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Atherothrombosis Drugs Compendium

Cholesterol-Lowering Agents
PCSK?9 Inhibitors Today and Tomorrow

Robert S. Rosenson, Robert A. Hegele, Wolfgang Koenig

Abstract: Loss-of-function variants in PCSK9 (proprotein convertase subtilisin-kexin type 9) are associated with

lower lifetime risk of atherosclerotic cardiovascular disease) events. Confirmation of these genetic observations in
large, prospective clinical trials in participants with atherosclerotic cardiovascular disease has provided guidance
on risk stratification and enhanced our knowledge on hitherto unresolved and contentious issues concerning
the efficacy and safety of markedly lowering LDL-C (low-density lipoprotein cholesterol). PCSK9 has a broad
repertoire of molecular effects. Furthermore, clinical trials with PCSK9 inhibitors demonstrate that reductions
in atherosclerotic cardiovascular disease events are more effective in patients with recent myocardial infarction,
multiple myocardial infarctions, multivessel coronary artery disease, and lower extremity arterial disease. The
potent LDL-C lowering efficacy of PCSK9 inhibitors provides the opportunity for more aggressive LDL-lowering
strategies in high-risk patients with atherosclerotic cardiovascular disease and supports the notion that there is
no lower limit for LDL-C. Aggressive LDL-C lowering with fully human PCSK9 monoclonal antibodies has been
associated by a safety profile superior to that of other classes of LDL-lowering agents. These clinical trials provide
evidence that LDL lowering with PCSK9 inhibitors is an effective therapy for lowering cardiovascular events
in high-risk patients with LDL-C levels 270 mg/dL on maximally tolerated oral therapies, including statins and
ezetimibe. (Circ Res. 2019;124:364-385. DOI: 10.1161/CIRCRESAHA.118.313238.)
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Numerous prospective cohort studies, natural randomi-
zation (also called Mendelian randomization) studies,
and randomized clinical trials (RCTs) confirm a causal re-
lationship between absolute exposure of vessels to LDL-C
(low-density lipoprotein cholesterol) and the risk of athero-
sclerotic cardiovascular disease (ASCVD) events.! LDL-C is
lowered by reduced intake of total calories in obese individu-
als, by reduced intake of saturated fat, and by several classes of
cholesterol-lowering therapies.>* Of the multiple cholesterol-
lowering therapies, statins (HMG-CoA [3-hydroxy 3-methyl
glutaryl coenzyme A] reductase inhibitors) constitute the most
extensively studied therapeutic class for lowering LDL-C and
ASCVD events.* However, maximally tolerated statin therapy
may be inadequate to achieve the LDL-C lowering needed to
reduce ASCVD risk in certain patients.” Furthermore, incre-
mental lowering of LDL-C by 24% with ezetimibe in statin-
treated patients after an acute coronary syndrome (ACS)
reduced the risk of recurrent cardiovascular events to 32.7% in
the simvastatin-ezetimibe group as compared to 34.7% in the
simvastatin-monotherapy group, corresponding to an absolute
risk reduction (ARR) of 2% (hazard ratio [HR], 0.936) after
7 years of treatment.® The introduction of PCSK9 (proprotein

convertase subtilisin kexin type 9) inhibitors has opened new
options for patients at high risk to achieve unprecedented low
LDL-C levels for further residual risk reduction.” These data
have emerged from large-scale clinical outcome trials with
monoclonal antibodies directed against PCSK9.5-13

In this state-of-the-art review, we review (1) the proathero-
genic mechanisms of PCSK9 in experimental models and hu-
man studies; (2) the importance of human genetics in linking
PCSK9 mutations to altered ASCVD risk; and (3) clinical trial
data with PCSK9 inhibitors in patients with cardiovascular di-
sease and other high-risk individuals.

PCSK9 and Lipoprotein Metabolism
PCSKO9 is a zymogen that after autocatalysis acts both intracel-
lularly and extracellularly to ultimately inhibit the recycling of
the LDLR (LDL receptor), primarily in the liver.'**® The LDLR
normally clusters within clathrin-coated pits at the hepatocyte
surface and binds LDL particles via the receptor-binding region
of circulating apoB, initiating receptor-mediated endocytosis,
which also engages LDLAPI (LDLR adaptor protein 1 or ARH)
as a chaperone.”® Within late endosomes and lysosomes, as the
pH increases, the LDL particle is degraded, whereas the receptor

From the Zena and Michael A. Wiener Cardiovascular Institute and Marie-Josee and Henry R. Kravis Center for Cardiovascular Health, Mount Sinai
Hospital, Icahn School of Medicine at Mount Sinai, New York, NY (R.S.R.); Department of Medicine and Robarts Research Institute, Schulich School of
Medicine, Western University, London, Ontario, Canada; Deutsches Herzzentrum Miinchen, Technische Universitit Miinchen, Munich, Germany (W.K.);
DZHK (German Centre for Cardiovascular Research), partner site Munich Heart Alliance, Munich, Germany (W.K.); and Institute of Epidemiology and

Biostatistics, University of Ulm, Germany (W.K.).

Correspondence to Robert S. Rosenson, MD, Cardiometabolic Unit, One Gustave L. Levy P1, Hospital Box 1030, New York, NY 10029. Email robert.

rosenson@mssm.edu
© 2019 American Heart Association, Inc.

Circulation Research is available at https://www.ahajournals.org/journal/res

DOI: 10.1161/CIRCRESAHA.118.313238


mailto:robert.rosenson@mssm.edu
mailto:robert.rosenson@mssm.edu
https://www.ahajournals.org/journal/res

6T0Z ‘6T Afenige4 uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Nonstandard Abbreviations and Acronyms

ACS acute coronary syndrome

ANITSCHKOW Effects of Proprotein Convertase Subtilisin/
Kexin Type 9 (PCSK9) Inhibition on Arterial Wall
Inflammation Study in Patients With Elevated
Lipoprotein(a)

ApoER2 ApoE receptor 2

ASCVD atherosclerotic cardiovascular disease

CRP C-reactive protein

EPIC-HIV Effect of PCSK9 Inhibition on Cardiovascular Risk in
Treated HIV Infection

FH familial hypercholesterolemia

FOURIER Further Cardiovascular Outcomes Research With
PCSK9 Inhibition in Subjects With Elevated Risk

GLAGOV Global Assessment of Plaque Regression With a
PCSK9 Antibody as Measured by Intravascular
Ultrasound

GRP glucose-regulated protein

HMG-CoA 3-hydroxy 3-methyl glutaryl coenzyme A

hs-CRP high-sensitivity CRP

IL interleukin

LDL low-density lipoprotein

LDL-C low-density lipoprotein cholesterol

LDLAP1 LDLR adaptor protein 1

LDLR LDL receptor

LOX-1 lectin-like oxidized LDLR-1

Lp(a) lipoprotein (a)

LRPs LDLR-related protein

MCP monocyte chemoattractant protein

NARC1 neural apoptosis-regulated convertase-1

NF-xB nuclear factor kB

NLRP3 NLR family pyrin domain-containing 3

ODYSSEY Outcomes Evaluation of Cardiovascular Outcomes After an
Acute Coronary Syndrome During Treatment With
Alirocumab

ox-LDL oxidized LDL

PCSK9 proprotein convertase subtilisin/kexin type 9

RCT randomized clinical trials

REPRIEVE Evaluating the Use of Pitavastatin to Reduce the
Risk of Cardiovascular Disease in HIV-Infected
Adults

SHARP Study of Heart and Renal Protection

SIP site 1 protease

SKI-1 subtilisin/kexin-isoenzyme 1

SPIRE Studies of PCSK9 Inhibition and Reduction of
Vascular Events

SREBP-2 sterol regulatory element-binding protein-2

TGF transforming growth factor

TLR toll-like receptor

TNF tumor necrosis factor

separates and recycles back to the cell surface, where receptor-
mediated endocytosis begins anew and is repeated hundreds of
times over the receptor’s lifetime.'> When low intracellular levels
of cholesterol are sensed, SREBP-2 (sterol regulatory element-
binding protein-2) is upregulated, initiating transcription of both
the receptor and the precursor Pro-PCSK9.'!” After autocatalytic
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cleavage within the endoplasmic reticulum, the prodomain is re-
leased but then reamalgamates with PCSK9 and in so doing ac-
tivates it.!” An additional check at the Golgi stage is provided by
furin, which to a variable degree cleaves and inactivates PCSK9
before it reaches the cell surface.'” Intracellular PCSK9 can in-
teract with some LDLRs before they are even secreted, directing
them towards an abbreviated route towards lysosomal degra-
dation.” Once it is secreted into plasma, PCSK9 serves as one
of many potential ligands for the LDLR.” Furthermore, about
half of circulating PCSK9 is bound to either LDL or the related
Lp(a) (lipoprotein [a]) particle. After endocytosis, if PCSK9 is
entwined with the LDL-LDLR complex, the receptor fails to
exit the lysosome, becomes degraded with its other contents, and
fails to recycle.’ The huge molar excess of receptors to PCSK9
means that only rarely can an individual PSCK9 molecule insin-
uate itself into the LDLR-LDL complex; most often PCSK9 is
absent, allowing unimpeded repeated recycling of the receptor.’
There is also a suggestion that intracellular PCSK9 may itself
sometimes be recycled so that a single PCSK9 molecule might
contribute multiple times to receptor degradation.’

PCSK9 and Atherosclerosis

The effects of PCSK9 on atherosclerosis include global effects
on LDL metabolism, local effects on LDL metabolism within
an atherosclerotic lesion, and effects on other atherogenic
mechanisms such as inflammation (Figure 1). Atherosclerosis
is a chronic inflammatory disease of the arterial wall that is
characterized by endothelial cell activation, accumulation of
mononuclear cells, and vascular smooth muscle cells (VSMCs).
Atherosclerotic lesions are site-specific and develop prefer-
entially in regions of low wall shear stress.'” Low wall shear
stress augments human and mouse endothelial cell and smooth
muscle cell PCSK9 expression, which is mediated by NADPH
oxidase—induced reactive oxygen species production.” The as-
sociations between PCSK9 expression and mononuclear cell
chemotaxis and adhesion in low wall shear stress regions sug-
gest an association between PCSK9 and inflammation.??!

A central mechanism whereby PCSK9 contributes to ath-
erogenesis is through its fundamental role in governing plasma
LDL-C concentration, which is now accepted as a direct caus-
ative factor in atherosclerosis, via several mechanisms which
have been well-reviewed.! In addition, plasma PCSK9 can
freely distribute within an atherosclerotic plaque, and both
plaque macrophages and VSMCs can secrete and respond to
PCSK9; LDLRs within the plaque are subject to local regu-
lation by PCSK9.” If PCSK9 is locally inhibited, enhanced
cholesterol internalization from increased LDLR activity can
be deleterious for the plaque.

