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Abstract

Proprotein convertase subtilisin/kexin type-9 (PCSKDY) is a secreted zymo-
gen expressed primarily in the liver. PCSK9 circulates in plasma, binds to
cell surface low-density lipoprotein (LDL) receptors, is internalized, and
then targets the receptors to lysosomal degradation. Studies of naturally oc-
curring PCSKY gene variants that caused extreme plasma LDL cholesterol
(LDL-C) deviations and altered atherosclerosis risk unleashed a torrent of
biological and pharmacological research. Rapid progress in understanding
the physiological regulation of PCSK9 was soon translated into commer-
cially available biological inhibitors of PCSK9 that reduced LDL-C levels
and likely also cardiovascular outcomes. Here we review the swift evolution
of PCSKOY from novel gene to drug target, to animal and human testing, and
finally to outcome trials and clinical applications. In addition, we explore
how the genetics-guided path to PCSK9 inhibitor development exempli-
fies a new paradigm in pharmacology. Finally, we consider some potential
challenges as PCSKY inhibition becomes established in the clinic.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death in developed countries (1). Athero-
genic lipoproteins, which are assessed by measurement of low-density lipoprotein cholesterol
(LDL-C), non-high-density lipoprotein cholesterol (non-HDL-C), or apolipoprotein B (ApoB)
levels, are independent, modifiable risk factors for CVD (2, 3). Statin-based reductions in LDL-C
have attenuated CVD event risk successfully, reinforcing the central role of LDL-C-lowering
in reducing CVD morbidity and mortality (4). Despite statin therapy, additional or alternative
LDL-C-lowering strategies for further risk reduction are needed. For example, even at maximal
statin doses, some patients, especially those with familial hypercholesterolemia (FH), cannot at-
tain LDL-C targets (5, 6). Moreover, some patients either are completely statin-intolerant or can
tolerate only low doses because of side effects (7).

The circulating liver-derived protein proprotein convertase subtilisin/kexin type-9 (PCSK9)
has emerged as a major new drug target in cardiovascular medicine. Landmark discoveries in
human genetics established a clear link between PCSK9 function and LDL-C concentrations (8).
On the one hand, missense mutations in PCSK9Y, subsequently determined to confer a gain of
function (GOF), cause a rare form of autosomal codominant FH (9). On the other hand, loss-
of-function (LOF) mutations in PCSK9 were associated with hypocholesterolemia and significant
protection from coronary heart disease (CHD) (10). The discovery of additional PCSK9 variants
has provided further clues to PCSK9 function while reinforcing PCSK9 as a therapeutic target.

Mechanistic studies in cultured cells and mice revealed that secreted PCSK9 binds to the LDL
receptor (LDLR) at the hepatocyte cell surface and promotes its lysosomal degradation (11).
Molecular mapping of the PCSK9-LDLR binding interface aided the development of therapeutic
anti-PCSK9 monoclonal antibodies (mAbs) that effectively block this interaction at the cell surface
(12). These treatments reduce plasma LDL-C substantially with an excellent safety profile in both
completed and ongoing clinical trials (reviewed in 13).

Here we review the discovery of PCSKY, its molecular and cellular biology, its genetics, and
finally its inhibitors. We conclude with the lessons learned from meta-analyses of completed
PCSKD9 inhibitor trials as well as the anticipated impact of ongoing clinical trials.

STRUCTURAL AND CELLULAR BIOLOGY OF PCSK9

The 22-kb human PCSKY gene, located on chromosome 1p32, contains 12 exons and 11 introns
and codes for a 692—amino acid proteinase K-like serine protease (Figure 1) (14). In rodents and
humans, PCSKY is expressed primarily in liver with lower expression in the small intestine and
kidney (14, 15). PCSK9 is a secreted protein that exhibits an atypical zymogen activation pathway.
Following cleavage of its signal peptide in the endoplasmic reticulum (ER), proPCSK9 is unable
to leave the ER until itundergoes cotranslational autocatalytic cleavage at Gln;s, (Figure 154). The
N-terminal prodomain remains tightly associated with the 63-kDa mature protein and chaperones
PCSK9 through the secretory pathway (15). The terminal portion of the prodomain blankets the
catalytic triad, preventing further proteolytic activity. The crystal structure of PCSK9 revealed the
catalytic domain resembles that of other subtilisin-like serine proteases except for the high-affinity
binding of the prodomain that shields the active site (16). Thus, PCSK9 has no other substrate
than itself. PCSK9 undergoes posttranslational modifications, none of which are required for
secretion or function (17).

PCSK9 Targets the Low-Density Lipoprotein Receptor

The best-characterized function of secreted PCSK9 (i.e., the prosegment bound to mature
PCSKY) is its role in targeting the LDLR for degradation. The catalytic subunit contains a site
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Figure 1

Schematic representation of the proprotein convertase subtilisin/kexin type-9 (PCSK9) gene and protein. (#) PCSK9 gain-of-function
variants are labeled above the gene transcript, whereas loss-of-function variants are below. The color coding represents the current
status for the effect of each variant on low-density lipoprotein cholesterol (LDL-C) phenotypes: causative (red ), possibly causative
(blue), and associated (black, italicized). Asterisks indicate variants that have been shown to associate with both LDL-C and coronary
artery disease. All variants are mapped to their appropriate location: upstream of the 5" untranslated region (UTR) (dotted line), in the 5’
and 3" UTRs (white boxes), in the 12 exons (colored boxes, with each color mapping to the appropriate protein domain shown in panel 5),
and in the 11 introns (so/id lines). The diagram is not to scale. (6) Domain structure of proPCSK9 and mature secreted PCSK9 after
autocatalytic cleavage. In the endoplasmic reticulum, the secretory pathway-targeting signal peptide (SP) (dark gray) is removed and
PCSK9 undergoes autocatalytic cleavage at Glnjsy. VFAQ 5, SIP (green) represents the cleavage recognition sequence. The cleaved
prodomain (b/ue) reassociates with PCSK9, blanketing the catalytic triad: aspartate (Djs), histidine (H»»6), and serine (S3g¢). This
renders PCSK9 catalytically inert. The oxyanion hole, which is considered critical for catalysis, is located between S3gs and N3;7. A
small, 18-amino acid hinge region (HR) links the catalytic subunit (go/d) to the C terminus (purple). The orange oval at Ns33 depicts
the only N-glycosylated site.
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that binds the LDLR epidermal growth factor-A (EGF-A) domain at the hepatocyte cell surface,
ultimately leading to LDLR degradation (Figure 15) (18-20). As hepatic LDLRs mediate the
majority of plasma LDL clearance, a detailed understanding of PCSK9 structure and function has
assumed therapeutic significance.

