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Purpose of review

Elevated LDL-C and triglycerides are important risk factors for the development of atherosclerotic
cardiovascular disease. Although effective therapies for lipid lowering exist, many people do not reach
their treatment targets. In the last two decades, ANGPTL3 has emerged as a novel therapeutic target for
lowering plasma LDL-C and triglycerides. Here, an overview of the recent literature on ANGPTL3 is
provided, focusing on the therapeutic benefits of inactivation of ANGPTL3 via monoclonal antibodies,
antisense oligonucleotides, and other more nascent approaches. In addition, the potential mechanisms by
which ANGPTL3 inactivation lowers plasma LDL-C are discussed.

Recent findings

ANGPTL3 is a factor secreted by the liver that inhibits lipoprotein lipase and other lipases via the formation
of a complex with the related protein ANGPTL8. Large-scale genetic studies in humans have shown that
carriers of loss-of-function variants in ANGPTL3 have lower plasma LDL-C and triglyceride levels, and are at
reduced risk of atherosclerotic cardiovascular disease. Clinical studies in patients with different forms of
dyslipidemia have demonstrated that inactivation of ANGPTL3 using monoclonal antibodies or antisense
oligonucleotides markedly lowers plasma LDL-C and triglyceride levels.

Summary

Anti-ANGPTL3 therapies hold considerable promise for reducing plasma LDL-C and triglycerides in selected
patient groups.
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Elevated plasma levels of LDL-C are a well known risk
factors for atherosclerotic cardiovascular disease
(ASCVD). The strong causal association between
plasma LDL-C and ASCVD forms the basis for the
use of aggressive LDL-lowering therapies in individ-
uals at high risk of ASCVD [1]. Effective therapies are
available for lowering plasma cholesterol in most
people, including statins, selective cholesterol
absorption inhibitors, and PCSK9 inhibitors. In con-
trast, the therapeutic options are more limited for
individuals with homozygous familial hypercholes-
terolemia (HoFH). For these patients, as well as for
hypercholesterolemic individuals who are largely
refractory to the above treatments, there is a contin-
ued need for new treatments that can lower plasma
LDL-C levels.

Apart from LDL-C, there is mounting evidence
from human genetic studies that elevated plasma
triglycerides are also a risk factor for ASCVD [2,3].
The positive association between triglycerides and
ASCVD has been attributed to the proatherogenic
effects of partially metabolized triglyceride-rich lip-
oproteins and their remnants. An overview of the
role of triglyceride-rich lipoproteins in ASCVD can
uthor(s). Published by Wolters Kluwe
lipid-lowering medication with additional clinical
benefit has provided the basis for continued inves-
tigations into how plasma lipoprotein metabolism is
regulated, how lipid metabolism goes awry in dysli-
pidemia, and how certain genes and proteins can be
targeted to improve lipid levels and reduce ASCVD
risk. Considerable attention has been focused on the
enzyme lipoprotein lipase (LPL) [5]. LPL catalyzes
the hydrolysis of plasma triglycerides and is rate
limiting for triglyceride uptake into muscle, heart,
and adipose tissue. Due to its importance in plasma
lipid metabolism, the activity of LPL in different
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KEY POINTS

� ANGPTL3 inhibits lipoprotein lipase as a complex
with ANGPTL8.

� Loss-of-function variants in ANGPTL3 are associated
with lower plasma LDL-C and triglycerides.

� Loss-of-function variants in ANGPTL3 are associated
with a reduced risk of atherosclerotic
cardiovascular disease.

� Pharmacological strategies that inactivate ANGPTL3
lower plasma LDL-C and triglycerides in various
patient groups.