Preclinical studies establish that PCSK9 also participates in
multiple steps and processes that contribute to arterial inflamma-
tion (Figure 2). In hypercholesterolemic ApoE~- mice fed a high-
fat diet, associated monocytosis increases the circulating Ly-6C"
monocyte subset (phenotypically Gr-""CCR2*CX3CRI1") and
lesional macrophages.”” Ly-6C" monocytes are more effective
than Ly-6C"° monocytes (phenotypically Gr-""*CCR2*CX3CR1")
in adhering to activated endothelium, infiltrating atherosclerotic
lesions, transition of monocytes to classically activated mac-
rophages, and generation of inflammatory responses, includ-
ing increased production of the proinflammatory cytokines IL
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Figure 1. PCSK9 (proprotein convertase subtilisin-kexin type 9) induces release of intraplaque cytokines from macrophages, dendritic cells,

and smooth muscle cells. The elaboration of PCSK9 from smooth muscle cells degrades macrophage LDLR (low-density lipoprotein receptor), which
increases activation of the p65 subunit of NF-kB (nuclear factor kB) via the signaling pathways JAK (Janus kinase) and SREBP (sterol regulatory element-
binding protein). Activation of NF-xB signaling results in increased production of TNF (tumor necrosis factor)-a, IL (interleukin)-1p, IL-6, MCP (monocyte
chemoattractant protein)-1 and CXCL2 (chemokine ligand 2). The macrophage ApoER2 (ApoE receptor 2) inhibits NF-kB signaling and suppresses activation
of TNF-a, IL-1p, IL-6. PCSK9 increases degradation of ApoER2. Dendritic cells are immune competent cells that participated in plaque complications and
rupture. ox-LDL (oxidized LDL) activates dendritic cells and T cells in plaque resulting in increased expression of PCSK9, the costimulatory molecules CD80,
CD83, CD86, and HLA-DR (human leukocyte antigen-DR isotype), and the SOCS1 (suppressor of cytokine signaling 1) signaling pathway that induces the
proinflammatory cytokines TNF-a, IL-1B, IL-6, and TGF (transforming growth factor)-$. ox-LDL induces dendritic cells to induce the scavenger cell receptors

CD36 and LOX-1 (lectin-like oxidized LDLR-1). lllustration Credit: Ben Smith.

(interleukin)-1 and TNF (tumor necrosis factor)-o.2° Transgenic
mice expressing human PCSK9 on the background of apoE~"~
and LDLR™~ have increased aortic lesion size. Lesion Ly-6C"
monocytes are increased in apoE”~ mice, but not Ldlr~~ mice.”
Thus, these effects of human PCSK9 are dependent on the pres-
ence of the LDLR.

In the early stages of atherosclerosis, lipid-rich macro-
phages secrete inflammatory mediators that stimulate VSMC
migration and proliferation. VSMC PCSK9 secretion degrades
macrophage LDLR.?** Transplantation of bone marrow from
transgenic mice expressing human PCSK9 into Ldlr™~ and
ApoE~~ mice fed a hypercholesterolemic diet, increased ath-
erosclerotic lesion inflammation in an LDLR-dependent
mechanism.?! It has been postulated that the anti-inflamma-
tory actions of PCSK9 inhibition may be counteracted by
upregulation of macrophage LDLRs in plaque cells leading
to increased cholesterol accumulation in the atheroma.”>? As
mentioned, theoretically, therapeutic blockade of PCSK9 via
monoclonal antibodies may facilitate cholesterol entry into
macrophage via increased LDLR expression.

PCSKO regulates the concentration of LDL-C by binding
to hepatic LDLR, targeting them to the endolysosomal path-
way, and interfering with their return to the cell surface.”?
Additionally, PCSKO targets other members of the LDLR su-
perfamily® and LRPs (LDLR-related proteins;Figure 2).2!-30-2

LRP1 regulates inflammatory responses in the atheroma
through apoE-dependent and apoE-independent pathways.?>*
ApoE is present in cells involved in atherogenesis, including
platelets, endothelial cells, and monocytes and macrophages.*
Genetic inactivation of Pcsk9 reduces atherosclerosis in
ApoE~~ mice.* ApoER2 (ApoE receptor 2) or LR7/8B (LDL
receptor gene family member [LR] 7/8B) expression reduces
cholesterol accumulation in macrophages, decreases athero-
sclerotic plaque development,*® and inhibits NF-xB (nuclear
factor kB) activation and proinflammatory cytokine produc-
tion by macrophages.”’” PCSK9 promotes inflammation by
degrading ApoER2% (Figure 2). Expression of the LOX-1
(lectin-like oxidized LDLR-1) in aortic endothelial cells and
VSMCs is increased by NADPH oxidase—dependent reactive
oxygen species. Inhibition of reactive oxygen species produc-
tion by siRNA (short interferring RNA) transfection of p47°hox
and gp917* reduced PCSK9 expression. Correspondingly,
inhibition of PCSK9, LOX-1, and reactive oxygen species
generation reduced NF-xB expression.® The elaboration
of PCSK9 from smooth muscle cells degrades macrophage
LDLR, which increases activation of the p65 subunit of
NF-xB via the signaling pathways JAK (Janus kinase) and
SREBP.?! Activation of NF-xB signaling results in increased
production of TNF-a, IL-1f, IL-6, MCP-1 (monocyte chemo-
attractant protein 1), and CXCL2 (chemokine ligand 2).?' The
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Figure 2. PCSK9 (proprotein convertase subtilisin-kexin type 9) targets several members of the LDLR (low-density lipoprotein receptor) superfamily
and LRPs (LDLR-related proteins) to promote inflammation in experimental models. PCSK9 promotes inflammation by degrading the ApoER2 (ApoE
receptor 2) or LR7/8B (LDL receptor gene family member [LR] 7/8B) receptor. ApoER2 expression reduces cholesterol accumulation in macrophages and
inhibits NF-xB (nuclear factor kB) signaling and suppresses activation of TNF (tumor necrosis factor)-a, IL (interleukin)-1f, IL-6. ox-LDL (oxidized LDL)
activates SOCS1 (suppressor of cytokine signaling 1) signaling in dendritic cells, and this activation is influenced by let-7c (lethal-7 gene family member-7c),
miR (microRNA)-27a, miR 27b, and miR-18S. Expression of the LOX-1 (lectin-like oxidized LDLR-1) in aortic endothelial cells and vascular smooth muscle
cells is increased by NADPH oxidase-dependent reactive oxygen species (ROS). Inhibition of ROS production by siRNA (short interfering RNA) transfection of
p47Phx and gp91Phx reduced PCSK9 expression. Inhibition of PCSK9, LOX-1, and ROS generation reduced NF-kB expression. lllustration Credit: Ben Smith.
JAK indicates Janus kinase; MCP, monocyte chemoattractant protein; and SREBP, sterol regulatory element-binding protein.

macrophage ApoER2 receptor inhibits NF-xB signaling and
suppresses activation of TNF-a, IL-1f3, and IL-6. PCSK9 in-
creases degradation of ApoER2.

Ox-LDL (oxidized LDL) induces PCSK9 expression in
dendritic cells, the costimulatory molecules CD80, CDS83,
CD86, and HLA-DR (human leukocyte antigen-DR isotype),
and the SOCS1 (suppressor of cytokine signaling 1) signal-
ing pathway that induces the proinflammatory cytokines
TNF-a, IL-1f, IL-6, and TGF (transforming growth factor)-
B (Figure 2).*% Ox-LDL induces dendritic cells to induce
the scavenger cell receptors CD36 and LOX-1. Silencing of
PCSK9 (for instance by siRNA) in proinflammatory T cells
and dendritic cells abrogates Ox-LDL-mediated proinflam-
matory effects of PCSKO9, including the costimulatory mol-
ecules (CD83, CD86, and HLA-DR), scavenger receptors
(LOX-1 and CD36), and polarization of T cells to Thl an-
dTh17 subsets (Figure 2).*

Silencing of PCSK9 in macrophages inhibits redox-
sensitive transcription factor—induced NF-kB inflammatory
responses*' and human endothelial cell ox-LDL—induced ap-
optosis via blocked caspase-3 and -9 activation.* Treatment
with an anti-PCSK9 monoclonal antibody reduces CCR2
(chemokine receptor 2) expression and migration of circulat-
ing monocytes in patients with familial hypercholesterolemia
(FH) patients’ attenuates proinflammatory cytokine produc-
tion.* The Metchnikoff trial (NCT pending) is a mechanistic

trial designed to describe how PCSKO inhibition alters the cir-
culating monocyte populations and to systematically profile
the transcriptional and proteomic responses to TLRs (toll-like
receptors) and how these responses are modulated by PCSK9
inhibition in peripheral blood mononuclear cells) of patients
with atherosclerotic coronary arterial disease and controlled
type 2 diabetes mellitus. In a coronary intravascular ultra-
sound (IVUS) virtual histology study, PCSK9 levels were
linearly associated with the volume of necrotic core tissue,
independent of LDL-C level.* The reduction in proinflamma-
tory mediators from cells in the arterial wall may contribute
to local effects that may mediate a reduction in atherosclero-
sis progression and cardiovascular events. The neutral effect
of PCSKO9 inhibitors on hepatic synthesis of inflammatory
mediators, such as CRP (C-reactive protein), suggests a re-
duction in inflammatory pathways independent of the NLRP3
(NLR family pyrin domain-containing 3) inflammasome/IL-
1P pathway.

The above complex distal and local effects of PCSK9
on multiple atherogenic mechanisms could have clinical im-
plications: for instance, circulating monoclonal antibodies
may have different net effects on PCSK9 within atherogenic
plaques compared with antisense oligonucleotides.” This com-
plexity emphasizes the need for randomized controlled trials
of each particular agent to evaluate its integrated effects on
clinical ASCVD end points.
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Genetics of PCSK9

Molecular genetics has played a central role both in discover-
ing PCSKO and then linking it to cholesterol metabolism.!*!”
While searching for members of the proprotein convertase
family of serine proteases, Seidah et al'® screened nucleotide
databases and identified a cDNA sequence showing homol-
ogy to SIP (site 1 protease), also known as SKI-1 (subtilisin/
kexin-isoenzyme 1); this new gene was originally desig-
nated NARCI1 (neural apoptosis-regulated convertase-1)
because of the fact that it was upregulated when apoptosis
was induced in primary cultures of cerebellar neurons. Soon
renamed PCSKO9, it became defined as a member of the pro-
teinase K family of subtilases, with genomic structure com-
prised of 12 exons transcribed into an mRNA of 3710 bp
(NM_174936.3) and translated into a protein of 692 amino
acids (NP_777596.2) with liver being the primary site of ex-
pression.'® The gene was mapped to chromosome 1p32, which
coincided with a region linked to dominant inheritance of hy-
percholesterolemia in French and American families who had
no causative mutations in either LDLR or APOB genes.*¢
Suspecting that genetic variation in PCSK9 might be related
to hypercholesterolemia, Seidah persuaded Boileau’s group
to undertake DNA sequencing in their affected French fami-
lies. This led to identification of rare heterozygous missense
mutations in PCSK9 (p.S127R and p.F216L), which in their
respective families cosegregated impeccably with hyper-
cholesterolemia.”’ The Utah kindred had a different PCSK9
rare variant—p.D374Y—that likewise showed cosegregation
with elevated LDL-C.*#

PCSKO is now recognized as the third gene causing FH,
with rare variants presently accounting for <1% of FH cases
compared with 80% to 90% and 5% to 10% of cases resulting
from LDLR loss-of-function mutations and APOB receptor—
binding defective mutations, respectively.*

A key observation tying a PCSK9 gain-of-function
mechanism to FH came from Maxwell and Breslow,® who
showed that simple transgenic overexpression of PCSK9
in mice caused an FH-like phenotype because of increased
intracellular degradation of the LDLR.” This implied that
FH in humans was caused by gain-of-function mutations
in PCSK9, which resulted in more avid degradation of the
LDLR, with reduced capacity for internalization of LDL and
consequent accumulation of LDL in plasma. That a gain-
of-function rather than loss-of-function in PCSK9 leads to
hypercholesterolemia has been confirmed by reports over
the past 15 years of dozens of disease-causing mutations,
mostly rare heterozygous nonsynonymous variants that oc-
cur in virtually every domain of the protein'® and result in
either increased transcription, impaired autocatalysis, or in-
creased affinity of PCSK9 for the receptor.'’”! Recently, a
unique gain-of-function mechanism was reported in 2 unre-
lated Canadian families in which the entire PCSK9 gene was
duplicated.> One affected patient had the highest plasma
levels of PCSK9 ever reported in a human being—a >20-
fold increase over normal levels. Carrying 3 copies of the
PCSK9 gene cosegregated with severe hypercholesterole-
mia, aggressive ASCVD, and resistance to available phar-
macotherapies, including PCSK9 inhibitors.