Normally, LDL bound to the LDLR enters cells via clathrin heavy chain-coated vesicles
(Figure 2). Following internalization, the acidic pH of endosomes disrupts the allosteric associ-
ation of LDL with LDLR (21). A recycling vesicle containing the LDLR is formed and returns
LDLRs to the cell surface, whereas LDL particles remain within endosomes. Endosomes fuse
with lysosomes where LDL is degraded, cholesteryl esters are hydrolyzed, and free cholesterol
is distributed to other cellular compartments (21) (Figure 2). PCSK9 bound to a cell surface
LDLR also enters cells via clathrin-coated vesicles. However, the complex becomes more tightly
associated at endosomal acidic pH, preventing the LDLR from entering a recycling vesicle and
inhibiting its return to the cell surface. The PCSK9:LDLR complex is escorted to lysosomes for
proteolytic degradation (16, 18, 22) (Figure 2).

Recent evidence in cultured hepatocytes suggests PCSK9 also enhances intracellular LDLR
degradation prior to its secretion. PCSK9 binding to the LDLR within the Golgi network in-
creases trafficking of PCSK9:LDLR from the trans Golgi network to lysosomes for degradation
(Figure 2). This pathway requires clathrin light chains and involves sorting mechanisms distinct
from the extracellular LDLR degradation pathway. Itis not clear whether the intracellular pathway
occurs in all tissues (23, 24).

Other domains of PCSK9 influence its function. Sequences within the C terminus bind the
LDLR ligand-binding domain and prevent dissociation of the PCSK9:LDLR complex within
acidicendosomes (25). A recent study reported thatan N-terminal region of the PCSK9 prodomain
binds ApoB on plasma LDL particles, hindering PCSK9:LDLR binding and thereby blunting
PCSK9-mediated LDLR degradation (26).

Figure 2

Low-density lipoprotein cholesterol (LDL-C) and LDL receptor (LDLR) metabolism in the presence or
absence of proprotein convertase subtilisin/kexin type-9 (PCSK9). (7) @ Low cellular cholesterol activates
sterol regulatory element-binding protein-2 (SREBP-2), which increases gene expression of both LDLR and
PCSKY. @ Autocatalytic processing of PCSK9 in the endoplasmic reticulum (ER) releases the prodomain,
which remains bound to PCSK9, blocking its catalytic site. @ LDLRs are secreted to the cell surface.

O Cleaved PCSKDY is secreted into the plasma and @ binds the extracellular epidermal growth factor-A
domain of the LDLR at the plasma membrane. @ Plasma LDL binds the LDLR and is internalized by
clathrin-dependent endocytosis. @ Within endosomes, the LDLR dissociates from LDL. @ A recycling
vesicle is formed, and LDLR returns to the cell surface. @ LDL-containing endosomes fuse with lysosomes,
LDL is degraded, and cholesterol is delivered to cell membranes, including the ER. @ PCSK9:LDLR is
internalized by clathrin-dependent endocytosis. The association of PCSK9 with LDLR becomes stronger in
the acidic endosome. This prevents LDLR recycling back to the plasma membrane (@), and @ the
PCSK9:LDLR complex is directed toward lysosomal degradation. @ An intracellular pathway also exists in
which active PCSK9 binds LDLR in the secretory pathway and targets the LDLR for lysosomal degradation.
Steps @ and @ result in low LDLR expression at the cell surface and @ increased levels of circulating
LDL-C. (b)) @ Injected anti-PCSK9 monoclonal antibodies (mAbs) enter the circulation, bind plasma
PCSKO9, and promote PCSK9 degradation, thereby inhibiting the binding of PCSK9 to the LDLR (@).

® In the absence of PCSKDY, internalized endosomal LDLR dissociates from LDL, a recycling vesicle is
formed, and LDLR recycles to the cell surface. @ This increases the abundance of active LDLR at the
plasma membrane and @ enhances LDL binding, uptake, and degradation, thereby lowering circulating
LDL (®).
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Other PCSK9 Target Proteins

The LDLR is the best characterized PCSK9 target and likely the most physiologically relevant.
Cell culture studies revealed PCSK9 promotes degradation of other LDLR-family members,
namely the very-low-density lipoprotein receptor (VLDLR), ApoE receptor-2 (ApoER2), and
LDLR-related protein 1 (27-29). Although PCSK9 binds the EGF-A-like domains of VLDLR
and ApoER2, the degradation pathways differ (27). VLDLR and ApoER?2 have been confirmed as
PCSKO9 target proteins in mice in some investigations (30) but not in others (17). Furthermore, the
physiological relevance of PCSK9-mediated degradation of these receptors has been demonstrated
neither in Pesk9~~ mice nor in humans who are completely deficient in PCSK9 or carry LOF
mutations (31, 32).

CD36, a scavenger receptor with multiple ligands and functions, including free fatty acid
uptake, was recently shown to be a PCSK9 target in cultured hepatocytes and adipocytes (30, 33).
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The PCSK9 catalytic domain binds the extracellular loop of CD36, mediating its internalization
and degradation through a mechanism involving the proteasome (33). Liver and adipose tissue
expression of CD36 was increased in Pesk9~/~ mice, which was associated with increased liver
triglyceride and gonadal fat pad weight. A second strain of Pesk9~/~ mice has been reported to be
resistant to liver steatosis and does not become overtly obese (34). It remains to be determined
if PCSKO9 regulates CD36 in humans, although clinical studies using PCSK9 inhibitors have not
reported altered liver function or adiposity (35, 36). PCSK9 has also been demonstrated to degrade
CD81, the cell surface receptor for hepatitis C virus (HCV), which suggests that reduced PCSK9
function may enhance susceptibility to HCV infection (37). Increased HCV infectivity in humans
deficient in PCSKO or exposed to PCSK9 inhibition has not been reported.

