confocal
microscopy is an easy and fast method to visualize proteins in the cell. Challenges with
this method involve the development of well-functioning staining and protein-labelling
protocols.

Transmission electron microscopy (TEM)

TEM is a powerful imaging technique enabling high-resolution studies. Among the
multiple applications of this method there is ultrastructural examination of cell
morphology and its organelles, which was applied in paper I. The principle of the
method involves the use of an electron beam which passes through ultrathin (less than
100 nm) osmium- fixed tissue section. The image is created by the differentiated
transmission of the electrons resulting from their interaction with the specimen,
captured on a fluorescent screen'”®. In the studies presented in paper I, TEM was used
to visualize insulin granules in the beta cells and in the islet beta cells. Insulin granules
can be easily detected by TEM as spherical organelles with a dense-core separated from
the surrounding halo. Their size varies between 100-800 nm in mouse beta cells'””. The
high-resolution of the images allowed for performing statistically significant
quantitative studies of insulin granule distribution with the use of in-house developed
software MatLab.
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Immunological analysis

ELISA

Enzyme-linked immunosorbent assay (ELISA) is a very convenient and fast method to
detect and quantify multiple substances including peptides, proteins, and hormones in
a small-sized sample material. It is a plate-based assay, where a capture antibody, upon
addition of the sample, immobilizes the antigen of interest. The incubation with the
detection antibody conjugated to biotin or streptavidin-HRP allows for visualization of
this specific antibody-antigen interaction. The resulting colorimetric reaction allows for
signal quantification with the use of spectrophotometric methods. ELISA was used for
detection and quantification of insulin in experiments performed in papers I and II
An important consideration when using this method is the specificity of detection.

Western blot

Western blot (WB) is an important technique which enables identification of specific
proteins from a mixture of proteins existing in, for example, cell extracts. In the studies
included in this thesis, the initial electrophoretic separation of the samples was
performed either under denaturant or native conditions, followed by blotting and
incubation with appropriate antibodies. The native conditions, meaning without the
addition of reducing agents and SDS, allow for examination of profiles of HDL species
in the sample, whereas the denaturant environment informs about levels of the protein
of interest in the sample. Native page is also a good tool to follow HDL formation, as
presented in papers IT and IV. WB is a well-regarded, reliable and fast technique for
protein detection in the sample. As compared to ELISA, WB requires more sample and
it is more time-consuming. In both techniques, the antibody specificity is an important
factor for successful protein detection. A major advantage of WB is a possibility of
protein separation under native conditions, which is a key factor for analyses included
in this thesis.
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Objectives and key findings

Paper I

Objective: Dissect the molecular mechanism behind ApoA-I-induced increase in beta
cell insulin secretion.

Key findings: ApoA-I primes beta cell to increase glucose stimulated insulin secretion
via its internalization into beta cells, promoting Pdx1 nuclear translocation, and
stimulating expression of proinsulin processing enzymes. Altogether, these processes
lead to an increased number of insulin granules.
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Figure 12. Electron micrographs of single beta cell within a mouse islet after 2 h incubation in low glucose in the absence
(Control) or presence of ApoA-I. Below, bar graphs representing an increase in the normalized total number of granules
and docked granules, resulting from exposure to ApoA-l. Modified Figure 5 b,c,d in paper I.
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Paper II

Objective: Investigate the impact of ApoA-I glycation on protein structure and
function in lipid and glucose metabolism.

Key findings: Glycation of ApoA-I alters protein structure, worsens its lipid-binding
function and its ability to catalyse cholesterol efflux from macrophages. Glycated
ApoA-I does not exhibit beneficial effects in the regulation of glucose disposal to the
same extent as non-modified ApoA-I (WT).
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Figure 13. Effects of ApoA-I glycation on glucose disposal. High fat diet-fed mice were treated for 3 h with a single
injection of ApoA-I (non-modified-WT or glycated with methylglyoxal-MG, or glycolaldehyde-GA) or saline (NaCl). Mice
received an i.p. glucose load followed by determination of blood glucose levels at the indicated time points. The changes

in glucose are represented on the right, showing deterioration of glucose-clearance capabilities of glycated ApoA-I.
Figure 5 a,c in paper II.
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Paper III

Objective: To investigate the structural basis of the improved catalytic function of the
ApoA-I variants to mediate cholesterol efflux and to study the clinical samples from the
ApoA-I amyloidosis patients in terms of HDL particle distribution and functionality.

Key findings: The reduced HDL-levels of carriers of ApoA-I amyloidogenic variants
are compensated by a higher abundance of small, dense particles, which possess a greater
capacity to catalyse cholesterol efflux from macrophages. This improved functionality
is due to altered, region-specific changes in protein structure dynamics.

*

124
-e- Controls
5 = L75P
& L174S

0 I I 1 1 1
0 10 20 30 40 50

Concentration (ug/mL)

Cholesterol Efflux
(% of total cellular [*H]-cholesterol)
T

Figure 14. HDL in serum samples from carriers of ApoA-I amyloidogenic variants, L75P and L174S, more efficiently
catalyse Cholesterol efflux from cultured macrophages as compared do matched controls, in dose-dependent
experiments. Figure 1c in paper IIl.
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Paper IV

Objective: Understanding the clinical phenotype by study the connection between the
alterations in the protein structure of the ApoA-I amyloidogenic variants and their
functionality.

Key findings: ApoA-I amyloidogenic variants are characterised by a decreased lipid
affinity and enhanced proteolytic susceptibility, which explains low ApoA-I/HDL
plasma levels observed in the carriers of ApoA-I amyloidogenic variants. The reduced
levels of ApoA-I/HDL are compensated by a higher efficiency of the amyloidogenic
variants to efflux cholesterol from macrophages. Altogether, these findings clarify why
the carriers of ApoA-I amyloidogenic variants do not show a higher CVD risk despite
the lower ApoA-I/HDL plasma levels.

- 4 h POPC-ApoA-l Kgq 4 h POPC-ApoA-|
3
= 15=
£ —~— WT
[} =
52 - = G26R E
E & 101 . - L75P &
- -
S —— L174S 1)
s ©
33 5- L178H £
o @
£ o g
52
8 [}
o o
“6 o L] L] L] L] 1
< 0 10 20 30 40 50 WT G26R L75P L174S L178H

Concentration (ug/mL)

Figure 15. Cholesterol efflux ability of ApoA-I variants associated with POPC lipids-POPC-ApoA-I. The dissociation
constant (Kq) was calculated according to Michaelis-Menten equation allowing for estimation of cholesterol efflux
efficiency, which is significantly improved for the variants. Modified Figure 8 b,c in paper IV.
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Results and discussion

The focus of the presented thesis is on ApoA-I and two of its many different functions.
The first involves the role of ApoA-I in glucose control and the consequences of ApoA-
I glycation on its functionality. The second part focuses on the deleterious effects of
mutations occurring in the APOAI gene, which lead to the acquisition by ApoA-I of
amyloidogenic properties. The results from studying these two different aspects of
ApoA-TI are included in papers I-IV and will be discussed separately in the following
chapter.

ApoA-I in glucose controls

T2D patients are at high risk of developing of CVD¥. These two conditions are closely
linked and finding a biological compound capable of battling both diseases is of great
interest. ApoA-I/HDL has a well-established role in the prevention of atherosclerosis
and has been recently shown to exhibit potent blood-glucose-lowering properties***'.
In paper I, we show a previously unexplored role of ApoA-I to prime beta cells to
increase insulin secretion in response to high glucose load. Moreover, we propose a
molecular mechanism which can explain this phenomenon. In paper II, we investigated
the structural and functional consequences of ApoA-I glycation in the hyperglycaemic
environment.

ApoA-I as an insulin secretagogues

It was previously described that short-term incubation with ApoA-I directly leads to an
increase in insulin release in low and high glucose environment from clonal beta
cells'**"*'. Additionally, prolonged incubation of beta cells with ApoA-I was shown to
increase insulin levels via transcriptional activation'?' . Importantly, a single injection
of ApoA-I to insulin resistant mice improved glucose disposal by an increase in
circulating insulin levels”'". To further explore the function of ApoA-I as an insulin
secretagogue, in paper I we developed a “priming model” (Figure 11) which allowed us
to study the effect of short-term pre-incubation of beta cells with ApoA-I on their
insulin-secreting properties.
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ApoA-I in either LF or lipid-bound (HDL) form, was added on the clonal beta cells
INS-1E for 2 h in low glucose environment. Buffer was then changed to one containing
either low glucose or stimulatory glucose with no protein addition. Insulin secreted to
media was measured showing significantly higher levels after a glucose challenge (2- to
3-fold increase) when ApoA-I or HDL was added to the pre-stimulatory phase. The
same beneficial stimulatory effect of ApoA-I/HDL pre-incubation was observed in the
ex vivo- treated islets isolated from C57BL/6 mice. In order to understand whether this
positive effect is independent of glucose metabolism we employed different known
secretagogues and investigated whether the ApoA-I's effect remains. We used
tolbutamide and KCl, which trigger insulin release by direct depolarization of the
plasma membrane. Triggering insulin secretion with these secretagogues led to a
significantly larger ApoA-I mediated amplification of insulin secretion, comparable to
that of glucose. Based on a presumption that there may be an increased number of
granules present at the close proximity of the cell membrane resulting from ApoA-I’s
action, we performed microscopy analyses. Initial experiments using confocal
microscopy, allowed us to visualize an increased cellular signal from insulin after 2 h
incubation with ApoA-I as compared to control. In order to confirm these observations
in a high-resolution setting, we used TEM. This method allows for detection of insulin
granules as dense-core organelles surrounded by a halo. TEM analysis was performed
for both INS-1E cells and isolated mouse islets. In both cases, incubation with ApoA-I
in low glucose environment resulted in a significantly higher number of granules in
close proximity of the plasma membrane. These granules, so-called docked granules,
are more likely to be released upon stimulation'®
observed with KCl- and tolbutamide-mediated direct cell membrane depolarization.

, which may explain the effects

ApoA-I internalization is of importance for its role as an insulin secretagogue

Chemical blockers monodansylcadaverine (MDC) and Cytochalasin D (CytD) were
used to block ApoA-I internalization into INS-1E beta cells. MDC blocks clathrin-
dependent endocytosis whereas CytD blocks actin-dependent endocytosis. In both
cases, partial inhibition of ApoA-I internalization resulted in a complete loss of ApoA-
I’s positive effect on GSIS. In order to understand this finding, it is worth reviewing
published reports. By interacting with ABCA1 at the plasma membrane, ApoA-I
accepts cellular cholesterol and lipids and, consequently, forms nascent HDL'.
Importantly, ABCALI beta cell-specific mouse knock out models were created showing
an increased beta cell cholesterol levels "' and accumulation of beta cell cholesterol
is a common hallmark of T2D**. It would be plausible to assume that ApoA-I improves
beta cell functionality by removing cellular cholesterol, however, published reports do
not support this hypothesis. Incubation of unesterified cholesterol-enriched clonal beta
cells Min6 with ApoA-I did not show any significant changes in the levels of
unesterified cholesterol, CE, or total cholesterol'®. One possible explanation to this

62



involves the activation of endogenous protective mechanisms. It has been reported that
chemically-induced removal of plasma cholesterol from mouse beta cells leads to
migration of SNAP-25 and reduction of docked insulin granules®”. This suggests that
insulin secretion is sensitive to changes in plasma membrane cholesterol levels, which
could at least in part explain why incubation with ApoA-I does not lead to cholesterol
depletion from beta cells.

It remains to be understood how the internalization of ApoA-I relates to signalling and
changes in cellular cholesterol levels.

ApoA-I promotes Pdx1 nuclear localization and expression of insulin
processing enzymes

Pre-treatment of INS-1E cells with ApoA-I resulted in a 7-fold increase in expression
of PC1/3 and moderate increase of CPE, key regulators of proinsulin processing.
Notably, PC1/3 action was shown to be more important for the production of active
insulin as compared do CPE**?®. Pdx1 is a transcription factor vital for beta cell
identity and functionality, and its nuclear exclusion was linked to beta-cell specific
dysfunction in islets from T2D patients****””. We show in paper I that incubation with
ApoA-I leads to shuttling of Pdx1 from cytoplasm to nucleus (Figure 16). Importantly,
expression of PC1/3 and CPE is regulated by Pdx1 and downregulation of Pdx1 in
INS-1E was reported to reduce PC1/3 levels by 80-90% leading to severe impairment
of proinsulin processing®. To further support a vital role of Pdx1 in glucose control,
studies show that lower expression of Pdx1 is linked to chronic hyperglycemia in
rodents??'® and T2D patients®®, and beta cell-specific deletion of PdxI in mice leads
to the development of hyperglycemia within days®''. As shown by others, prolonged
incubation of INS-1E with ApoA-I (16 h) significantly increases Pdx] mRNA levels'*.
Altogether, our observations indicate that internalized ApoA-I leads to nuclear
localization of Pdxland consequent increase in expression of PC1/3.
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Figure 16. Proposed model of the mechanism behind ApoA-l-dependent increases in GSIS. ApoA-l enters the
beta cell via clathrin-mediated endocytosis. Once internalized, ApoA-I promotes translocation of the Pdx1 to the nucleus
where it can stimulate insulin expression. Pdx1 and/or ApoA-l promote an increase of expression of proinsulin
processing enzyme — PC1/3. As a result, proinsulin processing is increased, leading to the formation of more insulin
granules. More insulin in the beta cell translates into more insulin secetion upon stimulation. It remains to be explained
which of the beta cell receptors are of importance for the interaction with ApoA-I.