Therapy and clinical trials
tissues is carefully regulated to be able to cater lipid
uptake to local lipid demand [5]. Several proteins are
involved in the regulation of LPL activity. These pro-
teins can be divided into the apolipoproteins C1, C2,
C3, E and A5, and the angiopoietin-like proteins
ANGPTL3, ANGPTL4, and ANGPTL8. With the
approval of monoclonal antibodies against ANGPTL3
by the Food and Drug Administration (FDA) and the
European Medicines Agency (EMA) as an add-on treat-
ment for patients with HoFH, ANGPTL3 has gained
widespread recognition as a therapeutic target. Here, I
will review the recent literature on ANGPTL3 and
discuss how ANGPTL3 can be targeted to lower lipid
levels and reduce risk of ASCVD.
ROLE OF ANGPTL3 IN LIPOPROTEIN
METABOLISM

ANGPTL3 is a 45 kDa protein that is exclusively pro-
duced in hepatocytes. Early studies in ANGPTL3-
deficient and ANGPTL3-overexpressing mice showed
that ANGPTL3 impairs clearance of triglyceride-rich
lipoproteins and raises plasma levels of triglycerides
by inhibiting the activity of LPL [6,7], and possibly
hepatic lipase [8,9]. In addition, ANGPTL3 raises
plasma HDL-C levels by inhibiting endothelial lipase
[10]. The other two angiopoietin-like proteins have
functions complementary to ANGPTL3. Unlike
ANGPTL3, ANGPTL4 is produced by many cells
and tissues, including liver, adipose tissue, heart,
and macrophages. It is mainly known to serve as
LPL inhibitor in adipose tissue during fasting [11].
ANGPTL8, which is produced in the liver and adipose
tissue, is different from the other two proteins in that
it is substantially smaller and is unable to inhibit LPL
by itself. Instead, it cooperates with ANGPTL3 and
ANGPTL4 to enhance or diminish their LPL inhibi-
tory properties, respectively, as explained below.

Although it was for a long time believed that
ANGPTL3 is a direct and independent inhibitor of
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LPL, it is now evident that the ability of ANGPTL3 to
raise plasma triglycerides depends on ANGPTL8
(Fig. 1) [12]. Specifically, ANGPTL3 is released from
liver cells partly as a complex with ANGPTL8 [13,14],
which can be detected in human blood plasma [15

&&

].
Whereas nearly all ANGPTL8 released from hepato-
cytes is complexed to ANGPTL3, most of the
ANGPTL3 released and present in blood plasma is
in free form [15

&&

]. The physical association with
ANGPTL8 greatly increases the affinity of ANGPTL3
for LPL and creates a very potent endocrine inhibitor
of plasma triglyceride clearance in heart, skeletal
muscle and brown adipose tissue [16

&

]. In white adi-
pose tissue, however, the inhibitory action of
ANGPTL3/ANGPTL8 towards LPL is counteracted
by a complex of ANGPTL4/ANGPTL8 (Fig. 1)
[15

&&

,16
&

,17
&&

]. In the fed state, when ANGPTL8 pro-
duction is high, this mechanism ensures the prefer-
ential storage of circulating triglycerides in white
adipose tissue. Whether inhibition of endothelial
lipase by ANGPTL3 is enhanced by ANGPTL8 and
is mediated by the ANGPTL3/ANGPTL8 complex is
unknown. Interestingly, recent evidence suggests
that the inhibition of LPL by ANGPTL3/ANGPTL8
is opposed by APOA5 through direct binding to the
ANGPTL3/ANGPTL8 complex [18].

Human genetic studies support the role of
ANGPTL3 in regulating plasma triglyceride levels.
Genome-wide association studies first linked several
loci near the ANGPTL3 gene to plasma triglycerides
[19]. Subsequently, exome sequencing identified
ANGPTL3 as the gene mutated in familial combined
hypolipidemia, a condition characterized not only
by low fasting plasma triglyceride levels but also low
levels of LDL-C and HDL-C [20]. Consistent with
these data, carriers of loss-of-function variants in
ANGPTL3 have markedly lower levels of triglycer-
ides (17–27%) and LDL-C (9%) [21,22]. By contrast,
there only seems to be a very weak association
between ANGPTL3 loss-of-function variants and
plasma HDL-C levels [21,22]. The changes in plasma
lipid levels in carriers vs. noncarriers of ANGPTL3
loss-of-function variants are associated with a reduc-
tion in the odds of ASCVD of about 40% [21].
PHARMACOLOGICAL STRATEGIES FOR
ANGPTL3 INACTIVATION