PCSK9 Regulation

PCSKD9 is regulated transcriptionally primarily by sterol regulatory element-binding protein-2
(SREBP-2), a membrane-bound transcription factor that regulates cellular cholesterol homeo-
stasis (Figure 2) (38, 39). Two main SREBP isoforms are expressed in liver that have distinct
yet partially overlapping target genes. SREBP-2 regulates genes involved in cholesterol synthesis
and uptake, including Ld/r and Pesk9, whereas SREBP-1c¢ primarily regulates genes involved in
fatty acid synthesis (40). Proteolytic processing of both SREBPs to active nuclear forms occurs in
response to lower ER cholesterol. SREBP-1c is also stimulated by insulin at both transcriptional
and protein processing levels (40). In vitro, processed forms of both SREBP-1¢ and SREBP-2
bind the sterol regulatory element (SRE) within the PCSK9 proximal promoter (39). In healthy
humans, plasma PCSK9 levels decrease with fasting and increase upon refeeding in parallel with
plasma markers of hepatic cholesterol synthesis (41, 42), consistent with regulation by SREBP-1c
and -2. Statins induce SREBP-2 activity by inhibiting hydroxymethylglutaryl-coenzyme A
reductase, the rate-limiting enzyme in cholesterol synthesis, which in turn decreases ER
cholesterol, increases SREBP-2 processing, stimulates hepatic LDLR expression, and promotes
plasma LDL-C clearance. However, SREBP-2-induced PCSKY expression under these same
conditions likely attenuates statin efficacy by stimulating PCSK9-mediated LDLR degradation
(43). PCSK9 may represent a counterregulatory mechanism imbedded into the SREBP pathway
to limit LDLR activity (44).

Several studies have demonstrated that increased PCSK9 expression promotes ApoB secretion
in HepG2 cells and mouse liver (45, 46). This may occur, in part, through a neutralizing effect
on LDLR activity (45) or through a direct interaction of PCSK9 with ApoB100 (46). Whether
PCSKO9 regulates hepatic ApoB100 secretion in humans has not been reported.

PCSKD9 is also regulated by hepatocyte nuclear factor-1a (HNF1o), a transcription factor
that cooperates with SREBP-2 in the basal transcription of PCSK9 (47). The PCSK9 promoter
contains an HNF1« binding site close to the SRE, which is absent from the LDLR promoter.
Studies in HepG2 cells and dyslipidemic hamsters demonstrated that altering HNF1 o activity
influences PCSKY transcription and thus LDLR protein expression (47, 48). In mice, stimulation
of mammalian target of rapamycin complex 1 by insulin initiates a signaling cascade resulting
in nuclear exclusion of HNF1«, decreased Pcsk9 transcription, and ultimately increased hepatic
LDLR protein expression (49). Recently, activation of G protein—coupled estrogen receptor 1
(GPER) in HepG2 cells by estrogen or a specific GPER agonist was shown to decrease PCSK9
transcription and protein expression without any effect on LDLR mRNA. This increased LDLR
protein and enhanced LDL cellular uptake (50). As SREBP-2 was not involved, it is possible that
activated GPER attenuates HNF1 o activity. This regulation of PCSK9 transcription through
GPER likely explains low LDL-C levels observed in women who carry a GOF variant in GPER
(50) or in women undergoing high-dose estrogen treatments for in vitro fertilization (51).

Burke et al.



PCSK9 ANIMAL MODELS

Transgenic overexpression of human PCSKY in the liver of mice increases LDL-C to levels
observed in Ldlr~~ mice (19, 34, 52). PCSK9’s effect on LDL-C is exerted primarily in a
paracrine/endocrine fashion, as revealed in parabiotic mice (52). LDLR protein was not detected
in the liver of PCSKY transgenic mice, whereas in nonhepatic tissues, LDLR appeared to be either
unregulated or not accessible to circulating PCSK9. Transgenic PCSK9 mice on an Apoe™'~ back-
ground and fed a chow diet developed accelerated atherosclerosis with larger lesions compared
to Apoe™~ mice (53). Liver-specific overexpression of the human PCSK9 GOF p.D374Y mutant
in Yucatan minipigs significantly reduced hepatic LDLR levels, elevated plasma LDL-C, and ac-
celerated atherosclerosis development, demonstrating the role of PCSK9 in LDL-C regulation
and, in turn, lesion formation (54). Furthermore, this created a large animal model of human FH,
readily amenable for studies of disease pathogenesis and the investigation of new therapeutics,
including PCSKD9 inhibitors.

The knockout of Pesk9 in mice reduced LDL-C markedly, which was associated with increased
hepatic LDLR protein and enhanced LDL-C clearance (55). Studies in liver-specific Pesk9 ™~ mice
revealed that liver is the primary source of plasma PCSK9 and loss of liver PCSK9 contributes to
the majority of LDL-C lowering (34). Although atherosclerotic lesions were modified minimally
in Pesk9~~ mice on an Apoe~'~ background (53), lesions were attenuated in APOE*3-Leiden-CETP
transgenic mice treated with anti-PCSK9 antibodies (56). In Pesk9~~ mice, adipocyte hypertrophy
has been reported, possibly owing to upregulation of VLDLR, CD36, or both (33, 34). Evidence
for this in other mouse Pesk9~'~ strains or in humans carrying PCSK9 LOF mutations has not
been reported (32).

