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Abstract

Purpose of Review This review aims to summarize the most recently published literature highlighting the potential of
pharmacological inhibition of ANGPTLS3 in treating patients suffering from dyslipidemias. The rational for this strategy
will be discussed considering evidence describing the role of ANGPTL3 in lipid metabolism and the consequences of its
deficiency in humans.

Recent Findings Recent trials have demonstrated the efficacy and safety of ANGPTL3 inhibition in treating homozygous
familial hypercholesterolemia even in those patients carrying biallelic null/null variants, thus supporting the notion that
the LDL-lowering effect of ANGPLT?3 inhibition is LDLR-independent. The use of ANGPTL3 inhibition strategies has
expanded its indications in hypertrygliceridemic patients with functional lipoprotein lipase activity. Contemporarily, the
pharmacological research is exploring novel approaches to ANGPTL3 inhibition such as the use of a small interfering RNA
targeting the ANGPTL3 transcript in the liver, a protein-based vaccine against ANGPTL3, and a CRISP-Cas-9 method for
a liver-selective knock-out of ANGPTL3 gene.

Summary First, we will describe the molecular function of ANGPTL3 in lipoprotein metabolism. Then, we will revise the
clinical characteristics of individuals carrying loss-of-function mutations of ANGPTL3, a rare condition known as familial
hypobetalipoproteinemia type 2 (FHBL2) that represents a unique human model of ANGPTL3 deficiency. Finally, we will
examine the lipid-lowering potential of pharmacological inhibition of ANGPTL3 based on the results of clinical trials
employing Evinacumab, the first approved fully humanized monoclonal antibody against ANGPTL3. The future perspec-
tives for ANGPTL3 inhibition will also be revised.
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Introduction recurrence in patients at high and extremely high cardiovas-
cular risk [3]. These drugs have also shown to be effective in

Low-density lipoprotein cholesterol (LDL-C) is a well-  individuals affected by familial hypercholesterolemia (FH),

established causal factor of atherosclerotic cardiovascular
disease (ASCVD) [1]. This strong causal relationship is the
rationale for the intensive LDL-C lowering in patients at
high risk for ASCVD events [1, 2], which requires in many
cases therapies beyond statins and ezetimibe [1, 2]. The
inhibitors of the pro-protein convertase subtilisin-kexin
type 9 protein (PCSK9i) has been proven to be very effec-
tive in LDL-C lowering and in reducing the risk of ASCVD
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where the functionality of LDL receptor (LDLR) is impaired
[4]. However, this effect requires the presence of a residual
LDLR activity, hence their efficacy in homozygous FH car-
rying the LDLR™""! mutation is poor [4, 5].

It must be noted that although LDL-C is the most rel-
evant factor involved in ASCVD development, it does not
reflect the global plasma atherogenicity accounting for all
circulating apolipoprotein B (ApoB)-containing lipopro-
teins: very low-density lipoprotein (VLDL), intermediate
density lipoprotein (IDL), and their remnants [6—8]. VLDLs
are directly secreted by the liver and transport triglycerides
(TGs) together with cholesterol [9, 10]. The hydrolysis of
their triglycerides (TGs) content by the lipoprotein lipase
(LPL) progressively transforms VLDLs into remnants (or
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IDL) and then into LDLs. VLDLs and their remnants are
gaining growing interest in cardiovascular prevention since
these lipoproteins have the ability to penetrate the endothe-
lium where they can be oxidized, thus leading to endothelial
dysfunction inflammation [9-11]. The role of VLDLs and
their remnants is particularly important as these lipopro-
teins are mainly increased in the postprandial state lasting in
plasma for 4-6 h after a fat-rich meal [12, 13]. In fact, con-
sidering the western type diet, epidemiological projections
showed that populations at higher ASCVD risk consume
3 to 4 meal a day containing 20—40 g of fat, resulting in a
14-20 h of continuous postprandial lipemia [12, 13]. Despite
that VLDL particles and their remnants are nowadays con-
sidered potential targets for preventing atherosclerosis, very
few effective treatments are actually available to manage
increased levels of these lipoproteins [12, 13].

The angiopoietin-like 3 (ANGPTL3) is a circulat-
ing inhibitor of LPL and endothelial lipase (EL). It acts
in a coordinated manner with two other angiopoietins
(ANGPTL4 and ANGPTLS8) [14] to control the break-
down of TGs and the partitioning of derived free fatty acids
(FFA) between oxidative and storage tissues [15]. Therefore,
ANGPTL3 may represent an interesting pharmacological
target to reduce atherosclerotic risk by modulating TG-rich
lipoproteins. The potential use of its pharmacological inhibi-
tion has been prompted by both animal and human genetic
models of ANGPTL3 deficiency [16, 17]. Particularly inter-
esting have been the results of these investigations consider-
ing individuals carrying the loss-of-function mutations in
the ANGPTL3 gene that show a comprehensive reduction
of ApoB- and Apolipoprotein Al (ApoAl)-containing lipo-
proteins and reduced ASCVD risk [18].