ApoA-I1 is glycated in hyperglycemia

Chronic hyperglycemia is a common hallmark of T2D and the main cause of long-
term complications such as CVD?'?*"*, Prolonged hyperglycemia leads to the glycation
of many biomolecules, including ApoA-I*”. In the Maillard reaction, glucose and
reactive carbonyls chemically modify proteins and lipids to become AGEs. In paper II,
we addressed the effect of glycation on ApoA-I’s structure and functionality. It has been
shown that, in vivo, ApoA-1 is mainly modified by the two major reactive glucose
metabolites, methylglyoxal (MG) and glycolaldehyde (GA), which target two different
amino acid side chains of the ApoA-I proteinm. Of importance, diabetic patients
exhibit a 50 to 70% increase in MG-modified HDL?'**" and glycated fraction can
account for 50% of the total ApoA-I in circulation®®. Undoubtedly, given a vital role
of ApoA-I/HDL in the RCT and glucose control, understanding the consequences of
this abundant modification is of great importance.
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Glycation alters ApoA-I’s protein structure

ApoA-I was chemically modified by MG or GA to mimic the process that occurs in
circulation. The modified protein was subjected to mass-spectroscopic analyses
revealing, in agreement with other studies”’, that MG preferentially reacted with
arginine side residues of the protein while GA preferentially modified lysine residues.
Importantly, and in addition to published reports, we showed that ApoA-I is glycated
to the same extent in LF and HDL-bound state and we identified specific arginine and
lysine residues modified by these reactive carbonyls. This observation is of high
importance since ApoA-I is a very dynamic protein that undergoes interchanges
between LF and lipid-bound states*®. The changes in the protein secondary structure
upon glycation were monitored using CD for LF proteins and SRCD for lipid-bound
proteins. Despite the different pattern of modification by MG and GA, the secondary
structure distribution in the LF proteins were altered in a similar way, showing an
increase in alpha helical content as compared to the non-modified ApoA-I (44% for
WT and 51-52% for MG/GA). To a similar extent, MG- and GA-modified proteins
had reduced ability to bind lipids, as revealed by lipid clearance assay and native gel,
after incubation of the proteins with MLV or mouse serum. To overcome the
background noise from the lipids, SRCD was chosen to monitor secondary structure
changes in lipid-bound protein. There were no major changes with respect to secondary
structure composition between the lipid-bound proteins (WT vs MG, WT vs GA, MG
vs GA), however, the thermal melting of the glycated HDL revealed higher thermal
stabilities suggesting more compact structures. The formation of more rigid protein
structures characterized by reduced flexibility may explain the reduced capability of the
modified protein to accommodate lipids. Another important factor to consider is the
change in the net protein charge upon modification of lysine and arginine residues
which may affect the interaction of the protein between phospholipid bilayer and
221

aqueous phase and lipid binding capabilities*'.

The positive effect of ApoA-I on glucose and lipid metabolism are hampered
by glycation

The ability of ApoA-I to mediate cholesterol efflux from macrophages plays a pivotal
role in the prevention of atherosclerosis. We, therefore, investigated the ability of the
glycated ApoA-I to efflux cholesterol from cultured, cholesterol-loaded macrophages.
We found this process to be negatively affected by glycation, especially after introducing
MG modifications to arginine residues. Lipid binding efficiency and lipid binding
capacity in cholesterol efflux were negatively affected when protein was glycated with
MG, in both LF and lipid-bound state. Surprisingly, GA modification did not
significantly affect the ApoA-I’s ability to catalyse cholesterol efflux (being similar to
WT), despite earlier discussed decreased ability of the GA-modified ApoA-I to bind
lipids in lipid clearance assay and HDL formation. This suggests that the modified
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arginine residues may be involved in the interaction with cellular receptors at the
macrophage surface, such as ABCA1 and ABCGI. In fact, the importance of polar
residues in ApoA-I-ABCA1 interaction has been proposed by others'****2. Notably, an
involvement of arginine residues shown here to be modified by MG was proposed to
be critical for ApoA-TI’s interaction with LCAT?**. This suggests that this region is of
importance in protein-receptor interaction and lipoprotein maturation. Moreover,
human carriers of ApoA-I Arg149Ser mutation have been described to have lower levels
of ApoA-I/HDL in circulation and the mutation is negatively associated with
cholesterol efflux and LCAT activation. This mutation-dependent charge
neutralization and consequent functional deterioration further confirms an important
role of the region around R149 for ApoA-I interaction and particle formation.

ApoA-I’s positive action on glucose control has been shown to involve positive
regulation of beta cell insulin secretion'"*'**'*> and direct stimulation of glucose uptake
by skeletal and cardiac muscles”'*****?*, As we present in paper II, these favourable
properties are hampered in the hyperglycemic state. Our results show that MG- or GA-
glycated ApoA-I in HDL negatively affects HDL-driven glucose uptake in cultured
skeletal muscle myotubes. On the same note, ApoA-T’s glycation had a negative effect
on the ability of ApoA-I to potentiate GSIS (the mechanisms of this phenomenon are
described in paper I).

To summarize this part of the thesis, we demonstrate a positive action of ApoA-I to
potentiate GSIS and we propose ApoA-I as a promising biological compound for the
treatment of the metabolic syndrome. At the same time, we present that prolonged
hyperglycemic state, which is associated with diabetes, leads to modification of ApoA-
I which removes these beneficial properties and may contribute to etiology of diabetes
and associated CVD. Therefore, finding therapeutic solutions targeting the prevention
of ApoA-TI’s glycation and the reduction of hyperglycemia are of great importance.
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ApoA-I in ApoA-I related amyloidosis

Familial ApoA-I-related amyloidosis is a rare, autosomal dominant disorder where a
mutation in the APOAI gene leads to the deposition of the N-terminal fragments of
variant ApoA-I as fibrils in multiple vital organs. In paper III and paper IV we
investigated four recombinant ApoA-I amyloidogenic variants, two of which
preferentially accumulate in the liver and kidney (G26R and L75P) and the other two
in heart and skin (L174S and L178H), and WT protein for comparison®'’%.
Additionally, in the paper III, we studied clinical samples obtained from AApoA-I
patients carrying L75P and L174S variants.

ApoA-I amyloidogenic variants have higher efficiency at catalysing
cholesterol efflux from macrophages

Carriers of ApoA-I amyloidogenic variants exhibit significantly lower serum ApoA-I
and HDL levels as compared to healthy relatives'®'”>!”. Despite this unfavourable
lipid profile, they do not show a higher risk of developing cardiovascular diseases, and
it has been suggested that the low HDL levels observed in the affected subjects must be

balanced by an unknown “protective” mechanism '”.

In paper IV, we sought to shed light on these subject by performing functional assays
employing recombinant ApoA-I amyloidogenic variants (G26R, L75P, L1748,
L178H) and WT protein. As the main function of ApoA-I is to efflux cholesterol from
macrophages at the vascular wall and then transport to the liver where the cholesterol
is catabolised, we researched the ability of the variants to catalyse cholesterol efflux from
J774 macrophages. Amyloidogenic variants were found to have higher efficiency (lower
Ky) to efflux cholesterol as compared to the WT protein. This observation was true for
both LF and lipid-associated (9.6 nm particles containing either DMPC- or POPC)
proteins. In paper III, we performed cholesterol efflux experiments using serum
samples patients carrying either L75P or L174S amyloidogenic variants and matched
controls, as acceptors of cholesterol. In agreement with the findings emerged from in
paper IV, we found that HDL from the carriers of mutated ApoA-I show improved
ability to promote cholesterol mobilization. Importantly, we found that serum
containing amyloidogenic variants exhibit a unique pattern in pre-beta HDL particle
distribution with a higher abundance of small 8.4 nm particles, as compared to controls
which were characterized by a higher abundance of the larger 9.6 nm particles. It has
been shown that HDL particle size is a determinant of ABCA1-mediated cholesterol
efflux, with small dense particles being the most potent mediators of this process****’.
We therefore investigated in paper III, the relative contribution of HDL particles of
defined size (8.4 nm or 9.6 nm POPC) to the improved cholesterol mobilization. We
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found that cholesterol efflux, in the case of 9.6 nm rHDL particles, was higher for both
L75P and L174S variants as compared to WT. This observation directly indicates an
important effect of the mutations at residue 75 or 174 on protein/rHDL functionality.
In the case of 8.4 nm rHDL particles, only L75P showed improved cholesterol efflux
capacity, implying different, size-dependent, molecular mechanisms being targeted by
L75P and L174S mutations. The fact that ApoA-I was shown to adopt specific
conformations depending on HDL particle sizes*®, supports this conclusion.
Moreover, as described in the paper III and paper IV and determined by SRCD,
amyloidogenic variants in rtHDL, in particular L75P in 8.4 nm rHDL, are characterised
by a higher proportion of the alpha helical content. Since the organization of the
primary structure into amphipathic alpha helices is crucial for the lipid binding process
of ApoA-I, this highly helical organization may lead to an improved readiness of the
small amyloidogenic particles to accept cholesterol in cholesterol efflux process.

To sum up, we propose that the improved ability of HDL from carriers of
amyloidogenic ApoA-I variants to efflux cholesterol is due to higher levels of small,
dense HDL particles with improved catalytic function. This can explain why ApoA-I
amyloidosis carriers do not have a higher risk of developing CVD despite significantly
lower HDL plasma levels.

ApoA-I variants have decreased affinity for lipids

In paper IV, we analysed the particle size of DMPC-rHDL variants and WT by native
electrophoresis and dynamic light scattering (DLS). In agreement with particle size
distribution represented by serum from AApoA-I patients in paper III, the variants
tended to form smaller-size HDL particles. Moreover, in paper IV, amyloidogenic
variants were shown, in a lipid binding assay, to have significantly decreased lipid
binding efficiencies. LF variants were also found to have lower efficiency to form rHDL
in ex vivo mouse serum, as compared to the WT protein. Using SRCD, we monitored
the conformational changes in the secondary structure of the proteins upon the HDL
formation. We found that structural rearrangements are very rapid and can occur as
soon as the protein is mixed with the lipids (for WT and L178H) or after 1 h incubation
(for G26R, L75P, L174S), reaching alpha helical values similar to that of the fully
formed rHDL. Furthermore, in paper III, 8.4 nm rHDL particles containing
amyloidogenic variants or the native protein were subjected to thermal unfolding,
followed by electrophoretic analyses under nondenaturing conditions, revealing that
amyloidogenic LF ApoA-I dissociates from the particles at lower temperatures as
compared to the WT protein in the native particle. Additionally, thermal stability of
the variants in 8.4 nm rHDL was investigated by monitoring changes in the CD signal
at 222 nm. The thermal denaturation follows a biphasic unfolding process,
characterized by two transition temperatures (Tm). The Tm1 reflects protein structural
rearrangements whereas the Tm2 informs about dissociation of protein from lipids. We
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did not observe any changes in Tm1 between the variants and the native protein,
however, the Tm2 was significantly lower for the variants, implying higher protein

flexibility and lower affinity for lipids.

ApoA-I variants display higher structural flexibility

Our initial experiments in paper IV, showed a higher susceptibility to proteolysis of the
LF amyloidogenic variants as compared to the native protein, as determined by limited
proteolysis experiment. This agrees with previously reported data'®*'®**, The higher
predisposition to proteolytic cleavage observed around the mutation site indicates an
increase in the local flexibility resulting from single point mutations 7**°. Of
importance, the decreased lipid affinity together with increased proteolytic
susceptibility of the ApoA-I amyloidogenic variants may explain the low ApoA-I and
HDL plasma levels observed in the AApoA-I patients.