Annexin A2 has been shown to be an extrahepatic inhibitor of PCSK9. In annexin A2—deficient
mice, plasma PCSK9 increases and LDLR decreases in extrahepatic tissues, including adrenals
and small intestine, but not in liver (57). Thus, high levels of annexin A2 in adrenals appear to
be responsible for adrenal LDLR insensitivity to degradation by PCSK9 (57). Pesk9~/~ mice dis-
play increased transintestinal cholesterol excretion (TICE), an alternate pathway to hepatobiliary
cholesterol secretion, suggesting PCSK9 can repress TICE (58). Whether PCSK9 regulates TICE
in humans has not been reported. One strain of Pesk9™~ male mice displays impaired glucose tol-
erance (59). Although the mechanism is unknown, it may be related to increased LDLR expression
in pancreatic islet cells resulting from the absence of PCSK9, leading to beta cell lipotoxicity (59).
PCSKY deficiency or LOF PCSKY9 mutations in humans have not been associated with glucose
intolerance or insulin resistance (31, 32). Following partial hepatectomy in Pesk9~'~ mice, hepatic
regeneration capacity was delayed and necrotic lesions formed (34). Whether this also applies to
humans has not been demonstrated.

PHYSIOLOGICAL VARIATION IN PCSK9 IN HUMANS

Population-based studies have shown that plasma PCSK9 is associated with age, sex, and mul-
tiple metabolic markers in children and adolescents. In boys, PCSK9 concentrations decreased
with age, whereas in girls, levels increased with age. In both sexes, positive associations were re-
ported between plasma PCSK9 and fasting glucose, insulin, markers of insulin resistance, total
cholesterol, LDL-C, and triglycerides (60). In the Dallas Heart Study, plasma PCSK9 levels were
significantly higher in women than in men (61). Premenopausal women had higher plasma PCSK9
than postmenopausal women, whereas PCSKO9 levels were similar in men above or below 50 years
of age.

In normal subjects, a Mediterranean diet has been reported to lower circulating PCSK9 and
LDL-C (62). In mice and humans, PCSK9 was suppressed by fasting and induced by refeeding,

www.annualreviews.org ¢ PCSK9: Regulation and Drug Development

229



230

most likely related to SREBP-1c¢ activation by insulin (41, 42, 63). As discussed above, both LDLR
and PCSKY are upregulated by intracellular sterol depletion as well as by statins. Statin treatment
of Pesk9~'~ mice results in a greater reduction in LDL-C compared to wild-type mice, and FH
patients who carry the PCSK9 LOF p.R46L variant are more responsive to statin treatment (55,
64). In clinical trials, statins increase circulating PCSK9, although LDL-C levels are reduced
significantly (65). These studies imply that the statin-mediated induction of LDLR transcription
predominates over statin induction of PCSK9.

HUMAN GENETICS’ ROLE IN DEFINING THE IMPORTANCE
OF PCSK9

The rise to prominence of PCSK9 in metabolism and CVD owes much to the field of human
genetics and, in particular, the autosomal codominant disorder FH. The heterozygous form of
FH (HeFH) affects about 1 in 300 individuals in most populations and is classically associated with
extremely elevated LDL-C levels, characteristic physical findings, and accelerated atherosclerotic
CVD (66). Genetic causes of HeFH include >1,700 LOF mutations in the LDLR gene and >20
different mutations within the receptor-binding domain of the APOB gene (66). However, in a
few multigenerational HeFH families, no mutations in either LDLR or APOB were detected (67).
Linkage analysis in these families revealed a region on chromosome 1p34.1-p32 that cosegregated
with elevated LDL-C (67, 68). This region contained the gene for a newly discovered serine
protease called PCSKY, originally named neural apoptosis regulatory convertase (15). DNA se-
quencing revealed a novel missense mutation in PCSK9, p.S127R, which cosegregated perfectly
with disease status in the family (Figure 14) (9). Sequencing of PCSKY in a similar family identified
another rare missense mutation, p.F216L (Figure 1) (9). These findings indicated that PCSK9
was the third human locus of FH, sparking a massive research effort to understand the function
of PCSK9 in LDL-C metabolism, as summarized above.

Gain-of-Function versus Loss-of-Function Variants in PCSK9

Animal model studies suggested that PCSK9 mutations causing hypercholesterolemia were associ-
ated with a GOF because overexpression of human PCSKY in transgenic mice was associated with
hypercholesterolemia (19). Similarly, Pesk9~~ mice had very low LDL-C, suggesting that PCSK9
mutations associated with hypocholesterolemia were LOF (55). Population-based DNA sequenc-
ing of individuals at the extremes of the plasma LDL-C distribution identified relatively common
inactivating nonsense variants that were associated with a 40% reduction in LDL-C (69). The two
main variants, p.Y142X and p.C679X, were relatively common in African Americans (3-4%) but
were virtually absent from European American samples (Figure 14). These variants cosegregated
with very low LDL-C levels within families, implying LOF (69). Additional studies identified
several other rare missense and noncoding PCSK9 LOF variants that were shown to segregate
similarly with low plasma LDL-C levels in families (Figure 1) (70).

A major advance followed from the analysis of the relationship between these PCSK9 LOF
variants and atherosclerotic CHD in the Atherosclerosis Risk in Communities (ARIC) prospective
study. In one of the first and most successful applications of the now widely used Mendelian
randomization approach (71), individuals in the ARIC cohort were genotyped for the PCSK9
LOF variants (10). As expected, ~3% of African Americans were carriers of these variants and
had ~40% lower plasma LDL-C compared to noncarriers. Furthermore, these individuals had
~88% reduced incidence of CHD over the 15-year follow-up period (10). A milder LOF variant
in PCSKY, p.R46L, was found in ~2% of Caucasians and was associated with ~47% reduction
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in CHD (Figure 1a) (10). This established a causal relationship between lifelong genetically
low LDL-C levels and protection from CHD and, importantly, identified PCSK9 as a potential
pharmaceutical target. The use of naturally occurring genetic variants that are associated with
favorable human phenotypes as probes for potential drug targets has since become a very popular
approach for drug discovery (72).

