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Abstract

Background: Angiopoietin-like 3 (ANGPTL3) is a therapeutic target for reducing plasma
levels of triglycerides and low-density lipoprotein cholesterol (LDL-C). A recent trial with
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vupanorsen, an antisense oligonucleotide targeting hepatic production of ANGPTL3, reported
a dose-dependent increase in hepatic fat. It is unclear if this adverse effect is due to an on-target
effect of inhibiting hepatic ANGPTL3.

Methods: —We recruited participants with ANGPTL3 deficiency due to ANGPTL 3 loss-of-
function (LoF) mutations along with wild-type participants from two previously characterized
cohorts located in Campodimele, Italy and Saint Louis, Missouri. Magnetic resonance
spectroscopy and magnetic resonance proton density fat fraction were performed to measure
hepatic fat fraction (HFF) and the distribution of extrahepatic fat. To estimate the causal
relationship between ANGPTL3 and hepatic fat, we generated a genetic instrument of plasma
ANGPTL3 levels as a surrogate for hepatic protein synthesis and performed Mendelian
randomization (MR) analyses with hepatic fat in the UK Biobank study.

Results: We recruited participants with complete (N=6) or partial (N=32) ANGPTL3 deficiency
due to ANGPTL3 LoF mutations along with wild-type participants (N=92) without LoF
mutations. Participants with ANGPTL3 deficiency exhibited significantly lower total cholesterol
(complete deficiency=78.5 mg/dL, partial deficiency=172 mg/dL, wild-type=188 mg/dL; P<0.05
for both deficiency groups as compared to wild-type) along with plasma triglycerides

(complete deficiency=26 mg/dL, partial deficiency=79 mg/dL, wild-type=88mg/dL; P<0.05 for
both deficiency groups compared to wild-type) without any significant difference in hepatic

fat (complete deficiency=9.8%, partial deficiency=10.1%, wild-type=9.9%;; P>0.05 for both
deficiency groups compared to wild-type) or severity of hepatic steatosis as assessed by magnetic
resonance imaging. In addition, ANGPTLS3 deficiency did not alter the distribution of extrahepatic
fat. Results from MR analyses in 36,703 participants from the UK Biobank demonstrated that
genetically determined plasma ANGPTL3 protein levels were causally associated with LDL
cholesterol (P=1.7x10717) and triglycerides (P=3.2x10718) but not with hepatic fat (P=0.22).

Conclusions: ANGPTL3 deficiency due to LoF mutations in ANGPTL3as well as genetically
determined reduction of plasma ANGPTL3 levels are not associated with hepatic steatosis.
Therapeutic approaches to inhibit ANGPTL3 production in hepatocytes are not necessarily
expected to result in the increased risk for hepatic steatosis that was observed with vupanorsen.

Keywords

Angiopoietin-like 3; ANGPTL3; drug-related adverse side effect; hepatic steatosis; lipids;
Mendelian randomization; triglycerides

Introduction

Angiopoietin-like 3 (ANGPTL3) is a key factor in the regulation of lipoprotein transport,
prompting increasing interest in its role on fat metabolism®:2. As a glycoprotein synthesized
predominantly by hepatocytes, ANGPTL3 acts as circulating inhibitor of lipoprotein lipase
(LPL), the rate-limiting enzyme for hydrolyzing triglycerides in TG-rich lipoproteins
including chylomicrons and very-low-density lipoproteins (VLDL) 1. ANGPTL3 also acts
as an inhibitor of endothelial lipase (EL), which raises high-density lipoprotein cholesterol
(HDL-C). Consistent with this role, genetic and pharmacological inactivation of ANGPTL3
in mice are associated with de-repression of LPL and EL activity along with significant
reductions in plasma total triglycerides (TG) and total cholesterol (TC)3.
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In humans, complete ANGPTL3 deficiency due to bi-allelic inactivating mutations in
ANGPTL 3 causes familial combined hypolipidemia (FHBL2 [OMIM 605019]), a very rare
lipid disorder characterized by a marked reduction of low-density lipoprotein cholesterol
(LDL-C), HDL-C, and VLDL*-6. FHBL2 is associated with increased LPL mass and
activity in post-heparin plasma’ and affected individuals have marked reduction of
postprandial lipemia® along with lower plasma free fatty acids (FFA) and improved insulin
sensitivity®>7:9. In agreement with these favorable metabolic changes, we and others have
reported that carriers of loss-of-function (LoF) mutations in ANGPTL3displayed reductions
in atherosclerotic burden and risk of coronary events19-11,