The liver-specific expression of ANGPTL3, its circu-
lation in the bloodstream, and the reduction in
ASCVD risk in ANGPTL3 loss-of-function carriers
make ANGPTL3 a very attractive pharmacological
target for lipid lowering. Several strategies, which
currently are in different stages of the R&D pipeline,
have been developed to inactivate ANGPTL3 and
improve plasma lipid levels.
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FIGURE 1. Function of ANGPTL3 in plasma triglyceride metabolism. ANGPTL3 is produced in the liver partly as a complex
with ANGPTL8. This ANGPTL3/ANGPTL8 complex inhibits lipoprotein lipase (LPL) in muscle and heart in the fed state. In
white adipose tissue, the inhibition of LPL by ANGPTL3/ANGPTL8 is counteracted by a complex of ANGPTL4/ANGPTL8. This
mechanism ensures the preferential uptake of plasma triglycerides by adipose tissue after a meal.
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Monoclonal antibodies
A monoclonal antibody targeting the C-terminal LPL-
inhibitory domain of ANGPTL3 was developed by
Regeneron. They are sold under the brand name
Evkeeza but are generally referred to as Evinacumab.
In preclinical studies in mice, Evinacumab increased
postheparin LPL activity and reduced circulating
plasma triglycerides, LDL-C, and HDL-C [23]. Simi-
larly, Evinacumab significantly reduced plasma tri-
glycerides, nonHDL-C, and HDL-C in dyslipidemic
cynomolgus monkeys [23]. In atherosclerosis-prone
APOE3L.CETP mice, the reduction in plasma choles-
terol and triglycerides by Evinacumab was accompa-
nied by an about 40% decrease in atherosclerotic
lesion size [21]. Consistent with the animal data,
Evinacumab significantly reduced plasma triglycer-
ides, LDL-C, and HDL-C in phase 1 and 2 trials in
patients with mixed dyslipidemia or HoFH [21,24,25].
In a recent phase 3 trial, 24weeks of Evinacumab
treatment proved to be very effective in lowering
LDL-C (47%), HDL-C (30%) and triglycerides (55%)
in HoFH patients [26

&&

]. Because of defective LDL
receptors, HoFH patients are not only at greatly
0957-9672 Copyright � 2021 The Author(s). Published by Wolters Kluwe
increased risk of ASCVD but unfortunately also do
not respond sufficiently to standard cholesterol-low-
ering medication. The nearly 50% decrease in LDL-C
levels by Evinacumab is expected to confer a substan-
tial reduction in ASCVD risk in HoFH patients. Indeed,
treatment of two teenagers with HoFH and under
intense lipid-lowering therapy with Evinacumab led
to marked plague regression [27]. For this reason, it is
expected that Evinacumab (or other ANGPTL3-inac-
tivating drug) will become part of the standard treat-
ment protocol for HoFH patients and reduce the
frequency of apheresis. In addition to this group,
Evinacumab may be clinically useful for a much wider
group of individuals at very high risk of ASCVD,
including familial hypercholesterolemia heterozy-
gotes. Supporting this notion, Evinacumab lowered
plasma LDL-C by more than 50% in a phase 2 trial in
patients with or without HeFH who had refractory
hypercholesterolemia [28

&&

]. One of the disadvantages
of Evinacumab is the required high frequency of
injections (approximately every 4 weeks) as opposed
to an injection every couple of months or years for the
other therapeutic strategies described below.
r Health, Inc. www.co-lipidology.com 337
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Gene silencing

In preclinical studies in various mouse models of
dyslipidemia, silencing of ANGPTL3 using GalNAc-
conjugated antisense oligonucleotides (ASO) signifi-
cantly reduced plasma triglycerides, HDL-C, and
LDL-C levels [29]. The most pronounced effects were
observed in Ldlr-/- mice. In these mice, ANGPTL3
ASO also slowed down the progression of atheroscle-
rosis. Mechanistic studies showed that ANGPTL3
ASO significantly enhanced clearance of triglycer-
ide-rich lipoproteins concurrent with an increase
in postheparin plasma LPL activity [29]. Similar to
ANGPTL3 ASO, ANGPTL3 RNAi significantly reduced
plasma triglycerides, HDL-C, and LDL-C levels in
different mouse models of dyslipidemia [30].