Structural features of the variants were further investigated in paper III, where we
employed HDX MS methodology to closely monitor local structural rearrangements
in ApoA-I proteins (L75P, L174S and WT) in 8.4 nm rHDL particle resulting from
amyloidogenic mutations (L75P, L174S and WT). Overall, the particles containing
either of the variants exhibited more dynamic protein-lipid interaction. Moreover, we
found a specific increase in backbone flexibility in the regions close to the aminoacidic
substitution site, i.e. 55 to 89 region for the L75P variant and the 170 to 178 region
for the L1748 variant. This local structure flexibility resulting from point mutation may
be a determinant of the improved cholesterol efflux capacity of the amyloidogenic
variants.

There is a great need for a better understanding of mechanisms driving cholesterol
efflux beyond explaining the variant-specific differences. Impaired cholesterol efflux
resulting from low™' and dysfunctional”*** HDL-C was linked to immune-
234235 and consequent cardiovascular disease in chronic kidney disease™**’.
Of importance, abnormalities in HDL subpopulation distribution and particle size
were shown to contribute to a higher risk of developing coronary heart disease in
diabetes patients®”. Clearly, finding solutions to improve HDL functionality is of a
great interest. Based on the findings emerging from paper III and paper IV, a promising
possibility is the use of destabilizing factors which, by introducing greater region-
specific flexibility in the ApoA-I structure, improve its functionality without displaying
a risk of amyloidogenic properties.

activation
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Future perspectives

There is still a lot to understand about the mechanisms driving the positive and
deleterious effects of ApoA-I. In this thesis, we described an important structure-
function connection for the observed ApoA-I properties. In future experiments, we plan
to further explore and explain the different mechanisms of action of this versatile
protein, in both health and disease.

Firstly, we would like to research whether the positive action of ApoA-I to potentiate
GSIS from cultured beta cells and isolated mouse islets (presented in paper I) can be
translated to humans. For this reason, functional and microscopic (TEM) experiments
with the use of human islets are planned. The islets will be obtained from Human
Tissue Lab at Lund University Diabetes Centre. Furthermore, we would like to identify
beta cell receptors which are important for the interaction between the beta cell and
ApoA-I. There are conflicting results published with respect to the involvement of the
ABCAL1 receptor """ in mediating ApoA-I’s positive role in potentiating GSIS. With
the aim to shed light on this subject, we plan to apply the TRICEPS method*, a fast
and sensitive method which allows for receptor identification in the near-physiological
conditions as well as its quantification (coupled to quantitative MS). Once the key
receptors are identified, we plan to use siRNA for selective knock down of the receptor
and investigate whether the ApoA-I beneficial effects on increasing GSIS remains.

As for the second part of my thesis, focused on the role of ApoA-I in amyloidosis, we
would like to investigate the mechanism behind the preferential accumulation of the
ApoA-I fibrils in the specific organs™. It is very intriguing and unique for ApoA-I that
the location of the mutation in the protein sequence drives its preferential accumulation
into a specific tissue. Since different tissues are enriched with different extracellular
matrix (ECM) components, we plan to investigate the effects of the ECM environment
on the fibrillogenic propensity of the ApoA-I amyloidogenic variants. We plan to
perform biochemical and biophysical analyses of the variants in the presence of the
selected, tissue specific ECM components. This knowledge may contribute to the
development of precision medicines which could inhibit this deleterious interaction
between ECM component and the ApoA-I variant thus prevent its accumulation.

As we have shown in paper III and paper IV, ApoA-I amyloidogenic variants are
characterised by a local destabilization resulting from the mutation and overall higher
flexibility as compared to the WT protein. This structural difference results in a greater
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capacity of the variants to efflux cholesterol from macrophages. In our future
experiments, we would like to identify an agent capable of introducing a similar local
destabilization to the structure of the WT protein. The aim of this approach is to
improve the catalytic function of the WT protein without carrying a risk of becoming
amyloidogenic.

In conclusion, ApoA-I has great therapeutic potential, especially in the treatment of
T2D and its most common complication-CVD. More research is needed to fully
understand the processes driving its function and to formulate effective ApoA-I-based
therapies.
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Science for everyone

Apolipoprotein A-I — a good player with a dark side

The presented doctoral thesis describes Apolipoprotein A-I (shortly named ApoA-I),
the main protein of HDL also known as “the good” cholesterol. Based on the
experiments performed in the scientific papers included in this thesis, we propose
that ApoA-I can be used as a promising treatment for diabetes and cardiovascular
diseases. However, some people with genetic predispositions are born with mutated
ApoA-I. This not properly functioning ApoA-I, accumulates in the vital organs
leading to their failure. Both aspects are in the focus of this thesis and are explained
below.

I am sure that most of you have heard of the “good” and the “bad” cholesterol and
often were wondering which one it is while looking at the blood test results. I hope that
after reading this thesis (or just this chapter), there will be no longer any confusion.
Let’s start from the beginning. Our diet is highly enriched in fat, also called lipids. Fat
is not soluble in water-based environments, such as blood, and must be therefore
transported in the bloodstream with the help of specialised proteins, like ApoA-I. The
lipid-protein complexes are called lipoproteins. There is a variety of different
lipoproteins which ensure that lipids are transported to cells, where they are used for
energy, or to fat tissue, where they can be stored, or to the liver, where the lipids are
broken down and removed from the body. When too much fat is consumed, the human
organism cannot take care of it properly and this leads to accumulation of lipids in
different cells of organs including blood vessels. The build-up of the lipids in the arteries
leads to atherosclerosis. The blockade of the blood supply, which provides vital oxygen
to the organs, by an atherosclerotic plaque or a blood clots, leads to serious
consequences such as heart attack or stroke. The lipoprotein which specialises in the
removal of this deadly cholesterol from cells and transport to the liver where it can be
eliminated is called HDL, or the “good” cholesterol. On the other hand, the lipoprotein
which brings additional cholesterol to the cells, causing its accumulation, is called LDL,
or the “bad cholesterol”. People who have high levels of LDL-cholesterol are at a high
risk to develop cardiovascular diseases, whereas those with high HDL-cholesterol levels
are protected from these diseases. Thus, it is not bad at all to have high cholesterol as
long as we are referring to the HDL-cholesterol.
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Now, that difference between the “bad” and the “good” cholesterol is clear, I would
like to direct your focus on ApoA-I, the main protein of HDL. ApoA-I has a very
important function in the removal of the cholesterol from the cells thus preventing the
development of atherosclerosis. It interacts with special receptors on the surface of
cholesterol-enriched cells and transfers it to the HDL lipoprotein. Another, beneficial
function of ApoA-I involves the regulation of blood glucose levels, as described in paper
I and paper II included in this thesis.

Insulin is a hormone produced by specialised cells, called beta cells located in islets of
Langerhans of the pancreas. It is produced after a meal when glucose levels in the blood
are high. Glucose is the main energy source for cells and proper regulation of its levels
is very important. Insulin interacts with cells of the human body to let them know that
they can take up blood glucose and use it for energy. In people with diabetes, these cells
do not respond to the signal given by insulin, therefore blood glucose levels stay high.
This is called insulin resistance and its development leads to the progression of the
disease. To compensate for the high glucose, beta cells produce even more insulin,
leading to their exhaustion and dysfunction. Diabetes can be therefore described as a
combination of insulin resistance, beta cell dysfunction and consequently high blood
glucose levels. Prolonged and untreated diabetes leads to many complications, among
which cardiovascular diseases are the most common.

In paper I, we found that ApoA-I can improve the beta cell function to make more
insulin in response to high glucose. We used beta cells grown in the lab as well as
isolated from mice, to understand how this is happening. We used microscopes to see
ApoA-I interaction with the beta cells. We found that ApoA-I is mostly inside the beta
cells and that the incubation with ApoA-I leads to more insulin being present close to
the cell’s edge. This insulin is ready to be released as soon as there is a need. In the light
of our previous experiments, which showed that ApoA-I increases the sensitivity of cells
to insulin, we propose that ApoA-I can be used as a future medicine to treat diabetes
and cardiovascular diseases, which often go hand-in-hand.

One of the most common ways to diagnose diabetes is the measurement of so-called
glycated haemoglobin. High blood glucose levels, also referred to as hyperglycemia,
existing for a long time leads to the glycation modification, of many proteins including
haemoglobin of red blood cells. Haemoglobin is a remarkably stable protein and the
levels of its glycation allow to estimate how severe was the hyperglycemia during past
up to 12 weeks.

ApoA-1, similarly to haemoglobin, is glycated in hyperglycemia and in paper II we
investigated the consequences of this incidence. We created a glycated ApoA-I and
researched its functionality. We found that the glycated ApoA-I does not bind to lipids
as efficiently as the not modified protein. Additionally, its function in removing
cholesterol from cells and lowering glucose levels in mice was not as efficient as
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compared to not glycated ApoA-I. We concluded that regulation of blood glucose is
very important to ensure fully functional ApoA-I.

Genetic mutation
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The good and the dark side of ApoA-l. ApoA-I has mainly beneficial functions as it protects from cardiovascular
diseases and, as recently shown, from diabetes. In rare cases, a genetic mutation leads to formation of mutated ApoA-
I, which aggregates in the vital organs causing their damage. This disease is called ApoA-I related amyloidosis and the
only teratemt available so far is organ transplant.

The second part of this thesis, discussed in paper III and paper IV, is focused on a
different aspect of ApoA-I. Some people are born with a genetic mutation located in
the gene encoding ApoA-I. These people, often belonging to the same family, have
ApoA-I that has different properties. This mutated ApoA-I can associate with one
another and form amyloids, which are dysfunctional protein aggregates that can be
accumulated in various organs leading to their damage. This condition is called ApoA-
I related amyloidosis. Amyloidoses are a group of diseases which are caused by a build-
up of different protein amyloids in various organs. Most likely you have heard of
Alzheimer’s or Parkinson’s diseases, amyloidoses that cause protein amyloid
accumulation in the brain.

In case of ApoA-I related amyloidosis, the mutated ApoA-I accumulates in different
organs depending on where the mutation occurred in the APOAI gene. Among the
most commonly affected organs are kidney, liver, larynx, and heart. Since this disease
is very rare and shows symptoms late in life, it is very difficult to diagnose. As for today,
the only available treatment is organ transplant. People with this disease have much
lower amounts of HDL in their blood, but surprisingly, they are not in a higher risk to
develop cardiovascular diseases. In paper IV, we made and tested four of the mutated
ApoA-T and we found that they are more effectively taking cholesterol from cells as
compared to normal ApoA-I. This could explain why, despite lower levels of HDL,
people with mutated ApoA-I do not have higher risk to develop cardiovascular diseases.
In paper III, we used plasma from people who are affected by ApoA-I related
amyloidosis for our experiments. We tested how functional are the HDL from their
plasma and we came to the same conclusion as before. Their HDL were more effective
in removing cholesterol from cells as compared to people who do not have mutated
ApoA-I. We wanted to understand what happens to the protein when it has a mutation.
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We made mutated ApoA-I and performed special analysis, which allowed us to see if
the protein’s structure is changing. We concluded that the mutation makes the protein
more flexible. It means that the protein can adapt better to bind more cholesterol from
cells.

Maybe we could make normal ApoA-I more flexible and therefore more efficient in
taking care of the deadly cellular cholesterol? We will see in the future experiments.
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Populirvetenskaplig sammantfattning

Apolipoprotein A-I — en bra spelare med en mork sida

Doktorsavhandlingen behandlar Apolipoprotein A-I (ApoA-I), det huvudsakliga
proteinet i HDL, édven kiint som ”det goda” kolesterolet. Baserat pa de experiment
som gjorts i de vetenskapliga artiklar som ingar i denna avhandling féreslar vi att
funktionen hos ApoA-I kan ligga till grund fér nya behandlingar av diabetes och
hjirt-kirlsjukdomar. Vissa personer med genetiska predispositioner fods emellertid
med ett muterat ApoA-I. Deras ApoA-I proteiner ansamlas i vitala organ vilket leder
till organsvikt. Bada dessa aspekter ir i fokus for denna avhandling och forklaras
nedan.

