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Abstract Supported by an abundance of experi-
mental and genetic evidence, angiopoietin-like pro-
tein 3 (ANGPTL3) has emerged as a promising
therapeutic target for cardiovascular disease.
ANGPTLS3 is primarily produced by the liver and is
a potent modulator of plasma lipids and lipopro-
teins. Experimental models and subjects with loss-
of-function Angptl3 mutations typically present with
lower levels of HDL-C than noncarriers. The effect
of ANGPTL3 on HDL-C is typically attributed to its
function as an inhibitor of the enzyme endothelial
lipase. The ability to facilitate reverse cholesterol
transport (RCT), the transport of cholesterol from
peripheral tissues back to the liver, is a proposed
antiatherogenic property of HDL. However, the ef-
fect of ANGPTL3 inhibition on RCT remains un-
clear. Here, we performed a series of dose-response
and RCT studies using an Angptl3 antisense oligonu-
cleotide (ASO) in mouse models with varying plasma
lipid profiles ranging from moderately to severely
hyperlipidemic. Angpil3 ASO-mediated reduction in
HDL-C was limited to the model with moderate
lipidemia, where the majority of plasma cholesterol
was associated with HDL. Surprisingly, regardless of
the effect on HDL-C, treatment with the Angpti3 ASO
enhanced RCT in all models tested. The observa-
tions from the RCT assays were confirmed in HDL
clearance studies, where mice treated with the
Angptl3 ASO displayed increased plasma clearance
and hepatic uptake of labeled HDL.ER The results
from our studies suggest that inhibition of
ANGPTLS3 not only reduces levels of proatherogenic
lipids but also improves HDL-mediated RCT.
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Despite advances in education, detection, and treat-
ment, atherosclerotic cardiovascular disease (ASCVD)
remains a leading cause of death in the United States
and developed countries worldwide (1). Although
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elevated plasma LDL-C continues to be a primary and
significant risk factor for ASCVD (2), plasma triglyc-
eride (TG) has also emerged as an independent risk
factor (3). In recent decades, the dramatic increase in
hypertriglyceridemia associated with diabetes, obesity,
and other metabolic disorders threatens to put more
patients at risk for ASCVD (4). This has prompted the
development of a new generation of therapeutics for
cardiovascular disease that can lower plasma TG as well
as reduce broader non-HDL-C pools in addition to
LDL-C. One potential target that has demonstrated
great promise in recent years is angiopoietin-like pro-
tein 3 or ANGPTL3.

ANGPTL3 is a member of the angiopoietin-like
protein family, a group of secreted proteins that share
structural similarity to the angiopoietins, key factors
that regulate angiogenesis (5). ANGPTL3 is a 70 kDa
protein that is principally secreted from the liver.
Owing to its function as an inhibitor of LpL and
endothelial lipase (EL), ANGPTL3 is a potent modu-
lator of plasma lipids and can exert effects across all
lipoprotein classes (6). A spontaneous loss-of-function
(LOF) mutation in an unknown gene, later identified
as Angpil3, was initially described in hyper-
triglyceridemic and hyperglycemic obese KK mice (7).
This mutation resulted in reductions in plasma TG and
elevations in post-heparin LpL activity. Additional
studies performed in the KK mice with the Angpi3 LOF
mutation found ANGPTL3 protein deficiency was also
associated with lower levels of HDL-C and HDL-
phospholipid (8). This effect on HDL was attributed to
ANGPTL3 being an inhibitor of EL as well as LpL ac-
tivity. These observations from mice were extended to
humans where LOF mutations in Angpti3 can result in a
condition  called familial = combined  hypo-
betalipoproteinemia (FHBLZ2). FHBL2 is a condition
characterized by low levels of all the major lipoprotein
classes (VLDL, LDL, and HDL) (9). Recently, ANGPTL3
gained even more interest as a therapeutic target when
carriers of Angptl3 LOF mutations were demonstrated
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to have a significant protection from ASCVD (10, 1I).
Consistent with this, studies in animal models using
genetic, antisense, and antibody-mediated inhibition of
ANGPTL3 demonstrated significant reduction in
atherosclerotic plaque formation (11-13).

HDL-C has been shown to have an inverse relation-
ship with ASCVD risk (14). The primary mechanism
hypothesized is by facilitating reverse cholesterol
transport (RCT), a process by which effluxed choles-
terol from peripheral tissues is delivered to the liver for
excretion as bile or biliary cholesterol (14). As
mentioned previously, preclinical studies have estab-
lished the reduction in HDL-C associated with genetic
or pharmacological inhibition of ANGPTL3 is due to
activation of EL (6, 8). However, the consequences of
ANGPTL3 inhibition on HDL-mediated RCT has not
been fully evaluated. Therefore, to determine the
effect of ANGPTLS3 inhibition on HDL-C and RCT, we
performed a series of dose-response and RCT experi-
ments with an antisense oligonucleotide (ASO) target-
ing Angptl3 in mouse models with dramatically
different lipoprotein profiles, ranging from mildly to
severely hyperlipidemic. Our data revealed that inhi-
bition of ANGPTL3 reduced HDL-C in models where
HDL was the predominate lipoprotein class; however, in
a mouse model with elevated plasma apoB-containing
lipoproteins, reduction of ANGPTL3 had no observed
effect on HDL-C levels. Interestingly, in all models
tested, inhibition of ANGPTL3 enhanced macrophage-
to-feces RCT. Additional studies evaluating HDL
clearance confirmed that inhibition of ANGPTL3
improved RCT. These results suggest that inhibition of
ANGPTL3 can not only reduce levels of proathero-
genic lipoproteins but also enhance a potentially pro-
tective function of HDL, irrespective of the effect on
HDL-C.

