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Abstract

Although numerous trials have convincingly shown benefits of statin ther-
apy in both primary and secondary prevention of atherosclerotic cardiovas-
cular disease (ASCVD), most showed relative risk reductions of 25–40%,
and thus many individuals continue to have ASCVD events despite statin
therapy. Substantial progress has been made in developing therapies that
address the residual risk for ASCVD despite statin therapy. In this review,
we summarize progress of currently available therapies along with therapies
under development that further reduce low-density lipoprotein cholesterol
and apolipoprotein B–containing lipoproteins, reduce lipoprotein(a), reduce
ASCVDevents in patients with high triglycerides, and directly target inflam-
mation to reduce ASCVD risk.
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INTRODUCTION

Elevated low-density lipoprotein cholesterol (LDL-C) is a well-known risk factor for atheroscle-
rotic cardiovascular disease (ASCVD) (1). A large meta-analysis of landmark statin clinical trials
showed that more intensive LDL-C–lowering therapy provided greater reduction in ASCVD
events (2). Improved Reduction of Outcomes: Vytorin Efficacy International Trial (IMPROVE-
IT) was the first trial to show that additional LDL-C lowering with ezetimibe reduced cardiovas-
cular events compared with statin alone (3). Two other trials, Further Cardiovascular Outcomes
Researchwith PCSK9 Inhibition in Subjects with ElevatedRisk (FOURIER) (4) andEvaluation of
Cardiovascular Outcomes after an Acute Coronary Syndrome during Treatment with Alirocumab
(ODYSSEY OUTCOMES) (5), demonstrated that substantial LDL-C lowering beyond that ob-
tained with statin monotherapy provided additional reduction in ASCVD risk and further vali-
dated the hypothesis that lowering LDL-C leads to reduction in ASCVD events. These studies, in
aggregate, were the basis for the recommendations of the American Heart Association/American
College of Cardiology (AHA/ACC) Guideline for the Management of Blood Cholesterol (2018)
(6) and the European Society of Cardiology/European Atherosclerosis Society Guidelines for the
Management of Dyslipidaemias (2019) (7) to use high-intensity statin therapy in all individuals
with established ASCVD, with consideration of additional, nonstatin therapy if LDL-C remains
above 100 mg/dl (70 mg/dl in higher-risk patients).

However, even in individuals treated with optimal statin and other evidence-based lipid-
lowering therapy, considerable residual ASCVD risk persists (2). In the recent past, we have seen
dramatic progress toward identifying determinants of this residual cardiovascular risk. It may re-
flect atherogenic apolipoprotein (apo) B–containing particles besides LDL, including triglyceride
(TG)–rich lipoproteins and lipoprotein(a), which are not reflected in LDL-C level. The Reduc-
tion of Cardiovascular Events with Icosapent Ethyl–Intervention Trial (REDUCE-IT), which
evaluated the addition of icosapent ethyl (IPE) to optimal statin therapy, demonstrated dramatic
reduction in cardiovascular events, not only in patients with known ASCVD, but also in patients
with diabetes who had multiple risk factors and residual hypertriglyceridemia (8).

Atherosclerosis is an inflammatory process. The past decade has ushered in a renewed interest
in the role of inflammation in ASCVD prevention, including the landmark Canakinumab Anti-
InflammatoryThrombosis Outcomes Study (CANTOS),which provided clinical proof of concept
that an anti-inflammatory agent could result in significant ASCVD risk reduction beyond that
obtained by reducing LDL-C (9).

In this review, we focus on key advances in preventive cardiology for the treatment and pre-
vention of ASCVD. In particular, we discuss recent LDL-C–lowering therapies that are currently
available or in clinical trials, emerging approaches to target non-LDL-C lipid parameters such as
TG and lipoprotein(a), and immune-modulatory therapies targeting atherosclerosis that have re-
cently been tested in clinical trials or are currently in development (Figure 1). Other approaches
to address residual risk, such as more-aggressive reductions in blood pressure, new treatments
for diabetes, and lifestyle changes with diet, have also shown benefit and are critical for optimal
reduction of not only ASCVD but also heart failure but are beyond the scope of this review.

NEW THERAPIES TARGETING LDL-C

PCSK9 Inhibitors

Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors are monoclonal antibodies
(mAbs) that inactivate extracellular PCSK9 and prevent binding of PCSK9 to the LDL recep-
tor.When PCSK9 binds to the LDL receptor and undergoes endocytosis, the complex is targeted
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Figure 1

Current and emerging therapies target diverse atherosclerotic processes to reduce residual risk for atherosclerotic cardiovascular
disease events. To address residual risk for cardiovascular events that persists despite guideline-recommended statin therapy, newer
agents offer alternative mechanisms to lower low-density lipoprotein cholesterol, and advances in our understanding of atherogenesis
and atherothrombosis provide emerging approaches to target other lipid and nonlipid parameters such as triglyceride and
triglyceride-rich lipoproteins, lipoprotein(a), and inflammation. Abbreviations: ANGPTL3, angiopoietin-like protein 3; APO,
apolipoprotein; ASO, antisense oligonucleotide; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; HL, hepatic lipase; IDL,
intermediate-density lipoprotein; IL, interleukin; LDL, low-density lipoprotein; Lp(a), lipoprotein(a); LPL, lipoprotein lipase; MOA,
mechanism of action; PCSK9i, proprotein convertase subtilisin/kexin type 9 inhibitor; siRNA, small interfering ribonucleic acid;
TGRL, triglyceride-rich lipoprotein; Treg, regulatory T cell; VLDL, very-low-density lipoprotein.

to the lysosome with degradation of the LDL receptor. In contrast, inhibition of PCSK9 binding
to the LDL receptor allows recycling of the receptor to the cell surface. Therefore, injection of
mAbs that inhibit PCSK9 increases LDL receptors and decreases LDL-C level. PCSK9 inhibitors
provide consistent and substantial LDL-C reductions of up to 60–70% (10).

