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Abstract

A significant reduction of the levels of plasma low density lipoprotein cholesterol (LDLc) is highly
recommended to decrease the incidence of cardiovascular disease (CVD). This is particularly
important for high risk patients, including those suffering from familial hypercholesterolemia
(FH). One of the proteins involved in this inherited disorder is the hepatic secreted Proprotein
Convertase Subtilisin/Kexin type 9 (PCSK9), which triggers the degradation of the low density
lipoprotein receptor (LDLR), thereby increasing LDLc levels. PCSK9 inhibition is now used as a
strategy to prevent hypercholesterolemia and consequently CVD. This discovery constituted a
major breakthrough since the widely prescribed cholesterol-lowering agents statins. The latter
present limitations for patients suffering from adverse events or who do not reach target LDLc
levels. The injection of monoclonal antibodies (mAbs) targeting the catalytic domain of PCSK9
prevents PCSK9 binding to the LDLR and reduces LDLc by ~60% in patients. Although these

new agents are efficient and safe, they also present limitations.

We proposed the use of single domain antibodies (sdAbs) as an alternative approach to inhibit
PCSK®9. After a llama immunization with human PCSK9 (hPCSK9), four sdAbs binding the Cys-
and His-rich domain (CHRD) of PCSK9 with nanomolar-range affinities were selected and
synthesized as fusion proteins with a mouse Fc (mFc). We demonstrated that the latter efficiently
blocked PCSK9-mediated LDLR degradation in various cell-based assays, including
hepatocarcinoma cell lines, human hepatocytes and mouse primary hepatocytes. As expected,
since these sdAb-mFcs do not bind the catalytic domain of PCSK9, they did not affect its binding
to the LDLR, but rather block the PCSK9-induced intracellular degradation of the LDLR.

To assess the in vivo efficacy of PCSK9 inhibitors, we used a bacterial artificial chromosome to
develop mice deficient in mouse PCSK9 and expressing exclusively hPCSK9 under the control of
its own promoter. Four transgenic lines expressing 95 to ~5,000 ng/mL hPCSK9 were selected.
Whole body in situ hybridization revealed that the hPCSK9 expression recapitulated that of
endogenous mouse PCSK9 in control WT mice. Compared to transgene negative littermates, the

transgenic mice exhibited increased levels of total cholesterol (TC) and decreased levels of hepatic



LDLR levels, in correlation with their hPCSK9 expression levels. We characterized their response
to a single injection of the mAb evolocumab. One line expressing physiological levels of hPCSK9
(~370 ng/mL) was then selected for the short-term study of the sdAb P1.40-mFc. Four days post-
injection, P1.40-mFc reduced 66% of the TC increase resulting from the expression of hPCSK9 in
KO mice and increased liver LDLR levels. A long-term study of another sdAb, PKF8-mFc, and
of evolocumab showed 58% and 116% TC decrease, respectively. It also enabled us to show that
TC decreased in a reversible way upon injection of each inhibitor and a second injection yielded

the same TC decrease.

The work performed during this PhD thesis enabled the establishment of the in vitro and in vivo
proof-of-principle for the use of PCSK9-targeting sdAbs as LDLc-lowering drugs and as tools to
elucidate the role of the CHRD in the trafficking of the PCSK9-LDLR complex to lysosomes.
Besides, we validated the newly developed humanized transgenic mice as a model to analyze

PCSKO9 inhibitors, which will facilitate the research for new hPCSK9 inhibitors.
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Résumé

Une réduction significative des niveaux plasmatiques du cholestérol li¢ a la lipoprotéine de basse
densité (LDLc) est recommandée dans le but de réduire I’incidence des maladies cardiovasculaires
(MCV). Cela est particulierement important pour les patients a haut risque, dont ceux souffrant
d’hypercholestérolémie familiale (HF). Une des protéines impliquée dans cette maladie est la
Proprotéine Convertase Subtilisine/Kexine de type 9 (PCSK9) sécrétée par le foie, qui entraine la
dégradation du récepteur a la lipoprotéine de basse densité (LDLR), provoquant une augmentation
de LDLc. L’inhibition de PCSK9 est dorénavant utilisée pour prévenir 1’hypercholestérolémie et
par conséquence les MCV. Cette découverte a constitué une avancée majeure depuis les statines,
agents réducteurs de cholestérol largement prescrits. Ces derniers possedent des limites pour les
patients souffrant d’effets secondaires ou ne parvenant pas a atteindre les niveaux cibles de LDLc.
L’injection d’anticorps monoclonaux (Acm) ciblant le domaine catalytique de PCSK9 prévient la
fixation de PCSK9 au LDLR et réduit le LDLc ~60% chez les patients. Bien que ces nouveaux

agents soient efficaces et sécuritaires, ils possedent également des limites.

Nous avons proposé 1’utilisation d’anticorps simple domaine (Acsd) comme alternative pour
inhiber PCSK9. Apres avoir immunisé un lama avec PCSK9 humaine (PCSKO9h), quatre anticorps
fixant le domaine riche en Cys et His (DRCH) de PCSK9 avec des affinités de "ordre du
nanomolaire ont €té sélectionnés et synthétisés en tant que protéines de fusion avec un Fc murin
(Fecm). Nous avons démontré que ces derniers bloquent de maniere efficace la dégradation de
LDLR médiée par PCSK9 dans divers tests cellulaires, dont des lignées cellulaires
d’hépatocarcinome, des hépatocytes humains et des hépatocytes primaires murins. Tel qu’attendu,
comme ces Acsd-Fcms ne fixent pas le domaine catalytique de PCSK9, ils n’affectent pas sa
fixation au LDLR, mais semblent bloquer la dégradation intracellulaire du LDLR induite par

PCSKO.

Pour évaluer 1’efficacité in vivo des inhibiteurs de PCSK9, nous avons utilis€ un chromosome
artificiel bactérien pour développer des souris déficientes en PCSK9 murin exprimant

exclusivement PCSK9h sous le controle de son propre promoteur. Quatre lignées transgéniques
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exprimant entre 95 et ~5,000 ng/mL de PCSK9h ont été sélectionnées. L hybridation in situ sur le
corps entier a révélé que I’expression de la PCSK9h reproduisait celle de la PCSK9 murine
endogéne dans les souris WT controles. Comparées a leurs souris fréres ou sceurs ne possédant pas
le transgene, les souris transgéniques ont montré des niveaux de cholestérol total (CT) élevés et
des niveaux de LDLR hépatiques diminués, corrélés avec leurs niveaux d’expression de PCSK9h.
Nous avons caractérisé leur réponse a une injection unique de 1’Acm evolocumab. Une lignée
exprimant des niveaux physiologiques de PCSK9h (~370 ng/mL) a ensuite été sélectionnée pour
I’étude a court terme de 1’Acsd P1.40-Fcm. Quatre jours post-injection, P1.40-Fcm a réduit de
66% ’augmentation de CT résultant de I’expression de PCSK9%h dans les souris KO et augmenté
les niveaux hépatiques de LDLR. Une étude a long terme d’un autre Acsd, PKF8-Fcm, et
d’evolocumab a montré 58% et 116% de diminution de CT, respectivement. Cela nous a également
permis de montrer que le CT diminuait de manicre réversible aprés I’injection de chaque inhibiteur,

et une seconde injection a provoqué la méme diminution de CT.

Le travail effectué lors de cette thése de doctorat a permis d’établir la preuve de principe in vitro
et in vivo de 'utilisation d’Acsd ciblant PCSK9 en tant que médicaments réducteurs de LDLc et
en tant qu’outils pour ¢élucider le role du DRCH dans le transport du complexe PCSK9-LDLR aux
lysosomes. De plus, nous avons validé de nouvelles souris transgéniques humanisées comme un
modele pour analyser des inhibiteurs de PCSK9 et qui faciliteront la recherche de nouveaux

inhibiteurs de PCSK9h.
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I. Chapter I: Introduction: literature review



The main subject of this PhD thesis was to study the inhibition of the function of the proprotein
convertase subtilisin/kexin type 9 using single domain antibodies in vitro and in vivo, as a new
therapeutic approach for the treatment of familial hypercholesterolemia.

First, biological and clinical aspects of familial hypercholesterolemia will be described.

Second, the proprotein convertase subtilisin/kexin type 9 will be presented in order to understand
its role in familial hypercholesterolemia. In this part, emphasis will be put on the importance of
animal models.

In a third part, the therapeutic approaches currently used to treat familial hypercholesterolemia and
reduce cardiovascular diseases will be detailed.

Finally, antibodies will be presented to introduce single domain antibodies and their differences

compared to monoclonal antibodies in order to bring up our working hypothesis.

I.1 Familial hypercholesterolemia and cardiovascular diseases

Cardiovascular diseases (CVD) are a group of disorders of the heart and blood vessels including
coronary heart disease (CHD), cerebrovascular disease, peripheral arterial disease, rheumatic heart
disease, congenital heart disease, deep vein thrombosis and pulmonary embolism.

According to the World Health Organization (WHO), CVD are the first cause of death worldwide.
In 2012, deaths from CVD represented 31% of all global deaths, namely affecting 17.5 million
people. From these deaths, an estimated 7.4 million were due to CHD and 6.7 million were due to
stroke. The causes of heart attacks and strokes are multifactorial and include tobacco, unhealthy
diet, obesity, physical inactivity, chronic alcohol use, hypertension, diabetes and hyperlipidemia.
Hypercholesterolemia is a form of dyslipidemia characterized by an excess of plasma low density

lipoprotein-cholesterol (LDLc) levels that can lead to CVD.



1.1.1 Cholesterol

To understand why excess LDLc is harmful and why it should be controlled, it is important to
grasp how cholesterol, a major lipid component of low density lipoprotein (LDL), is synthesized,
regulated and distributed in the human body. Cholesterol is a very important molecule for all
animal life and has been studied for over one century by many chemists and biologists. It is one of
the main components of cell membranes, maintaining their motility and fluidity, and regulating
their functions. Cholesterol is also a metabolic precursor for bile acids, vitamin D and all steroid

hormones (2, 3).

L1.1.1 Chemical structure of cholesterol

The structure of cholesterol was resolved by Heinrich Wieland and Adolf Windaus, awarded the
Nobel Prize in Chemistry in 1928 for that discovery. Cholesterol is a lipid belonging to the sterols
family. It is composed of four linked hydrocarbon rings that form a bulky steroid structure as
indicated in Figure 1. One end of the steroid is composed of an aliphatic tail, whereas there is a

hydroxyl group at the other end, classifying cholesterol as an amphipathic molecule.
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Figure 1. Chemical structure of cholesterol

L1.1.2 Cholesterol de novo biosynthesis (endogenous cholesterol supply)

For their studies establishing the biosynthetic pathway of cholesterol, Konrad Bloch and Feodor
Lynen received the Nobel Prize in Physiology and Medicine in 1964. This complex pathway
implicates more than 40 enzymes and is regulated by a feedback of its end products: cholesterol

and its oxidized forms named oxysterols. As indicated in Figure 2, cholesterol is synthesized from



acetyl-CoA that is condensed to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by HMG-CoA
synthase. HMG-CoA reductase (HGMCR) then reduces HMG-CoA to mevalonate. This
constitutes the rate-limiting step in cholesterol biosynthesis that is targeted by the HMGCR
inhibitors cholesterol-lowering drugs known as “statins”, which will be detailed in part 1.3.1.8.
Mevalonate is then phosphorylated and decarboxylated to form isopentenyl-5-pyrophosphate (PP)
(4). Condensation of 6 PPs results in squalene, which gives lanosterol after cyclization. Several
oxidation, reduction and demethylation reactions finally occur to convert lanosterol into

cholesterol.
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Figure 2. Cholesterol biosynthesis pathway adapted from (5)




This cholesterol de novo synthesis is found in all cells, but its bulk synthesis mostly takes place in
the liver, intestine and adrenal glands. Humans synthesize ~900 mg cholesterol per day and it is
estimated that the human body contains ~35¢g of cholesterol, which is mainly located in the cell
membranes. The de novo synthesized cholesterol constitutes ~70% of total body cholesterol (6).

Cholesterol can be esterified by acyl coenzyme A cholesterol acyltransferase (ACAT) in the
endoplasmic reticulum (ER) and by lecithin cholesterol acyltransferase (LCAT) in plasma,
allowing cholesterol esters (CE) to be transported throughout the circulation via specialized

transport molecules called lipoproteins that will be detailed in the next section.

L.1.1.3 Regulation of cholesterol biosynthesis

Early animal experiments showed that a cholesterol-rich diet led to severe atherosclerosis (7). It
was also demonstrated that human atherosclerotic plaque was loaded with cholesterol and fatty
acids. Thus, cholesterol homeostasis is very important to maintain a healthy body. Michael Brown
and Joseph Goldstein detailed the mechanistic feedback regulation implicated in cholesterol
metabolism and were awarded the Nobel Prize in Physiology and Medicine in 1985. A large
amount of genes participate in cholesterol metabolism and biosynthesis. Cholesterol contents
directly regulate the transcription of these genes. The most important transcription factor genes
involved in the regulation of cholesterol homeostasis are the ones encoding the sterol regulatory
element binding proteins (SREBPs) (8). Those include two genes SREBP-1 (isoforms: SREBP-
la, SREBP-1c) and SREBP-2 (9, 10). The two transmembrane-containing SREBPs are first
synthesized as inactive forms and then inserted in the ER membrane in a hairpin-like fashion. They
subsequently form a complex with the SREBP cleavage-activating protein (SCAP), which contains
a sterol sensing domain (11). SCAP acts differently depending on the cellular sterol
concentrations: when cholesterol levels are high, SCAP maintains SREBPs in the ER membranes
preventing its exit from the ER (12, 13). When sterol concentrations are low, SCAP escorts
SREBPs to the cis/medial Golgi where their luminal segment is cleaved consecutively by the serine
protease SKI-1/S1P and then by the metalloprotease site-2-protease (S2P), thereby releasing into
the cytosol their N-terminal domain, which is then translocated into the nucleus as indicated in
Figure 3 (14-17). This nuclear SREBP (nSREBP) then binds to sterol responsive elements (SRE)

in the promoter/enhancer regions of target genes, thereby enhancing their transcription. As an
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example, nSREBP-2 binds and activates SREs needed for the synthesis of 30 mRNAs, including
those coding for HMGCR, low density lipoprotein receptor (LDLR) and proprotein convertase
subtilisin/kexin type 9 (PCSK9) (8). Note that LDLR and PCSK9, that are two major actors of

cholesterol metabolism, will be detailed in further sections.

/’

Mammalian SREBP

S1P '
Golgi apparatus Nucleus

~Lipid uptake

Endoplasmic
reticulum

Figure 3. Illustration of the mammalian SREBP pathway (18)

L.1.1.4 Dietary cholesterol (exogenous cholesterol supply) and its absorption

As stated previously, 70% of the total cholesterol (TC) contained in our body originates from de
novo synthesis. The remaining ~30% comes from the diet. Human dietary cholesterol intake is
~400 mg per day which is rapidly esterified and therefore poorly absorbed (~50%). Each day ~650
mg cholesterol are eliminated by the gastro-intestinal tract and by skin and ~450 mg are converted

to bile acids and steroid hormones, which will be secreted in bile and urine (6).



Cells internalize exogenous cholesterol from circulating lipoproteins via the LDLR (see section

1.1.2.3).

I.1.2 Lipoproteins

Since cholesterol and triglycerides (TG), esters derived from one glycerol and three fatty acids are

not soluble in water, they need to be transported by specific proteins called lipoproteins.

1.1.2.1 Lipoproteins classification and composition
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Figure 4. Density and size distribution of the major classes of lipoproteins
(https://thoracickey.com/disorders-of-lipoprotein-metabolism/)

All lipoproteins contain a central core of TG and CE surrounded by free cholesterol, phospholipids
and apolipoproteins (19). The seven types of lipoproteins are classified according to their
increasing density as shown on Figure 4: chylomicrons, chylomicron remnants (CR), very low
density lipoprotein (VLDL), intermediate density lipoprotein (IDL), low density lipoprotein
(LDL), high density lipoprotein (HDL) and lipoprotein a (Lp(a), not shown on Figure 4). Except

for HDL, high plasma concentrations of all other lipoproteins lead to atherosclerosis.

Each lipoprotein contains a specific set of apolipoproteins that constitute the protein building
blocks of lipoproteins. Apolipoproteins, like phospholipids, can surround lipids because they are

amphipathic. They are thus able to create water-soluble lipoproteins that can be transported in



water-based circulation such as blood or lymph. Apolipoproteins are also important because they
allow lipoproteins to be recognized by specific receptors at different sites in the body. For example,
apoB-100 enables LDL to bind LDLR, as will be detailed later. Apolipoproteins can also serve as
enzyme cofactors and lipid transfer carriers, thus playing a major role in lipoproteins and lipids
metabolism and their uptake by various tissues. For example, apoA-IV is involved in intestinal

lipid absorption and exerts an anorectic action in the hypothalamus (20).

ApoLIPOPROTEINS

LIPOPROTEIN MAJOR OTHER

Chylomicrons ApoB-48  A-l, A-IV, C-l, C-lIl, C-lII, E
Chylomicron ApoB-48  A-l, A-IV, C-I, C-II, C-lIl, E

remnants
VLDL ApoB-100 A-l, A-ll, A-V, C-I, C-II,
C-lll, E
IDL ApoB-100 C-l, C-ll, C-lll, E
LDL ApoB-100
HDL ApoA-I| A-ll, A-IV, A-V, C-lll, E
Lp(a) ApoB-100 Apo(a)

Table 1. Lipoproteins composition (https://thoracickey.com/disorders-of-lipoprotein-
metabolism/)

The density, size and composition of each lipoprotein (21) are detailed in Table 1. Briefly:

e Chylomicrons contain mostly TG and many apolipoproteins

e CR contain TG and cholesterol and only apoB-48 and apoE

e VLDL contain mostly TG and apoB-100, apoE and apoC

e IDL contain apoB and both TG and cholesterol

e LDL contains mostly cholesterol and apoB-100

e HDL contains cholesterol and apo A-I, A-II, apoC and apoE

e Lp(a)is composed of an LDL and an apo(a) glycoprotein which is attached by a disulfide bond
to the apoB-100 of the LDL. Apo(a) contains multiple copies of the plasminogen-like kringle
IV domain, which can vary between 3 to >40, resulting in a size heterogeneity in the general

population.



1.1.2.2 Lipoproteins metabolism: exogenous and endogenous pathways

A general scheme illustrating lipoproteins metabolism is presented in Figure 5.

The exogenous lipoprotein pathway takes place in the intestine where dietary lipids are taken up
by specific receptors at the surface of enterocytes (22). The transmembrane protein Niemann-Pick
disease type Cl-like 1 (NPCI1L1) transports cholesterol and plant sterols from the brush border
enterocytes (intestinal lumen) into the enterocytes (23). The ATP-binding cassette containing a
heterodimer of G5 and G8 subunits (ABCG5/G8) is also expressed at the enterocytes surface and
transports cholesterol in the opposite direction when there is excess cholesterol (24). Inside the
enterocytes, CE can be incorporated to chylomicrons and the microsomal triglyceride transfer
protein (MTP) transfers TG to chylomicrons. Chylomicrons will then be metabolized by
lipoprotein lipase (LPL), generating free fatty acids (FFA) that can cross the enterocytes
membranes directly or be transported by proteins such as FATP4 or FAT/CD36, constituting
energy for peripheral tissues. CR are then formed, which are hydrolyzed by hepatic lipase (HL)
and taken up into liver by LDLR and LDLR-related protein 1 (LRP1).

The endogenous pathway is implicated in lipoproteins formation, distribution and homeostasis and
mostly takes place in liver hepatocytes (6). First, sterols absorbed by the intestine or by the liver
serve as building blocks of nascent HDL using apoA-I and ABCA1 to get into the circulation.
Second, MTP transfers liver TG and CE to nascent apoB-100 and apoE in the hepatocytes ER in
order to form VLDL. The amount of available TG determines if newly synthesized apoB-100 are
secreted or degraded. If there is not a big amount of TG, apoB-100 will be rapidly degraded after
its secretion. Thus, mutations in apoB-100 or MTP lead to an inability to produce VLDL, resulting
in low plasma TG and cholesterol (familial hypobetalipoproteinemia or abetalipoproteinemia).
VLDLs are then transported to muscle and adipose tissue, where their TG are metabolized by LPL,
resulting in FFA release. This VLDL clearance mechanism can be inhibited by high levels of
chylomicrons. When TG is removed from VLDL, this gives raise to VLDL remnants (IDL) that
acquire apoE from HDL. About half of these IDL are removed from circulation by the binding to
hepatic LDLR and LRP1 via their apoE. The other half of IDL will be further hydrolyzed by HL,
leading to the formation of LDL. LDL particles are an important source of cholesterol for

peripheral tissues.
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(http://www.apsubiology.org/anatomy/2020/2020 Exam Reviews/Exam 4/CH24 Lipid Metab

olism.htm)

1.1.2.3 The importance of the LDLR and its regulation

The LDLR is responsible for LDL uptake in many tissues, the most important one being the liver
in which 70% of LDL is cleared (25, 26).

The LDL particles bind the LDLR via their unique apoB-100 and the complex LDLR-LDL gets
inside of the cells by clathrin-mediated endocytosis. In late endosomes or lysosomes, the low pH
triggers a dissociation of the complex (27). The LDLR is then recycled back at the cell surface,
while the LDL is directed to lysosomal degradation (25). Lysosomal enzymes then degrade apoB
into amino acids (28), while CE are hydrolyzed by acid lysosomal lipase (29). The subsequent

release of free cholesterol can either be used by cells directly or be re-esterified by ACAT in order
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to be stored (30). Free cholesterol is then linked to Niemann-Pick type C proteins 1 and 2 (NPCI1
and NPC2), two proteins implicated in Niemann-Pick disease, a lethal disease in which LDL-
derived cholesterol efflux is not functional (31). Briefly, cholesterol first binds NPC2 and then
NPC1 (32). Subsequently, cholesterol redistribution from lysosomes is triggered by NPCI1 to
different cellular compartments such as membranes, mitochondria and ER (33).

Note that the levels of hepatic LDLR as well as lysosomal NPC1 and NPC2 are regulated by cells
cholesterol contents and by SREBPs, similar to the regulation of HMGCR. Besides, oxidized
sterols activate the nuclear hormone receptor liver X receptor (LXR) that is a transcription factor
mediating the transcription of the inducible degrader of the LDLR (IDOL), leading to the
ubiquitination and degradation of LDLR. Depending on the levels of cholesterol sensed by the
cells, they can regulate both cholesterol synthesis and LDLR activity to maintain appropriate
cholesterol contents. Accordingly, if the cell needs cholesterol, LDLR activity will be enhanced in

order to increase the cholesterol uptake and vice versa.

1.1.2.4 Reverse cholesterol transport

Since most cells cannot catabolize cholesterol, there is a need for a mechanism enabling them to
eliminate excess cholesterol, which is done by reverse cholesterol transport. This process is very
important in atherosclerosis prevention because it enables macrophages to efflux their cholesterol.
Small nascent HDL formed in hepatocytes and enterocytes trigger the reverse cholesterol transport.
They get cholesterol and phospholipids that are effluxed from cells, which results in mature HDL
formation. Once in circulation, mature HDL can then be lipidated and acquire more cholesterol
from cells via binding of their apoA-1 to ABCA1/G1 (34). LCAT then esterifies the cholesterol in
HDL, which is an important step in HDL maturation. The cholesterol from HDL is then
transported to the liver, where it is either directly degraded via the scavenger receptor class B type
1 (SR-B1) or indirectly degraded after transfer to VLDL or LDL by cholesteryl ester transfer
protein (CETP). Inhibition of CETP activity leads to higher cholesterol efflux by HDL, resulting
in an increase in HDL-cholesterol (HDLc) and a decrease in LDL LDLc.

11



1.1.2.5 Lipoproteins, cholesterol and atherosclerosis formation

The LDL particles carrying cholesterol can be oxidized and taken up by macrophages, which
become engorged and form foam cells, contributing to the atherosclerotic plaque formation. In
presence of high LDLc levels, an excess of cholesterol can be deposited on the artery wall. HDL
has the opposite function and triggers the transport of cholesterol away from the artery wall.
Therefore, patients having high levels of LDLc and low levels of HDLc have a high risk of

developing atherosclerosis, which is a chronic inflammation disease of the artery wall (35).

I.1.3 The importance of lipid homeostasis and epidemiological studies

By the 1940s, death due to CVD was already important in America, responsible for about half of
the deaths. At that time, very little was known about prevention and risk factors for CVD.
Following premature death of the American President Franklin D. Roosevelt due to his poor
cardiovascular health (hypertension and stroke) in 1945, a need for epidemiological studies
identifying risk factors and biomarkers of CVD was encouraged. Accordingly, the Framingham
Heart Study (FHS) study was created in 1948. A presumably healthy population of 5,209 men and
women aged 30 to 62 years old, inhabitants from the city of Framingham, Massachusetts, USA,
was analyzed and followed on long-term in order to determine factors leading to CVD
development (36, 37). Today, the FHS is still collecting data on the third generation of the initial
cohort, namely their grandchildren. Importantly, the FHS enabled the discovery of the main risk
factors leading to CVD: high blood pressure, high cholesterol levels, smoking, obesity, diabetes,
and physical inactivity. More recently identified biomarkers for CVD are homocysteine (38),
chronic kidney disease (39), high-sensitivity C-reactive protein (40) and air pollution (41, 42).
Thereafter, other studies have shown that lowering LDLc reduces CVD risk (43). However, it has
to be noted that a lipid paradox is sometimes observed, in which the direct correlation between
LDLc levels or saturated fat consumption and death by CVD is lost or even inverse: this is the case
of patients recovering from an acute myocardial infection (44), elderly patients (45), and some
European countries such as France (46).

Maintaining adequate levels of all atherogenic lipoproteins by controlling their synthesis and

uptake, as well as by absorbing adequate levels of dietary fats is crucial to maintain a healthy
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functional body. Evidences for this are genetic disorders in which lipoproteins levels are
unbalanced. The major disorder observed is dyslipidemia, which can be either hyper- or
hypolipidemia. Frequently, hyperlipidemia is observed in people who have no genetic disorder but
lack a healthy way of life because of unhealthy diet and physical inactivity. Therefore, their
symptoms can be treated by a lifestyle modification. However, for patients suffering from a genetic
disorder, although the same lifestyle modifications need to be applied, there is a need for

therapeutic approaches in order to help them treat their symptoms and decrease their CVD risk.

I.1.4 Familial hypercholesterolemia clinical aspects

The first reports relating a hereditary disease giving rise to CVD appeared in 1938. Norwegian
physicians observed that patients who presented multiple xantonomas or xantehelesmas often
presented CVD (either early death due to heart failure or later death following angina pectoris) and
that those clinical characteristics seemed to be hereditary (47). Initially named lipidose or
xanthomatosis, this genetic disorder was first named familial hypercholesterolemia (FH) in 1948
after a study of 159 patients with high or normal cholesterol levels (48).

In the general populations, 1 in 20 people suffer from monogenic or multifactorial
hypercholesterolemia. Although some apoE isoforms have been linked to multifactorial forms of
hypercholesterolemia (49), the genes associated with FH are the only ones that have been identified
so far for being responsible for hypercholesterolemia. FH can be inherited in an autosomal
recessive way (autosomal recessive hypercholesterolemia; ARH) or in an autosomal dominant way
(autosomal dominant hypercholesterolemia; ADH). ARH (OMIM#603813) is a very rare disease
worldwide, except on Sardinia Island in Italy because of a founder effect due to geographical
isolation (50). It is caused by mutations in the adaptor protein called ARH which interacts with
LDLR, clathrin and AP2 adaptor complex and leads to a defect in LDLR hepatic internalization
(51). In contrast, ADH (OMIM#143890) is the most common autosomal dominant disorder in man
and is thus usually referred to as FH. Homozygous FH patients (HoFH) present the most severe
clinical symptoms and are present in 1 in 1,000,000. Heterozygous FH (HeFH) is a common
disorder with frequencies of 1:500 to 1:200 in the general population. Some regions characterized
by a founder effect present much higher frequencies up to 1:217 such as in Denmark (52), in

Ashkenazi Jew populations (53), in Lebanon (54) and in French Canada (55).
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The major clinical characteristic of FH patients is an extreme hypercholesterolemia defined by
levels of circulating LDLc >5 mM or ~190 mg/dL in adults and >3.4 or ~130 mg/dL in children
(56, 57). FH patients also present a history and/or family history of premature (<50 years old)
CVD such as peripheral vascular disease, angina pectoris or myocardial infarction. They also
present xanthomas that are physical evidences of cholesterol accumulation located around the
eyelids (xanthelasmas, Figure 6A) (58) or the tendons of the elbows, hands, knees and feet, notably
the Achilles tendon (xanthomas, Figure 6B) (59). Only HoFH present interdigital xanthomas
(Figure 6C). The presence of corneal arcus, that are white, blue or grey opaque rings in the corneal
margin (Figure 6A) is a FH diagnostic only in patients <45 years old since they are commonly
developed in aging healthy subjects (57). All these types of xanthomas were initially observed in
~40% FH patients but this frequency is estimated to be lower nowadays with the use of cholesterol-
lowering treatments such as statins that reduce their incidence as well as the size of existing

xanthomas (60).

Figure 6. Physical evidences of cholesterol accumulation. Xanthelasma and corneal arcus (4),
tendon xanthomas of the Achilles tendons and extensor tendons of feet (B), tendon xanthomas of
the extensor tendons of hands (C)

Most FH patients harbor mutations in the genes encoding the LDLR (FH1; ~67%) or APOB (FH2;
~14%) that hamper LDL binding to its receptor or internalization of the lipoprotein, leading to
LDL accumulation in the plasma (61). FH patients thus suffer from 3.5- to 16- fold higher CVD
risk than non-FH patients (62). More recently, the gene encoding the PCSK9 (63) was identified
as a third locus of FH (PCSK9; FH3; ~2%) (64). Note that some FH patients do not have mutations
in LDLR, APOB or PCSK9 genes (~17%). Their mutations are thus located in so far unknown
genes. However, mutations were identified in APOE (65-67), in the signal transducing adaptor
family member 1 (STAPI) encoding signal transducing adaptor family member 1 (68, 69) and in
hypercholesterolemia, autosomal dominant 4 (HCHOLA4) (70).
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1.1.5 Role of LDLR and its mutations
1.1.5.1 The discovery of the LDLR

In 1973, Joseph Goldstein and Michael Brown investigated the molecular basis of FH and observed
that skin fibroblasts from HoFH patients presented higher HMGCR activity compared to control
non-FH patients (71). Three years later, the LDLR was discovered as well as its control of cellular
cholesterol contents (25). Importantly, the discovery of the LDLR also brought the fundamental
concept of receptor-mediated endocytosis. The same year, LDLR were shown to be located at the
surface of fibroblast plasma membranes in healthy patients. Interestingly, LDLR could not be
observed in fibroblasts from HoFH patients, indicating that a defect in LDLR could be the genetic
cause of FH (72). The LDLR was then purified from bovine adrenals (73), its human
complementary deoxyribonucleic acid (cDNA) cloned (74) and its gene identified in 1985 (75).

1.1.5.2 The structure of the LDLR

The LDLR founded and is a member of the LDLR-related proteins (LRP) which is composed of
eight structurally distinct transmembrane proteins (Figure 7B): a-macroglobulin/LRP1, LRP1b,
megalin/LRP2, LDLR, VLDLR, ME GF7/LRP4, LRP5/LRP6 and LRPS8/apolipoprotein E
receptor 2 (apoER2).

b
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Figure 7. LDLR structure and LRP family (76)
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The LDLR gene is found on human chromosome 19p13.2 and contains 18 exons. The LDLR is a

modular type I transmembrane receptor composed of 839 amino acids (aa) /160 kDa when mature

(74, 75). LDLR encompasses three different extracellular protein modules (Figure 7A).

e The first one is named LDLR type A (LA) and consists of seven cysteine-rich ligand binding
domains (~40 amino acids (aa) each).

e The second one (~400 aa) is a region with 35% homology to the epidermal growth factor
precursor (EGFP) containing two EGF-like repeats A and B (EGF-A and EGF-B) followed by
a YWTD domain (named by the conserved residues tyrosine, tryptophan, threonine and
aspartate) and a third EGF-like repeat C (EGF-C).

e The third extracellular module (58 aa) is rich in serine and threonine and thus undergoes O-
glycosylation (77).

These three extracellular modules are followed by the transmembrane domain of LDLR and a

cytoplasmic tail (~50 aa) containing the NPXY sequence (where X is any aa), which is known to

direct receptors to clathrin-coated pits (78).

1.1.5.3 The ligands of the LDLR

The LDLR naturally binds the single copy of apoB-100 of the LDL particles (79) that will be
detailed in the next section.

ApoE-containing particles such as VLDL can also be recognized by LDLR, as well as VLDLR,
apoER2, LRP1 and LRP2 (80).

1.1.5.4 Mutations in LDLR leading to FH

Since the cloning of its human cDNA, the LDLR gene abnormalities could be studied. Molecular
biology quickly led to the identification of mutations in LDLR causing FH by cloning its genomic
DNA (54, 81-85). Today, more than 1,700 mutations in LDLR gene were identified (86). Those
mutations are classified in up to 8 classes depending on the mutation location in LDLR and on its
phenotypic effect. LDLR mutations can lead to a defect in LDLR synthesis (class 1) like in the
case of the occurrence of a stop codon at the aa 167 (61). In the second class, the transport of the

LDLR from the ER is completely (class 2a) or partially (class 2b) blocked such as in the case of
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the substitution mutation G565V (87). Defects can also occur in LDL binding (class 3) like the
D227E mutation (61) or in the clustering in clathrin-coated pits (class 4) like Y828C (88). LDLR
mutations can also lead to recycling defects (class 5) like T454N (89), sorting defects in polarized
epithelial cells (class 6) like G844D (90) or to a higher degradation by extracellular PCSK9 (class
7) like H327Y (91). The recently published R410S mutation led to a proposed novel class of
mutations (class 8) showing defective LDL delivery to lysosomes as well as resistance to
extracellular PCSK9 degradation (92).

Interestingly, these different mutation classes can be associated with patients variability in

phenotypes, response to statins and risk of premature CVD (89).
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I1.1.6 Role of apoB and its mutations
1.1.6.1 The functions of apoB

The apoB-100 is the protein component of the LDL particles and the most abundant apolipoprotein
in human plasma. Like apoE, apoB can interact with lipoprotein receptors at the cell surface (93).
It is very important in TG-rich lipoprotein formation and is unique because it is the only
apolipoprotein that is not exchangeable on lipoproteins. In contrast, apo A-I, A-Il and E can
transfer easily among various lipoproteins. Therefore, apoB remains attached to lipoproteins from
their synthesis in the intestine or liver until their uptake by cell surface receptors. There are two
apoB types: apoB-100 and apoB-48 (94). In the liver, the full-length apoB-100 is synthesized and
assembles VLDL particles. An mRNA editing process occurring exclusively in the intestine

2153

transforms the GIn“">> codon of apoB-100 into a stop codon, resulting in apoB-48, which consists

of the N-terminal 48% of apoB-100 (95). The role of apoB-48 is to assemble chylomicrons.

