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ABSTRACT

Alzheimer’s disease is a devastating neurodegenerative disease, affecting millions of fami-
lies every year. Decades of research has widened our understanding of the biochemistry, the
pathology, as well as genetic and lifestyle risks factors underlying the disease. Nonetheless, af-
ter over 30 years of biochemical research, this knowledge has not transformed into successful
therapeutic strategies. Virtually, all drug candidates whether an antibody or small molecule
have failed to show clinical efficacy.

A potential explanation for these failures could be that a significant proportion of fun-
damental Alzheimer’s disease research has focussed on animal models harboring mutations
found only in very rare and aggressive cases of familial Alzheimer’s disease. However, most
risk factors for sporadic Alzheimer’s disease have been disregarded. The logical next step to
improve current disease models is to include cardiovascular risk factors as they include some
of the strongest genetic and epidemiological risk factors identified thus far. The most striking
difference between the human and murine lipid and cholesterol metabolism is the lack of the
cholesteryl ester transfer protein (CETP). As a result, mice have negligible levels of low-den-
sity lipoproteins, a strong risk factor for both Alzheimer’s disease and cardiovascular disease.
CETP is a lipid transfer protein responsible for the exchange of cholesteryl esters and tri-
glycerides between lipoproteins and based on its ability to increase the levels of the low-level
lipoprotein, is considered pro-atherogenic. In return, decreased CETP activity is associated
with longevity, cardiovascular health, and reduced incidence of Alzheimer’s disease. With the
goal to generate an Alzheimer’s disease mouse model with a humanized lipoprotein profile,
we studied mice transgenic for human CETP. While there is abundant literature available in-
vestigating CETP and its role in the periphery, its role in the central nervous system is poorly
defined.

Our analysis revealed that CETP transgenic mice had up to 31% higher cholesterol levels

in the brain. Further, a microarray using astrocyte-derived mRNA showed that this cholester-
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ol increase is unlikely the result of increased astrocytic de novo synthesis. Additionally, leaki-
ness of the blood-brain barrier was not responsible either. More research effort is required to
identify the source of this remarkable cholesterol increase. Nonetheless, we were able to de-
scribe downstream effects of the cholesterol increase. Strikingly, both presenilin 1 and prese-
nilin 2 were among the top targets. Presenilins are the catalytic subunits of the y-secretase
complex, a key component in the generation of amyloid-f in the brain. Our data suggest that
CETP transgenic mice phenocopy human plasma-cholesterol levels and cholesterol exposure
of the brain as a valuable research tool to investigate the impact of the cholesterol metabolism
on brain functions in relation to Alzheimer’s disease.

To further study the effect of CETP on Alzheimer’s disease, we generated a novel mouse
model combining a humanized cholesterol metabolism with Alzheimer’s disease pathology.
Our analysis revealed that CETP activity increases soluble and insoluble levels of amyloid-f
in a presenilin-dependent manner. The CETP-induced increase of amyloid production was
suppressed in mice expressing familial presenilin mutations, underlining problems with most

current animal models for Alzheimer’s disease.
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ABREGE

La maladie d’Alzheimer est une maladie neurodégénérative et dévastatrice qui chaque an-
née affecte des millions de familles. Des décennies de recherche ont élargi notre compréhen-
sion de la biochimie, de la pathologie, ainsi que des facteurs de risque, soit génétiques soit
liés au mode de vie sous-jacents de la maladie. Pourtant, apres plus de 30 ans de recherche
biochimique, ces connaissances ne se sont pas transformées en stratégies thérapeutiques ef-
ficaces. Pratiquement, tous les médicaments candidats, qu’il sagisse d’'un anticorps ou d’'une
petite molécule, nont pas démontré defficacité clinique.

Une explication possible de ces échecs pourrait étre qu'une grande partie des recherches
fondamentales sur la maladie d’Alzheimer est concentrée sur des modeéles animaux portant
des mutations découvertes dans des cas tres rares et trés agressifs de la maladie d’Alzheimer
familiale. Pourtant, la plupart des facteurs de risque de la maladie d’Alzheimer sporadique ont
été ignorés. Un prochain pas logique pour améliorer les modéles de maladie consiste a inclure
les facteurs de risque cardiovasculaires, qui demeurent les facteurs de risque génétiques et
épidémiologiques les plus puissants identifiés jusqu’a présent. La différence la plus frappante
entre le métabolisme humain et murin des lipides et du cholestérol est 'absence de ‘cho-
lesterol ester transfer protein’ (CETP). En conséquence, les souris ont des niveaux néglige-
ables de ‘low density lipoprotein’ (LDL), un facteur de risque important pour la maladie
d’Alzheimer et les maladies cardiovasculaires. CETP est une protéine de transfert lipidique
responsable pour Iéchange desters de cholestérol et de triglycérides entre lipoprotéines. Elle
est considérée pro-athérogene en raison de sa capacité a augmenter les taux de LDL. En con-
trepartie, une diminution de l'activité du CETP a été associée a la longévité, a la santé cardi-
ovasculaire et a une incidence réduite de la maladie d’Alzheimer. Dans le but de générer un
modele de souris atteints de la maladie d’Alzheimer avec un profil de lipoprotéines humanisé,
nous avons étudié des souris transgéniques pour la CETP humaine. Bien que la littérature

disponible sur le CETP et son role a la périphérie soit abondante, son role dans le systéme
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nerveux central est mal défini.

Notre analyse a révélé que les souris transgéniques CETP avaient des niveaux de cholestérol
dans le cerveau jusqu'a 30% plus élevés. Fait intéressant, une microarray utilisant des ARNm
dérivés d’astrocytes a montré que cette augmentation de cholestérol est peu probable du fait
d’une augmentation de la syntheése de novo astrocytaire. De plus, la fuite de la barriere hé-
mato-encéphalique nétait pas non plus responsable. Des efforts de recherche supplémen-
taires sont nécessaires pour identifier la source de cette augmentation spectaculaire du taux
de cholestérol. Néanmoins, nous avons pu identifier les effets en aval de 'augmentation du
cholestérol. De maniere frappante, la préséniline 1 et la préséniline 2 figuraient parmi les
principales cibles en aval. Les présénilines sont les sous-unités catalytiques du complexe
y-sécrétase, un composant clé de la génération de p-amyloide dans le cerveau. Nos don-
nées suggerent que les souris transgéniques CETP phénocopient les taux plasmatiques de
cholestérol humain et lexposition cérébrale au cholestérol comme un outil de recherche
précieux pour étudier 'impact du métabolisme du cholestérol sur les fonctions cérébrales et
la maladie d’Alzheimer.

Pour étudier plus leffet du CETP sur la maladie d’Alzheimer, nous avons créé un nouveau
modele murin combinant un métabolisme du cholestérol humanisé a une pathologie de la
maladie d’Alzheimer. Notre analyse a révélé que l'activité de la CETP augmente les taux d'am-
yloide-p solubles et insolubles de maniére dépendante de la préséniline. Laugmentation de
la production d’amyloide induite par la CETP a été supprimée chez les souris exprimant des
mutations familiales de la préséniline, soulignant les problémes rencontrés avec la plupart des

modeles animaux actuels de la maladie d’Alzheimer.
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SUMMARY OF ORIGINAL CONTRIBUTIONS

The liver-mRNA-levels of CETP can be induced 8.8-fold using a cholesterol enriched diet.

CETP transgenic mice show elevated levels of liver TREM2 mRNA. This effect is potenti-
ated in animals on a cholesterol diet.

CETP activity in mice leads to a peripheral inflammatory response.
CETP transgenic mice have elevated brain-cholesterol levels.
These increased brain-cholesterol-levels are not due to de novo synthesis.

I found that the y-secretase subunits presenilin 1 & 2 are affected in CETP transgenic mice
fed with a cholesterol diet.

Additionally, I identified several genes linked to Alzheimer’s disease whose expression was
altered in CETP transgenic mice fed with a cholesterol diet.

I Found that CETP activity increases brain IL1 mRNA.
Using HEK293T cells, I measured that CETP activity activates y-secretase.
I found that CETP activity increases Af438, Ap40 and AB42 in cell culture.

Using various CETP mutants, I found that the AP increase in cell culture relies on the
CE-transfer activity of CETP and not its lipid transfer activity.

Using the CETP inhibitor evacetrapib, I determined that inhibiting CETP abolished its
effect on the generation of Af.

Further, I found that the CETP-dependent AP-increase relies on the presence of lipopro-
teins in the cell-culture medium.

I found that in 5XFAD mice, CETP transgenicity does not induce a Ap increase at three or
six months of age.

In 5xFAD mice, CETP transgenicity does not affect animal behaviour in the Y-maze test.
5xFAD mice show elevated levels of brain TREM2 mRNA.

In Thyl APP McGill mice, CETP transgenicity increases the generation of soluble Ap38,
AB40 and AP42.

In Thyl APP McGill mice, CETP transgenicity increases the generation of insoluble Ap38,
AB40 and AP42.

CETP activity does not affect the blood-brain barrier



GENERAL INTRODUCTION

1. Cholesterol structure and function

1.1 Structure and function of cholesterol

Cholesterol is an amphipathic lipid belonging to the family of sterols. It is composed out
of a steroid ring structure with four hydrocarbon rings as hydrophobic core and a hydrophilic

hydroxyl group on the first ring (ring A) (Figure 1).

HO

Figure 1: Structure of cholesterol
Cholesterol is a lipid, composed a steroid core consisting of four hydrocarbon rings (A-D), a hy-

droxyl group (OH) on carbon atom number 3 of ring A and a hydrocarbon tail on carbon atom 17.

Cholesterol was first identified in 1769 by the French doctor Fran¢ois Poulletier de la
Salle in the form of cholesterol crystals from gallstones (Dam, 1958). However, the molecule
received its name cholesterol only 46 years later when the French chemist Michel Eugéne
Chevreul named the molecule (Chevreul, 1816).

Cholesterol is a major constituent of all plasma membranes in mammals, a primary com-
ponent of the myelin sheath covering axons in the nervous system and precursor for various
hormones, bile acid as well as vitamin D. In most tissues, the cholesterol concentration is
about 2 mg/g tissue, however, it reaches 15-20 mg/g in the tissue of the central nervous

system (CNS) (Dietschy and Turley, 2004). Thus, the brain comprises 25% of the total body
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cholesterol, implying a particular need of the brain for cholesterol since it is a vital part of the
myelin sheet covering mammalian axons (Bjorkhem and Meaney, 2004).

As a vital component of plasma membranes, cholesterol is essential in maintaining various
biophysical properties. The hydrophilic hydroxyl group can interact with the head groups
of neighboring membrane lipids while the hydrophobic steroid core remains embedded in
the center of membranes, contacting the fatty acid side chains of lipids. This interaction of
cholesterol with its neighbors is the basis for its role to act as a buffer of membrane fluidity.
At lower temperatures, cholesterol increases the membrane fluidity by breaking up the inter-
molecular interactions of phospholipids. However, at higher temperatures, the phospholip-
ids move freely, and cholesterol can fill the space, decreasing the fluidity of the membrane

(Ohvo-Rekila et al., 2002).

1.2 De novo cholesterol synthesis

While all cells are able to synthesize cholesterol, most of the body’s cholesterol is generated
through de novo synthesis in either liver or brain, or taken up through the diet and subse-
quently redistributed. However, only about 20% of the body’s cholesterol comes from dietary
sources (reviewed in (van der Wulp et al., 2013)). In liver and brain, the de novo cholesterol
synthesis starts with acetyl-CoA, an intermediate during energy generation from carbohy-
drates via glycolysis and citric acid cycle, or from fatty acids via B-oxidation. Acetyl-CoA
enters the mevalonate or HMG-CoA reductase pathway where first two molecules of acetyl-
CoA are condensed to form acetoacetyl-CoA, which is catalyzed by the enzyme thiolase.
Subsequently, HMG-CoA synthase catalyzes the addition of another molecule of acetyl-CoA,
leading to the formation of HMG-CoA. Finally, HMG-CoA reductase reduces HMG-CoA to
mevalonate. This reaction is irreversible and additionally the rate limiting step in the cho-
lesterol biosynthesis. Through several conversion steps, mevalonate is transformed into iso-
pentanyl 5-pyrophosphate and dimethylallyl pyrophosphate. Further, through a series of con-

densation reactions, squalene is formed. The linear molecule squalene is first cyclised into
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lanosterol, catalyzed by the enzyme lanosterol synthetase. In an intricate 20-step remodeling
process, lanosterol is remodeled into cholesterol (Zetterstrom, 2009). Since the irreversible
reduction of mevalonate by HMG-CoA reductase is the rate-limiting step of the cholesterol
synthesis, the enzyme is the target of numerous cholesterol-lowering drugs known as statins
(Alberts et al., 1980). Approximately 95% of brain cholesterol comes from de novo synthesis
in glial cells such as astrocytes. Rapid cholesterol synthesis in the brain is essential to the de-

velopment of the central nervous system.

1.3 Regulation of cholesterol synthesis

The extent of de novo cholesterol synthesis varies by cell type and organ. The liver is re-
sponsible for the majority of cholesterol synthesis in mammals.

Within the membrane of the endoplasmic reticulum (ER), the sterol regulatory ele-
ment-binding protein 2 (SREBP2) together with its binding partners the SREBP cleavage-ac-
tivating protein (SCAP) and the Insulin-Induced Gene 1 (INSIG-1) sense cellular cholesterol
levels and regulate the de novo synthesis. The N-terminal domain or SREBP2 is a transcrip-
tional regulator and has to be released from the ER trough two successive cleavages.

SCAP is required for the activation of SREBP2. When ER cholesterol levels are high, SCAP
undergoes a conformational change, leading to the binding of INSIG-1 to SCAP and the re-
tention of the SCAP/SREBP complex in the ER. In contrast, when cholesterol levels drop, the
SREBP2-SCAP complex can be transported to the to the Golgi apparatus via COP-II coated
vesicles (Gong et al., 2006; Nohturfft et al., 2000). Here, SREBP2 is activated through cleav-
age by the site-1 protease (S1P) that cleaved SREBP2 into two membrane-bound fragments.
Next, the N terminus undergoes a second cleavage, catalyzed by the enzyme site-2 protease
(S2P). The now activated transcription factor SREBP2 migrates into the nucleus and initiates
the transcription of genes under the control of a sterol responsive element (SRE) (Brown et

al., 2000). Among the genes controlled by SREs are the HMG-CoA reductase as well as the
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low-density lipoprotein receptor (LDLR) (Horton et al., 2002).

1.4 Cholesterol transport - the importance of lipoproteins

Like all hydrophobic lipids, cholesterol cannot be transported in the blood without mod-
ifications or the help of lipid-carrying particles (Goldstein and Brown, 2001). In the blood,
lipoprotein particles are responsible for the distribution of lipids between different organs.
Various classes of lipoproteins have been found, and their distinct functions have been char-
acterized (Feingold and Grunfeld, 2000). Lipoproteins are round or spherical particles con-
sisting of a hydrophobic core that contains non-polar lipids such as cholesteryl esters (CE)
and triglycerides, and an outer membrane layer that is made up of free cholesterol, phospho-
lipids and apolipoproteins.

They are classified based on their density, size and apolipoprotein content (Table 1)
(Feingold and Grunfeld, 2000). They range from the large and lowest density chylomicrons,
very low-density lipoproteins (VLDL), intermediate density lipoproteins (IDL), low-density
lipoproteins (LDL) to high-density lipoproteins (HDL). Chylomicrons, containing dietary
lipids are generated in the digestive tract. Tissues such as muscle and adipose tissue can me-
tabolize triglycerides carried by chylomicrons through the release of free fatty acids through
the action of lipoprotein lipase (Hussain, 2000). The remaining chylomicron remnants can
be taken up by the liver. The liver is the primary source of endogenous lipoprotein genera-
tion. Here, the liver generates VLDL with ApoB-100 as the primary apolipoprotein which is
found on each particle. Peripheral tissues remove triglycerides from VLDL, generating IDL
which is enriched in cholesterol (Feingold and Grunfeld, 2000). Through further removal of
triglycerides, LDL is obtained from IDL, thus possessing an even higher cholesterol concen-
tration. Their major apolipoprotein is Apo B-100. LDL particles vary in size and small and
dense particles have been associated with obesity, type 2 diabetes as well as inflammation and
hypertriglyceridemia.

HDL particles carry ApoA-I, A-II, A-IV, C-1, C-II, C-III and E as mayor lipoproteins
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(Feingold and Grunfeld, 2000; Yao and McLeod, 1994). HDL particles are responsible for
reverse cholesterol transport from the periphery back to the liver (Glomset, 1968). The initial
step in HDL generation involves the synthesis of the main apolipoprotein ApoA-I in liver
and intestine. Next, the ATP-binding cassette transporter A1 (ABCA1) lipidates ApoA-I with
cholesterol and phospholipids to form mature HDL particles. ABCA1 belongs to the fami-
ly of ABC transporters, ATPases responsible for the transport of molecules across various
biomembranes. Various peripheral tissues such as muscle, adipocytes express ABCA1 and
transfer lipids on circulating HDL particles.

To increase the efficiency of cholesterol transport, a large percentage of cholesterol is es-
terified to cholesteryl esters (CE) by cholesterol acyltransferases. In the small intestine, this
catalytic reaction is performed by the acyl-CoA cholesterol acyltransferase (ACAT) while in
the liver and on the surface of HDL particles this job is performed by the Lecithin: cholesterol
acyltransferase (LCAT). In contrast to cholesterol on the surface of lipoproteins, CE is trans-
terred to the core of HDL, allowing for increased packing of HDL with cholesterol.

Excess cholesterol can be transported back to the liver in what is defined as reverse choles-
terol transport. Here, cholesterol rich HDL particles can be taken up by the liver trough the
action of the scavenger receptor B1 (SR-B1). Alternatively, it can be converted into bile acids
by various sterol hydroxylases. Removal of excess cholesterol has been suggested to play an

important role in the prevention of atherosclerosis.
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Table 1: Summary of Apolipoproteins, their properties, and roles

Density Size
Lipoprotein (g/ml) (nm) Major lipids Major apoproteins
Chylomi- ApoB-48, ApoC, ApoE,
<0.930 75-1200 Triglycerides
crons ApoA-|, A-Il, A-IV
" Chylomi- T e e e
Triglycerides,
cron Rem-  0.930- 1.006 30-80 ApoB-48, ApoE
Cholesterol
nants
T T T T T T T T T T T T T ApoB-100, ApoE,
VLDL 0.930- 1.006 30-80 Triglycerides
ApoC
T ialvcerides  ApoB-100, ApoE,
IDL 1.006-1.019  25-35 Triglycerides P P
Cholesterol ApoC
© U LbL T 1.019-1.063 18-25 Cholesterol ApoB-100
o HDL T 1 063 1 210 o 5 12 """ Cholesterol, ApoA-l, ApoA-l,
. . Phospholipids ApoC, ApoE
" Lp(a  1.055-1.085  ~30  ( Cholesterol ~ ApoB-100, Apo(a)

2. The cholesteryl ester transfer protein

2.1 Function of CETP

In addition to cholesterol and lipid transport between organs, carried out by lipoproteins,
another form of lipid transport occurs between individual lipoproteins in circulation. This is
facilitated by the cholesteryl ester transfer protein (CETP). CETP is a lipid transfer protein
that exchanges cholesteryl esters and neutral lipids between plasma lipoproteins (Nichols and
Smith, 1965; Zilversmit et al., 1975). Secreted from the liver, CETP transfers cholesteryl esters
from HDL to LDL, VLDL, and chylomicrons. Further, it can transfer triglycerides back from
HDL to VLDL and LDL. As its transfer activity is passive and does not require energy, it can
be assumed that the transfer directions are determined by the concentration gradient of lipids
between the different lipoproteins. Seeing that there are no other proteins with similar activ-
ity to our knowledge, CETP is responsible for all cholesteryl ester and triglyceride transfer
activity in human plasma (Morton and Zilversmit, 1982).

The net result of this transfer activity is increased cholesterol content in pro-atherogenic

LDL and especially VLDL particles and decreased cholesterol levels in anti-atherogenic HDL
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particles, driving the substantial interest in CETP (Zhong et al., 1996). Several epidemiologi-
cal studies in statin-treated patients have highlighted the value of raising HDL in the preven-
tion of cardiovascular events (Vergeer et al., 2010). While most research has focussed on the
role of CETP in plasma, there is growing evidence that intracellular CETP may influence the
cellular lipid metabolism, perhaps by facilitating the formation of lipid droplets (Huang et al.,
2003; Izem and Morton, 2001; Zhang et al., 2001). The expression of CETP can be induced
via dietary cholesterol where increased levels of cholesterol lead to increased transcription of
the CETP gene (Jiang et al., 1992). Here, both liver X receptors as well as SPREBP can induce
transcription of CETP. The CETP gene carries a sterol upregulatory element that can be acti-
vated through binding of LXRa and LXR[ as well as SREBP1. (Gauthier et al., 1999; Luo and

Tall, 2000).

2.2 Structure of CETP

CETP is a soluble, highly glycosylated protein with a molecular mass of 53 kDa (Figure
2A). However, CETP has much higher apparent molecular weight of approximately 70 kDa
due to multiple glycosylation sites (Swenson et al., 1987). Structurally, CETP has a ‘boo-
merang shape with a hydrophobic tunnel that enables the transfer of lipids through an aque-
ous environment (Qiu et al., 2007). Even though the exact details of the transfer mechanism
are not clear, there is good evidence that the N-terminal part of CETP dives into HDL while
the C-terminal part binds LDL or VLDL particles at the same time, forming a tunnel between
the two particles that enable the transfer (Figure 2B). Evidence for this has been gained from
electron microscopy as well as molecular dynamics simulations (Lei et al., 2016; Qiu et al.,
2007). The concentrations of CE and TG dissolved in the phospholipid surface monolayer

influence CETP lipid transfer rates (Morton and Steinbrunner, 1990).
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cholesteryl
esters

Figure 2: Structure and function of CETP

A: Crystal structure of CETP (Qiu et al., 2007). a-helices are shown in red and B-sheet structures
in yellow. The N and C terminus are labeled with N and C, respectively. PDB: 20BD B: Proposed
model of CETP mechanism. 1. The N terminus of CETP contacts HDL and dives into the cholester-
yl-ester core of the particle. 2. The C-terminal end of CETP can interact with LDL or VLDL parti-
cles, and 3. form a continuous tunnel between lipoproteins. 4. Based on the concentration gradient
between the particles, cholesteryl-esters are transferred from HDL to LDL or VLDL. Illustration
adapted from (Zhang et al., 2012).

3. Cholesterol & lipids in disease

While cholesterol plays a crucial role in various physiological processes, cholesterol defi-
ciency can lead to severe neurological and developmental defects. Throughout evolution, hu-

mans have lived mostly as hunters and gatherers with high physical activity and the intestinal
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metabolism has evolved on a diet that was largely vegetarian. When dietary fats were availa-
ble, the human metabolism has evolved to store available fats or use them to supply energy to
tissues, using lipoproteins as transporters. Further, in times of limited dietary cholesterol, de
novo cholesterol synthesis is sufficient to ensure an adequate cholesterol supply (Babin and
Gibbons, 2009). However, in modern times most humans have access to large quantities of
animal food products enriched in fats and cholesterol. This increase in the consumption of
animal fats and cholesterol has given rise to increases plasma cholesterol and LDL-cholesterol
(LDL-C) levels. This increase is responsible an increase in obesity, insulin resistance, and ath-
erosclerosis which can be aggravated by a sedentary lifestyle (Linton et al., 2000).

Atherosclerosis is one of the leading causes of death in Canada, just surpassed by malig-
nant cancer (Stats Canada, 2016). The disease is defined by the build-up of atherosclerotic
plaques on the inner walls of arteries, leading to the narrowing of vessels and a restriction
in oxygen supply. The formation of atherosclerotic plaques begins with the aggregation of
(oxidized) LDL particles on the endothelial cells, potentially in response to inflammatory
processes (Li et al., 2016). Early processes include the infiltration of the plaque by monocytes
and macrophages and aggregation of platelets. Over time the plaque grows which can lead to
stenosis and plaque rupture.

While the individual causes for atherosclerosis are multifaceted, multiple common risk
factors have been found over the years. The most common being smoking, type-2 diabetes
and high blood pressure (Rafieian-Kopaei et al., 2014). However, they are eclipsed by the
effects elevated LDL-C on the risk of atherosclerosis. Based on its role in increasing LDL-C,
CETP has been linked tightly with atherosclerosis and cardiovascular disease (reviewed in
(de Grooth et al., 2004)).

While atherosclerosis is the most prominent disease associated with excess cholesterol,
gallstones, non-alcoholic fatty liver disease as well as dermatological disorders have also been
linked with increased cholesterol levels, highlighting the importance of controlling cholester-

ol levels (Arguello et al., 2015; Shenoy et al., 2015).
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3.1 Treatment strategies in cardiovascular disease - statins

There are multiple prevention strategies and treatments in use, ranging from lifestyle
changes, healthy diets to anti-inflammatory or blood pressure lowering medications. In the
end, all those treatments aim at normalizing the patient’s lipid profile. Among the most pre-
scribed drugs are statins, HMG-CoA reductase inhibitors. Reduced liver de novo cholesterol
synthesis goes hand-in-hand with upregulation of LDL receptors at the cell surface, increas-
ing the reabsorption of cholesterol. Most statins lower circulating LDL-C by about 25-40%
and lead to a slight increase in HDL cholesterol.

Lovastatin, the first statin, was identified by Merck in late 1970 from the fungus Aspergillus
terreus (Alberts et al., 1980). The success of lovastatin paved the way for the development of
multiple drugs targeting cardiovascular disease (CVD), and today there are various statins
on the market such as simvastatin (Zocor), atorvastatin (Lipitor), fluvastatin (Lescol), and
pravastatin (Lipostat) with similar effects regarding their LDL-lowering capacity but with

different biological properties.

3.2 Treatment strategies in cardiovascular disease - PCSK9 inhibitors

More recently, new LDL lowering drugs have been developed, such as inhibitors for pro-
protein convertase subtilisin/kexin type 9 (PCSK9) and CETP. PCSK9 is an inactive, extracel-
lular proprotein convertase that binds the LDL receptor (LDLR), leading to its internalization
and lysosomal degradation. Inhibition of PCSK9 increases cell-surface LDLR levels and con-
sequently increases the hepatic clearance of circulating LDL particles (Benjannet et al., 2004;
Lagace et al., 2006). PCSK9 was first implicated in cardiovascular disease when Abifadel et al.
identified a gain of function mutation in PCSK9 leading to an autosomal dominant form of
hypercholesteremia (Abifadel et al., 2003). Later, polymorphisms in PCSK9 have been linked
with a lowered incidence of coronary heart disease and lowered circulating LDL levels (Cohen

et al., 2005; Cohen et al., 2006). In 2017, the first PCSK9 inhibitor, alirocumab a monoclonal
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antibody targeting PCSK9, was approved by the FDA and since then various other PCSK9 in-

hibitors have been developed (Chaudhary et al., 2017; Robinson et al., 2015; Sheridan, 2013).

3.3 Treatment strategies in cardiovascular disease - CETP inhibition

Similarly, polymorphisms, reducing the transfer activity or transcription levels of CETP
have been linked with longevity and a reduced risk of atherosclerosis presumably based its
pro-atherogenic effects as it well characterized that these polymorphisms raise HDL and low-
er LDL levels (Brousseau et al., 2004; Clark et al., 2004; de Grooth et al., 2002; Koizumi et al.,
1985; Masson, 2009; Okamoto et al., 2000; Sanders et al., 2010; Vasan et al., 2009). Notably,
the 1405V polymorphism (rs5882) has drawn interest due to its effect on decreasing plasma
CETP mass, LDL levels and reduced risk of coronary heart disease. Here, several studies
found a reduced incidence of cardiovascular disease in carriers of the CETP 1405V polymor-
phism. (Bustami et al., 2016; Corbex et al., 2000; Papp et al., 2012).

Given the evidence for CETP activity to raise LDL and VLDL and lower HDL as well as the
positive effect of genetic CETP polymorphisms, pharmaceutical companies developed potent
CETP inhibitors to treat CVD (Brousseau et al., 2004; Cao et al., 2011; Gutstein et al., 2012;
Huang et al., 2002).