In this review, we will briefly summarize the molecular
aspects related to the role of ANGPTL3 in lipid metabo-
lism and the characteristics of individuals with genetically
determined ANGPTL?3 deficit. Then, we will describe the
currently available ANGPTL3 inhibiting drugs, the future
perspective in ANGPTL3 inhibition and their applications in
the treatment of patients affected by dyslipidemias.

The ANGPTL3 Gene and Protein

The gene coding for the ANGPTL3 protein was discovered
in 1999 by Cancklin et al. [19] as being located on chromo-
some 1p3 and comprises 7 exons [20]. The ANGPTL3 tran-
scription is mainly regulated by the liver X receptor (LXR)
and the hepatocyte nuclear factor lao (HNF-1a). The first
one upregulates ANGPTL3 transcription in response to
insulin or leptin [21] in the feeding state, whereas the sec-
ond one seems to inhibit ANGPTL3 transcription indirectly
through the recruitment of the thyroid hormone receptor
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[22]. Plasmatic levels of ANGPTL3 is stable in plasma
irrespective to feeding or fasting state [23].

ANGPTL3 is a 70 kDa glycoprotein, secreted almost
exclusively by the liver [19], and catabolized in the kid-
ney [19, 24]. The main known function of ANGPTL3 is
the inhibition of both LPL and EL [25, 26], the extra-
cellular lipases involved in the metabolism of TG-rich
lipoproteins and phospholipids contained in circulating
lipoproteins [25, 26]. ANGPTL3 comprises two distinct
domains: the N-terminus coiled coil domain (CCD, resi-
dues 17-224) and the C-terminus fibrinogen-like domain
(residues 237-455) linked with the first one by a hinge
region. The latter one is where ANGPTL3 is recognized
and cleaved by both the intracellular protease furin
(PCSK3) and the extracellular protease PACE4 (PCSK6)
[25, 26]. The derived N-terminal domain of ANGPTL3
binds in a tetramer fashion with another liver-secreted
glycoprotein, the angiopoietin-like 8 (ANGPTLS). Stud-
ies have shown that the ANGPTL3-ANGPTLS tetram-
ers are 100-times more powerful in inhibiting LPL than
ANGPTL3 alone [15, 26, 27]. While the function of the
N-terminal domain has been extensively studied, the func-
tion of the fibrinogen-like domain has been only partially
elucidated. Preliminary studies have demonstrated that
it might be involved in angiogenesis as it interacts with
the integrin receptor a3pv [28]. However, some recent
evidence from our group showed that it is able to enhance
B-adrenergic mediated lipolysis [29], suggesting its poten-
tial role in regulating lipid trafficking in response to spe-
cific signals.

The ANGPTL3-4-8 Model

The angiopoietin-like protein system is emerging as a reg-
ulator of whole-body energy metabolism and TG partition-
ing, capable of regulating key adipose tissue functions. To
this aim, the ANGPTL3 works in an integrated network
with ANGPTLA4 and 8 as regulators of the LPL function in
both the feeding and fasting conditions [14]. In the feeding
state ANGPTL3 forms tetramers with ANGPTLS and this
complex inhibits the LPL, predominantly in the skeletal
muscle, whereas in the adipose tissue, ANGPTLS binds to
ANGPTLA4, thus blocking its LPL-inhibitory effect. The
result is that the flux of energy substrates, namely free
fatty acids, is redirected to storage tissues. On the con-
trary, during the fasting state, the secretion of ANGPTLS8
is abolished and the circulating ANGPTL3 is much less
active. In this condition, the LPL expressed in oxidative
tissues is now active, while that in storage tissues is inhib-
ited by free ANGPTL4, thus allowing a FFA flux to be
directed from fat deposits to oxidative tissues and con-
verted into energy [15].
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ANGPTL3 Deficiency and Plasma Lipids

Due the above reported actions, ANGPTL3 has a profound effect
on plasma lipid and lipoprotein transport. This has been well illus-
trated by conditions associated with ANGPTL3 deficiency.

ANGPTL3 deficiency was first observed in an obese ani-
mal model, the KK-San mouse, not expressing ANGPTL3
and showing reduced levels of circulating TGs [30]. Addi-
tional animal models, where the expression of ANGPTL3 was
knocked-down, did not show fat accumulation either in the
white adipose tissue (WAT), or in the brown adipose tissue
(BAT), or in the heart as well as in the liver even when fed
with the high-fat-high-cholesterol diet [31, 32].

After the first studies in mice, genome-wide associations
studies (GWAS) in humans identified the association of several
ANGPTL3 polymorphisms with lower TGs levels [33]. Then,
Musunuru et al. identified loss-of-function (LOF) mutations in
the ANGPTL3 locus in a family characterized by a comprehen-
sive reduction of ApoB and ApoAl-containing lipoproteins
[34]. This unique phenotype, subsequently identified in several
other families and denominated as familial hypobetalipopro-
teinemia type 2 (FHBL2), allowed a deeper characterization
of the consequences of ANGPTLS3 inhibition on lipid and lipo-
protein metabolism [34].