Human GOF variants in PCSK9 act through a variety of distinct mechanisms at the molecular
level, but ultimately, all lead to increased expression or activity of PCSK9 and increased degra-
dation of the LDLR (11). Similarly, LOF variants are associated with low circulating PCSKO9,
resulting in enhanced hepatocyte LDLR density. LOF mutations occur primarily in the catalytic
domain of the protein but have also been reported in the prodomain, P-domain, and C terminus
(Figure 1a) (73). Most of these variants reduce or nullify PCSK9 synthesis or disrupt trafficking,
leading to reduced secretion. For instance, the p.Y142X variant results in nonsense-mediated RNA
decay; p.Q152H prevents autocatalytic processing, thereby inhibiting secretion; and p.C679X dis-
rupts folding, leading to retention of proPCSK9 within the ER and blunted secretion (Figure 1a,b)
(31, 74). The result of all PCSK9 LOF variants is low circulating PCSK9, absent or attenuated
interaction with the LDLR, reduced targeting of LDLR for lysosomal degradation, enhanced
LDLR recycling and longevity, and lower plasma LDL-C levels (11).

The protection from CHD in carriers of LOF variants was replicated in other populations
(75), helping to fuel industry’s drive to develop PCSK9 inhibitors. Although GOF variants are
individually too rare to be studied in populations, family-based (76) and observational studies
in cohorts of heterozygous GOF mutation carriers (77) strongly suggest these individuals have
increased risk of premature CHD. Further insights from the human genetics of PCSK9 include
the observations that homozygosity for ultrarare GOF variants is associated with a more severe
hypercholesterolemia phenotype (78), whereas rare homozygotes for LOF variants have very
low LDL-C and appear healthy (31, 79). The latter observation provides reassurance regarding
possible extreme side effects of a novel drug mechanism that inhibits PCSK9 function (72).

INHIBITORS THAT TARGET PCSK9: PRECLINICAL RESEARCH

As discussed above, interest in inhibiting PCSK9 for LDL-C lowering arose from genetic dis-
coveries in families and populations (9, 10) as well as from mechanistic studies in cultured cells
and mice (11). Two major strategies have dominated drug development during the last decade:
(@) inhibition of PCSK9 binding to the LDLR and (§) inhibition of hepatic PCSK9 synthe-
sis. Progress over the past 10 years has resulted in two clinically approved anti-PCSK9 mAbs,
with other pharmacological PCSK9 inhibitors in the pipeline, including small interfering RNAs
(siRNAs), antisense oligonucleotides (ASOs), adnectins, and peptide inhibitors.

STRATEGIES THAT REDUCE PCSK9-MEDIATED LOW-DENSITY
LIPOPROTEIN RECEPTOR DEGRADATION

Monoclonal Antibodies: Preclinical Studies

Presently, mAbs are used clinically to treat many cancers and autoimmune diseases. mAbs have
high specificity for target antigens and are highly potent with low dosing frequency. The first
anti-PCSK9 mAb (mAbl) was discovered in 2009 (12). mAb1 binds the catalytic and prodomain
of PCSKY, sterically blocking interaction with the LDLR, thereby neutralizing PCSK9 activity
and promoting its clearance. This protects the LDLR from PCSK9-mediated lysosomal degrada-
tion and promotes LDLR recycling (Figure 254). In HepG2 cells overexpressing human PCSKY,
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mAb]1 neutralized elevated PCSK9 and increased LDLR protein 10-fold (Figure 25). A statin
acted additively, increasing LDLR protein 2-fold over mAb1 alone. In C57BI6 mice, mAbl treat-
ment elevated hepatic LDLR protein and dose-dependently reduced serum cholesterol (12). The
effect was reversible, and the duration of cholesterol lowering increased with increasing dose.
Importantly, mAbl-mediated reductions in plasma cholesterol were absent in Ld/r~~ mice. In
APOE*3-Leiden-CETP transgenic mice, treatment with chimeric mAbl or alirocumab (another
mADb) reduced atherosclerosis (56, 80) and enhanced the atheroprotective effects of atorvastatin
(80). In monkeys, single-dose injections of mAb1 or other anti-PCSK9 mAbs (1D05 or 1B20)
reduced plasma free PCSK9 by ~70% and LDL-C by ~80% at 10 days, effects that were fully
reversed at 21 days (12, 81, 82). Following these preclinical studies, several human mAbs produced
in either transgenic mice or humanized mice have undergone clinical trials, are now in clinical
use, and are discussed below.

Adnectins (Monobodies)

Adnectins, or monobodies, are a new class of therapeutic proteins designed after the tenth fi-
bronectin type III domain because of its similarity to antibody variability domains (83). Similar
to mAbs, adnectins can be selected to have high target specificity, low toxicity, and low immuno-
genicity, and they are less expensive and easier to manufacture than mAbs (83). The adnectin
BMS-962476 (by Bristol-Myers Squibb) was discovered in a screen identifying adnectins that
could competitively displace LDLR or the EGF-A domain from binding PCSK9 (84). BMS-
962476 has high binding affinity to human PCSK9, moderate affinity for cynomolgus monkey
PCSK9, and no binding affinity for murine PCSK9, showing species preference (84). In mice
overexpressing human PCSK9, BMS-962476 treatment reduced serum free PCSK9 and choles-
terol (84). In cynomolgus monkeys, single-dose intravenous (IV) administration of BMS-962476
rapidly reduced plasma PCSK9 to undetectable levels and decreased LDL-C by ~50%, both of
which were reversible (84). These results were reiterated in a recently completed Phase I clinical
trial (85). BMS-962476 was well tolerated, and adverse events were similar to placebo. Maximal
dosing (1 mg/kg) reduced free PCSK9 by >90% and achieved LDL-C lowering up to 48%.