Torcetrapib was the first CETP inhibitor to be tested in clinical trials. Despite reduc-
ing LDL-C and increasing HDL-cholesterol (HDL-C) levels drastically the drug was even-
tually abandoned in clinical phase three due to an increased risk of mortality. While the
ILLUMINATE study showed that Torcetrapib in combination with atorvastatin was able to
increase HDL-C by 72% and additionally lower LDL-C by 25% compared to atorvastatin
alone, Barter et al. found an increased risk of cardiac events and mortality from any cause
in patients treated with Torcetrapib. However, there was no significant interaction between
the treatment group and the cause of death. Death due to cancer and infection were the most
prevalent causes of death due to noncardiovascular causes in both study groups (Barter et al.,

2007). Dalcetrapib, the next CETP inhibitor to be tested in clinical trials showed fewer ad-
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verse side effects and was deemed to be save for clinical use. However, despite raising HDL-C
by 30%, clinical trials were abandoned due to a lack of clinical outcomes, defined as time to
the first major cardiovascular event such as coronary heart disease, myocardial infarcts or
stroke (Schwartz et al., 2012). The next group of inhibitors tested was Evacetrapib (Eli Lilly
& Company) and Anacetrapib (Merck). Both showed an efficient reduction of LDL-C. Here,
Evacetrapib showed an impressive 37% reduction in LDL-C levels and a 132% increase in
HDL-C when compared with the placebo-treated group. Yet, Evacetrapib was eventually
abandoned due to a lack of efficacy since the treatment did not yield a lower rate of cardiovas-
cular events when compared to placebo in high-risk patients (Lincoff et al., 2017; Doggrell,
2017). The only CETP inhibitor successfully reaching its clinical goals was Anacetrapib. The
REVEAL (Randomized Evaluation of the Effects of Anacetrapib through Lipid modification)
trial showed a 104% increase in HDL-C and a 17% reduction of LDL-C. Further, patients
receiving o Anacetrapib showed a significantly reduced occurrence of the primary out-
come of coronary death, myocardial infarction, or coronary revascularization (Group et al.,
2017). It is important to note, however, that Merck has stated that they do not intend to file
Anacetrapib with the Food and Drug Administration (FDA) due to the accumulation of the
drug in fatty tissues after prolonged dosing and potential associated safety concerns (Merck,
2017). Another very potent CETP inhibitor TA-8995 (Amgen) showed even better efficacy
and safety profile than previous inhibitors and was able to reduce LDL-C by 68% while in-
creasing HDL-C by 179% (Hovingh et al., 2015). While Anacetrapib is a very lipophilic mol-
ecule with retention of up to two years, TA-8995 (Obicetrapib) is eliminated from the body
within two weeks. However, in light of the recent clinical failures of other CETP inhibitors,
Amgen halted the development of TA-8995 in 2017 after the completion of phase two clinical
trials. As of now, there is only one clinical trial ongoing. In 2016, DalCor started their dal-
GenE study, that targets explicitly patients with the acute coronary syndrome (ACS) carrying
a polymorphism in the adenylate cyclase type 9 ADCY9 gene (Table 2) (Tardif et al., 2015).

The clinical failure of almost all CETP inhibitors trials put the idea of raising HDL and
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reducing LDL using CETP inhibition for the treatment of CVD into question. However, it has
to be noted that the failures of these drugs were not solely due to the lack of efficacy since
most inhibitors were well tolerated and showed impressive LDL-lowering and HDL-raising
capabilities. One issue is that all CETP inhibitors were co-administered with statins and the
beneficial effects of CETP inhibition on top of statin therapy are limited. Due to the fact
that patients enrolled in CETP inhibitor trials had largely very well controlled LDL-C levels
means that the total reductions in LDL-C were low and the benefit of CETP inhibition dras-
tically lower than they could have been in patients with higher LDL-C at randomization (Tall
and Rader, 2018). However, there could be a market for specific patient populations that do

not respond to statin therapy as the encouraging results of the dal-GenE trial are showing.

Table 2: Summary of past and ongoing clinical trials on CETP inhibitors

Drug Trial Company Status Other drugs' LDL-C HDL-C Identifier?
Termi in 2
erminated in 2006 due to Statin 24%  +61% NCT00134264

Torcetrapib ILLUMINATE Pfizer (high blood pressure, elevated
plasma aldosterone levels)

dal- Terminated in 2012 due to ; )
Dalcetrapib 5 TCOMES Er:ltét;er/ lack of clinical outcome Statin +31% NCT00658515

(no difference to placebo)

. . Terminated in 2016 due to ; 37% %
Evacetrapib ACCELERATE  Eli Lilly lack of clinical outcome Statin 37%  +130% NCT01687998
Anacetrapib  REVEAL Merck Abandoned in 2017 due to an Statin -36% +139% NCT01252953

unsatisfactory clinical profile

Xention/ i i . . +74-
TA-8995 TULIP Dezima/ ~ Discontinuedin 2017 inafter — gppn  -2869% NCT01970215

Amgen completion of Phase Il trials 177%
Dalcetrapib  datGenE DalCor Phase 3 ongoing, estimated none n.a. na.  NCT02525939

completion date in 2020

Other drugs that were co-administered
* ClinicalTrials.gov identifier

4. Lipoprotein particles in the brain and the blood-brain barrier

While, the lipids and cholesterol metabolism in the periphery relies on lipoproteins such
as VLDL, LDL, and HDL, the majority of these particles are not able to cross the blood-brain
barrier (BBB) (Jeske and Dietschy, 1980; Liu et al., 2012). Even though the brain is the most

cholesterol-rich organ and contains about 20-25% of the total cholesterol (Bjorkhem and
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Meaney, 2004), it cannot rely on dietary cholesterol. Brain cholesterol is almost exclusively
derived from de novo synthesis during development. Most of the brain cholesterol is found in
the myelin sheets of axons as well as the cell membranes (Jeske and Dietschy, 1980). During
early development of the CNS, myelination of axons by oligodendrocytes requires extensive
de novo synthesis of cholesterol.

In the adult brain, astrocytes are primarily involved in lipid synthesis (Dietschy and Turley,
2001, 2004). Further, fully differentiated neurons loose the cholesterol biosynthetic capacity
and rely on cholesterol-containing lipoproteins, secreted by glial cells for ongoing needs for
maintenance and repair of damaged neurons (Zhang and Liu, 2015). Excess cholesterol in the
brain can be stored as cholesteryl esters or is hydroxylated by the enzyme cholesterol 24-hy-
droxylase to form 24-hydroxycholesterol which shows better solubility and can cross the BBB
without the aid of carrier molecules (Russell et al., 2009). Further, the levels of 24-hydroxy-
cholesterol in the brain reflect the number of metabolically active neurons in the brain and
it has been reported that the plasma levels of 24-hydroxycholesterol are elevated in neurode-
generative diseases (Leoni and Caccia, 2013).

Within the brain, the cholesterol transport mediated by lipoproteins has long been thought
to underlie the proper functioning of the brain and ApoE- and cholesterol-rich lipoproteins
ensure the supply of cholesterol required for normal functioning of neurons (Pfrieger, 2003).
Indeed, all major types of neuronal cells can bind and internalize lipoproteins present in
the extracellular fluid (Beffert et al., 1998). The lipoprotein composition in the brain differs
from what is found in the periphery. The primary brain lipoprotein resembles HDL in size
and density (Koch et al., 2001). ApoE and Apo] are the major apolipoproteins in the human
brain, with highest concentrations of ApoE (Demeester et al., 2000; Koch et al., 2001; Song
et al., 1997). While a small portion of the CNS ApoE is derived from neurons, astrocytic
and glial cells are mainly responsible for synthesizing ApoE and generating these HDL-like
particles (Knoferle et al., 2014) (Figure 3). Nascent ApoE is lipidated by the ABCA1 from

astrocytes and the composition can be further modiefied through esteification of cholesterol

35



by the Lecithin-cholesterol acyltransferase (LCAT) (Liao et al., 2017; Hirsch-Reinshagen et
al., 2009). Next, to ApoE, the apolipoprotein J (Apo], also known as clusterin) is the second
most common apolipoprotein in the brain (Ladu et al., 2000).

Lipoprotein particles are taken up by neurons, astricytes and glia through the family of
LDL-receptors. The LDL-receptor related protein 1 (LRP1) shows the highest affinity towards
ApoE particles. Yet, the very-low density lipoprotein receptor (VLDLR) and ApoE receptor
2 (ApoER?2) can also recognize ApoE and Apo]J (Fernandez-Castaneda et al., 2013; Matsuo et
al., 2011). Lastly, there is evidence of lipoproteins crossing the BBB as several reports show
that the scavenger receptor Bl (SR-B1) can mediate the transfer of HDL through the BBB,
likely via transcytosis. However, it is not clear whether complte HDL particles or simply their
protein content are transferred across the BBB (Balazs et al., 2004; Fung et al., 2017; Goti et
al., 2001).

Neuron Astrocyte
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Figure 3: Cholesterol transport and lipoproteins in the CNS

Astrocytes are the primary cell type in the CNS responsible for cholesterol synthesis. LCAT syn-
thesized by astrocytes esterifies cholesterol which is loaded on ApoE by ABCA1. Nascent ApoE
particles are modified, potentially through the action of CETP before they deliver CE and lipids to
neurons with the help of LDLR and LRP1 (Vitali ef al., 2014; Zhang and Liu, 2015). HDL and 24-
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OHC can cross the BBB.

5. CETP in the central nervous system

While peripheral CETP has been studied extensively, several recent studies suggest a role
for CETP in brain functioning, which may suggest a role for CETP in the brain itself. CETP
is expressed in the brain, predominantly in astrocytes (Yamada et al., 1995). Further, CETP is
found in cerebral spinal fluid implicating a role in the brain cholesterol distribution (Albers et
al., 1992). Recently, several groups studying the effects of CETP polymorphisms on brain-li-
pid homeostasis found that CETP polymorphisms affecting the expression or activity of CETP
had drastic effects on brain lipid and cholesterol distribution. First, Salminen et al. found
that the CETP 1405V polymorphism, linked with lower CETP expression (Blankenberg et al.,
2003), was associated with grey matter abnormalities (Salminen ef al., 2015). Here, homozy-
gous carriers of the 4051 allele, i.e. non-carriers of the polymorphism reducing CETP activity
showed a higher risk for grey matter abnormalities in posterior brain regions, independent of
an ApoE4 allele. These abnormalities can be interpreted as neurodegeneration and atrophy.

Further, diffusion tensor imaging (DTI) assessing the white matter fiber structure found
that the same polymorphism showed association with physiological features such as edema,
demyelination, and inflammation (Warstadt et al., 2014; Huppi and Dubois, 2006; Tamnes
et al., 2010). These studies suggest that CETP is not only expressed in the CNS but further,
that CETP plays a role in brain cholesterol and lipid homeostasis. While the studies men-
tioned above did not test for cognitive differences between their cohorts, there are multiple
studies linking CETP with cognition. First, studies investigating the genetic predisposition of
“super-agers” or “centenarians,” aged people with well-maintained health and cognitive per-
formance, revealed an association with specific CETP polymorphisms. Here, the same CETP
polymorphisms that affect brain structure and CETP activity additionally associate with lon-
gevity and improved cognitive performance (Barzilai et al., 2006; Barzilai et al., 2003; Murphy

et al., 2012; Sanders et al., 2010).
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Despite this evidence supporting a role of CETP in the brain, its exact role remains poorly
understood. The brain only contains ApoE-lipoprotein particles, resembling HDL in size and
density.

Based on the lack of other lipoproteins, the substrates of CETP in the brain are not clear.
Further, the biochemical and molecular effects of CETP in the brain other than the evidence
gathered from epidemiological studies are not known. It is tempting to speculate that the
function of CETP in the CNS is similar to its role in the periphery and CETP may play a role
in lipoprotein metabolism in the brain. However, more research is required to unravel the

role of CETP in the brain

6. Alzheimer’s disease

6.1 Alzheimer’s disease pathology

Alzheimer’s disease is the most common form of neurodegenerative diseases and has a
prevalence of over 750,000 patients in CAnada alone. Further, it is the 7th leading cause of
death in Canada (Alzheimer’s disease international, 2015; Selkoe, 2001). It is a progressive
neurodegenerative disorder that manifests with a loss of cognition, mood changes, prob-
lems with spatial orientation, depression, memory loss, and speech impairment (Becker and
Overman, 2002; Forstl and Kurz, 1999; Frank, 1994). Due to our aging population, we expect
an exponential increase in Alzheimer’s disease incidence (Bertram and Tanzi, 2004). This rise
in the incidence will come with an immense financial burden.

On a macroscopic level, the disease is characterized by diffuse brain atrophy, the loss of
synapses and especially cholinergic neurons (Holtzman et al., 2011). Further, a pathological
hallmark of the disease is the occurrence of amyloid plaques in the extracellular space and
neurofibrillary tangles inside neurons (Figure 4) (Alzheimer et al., 1995; Dickson et al., 1988;

Holtzman et al., 2011).
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Figure 4: Alzheimer’s disease pathology

Pathological hallmarks of AD are A: A diffuse brain atrophy. Compare the diseased brain hem-
isphere or the left to the healthy control in post-mortem brain slices B: Amyloid depositions in
the form of diffuse AP plaques (arrowhead), compact plaque (upper arrow) and cerebral amyloid
angiopathy (lower arrow). The staining was obtained using an anti-Ap antibody on human tissue
samples. C: Neurofibrillary tangles, stained by an antibody recognizing hyperphosphorylated tau.
(From (Holtzman et al., 2011). Reprinted with permission from AAAS).

Those neurofibrillary tangles consist of aggregates of hyperphosphorylated tau protein
(Bancher et al., 1989). In Alzheimer’s disease, the microtubule-binding protein is hyperphos-
phorylated and aggregates intraneuronally (Wischik et al., 1988). Together, amyloid and neu-
rofibrillary tangles contribute to neuroinflammation, the next important pillar in the pathol-
ogy of Alzheimer’s disease. Here, activated microglia migrate towards plaques and secrete
inflammatory cytokines (Lucin and Wyss-Coray, 2009; Webster et al., 1997). While it is well
established that inflammation in AD seems to stem from within the CNS, but it is not clear
what mechanisms induce the start of inflammatory processes (Heneka et al., 2015). Many in-
flammatory mediators such as cytokines have been linked with AD. Several lines of evidence
have linked activation of the complement system with AD (Rogers et al., 1992) that can be
activated by both amyloid and tau aggregates (Shen et al., 2013). Additionally, the disease has
a strong vascular component. Here, AP peptides aggregate in cerebral vasculature and cause
an illness associated with Alzheimerss, i.e., cerebral amyloid angiopathy (Esiri and Wilcock,

1986; Yamada et al., 1987).
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6.2 The amyloid pathology in Alzheimer’s disease

The amyloid plaques consist of aggregated amyloid beta peptides (Ap) that are generat-
ed from the amyloid precursor protein (APP) through sequential cleavages by two trans-
membrane secretases, the f- (BACE) and y-secretase (Glenner and Wong, 1984; Hussain et
al., 1999; Masters and Beyreuther, 1989; Masters et al., 1985). The latter enzyme cleaves the
membrane residing C-terminal fragment of APP in several sequential photolytic steps. As a
result, a mixture of AP peptides with varying lengths is generated whereas longer peptides
with 42 amino acids are more prone to aggregation and show higher toxicity (Figure 5). The
y-secretase complex consists of the four subunits presenilin (PS), anterior pharynx-defective
1 (Aphl), nicastrin (NCT) and presenilin enhancer 2 (PEN-2). These subunits build an enzy-

matic complex with 19 transmembrane helices (Edbauer et al., 2003).
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Figure 5: APP processing

During the amyloidogenic processing of APP, the protein is first cleaved by the B-secretase to gen-
erate SAPPP and the B-CTE. The -CTF is then cleaved by y-secretase through multiple successive
cleavages, releasing AICD and AP peptides of various lengths.

Further reinforcing a role for APP in AD, various disease-causing mutations in both APP
and PS have been identified. This genetic form of AD (familial AD - FAD) is different from
the much more common sporadic, late-onset AD (LOAD) and usually manifest at a much

earlier age familiar AD (FAD) (Sherrington et al., 1995; St George-Hyslop et al., 1987; Tanzi,
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2012). Based on this evidence, Hardy et al. formulated the amyloid cascade hypothesis (Hardy
and Higgins, 1992). This hypothesis characterizes AP as the major toxic element underlying
AD pathology (Glenner and Wong, 1984).

In humans, APP has two homologs, the APP-like proteins 1 and 2 (APLP1 and APLP2).
Together they have been implicated in various neuronal processes. All APP family member
proteins have a small intracellular and a larger extracellular domain. Several genetic knock-
out studies have suggested a role for the APP-family proteins in various neurological process-
es. While the knock out of a single member of the protein family showed viability with minor
defects such as reduced locomotor activity and memory performance as well as axonal defi-
cits (Dawson et al., 1999; Zheng et al., 1995; Magara et al., 1999), double knockouts showed
more severe phenotypes, indicating that the members of the APP family may compensate for
each other. Here, knock outs of APLP2 together with either APP or APLP1 are lethal (Heber
et al.,, 2000). This would indicate that all three members are having overlapping functions and
that while APLP2 is able to compensate for the loss of either APP or APLP1 but both APP and
APLP1 are not able to compensate for the loss of both other members. However, it is impor-
tant to note that there is a high possibility that all members have their own non-overlapping
functions that could be tissue specific. In the brain, APP has been linked with functions in in
the development of the CNS such as neuronal migration (Young-Pearse et al., 2007). Another
suggested role for APP is as support in synapse formation or maintenance as APP is present
at synapses (Kamenetz et al., 2003). Another interesting role for APP in the brain lipoprotein
metabolism has been suggested. Here, APP can interact with members of the LDL-receptor
tamily proteins such as LRP1, VLDLR or APOER2 (Dumanis et al., 2012; Hoe et al., 2005;
Kounnas et al., 1995). Despite this interesting evidence for APP in development, the role for
APP in the adult brain and especially the role of AP in the brain remains poorly understood.

However, despite dominating the field for the last 20 years, all efforts to develop treatments
for AD by targeting A have failed, and it may be time to look past the amyloid hypothesis or

at least expand on it (Canevelli et al., 2017; Morris et al., 2014). One of the problems could be
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that the it is heavily based on findings in patients with rare FAD. However, the more common

LOAD may have more complicated and diverse etiology.

6.3 The role of lipids and cholesterol in Alzheimer’s disease

The most significant risk factor for sporadic Alzheimer’s disease is the age, and the inci-
dence of the disease increases rapidly after the age of 65 (Bertram and Tanzi, 2004).

The molecular mechanisms underlying the neurodegeneration are not fully understood.
However, the importance of cholesterol metabolism as a risk factor for AD has been of par-
ticular interest since epidemiological studies cemented the involvement of cholesterol me-
tabolism in Alzheimer’s disease. Further, high cholesterol level have been suggested as a key
pathological factor contributing to the disease (Ghribi, 2008). Defects in cholesterol homeo-
stasis have long been linked the risk of AD (Di Paolo and Kim, 2011). Additionally, it is well
established that Alzheimer’s disease and cardiovascular disease share multiple risk factors.
Among those, elevated LDL-C levels, hypertension, obesity, and type-II diabetes increase the
risk substantially (Camejo et al., 1976; Gordon et al., 1977). The most potent genetic risk fac-
tor for sporadic Alzheimer’s disease identified thus far is the €4 allele of the Apolipoprotein
E (ApoE €4). Homozygous carriers of the €4 allele have a 12-fold higher risk of developing
the disease while hemizygous carriers still have a 4-fold higher risk (Saunders et al., 1993).
Further, a recent plasma lipidomic analysis found especially long-chain cholesteryl esters to
be associated with Alzheimer’s disease and members of the LDL receptor superfamily such
as LRP1 have been implicated in the clearance of AP (Deane et al., 2004; Proitsi et al., 2015).
Lastly, a recent meta analysis of statin use and dementia incidence found a reduced risk of
dementia in statin users (Chu et al., 2018).

Additionally, cholesterol is a vital part of subdomains of the plasma membrane enriched
in cholesterol and glycosphingolipids that are known as lipid rafts. They contain up to five
times the concentration of cholesterol when compared to the surrounding plasma membrane

(Simons and Ehehalt, 2002; Simons and Sampaio, 2011). Lipid rafts contain sphingolipids and
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cholesterol in the outer leaflet and phospholipids as well as cholesterol in the inner leaflet.
Due to the saturation of the hydrocarbon side chain of lipids found in rafts, they show tight
packing and a high degree of order compared to the bulk part of the plasma membrane. Lipid
rafts play a role in membrane trafficking and synaptic transmission. However, they have been
implicated in Alzheimer’s disease as they promote the interaction of APP and [-secretase,
leading to increased levels of AP (Hicks et al., 2012; Parkin et al., 1999). Here, it has been pos-
tulated that APP is recruited to lipid rafts though the interaction with flotillin-1 (Chen et al.,
2006). Further, it has been suggested that LRP1 can additionally promote raft trafficking of
APP and the B-secretase (Yoon et al., 2007). Several studies have reported increased levels of
AP production from rafts localized APP (Ehehalt et al., 2003; Rushworth and Hooper, 2010).

Further, multiple studies have analyzed the intricate relationship between the activity of
the y-secretase complex and its lipid environment. We know that increased levels of cho-
lesterol lead to an increase in the generation of the longer AP42 species (Hur et al., 2008;
Riddell et al., 2001; Runz et al., 2002; Rushworth and Hooper, 2010; Simons and Ikonen,
1997). Accordingly, depleting cellular membranes of cholesterol using agents such as me-
thyl-beta-cyclodextrin reduces the generation of AP (Golde and Eckman, 2001; Simons et al.,
1998). Further, multiple studies aimed at elucidating the effects of other lipid species as well
as the effects of membrane fluidity and thickness on y-secretase. They found that sphingo-
lipids such as sphingomyelin or cerebrosides, that form a crucial component of lipid micro-
domains or lipid rafts increase the generation of AP by y-secretase (Hur et al., 2008; Vetrivel
et al., 2004). Additionally, Osenkowski et al. used lipid mixtures resembling different organs
and organelles and tested the effect of such lipids on the activity of the y-secretase complex
and found the highest activity in brain-derived lipids and a lipid composition that resembles
the plasma membrane and especially lipid rafts (Osenkowski et al., 2008). Moreover, both
Ayciriex et al. and Yang et al. found lipids interacting directly with y-secretase (Ayciriex et
al., 2016; Yang et al., 2017). In addition to these direct interaction between lipids and the

enzyme, general membrane properties also affect the enzymatic activity. Here, Winkler et al.
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determined the optimal membrane thickness to be around 26-29 Angstrém and Holmes et
al. used a systematic approach, altering fatty acid chain length and saturation and measured
the highest activity in membranes with 18-20 C-atom FA-chains to determine the optimal
fatty acid chain length for facilitating y-secretase activity (Holmes et al., 2012; Winkler et al.,
2012). Further, monounsaturated FA with trans double bonds increases activity compared to
cis double bonds (Holmes et al., 2012). While the above evidence is stemming from in vitro
studies and studying the effects of lipids on y-secretase remains challenging in vivo, there are
several studies noting changes in sphingolipids, cholesterol and phospholipids in the brain
and cerebrospinal fluid (CSF) of AD patients (Dietschy, 2009; Fonteh et al., 2013; Haughey
et al., 2010; He et al., 2010; Kosicek and Hecimovic, 2013; van Echten-Deckert and Walter,
2012; Wells et al., 1995). Additionally, administering cholesterol-lowering drugs in mouse
models for AD leads to a reduction in amyloid pathology, and conversely, a diet enriched in
cholesterol aggravates pathology (Levin-Allerhand et al., 2002; Petanceska et al., 2002; Refolo
et al., 2001).

Lastly, it has been documented that ApoE is able to bind AP, leading to its elimination and
clearance out of the brain via a LRP1 mediated transport across the BBB. Here the €3 allele of
ApoE shows higher affinity towards Ap when compared to ApoE e4, suggesting that the in-
creased AD risk of ApoE €4 carriers may be due to insufficient clearance of AP from the brain
(Kanekiyo et al., 2014). Further, the binding of ApoE €3 to AP has been shown to reduce its

aggregation while this was not the case for ApeE €4 (Petrlova et al., 2011).

6.4 Genetic risk factors for Alzheimer’s disease

Over the last decade, large genome-wide association studies (GWAS) have identified a
large set of variants associated with AD (Table 3). These screens have been able to shed
light on the proteins and pathways central to the disease. Unsurprisingly, they reinforced
the involvement of the lipid and cholesterol metabolism in the disease (Fenoglio et al., 2007;

Harold et al., 2009; Hollingworth et al., 2011). The highest genetic risk factors can a grouped

44



into four groups according to their known functions. Here it is apparent that a large por-
tion of genetic AD-risk factors is involved in lipid and cholesterol metabolism. As expected,
GWAS found the €4 allele of the Apolipoprotein E (ApoE €4) (Grupe et al., 2007; Saunders
et al., 1993). Further, the Apolipoprotein ] (Apo] or Clusterin) (Lambert et al., 2009), the
ATP-binding cassette transporter A (ABCA?7), the sortilin-related receptor-1 (SORL1) and
the phosphatidylinositol binding clathrin assembly protein (PICALM) also play a role lipid
metabolism or trafficking (Bertram and Tanzi, 2004; Harold et al., 2009; Hollingworth et al.,
2011; Lambert et al., 2013). In the brain, ABCA7 is predominantly expresses in microglia,
yet its exact role in AD pathology remains unknown (Fu et al., 2016). However, based on its
involvement in phagocytosis it is suggested that ABCA7 could play a role in the clearance of

AP (Fu et al., 2016).

# Gene Protein Role Reference
1. APOE apolipoprotein E (€2/3/4) major apoprotein of chylomicrons and HDL; Lambert et al. 2009
£2/3/4 major apolipoprotein in the CNS
2. BIN1 bridging integrator 1 tumor suppressing MY C-interacting protein; Harold et al. 2009
may be involved in synaptic vesicle endocytosis
3. CLU clusterin (apolipoprotein J) secreted chaperone involved in cell death, Harold et al. 2009
tumor progression and neurodegenerative disorders
4. ABCA7  ATP-binding cassette, sub-family A (ABC1), suggested a role in lipid homeostasis; Hollingworth et al. 2011
member 7 role in AD unknown
5. CR1 _ _ complement component (3b/4b) receptor 1. member of the receptors of complement activation (RCA) family _ Harold et al. 2009 _
6. PICALM phosphatidylinositol binding clathrin assembly protein; involved in AP2-dependent Harold et al. 2009
clathrin assembly protein clathrin-mediated endocytosis at the neuromuscular junction
7. MS4A6A membrane-spanning 4-domains, contributes to a shift in anti-inflammatory Hollingworth et al. 2011
subfamily A, member 6A cells to damaging pro-inflammatory cells
8. CD33 CD33 regulator of innate immunity; Hollingworth et al. 2011

slows phagocytosis and AR clearance

9. MS4A4E membrane-spanning 4-domains, unknown role Hollingworth et al. 2011
subfamily A, member 4E

10. CD2AP  CD2-associated protein implicated in dynamic actin remodeling and membrane trafficking ~ Naj et al. 2011

Table 3: Summary genetic Alzheimer’s disease risk factors identified by GWAS

The top ten genes are listed in order of their relative AD risk.