1.1.6.2 Structure of APOB

Although the clinical importance of apoB-100 was known, its insolubility and large size made it
difficult to study (96) before its gene was cloned in 1986 (97-99). The APOB gene is located on
human chromosome 2p24.1 and contains 29 exons. Interestingly, more than half of the protein is
coded by the exon 26, which is one of the largest one reported with its 7,572 base pairs (bp) (100).
The apoB-100 protein is 4,536 aa long (97, 98, 101). The N-terminal 89% of apo-B100 wraps the
LDL particle like a belt, whereas the C-terminal 11% forms a bow crossing over the belt, bringing
the C-terminal portion of apo-B100 close to aa 3,500 (see Figure 8). A cluster of positively charged
residues called site B at aa 3,359-3,369 has been identified as the only or primary apoB-100
binding domain to the LDLR (102). It is hypothesized that the bow modulates the affinity of site
B for LDLR.
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Figure 8. Schematic of the carboxyl-tail modulator model for apo-B100 binding to the LDL
receptor (102)

1.1.6.3 Ligands of apoB

The apoB-100 protein binds to lipids and corresponds to the structural component of LDL and
VDL. It is also the ligand of LDLR, as stated previously. Since apoB-100 binds LDLR only after
VLDL conversion to LDL, two parameters are essential for its role as a ligand for LDLR: its lipid
composition and its conformation. Basic amino acids in apoB-100 also interact with heparin and
negatively charged sulfate groups of proteoglycans in the artery wall, leading to atherosclerosis

(103-105).

1.1.6.4 ApoB mutations

Patients with truncation mutations of the APOB gene present a rare codominant disorder of
lipoprotein metabolism, familial hypobetalipoproteinemia (FHBL, OMIM#615558), characterized
by low levels of LDLc and apoB and leading to neurological disorders, liver diseases and fat
malabsorption (106, 107).

ApoB-100 mutations leading to a defective binding to LDLR, such as the substitution mutation
R3500E, lead to an autosomal dominant genetic disorder called familial defective apoB-100 (FDB,
OMIM#144010) (108), although the residue R3500 is not directly involved in apoB-100 binding
to LDLR (102). Since the LDL is not able to bind its receptor because of its defective apoB-100,
it accumulates in plasma, leading to hypercholesterolemia. APOB mutations are thus also
associated with FH (109). FDB patients suffer from 2.7-fold higher CVD risk compared to healthy
patients, while FH patients suffer from 8.5-fold higher risk (110). The mutation R3500Q decreases
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the affinity of apoB for LDLR (109, 111) and is predominant in Europe, accounting for up to 10%
of all FH patients (112). Other FH mutations impairing LDLR binding capacity and decreasing
LDL uptake were reported in APOB such as R23W, R1137T and Q422del (113, 114). Besides,
some APOB variants such as R3531C showed reduced LDLR binding but are not clearly linked to
FH. They are thus considered as ‘“susceptibility” variants increasing hypercholesterolemia risk

(115).
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1.2 PCSK9

In order to fully understand the biology and the functions of PCSK9, which stands for Proprotein
Convertase Subtilisin/Kexin type 9, and which is the last and 9 family member of the Proprotein
Convertase (PC) family, it is important to know how the eight other PCs were discovered and

operate.

1.2.1 The discovery of the Proprotein Convertases

The number of genes constituting the mammalian genome has been estimated to be ~20,000.
Today, more than 200 post-translational modifications (PTM) are known to increase the diversity
of proteins encoded by these genes. Those include notably asparagine and serine/threonine
glycosylation; serine, threonine or tyrosine phosphorylation; tyrosine sulphation; protein
lipidation; cholesterol attachment; lysine methylation and ubiquitination. PTM can be classified
into two different types: reversible PTM providing a feedback mechanism guaranteeing the good
working of cells; irreversible PTM such as limited protein proteolysis at specific sites generating
multiple products. The latter is mediated by proteases acting by cleaving specific peptide bonds
and constitutes one of the most drastic irreversible PTM. A large part of secreted proteins, which
are encoded by nearly one fifth of the genome, are synthesized as precursors that need to be cleaved
in order to become either mature bioactive products or inactive ones. Processing of secretory
proteins occur in various subcellular locations such as the trans-Golgi network (TGN), endosomes,
immature secretory granules or cell surface.

The prohormone theory stated that a peptide hormone could be derived from the cleavage of a
larger polypeptide. It originated from the late 60’s when Michel Chrétien and Choh H. Li observed
that B-lipotropin (B-LPH; 91 aa) and y-lipotropin (y-LPH; 58 first aa of B-LPH) contained the
sequence of the pituitary gland (hypophysis) octadecapeptide B-melanocyte-stimulating hormone
(B-MSH; aa 41 to 58 of B-LPH and y-LPH) (116). It was hypothesized that B-LPH could be
proteolytically cleaved; pairs of basic aa (KK and KR) flanking B-MSH/y-LPH were pointed as
potential cleavage sites. The subsequent sequencing of B-LPH (117, 118) brought the new concept
of a single precursor containing several active molecules, which was subsequently named pro-

opiomelanocortin (POMC) (119). Similar studies were performed on pro-insulin, showing similar
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results. This important discovery brought the idea that many active peptides could also be
synthesized as large precursor molecules containing pairs of basic aa as cleavage sites. This
implicated the existence of specific proteases involved in the proteolytic cleavage of the
precursors, which were named PCs. Although the hypothesis of a PTM cleaving precursor
molecules into smaller entities was rapidly established, the identification of the nature of the
enzymes responsible for this maturation took many years (120). Today, around 600 proteases have
been identified in mouse and human genomes and can be divided into five major classes:
metalloproteases and cysteine, serine, threonine or glutamic acid proteases (121).

Methods such as classical biochemical tissues purification and enzyme assays enabled the first hint
of the presence of two calcium-dependent endoproteinases as the first mammalian PCs implicated
in pro-insulin processing in 1987 by Howard W. Davidson et al. (122). In the 80’s, another
important discovery was the fact that the yeast Saccharomyces cerevisiae contained a PC
belonging to the subtilisin-like serine protease family, namely kexin encoded by the Kex2 gene
and showing similar specificity towards paired basic residues, calcium-dependent activity and
POMC processing (123-125). In 1989, Robert S. Fuller et al. observed that like kexin, the
predicted cDNA sequence of furin, a type 1 transmembrane protein thought to be a receptor,
carried the signature of the catalytic domain of subtilases (126), namely subtilisin/kexin like serine
proteases (127). This breakthrough led to an intensive period of race for homologs to this cDNA
from endocrine tissue mRNA. To that end, scientists used polymerase chain reaction (PCR) with
degenerate oligonucleotides designed to overlap the codons corresponding to residues of the active
triad found in the catalytic pocket of kexin and furin. This led to a series of PCs cDNA
characterization studies from 1989: PC2 from a human insulinoma, which is a pancreatic tumor
overproducing insulin (128); PC1 and PC2 from murine pituitary gland (129); PC1 (named PC3
or PC1/3) from human insulinoma (130). It then took thirteen years to identify the six other PC-
encoding cDNAs structurally similar to furin, PC1/3 and PC2: namely PC4, PC5/6, PACE4, PC7,
SKI-1/S1P and PCSK9. This completed the identification of the nine Proprotein Convertase
Subtilisin/Kexin Types 1-9 (PCSK1-9) forming the complete PC family. All their human genes
are named PCSK] to PCSKY, except for PCSK3 (furin) which is named FURIN and for PCSKS
(SKI-1/S1P) that is named MBTPS]I.
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1.2.2 The seven first members of the Proprotein Convertases family: the kexin-like PCs

After their discovery, the biochemistry, biological and physiological functions of each PC have
been extensively studied and are reviewed in many scientific publications (131-135). Importantly,
a wide body of knowledge was gained from in vivo studies using knockout (KO) animals, mostly
in mice (136, 137). Focus will be put on the in vivo discoveries because they clearly demonstrate
the crucial physiological roles that each PC plays. However, more detailed information on other

aspects of individual PCs can be found in the cited articles.

1.2.2.1 Structure

The protein structure of all PCs begins with a signal peptide followed by a prosegment and a
catalytic domain, which contains the typical catalytic triad residues Asp (D), His (H) and Ser (S)
as well as the Asn (N) comprising the oxyanion hole (which is replaced by Asp for PC2), as
indicated in Figure 9. The first seven PCs also harbor a - barrel-containing P domain downstream
of the catalytic domain, which is thought to stabilize the catalytic pocket and regulate the calcium
and pH dependence of the PCs (138). The C-terminal domain of each PC harbors a specific
sequence dictating their cellular localization and trafficking. For example, PC5 and PACE4
contain a C-terminal Cys-rich domain (CRD) allowing them to bind to heparin sulphate

proteoglycans both at the cell surface and in the extracellular matrix.

1.2.2.2 Function

The first seven PCs, namely PC1/3, PC2, furin, PC4, PC5/6, PACE4 and PC7, cleave at paired or
single basic residues, recognizing the following pattern: (K,R)-2X,-(K,R)| where X is any residue
and n=0, 1, 2 or 3.

PC1/3 and PC2 were found to be mostly located within immature or dense core secretory granules.
They constitute the PCs of the regulated secretory pathway of endocrine and neuronal cells and
are often both expressed in the same tissues and cells (139) where they perform proteolytic
activation of polypeptide hormones and neuropeptides precursors (140). Mice lacking PC1/3
(PCSK1 gene) are normal at birth but present a dwarfism phenotype (at 10 weeks, they are only

~60% of normal size) accompanied by several neuroendocrine peptide processing defects (141).
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PC2 (PCSK?2)-defective mice also seem normal at birth but present severely impaired pancreatic
processing of proglucagon, prosomatostatin, and proinsulin; altered pancreatic islet morphology
as well as a small decrease in growth rate (142).

PC4, furin, PC5/6, PACE4 and PC7 cleave and activate/inactivate secretory precursor proteins in
the TGN, cell surface or endosomes.

PC4 is a membrane-bound PC which has a reproductive function. Indeed, its transcripts have been
localized exclusively in round spermatids in mice (143, 144). Pcsk4-deficient mice present fertility
impairment (145, 146).

In contrast, furin, PC5/6, PACE4 and PC7 are widely or even ubiquitously expressed and are
implicated in processing events occurring in the constitutive secretory pathway. They thus activate
or inactivate receptors, ligands, enzymes, growth factors or viral glycoproteins (147). Interestingly,
these four PCs showed some functional redundancy when they were transfected in cell lines.
However, their inactivation in mice resulted in specific phenotypes. This revealed that each PC
has unique in vivo functions during embryonic development and/or in the adult. Furin KO mice
present many embryonic malformations, including the absence of axial rotation and heart looping,
which results in death around embryonic day 11 (148, 149). The particularity of PCS5 is that it is
the only PC to exhibit two validated alternatively spliced forms, namely soluble PC5A and
transmembrane PC5B. PC5 KO mice die at birth and present anteroposterior pattern disorders
including extra vertebrae, lack of a tail, kidney agenesis, smaller size, hemorrhages, collapsed
alveoli and retarded ossification (150).

PACE4 KO mice present an altered left-right patterning including cyclopism, craniofacial and
cardiac malformations in some embryos (151). These mice were also hypertensive, indicating a
role of PACE4 in blood pressure regulation, which is in agreement with the link of PCSK6 gene
to hypertension (152).

Silencing the expression of the membrane-bound PC7 (153) in mice results in anxiolytic and
novelty-seeking phenotypes (154). In cellular studies and in human genome-wide association
studies, it was demonstrated that PC7 regulates iron metabolism by shedding transferrin receptor-
1 (155). PC7 loss-of-function (LOF) was also associated with high HDL levels, low TG, low
atherogenic small dense LDL and insulin resistance reduction, indicating a decreased CVD risk

(156-160).
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Figure 9. Schematic representation of the primary structures of the human proprotein
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primary (light grey arrows, and a light grey double arrow for SKI- 1) and secondary
autocatalytic processing sites (dark grey arrows) (132)
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1.2.3 The eighth member of the Proprotein Convertases family: the pyrolysin-like SKI-1

The Subtilisin Kexin Isoenzyme-1 (SKI-1) (17), also known as site-1-protease (S1P) (161, 162) is
a PC related to pyrolysin and cleaving proproteins at non- basic residues according to the motif
R- X- (aliphatic)- X]. It is a membrane-bound PC that is also expressed ubiquitously. It activates
precursors of membrane-bound transcription factors such as SREBP1 and SREBP2 in the
cis/medial Golgi network. A second luminal cleavage by the protease S2P often follows S1P
processing, releasing an N-terminal cytosolic domain acting as a transcription factor upon its
translocation into the nucleus (161). SKI-1/S1P was thus the first PC reported to regulate lipid
metabolism. When 80-90% inactivated in the liver, lipid synthesis is decreased by 75% (163). In
contrast, complete Mbipsl gene inactivation leads to early embryonic death with an absence of
epiblast formation (163). SKI-1 is the first PC that does not contain a P domain, which is common

to the first seven PCs (17), as indicated in Figure 9.

I.2.4 The ninth member of the Proprotein Convertases family: the proteinase K-like
PCSK9

1.2.4.1 The discovery of NARC-1/PCSK9

By 1999, the eight members of the PC family have been discovered. However, researchers knew
that there could be more PCs to discover since some processing sites were known not to be
recognized by the eight PCs identified so far (164). This led them to look for other family members
using bioinformatics tools. The BLAST program (www.ncbi.nlm.nih.gov/BLAST) was used to
search for a protein containing SKI-1 catalytic subunit short conserved segments. This enabled
Nabil G. Seidah and his team to identify a putative convertase called neural apoptosis-regulated
convertase 1 (NARC-1) (63) or LP251 in a patented database. This protein has been previously
identified and cloned by two pharmaceutical companies, Millennium Pharmaceuticals (NARCI:
patent no. WO 01/57081 A2) and Eli Lilly (LP251: patent no. WO 02/14358 A2). Millennium
Pharmaceuticals identified NARC-1 as an upregulated gene in primary cerebellar neurons upon
apoptosis induction by serum deprivation, while Eli Lilly identified LP251 by global cloning of

secretory proteins. The information on NARC-1 was limited at that time: it was known that its
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gene was located on human chromosome 1p33-p34.3 and that its mRNA was mostly expressed in
liver and less importantly in testis and kidney (63) .

In 2003, NARC-1 was shown to belong to the proteinase K subfamily of subtilases because of the
~42% identity of their catalytic domains (63).

Like all the other PC family members, pro-NARC-1 is synthesized as a zymogen, which gets
autocatalytically processed in the ER. This results in the cleavage of its prodomain which remains
attached with secreted NARC-1, constituting a particularity of NARC-1 compared to the eight
other PC family members (63). Another particularity is that NARC-1, like SKI-1/S1P, does not
have a P domain, as indicated on Figure 9.

The tissue distribution of NARC-1 was studied in embryonic and adult mouse and rats using
Northern blot and in situ hybridization (ISH) histochemistry. These studies revealed that in the
adult NARC-1 mRNA is expressed exclusively in the liver, kidney, cerebellum, and small
intestine; and transiently expressed during development in kidney epithelial and brain
telencephalon cells (63). Interestingly, a partial hepatectomy (PHx) was conducted in rat in order
to induce liver regeneration and showed a peak of NARC-1 mRNA 2 days post-PHx (63). In
primary embryonic telencephalon cells obtained from embryonic day 13.5 (E13.5) mice, NARC-
1 transfection resulted in an increased percentage of differentiated neurons (63). Similarly, NARC-
1 expression was studied in various cell lines and shown to be particularly high in
neuroepithelioma SK-N-MCIXC, hepatic BRL-3A, and in colon carcinoma cell lines (63). This
data, together with the fact that NARC-1 was located in tissues that have the capacity to proliferate
and differentiate, suggested that NARC-1 is involved in cortical neurons differentiation (63).The
discovery of NARC-1 constituted the discovery of the last PC in 2003.

1.2.4.2 The link between NARC-1/PCSK9 and FH

It was noticed earlier that the human chromosomal localization of NARC-1 (initially estimated on
chromosome 1p33—-34.3 (63) and finally established on chromosome 1p32) was close to a locus
associated with an increase in the hepatic secretion of LDLc, but not HDLc or TG (165, 166). This
locus was identified in FH families from France (165) and Utah (166) in which mutations in LDLR
or APOB were absent.
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Note that the gene encoding the protein NARC-1 was first named PCSK9 (on recommendation of
the Nature editor, Annik Prat, personal communication) in the short communication by Marianne
Abifadel et al. linking mutations of the PCSK9 gene to FH (64). Since then, PCSK9 was almost
never referred to as NARC-1 anymore. Human PCSK9 gene encodes 12 exons transcribed into a
3,710 bp mRNA encoding a 692 amino-acid PCSK9 protein.

In this publication, the 12 exons of PCSK9 were sequenced and enabled the identification of a
T— A mutation at nucleotide 625 in exon 2, predicting a substitution of a conserved serine into an
arginine at codon 127 (S127R) in 12 ADH patients and in a patient with TC levels in the 90
percentile, for whom the implication of mutations in LDLR and APOB had been excluded (64).
This mutation was absent in 100 control patients, the authors thus concluded that is not a
polymorphism (64). Another mutation, T—C at nucleotide 890, predicting a substitution of a
conserved phenylalanine at codon 216 to leucine (F216L) was identified in 22 probands with ADH,
one of whom died from myocardial infarction at 49 years of age. Strikingly, these two missense
PCSK9 mutations (S127R and F216L) have been found in 12.5% of the tested ADH families, and
25 polymorphisms were also identified (64).

This study clearly established PCSK9 as the third locus for FH. Hence, it is denoted as the FH3

gene critical for LDLc regulation.

1.2.4.3 How was PCSK9 related to cholesterol metabolism?

In 2003, PCSK9 mRNA was shown to be downregulated by dietary cholesterol like a
cholesterogenic target of SREBP2 in vivo (167). However, HepG2 cells (hepatocarcinoma human
cell line) stably overexpressing PCSK9 or its natural S127R mutant presented decreased LDLR
levels (168), indicating a direct link between PCSK9 activity and LDLR regulation. This reduction
was abrogated upon incubation of cells with 5 mM ammonium chloride, suggesting that PCSK9
overexpression might increase the turnover rate of the LDLR by enhancing its intracellular
degradation in acidic compartments (168).

Importantly, several in vivo studies demonstrated that adenoviral-mediated expression of murine
(169) or human (168, 170) PCSK9 induced a post-transcriptional degradation of the LDLR.
Accordingly, mouse models lacking PCSK9 presented decreased cholesterol levels as well as

increased hepatic LDLR protein levels (171, 172).
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1.2.4.4 Structure / function and mechanism of action of PCSK9

As indicated on Figures 9 and 10, PCSK9 primary structure is composed of a signal peptide (aa 1-
30), a prodomain (pro; aa 31-152), a catalytic domain (aa 153-404), a hinge (H; aa 405-452) and
a Cys- and His-rich domain (CHRD; aa 453-692) (63), which comprises three modules M1, M2
and M3 (173).

D136H225 N317 8386
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v v ,
pro catalytic H CHRD 692 aa; ~75 kDa

VFAQ,,!SIP

L
... catalytic H CHRD.____ 62 kDa + 15 kDa
L
Figure 10. Schematic representation of PCSK9. proPCSK9 and its processed form PCSK9
that is non-covalently bound to the autocatalytically processed prodomain (pro; 15 kDa) at

VFAQ:52-SIP. Note the active site residues Asp, His, and Ser and the oxyanion hole Asn as well
as the single N-glycosylation site (blue). (174)

PCSKO9 is a unique PC belonging to the proteinase K family. Like SKI-1, PCSK9 also cleaves at
non-basic residues, albeit only once upon its autocatalytic activation in the ER. PCSKO9 catalytic
domain presents 25% sequence identity with that of SKI-1/S1P (63). PCSK9 cleaves at
VFAQ:52[SIP (168, 175). The residue Q152 is critical since only a few residues can replace it
without loss of function, unfavorable residues creating a dominant negative zymogen retaining
native pro-PCSKD9 intracellularly (176). Unlike other PCs, PCSK9 does not require basic residues
close to its cleavage site.

While the prodomain acts as an intramolecular chaperone and a potent but transient inhibitor for
the other PCs, PCSK9 prodomain remains non-covalently bound to the catalytic domain of mature
PCSK9 (63). Secreted PCSK?9 is thus an inactive protease, any catalytic activity of the enzyme
being prevented by the prodomain (173) as shown in crystal structures such as in Figure 11.
Therefore, the only proteolytic activity of PCSK9 is on itself during the zymogen processing of
proPCSK9 into PCSK9 in the ER.

PCSKO9 binds several receptors and escorts them to endosomes and/or lysosomes for degradation.
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Figure 11. Crystal structure of PCSK9 with LDLR (174)

The first reported and most studied receptor that PCSK9 binds to is the LDLR, enabling PCSK9
to indirectly regulate circulating LDLc levels. PCSK9 binds the EGF-A domain of the LDLR
through its catalytic domain (177, 178), as indicated on Figure 11 representing the crystal structure
of PCSK9 in complex with LDLR. This binding is crucial for PCSKO to trigger LDLR degradation
(179, 180). The prodomain of PCSK9 has been shown to interact with the B-barrel domain of the
LDLR (178). This evidence was strengthened by the discovery of the L108R mutation which
increases the ability of PCSKO to trigger LDLR degradation (181). Unfortunately, the structure of
the N-terminal aa 31-59 of the prodomain could not be determined by various crystal studies of
PCSK9 (173, 178), suggesting that this highly acidic segment is mobile and might need a
stabilizing partner which could be apoB-100 (182). Interestingly, the deletion of segment 31-51 of
PCSKO led to an increase of >7-fold of the affinity of this truncated PCSK9 for LDLR (183).

In Figure 12, the extracellular pathway of PCSK9-induced degradation of the LDLR is represented.
Briefly, in presence of low levels of PCSK9 (right part of the graph), the LDL-LDLR complex
gets endocytosed via heavy-chain clathrin-coated vesicles that fuse with early endosomes, where
the acidic pH causes conformational changes driving LDL release, and the subsequent recycling
of'the LDLR to the cell surface as well as the sorting of LDL to lysosomes for cholesterol recovery
and distribution in the cell (27), as mentioned previously. This leads to high cell surface LDLR
levels and low circulating LDLc levels. In contrast, in presence of high PCSK9 levels (left part of
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the graph), the PCSK9-LDLR complex also gets endocytosed via clathrin-coated vesicles (184,
185). Nevertheless, the acidic pH enhances the affinity of PCSK9 for the LDLR (173), resulting
in the degradation of the complex in late endosomes/lysosomes, independently of LDL binding to
LDLR. This prevents the recycling of LDLR, leading to low cell surface LDLR levels and

subsequently increased levels of circulating LDLc.
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Figure 12. Schematic of the extracellular pathway of PCSK9-induced degradation of the LDLR
(135)

Interestingly, ex vivo studies on HepG2 cells and mouse primary hepatocytes have demonstrated
that PCSK9 also triggers the intracellular degradation of the LDLR following its exit from the
TGN (186). However, both extra- and intracellular LDLR degradation pathways seem to occur in
parallel in cell lines, while in liver the extracellular pathway is predominant. More work is needed

to define the tissue(s) where the intracellular pathway is predominant in vivo.
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1.2.4.5 The importance of the CHRD and the search for protein X

Although it has now been 14 years since the discovery of PCSK9, the precise molecular
mechanisms leading it to enhance the degradation of the LDLR in late endosomes/lysosomes has
not been identified yet (135, 174).

One important structural determinant in this process seems to be the CHRD of PCSK9. Indeed, a
truncated version of PCSK9 lacking the CHRD bound LDLR but did not lead to LDLR degradation
in cells (179, 184). The M2 module of the CHRD was demonstrated to be particularly important
for LDLR degradation (180). Interestingly, domains in both PCSK9 and LDLR that are not
required for binding (or internalization) are essential for PCSK9-dependent LDLR degradation
(179). Accordingly, monoclonal antibodies (mAbs, see section 1.4.2.) targeting the CHRD of
PCSKO9 have been designed: while they did not block the interaction of PCSK9 with LDLR, they
decreased PCSK9 activity from 50-75% (187, 188). In contrast, mAbs targeting the catalytic
domain of PCSK9 inhibit 100% of its activity since they prevent the binding of PCSKO9 to the
LDLR (189). This difference could be rationalized by the fact that blocking the CHRD by a mAb
results in a partial prevention of the cellular internalization and/or lysosomal targeting of the
PCSKO9-LDLR complex (190). More studies are needed to fully elucidate the role of the CHRD in
the degradation of the PCSK9-LDLR complex. For example, PTM of PCSK9 CHRD such as
Asnssz glycosylation (63) or Sersss phosphorylation (191, 192) could play a role in this
process. Finally, the CHRD may influence differently the intracellular and extracellular
pathways of PCSK9-induced LDLR degradation (171).

Many potential CHRD binding partners have been proposed, denoted “protein X", which
would direct the PCSK9-LDLR complex to late endosomes/lysosomes (174, 190). One of the
proposed partners is the ligand binding domain of LDLR (193) but this was not corroborated
by PCSK9-LDLR crystal structure (178). It was also suggested that the CHRD may displace a
protein required for LDLR recycling at the cell surface (135). Given that the cytosolic tail (CT)
of the LDLR contains an NPXY motif that binds the adaptor protein ARH, which in turn binds
clathrin (51), it was proposed that the CT of the LDLR controls the endocytosis of the PCSK9-
LDLR complex. Nevertheless, this hypothesis was rejected by several studies showing that

PCSK9 can degrade a construct of LDLR lacking its CT (194, 195). Protein X was also
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proposed to be another membrane-bound protein containing the NPXY motif in its CT such
as LRP1, which was upregulated in livers of PCSK9 KO mice but was not essential for LDLR
degradation (194). The SORTI gene, known to be linked to hypercholesterolemia, has been
proposed to be a critical regulator of PCSK9 activity in vivo (196). Similarly, another group
demonstrated that PCSK9 CHRD interacts with amyloid precursor protein-like protein-2 (APLP2),
which could be involved in PCSK?9 trafficking to endosomes/lysosomes (197). However, another
study showed that the two protein X candidates, SORT1 and APLP2, are not necessary for the in
vivo PCSK9-dependent LDLR degradation and that hepatic LDLR levels were not different in
mice lacking sortilin or APLP2 (190). Others identified Sec24A, a cytosolic adaptor protein
involved in the ER-Golgi trafficking of the coat protein complex COPII vesicles, as critical for
PCSKO9 exit from the ER and hence secretion (198). Finally, the chaperone like-protein GRP94
was shown to bind PCSK9 and to prevent LDLR degradation within the ER (199).

Taken together, a number of candidates have been proposed as protein X, but many of them were
not validated in in vivo studies, and some still need confirmation. More studies will be necessary
in the future to elucidate the precise mechanism underlying PCSK9-driven LDLR degradation and
the role of the CHRD in this process both in the intracellular and extracellular pathways.

1.2.4.6 Human mutations in PCSK9

Mutations can be found in all four structural components of PCSK9 and these tremendously helped
to understand the importance of each domain, even though a lot of research is still ongoing.
Gain-of-function (GOF) mutations resulting in higher PCSK9 activity or levels were expected to
lower hepatic LDLR levels and hence raise circulating LDLc, due to its decreased clearance by
the small number of LDLR. In humans, the discovery of PCSK9 as FH3 was rapidly followed by
the identification of the D374Y mutation, the most drastic one, in Utah, USA (200) and in Norway
(201). The affinity of this GOF PCSK9 for the LDLR is increased ~10-fold compared to WT
PCSKO9 (173), leading to ~4-fold higher LDLc levels associated to early death due to CVD (200).
Many other mutations causing FH were identified in consecutive years and were reviewed (202,
203) and some of them are shown on Figure 13. Interestingly, in 2015 a study found 16 different
PCSK9 GOF mutations in 164 patients originating from 8 countries (204).
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Figure 13. Schematic representation of the main GOF and LOF mutations in PCSK9 (205).

The demonstration that, on the opposite, LOF mutations led to higher LDLR concentrations and
hence decreased LDLc levels was first published in 2005 (206). Two heterozygote nonsense
mutations, Y142X and C679X, were identified in 2% of an African American population by
screening 32 patients having the lowest LDLc levels from the Dallas Heart study (207). Patients
harboring one of these mutations had ~40% less LDLc and ~60% lower PCSK9, associated with
~88% reduction in CVD risk (207). The mutated forms of PCSK9 can lead to decreased plasma
LDLc by preventing the secretion of mature PCSK9 by various mechanisms such as disruption of
the synthesis (Y142X), cleavage (L253F), or folding (C679X) of PCSK9 (208). Y142X is located
in PCSK9 prodomain and leads to an early truncation and thus no PCSK9 production, while the
C-terminal C679X mutation causes the retention of the autocatalytically cleaved PCSK9 in the
ER, likely because of defective folding.

A spectrum of PCSK?9 alleles variations associated with LDLc was shown to span a wide range of
allele frequencies (0.2 — 34%) as well as magnitude of phenotypic effects (from 3% increase to
49% decrease in LDLc), thereby contributing to inter-individual LDLc differences (209).

More than 100 single nucleotide polymorphisms (SNP) with diverse consequences were identified
in PCSK9. Common polymorphisms such as R46L lead to partial PCSK9 LOF characterized by
lower LDLc (209), an anti-atherogenic lipoprotein profile (210) and reduced CVD risk (211, 212).
The frequency of this polymorphism varies between 4.8% in French Canadian and 2.4% in
Caucasian (213).
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The mutations evoked in this thesis are only a small sample of all the existing mutations. In Figure
13, a list of the main GOF (in pink) and LOF (in blue) in each PCSK9 domain is presented.

Three people presenting a complete LOF of PCSK9 have been reported, in whom no
immunodetectable circulating PCSK9 was identified. All three present strikingly low plasma
LDLc levels ~0.4 mM or ~15 mg/dL.

The first studied individual was a healthy, fertile, college graduate 32-year-old woman from the
Dallas Heart Study who was found to be a compound heterozygote for the two inactivating PCSK9
mutations Y 142X and AR97 that disrupt the synthesis and processing/secretion of PCSKO9,
respectively (208).

In another study meant to determine the frequency of the two LOF mutations Y 142X and C679X
in an African population in Zimbabwe, a 21-year-old woman who was homozygote for the C679X
variant was identified as the second patient lacking PCSK9 (214). Not much information is
available on this patient but it can be speculated that she went to a doctor because she was pregnant.
The third patient is a French 49-year-old diabetic man who had profound familial
hypobetalipoproteinemia (FHBL; OMIM 107730). He was initially hospitalized for the rapid-
onset of an insulin-requiring diabetes which etiology is still uncertain and presented moderate liver
steatosis. A mono-allelic PCSK9 double-mutant R104C/V114A was identified, which processing
and secretion was severely impaired when transfected in hepatocytes, thereby showing that this
double mutant PCSK9 acts as a dominant negative to the secretion of WT PCSK9 (215).
Importantly, this study also constituted the first direct evidence in human that decrease of LDLc
associated to PCSK9 LOF mutations are attributable to an increased clearance rate of LDL (215).
Another LOF mutation, Q152H, was shown to reduce circulating PCSK9 up to 80% in patients
(216). It was identified in a French Canadian family and co-transfection of equal amounts of
mutated PCSK9 and WT PCSK9 decreased WT PCSK9 secretion by approximately 80%.
Similarly to R104C/V114A double mutant, PCSK9 Q152H has a dominant negative effect on WT
PCSKD9 secretion (216).

Importantly, the identification of these specific patients brought the proof-of-principle that
hypercholesterolemia and CVD could be treated by targeting PCSK9 (217, 218).
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1.2.4.7 Physiological factors related to PCSK9

In human, plasma PCSK9 concentrations measured by a sandwich ELISA vary up to 100-fold as
demonstrated by a study on >3,100 patients from a large and ethnically diverse population (219).
PCSKO levels were higher in women (510 ng/mL) than in men (450 ng/ml) and in postmenopausal
women compared to premenopausal women, irrespective of estrogen status (219). Although there
was a correlation between PCSK9 and LDLc levels, only 8% of LDLc variations could be
explained by PCSKO9 levels, indicating that multiple metabolic and genetic factors contribute to
variation of PCSK9 plasma levels in the general population (219).

A similar study was conducted on 1,739 French Canadian children aged 9, 13, and 16 years and a
mean plasma PCSK9 concentration ~85 ng/mL was found using another ELISA (220). Plasma
PCSK9 decreased with age in boys whereas it increased in girls, confirming that PCSK9 plasma
concentrations are strongly associated with age and sex (220).

Researchers also performed studies in order to determine whether PCSKO circulating levels are
influenced by diurnal changes and fasting (221). To that end, circulating PCSK9 was monitored
in patients and enabled to demonstrate that serum PCSKO levels show a diurnal rhythm that is
closely related to that of cholesterol synthesis, whereas LDLc were stable. Circulating PCSK9
peaks around 4:30 am in healthy subjects. The diurnal rhythms of both PCSK9 and cholesterol
synthesis could be abolished by depletion of liver cholesterol via treatment with the bile acid-
binding resin cholestyramine. Fasting highly decreased both PCSK9 and cholesterol levels,
without changing LDLc levels (222).

The impact of diet and exercise will be described in sections 1.3.1.1.and 1.3.1.2.
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1.2.4.8 Ligands of PCSK9

Aside from LDLR, PCSK9 has been shown to bind other members of the LDLR superfamily
through its interaction with EGF-A such as VLDLR and ApoER2 in vivo, which roles will be
described in the next section, and LRP1 in vitro (194).

PCSK9 was also shown to interact with apoB in mouse hepatocytes, leading to an increased apoB
production which could be explained by the inhibition of intracellular apoB degradation via the
autophagosome/lysosome pathway (223).

It was also demonstrated that >40% of total plasma PCSK9 from normolipidemic patients was
associated with LDL with a Kp ~ 325 nM and competition binding curves were consistent with a
one-site binding model (182). An N-terminal region of the PCSK9 prodomain (aa 31-52) was
determined to be necessary for binding to LDL in vitro, and the study proposed that PCSK9
association with LDL particles reduces the PCSK9 binding to LDLR, suggesting an inhibition of
the PCSK9-mediated LDLR degradation (182).

It was demonstrated in patients and in mice that plasma PCSK9 is found associated to Lp(a) but
does not bind apo(a) alone (224). Interestingly, a preferential association of PCSK9 with Lp(a)
versus LDL (1.7-fold increase) was seen in subjects with high Lp(a) and normal LDLc (224),
suggesting that variations in Lp(a) and its levels may modify its affinity to PCSK9. Besides, the
same association was found in type 2 diabetes (T2D) patients (225). Interestingly, this data is
contradictory to a previous study that demonstrated that PCSK9 does not bind Lp(a) directly in
vitro but that its catabolism is regulated by PCSK9 via the LDLR (226). Therefore, it is not clear
whether this association between PCSK9 and Lp(a) is direct or requires an additional protein.
The 33 kDa pleiotropic protein annexin A2 was discovered to bind PCSK9 and to be a natural
inhibitor of its extracellular activity (227). It has been demonstrated that the N-terminal R1 domain
of annexin A2 interacts with M1 and M2 modules of PCSK9 CHRD and inhibits PCSK9 mRNA
translation (227, 228). The importance of this molecule was proven iz vivo in annexin A2-deficient
mice harboring ~1.4-fold higher LDLc, ~2-fold higher plasma PCSK9 and ~2-fold less LDLR
protein levels in adrenals and colon (229). An annexin A2 polymorphism, VO8L, correlated with
lower plasma PCSK9 (229), while two recently identified SNP were found to reduce ANXA42 gene
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expression and to be associated with ~19% higher LDLc and higher CVD risk in patients (230),

thereby confirming the physiological role of annexin A2 in humans.