Both evolocumab and alirocumab have demonstrated significant reductions in cardiovascular
events (4, 5). In FOURIER, a linear relationship was observed between LDL-C level achieved
and adverse cardiovascular events, with ASCVD reduction seen down to lowest levels of LDL-C
(<20 mg/dl) without increase in adverse safety events (11). Furthermore, a prespecified secondary
analysis of FOURIER demonstrated that the benefit of evolocumab may be greater if total events
rather than first events were taken into account (12). Based on the positive results of these trials,
use of evolocumab and alirocumab was approved by the US Food andDrug Administration (FDA)
and endorsed by major multisociety preventive cardiology guidelines in the United States (2018)
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(6) and Europe (2019) (7) for reduction of both LDL-C and ASCVD event risk in individuals with
established ASCVD.

Multiple post hoc analyses of FOURIER and ODYSSEY OUTCOMES provide further sup-
port for the use of PCSK9 inhibitor therapy in individuals with ASCVD, with enhanced ben-
efit seen in higher-risk subgroups. In FOURIER, patients with peripheral artery disease (13),
more-recent myocardial infarction (MI), multiple prior MIs, or residual coronary disease (14)
had greater absolute reductions in risk for cardiovascular death, MI, or stroke with evolocumab.
Moreover, while LDL-C reduction with evolocumab reduced cardiovascular events across all
high-sensitivity C-reactive protein (hsCRP) strata (<1, 1–3, and >3 mg/L), greater absolute risk
reductions were seen in patients with higher baseline hsCRP (15). Finally, a 27–single-nucleotide
polymorphism (SNP) genetic risk score was calculated to categorize FOURIER subjects into low-
risk, intermediate-risk, and high-risk subgroups in a nested-cohort study. Individuals with higher
genetic risk derived greater absolute and relative cardiovascular risk reduction with evolocumab
compared with individuals in low- or intermediate-risk categories (16).

Likewise, in post hoc analyses of ODYSSEY OUTCOMES, substantially greater absolute re-
ductions in cardiovascular endpoints were demonstrated in patients stratified as very high risk for
future ASCVD events as defined by the 2018 AHA/ACC guidelines (∼63% of the study popula-
tion) (6, 17), patients who received coronary artery bypass grafting after acute coronary syndrome
(18), and patients with polyvascular disease (two or three arterial beds) (19).

The recently published Evolocumab for Early Reduction of LDL Cholesterol Levels in Pa-
tients with Acute Coronary Syndromes (EVOPACS) is the first trial to establish safety and efficacy
of a PCSK9 inhibitor, evolocumab, initiated during the in-hospital phase of acute coronary syn-
drome. Evolocumab substantially reduced LDL-C by 40% compared with placebo, and adverse
events were similar in both groups (20). In the open-label, single-arm Trial Assessing Long Term
Use of PCSK9 Inhibition in Subjects with Genetic LDL Disorders (TAUSSIG), evolocumab was
well tolerated and effectively reduced plasma LDL-C levels in patients with homozygous famil-
ial hypercholesterolemia (HoFH; by 21%) or severe heterozygous familial hypercholesterolemia
(HeFH; by 55%) over a median follow-up of 4.1 years (21). In the longest-duration (5 years)
study of a PCSK9 inhibitor, the Open Label Study of Long Term Evaluation Against LDL-C
Trial (OSLER-1), evolocumab demonstrated excellent long-term safety and tolerability during
open-label treatment (22).

The most common adverse effects of PCSK9 inhibitor therapy reported in the large outcomes
study were injection-site reactions, flu-like illness, nasopharyngitis, and upper respiratory tract
infection. The most common adverse events that led to discontinuation of the study drug were
allergic reactions (for alirocumab) and myalgia, nausea, and dizziness (for evolocumab).

In conclusion, multiple recent clinical trials, including post hoc analyses, of mAbs against
PCSK9, namely evolocumab and alirocumab, have provided additional evidence regarding greater
absolute benefit in higher-risk groups, long-term safety for up to 5 years, safety and tolerability
during the in-hospital phase of acute coronary syndrome, and safety and efficacy in individuals
with HeFH or HoFH.