Another important contributor to AD are genes involved in inflammation such as the
complement receptor 1 (CR1), Siglec-3 (CD33), the membrane-spanning 4A is a family of
genes (MS4A) and the ephrin receptor A1 (EPHA1) (Harold et al., 2009; Hollingworth et
al., 2011; Lambert et al., 2009; Lambert et al., 2013). Additionally, several genes increasing

the risk of LOAD are involved in endocytosis. Among those, ABCA7, BIN1, PICALM, CLU,
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and SORLI carry the highest risk (Harold et al., 2009; Hollingworth et al., 2011; Lambert et
al., 2009; Lambert et al., 2013). Together with the epidemiological data available, these ob-
servations depict a critical role of the cholesterol metabolism and inflammatory pathways in
Alzheimer’s disease. Another very interesting variant identified in GWAS is the triggering re-
ceptor expressed in myeloid cells 2 (TREM2) where loss of function mutants were associated
with an increased risk of Alzheimer’s disease (Steinberg et al., 2015). TREM2 is a cell-surface
receptor of the immunoglobulin (Ig) superfamily and within the CNS, TREM2 is predomi-
nantly expressed in microglia. TREM2 forms a complex with its adapter the DNAX activation
protein of 12kDa (DAP12) and TREM2 activation, potentially through lipids, leads to the
activation of downstream signalling cascades such as the Phosphoinositide 3-kinase (PI3K)
or the protein kinase C (PKC) pathways (Feng et al., 2006). Several studies have shown that
TREM2 plays a role in the phagocytosis of apoptotic cells as well as bacteria (Takahashi et al.,
2005). The lack of TREM2 in the brain has been linked with increased AP deposition in the

brain and a reduction in gliosis surrounding Ap plaques (Ulrich et al., 2016).
6.5 Treatment options for Alzheimer’s disease

As of now, there is only symptomatic treatment for AD available. Two classes of drugs aim-
ing at the treatment of memory loss and other cognitive problems like confusion and prob-
lems with reasoning have been approved. Cholinesterase inhibitors such as Aricept, Exelon
or Razadyne are commonly prescribed for mild AD, and N-methyl D-aspartate (NMDA)
antagonist like memantine are prescribed for moderate to severe AD. Antidepressants such
as sertraline (Zoloft) or fluoxetine (Prozac) are prescribed to combat mood disturbances and
irritability and anxiolytics such as lorazepam (Ativan) or oxazepam (Serax) to treat anxiety.
However, the effectiveness of antidepressants for the treatment of AD is controversial, and
multiple studies were not able to demonstrate statistically significant improvements when
comparing antidepressants with placebos (Orgeta et al., 2017). Furthermore, antipsychotic
medications are prescribed in the case of hallucinations, delusions, and aggression. Other

symptoms such as sleep disturbances and insomnia can be combatted using sleeping pills
ymp p g ping p
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(zolpidem or chloral hydrate) or benzodiazepines such as lorazepam or oxazepam (Deschenes

and McCurry, 2009).
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Figure 6: Ongoing clinical trials for Alzheimer’s disease therapies
All ongoing trials as found on Clinicaltrials.gov are listed and categorized according to their cur-
rent clinical phase and mechanism of action. Out of 112 total drugs, 26 are in clinical phase III, 63

in phase II and 23 in phase I. (Figure adapted from Cummings et al., 2018).

Even though all drugs targeting AD failed, there are still several clinical trials ongoing
(Figure 6). Multiple companies developed drugs targeting the amyloid peptides and remov-
ing it or preventing its aggregation or generation. Sargramostim (GM-CSF leucine) and the

drug AZD3293 are examples of drugs aiming at reducing the levels of Ap. Sargramostim is

a synthetic granulocyte-macrophage-colony-stimulating factor that can reduce amyloid pa-
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thology in transgenic mouse models of AD (Boyd et al., 2010). Another strategy to reduce
amyloid pathology is aiming at reducing the generation of AP. Most drugs in this category
target one of the enzymes involved in the generation of AP, BACE or y-secretase. While
y-secretase inhibitors (GSI) have shown significant reductions in A generation, inhibiting
y-secretase has been proven to be challenging due to the many substrates of the enzyme.

Most importantly, the cleavage of notchl is governed by y-secretase, and non-selective
GSIs showed target-based toxicity. Notchl is a transmembrane receptor involved in the reg-
ulation of cell fate during development but also synaptic plasticity and neuronal stem cell
maintenance (Wong ef al., 1997). While most GSIs such as Semagacestat failed in clinical
trials, some are still pursued. Examples of notch-sparing GSIs that are still in clinical trials are
BMS-708163 (Avagacestat) or GSI-953 (Begacestat).

More recently developed y-secretase modulators (GSMs) appear to a safer alternative to
GSIs as they do not interfere with the regular enzymatic activity but rather interact with an
allosteric site on the enzyme and can drastically shift the levels of toxic Ap42 towards less
harmful shorter species such as AB38 (Bursavich et al., 2016). Multiple classes of GSMs have
been developed and tested in clinical trials such as GSM-1 and NGP-555 (Ebke et al., 2011;
Weggen et al., 2001). Similar to GSIs, early GSMs suffered from target-based toxicity which
has to be closely monitored during the development of new GSMs. Lastly, there are reports
that some GSMs may interact with APP and not y-secretase (Kukar et al., 2008). In addition
to GSMs, BACE inhibitors have been intensely studied. The development of potent BACE in-
hibitors has been challenging, but the upsides could be immense since BACE has few known
substrates and the potential of lower-target based toxicity. Unfortunately, most BACE inhibi-
tors developed eventually failed in clinical studies either due to their side effects (LY2811376)
or lack of efficacy (MK8931, Verubecestat) (May et al., 2011).

Based on the failure of drugs targeting AP, it has been questioned whether targeting the
amyloid is a worthwhile strategy. While several drugs were able to reduce the amyloid burden

significantly, no cognitive improvement was reported. Additionally, it became clear that the
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molecular changes underlying the amyloid pathology start well before the onset of the clinical
symptoms, complicating the design of clinical trials (Jack et al., 2013). Despite these challeng-
es, more than half of AD drugs currently in clinical phase III target amyloid (Cummings et

al., 2018).

7. A role for CETP in Alzheimer’s disease

As discussed previously, CETP is expressed in astrocytes in the brain, yet its function there
remains elusive (Albers et al., 1992). Interestingly, the same polymorphism linked with lon-
gevity has been recently associated with a reduced risk of dementia (Barzilai et al., 2003; Chen
et al., 2014; Sanders et al., 2010; Thompson et al., 2008; Yu et al., 2012). Subsequently, several
studies analyzed if CETP polymorphisms may further decrease the risk for Alzheimer’s dis-
ease (AD). Using brain imaging data, Salminen et al. linked the CETP 1405V polymorphism
with medial temporal lobe volume loss in an ApoE e4-dependent fashion (Salminen et al.,
2015). Furthermore, some studies reported protective effects of CETP polymorphisms at ear-
ly AD stages, particularly in carriers of the apolipoprotein E €4 (ApoEe4). Rodriguez et al.
found that in APOE e4 carriers, the homozygosity for the CETP 1405V polymorphism led to
a three-fold reduced risk of developing AD (Rodriguez et al., 2006). Further, Murphy et al.
investigated two CETP polymorphisms in the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) cohort and found that both polymorphisms correlated with increased cortical thick-
ness and reduced atrophy in ApoE &4 carriers (Murphy et al., 2012). Lastly, Sundermann et al.
hypothesized that the CETP polymorphism may buffer the adverse effects on the APOE &4
allele. Using the Einstein aging cohort of non-demented elderly, they measured the episodic
memory and found that the CETP 1405 polymorphism indeed buffers the detrimental effect
on memory decline (Sundermann et al., 2016).

Those epidemiological findings indicate that CETP activity may impact on cognitive per-
formance. However, the underlying molecular mechanisms remain unclear.

Finally, we believe that the evidence for a role of CETP in AD is staggering. Yet, almost all
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development of CETP inhibitors has been abandoned due to the availability of potent drugs
that already efficiently lower LDL cholesterol levels (Gu et al., 2014). Still, the picture looks
bleak for the case of a treatment for AD. The high potency and tolerability of CETP inhibitors
make them, accordingly prime candidates to be tested for potential effects on AD.

While the majority of epidemiological studies found that CETP polymorphisms associat-
ed with reduced CETP activity correlate with a lower incidence of AD, Arias-Vasquez et al.
reported a slightly increased risk of AD in homozygous carriers of the 1405V polymorphism
(Arias-Vasquez et al., 2007). The discrepancy between the different epidemiological studies
could be due to differences in the cohorts that were analyzed. Further, this increase in AD risk
was only observed in non-carriers of the ApoE €4 allele. Most studies that found a reduced
risk for AD, reported particular strong effects in €4 carriers and the effects of CETP on AD
could rely strongly on the ApoE isoform present.

Table 4: Studies linking CETP with Alzheimer’s disease
Several studies have studied links between CETP polymorphisms and AD and/or dementia.

Finding Reference
CETP polymorphism modifies AD risk associated with ApoE €4 Rodriguez et al. J Neurol., 2006

implicated as a modulator of age-related cognitive function _ _ _ _ _ _ _ _ _ _ _ Barzilai et. al. Neurology, 2006 _ _ _ _
CETP 1405V polymorphism increases AD risk in ApoE €4 non-carriers_ _ _ _ _ _ _ Arias-Vasquez et al. Neurogenetics, 2007,
No association of CETP genotype with

cognitive function or age-related cognitive change Johnson et. al. Neurosci Lett., 2007
CETP 1405V homozygosity is associated with lower ADrisk_ _ _ _ _ _ _ _ _ _ _ Sanders etal JAMA, 2010 _ _ _ _ _
CETP 1405V associates with lower risk of dementia in ApoE €4 non-carriers _ _ _ _ Murphy et al. Brain Imaging Behay., 2012,
The CETP 1405V polymorphism is associated

with an increased risk of Alzheimer's disease _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Yuetal Aging Cell, 2012 _ _ _ _ _ _
CETP associates with less intense frontally mediated behaviors Warstadt et. al. Neurobiol. Aging, 2014

carotid atherosclerosis, longevity, and the efficacy of statin therapy _ _ _ _ _ _ _ _ Li et. al. Neurobiol. Aging, 2014 _ _ _
CETP 1405V is a predisposing risk factor for gray matter abnormalities in
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8. Aim of the thesis

Alzheimer’s disease poses an immense socioeconomic burden on society, yet all therapeu-
tic approaches have failed thus far. Given the overwhelming evidence of the involvement of
the cholesterol metabolism in the disease, it is indispensable to expand our understanding of
how cholesterol modifies the risk and pathology of the disease.

Unfortunately, mice and rats have significantly different cholesterol and lipoprotein me-
tabolisms compared to humans. Hence, all currently available Alzheimer’s disease models are
not suitable to study the role of cholesterol in the disease.

Logically, the first aim of the thesis was to generate an Alzheimer’s disease model that
closely models the human cholesterol metabolism. We chose to use CETP transgenic mice
as they are a well-characterized model and have been shown to model the human cholester-
ol metabolism. However, CETP transgenic mice do not develop cognitive deficits or other
markers of Alzheimer’s disease pathology and had to be crossed with models for Alzheimer’s
disease.

Using these models, we investigated the effects of a humanized cholesterol metabolism and

CETP activity on the pathological hallmarks of Alzheimer’s disease for my second aim.
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EXPERIMENTAL SECTION

In order to study a potential role of CETP in AD, we turned to a mouse model transgenic
for human CETP since mice completely lack the protein (Jiang et al., 1992). While there are
other CETP transgenic models available, they carry other transgenes or gene knockouts like
an LDLR knockout, and we wanted to use the simplest model showing a humanized lipopro-
tein profile (Harada et al., 2006; van den Hoek et al., 2014). CETP transgenic mice have been
used extensively to study cardiovascular disease, but data regarding its effects in the brain are
sparse. Hence, our initial experiments were carried out in CETP transgenic mice, and the first
manuscript addresses some of the effects of CETP in the brain. For the second manuscript, we

turned our focus on AD and crossed the CETP transgenic mice with models for AD.
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FOREWORD MANUSCRIPT 1

Alzheimer’s disease is a devastating disease with an immense burden, both financially and
socially. Clinical trials over the last decades have not been able to develop a cure or prevention
for the disease and have put the current dogmas in question. However, it is well understood
that the cholesterol metabolism is a substantial contributing factor to the disease (Di Paolo
and Kim, 2011). It may be time to re-evaluate whether targeting A is a fruitful strategy to
treat the disease. Several clinical trials on cardiovascular disease (CVD) hinted at beneficial
effects of cholesterol-lowering drugs in AD.

Most animal models studying aspects of AD pathology are based on mice and rats.
However, both species show striking differences in their cholesterol metabolism compared
to humans and may not be a suitable model system to study the interrelationship of AD pa-
thology and cholesterol metabolism. The most striking difference lies in the complete lack of
the cholesteryl ester transfer protein (CETP). CETP loads LDL with cholesteryl esters and is
primarily responsible for LDL levels in humans. Luckily, mice transgenic for human CETP
have been studied for a long time in CVD research but have not been analyzed beyond their
cardiovascular system. However, the role of CETP in the brain is poorly understood. This
work aims at studying the effects of CETP on brain cholesterol metabolism, especially in re-

lation to known AD risk factors.
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1. Abstract

The cholesteryl ester transfer protein (CETP) is a lipid transfer protein responsible for the
exchange of cholesteryl esters and triglycerides between lipoproteins. Decreased CETP ac-
tivity is associated with longevity, cardiovascular health, and maintenance of good cognitive
performance. Interestingly, mice lack CETP and have very low levels of low-density lipopro-
tein (LDL) particles compared to humans. To understand how CETP activity affects the brain,
we utilized CETP transgenic (CETPtg) mice with a normolipidemic, humanized cholesterol
profile. We found that the brains of CETPtg mice showed up to 25% higher cholesterol levels.
Using a microarray on astrocyte-derived mRNA, we found that this cholesterol increase is
likely not due to de novo synthesis of cholesterol. However, several genes linked to Alzheimer’s
disease were affected. Most interestingly, we found activation of the G protein-coupled re-
ceptor EP4 and y-secretase as upstream regulators of the transcriptional changes observed
in the CETPtg mice. Further, CETP expression was sufficient to activate y-secretase activity
in vitro. The data suggest that CETPtg mice phenocopy human plasma cholesterol levels and
cholesterol exposure of the brain as a valuable research tool to investigate the impact of the

cholesterol metabolism on brain functions, especially concerning Alzheimer’s disease.

2. Introduction

2.1 Cholesterol and lipoproteins

Cholesterol is a major constituent of biomembranes and precursor for various hormones.
In most tissues, the cholesterol concentration is about 2 mg/g tissue. However, it reaches
15-20 mg/g in the tissue of the central nervous system (CNS) (Dietschy and Turley, 2004).
Consequently, the brain contains 25% of the total body cholesterol, suggesting a particular
need of the brain for cholesterol (Bjorkhem and Meaney, 2004). In the blood, dietary cho-
lesterol is transported by very-low-density lipoprotein (VLDL) or low-density lipoprotein

(LDL) particles that are secreted by the liver to deliver cholesterol to extrahepatic tissues (Yao
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and McLeod, 1994). Reverse cholesterol transport from the periphery back to the liver occurs
via high-density lipoprotein (HDL) particles (Glomset, 1968). However, the brain seems to
be excluded from those distribution cycles. Neither VLDL or LDL particles cross the blood-
brain barrier (Jeske and Dietschy, 1980; Liu et al., 2012).

In the CNS, astrocytes are the cell type primarily involved in lipid synthesis and secrete
HDL-like lipoprotein particles that contain predominantly apolipoprotein E (ApoE) as their
apolipoprotein (Vance and Hayashi, 2010). Such particles are taken up by neurons through
members of the LDL-receptor family that recognize ApoE including the LDL-receptor related

protein 1 (LRP1) (Fryer et al., 2005; Liu et al., 2007).

2.2 The cholesteryl ester transfer protein

The cholesteryl ester transfer protein (CETP) is a lipid transfer protein that facilitates the
exchange of cholesteryl esters in HDL for triglyceride in VLDL and LDL (Nichols and Smith,
1965; Zilversmit et al., 1975). The net result of this transfer activity is a increased cholesterol
content in pro-atherogenic LDL particles and decreased cholesterol levels in anti-atherogenic
HDL particles (Zhong et al., 1996). Studies investigating the genetic predisposition of “su-
per-agers” or “centenarians’, aged people with well-maintained health and cognitive perfor-
mance, revealed an association with CETP. Here, polymorphisms that impair CETP’s activity
associated with longevity, cardiovascular health, and good cognitive performance (Barzilai
et al., 2006; Barzilai et al., 2003; Murphy et al., 2012; Sanders et al., 2010). Based on these
findings, several studies analyzed whether CETP polymorphisms could decrease the risk of
Alzheimer’s disease, an aging-associated neurodegenerative disease. Indeed, protective ef-
fects of CETP polymorphisms at early Alzheimer’s disease stages were reported, particularly
in carriers of the strongest genetic risk factor, the 4 allele of the apolipoprotein E (ApoEe4)
(Arias-Vasquez et al., 2007; Murphy et al., 2012; Rodriguez et al., 2006; Sundermann et al.,

2016). In contrast to the peripheral lipoproteins, ApoE is the predominant lipoprotein of the
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brain (Wang and Eckel, 2014). Those epidemiological findings indicate that CETP activity
may impact on cognitive performance and brain function. However, the underlying molecu-
lar mechanisms remain unclear.

While CETP is predominantly expressed in the liver and secreted to the blood, it is ex-
pressed in astrocytes in the brain (Yamada et al., 1995). Its function in the CNS remains elu-
sive. In light of the effects of CETP on cognition, we hypothesized that CETP might affect the
brain’s cholesterol levels.

It is important to note that mice lack CETP, resulting in significant differences in the plas-
ma lipoprotein profile between mice and humans. Mice have negligible LDL-levels compared
to humans. Here, we used a well-established CETP transgenic mouse model expressing the
human CETP gene under its natural promoter (CETPtg) that is frequently used in the car-
diovascular research field (Cazita et al., 2003; Cheema and Rashid-Kolvear, 2003; Jiang et
al., 1992). The promoter contains a cholesterol responsive element (CRE), and dietary lipids
induce CETP gene expression. CETP expression in mice leads to increased LDL levels, mim-
icking a humanized (normolipidemic) lipoprotein profile (Gauthier et al., 1999). We herein
characterized the effects of CETP expression on molecular changes in the brain in CETPtg
mice. We observed higher cholesterol levels in the brains of CETPtg as compared to wild-type
mice. Transcriptome profiling of astrocytes indicated decreased cholesterol synthesis, regu-
lation of several genes linked to Alzheimer’s disease and overall activation of presenilin-me-

diated signaling.

3. Materials & Methods:

All experiments were conducted following McGill University environmental health and

safety regulations (EHS) as well as the Canadian biosafety standards and guidelines.

3.1 Cell culture
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HEK293T cells were cultivated in 1:1 Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 0.584 g/l L-glutamine and 0.11 g/l sodium pyruvate (Wisent), and 10% FCS
(Wisent), at 37°C and 5% CO,. For transient transfections, 1.5 x 10° cells per well (12-well
plates) were seeded 24 h before transfection. Cells were transiently transfected with 1 pg DNA
in total and 2 pl polyethyleneimine (PEI) per well. 36 hours after transfection, cell culture su-
pernatant was collected, and cells were lysed with TNE-lysis buffer (50 mM Tris, pH 7.4, 150
mM NaCl, 2 mM EDTA, 1% NP40, and complete protease inhibitors, Roche) and prepared for

SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
3.2 Western blot analysis of mouse tissue samples

Fresh frozen liver or brain samples (approximately 100 mg) were lysed in 5x volume of lysis
buffer (150 mM NaCl, 10% glycerol, 2 mM EDTA, 0.5% NP-40, 0.1% sodium-deoxycholate,
20 mM HEPES, 1x complete protease-inhibitor cocktail (Roche), pH 7.4) using lysing-matrix
D at 6000 rpmin a Roche MagNA Lyser for 40 seconds. The lysates were further diluted 1:5 in
lysis buffer. For western-blot analysis, liver samples were prepared for SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and loaded on either 10% or 15% SDS-polyacrylamide gels.
The following primary antibodies were used: 22C11 (Millipore), rabbit-anti-GAPDH (14C10,
Cell Signaling), TP2 (kind gift of the Ottawa Heart Institute), anti-TREM2 (Mab1729 R&D
systems) and anti-ABCA7 (polyclonal, Thermo Fisher). Horseradish peroxidase (HRP)-
coupled secondary antibodies directed against mouse or rabbit IgG were purchased from

Promega. Chemiluminescence images were acquired using the ImageQuant LAS 500 system

(GE Healthcare).

3.3 Quantitative real time PCR (RT-qPCR)
mRNA was isolated from mouse tissue using the Macherey & Nagel mRNA-isolation
kit in combination with lysing matrix D. Briefly, 25-50 ug of fresh frozen tissue were ly-

sed in 450 uL RNA preparation buffer (with f-mercaptoethanol) in lysing matrix D tubes

using a Roche MagNA Lyser (6000 rpm 2x 30 seconds) according to manufacturer’s in-
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structions. The RNA concentration was adjusted to 100 pg/mL and 500 ng of RNA were
transcribed into cDNA using the high-capacity cDNA reverse-transcription kit (Applied
Biosystems) according to manufacturer’s instructions. RT-qPCR was performed using the
SsoAdvanced SYBR green supermix (Biorad) according to manufacturer’s instructions on
a Biorad CFX384Touch cycler. All primers were ordered from integrated DNA technolo-
gies. Primers used were: CETP forward: CAGATCAGCCACTTGTCCAT, CETP reverse:
CAGCTGTGTGTTGATCTGGA, ABCA7 forward: TTCTCAGTCCCTCGTCACCCAT,
ABCA7 reverse: GCTCTTGTCTGAGGTTCCTCGT, TNFa forward:
GGTGCCTATGTCTCAGCCTCTT, TNFa reverse: GCCATAGAACTGATGAGAGGGAG,
IL1P forward: TGGACCTTCCAGGATGAGGACA IL1P reverse:
GTTCATCTCGGAGCCTGTAGT, TLR4 forward: AGCTTCTCCAATTTTTCAGAACTTC,
TLR4 reverse: TGAGAGGTGGTGTAAGCCATGC, TREM2 forward:
ACAGCACCTCCAGGAATCAAG, TREM2 reverse: AACTTGCTCAGGAGAACGCA, IL6
forward: CCTCTGGTCTTCTGGAGTACC, IL6 reverse: ACTCCTTCTGTGACTCCAGC,
HES1  forward: p21 forward: GCCTTAGCCCTCACTCTGTG p21  reverse:
AGCTGGCCTTAGAGGTGACA, HES1I  forward: CGGAATCCCCTGTCTACCTC,
HES1 reverse: AATGCCGGGAGCTATCTTTCT. The following primers were
used as reference genes: HPRT forward: CCAGTTTCACTAATGACACAAACG,
HPRT reverse: CTGGTGAAAAGGACCTCTCGAAG, PSMC4 forward:
CCGCTTACACACTTCGAGCTGT, PSMC4 reverse: GTGATGTGCCACAGCCTTTGCT,
GAPDH forward: CATCACTGCCACCCAGAAGACTG, GAPDH re-
verse: ATGCCAGTGAGCTTCCCGTTCAG, Actin-f forward:
CATTGCTGACAGGATGCAGAAGG, Actin-Breverse: TGCTGGAAGGTGGACAGTGAGG.
Primer efficiency for all primers was determined to be between 90-110%. For normalization
of gene expression, the four genes ACT, GAPDH, HPRT and PSMC4 were used as reference

genes. RT-qPCR was analysed using the CFX manager software (Biorad).

3.4 Imaging mass spectrometry (IMS)
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Sample preparation: The fresh frozen brain samples were sectioned sagittally at 14 pm
thickness and the frozen brain homogenates at 20 pm thickness with a Leica CM3050 cry-
ostat at -20°C (Leica Microsystems GmbH, Wentzler, Germany). All brain specimens were
cut at approximately the same Bregma in order to clearly delineate the hippocampus. Brain
homogenates were prepared according to published protocols (Groseclose and Castellino,
2013) and were used to normalise data across experiments. For each technical replicate, one
tissue section of each condition was thaw-mounted in a 2 x 2 pattern on a 25 x 75 mm indi-
um-tin-oxide (ITO) coated microscope slide (Delta Technologies, Loveland, CO), along with
two sections of frozen brain homogenate on the left and right of the grid. After desiccation
in a vacuum pump desiccator for < 1 hour, a 23 + 2 nm silver layer was deposited onto the
sections using a Cressington 308R sputter coater (Ted Pella Inc, Redding, CA) as per the
protocol detailed in Dufresne et al 2013 (Dufresne et al., 2013). The argon partial pressure
was set at 0.02 mbar and the current at 80 mA. Data acquisition: IMS data were acquired at
50 um spatial resolution and 100 shots per raster position with a “small” laser setting using
a “matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF/TOF) ultrafleX-
treme mass spectrometer (Bruker Daltonics, Billerica, MA) equipped with a SmartBeam-II
Nd:YAG/355-nm laser operating at a repetition rate of 1 kHz using flexImaging 4.1 software
(Bruker Daltonics, Billerica, MA). All instrumental parameters (source voltages, laser energy,
delayed extraction parameters, etc.) were optimised for maximum signal-to-noise ratio with-
in the 100-1100 m/z range in the reflectron geometry, with the acceleration voltage set to 25
kV. Two 400-pixel squares were also acquired from each brain tissue homogenate section at
the same spatial resolution. Data Analysis: Raw IMS data were first internally calibrated with
the silver isotopic peaks using the flexAnalysis Batch Process software (Bruker Daltonics,
Billerica, CA) to obtain a ~5 ppm mass accuracy. Next, IMS data from the hippocampal and
whole brain regions of interests (ROIs) were exported into the common imzML format using
flexImaging 4.1 (Schramm et al., 2012). Using an in-house code based on the Cardinal pack-

age (x1.6.0) in R (x3.2.5), the mean area and standard deviation of the two cholesterol signals
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(m/z 493.26 and m/z 495.26, corresponding to the [M+107Ag]+ and [M+109Ag]+ molecular
ions, respectively) were calculated for the ROIs after independent TIC normalization (Bemis
et al.,2015). The same code was used to obtain the mean of the summed areas of the ten most
abundant signals in the homogenate squares. This value acted as the correction factor to cor-
rect for variations in signal intensity across all experiments. The final cholesterol intensity
reported is the mean across the three technical triplicates for one group normalised against
the correction factor. Unless otherwise noted, all solvent and material were purchased from
Thermo Fisher Scientific (Ottawa, ON). The silver target 3N5 (99.95% purity) used for tissue

sputter-coating was purchased from ESPI Metals (Ashland, OR).
3.5 Mouse housing

The CETP transgenic mouse strain B6.CBA-Tg(CETP)5203Tall/] (Jackson strain no.:
003904) (Jiang et al., 1992) were housed according to the McGill University standard op-
erating procedure mouse breeding colony management #608. Mice were bred heterozygous
and non-transgenic littermates were used as controls. All mouse diets were purchased from
Envigo. The diets used in this study were: low fat control diet (TD.08485), low fat diet en-
riched with 1% cholesterol (TD.140215) and a diet containing 21% fatty acids (FA) and 1%
cholesterol (TD.95286). The FA composition was 65% saturated FA (SFA), 31% monounsatu-
rated FA (MUFA), and 4% polyunsaturated FA (PUFA). Animals were assigned randomly to
treatment groups. All procedures were approved by McGill’s Animal Care Committee and are
in accordance with the McGill policy on the study and care of animals. The reporting of all
mouse data in accordance with the ARRIVE guidelines (Animal Research: Reporting in Vivo

Experiments).
3.6 Mouse genotyping

Genotyping was performed by Transnetyx genotyping using real-time PCR from ear punch
tissue. Ear punches were lysed in at 56 °C overnight. Primers used for the transgene were:

forward: GAATGTCTCAGAGGACCTCCC, reverse: CTTGAACTCGTCTCCCATCAG.
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Primers for internal controls were: Forward: CTAGGCCACAGAATTGAAAGATCT, reverse:

GTAGTGGAAATTCTAGCATCATCC.
3.7 Plasma lipid analysis

The lipid analysis of mouse plasma samples was performed using the COBAS Integra 400
Plus analyzer (ROCHE) and the following kits: COBASINTEGRA CHOL 2, COBASINTEGRA
HDL-C gen3, and COBAS Integra TRIG GPO 250, respectively. The levels of LDL-C were cal-

culated using the Friedewald formula: [total cholesterol] - [HDL-C] - [TG/2.2].

3.8 CETP activity assay

CETP activity was measured using the Roar biomedical Inc. fluorescent CETP activity
assay. Here, 5 uL of cell culture supernatant was incubated with 0.3 pL donor and 0.3 pL ac-
ceptor molecules in 30 pL reaction volume. The reaction mix was incubated for 3 hours at 37

°C in a water bath and the fluorescence (A_ 465/\ _535) was measured.

3.9 Astrocyte purification

Astrocytes were purified using the Anti-GLAST (ACSA-1) MicroBead Kit (Miltenyi bio-
tec). Briefly, whole mouse brains were dissociated using a miltenyi gentleMACS Octo dissoci-
ator with Heaters, and GLAST positive astrocytes were isolated using anti-GLAST (ACSA-1)

antibody magnetic beads according to manufacturer’s instructions.