1.2.4.9 The importance of animal models to study PCSK9

Like for all other PCs and for biological studies in general, PCSK9 animal models have exerted

and are still playing a crucial role in our understanding of the in vivo roles of PCSK9.

Interestingly, in 2004, the year following the discovery of PCSK9, three teams reported animal
models overexpressing PCSK9 by using adenoviruses. The first one reported that murine PCSK9
overexpression led to a 2-fold increase in plasma TC and a 5-fold increase in non-HDL cholesterol
due to an increase in LDLc compared with mice infected with a control adenovirus. Since Ldlr™"
mice infected with the PCSK9 adenovirus had the same lipid profile, the in vivo link with the
LDLR was established. It was also observed that LDLR mRNA levels remained unchanged upon
PCSKO9 overexpression whereas hepatic LDLR protein levels were nearly absent (169). The second
one overexpressed human PCSK9 (hPCSK9) and observed an ~9-fold increased LDLc that they
compared to the ~2-fold increased LDLc in Ldlr”’" mice, confirming the results with hPCSK9
(168). The third one reported that overexpression of human WT or GOF mutant S127R, F216L or
S386A PCSKO led to hypercholesterolemia by increasing TC ~2-fold, confirming again that
PCSK9 regulates LDLR protein levels by a post-transcriptional mechanism, thereby also
regulating LDLc levels (170).

An intriguing observation was that although mice overexpressing PCSK9 led to very low hepatic
LDLR levels, their TC levels were still ~1.5-fold lower than Ldl¥" mice (172). However,
equivalent cholesterol levels obtained in Ldlr~ and Ldlr"Pcsk9’ mice demonstrated that the
cholesterol regulation of PCSKD9 is entirely LDLR-dependent (172).

Alternatively, mouse models lacking PCSK9 were also developed from 2005.

Livers of Pcsk9” mice showed 2- to 3-fold higher LDLR protein levels but constant LDLR mRNA
compared to WT mice (171, 172). Although WT mice presented 96 mg/dL TC, Pcsk9”" mice only
had 46 mg/dL, leading to an enhanced response to statin treatment (171).

Another very important study is the one relating total and hepatocyte-specific Pcsk9” mice

presenting 42% and 27% less TC, respectively (172). This shows that hepatic PCSKO9 is
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responsible for two thirds of the phenotype (172). It also enabled to show that PCSK9 originates
exclusively from hepatocytes (172). An intriguing discovery was that PCSK9 deficiency does not
lead to cholesterol accumulation or bile acid production in the liver, although 80% of total LDLR
is expressed in the liver (171, 172, 231). It remains unclear why such high levels of LDLR do not
trigger a cholesterol accumulation in the liver or in pancreatic islets (232). The only possible
explanation to date would be that cholesterol could be excreted through the transintestinal
cholesterol excretion (TICE) pathway (233). Further studies will need to be performed to elucidate
the mechanisms underlying cholesterol metabolism under those specific conditions.

Interestingly, the dramatic hepatic and pancreatic islets cell surface LDLR increase observed in
Pcsk9” male mice was not observed in female mice (234). The latter demonstrated increases in
cell surface LDLR in enterocytes and VLDLR in adipocytes, showing that PCSK9 deficiency may
result in a sex- and tissue-specific subcellular distribution of both LDLR and VLDLR (234). This
study is very relevant in the use of PCSK9 inhibitors, which dosage might have to be adjusted
depending on sex. Indeed, a clinical trial study related a lower response to a PCSK9 mAb in women
compared to men (235).

In parallel, the capacity of circulating PCSK9 to target hepatic LDLR for degradation was
demonstrated in a parabiosis experiment between WT mice and transgenic mice expressing 1,000-
fold endogenous levels of hPCSK9 (236). It was later established that intravenously administered
PCSK9 preferentially reduces hepatic LDLR protein levels (237). However, further studies
demonstrated that circulating PCSK9 can be active on peripheral tissues such as VLDLR in
adipose tissue, which does not express PCSK9 (238). Interestingly, it was shown that LDLR
constitutes the main elimination route of PCSK9, LDLR and PCSK9 regulations being reciprocal
and controlling plasma levels of PCSK9 and LDLc as well as hepatic LDLR levels (239).

Note that in all these in vivo studies, mice were mostly used. However, mice don’t possess the
CETP gene (240) and thereby carry most of their cholesterol on HDL. In that sense, they are not a
good model of human lipoprotein metabolism. Nevertheless, they are widely used in biological
studies because they are the easiest, quickest and cheapest way to implement animal models in a
laboratory setting. Interestingly, in order to determine the ideal animal models to study human
dyslipidemia, a research group measured the lipid profiles of several mouse strains, non-primate

species, non-human primates and humans and compared them across species (241). The measures
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were performed in both healthy animals and animals with metabolic disorders, and their response
to statin treatment was evaluated. They found out that the models closest to humans were non-
human primates followed by dogs, while the majority of traditionally used mouse models were not
similar to dyslipidemic humans (241). While cynomolgus monkeys are widely used in animal
clinical trials before drugs are tested on humans, to our knowledge the only PCSK9 transgenic
animal that is not a mouse is a pig (242). Interestingly, a recent study proposed a single intravenous
injection of an adenovirus containing PCSK9 as an easy, fast and cheap approach to rapidly induce
a sustained hypercholesterolemia in adult mice (243). This would allow avoiding the complex and
time-consuming mice backcrosses, and we could imagine that this technique might be applicable
to other animal models. Note that a research group recently compared the correlation between
PCSK9 expression and LDLc levels in the SPRET/EiJ and C57BL/6J mice strains that are known
for their polymorphic differences (244). Although SPRET/EiJ and C57BL/6J mice presented
similar TC levels, the SPRET/EiJ mice expressed less PCSK9 and more hepatic LDLR. This
suggests that the SPRET/EiJ mouse may be an example where genetic variations lead to an absence
of direct correlation between PCSK9 and cholesterol levels, and highlights the importance of the
selection of an adequate animal model.

Since adenoviruses direct the expression of their transgene (Tg) exclusively to the liver, mouse
models with adenoviral expression of hPCSK9 are not ideal models because PCSK9 expression is
not present in all the other tissues such as small intestine and pancreas. Transgenic PCSK9 mice
have to be the closest possible to human in order to study PCSK9 or when PCSK9 inhibitors need
to be screened. The models reported so far present limitations as such models. One of them
expresses hPCSK9 under the control of the albumin promoter but unexpectedly led to PCSK9
overexpression in kidney (245). Another approach was the use of a bacterial artificial chromosome
(BAC) fragment containing the WT or D374Y PCSK9 gene (246). However, the WT strain is
unavailable and the D374Y leads to a drastic human GOF phenotype, new mouse models are thus

needed for the study of PCSK9 and its inhibition.
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1.2.4.10 Role of PCSKY in tissues other than liver

PCSKD9 is mostly known for its role in hepatic LDLR levels modulation, but it has additional roles

in various tissues and organs. The extensive role of PCSK9 has been described in several reviews

(135,247, 248).

PCSK9 was shown to be expressed in the small intestine, especially in the ileum which is the
final section of the small intestine (63). It is important to study the role of PCSK9 in the
intestine, especially since PCSK9 was shown to modulate TICE, an important cholesterol
excretion pathway, in an LDLR-dependent manner (233). In intestinal cell lines, LDLR levels
are regulated by PCSK9 (249, 250). In mouse, a homogeneous PCSK9 expression along the
intestinal cephalo-caudal axis was demonstrated at similar levels to that of the liver (251). In
the enterocyte Caco-2 cell line and in human jejunum and ileum biopsies,
immunohistochemistry analysis showed that PCSK9 is localized in enterocytes and goblet
cells, which secrete mucus components (251). However, the specificity of the mouse PCSK9
(mPCSK9) antibody is questioned. Moreover, there were some contradictory studies
concerning PCSK?9 intestinal expression: although the ability of differentiated Caco-2 cells to
secrete PCSK9 was demonstrated (250), no circulating PCSK9 could be detected in liver-
specific Pcsk9” mice (172). Thus, a significant in vivo intestinal PCSKO secretion is excluded.
Although the precise molecular mechanisms leading to these effects are still unknown, several
cell-based studies have shown a positive relation between intestinal PCSK9 expression level
and apoB secretion (250-252).

PCSKO9 was observed to be highly expressed in - and 8-cells from pancreas (63, 232). A group
showed that in Pcsk9”" mice, a 2-fold increase in LDLR protein content was observed in
isolated islets compared to WT mice, mainly in  -cells. Conversely, incubation of islets with
recombinant PCSK9 almost abolished pancreatic LDLR expression (232). Despite these
findings, PCSK9 did not alter insulin secretion in mice (232). In contrast, another group
demonstrated that older male Pcsk9” mice expressed more LDLR in pancreatic islet cells and
are glucose-intolerant compared to controls (253). Although this discrepancy can be explained
by the distinct mouse backgrounds and ages used in the two studies, it remains to be established

whether circulating PCSK9 affects LDLR and other receptors at the surface of pancreatic islets
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and whether the upregulation of these in the absence of PCSK9 results in lipotoxicity or
impairment of pancreatic functions.

PCSKO9 expression was detected in the kidney (63) where it regulates murine LDLR levels
(237, 254). Studies on widely used HEK293 cells suggested an interaction of PCSK9 with the
amiloride-sensitive epithelial Na“ channel (ENaC), an important pathway for the urinary Na*
reabsorption (255), leading to its proteasomal degradation (256). However, in mice models of
hypertension, PCSK9 deficiency was shown not to alter blood pressure nor ENac activity
(257). The latter data is consistent with hPCSK9 genetics given that Black American carrying
the PCSK9 nonsense mutation Y 142X or C679X are less hypertensive than non-carriers (258).
As stated previously, PCSK9 was cloned in apoptotic primary cerebellar neurons (63),
suggesting a role in neurogenesis. This hypothesis was supported by the neural progenitor cells
differentiation stimulation following PCSK9 overexpression in primary cultures of embryonic
neural progenitor cells (63). Interestingly, PCSK9 inhibition in zebrafish eggs tremendously
impaired the early central nervous system development as soon as 24h post-fertilization (hpf)
compared to controls, and led to embryonic lethality from 48 hpf (259). However, Pcsk9”
mice presented no signs of impaired central nervous system (171). Nevertheless, PCSKO is
implicated in mouse brain development since it was shown to downregulate LDLR levels
during mice brain development (260). In human, PCSK9 could be detected in cerebrospinal
fluid at levels up to 20-fold lower than in the plasma and did not show any correlation with
plasma levels or diurnal variations (261). Through its interaction with apoER2 (262), PCSK9
has been demonstrated to potentiate neuronal apoptosis (263).

PCSKO9 interacts with VLDLR (238, 262, 264). Circulating PCSK?9 originating from the liver
regulates VLDLR protein levels in adipose tissue in vivo. PCSKO is thus also implicated in fat

metabolism but limits visceral adipogenesis via VLDLR regulation (238).
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1.2.4.11 Role of PCSKY in disease

Many studies demonstrated that loss of PCSK9 reduces the incidence of several physiological

disorders:

Compared to nondiabetic patients, those with T2D are exposed to >5-fold higher CVD-related
mortality (265). This risk can be treated by lowering excess LDLc characterized by this T2D-
associated dyslipidemia, also known as diabetic or atherogenic dyslipidemia, using statins
(266). Nonetheless, statin treatment has also been associated with a higher incidence of new-
onset of T2D (267-269). Many researchers thus tried to study the link between PCSK9 and
T2D in several in vitro and in vivo experiments and clinical trials, resulting in conflicting data
that have been reviewed by several authors (247, 248, 270, 271).

First, several groups have conducted epidemiological studies in order to determine if there is
an association between PCSK9 and T2D, presenting contradictory results. While four studies
showed that PCSK9 circulating levels were up to 17% higher in T2D patients compared to
healthy or type 1 diabetes (T1D) patients (219, 225, 272, 273), one study did not observe any
difference in PCSK9 between T2D and healthy patients (274). Note that in the latter study,
55% of T2D patients have been newly diagnosed (274), which might explain the observed
discrepancy. Besides, it should be reminded that all these studies may be biased by the use of
cholesterol-lowering therapies that are known to increase circulating levels of PCSK9 (see
section 1.3.1.16). Despite these contradictions, it is thought that there is a positive correlation
between PCSKY levels and T2D (270). This is comforted by various in vitro, animal and human
studies investigating the effect of insulin on hepatic PCSK9 expression in different models
(275, 276) as well as hepatic PCSK9 expression in insulin resistance (275, 277) or insulin
deficiency (278) models. Together, these studies demonstrated that both PCSK9 expression
and plasma levels are positively associated with insulin and T2D glycemic parameters,
suggesting a link between PCSK9 and insulin resistance.

The study of WT, Pcsk9” or transgenic mice fed a Western diet during one year enabled to
establish that PCSK9 modulates atherosclerosis via LDLR: PCSK9 overexpression is pro-
atherogenic, whereas its absence is anti-atherogenic (279). Recently, it has been demonstrated

in mice that PCSK9 inhibition could decrease vascular inflammation and inhibit the TLR4/NF-
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kB signaling pathway, thus suppressing atherosclerosis without affecting TC levels (280).
Hence, PCSKD9 is suspected to be an inflammatory mediator in atherosclerosis pathogenesis.
The R46L variant has been demonstrated to be protective against myocardial infarction (281).
Sepsis is a complex disease in which in response to bacterial infection, systemic activation of
inflammation and coagulation takes place. Severe sepsis is accompanied by at least one organ
dysfunction and affects 0.3—1% Americans per year, from which ~30% die (282). Since
clearance of lipids from pathogens is related to endogenous lipid clearance, it was hypothesized
that PCSK9 may also regulate removal of pathogen lipids such as lipopolysaccharide (LPS).
In mouse and human, several studies demonstrated that decreased PCSK9 function is
associated with increased LDLR-mediated pathogen lipid clearance, decreased inflammatory
response and improved septic shock outcome, while PCSK9 overexpression exacerbates multi-
organ pathology as well as the hypercoagulable and pro-inflammatory states in early sepsis
(283-286). It was also demonstrated that LPS is cleared from the circulation via hepatic LDLR
(287), establishing the direct link to PCSK9. PCSKO9 is thus also a therapeutic target for sepsis,
adding an application to the cholesterol-lowering PCSK9 inhibitors (288, 289). However,
recently a role of LDLR and PCSKO9 in regulating LPS-induced septic shock was challenged,
at least in mice (290). Indeed, in PCSK9 KO mice or in WT mice treated with a PCSK9 mAb,
no reduction in LPS-induced death was observed (290).

Since liver is both one of the most common sites for metastatic disease and the major tissue
expressing PCSKO9, the role of PCSK9 was investigated in liver metastasis. It was observed
that after melanoma cells injection to induce liver metastasis, Pcsk9”" mice presented 2-fold
less liver metastases than WT mice. This decrease is linked to cholesterol because a 2-week
high cholesterol diet in Pcsk9”" mice deleted this protection, and high cholesterol levels were
shown to promote metastasis progression in both groups. An LDLR-independent TNFa
regulation was also observed. Thus, PCSK9 deficiency decreases liver metastasis by its

cholesterol-lowering effect and possibly by TNFa-mediated apoptosis enhancement (291).
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The role of PCSK9 in Alzheimer’s disease (AD) is controversial. A first group showed that
Pcsk97" mice presented less beta-site amyloid precursor protein-cleaving enzyme 1 (BACE1)
and amyloid beta-peptide (AP) than control mice (292). BACEI is the rate-limiting enzyme in
the generation of A that are the main components of the amyloid plaques found in AD patients
brains. This data indicates that the absence or therapeutic inhibition of PCSK9 might increase
the risk of AD development in human. However, two years later a second group published that
PCSK9 was not involved in LDLR, VLDLR or ApoER2 degradation nor BACE1 degradation
in adult mouse brain (293). A recent study of >111,000 patients from the Danish general
population showed that low LDLc due to PCSK9 and HMGCR variants were not linked to
higher risk of AD (294). Strikingly, they even discovered that low LDLc levels may reduce
AD risk (294). Although there is a “need for more robust evidence” (295), the onset of AD and
other neurocognitive diseases is closely followed by clinical trials testing PCSK9 inhibitors.
For now, the inhibiting agents seem safe but this needs to be assessed in long-term studies.
Nevertheless, further studies need to be achieved in order to better understand the role of

PCSK9 in AD.

In contrast, some studies highlighted that loss of PCSK9 favored some disorders:

Given that LDLR is suspected to be involved in hepatitis C virus (HCV) entry, some
researchers established that PCSK9 modulates CD81, a major HCV liver receptor, in an
LDLR-independent manner in HuH7 cells (296, 297). Note that HuH7 cells are another human
hepatocarcinoma cell line very similar to HepG2 (298). Interestingly, cells expressing PCSK9
were resistant to HCV infection (296, 297). Mouse liver CD81 expression was also down-
regulated by PCSK9 in vivo, thus PCSK9 plasma levels and activity may influence HCV
infectivity in humans (296). These studies highlight an antiviral role for PCSK9. However, it
also raised concerns about the pharmacological inhibition of PCSK9 that would increase
patients HCV susceptibility. Other researchers showed contradictory data: in their cell-based
and in vivo studies, neither PCSK9 overexpression nor PCSK9 inhibition with a PCSK9 mAb
had any effect on CD81 or HCV entry (299). This study is supported by clinical data that do
not relate PCSK9 inhibition to HCV susceptibility so far. However, long-term studies on a
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large number of patients will have to confirm the safety of PCSK9 inhibition towards HCV
infection, especially for genotype 3 HCV patients (300).

e Since PCSK9 was shown to be upregulated in regenerating rat liver (63), the in vivo role of
PCSKO9 in liver regeneration was investigated by performing PHx on WT and Pcsk9”" mice
(172). PCSK9 mRNA peaked 3 days post-PHx in mice, whereas it peaked at day 2 in the rat.
While the livers of WT mice regenerated well 3 days post-PHx and had a normal morphology,
livers from KO mice presented a compromised regeneration as well as necrotic lesions.
Interestingly, this difference between WT and KO mice could be prevented by a high
cholesterol diet. Therefore, patients lacking PCSK9 naturally or following a PCSK9-lowering
treatment might be at risk upon hepatic damage (172).

1.2.4.12 PCSK)Y regulation

Similar to any gene, PCSK9 gene expression is first regulated transcriptionally. PCSK9 was shown
to be regulated by SREBP1a (167), SREBP1c (276) and SREBP2 (167, 301). SREBP activation
of PCSK9 gene promoter is potentiated by the hepatocyte nuclear factor-1a. (HNF1a). PCSK9 is
also regulated by ligand-activated nuclear receptors such as the Farnesoid X receptor and
peroxisome proliferator-activated receptors (PPAR) a or v (302). Note that SREBP2 and HNF1a
are mostly downstream targets of other factors. Taken together, the transcriptional up- or
downregulation of PCSK9 is determined by the relative abundance and activity of a variety of
nuclear factors cooperatively or competitively acting on cis regulatory elements (174). To date,
the physiological importance of these regulatory pathways is still unknown.

The post-transcriptional regulation of PCSK9 expression have been less studied but might include
microRNAs (miRNAs) such as miR-27a (303) or miR-30c (304).

Once secreted, an important regulation of PCSKDO is its cleavage and inactivation by the PC furin,
which is reduced by the two GOF mutations F216L and R218S (305). The processing site of furin
on PCSK9 is at R21s1 and was shown to inactivate PCSK9 in mice (306) and human (307),
cleaving up to 40% of total circulating PCSK9. Interestingly, a mAb named LY3015014 binding
a narrow epitope in the N-terminal part of PCSK9 catalytic domain (aa 160-181), which does not

include the furin cleavage site, was developed (308). Different from the other available mAbs (see
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1.3.2.1), the latter binds intact but not truncated PCSK9, thereby extending the LDLc lowering
durability relative to mAbs that block the furin processing site (308).

1.2.4.13 PCSK9 and evolution

Interestingly, PCSK9 is neither found in all vertebrates nor in all primates (309). It has been
demonstrated that the bovine PCSK9 genome contains a stop codon in exon 10 (310), leading to
undetectable PCSK9. The latter constitutes very important information, given that fetal bovine
serum (FBS) is routinely used in cell culture. Besides, the primary protein sequence of PCSK9 has
been shown to be very conserved within the years that separate modern humans from either
Denisovans (estimated separation ~380,000—473,000 years ago) or Neanderthals (estimated
separation ~550,000-765,000 years ago) (311). However, one amino acid change, H449L, was
recently detected in Denisovans that may result in a LOF of PCSK9 (135).
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1.2.5 PCs as therapeutic targets

Given their largely demonstrated important roles in many vital biological processes, many PCs
have been considered as therapeutic targets in order to treat some of their related diseases as

illustrated by Figure 14.
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Figure 14. Scheme representing all proprotein convertases in health and diseases (135)

PACE4 is an established therapeutic target in order to treat ovarian and prostate cancer using
peptide inhibitors (312, 313). It shows promising results in mice and has potential to be tested in
humans. It is also indicated to inhibit PACE4 for the management of arthritis pain (314, 315).
PC4 could be targeted to create a male contraceptive (132).

It was also suggested that small-molecule inhibitors to PC7 able to cross the blood—brain barrier
might be used to manage anxiety (132).

The use of a small molecule inhibitor of SKI-1, PF-429242, showed efficient inhibition of SREBP
processing and decreases of SREBP target genes expression and cholesterol synthesis in cell lines

(316). In treated mice, expression of hepatic SREBP was suppressed and thus the rates of
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cholesterol and fatty acids synthesis were reduced (316). Short-term treatments with this inhibitor
were suggested for management of viral infections such as arenavirus (317, 318), HCV (319) and
Dengue virus (320). Interestingly, osteocytes-specific MBTPS|I inactivation has been shown to
stimulate soleus muscle regeneration and to increase muscle size and contractile force with age,
making SKI-1 a potential target for prevention of age-related muscle loss (321).

Furin inhibition can target a wide range of therapeutic applications, including cancer, virus
infections or rheumatoid arthritis. In a phase 1 clinical trial, a vaccine named FANG or “bi-
shRNAi"/GMCSF DNA/Autologous Tumor Cell” containing a bi-functional short hairpin RNA
interference (RNAI1) targeting furin and a plasmid encoding granulocyte-macrophage colony-
stimulating factor was injected to advanced cancer patients and prolonged their survival (322).
Similarly, luteolin, a natural product, limits dengue virus replication by inhibiting furin (323).
Inhibitors to furin and PC5A have also shown promising results in limiting Chikungunya virus
infection (324). In contrast, it has been shown that upregulating furin may be beneficial in the
treatment of rheumatoid arthritis (325).

Finally, PCSK9 can be considered as the therapeutic target amongst all PCs with the most specific
physiological functions. Indeed, although it was the last PC family member to be discovered,
therapeutic approaches to inhibit PCSK9 are the most numerous as well as the most advanced.
They will be detailed in the next section 1.3.2. Overall, although therapeutic targeting of the eight
other PCs might be beneficial, it might lead to many off-target effects.
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1.3 How to treat hypercholesterolemia?

Various strategies have been used in order to decrease TC or at least decrease LDLc and/or increase
HDLc, the main goal being the reduction of CVD risk. The Canadian Cardiovascular Society
Guidelines recommended LDLc levels <77 mg/dL (2.0 mM) or a > 50% reduction from baseline
(326). Similarly, European guidelines fixed target LDLc levels ~100 mg/dL (2.6 mM) or 50%
reduction from baseline for very high risk patients (327). In contrast, the American Heart
Association recommended high- or moderate intensity statin therapy for all patient groups in which
they expect LDLc reductions >50% or 30%-50%, respectively (328). Note that interestingly,
guidelines differ in each country (329).

First, classical therapies to reduce hypercholesterolemia will be presented. In a second part, the

different approaches that have been used to decrease CVD by targeting PCSK9 will be detailed.

I.3.1 Available treatments to prevent CVD

1.3.1.1 Benefits of a healthy diet

In order to reduce circulating cholesterol levels, it was first thought that reducing dietary
cholesterol intake would be enough. Importantly, dietary cholesterol is not the only factor acting
on our cholesterol levels. The total caloric intake as well as the amount of saturated versus
unsaturated fatty acids and soluble fiber are factors that also contribute to TC. A combination of
changes needs to be achieved and maintained on the long-term in order to maximize the cholesterol
reduction and thus CVD risk (330).

It has been shown that a Mediterranean-style diet reduces LDLc and PCSK9 levels up to 10% and
11%, respectively (331, 332). Although the precise mechanisms of diet-induced LDLc decrease
are not fully understood yet, it was hypothesized that the high phytosterols (see section 1.3.1.4)
intake might decrease LDLc levels by inhibiting cholesterol intestinal absorption (333). Similarly,
a diet rich in vegetable n-6 polyunsaturated fatty acids versus saturated fatty acids showed
reduction in both LDLc and PCSK9 (334). Besides, some specific foods such as tree nuts (335)

and flavonoids from dark chocolate (336) also exhibit potential benefits in CVD reduction,
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although they should be further studied in larger groups of patients. Interestingly, those effects
were mostly observed independently of body weight loss. Fasting has been shown to decrease
circulating levels of PCSK9 in human (222, 337). In contrast, an increase in PCSK9 was observed

after a short-term high fructose diet (277).

1.3.1.2 Benefits of exercise

It has been demonstrated that exercising regularly has a beneficial effect on human lipoprotein
profile. However, except in a group of patients exercising a lot and with a high intensity, there was
no decrease in LDLc levels but rather an increase in LDL particle size and a decrease in IDL (338).

The benefits of exercise have also been demonstrated to reduce circulating levels of PCSK9 (339).

1.3.1.3 Challenges of lifestyle modifications and new approaches

The drawback of lifestyle modification such as a healthier diet and more exercise is that it is
sometimes difficult to implement for patients (Dr. Robert Dufour, IRCM clinic, personal
communication). While it works for some patients, it is a challenge for others, especially when
hypercholesterolemia is discovered late in the life of patients, at a time when “old habits” need a
high determination and motivation to be changed drastically. Therefore, other approaches are
necessary when lifestyle modification is not followed seriously or when it is not sufficient to
reduce CVD risk.

Mobile applications on smartphones are promising tools to help patients perform lifestyle
modifications or adhere to treatment. A recent study showed that this type of technological tool
helped patients to exercise more and to be more aware of diet, although it was not useful to help
patients reach target LDLc levels (340). Another study demonstrated modest benefit of
application-based interventions to improve diet, physical activity and sedentary lifestyles (341).

More studies need to be done in the future to know if these tools could be helpful.

1.3.1.4 Phytosterols

One of the approaches to reduce circulating cholesterol is to reduce its absorption by the intestine.

This can be achieved naturally by the addition of phytosterols to the diet and can reach 10% LDLc
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reduction (342). Phytosterols include plant sterols and stanols and constitute the structural and
functional components of the plants cellular membranes. Their structure is very close to cholesterol
and they are found at high concentrations in plant oils and nuts and less concentrated in cereals,
legumes, fruits and vegetables (343). Briefly, since phytosterols are more hydrophobic than
cholesterol, they displace cholesterol from mixed micelles (344). This replacement leads to a
decrease of micellar cholesterol concentration, which is followed by a lower cholesterol absorption
(345). The unabsorbed cholesterol is then eliminated from the body via excretion in faeces (346).
More recently, the mechanism of cholesterol absorption decrease was shown to be more complex
and to influence cholesterol metabolism: notably, phytosterols also increase hepatic LDLR levels
(347, 348). An important advantage of this approach is that it is easy to implement: an intake of 2-
2.5 g/day of phytosterols-enriched products can reduce LDLc up to 14% without any reported side
effects (347). A study on 46 healthy hyperlipidemic patients demonstrated that a “dietary
portfolio” rich in plant sterols, soy proteins, viscous fibers and almonds reduced LDLc by up to
~30% (349). Interestingly, this decrease was similar to the one observed in the group treated with
statins under a diet composed of whole-wheat cereals, low fat dairies and very low intake of
saturated fats (349). Finally, phytosterols do not seem to influence PCSK9 levels

(www.pcsk9forum.org/phytosterols-do-not-influence-pcsk9-levels/).

1.3.1.5 Ezetimibe

Another approach is the use of ezetimibe, which blocks cholesterol absorption by selectively
inhibiting NPCI1L1 in the small intestine (350). NPC1L1 expression and promoter activity are
modulated by cholesterol in a SREBP2-dependent mechanism (351). NPCI1L1-defficient mice
present ~80% less cholesterol absorption compared to WT mice (352). In humans, ezetimibe can
decrease cholesterol absorption up to 50% (353) and LDLc up to 20% (354). The crucial role of
NPCI1L1 was demonstrated in a study showing that patients presenting a mutation in NPCILI gene
have nearly 90% less CVD risk compared to patients without mutation (355), which was similar
to WT mice or rats treated with ezetimibe (356, 357).

The Improved Reduction of Outcomes : Vytorin Efficacy International Trial (IMPROVE-IT)

clinical trial showed that the addition of ezetimibe to statin therapy led to a 24% incremental
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lowering of LDLc and improved CVD outcomes (358). No adverse events or toxic effects were
reported, underlining the excellent safety of ezetimibe.
However, ezetimibe has been shown to rapidly increase PCSK9 levels within 3 days by 124% in

rats (359) and by 29% at day 1 and 39% at day 3 in human (360).

1.3.1.6 Fibrates

Fibrates are used to reduce TG and increase HDLc (361). Briefly, their mechanism of action is
based on their ability to alter the transcription of genes encoding proteins controlling lipoprotein
metabolism. Fibrates are agonists of the PPAR, which is involved in the transcription and synthesis
of apoA-I and A-II, the major HDL apo. Fibrates also increase LPL and decrease apo-CIII
synthesis. They also lead to enhanced fatty acids uptake which reduces TG synthesis and results
in less VLDL secretion (362, 363).

The beneficial effects of fibrates are controversial. On one hand, a clinical study showed that the
addition of fenofibrate to statin treatment in 5,518 patients with T2D did not decrease the number
of CVD (364). On the other hand, a systematic review and meta-analysis of 18 trials providing
data for 45,058 patients showed that fibrates reduce major CVD events by preventing coronary
events (365). Fibrates influence PCSK9 expression indirectly via cholesterol levels control.
Treatment with fibrates in 19 patients has shown decreases of TC and LDLc by 11% and ~4%,
respectively and increases of HDLc and PCSK9 by ~16% and 17%, respectively (366). Their
drawback is their side effects, notably their risk of rhabdomyolysis (367, 368).
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1.3.1.7 Chinese traditional drugs

Xuezhikang is an extract of red yeast rice containing a lovastatin-like compound and other
compounds. Its long term use (~4.5 years) has been shown to reduce all causes of CVD-linked
mortality by ~36%, with reductions in TC, LDLc and TG of ~11%, ~17% and ~11 %, respectively
as well as HDLc increase ~5% (369, 370). The drawback of this drug is that it is still in the process
of Food and Drug Administration (FDA) approval (371) and that adverse events are similar to
those with statins. Thus, it increases PCSKO9 levels in rats and humans by up to 55%, 3 days post-
treatment. Interestingly, the combination of xuezhikang with ezetimibe did not further increase
PCSKO levels compared to either monotherapy (359, 360).

Berberine is a natural isoquinoline alkaloid widely used in Chinese medicine and isolated from
medicinal plants such as Coptis chinensis, Berberis aquifolium and Berberis aristata. lIts
pharmacological applications are numerous and include LDLc reduction (372). Interestingly,
berberine decreased both PCSK9 mRNA and protein levels in HepG2 cells (373), which has been
shown to be mediated by HNF1a and SREBP2 (374). In clinical trials, berberine displayed TC,
LDLc and TG decreases as well as HDLc slight increase (375).

1.3.1.8 Statins

Statins are the most largely used cholesterol-lowering drugs. They inhibit HMGCR competitively
by mimicking HMG and hence prevent the binding of HMGCR to HMG-CoA. This drug was
extracted from fungi and is used since 1987 and improved quality of life by decreasing CVD (376-
380). There are many types of statins: in USA, seven statins are approved for use: atorvastatin
(Lipitor), fluvastatin (Lescol, Lescol XL), lovastatin (Mevacor, Altoprev), pravastatin (Pravachol),
rosuvastatin (Crestor), simvastatin (Zocor) and pitavastatin (Livalo). Overall, they are considered
to be similar. After one year statin treatment, LDLc levels were reduced from 143 to 102 mg/dL
(3.70 to 2.63 mM) in more than 129,000 patients from 21 clinical trials, and this lowered CVD
risk by >20% (43). However, statin therapy presents some drawbacks.

First, they present many adverse events leading some patients to discontinue the treatment. A large
part of statin adverse events (72%) is related to muscle-related symptoms (381), which can lead to

rhabdomyolysis, which is characterized by muscle necrosis and release of creatine kinase in
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plasma and of myoglobin in urine (382). It is accompanied by symptoms such as muscle weakness,
fatigue and pain. Various factors such as age, body mass index, renal, hepatic or thyroid
dysfunction, hypertriglyceridemia and alcohol or drugs consumption may predispose some
patients to develop statin-induced rhabdomyolysis (383). These adverse events are present in statin
monotherapy and even more in combinational therapies in which the efficiency of statins is
ameliorated. However, for some patients, muscle pain is attributed to statin treatment because of
psychosomatic reasons or misattribution of the pain source (384). This highlights the importance

of differentiating statin-related muscle pain from symptoms caused by concomitant factors.
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Figure 15. Mechanism of PCSK9 upregulation upon statin treatment (385)

Second, even with maximal dosage of statins, some high risk patients cannot reach optimal LDLc
levels. This could be explained by the fact that statins directly increase PCSK9 expression. In
HepG2 cells and human primary hepatocytes, five different statins upregulated the mRNA levels
of PCSK9 (386). In dyslipidemic hamsters, the same was shown and the mechanism elucidated:
this upregulation takes place through HNFa and SREBP2 in hamsters and through SREBP2 only
in humans, as indicated on Figure 15 (385). Treatment with atorvastatin in 19 patients has shown
decreases of TC and LDLc by 25% and 38%, respectively and increases of HDLc and PCSK9 by
~8% and 7%, respectively (366). These upregulations have been demonstrated to occur rapidly,

namely already within one day of treatment (360, 387). This suggests that SREBP2 activation
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increases PCSK9 synthesis. Accordingly, LOF mutations in PCSK9 were associated with

increased responsiveness to statins (388, 389).