In line with the animal data, treatment with
ANGPTL3 ASO (also referred to as Vupanorsen) signif-
icantly reduced plasma ANGPTL3, triglyceride, LDL-
C, and HDL-C levels in two phase 1 trials in healthy
adults, with the magnitude of the decrease depending
on the dose and frequency of the injections [29,31]. In
a recent phase 2 trial in type 2 diabetes patients with
hepatic steatosis and hypertriglyceridemia, ANGPTL3
ASO compared with placebo significantly and dose-
dependently decreased plasma triglycerides to a maxi-
mum of 53%. At the highest dose, ANGPTL3 ASO also
significantly reduced plasma HDL-C (24%) but not
LDL-C [32

&&

]. Interestingly, whereas in mice ANGPTL3
ASO decreased hepatic fat content [29], this effect was
not reproduced in human patients [32

&&

]. Similar to
ANGPTL3 ASO, silencing of ANGPTL3 in healthy
volunteers using ANGPTL3 RNAi (ARO-ANG3) dose-
dependently reduced plasma ANGPTL3, LDL-C, and
triglyceride levels to a maximum of 83, 30, and 67%,
respectively [33]. Furthermore, in HeFH patients and
non familial hypercholesterolemia patients with
refractoryhypercholesterolemia, repeateddosingwith
ARO-ANG3 significantly reduced mean ANGPTL3 lev-
els between 62 and 92%, LDL-C between 23 and 37%,
and triglycerides between 25 and 43% [34]. A phase 2b
clinical study of ARO-ANG3 was recently initiated.

Collectively, these data show that ANGPTL3
silencing by either ASO or RNAi leads to marked
reductions in plasma triglycerides, HDL-C and
depending on the patient group, in LDL-C levels.
It is unclear whether the observed differences in
outcome of trials with ANGPTL3 monoclonal anti-
bodies, ASO, and RNAi are because of differences in
the biological mode of action or because of differ-
ences in the patient groups being studied.
CRISPR-based gene editing

Following the seminal work of Nobel laureates Char-
pentier and Doudna as well as others, CRISPR-based
gene editing has emerged as a promising new strategy
338 www.co-lipidology.com
for treating patients with atherogenic dyslipidemia.
It was shown that adenoviral-mediated in-vivo based
editing of ANGPTL3 significantly reduced plasma
ANGPTL3, triglycerides, and cholesterol in different
types of mice. Despite an efficiency of gene targeting
of only 35%, plasma triglycerides and LDL-C were
reduced by more than 50% in Ldlr-/- mice [35]. Using
an alternative approach involving lipid nanoparticle-
mediated in-vivo base editing, a marked decrease in
plasma ANGPTL3, triglycerides, and LDL-C was
achieved [36

&

]. This therapeutic effect was stable
for at least 100 days after a single dose administration.
These data highlight the potential of gene editing as
an effective tool for correcting dyslipidemia and
reducing cardiovascular risk.
Vaccine

Although vaccination is mainly used as a prophy-
lactic strategy for infectious diseases, there is grow-
ing interest in the use of vaccines for preventing
noninfectious diseases, such as cardiovascular dis-
ease. In mice, vaccines targeting PCSK9 were shown
to markedly lower plasma LDL-C levels [37]. In
response, a number of phase 1 human clinical trials
with PCSK9 vaccine have been completed or initiated
[38]. With respect to ANGPTL3, a recent study
showed that injection of a vaccine targeting the
LPL-binding domain of ANGPTL3 significantly
reduced fasting and postprandial plasma triglyceride
levels in mice [39