Jag ir siker pa att de flesta av er har hort talas om det "bra” och det ”déliga” kolesterolet
och ofta undrat vilket som ir vilket ndr man ser pa sina blodprovresultat. Jag hoppas
att det inte lingre kommer finnas nigot tvivel efter att ha list denna avhandling (eller
bara detta kapitel). Lat oss bérja fran bérjan. Var mat innehéller mycket fett, vilka dven
kallas lipider. Fett 4r inte 18sligt i vattenbaserade miljoer, sisom blod, och maste dirfor
transporteras i blodomloppet med hjilp av specialiserade proteiner, som ApoA-I
proteinet. Lipid-proteinkomplexen, som till exempel kan ApoA-I som binder lipider
till sig, kallas lipoproteiner. Det finns en mingd olika lipoproteiner som sikerstiller att
lipider transporteras till celler dir de anvinds for energi, till fettvivnad dir de kan
forvaras eller till levern dir lipiderna bryts ned och tas bort fran kroppen. Nir for
mycket fett konsumeras kan den vira kroppar inte ta hand om det ordentligt vilket
leder tll ansamling av lipider i celler i olika organ, inklusive i blodkirlen.
Uppbyggnaden av lipiderna i artirerna leder till dderforkalkning. Blockering av
blodtillforseln, som tillhandahéller livsviktigt syre till kroppens olika delar, av en
aterosklerotiskt plack eller en blodpropp leder till allvarliga konsekvenser sisom
hjdrtattack eller stroke. HDL (Hég-densitetslipoprotein), det “goda kolesterolet”, dr det
lipoprotein i vara kroppar som ir specialiserat pa att avligsna 6verflodigt, och dirmed
skaldligt kolesterol frdn celler och transporterar det till levern dir det kan elimineras.
LDL (Lig-densitetslipoprotein), 4 andra sidan, ir det lipoprotein som ger ytterligare
kolesterol till cellerna, vilket orsakar dess ansamling. Minniskor som har héga nivéer
av LDL-kolesterol har en f6rhéjd risk att utveckla hjirt-kirlsjukdomar, medan de med
héga HDL-nivéer ir skyddade frin dessa sjukdomar.
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Nu nir skillnaden mellan det "daliga" och det "goda" kolesterolet ir tydligare, skulle
jag vilja rikta fokus pa ApoA-I, huvudproteinet i HDL. ApoA-I har en mycket viktig
funktion i avligsnandet av kolesterolet fran kirlviggens celler, vilket forhindrar
utvecklingen av aderforkalkning. ApoA-I proteinet interagerar med speciella receptorer
pa ytan cellerna som innehaller héga nivier av kolesterol och 6verfor det till det vixande
HDL-lipoproteinet. En annan férdelaktig funktion hos ApoA-I involverar regleringen
av blodsockernivéer; detta beskrivs i tvd av de vetenskapliga artiklar (paper I och paper
IT) som ingér i denna avhandling.

Insulin ir ett hormon som produceras av specialiserade celler, sa kallade betaceller, som
finns i Langerhanska 6ar i bukspottkérteln. Det utsondras efter maéltider nir
glukosnivan i blodet ar hdg. Glukos 4r den viktigaste energikillan for celler och korrekt
reglering av dess nivder ir mycket viktigt. Insulin interagerar med celler i
minniskokroppen for att lita dem veta att de kan ta upp blodglukos och anvinda det
som energi. Hos personer med diabetes svarar dessa celler dock inte pa signalen som
ges av insulin och dirfor forblir blodsockernivierna héga. Detta kallas insulinresistens
och tll utvecklingen av diabetes-sjukdomen. For att kompensera for den hoga
glukosnivan producerar beta-cellerna annu mer insulin, vilket leder till utmattning av
cellerna och dysfunktion. Diabetes kan darfor beskrivas som en kombination av
insulinresistens och beta-celldysfunktion, och dirpa féljande hoga blodsockernivaer.
Langvarig och obehandlad diabetes leder till manga komplikationer, bland vilka hjirt-
kirlsjukdomar 4r de vanligaste.

I paper I fann vi att ApoA-I kan forbittra betacellfunktionens férméga att utséndra mer
insulin som svar pa hog glukosnivé. I vara studier sa anvinde vi betaceller som odlades
i labbet och Langerhanska 6ar som isolerades frin mass for att forsta hur detta hinder.
Vi anvinde mikroskopi for att se ApoA-I-interaktion med betacellerna. Vi fann att
ApoA-I tas upp av betacellerna och att detta leder till att mer insulinet, som forvaras i
cellerna i sa kallade granuler, mobiliseras och férs nirmare cellens yttre skal. Detta gor
att insulinet kan utsondras snabbt och effektivt till cellens omgivning och till
blodomloppet si snart behov finns dvs i samband med en maltid. Detta tillsammans
med véra tidigare studier pa ApoA-I proteins funktion i kroppens kontroll av
glukosnivaer, vilka visade att ApoA-I 6kar musklers upptag av glukos, féreslr att ApoA-
I proteins mekanismer kan anvindas for att utveckla framtida likemedel for att

behandla diabetes och hjirt-kirlsjukdomar.

Ett av de vanligaste sitten att diagnostisera diabetes 4r mitningen av sa kallat glykerat
hemoglobin, eller HbAlc. Héga blodsockernivéer, eller hyperglykemi, under en lingre
tid kan leda till glykeringsmodifiering av manga proteiner inklusive hemoglobin i réda
blodkroppar. Hemoglobin ir ett anmirkningsvirt stabilt protein som stannar linge i
blodomloppet innan det bryts ner. Detta gor att nivderna av glykerat hemoglobin kan
anvindas for att uppskatta hur allvarlig hyperglykemin har varit under upp dill de
senaste 12 veckorna.
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ApoA-l, pé liknande sitt som hemoglobin, glykeras i hyperglykemi och i paper II
undersokte vi konsekvenserna av denna forindring av ApoA-I proteinet. Vi skapade ett
glykerad ApoA-I och undersokte dess funktionalitet. Vi fann att den glykerade ApoA-I
inte binder till lipider lika effektivt som det icke-modifierade proteinet. Dessutom var
dess funktion i att avligsna kolesterol frin celler och att sinka glukosnivan hos moss
inte lika effektiv jimfort med icke-glykerad ApoA-I. Vi drog slutsatsen att reglering av
blodglukos ar mycket viktigt for att sikerstilla fullt funktionell ApoA-I.

Genetisk mutation
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Den goda och den moérka sidan av ApoA-l. ApoA-I har huvudsakligen férdelaktiga funktioner eftersom det férhindrar
hjart-karlsjukdomar och, som nyligen visats, dven har en glukosreglerande funktion med relevans for diabetes. |
sallsynta fall leder en genetisk mutation till bildning av muterat ApoA-I, som aggregeras i vitala organen och kan leda
till organsvikt. Denna sjukdom kallas ApoA-I-relaterad amyloidos och den enda behandling som hittills ar tillganglig ar
organtransplantation.

Den andra delen av denna avhandling (paper III och IV) dr inriktad pa en annan aspekt
av ApoA-I proteinet. Vissa minniskor f6ds med en genetisk mutation som finns i genen
som kodar for ApoA-I. Dessa genetiska mutationer leder till férindrade egenskaper hos
ApoA-I proteinet. En viktig forindring ir att de muterade ApoA-I proteinerna kan
associeras med varandra och bilda amyloider, som ir dysfunktionella proteinaggregat
som kan ackumuleras i olika organ dir de gor skada. Detta tillstind kallas ApoA-I-
relaterad amyloidos. Amyloidoser ir en grupp sjukdomar som orsakas av en
uppbyggnad av proteinamyloider i olika organ. Troligtvis har du hort talas om
Alzheimers eller Parkinsons sjukdomar, amyloidoser som orsakar
proteinamyloidansamling i hjdrnan. 1 fallet med ApoA-I-relaterad amyloidos
ackumuleras de muterade ApoA-I proteinerna i olika organ; vilket organ som paverkas
beror pd var mutationen sitter i APOA1l-genen. Bland de mest drabbade organen ir
njurar, lever, struphuvud och hjirta. Eftersom denna sjukdom 4r mycket sillsynt och
visar symptom sent i livet 4r det mycket svirt att diagnostisera. I dag 4r den enda
tillgingliga behandlingen organtransplantation.

Minniskor med denna sjukdom har mycket ligre mingder HDL i blodet, men
forvanansvirt sa har de inte f6rhojd risk att utveckla hjirt-kirlsjukdomar. I paper IV
tillverkade och testade vi fyra av de muterade ApoA-I och vi fann att de mer effekrivt
tar kolesterol frin celler jimfért med normalt ApoA-I. Detta kan forklara varfor
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personer med muterad ApoA-1, trots de ldgre nivaerna av HDL, inte har hogre risk att
utveckla hjirt-kirlsjukdomar. 1 paper III anvinde vi plasma fran personer som
drabbades av ApoA-I-relaterad amyloidos i vara experiment. Vi testade funktionen hos
HDL frin deras plasma och vi kom till samma slutsats som tidigare. Deras HDL var
mer effektivt pd att ta bort kolesterol frin celler jimfért med personer som inte har
muterat ApoA-I. Vi ville dirfor forsta vad som hinder med proteinet nir det har en
mutation. Vi producerade muterat ApoA-I och utférde en speciell analys som gjorde
det mojligt fr oss att se om och i sd fall hur proteinets struktur férindras. Vi drog
slutsatsen att mutationen gor proteinet mer flexibelt. Det betyder att proteinet kan
anpassas bittre for att binda mer kolesterol frin celler.

Kanske kan vi gora normalt ApoA-I mer flexibelt och dérfor effektivare nir det giller
att ta hand om det skadliga cellkolesterolet? Forhoppningsvis kan vi utvirdera detta i
framtida experiment.

80



Acknowledgements

This is my favourite part of every thesis! Finally, I get a chance to thank all the great
people who supported me and made my PhD an amazing and unforgettable adventure.
Here, I will do my best to acknowledge everyone who contributed to this work and
helped me to arrive where I am today.

First of all, I would like to thank my PhD supervisor Jens Lagerstedt. Thank you for
seeing a potential in me and for letting me work in your lab. I admire your patience,
calmness and ability to focus even when you had to share your office with four people.
Also, I would like to thank you for giving me opportunities to develop, present research
on many conferences and always encouraging me to learn and try new things (even
when I thought that I will never be able to write a discussion). I learned so much from
you and I am very grateful for the time you spent teaching me, discussing experiments,
and helping with the preparation of this thesis. I truly enjoyed my PhD and I am very
thankful for this opportunity.

Also, I would like to thank my co-supervisor Anna Blom for giving me plenty of
valuable advice before and during my PhD.

Special thanks to Claes Wollheim, who supported me with his knowledge and advice
throughout my PhD. You are a true mentor and a role model to me and I feel very
fortunate to have met you.

Big thank you goes to the former group members. Rita, I feel very lucky to be given an
opportunity to work with a scientist like you. Your true passion and determination
always encouraged me to never give up and work a bit harder. Thank you for teaching
me multiple laboratory techniques (these confocal pictures would never be this pretty!),
for the Diamond trips, long hours of proteins purification, conferences, trips, fikas
(preferably including your signature tiramisu), afterworks, and for teaching me Italian
© But most of all, I would like to thank you for being a true friend that I can always
count on and who always believed that I can make it. You are the best!

Cat, it was so great to share the office with you! Thank you for your help with
experiments and for showing me the power of statistics. Your calmness, encouragement
and delicious cheesecakes helped me to go through every hard moment of my PhD.
Mikaela, thank you for introducing me to a new bird species every lunchtime. It was
so much fun working with you, even at times when we could not produce any proteins.

81



Dorota, it was a blast having a fellow Pole in the group, dzi¢ki! Also Linda, Deepak,
Shelley, Rebecca, Michael, it was really great to work with you.

Finally, special thanks to the great people working in C13. Thanks to you, I always
look forward to my days at work. Niloofar, thank you for your thoughtfulness, empathy
and long talks during our fikas. I know I can always count on you and I am very lucky
to have you as my friend and toastmadame. Sofia, thank you for your support
(especially during these past stressful months) and for being on top of the things with
thesis preparation. I would be so lost without your help! Sibel and Hannah (yes, you
are together even here), thank you for all the laughs and for making lunchtime my
favourite part of the day. Ping, thank you for being so positive and always making me
smile when I hear “Oktaaa” across the corridor first thing in the morning. Raminta,
thank you for our talks and for a beautiful orchid which never stopped blooming. Also,
Paeng, Charlie, Julia, thank you for bringing positive energy, this place would not be
the same without you! Karim (!), you are my pal already since the Master’s degree
studies. Thank you for always having time for fikas and afterworks, you are the spirit
of C13! Ton, Saskia, Sandra, Niklas, Maria, Geoffroy, Somadri, Mattias, Neveen,
Larissa, I always enjoy talking to you. I am so lucky to share my days at work with you.

Christian, Pontus, Karin I highly enjoy our lunchtime talks, thank you for sharing
your experience with me.