A pooled analysis, including 115 FHBL?2 individuals car-
rying 13 different LOF mutations in the ANGPTL3 gene (14
homozygotes, 8§ compound heterozygotes, and 93 heterozy-
gotes) and 402 controls, highlighted that homozygous FHBL2
presented almost undetectable plasma levels of ANGPTL3,
and this was associated with very low levels of circulating
ApoB- and ApoA1-containing lipoproteins (TG 71%, LDLC
67%, HDL-C 39%, ApoB 48%) [35].

Additional experiments demonstrated that the complete
absence of ANGPTL3 resulted in an increased LPL activ-
ity and mass with a marked reduction in the fasting levels
of circulating free fatty acid (FFA) [35]. Then, the impact of
ANGPTLS3 deficit on postprandial metabolism of TG-rich
lipoproteins was investigated. To this aim, 7 FHBL2, 31 het-
erozygous LOF carriers, and 35 wild-type controls underwent
an oral fat load [23]. Results of this study highlighted that
FHBL2 is characterized by a marked attenuation in the post-
prandial lipemia probably explainable with faster catabolism
of intestinally derived lipoproteins and faster uptake by the
liver of their remnant. In addition, a larger expansion of the
postprandial FFA pool was observed probably reflecting a
more rapid TG-chylomicron lipolysis due to the increased
LPL activity.

The Safety of ANGPTL3 Deficiency

Together with explorative and dynamic studies on lipopro-
tein metabolism, studies concerning safety have also been
carried out in individuals with FHBL2.

The first study carried out on the Campodimele popula-
tion [36] showed that the overall mortality within this com-
munity did not differ from the general population both when
analyzing the tumor-related and the cardiovascular related
mortality [36].

One of the most important questions were if the extremely
low LDL-C levels per se could provoke adverse effects in
humans [3]. Sterol metabolism has been investigated in both
homozygous and heterozygous carriers of ANGPTL3 LOF.
Results showed that circulating levels of markers of choles-
terol synthesis, absorption and catabolism, as well as of bile
acid metabolism in FHBL2 were comparable with those of
individuals from the general population [18, 37].

It is well known that another condition causing a marked
reduction of ApoB-containing lipoproteins is familial
hypobetalipoproteinaemia (FHBL1; OMIM #615,558), due
to heterozygous mutations in the APOB gene FHBL1 asso-
ciated with accumulation of TGs in hepatocytes leading to
hepatic steatosis. It is thought that this consequence is linked
to the impairment of synthesis and export of VLDLs by the
liver and the increased fractional catabolic rate of ApoB-
containing lipoproteins [38]. As it was reported that also
homozygous carriers of FHBL2 showed a reduced synthesis
of VLDL, it is interesting to establish whether the FHBL2
phenotype carries an increased risk of liver steatosis [18].
Nevertheless, Di Costanzo et al. [38], performed a study
comparing the clinical and liver characteristics of carriers
of APOB with carriers of ANGPTL3 mutations. They found
that FHBL?2, differently from FHBL1, was not associated
with higher prevalence or severity of liver steatosis [38].
Furthermore, a preliminary evaluation of the impact of
FHBL2 phenotype on the liver content of fat measured by
magnetic resonance has been presented by D’Erasmo et al.
[39] during the 88th edition of the EAS congress. The results
confirmed that unlike other genetic causes of hypolipidemia,
ANGPTL3 deficiency does not appear to cause hepatic fat
accumulation.

In the meanwhile, in a study from Stitziel et al. [40]
it was tested whether ANGPTL3 deficiency translates
into a reduced risk of coronary artery disease (CAD).
In a very large cohort, the cardiovascular risk in carri-
ers of ANGPTL3 LOF was compared with that of non-
carriers. In heterozygous carriers of ANGPTL3 LOF, it
was possible to detect a 34% reduction of cardiovascular
ischemic events [40]. These results were further confirmed
by Dewey et al. [41] showing that, among the participant
of the DiscovEHR study and participants of four follow-up
studies, LOF variants in ANGPTL3 were found in 0.33% of
case patients with coronary artery disease and in 0.45% of
controls (adjusted odds ratio, 0.59; 95% CI, 0.41 to 0.85;
P=0.004) [41].

Altogether, the evidence produced in the recent years
pushed toward the development of specific drugs inhibiting
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ANGPTL3 in order to mimic the FHBL2 phenotype in
patients suffering from dyslipidemia and atherosclerotic
cardiovascular disease (ASCVD) [37].