3.10 Flow cytometry

Purified astrocytes were EtOH fixed and stained with a Cy3 labelled anti-GFAP antibody
(1:1000, Sigma). The samples were run on a BD LSRFortessa flow cytometer and the GFAP-
Cy3 emission was detected using a 561 nm laser for excitation. The detector channel used was

586/15 nm. BD FACSDIVA 8.0.1. was used for analysis.

3.11 Astrocyte microarray

RNA from GLAST-positive astrocytes was isolated using the Macherey & Nagel mRNA

isolation kit. The Affymetrix clariom-S nano microarray was performed at the Genomecenter
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Quebec according to manufacturer’s instructions. The initial microarray dataset was ana-
lysed using Transcriptome Analysis Software (Affymetrix). Upstream regulator and pathway
analyses were performed using Ingenuity Pathway Analysis (IPA). GEO accession number:

GSE111242.
3.12 Statistical analysis

Statistical analysis was performed using the Graphpad Prism 7 software.

4, Results

4.1 Dietary cholesterol intake induces CETP expression

CETP transgenic animals have been widely used in cardiovascular research. However, it
remained unclear whether fatty acids could induce CETP expression in addition to dietary
cholesterol (Cazita et al., 2003; Cheema and Rashid-Kolvear, 2003; Jiang et al., 1992). Hence,
we compared a diet enriched with 1% (w/w) cholesterol to a diet containing 1% cholesterol
plus 21% (w/w) fatty acids for their effects on CETP expression in CETPtg mice. Here we fed
wild type and CETPtg with our lipid diets for one month starting at the age of two months
(Figure 7A). As expected, CETPtg, but not wild type mice showed CETP activity, confirming
that mice do not express CETP or a protein compensating for the lack of CETP. To under-
stand the effect of dietary fatty acids of cholesterol, we compared CETP transgenic mice on a
control diet with mice fed a diet enriched in cholesterol or cholesterol and fatty acids. CETP
activity was increased 2-fold when animals were fed with a diet enriched in cholesterol or
cholesterol and fatty acids as compared to mice on a standard diet (Figure 7B). Likewise, the
protein levels of circulating CETP, as determined by western blotting, were increased 2-fold
in mouse plasma with either diet (Figure 7D, E).

Further, we quantified CETP mRNA levels from the liver by RT-qPCR and found that
the diet supplemented only with cholesterol showed the most robust increase (8.8-fold) as

compared to the high cholesterol/fat diet (7-fold) (Figure 7C). Additional fatty acids did not
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affect CETP activity or expression levels (Figure 7B-D)

When assessing the lipid profile in plasma, were interested in poteintial diet-dependent
aas well as CETP-dependent effects. Here, the 1% cholesterol diet in itself had no effect on
HLD levels. However, we found that CETPtg mice showed lower HDL levels on the standard
and cholesterol diets, an effect that vanished in mice receiving the cholesterol/fat diet (Figure
7F).

The only group with significantly elevated LDL cholesterol levels were CETPtg animals fed
with a cholesterol-enriched diet. These mice shoed 2-3-fold higher LDL-C compared to CET
tg mice on a standard mice as well as wild type mice. However, this was not observed in ani-
mals fed with a cholesterol and fat diet although both diets led to a similar increase in CETP
activity and protein levels (Figure 7G). This could potentially be explained by increased cho-
lesterol secretion in the form of bile acid. Cappel et al. described a protective effect of CETP
in a obesity model where CETP was able to ameliorate insulin resistance induced by obesity
(Cappel et al., 2013). However, to our knowledge this is the only report showing protective
effects of CETP on a diet enriched in lipids and cholesterol.

Note that LDL levels of approximately 1.2 mmol/L are still relatively low considering that
human LDL levels < 3 mmol/L are still considered healthy levels. Free cholesterol was not
significantly affected by the diets (Figure 7H). However, we found a trend towards decreased
levels of triglycerides in animals fed with the cholesterol diet, independent of the genotype
(Figure 7I). Finally, we analyzed the net weight gain of mice during the 4-week feeding pe-
riod. In contrast to the cholesterol/fatty acid diet, mice on the cholesterol diet did not show
an additional weight gain as compared to a standard diet (Figure 7J). Together, high CETP
expression and activity is achieved with both diets enriched in either cholesterol alone or
cholesterol and fatty acids. However, the blood lipoprotein profile only changed towards a
more human-like profile. Mice on regular chow diet show only negible LDL levels and rely

predominantly on HDL particles.
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Figure 7: Dietary cholesterol intake induces CETP expression
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A: Feeding schedule & study design. Wild type and CETP transgenic animals were fed for 1 month
starting at the age of 2 months. Biochemical analyses were performed after 3 months of age. B:
CETP activity: CETP activity of CETP transgenic or wild type animals was measured from 1 pL
plasma using the fluorescence-based CETP activity assay (Roar biomedical). n=6-14, mean + SEM;
2-way ANOVA, Tukey’s multiple comparison. C: Relative normalized CETP expression. RT-qPCR
of liver samples at the age of 5 months. n=5-8, mean + SEM; 2-way ANOVA, Tukey’s multiple com-
parison. D: CETP western blot from liver lysates. Liver lysates were separated on 10% SDS-PA gels.
CETP was detected using the TP2 monoclonal antibody. E: Quantification of CETP western blots
as shown in D: n=8, mean * SEM; Students T-test. F-I: Plasma lipoprotein analysis: F: HDL-C, G:
LDL-C, H: free cholesterol I: and triglycerides from mouse plasma samples. Plasma samples were
analysed on a COBAS Integra 400 Plus (ROCHE) analyser using the following kits: COBAS INTE-
GRA CHOL 2, COBAS INTEGRA HDL-C gen3, and COBAS Integra TRIG GPO 250, respectively.
The levels of LDL-C were calculated using the Friedewald formula: [total cholesterol] - [HDL-C]
- [TG/2.2]. n=6-14. mean + SEM; 2-way ANOVA, Tukey’s multiple comparison. J: Mouse weight

increase: Net weight increase of wild type and CETP transgenic animals during the feeding period.

Using CETPtg mice fed a 1% cholesterol diet led to increased LDL levels similar to a hu-
man lipoprotein profile. In addition, since cholesterol-enriched food did not impact on the
weight of mice, this diet has the advantage that potentially confounding factors such as obesi-
ty can be excluded. Thus, we continued to use the 1% cholesterol diet for further experiments.

Note that LDL levels of approximately 1.2 mmol/L are still relatively low considering that
human LDL levels < 3 mmol/L are still considered healthy levels. Free cholesterol was not
significantly affected by the diets (Figure 7H). However, we found a trend towards decreased
levels of triglycerides in animals fed with the cholesterol diet, independent of the genotype
(Figure 7I). Finally, we analyzed the net weight gain of mice during the 4-week feeding peri-
od. In contrast to the cholesterol/fatty acid diet, mice on the cholesterol diet did not show an
additional weight gain as compared to a standard diet (Figure 7J). Together, high CETP ex-
pression and activity is achieved with both diets enriched in either cholesterol alone or cho-
lesterol and fatty acids. However, the blood lipoprotein profile only changed towards a more
human-like profile. Mice on regular chow diet show only negible LDL levels and rely predom-

inantly on HDL particles. Using CETPtg mice fed a 1% cholesterol diet led to increased LDL
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levels similar to a human lipoprotein profile. In addition, since cholesterol-enriched food did
not impact on the weight of mice, this diet has the advantage that potentially confounding
factors such as obesity can be excluded. Thus, we continued to use the 1% cholesterol diet for

further experiments.

4.2 CETP promotes TREM2 expression in the liver

To ultimately study changes in the brain, we expanded the diet period to 3 months to en-
hance the effects of CETP. First, the effect of CETP on plasma LDL levels should lead to tran-
scriptional changes in the liver. Here, we analysed diet-dependent effecs by comparing wild
type mice on standard diet with wild type mice on a diet containing 1% cholesterol as well as
CETP-dependent effects by comparing mice with highest CETP expression (CETP mice on
1% cholesterol diet) with wild type mice with on cholesterol diet. Here, we found both die-
tary, CETP-dependent effects and in some cases a combination of both. Dietary cholesterol
is known to decrease cholesterol synthesis and gene transcription regulated by the sterol-reg-
ulatory binding protein-2 (SREBP-2)(Brown and Goldstein, 1997). Indeed, the mRNA levels
for HMGCR decreased on high cholesterol diet in wild type and CETPtg mice as compared
to wild type mice on a standard diet at the age of 5 months (Figure 8B) (Berger ef al., 2015;
Engelking et al., 2004; Llorente-Cortes et al., 2006). We found that the expression of LDLR
and was repressed in mice fed a 1% cholesterol diet or CETP tg mice (Figure 8C). Moreover,
the mRNA levels of LRP1 were reduced in a strictly CETP-dependent fashion (Figure 8D).

We were further interested in two Alzheimer’s risk genes, the ATP-binding cassette trans-
porter A7 (ABCA?7) that is also regulated by SREBP-2, and triggering receptor expressed in
myeloid cells 2 (TREM2) (Guerreiro et al., 2013; Hollingworth et al., 2011; Iwamoto et al.,
2006; Wang et al., 2015). While the mRNA levels were statistically unchanged, we found a
CETP-dependent increase in ABCA7 protein levels (Figure 8E-G). TREM2 gene transcrip-
tion was increased by diet as well as CETP leading to an 8-fold increase of transcript levels

comparing the two extremes, wild type mice on a standard diet with CETPtg mice on cho-
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lesterol diet (Figure 8H). However, this increase could not be replicated at the protein level,
which could be attributed to overall low signal intensities (Figure 8E, I) (Daws et al., 2001;
Gelissen et al., 1998; Tanaka et al., 2011; Ulyanova et al., 1999; Zhu et al., 2004). Further,

transcript levels of ABCA7 and TREM2 were not affected in total cortical mRNA (data not

shown).
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Figure 8: CETP promotes TREM2 expression in the liver

A: Feeding schedule & study design. Wild type and CETP transgenic animals were fed for 3 months
starting at the age of 2 months. Biochemical analyses were performed at the age of 5 months. B-D:
RT-qPCR from mouse liver tissue. B: Normalised HMGCR, C: LDLR and D: LRP1 expression, n=6-
14, mean + SEM; 2-way ANOVA, Tukey’s multiple comparison. E: Western blot analysis of ABCA7
and TREM2 from 5-month old liver samples. Antibodies used: rabbit-anti-GAPDH (14C10, Cell
Signaling), anti-TREM2 (Mab1729 R&D systems) and anti-ABCA?7 (polyclonal, Thermo Fisher),
n=6; mean + SEM, Students T-test. F-I: Expression analysis of ABCA7 and TREM2 from liver
samples of 5-month old mice. F: mRNA levels of liver ABCA7 and H: TREM2. n=6-14, mean *
SEM; 2-way ANOVA, Tukey’s multiple comparison. G: Western-blot quantification of ABCA7 and
I: TREM2. n=6; mean + SEM, Students T-test.

4.3 CETP activity promotes peripheral inflammation

It has been previously shown that cholesterol-enriched diets induce inflammation (Wouters
et al., 2008). Therefore, we quantified the inflammatory cytokines IL1p and TNFa in mouse
plasma samples using multiplex ELISA after three months of feeding a 1% cholesterol or con-
trol diet. To distinguish diet-mediated effects from CETP-dependent effects, we compared
wild type mice on standard diet with wild type mice on a diet containing 1% cholesterol to
obrain a baseline for dietary-mediated effects and compared mice with highest CETP ex-
pression (CETP mice on 1% cholesterol diet) with wild type mice with on cholesterol diet to
obtain the magnitude of CETP-dependent increase in cytokines.

For circulating TNFa and IL1p levels, we found a strong CETP-dependent increase, com-
paring CETPtg to wild type mice on cholesterol diet. However, it should be noted that out
of the 10 plasma samples analyzed, 6 samples had very low TNFa levels comparable to the
control diets, and only four mice showed elevated TNFa levels (Figure 9A, B). . This could
be explaind by the increase in LDL levels in said animals as elevated LDL has been linked with
inflammatory responses in the liver (Seo et al., 2013).

Since the liver mainly secretes CETP, we determined mRNA expression of such cytokines
in the liver by qRT-PCR. As expected, the same mice with elevated plasma cytokine levels

also had elevated TNFa and IL1B mRNA levels in the liver (Figure 9C, D). Yet, in addition to
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CETP-dependent effects, the liver-mRNA levels also showed a clear diet-dependent increase
as evident when comparing animals on a standard diet with their respective counterpart on
a cholesterol diet. Furthermore, we performed a D’Agostino & Pearson test to test for normal
distribution which showed that we have a population of mice with elevated cytokine expres-
sion and one that showed no change in cytokine mRNA. This was the case for IL1p, TNFa and
IL6 liver mRNA levels but not for TLR4.

Furthermore, mRNA expression of the toll-like receptor 4 (TLR4) as an upstream regulator
of TNFa, and IL1p was also increased in mice with the highest cytokine levels (Figure 9E).
Similarly, transcript levels of IL6, an interleukin that was reported to induce the expression
of lipid-regulating proteins were high in 3 out of 12 mice (Figure 9F) (Muller et al., 2015).
Overall, the mRNA levels of all cytokines measured in this study showed strongest increase
when comparing CETP tg mice on standard diet with CETP tg mice on a cholesterol diet,
suggesting a combined effect of diet and genotype.

To analyze whether inflammatory cytokine production was extended to the central nerv-
ous system, transcript levels were determined from cortical samples. While we were able to
demonstrate that CETP is expressed in the cortex of CETPtg mice, its expression levels were
not affected by dietary cholesterol intake, which may relate to the fact that LDL and HDL
particles do not cross the blood-brain barrier (Figure 9G). Importantly, cytokine levels were
not significantly increased in the brain at that age, except for IL1f levels which showed a
modest, yet significant increase in a CETP-dependent fashion (Figure 9H-J). In summary,
CETP expression and a cholesterol diet induced inflammatory responses in the periphery,

with attenuated effects in the brain.
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Figure 9: CETP activity promotes peripheral inflammation

A, B: Plasma cytokine levels. A: TNFa and B: IL1p measured in 25 pL EDTA plasma using a multi-
plex ELISA (mesoscale discoveries). n=6-11. mean + SEM; 2-way ANOVA, Tukey’s multiple com-
parison, D’Agostino & Pearson normality test. C-F: RT-qPCR of liver samples from 5-month old
mice. Normalised expression of C: TNFa, D: IL1p, E: TLR4 and F: IL6 expression. n=6-14, mean
+ SEM; 2-way ANOVA, Tukey’s multiple comparison. G-K: Cytokine mRNA expression in brain
samples: G: CETP, H: TNF q, I: IL6, J: IL1p and K: TLR4 expression. n=6-10. mean + SEM; 2-way
ANOVA, Tukey’s multiple comparison.

4.4 CETP changes the brain cholesterol composition

To study the potential effects of CETP activity on the composition and distribution of lipids
in the brain, we employed imaging mass spectrometry (IMS) to obtain the spatial distribution
of cholesterol in the brain. While several studies have looked at the distribution of lipids in
the brain by IMS using 1,5-Diaminonaphthalene or other organic matrices (Caughlin et al.,
2017; Thomas et al., 2012), the visualization of cholesterol using IMS remained challenging.
Here, we deposit a fine homogeneous silver layer over the tissue sections to promote the la-
ser desorption/ionization (LDI) and allow the imaging of cholesterol and olefin-containing
fatty acids with high specificity and sensitivity (Dufresne et al., 2013). The heat map images
depict the distribution of cholesterol in sagittal mouse brain sections detected at m/z = 493
([M+107Ag]+, silver adduct molecular ion) (Figure 10A). Cholesterol is found at the highest
concentrations in the myelin-rich fiber tracts, whereas lower levels are observed in cortex,
hippocampus, and cerebellum (Figure 10A, wild type on a standard diet). To understand
whether either a 1% cholesterol diet of CETP could affect brain cholesterol levels, we com-
pared wild type mice with CETP tg mice as well as either group on standard diet with their
counterpart on a cholesterol diet. Most interestingly, CETPtg mice showed overall higher
cholesterol levels in the brain than wild type mice with a 23+4% increase between wild type
and CETPtg mice on a standard diet and a 31+4% increase between wild type and CETPtg
mice on cholesterol diet over the whole brain (Figure 10C, D). The hippocampal region

showed similar trends, albeit without statistically significant changes (Figure 10E). Since pe-
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ripheral cytokine levels, as well as brain IL1 mRNA levels, were elevated, we further analyz-

ed levels of the fatty acid arachidonic acid as a precursor of eicosanoids and prostaglandins.

Signals for arachidonic acid were comparable between genotypes and diets (while there may

be a trend towards higher levels in CETPtg mice on cholesterol diet) suggesting an overall low

abundance of neuroinflammation in CETPtg mice (Figure 10B, F).
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Figure 10: CETP changes the brain cholesterol composition

A, B: MALDI-IMS of 5-month-old wild type and CETPtg sagittal brain slices. A: Heatmap rep-
resentation of peak intensities corresponding to cholesterol (m/z 493 [M+107Ag]+) and (B) arachi-
donicacid (m/z411 [M+107Ag]+). C: representation of whole brain sagittal section and illustration
of regions of interest selected for whole brain or hippocampal quantification. D, E: Quantification
of peak intensities corresponding to cholesterol from whole brain (D) and hippocampus (E). F:
Quantification of peak intensities corresponding to arachidonic acid from whole brain. n=5. mean
+ SEM; One way ANOVA.

4.5 Transcriptional changes in CETPtg brain induced by presenilins

To investigate whether changes in brain cholesterol composition were a result of changes
in the transcription of genes that induce cholesterol synthesis, we performed a microarray
from purified astrocyte RNA (Figure 11). The two extreme conditions of lowest and highest
cholesterol content in the brain were chosen, i.e., wild type animals on a control diet com-
pared to CETPtg mice on cholesterol diet (yielding a 31% cholesterol increase, Figure 10D).
Cells positive for the glutamate-aspartate transporter (GLAST) from freshly dissected and
dissociated whole brains were enriched using the ACSA-1 MicroBead Kit (Sharma et al.,
2015). GLAST is expressed explicitly by astrocytes (Perego et al., 2000). To verity the enrich-
ment of astrocytes, approximately 8x10° cells were stained for the glial fibrillary acidic pro-
tein (GFAP) and analyzed by flow cytometry, revealing a purity of more than 80% across all
samples (Figure 11A). Of note, there may be a basal expression of GLAST in some neurons
(Rothstein et al., 1994). Total mRNA was purified. First, CETP expression was validated in
the astrocyte mRNA by qPCR (Figure 11B). Second, astrocyte transcripts were analyzed on
a Clariom S microarray (Affymetrix). 595 genes were significantly up and 431 genes signifi-
cantly down-regulated (Figure 11C, D). Interestingly, genes involved in cholesterol or lipid
synthesis were not among the strongest differentially regulated genes (Figure 11E). In fact,
genes encoding for proteins involved in cholesterol synthesis and homeostasis were downreg-
ulated, among those the rate-limiting enzyme 3-hydroxy-3-methylglutaryl-coenzyme A re-

ductase (HMGCR) (1.57-fold down). The sterol regulatory element-binding proteins 1 and 2
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(SREBF1, SREBF2) were downregulated 1.71- and 1.84-fold, respectively, and the mevalonate
kinase (MVK), was reduced 1.42-fold. Also, mRNA levels of two LDL receptors (LDLR and
LRP1) were reduced (Figure 11E). Overall, this data implies that it is unlikely that increased
de novo cholesterol synthesis is responsible for the elevated cholesterol levels in the brains of
CETPtg mice.

Since we were interested if mice with humanized cholesterol metabolism show changes
in the brain that may be of interest for Alzheimer’s disease, we analyzed if genes linked to
Alzheimer’s were affected (Figure 11F). Seven genes were identified. Upregulated genes in-
cluded I) the prime Alzheimer’s risk gene apolipoprotein E (ApoE), involved in lipid trans-
port and multiple epidemiological studies already suggested an interaction between CETP
and ApoE in the context of Alzheimer’s disease ((Murphy et al., 2012; Rodriguez et al.,
2006; Sundermann et al., 2016); II) The angiotensin-converting enzyme (ACE) producing
the vasoconstrictor angiotensin II, which is upregulated and implicated in hypoperfusion in
Alzheimer’s disease (Love and Miners, 2016); I1I) Caspase 8 is a part of the apoptotic machin-
ery and polymorphisms have been associated with Alzheimer’s disease (Rehker et al., 2017;
Rohnetal.,2001); IV) IL1P (though just below the threshold of 1.5), an inflammatory cytokine
that is elevated in Alzheimer’s disease brains (Griffin ef al., 1989). Downregulated genes in-
cluded V) the insulin-degrading enzyme (IDE), which has been implicated in the degradation
of AP peptides and was associated with sporadic Alzheimer’s disease (Bertram and Tanzi,
2004; Qiu et al., 1998); VI) TREM2, which has been genetically linked to Alzheimer’s disease
and recently been intensively studied in activated microglia (Guerreiro et al., 2013; Jonsson
and Stefansson, 2013; Perugorria et al., 2018; Suarez-Calvet et al., 2016). VII) Sortilin-related
receptor 1 (SORLI, though again just below threshold), which was described to shuttle APP
away from subcellular locations of AP production (Andersen et al., 2005; Yin et al., 2015).
Together, all these changes are in line with pathological changes in Alzheimer’s disease and
imply that due to the presence of CETP several different molecular changes co-occur. Next,

we performed an upstream-regulator analysis, identifying common regulators that may ac-
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count for the overall changes in mRNA expression in the dataset. The top upstream regulator
was the prostaglandin E receptor 4 (PTGER4) as 24 downstream targets of PTGER4 were
differentially regulated (Figure 11G). PTGER4 is a G protein-coupled receptor that binds
prostaglandin E2 (PGE2) and has been associated with neurotoxicity and neuroinflammation

(Higgins and Lees, 1984; Samuelsson, 1991; Zhang and Rivest, 2000).
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Figure 11: Transcriptional changes in CETPtg brain induced by presenilins

A: Flow cytometry analysis of astrocyte purification from mouse brains. GLAST-positive astrocytes
were stained with GFAP. All purifications showed 80% or more of the purified cells were positive
for GFAP. B: CETP RT-qPCR of astrocyte RNA, n=2-3. mean + SEM; 2-way ANOVA. C: Volcano
plot of the mouse microarray results. Each dot represents an individual gene. The P-value of plotted
against the gene regulation fold change of the corresponding gene. P-values cut-off for significance
was set to <0.05. D: Overall, 595 genes were found to be significantly up-regulated and 431 genes
were found to be significantly down-regulated in our data set. E: genes involved in the de novo
synthesis of cholesterol, generation of arachidonic acid and lipoprotein receptors. F: Alzheimer’s
disease risk genes regulated in our data set. G: Pathways analysis of upstream regulators. Analyzing
the fold changes in the dataset, PTGER4, presenilin 1 (PSEN1) and presenilin 2 (PSEN2) are the
top 3 predicted upstream regulators. A total of 21 genes that have been reported to be regulated via
PS1 and have been found in our dataset. 14 of these genes have also been reported to be regulated
via PS2 (highlighted in blue). Upstream regulator analysis was performed using ingenious pathway

analysis.

NCBI gene numbers: HMGCR: 15357; SREBF1: 20787; SREBF2: 20788; MVK: 17855; LRP1:
16971; LDLR: 16835; IDE: 15925; TREM2: 83433; IL1B: 16176; CASP8: 12370; ACE: 11421; APOE:
11816; SORLI: 20660; C1QA: 20660; CD74: 16149; CTSS: 13040; C1QC: 12262; CTSZ: 64138;
Erdrl: 170942; SELPLG: 20345; C3AR1: 12267; C1QB: 12260; CD9: 12527; KIF5B: 16573; ENPP2:
18606; SLC38A2: 67760; HLA-E: 15040; WARS: 22375; FOXO3: 56484; RELN: 19699; BDNF:
12064; FMN2: 54418; CUEDC1: 103841; GDF11: 14561

Most interestingly, the second and third hit of upstream regulators are presenilin-1 and -2
(PSEN1 and PSEN2), the catalytic subunits of y-secretase, a critical protease in the etiology
of Alzheimer’s disease generating AP peptides.

Presenilin-1 and -2 were identified by 21 and 14 known downstream target genes, re-
spectively (Figure 11G). y-Secretase cleaves multiple substrates and is at the center of many
signaling pathways. However, it is remarkable that the presence of CETP and the subsequent
humanized cholesterol metabolism activates presenilin signaling in the mouse brain (Bai et

al., 2011; Haapasalo and Kovacs, 2011).
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4.6 CETP activates y-secretase in vitro

Given the changes in brain cholesterol composition and its potential stimulation of y-secre-
tase-mediated signaling, we investigated if CETP activity stimulates y-secretase signaling in
vitro. To this end, we took advantage of the well-known y-secretase substrate, notch. After the
notch intracellular domain has been released by y-secretase, it activates transcription of notch
target genes, i.e., HES1 (Hes Family BHLH transcription factor 1) and p21 (cyclin-dependent
kinase inhibitor 1A) (Balaganapathy et al., 2017; Guo et al., 2009; Iso et al., 2003; Jarriault et
al., 1995; Zhang et al., 2014). CETP or an inactive CETP mutant (L457/M459W (Qiu et al.,
2007)) were expressed in HEK293T cells (Figure 12A). mRNA levels were determined by
RT-qPCR and revealed that active CETP indeed increased HES1 and p21 levels, whereas the
inactive CETP mutant had no effect (Figure 12B). The data shows that CETP activity causes

cellular changes that stimulate y-secretase activity in vitro.
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Figure 12: CETP activates y-secretase

A: CETP activity assay of HEK293T cells transfected with wild type CETP or an inactive mutant
(CETP M457/L459W). N=3, mean + SEM, students-T test B: Normalised relative expression of
CETP, HES1 and p21. Expression levels are normalised to GAPDH and. N=3, mean + SEM, stu-
dents T-test. C: Schematic representation of changes observed in liver, plasma and brain of CETPtg

animals.

5. Discussion
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5.1 CETP-mediated increase in brain cholesterol

In this study, we aimed to understand the effects of CETP on brain lipid composition and
gene regulation. Based on our analysis, CETPtg mice show a humanized lipoprotein profile in
the blood and importantly, a 23% - 31% increase in brain cholesterol levels when compared
to wild type mice. To our knowledge, this is the first report of a transgenic mouse model
showing elevated brain cholesterol levels to this extent. CETPtg mice on the cholesterol diet
showed peripheral inflammation, but no elevated cytokine levels in total cortical mRNA, with
the exception of IL-1f, which was elevated. The enhanced inflammatory response in liver and
plasma could be attributed to higher cholesterol levels in immune cells where it was already
demonstrated that cholesterol augments, for instance, TLR receptor signaling, and modulates
immune cells surrounding tumors (Tall and Yvan-Charvet, 2015; Yang et al., 2016).

We investigated if the increase of brain cholesterol arises from de novo synthesis. However
we were unable to confirm this using our transcriptome analysis. Yet, one of the following
alternative pathways may explain the elevated cholesterol levels. While most lipoprotein par-
ticles cannot cross the blood-brain barrier, some lipid exchange between the brain and the
blood can occur (Bjorkhem et al., 1998; Bjorkhem and Meaney, 2004; Zlokovic, 2008). It is
well established that dietary w3-fatty acids enter the brain (Nguyen et al., 2014; Ouellet et al.,
2009). Also, 24S- and 27-hydroxysterols efficiently cross the blood-brain barrier, and poly-
morphisms in 24S-hydroxylase were associated with Alzheimer’s Disease (Bjorkhem, 2006;
Bjorkhem and Meaney, 2004). Lastly, HDL particles were described to be capable of trans-
porting cholesterol into the brain via scavenger-receptor mediated transport or transcytosis
(Balazs et al., 2004; Stukas et al., 2014a). However, the function of CETP in the brain remains
unclear. While CETP shuttles cholesterol between HDL and VLDL in the blood, those lipo-
protein particles do not exist in the brain (Fagan et al., 1999; Stukas et al., 2014b; Vance, 2012;
Zhang et al., 2012). In the brain, ApoE is the predominant lipoprotein, and most lipoprotein
particles are HDL-like in size and decorated with ApoE or Apo] (Fagan et al., 1999; Xu et

al., 2000). While a role for CETP in the brain is not clear, it is likely that it is active as a lipid

79



transporter. However, the interaction partners may differ from those in the periphery, and
it is a possibility that CETP is involved in cholesterol redistribution between cells or acts as
an intracellular shuttle between organelles. CETP may be involved in the storage of lipids in
microglia and astrocytes. Along these lines, the Morton laboratory reported a role of CETP
in lipid droplet formation (Izem and Morton, 2001, 2007). Consequently, it is possible that
lifetime exposure to CETP activity in the brain may cause overall retention of cholesterol in
the brain, leading to increased cholesterol levels observed in CETPtg mice on either diet. It
will be most interesting to reveal if blood-derived CETP, centrally expressed CETP, or both
are responsible for the molecular changes of the brain described herein.