1.3.1.9 CETP inhibitors

CETP has been a popular drug target in order to increase HDLc and thus decrease LDLc levels.
However, the fate of CETP inhibitors is quite unsuccessful. Torcetrapib reduced LDLc as
expected, but presented the off-target effect of blood pressure increase, raising CVD events and
mortality (390). Dalcetrapib only had a slight decreasing effect on HDL and did not affect LDLc.
Its clinical use was thus interrupted (391). Evacetrapib seemed to be more potent than previous
CETP inhibitors with 128% HDLc increase and 35% LDLc decrease. However, its phase 3 clinical
trial showed no significant reduction in CVD events or mortality (392). The drug will thus not be
marketed. One other CETP inhibitor, anacetrapib, seems safe and promising so far and is under
active investigation (393, 394). A phase 3 clinical trials was recently published and showed LDLc
reductions of 37% and HDLc increase of 118% (395). Studies showing the effect of anacetrapib
on clinical outcomes such as CVD events are ongoing (NCT01252953) and their results should be
known in 2019.

1.3.1.10 Bile acid sequestrants

Bile acid sequestrants have the ability to bind bile acids in the intestine and thus to deviate them
from the enterohepatic circulation. Hence, the liver is deleted of bile, upregulating the conversion
of cholesterol to bile acids. The hepatic cholesterol pool is therefore depleted, enhancing LDLR
activity and reducing LDLc (396). When administered daily at doses of 24 g cholestyramine, 20 g
colestipol or 4.5 g colesevelam, LDLc reduction of up to 25% can be reached (397). Bile acid
sequestrants can be used as monotherapy for low risk patients or in combination with statins to
enhance its potency (398) to reduce CVD. Unfortunately, their use is limited because of gastro-

intestinal side effects and drug interactions.
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1.3.1.11 ApoB antisense

Another strategy to reduce hypercholesterolemia is to directly inhibit the synthesis of apoB. This
can be achieved by antisense oligonucleotide (ASO) such as mipomersen which concentrates in
the liver and binds to apoB mRNA (399). The aim is to block the synthesis of apoB-containing
lipoproteins by preventing apoB mRNA translation, the bound mRNA being degraded by hepatic
RNAse. Subcutaneous injection of mipomersen every week reduced apoB and Lp(a) by ~30%
(400). An advantage of this technique is that it does not require LDLR and can thus be used in
HoFH (401). However, its side effects are numerous and longer-term studies are needed to evaluate
them. For now, mipomersen is approved in the USA only in HoFH (402). Antisense technology is
also promising in the inhibition of apoC-III to treat hypertriglyceridemic patients (403) .

1.3.1.12 Lomitapide

MTP has been targeted in order to reduce the synthesis of apoB-containing lipoproteins (400).
Lomitapide is an oral MTP inhibitor able to reduce LDLc by up to 50% in HoFH (404, 405). It is
approved for HoFH in addition to diet and drug therapy. However, elevated liver enzymes and
hepatic steatosis raise concerns about its long-term use (406). A recent study is contradictory to

this and showed very good safety profile for lomitapide (407).

1.3.1.13 LDL apheresis

For some patients, such as HoFH, more aggressive measures are needed if target LDLc levels are
not reached despite maximal dosage of lipid-lowering drugs such as statins. In those cases, LDL
apheresis can be performed. It consists in separating patients plasmas in order to selectively
remove apoB-containing lipoproteins, yielding LDLc decrease between 25 to 60% (408-410). The
drawback of this technique is that LDLc levels come back to pre-treatment levels 12 to 14 days
later (411). However, the advantage is that LDL is selectively removed, while HDL is unchanged
and adverse events are rare (410, 412, 413). Long-term effect of LDL apheresis in FH patients has
shown a ~4-fold decrease in relative risk for CVD and a 20-fold decrease in relative risk for cardiac

interventions (414).
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1.3.1.14 Niacin

Niacin (nicotinic acid or water-soluble vitamin B3) can be found in foods such as turkey or peanuts
and was initially used as a therapeutic agent to prevent its deficiency disorder, pellagra, in the 19
century. Its administration showed several beneficial lipid-modifying effects, including lowering
of all apoB-containing lipoproteins known to cause atherosclerosis (415). Its administration led to
decreases in LDLc, TG, VLDLc and Lp(a) of 13%, 24%, 45% and 35%, respectively and HDLc
increase of 44% (416). These reductions were accompanied by reductions in CVD, including
atherosclerosis (417). Although these results look promising, the routine use of niacin is limited
because of its several adverse effects including flushing, gastrointestinal and metabolic adverse
effects (418). However, niacin therapy should be further studied because it has a unique advantage:
it is the only lipid-lowering drug that decreases PCSKO9 levels ~15% when used in combination
with statin and fibrate that increase PCSKO levels. Thus, the LDLc decrease might be due partially
to the PCSK9 decrease (419).

1.3.1.15 Inhibitors of ATP-citrate lyase

A more recent approach to reduce LDLc using oral small molecules is the inhibition of ATP-citrate
lyase (ACLY) (420). The cytoplasmic ACLY produces acetyl-coA for de novo synthesis of fatty
acids and cholesterol. Therefore, ACLY inhibition leads to reductions in acetyl-coA synthesis and
thus in substrates for both cholesterol and fatty acid synthesis. Bempedoic acid (ETC-1002 or 8-
hydroxy-2,2,14,14-tetramethylpentadecanedioic acid) (421) is the only ACLY inhibitor that is
currently in clinical trials. When administered to hypercholesteraemic patients who are statin
intolerant or have T2D in phase 2 clinical trials, LDLc reductions from 28% to 43% were obtained
(422-424). Although results from phase 3 clinical trials are waited to assess the long-term efficacy
on CVD outcome, this new approach seems promising and can be used in combination with other

lipid-lowering agents, for example ezetimibe (425).

58



1.3.1.16 Limitations of lipid-lowering treatments

In this section, the effect of various lipid-lowering drugs on PCSK9 levels has been described.
This topic has also been reviewed by several authors (359, 360, 426, 427). This upregulation is a
factor limiting the efficiency of statins, fibrates, ezetimibe, xuezhikang and berberine. Therefore,

many of these therapies could largely benefit from PCSK9 inhibition.
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1.3.2 Targeting PCSKO9 to reduce CVD

Since PCSK9 was considered a valid and safe therapeutic target to treat FH and prevent CVD,
many different techniques have been used in order to reduce PCSK9 levels, inhibit its action
towards LDLR or suppress its expression. The majority of these approaches are described in this

section and more details can be found in several reviews (428-431).

1.3.2.1 Monoclonal antibodies targeting PCSK9

The first approach developed to inhibit PCSKO9 is also the only one marketed so far: mAbs
preventing its binding to LDLR and its subsequent degradation. In 2009, just 6 years following the
discovery of PCSK®9, both in vitro (432) and an in vivo (189) studies demonstrated that it is possible
to disrupt PCSK9 binding to LDLR and hence to reduce circulating LDLc levels. In the in vitro
study, surface plasmon resonance assays showed that three polyclonal antibodies to mature PCSK9
or PCSKO9 peptide sequences known to be crucial for LDLR binding could prevent the binding of
PCSKO9 to LDLR. In HepG?2 cells either exposed to exogenous PCSK9 or overexpressing it, those
antibodies could restore LDL uptake, demonstrating their inhibition of PCSK9 activity.
Interestingly, these antibodies also prevented the interaction of the GOF D374Y PCSK9 with
LDLR (432). Two of these antibodies were shown to bind regions of PCSK9 catalytic domain
involved in its binding to LDLR, while a control antibody which did not alter PCSK9 binding to
LDLR bound PCSK9 CHRD (432). This study constitutes the first proof-of-concept that PCSK9
inhibition can be used to lower LDLc levels. It was very rapidly followed by an in vivo study
reporting a mAb binding an epitope on PCSK9 close to the region involved in LDLR binding
(189). The latter mAb, which is fully humanized and directed against hPCSK9, was obtained after
immunization of mice engineered to express fully human IgG antibodies (189). It was also shown
to disrupt PCSK9 binding to LDLR and to decrease PCSK9-dependent LDLR degradation as
assessed by LDLR protein levels estimation and LDL uptake (189). Cell-based assays in HepG2
evaluating the effect of this mAb in combination with a statin showed higher LDLR levels than
either treatment alone. The mAb was injected in WT mice and increased ~2-fold liver LDLR
levels, while reducing TC up to 36%. Ldlr’~ mice were also injected with the mAb as controls and

did not show any effect (189). When injected to cynomolgus monkeys, an LDLc reduction of 80%
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was observed and maintained for 10 days (189). This study constituted the first in vivo proof-of-
concept that mAbs targeting PCSK9 catalytic domain can reduce hypercholesterolemia.

These two studies were rapidly followed by the development of mAbs targeting PCSK9 catalytic
domain in order to inhibit the extracellular activity of PCSK9. Many pharmaceutical companies
simultaneously competed to bring such mAbs to clinical trials in humans. The first results of a
phase 1 clinical trial with a PCSK9 mAb were published in 2012 by the company
Sanofi/Regeneron with their mAb REGN727 (alirocumab) (433). It demonstrated that LDLc
reductions up to 60% could be reached upon intravenous or subcutaneous injection of REGN727
in healthy, FH and non-FH patients (433). Note that there was no treatment discontinuation due to
adverse events, indicating the safety of the mAb.

Other companies developed mAbs, such as evolocumab from Amgen and bococizumab from
Pfizer, that were the most advanced ones.

Since 2015, two mAbs, evolocumab and alirocumab, which tradenames are Repatha and Praluent,
respectively, are commercially available in the United States and in Europe (434). Injected
subcutaneously every 2 or 4 weeks at a dose of 140 mg, they achieve a ~60% LDLc decrease for
up to 4 years treatment (see Figure 16), which resulted in 10 to 15% reduced CVD according to
very recent reports (435-437). Unexpectedly, mAbs to PCSK9 also decrease Lp(a) (438). Note that

in a vast majority of clinical studies, mAb therapy was added to statin therapy.
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Figure 16. Median, 25th and 75th percentile LDLc (mg/dL) at study entry and 4, 12 and 24
weeks follow-up on evolocumab 140 mg every two weeks (437)

Bococizumab was supposed to be the third mAb to be marketed but it was discontinued in
November 2016 because of anti-mAb antibodies formation that led to both reduced efficiency and
side effects (439). This is probably due to the fact that bococizumab is a humanized antibody,
whereas evolocumab or alirocumab are fully human.

Another humanized mAb, LY3015014 from Eli Lily, mentioned earlier for its ability to bind to
intact but not truncated PCSK9 (308) is also advanced in clinical trials. Its phase 2 was published
in 2016 and showed that subcutaneous injections of 300 mg every 4 or 8 weeks led to LDLc
reductions of ~50% and ~37%, respectively (440). Although its efficiency in terms of LDLc
decrease is slightly lower than evolocumab and alirocumab, LY3015014 presents an advantage
compared to the two other mAbs in that it can be injected every 4 or 8 weeks versus 2 or 4 weeks.
However, although LY3015014 looks promising and has no reported safety issues so far, long-
term effects on CVD still need to be determined in large phase 3 clinical trials which, to our
knowledge, were not reported yet and are not in recruitment period (https://clinicaltrials.gov).
Given that LY3015014 is also a humanized mAb, the formation of auto-antibodies will need to be

carefully followed in order to avoid the repetition of bococizumab fate.
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Note the exceptionally rapid “bench to bedside” transition of PCSK9 inhibition: only 14 years after
PCSKO9 discovery, patients suffering from FH and high CVD risk can already benefit from PCSK9
inhibitors that efficiently decrease their LDLc levels and have the potential to lengthen their
average life expectancy, although further studies are still ongoing to assess the long-term benefits
of this new type of therapy (437, 441, 442). This huge scientific advancement is the result of a
very big amount of work by many research teams worldwide, both in academia and in the
pharmaceutical industry and would not have been possible without the collaborative spirit many
scientists have demonstrated.

Some concerns about PCSK9 mAbs include notably the risk of developing neurological disorders
(295) or diabetes (443). The limitations of these mAbs are that the FDA allowed their use in
patients with FH and with CVD who receive maximally tolerated statin therapy and require further
LDLc lowering. Although PCSK9 mAbs are very valuable therapeutics, their high costs remain a
drawback and means that their use will be restricted to specific patient populations (444, 445).

Therefore, there is a need for more accessible therapies targeting PCSKO.

1.3.2.2 Adnectins targeting PCSK9

In 2014, another way to neutralize plasma PCSK9 extracellular activity was the use of injectable
adnectins as small protein biologics alternative to PCSK9 mAbs. Adnectins are a relatively new
family of therapeutic proteins based on the 10th fibronectin type III domain that bind targets with
the same affinity and specificity as mAbs, are easier to genetically engineer and compatible with
bacterial expression systems (446). PCSK9-binding adnectin (BMS-962476) is a ~11 kDa
polypeptide conjugated to polyethylene glycol (PEG) to enhance its pharmacokinetics. BMS-
962476 showed up to 35% TC decrease in transgenic mice overexpressing 500 pg/mL hPCSKO9,
which was accompanied by a rapid decrease to near zero in circulating PCSK9 after 3 and 6 hours
injection, returning to baseline after 24 hours (447). When injected to cynomolgus monkeys, BMS-
962476 reduced LDLc ~35% and circulating PCSK9 >99%, which was followed by a 6-fold
increase in PCSK9, indicating a slow clearance of BMS-962476 - PCSK9 complex (447). A phase

1 clinical trial was completed in 2013 (https://clinicaltrials.gov/) but no results were published.
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1.3.2.3 PCSK9 expression inhibitors

Another proposed approach is to directly inhibit PCSK9 mRNA expression. To that end, several
PCSK9 ASO and small interfering RNA (siRNA) have been developed.

Administration of a PCSK9 ASO (ISIS 394814 from Isis Pharmaceuticals) was reported in 2007
in hyperlipidemic mice fed a high fat diet and reduced TC by 53% and LDLc by 38%, while
increasing liver LDLR protein levels 2-fold after 6 weeks of treatment (448). The use of anti-
PCSKO bridged nucleic acids (BNA), which are modified RNA nucleotides, showed reduction in
hepatic PCSK9 mRNA and 43% reduction in LDLc after 6 weeks of bi-weekly injections in mice
(449). In 2012, several locked nucleic acid ASO (LNA ASO) to PCSK9, another form of modified
RNA nucleotides, have also been developed. One of them led to ~ 60% decrease in PCSK9 mRNA
levels associated with an up to 3-fold increase in liver LDLR levels in mice (450). Two other ones,
SPC5001 and SPC4061 from Santaris Pharma, were injected in nonhuman primates and led to
85% reduction in circulating PCSK9 and PCSK9 mRNA as well as 50% reduction in LDLc and
TC (451). The agents presented no toxicology issues, making PCSK9 LNA ASO a viable
therapeutic approach which brought it to clinical trials. In 2011, a phase 1 was conducted with
SPC5001, which results were reported in 2015 (452). Unfortunately, although SPC5001 led to
efficient PCSK9 and LDLc decreases, the study had to be terminated because of injection site
reactions and renal tubular toxicity (452). This suggests that further studies need to be conducted
on the side effects of such compounds.

In parallel, the use of siRNA targeting PCSK9 was proposed and its first report published in 2008
by the company Alnylam Pharmaceuticals (453). They developed a siRNA formulated in a lipidoid
nanoparticle (LNP) (454) named ALN-PCSsc or inclisiran, which achieved liver-specific PCSK9
silencing by decreasing PCSK9 mRNA up to 70% and TC by 60% during 3 weeks after a single
injection in mice and rats. In nonhuman primates, injection of 3 mg/kg inclisiran resulted in >80%
lower circulating PCSK9 and 60% lower LDLc levels lasting more than 30 days, with a slow return
to baseline up to 120 days after administration (453). Recently, another group reported a similar
compound which showed a 2-month lasting 90% PCSKO9 silencing and 50% LDLc decrease after
a single injection in cynomolgus monkeys (455). Subcutaneous injections of inclisiran was then

tested in human in a phase 1 clinical trial and led to 70% and 40% lower circulating PCSK9 and
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LDLc, respectively, without safety issues (456). Recently published phase 1 and phase 2 clinical
trials showed that single or double doses >300 mg inclisiran led to >70% or ~50% LDLc reduction
and 60% or ~55% PCSK9 reduction lasting 84 or 240 days, respectively (457, 458). The phase 3
clinical trial of inclisiran was announced in April 2017 (https://www.dddmag.com). Importantly,
although inclisiran presents similar LDLc-lowering effects to mAbs, it could be administered every

3 to 6 months, which would present a net advantage over mAbs.

1.3.2.4 PCSK)Y functional activity blockers

Another proposed approach is to block PCSK9 binding to LDLR by using LDLR EGF-A mimetics.
Four studies reported such strategies. In 2008, it was shown for the first time that the interaction
between PCSK9 and LDLR or VLDLR can be inhibited by an EGF-A peptide, which limits LDLR
degradation in HepG2 cells (264). In 2011, the second study reported the development of a fully
human antibody, 1D05-1gG2, that structurally mimics the EGF-A in order to bind PCSKO9 catalytic
domain (459). After injection in mice, 1D05-IgG2 lowered LDLc by 40% and raised liver LDLR
up to 5-fold. When injected in rhesus monkeys, LDLc and PCSK9 levels were reduced up to 50%
for >2 weeks, although 1D05-IgG2 half-life was only ~3 days (459). In 2012, others identified an
EGF-A variant, EGF66, that bound to PCSK9 with a high affinity as an Fc protein fusion and
demonstrated increased LDLR levels in vitro and in vivo (460). In 2013, another study presented
a truncated 26 aa EGF-A peptide analog which presented a higher affinity to PCSK9 than WT
EGF-A and enhanced LDLR levels in cell-based assays (461). Taken together, this approach seems
promising but did not reach clinical trials yet, probably mostly due to the difficulty of developing
stable peptide-based drugs.

1.3.2.5 Small molecule inhibitors

The use of small molecules inhibiting PCSK9 would be promising because they could be delivered
orally in contrast to injected mAbs or siRNA. However, it has been very challenging given that
the stability and potency of small molecule inhibitors in plasma is very poor and need specific
strategies to increase their bioavailability and safety. Moreover, the interaction site between LDLR
and PCSK9 is a large-flat interface spanning over ~600 A, thereby making the design of small

molecules inhibitors binding such a large surface difficult. Despite these drawbacks, many
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companies are currently racing to develop such a compound. The company Shifa Biomedical
developed molecules inhibiting either PCSK9 binding to LDLR or its autocatalytic processing /
secretion. Both compounds are currently tested in preclinical trials. As an example of the
difficulties in this field, Pfizer was working on the development of an oral PCSKO9 inhibitor, but
decided not to move forward because it was not as efficient as mAbs. Kowa reported that a CETP
inhibitor, K-312, inhibits PCSK9 expression (462). Following a high-throughput screen assay, a
small molecule named R-IMPP for (R)-N-(isoquinolin-1-yl)-3-(4-methoxyphenyl)-N-(piperidin-
3-yl) propanamide was identified as a transcript-dependent inhibitor of PCSK9 translation,
resulting in increased LDLR levels and LDLc uptake in HuH7 cells (463). It acts through the
targeting of 80S ribosome that inhibits the translation of PCSK9, but was not specific for PCSKO9.

1.3.2.6 Vaccine

A more recent approach that would allow a long-term cholesterol management without the need
of frequent injections is anti-PCSK9 vaccines (464). In 2014, a study from a company named
AFFiRiS demonstrated that injection of a peptide-based vaccine to PCSKO9 led to 30% and 50%
TC and LDLc decreases, respectively, that were maintained up to one year in WT and Ldlr*" mice
and rats thanks to the formation of anti-PCSK?9 antibodies (465). A phase 1 clinical trial is currently
ongoing with this peptide-based PCSK9 vaccine. Another proposed vaccine approach is a virus-
like particle-based vaccine targeting PCSK9 which showed reduced levels of TC up to 55% and
of circulating PCSK9 by 50% in mice (466). The results of the phase 1 clinical trial are expected
to give information about the long-term effects and safety of a PCSK9 vaccine. If it is safe and

efficient, it would be a valuable therapeutic tool because it allows for an annual injection.

66



1.3.2.7 CRISPR/Cas9

More recently, targeting PCSK9 via genome editing using CRISPR/Cas9 has been proposed (467).
In mice, this technique enabled an efficient disruption of the PCSK9 gene and led to a reduction

of TC up to 40%, ~90% decreased plasma PCSK9 and increased hepatic LDLR (468).

1.3.2.8 Less explored possible therapeutic approaches

Another possibility to target PCSK9 is to mimic its natural inhibitors such as annexin A2. A
synthetic peptide derived from annexin A2 was developed and enabled to block the binding of
PCSK9 to LDLR in vitro (229).

It was proposed in 2013 to use PCSK9 prodomain to block the activity of PCSK9 on the LDLR
(469). To that end, a chimeric protein named Fcpro containing the Fc domain of human IgG1 and
PCSK9 prodomain was engineered. When secreted from HepG2 or HEK293 cells or added
extracellularly, Fcpro prevented PCSK9 activity on LDLR (469).

Other possible targets to treat FH are microRNAs (470) because they have been shown to modulate
LDLc metabolism (471). Thus, miRNAs targeting LDLR, apoB or PCSK9 have been identified.
Not many miRNAs regulating PCSK9 have been verified so far, but some have been suggested,
such as mIR-224 (472), mIR-27a (303) and mIR-195 (473).

1.3.2.9 Drawbacks of PCSKY inhibition

Although PCSK9 mAbs are already prescribed and seem safe so far, and the three individuals with
complete PCSK9 LOF are apparently healthy, some long-term issues due to very low PCSK9 or
LDLc levels could still exist. Concerns about PCSK9 inhibition are to enhance HCV susceptibility
by increasing LDLR and VLDLR cell surface levels (296, 297). This is especially important for
genotype 3 HCV (300). Other concerns are for patients who would need to be subjected to
hepatectomy since PCSK9 is involved in liver regeneration (172). The reduction of LDLc to very

low levels has also been discussed (474-476).
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1.4 Monoclonal or single domain antibodies as therapeutic tools

1.4.1 Antibodies

1.4.1.1 Antibodies general structure and classes

In mammalians, antibodies, also named immunoglobulins (Ig), are all composed of two identical
pairs of chains: the heavy (H) and light (L) chains. Heavy chains are glycosylated, while light
chains are not. Those two chains are linked together covalently by disulfide bonds.

Mammals produce five different classes (or isotypes) of antibodies, determined by the isotype of
the heavy chain: o for IgA, & for IgD, ¢ for IgE, y for IgG and p for IgM. The light chains can be
just of two types: k or A and determine the subclass of Ig, thus there are ten types of antibodies.
IgG is found in tissues and in blood stream and constitutes the most abundant antibody with its
four different subclasses: IgG1, 1gG2, IgG3 and IgG4 in humans. All antibodies possess antigen
binding sites named paratopes that are specific for particular antigens designated as epitopes (477,
478).

More precisely, each pair or heavy or light chain is composed of three types of regions: the C-
terminal constant regions Cy and Cr (constant domains, heavy and light chain, respectively), the
variable regions Vy and Vi (variable domains, heavy and light chain, respectively) and the N-
terminal hypervariable regions that consitute the antigen-binding site, as shown in Figure 17. This
hypervariable region is actually composed of three hypervariable regions HV1, 2 and 3 which are
sandwiched between framework regions that are less variable. These hypervariable regions are
also named complementarity-determining regions (CDR). Generally, a single disulfide bond links
each Cy to Cr and a double disulfide bond links the two pairs of heavy chains in the flexible hinge

region. Note that the number of disulfide bonds can differ for each isotype.
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Figure 17. Schematic representation of the structure of an antibody (479)

Following proteolytic cleavage using the enzyme papain, an IgG gets cut at two places in the
hinge region, giving rise to three fragments of similar size: two antigen-binding fragments (Fab:
fragment, antigen-binding) and one crystallizable fragment (Fc: fragment, crystallizable, named
so because of its ease of crystallization). Similarly, following proteolytic cleavage using the
enzyme pepsin, the IgG is cut at one place at the C-terminal of the double disulfide bond in the
hinge region, giving rise to two fragments: the Fc and a divalent fragment called F(ab’)2 composed
of two Fabs joined by disulfide bonds. The repeating domains making up antibodies have a
characteristic three-dimensional structure: the Ig fold, consisting of two beta pleated sheets held
together by a disulfide bond, as shown in Figure 17. This particular structure is evolutionarily
widespread and is found in many proteins other than antibodies, including some cell-adhesion

molecules.

1.4.1.2 The neonatal Fc receptor

Since the immune system of the newborn is immature, his immunity relies exclusively on his
mother’s one. In 1964, Rogers Brambell ef al. (480) first came with the idea of a system able to
transfer y-globulins from a mother to her infant. In mice, they identified the neonatal Fc receptor
(FcRn) on intestinal epithelial cells as a receptor enabling the capture of maternal I1gGs from
ingested breast milk by transcytosis through the intestine to the blood (481, 482). This enables the
transfer of protective antibodies from the mother to the infant, conferring him a passive immunity

after birth. In humans, the transmission of passive immunity already occurs before birth (482):
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fetal cells that are in contact with the maternal circulation carry the FcRn, enabling the delivery of
IgG from the mother circulation to the fetus through transcytosis across the placenta. Maternal
antibodies thus protect the newborn until its own immune system is sufficiently mature to produce
antibodies on its own (483).

Following this discovery, the FcRn has been extensively studied and reviewed (484-486). Briefly,
FcRn is a membrane-bound glycoprotein that belongs to the Ig supergene family (487). It is
distributed through a variety of tissues and transports IgG through their Fc domain in a pH-
dependant manner (488). FcRn transports IgG through polarized epithelial barriers (489),
conferring passive immunity to fetus and newborn, and helps them developing adaptive immunity
(490). FcRn is also responsible for the intracellular trafficking of IgG and antigen-containing IgG-
immune complexes through the endolysosomal system (491, 492). It has been shown that it binds
independently to both sites of the IgG homodimer with equal affinities (493). Importantly, FcRn
protects IgG and albumin, which is a natural ligand of FcRn, from catabolism by endocytic salvage
through pH-dependant recycling and transcytosis pathway (494-497). FcRn is thus crucial in IgG
and albumin biodistribution (498). As an example, mice lacking FcRn showed an IgG clearance
increase up to 10-fold (499). FcRn is thus crucial for the long serum half-life of these abundant
proteins, and this specific property is a useful asset that can be exploited for delivery of therapeutic
antibodies or proteins (500). As an example, nanoparticles targeting the FcRn and administered
orally in mice have been shown to cross the intestinal epithelium and reach circulation (501). Since
FcRn is also expressed on mucosal cells, FcRn transcytotic pathway has also been considered for
transmucosal delivery of nanoparticule systems that could act as carriers of a range of
biotherapeutics (502).

The use of Fc fusion in order to increase a drug half-life was first used in 1989 in a pioneer study
with an Fc-fused protein and showed promising results in terms of functionality and half-life of
the drug (503). The first Fc-fused protein appeared on the market in 1998 (504). Today, 11 Fc-
fused proteins have been approved by the FDA (505).

Although less studied, the Fc-y-receptor (FcyR) may also be involved in the elimination of
therapeutic antibodies (506).
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1.4.1.3 Antibodies fragment engineering
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Figure 18. Schematic of the main engineered antibodies fragments (507)

Although therapeutic mAbs were initially complete IgGs (~150 kDa), it was realized that smaller
fragments retaining their antigen-binding properties could also be used as efficient therapeutic
proteins. Indeed, in some cases such as radio-immunotherapy, the long half-life of mAbs is not
advantageous. Moreover, mAbs present a limited tumor and tissue penetration.

As depicted on Figure 18, the two most used formats of antibodies fragments are “antigen-binding
fragments” (Fab) or “single chain variable fragment (scFv).

Fabs (~50 kDa) are an attractive and cheaper alternative to mAbs because they are monovalent,
but they are rapidly eliminated by renal clearance. Several Fabs can be linked to enhance the size
of the final molecule. Many therapeutic Fabs have been approved and are efficient in therapy, such
as the PEGylated Fab certolizumab pegol (Cimzia) which is indicated for the treatment of
numerous autoimmune diseases (508).

The advantage of scFvs (25 kDa) over Fabs is that they are more customizable. Their half-life
being just 2 h, diabodies composed of two scFvs were engineered by decreasing the length of the
linker between the two scFv domains (509). These bivalent molecules are ~60 kDa and can be
designed to be bispecific (510). scFvs are mostly used for imaging techniques. However, their

production yield is quite low (511).
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1.4.1.4 Affinity maturation

Mammalian antibodies naturally undergo affinity maturation. Besides, when developing memory
lymphocytes, antibody repertoires are created. This is what scientists are trying to reproduce in
vitro by ameliorating the affinity of antibodies for specific antigens (512). This is achieved by
using stringent selective conditions in the assays such as harsh washing conditions or antigen
concentration reduction. Antibodies affinity maturation consists in modifying the antibody
variable domains without altering its specificity. Given that most of the crucial binding parts of
antibodies are located in the Vu and especially within the CDR3 loops of Vi and Vi, some
techniques are based on chain-shuffling. Another approach is the randomization of CDR.
Alternative approaches will be described in the section 1.4.2.4 describing the phage display
technology.

1.4.2 Monoclonal antibodies

1.4.2.1 From the discovery of antibodies to the creation of monoclonal antibodies

In 1901, the first Nobel Prize in Medicine and Physiology was awarded to Emil von Behring, a
German physiologist, for his work with the Japanese physician Shibasaburo Kitasato on serum
therapy and its use in diphtheria (513). The German physician Paul Ehrlich collaborated with Emil
von Behring and developed a method for standardized production of therapeutic serums to treat
diphtheria. Paul Ehrlich is also known for putting the idea of a “magic bullet” that could neutralize
disease-causing agents in the body without harming the patient (514). He also had theories about
protective antibodies termed “side chains” and their ability to target chemical groups on specific
molecules, which led him to be awarded the 1908 Nobel Prize in Physiology or Medicine,
alongside with Ilya Mechnikov, a Russian zoologist. Thus, antibodies were discovered in the
1890s. However, it was not until the 1960s that scientist discovered that only lymphocytes could
produce them. The human immune system possesses ~1 x 10'? lymphocytes that constitute ~1%

of our body weight.
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1.4.2.2 Production of monoclonal antibodies

This historical context led to the development of mAbs, which discovery deeply modified
biomedicine. Since lymphocytes were difficult to culture in vitro, in 1975 three scientists named
Niels Jerne, Georges Kohler and César Milstein had the idea to fuse spleen cells from an
immunized mouse with myeloma cells, thereby obtaining a hybrid cell line named hybridoma
(515). The latter is able to produce large quantities of identical antibodies coming from a unique
clone and therefore named mAbs as the first “real” magic bullets. The three scientists were
rewarded the Nobel Prize in 1984 for this discovery (516).

The breakthrough of the hybridoma technology (see Figure 19) is the use of myeloma cells that
are deficient in an enzyme called hypoxanthine-guanine-phosphoribosyltransferase (HGPRT)
which is essential for cell growth and renders them sensitive to hypoxanthine-aminopterin-
thymidine (HAT) medium. Those HGPRT-deficient myeloma cells are fused to spleen cells from
an immunized mouse using PEG and cultured for more than one week on HAT medium. Given
that on one side, spleen cells only survive in culture less than one week, and on the other side, the
HGPRT-deficient myeloma cells are unable to grow in presence of HAT, only the hybrid myeloma
cells which obtained the HGPRT gene from the spleen cells can grow and secrete antibodies.
Subsequent steps are the screening of clones secreting the mAb of interest and the expansion of

the latter to obtain sufficient quantities of mAbs that can then be purified.
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Figure 19. Illustration of the hybridoma technique to produce mAbs (516)

The first therapeutic mAb, muromomab (OKT-3), entirely murine (suffix —omab), was approved
by the FDA in 1986 and was indicated in the treatment of organ transplant rejection (517). It was
followed by several other therapeutic murine mAbs. Although they were efficient in some cases,
they presented some issues such as their immunogenicity (518) and their short half-life <20h due

to their lack of interaction with human FcRn (519).
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1.4.2.3 Synthetic or humanized antibodies

New techniques thus needed to be investigated in order to reduce immunogenicity of mouse
antibodies. From 1984, chimeric mouse-human mAbs (suffix —ximab, see Figure 20) were
engineered by fusing murine variable regions on human constant regions, resulting in up to 75%
human mAbs that presented reduced immunogenicity and improved half-life (520). Abciximab
(Reopro) was the first chimeric mAb approved by the FDA in 1994 for prevention of blood clots
(521).

Then, humanized mAbs (suffix —zumab, see Figure 20) were engineered by grafting mouse
hypervariable regions to human antibodies, named CDR grafting and leading to ~95% human
mAbs (522). The drawback of this technique is that the affinity of the humanized mAb can be up
to 230-fold lower than the original murine one (523). However, techniques have been developed
to overcome this shortcoming such as mutagenesis of the CDR using various molecular biology
techniques including site-specific mutagenesis (524, 525). Daclizumab (Zenapax) was the first
humanized mAb approved by the FDA in 1997 for reversal of transplantation rejection (526). Since
then, a large portion of therapeutic mAbs are humanized. Although they generally present low

immunogenicity, some patients still develop anti-mAb antibodies (527).

Murine Chimeric Humanized Fully Human
(0% human) (65% human) (> 90% human) (100% human)

NI N\ N\

Generic suffix -omab -ximab -zumab -umab

Potential for immi

Figure 20. Schematic representation of the different types of therapeutic antibodies (528)
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1.4.2.4 Fully human antibodies

To further increase the human portion on therapeutic mAbs, fully human mAbs (suffix -umab)
were then engineered using various techniques, as indicated on Figure 20. From 1981, techniques
were already used to try to replicate hybridoma with human cells by using viruses such as Epstein-
Bar to immortalize human lymphocytes so that they produce mAbs continuously (529). However,
this technique presented some limitations mainly due to the low yield of synthesis of mAbs.

Later, scientific advancements such as the isolation of genes encoding human variable regions and
their successful expression in Escherichia coli (530, 531), together with the introduction of the
phage display technique (532-534), allowed the selection of fully human variable domains more
easily. Briefly, phage display uses viruses infecting bacteria that are called bacteriophages (mostly
M13 filamentous phage). Genes encoding antibodies are fused to the phage genes encoding coat
proteins (pllIl protein in the M13 phage). This will lead each phage to display a specific antibody
(or mostly an antibody fragment such as Fab or scFv) on its surface. The phages library can then
be screened against a chosen antigen in order to select only the phages presenting antibodies with
high affinity for the antigen, namely the phages able to bind the surface coated with the antigen
(generally a 96-well plate), the other being washed away. These steps, called biopanning, can be
repeated several times in order to increase the affinity of the selected antibodies for the antigen.
The phages present in the last step can then be used to infect bacteria in order to amplify them and
excise and collect their DNA sequence, especially the DNA sequence of the antigen-binding
antibodies. Phage libraries can be made from human naive repertoires (IgM and IgD), from pre-
immunized donors or from totally synthetic variable genes that are diversified by using notably
random gene combination or PCR to introduce mutations in Vu and VL. In either case, the use of
such diverse libraries enables to reproduce the natural diversity and immune selection. The other
advantage of phage display is that it can be used for any type of antigen, even those that would be
toxic to a mouse. There are also mRNA-display technologies such as ribosomal display that are
used for affinity maturation and stability engineering of antibodies (535). This technique allows
large human antibodies libraries to be screened, amplified and their corresponding coding
sequence to be recovered rapidly in vitro. It constitutes the most used technology for new fully

human mAbs discovery.
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Alternatively, transgenic mice possessing the human Ig locus (XenoMouse) were created in the
late 1990s and are able to produce human Ig. They can be immunized and their spleen cells used
to create hybridomas directly producing human mAbs (536). They are still used today and
constitute a very valuable platform for novel mAbs discovery (537).