Bempedoic Acid

Bempedoic acid is an oral nonstatin therapy that primarily blocks cholesterol biosynthesis in the
liver by inhibiting adenosine triphosphate citrate lyase (ACL), an enzyme upstream from HMG-
CoA reductase. This also results in LDL receptor upregulation and increased clearance of LDL.
Bempedoic acid is administered as a prodrug that is converted to its active moiety by the en-
zyme ACSVL1, which is present in hepatocytes but not present in skeletal muscle (23). Therefore,
bempedoic acid may have less potential to cause muscle side effects.
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A total of five randomized double-blind placebo-controlled multicenter phase III clini-
cal trials—known as Cholesterol Lowering via Bempedoic Acid, an ACL-inhibiting Regimen
(CLEAR) trials—have established safety, tolerability, and LDL-C–lowering efficacy of bempe-
doic acid (four trials) or bempedoic acid/ezetimibe combination tablet (one trial). In the largest of
these trials, CLEAR Harmony, conducted in 2,230 patients with ASCVD and/or HeFH on back-
ground statin therapy (85% using moderate- or high-intensity statin), addition of bempedoic acid
resulted in reduction of LDL-C by 16.5% compared with placebo over 1-year follow-up. The
incidence of gout and adverse events resulting in drug discontinuation were higher in the bempe-
doic acid group than in the placebo group (24). Bempedoic acid can increase levels of uric acid,
which in some patients may lead to gout, and thus may merit monitoring especially in patients
with a past history of gout or elevated uric acid.

CLEARTranquility, conducted in 301 patients with hypercholesterolemia and ASCVD and/or
HeFH who were on maximally tolerated statin (37% on high-intensity statin), evaluated the use
of a bempedoic acid/ezetimibe combination tablet. The combination resulted in reduction of
LDL-C by 38% compared with placebo, with a safety profile similar to that of placebo (25). The
results from these trials are the basis for the approval of bempedoic acid by the FDA in February
2020 for use in patients with HeFH or established ASCVD on maximally tolerated statin therapy
who require additional LDL-C lowering. Bempedoic acid is the first oral nonstatin drug to be
approved for this indication since 2002.

The effects of bempedoic acid therapy on cardiovascular outcomes have not been established.
CLEAR Outcomes (NCT02993406), a randomized double-blind placebo-controlled study that
has enrolled 14,032 patients, will assess cardiovascular events over an estimated follow-up of
4.75 years to answer this question.

Inclisiran

Inclisiran represents an alternative approach to mediate durable and potent reductions in LDL-C.
It is a small interfering ribonucleic acid (siRNA) that silences messenger RNA (mRNA) in hepato-
cytes, preventing translation of PCSK9 (26). It is conjugated to N-acetylgalactosamine carbohy-
drate (GalNAc), which specifically binds to asialoglycoprotein receptors on hepatocytes with high
affinity, leading to the uptake of drug into hepatocytes. As a result, lower drug doses can achieve
similar efficacy, limiting systemic toxicity (27).

Three phase III double-blind randomized clinical trials designed to evaluate the safety and
efficacy of twice-yearly inclisiran (300 mg) injections have been completed. ORION-10 enrolled
patients with ASCVD (n= 1,561) in theUnited States,whereas ORION-11 enrolled patients with
ASCVD or ASCVD risk equivalent (n = 1,617) in Europe, on maximally tolerated statin therapy.
In ORION-10, inclisiran reduced LDL-C by 52% compared with placebo at day 510, and in
ORION-11, an LDL-C reduction of 50% compared with placebo was seen at day 510. Adverse
events were similar with both drug and placebo, except for injection-site reactions, which were
more common with inclisiran (28). In a prespecified exploratory analysis, fewer patients treated
with inclisiran had cardiovascular events (MI and stroke) compared with placebo (28). ORION-
9, which enrolled 482 patients with HeFH on optimal statin and ezetimibe therapy, showed that
inclisiran reduced LDL-C by 48% compared with placebo at day 510. Adverse events and serious
adverse events were similar in the two groups (29).

All three studies, together, demonstrate that inclisiran can achieve robust and sustained re-
ductions in LDL-C and PCSK9 levels with a frequency of side effects comparable to placebo.
Inclisiran provides reductions in LDL-C that are similar to those obtained with PCSK9 mAbs
and persist at 1-year follow-up (30). While a long-acting injection requiring twice-yearly
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administration seems promising, an ongoing cardiovascular outcomes trial of inclisiran,ORION-4
(n = 15,000), will provide conclusive evidence on long-term safety and clinical efficacy
(NCT03705234).

NEW THERAPIES TARGETING TRIGLYCERIDE PATHWAYS

Omega-3 Fatty Acids

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are two major types of omega-3
fatty acids. Numerous studies show that omega-3 fatty acids decrease elevated TG and very-low-
density lipoprotein (VLDL) levels. These effects are seen with high doses (>2 to 4 g/day). DHA
may increase LDL-C levels; EPA generally has no effect on LDL-C. Newer formulations of
omega-3 fatty acids, the subject of recently completed and ongoing clinical trials, include EPA
alone and combined EPA and DHA.

REDUCE-IT evaluated the use of icosapent ethyl (IPE), highly purified EPA, in 8,179 high-
risk patients (either with established ASCVD or with diabetes and one other ASCVD risk factor)
who had persistent hypertriglyceridemia (135–499 mg/dl) on maximally tolerated statin therapy
(8).Over a 5-year follow-up, IPE (4 g/day) significantly reducedmajor ASCVD events by 25% and
prespecified secondary ASCVD endpoints of fatal/nonfatal MI by 31%, fatal/nonfatal stroke by
28%, and cardiovascular mortality by 20%. Important adverse events included absolute excess of
atrial fibrillation (by 1.4%more than placebo) and peripheral edema (by 1.5%more than placebo).
The increase in bleeding risk with IPE was not statistically significant (8). A follow-up secondary
analysis found that IPE provided even greater cardiovascular risk reduction when first, subsequent,
and total cardiovascular events were included (31).