Proof that loss-of-function mutations in PCSK9 lowered
LDL-C in humans was reported in 2005, after Cohen et al®
and Kotowski et al’* sequenced the PCSK9 gene in individu-
als from the Dallas Heart Study who had either extremely
high or low LDL-C levels. Among individuals from differ-
ent geographic ancestries with extremely low LDL-C levels,
they identified certain uncommon PCSK9 coding variants
that were not seen in individuals with high levels. Some of
these variants, for example, p.Y 142X or p.C679X, encoded
a severely truncated version of the protein that was clearly
predicted to impart a loss-of-function to PCSK9. They next
showed, in a landmark example of a Mendelian randomiza-
tion experiment, that individuals with PCSK9 loss-of-function
variants who had lifelong depressed LDL-C levels also had
reduced ASCVD risk. Specifically, of 3363 blacks, 2.6% of
individuals carried 1 of 2 heterozygous PCSK9 nonsense vari-
ants, which were associated with 28% and 88% reductions
in LDL-C and ASCVD risk, respectively. Of the 9524 white
subjects examined, 3.2% had the PCSK9 p.R46L missense
variant that was associated with 15% and 47% reductions in
LDL-C and ASCVD risk, respectively. These results were es-
sentially confirmed in subsequent studies performed in much
larger cohorts.’*” A meta-analysis of 3 Scandinavian cohorts
totaling >66 000 individuals showed that heterozygotes for the
PCSKO9 p.R46L allele had 12% and 28% reductions in LDL-C
and ASCVD risk, respectively.”” This particular missense var-
iant has been shown to compromise secretion, phosphoryl-
ation, and binding affinity for the LDLR.*®** Similarly, the
nonsynonymous PCSK9 p.R93C variant, which is specific to
Asian subpopulations and is predicted to be deleterious, had
an allele frequency of 1.4% in 14473 Chinese individuals and
was associated with reduced LDL-C and 24% reduced risk of
ASCVD.*

Currently, at least 20 probable loss-of-function PCSK9
variants have been reported, of which most are either mis-
sense or nonsense changes.””> These are situated within all
functional domains of PCSK9 and to varying degrees lead
to reduced PCSKO9 function through accelerated degradation,
compromised intracellular transport, aberrant autocatalysis, or
reduced affinity for the LDLR.>? The loss-of-function variants
are instructive in several ways. First, they provided evidence
for the potential biochemical and clinical efficacy of target-
ed reduction in PCSK9 using a pharmacological modality
to mimic the effects of naturally occurring loss-of-function.
Furthermore, the Mendelian (or natural genetic) randomiza-
tion results implicating PCSK9 has become a paradigm for
drug discovery more generally.®* Second, and just as impor-
tantly, close study of complete human knockouts for PSCK9
(eg, individuals with homozygous or biallelic loss-of-function
variants) show that they have only depressed LDL-C; these in-
dividuals appear healthy in all other respects.®*¢* This supports
the potential safety of pharmacologically targeting PCSKO.

Specific human variants both in PCSK9 and related
proteins can shed further light on biology and can possi-
bly have clinical relevance.” For instance, both the PCSK9
p-D374Y gain-of-function variant and the doppelganger
LDLR p.H306Y loss-of-function variant result in a more
tightly associated LDLR-PCSK9 complex.!” Targeting this in-
teraction could be another approach to prolong the lifespan
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of receptors. Furthermore, the PCSK9 p.F216L and p.R218S
gain-of-function mutations attenuate furin cleavage and in-
activation of PCSK®9, indicating that approaches to enhance
this cleavage step might provide an independent mechan-
ism to reduce PCSK9 activity via a mechanism that is inde-
pendent of currently available monoclonal antibodies.!” In
addition, the LDLR p.R410S variant associates more avidly
with PCSKO9 at a more acidic pH is associated with reduced
delivery of LDL particles to lysosomes, and likely recycles
loaded with its LDL contents, suggesting a new class of
FH-causing mutation.®® Also, cellular studies of the PCSK9
p-Q152H loss-of-function variant, which fails to normally exit
the endoplasmic reticulum and undergo autocatalytic cleav-
age, showed altered intracellular interactions with the 94-kDa
GRPY94 (glucose-regulated protein 94) and 78-kDa GRP7S,
which are both sensors for the unfolded protein response.®
Furthermore, knockdown of GRP94 increased the stability of
GRP78-PCSK9 complex, resulting in activation of the unfold-
ed protein response. Together, these findings suggest that ther-
apeutic strategies aimed at blocking the autocatalytic cleavage
of PCSK9 within the endoplasmic reticulum might represent
anew and alternative approach to reduce circulating PCSK9.%

Natural Mendelian randomization studies of genetic vari-
ants in populations might also provide clues about possible
clinically pleiotropic effects of PCSK9 inhibitions, both favor-
able and unfavorable. For instance, carriers of PCSK9 loss-of-
function variants seemed to have increased risk of developing
type 2 diabetes mellitus,-%° which at first suggested that phar-
macological inhibition might similarly increase type 2 diabetes
mellitus risk, as has been reported for statin drugs.”” However,
to date, clinical trials with human monoclonal anti-PCSK9 an-
tibodies have not shown any relationship with increased diabe-
tes mellitus risk.”" Other natural randomization studies found
no causal relationship between reduced PCSK9 function and
either ischemic stroke,’*’* neurodegenerative diseases,”® cogni-
tive impairment,’ or abdominal aortic aneurysms.”

A recent phenome-wide association study performed in
>337000 individuals from the United Kingdom Biobank sam-
ple found a protective effect of PCSK9 p.R46L on hyperlip-
idemia, coronary heart disease (CHD), ischemic stroke, and
cerebral infarction, but increased risk of type 2 diabetes mel-
litus risk (adjusted for lipid-lowering medication use) and no
association with cataracts, heart failure, atrial fibrillation, or
cognitive dysfunction.” A smaller cohort study showed that
PCSK9 p.R46L carriers had reduced measures of subclinical
atherosclerosis and reduced erectile dysfunction.”” Another re-
port using the phenome-wide association approach confirmed
that carriers of PCSK9 p.R46L had lower cholesterol levels,
but also a significant 5.9-fold increased risk of spina bifida.”
An earlier study in patients with sepsis, the PCSK9 p.R46L
variant was actually associated with better survival and reduc-
tion in cytokine levels, whereas the gain-of-function p.E670G
variant had the opposite association.” However, a prospec-
tive study of blacks from the REGARDS study (Reasons for
Geographic and Racial Differences in Stroke) did not show a
protective effect for PCSK9 loss-of-function variants on the
development of septic shock or hospitalizations for severe in-
fections.® Additional associations with various clinical phe-
notypes will likely emerge as p.R46L, and other variants are
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examined systematically in databases containing information
on a wider range of phenotypes.

Few formal pharmacogenetic studies on either PCSK9
genetic variation or interindividual differences in response to
PCSKO inhibitors have been reported. Small cohort studies
are inconsistent with regard to an association between com-
mon single nucleotide polymorphism variation in PCSK9 and
response to statin therapy.**? However, response to PCSK9
inhibitors seems relatively uniform across patients with het-
erozygous rare variants in different genes causing FH.## In
contrast, patients with homozygous FH due to biallelic LDLR
mutations are generally less responsive to PCSK9 inhibi-
tors,* whereas a homozygote for a PCSK9 variant anecdotally
showed a relatively milder baseline phenotype and better re-
sponse to lipid-lowering therapies.’® At this time, we cannot
recommend making treatment decisions on PCSK9 inhibitors
based on a priori genetic information; even in patients with
homozygous FH and apparently biallelic LDLR null muta-
tions, we recommend an empirical therapeutic trial of PSCK9
inhibition to gauge individual response before deciding a-
gainst the use of such treatment.

Clinical Trials of PCSK9 Inhibitors

PCSKD9 inhibitors reduce cardiovascular events in patients
with ASCVD. A summary of the baseline characteristics and
primary outcome measures from 3 large clinical end point tri-
als are provided in Tables 1 and 2.5

Further Cardiovascular Outcomes Research With

PCSKO9 Inhibition in Subjects With Elevated Risk

FOURIER (Further Cardiovascular Outcomes Research With
PCSKO Inhibition in Subjects With Elevated Risk) was a ran-
domized, double-blind placebo-controlled trial conducted in
27564 clinically stable patients aged 40 to 85 years who were
considered high-risk based on established ASCVD, either
with prior myocardial infarction (MI), prior stroke or symp-
tomatic lower extremity peripheral arterial disease (LEAD),
who, despite maximally tolerated statin treatment with or
without ezetimibe failed to attain LDL-C <70 mg/dL or non-
HDL (high-density lipoprotein) cholesterol <100 mg/dL*® All
screened potentially eligible patients underwent a lipid stabi-
lization phase with optimization of LDL-C lowering before
randomization to either evolocumab, a fully human antibody
against PCSK9, given subcutaneously at a dose of 140 mg
every 2 weeks or 420 mg every 4 weeks or placebo.® A total
of 2906 participants experienced a primary end point that was
comprised of cardiovascular death, MI, stroke, hospitalization
for unstable angina, or coronary revascularization.” A total of
1829 participants experienced a key secondary end point that
included the composite of cardiovascular death, MI, or stroke.
The primary end point was completely ascertained in 99.5%
of potential patient-years of follow-up, and few participants
discontinued drug treatment prematurely and permanently
(5.6% per year in the evolocumab group and 5.8% per year
in the placebo group). Withdrawal of consent was 0.3% per
year, and few participants were lost to follow-up (5 patients in
the evolocumab group and 13 patients in the placebo group),
confirming an excellent quality study. The baseline character-
istics of patients are described in Table 1. Although FOURIER
included patients with an index event in any of the 3 major
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Table 1. Baseline Characteristics and Primary Outcome Measures of the 3 PCSK9 Inhibitor Trials
FOURIER SPIRE 1/2 ODYSSEY Outcomes
Monoclonal antibody Evolocumab (human) Bococizumab (humanized) Alirocumab (human)
Entry LDL-C, mg/dL >70 >70/>100 >70
Statin requirement High-intensity statin preferred, Atorvastatin 40 or 80 mg, Atorvastatin 40 or 80 mg,
minimum dose atorvastatin 20 mg | rosuvastatin 20 or 40 mg (or 80 mg | rosuvastatin 20 or 40 mg or
or equivalent if >1y) or documented intolerance | maximum-tolerated dose of
to high-intensity statin (Spire 1 and one of these agents
Spire 2) or documented complete
statin intolerance (SPIRE 2)
High-Risk Secondary Prevention Yes Yes Yes
High-Risk Primary Prevention No Yes No
Evolocumab Placebo Bococizumab Placebo Alirocumab Placebo
(N=13784) (N=13780) (N=13720) (N=13718) (N=9462) (N=9462)
Age,y 62.5 62.5 62.9 63.0 58.5 58.6
Male sex, % 75.2 75.5 70.7 70.2 747 749
Type of atherosclerosis
Myocardial infarction, % 80.9 81.3 83.2 82.8
Median time from most recent previous myocardial 40.8 39.6 2.8 2.8
infarction -months
Nonhemorrhagic stroke 19.5 19.2
Median time from most recent previous stroke - months 38.4 39.6
Peripheral artery disease, % 13.5 12.9
Cardiovascular risk factors
Hypertension, % 80.1 80.1 81.3 80.4 65.6 63.9
Diabetes mellitus, % 36.7 36.5 481 46.9 28.5 291
Current cigarette use, % 28.0 28.5 24.7 24.4 241 24.1
Statin use, %
High intensity 69.5 69.1 84.6 84.5 88.6 89.1
Moderate intensity 30.2 30.7 8.8 8.2
Ezetimibe, % 5.3 5.2 9.7 10.3 2.8 3.0
Other cardiovascular medications, %
Aspirin, P2Y,, inhibitor, or both 92.7 92.0
Aspirin 95.6 95.5
P2Y,, inhibitor 87.7 87.1
Beta-blocker 75.8 75.4 84.5 84.5
ACE inhibitor or ARB, aldosterone antagonist, or both 78.4 77.9 77.7* 77.8*
Median lipid measures
LDL-C, mg/dL 92 92 109.31 109.11 87 87
Total cholesterol, mg/dL 168 168 179.4% 179.3t1
HDL cholesterol, mg/dL 44 44 47.2t 4741 43 42
Triglycerides, mg/dL 134 133 136.7 135.0 129 129
Lipoprotein(a), mg/dL 37t 37% 19.2 19.2 21 22
Outcome measures
Primary end point (RRR, %) 15 12 15
Key secondary end point (RRR, %) 20 12 14

ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor blocker; FOURIER, Further Cardiovascular Outcomes Research With PCSK9 Inhibition in
Subjects With Elevated Risk; HDL, high-density lipoprotein; LDL-C, low-density lipoprotein cholesterol; ODYSSEY Outcomes, Evaluation of Cardiovascular Outcomes After
an Acute Coronary Syndrome During Treatment With Alirocumab; PCSK9, proprotein convertase subtilisin-kexin type 9; RRR, relative risk reduction; and SPIRE, Studies
of PCSK9 Inhibition and Reduction of Vascular Events.

*No data on aldosterone antagonists.

tMean.

Fnmol/L.
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Table 2. Benefit of Evolocumab Regarding the Key Secondary End Point in Various Subgroups

AR (%) ARR(6) | NNT | HazardRatio(96%C)  RRR (%)
<2y
Placebo 10.8 0.76 (0.64-0.89)
2.9 35 24
Evolocumab 7.9 P<0.001
>2y
Placebo 9.3 0.87 (0.76-0.99)
1.0 101 13
Evolocumab 8.3 P=0.04
>2 prior Mis
Placebo 15.0 0.79 (0.67-0.94)
2.6 38 21
Evolocumab 124 P=0.006
1 prior MI
Placebo 8.2 0.84 (0.74-0.96)
1.7 60 16
Evolocumab 6.6 P=0.008
MVD
Placebo 12.6 0.70 (0.58-0.84)
3.4 29 30
Evolocumab 9.2 P<0.001
No MVD
Placebo 8.9 0.89 (0.79-1.00)
1.3 78 11
Evolocumab 7.6 P=0.055
LEAD
Placebo 13 0.73 (0.59-0.91)
3.5 29 27
Evolocumab 9.5 P=0.004
No LEAD
Placebo 7.6 0.81 (0.73-0.90)
1.4 72 19
Evolocumab 6.2 P<0.001
<2y, >2Yy, time after qualifying MI

AR indicates absolute risk, ARR, absolute risk reduction; LEAD, lower extremity arterial disease; MI, myocardial
infarction; MVD, multivessel disease; NNT, numbers needed to treat; and RRR, relative risk reduction.

vascular beds namely coronary, cerebrovascular, or peripheral
arterial, the vast majority namely 81% entered the trial be-
cause of a prior MI, 19% had a prior stroke, and 13% had
symptomatic LEAD as their index event. Most importantly,
this was a truly stable population. Only 5% of participants
were treated with ezetimibe in combination with statin treat-
ment, which was mainly attributed to the paucity of clinical
outcome data for ezetimibe at the time when FOURIER was
initiated.

Evolocumab treatment lowered baseline LDL-C by 59%
from a baseline level of 92 mg/dL after 48-week treatment.’
Of note, 42% of patients in FOURIER achieved LDL-C levels
<25 mg/dL. After a median follow-up of 26 months (inter-
quartile range, 22-30), the primary end point was achieved in
9.8% in the evolocumab group versus 11.3% in the placebo
group, resulting in a 15% relative risk reduction (RRR; HR,
0.85; 95% CI, 0.79-0.92) and an ARR of 1.5%. Treatment
with evolocumab reduced the relative risk of acute MI by
27%, stroke by 21%, and coronary revascularizations by 22%.
The reduction in coronary revascularizations was more pro-
nounced for urgent versus elective revascularizations (27%

versus 17%, respectively). The key secondary end point con-
sisting of cardiovascular death, MI, and stroke was reduced
by 20% (HR, 0.80; 95% CI, 0.73-0.88) with an ARR of 1.5%.
Forest plot analyses showed that the efficacy of evolocumab
was independent of either age, sex, race, primary affected
vascular bed, or baseline LDL-C. Importantly, FOURIER
demonstrated efficacy in older participants, including those
patients who were aged 85 years at the time of randomization.
Efficacy of evolocumab was also independent of whether or
not patients received high or moderate intensity statin therapy
and also of the dosing regimen. Even study participants with
baseline LDL-C levels in the lowest quartile (ie, <80 mg/dL)
had a 20% RRR.

Atherosclerosis is a time-dependent process, and thus,
planned landmark analyses showed a modest RRR of 16%
during the first year for the key secondary end point, but a
clearly more pronounced RRR of 25% after 2 years of treat-
ment.® The same pattern was seen for the combination of fatal
or nonfatal MI or stroke. Importantly, these 2-year data are
consistent with published Cholesterol Treatment Trialists’
Collaboration meta-analyses of statins.* With the exception of
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major vascular events, the effect in FOURIER was somewhat
lower than Cholesterol Treatment Trialists’ Collaboration,
which may simply be because of the fact that patients in
FOURIER had been previously treated for a much longer time
period with more effective LDL-C—-lowering drugs than pa-
tients in earlier statin trials. Additionally, FOURIER demon-
strated benefit at a median follow-up of 2.2 years versus statin
trials that most often required 5 to 6 years to demonstrate im-
provements in cardiovascular outcomes. Furthermore, there
were no significant safety concerns with evolocumab either
at the injection site, muscle-related adverse events, new-onset
diabetes mellitus, or cognitive dysfunction.’$”# Importantly,
only 0.3% of participants exhibited binding antibodies, and
there were no neutralizing antibodies seen in this trial.

Although reduction in ASCVD events in FOURIER
was consistent with the anticipated reduction based on the
Cholesterol Treatment Trialists” Collaboration meta-analysis,
it was modest in nature. Thus, identification of patients de-
riving the greatest benefit from a PCSK9 inhibitor would be
of paramount importance. Subgroup analyses in FOURIER
have provided important information about risk stratification
in high-risk ASCVD patients.*” The main outcome of inter-
est for these subgroup analyses was the key secondary end
point, a composite of cardiovascular death, MI, or stroke. In
the placebo group, the event rate in those with a more recent
MI was 10.6% versus 9.3% in those with an MI >2 years prior,
resulting in an HR of 1.19 (95% CI, 1.04-1.37; P<0.01). The
difference in risk between those participants with at least 1
recurrent MI versus those with a single MI was even more
pronounced with an event rate of 15% in those with recurrent
MI versus 8.2% in those with a single MI resulting in a HR
of 2.04 (95% CI, 1.78-2.35; P<0.001). Finally, the presence
of residual multivessel disease at baseline was associated with
a 12.6% event rate versus 8.9% in those without multivessel
disease in patients receiving placebo resulting in an HR of
1.47 (95% CI, 1.27-1.70; P<0.001). Thus, these simple clini-
cal criteria clearly identified high-risk subgroups that showed
greater benefit in absolute terms from evolocumab.

Efficacy of Evolocumab in Relation to Time From
Qualifying MI (<2 Years Versus =2 Years)

With respect to the efficacy of evolocumab, those with an in-
dex MI <2 years compared with >2 years previously had a
24% RRR versus a 13% RRR and an absolute risk of 10.8%
versus 7.9% resulting in a number needed to treat (NNT) of
35 in those with a more recent MI compared with an absolute
risk of 9.3% versus 8.3% and higher NNT of 101 in those with
a MI >2 years previously.¥

Efficacy of Evolocumab in Relation to Number of
Prior MIs at Baseline

A subsequent subgroup analysis evaluated patients with re-
current MIs versus those with only one prior MI and found
greater efficacy of evolocumab in those with >2 prior MIs.¥
The RRR in these patients was 21% (HR, 0.79; 95% CI, 0.67—
0.94; P<0.006) versus 16% (HR, 0.84; 95% CI, 0.74-0.96;
P<0.008) in those with just 1 prior MI. In the recent MI group,
absolute risk while on evolocumab versus placebo was 12.4%
versus 15.0%, respectively, corresponding to an NNT of 38

over 3 years. In contrast, in the remote MI group, absolute risk
on evolocumab versus placebo was 6.6% versus 8.2%, respec-
tively, corresponding to an NNT of 60 over 3 years.

Efficacy of Evolocumab in Relation to Presence of
Residual Multivessel Disease at Baseline

A third subgroup analysis defined using simple clinical as-
sessment of multivessel disease versus no multivessel disease
also showed a dramatic difference in RRR of 30% (HR, 0.70;
95% CI, 0.58-0.84; P<0.001) versus 11% (HR, 0.89; 95%
CI, 0.79-1.00; P<0.055) in the multivessel versus no multi-
vessel disease group, respectively.®” In the multivessel disease
group, AR on evolocumab versus placebo was 9.2% versus
12.6%, respectively, corresponding to an NNT of 29 over 3
years. In contrast, in the single vessel disease group, AR on
evolocumab versus placebo was 7.6% versus 8.9%, respec-
tively, corresponding to an NNT of 78 over 3 years. Thus, by
these simple criteria, high-risk groups could be identified with
acceptable NNTs over 3 years compared with other cardiovas-
cular interventions.