Adalimumab (Humira) was the first human mAb approved in 2008 by the FDA for use in a large
panel of autoimmune diseases including rheumatoid arthritis. Crohn’s disease and plaque psoriasis

(538).
1.4.2.5 Monoclonal antibodies therapeutic applications

According to data from January 2017, the FDA already approved 68 mAbs for therapeutic uses
(539). Interestingly, in 2015 and 2016, the FDA approved 10 new mAbs each year, which is
historically high (540). Thus, mAbs are currently considered to be the fastest growing group of
biologics in clinical trials (541), with increasing rates of approvals and sales that are expected to
grow even more in the coming years. In 2013, the global sales revenue for all mAbs was ~75
billion $, which represents nearly half of the total biopharmaceutical products sales (542). Note
that mAbs are also very valuable tools that are widely used in research and diagnostic.

mADbs present many advantages such as their specificity and affinity for their targets and their wide
therapeutic applicability. Some bispecific mAbs can be developed and generally mAbs can be used
to treat various forms of cancer, autoimmune diseases, transplant rejection or even AD. However,
their main drawback is their high cost due to the large-scale production of these large (~150 kDa)
proteins in mammalian cells, which limits their wide use, especially for life-long diseases. Besides,

they are very rarely curative in cancer treatments and lead to side effects, mainly infusion reactions.
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1.4.2.6 Monoclonal antibodies clearance mechanisms

Since mAbs are widely used drugs, the complex processes involved in their clearance were
extensively studied. mAbs can be cleared by mechanisms being either target-specific or unspecific.
Most marketed mAbs have shown a dose-dependent clearance consistent with target-mediated
elimination, which is related to their high target specificity (543). In these cases, mAbs bind
antigens and are then cleared via endocytosis and subsequent lysosomal degradation (544).
Unspecific mAbs clearance is similar to endogenous human IgGs clearance and is mainly governed
by the reticuloendothelial system (RES) (543, 544) and the FcRn-mediated recycling (481, 545)
that was described previously in section 1.4.1.2.

The RES is part of the immune system and is composed of phagocytic cells located in the reticular
connective tissue, which is composed of primary monocytes and macrophages. The main role of
this system is to conduct phagocytosis and thus clear immune complexes. The RES eliminates
both antigen-bound and free mAbs (544). Note that FcRn and RES are linked in that the FcRn is
thought to rescue mAbs from endosomes, thus decreasing the metabolism and elimination rates
via the RES. This is achieved through binding of the mAbs to phagocytes and endothelial cells,
thereby limiting their clearance by recycling mAbs from the endosomes to the serum by pH-

dependent binding (506).

1.4.3 Single domain antibodies

1.4.3.1 Heavy chain disease, a disease of the B cells

Heavy chain diseases (HCDs) are rare B-cell proliferative disorders presenting with varying
degrees of malignancy. HCD was first described in 1968, when pathological Ig were found in
serum, urine and saliva of a young Arab patient with abdominal lymphoma and diffuse
lymphoplasmacytic infiltration of the small intestine (546). Maxime Seligmann ef al. found out
that this new type of protein was devoid of light chains and characterized by electrophoretic
heterogeneity, tendency to polymerize and high carbohydrate content. Since they detected no
intracellular synthesis of light chains, they assumed that this antibody was not due to an absence
of light chain assembly but to a lack of light chains synthesis in the proliferating cells (546). This

constituted the first evidence of human antibodies lacking their light chains.
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Since then, more than 400 cases of a-HCD (first described in 1968, structurally abnormal IgA,
rare), 33 cases of u-HCDs (first described in 1969, structurally abnormal IgM, very rare) and 120
cases of y-HCDs (first described in 1964, structurally abnormal IgG) have been described. The
prognosis of HCDs is variable and no treatment is available for y- and u-HCDs. However, early-
stage a-HCD may respond to antibiotics, as chronic antigenic stimulation by intestinal organisms
is thought to play a role in the development of a-HCD (547). In most of y- and u-HCDs, an
underlying autoimmune disorder such as rheumatoid arthritis has been reported (548, 549).
Although HCDs are very diverse, all HCD proteins possibly derive from a common normal
precursor, which could be a rare B cell undergoing gene somatic hypermutation within the

germinal center.

1.4.3.2 The discovery of camelid sdAbs

In 1993, by performing affinity chromatography using proteins A and G or gel filtration to study
camelids serum, Cécile Hamers-Casterman and her colleagues realized that on top of conventional
antibodies, camelids also possessed a class of antibodies devoid of light chains (550). This was the
case for old world camelids (Camelus bactrianus and Camelus dromedarius) and new world
camelids (Lama pacos, Lama glama and Lama vicugna): heavy chain antibodies (hcAbs) were
abundant (up to 75%) in all sera (550). They also demonstrated that the hcAbs are able to produce
a repertoire of antibodies against a given antigen. This questioned the contribution of the light
chain to antibodies repertoires. Clones representing different Vu sequence were isolated and
sequenced from camel spleen. This enabled to demonstrate the complete lack of the CH1 domain.
Therefore, the last framework residues (FR4) of the Vu region are immediately followed by the
hinge (550).

It was later demonstrated by sequencing the alpaca genome that conventional antibodies and hcAbs
genes reside in same locus (551).

These antibodies are thus composed of two heavy chains, each including an antigen binding
domain followed by two constant domains CH2 and CH3 as shown on Figure 21. The ~15 kDa
antigen binding domain of hcAbs is named variable of the heavy chain (VHH), single domain

antibody (sdAb) or nanobody (tradename from the company Ablynx).

79



VHH

Heavy-chain
antibody

l
Q

VHH

Figure 21. Schematic of a heavy-chain antibody and its VHH fragment (507)

The resolution of the crystal structure of a sdAb in complex with its antigen (lysozyme) revealed
that half of the CDR3 protrudes from the antigen binding site and penetrates deeply into the active
site of lysozyme, while the other half is linked to the Vy region instead of the V. in conventional
antibodies (552). The fact that sdAbs prefer to interact with cavities on the surface of their antigen,
such as the catalytic site of enzymes or the ligand-binding site of receptors represents a net
advantage over mAbs.

In 1995 it was discovered that cartilaginous fishes such as sharks, skates and rays also present an
uncommon antibody isotype named Ig new antigen receptor (IgNAR) that is formed of a heavy
chain homodimer lacking light chains (553). The equivalents of their sdAbs are called VNARs and
are ~13 kDa. Their crystal structure is similar to camelid sdAbs (554). Although clinically less
advanced than camelid sdAbs, they have the potential to be used as biologics (555).

The discovery of naturally occurring hcAbs in camelids inspired researchers in their quest for Ig-

based recognition units of minimum size (556, 557).
1.4.3.3 The camelization of human antibodies

In 1995 Julian Davies et al. introduced mutations in a human Vg in order to mimic the camelid
hcAbs, creating camelized antibodies (558). Then, they randomized the CDR3 of the Vy in order

to yield a repertoire of 2x10% independent clones. The latter library was displayed on phages and
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selected for antigen binding. They were able to identify Vu clones specific for haptens (small
molecules which, when combined with a larger protein, can lead to the production of specific anti-
hapten antibodies) with affinities of 100-400 nM, similar to scFv, Fab or whole mAb but with a
lower specificity. This was a nice technique, which presented some limitations, since no good
binders against proteins could be retrieved from their synthetic library. Nevertheless, they could
conclude that these camelized human Vi domains were highly specific, stable and well expressed

in E. coli.

1.4.3.4 The direct use of camelids single domain antibodies

In 1997 Mehdi Arbabi Gharoudi et al. showed for the first time that it is possible to immunize a
dromedary with proteins to clone the repertoire of the variable domains of its hcAbs and to use
phage display to screen them in order to identify antigen-specific sdAbs (559). They also related
that these binders were well expressed in E. coli, were extremely stable, very soluble, specific and
presented high affinities (low nM range) for antigens (559). A similar study was performed on
llama and was also promising (560). Llama sdAbs were compared to mouse mAbs and showed the
same affinity and specificity to antigens. Interestingly, sdAbs were more resistant to high
temperatures than mAbs (561).

Although these first studies were successful, the wide applicability of these approaches was limited
because it is long, requires access to camelids and does not always yield affine enough antibodies.
Therefore, since then many techniques were developed in order to improve the identification of
potent sdAbs following llamas or camels immunization, including a mass spectrometry-based
approach enabling the generation of large repertoires of readily expressible recombinant sdAbs
with high specificities and subnanomolar affinities (562). More recently, an approach based on in
vitro immunization of naive alpaca B lymphocytes was proposed as a rapid and cheap way to
develop sdAbs (563). sdAbs libraries can also be created using phage display or ribosome display,
like it is done for mAbs development.

Importantly, sdAbs can be efficiently produced from bacteria (564), yeast (565) or plants (566),
and are thus expected to be cheaper and easier to manufacture compared to mAbs that need to be

synthesized in mammalian cells.
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sdAbs constitute valuable tools for crystallization (567), cell biology (568, 569), research and
diagnostic (507). In some applications, their small size and short half-life resulting from a rapid
clearance from blood is an advantage. In other applications such as therapeutics, sdAbs can be
fused to another moiety or linked with other sdAbs in order to increase the size of the therapeutic
agent and thus increase their clearance rate. This technique also enables bispecific sdAbs to be
engineered.

Several authors reviewed the importance of sdAbs as therapeutics (556, 570). Interestingly, they
can be used as an inhaled drug to treat lung diseases (571) or as an orally-delivered drug in specific
cases such as gastrointestinal disorders (565). The particularity of sdAbs is their low
immunogenicity. This is notably due to the high degree of identity sdAbs share with human V.
Importantly, no immune response was observed in sdAb-injected mice or humans (see next
section). Besides, a strategy to humanize 12 out of the 14 aa differing between human Vg and

camelid sdAbs was developed and seems relatively easy to implement (572).

1.4.3.5 Current clinical applications of sdAbs

The first proof-of-concept of sdAb in vivo efficacy was shown by tumor-targeting sdAbs nine years

after the sdAbs discovery (573). Although no sdAb is commercialized yet, many of them are

currently tested in clinical trials. Given their wide applicability, sdAbs are used to target various
diseases.

Four sdAbs are currently in phase 2 or more advanced:

e The most advanced sdAb (caplacizumab or ALX-0081, proprietary of the company Ablynx),
which is the unique sdAb in an ongoing phase 3, is a bivalent sdAb directed towards von
Willebrand factor used to treat thrombotic thrombocytopenic purpura. The studies in phase 1
and 2 demonstrated that the sdAb is well tolerated and effectively acts on the tested
pharmacological markers (574-576).

e Albuferon (ozoralizumab or ATN-103) is a trivalent drug composed by two sdAbs targeting
TNFa fused to one sdAb targeting human serum albumin (HSA) (577, 578). It is indicated in
the treatment of rheumatoid arthritis for which phase 2 is completed, and in cases of HCV for

which several phase 3 studies have been completed. All clinical trial studies have shown
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promising outcomes (Roy M. Fleischmann, Ablynx poster) and the drug was licensed for
development in Japan in 2015.

Auto-immune diseases such as rheumatoid arthritis or systemic lupus erythematosus can also
be targeted by sdAbs, as shown by ALX-0061 (vobarilizumab), a bispecific drug targeting both
the pro-inflammatory cytokine IL-6 receptor and HSA. This drug showed potency in vitro and
in vivo (579) and seems promising in the phase 1/2 trial in rheumatoid arthritis (576). A phase
2 study is ongoing and results are expected in 2018.

ALX-0171 is a trivalent sdAb towards the glycoprotein F of the respiratory syncytial virus,
which is a leading cause of infant hospitalization. Its efficiency has been proven in vivo (580),
and several phase 1 studies were performed in both infants and adults and showed a good
response to the treatment and limited side effects (Ablynx report, Erik Delpa, May 6, 2015).
The phase 2 is ongoing. The advantage of this drug is that it can be inhaled and thus be delivered

directly to the infection site.

Besides, several phase 1 clinical studies are going on with sdAbs:

ALX-0761 (M1095), targeting both IL-17A and IL-17F, is indicated for psoriasis. The phase 1
is ongoing and some recent results showed that it was safe and efficient (Danka Svecova, March
2017, Ablynx website).

ALX-0141 is directed towards RANKL for treatment of bone-loss related disorders including
osteoporosis and bone metastasis. A phase 1 was completed and demonstrated the safety of this
drug in post-menopausal women.

Another sdAb targeting the rotavirus protein has been shown to reduce stool output in infants

with diarrhea upon oral administration of the sdAb. No side effects were observed (565).

Only three clinical trials testing sdAbs have been terminated:

o ALX-0651, a sdAb targeting the GPCR CXCR4 and indicated for lymphoma, myeloma and

HIV seemed promising in vitro (581) but has been terminated during phase 1 for unknown

reasons (www.clinicaltrials.gov).

e The phase 1 study of TAS266, a tetravalent sdAb targeting the death receptor 5 and involved

in advanced cancer with solid tumors, was terminated because of unexpected hepatotoxicity
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(582). This was probably due to the presence of auto-antibodies to TAS266 in the patients
showing these side effects. However, this hepatotoxicity was rapidly reversible.
e The injection of a sdAb aiming at treating AD, BI1034020, led to a drug-related serious adverse
event that terminated the study. Note that the drug target was unknown.
Overall, the use of sdAbs as therapeutics seems to be a flexible innovative technology, enabling
the coupling of the small sdAb to any moiety, depending of the intended use. Importantly, they do
not seem to be immunogenic and are very well tolerated in human. It is reasonable to expect that

at least one sdAb will be marketed in the next few years.
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I.5 Working hypothesis and research objectives

The role of PCSK9 in cholesterol regulation was described in my thesis introduction. I also
emphasized the importance of maintaining healthy cholesterol, and more importantly LDLc levels
in patients, especially those who have FH, as well as the currently available therapeutic options
that were also described and discussed. It is clear that PCSK9 is a very promising therapeutic target
for dyslipidemia management. However, PCSK9 inhibitors that are marketed so far are pricy and
are only prescribed to very high risk patients. Hence, this leads to an unmet need for cheaper and

more accessible inhibitory molecules.

This is why, as an alternative, we proposed the use of sdAbs to target PCSK9. In order to screen
and characterize extensively the selected sdAbs in vivo, we developed new Pcsk9” mouse lines
carrying a human BAC Tg directing hPCSK9 expression under the control of its own promoter.
Those mice constitute a precious tool to test PCSK9 inhibitors, which was not feasible with the
available mouse models. In the interest of comparing our innovative approach to the available

therapies, we compared the therapeutic potency of our sdAbs to that of a commercial PCSK9 mAb.
To summarize, the aim of my thesis work was to:

1. Generate sdAbs directed against PCSKO as an alternative therapeutic approach to the mAbs
(Chapter 1I)

2. Select the best sdAbs and characterize their effects on LDLR, PCSK9, LDLc and other
parameters in various assays and settings (Chapter II), including in vivo assays in a newly
developed mouse line which is now a very useful tool for the in vivo screening of hPCSK9

inhibitors (Chapter III)
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IL. Chapter II: Manuscript 1 (The Journal of Biological Chemistry,
2016)

Title: Proprotein Convertase Subtilisin/Kexin type 9 (PCSKD9) single domain antibodies are potent
inhibitors of LDL receptor degradation

Authors: Elodie Weider, Delia Susan-Resiga, Rachid Essalmani, Josée Hamelin, Marie-Claude

Asselin, Yahya Ashraf, Keith L. Wycoff, Jianbing Zhang, Annik Prat, and Nabil G. Seidah

Journal: The Journal of Biological Chemistry. 2016, volume 291, issue 32: p 16659-71.
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I1.1 Preface

PCSKO9 is clearly an established therapeutic target. However, since the most advanced therapeutic
approaches are the expensive mAbs, we conceived the idea of developing sdAbs against PCSK9
as a cheaper alternative. A llama was chosen as a camelid source of hcAbs in order to get its
PCSK9-specific sdAbs. The aim of this study was to obtain sdAbs with a high affinity to PCSK9
that are able to prevent LDLR degradation by immunizing a llama with PCSK9. We then selected
a few sdAbs among the most promising ones in order to fuse them to a mouse Fc domain (mFc)
and to produce them in larger quantities. This choice was made in order to extend the in vivo half-
life of the sdAbs that would be too short for sdAbs alone. The potency of these fusion proteins
“sdAb-mFcs” was then evaluated in various cell-based assays in order to establish the in vitro
proof-of-concept that they regulate cell surface and total LDLR levels as well as LDL uptake. In
these experiments, sdAbs were compared to mAbs that became commercially available in between
and to EGF-A mimicking peptides. The cholesterol-lowering effect of a selected sdAb, P1.40-mFc
was then confirmed in vivo in a newly developed transgenic mouse model that was tested for the
first time. Note that concentrations of PCSK9 and sdAb-Fcs used throughout this study had to be
adjusted for each assay in order to get the largest window possible between the negative control
(absence of PCSK9) and the positive control (presence of PCSK9). This allowed optimal
evaluation of the inhibitory potencies of the sdAb-Fcs.
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I1.2 Abstract

sdAbs correspond to the antigen-binding domains of camelid antibodies. They have the same
antigen-binding properties and specificity as mAbs, but are easier and cheaper to produce. We
report here the development of sdAbs targeting hPCSK9 as an alternative to anti-PCSK9 mAbs.
After immunizing a llama with hPCSK9, we selected four sdAbs that bind PCSK9 with a high
affinity, and produced them as fusion proteins with a mFc. All four sdAb-Fcs recognize the C-
terminal CHRD of PCSK9. We performed multiple cellular assays, and demonstrated that the
selected sdAbs efficiently blocked PCSK9-mediated LDLR degradation in cell lines, in human
hepatocytes and in mouse primary hepatocytes. We further showed that the sdAb-Fcs do not affect
binding of PCSK9 to the LDLR, but rather block its induced cellular LDLR degradation. Pcsk9
KO mice expressing a human BAC Tg were generated, resulting in plasma levels of ~300 ng/ml
of hPCSK9. Mice were singly or doubly injected with the best sdAb-Fc and analyzed at day 4 or
11, respectively. After 4 days mice exhibited a 32% and 44% decrease in the levels of TC and
apolipoprotein B (apoB), and ~1.8-fold higher liver LDLR protein levels. At 11 days, the
equivalent values were 24%, 46% and ~2.3-fold higher LDLR protein. These data constitute a
proof-of-principle for the future usage of sdAbs as PCSK9-targeting drugs that can efficiently
reduce LDL-cholesterol, and as tools to study the CHRD-dependent sorting the PCSK9-LDLR

complex to lysosomes.
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I1.3 Introduction

For over 30 years, a large number of clinical trials have firmly consolidated the importance of
lowering LDLc in the prevention of CVD and its associated devastating sequelae (43). Healthy
diets and exercise are highly recommended to lower LDLc in patients with high baseline levels.
However, many individuals, including those suffering from FH, cannot reach the recommended
LDLc levels to prevent cardiovascular complications. With an overall incidence of ~1:200, FH is
a common inherited disease that affects at least 30 million people, of whom < 1% have been
diagnosed. It is characterized by plasma LDLc levels greater that the 95th percentile, which result
in tendon xanthomas, xanthelasmas, corneal arcus, and premature atherosclerosis, leading to
premature ischaemic vascular disease and mortality if left untreated. In most cases, FH subjects
exhibit mutations in the LDLR (LDLR; 67%) and its ligand apoB (APOB; 14%), hampering LDL
clearance from the circulation (61). In 2003, merging biological studies with Hum Genet led to the
discovery of PCSK9, the 9th and last member of the family of PCs related to Subtilisin and Kexin
(63), and the demonstration that the PCSK9 gene represents the 3rd locus of ADH (64).

PCSKD is a serine protease first synthesized as a zymogen that auto-catalytically cleaves itself in
the ER to excise its N-terminal prodomain (63), which acts as a chaperone and a potent inhibitor.
However, different from all other convertases (132), PCSKO9 is secreted as an enzymatically
inactive non-covalent complex with its inhibitory prodomain tightly bound to the catalytic subunit
of mature PCSK9 (173). Thus, PCSK9 has no substrate other than itself. Rather, it binds to specific
cell-surface receptors and escorts them towards intracellular acidic endosome/lysosome
degradation compartments (177, 184). A schematic diagram of PCSK9’s primary structure and its
domains (prodomain; catalytic domain; hinge; CHRD) is shown in Figure 22A. The crystal
structure of PCSKO9 revealed that the CHRD is composed of three distinct Cys/His-rich modules,
denoted M1, M2 and M3 (173).
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The first PCSK9 target that was identified is the LDLR at the surface of hepatocytes (168, 170,
583). The catalytic subunit of PCSK9 was shown to bind the LDLR through its EGF-A domain
(177, 178), as well as the LDLR superfamily members VLDLR, ApoER2 (262, 264) and LRP1
(194). Upon LDL binding to cell surface LDLR the complex is internalized into the cell within
heavy-chain clathrin-coated vesicles that fuse with early endosomes. Herein, the acidic pH causes
conformational changes driving LDL release, and the subsequent recycling of the LDLR to the
cell surface, and the sorting of LDL to lysosomes for cholesterol recovery and distribution in the
cell (27). The PCSK9-LDLR complex also enters the cell via clathrin-coated vesicles (184, 185).
However, the acidic pH enhances the affinity of PCSK9 for the LDLR (173) and, through some
unknown mechanism requiring the CHRD (179, 184, 262), favors its ability to escort the LDLR

to late endosomes/lysosomes for degradation by as yet undefined proteases (168, 184).

The rare PCSK9 mutations identified in FH patients result in a GOF, i.e., an increased potency of
PCSKO9 to promote LDLR degradation, with ensuing higher circulating LDLc levels (64, 168). The
most dramatic GOF D374Y mutation increases ~10-fold the affinity of PCSK9 for the LDLR (173)
and results in ~4-fold higher LDLc levels (~10 mM), as well as early death due to CVD (200).
LOF PCSK9 mutations were also identified. Namely, two non-sense mutations Y 142X and C679X
found in ~2% of black Africans were associated with ~40% decrease in LDLc, and ~88% reduction
in the risk of CVD (206, 584). This provided a proof-of-principle that PCSK9 inhibition may be
safe and represents a promising approach to treat hypercholesterolemia and prevent CVD (174,

585).

Accordingly, PCSK9 mAbs blocking its interaction with the LDLR were developed and are
presently prescribed in clinics to patients suffering from severe hypercholesterolemia, who are
statin-resistant and/or cannot reach target LDLc using available drugs. Such subcutaneously
injected mAbs every 2 or 4 weeks result in a sustained ~60% reduction in LDLc (132, 174, 586)
and thus represent a powerful drug against heart disease that is superior to statins. Over the past
30 years, mAbs became established as effective medicines for several serious diseases (587-589).
However, their high molecular mass (~150 kDa) require large amounts to be injected in order to
reach efficacy (e.g., 150 mg/14 days), and their high cost limits their wide applicability. The mAbs
targeting PCSKO cost ~14,000 US$/year/patient (590), likely making them the most costly class
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of medications marketed so far. This definitely restricts their use to high risk patients not reaching
LDLc target levels despite maximal doses of statins (591). Thus, there is an unmet need for

cheaper, more accessible inhibitory molecules.

Camelid sdAbs, also known as nanobodies, were first discovered in 1993 (550). Different from
conventional antibodies, up to 75% of camelid antibodies are devoid of light chains. They are
made of two hcAbs, each comprising an antigen binding domain (VHH or sdAb), followed by two
constant domains CH2 and CH3 (556). Although 10-fold smaller (~13 kDa) than conventional
IgGs, sdAbs bind antigen targets with equivalent specificity, affinity and low toxicity (560), and
show enhanced tissue penetration. Importantly, sdAbs can be produced from recombinant bacteria,
and are thus expected to be cheaper and easier to manufacture. They can also easily be engineered
to achieve high potency by affinity maturation and can be humanized for pre-clinical studies in
non-human primates and in human (556, 572). Therefore, they constitute an attractive alternative

to mAbs (565, 577, 592).

In the present study, following llama injections of full length hPCSK9, we isolated a number of
sdAbs that inhibit the function of PCSK9 on LDLR degradation in various cell lines and primary
hepatocytes. The validation of a selected sdAb called P1.40 was performed in Pcsk9 KO mice
carrying a 67.5 kb human BAC Tg that results in the expression of hPCSK9 under its own

promoter.
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I1.4 Methodology

I1.4.1 Generation of anti-PCSK9 single domain antibodies

hPCSK9 carrying a C-terminal His-tag was purified to homogeneity from the media of
baculovirus-infected High Five cells (593). A male llama (Lama glana) was immunized with 80
ug of PCSK9 on day 1, and with 20 pg on days 21, 36, 50 and 64. Complete Freund’s adjuvant
(Sigma) was used for the primary immunization and incomplete Freund’s adjuvant was used for
immunizations 2—5. Leukocytes were isolated from the last bleed at day 71 post-immunization.
Total RNA was then isolated, reverse-transcribed and used to produce an immune VyH library as
previously described (594). Briefly, the cDNAs encoding VyH domains were amplified using
specific sense (M1, 5-
GCCCAGCCGGCCATGGCCSMKGTGCAGCTGGTGGAKTCTGGGGGA-3; MJ2, 5-
CAGCCGGCCATGGCCCAGGTAAAGCTGGAGGAGTCTGGGGGA-3; and MIJ3, 5-
GCCCAGCCGGCCATGGCCCAGGCTCAGGTACAGCTGGTGGAGTCT-3) and antisense
(CH2, 5-CGCCATCAAGGTACCAGTTGA-3 and CH2b3, 5-
GGTACCTGTCATCCACGGACCAGCTGA-3) primers for VuH and CH2 domains (S:C or G;
M: A or C; K: G or T), respectively, and cloned into the phagemid pMED1 vector. The size of the
library was measured as 2.3 x 10% independent transformants, greatly exceeding the number of
leukocytes used for library construction. Exponentially growing E. coli expressing the phagemid
library were infected with helper phages to “rescue” the phage particle auto-assembly, and grown
overnight for phage production. Isolation of PCSK9-specific sdAbs was performed by phage
display. Using PCSK9-coated 96-well plates, four rounds of panning were performed, with each
round comprising steps of phage binding to PCSK9, washes, phage elution and amplification. In
a last step, the phages produced by 45 individual clones were tested for their ability to bind PCSKO9,
and the 10 strongest binders were selected. Corresponding sdAbs were sequenced and subcloned
in a pSJF2H vector comprising an OmpA signal peptide that targets the protein to the periplasmic
space of E. coli, and a C-terminal hexa-His tag that allowed sdAb purification by an automated

procedure using a KingFisher Flex (Thermo Scientific).

93



11.4.2 Co-immunoprecipitation

HEK?293 cells were plated in 100 mm?-plates and transiently transfected using jetPRIME (Polyplus
transfection) with 10 pg of vectors (168, 184) coding for various PCSK9 constructs or each of the
four sdAbs. The sdAb conditioned media were incubated with those containing PCSK9 variants
(Figure 22A), and immmunoprecipitated with TALON Metal Affinity Resin (Clontech) overnight
at 4°C. The following day, the samples were washed 4 times with Radio ImmunoPrecipitation
Assay (RIPA) buffer (50 mM Tris-HCI, pH 8.0, 1% (v/v) Nonidet P-40, 0.5% sodium
deoxycholate, 150 mM NaCl, and 0.1% (v/v) sodium dodecyl sulfate (SDS)), and lastly with
phosphate-buffered saline (PBS). The immunoprecipitates were then resolved on a 12% Tris-
glycine SDS polyacrylamide gel electrophoresis (SDS-PAGE) and revealed by a V5-HRP
antibody (Invitrogen).

11.4.3 PCSK9-sdAb complex binding to the LDLR

The ability of sdAbs to prevent the interaction of PCSK9 with the EGF-A domain of LDLR was
assessed using a PCSK9-LDLR in vitro binding assay kit (Circulex).

11.4.4 Purification of sdAb-Fc fusion proteins

Four selected sdAbs (P1.40, PKFS8, PKE9, P2.57) were fused through their C-terminus to a mouse
IgG2a Fc domain carrying a C-terminal V5 tag. Chimeric proteins were expressed in modified
proprietary HEK293 cells and purified to homogeneity with a yield of 80-100 mg per 600 ml of

medium (National Research Council Canada, Biotechnology Research Institute).

11.4.5 sdAb-Fcs affinity measurements to PCSK9

Affinity measurements were performed by the XTAL BioStructures, Inc. Briefly, PCSK9 carrying
a C-terminal His-tag was captured on a NIHC1000M chip non-covalently at various low densities
to determine kinetic binding parameters of the four different sdAb-Fcs. All binding experiments
were performed at 25°C on a BiOptix 404pi Enhanced Surface Plasmon Resonance (E-SPR)
instrument. A 7-point, 3-fold dilution of sdAbs starting at 200 nM were injected over each of three

PCSKD9 densities and the sensorgrams were globally fitted with a floating Rmax using Scrubber2
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software. Fits across all three ligand densities matched well, suggesting little influence from

avidity due to bivalency of the antibodies to the calculated binding parameters.

11.4.6 Cell culture

Human hepatocellular carcinoma HepG2 cells from the American Type Culture Collection
(ATCC) were grown in Eagle’s Minimal Essential Medium (EMEM, Wisent). Cells were stably
transfected with either wild type (WT) or D374Y GOF PCSK?9 using the FuGENE HD transfection
reagent (Promega) and grown with 600 pg/ml of G418 (Wisent) for selection of cells stably
expressing the cDNA coding for PCSK9. Immortalized human primary hepatocytes (IHH) were
generously provided by Dr. H. Moshage from the University Hospital Groningen, the Netherlands
(595), and were grown in William’s E Medium (Wisent). HEK293 cells were grown in DMEM.
All cells were maintained at 37°C under 5% COo.

I1.4.7 sdAb-Fc assays

Purified PCSK9 (69) or conditioned media from HEK293 cells overexpressing either WT or
D374Y PCSK9 were pre-incubated for 1h at 37°C with various amounts of purified sdAb-Fcs. The
mix was then applied onto cells for 4h to 24h. For experiments with HepG2 cells stably
overexpressing WT or D374Y PCSK9, sdAb-Fcs were diluted in the culture medium and directly
added to cells. In separate experiments we also incubated the above cells with various
concentrations of the inhibitory mAb evolocumab, originally denoted as Amgen’s AMG-145 (49),
kindly supplied by Dr. Robert Dufour from our institute (IRCM).

11.4.8 Dil-LDL uptake assay

HepG2 cells were plated at a density of 25,000 cells/well in 96-well plates (Corning) in EMEM
medium containing 10% FBS. After 18-20h, cells were washed and switched to serum-free
medium (SFM) containing 5% lipoprotein-deficient serum for 24h. Purified PCSK9 and sdAb-Fcs
were pre-incubated at 37°C in the same medium and added on cells (3 wells/condition). After 3h
at 37°C, 10 uL of Dil-LDL (Biomedical Technologies) were added to the cell medium (5 pg/ml),
and cells were further incubated for 2h. After 3 washes in D-PBS (without calcium and

magnesium; Wisent), plates were scanned on a SpectraMax 13 Multi-Mode Detection Platform
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(Molecular Devices). Dil-LDL uptake was measured in each well as an average fluorescence
intensity. Plates were then frozen overnight (-80°C) and used the next day to perform a CyQuant

cell assay (Invitrogen) for normalizing the Dil-LDL uptake to the number of cells in each well.

11.4.9 Immunofluorescence

About 70,000 HepG2 cells/well were seeded in 24-well plates containing coverslips (Fisher)
coated with poly-lysine (Sigma), and cultured overnight in complete medium, and in SFM
containing 5% lipoprotein-deficient serum for the following 24h. Following a 4h incubation with
PCSK9 (3 pg/ml) alone or in combination with each sdAb-Fc (1.2 uM), cells were rinsed with
cold PBS, incubated 10 min on ice with LDLR antibody (1:200 in SFM; mouse, R&D systems),
rinsed twice with cold PBS and finally fixed with 4% paraformaldehyde for 10 min on ice and 5
min at room temperature (RT). After 2 washes in PBS at RT and a 30 min incubation with PBS
containing 1% BSA, LDLR-antibody complexes were revealed by a 5 min incubation with anti-
mouse Alexa Fluor 555-tagged antibody (1:200; goat, Molecular Probes). Cells were then rinsed
twice with PBS and nuclei were stained with DAPI during the final mounting step (ProLong Gold
Antifade Reagent with DAPI, Life Technologies). Immunofluorescence analyses were performed
with a confocal microscope (Zeiss LSM-710) and the Volocity software (x64, Perkin Elmer).
Because the parameters remained unchanged throughout image acquisition, the values obtained

were proportional to LDLR levels (47).

11.4.10 Western blotting

Cells were washed twice with ice-cold PBS and lysed 40 min on ice with RIPA buffer
supplemented with 1x complete protease inhibitor mixture (Roche Applied Science). The cell
lysates were then subjected to 8% Tris-glycine SDS-PAGE. The gels were transferred overnight
on PVDF membranes (Millipore) that were blocked for 1h at RT in TBST (50 mM Tris-HCI, pH
7.5, 150 mM NacCl, 0.1% Tween 20) containing 5% non-fat dry milk. Membranes were then
incubated overnight at 4°C in 5% milk-TBST with human (goat, R&D systems) or mouse (goat,
Novus Biologicals) LDLR antibody (1:1,000) and human B-actin antibody (mouse, Sigma;
1:2,500) for normalization. After incubation with secondary antibodies coupled to horseradish

peroxidase (HRP) at 1:10,000 in 5% milk-TBST, immunoreactive bands were revealed by
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chemiluminescence using the ECL plus kit (GE Healthcare). Quantification was performed with

the ImageJ software or using a Biorad ChemiDoc MP imaging system.

11.4.11 Mouse primary hepatocytes

Primary hepatocytes were isolated from the liver of 6- to 14-week old mice using a two-step
collagenase perfusion method as described previously (306). Fibronectin-coated (0.5 mg/ml,
Sigma) plates (24-well) were seeded with ~10° cells/well in Williams’ medium E (Wisent)
containing 10% FBS. After 2h, the medium was replaced with HepatoZYME medium (Gibco) for

12h prior to treatment.