&

]. No effect of ANGPTL3 vaccina-
tion was observed on plasma cholesterol levels.
Future studies should be conducted to determine
to what extent ANGPTL3 vaccines may be able to
lower plasma LDL-C.
MECHANISM OF LDL-C LOWERING BY
ANGPTL3 INACTIVATION

Although the stimulatory effect of ANGPTL3 on
plasma triglycerides is unmistakably linked to inhi-
bition of LPL, the mechanism underlying the
decrease in LDL-C by ANGPTL3 deficiency or inac-
tivation has remained a bit of a conundrum. Several
mechanisms have been put forward for the LDL-C
lowering effect of ANGPTL3 inactivation, some of
which based on studies performed in ANGPTL3-
deficient mice and others based on studies in mice
or patients treated with monoclonal ANGPTL3 anti-
bodies. Below, each of these potential mechanisms
will be reviewed.
VLDL secretion

Inactivation of ANGPTL3 using antibodies, anti-
sense oligonucleotides, or gene ablation was found
Volume 32 � Number 6 � December 2021



FIGURE 2. Mechanism by which ANGPTL3 inactivation reduces plasma LDL-C levels. In the absence of LDLR, ANGPTL3
inactivation reduces plasma LDL-C by promoting endothelial lipase-mediated processing of VLDL, leading to enhanced VLDL
remnant clearance. In the presence of LDLR, ANGPTL3 inactivation reduces LDL-C likely by stimulating LDLR via a yet to be
identified mechanism.
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to be associated with decreased VLDL-TG or APOB
secretion [29,30,40]. By contrast, other studies have
not found a significant change in VLDL-TG secre-
tion upon ANGPTL3 ablation or inactivation
[7,8,41

&

]. Although VLDL secretion may not be
the primary target of ANGPTL3, based on the col-
lective data, it is too early to fully dismiss decreased
VLDL-TG and VLDL-APOB secretion as a mecha-
nism contributing to LDL-C-lowering by ANGPTL3
inactivation.
Lipoprotein lipase and lipoprotein receptors

Another possible explanation for the lowering of
LDL-C by ANGPTL3 inactivation is that the
increased LPL activity promotes hydrolysis of VLDL
triglycerides, thereby enhancing clearance and/or
reducing production of LDL precursors. One could
wonder, though, why carrier status of loss-of-func-
tion variants in ANGPTL4, which is similarly associ-
ated with increased LPL activity and enhanced
plasma triglyceride clearance, is not significantly
associated with LDL-C [42]. With respect to lipopro-
tein receptors, studies have shown that the reduc-
tion in plasma LDL-C is not mediated by APOE,
LDLR, SCARB1, CD36, LRP1 or SDC1, as LDL-C
lowering by ANGPTL3 inactivation was maintained
in mice lacking these proteins [41

&

,43].
Role of endothelial lipase

Two recent studies in mice suggest that in the
absence of LDLR, the lowering of plasma LDL-C
by ANGPTL3 deficiency is dependent on endothelial
lipase, encoded by Lipg. Specifically, in mice in
which Ldlr was silenced or ablated, genetic or immu-
nological inactivation of ANGPTL3 decreased LDL-C
in Lipgþ/þ mice but not Lipg-/- mice [41

&

,44
&

]. By
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contrast, lowering of plasma triglycerides by
ANGPTL3 inactivation was unaffected by Lipg geno-
type. Endothelial lipase thus appears to be a key
mediator of the suppressive effect of ANGPTL3 inac-
tivation on plasma LDL-C in the absence of LDLR
(Fig. 2). Mechanistically, it was suggested that by
derepressing endothelial lipase, ANGPTL3 inactiva-
tion causes remodeling of VLDL composition,
resulting in the formation of lipid-depleted remnant
particles [41