MATERIALS AND METHODS

Antisense oligonucleotides

Uniform chimeric 20-mer phosphorothioate oligonucleo-
tides containing 2'-O-methoxyethyl groups at positions 1 to 5
and 15 to 20 targeted to murine Angpti3, and a control ASO
was synthesized and purified on an automated DNA synthe-
sizer using phosphoramidite chemistry as previously
described (15). The ASO sequences were as follows: Angpti3
ASO-ION 595352 (5'-TTTCTTTTATCTGCATGTGG-3') and
control ASO-ION 141923 (5'- AGCATAGTTAACGAG
CTCCC-3), with underlined sequences indicating 2'-O-
methoxyethyl-modified bases.

Mice and diets

The wild-type and LDLr—/— mice on a C57BL/6 back-
ground were purchased from Jackson Laboratory (Bar Har-
bor, ME). The human cholesteryl ester transfer protein (CETP)
transgenic (tg) mice used in these studies were a gift from the
laboratory of Linda Curtiss, and the generation of these mice
was previously described in detail (16). The CETPtg, LDLr—/—
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mice were generated by breeding the CETP tg mice with
LDLr—/— mice. The resulting heterozygous animals were
backcrossed to generate homozygous CETPtg, LDLr—/— mice.
Mice were housed in groups of 3 to 5 on a 12-h light-dark cycle
for the duration of the studies, and all procedures and pro-
tocols were approved by an institutional animal care and use
committee. For all experiments, mice were switched from
chow to a Western diet (WD), Envigo Diet 88137, consisting of
42% of calories as fat and 0.15% cholesterol, a week before
baseline plasma samples were drawn by a retro-orbital bleed.
Mice in the treatment groups were randomized according to
baseline plasma lipids and body weight before the initiation
of the experiment.

Plasma chemistry and lipoprotein analysis

Plasma lipid and transaminase concentrations were
analyzed on an Olympus AU400e automated clinical chem-
istry analyzer (Melville, NY). HDL-C concentration was
determined using the manual HDL Cholesterol E Kit from
FUJIFILM Wako Diagnostics (Mountain View, CA). Briefly,
75 pl of plasma was diluted 11 with phosphotungstate-
magnesium salt, and the mixture was incubated at room
temperature for 10 min to precipitate apoB-bound lipopro-
teins. The samples were then spun at 3,000 g for 15 min to
pellet apoB-bound lipoproteins. The supernatant containing
HDL was collected, and the samples were respun and the su-
pernatant reisolated to ensure no contamination from VLDL/
LDL. HDL-C was measured by colorimetric assay according to
the protocol included in the kit. Plasma ANGPTL3 protein
was measured using an ANGPTL3 ELISA kit from R&D
Systems (Minneapolis, MN).

Radiolabeled human HDL3

Human HDLg was labeled with *H-cholesteryl hexadecyl
ether (*H-CHE) according to previously published techniques
(17). Briefly, 1 mCi of *H-CHE in toluene (New England Nu-
clear) was evaporated under Ny and resuspended in 50 pl
ethanol. The radioisotope was added dropwise to isolated
human HDL purchased from Millipore (Frederick, MD). After
the addition of 200 mg of heat-inactivated LPDS, the solution
was incubated overnight at 37°C. The HDL; was isolated and
concentrated by ultracentrifugation, and the samples were
dialyzed in three exchanges of PBS at 4°C for two 4-hour
periods and then overnight.

Comparative pharmacology studies

Eight- to ten-week-old C57BL/6 wild-type, LDLr—/—, and
CETP tg LDLr—/— mice were administered PBS, control ASO
(50 mg/kg/wk), or Angpti3 ASO at 50, 15, 5, and 1.5 mg/kg per
week for 6 weeks by intraperitoneal injection. After the
6-week treatment period, mice were fasted for 4 h and a
terminal plasma sample was collected via a heart puncture
along with a liver sample for further analysis.