Based on the results of this landmark clinical trial, multiple societies, including the American
Diabetes Association (32), European Society of Cardiology/European Atherosclerosis Society (7),
and National Lipid Association (33), endorsed the use of IPE for reduction in risk of future
ASCVD events in individuals with ASCVD and/or diabetes (with other risk factors) and hyper-
triglyceridemia on maximally tolerated statin therapy. In December 2019, IPE became the first
non-LDL-lowering lipid drug to receive an indication for ASCVD event risk reduction (in pa-
tients with ASCVD already on statin therapy) from the FDA.

In REDUCE-IT, TG was reduced by a net of 15%, non–high-density lipoprotein cholesterol
(non-HDL-C) by 9%, and apo B by 10% in the IPE group compared with placebo (8). Kastelein
& Stroes (34) reported that the reduction in non-HDL-C observed in REDUCE-IT would be
expected to lower ASCVD risk by only about 6–8%. Therefore, the effects on lipids cannot fully
explain the overall ASCVD risk reduction seen in the study. Possible other mechanisms to explain
the beneficial effects of IPE seen in REDUCE-IT are antiplatelet effects, anti-inflammatory ef-
fects, and effects on endothelial function (35).

Multiple studies support the anti-inflammatory effects of IPE. In MARINE and ANCHOR,
IPE at 4 g/day significantly lowered levels of the proinflammatory compounds lipoprotein-
associated phospholipase A2 (Lp-PLA2), oxidized LDL, and hsCRP (36, 37). In addition, omega-3
fatty acids have been shown to increase production of resolvins, which play an important role in
counter-regulation of inflammation (38). Optical coherence tomography demonstrated that pa-
tients randomized to IPE (1.8 g/day) had greater increase in fibrous cap thickness and decrease in
macrophage accumulation at 9-month follow-up after percutaneous coronary intervention (39).
Taken together, the combined evidence suggests that anti-inflammatory effects of IPE may have
contributed to the cardiovascular benefits observed in REDUCE-IT.

Interim results of the Effect of Vascepa on Improving Coronary Atherosclerosis in People with
High Triglycerides Taking Statin Therapy (EVAPORATE) trial demonstrated that in 80 patients
with known angiographic coronary artery disease on statins (LDL-C >40 and <115 mg/dl) and
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hypertriglyceridemia (135–499 mg/dl) randomized 1:1 to IPE or placebo, IPE did not reduce the
primary endpoint of low attenuation plaque volume but reduced total plaque volume as assessed
by coronary computed tomography angiography over 9 months of follow-up (40).

Statin Residual Risk Reduction with Epanova in High CV Risk Patients with Hypertriglyc-
eridemia (STRENGTH), a phase III trial evaluating use of 4 g/day of EPA + DHA carboxylic
acids in patients with elevated TG levels (≥180 and <500 mg/dl) and low HDL-C (<42 mg/dl
for men and <47 mg/dl for women), was stopped earlier than planned based on the January 2020
recommendation of an independent Data Monitoring Committee because of low likelihood of
demonstrating cardiovascular benefit (NCT02104817). It is hoped that results from the trial,
which are yet to be published, will help clarify whether the lack of benefit was due to the use
of combined EPA and DHA rather than EPA alone, the formulation of EPA + DHA used (i.e.,
carboxylic acid), or other mechanisms not yet known.

Ongoing outcomes trials evaluating the use of omega-3 fatty acids include Randomized Trial
for Evaluation in Secondary Prevention Efficacy of Combination Therapy–Statin and Eicosapen-
taenoic Acid (RESPECT-EPA; UMIN000012069) and Omega-3 Fatty Acids in Elderly Patients
with Acute Myocardial Infarction (OMEMI; NCT01841944). RESPECT-EPA will primarily be
conducted in Japan and will evaluate the use of lower-dose EPA (1.8 g/day) in patients with
ASCVD on statin therapy irrespective of TG levels. OMEMI is studying EPA + DHA (1.8 g/day)
in elderly patients (aged 70–82 years) in Norway diagnosed with acute MI.

Pemafibrate

Fibrates are effective therapy for TG lowering; however, the use of fenofibrate as add-on ther-
apy to statins has not consistently shown cardiovascular benefit. Post hoc analyses of clinical trials
of fenofibrate have, however, demonstrated that individuals with higher levels of TG and lower
HDL-C derived significant cardiovascular risk reduction (41, 42). Pemafibrate, a selective per-
oxisome proliferator–activated receptor–α modulator, was designed to lower TG (by about 30%)
while minimizing side effects (43). The Pemafibrate to Reduce Cardiovascular Outcomes by Re-
ducing Triglycerides in Patients with Diabetes (PROMINENT) trial aims to evaluate the use of
pemafibrate in combination with maximally tolerated statins in patients with diabetes and elevated
TG levels (200–499 mg/dl) and low HDL-C (≤40 mg/dl) and is planned to reach completion in
2022 (NCT03071692).