&

]. These remnant particles are more
rapidly cleared from the circulation, thereby deplet-
ing the LDL precursor pool and reducing LDL-C
levels (Fig. 2). Consistent with this notion, changes
in the lipidome of plasma lipoproteins were
detected in ANGPTL3-deficient human subjects
[45]. This proposed mechanism matches with data
from four HoFH patients, showing that Evinacumab
treatment is associated with a marked increase in
fractional catabolic rate of IDL APOB [46]. Interest-
ingly, Evinacumab treatment was also associated
with an increase in fractional catabolic rate of
LDL APOB, suggesting that ANGPTL3 inhibition
may also directly affect LDL APOB metabolism in
HoFH patients. How an enzyme, such as endothelial
lipase, which only has a minor influence on LDL-C
levels in the presence of LDLR, can account for the
marked effect of ANGPTL3 inactivation on LDL-C in
the absence of LDLR remains unexplained.

Intriguingly, the LDL-C-lowering effect of
ANGPTL3 inactivation was independent of endo-
thelial lipase in the presence of LDLR [41

&

]. This
makes sense because as indicated above, the impact
of endothelial lipase on LDL-C levels is minor when
LDLR is present. In line with the notion that
ANGPTL3 inactivation does not enhance endothe-
lial lipase activity when LDLR is present, carriers of
loss-of-function variants in ANGPTL3 have similar
HDL-C levels as noncarriers [21,22]. In the presence
r Health, Inc. www.co-lipidology.com 339
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of LDLR, the mechanism for LDL-C lowering by
ANGPTL3 inactivation likely involves LDLR, and
may be characterized by enhanced LDL uptake
[30]. Overall, ANGPTL3 inactivation may thus
reduce LDL-C via two routes, one in the absence
of LDLR via endothelial lipase and one independent
of endothelial lipase via the LDLR (Fig. 2).
FUTURE PERSPECTIVES AND
CONCLUSION

With the recentapprovalof Evinacumabas treatment
for HoFH, ANGPTL3 is fulfilling its promise as a target
for lipid lowering, 20 years after its discovery. Apart
from HoFH, there is major potential for targeting
ANGPTL3 in the treatment of more common forms
of dyslipidemia including HeFH, diabetic dyslipide-
mia, and refractory hypercholesterolemia. As is the
case for therapies targeting PCSK9, if RNA-based
therapies targeting ANGPTL3 turn out to be equally
effective as antibody-based therapies, it can be
expected that RNA-based approaches may ultimately
prevail because of a lower frequency of injections.
One of the major outstanding questions is whether
inactivation of ANGPTL4 and/or ANGPTL8 on top of
ANGPTL3 inactivation provides an additional thera-
peutic benefit. Inasmuch as whole body inactivation
of ANGPTL4 was associated with mesenteric lymph-
adenopathy in mice and monkeys, targeting of
ANGPTL4 should be liver-specific. Although
ANGPTL3 and ANGPTL4 both inactivate LPL, they
seem to operate independently and under different
physiological circumstances, which implies that
their concurrent inactivation may provide an addi-
tive benefit. Currently, however, there are no experi-
mental data on the lipid-lowering effect of combined
ANGPTL3/ANGPTL4 inactivation. Similarly, there
are no data on the impact of combined ANGPTL3/
ANGPTL8 inactivation on plasma triglycerides and
LDL-C. Interestingly, mice deficient in both
ANGPTL3 and ANGPTL8 were hypermetabolic and
exhibited decreased fat mass [47], suggesting that
combined ANGPTL3/ANGPTL8 inactivation may
confer metabolic benefits beyond lowering of plasma
lipids.

In conclusion, ANGPTL3 is an important liver-
derived regulator of plasma lipoprotein metabolism.
Clinical trials have demonstrated the potent lipid-
lowering effects of ANGPTL3 inactivation. In the
future, anti-ANGPTL3 therapies will be a valuable
treatment option for reducing plasma LDL-C and
triglycerides in selected patient groups.
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