In vivo reverse cholesterol transport assay

The macrophage-to-feces in vivo RCT assay was per-
formed according to previously described methods (18).
Wild-type C57BL/6 and LDLr—/— mice were administered
either control or Angpti3 ASO at 50 mg/kg/wk for 6 weeks.
After the ASO treatment phase, mice were intraperitoneally
injected with ®H-cholesterol-labeled J774A macrophages
(approximately 4.79 mil dpm/5.26 mil cells/mouse). In a
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separate experiment, CETP tg, LDLr—/— mice were admin-
istered either control ASO or Angpti3 ASO at 15 mg/kg/wk
for 6 weeks. After ASO treatment, mice were intraperito-
neally injected with *H-cholesterol-labeled macrophages
(approximately 2.52 mil dpm/6.5 mil cells/mouse). For both
studies, mice were singly housed in wire-bottom cages for
72 h, plasma samples were taken at 24 and 48 h, and feces
were collected over the entire 72 h period. After 72 h, mice
were sacrificed, and terminal plasma samples were collected
along with liver samples. A 20 pl aliquot of plasma from each
time point/mouse was counted for dpm by liquid scintilla-
tion counting (LSC). Liver tissues were extracted according
to previously described methods (19). The isolated lipid ex-
tracts were dried under Ny before resuspension in the
scintillation cocktail and counted by LSC. Finally, the
amount of radiolabeled fecal cholesterol and bile acid was
assayed according to previously published methods (18, 20).

Radiolabeled human HDL3 clearance study

The in vivo radiolabeled HDL clearance study was per-
formed according to previously published methods (21). Wild-
type C57BL/6 and LDLr—/— mice were administered either
control or Angpti3 ASO at 50 mg/kg/wk for 6 weeks. After the
ASO treatment phase, mice were intravenously injected with
*H-CHE-labeled HDL; (approximately 0.45 mil dpm/mouse).
Plasma samples were then collected via retro-orbital bleed
5 min, 1, 3, 6, and 24 h after injection. After the 24-h plasma
collection, the study was terminated, and livers were perfused
with PBS to reduce blood contamination. A 5-pl aliquot of
plasma from each time point/mouse was counted for dpm by
LSC. Liver tissues were extracted according to previously
described methods (19). The isolated lipid extracts were dried
under Ny before being resuspended in scintillation cocktail
and counted by LSC. Plasma dpm was normalized to the 5 min
time point.

qPCR analysis

RNA from liver samples was purified using the Qiagen
RNeasy kit (Germantown, MD) and subjected to RT-PCR
analysis. The Applied Biosystems (Foster City, CA) StepOne-
Plus RT-PCR system, which uses real-time fluorescence
RT-PCR detection, was used to quantify ASO-mediated re-
ductions in Angpti3 mRNA. RNA transcripts were normalized
to total RNA levels using the control gene cyclophilin A. The
sequences of the primer-probe sets used are as follows: mouse
Angptl3: forward- TCAAGATTTGCTATGTT
GGATGATG, reverse- TTATGGACAAAATCTTTAAGTCC
ATGAC, and probe- AAAATTTTAGCGAATGGCCTCC
TGCAGCT and mouse cyclophilin A: forward- TCGCCG
CTTGCTGCA, reverse- ATCGGCCGTGATGTCGA, and
probe- CCATGGTCAACCCCACCGTGTTC.

Statistical analysis

All values reported are normally distributed and expressed as
the mean + SEM. To determine statistical significance, one-way
ANOVA with Tukey's post hoc test was carried out using Graph-
Pad Prism 8™ software with statistical significance set at a two-
tailed P < 0.05. The fractional catabolic rate (FCR) of radio-
labeled HDL from plasma was calculated using previously
published methods (22), and results are presented as the mean +
SEM. The FCR results from C57B1/6 and LDLr—/— mice treated
with either control or Angpti3 ASO was analyzed by paired ¢ test
using GraphPad Prism 8™ software with statistical significance
set at a two-tailed P < 0.05.

RESULTS

Administration of an Angpti3 ASO produced dose-
responsive reductions in TPC and TG, and variable
effects on HDL-C

The effect of ASO-mediated inhibition of Angptl3 on
plasma lipids and lipoproteins was evaluated in an array
of mouse models with a wide range of plasma lipids
ranging from moderate to severely hyperlipidemic.
The WD-fed C57BL/6 wild-type mice had the lowest
levels of TPC and TG with HDL as the predominant
lipoprotein class. The WD-fed LDLr—/— mice had
elevated levels of TPC and TG and high levels of apoB-
containing lipoproteins, primarily LDL. The WD-fed
CETP tg, LDLr—/— mice presented with the highest
concentrations of total plasma cholesterol and TG with
extremely low to undetectable HDL-C. The lipoprotein
profiles of the CETP tg, LDLr—/— mice revealed ele-
vations in both VLDL and LDL cholesterol (data not
shown). The wide range of plasma lipids and HDL-C
across these different models enabled us to determine
the effect of ANGPTLS3 inhibition on HDL-C and HDL
function in context of different lipidemic states.