Apo C-III

Lipoprotein lipase (LPL) plays an important role in the metabolism of TG and TG-rich lipopro-
teins in the circulation. Apo C-III and angiopoietin-like protein 3 (ANGPTL3) have been shown
to modulate LPL activity and consequently affect TG levels. Evidence from genomic studies
shows that polymorphisms of the genes encoding these proteins are associated with reduced risk
for ASCVD (44, 45). Accordingly, considerable interest has been shown in the development of
therapeutic approaches targeting these factors.

RNA interference therapies such as antisense oligonucleotides (ASOs) and siRNA, which bind
to and promote the degradation of APOC3 mRNA, have shown profound and durable reduc-
tion in TG (Table 1). Volanesorsen (formerly IONIS-ApoCIIIRx and ISIS-ApoCIIIRx), an ASO
targeting apo C-III, was approved in Europe but not in the United States for the treatment of fa-
milial chylomicronemia syndrome. Conjugation of a newer generation of ASO against apo C-III
(APOCIII-LRx) and siRNA against apo C-III with GalNAc allows lower doses of drug to be used
to achieve similar efficacy and attenuates off-target side effects such as thrombocytopenia. Robust
clinical programs are ongoing for these agents.
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Table 1 Emerging therapies for treatment of dyslipidemia

Drug Mechanism

Clinical trial
stage, patient
population,
reference Results

Status/future
directions

Volanesorsen ASO
targeting
apoC-III

Phase III. Patients
with FCS
(n = 66);
volanesorsen
300 mg/wk
versus placebo
(46)

apoC-III: −84% (3 mo); −83% (6 mo)
TG: −76% (3 mo); −53% (6 mo); −40% (1 yr)
Safety: ISR and thrombocytopenia notable side

effects; high rates of drug discontinuation and
nonserious bleeding with drug

Approved by EMA
for TG-lowering
in FCS on May 3,
2019 (47), but not
approved by FDA

AKCEA-
APOCIII-
LRx

ASO
targeting
apoC-IIIa

Phase I/IIa.
Healthy adults
with TG
≥90 mg/dl in
SADS (n = 40)
and ≥200 mg/dl
in MADS
(n = 27) (48)

SADS: mean change (dose):

apoC-III: −4% (10 mg); −32% (30 mg);
−65% (60 mg); −78% (90 mg); −91% (120 mg)

TG: −12% (10 mg); −11% (30 mg); −43%
(60 mg); −68% (90 mg); −77% (120 mg)

MADS: mean change (dose):

apoC-III: −66% (15 mg/wk); −84% (30 mg/wk);
−89% (60 mg/wk) after 6 wk

TG: −59% (15 mg/wk); −73% (30 mg/wk);
−66% (60 mg/4 wk) after 6 wk

Safety: 1 ISR, no platelet count reductions
(NCT02900027)

Phase II study
ongoing in
patients with
HTG and
ASCVD
(NCT03385239)

ARO-
APOC3

siRNA
targeting
apoC-IIIa

Phase I/IIa. SADS
in healthy adults
(n = 40) with
TG >80 mg/dl
(49)

Mean max change:

ApoC-III: −72% (10 mg) to −94% (100 mg)
TG: −53% (10 mg) to −64% (100 mg)
LDL-C: −12% (25 mg) to −25% (10 mg)
HDL-C: +30% (10 mg) to +69% (100 mg);

reductions maintained at wk 16
Safety: 8 ISR; no SAE reported

Phase I study
ongoing in
healthy adults,
patients with
severe HTG, and
patients with
FCS
(NCT03783377)

Evinacumab mAb against
ANGPTL3

Phase I. SADS in
healthy adults
with TG
150–450 mg/dl
and LDL-C
>100 mg/dl
(n = 83) (50)

Subcutaneous:

TG: −21% to −64% (day 4); −6% to −10% (day 15)
LDL-C: −10% to +1% (day 4); −5% to −17%

(day 15)
Intravenous:
TG: −71% to −80% (day 4); −31% to −50%

(day 15)
LDL-C: −15% to −24% (day 4); −12% to −23%

(day 15)
HDL-C: −9% to −16% (day 4); −16% to −25%

(day 15)
Safety:No SAE reported

Phase II study
ongoing in
patients with
persistent HC
despite maximally
tolerated
lipid-lowering
therapy
(NCT03175367)

Phase I. Patients
with TG >150
and ≤450 mg/dl
and LDL-C
≥100 mg/dl;
SADS (n = 83)
and MADS
(n = 56) (51)

SADS:

TG: −55% (250 mg SC) and −88% (10 mg/kg IV)
(day 4)

LDL-C: −21% (250 mg SC) and −23% (10 mg/kg
IV) (day 8)

MADS:

TG: −50% (450 mg/wk SC) and −88% (20 mg/kg
every 4 wk IV) (day 15)

LDL-C: −22% (300 mg/wk SC) and −25.1%
(20 mg/kg every 4 wk IV) (day 57)

Safety: Drug well tolerated with no SAE or drug
discontinuation

(Continued)
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Table 1 (Continued)