STRATEGIES THAT REDUCE PCSK9 SYNTHESIS AND PROCESSING
Small Interfering RNA: Preclinical Studies

The discovery that some PCSK9 LOF mutations inhibit its hepatic secretion, together with the
profound hypocholesterolemia in Pesk9~'~ mice (described above), highlighted PCSK9 synthesis
as an attractive therapeutic target (10, 55). One strategy has been to target PCSK9 mRINA for
translational arrest and degradation using short, double-stranded RNA-interfering molecules
(siRNAs) (86). siRNAs have been developed to contain modified spacer regions that reduce
off-target effects (87). siRNAs are targeted to the liver by IV administration of small lipoid
nanoparticles containing the siRNA (86). In rats, a single injection of PCSK9-targeted siRNA
reduced liver Pesk9 mRNA by >50%, increased hepatic LDLR protein, and reduced circulating
cholesterol (by ~60%), effects that were reversed by day 21. Similar results were achieved in
cynomolgus monkeys (86). An siRNA [Alnylam Pharmaceuticals (ALN-PCS)] recently completed
Phase I clinical trials. Administration of ALN-PCS to healthy volunteers reduced circulating
PCSK9 by 70% and LDL-C by 40% from baseline (88).
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Antisense Oligonucleotides

ASOs are short nucleic acid sequences that bind and silence mRNA. Recently, the US Food and
Drug Administration approved an ASO, mipomersen, targeting APOB mRNA in patients with
FH. Although mipomersen reduced hepatic lipoprotein production, it increased liver fat content.
Therefore, PCSK9 remains a more attractive target for antisense therapy. Second-generation
ASOs and locked nucleic acid (LNA) ASO designs, which have enhanced affinity and target speci-
ficity, have been tested for PCSK9 inhibition (89, 90). In mice, parenterally administered PCSK9
LNA ASOs reduced liver Pesk9 mRNA by 60% and increased hepatic LDLR protein ~3-fold
(89, 90). In nonhuman primates, continuous treatment with the LNA ASO SPC5001 reduced
serum PCSK9 by 85% and LDL-C by 50%, effects that were reversible upon drug cessation
(91). Recently, the development of SPC5001 and BMS-844421 (second-generation ASOs) were
both halted during Phase I clinical trials for undisclosed reasons. Currently, there are no ongoing
PCSK9 ASO clinical trials.

STRATEGIES IN EARLY PHASES OF DEVELOPMENT

Peptide Mimetics

Peptide fragments of both PCSK9 and the LDLR have been used to provide mechanistic insight
into PCSK9-mediated LDLR degradation (92-94). PCSK9 binding to the LDLR can be out-
competed by peptides resembling natural binding partners. Truncated LDLR EGF-A-domain
peptides have been designed to bind PCSKO9, thereby preventing PCSK9:LDLR interaction and
inhibiting LDLR lysosomal degradation (28, 95, 96). In hepatocytes, EGF-A mimetics increased
LDLR recycling to the cell surface and increased LDL uptake by 90% (95, 96). No preclinical
animal studies testing these peptides have been reported. Although peptide mimetics have ad-
vanced the understanding of PCSK9-mediated LDLR degradation significantly, administration
and rapid metabolism of peptides in vivo remains a therapeutic challenge.

Small Molecules

Small molecules are compounds that bind target proteins, DNA, or RNA, inhibiting the target’s
biological function. These molecules have advantages over mAbs and siRINAs because they can be
taken orally and are less expensive. They could theoretically act anywhere along the sequence of
PCSK9 and affect autocatalytic processing, secretion, and/or LDLR interaction. Two difficulties
in developing small-molecule inhibitors are that PCSK9 catalytic activity is not involved in LDLR
degradation and the structure of the catalytic triad is similar to many other proteases, preclud-
ing specificity. Additionally, PCSK9 is difficult to target with small molecules because there is
no surface binding pocket that would facilitate specific binding (97). Therefore, small-molecule
development has lagged behind mAbs and siRINA.

PHARMACOKINETICS AND PHARMACODYNAMICS
OF PCSK9 INHIBITORS

The pharmacokinetics of PCSK9 inhibition with mAbs have been characterized in healthy
volunteers and patients (98, 99). Prior to treatment, free PCSK9 circulates in plasma. Upon
administration of a single dose of anti-PCSK9 mAbs, plasma antibodies increase rapidly, reaching
peak levels in ~8 days. The mAbs bind free PCSK9 rapidly, which reaches its lowest level by
~2 days. With less free PCSKDY, it would be anticipated that fewer hepatic LDLRs are targeted for
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lysosomal degradation and more LDLRs are recycled, thereby increasing their cell surface density
(Figure 2b). Consequently, more LDL becomes bound to the increased number of LDLRs and
is internalized. Indeed, LDL-C levels decrease rapidly, reaching their lowest concentrations by
~15 days. With time, the mAbs are metabolized and plasma concentrations decrease, reaching
undetectable levels by ~60 days. Free PCSK9 increases, reaching preinjection concentrations
by ~60 days. Free PCSK9 would then be expected to bind the LDLR, target it for lysosomal
degradation, reduce hepatocyte LDLR levels, and attenuate plasma LDL uptake (Figure 24). As
anticipated, LDL-C increases slowly from its nadir, reaching preinjection levels by ~60 days at a
rate that parallels the rebound in free PCSK9 levels. With repeated doses of anti-PCSK9 mAbs,
the lowest, most stable and sustained concentrations of LDL-C were obtained with biweekly
injections at intermediate doses (150 mg of alirocumab and 140 mg of evolocumab) (100, 101).

COMPLETED CLINICAL TRIALS OF PCSK9 INHIBITORS

To date, almost 30 Phase II and III randomized clinical trials (RCTs) have been reported,
mainly using evolocumab or alirocumab versus various comparators in patients treated for up to
78 weeks. Patient groups studied included those with (#) FH, (b)) hypercholesterolemia with high
cardiovascular risk on usual or maximal lipid-lowering therapy, and (¢) statin intolerance. Here-
after we focus on results of recent meta-analyses of the Phase IT and III RCT's of PCSK9 inhibitors
(Table 1) (102-105).