Many thanks to our newest lab neighbours, Pal and Emma. It has been great to share
the lab with you! Pal, thank you for giving me plenty of great research- and life-
connected advice, they helped me a lot with writing this thesis (and beyond). Emma,
thank you for always listening and supporting me. Also, thank you for teaching me the
Kiwi slang and for sharing my passion for Les Mills workouts ©

A warm thank you goes to Kajsa. Your kindness, hard work and genuine care for other
people always impressed me. Thank you for that! Heather, it is very nice to have you
around in the lab.

My PhD would not be the same without our great collaborators. Thank you, Lena, for
your knowledge any many uplifting words during the resubmissions of our paper. It
helped me a lot! Moto, if not for you, this collaboration wouldn’t happen. I was very
lucky to have my poster next to yours during the LUDC retreat. Thank you for interest
in our work, starting a conversation and then helping out with new experiments. This
made our paper great and I am very proud to present our efforts in this thesis.

There are so many more people in BMC who made my days at work (and outside) a
great time. Among them “the Italian gang” Tommaso and Anna. The moment I see
you, I am happy. Thank you for all the laughs, blessings ©, and dinners. Azra, thank
you for your kindness and for being my body pump buddy.

82



During my PhD, I was a part of the DPLU PhD student committee. It was so much
fun to organize seminars and parties for PhD students together with these great, creative
people. Among them Julia, Neha, Sibel, Agnes, Jenifer, Eliana, Stina, Tania. Thank

you!

I would also like to take this opportunity to thank the research group, where I did my
internship and Master’s degree, Wallenberg lab in Malmé. First of all, many thanks to
Bjorn Dahlbick. Your knowledge, passion for science and great kindness built the
fundaments of my interest in science (and particularly HDL). Andreas, Kaisa, Cecilia,
you were the first to show me how gratifying it is to work in the research lab. Thank
you for teaching me many techniques, supporting me and making me believe that I can
do a PhD. I wouldn’t be here without you!

Last but not least, I would like to thank my family. First and foremost, great thanks to
my husband Gustav. You are my rock and greatest supporter. You always reminded me
that I am strong and that I can finish this PhD. I look forward to many more adventures

we have ahead of us @

Special thanks to my Swedish family. Cecilia and Tommy, ni har alltid stéttat mig och
fatt mig att kinna mig som hemma i Sverige. Tack for det!

Sofia, thank you for being the greatest flat-mate I could wish for. You were there for
me during my hardest (PhD) moments, thank you for always being so positive and for
showing me the power of organizing boxes ©.

Many thanks to my family in Poland. Emilia, thank you for designing this beautiful
thesis cover, hours-long telephone talks and for Matylda <k Rafal, thank you for being
the best brother whom I can always visit just on the other side of the bridge. Big thanks
for never-ending support from the rest of my siblings Renata, Robert, Gosia.

Also, I would like to thank my parents and my aunt who always encouraged me to aim
high. Mama, Tata i Ciociu, wielkie dzi¢ki za wsparcie i za danie mi odwagi do
studiowania za granica. Dzigki temu dzisiaj z dumg mogg zaprezentowaé Wam ten
doktorat.

&3



Now that you have read the acknowledgements, here is a little something to keep you
busy © Level “tricky” because you are smart.

7 1
1
3|3
4
3| |4

NN

W~
Nl
AN

Wl N O |
(@)
oo
~N| B W] |00

And “diabolical” if you are a pro.

6] [3] |7] | IS

84



References

10.

11.

12.

13.

Nerking, J. Ueber Fetteiweissverbindungen. Pflugers Arch 85, 330-344
(1901).

Macheboeuf, M. Recherches sur les phpsphoaminolipides et les sterides du
serum et du plasma sanguins. Bull Soc Chim Biol 11 268-270 (1929).
Olson, R.E. Discovery of the lipoproteins, their role in fat transport and their
significance as risk factors. J Nutr 128, 439S-443S (1998).

Ladu, M.J.,, et al. Lipoproteins in the central nervous system. Ann N Y Acad
Sci 903, 167-175 (2000).

Huang, Y. Mechanisms linking apolipoprotein E isoforms with
cardiovascular and neurological diseases. Curr Opin Lipidol 21, 337-345
(2010).

Mahley, R.W., Innerarity, T.L., Rall, S.C., Jr. & Weisgraber, K.H. Plasma
lipoproteins: apolipoprotein structure and function. J Lipid Res 25, 1277-
1294 (1984).

Phillips, M.C. Molecular mechanisms of cellular cholesterol efflux. J Bio/
Chem 289, 24020-24029 (2014).

Rached, F.H., Chapman, M.J. & Kontush, A. An overview of the new
frontiers in the treatment of atherogenic dyslipidemias. Clin Pharmacol
Ther 96, 57-63 (2014).

Havel, R.J., Eder, H.A. & Bragdon, J.H. The distribution and chemical
composition of ultracentrifugally separated lipoproteins in human serum. J
Clin Invest 34, 1345-1353 (1955).

Gage, S.H., and Fish, P.A. Fat digestion, absorption, and assimilation in
man and animals as determined by the dark-field microscope and a fat-
soluble dye. Am J Anatomy 34, 1-85 (1924).

Lossow, W.J., Lindgren, F.T., Murchio, J.C., Stevens, G.R. & Jensen, L.C.
Particle size and protein content of six fractions of the Sf 20 plasma
lipoproteins isolated by density gradient centrifugation. J Lipid Res 10, 68-
76 (1969).

Feingold, K.R. & Grunfeld, C. Introduction to Lipids and Lipoproteins. in
Endotext (eds. Feingold, K.R., et al.) (South Dartmouth (MA), 2000).
Kita, T., Brown, M.S., Bilheimer, D.W. & Goldstein, J.L. Delayed
clearance of very low density and intermediate density lipoproteins with
enhanced conversion to low density lipoprotein in WHHL rabbits. Proc
Natl Acad Sci U S A'79, 5693-5697 (1982).

85



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

86

Annema, W. & von Eckardstein, A. Dysfunctional high-density
lipoproteins in coronary heart disease: implications for diagnostics and
therapy. Trans! Res 173, 30-57 (2016).

Swertfeger, D.K., et al. Mapping Atheroprotective Functions and Related
Proteins/Lipoproteins in Size Fractionated Human Plasma. Mol Cell
Proteomics 16, 680-693 (2017).

Kontush, A., et al. Preferential sphingosine-1-phosphate enrichment and
sphingomyelin depletion are key features of small dense HDL3 particles:
relevance to antiapoptotic and antioxidative activities. Arterioscler Thromb
Vasc Biol 27, 1843-1849 (2007).

Patel, S., et al. Reconstituted high-density lipoprotein increases plasma
high-density lipoprotein anti-inflammatory properties and cholesterol
efflux capacity in patients with type 2 diabetes. J Am Coll Cardiol 53, 962-
971 (2009).

Murphy, A.J.,, et al. Cholesterol efflux in megakaryocyte progenitors
suppresses platelet production and thrombocytosis. Nat Med 19, 586-594
(2013).

de Souza, J.A., et al. Small, dense HDL 3 particles attenuate apoptosis in
endothelial cells: pivotal role of apolipoprotein A-1. J Cell Mol Med 14,
608-620 (2010).

Shah, A.S., Tan, L., Long, J.L. & Davidson, W.S. Proteomic diversity of
high density lipoproteins: our emerging understanding of its importance in
lipid transport and beyond. J Lipid Res 54, 2575-2585 (2013).

Davidson, W.S. & Thompson, T.B. The structure of apolipoprotein A-I in
high density lipoproteins. J Biol Chem 282, 22249-22253 (2007).

Vaisar, T., et al. Shotgun proteomics implicates protease inhibition and
complement activation in the antiinflammatory properties of HDL. J Clin
Invest 117, 746-756 (2007).

Xu, N. & Dahlback, B. A novel human apolipoprotein (apoM). J Biol Chem
274, 31286-31290 (1999).

Axler, O., Ahnstrom, J. & Dahlback, B. Apolipoprotein M associates to
lipoproteins through its retained signal peptide. FEBS Lett 582, 826-828
(2008).

Statovci, D., Aguilera, M., MacSharry, J. & Melgar, S. The Impact of
Western Diet and Nutrients on the Microbiota and Immune Response at
Mucosal Interfaces. Front Immunol 8, 838 (2017).

Brunham, L.R., et al. Intestinal ABCA1 directly contributes to HDL
biogenesis in vivo. J Clin Invest 116, 1052-1062 (2006).

Wang, H.H., Garruti, G., Liu, M., Portincasa, P. & Wang, D.Q. Cholesterol
and Lipoprotein Metabolism and Atherosclerosis: Recent Advances in
Reverse Cholesterol Transport. Ann Hepatol 16 Suppl 1, S27-S42 (2017).

Cohn, J.S., et al. Plasma turnover of HDL apoC-I, apoC-III, and apoE in
humans: in vivo evidence for a link between HDL apoC-III and apoA-I
metabolism. J Lipid Res 44, 1976-1983 (2003).



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Rye, K.A. & Barter, P.J. Formation and metabolism of prebeta-migrating,
lipid-poor apolipoprotein A-1. Arterioscler Thromb Vasc Biol 24, 421-428
(2004).

Petrlova, J., et al. Molecular crowding impacts the structure of
apolipoprotein A-I with potential implications on in vivo metabolism and
function. Biopolymers 105, 683-692 (2016).

Holvoet, P., et al. The Argl23-Tyr166 central domain of human ApoAl is
critical for lecithin:cholesterol acyltransferase-induced
hyperalphalipoproteinemia and HDL remodeling in transgenic mice.
Arterioscler Thromb Vasc Biol 20, 459-466 (2000).

Borhani, D.W., Rogers, D.P., Engler, J.A. & Brouillette, C.G. Crystal
structure of truncated human apolipoprotein A-I suggests a lipid-bound
conformation. Proc Natl Acad Sci U S 4 94, 12291-12296 (1997).

Obici, L., et al. Structure, function and amyloidogenic propensity of
apolipoprotein A-1. Amyloid 13, 191-205 (2006).

Sviridov, D., Hoang, A., Sawyer, W.H. & Fidge, N.H. Identification of a
sequence of apolipoprotein A-I associated with the activation of
Lecithin:Cholesterol acyltransferase. J Biol Chem 275, 19707-19712
(2000).

Gursky, O. Crystal structure of Delta(185-243)ApoA-I suggests a
mechanistic framework for the protein adaptation to the changing lipid load
in good cholesterol: from flatland to sphereland via double belt, belt buckle,
double hairpin and trefoil/tetrafoil. J Mol Biol 425, 1-16 (2013).

Mei, X. & Atkinson, D. Crystal structure of C-terminal truncated
apolipoprotein A-I reveals the assembly of high density lipoprotein (HDL)
by dimerization. J Biol Chem 286, 38570-38582 (2011).

Matz, C.E. & Jonas, A. Micellar complexes of human apolipoprotein A-I
with phosphatidylcholines and cholesterol prepared from cholate-lipid
dispersions. J Biol Chem 257, 4535-4540 (1982).

Segrest, J.P., Harvey, S.C. & Zannis, V. Detailed molecular model of
apolipoprotein A-I on the surface of high-density lipoproteins and its
functional implications. Trends Cardiovasc Med 10, 246-252 (2000).

Li, H., Lyles, D.S., Thomas, M.J.,, Pan, W. & Sorci-Thomas, M.G.
Structural determination of lipid-bound ApoA-I using fluorescence
resonance energy transfer. J Biol Chem 275, 37048-37054 (2000).

Cooke, A.L., et al. A thumbwheel mechanism for APOA1 activation of
LCAT activity in HDL. J Lipid Res 59, 1244-1255 (2018).

Gursky, O. & Atkinson, D. Thermal unfolding of human high-density
apolipoprotein A-1: implications for a lipid-free molten globular state. Proc
Natl Acad Sci U S A 93, 2991-2995 (1996).

Melchior, J.T., et al. A consensus model of human apolipoprotein A-I in its
monomeric and lipid-free state. Nat Struct Mol Biol 24, 1093-1099 (2017).
Camont, L., et al. Small, dense high-density lipoprotein-3 particles are
enriched in negatively charged phospholipids: relevance to cellular
cholesterol efflux, antioxidative, antithrombotic, anti-inflammatory, and

87



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

88

antiapoptotic functionalities. Arterioscler Thromb Vasc Biol 33,2715-2723
(2013).

Blanche, P.J., Gong, E.L., Forte, T.M. & Nichols, A.V. Characterization of
human high-density lipoproteins by gradient gel electrophoresis. Biochim
Biophys Acta 665, 408-419 (1981).

Hafiane, A. & Genest, J. High density lipoproteins: Measurement
techniques and potential biomarkers of cardiovascular risk. BBA Clin 3,
175-188 (2015).