Drug Mechanism

Clinical trial
stage, patient
population,
reference Results

Status/future
directions

AKCEA-
ANGPTL3-
LRx

ASO
targeting
ANGPTL3a

Phase I. Healthy
adults with
LDL-C
>70 mg/dl and
TG >90 mg/dl
(n = 32); MADS
(weekly dosing)
(52)

ANGPTL3: −47% (10 mg); −72% (20 mg);
−81% (40 mg); −84% (60 mg)

TG: −33% (10 mg); −63% (20 mg);
−54% (40 mg); −50% (60 mg)

LDL-C: −1% (10 mg); −4% (20 mg);
−25% (40 mg); −39% (60 mg)

Safety:No bleeding episodes or significant decreases
in platelets; no SAE reported

Phase II study
ongoing in
patients with
DM, HTG, and
NAFLD
(NCT03455777)

ARO-ANG3 siRNA
targeting
ANGPTL3a

Phase I. SADS in
healthy adults
with TG
>100 mg/dl and
LDL-C
>70 mg/dl
(n = 40) (53)

Mean max reduction:

ANGPTL3: −55% (35 mg) to −83% (300 mg)
TG: −31% (35 mg) to −66% (300 mg)
LDL-C: −9% (35 mg) to −30% (300 mg)
HDL-C: −8% (35 mg) to −26% (300 mg)
Reductions maintained at wk 16
Safety: 1 ISR; no SAE reported

Phase I ongoing in
healthy adults
and patients with
FH or HTG
(NCT03747224)

TQJ230
(formerly
AKCEA-
APO(a)-
LRx

ASO
targeting
Lp(a)

Phase II. Patients
with ASCVD
and Lp(a)
>60 mg/dl;
MADS (n = 286)
(54)

Lp(a): −35% (20 mg every 4 wk); −56% (40 mg
every 4 wk); −58% (20 mg every 2 wk);
−72% (60 mg every 4 wk); −80% (20 mg every
wk) at 6 mo

Safety:More ISR with drug versus placebo;
no SAE reported

Phase III CVOT
ongoing in
patients with
ASCVD and
Lp(a) ≥70 mg/dl
(NCT04023552)

AMG890 siRNA
targeting
Lp(a)

Preclinical studies.
Cynomolgus
monkeys (55)

Lp(a): −85% to −90% (3 mg/kg weekly for 3 wk);
reductions maintained up to 60 days

Phase I SADS
completed in
patients with
elevated Lp(a)
(n = 80) to
evaluate safety
(NCT03626662)

Phase II dosing
study ongoing in
patients with
ASCVD and
Lp(a) >150
nmol/L (n = 240)
to evaluate
percent change in
Lp(a)
(NCT04270760)

aGalNAc conjugated.
Abbreviations: ANGPTL3, angiopoietin-like protein 3; apo, apolipoprotein; ASO, antisense oligonucleotide; ASCVD, atherosclerotic cardiovascular dis-
ease; CVOT, cardiovascular outcomes trial; DM, diabetes mellitus; EMA, European Medicines Agency; FCS, familial chylomicronemia syndrome; FDA,
US Food and Drug Administration; FH, familial hypercholesterolemia; HC, hypercholesterolemia; HDL-C, high-density lipoprotein cholesterol; HTG,
hypertriglyceridemia; ISR, injection-site reaction; IV, intravenous; LDL-C, low-density lipoprotein cholesterol; Lp(a), lipoprotein(a); mAb, monoclonal an-
tibody; MADS, multiple-ascending dose study; NAFLD, nonalcoholic fatty liver disease; mo, month or months; SADS, single-ascending dose study; SAE,
serious adverse events; SC, subcutaneous; siRNA, small interfering ribonucleic acid; TG, triglycerides; wk, week or weeks; yr, year.

Angiopoietin-like Protein 3 Inhibition

Strategies to inhibit ANGPTL3 include mAb and RNA interference therapies (Table 1). Ev-
inacumab (REGN1500) is the first-in-class mAb against ANGPTL3 that has effected profound
reductions in TG and LDL-C in early-phase clinical trials (50, 51). Results of a double-blind ran-
domized placebo-controlled clinical trial in 60 patients withHoFH showed that patients receiving
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evinacumab demonstrated relative reduction in LDL-C of 49% compared with placebo, and no
serious adverse events were reported (56). Both AKCEA-ANGPTL3-LRx (a GalNAc-conjugated
ASO) and ARO-ANG3 (GalNAc-modified siRNA) target production of ANGPTL3 and have
been tested in phase I trials (Table 1) (52, 53).

NEW THERAPIES TARGETING LIPOPROTEIN(A)

Genetic, epidemiological, and clinical studies have established that elevated concentrations of
lipoprotein(a) are associated with increased risk for coronary heart disease. Lipoprotein(a) has
a pleiotropic effect on atherosclerosis: It is proatherogenic owing to its LDL moiety, prothrom-
botic owing to the homology of apo(a) with plasminogen, and carries oxidized phospholipids (57),
which mediate arterial wall inflammation. Targeting lipoprotein(a) may therefore be of incremen-
tal value beyond lowering LDL-C, even in individuals without elevated LDL-C (58).