11.4.12 LDLR ELISA assay

Cells were lysed for 40 min on ice at 4°C with ice-cold, non-denaturing cell lysis buffer (20 mM
Tris-HCI, pH 8, 137 mM NaCl, 2mM Na2EDTA, 1% NP-40, 10% glycerol, 4% protease inhibitor
cocktail without EDTA). Cell lysates were pooled for each experiment, total human LDLR was
measured by ELISA (human LDLR DuoeSet ELISA Development kit, R&D Systems) and protein
levels by a protein assay (Bio-Rad DC). Briefly, a high-binding 96-well plate was coated and
incubated overnight at RT with mouse anti-human LDLR antibody (4 pg/ml) diluted in PBS. The
next day, the plate washed four times with PBS/0.05% Tween-20 and blocking was carried out
with PBS/1% + BSA/0.05% + Tween-20/0.01% sodium azide for 1.5h at RT. Following four
washes, standards (7 points, 2-fold serial dilutions starting at 8 ng/ml, and a zero point) and pooled
cell lysates (5-fold dilution in PBS/1% BSA) were added to the plate and incubated for 2h at RT.
After four washes, detection was carried out with biotinylated goat anti-human LDLR antibody
(0.4 pg/ml, diluted in ELISA buffer: 20 mM Tris-HCI, pH 7.2-7.4, 137 mM NacCl, 0.05% Tween-
20, 0.1% BSA) for 2h at RT. Following four washes, streptavidin-HRP diluted in ELISA buffer
(1:200) was added and incubated for 20 min at RT, protected from direct light. After four washes,
substrate solution containing a 1:1 mixture of H,O, and tetramethylbenzidine (R&D Systems) was
added to the wells and incubated in the dark for 20 min at RT. The reaction was stopped with 2N
sulfuric acid (R&D Systems). The optical density of the yellow colored product was determined

using a SpectraMax 13 plate reader (Molecular Devices) set to 450 nm, from each the readings at
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540 nm were subtracted to correct for any plate imperfections. The total amount of LDLR was

normalized to the quantity of total protein measured in each cell lysate.

11.4.13 Expression of sdAb-Fc¢ fusion proteins carrying a KDEL C-terminal tag

The pIRES2-EGFP vector expressing the sdAb-Fc fusion protein carrying a KDEL ER-retention
signal at the C-terminus of the protein, downstream of the V5 tag, was obtained as described
previously (184). HEK293 cells (~300,000 cells/well) were seeded in 12-well plates in complete
media, transfected overnight with various constructs using FuGENE HD and switched to SFM for

another 24h.

11.4.14 Expression of EGFs-Fc fusion proteins

A DNA sequence encoding amino acids 314-393 of Genbank accession no. PO1130 (the epidermal
growth factor-like repeat AB domain (EGF-AB) of human LDLR) was synthesized by GeneArt
(Thermo Fisher). Both sequences were ligated between a signal peptide and the sequence of human
IgG1 Fc in the plant expression/transformation vector pTRAke (596). The clones were transformed
into Agrobacterium tumefaciens, which was then used for transient expression in Nicotiana

benthamiana (597). The recombinant proteins were purified by Protein A affinity chromatography.

I1.4.15 Fluorescence-associated cell sorting (FACS) analysis

About 500,000 HepG2 cells/well were seeded in 12-well plates in complete media overnight and
in SFM for 24h. Cells were then incubated with PCSK9 (15 pg/ml) for 4h alone, with sdAb-Fc
(0.04 uM), with increasing concentrations of EGF-AB-Fc (Planet Biotechnology Inc.) or their Fc
control. Cells were rinsed in FACS buffer (D-PBS containing 0.5% BSA and 1 g/L glucose
(Wisent)), then in 2.5 mM EDTA-2Na-2H>O (Bioshop), and incubated for 20 min at 37°C in 0.5
ml of EDTA-2Na-2H>0. Detached cells were collected, centrifuged for 5 min at 72 g at 4°C, re-
suspended in 0.5 ml of FACS buffer containing 1:250 of human LDLR antibody (R&D Systems)
and incubated for 10 min on ice. Cells were then washed with 5 ml of FACS buffer, centrifuged,
re-suspended in 0.5 ml FACS buffer containing 1:500 of goat Alexa Fluor 647-labeled anti-mouse

antibody (Molecular Probes) and incubated for 5 min. Cells were washed again, re-suspended in
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0.3 ml of FACS buffer containing 1.67 pg/ml propidium iodide (Sigma) and finally analyzed by
FACS using a CyAn flow cytometer (Beckman Coulter).

11.4.16 Animal studies

The RPCI human BAC library 11 was screened by PCR for the presence of the PCSK9 gene and
the clone 55M23 identified. A 67.5 kb fragment of the BAC was injected into B6C3F1 fertilized
eggs. Mice were then backcrossed to Pcsk9 KO mice in C57BL/6J background for 5 generations.
Thus, these mice only express hPCSK9 and no mouse orthologue. Male mice (Tg+ and Tg-
littermates) were injected in the tail vein with vehicle (PBS) or 10 mg/kg of sdAb-Fc. For single
injections mice were analyzed 4 days post-injection, whereas for double injections, mice were
injected at day 0 and 7 and sacrificed at day 11. In both cases blood samples and livers were
collected. TC levels were determined by the colorimetric assay Infinity (Thermo Scientific) and
apoB levels by ELISA (Cloud-Clone Corp.). Liver LDLR levels were measured by Western blot
(WB) using a mouse LDLR (mLDLR) antibody, as for primary hepatocytes.

11.4.17 Statistics

Two-tail Student’s ¢ test was performed in order to assess the statistical significance of the data
sets. For the Dil-LDL uptake assay, a two-way ANOVA was performed when triplicates were

repeated more than once.
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I1.5 Results

I1.5.1 Inhibitory PCSK9 sdAbs

We obtained sdAbs directed against hPCSK9 by llama immunization and screening of an immune
phage display library (Figure 22B). The cDNAs of 10 selected sdAbs that bind PCSK9 efficiently
were sequenced. Alignment of their corresponding protein sequences revealed that they belong to
distinct sub-families (Figure 22C). A member of each of family was selected to favor sdAb
diversity. P1.40, PKE9, PKF8 and P2.57 sdAb cDNAs were then subcloned in an expression vector
for production in E. coli and purified by His-affinity chromatography.

To define the recognition domains within PCSK9, each sdAb carrying N-terminal V5 and C-
terminal hexa-His tags was separately expressed in HEK293 cells. The conditioned media were
then mixed with those containing different forms of PCSK9: the full-length protein harboring a C-
terminal V5 tag (PCSK9), the CHRD alone, and the C-terminally truncated L455X mutant lacking
the CHRD (168, 184) (Figure 22D). The sdAb-PCSK9 complexes were then immunoprecipitated
using a hexa-His-binding resin and resolved by SDS-PAGE and analyzed by WB using a mAb-
V5. As expected, all sdAbs interacted with full-length PCSK9, but surprisingly all four sdAbs best
recognized the CHRD as indicated by the very efficient immunoprecipitation of this domain
(Figure 22A, D). In comparison, only traces of the L455X mutant (Figure 22D) were observed.
Here we only show the results for P1.40, as all other sdAbs gave similar data (not shown). To
define which module(s) in the CHRD are recognized by the sdAbs, we performed similar
experiments with PCSK9 variants lacking the CHRD modules M2 alone (AM2), M2 and M1
(AM1M2) or M2 and M3 (AM2M3). We could only use the above deletants as PCSK9 AM1, AM3
or AM1M3 are not secreted (180). The data showed that P1.40 does not recognize the M2 module
(45% of the AM2 input bound by P1.40), but the presence of both M1 and M3 is needed for optimal
recognition, as only 18% of AM1IM2 and 14% of AM2M3 inputs were immunoprecipitated with
P1.40 (Figure 22E). The three other sdAbs also predominantly recognize AM2 (not shown).

Chimeric sdAbs were then fused to a mouse IgG2a Fc domain, known to increase the half-life of

sdAbs in plasma (598), followed by a C-terminal V5 tag (Figure 22F). Each chimeric protein was
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produced in HEK293 cells and purified from 600 ml of spent media. The purity of each preparation
was assessed by Coomassie staining of an SDS gel run under reducing (+DTT) or non-reducing (-
DTT) conditions. All sdAb-Fcs have an apparent molecular mass of ~42 kDa as monomers under
reducing conditions (+DTT) and of ~85 kDa as disulfide-linked dimers under non-reducing
conditions (-DTT) (Figure 22G). The estimated molecular masses of the dimeric chimeras using
MALDI mass spectral analysis were as expected from theoretical calculations, i.e., ~89 kDa for

P1.40, ~85 kDa for PKE9 and PKF8, and ~87 kDa for P2.57.

We next used Enhanced Surface Plasmon resonance to estimate the binding constants (Kq) of each
sdAb-Fc to PCSKO9. The rank order of binding constants were : PKF8 (5.6 nM) > P2.57 (9.8 nM)
> PKE9 (37 nM) > P1.40 (49 nM). However, as will be shown later, the above in vitro binding
affinities do not necessarily correlate with the most active sdAb-Fc to inhibit the PCSK9-enhanced

cellular degradation of the LDLR.

Although these four sdAb-Fcs interact with the CHRD M1/M3 modules (Figures 22D, E), we
assessed their ability to disrupt the PCSK9 interaction to the EGF-AB domains of the LDLR in an
in vitro binding assay (Figure 22H). The data show that the sdAb-Fcs did not decrease PCSK9
binding to LDLR, demonstrating that none of the sdAbs interferes with the ability of PCSK9 to
bind the EGF-AB domain of the LDLR. Surprisingly, almost 2-fold higher PCSK9 binding was
observed with all sdAb-Fc, except for P2.57. The doubling of PCSK9 levels bound to EGF-AB is
likely due to the fact that sdAb-Fcs are homodimers (Figure 22G) and hence could conceptually
bind up to two PCSK9 molecules.
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Figure 22. Generation of llama PCSK9-specific sdAbs, PCSK9 binding to sdAb, effect of the
sdAb on LDLR binding. The primary structure of PCSK9 and its deletants are shown: aa, amino
acid; sp, signal peptide; pro, prodomain; h, hinge domain; CHRD, Cys/His-rich domain and its
modules M1, M2 and M3 (4). Flow chart of the steps for llama sdAb selection (B). Phylogenetic
tree deduced from the alignment of the full protein sequences of 10 selected sdAbs (C). The media
of HEK293 transiently expressing PCSKO or its deletants lacking either the pro- and catalytic
domains (CHRD) or the CHRD (L455X) and the sdAb P1.40 were mixed and immunoprecipitated
with TALON Metal Affinity Resin. The input (conditioned media containing the different PCSK9
variants) and pellets were analyzed by WB with mAb-V5 antibody after SDS-PAGE on 12% Tris-
glycine gels (D). Similar experiments were performed on PCSK9 variants lacking the CHRD
modules M2 alone (AM2), M2 and M1 (AM1M2) or M2 and M3 (AM2M3) (E). Panels (D) and
(E) are representative of three independent experiments. Schematic of the representative fusion of
P1.40 with a mFc comprising the hinge (h), CH2 and CH3 domains (F). Purified sdAb-Fcs (2 pg)
were separated by SDS-PAGE in the presence (+) or absence (-) of DTT, and revealed by
Coomassie staining (G). The four sdAb-Fcs were incubated with PCSK9 and tested for their ability
to prevent binding of PCSK9 to the LDLR EGF-AB coated on a binding assay plate (/). This
assay is an average of three technical replicates.

102



I1.5.2 Effect of sdAb-Fcs on Dil-LDL uptake and cell surface LDLR levels in HepG2 cells

To assess the ability of each sdAb-Fc to inhibit the PCSK9-mediated degradation of the LDLR,
we pre-incubated purified PCSK9 (0.08 uM) with increasing concentrations of sdAb-Fcs (0 to 1
uM) for 1h and applied these media onto HepG2 cells for a further Sh incubation. PCSK9 alone
resulted in a ~60% decrease of the Dil-LDL uptake, reflecting the reduced levels of functional
LDLR at the cell surface (first two bars in Figures 23A, B). All sdAb-Fcs except P2.57 exhibited
a dose-dependent inhibitory effect, with the P1.40 being the most potent, giving a ~80% inhibition
at 0.1 uM, and 100% at 1 puM (Figure 23A). In a separate experiment, we also showed that the
mAb evolocumab gave a similar ~80% inhibition between 0.04 and 0.1 uM and a 100% inhibition
at 1 uM (Figure 23B).

We also tested by immunofluorescence the ability of each sdAb-Fc to rescue the LDLR cell surface
labeling of HepG2 cells. PCSK9 (0.05 uM) and the sdAb-Fcs (1.2 uM) were pre-incubated as
above and applied onto cells for 4h (Figure 23C). LDLR labeling was quantified by confocal
microscopy and expressed as a percentage of that in control cells not exposed to PCSK9. All four
sdAb-Fcs were able to enhance the levels of immunoreactive LDLR, proving their inhibitory
potential, but could not completely rescue the LDLR signal in this assay. Again, P1.40 seemed the

most potent sdAb-Fc with ~50% rescue of immunoreactive cell-surface LDLR.
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Figure 23. Effect of sdAb-Fcs on Dil-LDL uptake by HepG2 cells and their LDLR cell
surface levels. HepG2 cells were incubated for 5h in the absence or presence of 0.08 uM (5 pg/ml)
PCSK9 mixed with increasing concentrations of sdAb-Fcs. Dil-LDL (5 pg/ml final) was added
during the last 2h of incubation. The % Dil-LDL uptake shown here is normalized to the number
of cells per well and calibrated to the % uptake in control cells (in absence of PCSK9) (4). A
similar experiment was performed with evolocumab (B). In both (A) and (B) the data represent
averaged values + standard error of the mean (SEM) for at least three independent experiments,
with each comprising three independent samples per condition. HepG2 cells were incubated for
4h without (no PCSK?9) or with 0.05 uM (3 pg/ml) of PCSK9 (+PCSK9) in the absence or presence
of each sdAb-Fc (1.2 pM). LDLR immunocytochemistry with Alexa 555-labeled secondary
antibodies was performed, and nuclei were stained with DAPI. Scale bar indicates 20 um (C). In
two separate experiments, LDLR labeling was quantified based on the average pixel values of 10
fields calibrated to the number of nuclei per field as determined by DAPI staining. The numbers
(bottom left corner) are expressed as % of the value obtained in absence of PCSK9 (rno PCSKY),
and represent averaged pixel values of the two independent experiments. *, P <0.05, **, P <0.005,
*a%k P <0.0005. P values were obtained from Student’s ¢ tests, except for some conditions in (4),
for which a two-way ANOVA test was more appropriate.
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I1.5.3 Effect of sdAb-Fcs on total LDLR levels in hepatocytes

The inhibitory effect of sdAb-Fcs was then analyzed in mouse primary hepatocytes, which are
closer to an in vivo model than HepG?2 cells. The latter were isolated from PCSK9-deficient mice
(172, 306) and used to test the sdAb activity towards hPCSK9 (in absence of endogenous mouse
Pcsk9) and to maximize LDLR levels, which were reported to increase by ~3-fold in KO versus
WT mice (172, 306). Notably, hPCSK9 acts similarly on both human and mLDLR (228).
HepatoZYME media control (Figure 24A, upper panel) or containing 0.08 uM of PCSK9 and 0 to
1.2 uM of each sdAb-Fc were pre-incubated for 1h and then incubated with mouse primary
hepatocytes for 24h. Normalized WB analyses of mLDLR levels revealed that P1.40 did not affect
the levels of endogenous LDLR in the absence of PCSK9 (Figure 24A, upper panel),
demonstrating the PCSK9 specificity for the inhibitory effect. In addition, in the presence of
extracellular PCSKO only P1.40 was able to totally rescue LDLR levels, while P2.57 had no effect
(Figure 24A, lower panels). PKF8 and PKE9 led to a partial LDLR rescue at 1.2 uM, with relative
levels of 0.7 and 0.6, respectively versus maximal 1.1 with P1.40. The above conclusions were
confirmed in the IHH cell line. Indeed, incubation with the three sdAb-Fcs PKE9, PKF8 and P2.57
(not shown) showed low to good efficiency, whereas P1.40 showed the highest potency. Thus, the
presented WB data only depict the results for P1.40 (Figure 24B), and all the rest of our studies
will be conducted with P1.40.
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Figure 24. Effect of sdAb-Fcs on total LDLR levels in hepatocytes. Primary hepatocytes
isolated from PCSK9-deficient mice (4) or immortalized human hepatocytes (IHH; B) were
incubated for 24h in the absence (-) or presence of 0.08 uM (5 pg/ml) WT PCSK9 and increasing
concentrations of sdAb-Fc. Cell lysates were subjected to WB analysis of LDLR and -actin levels
after separation by SDS-PAGE on 8% Tris-glycine gels. LDLR signals were calibrated to -actin
ones and were normalized to the values obtained in the absence of sdAb-Fc. The blots shown are
representative of at least five independent experiments, each run as one biological sample per
condition. The averaged normalized LDLR values are indicated below each blot. *, P < 0.05,
(Student’s ¢ test).
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I1.5.4 Inhibitory effect of P1.40 on WT and D374Y PCSK9

The inhibitory properties of P1.40 towards WT PCSKO9 or its GOF mutant D374Y, which has a
>10-fold higher affinity for the LDLR (173), was examined in naive HepG?2 cells (Figure 25A) or
HepG2 cells stably expressing PCSK9 (Figure 25B) (176). Note that the LDLR appears as a
doublet consisting of LDLR that is not O-glycosylated (110 kDa) and that is fully mature and O-
glycosylated (150 kDa) (599). Unexpectedly, in both cases, the strongest recovery of the LDLR
signal was obtained in the presence of D374Y PCSKO9, suggesting that P1.40 neutralized the
activity of this mutant form of PCSK9 with a higher efficacy. Indeed, the inhibition of PCSK9
activity at 1.2 uM was estimated at 93% for D374Y PCSKO versus ~50% tfor WT PCSKO9 (Figure
25A). As expected, upon stable PCSK9 expression, the LDLR signal was more efficiently reduced
by the D374Y mutant. However, P1.40 incubation of D374Y PCSK9 stably expressing cells
significantly increased the LDLR signal by a maximal 2.7-fold, whereas cells expressing the WT
PCSK9 showed a more modest 1.7-fold increase obtained at all concentrations, revealing that the
best effect was obtained at 0.04 uM P1.40 sdAb-Fc on cells stably expressing WT PCSK9 (Figure
25B).

In order to compare the efficacies of P1.40 to the mAb evolocumab, we performed similar
experiments with WT PCSK9 added extracellularly to HepG2 cells (Figure 25C) and with HepG2
cells stably expressing D374Y PCSKO9 (Figure 25D). WB analysis of the lysates revealed a ~90%
recovery of the LDLR with 1.2 uM P1.40, whereas 150% were recovered with evolocumab at this
concentration (Figure 25C), suggesting that in this WB assay evolocumab was more active than
P1.40. Similarly, in HepG2 cells expressing D374Y PCSK9, evolocumab was more active that
P1.40, as evidenced by a ~3-fold increase in LDLR with P1.40 versus ~6-fold with evolocumab at
1.2 uM (Figure 25D). Finally, these conclusions were supported by an LDLR ELISA assay
performed on a pool of cell lysates obtained from experiments in Figures 25C, D, which also
revealed the higher efficacy of evolocumab compared to P1.40, especially using the D374Y
PCSKO (Figures 25C, D, lower sections).
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Figure 25. Inhibitory effect of P1.40 on WT and D374Y PCSK9. HepG2 cells were incubated
24h with media lacking PCSK9 or containing 0.08 uM (5 pg/ml) of WT PCSKO9 or 0.01 uM (0.7
pg/ml) of D374Y PCSK9, and 0 to 1.2 uM sdAb P1.40 (4). The LDLR signal (% LDLR) was
calibrated to that of B-actin levels and expressed in percentage of the difference between the first
lane (no PCSK9) and second (+PCSKD9) lane. Stably transfected HepG2 cells that expressed ~300
ng/ml/24h of WT or D374Y PCSK9 were incubated 24h with increasing concentrations of the
sdAb P1.40 (B). HepG2 cells were incubated 24h with media lacking PCSK9 or containing 0.08
puM (5 pg/ml) of WT PCSK9, and 0 to 1.2 uM sdAb P1.40 or evolocumab (C). Stably transfected
HepG?2 cells that expressed ~300 ng/ml/24h of D374Y PCSK9 were incubated 24h with increasing
concentrations of the sdAb P1.40 or evolocumab (D). The blots shown are representative of at
least two independent experiments consisting of one (4), two (B), and three (C, D) biological
samples per condition. In both (C) and (D) we also quantified the total levels of cellular LDLR
using an ELISA assay on pooled cell lysates. The calibrated LDLR signals were normalized to that
of the first lane (no sdAb). The averaged normalized LDLR values are indicated below each blot.
*, P<0.05, ** P <0.005, *** P <0.0005 (Student’s ¢ test).
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I1.5.5 Effect of ER-localized sdAb-Fcs on PCSKD9 secretion and activity

We next evaluated the ability of intracellular P1.40 to effectively retain PCSK9 within the ER, and
hence block the PCSK9 activity. Accordingly, since addition of a C-terminal KDEL motif retains
efficiently secretory proteins in the ER (600), we fused a KDEL retention signal to the C-terminus
of P1.40-Fc-V5. Thus, P1.40 + KDEL forms were co-expressed in HEK293 cells with PCSK9 or
its D374Y mutant, and the LDLR levels assessed by WB analysis (Figures 26A, B). The data
demonstrated that P1.40-KDEL was efficiently retained in the ER, as only traces of this protein
were observed in the media (lanes 3, 6 and 10). Neither P1.40 nor P1.40-KDEL had an impact on
LDLR levels (lanes 2 and 3), likely due to the quasi-absence of PCSK9 expression in HEK293
cells (mRNAs are 10,000-fold lower than in HepG2 cells). As expected, LDLR levels were
reduced significantly (70%) upon expression of D374Y or WT PCSKO9, respectively (lanes 4 and
8). The ER-retention of P1.40-KDEL clearly increased LDLR levels in cells expressing WT or
D374Y PCSKO (lanes 4-6 versus 8-10). Note that the inhibitory potency of P1.40 and P1.40-KDEL
is almost similar (lanes 9, 10), possibly related to the high luminal concentrations of P1.40 attained
during its transit through the Golgi, such that most of the intracellular PCSKO9 activity is inhibited.
However, higher levels of ER-retained WT PCSK9 by P1.40-KDEL had no effect on LDLR
recovery above that of P1.40 alone (0.8 and 0.9; lanes 9 and 10), while higher intracellular levels

of D374Y PCSKO significantly increased LDLR levels (0.6 and 0.9; lanes 5 and 6).

In order to assess the subcellular localization of the intracellular forms of PCSK9 and LDLR, the
above cell lysates were digested with endoglycosidases H (endoH) and F (endoF). As previously
reported, most of the overexpressed PCSK9 found in cells is endoH and endoF sensitive,
suggesting it is in the ER (63, 168). However, in the above cell lysates the LDLR 1is always endoH
resistant, but endoF sensitive, even the lower 110 kDa form (not shown). This suggests that while
P1.40 KDEL prevents the secretion of PCSK9, it does not result in the retention of the LDLR in
the ER. This is very likely due to a recent discovery that LDLR does not bind efficiently to PCSK9
in the ER because of the presence of a competitive chaperone like-protein GRP94 that prevents

such ER-interaction (199).
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It was shown previously that PCSK9 can induce the degradation of the LDLR by distinct
intracellular and extracellular pathways, and that cellular overexpression of WT PCSK9 mostly
reflects the intracellular pathway, whereas expression of the ~10-fold more potent GOF D374Y
PCSKO affects both pathways (180, 186). Accordingly, the above data demonstrate that retention
of PCSKO in the ER by P1.40-KDEL, has a bigger effect on the inhibition of the D374Y activity
than that of WT PCSKO9 (Figure 26A, lanes 4-6 versus Figure 26B, lanes 8-10), likely due to the
elimination of both pathways by P1.40-KDEL.
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empty + - - - - - + - - -
P140 - + = = + = - - + -

P140KDEL - - + = = + - = = %
D374Y = = = + + + WT - + + +

——— DR G ———

.10 10 09 03 06* 09* rel.LDLR 10 03 08 0.9
cells L ———— PCSKO (VD) c——

| e s b (V5) 0 e——
—— s s (20l S———
L emme— o pCSKO(V5) e —
. e e sy e

media

Figure 26. ER retention of the sdAb P1.40 via a C-terminal KDEL motif. P1.40-V5 + KDEL
and PCSK9-V5 mutant D374Y (4) or WT (B) were co-expressed in HEK293 cells. Lysates and
media were then analyzed by Western blotting using LDLR, B-actin and V5 antibodies. These
results are representative of at least two independent experiments run as a single biological sample
per condition. The averaged normalized LDLR values are indicated below the LDLR blots.
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I1.5.6 PCSKH9 inhibition by P1.40 versus EGF-AB domains from the LDLR

Because PCSK9 and LDLR interact essentially through the EGF-A domain of the LDLR (177),
we compared the potency of P1.40 (sdAb-Fc) and the chimera consisting of the EGF-AB domains,
mimicking the LDLR binding site to PCSKO9, fused to a human Fc (EGFs-Fc). HepG2 cells were
incubated for 4h in the absence or presence of PCSK9 pre-incubated with the Fc alone as a control,
or its binding proteins P1.40 and EGFs-Fc (Figure 27). LDLR levels at the cell surface were then
quantified by FACS. At 4h post-incubation, cell surface LDLR levels were reduced by ~60% in
the presence of 0.2 uM PCSK9. A high concentration of Fc alone (7 uM) had no effect, whereas
0.04 uM P1.40 doubled the LDLR levels. In contrast, a 100-fold higher concentration of EGFs-Fc
(4 uM) was required to obtain a similar effect. This suggests that P1.40 is between 10 to 100-fold

more potent on a molar basis than the EGFs-Fc protein.
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Figure 27. Comparison of the inhibitory activity of the sdAb P1.40 and EGF-AB fused to Fc
domains. The primary structure of the Fc alone or EGF-AB fusion is shown. HepG2 cells were
incubated for 4h in the absence (-) or presence of 0.2 uM (15 pg/ml) WT PCSK9 mixed with 7
puM of control linker+Fc (Fc), 0.04 uM sdAb P1.40, or 0.4 - 10 uM of EGFs+Fc. Cells were then
analyzed by FACS for cell surface LDLR levels. The average values of two independent
experiments are shown, except for Fc (n = 1).
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IL.5.7 In vivo efficacy of sdAb-Fc P1.40

We next validated the activity of P1.40 in vivo. Pcsk9 KO transgenic mice carrying a 67.5 kb
fragment of the human chromosome 1p32 containing the PCSK9 gene (Tg") were obtained. These
transgenic mice (Tg") express exclusively human PCSK9 under the control of its own promoter, resulting
in circulating PCSKO9 levels of ~300 ng/ml, which are ~2-fold higher than endogenous levels of WT
mice (234, 238). These Tg" mice exhibited ~1.7-fold and ~2.9-fold higher levels of circulating TC and
apoB, respectively, as compared to littermate transgene-negative (Tg") Pcsk9 KO mice (Tg" PBS versus
Tg PBS; Figure 28). Tg  and Tg" male mice were injected with equivalent volumes (~ 150 ul) of PBS
or PBS containing P1.40 (10 mg/kg). Mice were bled 10 days pre-injection, and 1h, 2 days and 4 days
post-injection. After the last bleed, livers were collected, homogenized and total LDLR protein levels
were estimated by WB (Figure 28, lower panel). As expected, Tg" mice exhibited lower LDLR levels
than Tg mice (0.4 versus 1.0). P1.40-Fc had no effect in Tg™ mice, but led to ~50% recovery of LDLR
levels in Tg" mice (0.7 versus 0.4). Moreover, 32% and 44% reductions were observed in circulating TC
and apoB levels 4 days post-injection (Figure 28, upper panels). In conclusion, these data indicate that
P1.40 neutralized 66% and 71% of the TC and apoB increases resulting from the expression of hPCSK9

m KO mice.
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Figure 28. In vivo efficacy of the sdAb P1.40 after a single injection to mice. Plasma from Tg"
and Tg" that received PBS or P1.40 was collected before injection (-10 days) or 1h, 2 days and 4
days post-injection, and were analyzed for their cholesterol or apoB contents. The 0% reduction
was fixed as the cholesterol or apoB levels in Tg" mice before P1.40 injection (highest levels),
while the 100% reduction was given by the average levels observed in Tg” mice (lacking PCSK9)
receiving the same treatment. Liver LDLR levels were analyzed by WB, calibrated to 3-actin ones,
and normalized to the value obtained for Tg mice injected with PBS. A representative blot is
shown and the averaged normalized LDLR values were obtained from 4-9 mice per group. *, P <
0.05, **, P <0.005, ***, P <0.0005 (Student’s ¢ test).
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We next performed a similar experiment to test the possible advantage of a double injection at days 0
and 7 (Figure 29). Mice were bled 10 days pre-injection, and 1h, 2 days, 4 days, 7 days, 9 days and 11
days following the first injection. After the last bleed, LDLR protein levels were estimated by WB (Figure
29, lower panel). The data showed that P1.40 led to ~80% recovery of LDLR levels in Tg" mice (0.9
versus 0.4). In addition, 24% and 46% reductions were observed in circulating TC and apoB levels at 11
days after the first injection (Figure 29, upper panels). These data indicate that two injections of P1.40
resulted in the neutralization of the 44% and 100% of the TC and apoB increases resulting from the
expression of hPCSK9 in KO mice.

In conclusion, compared to a single injection, two injections of P1.40 spaced by 7 days resulted in a more
efficacious increase in hepatic LDLR and reduction in apoB levels, close to the ones seen in absence of

PCSKO.
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Figure 29. In vivo efficacy of the sdAb P1.40 after two injections to mice. Mice were injected
at day 0, and then at day 7. Plasma from Tg and Tg" that received PBS or P1.40 was collected
before injection (-10 days) or 1h, 2 days, 4 days, 7 days, 9 days, and 11 days following the first
injection, and were analyzed for their cholesterol or apoB contents. The 0% reduction was fixed as
the cholesterol or apoB levels in Tg" mice before P1.40 injection (highest levels), while the 100%
reduction was given by the average levels observed in Tg™ mice (lacking PCSK9) receiving the
same treatment. Liver LDLR levels were analyzed by WB, calibrated to B-actin ones, and
normalized to the value obtained for Tg mice injected with PBS. A representative blot is shown
and the averaged normalized LDLR values were obtained from 2-5 mice per group. *, P < 0.05,
** P <0.005, *** P <0.0005 (Student’s ¢ test).
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11.6 Discussion

In this work, we report the generation of four PCSK9 sdAbs with nM affinity against the CHRD
(Figure 22). As sdAb-Fc fusion proteins, they efficiently inhibited PCSK9-induced LDLR
degradation although they did not prevent the binding of PCSK9 to LDLR (Figure 22). In HepG2
cells, IHH cells, and/or primary hepatocytes, they restored LDL uptake, as well as cell surface and
total LDLR levels (Figures 23-25). Even though P1.40 proved to be the most active sdAb candidate
in our cell based assays, it was surprising to find that in vitro it bound the CHRD of PCSK9 with
a ~5-fold lower Kq4 than P2.57, which has minimal inhibitory activity. Although this may not be
the case in all functional sdAbs, it emphasizes the notion that a lack of correlation may exist
between the binding affinity and functional inhibitory effect of PCSK9 sdAbs recognizing the
CHRD.

Herein, we focused on the most promising sdAb-Fc, P1.40, and showed that its retention in the ER
blocked PCSKO9 secretion (Figure 26). We also showed that P1.40 was more potent than an EGF-
AB-Fc fusion chimera (Figure 27). Finally, 4 and 11 days following a single/double injection,
respectively, in transgenic mice expressing exclusively hPCSK9, P1.40 led to 32%/24% and
44%7/46% lower circulating cholesterol and apoB levels respectively, and to 1.8-/2.3-fold higher
levels of hepatic LDLR (Figures 28, 29).

The mAbs presently used in the clinic, e.g., evolocumab, bind the catalytic domain of PCSK9 and
sterically hinder its binding to the LDLR (189). Although the four sdAbs analyzed in this study
differed in their primary sequences (Figure 22C), they all bind the CHRD modules M1/M3 of
PCSK9 (Figures 22D, E). It is important to note that all the other PCs (132) seem poorly
immunogenic, as only for PC1 and PC2 do the available antibodies allow the detection of
endogenous proteins in tissue extracts or by immunohistochemistry (601). Thus, the CHRD may
be the most antigenic domain of PCSK9. Although this domain is not involved in LDLR binding
(173), it is required for the PCSK9-induced LDLR degradation. Human LOF mutations are found
in the CHRD, and PCSK?9 lacking this domain cannot target the LDLR for degradation (174, 179,
184, 186, 262). In agreement, CHRD mAbs that do not block the LDLR interaction can reduce
PCSKD9 activity, albeit only partially (50-75% versus 100% for clinical mAbs) (187, 188). This
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likely occurs through prevention of the cellular internalization and/or lysosomal targeting of the
PCSK9-LDLR complex (190). Similarly, the four tested sdAb-Fcs did not sterically hinder PCSK9
binding to the LDLR (Figure 22H), suggesting a similar mode of action as the CHRD-specific
mAbs. Future analysis of sdAb-PCSK9 complexes by X-ray crystallography should reveal their
respective epitopes. Their degree of proximity to the catalytic domain will allow us to define the
inhibitory mechanism of the corresponding sdAbs, and will possibly shed light on the better
inhibition of D374Y than WT PCSK9 by P1.40 (Figure 25A). Whether any antibody targeting the
CHRD may achieve a total PCSK9 inhibition, for example by interfering in PCSK9 binding to the

LDLR, remains unknown.

Comparison of the potency of P1.40 to the mAb evolocumab that recognizes the catalytic domain
of PCSKO (189) revealed that at 1.2 uM the latter more efficiently inhibits LDLR degradation by
WT and especially D374Y PCSK9 (Figures 25C, D).

Upon its ER localization via the addition of a C-terminal KDEL motif, P1.40-KDEL reduced
PCSKO secretion (by ~90%), and restored LDLR levels in cells expressing WT PCSK9 and more
so D374Y PCSKO (Figure 25). The potency of P1.40 was compared to that of a similar construct
comprising the LDLR EGF-like domains A and B (EGFs-Fc) and was found to be between 10-
and 100-fold higher with an ECso ~0.04 uM versus 0.4 to 4 uM (Figure 27). In agreement with the
above values, fusions containing EGF-A only or its improved form EGF66 exhibited ECso of 11
uM and 1.6 pM, respectively, in the same HepG2 cells (460).