Castro, G.R. & Fielding, C.J. Early incorporation of cell-derived cholesterol
into pre-beta-migrating high-density lipoprotein. Biochemistry 27, 25-29
(1988).

Hassan, H.H., et al. 1dentification of an ABCA1-dependent phospholipid-
rich plasma membrane apolipoprotein A-I binding site for nascent HDL
formation: implications for current models of HDL biogenesis. J Lipid Res
48, 2428-2442 (2007).

Lund-Katz, S. & Phillips, M.C. Packing of cholesterol molecules in human
high-density lipoproteins. Biochemistry 23, 1130-1138 (1984).
Brooks-Wilson, A., et al. Mutations in ABC1 in Tangier disease and
familial high-density lipoprotein deficiency. Nat Genet 22, 336-345 (1999).
Rust, S., et al. Tangier disease is caused by mutations in the gene encoding
ATP-binding cassette transporter 1. Nat Genet 22, 352-355 (1999).

Oram, J.F. Tangier disease and ABCA1. Biochim Biophys Acta 1529, 321-
330 (2000).

Manthei, K.A. et al Structural analysis of lecithin:cholesterol
acyltransferase bound to high density lipoprotein particles. Commun Biol 3,
28 (2020).

Soutar, AK., et al. Effect of the human plasma apolipoproteins and
phosphatidylcholine acyl donor on the activity of lecithin: cholesterol
acyltransferase. Biochemistry 14, 3057-3064 (1975).

Rye, K.A. & Barter, P.J. Regulation of high-density lipoprotein
metabolism. Circ Res 114, 143-156 (2014).

Asztalos, B.F., et al. Role of LCAT in HDL remodeling: investigation of
LCAT deficiency states. J Lipid Res 48, 592-599 (2007).

Kunnen, S. & Van Eck, M. Lecithin:cholesterol acyltransferase: old friend
or foe in atherosclerosis? J Lipid Res 53, 1783-1799 (2012).

Wu, Z., et al. The refined structure of nascent HDL reveals a key functional
domain for particle maturation and dysfunction. Nat Struct Mol Biol 14,
861-868 (2007).

Alexander, E.T., et al. Apolipoprotein A-I helix 6 negatively charged
residues attenuate lecithin-cholesterol acyltransferase (LCAT) reactivity.
Biochemistry 44, 5409-5419 (2005).

Jonas, A., Sweeny, S.A. & Herbert, P.N. Discoidal complexes of A and C
apolipoproteins with lipids and their reactions with lecithin: cholesterol
acyltransferase. J Biol Chem 259, 6369-6375 (1984).



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

Inazu, A., et al. Increased high-density lipoprotein levels caused by a
common cholesteryl-ester transfer protein gene mutation. N Engl J Med
323, 1234-1238 (1990).

Schwartz, G.G., et al. Effects of dalcetrapib in patients with a recent acute
coronary syndrome. N Engl J Med 367, 2089-2099 (2012).

Barter, P.J., et al. Effects of torcetrapib in patients at high risk for coronary
events. N Engl J Med 357, 2109-2122 (2007).

Settasatian, N., et al. The mechanism of the remodeling of high density
lipoproteins by phospholipid transfer protein. J Biol Chem 276, 26898-
26905 (2001).

Jaye, M., et al. A novel endothelial-derived lipase that modulates HDL
metabolism. Nat Genet 21, 424-428 (1999).

Singaraja, R.R., et al. The impact of partial and complete loss-of-function
mutations in endothelial lipase on high-density lipoprotein levels and
functionality in humans. Circ Cardiovasc Genet 6, 54-62 (2013).
Brundert, M., et al. Scavenger receptor class B type I mediates the selective
uptake of high-density lipoprotein-associated cholesteryl ester by the liver
in mice. Arterioscler Thromb Vasc Biol 25, 143-148 (2005).

Kingwell, B.A., Chapman, M.J., Kontush, A. & Miller, N.E. HDL-targeted
therapies: progress, failures and future. Nat Rev Drug Discov 13, 445-464
(2014).

Moore, K.J., Sheedy, F.J. & Fisher, E.A. Macrophages in atherosclerosis: a
dynamic balance. Nat Rev Immunol 13, 709-721 (2013).

Adorni, M.P., et al. The roles of different pathways in the release of
cholesterol from macrophages. J Lipid Res 48, 2453-2462 (2007).
Yvan-Charvet, L., et al. Combined deficiency of ABCA1l and ABCGI
promotes foam cell accumulation and accelerates atherosclerosis in mice. J
Clin Invest 117, 3900-3908 (2007).

Smith, J.D., et al. ABCAl mediates concurrent cholesterol and
phospholipid efflux to apolipoprotein A-1. J Lipid Res 45, 635-644 (2004).
Yokoyama, S. et al. Calpain-mediated ABCA1 degradation: post-
translational regulation of ABCA1 for HDL biogenesis. Biochim Biophys
Acta 1821, 547-551 (2012).

Lyssenko, N.N., et al. Influence of C-terminal alpha-helix hydrophobicity
and aromatic amino acid content on apolipoprotein A-I functionality.
Biochim Biophys Acta 1821, 456-463 (2012).

Sankaranarayanan, S. et al. Effects of acceptor composition and
mechanism of ABCG1-mediated cellular free cholesterol efflux. J Lipid Res
50, 275-284 (2009).

Ji, Y., et al. Scavenger receptor BI promotes high density lipoprotein-
mediated cellular cholesterol efflux. J Biol Chem 272, 20982-20985 (1997).
Mayo, P. An overview of diabetes. Nurs Stand 30, 53-63 (2016).

Ahlqvist, E., et al. Novel subgroups of adult-onset diabetes and their
association with outcomes: a data-driven cluster analysis of six variables.
Lancet Diabetes Endocrinol 6,361-369 (2018).

89



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

90

Kahn, S.E., Cooper, M.E. & Del Prato, S. Pathophysiology and treatment
of type 2 diabetes: perspectives on the past, present, and future. Lancet 383,
1068-1083 (2014).

Czech, M.P. Insulin action and resistance in obesity and type 2 diabetes.
Nat Med 23, 804-814 (2017).

Standards of medical care in diabetes--2015: summary of revisions.
Diabetes Care 38 Suppl, S4 (2015).

Marin-Penalver, J.J., Martin-Timon, I., Sevillano-Collantes, C. & Del
Canizo-Gomez, F.J. Update on the treatment of type 2 diabetes mellitus.
World J Diabetes 7, 354-395 (2016).

Donath, M.Y., Dinarello, C.A. & Mandrup-Poulsen, T. Targeting innate
immune mediators in type 1 and type 2 diabetes. Nat Rev Immunol 19, 734-
746 (2019).

Xu, J. & Zou, M.H. Molecular insights and therapeutic targets for diabetic
endothelial dysfunction. Circulation 120, 1266-1286 (2009).

Wu, X, et al. Low levels of ApoAl improve risk prediction of type 2
diabetes mellitus. Journal of clinical lipidology 11, 362-368 (2017).

Feng, X., Gao, X., Yao, Z. & Xu, Y. Low apoA-I is associated with insulin
resistance in patients with impaired glucose tolerance: a cross-sectional
study. Lipids Health Dis 16, 69 (2017).

Li, N., et al. Are hypertriglyceridemia and low HDL causal factors in the
development of insulin resistance? Atherosclerosis 233, 130-138 (2014).
Waldman, B., et al. HDL-C and HDL-C/ApoA-I predict long-term
progression of glycemia in established type 2 diabetes. Diabetes Care 37,
2351-2358 (2014).

Boden, W.E. High-density lipoprotein cholesterol as an independent risk
factor in cardiovascular disease: assessing the data from Framingham to the
Veterans Affairs High--Density Lipoprotein Intervention Trial. Am J
Cardiol 86, 19L-22L (2000).

Gordon, T., Castelli, W.P., Hjortland, M.C., Kannel, W.B. & Dawber, T.R.
High density lipoprotein as a protective factor against coronary heart
disease. The Framingham Study. A4m J Med 62, 707-714 (1977).

Zhang, Q., et al. Long-term high density lipoprotein infusion ameliorates
metabolic phenotypes of diabetic db/db mice. Diabetes Metab Res Rev 29,
130-138 (2013).

Drew, B.G., et al. High-density lipoprotein modulates glucose metabolism
in patients with type 2 diabetes mellitus. Circulation 119, 2103-2111
(2009).

Riserus, U., Arnlov, J. & Berglund, L. Long-term predictors of insulin
resistance: role of lifestyle and metabolic factors in middle-aged men.
Diabetes Care 30, 2928-2933 (2007).

Lehti, M., et al. High-density lipoprotein maintains skeletal muscle function
by modulating cellular respiration in mice. Circulation 128, 2364-2371
(2013).



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Govers, R. Cellular regulation of glucose uptake by glucose transporter
GLUT4. Adv Clin Chem 66, 173-240 (2014).

Tremblay, F., Dubois, M.J. & Marette, A. Regulation of GLUT4 traffic and
function by insulin and contraction in skeletal muscle. Front Biosci 8,
d1072-1084 (2003).

Han, R,, et al. Apolipoprotein A-I stimulates AMP-activated protein kinase
and improves glucose metabolism. Diabetologia 50, 1960-1968 (2007).
Dalla-Riva, J., Stenkula, K.G., Petrlova, J. & Lagerstedt, J.O. Discoidal
HDL and apoA-I-derived peptides improve glucose uptake in skeletal
muscle. J Lipid Res 54, 1275-1282 (2013).

Grimes, C.A. & Jope, R.S. The multifaceted roles of glycogen synthase
kinase 3beta in cellular signaling. Prog Neurobiol 65, 391-426 (2001).
Domingo-Espin, J., et al. Dual Actions of Apolipoprotein A-I on Glucose-
Stimulated Insulin Secretion and Insulin-Independent Peripheral Tissue
Glucose Uptake Lead to Increased Heart and Skeletal Muscle Glucose
Disposal. Diabetes 65, 1838-1848 (2016).

Tang, S., et al. Apolipoprotein A-I enhances insulin-dependent and insulin-
independent glucose uptake by skeletal muscle. Sci Rep 9, 1350 (2019).
Da Silva Xavier, G. The Cells of the Islets of Langerhans. J Clin Med
7(2018).

Hayden, M.R., et al Attenuation of endocrine-exocrine pancreatic
communication in type 2 diabetes: pancreatic extracellular matrix
ultrastructural abnormalities. J Cardiometab Syndr 3, 234-243 (2008).
Sabatini, P.V., Speckmann, T. & Lynn, F.C. Friend and foe: beta-cell
Ca(2+) signaling and the development of diabetes. Mol Metab 21, 1-12
(2019).

Rorsman, P. & Braun, M. Regulation of insulin secretion in human
pancreatic islets. Annu Rev Physiol 75, 155-179 (2013).

Prentki, M., Corkey, B.E. & Madiraju, S.R.M. Lipid-associated metabolic
signalling networks in pancreatic beta cell function. Diabetologia 63, 10-20
(2020).

Fu, Z., Gilbert, E.R. & Liu, D. Regulation of insulin synthesis and secretion
and pancreatic Beta-cell dysfunction in diabetes. Curr Diabetes Rev 9, 25-
53 (2013).

Fujimoto, K. & Polonsky, K.S. Pdxl and other factors that regulate
pancreatic beta-cell survival. Diabetes Obes Metab 11 Suppl 4, 30-37
(2009).

Hagman, D.K., Hays, L.B., Parazzoli, S.D. & Poitout, V. Palmitate inhibits
insulin gene expression by altering PDX-1 nuclear localization and
reducing MafA expression in isolated rat islets of Langerhans. J Biol Chem
280, 32413-32418 (2005).

Macfarlane, W.M.,, et al Glucose stimulates translocation of the
homeodomain transcription factor PDX1 from the cytoplasm to the nucleus
in pancreatic beta-cells. J Biol Chem 274, 1011-1016 (1999).

91



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

92

Marzban, L., et al. Role of beta-cell prohormone convertase (PC)1/3 in
processing of pro-islet amyloid polypeptide. Diabetes 53, 141-148 (2004).
Zhu, X., et al. Severe block in processing of proinsulin to insulin
accompanied by elevation of des-64,65 proinsulin intermediates in islets of
mice lacking prohormone convertase 1/3. Proc Natl Acad Sci U S 4 99,
10299-10304 (2002).

Talchai, C., Xuan, S., Lin, H.V., Sussel, L. & Accili, D. Pancreatic beta cell
dedifferentiation as a mechanism of diabetic beta cell failure. Cell 150,
1223-1234 (2012).