Efficacy of Evolocumab in Patients With Stroke as
the Index Event

Patients with a recent stroke represent a further high-risk
group for recurrent events who were adequately represented in
FOURIER with a total of 5337 subjects.” Despite some base-
line differences between those with and without stroke (eg,
male sex, advanced age, presence of hypertension, diabetes
mellitus and atrial fibrillation), the overall reduction in LDL-C
was similar to the overall cohort. The primary end point was
reached in 14.6% in the placebo group and in 13.9% in the
evolocumab group resulting in an identical 15% RRR (HR,
0.85; 95% CI, 0.72-1.00; P<0.047) as seen in the total popula-
tion. Thus, evolocumab was equally effective in the subgroup
with stroke; furthermore, there was a lower degree of disabil-
ity poststroke (modified Rankin score) among patients with
stroke end point in those treated with evolocumab.

Efficacy of Evolocumab in Patients With
Symptomatic LEAD as the Index Event

For patients with a diagnosed LEAD, data are inconsistent re-
garding the effectiveness of lipid lowering. FOURIER actu-
ally represents the largest trial evaluating aggressive LDL-C
lowering in patients with symptomatic LEAD (n=3642).”!
Patients with LEAD are well known to have a larger athero-
sclerotic burden compared with those without; thus, conceiv-
ably, these patients were somewhat sicker, possibly reflecting
higher rates of such comorbidities as chronic kidney disease
(CKD), diabetes mellitus, and coronary artery bypass graft-
ing. The subgroup analysis showed that patients with LEAD
had greatest absolute and relative reductions in risk of the
primary and secondary endpoints with evolocumab therapy.
Specifically, in LEAD patients, the AR of the primary end
point in the evolocumab versus placebo group was 13.3%
versus 16.8%, respectively, with the 3.5% ARR and a 21%
RRR (HR, 0.79; 95% CI, 0.66-0.94; P<0.0098), correspond-
ing to a NNT of 29. In patients without LEAD, the ARR was
only 1.6%, the RRR was 14% (HR, 0.86; 95% CI, 0.80-0.93;
P<0.001), and the NNT was 63. Similar findings were seen
for the key secondary end point with an identical 3.5% ARR
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in the LEAD group (RRR, 27; HR, 0.73; 95% CI, 0.59-0.91;
P<0.0040) and an NNT of 29. Those without LEAD showed
a 1.4% ARR (RRR, 19%; HR, 0.81; 95% CI, 0.73-090;
P<0.001) and an NNT of 72.

In addition to the reductions in cardiovascular events, ma-
jor adverse limb events (acute ischemia, revascularization, and
amputation) in patients with LEAD but without MI or stroke
were significantly reduced with a RRR of 57% (HR, 0.43;
95% CI, 0.19-0.99; P<0.042) and an absolute risk of 2.6%
versus 1.3% in placebo versus evolocumab. When considering
the total coronary and peripheral arterial clinical endpoints,
the ARR in the LEAD group between placebo and evolocum-
ab was even larger with 4.1% with an NNT of 25 (AR, 15%
versus 10.9% in placebo versus evolocumab). Similar to what
has been shown for the overall FOURIER study population,
the reduction in major adverse limb event in LEAD patients
showed a linear relationship with achieved LDL-C, down to
levels as low as 20 mg/dL. This is the first time that in a lipid-
lowering trial in patients with LEAD such strong effects on
not only cardiovascular but also peripheral endpoints namely
acute ischemia, revascularization, and amputation have been
shown.

Efficacy of Evolocumab in Patients With Very Low
LDL-C (<10 mg/dL)

In an exploratory analyses of LDL-C levels obtained 4 weeks
after initiation of therapy, there was a larger RRR in partici-
pants with an attained LDL-C <10 versus 210 mg/dL in the
primary (31% RRR; HR, 0.69; 95% CI, 0.49-0.97; P<0.03)
and secondary (41% RRR; HR, 0.59; 95% CI, 0.37-0.92;
P<0.02) endpoints, with no significant differences in ad-
verse event signals.”” Such subgroup analyses strongly indi-
cate that extremely low levels of LDL-C are safe and provide
evidence that patients so treated can achieve an additional
benefit.”

Studies of PCSK9 Inhibition and Reduction of
Vascular Events Qutcomes

The second large clinical trial, SPIRE (Studies of PCSK9
Inhibition and Reduction of Vascular Events) Outcomes,'®!!
evaluated the safety and efficacy of a humanized antibody,
namely bococizumab. This trial recruited 27439 patients
at high risk in primary and secondary prevention and con-
sisted of 2 similarly structured substudies, namely SPIRE 1
(n=16817) and SPIRE 2 (n=10621). The entry criteria for the
2 studies were somewhat different. SPIRE 1 included individ-
uals on highly effective statin therapy with LDL-C >70 mg/
dL but <100 mg/dL, whereas SPIRE 2 recruited only indi-
viduals with LDL-C =100 mg/dL. After a screening period of
4 weeks, potentially eligible patients were randomized to re-
ceive either bococizumab 150 mg subcutaneously or placebo
injections every 2 weeks in addition to maximally tolerated
statin therapy. At weeks 12 and 25, changes in lipid levels
were assessed. The primary end point was almost identical to
FOURIER,** with the exception that only patients with un-
stable angina requiring urgent nonelective revascularization
were included. Ninety-three percent of patients were receiv-
ing statin treatment at baseline, and the median follow-up
was 10 months owing to early termination of the trial because
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of high incidence rates of antidrug antibodies. Differences
between SPIRE 2 and SPIRE 1 included the proportion of pa-
tients with FH (7% in SPIRE 2 and 1.7% in SPIRE 1), less
frequent statin use in SPIRE 2 (mainly because of statin intol-
erance), and consequently differences in median LDL-C: 94
mg/dL (2.43 mmol/L) in SPIRE 1 and 134 mg/dL in SPIRE
21011 Furthermore, hs-CRP (high-sensitivity CRP) levels
were slightly higher in SPIRE 2 versus SPIRE 1: 2.3 versus
1.8 mg/L, respectively. The AR for major adverse cardiovas-
cular events was 3.02 and 4.19 per 100 person-years in SPIRE
1 and SPIRE 2, respectively. Combining the data from both
studies, at 14 weeks, a pronounced decrease from baseline in
LDL-C of 56% was observed in the bococizumab group ver-
sus an increase of 2.9% in the placebo group, resulting in a
net median reduction of 64% from baseline related to active
treatment. Waterfall plots of percent LDL-C changes indi-
cated a significant interindividual variability at both 14- and
25-week time points. The primary end point was not signifi-
cantly reduced in the lower risk SPIRE 1 group who had been
followed for a median of only 7 months, whereas a highly
significant 21% RRR was seen in SPIRE 2 after a median
follow-up of 12 months. Because of development of antidrug
antibodies and specifically neutralizing antibodies, LDL-C
reduction was considerably attenuated from a 56% change at
14 weeks to a 42% change at 52 weeks in combined analyses.
In addition, and not surprisingly, patients on bococizumab
exhibited significant higher serious adverse effects leading
to injection site reactions and drug discontinuation. The at-
tenuation in LDL-C reduction was seen in =10% to 15% of
patients that contrasts virtually no attenuation with the fully
human monoclonal antibodies evolocumab and alirocumab.
This was linked with another concern about the wide variabil-
ity in the LDL-C response. Yet, despite the antidrug antibody
production, variation in individual response, and early trial
termination, analyses showed that bococizumab significantly
reduced cardiovascular event rates in the higher risk SPIRE 2
trial in those with an LDL-C level >100 mg/dL. Although the
SPIRE program was discontinued, these data mirror the posi-
tive findings from the FOURIER trial and lend further strong
support for the use of PCSKO9 inhibitors in selected patients
as an adjunct to aggressive statin therapy. Unfortunately, be-
cause of the premature termination of the SPIRE trial, there
are no data on PCSK9 inhibitors in high-risk primary preven-
tion patients.

Evaluation of Cardiovascular Outcomes After an
ACS During Treatment With Alirocumab

The third large clinical outcomes trial of a PCSK9 inhibi-
tor is ODYSSEY Outcomes (Evaluation of Cardiovascular
Outcomes After an ACS During Treatment With
Alirocumab),'"* which enrolled 18924 patients who had an
ACS during the previous 12 months and had not attained the
LDL-C target <70 mg/dL, despite taking high-intensity statin
therapy. The primary efficacy outcome was time to first oc-
currence of CHD death or nonfatal MI, or fatal or nonfatal
ischemic stroke, or unstable angina requiring hospitalization.
Major secondary efficacy endpoints were tested in a hierarchi-
cal sequence, included all the aforementioned endpoints and
in addition all-cause death. Eligible patients on high-intensity
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or maximum-tolerated doses of atorvastatin or rosuvastatin
were randomized to receive either alirocumab or placebo. The
LDL-C target was clamped between 25 and 50 mg/dL but >
15 mg/dL, at which level a blinded back-titration algorithm
came into effect. Median follow-up was 2.8 years, which was
slightly longer than in FOURIER, whereas rates of premature
treatment discontinuation and patients lost to follow-up were
similarly low. Importantly, in contrast to FOURIER,*® the
time from the index event, in this case, ACS, to randomization
was a median of 2.6 months,"* with the distribution of defin-
ing events of almost 50%, 35%, and =17% of patients having
experienced non—-ST-segment—elevation Mls, ST-segment—
elevation Mis, and unstable angina, respectively. Altogether,
72% of patients had a revascularization procedure for the in-
dex ACS event. Of note, alirocumab was discontinued in =8%
of patients because of 2 consecutive LDL-C measurements
below the prespecified threshold of 15 mg/dL (0.39 mmol/L).
After 4 weeks, there was a 62.7% decrease in LDL-C in the
alirocumab group, with an absolute reduction of 55.7 mg/dL
compared with placebo. After 4 years, this effect decreased to
44.7%, with a difference of 48.1 mg/dL in the overall study
sample. By the end of follow-up, the mean LDL-C was =13
mg/dL lower in the on-treatment group compared with the
intention-to-treat group (which included subjects who had
dropped out of the study or discontinued treatment). Although
speculative, it is possible that the attenuation in LDL-C lower-
ing may be because of downtitration of alirocumab in a signif-
icant number of patients or discontinuation once the LDL-C
was <15 mg/dL on 2 occasions.