Mice lacking endogenous Pcsk9 and expressing human PCSK9 gene under its own promoter
exhibited higher TC and apoB levels than Pcsk9 KO Tg™ mice. Single or double injections of P1.40
neutralized the increase in apoB levels after 4 days by ~70% and after 11 days by 100%,
respectively (Figures 28, 29). In a “pioneer” experiment, the TC of WT mice was reduced by a
PCSK9 mAb evolocumab injection by 26 and 28% after 3 and 6 days, respectively (189). In our
study, we found that P1.40 can reduce TC by 32% and 24% at 4 or 11 days following P1.40
injections (Figures 28, 29), which is similar to the results obtained with evolocumab. Plasma
PCSK9 remained quite stable at the different time points. However, when P1.40, which does not

interfere with our in house ELISA, was immunoprecipitated from plasma obtained from the single
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injection experiment, we found that ~50% of PCSK9 existed as a complex with P1.40 at day 4,
indicating that no major clearance took place in this delay (not shown). Interestingly, a similar
proportion of PCSK9 was captured by a human mAb recognizing the catalytic subunit causing a
40% reduction in LDLc in humanized CETP/LDLR-hemi mice (459). In another approach, the
injection of a PCSK9 inhibitory “adnectin” conjugated to PEG in a similar mouse model led to a
drastic reduction of free PCSK9 in the first 24h post-injection, but did not affect circulating
cholesterol levels (447), suggesting a higher ability of adnectin to bind PCSK9 than to inhibit its
activity towards LDLR. Although the molecular mass of our sdAb-Fc fusion protein is only 40
kDa versus ~50 kDa for conjugated adnectin, its dimerization (Figure 22G) may slow down its

clearance.

Other proposed approaches to lower PCSK9 levels are based on ASO. In mice, they were shown
to reduce PCSK9 mRNA levels and total and/or LDLc by ~50%, generally after several weeks of
treatment (448-450, 453). Namely, LNP achieving liver-specific RNAI silencing of PCSK9 (453)
are currently in Phase 2 and have a potential for bi-annual dosing (Alnylam pharmaceuticals).
PCSKD9 vaccines, peptide- or virus-like particle-based, were also developed, and achieved ~50%

lower total and/or LDLc levels for up to one year in rodents and/or primates (465, 466).

Since their discovery in 1993 (560, 572), sdAbs have been studied extensively as new therapeutic
tools. The first evidence of their in vivo efficacy was obtained in 2002 in a study showing that
tumor growth in mice was inhibited by lysozyme sdAbs (573). Although no sdAb has yet been
approved for clinical use, many of them are in clinical trials. For example, the sdAb caplacizumab
targets von Willebrand factor (592) and is used to treat acquired thrombotic thrombocytopenic
purpura in a Phase 3 clinical trial (Ablynx). Another advanced sdAb is ozoralizumab. It is directed
against TNFa and fused to serum albumin, and is evaluated in a Phase 2 clinical trial for its efficacy
in the treatment of rheumatoid arthritis (577). Finally, sdAbs neutralizing the respiratory syncytial-

(Ablynx) or rota-virus (36) are currently in Phase 2 clinical trials.
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In the present study, we developed the first sdAb that targets hPCSK9. This sdAb was shown to
reduce PCSK9-mediated LDLR degradation in vivo, and therefore to increase hepatic LDLR and
decrease TC and apoB levels. Further studies will be necessary to validate its therapeutic potential.
Meanwhile, the P1.40 PCSK9 sdAb constitutes a precious tool to better define the mechanism
underlying LDLR targeting to lysosomes, and thus to identify new PCSK9 partners. Biochemical,
genetic and epidemiological studies revealed that loss of PCSK9 reduces the incidence of
atherosclerosis (279), myocardial infarction (281), stroke (602), inflammation (174), sepsis (283),
and tumor-associated metastasis (291). Because different domains of PCSK9 may be implicated
in these processes, various inhibitory antibodies, including the present one that binds the CHRD

and not the catalytic domain, may allow a fine tuning of PCSK9 inhibition.
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I1.8 Chapter discussion

In this chapter, a thorough characterization of four selected sdAb-Fcs targeting PCSK9 was
presented. Although the latter were selected because they belong to four distinct phylogenetic
groups based on their protein sequence, note that in some assays, their efficacies were difficult to
discriminate, especially in FACS assays (see Appendix Al). Except P2.57-mFc, which showed
less promising results in most of the assays, which was confirmed in an in vivo assay, the three
other sdAbs gave similar activities. In several tests, this was not facilitated by the narrow window
of the assay, which had to be optimized by adjusting various parameters such as the concentration
of PCSKDY, the time of incubation of the sdAb-PCSK9 complexes on cells, the number of plated

cells and the passage number of cell lines.

The fact that we only obtained sdAbs targeting the CHRD can be explained by the fact that the
CHRD is the most antigenic domain of PCSK9 and/or by the fact that apoB or LDL bind to the
injected hPCSK9 in the llama plasma. Note that in order to overcome this shortcoming, we
performed two other camelid immunizations with hPCSK9 in collaboration with Dr. Serge
Muyldermans, a Belgian scientist who participated in the discovery of sdAbs, and his scientist Dr.
Cécile Vincke. We first injected an alpaca and then a dromedary (data not shown). On one hand,
the alpaca injection yielded 7 sdAbs with Kq for hPCSK9 ranging between 9 and 220 nM.
Unfortunately, only one sdAb showed a potency to increase LDLR levels that was much lower
than the one obtained with llama sdAbs. On the other hand, the dromedary injection yielded 14
sdAbs with K4 for hPCSK9 ranging between 6.4 and 181 nM. The latter seemed more promising
since three of them showed potencies similar to our llama sdAbs and three others were similar to
evolocumab in a cell-based assay. These efficiencies suggesting that these sdAbs might bind the
catalytic domain of PCSK9, their binding domains on PCSK9 were determined by
immunoprecipitation. Unfortunately, the data indicated once again that all sdAbs bind the CHRD
of PCSK9, with the exception of 5 sdAbs that might bind both the CHRD and the catalytic domain
(data not shown). More cell-based assays will be needed in the future in order to confirm that the
potency of these sdAbs is more important than llama sdAbs or evolocumab. /n vitro assays will

also need to be performed to determine if these sd Abs prevent PCSK9 binding to LDLR. Note that

122



the PCSK9-specific sdAbs were selected by phage display using immobilized PCSK9 on the
plastic bottom of the assay plate. It can thus also be hypothesized that the CHRD is more exposed
when PCSKO is fixed on plastic, leading to the selection of CHRD-specific sdAbs. In order to
avoid this shortcoming, we decided to repeat the screening of the dromedary sdAbs library by
using conditioned media containing the PCSK9 construct [.455X lacking the CHRD of PCSKO9.
Although this construct is properly secreted (180), its secretion levels are low. Therefore, in order
to produce large quantities of PCSK9 1.455X, we treated the transfected cell lines with sodium
butyrate (603). Phage display assays are ongoing to screen the sdAbs library against PCSK9
L455X in solution and we hope that it will help identifying sdAbs directed against the catalytic
domain of PCSKO.

Interestingly, although the four selected llama sdAbs did not prevent the in vitro binding of PCSK9
to LDLR, they still increased liver LDLR levels as well as LDL uptake and reduced circulating
TC. This might be due to a steric hindrance provoked by the sdAb that could prevent sdAb-PCSK9-
LDLR intracellular degradation. The sdAbs could also prevent the binding to the CHRD of one or
several protein(s) X, of which role(s) would be to send the PCSK9-LDLR complex to lysosomal
degradation. These mechanisms still need to be determined, as discussed in the first chapter of this
thesis and in the second manuscript presented later (Chapter III). However, our studies confirmed
the importance of the CHRD in LDLR degradation. A possible application of the identified llama
sdAbs in order to study the role of the CHRD could be studies on the trafficking of PCSK9 and
LDLR in presence or absence of anti-CHRD sdAbs in hepatic cell lines, primary hepatocytes or
even in mice. This could be done by fluorescence microscopy using various markers of cellular
localisation such as antibodies to the early endosome antigen (EEA1) enabling to localize early
endosomes, pH-sensitive diazaoxatriangulene fluorescent probes to localize late endosomes or

cytopainter lysosomal staining kit to mark lysosomes.

sdAbs targeting another PC, furin, were also developed since furin is a therapeutic target for many
disorders (604). The issues encountered with furin inhibition are related to specificity. These sdAbs
constitute non-competitive furin inhibitors with K4 in the nanomolar range and were shown to bind

exclusively to furin but not to other PCs. They were able to prevent the cleavage of several furin
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substrates by a mechanism likely based on steric hindrance. No information was available
concerning the binding domain of sdAbs to furin, but it has to be kept in mind that PCSK9 is a
particular PC since it only cleaves itself and no longer acts as a protease afterwards. Furin
inhibition can thus not be entirely compared to PCSK9 inhibition. Although this study seemed

promising, so far, these furin-specific sdAbs were never tested in vivo according to the literature.

The chosen fusion of our llama sdAbs can be discussed. We could have fused the sdAb with
another entity than a mFc, for example PEG (605), HSA (606) or another sdAb targeting HSA like
for the anti-TNFa sdAb ozoralizumab. It is also possible to couple several similar or different
sdAbs to obtain a higher molecular weight like it was done for the von Willebrand factor-targeting
sdAb caplacizumab, the most advanced sdAb in clinical trials. We tried to incubate cells with
several combinations of the four selected sdAb-mFcs but it did not yield a further increase in LDLR
levels. We could also speculate that if the sdAb would bind very fast to PCSKO9, the size of the
sdAb-PCSK9 complex would be large enough not to be filtered by the kidney through the

glomerulus with the primary urine, which threshold is ~20 kDa.

Another point to be discussed is the price of mAbs. According to U.S. pharmacy benefits
(www.health.usnews.com), although only 2% of the population uses biologics drugs, their sales
account for >40% of prescription drugs sales. Biologics include drugs such as mAbs, vaccines,
insulin and gene therapies. However, mAbs are the most expensive biologics. The only hope for
the reduction of the price of biologics is to use of biosimilars that could reduce their price up to
one third, which would still be expensive but more affordable. Note that raw materials needed for
mAbs production are not expensive. Their high price is rather due to the expensive and complex
large-scale mAbs production, the need for relatively high doses, and particularly to the research
and development costs and the legal need for a return of investment to their shareholders (607,
608). Therefore, although sdAbs are attractive because their production costs are lower than mAbs,
it could be speculated that their final price might not be so much cheaper than mAbs, since sdAbs-
producing companies would also have to reimburse their research and development costs and their
investments. The market price of sdAbs will be known once a sdAb will be approved by the FDA

and marketed.
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II1.1 Preface

The following manuscript was designed in the attempt to document the elaboration and the full
characterization of the mouse model that was used in Chapter II to determine the in vivo efficacy
of the sdAb P1.40-mFc. To that end, PCSK9 tissue distribution as well as liver and plasma
characteristics were studied in four selected mouse lines expressing increasing levels of hPCSKO.
Their response to an injection of the mAb evolocumab was studied and one mouse line was
selected for a long-term study aiming at comparing the in vivo effects of PKF8-mFc, which is
strongly related to P1.40-mFc, and evolocumab. This will assess the reversibility of the mouse
model and the pharmacodynamics of both PCSK9 inhibitors, to possibly compare the efficacy of
various PCSK9 inhibitors. Indeed, there is a need for a new transgenic mouse allowing these types
of studies in conditions of physiological PCSK9 concentrations and in an animal model in which
the tissue distribution of PCSKD9 is similar to that of humans. Note that this study also allowed us
to compare the in vivo efficacies of P140-mFc and PKF8-mFc, which were very similar in our cell-

based assays.
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II1.2 Abstract

Background: PCSKD9 is a secreted protein promoting the degradation of the LDLR and hence
implicated in LDLc regulation and familial hypercholesterolemia. Inhibition of PCSK?9 is used as
a strategy to decrease LDLc, and thereby cardiovascular disease risk. Efficient and so far well-
tolerated mAbs are currently used to prevent the binding of extracellular PCSK9 to the LDLR.
However, mAbs are expensive and cannot be administered to all patients. Therefore, other PCSK9
inhibitors are needed. To that end, we developed mice expressing hPCSK9 to facilitate the

screening of PCSKO9 inhibitors.

Methods: A fragment of the human chromosome containing the PCSK9 gene was obtained from
a human BAC library, and was injected into fertilized eggs to generate transgenic lines. Four of
them were backcrossed to mice lacking endogenous mPCSK9 and harboring the C57BL/6J genetic
background, generating mice expressing exclusively hPCSK9 under the control of its own

promoter.

Results: Transgenic lines expressing 95 to ~5,000 ng/mL of plasma hPCSK9 were selected. Whole
body ISH revealed that the expression of hPCSK9 recapitulated that of endogenous mPCSKO.
Compared to Tg negative littermates, transgenic mice exhibited increased levels of TC and apoB
and decreased levels of hepatic LDLR levels, in correlation with their hPCSK9 expression levels.
We characterized their response to a single injection of the mAb evolocumab. One line expressing
physiological levels of hPCSK9 was then selected for a long-term study of two PCSKO9 inhibitors,
evolocumab and PKF8-mFc, a previously described sdAb. TC levels decreased in a reversible way

upon injection of each inhibitor and a second injection yielded the same TC decrease.

Conclusion: These newly developed transgenic mice responded adequately to the tested inhibitors
in a reversible way. They are thus well suited to screen, analyze and compare hPCSK9 inhibitors.
We predict that these powerful mouse models will be in demand in the search for innovative

PCSKD9 inhibitors that could complement the market of mAbs.
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I11.3 Introduction

Reducing LDLc levels is highly beneficial to decrease the incidence of heart attack, stroke and
overall CVD. HMGCR inhibitors, known as statins, are traditionally prescribed to reduce LDLc
and are associated with substantial clinical benefits (379, 380). After one year statin treatment, the
LDLc levels were reduced from 143 to 102 mg/dL (3.70 to 2.63 mM) in more than 129,000 patients
from 21 clinical trials, and this lowered CVD risk by >20% (43). However, statin-intolerant
patients tend to discontinue their treatment, and some high CVD risk patients cannot reach optimal
LDLc levels (~100 mg/dL) or 50% reduction from baseline fixed by European guidelines (327).
Therefore, new therapies are needed, notably for high risk patients (609, 610) including those
suffering from FH. FH is a common autosomal dominant disorder with frequencies of
heterozygotes from 1:500 to 1:217, as in Denmark (52). Most FH patients harbor mutations in the
genes encoding the LDLR (LDLR; FH1; 67%) or apoB (APOB; FH2; 14%) that hamper LDL
binding to its receptor or internalization of the lipoprotein, leading to LDL accumulation in the
plasma (61). FH patients thus suffer from 3.5- to 16- fold higher CVD risk than non-FH patients
(62). More recently, the gene encoding the PCSK9 was identified as a third locus of FH (PCSKY;
FH3; 2%) (64).

PCSKO9 is the 9" member of the PCs family, which is related to subtilisin and kexin (63). PCSK9
is composed of a prodomain, a catalytic domain, a hinge and a CHRD, which comprises three
modules (168, 173). PCSK?9 is a serine protease initially produced as a zymogen. In the ER, it
auto-catalytically cleaves itself to excise its prodomain, which acts first as a chaperone (63), and
then as a potent inhibitor, since it remains tightly bound to the catalytic subunit of mature PCSK9
(173). PCSK9 has thus no substrate other than itself, unlike the eight other convertases (132).
PCSKD9 is mainly expressed in hepatocytes, which are the source of the circulating protein, but it

is also synthesized in enterocytes, kidney, pancreatic islets and cerebellum (63, 172, 232, 251).

Shortly after its discovery, PCSK9 was shown to be downregulated by cholesterol via SREBP2,
like the cholesterogenic targets of this transcription factor that regulates lipid homeostasis (167).

However, and paradoxically, adenoviral-mediated expression of murine (583) or human (168, 170)
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PCSK9 was found to induce the post-transcriptional degradation of the LDLR. Accordingly,
mouse models lacking PCSK9 showed decreased cholesterol levels that were coupled to increased
LDLR protein levels in liver (171). Finally, the ability of circulating PCSK9 to target liver LDLR
for degradation was shown in a parabiosis experiment between WT mice and transgenic mice
expressing 1,000-fold endogenous levels of hPCSK9 (236). PCSK9 binds the EGF-A domain of
the LDLR through its catalytic domain (177, 178), as well as that of other members of the LDLR
superfamily, VLDLR, ApoER2 (262, 264) and LRP1 (194). This binding was found to prevent
LDLR recycling back to the cell surface after internalization of the LDL-LDLR complex, and to
promote its degradation in late endosomes/lysosomes. However, the mechanism of this process

that requires the presence of the CHRD has not yet been identified (179, 184).

The link between PCSK9 and LDLc was established by identifying two single point mutations
(S127R and F216L) in French FH patients (64). On the other hand, non-sense mutations Y 142X
and C679X were found in ~2% of black Africans and were associated with a ~40% decrease in
LDLc, and ~88% reduction in the risk of CVD (206, 207). Strikingly, the GOF D374Y mutation
increases ~10-fold the affinity of PCSK9 for the LDLR (173), leading to ~4-fold higher LDLc
levels that are associated to premature death due to CVD (200). Finally, the identification of
individuals completely lacking functional PCSK9 constituted a proof-of-principle that
hypercholesterolemia and CVD could be treated by targeting PCSK9 (218, 302, 611). mAbs
targeting the catalytic domain of PCSK9 and thus preventing its binding to LDLR are
commercially available since 2015 (434). Injected subcutaneously every 2 or 4 weeks, they achieve
a ~60% LDLc decrease even after 2 to 4 years of treatment (435), and resulted in 15 to 20%
reduced (435, 436) cardiovascular death, myocardial infarction, or stroke (436). However, these
lipid-lowering agents are pricy and only prescribed to patients at very high risk or that are resistant
to the LDL-lowering “statins”. Therefore, there is an unmet need for cheaper, more accessible

inhibitory molecules.

As an alternative to mAbs, we proposed the use of sdAbs, known as nanobodies (1). Up to 75% of
camelid antibodies are devoid of light chains: they are composed of two hcAbs, each including an

antigen binding domain (VHH or sdAb) followed by two constant domains CH2 and CH3 (556).
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Although sdAbs are 10-fold smaller (~13 kDa) than conventional antibodies, they bind antigens
with the same affinity and specificity (560). Importantly, sdAbs can be produced from bacteria or
yeast, and are thus expected to be cheaper and easier to manufacture (565, 577, 592). To screen
selected sdAbs in vivo, we developed mouse lines that constitute a precious tool to test PCSK9
inhibitors. The transgenic PCSK9 mice reported to date present limitations as models for the
screening of PCSK9 inhibitors. One of them expresses hPCSK9 under the control of the albumin
promoter but led to PCSK9 overexpression in kidney (245). Other mice carrying a BAC fragment
containing the WT or the GOF D374Y PCSK9 gene were also reported (246). However, the
D374Y strain exhibits ~14 pg/mL of highly active PCSK9, making thus any inhibitor screening
very difficult. In the present report, we describe Pcsk9”™ mouse lines carrying a human BAC Tg
directing hPCSK9 expression under the control of its own promoter, and their use in the

comparative analysis of PCSK9 inhibition using evolocumab and one of our previously reported
sdAb, PKF8-mFc (1).
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I11.4 Methodology

I11.4.1 Generation of transgenic mice

The RPCI human BAC library 11 (Children’s Hospital Oakland Research Institute) was screened
for the presence of the PCSK9 gene. The clone RP11-55M23 was selected and an AbsI fragment,
verified by a PCR using oligonucleotides detailed in Table 2, was injected into B6C3F1 fertilized
eggs. Transgenic founders were selected and backcrossed to our Pcsk9”- (PCSK9 KO) mice in the
C57BL/6J background (172) for 10 generations to generate C57BL/6J-Pcsk9” Tg(RP11-55M23-
AbsI)™ lines.

Table 2. Oligonucleotides used in PCR to validate the purity of the AbsI fragment

Forward Reverse
A CCTGGCAAGGCAGAATAAAGTGAAC | CCTCACTCTCAGGCCTCCGGTCCC
B GAGTAGTTACTATGTGCTGGGG CATATGATGAAATACTATTCAGCC
C CCCCACGGCAGCCTCAGAGCCCC GGCCCTGAGTGCCATGGCCTCAAG
El CCGGCAGAACTTGGAGTCT GCTAGCACCAGCTCCTCGTA
E7-8 | AGTGGATCAGTCTCTGCCTCA GTGTCACAGAGTGGGACATCAC
Ell | TCCTTGACTTTGCATTCCAGA CTGAGGCCACGAGGTCAG

I11.4.2 Mice and Genotyping

Mice were housed in a 12h light/dark cycle and fed a standard diet (2018 Teklad global 18%
protein rodent diet; Envigo). All procedures were approved by the committee for animal care of
the Montreal Clinical Research Institute. Male mice were genotyped by PCR analysis of tail DNA
using specific pairs of primers for human and mouse Pcsk9 (Table 3), and analyzed at 3 to 4 months

of age.

I11.4.3 Determination of the transgene copy number

Quantitative RT-PCR was performed on genomic DNA. The mouse Dolt] gene was used for
normalization. Tagman probes (IDT) were used with the fluorescent dye FAM™ for hPCSK9 (5'-
GACGAGGACGGCGACTA forward and 5'-GGAAGGTGGCTGTGGTTC reverse) and VIC®
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for mouse DOLTI (5'-GCCCCAGCACGACCATT forward and S5k
TAGTTGGCATCCTTATGCTTCATC reverse).

111.4.4 In situ hybridization

Frozen whole bodies of postnatal mice (P10) were cut into 12-um thick sections that were mounted
onto glass slides and fixed in fresh 4% formaldehyde. RNA sense and antisense riboprobes were
synthesized in vitro from recombinant PCRII vectors (Invitrogen) using the T7 and SP6 RNA
polymerase promoters in the presence of [*>S] UTP (>1,000 Ci/mmol; PerkinElmer), as previously
reported (63). They covered the sequences encoding amino acids 352—648 and 221-377 in mouse
and hPCSK9 mRNAs, respectively. Briefly, and as described previously (612), tissue sections
were hybridized overnight with 50-80,000 cpm/pl of **S-labeled cRNA probe, washed at 65 °C,
and treated with 20 pg/ml of RNase A at 37 °C. After washing, the slides were dehydrated, exposed
for 4 days, dipped in Kodak NTB nuclear track emulsion, and finally exposed for 12 days at 4°C.

I11.4.5 Quantitative RT-PCR (QPCR)

RNA from livers was extracted using TRIzol (Invitrogen). cDNA synthesis and QPCR were
performed as previously described (386). Primers from neighboring exons were used to measure

hPCSK9, and mLDLR and HGPRT mRNA levels (Table 3).

Table 3. Oligonucleotides used in QPCR

Forward Reverse

hPCSK9 | TGGAGCTGGCCTTGAAGTTG GATGCTCTGGGCAAAGACAGA
mLDLR | GGAGATGCACTTGCCATCCT AGGCTGTCCCCCCAAGAC
mHPRT | CCGAGGATTTGGAAAAAGTGTT | CCTTCATGACATCTCGAGCAAGT

I11.4.6 Western blotting

Liver protein extraction was performed in radioimmune precipitation assay buffer (50 mM Tris-
HCI pH 7.8, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) containing
protease inhibitors (Roche Applied Science). After centrifugation at 13,975 g during 10 min at 4°C

and recovery of supernatants, total protein concentrations were quantified by using the DC Protein
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assay (Bio-Rad). Mouse plasma, diluted or not with that of Tg negative littermates (Tg0), was
directly loaded on gels. Proteins were analyzed by 8% SDS-PAGE and Western blotting using
hPCSK9 (1:3,000 (184)), and mLDLR (1:1,000; R&D system) and B-actin (1:3,000; Sigma)
primary antibodies, and corresponding secondary antibodies conjugated to horseradish peroxidase
(1:10,000; Invitrogen). The antigen-antibody complexes were visualized using the enhanced
chemiluminescence kit (ECL; Amersham or Pierce). Quantification was performed with a

ChemiDoc MP imaging system (Bio-Rad).

111.4.7 Plasma measurements and ELISAs

TC levels were determined by the colorimetric assay Infinity (Thermo Scientific). Circulating
hPCSK9 and apoB levels were measured with a home-based (613) and the Cloud-Clone Corp
ELISAs, respectively. Liver proteins were extracted in a non-denaturing extraction buffer (20 mM
Tris-HCI, pH 8, 137 mM NaCl, 2mM Na2EDTA, 1% NP-40, 10% glycerol, 4% protease inhibitor
cocktail without EDTA) with a Dounce homogenizer. LDLR protein levels were measured with
the mLDLR DuoSet ELISA Development kit (DY2255; R&D Systems) and normalized to protein
content (Bio-Rad DC Protein assay). Optical densities were obtained on a SpectraMax i3 plate

reader (Molecular Devices).

I11.4.8 Animal injections

Mice were injected in the tail vein with vehicle (PBS, Wisent) or 10 mg/kg of evolocumab
(Repatha®, Amgen) or PKF8-mFc, a llama sdAb targeting hPCSK9 previously described (1).
Blood samples were collected from the cheek before the injection in heparin-coated CAPIJECT®
collection tubes (Terumo) and from the tail at indicated time points following the injection using

dTM

heparinized Fisherbran Microhematocrit Capillary Tubes (Fisher Scientific). Plasma was

obtained by blood centrifugation at 752 g for 15 min at 4°C.
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111.4.9 PCSK9 binding/internalization by primary hepatocytes

Hepatocytes were isolated from 8 to 10 week-old male mice (Tg0) using the two-step collagenase
perfusion method, as described previously (614). Briefly, the liver was successively perfused with
calcium-free HEPES buffer I (142 mM NaCl, 6.7 mM KCl, 10 mM Hepes, pH 7.6) and calcium-
supplemented HEPES buffer II (4.7 mM CaCl2, 66.7 mM NaCl, 6.7 mM KCI, 100 mM Hepes,
pH 7.4) containing 0.5 mg/mL collagenase Type V (Sigma Aldrich). Hepatocytes were seeded in
12-well plates (250,000 cells/well) in Williams’ medium E supplemented with 10% FBS (GIBCO
BRL) for 2 h, and incubated in HepatoZYME-SFM (GIBCO BRL) for at least 12 h. Purified
PCSK9 (PC9; 0.083 uM) and/or PKF8-mFc (PKFS; 2 uM) were pre-incubated for one hour at
37°C in HepatoZYME-SFM that was then added onto primary hepatocytes. After incubation for
1, 2, 4 or 6 hours at 4°C or 37°C, cells were washed twice in neutral (pH 7.4) or acidic (pH 2.5)

PBS for 15 min, and were lysed in the above non-denaturing extraction buffer.

111.4.10 Statistics

Two-tail Student’s ¢ test was performed in order to assess the statistical significance of all data

sets.
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II1.5 Results

IIL.5.1 Generation of transgenic mice

The RPCI-11 human BAC library was screened by PCR for the presence of the PCSK9 gene and
the clone RP11-55M23 was identified and characterized. We opted for using a 67.5 kb AbsI DNA
fragment of this clone that contained the entire PCSK9 gene (~25 kb, positive strand), but also
~35.5 and 7 kb of upstream and downstream sequences, respectively, to optimally preserve in cis
transcriptional regulatory elements (Figure 30). The upstream BSND gene, which encodes the
Barttin CLCNK type accessory B-subunit implicated in the antenatal Bartter’s syndrome with
sensorineural deafness, is located ~30 kb upstream of PCSK9 exon 1, and the 67.5 kb fragment
only contains the 3” half of it. The last exon of the neighboring downstream gene, USP24 (negative
strand), which codes for the ubiquitin carboxyl-terminal hydrolase 24, lays only 1.5 kb away of
the PCSK9 exon 22. Thus, the AbsI DNA fragment contained the two last USP24 exons. The RP11-
55M23 BAC clone was digested with AbsI restriction enzyme (Figure 30, lower left panel), and
the purity of the 67.5 kb recovered fragment was confirmed by PCR (Figure 30, lower center
panel). The latter was finally injected into mouse B6C3F1 fertilized eggs that were re-implanted
into surrogate mothers. Four lines were selected based on preliminary hPCSK9 plasma
concentrations measured after one or two backcrosses to C57BL/6J mice. To eliminate endogenous
mPCSK9 expression, all lines were further backcrossed 9 times to Pcsk9”" mice on the C57BL/6]
genetic background. Thus, C57BL/6J-Pcsk9” Tg(RP11-55M23-AbsI)™’ mice express exclusively
hPCSK9 under the control of its own promoter. Importantly, littermates are either lacking the Tg
(Tg”?; control mice named Tg0 herein) or heterozygous for the Tg in order to avoid any phenotype
linked to the insertion site in the mouse genome (Tg*"’; and named Tg1, Tg2, Tg3 or Tg4 according

to the mouse line).

After at least 5 backcrosses, all lines were further characterized. Plasma hPCSK9 levels were
measured by a home-made ELISA (613) that estimates average human plasma levels at ~150
ng/mL. In Tgl, Tg2, Tg3 and Tg4, plasma PCSK9 values of 95, 369, 360, and 4,974 ng/mL were
calculated, respectively. The stable expression of PCSK9 across the last backcrosses was in favor

of unique or genetically linked insertion sites, in which one or several copies of the fragment may
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be present. To determine the Tg copy number in each line, a genomic QPCR using Tagman probes
and the mouse Dolt] gene as a normalizer was performed (Figure 30, lower right panel). No Tg
could be detected in Tg0 mice and Tgl, Tg2, Tg3 and Tg4 lines had 1, 2, 2, and 32 copies of the

fragment, respectively. Note the good correlation between these copy number values and hPCSK9

levels.
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Figure 30. Generation of transgenic mice expressing human PCSK9 under the control of its
endogenous promoter. Schematic representation of the RP11-55M23 BAC clone containing the
PCSK9 gene. A 67.5kb Absl fragment comprising the entire PCSK9 gene flanked with 35.5 kb and
7 kb of upstream and downstream, respectively, was injected into fertilized eggs to generate
transgenic mice (upper panel). Digestion profile obtained by pulsed-field gel electrophoresis of
BAC RP11-55M23 DNA (2pg) incubated with 0, 0.5, 1, 2 or 3 units of AbsI restriction enzyme
(lower left panel). Validation of the purity of the Abs/ fragment by PCR using oligonucleotides
located in USP24 (a), BSND (b) and TMEMG61 (c, transmembrane protein 61) genes (no
amplification) or in PCSK9 exons 1, 7-8 and 11 (lower center panel). The bar graph indicates the
circulating hPCSKO9 levels (ug/mL) in all transgenic lines (lower right panel). Error bars indicate
standard error to the mean (SEM). *** p < 0.0005 (Student’s ¢ test). The Tg copy number is
indicated below the bar graph.

IIL.5.2 Tissue distribution of PCSK9 mRNA in the transgenic mouse lines

To verify whether hPCSK9 expression originating from the human Tg exhibited the expected
profile, whole-mount ISH were performed in post-natal day 10 (P10) mice (Figure 31). Mouse
(left panels) or human (right panels) cRNA probes were hybridized to control WT and Pcsk9™
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(Tg0) sections, and Tgl, Tg2, Tg3 and Tg4 sections. The fainter signals obtained with the human
probe in WT mice or with the mouse probe in Tgl, Tg2, Tg3 and Tg4 sections reveal a partial
cross-reactivity between human and mouse sequences. However, very similar hybridization
patterns for WT or transgenic PCSK9 were obtained, especially between the mouse WT pattern
and human Tg2 and Tg3 ones, in which PCSK9 mRNA expression was observed predominantly

in liver and intestine, as expected.

mouse cCRNA probe  human cRNA probe

WT

Pcsk9™"

Figure 31. Tissue distribution of human PCSK9 mRNA in transgenic mice. Whole body
sections from P10 WT (top panels), Pcsk9” (Tg0) and Tgl, Tg2, Tg3 and Tg4 mice were
hybridized with mouse or human PCSK9 cRNA probes. Br, brain; Cb, cerebellum; In, intestine;
Li, liver; Th, thymus.
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II1.5.3 PCSK9 and LDLR expression in transgenic livers

hPCSK9 and mLDLR mRNA levels were assessed in WT, Tg0 and the four transgenic lines in
both male and female mice (Figures 32 A, B). The data are normalized to those of male Tgl values,
arbitrarily fixed to 1. Endogenous mPCSK9 mRNA was also measured in WT mice as an
indication, although it cannot be quantitatively compared to hPCSK9 mRNA levels (Figure 32A).
Interestingly, mouse and hPCSK9 mRNA levels were always higher in females than in males, with
females exhibiting a higher variability. On average, hPCSK9 mRNA levels in male and female
Tg2, Tg3 and Tg4 were 2.4-, 11-, and 35-fold higher than in Tgl, respectively. These values are
in agreement with the Tg copy number (Figure 30, lower right panel), except for Tg3 that has 2
copies, like Tg2, but expresses 3-fold higher mRNA levels. mLDLR mRNA levels (Figure 32B)
also tend to be higher in females than males. However, compared to WT mice, there were no
significant changes in mLDLR mRNA levels across the lines, in agreement with the exclusive

post-transcriptional impact of PCSK9 on the LDLR.

The hepatic mLDLR protein levels were analyzed by WB in the same mice. The highest levels of
mLDLR were observed in the absence of PCSK9 (Tg0) and normalized to 100% (Figure 32C).
Endogenous mPCSK9 reduced mLDLR to 14 and 22% (WT) in male (Figure 32C; left panel) and
female (Figure 32C; right panel) mice, respectively. hPCSK9 in Tg lines reduced mLDLR to 66-
65%, 27-30%, 33%, and 1-2% in Tgl, Tg2, Tg3 and Tg4, respectively. Surprisingly, although
hPCSK9 mRNA levels in Tg2 and Tg3 lines differed by 4.4-fold, and the circulating levels of full
length active PCSK9 were ~2-fold higher in Tg3 compared to Tg2 (Figure 32D, upper band), their

mLDLR protein levels were similar.
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Figure 32. Human PCSK9 and mouse LDLR expression in transgenic livers. hPCSK9 (4) or
mLDLR (B) mRNA levels in livers from male and female mice (n=4-8) were calibrated to HPRT
mRNA levels and normalized to the male Tgl value set to 1. Error bars indicate SEM. *, p <0.05;
* p <0.005; *** p <0.0005 (Student’s ¢ test). The indicated values are the average of male and
female mRNA levels, each normalized to Tgl of the same sex (not shown for females). Semi-
quantitative WB analysis of liver LDLR protein levels calibrated to B-actin ones and normalized
to Tg0 (100%) in male (left panel) and female (right panel) mice (C). The indicated % LDLR
values represent the average quantification of the two lanes.

II1.5.4 Plasma characteristics of transgenic mice

The levels of TC and apoB were measured in WT and Ldlr”’- male mice, as well as in Ldlr'", Tg0,
Tgl, Tg2, Tg3 and Tg4 mice lacking mPCSK9 (Pcsk9”- background; Figure 33). TC levels were
3.5-fold higher in Ldlr”" compared to WT mice. As expected, there was no difference between
Ldlr'" and Ldlr’~ Pcsk9” TC, confirming that PCSK9 controls LDLc in a LDLR-dependent manner
(172). TC values increased gradually to reach 158 mg/dL in Tg4 mice. Although mLDLR was
barely detected in liver extracts from Tg4 mice (Figure 32C), their TC levels did not reach the 253
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and 238 mg/dL measured in Ldlr’ and Ldlr'~ Pcsk9”" mice, respectively. Notably, TC levels of
Tg2 and Tg3 were very similar, as suggested by circulating PCSK9 levels and Tg copy numbers
(Figure 30).