Dose-response studies were performed with the
Angptl3 ASO in WD-fed C57BL/6 mice, and the results
are shown in Table 1. Administration of the Angptl3 ASO
produced dose-dependent reductions in hepatic Angptl3
mRNA and circulating ANGPTL3 protein. Mice
administered the highest dose of 50 mg/kg/wk had the
greatest reduction in Angpti3 mRNA (83%) and protein
(68%). Of the different models evaluated, the C57BL/6
mice had the lowest levels of TPC (153 mg/dl) and TG
(59 mg/dl) and the highest levels of HDL-C (118 mg/dl)
for the PBS group. The greatest reduction in TPC was

TABLE 1. Effect of ANGPTLS3 inhibition on plasma lipids, Angpti3 mRNA, and protein in C57BL/6 mice

Treatment Group TPC (mg/dl) TG (mg/dl)

HDL-C (mg/dl)

Angpti3 mRNA (%PBS) ANGPTL3 Protein (ng/ml)

PBS 154 + 8 59 + 5
Control ASO (50 mg/kg) 174 £ 8 56 + 2
Angpti3 ASO (50 mg/kg) 126 + 5" 37 + 20
Angptl3 ASO (15 mg/kg) 13 + 6*° 50 + 5
Angpti3 ASO (5 mg/kg) 134 + 11° 52 + 4
Angpil3 ASO (15 mg/kg) 174 + 13 61 +6

18 + 7 100 + 15 236 + 13
140 + 7 139 + 25 355 + 39°
97 + 5" 17 + 3P 75 + 440
84 +7° 48 + 5° 114 + 9P
101 + 10° 123 + 14 247 + 19°
135 + 13 149 + 21 311 + 43

Values represent the mean + SEM, n = 4-6/group of treatment.

“Denotes a significant difference (P < 0.05) compared with PBS.

"Denotes a significant difference (P < 0.05) compared with control ASO.
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observed in the 15 mg/kg/wk Angpti3 ASO group, which
was 27% and 35% when compared with the PBS and
control ASO groups, respectively. Mice in the 50 and
5 mg/kg/wk Angpti3 ASO groups also displayed a sig-
nificant reduction in TPC compared with the control
ASO group. Trends for a reduction in plasma TG were
observed across mice administered the higher doses of
Angptl3 ASO; however, the reduction in TG (37% vs. PBS
group) was only statistically significant at the 50 mg/kg/
wk dose group. The reduction in HDL-C was only sta-
tistically significant in the 50,15, and 5 mg/kg/wk Angpti3
ASO groups when compared with the control ASO
group. The greatest reduction in HDL-C was observed in
the 15 mg/kg/wk group, which was 29% and 40%
compared with the PBS and control ASO groups,
respectively.

Dose-response studies were also performed with the
Angpti3 ASO in WD-fed LDLr—/— mice, and the results
are shown in Table 2. Compared with the wild-type
CH7BL/6 mice, the LDLr—/— mice had elevated TPC
(1,405 mg/dl) and TG levels (442 mg/dl), but lower
levels of HDL-C (76 mg/dl) for the PBS group.
Consistent with the data from the C57BL/6 experi-
ment, treatment with the Angptl3 ASO produced dose-
responsive reductions in ANGPTL3 mRNA and pro-
tein, and the decreases in the 50 and 15 mg/kg groups
were statistically significant when compared with the
PBS and control ASO groups. The greatest reduction in
Angptl3 mRNA and protein was observed in mice
receiving the 50 mg/kg/wk dose, which demonstrated
an 89% and 70% decrease when relative to the PBS
group. Similar to Angpti3 mRNA and protein suppres-
sion, treatment with the Angptl3 ASO produced dose-
responsive reductions in TPC and TG. These re-
ductions achieved statistical significance in the 50 and
15 mg/kg/wk treatment groups compared with both
PBS and control ASO groups. The 50 mg/kg/wk
treatment group had the greatest reductions in TPC
(68%) and TG (85%) when compared with the PBS
group. Interestingly, in contrast to what was observed in
the C57BL/6 mice, we did not see changes in HDL-C.

Finally, the plasma lipids and lipoproteins were
evaluated in a dose-response study in the WD-fed CETP
tg, LDLr—/— mice treated with control and Angpti3 ASO
(Table 3). The CETP tg, LDLr—/— mice had the highest
levels of TPC and TG of all the models tested, with

mean values of 2,896 and 782 mg/dl for the PBS group,
respectively, and the lowest levels of HDL-C, at 1.8 mg/
dl for the PBS group. Administration of the Angpti3
ASO in these mice resulted in dose-dependent re-
ductions in ANGPTL3 mRNA and protein. The re-
ductions were statically significant in mice receiving the
50 and 15 mg/kg/wk doses of ASO when compared
with the PBS and control ASO groups. The greatest
reductions were observed at the 50 mg/kg/wk dose,
which were 89% and 70% for ANGPTL3 mRNA and
protein, respectively. As expected, treatment with the
Angpti3 ASO produced dose-dependent reductions in
TPC and TG reaching significance at both the 50 and
15 mg/kg/wk groups relative to the PBS and control
ASO animals. The greatest reduction in TPC and TG
was observed in the 50 mg/kg/wk treatment group, and
these mice displayed 82% and 92% reductions in TPC
and TG, respectively, when compared with the PBS
group. HDL-C levels were significantly increased to that
observed for wild-type C57BL/6 mice receiving the 50
and 15 mg/kg/wk doses of Angpti3 ASO. The CETP tg,
LDLr—/— mice receiving either 50 or 15 mg/kg/wk of
Angpti3 ASO had HDL-C levels of 64 mg/dl, a 32- and 9-
fold increase in HDL-C when compared with the PBS
and control ASO groups, respectively.