The RRR in primary efficacy end point in ODYSSEY
OUTCOMES" was identical to FOURIER,” namely 15%
(HR, 0.85; 95% CI, 0.78-0.93; P<0.0003) with an ARR of
1.6%. Similar to FOURIER, this decrease in the primary end
point was mainly driven by the reductions in nonfatal MI,
ischemic stroke, and unstable angina, yet CHD and cardio-
vascular disease death were also not significantly reduced,
as seen in FOURIER.” However, all-cause death was signif-
icantly reduced: a 15% RRR (HR, 0.85; 95% CI, 0.73-0.98).
Despite this interesting finding, because death from CHD
and cardiovascular disease death were not significantly re-
duced, technically, the planned hierarchical statistical analysis
should not have proceeded any further, and reduced all-cause
death should thus not have been detected or reported. Even
considering this statistically doctrinaire algorithm, the ques-
tion remains as to the cause for the reduced all-cause mortal-
ity observed with a seemingly pure LDL-C lowering agent.
Interestingly, despite no differences in efficacy of LDL-C
lowering across a wide range of prespecified subgroups, such
as age above and below 65 years, sex, geographic region, and
time from index event to randomization, a trend to a stronger
effect could be observed in the subgroup of individuals with
LDL-C = 100 mg/dL (=2.6 mmol/L) at baseline, with a RRR
of 24% (HR, 0.76; 95% CI, 0.65-0.87) an AR of 14.9% in
the placebo group and 11.5% in the alirocumab group, result-
ing in an ARR of 3.4%. There were no safety signals. Thus,
taken together, 3 large RCTs of outcomes with PCSK9 in-
hibitors with different antibodies (FOURIER, SPIRE, and
ODYSSEY) consistently showed similar reductions in major

cardiovascular endpoints, comprising a broad spectrum of ath-
erosclerotic manifestations, in patients with both stable and
acute ASCVD.%5

Interplay Between Hypercholesterolemia and
Inflammation in Atherosclerosis

Although LDL-C represents a crucial risk factor for athero-
sclerosis,! an abundance of accumulated data from vascular
biology research have clearly implicated inflammatory pro-
cesses as playing a significant role in atherosclerosis and
its complications.”* In addition to convincing and consist-
ent bench experiments, numerous long-term observational
studies, in population-based but also clinical cohorts, have
suggested that increased levels of various markers of inflam-
mation are associated with worse outcomes.” Ultimately, the
inflammation hypothesis has been confirmed by the positive
results of the CANTOS trial (Canakinumab Antiinflammatory
Thrombosis Outcome Study).”® In >10000 patients in whom
IL-1p was targeted with the selective antibody canakinumab,
an overall 15% RRR (HR, 0.85; 95% CI, 0.76-0.96; P<0.007)
of major cardiovascular events was observed. The reduction
was independent of an effect on the lipid profile and suggests
that pharmacological blockade of inflammation provides in-
cremental reduction in ASCVD events over and above modu-
lation of traditional risk factors. However, these results need
to be replicated in future studies.

The question of whether inflammatory processes may still
be relevant once unprecedented low average LDL-C levels of
30 mg/dL (0.78 mmol/L) are attained (as in FOURIER) was
explored in 2 post hoc analyses.””® First, in the FOURIER
study, Bohula et al’’ clearly showed that persistent inflamma-
tion as indicated by increased hs-CRP levels was associated
with higher event rates, even when LDL-C was low. To show
this, patients were subdivided by hs-CRP levels <1, 1 to 3,
and >3 mg/L. Increased risk of all cardiovascular outcomes
was observed with increasing hs-CRP levels but was partic-
ularly striking for the combined primary end point and the
key secondary end point as well as for all-cause mortality.
When response to evolocumab was examined, according to
baseline hs-CRP strata, a persistent increase in the difference
between placebo and evolocumab was noted. Thus, in those
with hs-CRP >3 mg/L, the AR was 15.5% versus 18.1% in
evolocumab versus placebo groups, respectively: the RRR of
20% (HR, 0.8; 95% CI, 0.71-0.90), and the ARR was 2.6%,
corresponding to a NNT of 38, compared with the group
with hs-CRP <1 mg/L, for which the AR was 10.4% versus
12.0% in evolocumab versus placebo groups, respectively:
the RRR was 18% (HR, 0.82; 95% CI, 0.70-0.95; P inter-
action 0.17). and the ARR was 1.6%. Similar differences, al-
beit to a lower extent, were seen for secondary endpoints. Of
note, adjusted 3-year event rates across various categories of
achieved LDL-C, demonstrate that hs-CRP further modified
risk in those with an LDL-C <20 mg/dL. Event rates for the
primary end point at 3 years varied between 9.0% and 13.1%
across hs-CRP categories and between 5.3% and 8.9% for the
key secondary end point, with consistent increases in risk with
higher hs-CRP irrespective of achieved LDL-C levels.

Second, the SPIRE Outcomes program also showed an
increased risk for the primary end point across categories of
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hs-CRP on treatment at 14 weeks, even after adjustment for
smoking, diabetes mellitus, hypertension, body mass index,
use of lipid-lowering agents, and on-treatment LDL-C."" In
multivariable analyses looking at the association of hs-CRP
on treatment and LDL-C on treatment with incident cardio-
vascular events, hs-CRP still clearly predicted increased e-
vents, whereas LDL-C after additional adjustment for hs-CRP
on treatment did not. Despite these post hoc subgroup analy-
ses, the data from both trials are consistent and suggest that in-
flammation further modulates cardiovascular risk even at very
low levels of LDL-C achieved with highly potent PCSK9 in-
hibitors.”® Yet, even those participants with the lowest levels of
LDL-C and hs-CRP had absolute event rates that would qual-
ify as high-risk. These data support the need for additional in-
terventions to prevent atherosclerotic events at an earlier stage
or a time before atherosclerosis becomes less modifiable.”

Global Assessment of Plaque Regression With a
PCSK9 Antibody as Measured by Intravascular
Ultrasound

Mechanistic studies using various imaging methods, in
particular, IVUS, are able to provide further insight into
the effects of drastic LDL-C lowering specifically on ath-
eroma volume. The GLAGOV trial (Global Assessment of
Plaque Regression With a PCSK9 Antibody as Measured by
Intravascular Ultrasound).'®!*" was conducted in 968 symp-
tomatic, but clinically stable, CHD patients who presented
for elective coronary angiography. Eligibility included a cul-
prit lesion, a 20% and 50% stenosis in a nonculprit vessel,
and 1 major or 3 minor cardiovascular risk factors. Further
criteria included LDL-C levels >80 mg/dL despite maxi-
mally tolerated statin therapy or an LDL-C between 60 and
80 mg/dL with additional major risk factors, such as recent
MI, noncoronary atherosclerotic vascular lesions, or type
2 diabetes mellitus or minor risk factors, such as low HDL
cholesterol, elevated hs-CRP, smoking, or a positive family
history of atherosclerosis as minor criteria. During clinically
indicated coronary angiography, these patients underwent
IVUS in a suitable nonculprit epicardial coronary artery in
at least 1 segment of 40 mm length. After the index imaging,
patients were randomized to receive statin plus 420 mg evo-
locumab subcutaneously every 4 weeks versus statin mono-
therapy. A total of 846 patients underwent a second IVUS
at 78 weeks. Baseline characteristics were similar to those
seen in PCSK9 inhibitor end point studies, except that dia-
betes mellitus was less prevalent. The baseline LDL-C of 92
mg/dL was similar to that in FOURIER, and LDL-C reduc-
tion was =60%, resulting in a mean LDL-C of 36.6 mg/dL
throughout the study. Percent atheroma volume and total ath-
eroma volume were assessed by IVUS at 2 time points. After
78 weeks, the primary end point percent atheroma volume
was reduced by 0.95% in the evolocumab group (P<0.001)
compared with baseline with a between-group difference
of —1.0% (95% CI, —1.8% to —0.64%; P<0.001). Similarly,
the secondary end point, total atheroma volume, was also
significantly reduced by 5.8 mm?® in the evolocumab group
(P<0.001) compared with baseline and a between-group dif-
ference of —4.9 mm? (95% CI, -7.3% to —-2.5; P<0.001). A
larger proportion of patients showed regression of plaque

Rosenson et al PCSKD9 Inhibitors 375

measures during evolocumab treatment (64.3% in the statin
plus evolocumab treatment group versus 47.3% in the statin
plus placebo group), whereas the percentage of those whose
plaque volume progressed was lower albeit still at 35.7% in
the statin plus evolocumab group versus 52.7% in the statin
plus placebo group. The relationship between mean on-treat-
ment LDL-C versus change in percent atheroma volume was
linear with no attenuation of the effect up to on-treatment
LDL-C of 20 mg/dL, thus suggesting that reducing LDL-C
to these very low levels continues to be effective. In vari-
ous selected prespecified subgroups, there was no effect on
the primary end point of age, sex, baseline non-HDL choles-
terol, presence of diabetes mellitus, or statin intensity. Still,
the relatively high rate of coronary atheroma progression
despite an achieved mean LDL-C of 36 mg/dL is consist-
ent with the idea that other pathophysiological mechanisms,
in particular, inflammatory processes, may contribute to the
further advancement of this chronic disease.

Other High-Risk Populations

Certain patient populations are at particularly high risk for
cardiovascular events.” The risk may be because of complex
biology of the underlying disease or treatments for the pri-
mary condition that limits use of high-intensity statins. Several
of these high-risk populations have been the focus subgroup
analyses of large outcome trials and short-term efficacy stud-
ies that investigate efficacy and safety of therapy with PCSK9
inhibitors.

Familial Hypercholesterolemia

FH is a relatively common genetic disorder that causes early
ASCVD.'” The heterozygous and homozygous forms of FH
have a global prevalence of =1 in 250 and =1 in 250000, re-
spectively,* 101 with higher prevalence in some founder
populations.'®>1% FH is more complex at the molecular ge-
netic level than was previously believed.!”” Most cases result
from rare, large-effect high-penetrance variants in the LDLR
gene or less commonly in the APOB or PCSK9 genes. About
10% of FH patients have a large-scale copy number variant in
LDLR' or another gene,” whereas 30% to 40% of patients
referred with a diagnosis of possible FH have a polygenic ba-
sis for their phenotype.'”” Rare mutations in other genes, such
as LDLRAPI, APOE, STAP1, LIPA, ABCGS5/8 are found in
a handful of phenotypic FH patients.'”” In adults, heterozy-
gous FH is suspected when LDL-C exceeds 190 mg/dL, the
certainty of diagnosis increases if xanthelasmas, tendon xan-
thomas, a family history of early ASCVD or dyslipidemia, or
positive DNA test result are present.'” Untreated heterozy-
gous FH patients have greatly increased ASCVD risk by age
40 years,'” whereas some homozygous FH patients express
ASCVD before age 20 years.'**1%

For almost 30 years, statins were the therapeutic foun-
dation for heterozygous FH patients, together with diet and
in combination with drugs like ezetimibe and cholestyr-
amine.*1971% Although RCTs of ASCVD outcomes in FH
patients are lacking, compelling observational data estab-
lish that statins have improved these patients’ survival.'l®
However, even with high-intensity statins and multiple drug
regimens, FH patients often fail to reach stringent target
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LDL-C levels!!!; this treatment gap presents an opportunity
for PCSKO9 inhibitors, which have been extensively studied
in FH patients. As long as an FH patient has 1 functional
copy of the LDLR gene that can be upregulated, there can
be a biochemical response to PCSK9 inhibition, often with
large clinically relevant LDL-C reductions over and above
those achieved with statins alone.

Because FH patients were a targeted population in PCSK9
inhibitor development programs, evolocumab and alirocumab
are now widely approved by regulators for this clinical indi-
cation. For instance, evolocumab 140 mg every 2 weeks or
420 mg every 4 weeks incrementally reduced LDL-C by 54%
to 61% compared with placebo over background therapy in
heterozygous FH patients.!">'* In addition, when given on
top of background therapy to 735 patients with heterozygous
FH, alirocumab either 75 or 150 mg every 2 weeks reduced
LDL-C by 51 to 58% compared with placebo.!'> Furthermore,
in 1257 heterozygous FH patients from 4 trials, alirocumab
150 mg every 2 weeks reduced LDL-C by 55% over pla-
cebo.'® Among 1191 molecularly defined heterozygous FH
patients, response to alirocumab was similar across all muta-
tion types and classes.®

Up to 80% of FH patients on statins treated with either
evolocumab or alirocumab achieved LDL-C targets, com-
pared with =3% of those randomized to placebo.** Because
PCSKD9 inhibitors allow most heterozygous FH patients to a-
chieve LDL-C targets, subgroup analyses of randomized trials
or observational studies in patient registries''”!'® should help
solidify their role in reducing ASCVD risk in FH. Indeed, a
recent subgroup analysis of RCTs of the terminated drug boco-
cizumab showed that over 11.2 months, reductions in LDL-C
and ASCVD event rates were not different among 1578 FH
patients and 15959 patients without FH: =55% and =17%, re-
spectively.'"” Also, registry-based observational studies report
that both PCSKO9 inhibitors showed comparable LDL-lowering
efficacy and tolerability to those seen in clinical trials of FH
patients.'™'>> Larger studies with longer-term follow-up and
clinical outcomes are expected in the next few years.