Targeting ANGPTL3 in the Clinical Setting

The ANGPTL3 protein is produced only by the liver at
low-constant rates, and thus, it could be easily targeted
with both monoclonal antibodies (Table 1) and novel RNA-
based drugs (Table 2). Nevertheless, novel pharmacological

technologies inhibiting ANGPTL3 are currently in develop-

ment (Fig. 1).

Evinacumab

Evinacumab (commercial name Evkeeza, previously called
REGN1500) is a fully humanized monoclonal antibody
(mADb) targeting circulating ANGPTL3 (Fig. 1).

The pharmacological inhibition of ANGPTL3 trough
the monoclonal antibody (REGN1500) in mice was found

Table 1 Summary of randomized controlled trials evaluating the effect of Evinacumab

Study Design Status Results
Phase I
NCT03146416 96 healthy volunteers Closed LDL-C:—17.9% IV 5 mg/kg Q4W
Evinacumab subcutaneous or intravenous in —37.9% IV 15 mg/kg Q4W
Caucasian and Japanese TG:-17.5% IV 5 mg/kg Q4W
SC 300 mg single dose —51.7% IV 15 mg/kg Q4W
SC 300 mg weekly Non-HDL-C: —17.0% IV 5 mg/kg Q4W
IV 5 mg/kg Q4W —44.2% IV 15 mg/kg Q4W
IV 15 mg/Kg Q4W HDL-C: -9.8% IV 5 mg/kg Q4W
—39.6% IV 15 mg/kg Q4W
NCTO01749878 83 healthy volunteers; Evinacumab (75-250 mg Closed TG: -76%
subcutaneous or 5-20 mg/kg intravenous) LDL-C:-23%
NCT02107872  Individuals having TGs: 150-450 mg/dl and Closed TG: —88.2% (i.v. 20 mg/kg every 4 weeks)
LDL-C>100 mg/dl. N =83 in single ascend-
ing dose study [SAD]; n=56 for multiple
ascending dose study [MAD])
Phase II
NCT03452228 52 participants with severe hypertriglyceridemia Closed Results not published
Evinacumab IV 15 mg/kg Q4 W or placebo
NCT04863014 120 participants with severe hypertrigliceri- Recruiting Study closes 10/2024
demia
Evinacumab IV 15 mg/kg Q4W or placebo
NCT03175367 FH patient’s carrier of heterozygous muta- Closed LDL-C reduction:
tions and resistant to lipid-lowering therapy —56.0%: with 450 mg/w sc
(LDL-C 70-100 mg/dl) with ASCVD or —52.9%: with 300 mg/w sc
LDL-C > 100 mg/dl without atherosclerosis —38.5%: with 200 mg/2w sc
Dosing: 450 mg/w; 300 mg/w; 200 mg/2w —50.5%: with 15 mg/kg/Q4W iv
subcutaneous —24.2%: with 5 mg/kg/Q4W iv
15 mg/kg or 5 mg/kg intravenous
NCT02265952 9 HoFH (LDLR mutations) Closed LDL-C reduction:
—58.18%
NCT04722068 Lipoprotein kinetics of subjects enrolled in the ~ Closed LDL-cholesterol reduction: 59 +2%
R1500-CL-1331 clinical trial (NCT02265952) Increased IDL APOB and LDL APOB fractional
to assess the mechanism by which the catabolic rate: 616+504% and 113+ 14%,
evinacumab may affect lipid levels in HoOFH respectively
subjects
Phase III
NCT03399786; 65 HoFH Closed LDL-C reduction:
ELIPSE 15 mg/Kg intravenous —-47.1%
HoFH
NCT04233918 20 HoFH participants Active not Recruiting Results not published
15 mg/Kg intravenous
NCT03409744 116 HoFH patients Active not Recruiting Results not published

15 mg/Kg intravenous

The table reports for NCT number for Phases I, II, and III trial, the summary of RCTs design and the main results (lipid levels reduction)
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Table 2 Summary of randomized controlled trials evaluating the effect of Vupanorsen

Study Design Status Results
Phase I
NCT02709850 44 healthy volunteers (TGs 90-150 mg/dl) Closed TG: - (33.2-63.1%)
“Single ascending dose” [SAD] protocol 20, LDL-C: - (1.3-32.9%)
40, o 80 mg subcutaneous VLDL-C: - (27.9-60.0%)
Associated with the “Multiple Ascending Non-HDL-C:- (10-36%)
Dose” ApoB: — (3.4-25.7%)
[MAD] 10, 20, 40, or 60 mg weekly for ApoCIIIL: - (18.9-58.8%)
6 weeks
NCT04459767 12 healthy volunteers Closed Results not published
Vupanorsen 80 mg, 160 mg or placebo subcu-
taneously
Phase 11
NCTO03371355 105 patients having TGs > 150 mg/dL, type 2 Closed TG: —36% with 40 mg Q4W
Gaudet D et al. Eur Heart J diabetes mellitus and liver steatosis TG: —53% with 80 mg Q4W
2020 6 months treatment 40 or 80 mg every 4 weeks TG: —47% with 20 mg QW
(Q4W) or 20 mg weekly (QW) Total Cholesterol: — 19% with 80 Q4W
“remnant” cholesterol: —38% with 80 mg Q4W
non-HDL-C: — 18% with 80 mg Q4W
NCTO03455777 HoFH patients Withdrawn Study withdrawn due to lack of available
patients meeting entry criteria
NCT04516291 286 participants with fasting TGs: 150— Closed TGs: —56.8% (dose dependent)
TRANSLATE - TIMI 70 500 mg/dl Non-HDL-C: —27.7% (dose dependent)
Placebo or Vupanorsen SC LDL-C: —16% (dose dependent)
80 mg sc Q4W
60 mg sc Q2W
120 mg sc Q4W
80 mg sc Q2W
160 mg sc Q4W
120 mg Q2W
160 mg Q2W
NCT03360747 3 FCS patients Closed Results not published
20 mg Vupanorsen QW