In the liver of CETPtg mice, we observed an upregulation of ABCA7 and TREM2 as
compared to wild type mice. TREM2 mutations associated with Alzheimer’s disease, and it
was thus far discussed as an immune receptor in the brain (Li and Zhang, 2018). However,
two recent manuscripts linked ABCA7 and TREM2 to bile acid formation in the liver
(Mahmoudiandehkordi et al., 2018; Nho et al., 2018). Thus, the elevated ABCA7 and TREM2
levels in CETPtg mice on cholesterol diet in the liver may reflect an increase in bile acid for-
mation. It is tempting to speculate that ABCA7 and TREM2 may be involved in cholesterol
transport or redistribution in the brain (Linsel-Nitschke et al., 2005; Tanaka et al., 2010;

Tanaka et al., 2011; Wang et al., 2015).

5.2 Several Alzheimer-related changes triggered in CETPtg mice

Alzheimer’s disease is the most common form of dementia and defined by the occurrence
of amyloid plaques composed of AP peptides. AP peptides are generated from the amyloid
precursor protein (APP) through two subsequent proteolytic cleavages. First, the ectodomain
of APP is removed by B-secretase, and then the membrane-bound C-terminal fragment is
cleaved by y-secretase (Hussain et al., 1999; Sinha et al., 1999; Vassar et al., 1999; Zhao et
al., 2007). It is well established that higher cellular levels of cholesterol stimulate - and

y-secretase activity (Miller and Chacko, 2004; Osenkowski et al., 2008; Puglielli et al., 2003;
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Wolozin, 2001). To date, the physiological function of APP, as well as the triggers that lead to
A production, remain unclear. However, it is evident that cellular pathways that stimulate
AP production could qualify as the underlying mechanism leading to Alzheimer’s disease.
We analyzed herein a mouse model with humanized cholesterol metabolism as a result of the
expression of a protein that mice lack, i.e., CETP. The cerebral changes that we observed (high
cholesterol levels, transcriptional changes, y-secretase activity) resemble changes that have
previously been described in Alzheimer’s disease.

We performed an upstream regulator analysis identifying proteins that could explain the
observed changes in gene expression in the microarray dataset. We identified the prostaglan-
din E2 receptor EP4 (PTGER4) as the most significant upstream regulator (Figure 11G). In
the brain, the EP4 receptor binds prostaglandin E2 (PGE2) a key inflammatory mediator in
response to circulating IL1P (Fujikawa et al., 2017; Fujikawa et al., 2016; Zhang and Rivest,
2000). However, its role in mediating an inflammatory response is not completely clear as
PGE2 can have both pro- and anti-inflammatory effects (Echeverria et al., 2005; Shi et al.,
2010; Woodling and Andreasson, 2016; Woodling et al., 2014). Mice lacking an inducible
Prostaglandin E synthase and therfore lacking PGE,, showshow a reduction in inflammatory
responses (Trebino et al., 2003). Yet, in model sfor athrosclerosis, PGE2 has been shown to
have pro-inflammatory properties in a mouse model for hyperlipedemia (Wang et al., 2006).
Yet, multiple studies have linked activation of EP4 with an increase in AP peptides and mem-
ory loss in the context of Alzheimer’s disease (Hoshino et al., 2007; Hoshino et al., 2012;
Hoshino et al., 2009; Li et al., 2015). Such effects are explained by an increase in y-secretase
activity and not through the activation of conventional G protein-coupled receptor signaling
involving adenylate cyclase and cAMP. Hoshino et al. showed that upon stimulation with
PGE2, EP4 is co-internalised with y-secretase to endosomal and lysosomal compartments
where y-secretase activity is elevated (Grbovic et al., 2003; He et al., 2007; Takahashi et al.,
2004). These detrimental effects were abolished in EP4 knockout animals or through phar-

macological inhibition of EP4 (Hoshino et al., 2007; Hoshino et al., 2012). In line with this
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mechanism, activation of y-secretase activity was indeed observed as second and third top
upstream regulators identified in CETPtg mice (Figure 11G). y-Secretase activity is stimulat-
ed by membrane cholesterol and co-internalization with EP4 (Hartmann et al., 2007; Jung et
al., 2015; Marquer et al., 2011). It is important to note that while it has been well established
that EP4 internalization occurs upon PGE2 binding, the receptor also carries a cholester-
ol consensus motif and directly senses changes in cellular cholesterol levels (Hanson et al.,
2008). Interestingly, expression of CETP in cell culture models is already sufficient to increase
y-secretase activity. Given this evidence, it is likely that the effects on presenilins/y-secretase
are downstream effects of elevated cholesterol levels in the brain. The altered cholesterol me-
tabolism, at least in the CETPtg model presented here, drives multiple molecular changes that
recapitulate changes already described in Alzheimer’s disease (Figure 12C).

Lipidomic studies have found that abnormal plasma lipid profiles, and consequently ab-
normal lipid biomarker panels, yield specific markers of Alzheimer’s disease (Alzheimer et al.,
1995; Hartmann et al., 2007; Kosicek and Hecimovic, 2013; Mapstone et al., 2014; Solomon
et al., 2014; Zarrouk et al., 2018). However, most animal models focus on overexpression of
mutated forms of human APP (Arendash and King, 2002; Chishti et al., 2001; Mucke et al.,
2000), presenilin (Jankowsky et al., 2004; Kimura and Ohno, 2009) or tau, involved in another
hallmark pathology of Alzheimer’s disease (Andorfer et al., 2003; Billings et al., 2005; Taylor et
al., 2002). All these mouse models have low levels of circulating LDL due to the lack of CETP
and therefore do not report on the impact of the lipid metabolism on Alzheimer’s pathology,
which may have been underestimated thus far (Steenbergen et al., 2010). Here, we report
that mice expressing human CETP present a humanized cholesterol metabolism and exhibit
elevated levels of cholesterol in the brain. In the absence of APP or presenilin overexpression,
CETPtg mice show a transcriptional profile that reflects a multitude of changes previously
described in the Alzheimer’s diseased brain. Taken together, our data suggest that a mouse
model expressing CETP and APP will be a valuable tool to unravel the molecular mechanisms

between the peripheral and central cholesterol metabolism, ApoE and Alzheimer’s disease.
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FOREWORD MANUSCRIPT 2

In my first manuscript, I was able to show that CETP transgenic animals show elevated
cholesterol levels in their brains. Further, these mice show effects on the y-secretase complex.
Together, this poised us to study whether CETP would accelerate AD pathology in AD model
systems. I started using fundamental cell culture in vitro system and moved on to two differ-

ent mouse models of AD.
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1. Abstract

The cholesterol metabolism is tightly linked with Alzheimer’s disease (AD). However, the
human cholesterol homeostasis is significantly different compared to mice. Hence, all cur-
rent mouse models lack a crucial aspect of the underlying pathology. We generated a novel
AD-mouse model combining a humanized cholesterol metabolism with AD pathology. We
crossed mice transgenic for the human cholesteryl ester transfer protein (CETP) with models
for AD. Analyzing our novel models, we found that CETP activity increases soluble and insol-
uble levels of AP in mice expressing the amyloid precursor protein (APP) containing familial
mutations. When CETP was combined with an AD model expressing familial AD mutations
in presenilin, the AP increase was abandoned. Presenilin is the catalytic subunit of y-secre-
tase, and its lipid environment tightly regulates its activity.

Together with previous work, we hypothesize that CETP modulated brain cholesterol lev-

els which in return affects y-secretase, leading to increased AP levels.

2. Introduction

2.1 Alzheimer’s disease

Alzheimer’s disease is the most common neurodegenerative disease and affects around
50 million people worldwide with an estimated global economic burden of around one bil-
lion US dollars (Alzheimer’s disease international, 2015). This neurodegenerative disorder is
characterized by diffuse brain atrophy, the loss of synapses, aggregation of amyloid beta (Af)
in extracellular plaques and neurofibrillary tangles inside neurons, consisting of hyperphos-
phorylated tau (Holtzman et al., 2011; Wischik et al., 1988).

AP is a small peptide generated from the amyloid precursor protein (APP) through se-
quential cleavages by two transmembrane secretases, the B- and y-secretase (Glenner and
Wong, 1984; Hussain et al., 1999; Masters and Beyreuther, 1989; Masters et al., 1985). The

AP peptides generated by y-secretase are heterogeneous in length, and longer peptides with
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42 amino acids (APB42) are more prone to aggregation and show higher toxicity (Chen and
Glabe, 2006; Cummings et al., 1996; Kuperstein et al., 2010). Due to its central role in the AD
pathology, AP is and has been a major target in the development of therapeutics to prevent
the disease. Therapeutic strategies, ranging from inhibiting or modulating - or y-secretase,
removing AP aggregates from the brain, or reducing its neurotoxic effects have been studied

in clinical trials (Frozza et al., 2018).

2.2 The role of cholesterol in Alzheimer’s disease

In addition to the enzymes directly involved in the proteolytic cascade of APP, the levels
of cholesterol have been shown to play a profound role in the generation of A on multiple
levels. First, it is known that cholesterol-rich diets, as well as hypercholesteremia, stimulate
the generation of AP (Di Paolo and Kim, 2011). Further, Osenkowski et al. showed that the
levels of cellular and membrane cholesterol levels influence the activity and processivity of
the y-secretase complex (Osenkowski et al., 2008). Here, the levels of membrane cholesterol
positively correlate with the amount of AP42 generation by y-secretase (Golde and Eckman,
2001; Hur et al., 2008; Rushworth and Hooper, 2010; Simons et al., 1998). However, it is not
clear whether cholesterol directly affects the enzyme, the substrate or whether these effects
are due to changes in the physical properties of the membrane such as thickness or fluidity
(Ayciriex et al., 2016; Holmes et al., 2012; Hur et al., 2008; Paschkowsky et al., 2018; Vetrivel
et al., 2004; Winkler et al., 2012; Yang et al., 2017). However, there is sufficient evidence
that the y-secretase is regulated by its lipid environment (Grimm ef al., 2005). These in vitro
observations are supported by animal studies showing that pharmacologically lowering cho-
lesterol levels reduces amyloid pathology while raising cholesterol levels using dietary cho-
lesterol aggravates pathology (Levin-Allerhand et al., 2002; Petanceska ef al., 2002; Refolo et
al., 2001). Further, several epidemiological studies note changes in sphingolipids, cholesterol
and phospholipids in the brains and/or cerebrospinal fluid of AD patients (Dietschy, 2009;

Fonteh et al., 2013; Haughey et al., 2010; He et al., 2010; Kosicek and Hecimovic, 2013; van
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Echten-Deckert and Walter, 2012; Wells et al., 1995).

2.3 Risk factors for sporadic Alzheimer’s disease

Apart from age, the most significant risk factors for sporadic Alzheimer’s disease are heav-
ily entangled with the lipid and cholesterol metabolism, and we understand that AD patients
show elevated cholesterol and cholesteryl-ester (CE) levels (Bertram and Tanzi, 2004; Stefani
and Liguri, 2009). Hence, it is not surprising that AD and cardiovascular disease (CVD) share
multiple risk factors like elevated levels of low-density lipoprotein (LDL) cholesterol levels,
hypertension, and type-II diabetes, as well as the most potent genetic risk factor known, the
e4 allele of the Apolipoprotein E (ApoE e4). Homozygous carriers of the €4 allele have a 12-
fold higher risk of developing the disease while hemizygous carriers still have a 4-fold higher
risk (Camejo et al., 1976; Gordon et al., 1977; Saunders et al., 1993). Additionally, despite
some controversies and limitations, there is staggering evidence that statin treatment, espe-
cially in mid-life could slow the onset of AD. While the HPS and PROSPER clinical trials,
testing pravastatin and simvastatin, showed no effect on preventing dementia, multiple stud-
ies found an association of statin use and dementia (Heart Protection Study Collaborative,
2002; Houx et al., 2002). Initially, two studies reported a reduced risk of AD in statin users
(Jick et al., 2000; Wolozin et al., 2000). These reports were later followed up by further stud-
ies, and collectively the evidence supports a role for statins in the reduction of dementia and
AD (Chatterjee et al., 2015; Li et al., 2010; Rockwood et al., 2002; Shah et al., 2015; Wong et
al., 2013). Is important to note, that there may be a window of opportunity for statins before
the onset of symptoms of dementia (Li ef al., 2010) and the effects of statins on AD may be
more pronounced in homozygous ApoE €4 carriers (Geifman et al., 2017). Additionally, ele-
vated midlife cholesterol levels are a risk factor for the development of AD later in life (Anstey
et al.,2017). Further, there is evidence that other cholesterol-lowering drug may show similar

effects to statins (Sparks et al., 2008).
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2.4 CETP and Alzheimer’s disease pathology

An exciting drug candidate for the treatment of AD is the cholesteryl ester transfer protein
(CETP). CETP is a lipid transfer protein that facilitates the exchange of cholesteryl esters
and neutral lipids between plasma lipoproteins, and the activity of CETP led to increased
LDL cholesterol and decreased HDL cholesterol (Morton and Zilversmit, 1982; Nichols and
Smith, 1965; Zhong et al., 1996; Zilversmit et al., 1975). Extensive research for the prevention
of cardiovascular disease has been devoted to CETP as soon as single nucleotide polymor-
phisms (SNPs) in CETP had been linked with longevity and a reduced risk of atherosclerosis
(Brousseau et al., 2004; Clark et al., 2004; de Grooth et al., 2002; Koizumi et al., 1985; Masson,
2009; Okamoto et al., 2000; Sanders et al., 2010; Vasan ef al., 2009). More recently, SNPs in
CETP have been linked with a reduced risk of dementia (Arias-Vasquez et al., 2007; Barzilai
et al., 2003; Chen et al., 2014; Sanders et al., 2010; Thompson et al., 2008; Yu et al., 2012).
Subsequently, several laboratories further analyzed the involvement of CETP SNPs in AD and
found a possible correlation of CETP SNPs with the €4 allele of ApoE. In homozygous car-
riers of the €4 allele the CETP 1405V polymorphism buffers the detrimental effects of the ¢4
genotype (Murphy et al., 2012; Rodriguez et al., 2006; Sundermann et al., 2016). Additionally,
imaging studies showed that CETP SNPs could modify brain lipids and structure (Murphy et
al., 2012; Salminen et al., 2015).

Together, these studies make a compelling case that the cholesterol metabolism and es-
pecially CETP may be a modifying factor in AD. However, while mice and rats are the most
common animal models for AD, neither mice or rats express CETP, and their cholesterol
metabolism differs from humans as they only have very low levels of LDL particles (Gauthier
et al., 1999; Gordon et al., 2015). Hence, all current animal models for AD are not able to test
the effects of CETP on the pathology of AD in an animal model.

The scope of this study was to generate a novel mouse model for AD that incorporates a
humanized cholesterol metabolism. To achieve this, we used a CETP transgenic mouse model

that expresses human CETP under its natural promoter (Jiang et al., 1992). CETP expression
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and LDL levels can be induced using a diet containing 1% cholesterol leading to a humanized
lipoprotein profile (Cazita et al., 2003; Cheema and Rashid-Kolvear, 2003; Jiang et al., 1992).
In a previous study using the same CETP transgenic animals, we were able to show that CETP
expression has a profound role on the brain cholesterol distribution (Oestereich et al., 2018,
in revision at JLR). Here, transgenic animals fed a diet supplemented with 1% cholesterol
showed a significant 30% increase in brain cholesterol. Most interestingly, this increase was
not due to the elevated de novo synthesis of cholesterol. Furthermore, we found that these
increased cholesterol levels were accompanied by changes in presenilin 1 and 2, the catalytic
subunits of the y-secretase complex, indicating a connection between brain cholesterol levels
and presenilin activity.

To further analyze the connection of CETP and AD, we crossed CETP transgenic mice

with mouse models for AD to analyze the effects of CETP on the generation of Ap.

3. Materials & methods

All experiments were conducted following McGill University environmental health and

safety regulations (EHS).

3.1 HEK293T Cell culture

HEK293T cells were cultivated in 1:1 Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 0.584 g/l L-glutamine and 0.11 g/l sodium pyruvate (Wisent), and 10% fetal
calf serum (FCS, Wisent), at 37°C and 5% CO,. For transient transfections, 1.5 x 10° cells per
well (12-well plates) were seeded 18 h before transfection. Cells were transiently transfected
with 1 ug DNA in total and 2 pl polyethyleneimine (PEI) per well. The cell culture superna-
tant was changed 18 h after transfection. For experiments containing lipoprotein deprived
serum (LPDS) FCS was replaced by LPDS (Sigma). A further 24 h later, cell culture superna-
tant was collected, and cells were lysed with TNE-lysis buffer (50 mM Tris, pH 7.4, 150 mM

NaCl, 2 mM EDTA, 1% NP40, and complete protease inhibitors, Roche) and prepared for
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
3.2 AP quantification from cell culture supernatant

AB38, AP40, and AP42 were measured from 25 pL cell-culture supernatant using the
V-PLEX Plus AP Peptide Panel 1 (6E10) Kit (Mesoscale discovery) according to manufactur-

er’s instructions.
3.3 CETP activity assay

CETP activity was measured using a fluorescent CETP activity assay (Sigma-Aldrich).
Here, 1 pL of serum or 3 uL cell culture supernatant was incubated with 0.3 uL donor and 0.3
uL acceptor molecules in 30 puL reaction volume. The reaction mix was incubated for 3 hours

at 37 °C in a water bath, and the fluorescence (A_ 465/\__535) was measured.

3.4 Western blot analysis of mouse tissue samples

Fresh frozen liver or brain samples (approximately 100 mg) were lysed in 5x volume of lysis
buffer (150 mM NaCl, 10% glycerol, 2 mM EDTA, 0.5% NP-40, 0.1% sodium deoxycholate,
20 mM HEPES, 1x complete protease-inhibitor cocktail (Roche), pH 7.4) using lysing-matrix
D at 6000 rpm for 40 seconds. The lysates were further diluted 1:5 in lysis buffer. For west-
ern-blot analysis, liver samples were prepared for SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and loaded on either 10% or 15% SDS-polyacrylamide gels. The following an-
tibodies were used as primary antibodies: 22C11 (Millipore) to detect APP, the mouse mon-
oclonal TP2 (kind gift of the Ottawa Heart Institute) to detect CETP, rabbit-anti-GAPDH
(14C10, Cell Signaling) and mouse-anti B-tubulin (Abcam) were used. Horseradish perox-
idase (HRP)-coupled secondary antibodies directed against mouse or rabbit IgG were pur-
chased from Promega. Chemiluminescence images were acquired using the ImageQuant LAS

500 system (GE Healthcare).

3.5 Mouse housing and breeding

The CETP transgenic mouse strain B6.CBA-Tg(CETP)5203Tall/] (JAX MMRRC Stock#

003904), the 5xFAD mice (APP KM670/671NL (Swedish), APP 1716V (Florida), APP V7171
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(London), PSEN1 M146L, PSEN1 L286V) (JAX MMRRC Stock# 034840) and McGill-Thyl-
APP Tg mice (hAPP KM670/671NL (Swedish) and V717F (Indiana)) were housed according
to the McGill University standard operating procedure mouse breeding colony management
#608 (Ferretti et al., 2011; Jiang et al., 1992; Oakley et al., 2006). Double transgenic mice were
bred heterozygous and non-transgenic littermates were used as controls. All mouse diets were
purchased from Envigo. The diets used in this study were: low-fat control diet (TD.08485)
and a low-fat diet enriched with 1% (w/w) cholesterol (TD.140215). Animals were assigned
randomly to treatment groups. All mouse procedures were approved by McGill’s Animal Care
Committee and are following the McGill policy on the study and care of animals. The report-
ing of all mouse data under the ARRIVE guidelines (Animal Research: Reporting in Vivo

Experiments).
3.6 Mouse genotyping

Genotyping was performed by Transnetyx (Transnetyx, Cordova, TN) genotyping using

real-time PCR from ear punch tissue.
3.7 AP measurement from mouse cortex

AP from mouse brains was measured using the V-PLEX Plus AP Peptide Panel 1 (6E10) Kit
(Mesoscale discovery) according to manufacturer’s instructions. In brief, 40-80 mg of cortex
tissue was mechanically homogenized in 10x vol. of cold tissue homogenization buffer (2 mM
Tris (pH 7.4), 250 mM Sucrose, 0.5 mM EDTA, 0.5 mM EGTA, 1x protease inhibitor cock-
tail). 250 uL homogenate was mixed thoroughly with 250 uL DEA buffer (0.4% DEA, 0.1 M
NaCl) and centrifuged at 120000 x g for 1h at 4 °C. 425 pL supernatant was neutralized with
42 pL 0.5 M Tris-HCI (pH 6.8) buffer, the soluble DEA extract. The pellet was dissociated in
125 pL cold formic for 30 mins on ice. The homogenate was centrifuged at 120000 x g for 1 h
at 4 °C. 105 uL supernatant was neutralized with 1.895 mL formic-acid neutralization buffer
(IM Tris base, 0.5 M Na,HPO,, 0.05% NaN3), the insoluble formic acid extract. 25 pL of sol-

uble DEA extract and formic acid extract were used in the ELISA.
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3.8 Quantitative real-time PCR (RT-qPCR)

mRNA was isolated from mouse tissue using the Macherey & Nagel mRNA-isolation kit in
combination with lysing matrix D. Briefly, 40-80 pg of fresh frozen tissue were lysed in 450
uL RNA preparation buffer (with f-mercaptoethanol) in lysing matrix D tubes using a Magna
lyser (6000 rpm 2x 30 seconds) according to manufacturer’s instructions. The RNA concen-
tration was adjusted to 100 pg/mL, and 500 ng of RNA was transcribed into cDNA using the
high-capacity cDNA reverse transcription kit (Applied Biosystems) according to the manu-
facturer’s instructions. RT-qPCR was performed using the SsoAdvanced SYBR-green super-
mix (Biorad) according to manufacturer’s instructions on a Biorad CFX384Touch cycler. All
primers were ordered from Integrated DNA technologies. Primers used were: CETP forward:
CAGATCAGCCACTTGTCCAT, CETP reverse: CAGCTGTGTGTTGATCTGGA, hAPP for-
ward: CCTTCTCGTTCCTGACAAGTGC,hAPPreverse: GGCAGCAACATGCCGTAGTCAT,
TNFa forward: GGTGCCTATGTCTCAGCCTCTT, TNFa reverse:
GCCATAGAACTGATGAGAGGGAG, IL1p forward: TGGACCTTCCAGGATGAGGACA
IL1B reverse: GTTCATCTCGGAGCCTGTAGT, TREM2 forward:
ACAGCACCTCCAGGAATCAAG, TREM2 reverse: AACTTGCTCAGGAGAACGCA,
The following primers were wused as reference genes: HPRT forward:
CCAGTTTCACTAATGACACAAACG,HPRTreverse: CTGGTGAAAAGGACCTCTCGAAG,
GAPDH forward: CATCACTGCCACCCAGAAGACTG, GAPDH re-
verse: ATGCCAGTGAGCTTCCCGTTCAG, Actin-p forward:
CATTGCTGACAGGATGCAGAAGG, Actin-Breverse: TGCTGGAAGGTGGACAGTGAGG.
Primer efficiency for all primers was determined to be between 90-110%. For normalization
of gene expression, the three genes ACT, GAPDH and HPRT were used as reference genes.

RT-qPCR was analyzed using the CFX maestro software (Biorad).

3.9 Novel Object recognition (NOR)

6-months-old mice animals were first acclimated to an empty open field box in a dark
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room. Twenty-four hours after the habituation session, mice were exposed to two identical,
non-toxic familiar’ objects. After a retention interval of 2 h or 24 h, the animals were re-
turned to the arena in which one of the two objects was exchanged with a novel object. Each
session lasted 10 min, during which all the mice were allowed to interact with the objects
freely and the amount of time exploring each object was recorded using an infrared camera.
The two objects were placed in two opposing corners in the box. All Objects were rand-

omized between animals.
3.10 Y-Maze spontaneous alteration

6-month-old animals were placed in a Y-Maze with the dimensions of 40cm x 8cm x 10
cm with the arms at an angle of 120°. The animal was allowed to explore the maze freely for 5
minutes while being recorded. An arm entry was recorded when all four limbs of the animal
wholly entered the arm. Over multiple entries, cognitive intact animals show a preference to
enter a less recently visited arm. The experiments were performed in a dark room with only

red light and recorded using an infrared camera.
3.11 Evans blue BBB integrity assay

Mice were anesthetized using isoflurane, and 5 pL/g body weight of a 2% Evans blue solu-
tion in PBS was injected into the caudal vein. The mouse was returned to its cage for 30 min-
utes. Finally, the animal was perfused with PBS and sacrificed under isoflurane anesthesia.

The brain was extracted and documented.

3.12 Statistical analysis

Statistical analysis was performed using the GraphPad Prism 7 software.
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4, Results

4.1 CETP increases A in vitro

Based on our hypothesis that CETP could modulate the processing of APP by y-secretase
via the CETP-mediated cholesterol modulation, we first sought out to test whether CETP
could alter y-secretase in vitro and affect AP generation. Here, we used a HEK293T cell-cul-
ture system and transiently co-transfected human APP and CETP (Figure 13A). To test
our hypothesis, we compared the effects of wild-type CETP with an inactive CETP mutant
(CETP, __, CETP L457W M459W) and the CETP inhibitor evacetrapib (Cao et al., 2011; Qiu
et al., 2007). We found the APP expression levels to be consistent between different transfec-
tions (Figure 13B). However, our western-blot analysis revealed that our CETP antibody only
shows a low affinity towards the inactive CETP mutant, presumably due to the interference of
the mutations with the antibody epitope. We confirmed the results of our inactive mutant by
generating another mutant with impaired activity (data not shown).

Additionally, we verified the CETP mutants as well as the inhibitor treatments with a
CETP-activity assay. Here, the inactive mutant, the triglyceride-transfer (TG) deficient CETP
V198W, and cells treated with the 100 nM evacetrapib showed reduced activity. As the assay
only detects TG transfer, the CE-transfer deficient mutant CETP Q199A showed no impair-
ment (Figure 13C). Next, we used a multiplex ELISA to simultaneously detect Ap38, AB40,
and AP42 from the cell culture supernatant. When comparing cells transfected with APP and
CETP with cells transfected with APP alone, we found that the former showed a 30% increase
in AP40 and 23% increase in AB42 (Figure 13F, H). Changes in AB38 were less pronounced
(Figure 13D). We were able to confirm that this increase in AP is indeed dependent on CETP
using the inactive mutant CETP,___ as well as CETP inhibition with 100 nM evacetrapib, as

both showed AP levels identical to the APP transfection alone (Figure 13D-I).
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Figure 13: CETP activity increases AP in vitro

A: Experimental setup: CETP and APP were co-transfected in HEK293T cells. After 36h the AP
levels were measured from the cell culture supernatant using a multiplex ELISA. B: Western-blot
control to test equal expression levels of CETP and APP using the TP2 and 22C11 antibodies, re-
spectively. Note that the TP2 antibody shows a reduced affinity towards the CETP, _mutant. C:
CETP-activity assay of 2 uL cell culture supernatant. 100 nM Evacetrapib were added to the cell
culture supernatant for CETP inhibition. D-I: Multiplex ELISA to measure A{ levels in the cell cul-
ture supernatant of cells transfected with APP and CETP and cultured in medium containing either
FCS or LPDS. D, E: AB38 levels. E, G: AP40 levels. H, I: Ap42 levels. n=3-4, mean + SEM; 2-way
ANOVA, Tukey’s multiple comparisons. * p<0.05, ** p<0.001 compared to APP/CETP.