PCSK9 Inhibitors

Evolocumab and alirocumab have been shown to reduce lipoprotein(a) levels by 23–27% (4, 5).
Furthermore, patients with higher baseline lipoprotein(a) levels had greater absolute lipopro-
tein(a) reduction and greater absolute risk reduction for cardiovascular events (59, 60). In a
subgroup analysis of ODYSSEY OUTCOMES, alirocumab-induced lipoprotein(a) reduction
independently contributed to reduction in risk of cardiovascular events, beyond LDL-C or
non-HDL-C lowering (59).

APO(a)-LRx

APO(a)-LRx is a GalNAc-conjugated second-generation ASO that targets and reduces the synthe-
sis of apo(a) in the liver. It demonstrated dose-dependent and sustained reduction in lipoprotein(a)
levels by up to 80% in a phase II clinical trial. The ASO was well tolerated, but injection-site ery-
thema was reported more often in those receiving drug compared with placebo (54).

AMG 890

AMG890 (formerly ARO-LPA) is a GalNAc-conjugated siRNA designed to inhibit lipoprotein(a)
production. A phase I randomized double-blind placebo-controlled single-ascending dose clinical
trial to evaluate the safety, pharmacokinetics, and pharmacodynamics of AMG 890 in 80 subjects
with elevated lipoprotein(a) has been completed (NCT03626662). A phase II double-blind ran-
domized placebo-controlled clinical trial in 240 patients with elevated lipoprotein(a) is in progress
(NCT04270760).

NEW APPROACHES TO INFLAMMATION

Atherosclerosis is an inflammatory process, and the immune system plays an important role in
both initiation and progression of the disease. Atherosclerosis is characterized by cholesterol-
rich atheromas, which begin with subendothelial infiltration and retention of apo B–containing
lipoproteins.Endothelial dysfunction characterized by increased expression of adhesionmolecules
enhances adhesion and migration of monocytes and lymphocytes, which in turn secrete cytokines,
chemokines, and growth factors, leading tomigration and proliferation of smoothmuscle cells and
eventually resulting in complex atherosclerotic lesions. Increased levels of LDL and postprandial
TG-rich lipoproteins also lead to development of foamy monocytes in the circulation, which have
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increased expression of CD11c and increased adhesion to endothelium with subsequent transmi-
gration to become foamy macrophages (61, 62).

Anti-inflammatory Therapies with Cardiovascular Outcomes Trials

Although Anitschkow & Chalatow (63) reported foamy monocytes in atherosclerosis at the be-
ginning of the twentieth century, and Virchow (64) described atherosclerosis as an inflamma-
tory disorder in the mid-nineteenth century, numerous clinical trials evaluating the use of anti-
inflammatory or immune-modulating treatments, such as oxidized LDL antibody, darapladib
(an Lp-PLA2 inhibitor), varespladib (a secretory phospholipase A2 inhibitor), atreleuton (a 5-
lipoxygenase inhibitor), and losmapimod (a p38mitogen–activated protein kinase inhibitor), failed
to show any beneficial effect on ASCVD events. In this section, we first discuss the most recent
clinical trials evaluating the use of anti-inflammatory agents for ASCVD risk reduction and then
summarize anti-inflammatory therapies in clinical development.

Canakinumab.Canakinumab is a mAb against interleukin (IL)–1β. In CANTOS, a phase III ran-
domized placebo-controlled clinical trial in 10,061 participants with a history of MI and hsCRP
levels>2.0mg/L, canakinumab 150mg resulted in a 15% reduction in the primary composite end-
point ofMI, stroke, and cardiovascular death [hazard ratio (HR) 0.85, 95% confidence interval (CI)
0.74–0.98] compared with placebo (9). Key secondary endpoints, including MI, unstable angina
requiring urgent revascularization, and any coronary revascularizations, were also reduced. There
was no significant reduction in cardiovascular mortality or stroke. CANTOS was a landmark trial
because it was the first to show that a therapy specifically targeting inflammation provided clinical
benefit independent of lowering lipoproteins. Although canakinumab therapy was associated with
increased risk for fatal infection, it was also associated with reduced risk for death from cancer,
with a reduction in lung cancer. Furthermore, participants who achieved hsCRP levels <2 mg/L
after a single dose of canakinumab had greater reduction in cardiovascular outcomes (by 25%)
and all-cause mortality (by 31%) (65). These findings have important clinical implications, as they
may help identify a subset of patients in whom canakinumab or other anti-inflammatory therapy
may prove particularly clinically effective.

Beyond residual cholesterol risk, these results support the concept of residual inflammatory
risk. Residual inflammatory risk is not uncommon; in both the Pravastatin or Atorvastatin Evalu-
ation and Infection Therapy (PROVE IT) (66) and IMPROVE-IT (3) trials, almost one-third of
statin-treated patients had hsCRP >2 mg/L. More than one-third of the patients in the PCSK9
mAb cardiovascular outcomes trials met the eligibility criteria for CANTOS despite achieving
very low LDL-C (15).