The table reports for NCT number for Phases I and Phase II trials, the summary of RCTs design, and the main results (lipid levels reduction)

to reduce plasma cholesterol levels. The clearance of rab-
bit 125I- BVLDL or mouse 125I-LDL was lowered in case
of treatment with mAb against ANGPTL3. Despite a 61%
reduction in VLDL-TG production, VLDL-ApoB-100
production was unchanged in REGN1500-treated ani-
mals. Hepatic TG content, fatty acid synthesis, and fatty
acid oxidation were similar in REGN1500 and control
antibody-treated animals [42]. Interestingly, these effects
were not affected by knocking out key proteins involved
in the clearance of ApoB-containing lipoproteins (APOE,
LDL-R, LRP-1, and SD-1) [31, 32].

Preclinical results pushed the research on the use of Evi-
nacumab in humans and results of the phase I, II, and III
trials are summarized in Table 1.

Due to the mechanism of action of ANGPTL?3, one would
expect that its inhibition is particularly efficacious in patients
suffering from hypertriglyceridemia [43ee]. A recent ran-
domized clinical trial studied the effect of Evinacumab

in severe hypertriglyceridemia. It enrolled three different
cohorts of hypertrigliceridemic patients (NCT03452228).
Those suffering from familial chylomicronemia syndrome
(FCS) (cohort 1), where the activity of LPL is almost abol-
ished, and the ones with multifactorial familial hypertri-
glyceridemia (MCS) with (cohort 2) and without (cohort
3) mutation in the LPL gene but residual or normal LPL
activity. After 12 weeks of treatment with 15 mg/kg of Evi-
nacumab iv, there was a significant reduction in the median
TG levels vs. placebo in the two MCS cohorts (—64.8% in
cohort 2 and — 81.7% in cohort 3. Therefore, the presence
of a residual LPL activity is essential for the TG-lowering
effect of Evinacumab. These results would suggest that
Evinacumab could be very effective in patients with hyper-
triglyceridemia associated with diabetes mellitus, obesity,
or metabolic syndrome as well as in those with combined
hyperlipidemia, but not in those carrying complete LPL defi-
ciency (LPLD).
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Fig. 1 The figure represents

all drugs targeting ANGPTL3,
either in use or under investiga-
tion for future clinical develop-
ment. Drugs under clinical or
pre-clinical research are marked
with a gray label. The drug

in clinical use (Evinacumab)

is marked with a black label.

A blood vessel carrying the
compounds is shown in the
middle. On the left, hepato-
cytes are targeted by most of
the ANGPTL3-inhibitig drugs. é

ANGPTL3 KO

On the right, B-memory cells
produce a ANGPTL3-inhibiting
antibody

Due to the LDL-lowering phenotype associated with
ANGPTL3 deficiency, the potential of Evinacumab was
further explored in severe forms of hypercholesterolemia.

The most surprising results were those reported in the
phase 3 randomized, controlled ELIPSE trial where patients
with HoFH were enrolled. It was shown that treatment with
Evinacumab at the dose of 15 mg/kg intravenously reduced
LDL-C by approximately 50% with 47% of treated patients
achieving an LDL-C below 100 mg/dl [44ee]. Surpris-
ingly, the degree of LDL-C lowering was higher in the Evi-
nacumab group than in the placebo group among patients
with null-null variants (—43.4% and + 16.2%, respectively)
and non-null variants (-49.1% and —3.8%, respectively) sug-
gesting that the mechanism by which Evinacumab reduces
LDL-C is independent from the LDL receptor [44ee]. A clue
about the mechanisms by which Evinacumab may produce
its LDL-lowering effect independently from the functional-
ity of the LDLR pathway, has been proposed by a recent
kinetic study from Reeskamp et al. [45¢] These authors
investigated four HoFH patients carrying mutations with
different effects on LDLR activity and revealed that Evi-
nacumab determines predominately an increased removal
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of IDL, which are the precursors of LDL particles. In the
ELIPSE HoFH trial, the use of Evinacumab was associated
with the occurrence of serious adverse events (urosepsis and
suicide attempt, respectively) in 2 patients (5%) while 5 out
of 44 patients (11%) in the Evinacumab and none in the
placed group reported influenza-like symptoms. No signs of
impaired hepatic safety were observed in patients exposed to
Evinacumab. Indeed, increases in liver function test (LFT)
were detected in 5% of patients randomized to Evinacumab
and in 10% of those randomized to placebo with a more
severe elevation in the latter group. It must be note that in
both cases, the elevation in LFT was transient with values
returning to a normal range during treatment.