Considering that CETP can transfer both CE as well as triglycerides, we were interest-
ed in testing whether either the cholesteryl ester or lipid-transfer activity is responsible for
the AP increase. Here, we generated two additional CETP mutants lacking either the CE
or lipid transfer while leaving the other mostly unaffected. CETP V198W shows impaired
TG-transfer, and CETP Q199A lacks the CE transfer (Qiu et al., 2007). While CETP V198W
showed similar A levels as wild-type CETP, the Q199A mutant resembled inactive CETP__ .
This shows that is the CE transfer activity of CETP is responsible for the effects on APP pro-
cessing and AP generation (Figure 13D, F, H). These results are in line with our previous
work demonstrating that CETP activity can activate y-secretase in vitro and increase brain
cholesterol levels in vivo (Oestereich et al., 2018, in revision at JLR).

Seeing that CETP transfers lipids between lipoproteins and it is unlikely that it directly
interacts with the y-secretase complex, we hypothesized that removing lipoproteins from the
cell culture medium should show similar effects as CETP inhibition. Hence, we replaced the
fetal bovine serum component of the cell culture medium with lipoprotein-deprived serum
(LPDS) and found no significant differences between any of the treatment groups in the ab-
sence of lipoproteins. In this case, the levels of AB were similar to the levels measured in the
presence of lipoproteins but with either inactive or inhibited CETP (Figure 13E, G, I).

Together, these results suggest that at least in cell culture, CETP activity is necessary for

the redistribution of cholesterol and lipids which results in elevated levels of AP generated.
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4.2 CETP expression does not increase AP in 5XxFAD mice

We had previously been able to show that CETP activity alters brain cholesterol levels in
vivo and can increase AP secretion most likely via an LDL-dependent mechanism in vitro. To
test whether CETP activity could affect AP in a mouse model for AD, we crossed CETP trans-
genic mice with the 5XxFAD mouse model for AD (Jiang et al., 1992; Oakley et al., 2006). The
5xFAD model shows signs of amyloid deposition at the age of 1.5 months and cognitive im-
pairment measured in the Y-maze at 4-5 months of age (Oakley et al., 2006). We measured the
soluble and insoluble AB38, AB40 and AP42 from brain homogenates at the age of 3 (Figure
14A-C) and 6 months (Figure 14D-J). In 3-month old animals, we found no difference in
AB38, AB40 or AP42 between 5xFAD and double transgenic animals. However, we found a
robust diet-dependent increase in all measured Ap species (Figure 14B, C).

At the age of 6 months (Figure 14D), we found no differences in the levels of soluble A40
or AP42 between 5xFAD and double transgenic mice on either diet (Figure 14E-J). However,
5xFAD/CETP transgenic mice had significantly reduced levels of insoluble AB40 while in-
soluble AP42 remained unchanged on either diet (Figure 14H). While not statistically sig-
nificant, we found increased AP42/40 ratios in 5XxFAD/CETP mice on a high cholesterol diet
(Figure 14]).

Next, we asked whether the memory of 5xFAD/CETP would be affected through CETP. To
measure cognitive performance, we performed the Y-maze behavioral test to assess spatial
memory. However, at the age of 6 months, we were not able to show any significant differ-
ences in spatial memory between any of the experimental groups (Figure 15A). Surprisingly,
neither 5xFAD nor 5xFAD/CETP mice showed significant differences compared to our con-
trol groups. Apart from the wild-type control animals, all groups showed signs of cognitive

impairment, albeit not statistically significant.
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Figure 14: CETP activity does not increase A in 5xFAD mice

A: Breeding scheme of the 3-month trial: Mice were put on a control diet or a diet containing 1%
(w/w) cholesterol at the age of 6 weeks. Soluble Ap levels in the brain were measured at the age of
3 months. B, C: Soluble AB40 (B) and AB42 (C) levels. D: Breeding scheme of the 6-month trial:
Mice were put on a control diet or a diet containing 1% (w/w) cholesterol at the age of 2 months. At
the age of 6 months, the NOR and Y-maze behavioral tests were performed, and the animals were
sacrificed afterward to measure brain-Af levels. E-G: Levels of soluble Af40 and AB42 levels as well
as the AP42/40 ratio. H-J: Levels of insoluble AP40 and AP42 levels and the Ap42/40 ratio. n=5-8,
mean + SEM; 2-way ANOVA, Tukey’s multiple comparisons. * p<0.05.
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To exclude that differences in APP expression between 5xFAD and 5xFAD/CETP animals
is responsible for our negative results, we purified mRNA from cortex samples and performed
an RT-qPCR analysis. Here, we found no differences in the mRNA levels of APP between
5xFAD and 5xFAD/CETP animals (Figure 15B). Additionally, there was no detectable differ-
ence in CETP mRNA between CETP and double transgenic mice (Figure 15C). In line with
previous experiments in CETP transgenic animals, we observed a trend towards increased
levels of the inflammatory cytokines TNFa and IL1P both in a diet and genotype-dependent
manner (Figure 15D, E). Animals fed with a diet containing 1% cholesterol a trend towards
higher cytokine mRNA levels when compared to their diet counterpart. However, this was
not statistically significant.

Additionally, 5xFAD and 5xFAD/CETP had increased cytokine levels when compared to
the wild-type of CETP controls. Preliminary experiments hinted at changes in the triggering
receptor expressed on myeloid cell 2 (TREM2) in our transgenic mice. Consequently, we ana-
lyzed the brain-expression levels of TREM2 and found a 6-8-fold increase in TREM2 mRNA
in 5XxFAD and 5xFAD/CETP mice (Figure 15F). Lastly, we detected APP-protein levels using
western blotting. While we detected great individual differences in APP between different an-

imals, we could not detect statistically significant differences between groups (Figure 15G).

4.3 CETP expression increases A in McGill-Thyl-APP mice

Seeing that the y-secretase complex is a central component in the generation of Ap and is
modulated by surrounding cholesterol and lipid levels, but we were not able to show changes
in AP in 5xFAD/CETP mice, we hypothesized that familiar presenilin mutations might not be
susceptible to changes in membrane cholesterol and thus represent a poor model for sporadic
AD. Several studies have published that y-secretase incorporating familial presenilin muta-
tions cleave APP in a different mechanism (Qi et al., 2003). Hence, we used a different model

for AD to cross with the CETP transgenic mice.
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Figure 15: Behaviour and Alzheimer’s disease risk gene expression in 5xFAD/CETP mice

A: Y-maze behavioral test. B-F: Brain-mRNA levels of (B) APP, (C) CETP, (D) TNFa, (E) IL1 and
(F) TREM2. n=7-8, mean + SEM; 2-way ANOVA, Tukey’s multiple comparisons.* p<0.05 com-
pared to APP/CETP 1%C. diet, ** p<0.01 compared to APP/CETP 1%C. diet, *** p<0.001 com-
pared to APP/CETP 1%C. diet, # p<0.05 compared to APP/CETP standard diet, ## p<0.01 com-
pared to APP/CETP standard diet, ### p<0.001 compared to APP/CETP standard diet. G: Western

blot analysis of human APP expression.

We used a model that does not have any presenilin FAD mutations and crossed the Thyl

APP McGill mice with the CETP transgenic mice (Ferretti et al., 2011; Jiang et al., 1992).
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The Thyl APP McGill mice carry the Swedish (K670N & M671L) and Indiana V717F APP
mutations and show cognitive deficits as early as three months and early onset of amyloid
pathology (Ferretti et al., 2011).

AKkin to our initial mouse study, we analyzed the double transgenic Thyl APP McGill/
CETP mice together with wild-type, CETP and Thyl APP McGill as controls at the age of 3
months and 6 months.

Unlike the 5xFAD model, the Thyl APP McGill/CETP mice had significantly higher levels
of AB40 and AP42 at the age of 3 months, while AB38 was below the detection limit for most
animals (data not shown) (Figure 16A-C). Based on these initial experiments, we bred a larg-
er cohort and analyzed the animals at the age of 6 months (Figure 16D). First, we measured
the CETP activity in plasma samples from all groups. As expected, wild-type and Thyl APP
McGill mice showed no CETP activity. CETP as well double transgenic mice showed CETP
on both control and 1% cholesterol diet(Figure 16E).

Further, we analyzed the expression levels of CETP and APP in the mouse brain using RT-
qPCR and western blotting. The expression levels of the human APP were indistinguishable
between Thyl APP McGill and double transgenic mice (Figure 16H). Additionally, the CETP
expression was identical between CETP and double transgenic mice. However, the levels of
CETP in the brain as detected by western blot were very low (Figure 16F).

Subsequently, we measured the levels of soluble and insoluble AB38, AB40 and AP42 in
Thyl APP McGill and Thyl APP McGill/CETP mice at the age of 6 months (Figure 16I-
P). In line with our 3-month cohort, the double transgenic mice had increased levels of AP
compared to the Thyl APP McGill mice. Analyzing the amount of TBS-soluble AP, we found
that both the genotype and diet had a profound effect on all AP species (Figure 16I-L). Most
strikingly, we were able to measure a 3-fold increase in AB42 comparing Thyl APP McGill
with double transgenic mice on a 1% cholesterol diet (Figure 16K). We observed very similar
effects for the insoluble AP42 fractions (Figure 160). For AB38, we found that double trans-

genic animals had higher AP levels as compared to their Thyl APP McGill counterpart with
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the highest values measured in double transgenic mice fed with a diet supplemented with 1%

cholesterol (Figure 16M).
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Figure 16: CETP activity increases AP in Thyl APP mice

A: Breeding scheme of the 3-month trial: Mice were put on a control diet or a diet containing

1% (w/w) cholesterol at 6 weeks. Soluble AP levels in the brain were measured after 3 months. B,
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C: Soluble AB40 (B) and AP42 (C) levels. n=5-6, mean + SEM; 2-way ANOVA, Tukey’s multiple
comparisons. D: Mice were put on a control diet or a diet containing 1% (w/w) cholesterol at the
age of 2 months. At the age of 6 months, behavioral (NOR & Y-maze) and biochemical analyses
(RT-qPCR, western blot & ELISA) were performed. E: CETP-activity assay of 1 uL mouse serum. F:
Western blot analysis of APP and CETP expression. G: Gene expression of CETP as measured from
cortical mRNA using RT-qPCR. H: Gene expression of APP as measured from cortical mRNA
using RT-qPCR. I-L: Levels of soluble AB40 and AP42 levels as the AB42/40 ratio. M-P: Levels of
insoluble APB40 and AP42 levels as the AB42/40 ratio. n=4-8, mean + SEM; 2-way ANOVA, Tukey’s
multiple comparisons. * p<0.05, ** p<0.001.

For AB40 we saw strong diet-dependent effects with 30% and 50% increases in Af40 when
comparing Thyl APP McGill and Thyl APP McGill/CETP mice on control with a 1% choles-
terol diet, respectively (Figure 16N). Again, double transgenic mice on a diet containing 1%
cholesterol showed the highest values. In a similar fashion to the soluble Ap42, we found the
most potent effects, both in a diet and genotype-dependent fashion for Ap42 (Figure 160).
While Thyl APP McGill mice had about 2-fold higher AB42-levels on a 1% cholesterol diet,
double transgenic mice had almost 6-fold more APB42. Additionally, double transgenic mice
had almost 4-fold higher AP42 values compared to Thyl APP McGill mice on a 1% choles-

terol.

4.4 Memory impairment in CETP/Thyl APP McGill mice

Next, we measured spatial memory using the Y-maze test. Here, both Thyl APP McGill
and Thyl APP McGill/CETP mice showed impaired spatial memory when compared to wild-
type or CETP transgenic mice. However, there were no detectable differences between the
diets or Thyl APP McGill and Thyl APP McGill/CETP mice (Figure 17A). We further ana-
lyzed the behavior of our novel transgenic mice using the novel object recognition (NOR)
test (Baxter, 2010; Ennaceur and Delacour, 1988). As expected, both wild-type and CETP
transgenic mice showed no signs of cognitive impairment on either diet. We were not able

to measure significant cognitive deficits of the double transgenic or Thyl APP McGill mice
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compared to controls using the novel object recognition test. However, we observed a trend

towards memory impairment in both strains (Figure 17B).

4.5 BBB is intact in CETP/Thyl APP McGill mice

Lastly, we analyzed whether the combination of CETP activity and APP transgenicity could
lead to disruptions of the blood-brain barrier (BBB). CETP is a known pro-atherogenic factor
and in combination with AB deposition could accelerate lesions in the BBB which could be
involved in the increase in brain-Af levels. To test this, we injected the BBB impermeable dye
Evans blue into the tail vein, let the dye circulate for 30 minutes and dissected the animals
(Figure 17C, D). While the dye was able to penetrate every organ, we could not detect Evans
blue diffusion into the brain in any of our experimental treatment groups. As a positive con-
trol for BBB leakage, we used a much older animal that had spontaneously developed BBB
leaks (Figure 17E). These results indicate that the increasing levels of AP stem from changes

within the brain.
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control diet

diet

1% cholesterol

positive control

A: Y-maze analysis. n=9-16, mean + SEM; 2-way ANOVA, Tukey’s multiple comparisons. B: NOR
analysis. n=9-16, mean + SEM; 2-way ANOVA, Tukey’s multiple comparisons. C: Breeding scheme
for Evans blue injections. Mice were put on a control diet or a diet containing 1% (w/w) cholester-
ol at the age of 2 months. At the age of 6 months, the Evans blue injections were performed, and
BBB integrity was determined. D: Schematic representation of Evans blue injections. E: Extracted
brains from mice injected with Evans blue. A much older animal with BBB impairment was used

as a reference. n=4. *** p<0.001.
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5. Discussion

5.1 Cholesterol metabolism in Alzheimer’s disease

Since the beginning of AD research, the cholesterol metabolism has been tightly linked
to AD (Fassbender et al., 2001; Runz et al., 2002). Epidemiologically, it is well understood
that elevated cholesterol and LDL levels, as well as hyperlipidemia, are strong risk factors
for AD. Further, multiple of the strongest genetic risk factors for AD, such as the &4 allele
of ApoE, polymorphisms in clusterin (ApoJ) or the ABCA7 are critical players in lipid and
cholesterol homeostasis (Di Paolo and Kim, 2011). Additionally, Marquer et al. noted that an
early increase in cholesterol levels mimics most the early phenotype of AD in a mouse model
(Marquer et al., 2014). Today, a large proportion of AD research uses mouse or rat model
systems to unravel the pathological mechanisms underlying AD.

However, both mice and rats have essential differences in their cholesterol homeostasis
compared to humans. While both humans and mice/rats share the same lipoprotein particles,
most apolipoproteins and most other proteins associated with lipoproteins, mice completely
lack CETP (Guyard-Dangremont et al., 1998). Seeing that CETP transports cholesteryl esters
from HDL to ApoB-containing LDL, it is of no surprise that mice and rats have negligible lev-
els of LDL and ApoB (Gauthier et al., 1999; Gordon et al., 2015). In light of these differences,
we were interested to use mice transgenic for the human CETP to study AD. Compared to
wild-type mice, CETP transgenic animals show a humanized lipoprotein profile with elevated
LDL levels (Agellon et al., 1991; Grass et al., 1995; Oestereich et al., 2018, in revision at JLR).
Previous work in our group demonstrated that CETP expression leads to increased levels of
cholesterol in the brain which is accompanied by increased plasma and brain cytokine levels.
Furthermore, a microarray analysis of astrocytes revealed that the y-secretase complex might
be one of the mayor targets downstream of this cholesterol increase (Oestereich et al., 2018,
in revision at JLR).

However, we were not able to study whether this would affect the generation of AP pep-
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tides by y-secretase. This was attributed to the fact that CETP transgenic animals show only
low levels of murine AP, which additionally shows different biophysical and biochemical
properties compared to human A. Several studies were able to demonstrate that murine Ap
does not aggregate or show toxicity to the same extent as human AP (Lv ef al., 2013). As of
now, there were no animal models available incorporating both CETP and amyloid pathology
to study AD. Based on our data using CETP transgenic mice, we hypothesized that the CETP
induced changes in brain cholesterol would affect the processing of APP by the y-secretase

complex the levels of AP in the brain (Wahrle et al., 2002; Wrigley et al., 2005).

5.2 Does CETP activity increase A} generation?

To test this hypothesis, we transfected APP and CETP in HEK293T cells and measured
the levels of AP in the cell-culture supernatant. Here, were able to show that CETP activity
stimulates the generation of the AP species AB38, AP40 and AP42 in vitro (Figure 13D-I).
Further, we were able to demonstrate that the CE transfer activity of CETP is required for this
effect (Figure 13D-I).

To study whether this effect would translate into an animal model, we crossed mice trans-
genic for the human CETP (B6.CBA-Tg(CETP)5203Tall/]) with the 5XxFAD mouse model
for AD (Jiang et al., 1992; Oakley et al., 2006). The 5xFAD mouse is a very well-established
mouse model of amyloidosis in the context of AD. It carries the APP-familiar mutations
KM670/671NL (Swedish), APP 1716V (Florida), APP V7171 (London) and the familiar prese-
nilin mutations PSEN1 M146L and PSEN1 L286V (Oakley et al., 2006).

First, we studied our novel 5xFAD/CETP mice and analyzed the levels of soluble and insol-
uble AP at 3 months as well as AP and memory at the age of 6 months. Since the expression of
CETP can be induced via dietary cholesterol intake and transgenic mice on a standard chow
diet show low CETP expression, we decided to feed the mice with a chow supplement with
1% cholesterol. We found that the 5xFAD, as well as the 5xFAD/CETP mice, showed a swift

and early onset of amyloid pathology. However, we were not able to show that CETP activity
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increases the levels of soluble or insoluble Af. At the age of 3 months, we found that animals
fed with a diet containing 1% cholesterol had 2-3-fold higher AP levels. Yet, there was no
difference between 5xFAD and double transgenic mice (Figure 14B, C). Similarly, there was
no increase in AP levels in 6-month old mice (Figure 14E-]J). In line with this, no additional
cognitive impairment was detected (Figure 15A).

Seeing that our hypothesized mechanism for the CETP induced increase in Ap is based
on the effects of cholesterol on the activity of y-secretase, we wondered whether familial mu-
tations in presenilin, the catalytic subunit of y-secretase, would confound our experiments.
While this has not been extensively studied, there is evidence, that the cleavage mechanism of
FAD mutations in presenilin may differ from wild-type presenilin (Qi et al., 2003). Further,
there is evidence showing that the lack of PS activity, as seen in PS FAD, could increase CE
production and decrease cellular lipoprotein uptake (Area-Gomez et al., 2012; Tamboli et al.,
2008). This PS FAD-dependent increase in CE could mask the effects of CETP or potentially
prevent cellular uptake of CE.

To circumvent these drawbacks of a model carrying PS FAD-mutations, we decided to
cross the CETP transgenic mice with the Thyl APP McGill model for AD (Ferretti et al.,
2011). This model only carries the APP KM670/671NL (Swedish) and V717F (Indiana) muta-
tions. Herein, we analyzed the Thyl APP McGill/CETP mice in a similar way to our previous
double transgenic model. Strikingly, we found that in a model without PS-FAD mutations,
CETP activity led to an increase in both soluble and insoluble AP (Figure 161-P). While all
measured AP species (AP38, AB40, and AB42) were increased both at 3, and 6 months of age,
the most striking increase was detected for both soluble and insoluble Af42 in 6-month old
mice (Figure 16K, O).

Next, we asked whether these changes would prompt cognitive deficits. We measured
cognitive performance using the Y-maze and NOR test. Here, both tests revealed cognitive
deficits of the Thyl APP McGill and Thyl APP McGill/CETP mice when compared to either

wild-type or CETP transgenic animals (Figure 16A, B). However, both groups performed
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equally poorly and explored the Y-maze as well as the novel object in the NOR test randomly
by chance. It is possible that CETP activity would accelerate the onset of cognitive decline,
but at the age of 6 months, both groups already showed big cognitive deficits. Future research
assessing cognition at earlier ages could provide insight into whether CETP can accelerate

cognitive deficits in our mouse model.

5.3 How could CETP increase Af generation

As for the mechanism behind the CETP dependent increase in AP levels, we hypothesized
that CETP activity in the brain would redistribute lipids and especially cholesterol and thus
affect y-secretase and AP generation. This is in line with in vitro data by Holmes et al. report-
ing that changes in y-secretase lipid environment have effects on AP similar in magnitude to
PS and APP FAD mutations (Holmes et al., 2012).

Here, we were able to show that the CE-transfer activity and not the TG transfer of CETP
is responsible for the AP increase in vitro (Figure 13D, F, H). Our findings are in line with
our hypothesis that CETP-induced changes in the brain cholesterol homeostasis would cause
increased AP levels.

However, while CETP expression is found in the brain, especially in astrocytes, and could
be responsible for the increase in AP, several other possibilities may account for the effects
observed in our mouse model. First, we cannot rule out that peripheral and not CNS-derived
CETP activity could be responsible for the increase in AP (Albers et al., 1992). To exclude the
hypothesis that peripheral AP, lipids or CETP the changes in the brain, we tested the integrity
of the blood-brain barrier using Evans blue injections. We found that peripherally injected
Evans blue did not cross the BBB, indicating that a damaged BBB is not responsible for the

neural AP increase (Figure 17E).
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5.4 Difference between the 5xFAD and Thyl APP McGill mouse models

Seeing that we measured striking diferences in A generation between both mouse models,
we wonderend what differences could underlie the observed effects. To minimize differences
in the genetic background of our two animal models, we bred both strains homozygous with
the same C57BL/6] wild-type strain. Additionally, both AD models share the same C57BL/6]
background, and lastly, we used the same C57BL/6] CETP mice to generate our double trans-
genic models.

However, a difference between the models is the onset and rate of amyloid pathology.
Due to its five FAD mutations, the 5xFAD strain shows a very aggressive pathology which
may precede the slower changes induced by CETP activity. CETP expression in the brain
is significantly lower compared to the periphery, and the detrimental effects of CETP may
only manifest at a later time point. The Thyl APP McGill mice on the other hand only carry
three FAD mutations, and none in PSEN1 or PSEN2. Their rate of amyloid deposition could
be slow enough to be affected by changes in the cholesterol content in the brain and CETP
activity. This point can be supported by the fact that 5xFAD mice have 4-fold higher levels of
soluble and 20-fold higher levels of insoluble AB42 at the age of 6 months compared to Thyl
APP McGill mice (Figure 14E-]J, 16I-P).

Additionally, the FAD mutations may directly influence the effect of cholesterol and mem-
brane lipids on the activity of y-secretase or the enzyme could be insensitive to any changes
in membrane cholesterol. The two PSEN1 mutations in 5xFAD (PSEN1 M146L and PSEN1
L286V) lead to an increase in the AP42/40 ratio (Sherrington et al., 1995; Weggen and Beher,
2012).

While there may be further differences between the 5xFAD and Thyl APP McGill mice
that are not related to the presenilin FAD mutations, it is the most striking difference between
the models. Additionally, the familiar APP mutations 1716V (Florida) and V7171 (London)
are located right at the y-secretase cleavage site and lead to elevated levels of AB42 and Ap43

(Florida) or an increase in the ratio of AP42/40 (London) (Eckman et al., 1997; Goate et
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al., 1991). However, the Thyl APP McGill mice also carry the FAD mutation APP V717F
(Indiana) at the y-secretase cleavage site (Murrell ef al., 1991). This mutation shows similar
effects as the London mutation as it increases the AB42/40 ratio by selectively increasing
longer AP species such as AB42 and AP43 while leaving shorter species unaffected (Suzuki et
al., 1994; Tamaoka et al., 1994). Nonetheless, carrying four mutations directly associated with
alterations of y-secretase cleavage could render the enzyme-substrate pair unresponsive to its
lipid environment or overwhelm any effects of the lipid environment.

Additionally, Woodruff et al. found that PS1 FAD shows defective transcytosis and lipo-
protein uptake which would be a cornerstone in our hypothesized mechanism (Woodruff et
al., 2016). Unfortunately, there is not enough data available to establish whether the PS FAD
mutations lack regulations through their lipid environment. However, given the similarities
regarding the background strain between our mouse models we believe that the different mu-
tations in APP and especially PSEN1 are responsible for the lack of CETP-dependent increase
in AP in the 5xFAD mice.

Altogether, our data is in line with several laboratories that have been reporting changes in
brain lipids in AD (Barbash et al., 2017; Chan et al., 2012; Foley, 2010; Mendis et al., 2016).
In a similar fashion, several studies found changes in brain lipids on carriers of CETP single
nucleotide polymorphisms (SNPs) (Huppi and Dubois, 2006; Salminen et al., 2015; Tamnes
et al., 2010; Warstadt et al., 2014). It is not clear that these changes observed in humans are
solely due to CETP activity, but it is evident that a CETP transgenic mouse model could be a
valuable tool to incorporate these changes into a mouse model.

As of now all Alzheimer’s disease drugs targeting AP eventually failed in clinical trials
(May et al., 2011) Hence, it has been questioned whether targeting amyloid is the best strategy
(Castello et al., 2014; Hardy and De Strooper, 2017). While several drugs were able to reduce
the amyloid burden significantly, no cognitive improvement was reported. Further, it became
clear that the molecular changes underlying the disease start well before the onset of the clin-

ical symptoms, complicating the design of clinical trials (Mullane and Williams, 2018). Other
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therapeutic strategies need to be pursued and targeting CETP could be a successful strategy
especially since several epidemiological studies have linked SNPs in CETP with a lower risk
of AD. Several studied reported protective effects of the CETP polymorphism 1405V in carri-
ers of the AD risk allele APOE €4 (Murphy et al., 2012; Rodriguez et al., 2006; Sundermann et
al., 2016). Altogether, we believe that our novel mouse model with a humanized lipoprotein

metabolism could shed light on new therapeutic avenues (Mullane and Williams, 2018).
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GENERAL DISCUSSION

In this manuscript-based Ph.D. thesis, I am presenting two manuscripts that collective-
ly aim at describing the role of the cholesteryl ester transfer protein in the progression of
Alzheimer’s disease. During the first chapter, we used a mouse model transgenic for the hu-
man CETP to analyze its effects on brain lipids. In the second chapter, we generated a novel

mouse model by crossing CETP transgenic mice with common models for AD.

1. Alzheimer’s disease

1.1 Pathological hallmarks of Alzheimer’s disease

Alzheimer’s disease is the most common form of dementia and inflicts an immense so-
cioeconomic burden worldwide (Alzheimer’s disease international, 2015). The main char-
acteristic of the disease is a progressive loss of cognition and memory. Additionally, mood
changes, depression and speech impairment accompany the memory dysfunctions (Becker
and Overman, 2002; Forstl and Kurz, 1999; Frank, 1994). Pathologically, the main features
underlying the disease are synapse loss, a diffuse brain atrophy, and protein aggregates in the
form of AP and tau deposits (Holtzman et al., 2011; Wischik et al., 1988). In 1984, Glenner
and Wong were the first to postulate that APP is the source of the amyloid deposits in the AD
brain (Glenner and Wong, 1984). Yet, it took another three years until multiple groups puri-
fied and sequenced AP from plaques and mapped it to APP on chromosome 21 (Goldgaber et

al., 1987; Kang et al., 1987; Tanzi et al., 1987; Tanzi et al., 1988).

1.2 The amyloid cascade hypothesis

In order to generate amyloidogenic AP peptides, APP has to be cleaved by multiple trans-
membrane proteases. First, the f-secretase cleaves APP, generating a soluble sAPPf and the
p-C-terminal fragment (B-CTF). Subsequently, the y-secretase complex cleaves the f-CTF to

release the APP intracellular domain (AICD), and AP peptides of various lengths (Glenner
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and Wong, 1984; Hussain et al., 1999; Masters and Beyreuther, 1989; Masters et al., 1985).
Not long after these central discoveries, several mutations in APP as well as presenilin, the
catalytic subunit of the y-secretase complex, have been identified and linked to early-onset
AD (Sherrington et al., 1995; St George-Hyslop et al., 1987). This purely genetic and rare
form has been termed familial AD (FAD) due to its Mendelian inheritance in contrast to the
late onset, sporadic form of the disease (late-onset AD, LOAD) (Tanzi, 2012). Based on these
critical findings the amyloid cascade hypothesis, depicting AP as the main culprit in AD,
became the most wildly accepted hypothesis aiming to explain the molecular changes under-

lying AD (Hardy and Higgins, 1992).