Methotrexate.CANTOS was followed by the Cardiovascular Inflammation Reduction (CIRT)
trial, which evaluated the clinical efficacy of methotrexate in 4,786 patients with prior MI or mul-
tivessel coronary disease (with either diabetes or metabolic syndrome). Low-dose methotrexate
(5–20 mg) did not significantly reduce the composite endpoint of nonfatal MI, stroke, or cardio-
vascular death (HR 1.01, 95% CI 0.82–1.25), and the trial was stopped early for futility after a
median follow-up of 2.3 years (67). Compared with CANTOS, CIRT had two major limitations
that may have contributed to its negative results: First, many patients had only modest levels of
inflammation (median hsCRP 1.6 mg/L), and second, methotrexate, a nonspecific approach to
immunomodulation, was not associated with significantly reduced key inflammatory parameters
such as hsCRP, IL-1β, or IL-6.
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Colchicine.Colchicine acts by preventing cytoskeletal microtubule formation through inhi-
bition of tubulin polymer assembly. It is an anti-inflammatory medication used to treat gouty
arthritis and pericarditis. In a prospective randomized open-label clinical trial in 532 patients with
stable coronary artery disease, colchicine 0.5 mg/day significantly reduced risk for the primary
cardiovascular endpoint (acute coronary syndrome, out-of-hospital cardiac arrest, or ischemic
stroke) compared with no colchicine; the reduction was driven primarily by reduction in acute
coronary syndrome events (68).

In the recent Colchicine Cardiovascular Outcomes Trial (COLCOT), a larger randomized
double-blind placebo-controlled trial in 4,745 patients with recent MI (<30 days), addition of
colchicine was associated with a significant 23% reduction in the primary endpoint (composite of
cardiovascular death, resuscitated cardiac arrest,MI, stroke, or urgent coronary revascularization)
compared with placebo over median 22.6-month follow-up (69). Each component of the primary
endpoint was significantly reduced, with marked benefit for stroke.Diarrhea and pneumonia were
more common with colchicine than with placebo.

COLCOT is the first clinical trial to show a role for an anti-inflammatory agent in ASCVD risk
reduction in the acute post-MI period. The ongoing Colchicine and Spironolactone in Patients
withMI/SYNERGY Stent Registry (CLEAR SYNERGY) trial is evaluating the long-term effects
of colchicine in patients with recent ST elevation myocardial infarction to try to confirm these
findings (NCT03048825).

Table 2 Anti-inflammatory therapies for cardiovascular risk reduction in development

Drug Mechanism Clinical trial stage, patient population, reference
Anakinra IL-1 receptor

antagonist
Phase II. Patients with NSTEMI (n = 182); significant reduction in hsCRP and IL-6
levels over 14 days (71)

Phase II/III. Patients with STEMI (n = 124); primary endpoint: change in hsCRP levels
(NCT01950299; ongoing)

Tocilizumab Anti-IL-6
receptor
antibody

Phase II. NSTEMI patients (n = 117); significantly lower hsCRP and troponin (72)
Phase II. STEMI patients (n = 200); primary endpoint: acute-phase myocardial salvage
index assessed by cardiac magnetic resonance imaging (NCT03004703; ongoing)

Hydroxychloroquine Multiple
mecha-
nisms

Observational studies. RA and SLE patients on hydroxychloroquine with significantly
lower incidence of cardiovascular events

Phase IV. CAD patients (n ≈ 90); primary endpoint: change in hsCRP (NCT02874287;
ongoing)

Phase IV. NSTEMI patients (n = 124); primary endpoint: cardiovascular outcomes
(NCT02648464; ongoing)

Xilonix Anti-IL-1α
antibody

Phase II. Post-PTCA patients (n = 43); nonsignificant trend toward improved vessel
patency, well tolerated (73)

IL-2 (low dose) Promotion of
Tregs

Phase I/II. Patients with stable CAD (n = 25) and patients with acute coronary syndrome
(n = 32); primary endpoints: safety and tolerability, change in circulating Tregs (74)

Ziltivekimab Anti–IL-6
ligand
monoclonal
antibody

Phase I/Ib and phase I/II. Patients with CKD on dialysis; hsCRP and serum amyloid A
significantly reduced, trend toward improved NT-proBNP (NCT03126318,
NCT02868229)

Phase IIb. Patients with CKD; primary endpoint: hsCRP reduction (NCT03926117;
completed)

Abbreviations: CAD, coronary artery disease; CKD, chronic kidney disease; hsCRP, high-sensitivity C-reactive protein; IL, interleukin; NSTEMI,
non–ST-segment elevation myocardial infarction; NT-proBNP, N-terminal pro–B-type natriuretic peptide; PTCA, percutaneous transluminal coronary
angioplasty; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; STEMI, ST-segment elevation myocardial infarction; Tregs, regulatory T cells.
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Anti-inflammatory Drugs in Development

Several promising anti-inflammatory therapies are in different phases of clinical trials (70).Table 2
lists some of the targeted therapies with their pathways and stage of development.

CONCLUSION

Although statins remain the first-line lipid therapy for ASCVD prevention, residual ASCVD risk
despite guideline-recommended statin use emphasizes the need for additional therapies. Recently
approved and emerging agents offer options for further LDL-C reductions, in combination with
statin or as monotherapy, as well as alternative targets including TG and TG-rich lipoproteins,
lipoprotein(a), and inflammation (see Figure 1). The clinical utility of these agents is the subject
of recently completed and ongoing clinical trials, including essential outcomes studies, to evaluate
their potential for risk reduction in clinical practice.
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