Favorable LDL-C reductions have also been observed in
patients with less common molecular causes of FH. For in-
stance, heterozygotes for PCSK9 gain-of-function mutations
had 54% reduced LDL-C with alirocumab compared with pla-
cebo.®® A patient with 2 copies of the binding defective APOB
p-R3527Q variant had a 56% incremental LDL-C reduc-
tion with evolocumab.'”® Interestingly, evolocumab reduced
LDL-C in homozygous FH patients by 21% to 31%.551>* A
study of 20 patients with phenotypic homozygous FH be-
cause of various types of biallelic defects, including double
heterozygous mutations in 2 different FH-causing genes, had
incremental reductions in LDL-C between 22% and 64% on
alirocumab versus placebo.'” A patient with autosomal reces-
sive hypercholesterolemia because of a homozygous nonsense
variant in LDLRAP] had a 33% incremental LDL-C reduction
with evolocumab.!?® The unifying explanation for responsive-
ness across this spectrum of molecular genetic forms of FH
seems to be the presence of at least 1 nonnull allele encoding
a partially functioning LDLR that can be upregulated.®>12+128
Until this is further clarified mechanistically, all patients with
apparent homozygous FH or atypical forms of FH should

probably receive a therapeutic trial of PCSK9 inhibition, irre-
spective of their genotype.

Based on studies in FH patients to date, high-intensity
statins remain first-line therapy which should be initiated as
early as possible to prevent or delay ASCVD, adhering to
local treatment guidelines for target levels of LDL-C. The
degree of LDL-C elevation and presence of additional risk
factors would be primary determinants of the aggressiveness
of treatment.'”” Ezetimibe would be an appropriate second-
line agent if target LDL-C is not achieved. A subset of FH
patients, including those in the categories of secondary pre-
vention and high-risk primary prevention because of presence
of additional ASCVD risk factors, may require particularly
aggressive intervention.!'! This would include consideration
of PCSKO inhibition at a relatively early stage of treatment.

Lp(a) Excess

Lp(a) is comprised of an LDL-like component, whose apo
B,,, moiety binds to the distinctive glycoprotein apo(a), a
plasminogen-like molecule that includes repeated pretzel-
shaped domains called kringles.'” Plasma Lp(a) levels have
a profoundly right-skewed distribution and vary >1000-fold
between individuals.'®13! Lp(a) levels are directly related to
increased risk of ASCVD, stroke, and aortic stenosis, based
on epidemiological and Mendelian randomization data,'3-13
even when LDL-C levels are normal. Lp(a) levels are strongly
genetically determined not only by both common single nu-
cleotide variants and copy number variants at the LPA locus
on chromosome 6q25-26'*>% but also by other loci, includ-
ing SORTI on chromosome 1p13.1 encoding sortilin."> The
genomic copy number variants at LPA underlie the size pol-
ymorphism of Lp(a) isoforms in the population that is be-
cause of variable numbers of repeats of kringle IV type 2!3%134;
larger Lp(a) isoforms are associated with lower plasma levels
because of their greater instability and propensity for degra-
dation.' Lp(a) levels are little influenced by diet, age, sex,
obesity, or other extrinsic factors but are elevated in patients
with renal failure.'”’

Despite decades of study, Lp(a) production and clearance
pathways are incompletely understood.'® Traditional lipid-
lowering therapies have little impact on plasma Lp(a), except
for niacin, which lowers it by =20%, presumably by increasing
catabolism.'* Newer agents, such as the anti-APOB antisense
oligonucleotide mipomersen and the microsomal triglyceride
transfer protein inhibitor lomitapide, each of which reduces
assembly and secretion of apoB-containing lipoproteins, both
reduce Lp(a) levels by =20%.'*% However, counterintu-
itively, PCSK9 inhibitors that have a minimal effect on the
production of apoB-containing lipoproteins reduce Lp(a) lev-
els by 20% to 30%,'**'*? contradicting the idea that the LDLR
does not determine Lp(a) levels.

Although an LDLR-independent mechanism was im-
plied in a study of 2 LDLR-null FH homozygotes in whom
evolocumab lowered Lp(a), with no effect on LDL-C,' sub-
sequent in vitro experiments showed that overexpression of
LDLR increased internalization of Lp(a) and that this was
reduced with PCSK9." In vivo human lipoprotein kinetic
studies showed that alirocumab had no effect on produc-
tion, but rather increased catabolism of Lp(a), which again
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implied involvement of the LDLR.!** But comparable kinetic
studies with evolocumab gave somewhat different results.!*
Evolocumab monotherapy lowered the plasma Lp(a) pool size
by decreasing Lp(a) production by 36%, with no effect on ca-
tabolism. However, when atorvastatin was given concurrently,
evolocumab lowered plasma Lp(a) pool size by increasing
particle catabolism by 59%. These findings suggested a dual
mechanism of PCSK9 inhibition on Lp(a) lowering, com-
prised of inhibition on Lp(a)-apo(a) production and upregula-
tion of LDLR activity on Lp(a) particle clearance depending
on whether a statin was coadministered.

The potential clinical relevance of these complicated
mechanistic observations linking PCSK9 inhibition to Lp(a)
reduction remains uncertain.'’ In FOURIER, evolocumab
reduced Lp(a) by 26.9%, but apparently, this provided no
incremental efficacy benefit over and above the reduction
in LDL-C."® Similarly, a subgroup analysis in ODYSSEY
Outcomes has not definitively shown any incremental ben-
efit of Lp(a) reduction on hard outcomes.'”® Extrapolations
of findings from a recent genetic analysis may provide some
clarity."® For instance, evaluation of genetic markers, LPA
levels, and vascular disease risk showed that a large abso-
lute reduction in Lp(a) cholesterol levels—on the order of
100 mg/dL—would be required for clinical benefit."*® Thus,
the 30% relative reduction in Lp(a) with PCSK9 inhibition
would translate to an absolute reduction of 100 mg/dL only in
rare individuals with extremely elevated plasma Lp(a), that is,
2300 mg/dL. Individuals enrolled in FOURIER had a mean
baseline Lp(a) of =12 mg/dL (ie, 37 nmol/L), a level at which
an absolute reduction of 100 mg/dL would be impossible.'*’
In addition, observational data suggest that the risk of elevated
Lp(a) becomes attenuated when LDL-C is relatively low, for
example, <100 mg/dL (2.60 mmol/L)."!

These recent insights suggest that future trials, whether
using PCSKO9 inhibitors or other therapies designed to more
specifically knockdown Lp(a), should focus on individu-
als with high plasma Lp(a) to maximize the absolute re-
duction required.”™® Furthermore, studies should exclude
individuals with low LDL-C to attain manageable numbers
needed to treat.”® Such selection criteria have already been
applied in the ANITSCHKOW trial (Effects of Proprotein
Convertase Subtilisin/Kexin Type 9 [PCSK9] Inhibition on
Arterial Wall Inflammation Study in Patients With Elevated
Lipoprotein(a); http://www.clinicaltrials.gov. Unique identi-
fier: NCT02729025), which has enrolled patients with Lp(a)
>50 mg/dL and LDL-C >100 mg/dL to determine the effect
of evolocumab on arterial wall inflammation. Additional
challenging features of targeting Lp(a) include the lack of
measurement standardization in clinical laboratories'>? and
variations in plasma levels and genetic determinants across
different geographic ancestries.!?13¢136153 Jdentifying patients
with high baseline Lp(a) may be another way to reduce the
NNT, similar to other high-risk subgroups.

Diabetes Mellitus

FOURIER included 11031 participants (40%) with (mainly
type 2) diabetes mellitus who received treatment with mod-
erate to high-intensity statin therapy.*® In a preplanned sub-
group analysis, the HR of a primary end point was reduced
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similarly in participants with diabetes mellitus (0.83; 95%
CI, 0.75-0.93; P=0.0008 and without diabetes mellitus (0.87;
95% CI, 0.79-0.96; P=0.0052, although absolute event rates
were much higher in the patients with diabetes mellitus. The
HRs for the secondary end point was 0.82 (95% CI, 0.72—
0.93; P=0.0021) for participants with diabetes mellitus and
was 0.78 (95% CI, 0.69-0.89; P=0.002) for those without di-
abetes mellitus but again event rates were higher in patients
with diabetes mellitus. The NNT to prevent 1 primary cardi-
ovascular end point over 3 years was 37 in participants with
diabetes mellitus versus 62 in participants without diabetes
mellitus. Evolocumab was not associated with a higher risk of
new-onset diabetes mellitus (HR, 1.05; 95% CI, 0.94-1.17),
including among those participants with impaired fasting glu-
cose (HR, 1.00; 95% CI, 0.89-1.13).

The safety and lipid-lowering efficacy of PCSK9 inhibi-
tors has also been evaluated in several smaller multicenter tri-
als of patients with diabetes mellitus.'**!5 The BANTING trial
(Evolocumab Efficacy and Safety in Type 2 Diabetes Mellitus
on Background Statin Therapy; http://www.clinicaltrials.gov.
Unique identifier: NCT02739984) investigated the efficacy of
evolocumab on fasting and postprandial lipemia in high-risk
type 2 diabetes mellitus patients with hypercholesterolemia or
mixed hyperlipidemia on the background of moderate to high-
intensity statin therapy.'> After 10 to 12 weeks treatment with
evolocumab, the mean LDL-C was reduced by 65.0 % from
108 to 38.2 mg/dL. Non-HDL-cholesterol and apoB levels
were reduced by 56.1% and 50.2%, respectively. After a mixed
meal, participants treated with evolocumab had reductions in
chylomicron triglyceride and cholesterol and apo B, levels,
which support enhanced chylomicron remnant clearance by
the LDLR and suggest the potential for additional incremental
benefits in diabetic patients receiving PCSK9 inhibition.