1.3 Struggles and pitfalls in current Alzheimer’s disease research

Despite decades of biochemical research and clinical trials, there are only symptomatic
treatment options approved today (Yiannopoulou and Papageorgiou, 2013). Based on the
overwhelming data depicting AP as the principal culprit of the disease, the majority of clini-
cal trials have focussed on reducing the amyloid burden. Here, strategies to reduce the levels
of either soluble AP, amyloid plaques or soluble oligomeric A included passive immuniza-
tion approaches, therapeutic antibody-based strategies as well as inhibition or modulation
of the AP-generating enzymes B- and y-secretase secretase. While several studies showed
efficacious removal of A, this did not lead to significant improvements in clinical outcomes
(Lobello et al., 2012). In light of this bleak perspective, this would mean that for the majority
of patients, not carrying FAD mutations, targeting A may not achieve clinical efficacy (Lane
et al., 2012). Further, we understand now that most of the underlying biochemical changes
(AP and tau deposition, synapse loss, and brain atrophy) occur years before the first occur-

rence of clinical symptoms (Jack et al., 2013).
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1.4 Epidemiologic and genetic risk factors

It is imperative to expand our list of potential drug targets or treatment approaches to
advance treatments for AD. The most logical steps in finding suitable targets are to test the
most significant AD risk factors that have emerged from epidemiological studies and large-
scale genomic screens on AD patients. Based on our current understanding of the disease, the
prime candidate to demand our attention is the cholesterol metabolism. Multiple epidemio-
logic and genome-wide association studies (GWAS) established the cholesterol metabolism
among the strongest genetic risk factors (Bertram and Tanzi, 2004; Cuyvers and Sleegers,
2016; Di Paolo and Kim, 2011; Stefani and Liguri, 2009. Additionally, several epidemiological
studies on cholesterol-lowering drugs have suggested that controlling cholesterol levels may
not only be beneficial for CVD but also reduce the risk of AD (Chu et al., 2018). However,
as of now, we do not entirely understand the molecular mechanisms determining how the
lipid and cholesterol metabolism modifies the risk and the pathology of AD. More research is
necessary to unravel this intricate relationship. Yet, in order to progress in this endeavour, we
have to rethink our choices of model systems. Today, most AD research relies on mouse or rat
models. However, both species show significant differences in their cholesterol metabolism
when compared to humans. Most importantly, they lack CETP and as a result, show negligible

levels of LDL-C and cannot mirror a human lipoprotein profile.

2. CETP is linked with Alzheimer’s disease

In my thesis work, we focussed on generating a novel model incorporating human CETP
in mouse models of AD. While there are more differences than just the lack of CETP between
human and murine cholesterol handling, it is of particular interest because it had directly
been previously linked with AD and represents a significant step towards humanizing the
murine lipoprotein profile. In epidemiological studies, SNPs in CETP have been linked with

a reduced risk of AD. Most interestingly, the lack of CETP activity showed greatest effects
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in carriers of the €4 allele of ApoE (Arias-Vasquez et al., 2007; Barzilai et al., 2006; Chen et
al., 2014; Sanders et al., 2010; Yu et al., 2012). Prompted by these promising epidemiological
studies and seeing that minimal research on CETP in the brain had been done, we set out to

focus on the effects of CETP on the pathology of AD.

2.1 CETP transgenic mice

We started our endeavor using a well-characterized transgenic mouse expressing human
CETP with expression patterns very similar to humans (Jiang et al., 1992). The B6.CBA-
Tg(CETP)5203Tall/] mouse strain was initially developed in the lab of Dr. Allan Tall in 1992
to study CVD. Here, Jiang et al. generated the transgenic strain by microinjection of a mini-
gene consisting of all native CETP introns and its natural flanking regions into the male
pronucleus of a fertilized mouse egg (Jiang et al., 1992). Similar to humans, CETP expression
in this model can be stimulated via dietary cholesterol as the promoter contains a cholester-
ol responsive element (CRE). During all our trials we made use of this by inducing CETP
expression through feeding of a diet enriched with 1% cholesterol, resulting in an 8-9-fold
increase in liver-mRNA levels of CETP. In this context, it is important to note that a standard
mouse diet is devoid of cholesterol (Table 6) and does not accurately reflect an average hu-
man nutritional profile. Using this dietary approach, we were able to humanize the murine
lipoprotein profile, meaning increased LDL-C and decreased HDL-C.

While CETP transgenic mice alone cannot be considered a model for AD, we wanted to
study whether it would affect known risk factors for AD. Both cardiovascular disease and
AD show an upregulation of inflammatory cytokines as a response to the injury, and we were
curious to study whether CETP would inflict a similar inflammatory response (Heneka et al.,
2015; Ruparelia et al., 2017). We measured the plasma levels of the inflammatory cytokines
TNFa and IL1p in the circulation, as well as the corresponding mRNA levels in both liver and
brain. We focussed on liver-mRNA levels since the liver is the primary organ secreting CETP

and a key player in cholesterol homeostasis. Our analysis showed that in animals with highest
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CETP expression, i.e., CETP transgenic mice fed with our 1% cholesterol diet have elevated
levels of circulating TNFa and IL1P, which was matched by increased liver expression. These
results were reassuring but not unexpected as it is well documented that dietary cholester-
ol and elevated LDL-C induces inflammation (Tall and Yvan-Charvet, 2015; Wouters et al.,
2008). While most of the research studying the role of inflammation in Alzheimer’s disease
had been focussed on the brain, there are several reports that show that peripheral inflam-
mation, especially in the liver is able to induce disturbances in the brain, likeliy through hu-
moral and/or neural pathways (Garcia-Martinez and Cordoba, 2012). Further, Non-alcoholic
fatty liver disease (NAFLD) has been shown to accelerate neuroinflammation and promote

Alzheimer’s disease in mouse models fed a high fat diet (Kim et al., 2016).

2.2 Does CETP modify brain lipids?

Since our overall goal was to study the effect of CETP in the brain, we turned our focus to
the central nervous system. Opposed to the increase in peripheral inflammation, we only de-
tected a very modest increase in brain-mRNA levels of IL1p while other cytokines remained
unchanged. Next, we were able to confirm that the brain expression of CETP in our mice
was similar to what has been published for humans with the highest expression in astrocytes
(Yamada et al., 1995). While being a central player in CVD research, potential roles of CNS-
derived CETP remain elusive. Taken the effects of CETP activity in the periphery, we won-
dered if CETP transgenic mice would show abnormalities in their brain-lipid levels. Imaging
of brain lipids is challenging due to the unspecific nature of most dyes available and the lack
of spatial information in classic mass-spectrometry approaches. This poised us to collaborate
with the laboratory of Dr. Pierre Chaurand, an expert in imaging mass spectrometry (IMS)
of lipids.

Using MALDI-IMS, we found that CETP transgenic mice have up to 30% increased brain
cholesterol levels. The highest concentrations were found in the myelin-rich fiber tracts.

Additionally, we found a similar trend towards increased levels of cholesterol on the hip-
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pocampus of CETP transgenic mice, albeit this was not statistically significant. The nature of
MALDI-IMS allows for the quantification of other lipid species. Due to its involvement in in-
flammatory processes, and as a precursor for eicosanoids and prostaglandins, we analyzed the
levels of arachidonic acid (Samuelsson, 1991). However, we were not able to detect significant
differences between genotypes or diets. Seeing that MALDI-IMS of cholesterol is still a very
recent technique and is not broadly used, few studies have been able to study brain cholesterol
levels to a similar degree as presented here.

Nonetheless, Xu et al. used mass spectrometry on plated fibroblasts to measure cholesterol
levels from Smith-Lemli-Opitz syndrome (SLOS) patients that accumulate 7-dehydrocho-
lesterol due to a mutation in the gene for the enzyme 7-dehydrocholesterol reductase. They
successfully imaged cholesterol and its precursors but were limited to a cell monolayer in cul-
ture (Xu et al., 2015). Several other studies have analyzed cholesterol level in mouse models
for atherosclerosis. However, just like the study carried out by Hutchins et al. most often they
resort to analyzing the composition of atherosclerotic plaques or other pathological features
and not the whole brain (Hutchins et al., 2011). Further analysis and especially advances in
the quantification of MALDI-IMS datasets will be very valuable in expanding our knowledge
on the effects of CETP on the brain lipid and cholesterol homeostasis. One way of investi-
gating whether the effects observed could be facilitated by peripheral CETP would be to use
mice that lack expression of CETP in the CNS. One possible way of accomplishing this would
be using a viral expression system to allow CETP expression only in liver cells. Here, promot-
ers such as the thyroxine binding globulin (TBG) promoter allow for specific expression in

hepatic cells (Yan et al., 2012).

2.3 How do these changes relate to CETP studies in humans?

While we were first to demonstrate that CETP transgenic mice show elevated brain cho-
lesterol levels, several studies have hinted at similar changes in humans. Multiple publica-

tions studying carriers of CETP polymorphisms report changes in brain structure and lipids.
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Several laboratories using Diffusion Tensor Imaging investigated the CETP 1405V polymor-
phism (rs5882) that is associated with reduced CETP activity, and found significant abnor-
malities in grey matter microstructure (Blankenberg et al., 2003; Boekholdt and Thompson,
2003; Oliveira and de Faria, 2011; Salminen et al., 2015). These abnormalities in white matter
microstructure can be interpreted as neurodegeneration and atrophy leading to reduced fib-
er-tract integrity (Warstadt et al., 2014; Huppi and Dubois, 2006; Tamnes et al., 2010). Similar
changes have been reported for AD patients, and it has been hypothesized that white-matter
microstructure may be a valuable marker for cognitive capacity (Teipel et al., 2009). Further,
several groups have employed DTI to study the brains of AD patients and found significant
reductions in fractional anisotropy in brains of patients with AD when compared to healthy
controls (Bozzali and Cherubini, 2007; Liu ef al., 2011). Increased fractional anisotropy in

DTI is considered a marker for atrophy in fiber tracts (Whitwell et al., 2010).

3. Where does extra brain cholesterol come from?

Despite the evidence that CETP has a role in the CNS, the biochemical effects of CETP ac-
tivity in the brain remain elusive. Considering that the majority of CNS cholesterol is derived
from de novo synthesis, we wanted to test whether this could account for the increased cho-
lesterol levels in the brain of CETP transgenic mice. Here, we purified astrocytes from CETP
transgenic mouse brains fed with a diet enriched with 1% cholesterol, extracted mRNA, tran-
scribed it into a cDNA library and performed a RNA microarray. Interestingly, our analysis
revealed that increased de novo synthesis is not responsible for the increase in cholesterol.

Our next hypothesis was that CETP could induce increased cholesterol transport into
the brain. Yet, an intact BBB does not allow for direct cholesterol transport into the brain.
The brain cholesterol metabolism is separated from the peripheral cholesterol homeostasis
(Zhang and Liu, 2015). However, BBB integrity can be impaired in several pathological condi-
tions. CETP has been associated with atherosclerosis which is known to damage the BBB and

hence could allow for cholesterol influx into the brain (Inazu ef al., 1990). Lastly, it has been
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reported such damage could lead to similar white matter lesion as discussed above (Claus
et al., 1996; de Leeuw et al., 2000). To test this possibility, we tested the BBB integrity using
Evans blue injections but were not able to show any signs of permeability.

Nonetheless, further possible scenarios could explain the CNS-cholesterol increase. While
cholesterol is not able to cross the BBB, some hydroxycholesterol species such as 24-hydroxy-
cholesterol can (Russell et al., 2009). Further, smaller lipoprotein particles can enter the brain
via SR-B1-mediated transcytosis (Balazs et al., 2004; Fung et al., 2017; Goti et al., 2001).

Unfortunately, as of now, we were not able to measure 24-hydroxycholesterol or other hy-
droxycholesterols, but further MALDI-IMS analyses could shed light on the distribution and
concentrations of various hydroxycholesterols.

Another possible source for the increase in cholesterol could be the release via de-esteri-
fication of cholesteryl esters. CETP has been linked with lipids droplet formation, and CETP
activity could affect retention of cholesterol or cholesteryl esters in lipid droplets and their

release in the form of cholesterol.

3.1 What are the downstream effects of the cholesterol increase?

While our microarray analysis was not able to determine the source of the cholesterol in-
crease in the brain, it was able to reveal some of its downstream effects. Looking at changes
in gene expression, we found that both PSEN1 and PSEN2 among the top upstream targets.
PSEN1 and PSEN2 are the genes coding for presenilins, the catalytic subunits of the y-secre-
tase complex (De Strooper et al., 1998). We further studied this effect in vitro where we were
able to reproduce the effects of CETP on y-secretase and showed that CETP activity could
activate y-secretase. Further cementing a role for CETP in y-secretase processing, CETP ac-
tivity leads to increased generation of AP in cell culture. Using in vitro cell culture allowed us
to explore the mechanism behind this effect. We found that the increase in A relies on the
presence of lipoproteins in the cell culture supernatant and the cholesteryl-ester transfer ac-

tivity of CETP. Removing lipoproteins from the cell-culture medium as well as transfection of
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CE-transfer deficient CETP mutant did not increase A generation. Based on our results, we
propose that CETP increases the cholesterol content of LDL and potentially brain-lipoprotein
particles that are subsequently taken via LDL-receptors. This increase in cellular cholesterol

is affecting the lipid environment of y-secretase, leading to increased levels of Ap.

4. CETP in Alzheimer’s disease mouse models

So far, we had been able to demonstrate that CETP increases the brain cholesterol levels
in vivo and affects y-secretase, as evident by increased AP generation in vitro. To study the
effects of CETP on Ap generation in vivo, we generated two novel mouse models by crossing
CETP transgenic mice with the 5xFAD and Thyl APP McGill models for AD. Both models
are mouse models for amyloidosis and rely on the overexpression of human APP, carrying
several FAD mutations. Surprisingly, while we were able to measure a CETP-dependent Af

increase Thyl APP McGill mice, this was not the case in our 5xFAD model.

4.1 What are the differences between our mouse models?

This glaring inconsistency is puzzling, but there are several potential reasons for the dis-
crepancy between the different models. While both are a model for amyloidosis, the sever-
ity and rate of AP generation are different between the models. As the name suggests, the
5xFAD model carries five familiar AD mutations (APP KM670/671NL (Swedish), APP 1716V
(Florida), APP V7171 (London), PSEN1 M146L, PSEN1 L286V) and shows one of the fastest
onsets of amyloid pathology when compared to other mouse models for AD (Oakley et al.,
2006). The Thyl APP McGill model, on the other hand, shows a much slower progression of
amyloid deposition (Ferretti et al., 2011). At the age of 6 months, the 5xFAD/CETP mice have
4-fold higher levels of soluble and 20-fold higher levels of insoluble Ap42 compared to Thyl
APP McGill/CETP mice. The fast amyloid generation could precede effects of CETP on the

generation of Ap.

122



Further, we hypothesize that the effect of CETP on Ap is mediated through CETP’s ability
to affect the lipid environment of y-secretase. The 5xFAD mouse model carries the PSEN1
mutations M146L and PSEN1 L286V. While most PS FAD mutations have been described as a
lack of function, the M146L and PSEN1 L286V mutations lead to an increase in the Ap42/40
ratio but also the overall amounts of AP42 generated (Sherrington et al., 1995; Sun et al.,
2017; Weggen and Beher, 2012). It could very well be that this gain of function regarding the
ability to generate AP42 could render the enzyme insensitive to its lipid environment.

Despite the difficulties and limitations of models aiming at incorporating cardiovascular
risk factors in AD models, our results demonstrate that it could be a valuable tool to study
the role of cholesterol in AD.

Only very few groups have employed similar approaches. One example would be a study
on a model transgenic for human ApoB-100. Bjelik at al. used this transgenic mouse in com-
bination with a diet enriched with cholesterol. Similar to our approach, using a pro-athero-
genic factor they found effects on the APP metabolism in the brain (Pitas ef al., 1987b). While
promising, it is important to note that ApoB-100 not expressed in the brain and unlikely to
cross the BBB. Further, their analysis was limited and did not include a measurement of Ap
in the brain (Bjelik et al., 2006). However, it does underline that pro-atherogenic factors even
when expressed in the periphery play an essential role in the APP metabolism in the CNS.
Multiple researchers have acknowledged that most current models are very artificial and may
not represent sporadic AD (Keene et al., 2016; Onos et al., 2016). Some even blame the lack of
appropriate models of sporadic, late-onset AD for some of the failures in recent clinical trials
(Cummings, 2018; Drummond and Wisniewski, 2017). Given the knowledge about AD risk
factors, it is surprising that most current animal models still heavily rely on the overexpres-

sion of FAD mutations at the expense of other risk factors.

5. Targeting cholesterol to treat Alzheimer’s disease?

While the final verdict is still out, several epidemiological studies on cholesterol-lowering
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drugs and their effects on Alzheimer’s disease provide hope that they may be able to slow the
onset of AD.

Several recent studies showed that statin use was associated with a reduced risk of demen-
tia, especially in ApoE €4 carriers (Chatterjee et al., 2015; Chu et al., 2018; Geifman et al.,
2017; Li et al., 2010; Rockwood et al., 2002; Shah et al., 2015; Wong et al., 2013). Additionally,
Zimetti et al. recently reported a pathophysiological link between PCSK9 and AD. Here, they
found higher CSF PCSK9 levels in AD patients compared to controls (Zimetti ef al., 2017).

We believe the studies as mentioned earlier together with our data present a strong case
for the use of cholesterol-lowering drugs in the prevention of Alzheimer’s disease. However,
cholesterol-lowering drugs have been reported to slow inflammatory processes promoting to
Alzheimer’s disease or by affecting the levels of AP either through reducing the generation or
by promoting its clearance. Both, the inflammatory component as well as AB pathology have
been shown to occur much earlier than the onset of clinical symptoms (Jack et al., 2013).

Hence, it is likely that cholesterol-lowering drugs such as statins, PCSK9 inhibitors or
CETP inhibitors would have to be administered 15-20 years before the onset of clinical symp-
toms (Li et al., 2010). Unfortunately, this very long treatment timeline, the lack of early diag-
nostic and the cost associated with long-term clinical trials make it incredibly challenging to

prove the validity of cholesterol-lowering drugs as a treatment for AD.

6. The need to include a cholesterol phenotype in AD models

Altogether, there is a significant need for innovation in developing novel models that can
model late-onset AD. There is a concerted effort in generating models that include multiple
risk factors and pathological features. A good example would be mouse models combining
both amyloid and tau pathology such as the ADLPAPT mouse model (Kim et al., 2018).
Additionally, the laboratory of Dr. De Strooper has recently developed a novel mouse model
that is built around humanizing an AD mouse model by injecting human PSCs into mouse

brains. These mice show additional pathological hallmarks such as neurite dystrophy, neu-
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rodegeneration, and tau that are not present to the same extend previous models (Espuny-
Camacho et al., 2017).

One of the most interesting new models is the hAPP/APOE4/Trem2*R47H mouse as devel-
oped by Mike Sasner at the Jackson Laboratory for the IU/JAX MODEL-AD consortium. This
mouse model has humanized APP and ApoE &4, and carries the TREM2 R47H mutation. The
¢4 allele and TREM2 R47H polymorphism are among the strongest risk factors for late-onset
AD and make this a very promising model. Not only is this model lacking APP and presenilin
FAD, it also incorporates risk factors involved in the cholesterol homeostasis. This model is
currently in a phenotyping pipeline that includes a histological analysis including white mat-
ter, NeuN, tau staining as well as imaging of neuroinflammation and vascular health.

Further, in vivo imaging studies including amyloid, tau, blood flow, and glucose imaging
will be performed. Lastly, biochemical analyses include AP and tau measurements as well as
the quantification of soluble TREM2. While human ApoE €4 on its own will not lead to a hu-
manized lipoprotein metabolism, this latest approach takes a step forward towards generating
a mouse modeling multiple pathologies of human AD pathology closely.

Apart from various efforts in generating better mouse models, recent advances in the gen-
erations of so called mini brains promise to provide insight into the pathology of sporadic
AD. For example, Lin et al. generated human iPSC-derived organoids from APOE4 iPSCs.
Comparing APOE4 with APOE3 organoids, they were able to demonstrate that AP clearance,

as well as aggregation, depends on the ApoE isoform (Lin et al., 2018).

7. What comes next?

We believe that our Thyl APP McGill/CETP model is a very valuable tool to expand our
knowledge in the interrelationship between CVD and AD. One big question we were not
yet able to definitively answer is whether CETP in the CNS or the periphery is responsible
for the AP increase. As previously discussed, animals transgenic for human ApoB-100 show

effects on brain AP levels, while ApoB-100 is most likely restricted to the periphery and not
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able to cross the BBB. Yet, it shows effects on brain APP levels. Hence, it is not impossible
that the effects we observed are due to the action of CETP in the periphery. However, in con-
trast to ApoB-100, CETP is expressed in the brain as we and others have shown. However,
restricting CETP expression to either the liver or CNS should give us answers to that ques-
tion. Furthermore, using a different model for hypercholesteremia, such as LDLR knock out
mice of ApoB-100 overexpressing mice could shed light whether peripheral hypercholester-
emia of neural CETP expression is responsible for the effects observed in our animal models.
Additionally, Fast protein liquid chromatography (FPLC) of brain lipoproteins of CETP and
wild type animals could show if CETP affects the generation of composition of brain lipo-
protein particles. To further understand the precise role of CETP in the brain, LCAT inhibi-
tors could be used to prevent the generation of cholesteryl esters, the substrate of CETP and
should yield similar effects as CETP inhibition, which would help understand whether the
cholesteryl ester transfer activity of CETP or a different, yet unknown, role of CETP plays a
part in the effects of CETP in the brain.

Based on our microarray data, the increased brain cholesterol levels are not due to in-
creased de novo cholesterol synthesis in astrocytes. However, we cannot exclude that other
cell types such as neurons of glia cells. One way of further studying this would be the use of
radioactively labelled precursors such as acetyl-CoA to measure the incorporation rate in
cholesterol. Further, the increased levels of cholesterol could be due to reduced transport of
24-hydroxyholesterol out of the brain or 27-hydroxycholesterol into the brain. MALDI-IMS
studies, analysing those hydroxycholesterols in periphery and the brain could shed light on
whether this could be a potential mechanism for the cholesterol increase in the brain.

Based on our in vitro results, pharmacologically inhibiting CETP abolished the detrimen-
tal effects of CETP on A. It is tempting to speculate that one of the recently developed CETP
inhibitors may show beneficial effects on the progression of AD in vivo. Most of the CETP
inhibitors have been discontinued for the treatment of CVD mostly due to their lack of effica-

cy (Barter et al., 2007; Doggrell, 2017; Schwartz et al., 2012; Tall and Rader, 2018). However,
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the latest generation of CETP inhibitors are very well tolerated and could be useful in a
combination therapy targeting AD (Duivenvoorden and Fayad, 2012; Hendrix et al., 2016).
Nonetheless, the brain penetration of current CETP inhibitors is poorly tested and based on
their chemical properties (molecular weight>500 g/mole, logP>5) their BBB penetration may
be limited. However, Hartmann et al. were able to detect anacetrapib in the brain, albeit at low
levels (Hartmann et al., 2016). Nevertheless, current research depicts a vital role for CETP
in the brain, likely in conjunction with ApoE and we believe that is indispensable to explore

potential benefits of CETP inhibition on AD.
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CONCLUSION

For my Ph.D. thesis, I aimed at generating and analyzing a novel mouse model for AD that
includes one of the strongest risk factors for the disease that had thus far mostly been ignored.
Including a humanized lipoprotein profile was able to replicate multiple pathologies that
most current AD-mouse models lack. Unlike most other models, we observed an increase in
the brain cholesterol levels. Additionally, we were able to show that CETP leads to increased
AP generation in vitro as well as in vivo, at least in our novel model without presenilin FAD
mutations.

Further, our data indicate that the effect of CETP on AP relies on changes in brain cho-
lesterol and subsequently y-secretase, in line with various studies. This signifies a significant
step forward to better models to study AD. Nonetheless, it is indispensable to improve cur-
rent models further. Finally, this study is only the beginning of our studies on AD model with

a humanized lipoprotein metabolism.
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Pluripotent stem cell

Presenilin 1

Presenilin 2

Randomized Evaluation of the Effects of anacetrapib through Lipid
modification

Ribonucleic acid

Reverse-transcription quantitative polymerase chain reaction
SREBP cleavage-activating protein

Sodium-dodecyl sulfate

SDS-polyacrylamide gel electrophoresis

Site-1 protease

Smith-Lemli-Opitz syndrome

Single-nucleotide polymorphism

Sterol-regulatory element

Sterol regulatory element-binding proteins

Triglyceride

Tris-SDS-EDTA

Triggering receptor expressed on myeloid cells 2
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VLDL Very-low density lipoprotein

VLDLR Very-low density lipoprotein receptor
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APPENDIX

Table 5: Primers sequences for RT-qPCR.

Target

Forward primer

Reverse primer

hCETP
mABCA7
mTNFa
mIL1B
mTLR4
MTREM2
mIL6
hHES1
hP21
mHPRT
mPSMC4
mGAPDH
mBACT
hAPP

CAGATCAGCCACTTGTCCAT
TTCTCAGTCCCTCGTCACCCAT
GGTGCCTATGTCTCAGCCTCTT
TGGACCTTCCAGGATGAGGACA
AGCTTCTCCAATTTTTCAGAACTTC
ACAGCACCTCCAGGAATCAAG
CCTCTGGTCTTCTGGAGTACC
CGGAATCCCCTGTCTACCTC
GCCTTAGCCCTCACTCTGTG
CCAGTTTCACTAATGACACAAACG
CCGCTTACACACTTCGAGCTGT
CATCACTGCCACCCAGAAGACTG
CATTGCTGACAGGATGCAGAAGG
CCTTCTCGTTCCTGACAAGTGC

CAGCTGTGTGTTGATCTGGA
GCTCTTGTCTGAGGTTCCTCGT
GCCATAGAACTGATGAGAGGGAG
GTTCATCTCGGAGCCTGTAGT
TGAGAGGTGGTGTAAGCCATGC
AACTTGCTCAGGAGAACGCA
ACTCCTTCTGTGACTCCAGC
AATGCCGGGAGCTATCTTTCT
AGCTGGCCTTAGAGGTGACA
CTGGTGAAAAGGACCTCTCGAAG
GTGATGTGCCACAGCCTTTGCT
ATGCCAGTGAGCTTCCCGTTCAG
TGCTGGAAGGTGGACAGTGAGG
GGCAGCAACATGCCGTAGTCAT

Table 6: Calculated fatty acid a lipids composition of the animal diets used here.

Calculated fatty
acids (g/kg)

Diet

control diet 1%Chol.

21% FA 21% FA & 1%Chol.

Cholesterol

n-6:n-3 ratio

n-3:n-6 ratio

182

6.6 6.6
0.2 0.2

6.0 6.0
0.2 0.2
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Abstract

Proteases, sharp yet unforgivable tools of every cell, require tight regulation to ensure specific non-aberrant cleavages.
The relatively recent discovered class of intramembrane proteases has gained increasing interest due to their involvement
in important signaling pathways linking them to diseases including Alzheimer’s disease and cancer. Despite tremendous
efforts, their regulatory mechanisms have only started to unravel. There is evidence that the membrane composition itself can
regulate intramembrane protease activity and specificity. In this review, we highlight the work on y-secretase and rhomboid
proteases and summarize several studies as to how different lipids impact on enzymatic activity.

Keywords Membrane lipids in protease regulation - Drug targets - Pathophysiology - Rhomboid protease - Protein-lipid

interaction - Gamma-secretase

Intramembrane Proteases: An Emerging
Field of Research

Intramembrane proteases, also formerly known as intram-
embrane cleaving proteases (i-CLips), constitute a relatively
new class of proteases with the site-2 protease discovered
in 1997 (Rawson 2013), then followed by y-secretase (Ray
et al. 1999; Wolfe et al. 1999a, b; Haass 2000) and rhom-
boid proteases in 2001 (Urban et al. 2001). In contrast to
soluble proteases, intramembrane proteases are multi-pass
transmembrane proteins that form a catalytically active
center within the plane of the membrane allowing such pro-
teases to cleave peptide bonds within the hydrophobic envi-
ronment of the lipid bilayer (Wang et al. 2006; Ben-Shem
et al. 2007; Lemieux et al. 2007; Langosch et al. 2015).
Consequently, cleavages by intramembrane proteases lib-
erate substrate fragments on both sides of the membrane
emphasizing the very distinguished roles of intramembrane
proteases in receiving and transmitting signals across mem-
branes both within and between cells (McCarthy et al. 2017).
Since intramembrane proteases reside in different subcel-
lular membranes and cell types (Urban 2016), an obvious
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University, Montreal, QC H3G 0B1, Canada
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assumption is that the membrane composition may influence
their activity. However, the investigation of how lipids may
regulate protease activity is a daunting task as our current
understanding of lipid—protein interactions is relatively lim-
ited and most biophysical and biochemical methods are not
well suited to study such interactions. Nevertheless, with
improving technology, novel tools are being used to better
address the question of how lipids regulate intramembrane
proteolysis. Here, we will summarize several findings show-
casing the recent advances in the field.