RCT was increased in mice treated with the Angpil3
ASO

Next, the effect of ASO-mediated inhibition of
Angptl3 on in vivo RCT was evaluated in WD-fed
C57BL/6, LDLr—/—, and CETP tg, LDLr—/— mice
treated with either control or Angpti3 ASO for 6 weeks.
These studies used the maximally efficacious dose of
50 mg/kg/wk identified from the dose-response
studies. C57BL/6 mice treated with the Angpti3 ASO
displayed a significant reduction in the amount of
radiolabeled cholesterol in plasma 48 (32%) and 72 h
(25%) after injection of radiolabeled macrophages
versus control ASO (Fig. 1A). In addition, C57BL/6 mice
treated with the Angptl3 ASO had a 96% increase in
radiolabeled fecal cholesterol compared with the con-
trol ASO group (Fig. 1C). Similarly, LDLr—/— mice
treated with the Angpti3 ASO had a reduction in the
accumulation of radiolabeled cholesterol in plasma
when compared with the control ASO group (Fig. 2A).
However, the reduction was significant at all time

TABLE 2. Effect of ANGPTLS3 inhibition on plasma lipids, Angpti3 mRNA, and protein in LDLr—/— mice

Treatment Group TPC (mg/dl) TG (mg/dl) HDL-C (mg/dl)  Angpti3 mRNA (%PBS) ANGPTLS3 Protein (ng/ml)
PBS 1,405 + 145 442 + 40 76+ 3 100 + 14 307 + 23
Control ASO (50 mg/kg) 1,322 + 96 454 + 42 72+ 4 102 + 14 385 + 31
Angpti3 ASO (50 mg/kg) 451 + 26" 66 + 6" 72 + 4 12 + 3" 121 + 9*P
Angpti3 ASO (15 mg/kg) 895 + 91" 178 + 28*" 84 + 4 39 + 6" 199 + 22"
Angpti3 ASO (b mg/kg) 995 + 69 275 + b4 73+ 6 62 + 12 271 + 18"
Angpti3 ASO (15 mg/kg) 1,508 + 108 572 + 84 74 £ 2 97 £ 16 338 + 26
Values represent the mean = SEM, n = 4-6/group of treatment.
*Denotes a significant difference (P < 0.05) compared with PBS.
"Denotes a significant difference (P < 0.05) compared with control ASO.
4 J Lipid Res. (2021) 62 100101 =ASBMB



TABLE 3. Effect of ANGPTLS3 inhibition on plasma lipids, Angpti3 mRNA, and protein in CETP tg, LDLr—/— mice

Treatment Group TPC (mg/dl) TG (mg/dl) HDL-C (mg/dl) Angpti3 mRNA (%PBS)  ANGPTL3 Protein (ng/ml)
PBS 2,896 + 223 782 + 65 18+ 09 100 + 14 259 + 20
Control ASO (50 mg/kg) 2,654 + 189 683 + 99 74 + 55 70 + 6 263 + 13
Angpti3 ASO (50 mg/kg) 522 + 89" 62 + 3" 64 + 8P 11+ 07" 79 + 70
Angptl3 ASO (15 mg/kg) 783 + 25" 97 + 8P 64 + 4" 25 + 2P 161 + 9™
Angpti3 ASO (5 mg/kg) 2053 + 119 413 £ 7 05+ 015 64 + 3 209 + 4
Angptl3 ASO (L5 mg/kg) 2,493 + 102 548 + 39 0.05 + 0.5 102 + 6 283 + 6

Values represent the mean + SEM, n = 3-6/group of treatment.