The reassuring safety profile observed in the ELIPSE
HoFH trial induced the US Food and Drug Administra-
tion (FDA) and the European Medicine Agency (EMA) to
approve Evinacumab (Evkeeza) as second line treatment
in HoFH patients aged above 12 [46]. The recommended
dose is 15 mg/kg intravenously, administered in 60 min once
every 4 weeks [46].

Evinacumab has also been tested in patients with refrac-
tory hypercholesterolemia, e.g., who have high LDL-C
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levels despite treatment with lipid-lowering therapies at
maximum tolerated doses [47]. In a double-blind, placebo-
controlled, phase 2 trial, 272 patients with or without het-
erozygous FH who had refractory hypercholesterolemia
defined as LDL-C > 70 mg/dl or higher with atheroscle-
rosis or> 100 mg/dl or higher without atherosclerosis
(NCT03452228). Patients were randomly assigned to the
following groups: subcutaneous Evinacumab at a dose of
450 mg weekly (40 patients), 300 mg weekly (43 patients),
or 300 mg every 2 weeks (39 patients) or placebo (41
patients); or intravenous Evinacumab at a dose of 15 mg
per kilogram of body weight every 4 weeks (39 patients) or
5 mg per kilogram every 4 weeks (36 patients) or placebo
(34 patients). At week 16, patients receiving the maximum
dose of Evinacumab (15 mg/kg every 4 weeks intravenously)
experienced an LDL-C decrease of approximately 50%.
Serious adverse events were observed in 3 to 16% of patients
across treatment groups but none experienced elevation of
LFT. The most common side effects were urinary tract infec-
tion, injection site erythema, arthralgia, myalgia in the sub-
cutaneous group and abdominal pain, back pain, dizziness,
fatigue, arm or leg pain, nausea, and nasopharyngitis in the
intravenous group.

Vupanorsen

Vupanorsen (also called IONIS-ANGPTL3-LRx or AKCEA-
ANGPTL3-LRx) is a Gal-NAc-conjugated antisense oligo-
nucleotide targeting ANGPTL3 mRNA. GalNac domain
selectively targets the asialoglycoprotein receptor (ASGPR)
that is highly expressed in hepatocytes [48] thus specifi-
cally directing ASO to the liver where ANGPTI3 is almost
exclusively produced (Fig. 1). GalNAc also has the function
to stabilize the ASOs in hepatocytes, plasma, as well as the
lymphatic system potentially reducing the immunogenicity
[48]. These effects may potentially avoid the side effects
commonly observed with ASO treatment such as thrombo-
cytopenia and injection site reaction [49].

Results of the phase I and II trials on the use of Vupan-
orsen are summarized in Table 2. It must be acknowledged
that the clinical development of Vupanorsen has foreseen its
experimentation mainly in subjects with mild to moderate
or severe hypertriglyceridemia. The only clinical trial on
HoFH (NCT03455777) was withdrawn due to lack of avail-
able patients meeting entry criteria.

Vupanorsen was tested in an open-label phase II study of
four patients with familial partial lipodystrophy [50] result-
ing in a reduction in fasting levels of triglycerides by 59.9%,
ANGPTL3 by 54.7%, and in several other lipoproteins/
lipids, including very low-density lipoprotein cholesterol by
53.5%, non-high-density lipoprotein cholesterol by 20.9%,
and free fatty acids (FFA) by 41.7%.

Then, its use was evaluated in double-blind, placebo-con-
trolled, dose-ranging, phase 2 study on 105 patients with
diabetes, hepatic steatosis, and hypertriglyceridaemia [51].
The addition of vupanorsen 80 mg Q4W reduced Apoli-
poprotein C-III (58%), remnant cholesterol (38%), total
cholesterol (19%), non-high-density lipoprotein cholesterol
(HDL-C; 18%), HDL-C (24%), and apolipoprotein B (9%).
These results were apparently positive highlighting a favora-
ble lipid/lipoprotein profile with potential as cardiovascular
risk reduction strategy [51].