The Four Families of Intramembrane
Proteases

To date, four families of intramembrane proteases are
distinguished based on their catalytic mechanisms (Ver-
helst 2017). Site-2 proteases are zinc metalloproteases,
y-secretase and the related signal peptide peptidases (SPPs)
are aspartic acid proteases, and rhomboid proteases are ser-
ine proteases. Recently, a novel founding member of glu-
tamatergic intramembrane proteases, Rcel, was identified
from the archaebacteria Methanococcus maripaludis (Mano-
laridis et al. 2013), reviewed in Verhelst (2017). The follow-
ing pathways highlight the involvement of intramembrane
proteases in diverse biological contexts and the consequent
necessity for their tight regulation. The complex mechanism
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of sensing low cholesterol levels in the endoplasmic reticu-
lum (ER) and subsequent trafficking of the sterol regula-
tory element-binding protein (SREBP) to the Golgi appa-
ratus for its activation was awarded with the Nobel prize in
Physiology and Medicine 1985 (Motulsky 1986). Here, the
site-2 protease cleaves SREBPs in the Golgi and releases a
nuclear transcription factor to induce the transcription of
genes involved in lipid and cholesterol synthesis (Brown
et al. 2000). In a similar fashion, site-2 protease also delib-
erates the activating transcription factor-6 (ATF-6) inducing
the transcription of genes required for protein folding and
biogenesis in the ER upon activation of the unfolded protein
response (Sha et al. 2011).

SPPs were named based on their initially described func-
tion to degrade signal peptides that were removed from
nascent proteins in the ER (Paetzel et al. 2002). However,
SPP also generates antigen peptides that are presented by
major histocompatibility complexes (MHC) (Oliveira et al.
2013). Similarly, the currently best-characterized SPP-like
protease, SPPL2a, cleaves CD74, a component of MHCII,
and is required for B-cell maturation (Beisner et al. 2013;
Bergmann et al. 2013; Schneppenheim et al. 2013; Men-
trup et al. 2017b). Furthermore, the protease SPPL3 was
shown to process glycan-modifying enzymes and influence
the N-glycosylation of cellular proteins (Voss et al. 2014).

Like SPPs, y-secretase belongs to the family of aspar-
tic acid proteases, but occurs as a complex composed of
four subunits, i.e., presenilin (PS1 or PS2 isoforms) carry-
ing the catalytic active residues, anterior pharynx-defective
(AphlaL, AphlaS, or Aphlp isoforms), nicastrin, and
presenilin-enhancer-2 (pen-2) (Kaether et al. 2006). Inter-
estingly, y-secretase and SPP possess opposite topologies:
while PSs are oriented with their N termini in the cytosol,
the SPPs have their N termini in the ER lumen. As a con-
sequence, y-secretase almost exclusively cleaves type-I
oriented substrates, whereas SPPs predominantly process
single-pass substrates with type-II orientation (Haass and
Steiner 2002). y-Secretase, known as “proteasome of the
membrane,” processes around 100 substrates (Kopan and
Ilagan 2004). Central signaling pathways, such as the Notch
signaling pathway regulating embryonic development and
cell differentiation, are critically dependent on y-secretase
activity (Bai and Pfaff 2011). Aph and PS come in different
isoforms generating six different complexes in human that
may regulate processing of different subsets of substrates
(Shirotani et al. 2004a, b; Serneels et al. 2005; Acx et al.
2014). y-Secretase activity and cleavage mechanism was
intensively studied in the Alzheimer’s disease research field
due to its processing of the amyloid precursor protein (APP),
the probably best-characterized y-secretase substrate to date,
see below.

The protease ‘Ras and a-factor-converting enzyme 1’
(Rcel) is a prenyl-endopeptidase that cleaves farnesylated
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(and geranylgeranylated) substrates at the CAAX motif, and
regulates signaling through the Ras superfamily of small
GTPases and subsequent mitogen-activated protein kinase
(MAPK) signaling pathways (Wang and Casey 2016). It
is possible that the lipid anchor enters the catalytic site of
the protease together with the peptide substrate, raising the
interesting possibility that lipid modifications may constitute
co-factors for substrate recognition or catalysis (Manolaridis
et al. 2013). Finally, rhomboid proteases are found in all
kingdoms of life and are conserved probably down to the
least common ancestor (Lemberg and Freeman 2007). They
were discovered in Drosophila melanogaster as regulators
of signaling through the endothelial growth factor (EGF)
during development (Wasserman et al. 2000). In mammals,
the inactive pseudo-rhomboid iRhom?2 is required for TNF-o
release in response to bacterial infections (Adrain et al.
2012). Further, the mitochondrial rhomboid protease PARL
has been linked to mitophagy and Parkinson’s disease (Jin
et al. 2010; McQuibban and Bulman 201 1; Meissner et al.
2011; Greene et al. 2012; Shi and McQuibban 2017), and
our lab recently found that the rhomboid protease RHBDL4
processes APP linking rhomboid proteases to Alzheimer’s
disease (Paschkowsky et al. 2016).

Membrane Embedded Proteases: Boon
or Bane for Drug Discovery?

As this brief overview hopefully conveyed, intramembrane
proteases are involved in many central biological pathways,
with implications in multiple diseases certainly rendering
them appealing drug targets (Dusterhoft et al. 2017). Some
intramembrane proteases are known to exhibit restricted
expression patterns and are only found in certain cell types
or organs, suggesting that potential drugs may have the bene-
fit of minimal side and/or adverse effects. Drug development
excelled for y-secretase over the last two decades aiming to
inhibit the production of toxic AP peptides linked to Alzhei-
mer’s disease. However, y-secretase inhibitors had severe
side effects through the inhibition of the Notch pathway, so
that 2nd generation inhibitors were developed with substrate-
selective properties, meaning that they inhibited APP pro-
cessing, but to a lesser extent Notch processing. In parallel,
y-secretase modulators were developed to alter the cleavage
pattern and processivity of this protease (De Strooper and
Chavez Gutierrez 2015). However, none of these inhibitors
or modulators succeeded in clinical trials to prevent or treat
Alzheimer’s disease. The compounds are currently being
repurposed and tested for the treatment of certain cancers
(Kumar et al. 2016). Similarly, inhibitors have been identi-
fied for other intramembrane proteases, although most show
only low affinity (Wolfe 2010; Pierrat et al. 2011; Strisovsky
2016; Verhelst 2017). Those molecules may represent good
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lead structures for further development through medicinal
chemistry (Verhelst 2017).

One essential and often misguided aspect of drug design
is a solid knowledge of the physiological regulation of
intramembrane proteases: which cellular events activate
intramembrane proteases and trigger the cleavage of their
substrates? And are these triggers substrate specific? Since
proteolysis is an irreversible process, it is likely that pro-
teases are not constitutively active, but rather tightly regu-
lated. Several mechanisms have been identified or suggested
for the regulation of intramembrane proteases. (A) With the
exception of rhomboid proteases, SPPL3 and Rcel, intram-
embrane proteases usually require an initiating cleavage
event mediated by sheddases including the family of ‘a
disintegrin and metalloproteases’ (ADAMs), pB-secretase,
and others. Such pathways are called ‘Regulated intram-
embrane proteolysis’ (RIP) and the regulation seems medi-
ated by sheddases in those cases (Fig. 1). The subsequent
intramembrane protease recognizes and further cleaves the
remaining stubs (Lichtenthaler et al. 2011). Of note, excep-
tions for certain substrates have been reported for y-secretase
and SPP (Boname et al. 2014; Hsu et al. 2015; Laurent et al.
2015). (B) Compartmentalization of enzyme and substrate.
This is exemplified by the SREBPs that localize in the ER
until a change in membrane composition occurs, i.e., a
drop in ER cholesterol levels below 5% (Das et al. 2014)
triggers the trafficking of SREBPs to the Golgi appara-
tus where the site-2 proteases localizes, allowing SREBP
cleavage exclusively in the Golgi. (C) Transmembrane helix
instability, specifically for rhomboid proteases and SPPs.
Proposed substrates often contain amino acid residues that

Sheddases
—

-
Intramembrane Proteolysis by
Intramembrane Proteases
such as rhomboids, SPPL3, Rce1
(y-secretase if substrates are small).

Regulated Intramembrane Proteolysis by
Sheddases and Intramembrane Proteases
such as y-secretase, SPP, S2P

Fig. 1 Substrates are either directly recognized by intramembrane
proteases (I.P.) and cleaved (pathway to the left), or they undergo a
first ectodomain shedding event before intramembrane proteases
recognize the remaining stubs for processing (pathway to the right)
resulting in “regulated intramembrane proteolysis” (RIP). Different
mechanisms for regulation of proteolysis are implicit

may destabilize the transmembrane a-helix or cause a kink
(Strisovsky et al. 2009; Fluhrer et al. 2012; Huttl et al. 2016).
However, it should be noted that for rhomboid proteases
only few substrates have been validated in vivo. (D) Lastly,
different lipid compositions of the membrane may affect the
protease activity and/or specificity of some intramembrane
proteases (Urban and Wolfe 2005). This idea goes hand
in hand with the fact that different cellular compartments
exhibit different lipid compositions (van Meer et al. 2008).
Furthermore, membranes are intrinsically heterogeneous and
form microdomains with specialized functions and composi-
tions (Simons and Sampaio 2011). Intramembrane proteases
are found in all subcellular compartments thereby raising the
intriguing possibility that enzyme activity and specificity is
at least in parts driven by lipid composition. In this regard,
Table 1 summarizes known membrane lipid compositions

Table 1 Chart comparing the lipid composition of subcellular mem-
branes and the localization of intramembrane proteases

Intramembrane
protease

Compartment/organelle  Membrane composi-
tion approximations

ER PC: 50-55% SPP

PE: 30% SPPL2c
PI: 15% RHBDL4
PS: 5%

Ratio Chol/PL: 0.15

R:upto 5%

PC: 45-50% S2p

PE: 15% RHBDL1
PIL: 10% SPPL3
PS: 5%

SM: 10-15%

Ratio Chol/PL: 0.2

R: up to 10%

PC: 35-40%
PE: 20-25% RHBDL2
PL: 5% y-Secretase
PS: 10% Rcel

SM: 20-25%

Ratio Chol/PL: 1

R:upto 5%

PC: 45-50%
PE: 20-25%
PL: 5%

PS: 2-3%
SM: 10%
BMP: 15%
Chol/PL: 0.5

PC: 45%
PE: 30%

PI: 10%

PS: 1%

CL: 10%
Chol/PL: 0.1
R:upto 5%

Golgi

Plasma membrane SPPL2b

SPPL2a
RHBDL3
y-Secretase

Endosome/lysosome

Mitochondria PARL

PC phosphatidylcholine, PE phosphatidylethanolamine, PI phos-
phatidylinositol, PS phosphatidylserine, SM sphingomyelin, Chol/PL
cholesterol-to-phospholipid ratio, R remaining lipids
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as described by van Meer et al. and the respective subcel-
lular localization of mammalian proteases (McQuibban et al.
2003; van Meer et al. 2008; Fleig et al. 2012; Bergbold and
Lemberg 2013; Manolaridis et al. 2013; Rawson 2013; Men-
trup et al. 2017a).

Most work on lipid-mediated regulation of intramem-
brane proteases has been done on y-secretase and rhom-
boid proteases, and thus we will summarize our knowledge
with a focus on these two protease families in the following
sections.

yY-Secretase and Its Interplay with Membrane
Lipids

The four subunits of y-secretase form a multi-pass trans-
membrane protein complex with a total of 19 transmem-
brane sequences allowing for manifold interactions with the
surrounding lipids (Edbauer et al. 2003). In fact, y-secretase
localizes to and is active in lipid rafts, membrane micro-
domains enriched for cholesterol (Wada et al. 2003; Hur
et al. 2008). A better understanding of the complex interplay
between y-secretase and membrane lipids will be helpful
to develop strategies selectively targeting y-secretase com-
plexes or specific substrates.

Most studies on the interaction between y-secretase and
lipids used the substrate APP and its processed fragments
as a read-out due to the availability of excellent antibodies
and research tools for APP. Therefore, we will first introduce
the RIP pathway of APP: APP’s ectodomain is first shed
off by a- or B-secretase, and then the remaining membrane-
bound C-terminal stubs become substrates for y-secretase.
To generate A peptides that are suggested to be causative
for Alzheimer’s disease, APP has to undergo processing by
- and y-secretase. One of the puzzling questions for many
years was how the different AP peptides species differing
in only a few amino acids in length are generated. Using
sophisticated mass spectrometry analysis, it was revealed
that y-secretase has a sequential substrate processing mecha-
nism in which the substrate (the APP C-terminal stub) is
cleaved multiple times starting from the cytoplasmic side
of the transmembrane sequence towards the middle leading
to different AP product lines (Sato et al. 2003; Takami et al.
2009; Olsson et al. 2014).

The interaction of y-secretase and cholesterol has
received particular attention since it had been noted that
elevated cholesterol levels increase the production of AP
peptides (Wolozin 2001; Puglielli et al. 2003; Miller and
Chacko 2004). In fact, a large proportion of Af is gener-
ated in lipid rafts, where y-secretase localizes (Simons and
Ikonen 1997; Riddell et al. 2001; Runz et al. 2002; Hur et al.
2008; Rushworth and Hooper 2010). Vice versa, deplet-
ing membrane cholesterol decreased y-secretase activity
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(Simons et al. 1998; Golde and Eckman 2001) which may
be due to its reduced raft association (Urano et al. 2005;
Wang et al. 2013). These observations, however, are not
sufficient to conclude that cholesterol is directly interact-
ing with y-secretase. Recently, Jung et al. (2015) identified
the acidic cholesterol metabolite 3b-hydroxy-5-cholestenoic
acid (CA) as a potential y-secretase modulator with an ECy
of approximately 250 nM, indicating that sterol metabolites
directly bind to y-secretase. CA enhanced the processivity
of y-secretase leading to the generation of less toxic Ap42
and more non-toxic AB38. The authors confirmed the physi-
ological relevance of this interaction by deleting the enzyme
responsible for CA production, Cyp27al, or CA catabolism,
Cyp7bl, in mice, and found the same y-secretase modulating
effects (Jung et al. 2015). Previously, the authors identified
also other steroid metabolites to modulate y-secretase activ-
ity (Jung et al. 2013).

Changes in membrane lipid composition other than
cholesterol have also been shown to affect the proteolytic
processing of y-secretase (Osenkowski et al. 2008; Grimm
et al. 2011; Lemkul and Bevan 2011; Grimm et al. 2012).
In a very elegant in vitro experiment using detergent free
multi-lamellar liposomes, Osenkowski et al. (2008) analyzed
the effects of the lipid species PC, PE, PS, PI, and PA on
y-secretase activity as determined by the amount of A pep-
tides produced. In the presence of PC, the species PE, PS,
and PA increased y-secretase activity, while PI reduced the
activity. Additionally, they found that PC liposomes enriched
with 5-25% sphingolipids (SM, cerebrosides, and ganglio-
sides), a major component of lipid microdomains or lipid
rafts (Vetrivel et al. 2004; Hur et al. 2008), increased Ap
production. Furthermore, they used lipid mixtures resem-
bling those of different organelles and found the highest
y-secretase activity in lipid compositions resembling the
plasma membrane, especially lipid rafts. In a similar fash-
ion, they found that brain-derived lipid mixtures yielded
the highest y-secretase activity when compared to the lipid
mixtures of other organs (Osenkowski et al. 2008). Again,
although very informative, these experiments do not report
on a direct interaction of phospholipids with y-secretase.
More striking evidence for a direct interaction of phospho-
lipids was provided in form of the y-secretase cryo-EM
structure that showed phosphatidylcholines bound to the
complex (Yang et al. 2017). In a recent unbiased approach
by Ayciriex et al. (2016), the authors purified the y-secretase
complex, reconstituted it in proteoliposomes, and analyzed
the lipids that interacted and were co-purified with the com-
plex using shotgun lipidomics. They found a 40- to 50-fold
molar excess of lipids to the y-secretase complex. Among
the most abundant lipids, they measured a lipid-to-protein
ratio of 3:1 for cholesterol and 20:1 for phosphatidylcho-
lines, indicating that those lipids are tightly bound and likely
form a specific lipid shell around y-secretase. Moreover,
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mostly saturated and monounsaturated forms of fatty acid
side chains associated with the y-secretase microenviron-
ment. Most interestingly, among the most represented lipids,
PI was the only phospholipid found to reduce the activity
of the complex (Osenkowski et al. 2008). Pharmacologi-
cal modifications of the lipid environment also drastically
altered its activity. Locally degrading lipids using Phospholi-
pase A2 (PLA2) can alter the interactions between the trans-
membrane helices, leading to the disruption of the structure
of the complex and abolished activity (Ayciriex et al. 2016).

However, a direct interaction of lipids with y-secretase
may not be the only regulatory effect that the local lipid
composition confers. It is likely that membrane properties
such as thickness, curvature, and fluidity will affect the
activity, assembly, or trafficking of the complex as well. In
this regard, Winkler et al. focused on the membrane thick-
ness and lipid chain order (Winkler et al. 2012). The authors
found that the optimal membrane thickness for the high-
est y-secretase activity lies between 26 and 29 Angstrom.
Further, polyunsaturated fatty acids were not beneficial for
y-secretase activity; however, these effects were not due
to changes in membrane fluidity. Additionally, activity is
abolished when y-secretase is embedded in a membrane
consisting of only saturated lipids. In a similar approach,
Holmes et al. systematically altered both the fatty acids’
chain length and degree of saturation, as well as the polar
lipid head group, and found that monounsaturated fatty acids
chaining from a cis to trans double bond led to increased
y-secretase activity (Holmes et al. 2012). When analyzing
the fatty acids’ chain length, they found that while very short
(14 C-atoms) or long (> 22 C-atoms) led to decreased activ-
ity, the highest activity was observed with 18-20 C-atom
fatty acids’ chains.

However, it is important to emphasize that there may
be a potential substrate bias in the published studies about
membrane alterations and y-secretase activity to date. Most
of these studies focused only on APP as a substrate due to
the availability of excellent research tools for APP. There-
fore, we must consider that some of the observed lipid-
modulatory effects could potentially be mediated through
the substrate considering that APP itself was shown to bind
cholesterol directly (Beel et al. 2008; Barrett et al. 2012).

Lastly, it has been proven challenging to assess the effect
of the lipid environment on y-secretase in vivo. However,
changes in sphingolipids, cholesterol, as well as the phos-
pholipid composition were noticed in Alzheimer’s disease
patient brains (Wells et al. 1995; Dietschy 2009; Haughey
et al. 2010; He et al. 2010; van Echten-Deckert and Walter
2012; Fonteh et al. 2013; Kosicek and Hecimovic 2013).
More recently, several studies confirmed and elaborated on
altered lipid compositions in brain and CSF of AD patients
(Dietschy 2009; He et al. 2010; van Echten-Deckert and
Walter 2012). It remains to be determined if those lipid

changes are causative or consequential for disease on-set
and progression. Furthermore, cholesterol-enriched diets
accelerate the amyloid pathology in animal models of AD in
contrast to cholesterol lowering drugs that lead to decreased
amyloid pathology (Refolo et al. 2001; Levin-Allerhand
et al. 2002; Petanceska et al. 2002). Although the mecha-
nisms in vivo may differ, some effects of lipid changes on
y-secretase activity have been reported in vivo (Xiong et al.
2008).

Altogether, there is substantial evidence for a regulatory
role of the lipid environment on y-secretase activity.

Rhomboid Proteases and Membrane Lipids:
More Than Just a One-Way Street?

Rhomboid proteases are a rather novel research area that
has gained increasing interest recently due to various pub-
lications linking them with diseases including Parkinson’s
disease, Diabetes, or Alzheimer’s disease (Walder et al.
2005; Shi et al. 2011; Paschkowsky et al. 2016; Wust et al.
2016). In fact, they are the best structurally characterized
class of intramembrane proteases based on the availability
of multiple protein crystal structures (Wang et al. 2006;
Wu et al. 2006; Lemieux et al. 2007; Lazareno-Saez et al.
2013; Zoll et al. 2014). Intriguingly, soluble proteases were
shown to have dramatically higher substrate affinity than
rhomboid proteases prompting that proteolysis of rhomboid
proteases is driven by the kinetics of the reaction and not
by the affinity of the substrate towards rhomboid (Dickey
et al. 2013). Consequently, the membrane environment may
somehow confer selectivity, specificity, or enzyme activity.
In the following paragraph, we will summarize how lipids
interact with rhomboid proteases and how they contribute to
a hydrolytic reaction within the hydrophobic environment of
the lipid bilayer. Note that so far only bacterial homologues
have been crystallized (Wang et al. 2006) and therefore most
information about the interplay of proteases and membrane
environment arises from structural comparisons with mam-
malian homologues. However, considering the high degree
of evolutionary conservation, one may suggest that there
are similar mechanisms of regulation (Lemberg and Free-
man 2007). Interestingly, in two rhomboid crystal structures,
a phospholipid molecule was bound and co-crystallized
with the rhomboid protease; however, no functional role of
these lipids has been identified, yet (Ben-Shem et al. 2007,
Lemieux et al. 2007).

To analyze the ability of membrane lipids to alter the
activity of rhomboid proteases, in vitro activity assays of
five rhomboid proteases were performed showing a remark-
able dependence of rhomboid activity on membrane com-
position, and each protease preferred different lipids (Urban
and Wolfe 2005). The lipid interaction may be mediated
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through a highly conserved WR motif in the loop region 1
(L1) connecting transmembrane sequences 1 and 2 of rhom-
boid proteases (Urban and Baker 2008). Experimental data
were complemented by molecular dynamics (MD) simula-
tions analyzing the interaction of rhomboid proteases with
lipids (Bondar et al. 2009). Bondar et al. identified several
hydrogen-bond interactions between lipid headgroups and
the protease backbone. The authors also confirmed the sur-
prising, but intuitive finding that the protein-lipid interac-
tion actually leads to a rearrangement of lipids that induces
a non-uniform membrane thinning [described before by
Wang et al. (2006)]. The biggest membrane distortion occurs
close to the L1 loop of the rhomboid protease GlpG. Strik-
ingly, positioning of the catalytically active serine residue
is also dynamically dependent on the membrane composi-
tion, which supports the idea of membrane-composition-
dependent rhomboid activity. The authors also highlighted
the importance of charged amino acids in the L1 loop to
interact with lipid headgroups that could further determine
differences in specificity for rhomboid proteases in differ-
ent membrane environments. These results corroborate the
idea that the L1 region of rhomboids may act as sensors for
the membrane environment (Bondar et al. 2009). Thinning
of the membrane in vicinity of the protease was later con-
firmed, while additional stabilizing interactions were found
between helix 5 and lipids that may stabilize the protease
in an open substrate gate conformation (Zhou et al. 2012).

We would like to emphasize two key papers, published
by Urban and Moin from 2012 and 2014, providing strik-
ing mechanistic insights into the regulatory role of mem-
branes in rhomboid protease activity and specificity. The
authors showed that rhomboid proteases are highly specific
and cleave at one exact site; however, this is not an intrin-
sic ability of the enzyme, but is rather determined by the
membrane environment. By performing very elegant elec-
tron paramagnetic resonance (EPR) spectroscopy experi-
ments, the authors concluded that the membrane confers site
specificity by restricting the gating dynamics of rhomboids
and imposing constraints (Moin and Urban 2012). Conse-
quently, Urban et al. were able to transform non-substrates
into substrates simply by altering the membrane composi-
tion using membrane perturbing agents like MBCD or lyso-
PC in cell cultures. The authors further provided evidence
for the ability of different non-steroidal anti-inflammatory
drugs (NSAIDs), such as flurbiprofen and sulindac sulfide, to
change membrane physics inducing non-specific cleavages
of rhomboid proteases (Urban and Moin 2014). Previously,
NSAIDs were described to affect y-secretase processivity
and initiated the development of y-secretase modulators
(Zettl et al. 2010). In a broader context, these findings raise
the question if potential off-target effects of y-secretase
modulators that are in clinical trials for Alzheimer’s disease
occur (Urban and Moin 2014).
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The notion of membrane composition being able to alter
rhomboid protease activity is further supporter by Foo et al.
(2015). The authors investigated the effects of hydropho-
bic mismatch due to membrane thinning and how it affects
enzymatic activity. Using a water soluble substrate and alter-
ing the length of alkyl chains of detergents and lipids, the
authors observed a maximal activity with a defined alkyl
length and an inhibition for longer chains. This raises the
intriguing possibility that longer and more ordered lipid
bilayers might provide an inhibitory environment for vari-
ous rhomboid proteases and raises the question if lipid rafts
might provide compartmentalized activity for specific mam-
malian rhomboids (Foo et al. 2015).

So far, we have focused on the impact of membrane lipids
on protease activity and specificity. However, intramem-
brane proteases are also directly linked to lipid metabolism,
with S2P being the prime example via processing of SREBP
[see above, (Brown et al. 2000)]. With regard to rhomboid
proteases, recent findings suggest a second layer of complex-
ity indicating that rhomboid proteases may be involved in
the regulation of lipid metabolism, too. Cortesio et al. (2015)
described a significant role for the budding yeast rhomboid
homologue Rbd?2 in lipid organization, specifically in com-
partments necessary for endocytosis. Surprisingly, this regu-
lation does not require protease activity, but solely requires
the C-terminus of the protease. This rather unusual finding
suggests additional roles for rhomboid proteases on top of
their ability to proteolytically process substrates. This notion
is widely supported by the existence of inactive pseudo-
rhomboid proteases that gain increasing interest among dif-
ferent research fields due to their ability to chaperone and
guide transmembrane proteins, such as TNF-a converting
enzyme (TACE) (Adrain et al. 2012; Mcllwain et al. 2012;
Issuree et al. 2013; Siggs et al. 2014). Another rather unex-
pected finding came from the yeast research field, where
the rhomboid protease Rbd2 was originally discovered in
a genetic screen as an important factor for survival under
hypoxic conditions (Kim et al. 2015). Kim et al. identified
Rbd2 as the potential protease for cleaving Srel, the yeast
homolog of the human SREBP, leading to the activation of
transcriptional programs essential for survival under low-
oxygen conditions. Hwang et al. (2016) further corrobo-
rated these results by providing a more detailed pathway for
Srel activation and identified Rbd2 as a key switch between
SREBP activation and degradation. In parallel, a similar
mechanism was also described for Aspergillus fumigatus,
where survival upon hypoxic conditions is critical for fun-
gal virulence: The A. fumigatus rhomboid homolog RbdB/
RbdA was found to cleave the SREBP homolog SrbA and to
induce downstream gene transcription (Dhingra et al. 2016).
Independently, Vaknin et al. (2016) came to the same con-
clusion (note that the nomenclature RbdA and B refers to the
same protein). These findings may close the circle of lipids



Embedded in the Membrane: How Lipids Confer Activity and Specificity to Intramembrane Proteases

regulating rhomboid activity, while rhomboid proteases may
regulate the membrane composition, thus raising the intrigu-
ing question whether mammalian rhomboid proteases may
be involved in lipid or cholesterol metabolism pathways and
be potentially part of a feed-forward mechanism.

Conclusion

As laid out in this review, there is increasing evidence that
lipids are not only important for embedding intramembrane
proteases in the membrane, but rather convey activity and
specificity. These exciting findings do not only shed light on
the functionality of different lipids, but also provide mecha-
nistic insight into how the membrane environment modu-
lates protein activity. While proteomic as well as lipidomic
data have been on the rise given the technological advances,
little attention has been paid to the interactions between pro-
teins and lipids. We think that there is surmounting evidence
that this area might be of global interest, especially regard-
ing drug development strategies and drug targeting. Finally,
considering the high degree of evolutionary conservation
within the protease families, we speculate that lipid—protein
interactions may have been a very early way of modulating
protein activities. We hope that this review may spark new
interest in understanding the complex biology of membrane
lipids and intramembrane proteases.
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