Circulating apoB levels were then measured by ELISA. Although 5 to 9 plasma samples of all
lines were analysed simultaneously, a 1.3-fold increase only could be detected between Ldlr”~ and
WT levels, indicating how poorly sensitive was this assay compared to TC measurement (3.5-fold
increase). Globally, plasma apoB levels followed the TC ones, with two exceptions: Ldlr"'~ Pcsk9
" apoB values were similar to that of WT mice, and Tg4 values were equivalent to that of Tg3 and

Ldlr'"- Pcsk9”, again an indication of a poor sensitivity of the apoB ELISA.

The plasma hPCSK9 was then analysed by WB. PCSK9 was not detected in plasma from Tg0 and
the same gradual increase in the bands intensity was seen in transgenic lines Tgl to Tg4. The
difference between Tg3 and Tg4 is striking, especially given the fact that the plasma of Tg4 has
been diluted 1/5. We could observe the presence of both full and furin-cleaved PCSK9 (PCSK9-
AN>13) (305), which demonstrates that the protein is properly processed (Figure 33).
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Figure 33. Transgenic mice plasma characteristics. TC and apoB levels were measured in
plasma from WT, Ldlr', Pesk97", Pesk97"Ldlr', and the four transgenic lines (Tgl, Tg2, Tg3 and
Tg4; upper and center panels). Measures were performed in 5 to 9 mice per genotype. Error bars
indicate SEM. *, p <0.05; **, p <0.005; *** p <0.0005 (Student’s ¢ test). $ replaces the * symbol
for comparison to WT mice. Mouse plasma from Tg0 and the four transgenic mouse lines was also
subjected to hPCSK9 WB (lower panel). The Blot is representative of three experiments.
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II1.5.5 Impact of a single injection of evolocumab in transgenic mice

We next assessed the ability of the four transgenic mouse lines to respond to 10 mg/kg of the
commercially available PCSK9 mAb evolocumab, injected in the tail vein. TC levels were
measured in mice plasma before the injection (virtually at day 0), 2 and 4 days post-injection, and
the livers were collected at day 4. The data represent the difference in TC (ATC) between each

transgenic mouse line and Tg0 (Figure 34).

We observed that TC was partially reduced 2 days post-injection and reached the Tg0 levels after
4 days in Tgl, Tg2 and Tg3. In contrast, TC in Tg4 was only transitorily reduced by ~1.5-fold at
2 days post-injection. This shows that evolocumab completely neutralizes hPCSK9 activity on the
LDLR in Tgl, Tg2 and Tg3 lines, but not in Tg4, likely due to its huge levels of circulating
hPCSKO.

The mLDLR protein levels in the liver were not significantly different in mice receiving vehicle
only or mAb-injected Tg0. In Tgl and Tg2, there was a significant 1.7-fold and 2.5-fold mLDLR
increase upon injection of evolocumab, respectively. A similar 2.5-fold increase was found in Tg3.

As expected, mLDLR levels could not be rescued in Tg4.

In conclusion, Tgl responded properly to evolocumab, but its relatively low PCSK9 expression
(~65% of the average human value) reduces the activity window of this inhibitor. Tg4 with 33-
fold higher hPCSK9 levels than in human only poorly responded to evolocumab. In contrast, Tg2
and Tg3, which express ~2.5-fold higher levels of hPCSK9 than normal, showed similar and
optimal response to evolocumab. Thus, both lines seem well suited for the screening of hPCSK9

inhibitors.
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Figure 34. Impact of a single injection of evolocumab in transgenic mice. Plasma from control
Tg0 and the four transgenic lines that received 10 mg/kg evolocumab was collected before
injection (-10 days, represented as day 0) or 2 and 4 days post-injection. Cholesterol and apoB
contents were analyzed and the data is represented as a difference to the levels of injected Tg0
mice (upper panels). Liver LDLR levels were analyzed by WB and calibrated to B-actin ones
(lower panel). A representative blot is shown, and the averaged normalized LDLR values were
obtained from 5 to 7 mice per group. Error bars indicate SEM. *, p < 0.05 (Student’s ¢ test
compared to day 0).
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II1.5.6 A mouse model for the characterization of human PCSK9 inhibitors

We then compared the inhibitory effects of evolocumab and PKF8-mFc, a previously described
sdAb directed against the CHRD of PCSK9 and fused to a mFc (1). Both Tg0 and Tg2 mice were
injected in the tail vein with PBS or PBS containing the inhibitor (10 mg/kg) and bled at indicated time
points in order to analyze their TC levels (Figure 35). Both inhibitors led to a maximal TC decrease 5
days post-injection. PKF8-mFc or evolocumab neutralized 58% or 116% of the TC increase resulting
from hPCSK9 expression, respectively. Thus, evolocumab was twice more effective in reducing TC
levels than PKF8-mFc. However, the cholesterol-lowering effect of the latter lasted at least 14 days
instead of 10 days for evolocumab. Note that a two-way ANOVA comparing Tg2 mice injected with
PBS or PKF8-mFc from day 3 to day 19 and Tg2 mice injected with PBS or evolocumab from day 3 to
day 9 resulted in highly significant p-values of 3.61e-12 and 1.92e-11, respectively. A second injection
of PKF8-mFc 24 days after the first one led to a slightly stronger TC decrease (-66%) 7 days later,
while a second evolocumab injection resulted in a slightly reduced TC drop (-102%) 5 days later.
Mice were euthanized before the reversibility of the TC drop and liver LDLR and plasma hPCSK9
were measured by ELISA.

145



120 | \ +_, PKF8-mFc

110 g . A g R %

N
*

< 100 -
) e Tg2/PBS
£ ©
=S —+— Tg2/PKF8-mFc
g 8 |+ Tg0/PBS
2 70 | —+— Tg0/PKF&-mFc
©
5 60
50
40 -
days -10 5 0 5 10 15 20 25 30 35
injection injection
110 | * evolocumab
100 P
= e SIS S oo SR g
S 9 \
£ e Tg2/PBS
= & ‘
o —— Tg2/ evolocumab
S 70| ., 140/PBS
= g
-
c_‘; 60 +— Tg0/ evolocumab
5 ,
5 1 7
+ + .
40 ¥

Figure 35. Long-term effect of two injections of PKF8-mFc or evolocumab.Plasma TC levels
were measured before (10 days) and after two injections of 10mg/kg PFK8-mFc (upper panel),
evolocumab (lower panel) or PBS. The first injection was performed at day 0 and the second at
day 24. After each injection, blood was taken from the tail vein every two to three days in order to
follow TC levels over time. Mice injected with PKF8-mFc or evolocumab were sacrificed at day
32 or 28, respectively. In each group, n= 7 to 8 mice. Error bars indicate SEM. *, p <0.05; **, p
< 0.005; *** p <0.0005 (Student’s 7 test compared to Tg2 mice injected with PBS).
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LDLR levels (100% in Tg0 littermates) indicated a 42% and 86% of LDLR recovery with PKF8-
mFc or evolocumab, respectively, confirming the partial effect of PKF8-mFc (Figure 36A). Note that
only non-significant variations of TC or mLDLR were observed among Tg0-injected mice or PBS-
injected Tg2 mice, confirming the specificity for PCSK9 of both PKF8-mFc and evolocumab and
that Tg0 is an adequate control mouse line. Unexpectedly, the plasma hPCSK9 profiles were very
different (Figure 36B). hPCSK9 was unaffected by PKF8-mFc injection, whereas evolocumab
injection promoted an accumulation of PCSK9 peaking at day 3, followed by a decrease to basal
values at day 10, likely reflecting the clearance rate of circulating hPCSK9-evolocumab
complexes. The non-accumulation of hPCSK9 in the plasma after PKF8-mFc injection indicated
that the interaction of this sdAb with PCSK9 does not prevent PCSK9 binding to the LDLR, as
shown previously (1). In order to determine whether the sdAb-PCSK9 complex can be internalized
into cells, we treated Tg0 primary hepatocytes with media containing vehicle, PKF8-mFc (2 uM),
hPCSK9 (0.08 uM) or both PKF8-mFc and PCSK9 pre-incubated at 37°C for 1h. Media were
applied on cells kept on ice to prevent endocytosis or incubated at 37°C (Figure 36C). After a
neutral or acidic wash, cells were lysed and analyzed for their hPCSK9 content. PCSK9 alone or
in complex with PKF8-mFc¢ bound primary hepatocytes on ice, but was not internalized since an
acidic wash eliminated the PCSK9 signal. In contrast, the signal persisted in cells incubated at
37°C, indicating that PCSK9 was internalized independently of the 25-fold molar excess of PKFS8-
mFc. The LDLR content measured in protein extracts confirmed the partial inhibition achieved by

PKF8-mFc on hPCSK9 activity.
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Figure 36. Comparison of PKF8-mFc¢ and evolocumab activities in mice or primary
hepatocytes. (4) Liver LDLR protein levels were measured by ELISA. LDLR recovery was set
to 100% and 0% in Tg0 and Tg2 mice receiving PBS, respectively. ***, p < 0.0005 (Student’s ¢
test). The % LDLR recovery for each antibody is based on the 100% value given by Tg0 mice that
received the antibody. °°°, p < 0.0005 (Student’s ¢ test). Average + SD; n = 6 to 8 mice per
condition. (B) Circulating hPCSK9 levels (average + SD) were assessed in the above mice before
and after injection of PKF8-mFc or evolocumab. (C) Tg0 primary hepatocytes were incubated with
vehicle (Veh.), PKF8-mFc¢ (PKFS; 2 uM), PCSK9 (PC9; 0.08 uM), or a combination of both in
the indicated conditions. After a neutral or acidic wash, proteins were extracted, and hPCSK9
binding or internalization was analyzed by WB (pool of 3 triplicates/well). (D) LDLR levels
(average + SD) were measured by ELISA in two independent experiments at 37°C, each in
triplicate. Data were first normalized to the vehicle value of the 2h incubation, and then normalized
to the average obtained after 1h at 4°C and an acidic wash (no PCSK9 activity, one experiment in
triplicate). LDLR % loss (PC9 versus Veh. or PKF8+PC9 versus PKF8 alone) are indicated.
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I11.6 Discussion

In this study, we report the generation of a new transgenic mouse model expressing the human
PCSK9 gene under the control of its own promoter in a mouse Pcsk9” background (Figure 30).
Four transgenic mouse lines were obtained (Tgl to Tg4) and Pcsk9” mice (Tg0) were used as
control littermates. Circulating PCSK9 varied from 95 to 4,974 ng/mL, with 1 to 32 copies of the
Tg per genome (Figure 30). The tissue distribution of hPCSK9 mRNA nicely reproduced that of
mPCSK9 (Figure 31). Relative hepatic hPCSK9 mRNA levels varied from 1 to 35, in good
agreement with the 52-fold ratio between lowest and highest expressions of the protein. In contrast
and as expected, mLDLR mRNA levels were unaffected (Figure 32). Interestingly, both hPCSK9
and mLDLR mRNA levels were higher in females than in males. For hPCSK9 protein, this was
also reported in human plasma (267). Although Tg2 and Tg3 exhibited the same Tg copy number
of 2 and similar hPCSK9 protein levels (~365 ng/mL), a significant 4.4-fold difference was
observed in hPCSK9 mRNA levels. Whether the stability or translation of hPCSK9 messengers
transcribed from one of the two Tg copies in Tg2 or Tg3 is affected remains undetermined. In
agreement with the ability of PCSK9 to trigger LDLR protein degradation, mLDLR levels assessed
by WB were decreased by 35 to 98% in Tgl to Tg4. In the same lines, TC was increased by 50 to
230%. Interestingly, TC levels in Tg4 (158 mg/dL) were considerably lower than those in Ldlr™"
(253 mg/dL) and Ldlr"~ Pcsk9”~ (238 mg/dL) mice, even though LDLR protein levels in Tg4 were
barely detectable in liver. This reveals how key the few percent of remaining LDLR are. In vivo,
PCSK9 was shown to target liver cell surface LDLR for degradation essentially via an extracellular
pathway, thus leaving nascent LDLR intact. The latter may limit hypercholesterolemia by
triggering intracellular apoB degradation as reported previously (615, 616). ApoB measurement
by ELISA turned out to be poorly informative due to the very small window between lower and
higher values. Importantly, although different mRNA levels led to similar hPCSKO9 protein levels
in Tg2 and Tg3, the protein exhibited the same apparent molecular weight and the same extent of

cleavage by furin, confirming the integrity of hPCSK9 in these two lines (Figure 33).

All transgenic lines were treated with 10 mg/kg of evolocumab, which targets PCSK9 catalytic
domain (Figure 34). The mAb completely neutralized hPCSK9 activity 4 days post-injection,
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except in Tg4, in which the inhibitory effect was only partial and transient. At 4 days versus 10
days, TC dropped by 63, 67 and 74% in Tgl, Tg2 and Tg3, respectively. When first tested in vivo
in WT mice, a single injection of evolocumab at 10 mg/kg was reported to lead to a 28% TC
decrease 6 days later (189). We observed a higher efficacy in this study, likely due to the higher
binding affinity of evolocumab for hPCSK9 (4 pM) compared to mPCSK9 (160 pM). In humans,
an injection of 140 mg of evolocumab every 2 or 4 weeks leads to ~60% LDLc drop, well
maintained for 2 to 4 years (435). For an average human body weight of 70 kg, the dose injected
corresponds to only 2 mg/kg. However, this dose did not significantly decrease TC in our mice
(see Appendix A2). Thus, although the TC decrease observed in our model was similar to the one
seen in humans, the pharmacodynamics of evolocumab is different in mice and humans. Therefore,

adjustments are needed when switching from mouse to human, as expected (617) .

We further studied the long-term effect of PKF8-mFc, a sdAb targeting the CHRD of PCSK9 and
fused to a mFc, and evolocumab in the Tg2 mouse model (Figure 35). The TC-reducing effect of
PKF8-mFc was ~2-fold lower (-58% versus -116%), but its duration was ~2-fold longer (14 days
versus 7 days for evolocumab). The lower efficiency of PKF8-mFc may reside in its mechanism
of action via binding to the CHRD, and not the catalytic domain of hPCSK9. Indeed, to date, no
approach targeting the CHRD was able to prevent LDLR binding or to achieve complete PCSK9
inhibition. Even though the CHRD exhibits mutations leading to hypo- and hypercholesterolemia
(64, 209, 618, 619), it is not directly involved in LDLR binding (179), and PCSK9 lacking this
domain has the same affinity for LDLR (91). However, the latter truncated PCSK9-ACHRD is
unable to induce LDLR degradation (179, 184). Whether the CHRD, which is a flexible region
(173, 620, 621), recruits one or more proteins implicated in the targeting of the PCSK9-LDLR
complex to the lysosomal pathway (190) remains to be proven. All three CHRD antibodies
reported previously had partial inhibitory efficiencies. The first one, a human Fab, reduced LDL
uptake in cell lines by ~50% (187). The second one, a mAb, recognizes the CHRD with an affinity
of 4.1 nM and reduced LDLc levels by ~40% when injected at 10 mg/kg in cynomolgus monkeys
(188). The third one is another sdAb that neutralized ~60% of hPCSK9 activity at 10 mg/kg, like
PKF8-mFc. In addition, the natural annexin A2 that also interacts with the CHRD and inhibits

PCSK9 activity in non-hepatic cells, led to a ~30% reduction only of PCSK9 activity upon
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overexpression in HepG2 cells (229), again suggesting that CHRD targeting alone would not
completely inhibit PCSK9 activity on the LDLR. While the present study does not identify the
mechanism by which the sdAb only achieved a partial inhibition of PCSK9 activity towards the
LDLR, our results point to an inhibitory effect post-internalization of the sdAb-PCSK9-LDLR
complex. In evolocumab-treated mice, hPCSK9-mAb complexes can no longer bind the LDLR. It
is thus no surprise to observe an accumulation of hPCSK9 in the plasma, with a peak around day
3, and a return to basal levels at day 10 (Figure 36B), a negative mirror image of the TC profile
(Figure 33). In contrast, PKF8-mFc-treated mice showed unchanged plasma levels of PCSKO.
PKF8-mFc which does not prevent PCSK9 binding to the LDLR (1), seems not to interfere with
hPCSK9 internalization (Figure 36C). Whether PKF8-mFc partially prevents the interaction of
trafficking interactors with the CHRD, or tends to dissociate from hPCSK?9 in acidic compartments
remains to be defined. The longer effect of PKF8-mFc¢ (~85 kDa per dimer) observed in our study
(14 days versus 10 days for evolocumab; ~144 kDa) may be due to a ~1.7-fold molar excess upon
a 10 mg/kg treatment, or to a slower clearance due to distinct Fc domains. PKF8 was fused to an
IgG2 mFc, whereas evolocumab is a human IgG2 that may be cleared more rapidly because of an
immune reaction from mice towards the human antibody. However, the response to the second

injection was as strong as the first response.

In conclusion, our transgenic mice offer a larger window of TC measurements due to its Pcsk9™”"
background. Indeed, no persistent PCSK9 activity due to the endogenous protein will be detected
once hPCSK9 is completely neutralized. We showed that TC decrease is reversible, allowing thus
several assays with the same group of mice, and thus reducing the costs of an in vivo screening.
Although very efficient mAbs to PCSK9 are already marketed, there is still a need for other
approaches to inhibit PCSK9 because of their high costs that restrict their use to specific patients
(444, 445). Thus, partial PCSK9 inhibition with sdAbs through CHRD targeting might be of
interest since the total loss of PCSK9 was shown to lead to incomplete liver regeneration (172)

and higher risk of HCV infection (296).

In this study, we generated four transgenic mouse lines expressing various levels of hPCSK9 under

the control of its own promoter in a Pcsk9”" background. hPCSK9 was detected in plasma as
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mature and furin-cleaved forms. All lines reproduced the endogenous PCSK9 expression pattern
with different intensities. The higher hPCSK9 expression is, the higher are TC levels and lower
are hepatic endogenous LDLR levels. We compared the inhibitory potencies of two PCSK9
inhibitors, evolocumab and the sdAb PKF8-mFc, in the Tg2 line and control Tg0 littermates.
Pharmacodynamics differences between these two inhibitors could be observed. hPCSK9
inhibition was reversible and was maintained upon a second injection. These mice constitute
valuable tools in the discovery and study of novel agents reducing PCSKO9 activity or expression,

possibly leading to a better control of CVD events.
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II1.8 Chapter discussion

In this chapter, a complete characterization of new transgenic mice expressing hPCSK9 and their

response to one or two injections of PCSK9 inhibitors were presented.

One of'the limitations of the presented mouse model resides in the fact that the mouse is not entirely
humanized. This drawback includes the fact that the FcRn are murine. Although human antibodies
can bind both mouse and human FcRn, the affinity of human IgG1 for human FcRn is lower than
that for mouse FcRn in vitro (519, 622). Half-life estimations in mouse models could thus be
overestimated. The FcRn-mediated antibodies recycling being a key factor modulating antibodies
clearance, these species differences can explain the poor predictability of human pharmacokinetics
using mouse models. In order to counteract this issue, a homozygous mouse model for human
FcRn was recently documented and showed a stronger correlation of human mAb clearance than
WT mouse (623). This mouse model presents a net advantage in that it could be used earlier in the
drug discovery process and decrease the need for time-consuming and expensive pre-clinical
studies in non-human primates. In our mice, only mouse FcRn is present and PKF8-mFc contains
a mFc (IgG2a) while evolocumab contains a human Fc (IgG2). Therefore, the differences in the
pharmacokinetics of mouse and human have to be taken into consideration when comparing these
two inhibitors. Besides, since the human FcRn does not bind mouse IgG2a (622), the
administration of our sdAb fused to mFc in human would probably have a shorter half-life than in

our tested mouse model.

As stated previously in sections 1.4.1.2. and 1.4.2.6., mAbs are known to be mainly cleared from
circulation by two systems: the RES and the FcRn-mediated recycling. It can be hypothesized that
sdAbs fused to a mFc would also be cleared by this system, although this is not yet documented in
the literature. However, their elimination and thus their half-lives are probably different from

mADbs because of their smaller size, even when fused to an Fc domain.
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Another limitation is that although these transgenic mice are hypercholesterolemic, they do not
entirely mimic human hypercholesterolemia. Although this is partly due to their distinct
lipoprotein metabolism, we thought that this could be counteracted by using transgenic mice
lacking one allele of Ldlr, i.e., hemizygous Ldlr . We developed such mice and they responded
to evolocumab and PKF8-mFc as well as the mice that are homozygous for Ld/r in a pilot study
(see Appendix A3). However, they did not show a higher difference between Tg0 and Tg2 mice
since Tg0 control mice also needed to be Ldlr hemizygous. Therefore, we did not find that this

mouse model brought a net advantage compared to the homozygous Ldlr mice.

Note that we investigated if evolocumab or PKF8-mFc modified the ratio of circulating furin-
cleaved versus intact PCSKO9 in the tested transgenic mice. Unlike what was mentioned by others
(308), we did not see any differences in furin cleaved forms upon mice treatment with either PKF8-
mFc or evolocumab when TC was the lowest (day 32 for PKF8-mFc and day 28 for evolocumab),
suggesting that furin cleaves PCSK9 before its exit from hepatocytes, and hence such cleavage

would not be sensitive to the presence of the circulating sdAb.

In a pilot study, we performed a dose-response assay for evolocumab that we injected at 2, 4 and
10 mg/kg. Surprisingly, 2 mg/kg evolocumab did not change the TC levels, although this dose
corresponds approximately to the injection of evolocumab in human (140 mg for 70 kg). The dose
of 4 mg/kg yielded a slight but significant TC decrease 4 days later, while the 10 mg/kg led to an
important decrease as demonstrated in Chapter III. The sdAb-mFcs were always tested at 10
mg/kg. It would now be informative to attest their in vivo effects at lower concentrations. Note that
P1.40-mFc and PKF8-mFc showed very similar in vivo TC-reducing potencies, as expected from

their similar efficiencies in cell-based assays.

Future experiments that could be performed to better delineate the distinct mechanisms of PKF§-
mFc and evolocumab include the comparison of the internalization of PCSK9 in presence of PKF8
alone or PKF8-mFc in Tg0 primary hepatocytes. It should also be verified that the complex
PCSK9-PKF8-mFc enters cells by microscopic analysis of Tg0 primary hepatocytes incubated
with such complex produced in vitro. Besides, the fate of PCSK9 and LDLR could be followed by

155



microscopy of various cellular compartments in the presence or absence of PKF8-mFc or
evolocumab. This would allow us to know how the injection of PKF8-mFc¢ yields a TC decrease
of ~50% relative to control mice, even though it does not prevent the interaction to LDLR nor the
internalization of PCSK9. One of the hypotheses is that it triggers the recycling of some LDLR
instead of escorting them to lysosomal degradation, likely by partially preventing the fixation of a
protein that usually escorts and directs the PCSK9-LDLR complex along this pathway. One other
interesting experiment to be performed would be the concomitant injection of both PKF8-mFc and
evolocumab. Although it could not increase the TC-reducing efficiency of evolocumab that is

already maximal, it might potentiate its duration.

Note that we focused our experiments on the mouse line Tg2 because it expresses physiological
levels of hPCSK9. As mentioned, Tg2 was similar to Tg3. The mouse lines Tgl and Tg4 are too
low and too high expressers of hPCSKO9, respectively. Although their use as screening and study
tools for PCSK9 inhibitors is limited, they could be used to study PCSK9 functions and its role in

disease in those two “extreme” conditions.
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IV.Chapter IV: Discussion and perspectives

157



The discovery of PCSKO9 took place only 14 years ago. Since then, the knowledge advancement in
understanding and inhibiting PCSK9 was very impressive. It is now clear that PCSK9 inhibition
can help reducing LDLc levels in patients who are statin-intolerant or who are at high risk of
developing CVD, thus reducing global CVD risk. This is an excellent example of a successful
“bench to bedside” project.

In the two last Chapters II and III of this PhD thesis, we presented the development of sdAbs
targeting hPCSK9. These sdAbs were characterized in vitro, in cell-based assays and in vivo in a
newly elaborated humanized mouse model expressing hPCSK9 that was also characterized. They
were shown to be efficient in increasing LDLR levels and decreasing TC levels. sdAbs were also
compared to other PCSK9 inhibitors, including EGF-A mimicking peptides and the commercially
available mAb evolocumab. This enabled us to demonstrate that sdAbs targeting the CHRD of
PCSKO9 decrease the TC levels by up to 60%, although PCSK9 could still bind LDLR. In contrast,
evolocumab targets PCSK9 catalytic domain and reduces TC levels >100% compared to Tg0 mice.
The presented work demonstrated that the newly developed mouse model can be used to study

hPCSKO9 inhibitors.

We selected four llama sdAbs, fused them to a mFc and demonstrated that in vivo, the sdAbs
P1.40-mFc and PKF8-mFc had very similar effects, as predicted from our cell-based assays. The
third selected sdAb P2.57-mFc had little to no in vivo effect in a preliminary study (see Appendix
A4). The fourth one, PKE9-mFc¢ was never tested in vivo. Although it can be predicted that it
would have the same properties than P1.40-mFc and PKF8-mFc, it would be interesting to
compare it in another in vivo injection assay. As a control it would also have been pertinent to use
an unspecific sdAb fused to a mFc instead of PBS. However, we had no access to such molecule.
The sdAb P2.57-mFc could arguably have been used as a negative control. However, we did not
take that risk because despite its low potency in most of our assays, it was potent in some assays
and had a nanomolar-range affinity to PCSK9. Note that it is quite surprising that three out of four
selected sdAbs have such similar behaviors although they were selected from four distinct families
based on phylogenetic analysis of the selected sdAbs. We thus concluded that the family from

which the sdAbs come from has a limited importance on their efficacy.
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The studies performed during this PhD thesis highlighted once more the importance of the CHRD
of PCSK9 in LDLR degradation. However, its precise role is still unknown. Note that the studied
sdAb-Fcs could be used to study the exact function(s) of the CHRD. As discussed previously, the
CHRD might be the binding site of one or several protein(s) X that bring the PCSK9-LDLR
complex to lysosomal degradation, as indicated on Figure 37. Several experiments could be
imagined. As an example, cells could be incubated in presence or absence of PCSK9 with various
candidates for protein(s) X either in presence or absence of P1.40 or PKF8 and the cellular LDLR
levels subsequently measured by WB, ELISA or FACS. The cells in which the incubation with
P1.40 or PKF8 would have no LDLR increase would then be likely to have been incubated with
the potential protein X, allowing for its identification. Other techniques such as phage display or
mass spectrometry could be used to pull down and identify the binding partners of PCSK9 after
its incubation in presence or absence of the identified sdAbs. Once one or several protein(s) X will
be identified, their specificity to PCSK9 would have to be verified by knockdown and knockout

studies that should be performed both in vitro and in vivo.
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Figure 37. Scheme of potential mechanisms for the degradation of the PCSK9-LDLR
complex. Five conditions are depicted from left to right in this figure. PCSK9 binds LDLR and
the complex is internalized into endosomes, in which it is hypothesized that one or several
protein(s) X might bind the PCSK9 CHRD in order to send the PCSK9-LDLR complex to
lysosomal degradation. LDLR recycling is thus prevented. PCSK9 mutant lacking its CHRD
(PCSK9ACHRD) does not get degraded, which is in favor of the protein X hypothesis. mAbs
targeting the catalytic domain of PCSK9 prevent their binding to LDLR and enable LDLR
recycling. mAbs or sdAbs targeting the CHRD of PCSK9 have shown partial decrease of LDLc
and partial recycling of the LDLR compared to mAbs targeting the catalytic domain of PCSKO.
This could be explained by the prevention of protein X to the CHRD due to the binding of mAbs
or sdAbs in this region of PCSK9. The precise mechanisms of action of the PCSK9-LDLR
trafficking and degradation remain to be discovered.

Ideally, it would be nice to have a set of sdAbs targeting each domain of PCSK9 in order to perform
cell-based assays or to inject them in the characterized transgenic mice. This would allow
observing the effect of each sdAb and subsequent understanding the role of each domain of PCSK9
in its various physiological roles. Since sdAbs apparently enter the cells, they could also be used

to study the intracellular degradation pathway and its location in various tissues in vivo (186). We
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could also label the tested sdAbs with a radioactive tracer to study the fate of PCSK9 and the role
of extrahepatic PCSK9. This could be done on whole transgenic mice by using quantitative non-
invasive imaging. As mentioned earlier, sdAbs have demonstrated advantageous imaging
properties due to their fast clearance and subsequent high contrast imaging only a few hours
following the injection of the sdAb coupled to a radioactive tracer. A phase 1 clinical trials recently
showed that the use of anti-Human Epidermal growth factor Receptor 2 (HER2) sdAbs labeled
with Gallium 68 (®Ga) for PET/CT imaging enabled a safe and efficient assessment of HER2 in
women patients with breast carcinoma (624). A similar study was recently reported in mice using
Technetium 99m (*’™Tc)-labeled sdAbs for Single-Photon Emission Computed Tomography
(SPECT) imaging (625).

Note that we focused our assays on the pharmacodynamics, which analyzes the effect of a drug on
an organism. However, we did not study extensively the pharmacokinetics, which analyzes the
effect of an organism on the drug. To that end, it would be appropriate to assess the concentrations
of sdAb-Fc and evolocumab in mice plasma over time after injection. This could be achieved by
WB using V5 antibodies for the sdAb-Fcs which are V5-tagged and using human IgG antibodies
for evolocumab. Note that it will not be possible to compare the levels of inhibitors between each
other, unless an antibody against a portion of the Fc domain that is conserved between mouse and
human Fc would be used. Since we were limited by the maximal volume of ~100 puL of mice
plasma to be taken each week, we could not perform these assays. Therefore, the long-term

experiments would have to be repeated in order to use mouse plasma for pharmacokinetics studies.

The presented mouse model will very probably be helpful in the development of new PCSK9
inhibitors. Since the currently marketed mAbs are very efficient, this research field is challenging.
New PCSKO inhibitors will need to be as efficient as them but present additional advantages such
as a less frequent administration or easier mode of administration. Since the siRNA “inclisiran”
seems promising in terms of LDLc and PCSK9 reductions, and holds the important advantage of
being able to be injected every 3 to 6 months, it can be predicted that if the ongoing phase 3
confirms these results, this drug will be the next one marketed as a PCSK9 inhibitor. Although it

remains to be verified upon approval, their price can be expected to be competitive in comparison
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to mAbs. Although not as efficient as targeting the catalytic domain of PCSK9, the work of this
PhD thesis suggests that the CHRD is also a possible inhibitory target for PCSK9. Since the search
of small molecules targeting PCSK9 have proven to be very difficult, notably because of the flat
surface interaction between LDLR and PCSKD9, it would be interesting to develop small molecules
targeting PCSK9 CHRD. They might be easier to develop than the ones targeting the catalytic
domain. Even if their efficiency would not be as high as mAbs, since they could potentially be
orally available, they would present a net advantage over mAbs. We could imagine that they could
be used in patients at moderate risk for CVD, instead of statin monotherapy for example, or to

potentiate the effect of statins.

Although very advantageous, PCSKO9 inhibition presents some limitations. First, it cannot be used
in patients harboring homozygous mutations in LDLR. Second, it remains to be seen if the total
absence of PCSK9 and the very low LDLc levels achieved by PCSK9 inhibition are totally safe.
Although they seem safe so far, they might cause some issues as demonstrated by studies showing
the protective role of PCSK9 in sepsis or HCV or liver regeneration (172, 286, 296). This data
suggests that in cases where TC levels are adequate, the presence of PCSK?9 is beneficial. Another
open question is: why would we have kept these two proteins from an evolutionary point of view
if they are “seemingly” dispensable? A relevant argument to this point is that the sedentary lifestyle
and unlimited access to industrialized food appeared rapidly and relatively recently in developed

countries, not leaving enough time for our genomes to adapt to these environmental modifications

It is possible that other PCs will become therapeutic targets to reduce CVD in the future, such as
furin, PC5 or PC7. Further studies need to be performed in order to confirm these more or less
early hypotheses. It is not unlikely that in the next decades we see other PCs inhibitors on the
market in order to decrease CVD. Note that the PCs furin and PC5 were related to atherosclerosis.
A large-scale association study identified a furin SNP as a novel risk locus for CVD (626). Given
that furin and PC5 were detected in human atherosclerotic lesions (627, 628), they were proposed
as therapeutic targets to reduce atherosclerosis and CVD (629), which was recently reviewed
(630). Finally, genomic studies revealed that under certain conditions PC7 may regulate TG (157,
160) and small dense LDL (631).
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Altogether, it can be foreseen that the work accomplished during this PhD project will enable
research to be pursued in various fields, including the understanding of the role of each domain of
PCSKD9, and especially the CHRD in LDLR degradation, the in vivo function of PCSK9 in various
tissues and diseases, as well as the research of innovative PCSK9 inhibitors. All this should
contribute to decrease the frequency of CVD and to ameliorate the lifespan of
hypercholesterolemic and FH patients. As a general conclusion, the work accomplished during
this PhD project contributed to extend the knowledge of sdAbs by adding an application of this
relatively new technology in the field of CVD study and treatment. It also brought a new mouse
model that is now fully characterized and that is currently and will probably continue to be very

useful in the research of new PCSK9 inhibitors of any kinds.
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Appendix Al. FACS analysis of cell surface LDLR in HepG2 cells incubated in presence of
PCSKO9 and various concentrations of sdAb-mFcs. HepG2 cells were incubated for 4h in the
absence (Ctl (-)) or presence (Ctl (+)) of 15 pg/ml WT PCSK9 mixed with 0-1.2 uM sdAb as
indicated. Cells were then detached and cell surface LDLR fluorescently labelled and measured
by FACS. Error bars represent standard deviation. *, p <0.05, **, p <0.005, ***, p <0.0005, ****
p <0.00005 (Student’s ¢ test). The data shown here are representative of two to three independent
experiments.
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Appendix A2. Pilot study: injection of Tg2 mice with various doses of evolocumab. Total
cholesterol levels were measured in mice plasma before and after injection of 2, 4 or 10 mg/kg
evolocumab. Error bars represent SEM.
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Appendix A3. Pilot study: injection of Tg2 Ldlr*- mice with PKF8-mFc¢ and evolocumab.
Total cholesterol levels were measured in mice plasma before and after injection of either PKFS-
mFc or evolocumab. Error bars represent SEM. *, p < 0.05, **, p <0.005, (Student’s ¢ test).
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Appendix A4. Pilot study: injection of Tg0 and Tg2 mice with P1.40-mFc and P2.57-mFc. 3
mice per group were injected with 10 mg/kg P1.40-mFc or P2.57-mFc. Blood was collected 10
days before the injections and 1h and 4 days post-injection. apoB levels were determined by ELISA

(upper table). Livers were collected 4 days post-injection, lysed and subjected to WB using
mLDLR and B-actin antibodies (lower pannel).

Time before (-) or after (+) injection| - 10 days +1h + 96h

Mouse genotype Tg2 | Tg0 | Tg2 | Tg0 | Tg2 | TgO

_ 136 | 77 | 119 | 83 | 97 | 65
apoB plasma concentration (ng/ml) 1211 80 | 133 | 71 | 114 | 88 | P257

Tg2/P257 Tg0/ P2.57 Tg2/P1.40 Tg0/P1.40

mLDLR oy S -
B-actin [l s——— S—
Rel. LDLR 1.0 7.5 5.0 7.0
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