Wang, Z., York, N.W., Nichols, C.G. & Remedi, M.S. Pancreatic beta cell
dedifferentiation in diabetes and redifferentiation following insulin therapy.
Cell Metab 19, 872-882 (2014).

Siebel, A.L., et al. Effects of high-density lipoprotein elevation with
cholesteryl ester transfer protein inhibition on insulin secretion. Circ Res
113, 167-175 (2013).

Stenkula, K.G., ef al. Single injections of apoA-I acutely improve in vivo
glucose tolerance in insulin-resistant mice. Diabetologia 57, 797-800
(2014).

Cochran, B.J., et al. Impact of Perturbed Pancreatic beta-Cell Cholesterol
Homeostasis on Adipose Tissue and Skeletal Muscle Metabolism. Diabetes
65, 3610-3620 (2016).

Hou, L., et al. Apolipoprotein A-I improves pancreatic beta-cell function
independent of the ATP-binding cassette transporters ABCA1 and ABCG1.
FASEB J 33, 8479-8489 (2019).

Hao, M., Head, W.S., Gunawardana, S.C., Hasty, A.H. & Piston, D.W.
Direct effect of cholesterol on insulin secretion: a novel mechanism for
pancreatic beta-cell dysfunction. Diabetes 56, 2328-2338 (2007).
Brunham, L.R. et al. Beta-cell ABCA1 influences insulin secretion,
glucose homeostasis and response to thiazolidinedione treatment. Nat Med
13, 340-347 (2007).

Fryirs, M.A., et al. Effects of high-density lipoproteins on pancreatic beta-
cell insulin secretion. Arterioscler Thromb Vasc Biol 30, 1642-1648 (2010).
Cochran, B.J., et al. Apolipoprotein A-I increases insulin secretion and
production from pancreatic beta-cells via a G-protein-cAMP-PKA-FoxO1-
dependent mechanism. Arterioscler Thromb Vasc Biol 34, 2261-2267
(2014).

Nilsson, O., et al. Apolipoprotein A-I primes beta cells to increase glucose
stimulated insulin secretion. Biochim Biophys Acta Mol Basis Dis 1866,
165613 (2020).

Barter, P.J., et al. Effect of torcetrapib on glucose, insulin, and hemoglobin
Alc in subjects in the Investigation of Lipid Level Management to
Understand its Impact in Atherosclerotic Events (ILLUMINATE) trial.
Circulation 124, 555-562 (2011).

Group, H.T.R.C,, et al Effects of Anacetrapib in Patients with
Atherosclerotic Vascular Disease. N Engl J Med 377, 1217-1227 (2017).



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Look, A.R.G., et al. Reduction in weight and cardiovascular disease risk
factors in individuals with type 2 diabetes: one-year results of the look
AHEAD trial. Diabetes Care 30, 1374-1383 (2007).

Marqus, S., Pirogova, E. & Piva, T.J. Evaluation of the use of therapeutic
peptides for cancer treatment. J Biomed Sci 24,21 (2017).

Peterson, S.J.,, et al. The L-4F mimetic peptide prevents insulin resistance
through increased levels of HO-1, pAMPK, and pAKT in obese mice. J
Lipid Res 50, 1293-1304 (2009).

Edmunds, S.J., et al. ApoAl-derived peptide increases glucose tolerance
and prevents formation of atherosclerosis in mice. Diabetologia 62, 1257-
1267 (2019).

Nagai, R., ef al. Glycolaldehyde, a reactive intermediate for advanced
glycation end products, plays an important role in the generation of an
active ligand for the macrophage scavenger receptor. Diabetes 49, 1714-
1723 (2000).

Bowry, V.W., Stanley, K.K. & Stocker, R. High density lipoprotein is the
major carrier of lipid hydroperoxides in human blood plasma from fasting
donors. Proc Natl Acad Sci U S 4 89, 10316-10320 (1992).

Furth, A.J. Glycated proteins in diabetes. Br J Biomed Sci 54, 192-200
(1997).

McCance, D.R.,, et al. Maillard reaction products and their relation to
complications in insulin-dependent diabetes mellitus. J Clin Invest 91,
2470-2478 (1993).

Makita, Z., et al. Hemoglobin-AGE: a circulating marker of advanced
glycosylation. Science 258, 651-653 (1992).

Raj, D.S., Choudhury, D., Welbourne, T.C. & Levi, M. Advanced glycation
end products: a Nephrologist's perspective. Am J Kidney Dis 35, 365-380
(2000).

Ahmed, N. & Thornalley, P.J. Advanced glycation endproducts: what is
their relevance to diabetic complications? Diabetes Obes Metab 9, 233-245
(2007).

Goh, S.Y. & Cooper, M.E. Clinical review: The role of advanced glycation
end products in progression and complications of diabetes. J Clin
Endocrinol Metab 93, 1143-1152 (2008).

Frimat, M., et al. Kidney, heart and brain: three organs targeted by ageing
and glycation. Clin Sci (Lond) 131, 1069-1092 (2017).

Curtiss, L.K. & Witztum, J.L. Plasma apolipoproteins Al, All, B, CI, and E
are glucosylated in hyperglycemic diabetic subjects. Diabetes 34, 452-461
(1985).

Calvo, C., Ponsin, G. & Berthezene, F. Characterization of the non
enzymatic glycation of high density lipoprotein in diabetic patients. Diabete
Metab 14, 264-269 (1988).

Nobecourt, E., et al. The impact of glycation on apolipoprotein A-I structure
and its ability to activate lecithin:cholesterol acyltransferase. Diabetologia
50, 643-653 (2007).

93



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

94

Nobecourt, E., ef al. Nonenzymatic glycation impairs the antiinflammatory
properties of apolipoprotein A-1. Arterioscler Thromb Vasc Biol 30, 766-
772 (2010).

Shao, B., et al. Modifying apolipoprotein A-I by malondialdehyde, but not
by an array of other reactive carbonyls, blocks cholesterol efflux by the
ABCAI1 pathway. J Biol Chem 285, 18473-18484 (2010).

Rashduni, D.L., Rifici, V.A., Schneider, S.H. & Khachadurian, A.K.
Glycation of high-density lipoprotein does not increase its susceptibility to
oxidation or diminish its cholesterol efflux capacity. Metabolism 48, 139-
143 (1999).

Hoang, A., et al. Advanced glycation of apolipoprotein A-I impairs its anti-
atherogenic properties. Diabetologia 50, 1770-1779 (2007).

Matsuki, K., et al. Metformin restores impaired HDL-mediated cholesterol
efflux due to glycation. Atherosclerosis 206, 434-438 (2009).
Domingo-Espin, J., Nilsson, O., Bernfur, K., Del Giudice, R. & Lagerstedt,
J.O. Site-specific glycations of apolipoprotein A-I lead to differentiated
functional effects on lipid-binding and on glucose metabolism. Biochim
Biophys Acta Mol Basis Dis 1864, 2822-2834 (2018).

Tadanza, M.G., Jackson, M.P., Hewitt, E.W., Ranson, N.A. & Radford, S.E.
A new era for understanding amyloid structures and disease. Nat Rev Mol
Cell Biol 19, 755-773 (2018).

Uversky, V.N. Natively unfolded proteins: a point where biology waits for
physics. Protein Sci 11, 739-756 (2002).

Uversky, V.N. & Fink, A.L. Conformational constraints for amyloid
fibrillation: the importance of being unfolded. Biochim Biophys Acta 1698,
131-153 (2004).

Sunde, M. & Blake, C. The structure of amyloid fibrils by electron
microscopy and X-ray diffraction. 4dv Protein Chem 50, 123-159 (1997).
Sunde, M., et al. Common core structure of amyloid fibrils by synchrotron
X-ray diffraction. J Mol Biol 273, 729-739 (1997).

Dobson, C.M. Protein misfolding, evolution and disease. Trends Biochem
Sci 24, 329-332 (1999).

Nichols, W.C., Gregg, R.E., Brewer, H.B., Jr. & Benson, M.D. A mutation
in apolipoprotein A-I in the lowa type of familial amyloidotic
polyneuropathy. Genomics 8, 318-323 (1990).

Rowczenio, D., et al. Amyloidogenicity and clinical phenotype associated
with five novel mutations in apolipoprotein A-1. Am J Pathol 179, 1978-
1987 (2011).

Booth, D.R., et al. A new apolipoprotein Al variant, TrpSOArg, causes
hereditary amyloidosis. OJM 88, 695-702 (1995).

Soutar, A.K., et al. Apolipoprotein Al mutation Arg-60 causes autosomal
dominant amyloidosis. Proc Natl Acad Sci U S A 89, 7389-7393 (1992).
Murphy, C.L., et al. Renal apolipoprotein A-I amyloidosis associated with
a novel mutant Leu64Pro. Am J Kidney Dis 44, 1103-1109 (2004).



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Booth, D.R., et al. Hereditary hepatic and systemic amyloidosis caused by
a new deletion/insertion mutation in the apolipoprotein Al gene. J Clin
Invest 97, 2714-2721 (1996).

Eriksson, M., et al. Hereditary apolipoprotein Al-associated amyloidosis in
surgical pathology specimens: identification of three novel mutations in the
APOAL gene. J Mol Diagn 11, 257-262 (2009).

Coriu, D., et al. Hepatic amyloidosis resulting from deposition of the
apolipoprotein A-I variant Leu75Pro. Amyloid 10, 215-223 (2003).
Hamidi Asl, L., et al. Hereditary amyloid cardiomyopathy caused by a
variant apolipoprotein Al. Am J Pathol 154, 221-227 (1999).
Amarzguioui, M., et al. Extensive intimal apolipoprotein Al-derived
amyloid deposits in a patient with an apolipoprotein A1 mutation. Biochem
Biophys Res Commun 242, 534-539 (1998).

Obici, L., et al. The new apolipoprotein A-I variant leu(174) --> Ser causes
hereditary cardiac amyloidosis, and the amyloid fibrils are constituted by
the 93-residue N-terminal polypeptide. Am J Pathol 155, 695-702 (1999).
Hazenberg, A.J., et al. Laryngeal presentation of systemic apolipoprotein
A-I-derived amyloidosis. Laryngoscope 119, 608-615 (2009).

Weisgraber, K.H., Bersot, T.P., Mahley, R.W., Franceschini, G. & Sirtori,
C.R. A-Imilano apoprotein. Isolation and characterization of a cysteine-
containing variant of the A-I apoprotein from human high density
lipoproteins. J Clin Invest 66, 901-907 (1980).

Ramella, N.A., et al. Human apolipoprotein A-I-derived amyloid: its
association with atherosclerosis. PLoS One 6, €22532 (2011).

Suzuki, M., et al. Increased plasma lipid-poor apolipoprotein A-I in patients
with coronary artery disease. Clin Chem 51, 132-137 (2005).

Lepedda, A.J., et al. A proteomic approach to differentiate histologically
classified stable and unstable plaques from human carotid arteries.
Atherosclerosis 203, 112-118 (2009).

Wong, Y.Q., Binger, K.J., Howlett, G.J. & Griffin, M.D. Methionine
oxidation induces amyloid fibril formation by full-length apolipoprotein A-
1. Proc Natl Acad Sci U S A 107, 1977-1982 (2010).

Ramella, N.A., ef al. Human apolipoprotein A-I natural variants: molecular
mechanisms underlying amyloidogenic propensity. PLoS One 7, €43755
(2012).

Gillmore, J.D., et al. Organ transplantation in hereditary apolipoprotein Al
amyloidosis. Am J Transplant 6, 2342-2347 (20006).

Gregorini, G., et al. Tubulointerstitial nephritis is a dominant feature of
hereditary apolipoprotein A-I amyloidosis. Kidney Int 87, 1223-1229
(2015).

Gomaraschi, M., et al. Effect of the amyloidogenic L75P apolipoprotein A-
I variant on HDL subpopulations. Clin Chim Acta 412, 1262-1265 (2011).
Sorci-Thomas, M.G. & Thomas, M.J. The effects of altered apolipoprotein
A-I structure on plasma HDL concentration. Trends Cardiovasc Med 12,
121-128 (2002).

95



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

96

Muiesan, M.L., et al. Vascular alterations in apolipoprotein A-I amyloidosis
(Leu75Pro). A case-control study. Amyloid 22, 187-193 (2015).
Mangione, P., et al. Amyloid fibrils derived from the apolipoprotein Al
Leul74Ser variant contain elements of ordered helical structure. Protein Sci
10, 187-199 (2001).

Andreola, A., et al. Conformational switching and fibrillogenesis in the
amyloidogenic fragment of apolipoprotein a-1. J Biol Chem 278, 2444-2451
(2003).