“Denotes a significant difference (P < 0.05) compared with PBS

"Denotes a significant difference (P < 0.05) compared with control ASO.

points measured, and the decrease in radiolabeled
plasma cholesterol was 29%, 25%, and 28% at 24, 48, and
72 h after the injection of radiolabeled macrophages.
LDLr—/— mice administered the Angpti3 ASO also had
an increase in radiolabeled fecal cholesterol (122%)
when compared with the control ASO group (Fig. 2C).
Finally, when RCT was assayed in the CETP tg, LDLr—/
— mice, these mice also displayed reductions in amount
of radiolabeled cholesterol in plasma (Fig. 3A). This

reduction achieved statistical significance 48 and 72 h
after the injection of the radiolabeled macrophages,
which was 20% and 32%, respectively. Similar to what
was observed in the other models tested, the CETP tg,
LDLr—/— mice administered the Angpti3 ASO displayed
a significant increase in fecal cholesterol (79%) relative
to the control group (Fig. 3C). In all models evaluated,
no significant differences in hepatic radiolabeled
cholesterol and fecal bile acid were observed (Figs. 1-3).
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Fig. 1. Effect of Angpti3 ASO on reverse cholesterol transport in WD-fed C57BL/6 mice. A: Clearance of *H-cholesterol from
plasma over a 72-h period in mice treated with either control or Angpil3 ASO for 6 weeks and intraperitoneally injected with
radiolabeled macrophages. Amount of *H-cholesterol in (B) the liver, (C) feces, and (D) fecal bile acids (n = 8 for control ASO and n =
7 for Angptl3 ASO groups). The asterisk denotes a significant difference (P < 0.05) between control ASO and Angpti3 ASO treatment
groups. ANGPTL3, angiopoietin-like protein 3; ASO, antisense oligonucleotide; WD, Western diet.
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Fig. 2. Effect of Angpti3 ASO on reverse cholesterol transport in WD-fed LDLr—/— mice. A: Clearance of 3H-cholesterol from
plasma over a 72-h period in mice treated with either control or Angpti3 ASO for 6 weeks and intraperitoneally injected with
radiolabeled macrophages. The amount of *H-cholesterol in (B) the liver, (C) feces, and (D) fecal bile acids (n = 8 for control ASO and
Angpti3 ASO groups). The asterisk denotes a significant difference (P < 0.05) between control ASO and Angpil3 ASO treatment
groups. ANGPTLS3, angiopoietin-like protein 3; ASO, antisense oligonucleotide; WD, Western diet.

In summary, in all models evaluated, mice administered
the Angpti3 ASO displayed a decrease in the accumu-
lation of radiolabeled cholesterol in plasma and an in-
crease in the appearance of radiolabeled cholesterol in
the feces. These results suggest that inhibition of
ANGPTL3 can enhance RCT in mice.

HDL clearance was enhanced in LDLr—/— mice
administered the Angptl3 ASO

To gain further insight into the effect of ANGPTL3
inhibition on RCT, HDL clearance assays were per-
formed in WD-fed C57BL/6 and LDLr—/— mice
treated with either control or Angpt3 ASO. Mice were
injected with human HDLg that was radiolabeled with
*H-CHE. *H-CHE is a modified lipid marker that cannot
be exchanged with other lipids nor can it be metabo-
lized, so it will accumulate in tissues such as the liver. In
the WD-fed C57BL/6 mice, no significant effect on the
plasma FCR of radiolabeled HDLg could be detected
between the control and Angpti3 ASO-treated mice at
0.118 + 0007 h™ and 0138 + 001 h”, respectively
(Fig. 4A). Correspondingly, no effect was observed on
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hepatic accumulation of *H-CHE when compared with
the control ASO group (Fig. 4B). This lack of an effect
on HDL clearance in the C57BL/6 mice was similar to
what was observed in the RCT assay at the 24-h time
plasma point, indicating a delay in the induction of
RCT. However, in the LDLr—/— mice, the Angpti3 ASO
treatment group did display a significant increase in the
plasma FCR of radiolabeled HDLg at 0.0545 + 0.007 h™
when compared with the control ASO group where the
FCR was 0.0232 + 0.001 h™ (Fig. 4C). The increased
clearance of labeled HDL from plasma in the
ANGPTL3 group was associated with significantly
greater accumulation of *H-CHE (31.5%) in the liver
when compared with the control ASO group (Fig. 4D).
These results support and extend observations from
the RCT assays, suggesting that inhibition of ANGPTL3
can enhance HDL-mediated RCT.

DISCUSSION

In recent years, ANGPTL3 has emerged as a prom-
ising target for ASCVD based on observations from
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preclinical and clinical studies demonstrating that in-
hibition of ANGPTL3 can lower proatherogenic lipids
and in animal models reduce atherosclerosis. In-
dividuals with Angptl3 LOF mutations have a lipid
phenotype characterized as FHBL2, a condition where
all major classes of lipoproteins are reduced (23). Given
the lifelong reductions in proatherogenic LDL-C
commonly found in subjects with FHBLZ, it is highly
unlikely that lower levels of HDL-C would significantly
contribute to ASCVD progression in this patient pop-
ulation. This concept is supported by the protection
from atherosclerosis observed in subjects with FHBL2
(10, 11). However, because ANGPTLS3 inhibitors are be-
ing developed to treat preexisting hyperlipidemia in
broad populations at risk for ASCVD, it is of interest to
determine the effect of ANGPTL3 inhibition on not
only HDL-C but also HDL function, particularly RCT.
To our knowledge, the effect of ANGPTL3 inhibition
on in vivo RCT has not been evaluated in experimental
models. To determine the effect of ANGPTL3
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inhibition on HDL-C and RCT, we performed a series
of dose-response and RCT studies with an Angpti3 ASO
in mouse models with different levels of plasma lipids,
ranging from moderate to severely hyperlipidemic.
Angptl3 ASO-mediated reductions in HDL-C were
limited to the WD-fed C57BL/6 mice, where the ma-
jority of plasma cholesterol was associated with HDL.
Surprisingly, regardless of the effect on HDL-C, treat-
ment with the Angpti3 ASO enhanced RCT in all models
tested. The observations from the RCT assays were
consistent in HDL clearance studies, where WD-fed
LDLr—/— mice treated with the Angpt3 ASO dis-
played increased plasma clearance and hepatic uptake
of labeled HDL. The results from our studies suggest
that inhibition of ANGPTL3 can not only reduce levels
of proatherogenic lipids but also potentially enhance
RCT.