Despite these promising results, the clinical development
of Vupanorsen was recently stopped [52]. This was decided
following a deep analysis of the phase IIb RCT named TaR-
geting ANGPTL3 with an aNtiSense oLigonucleotide in
AdulTs with dyslipidEmia (TRANSLATE-TIMI 70) [52].
This was a double blinded, placebo controlled, randomized,
multicentric trial in dyslipidemic subjects under statin treat-
ment. The study aimed at evaluating the non-HDL-C (total
cholesterol — HDL cholesterol), TGs, and ANGPTL3 reduc-
tion in patients in the Vupanorsen arm, and results showed
a significant reduction in non-HDL-C and additional lipid
parameters. Despite this, treatment was associated with a
dose dependent increase in liver steatosis and high dosage
was associated with significant increase in AST and ALT
liver enzymes raising some concern about the safety of phar-
macological inhibition of ANGPTL3 synthesis [52]. Cellular
studies reported the accumulation of ApoB within hepato-
cytes knocked out for ANGPTL3 [53], thus suggesting that
the lack of this protein may have an adverse impact on the
intracellular trafficking of neutral lipids. However, this con-
clusion appears in contrast with the observation that FHBL2
subjects do not develop liver steatosis [38, 39]. It is possible
that in case of congenital loss of activity of ANGPTL3, com-
pensatory mechanisms are activated that prevent the accu-
mulation of lipids in the liver. Further studies are needed to
confirm whether the development of liver steatosis during
Vupanorsen is drug or target specific as well as to understand
the metabolic pathways underlying this effect.

The Future for ANGPTL3 Targeting
siRNA ARO-ANG3

The use of small interfering RNAs (siRNAs) as a therapy
in dyslipidemias has been proved to be safe and effective
[54, 55]. SiRNAs are longer molecules than antisense oli-
gonucleotides (ASOs) and have longer circulating half-life.
Similar to ASOs, they could be tagged with three molecules
of N-acetyl-Galactosamine, in order to be recognized by the
asialoglycoprotein receptor (ASPGR) specifically expressed
by the liver [48]. One construct using siRNA technology is
now under clinical investigation for ANGPTL3 inhibition
(ARO-ANG3).
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The phase I randomized, placebo-controlled single and
multiple dose study (NCT03747224) has recently closed. It
involved 93 adult healthy volunteers as well as dyslipidemic
patients. The aim was to investigate the safety, tolerability,
pharmacokinetics and pharmacodynamics of ARO-ANG3.
Results of this study will hopefully be available shortly.

A phase 2 trial on ARO-ANG3 (NCT04832971) was
developed to evaluate the efficacy and safety of ARO-
ANGS3 in participants with mixed dyslipidemia. Participants
initially received two subcutaneous injections of ARO-
ANG?3 or placebo. Participants who completed the double-
blind treatment period may opt to continue in an open-label
extension receiving up to 8 doses of ARO-ANG?3. The study
is currently running, and the estimated completion date is
November 2024.

In June 2022, a phase 2 trial (NCT05217667) began with
the aim to evaluate the safety and efficacy of ARO-ANG3 in
subjects affected by homozygous FH. Sixteen participants
who have provided informed consent will receive two open-
label doses of ARO-ANG3 and be evaluated for safety and
efficacy parameters through 36 weeks. The study is currently
recruiting, and the estimated completion data is October
2023.

Vaccine Targeting ANGPTL3

The technology of a protein-based vaccine against
ANGPTLS3 is also under development [56]. Until now, the
use of monoclonal antibodies directed toward ANGPTL3
has been the only effective approach in the treatment of
severe dyslipidemias. The possibility to produce endog-
enous antibodies against native ANGPTL3 might produce
the same effect of Evinacumab after a single or a seldom
repeated subcutaneous shot of ANGPTL3 protein-based
vaccine [56]. Fukami et al. recently produced three poten-
tial immunogenic peptides for a protein-based ANGPTL3
vaccine (named E1-E2-E3). E2 and E3 proved to be more
immunogenic in the leptin deficient 0b/ob mouse. After
6-weeks from immunization the treated mice showed a small
but significant reduction in both serum TGs, LDL-C, and
HDL-C levels. Moreover, they showed a significant reduc-
tion in the liver steatosis and immune cell infiltration that
are typical of this murine model. The ANGPTL3 vaccine
has also been trialed on mouse models showing fast pro-
gressing atherosclerosis, such as Apoe*™ mice. The treatment
with E3-vaccine inhibited atherosclerosis in this model with
absence of evident atherosclerotic lesion up to the 22" week
after treatment [56].

CRISPR-Cas9 Technology

The “CRISPR-Cas9” was first discovered in 2012. It is based
on an evolutionary conserved mechanism in procaryotic
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organisms used as a defense against non-self-DNA infec-
tions [57]. This mechanism uses RNA fragments called
CRISPR that “guide” and regulate the Cas9 activity in order
to induce double-strand breaks in non-self-DNA that could
have infected the bacterial cell [57]. Differently from other
gene-editing approaches based on viral particles, CRISPR-
Cas9 technology allows high specificity targeting in generat-
ing double-strand breaks [58]. Moreover, the technology is
extremely flexible, it is sufficient to produce different RNA
guides to target potentially the entire genome. This makes
CRISPR-Cas9 useful to silence the expression of small pro-
teins encoded by small genomic regions, a situation that is
well fitted with ANGPTL3 gene expression.