Gursky, O., Mei, X. & Atkinson, D. The crystal structure of the C-terminal
truncated apolipoprotein A-I sheds new light on amyloid formation by the
N-terminal fragment. Biochemistry 51, 10-18 (2012).

Das, M., Mei, X., Jayaraman, S., Atkinson, D. & Gursky, O.
Amyloidogenic mutations in human apolipoprotein A-I are not necessarily
destabilizing - a common mechanism of apolipoprotein A-I misfolding in
familial amyloidosis and atherosclerosis. FEBS J 281, 2525-2542 (2014).
Lagerstedt, J.O., et al. Mapping the structural transition in an
amyloidogenic apolipoprotein A-1. Biochemistry 46, 9693-9699 (2007).
Wong, Y.Q., Binger, K.J., Howlett, G.J. & Griffin, M.D. Identification of
an amyloid fibril forming peptide comprising residues 46-59 of
apolipoprotein A-1. FEBS Lett 586, 1754-1758 (2012).

Chetty, P.S., et al. Effects of the lowa and Milano mutations on
apolipoprotein A-I structure and dynamics determined by hydrogen
exchange and mass spectrometry. Biochemistry 51, 8993-9001 (2012).

Del Giudice, R., ef al. Structural determinants in ApoA-I amyloidogenic
variants explain improved cholesterol metabolism despite low HDL levels.
Biochim Biophys Acta Mol Basis Dis 1863, 3038-3048 (2017).

Merglen, A., et al. Glucose sensitivity and metabolism-secretion coupling
studied during two-year continuous culture in INS-1E insulinoma cells.
Endocrinology 145, 667-678 (2004).

Komatsu, M., Takei, M., Ishii, H. & Sato, Y. Glucose-stimulated insulin
secretion: A newer perspective. J Diabetes Investig 4, 511-516 (2013).
Dalla-Riva, J., Lagerstedt, J.O. & Petrlova, J. Structural and Functional
Analysis of the ApolipoproteinA-I A164S Variant. PLoS One 10, 0143915
(2015).

Petrlova, J., et al. The fibrillogenic L178H variant of apolipoprotein A-I
forms helical fibrils. J Lipid Res 53, 390-398 (2012).

Davidson, W.S., et al. The effects of apolipoprotein B depletion on HDL
subspecies composition and function. J Lipid Res 57, 674-686 (2016).
Mintun, M. A., Raichle, M.E., Kilbourn, M.R., Wooten, G.F. & Welch, M.J.
A quantitative model for the in vivo assessment of drug binding sites with
positron emission tomography. Ann Neurol 15, 217-227 (1984).

Morrow, J.A., et al Differences in stability among the human
apolipoprotein E isoforms determined by the amino-terminal domain.
Biochemistry 39, 11657-11666 (2000).



191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Kumagai, P.S., Araujo, A.P.U. & Lopes, J.L.S. Going deep into protein
secondary structure with synchrotron radiation circular dichroism
spectroscopy. Biophys Rev 9, 517-527 (2017).

Wallace, B.A. & Janes, R.W. Synchrotron radiation circular dichroism
(SRCD) spectroscopy: an enhanced method for examining protein
conformations and protein interactions. Biochem Soc Trans 38, 861-873
(2010).

Kumagai, P.S., DeMarco, R. & Lopes, J.L.S. Advantages of synchrotron
radiation circular dichroism spectroscopy to study intrinsically disordered
proteins. Eur Biophys J 46, 599-606 (2017).

Hussain, R., Javorfi, T. & Siligardi, G. Circular dichroism beamline B23 at
the Diamond Light Source. J Synchrotron Radiat 19, 132-135 (2012).
Provencher, S.W. & Glockner, J. Estimation of globular protein secondary
structure from circular dichroism. Biochemistry 20, 33-37 (1981).

Wei, H., et al. Hydrogen/deuterium exchange mass spectrometry for
probing higher order structure of protein therapeutics: methodology and
applications. Drug Discov Today 19, 95-102 (2014).

Hudgens, J.W., et al. Interlaboratory Comparison of Hydrogen-Deuterium
Exchange Mass Spectrometry Measurements of the Fab Fragment of
NISTmAD. Anal Chem 91, 7336-7345 (2019).

Graham, L. & Orenstein, J.M. Processing tissue and cells for transmission
electron microscopy in diagnostic pathology and research. Nat Protoc 2,
2439-2450 (2007).

MacDonald, P.E., Braun, M., Galvanovskis, J. & Rorsman, P. Release of
small transmitters through kiss-and-run fusion pores in rat pancreatic beta
cells. Cell Metab 4, 283-290 (2006).

Manandhar, B., Cochran, B.J. & Rye, K.A. Role of High-Density
Lipoproteins in Cholesterol Homeostasis and Glycemic Control. J Am
Heart Assoc 9, 013531 (2020).

Emerging Risk Factors, C., et al. Major lipids, apolipoproteins, and risk of
vascular disease. JAMA 302, 1993-2000 (2009).

Brunham, L.R., Kruit, J.K., Verchere, C.B. & Hayden, M.R. Cholesterol in
islet dysfunction and type 2 diabetes. J Clin Invest 118, 403-408 (2008).
Vikman, J., Jimenez-Feltstrom, J., Nyman, P., Thelin, J. & Eliasson, L.
Insulin secretion is highly sensitive to desorption of plasma membrane
cholesterol. FASEB J 23, 58-67 (2009).

Furuta, M., et al. Incomplete processing of proinsulin to insulin
accompanied by elevation of Des-31,32 proinsulin intermediates in islets of
mice lacking active PC2. J Biol Chem 273, 3431-3437 (1998).

Jackson, R.S. et al. Obesity and impaired prohormone processing
associated with mutations in the human prohormone convertase 1 gene. Nat
Genet 16, 303-306 (1997).

Guo, S., et al. Inactivation of specific beta cell transcription factors in type
2 diabetes. J Clin Invest 123, 3305-3316 (2013).

97



207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

98

Ardestani, A., et al. Neutralizing interleukin-1beta (IL-1beta) induces beta-
cell survival by maintaining PDX1 protein nuclear localization. J Biol Chem
286, 17144-17155 (2011).

Wang, H., et al. Suppression of Pdx-1 perturbs proinsulin processing,
insulin secretion and GLP-1 signalling in INS-1 cells. Diabetologia 48,
720-731 (2005).

Harmon, J.S., et al. In vivo prevention of hyperglycemia also prevents
glucotoxic effects on PDX-1 and insulin gene expression. Diabetes 48,
1995-2000 (1999).

Jonas, J.C., et al. Chronic hyperglycemia triggers loss of pancreatic beta
cell differentiation in an animal model of diabetes. J Biol Chem 274, 14112-
14121 (1999).

Gao, T., et al. Pdx1 maintains beta cell identity and function by repressing
an alpha cell program. Cell Metab 19, 259-271 (2014).

Chilelli, N.C., Burlina, S. & Lapolla, A. AGEs, rather than hyperglycemia,
are responsible for microvascular complications in diabetes: a
"glycoxidation-centric" point of view. Nutr Metab Cardiovasc Dis 23, 913-
919 (2013).

Pu, L.J., et al. Glycation of apoprotein A-I is associated with coronary artery
plaque progression in type 2 diabetic patients. Diabetes Care 36, 1312-1320
(2013).

Shen, Y., et al. Association of elevated apoA-I glycation and reduced HDL-
associated paraoxonasel, 3 activity, and their interaction with angiographic
severity of coronary artery disease in patients with type 2 diabetes mellitus.
Cardiovasc Diabetol 14, 52 (2015).

Wells-Knecht, K.J., et al. New biomarkers of Maillard reaction damage to
proteins. Nephrol Dial Transplant 11 Suppl 5, 41-47 (1996).

Godfrey, L., Yamada-Fowler, N., Smith, J., Thornalley, P.J. & Rabbani, N.
Arginine-directed glycation and decreased HDL plasma concentration and
functionality. Nutr Diabetes 4, €134 (2014).

Kurosaki, Y., et al. Semiquantitative analysis of apolipoprotein A-I
modified by advanced glycation end products in diabetes mellitus. J Clin
Lab Anal 27, 231-236 (2013).

Lapolla, A., et al. On the search for glycated lipoprotein ApoA-I in the
plasma of diabetic and nephropathic patients. J Mass Spectrom 43, 74-81
(2008).

Brown, B.E., et al. Apolipoprotein A-I glycation by glucose and reactive
aldehydes alters phospholipid affinity but not cholesterol export from lipid-
laden macrophages. PLoS One 8, ¢65430 (2013).

Cavigiolio, G., Geier, E.G., Shao, B., Heinecke, JW. & Oda, M.N.
Exchange of apolipoprotein A-I between lipid-associated and lipid-free
states: a potential target for oxidative generation of dysfunctional high
density lipoproteins. J Biol Chem 285, 18847-18857 (2010).



221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Bashtovyy, D., Jones, M.K., Anantharamaiah, G.M. & Segrest, J.P.
Sequence conservation of apolipoprotein A-I affords novel insights into
HDL structure-function. J Lipid Res 52, 435-450 (2011).

Pollard, R.D., Fulp, B., Sorci-Thomas, M.G. & Thomas, M.J. High-Density
Lipoprotein Biogenesis: Defining the Domains Involved in Human
Apolipoprotein A-I Lipidation. Biochemistry 55, 4971-4981 (2016).
Roosbeek, S., et al. Three arginine residues in apolipoprotein A-I are critical
for activation of lecithin:cholesterol acyltransferase. J Lipid Res 42, 31-40
(2001).

Heywood, S.E., e al. High-density lipoprotein delivered after myocardial
infarction increases cardiac glucose uptake and function in mice. Sci Transl!
Med 9(2017).

Cochran, B.J., et al. In vivo PET imaging with [(18)F]FDG to explain
improved glucose uptake in an apolipoprotein A-I treated mouse model of
diabetes. Diabetologia 59, 1977-1984 (2016).

Du, X.M., et al. HDL particle size is a critical determinant of ABCA1-
mediated macrophage cellular cholesterol export. Circ Res 116, 1133-1142
(2015).

Diditchenko, S., et al. Novel formulation of a reconstituted high-density
lipoprotein  (CSL112) dramatically enhances ABCAI1-dependent
cholesterol efflux. Arterioscler Thromb Vasc Biol 33,2202-2211 (2013).
Lagerstedt, J.O., er al. Structure of apolipoprotein A-I N terminus on
nascent high density lipoproteins. J Biol Chem 286, 2966-2975 (2011).
Del Giudice, R., ef al. Protein conformational perturbations in hereditary
amyloidosis: Differential impact of single point mutations in ApoAl
amyloidogenic variants. Biochim Biophys Acta 1860, 434-444 (2016).
Arciello, A., Piccoli, R. & Monti, D.M. Apolipoprotein A-I: the dual face
of a protein. FEBS Lett 590, 4171-4179 (2016).

Muntner, P., He, J., Astor, B.C., Folsom, A.R. & Coresh, J. Traditional and
nontraditional risk factors predict coronary heart disease in chronic kidney
disease: results from the atherosclerosis risk in communities study. J Am
Soc Nephrol 16, 529-538 (2005).

Yamamoto, S., et al. Dysfunctional high-density lipoprotein in patients on
chronic hemodialysis. J Am Coll Cardiol 60, 2372-2379 (2012).

Holzer, M., et al. Uremia alters HDL composition and function. J 4m Soc
Nephrol 22, 1631-1641 (2011).

Speer, T., et al. Abnormal high-density lipoprotein induces endothelial
dysfunction via activation of Toll-like receptor-2. Immunity 38, 754-768
(2013).

Weichhart, T., et al. Serum amyloid A in uremic HDL promotes
inflammation. J Am Soc Nephrol 23, 934-947 (2012).

Rogacev, K.S., et al. Lower Apo A-I and lower HDL-C levels are associated
with higher intermediate CD14++CD16+ monocyte counts that predict
cardiovascular events in chronic kidney disease. Arterioscler Thromb Vasc
Biol 34,2120-2127 (2014).

99



237. Tian, L., et al. High-density lipoprotein subclass and particle size in
coronary heart disease patients with or without diabetes. Lipids Health Dis
11, 54 (2012).

238.  Frei, A.P., Moest, H., Novy, K. & Wollscheid, B. Ligand-based receptor
identification on living cells and tissues using TRICEPS. Nat Protoc 8,
1321-1336 (2013).

100




<<
  /ASCII85EncodePages false
  /AllowTransparency true
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 25%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 10
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 250
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 250
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.25000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU <FFFE4600F6007200200074007200790063006B00200068006F00730020004D0065006400690061002D0054007200790063006B00>
    /SVE ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        14.173230
        14.173230
        14.173230
        14.173230
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA39 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