The lower levels of HDL-C commonly observed in
subjects with FHBL2 is predicted to result from the
derepression of EL phospholipase activity when levels
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hexadecyl ether.

of functional ANGPTL3 are reduced or absent (8, 24).
The results from our studies suggest that the effect of
genetic or pharmacological inhibition of ANGPTL3
on HDL-C is context dependent, in that levels of non-
HDL-C and TG can influence HDL-C. As previously
reported in models with moderate levels of plasma
cholesterol, reduction of ANGPTL3 mRNA and pro-
tein in the WD-fed C57BL/6 mice resulted in signifi-
cant reductions in HDL-C (8, 24, 25). However, this was
not the case in the hyperlipidemic LDLr—/— mice.
This discrepancy in HDL-C between these two mouse
models raises two possibilities that will require addi-
tional study. In the WD-fed C57BL/6 mice, the ma-
jority of plasma cholesterol was associated with HDL,
while the ratio of non-HDL-C to HDL-C was much
higher in the LDLr—/— mice. Investigators have
shown that while EL prefers HDL, the enzyme can
interact with apoB-containing lipoproteins as well
(26, 27). Potentially, the lack of a significant effect on
HDL-C observed in the LDLr—/— mice is due to the
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elevated levels of apoB lipoproteins outcompeting
HDL particles for access to EL. Alternatively, the
catabolism of TG-rich lipoproteins is enhanced when
ANGPTLS3 is inhibited or reduced because of activa-
tion of LpL (6, 28). Because surface phospholipid
released from TG-rich lipoproteins undergoing LpL-
mediated lipolysis can serve as a substrate for the
formation of nascent pre-p HDL particles (29), perhaps
an increase in de novo synthesis of HDL particles can
counteract EL-mediated reductions in HDL-C. The net
effect resulting in similar levels of HDL-C was
observed across the different treatment groups of
LDLr—/— mice.

Interestingly, the dose-response study in the WD-fed
CETP tg, LDLr—/— mice indicates there are also con-
ditions where reductions in ANGPTL3 can increase
HDL-C. The PBS-treated and control ASO-treated
CETP tg, LDLr—/— mice had extremely low levels of
HDL-C, with concentrations ranging from 2 to 8 mg/dl,
whereas CETP tg, LDLr—/— mice administered the 50

SASBMB



and 15 mg/kg doses of Angpil3 ASO had normalized
levels of HDL-C at 64 mg/dl The increase in HDL-C in
CETP tg, LDLr—/— mice treated with Angpti3 ASO
demonstrates that in the setting of neutral lipid transfer
protein, CETP, and hypertriglyceridemia, the Angpti3
ASO-mediated reductions in TG can limit the amount
of VLDL-TG available for exchange for HDL-
cholesteryl ester. The net effect resulted in increases
in HDL-C. Similar observations have been made in
hyperlipidemic models expressing CETP when admin-
istered TG-lowering agents (30-32). This effect on
HDL-C was lost in CETP tg, LDLr—/— mice treated with
lower levels of the Angpti3 ASO, suggesting in this
model, there is a threshold of TG reduction that must
be crossed to observe an increase in HDL-C.