The silencing system for ANGPTL3 used for the first time
a second generation Cas9 called “BE3”. This mutagenesis
system is based on a specific DNA base-editing, it does
not make double-strand breaks, hence reducing both on-
target and off-target mutations due to the loose specificity
of the RNA guide [59]. The produced BE3 system against
ANGPTLS3 targeted the Gln-135 codon of the gene. Murine
models treated with this strategy showed more than 35% of
ANGPTL3 alleles edited and no evidence of off-target muta-
tions. This effect was associated with a reduction of —50%
in circulating ANGPTL3,—-35% in fasting TGs and —20%
in plasma cholesterol [59].

Despite being interesting, this technology is vastly
unknown in terms of efficacy and safety in the short and
long term. Although the base-editing could be delivered to
specific organs (e.g., the liver), it is still unknown whether
the selective KO could be dangerous or whether a low, yet
undetectable frequency of potential off-targets could be a
serious issue in the long term.

Conclusion

In conclusion, ANGPTLS3 is clearly an interesting pharmaco-
logical target for the treatment of dyslipidemias and to pre-
vent atherosclerosis. Despite this, some aspects of the role
of ANGPTLS3 need to be clarified (the mechanism of LDL
reduction in case of ANGPTL3 inhibition, FFA flux, lipo-
protein kinetics, intracellular role of ANGPTL3) as well as
the effective cardiovascular protection in case of ANGPTL3
inhibition.

Although carriers of ANGPTL3 LOF apparently do not
have any related organ damage or dysfunction, the safety
profile of ANGPTL3 inhibiting drugs remains to be deter-
mined. Since the liver will be the principal target for the
forthcoming ANGPTL3-inihibiting drugs, it will be crucial
to verify the liver safety of ANGPTLS3 inhibition, particu-
larly considering results of the last trial on Vupanorsen
(TRANSLATE TIMI 70). Data collected from clinical
trials suggest that extracellular inhibition of ANGPTL3
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(Evinacumab) does not produce the same effect of intracel-
lular ANGPTL3 inhibition (Vupanorsen), thus suggesting a
possible intracellular function of ANGPTL3 and compen-
satory mechanisms in lipid production when ANGPTL3
mRNA is inhibited.

This novel therapeutic approach for dyslipidemia will
be extremely useful alone or in association with other
drugs (e.g., PCSK9i) in the most severe forms of familial
hypercholesterolemia (FH), like HoFH or severe, resist-
ant hypercholesterolemia. It is worth highlighting that
the treatment with Evinacumab determined a marked
reduction in LDL-C even in patients with LDLR™!" /
LDLR™" mutations. This suggests that this drug acts by
a mechanism that is independent from the LDLR machin-
ery, making it highly suitable for HoFH patients with
almost abolished LDLR activity or in severe hypercho-
lesterolemic patients where information about the LDLR
status is not available. Until now, available treatments of
HoFH consisted of lipoprotein apheresis or Lomitapide,
a small molecule, inhibitor of the microsomal triglycer-
ide transfer protein (MTTP). The lipoprotein apheresis
although effective is not available worldwide and is asso-
ciated with a great burden both for the public health and
for patients. The use of Lomitapide is limited, in some
cases, by gastrointestinal side effects and by concerns on
its long-term liver safety [60, 61]. On the contrary, so far,
Evinacumab has not shown any concern on liver safety,
thus increasing the interest on its use in the real-world
setting. Again, the use of Evinacumab in association with
a very low dose Lomitapide might be an attractive pos-
sibility to improve the tolerance of this latter medication.

Severe hypertriglyceridemia is also an unmet clinical
need and results of trials have suggested that Evinacumab
can be effectively used to reduce TGs in MCS patients. MCS
is caused by the concomitant presence of an oligo/polygenic
susceptibility and metabolic comorbidities such as obesity
and type 2 diabetes. MCS patients could suffer from recur-
rent pancreatitis and differently from FCS and are more
prone to the development of early onset of atherosclerosis
being associated with great morbidity and mortality [62,
63]. MCS is a very heterogeneous condition, while some
patients could be easily managed with conventional therapy
for hypertriglyceridemia, others are much more challenging.
These hypertriglyceridemic patients carrying residual LPL
activity might achieve a reduction in TG levels up to 88%
(NCTO02107872) when exposed to drugs against ANGPTL3.
The use of Evinacumab in this type of patients might be
extremely beneficial and, in our opinion, its clinical indica-
tions should be enlarged.

The introduction of novel lipid lowering therapies, based
on cutting-edge drug technologies, need an accurate patients’
selection based on both genetic and non-genetic factors in
order to personalize the treatment of single patients and

avoid unnecessary healthcare costs with the aim to maximize
the cost-effectiveness balance.
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