One meta-analysis summarized efficacy and adverse events grouped according to the PCSK9
inhibitor and showed that for equipotent dosages and dosing intervals, evolocumab and alirocumab
had essentially identical LDL-C lowering efficacy and side-effect profiles (104). A second meta-
analysis of 20 RCT's reported similar efficacy across both agents in absolute terms (103); because
other meta-analyses evaluated biochemical efficacy in relative terms (percent LDL-C reduction),
this meta-analysis could not be compared directly, although the overall results were consistent
with studies that reported percent changes (Table 1). The meta-analyses by Navarese et al. (102)
and Lipinski et al. (105) included 24 and 17 RCTs that enrolled a total of 10,159 and 13,083
patients, respectively. They showed very similar results, including LDL-C reductions versus
placebo of ~60% when added to baseline lipid-lowering therapy. Both reports showed signif-
icant reductions in all-cause mortality of ~55% (102, 105), and one report revealed reductions in
myocardial infarction of ~50% (102). Among biochemical variables, plasma lipoprotein (a) was
reduced by ~26% in both meta-analyses, whereas HDL-C was increased by ~6%. Serious adverse
events were generally neutral in both studies, although Lipinski et al. (105) found a significant
2.3-fold increased risk of neurocognitive adverse events, such as self-reported memory loss. More
definitive results will emerge from new studies that evaluate neurocognitive function specifically
and objectively through mental status examination and psychometric testing (106). Finally, a fo-
cused meta-analysis of 16 RCT's found no effect of PCSK9 inhibitors on C-reactive protein levels
(107). We next discuss particular patient demographic groups in whom PCSK9 inhibitor therapy
may be considered.

PCSK9 INHIBITION AND HIGH CARDIOVASCULAR RISK
PCSKO9 Inhibition Despite Existing Lipid-Lowering Therapy

PCSKD9 inhibition decreased LDL-C robustly in patients receiving statin therapy at maximally
tolerated doses. These studies are consistent with the concept that both agents lower LDL-C by
targeting the LDLR through different but complimentary mechanisms: statins via transcriptional
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Table 1 Summary of meta-analyses on Phase II and III randomized clinical trials of PCSK9 inhibitors

Number Number of
Reference of trials patients Outcome metric? P value
All-cause mortality
Navarese et al. (102) 24 10,159 0.45 (0.23-0.86) 0.015
Lipinski et al. (105) 13 11,430 0.43 (0.22-0.82) 0.010
Cardiovascular mortality
Navarese et al. (102) 24 10,159 0.49 (0.23-1.07) NS (0.070)
Lipinski et al. (105) 12 11,340 0.50 (0.22-1.13) NS (0.10)
Selected cardiovascular end points
Navarese et al. (102) 10 5,195 Myocardial infarction 0.49 (0.26-0.93) 0.03
Navarese et al. (102) 6 3,894 Unstable angina pectoris 0.51 (0.05-4.86) NS (0.56)
Lipinski et al. (105) 12 11,340 Major cardiovascular events 0.67 (0.43-1.04) NS (0.07)
Selected adverse effects
Navarese et al. (102) 24 10,159 Elevated serum creatine kinase 0.73 (0.55-0.97) 0.03
Navarese et al. (102) 24 10,159 All serious adverse events 1.01 (0.88-1.16) NS (0.89)
Lietal. (103) 15 7,464 All serious adverse events 1.07 (0.86-1.34) NS (0.89)
Lipinski et al. (105) 6 9,581 Adverse neurocognitive effects 2.34 (1.11-4.93) 0.02
Low-density lipoprotein cholesterol
Navarese et al. (102) 24 10,159 —58.8% (—61.0% to —56.5%) versus placebo <0.001
Lipinski et al. (105) 17 13,083 —59.7% (—60.5% to —58.6%) versus placebo <0.001
Lietal. (103) 18 9,136 —65.3 mg/dL (=72.1 to —58.5 mg/dL) versus comparators | <0.00001
Total cholesterol
Navarese et al. (102) 10 5,357 —39.8% (—40.7% to —37.4%) versus placebo <0.001
Lipinski et al. (105) 17 13,083 —36.7% (—37.6% to —35.8%) versus placebo <0.001
Triglycerides
Lietal. (103) | 16 8,696 —12.2 mg/dL (—16.2 to —8.22 mg/dL) versus comparators | <0.00001
High-density lipoprotein cholesterol
Navarese et al. (102) 14 4,378 +6.14% (+5.31% to +6.97%) versus placebo <0.001
Lipinski et al. (105) 17 13,083 +6.04% (+5.31% to +6.78%) versus placebo <0.001
Lietal. (103) 17 9,003 +3.40 mg/dL (+3.12 to 4+3.68 mg/dL) versus comparators | <0.00001
Apolipoprotein B
Lietal. (103) 17 9,003 —41.0% (—46.1% to —35.9%) versus comparators <0.00001
Lipinski et al. (105) 17 13,083 —48.4% (—49.3% to —47.6%) versus placebo <0.001
Apolipoprotein A1l
Li etal. (103) 13 5,724 46.75% (+4.64% to +8.86%) versus comparators <0.00001
Lipinski et al. (105) 17 13,083 +3.83% (+3.00% to +4.66%) versus placebo <0.001
Lipoprotein (a)
Navarese et al. (102) 12 6,566 —28.0% (—31.2% to —24.7%) versus comparators <0.001
Lipinski et al. (105) 17 13,083 —24.3% (—28.4% to —19.7%) versus placebo Significant
Lietal. (103) 16 8,696 —0.94 (—1.12 to —0.77) standardized mean change <0.00001

Abbreviation: NS, nonsignificant.

*Outcome metric for discrete events is the odds ratio; for continuous traits, either the treatment-related relative change in percent or the

treatment-related absolute change in mg/dL is shown.
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upregulation and PCSK9 inhibitors through increased LDLR protein density. The completed
studies with greatest impact were long-term extensions of the Open-Label Study of Long-Term
Evaluation Against LDL-C (OSLER) trials of evolocumab (36) and ODYSSEY LONG TERM
foralirocumab (35). Both studies showed LDL-C reductions from ~3.1 mmol/L in the comparator
or control arms to ~1.2 mmol/L with active treatment of either evolocumab (150 mg biweekly for
52 weeks) or alirocumab (140 mg biweekly for 78 weeks) (35, 36). Both studies showed an additional
48-53% reduction of CVD events when added to statin therapy. Most adverse events occurred
with similar frequency in the two groups; however, the rate of neurocognitive adverse events
was higher with active treatment than with placebo. Based on these promising results, national
regulators made these agents available for prescription for limited indications in late 2015, despite
the absence of large RCT's powered for outcomes. For more details on all other individual Phase
IT and IIT studies, the reader is referred to several excellent reviews (108-112). Currently, a single
published dose-ranging study with bococizumab has shown absolute LDL-C reductions of up to
1.36 mmol/L (113).