Chronic Kidney Disease

CKD is arisk factor for the development of coronary artery di-
sease, and it is associated with a risk for adverse outcomes in
those with existing ASCVD."*¢ Treatment of CKD patients not
requiring dialysis with a statin leads to a significant reduction
in ASCVD events as supported by post hoc subgroup analyses
of randomized trials that were not intended to include patients
with decreased kidney function. The SHARP trial (Study of
Heart and Renal Protection) specifically evaluated cholesterol
lowering with a statin and ezetimibe to prevent major vascular
events in patients with CKD."” The FOURIER trial included
study participants with the most severe renal impairment (esti-
mated glomerular filtration rate >15 mL/[min-1.73m2]) of any
PCSKD9 inhibitor trial.** As compared to the 8077 patients in
FOURIER with estimated glomerular filtration rate 290 mL/
(min-1.73 m2), the 4443 patients with stage 3 CKD <60 mL/
(min-1.73 m?) had larger RRR for the primary (-16.1% ver-
sus 12.2%; P<0.01) and secondary endpoints (—12.8% versus
7.1%; P<0.001). The ARR was largest for patients with stage
3 CKD (2.5% versus 1.7%)."%*

HIV-Infected People

The widespread availability of combination antiretroviral ther-
apy has increased life expectancy in people living with HIV.
Correspondingly, there has been an increase in non-HIV
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morbidity and mortality.'® Adults living with HIV versus those
without HIV have higher rates of ML, stroke, and LEAD'® in
the contemporary era despite more widespread use of ART
(antiretroviral therapy) and increased use of statin therapy.
Several purported mechanisms for increased ASVD risk include
residual ART-associated dyslipidemia and inflammation. Statins
inhibit the proinflammatory effects of ox-LDL activation of T
cells in human atherosclerotic plaque and blood via repression
of microRNA let-7c (lethal-7 gene family member-7c).* Statin
use in ART-treated HIV patients is often complicated by exces-
sive statin dosing in patients treated with protease inhibitors and
the pharmacological enhancer cobicistat.'®! Often, HI V-infected
treated with nonnucleoside reverse transcriptase inhibitors
have less than expected LDL-C reductions with statins result-
ing from lower blood statin concentrations with this class of
agents.'® The REPRIEVE trial (Randomized Trial to Prevent
Vascular Events; http://www.clinicaltrials.gov. Unique identi-
fier: NCT02344290) is an ongoing trial of primary prevention
trial that is investigating the efficacy of pitavastatin.'®®

Plasma PCSKO9 levels are increased in ART-naive pa-
tients with HIV infection'®* and in ART-treated patients with
no detectable viral load and CD4 counts >250 cells/mm?.'>
Levels of PCSK9 are positively associated with HIV pro-
gression (high HIV viral load, low CD4+ cell count,'* and
markers of systemic monocyte activation [soluble CD14,
soluble CD163])." After treatment with protease inhibitor
regimens, PCSK9 levels remain elevated.'®* In a US cohort of
HIV-infected black women, differential binding of has-miR
(microRNA)-548t-5p and has-miR-4796-3p to the 3 UTR
(untranslated region) variant of PCSK9 (rs/7111557) in HIV/
HCV (hepatitis C virus) coinfected women was inversely as-
sociated with LDL-C levels and positively associated with 2
biomarkers of HIV progression (elevated HIV viral load and
lower CD4* T-cell levels).'%

Currently, the efficacy and safety of PCSKO9 inhibitors in
HIV patients have not been established. The BEIJERINCK
trial (Evolocumab Effect on LDL-C Lowering on Back-
ground Statin Therapy; http://www.clinicaltrials.gov. Unique
identifier: NCT02833844) will include 450 HIV positive sub-
jects with hypercholesterolemia or mixed hyperlipidemia that
will be randomized 2:1 to receive treatment with either evo-
locumab 420 mg subcutaneous injection or placebo every 4
weeks. The EPIC-HIV study (Effect of PCSK9 Inhibition on
Cardiovascular Risk in Treated HIV Infection) is designed to
investigate the of PCSKO9 inhibition with alirocumab on arterial
inflammation as assessed by FDG (fluorodeoxyglucose)—posi-
tron emission tomography/computed tomography and endothe-
lial function as assessed by flow-mediated vasodilation (http://
www.clinicaltrials.gov. Unique identifier:NCT03207945).

Statin Intolerance

Statin intolerance is characterized by the inability to take a
statin because of patient-reported adverse events (symptoms
or laboratory test abnormalities).'” The intolerance to statin
therapy may be complete (inability to tolerate any statin at
any dose) or partial (inability to tolerate a statin dose that ef-
fectively lowers LDL-C or dosage used in a clinical outcomes
trial in patients with similar characteristics). Statin-associated
adverse muscle symptoms represent the most common reason

that patients discontinue therapy.'®*!® Among patients who
experience a statin-associated adverse event, 57% discontinue
the statin.'”® Of the patients who discontinue statin because of
an adverse event, 73% are unwilling to be rechallenged often
owing to fear of recurrent side effects.

Statin intolerance in patients with a prior MI increases
the risk of recurrent MI, hospitalizations for cardiovascular
events,'” and health care expenditures.'”! Nonstatin therapy is
a secondary option to lower LDL-C in patients with statin ad-
verse muscle symptoms.'’>'”* Among participants enrolled in
the GOULD registry (Getting to an Improved Understanding
of Low-Density Lipoprotein Cholesterol and Dyslipidemia
Management), 49% percent of patients prescribed PCSK9
inhibitors had complete statin intolerance.'” Treatment with
PCSKO9 inhibitors has been well tolerated in patients with
statin-associated adverse muscle symptoms in short-term tri-
als and an open-label extension study.'”

Cost-Effectiveness

The cost-effectiveness of these agents is complex and influ-
enced by the efficiency of the therapy in certain subgroups and
the medication cost in different countries and various insurance
plans within a specific country.!”® Cost-effectiveness analysis of
PCSKD9 inhibitors is based on clinical and economic outcomes
among patients with a prior history of ASCVD and the mini-
mal qualifying LDL-C level 270 mg/dL. Cost/value methodol-
ogy is based on incremental cost-effectiveness ratio and level
of value in clinical guideline recommendations using quality-
adjusted life year gained.'”” Based on the FOURIER trial,’ the
incremental cost-effectiveness ratio for statin and evolocumab
(wholesale acquisition cost) is $1336221 and $799 596 using
net price for evolocumab.'”” To achieve an incremental cost-ef-
fectiveness ratio of $150000 per quality-adjusted life year, the
net cost of evolocumab would have to be $9669 for the United
States.'”™ The cost-effectiveness of PCSK9 inhibitor therapy
can be improved by selection of patients groups that achieved
higher absolute benefit in FOURIER (recent MI, multivessel
vascular disease, elevated Lp[a]). In ODYSSEY Outcomes,"
treatment with alirocumab in the LDL-C subgroup =100 mg/
dL achieved larger reductions in the primary outcome than
subgroups with lower baseline LDL-C levels. After 12 months,
HR for the primary outcome was 0.71 (95% CI, 0.58-0.87)
and all-cause death 0.67 (95% CI, 0.50-0.89). Among patients
with LDL-C, the value-based price benchmark range for ali-
rocumab is $2306 to $3441, and for patients with LDL-C >41
mg/dL, the cost range is $4460 to $6578.'7 These analyses
demonstrate that cost-effectiveness can be achieved in a higher
risk subgroup at a lower medication cost. Among MI patients
with statin discontinuation or downtitration is associated with
a 51% higher risk of hospitalizations for CHD events in the
ensuing 2 years, and higher cost expenditures in the year after
MI of $40776 compared with $26728 in patients with high ad-
herence (=80%).'” These higher medical care expenditures are
equivalent to the costs of PCSKO9 inhibitor therapy. In primary
prevention, cost-benefit analyses suggest that in FH patients, a
two-thirds reduction in cost of PCSK9 inhibitors will create a
compelling argument for their use compared with other com-
monly reimbursed therapies.'™
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Safety of PCSK9 Inhibitors and Very Low
LDL-C Levels

To date, all phase 2 and 3 studies strongly suggest an excellent
safety profile of both alirocumab and evolocumab, including
among trial participants who attain LDL-C levels <15 mg/
dL."®" The most common treatment-emergent adverse reac-
tion has been injection site reactions.”!3? Potential adverse e-
vents of special interest included steroid hormone and vitamin
levels, neurocognitive impairment and risk of infections and
CanCerS.93'182'183

Neurocognitive events in the clinical trials with PCSK9
inhibitors were recorded as delirium (including confusion),
cognitive and attention disorders and disturbances, dementia
and amnestic conditions, disturbances in thinking and per-
ception, and mental impairment disorders.®*!2 In a phase III
clinical outcomes trials, differences in cognitive function were
not different between treatment groups. In the EBBINGHAUS
(Evaluating PCSK9 Binding Antibody Influence on Cognitive
Health in High Cardiovascular Risk Subjects), a substudy of
FOURIER, cognitive impairment was evaluated by assessing
visual memory using the Cambridge Neuropsychology Test
Automated Battery.® No group differences were observed
in spatial working memory strategy index of executive func-
tion (primary end point), working memory, or psychomotor
change (secondary end point). The safety of evolocumab on
cognitive function was similar in older (>65 to <86 years) and
younger participants (40 to 65 years). A natural randomization
study supported the lack of association between cognitive im-
pairment in people with loss-of-function variants in PCSK9.™

Fat-soluble vitamin concentrations (A, D, E, K) were
measured as part of the prespecified safety analysis in a phase
2 trial with PCSK9 inhibitors.'s>!® In phase 2 trials, vitamin E
levels were lower in both alirocumab-treated and evolocumab-
treated participants; however, the results were nonsignificant
after adjustment for LDL-C.'"® Data from 52-week dou-
ble-blind, controlled trials did not show changes in levels of
vitamin E, cortisol:corticotropin (ACTH) levels, or sex ste-
roids. Vitamin E in erythrocyte membranes was unchanged
from baseline to 52 weeks in both absolute and LDL-C nor-
malized levels.

Current safety data with PCSKO9 inhibitors extends to 52 to
78 weeks in open-label extension trials.?”'82 Long-term safety
of very low LDL-C levels will continue to be monitored in
open-label extension trials of FOURIER (http://www.clinical-
trials.gov. Unique identifier: NCT02867813).

Future Directions
The landscape of cardiovascular risk prevention in the PCSK9
era has already begun to shift. An imminent impact will likely
be the reintroduction of LDL-C monitoring of efficacy in cer-
tain clinical practice guidelines and recommendations for
even stricter target LDL-C levels ubiquitously. In many cases,
new strict targets may be achievable with intensification of
statin and ezetimibe treatment, but in some cases, PCSK9
inhibitors will also be required. However, given cost consid-
erations and resource issues, health care providers and pay-
ers will need to carefully consider prioritizing those patient
subgroups who may benefit the most from the use of these
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therapies. Additional considerations include the use of new
therapeutic modalities to inhibit PCSK9. A promising agent
in this regard is the small interfering RNA molecular incli-
siran, which targets PCSK9 mRNA and is associated with
sustained reductions of circulating PCSK9 and LDL-C of at
least 6 months after a single subcutaneous injection.'® Other
atherogenic lipoproteins show similar sustained reductions. A
planned larger scale RCT of ASCVD outcomes using this a-
gent is essential, given its fundamentally different mechanism
of action compared with the monoclonal antibodies. A clinical
outcomes trial in patients with stable atherosclerotic vascular
disease will examine the effects of inclisiran on cardiovascular
events (HPS-4/TIMI 65 ORION-4 [Heart Protection Study-4/
Thrombolysis in Myocardial Infarction [TIMI] 65 Trial to
Evaluate the Effect of ALN-PCSSC Treatment on Low-
Density Lipoprotein Cholesterol (ORION-4)]; www.timi.org
accessed January 5, 2019). This trial has started in late 2018,
and it is estimated to report results in 2024. Other modalities
in development for delivering PCSK9 inhibition include other
types of antibodies,'®S vaccines,'® or gene editing.'®’

It is also essential to document whether PCSKO inhibition
can lead to unexpected effects in other tissues and organ sys-
tems; this is being examined by a range of preclinical model
systems.'* Such information can also be inferred by studying
extended phenotypes of individuals with naturally occurring
PCSK?9 loss-of-function variants in epidemiological scale da-
tabases, such as the UK Biobank or electronic health records
collected from large health care system databases.
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