A consistent and intriguing observation from our
studies was, regardless of the degree of hyperlipidemia
or effects on steady state measurements of plasma
HDL, mice administered the Angpti3 ASO displayed a
reduction in the plasma accumulation and an increase
in the fecal excretion of radiolabeled cholesterol, sug-
gesting an increase in RCT. Along with anti-
inflammatory and antioxidant capabilities, the ability
to facilitate RCT is commonly believed to be a key
protective function of HDL (33, 34). Presumably, the
positive effect on RCT is due to enhanced EL activity
when ANGPTL3 protein is reduced (8). The relation-
ships between EL, HDL, and RCT have been extensively
studied (35); however, the absolute effect of EL activa-
tion across all phases of RCT is still being examined.
Investigators have shown increases in EL protein and
enzymatic activity can enhance the FCR of HDL and
promote cholesterol uptake in the liver and kidney (36).
This result is similar to what we observed when LDLr—/
— mice treated with Angpii3 ASO were injected with
HDL loaded with radiolabeled cholesteryl ether. How-
ever, in C57BL/6 mice treated with Angpti3 ASO, we did
not observe improvements in the plasma clearance and
hepatic uptake of labeled HDL after 24 h. Similarly, we
also did not detect a significant effect in plasma at the
24-h time point when we performed the macrophage-
to-feces RCT assay in C57Bl/6 mice. These results
indicate that there is a delay in HDL catabolism in
C57Bl/6 mice treated with Angpti3 ASO; however, why
this phenomenon occurs is unclear. Finally, our studies
showed an increase in fecal excretion of biliary
cholesterol, a result that suggests the final step in RCT is
enhanced when ANGPTLS3 is reduced. This result was
unexpected as previous experiments in mice over-
expressing EL did not show an effect on bile or biliary
cholesterol excretion (37). Our initial observations will
require additional study; however, investigators have
shown hepatic lipid secretion is reduced when
ANGPTLS3 is inhibited (13, 38). Perhaps, in the context
of reduced ANGPTL3 protein, a decrease in hepatic
lipid secretion could result in an increase in fecal
cholesterol excretion to prevent the accumulation of
excess cholesterol in the liver.
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While we did observe consistent increases in macro-
phage to feces RCT in all models tested, there are some
caveats with the RCT experiments that must be noted
that limit translatability of these results to ANGPTL3
inhibitors currently undergoing clinical evaluation. The
use of exogenous, cholesterol-loaded macrophages in
the RCT assay does not take into account the bidirec-
tional movement of cholesterol in and out of macro-
phages, thereby potentially minimizing or bypassing
the effect of ANGPTLS3 inhibition on the first step of
RCT, macrophage transfer of cholesterol to HDL. This
critique is supported by studies where cholesterol
efflux was evaluated in apoB-depleted serum from
subjects with FHBL2. Investigators found apoB-
depleted serum from homozygous carriers of Angpti3
mutations had significantly reduced cholesterol efflux
capacity, in particular, ABCAl-mediated cholesterol
efflux (39, 40). Granted, ANGPTL3 inhibitors will
never fully recapitulate the complete loss of ANGPTL3
protein observed in homozygous FHBL2 subjects, the
pharmacological effect would most likely be more
comparable to the heterozygous condition. Heterozy-
gous carriers of Angptl3 mutations typically display a
more intermediate reduction of cholesterol efflux ca-
pacity. Considering the results from the cholesterol
efflux studies in FHBL2 subjects, the improvement in
RCT observed in mouse models with the Angpti3 ASO is
probably due to downstream effects on RCT, for
example, increasing hepatic uptake and fecal elimina-
tion of the labeled cholesterol.

The results from our studies raise the exciting pos-
sibility that in addition to robust reductions in total
plasma cholesterol and TG, ANGPTL3 inhibition can
also enhance HDL-mediated RCT, indicating
ANGPTL3 suppression can exert antiatherogenic ef-
fects across all lipoprotein classes. This positive effect
on RCT was consistent across all models tested,
although the effect on HDL-C was variable. In general,
clinical evaluations of ANGPTL3 therapeutics in
normal and hyperlipidemic patients have replicated
what have been observed in subjects with FHBL2, that
inhibition of ANGPTL3 typically results in a reduction
in HDL-C (13, 41, 42). This lowering of HDL-C is
generally considered to be an acceptable liability in the
context of the significant reductions of proatherogenic
lipids also observed when ANGPTL3 is inhibited. HDL
is generally considered to confer protection from
atherosclerosis. This concept has developed over time
from observations from numerous epidemiological
studies demonstrating HDL-C level is inversely related
to ASCVD risks (43). This theory has been supported by
decades of research demonstrating that the cholesterol
efflux and anti-inflammatory, antioxidant, and antith-
rombotic functions of HDL can all contribute to the
lipoprotein's antiatherogenic potential (33). The failure
of HDL-targeted therapeutics in the clinic has called
into question the relative effect of HDL in ASCVD (44).
Lessons from the clinic has highlighted the overall
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challenges with developing HDL-targeted therapeutics.
Unlike LDL, where the overall goal of a therapeutic
intervention is to decrease this atherogenic lipoprotein
as much as possible, HDL are highly dynamic particles
and shifts in HDL-C alone likely do not provide enough
information to guide drug discovery. The results from
our studies assessing the effect of an Angpti3 ASO on
RCT suggest this could be an example where HDL-C
does not reflect improvements in HDL function,
likely because of the widespread effects ANGPTL3
inhibition has on overall lipoprotein and liver lipid
metabolism (6). If our observation that ASO-mediated
Angptl3 inhibition can improve HDL RCT is extended
to the clinic, it could create an opportunity to develop
sensitive and high-throughput assays to detect changes
in HDL-mediated RCT and identify novel approaches
for creating HDL-targeted therapeutics.
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