PCSK9 Inhibition in Familial Hypercholesterolemia

The molecular lesion in HeFH is usually within the gene encoding the LDLR, but because
heterozygotes inherit one normal copy of the gene, PCSK9 inhibitors can delay degradation
of LDLR from the normal allele and increase overall receptor-mediated endocytosis of LDL
particles. Both evolocumab and alirocumab have been evaluated in numerous trials conducted
specifically in patients with HeFH, namely RUTHERFORD I and II (evolocumab) (114, 115) and
ODYSSEY FH (alirocumab) (116). In HeFH patients on statin therapy, alirocumab administered
every 2 weeks at doses of 75 and 150 mg reduced LDL-C by 50% and 63 %, respectively, from
baseline, and more than 60% of patients reached rigorous LDL-C targetlevels, compared to almost
no patients in the placebo groups (116). In statin-treated HeFH patients, evolocumab at doses of
140 mg every 2 weeks and 420 mg every 4 weeks reduced LDL-C by more than 60% from baseline,
and most patients reached rigorous LDL-C target levels, compared to almost no placebo-treated
patients (115). Evolocumab was also evaluated in patients with homozygous FH (i.e., individuals
who inherited two poorly functioning LDLR genes) (117). Evolocumab reduced LDL-C by ~30%
in a patient subgroup that had at least one mutant LDLR allele with residual functionality, whereas
individuals with two null or completely nonfunctional alleles did not respond (117). Based on these
findings, patients with HeFH who are not at their treatment goals represent a target demographic
for both agents, whereas evolocumab is further indicated for very-difficult-to-treat homozygous
FH patients with residual LDLR function.

PCSKO9 Inhibition in Diabetes

There has been no RCT of PCSK9 inhibitors performed in patients with diabetes, but in Phase II
and III trials published to date, ~24% of patients had diabetes [mainly type 2 diabetes (T2D)];
diabetic patients did not respond differently to either alirocumab or evolocumab compared to
nondiabetic subjects (118). A recent meta-analysis of diabetic subgroups in evolocumab studies
confirms similar atherogenic lipoprotein reductions in T2D patients compared to patients with-
out T2D (119). Although dedicated trials enrolling only diabetic patients are under way, even
before results are available, PCSK9 inhibitor therapy may be appropriate in diabetic patients, par-
ticularly if there is concurrent genetic hyperlipidemia, persistent high LDL-C despite maximal
conventional lipid-lowering therapy with existing macrovascular disease, or very high risk factor
burden.
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PCSKO9 Inhibition in Statin Intolerance

Statin intolerance is a challenging clinical state to both define and manage (120). The Goal
Achievement after Utilizing an Anti-PCSK9 Antibody in Statin Intolerant Subjects (GAUSS)-2
trial found that evolocumab reduced LDL-C 53-56% from baseline, significantly greater than the
16-19% reductions achieved with ezetimibe (P < 0.001). Muscle-related adverse events occurred in
12% of evolocumab-treated patients and 23% of ezetimibe-treated patients (121). The ODYSSEY
ALTERNATIVE study found thatalirocumab reduced mean LDL-C by 45.0% versus 14.6% with
ezetimibe (mean difference 30.4%) and was associated with significantly fewer skeletal muscle-
related events (122). However, unless the patient also meets another indication such as FH or
recurrent CVD with recalcitrant and elevated LDL-C, most regulators have shied away from
statin intolerance as an indication for PCSK9 inhibitors because statin intolerance is so difficult
to define and the size of this patient demographic is potentially enormous.

FUTURE DIRECTIONS AND CHALLENGES

Although PCSK9 inhibitors are currently available for prescription and are used as adjunctive
treatments in some niche patient demographic groups, positive outcomes from the large-scale
prospective RCT's, namely FOURIER for evolocumab (123), ODYSSEY LONG TERM for
alirocumab (124), and SPIRE I and II for bococizumab (125), will be critical in determining
the potential breadth of the target demographic and ultimate range of indications in preventive
cardiology. Recent analyses suggest these agents may not be maximally cost-beneficial at current
prices in the United States but might reflect better economic value at current prices in Canada and
Europe (126). Also, the ability of PCSK9 inhibitors to induce regression of atherosclerotic plaques
is currently being explored (127). In this context, a sequential approach may prove beneficial,
with intense induction therapy using PCSK9 inhibition for the first year or two after the event,
followed by maintenance therapy using only a statin thereafter (128). Finally, given the variety
of non-LDLR-related targets and mechanisms that have emerged (as described above and in 11),
it will be critical to maintain vigilance for possible off-target effects, including neurocognitive
adverse events (105, 106) and increased susceptibility to infections (37, 129). Some very low-risk
long-term adverse effects of statins, such as the slightly increased risk of T2D mellitus (130),
were not apparent in individual short-term clinical trials and did not emerge until decades after
statins had been in widespread clinical use. Thus, long-term pharmacovigilance protocols will be
essential, especially with potential premature termination of outcomes studies if positive efficacy
end points are achieved early.

CONCLUSIONS

In less than 15 years, PCSK9 has evolved from a genetic curiosity to a key regulator of cholesterol
metabolism to a prime drug target for which commercially available treatments now exist. Interest
extends beyond its fascinating biology: PCSK9 inhibition represents the first major development
in lipid management in more than a decade. Furthermore, PCSK9 continues to provide novel
scientific insights into lipoprotein metabolism and atherogenesis. If ongoing clinical outcome
trials with PCSK9 inhibitors are positive, they will shift the treatment paradigm from one in
which LDL-C is not even mentioned in certain clinical practice guidelines toward an assertive
focus on LDL-C reduction for high-risk patients. Furthermore, the genetics-directed path to
PCSK9 development exemplifies a new paradigm in pharmacology. Although PCSK9 inhibitors
in current use have an excellent safety profile to date, vigilance for possible rare adverse effects is
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necessary. Finally, the high cost of PCSK9 inhibition sometimes creates a barrier to accessibility

that might be mitigated by increased competition in this treatment space.
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