An important unanswered question related to the lipid-lowering mechanism of ANGPTL3
deficiency is if and how this condition influences the hepatic synthesis of VLDL. In the
initial report of ANGPTL3 deficiency in humans, Musunuru et al. ® showed that carriers

of compound heterozygous ANGPTL 3 LoF alleles exhibited reduced hepatic VLDL-
apolipoproteinB (ApoB) production, thus raising the possibility of impaired TG export from
the liver. It is well established that impaired VLDL secretion from hepatocytes is a major
cause of fatty liver'213, This condition is typically represented in abetalipoproteinemia
(OMIM 200100) and familial hypobetalipoproteinemia (OMIM 615558), where hepatic
secretion of VLDL is impaired due either to defects in the lipid chaperone protein
microsomal triglyceride transfer protein (MTP) or to the reduced synthesis of the acceptor
protein ApoB. In either setting, hepatic steatosis develops in the majority of patients’4.
However, Wang et al. 1> demonstrated in murine models that the inactivation of ANGPTL3
with a monoclonal antibody was not associated with an increase in hepatic TG content.

In a previous study, we found that FHBL2 participants did not show increased prevalence
of steatosis as evaluated by hepatic ultrasonography28. In contrast, it was recently reported
that the inhibition of hepatic ANGPTL3 synthesis by vupanorsen, a specific antisense
oligonucleotide against ANGPTL3, was associated with increases in liver steatosis in a dose
dependent mannerl’. Therefore, the consequences of ANGPTL3 deficiency on hepatic fat
accumulation remain to be firmly established. In addition, the interplay between ANGPTL3
and adipose tissue depots has been incompletely characterized in humans. Previous studies
have shown that ANGPTLS3 levels are increased in obesity!® and that body mass index
(BMI) is an independent predictor of ANGPTL3 levels®. However, whether ANGPTL3 can
influence the mass and distribution of adipose tissue through its action on FFA metabolism
in humans remains unknown.

Studies of humans with naturally occurring LoF mutations in genes encoding drug targets
can provide insight into the efficacy and potential adverse effects of inhibitory drugs directed
at those targets20. Therefore, to estimate the effect of targeting ANGPTL3 production in
hepatocytes, we first characterized hepatic fat content as well as extrahepatic fat distribution
by using magnetic resonance spectroscopy (MR-S) and magnetic resonance proton density
fat fraction (MR-PDFF) in participants with either partial or complete ANGPTL3 deficiency
due to inactivating mutations in ANGPTL3. We then extended our study to a large
population cohort to determine if reduced concentrations of ANGPTL3 were causally
associated with changes in hepatic fat content using two-sample Mendelian randomization.
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Study participants and protocols

The data that support the findings of this study are available from the corresponding authors
upon reasonable request. Participants who were carriers of ANGPTL 3 LoF mutations

and wild-type controls were recruited from two previously characterized FHBL2 cohorts
located in Campodimele, Italy and Saint Louis, Missouri. The procedures to characterize
these individuals have been extensively described in previous reports’9:16:21-25 |ndividuals
from Campodimele received a community invitation to all inhabitants who have previously
participated in a series of studies aimed at characterizing the metabolic consequences and
natural history of humans with LoF mutations in ANGPTL3'~9.1621-25 A|| inhabitants of
the Campodimele village were invited to participate in the current study without a priori
selection. In addition to this population, participants were recruited from a large family
carrying ANGPTL3 LoF mutations followed at Washington University in Saint Louis,

MO. All LoF mutations in both cohorts were characterized in previous studies®-9.16.21-25
therefore repeat genotyping was not performed. In comparison to our previously published
studies’-916.21-25 one participant with FHBL2 died, another woman with FHBL2 was
unwilling to undergo the magnetic resonance due to limited mobility, and two additional
FHBL2 subjects refused to participate in the imaging study due to claustrophobia.
Ultimately, 130 participants (126 from Campodimele and 4 from Saint Louis) were
included, comprised of 6 participants with homozygous or compound heterozygous LoF
mutations, 32 with heterozygous LoF mutations, and 92 without LoF mutations. Among
the Campodimele’s population, when considering second and first-degree relationships, 48
subjects were clustered in 15 families while 78 were the single representative of their family.
Two of the four FHBL2 subjects from Campodimele are siblings. All four subjects from
Saint Louis belong to the same family. All participants were of European ancestry.

Participants were invited to undergo clinical evaluation and blood drawings during a
screening visit. Anthropometric and clinical characteristics of study participants were
assessed as previously described®8. Alcohol consumption was estimated both by a semi-
quantitative scale as previously described® and by using AUDIT score?® combined in a
unique variable. At the time of screening, no participants were consuming special diets. To
determine indices of insulin resistance, participants without T2DM were asked to undergo a
75 g oral glucose tolerance test (OGTT) 27.

Magnetic resonance imaging was performed using methods described below. After
excluding participants in which a technical problem occurred in the execution of the exam
(early termination due to participant request, for example), MR-S and MR-PDFF images
were available in 96 and 123 participants, respectively.

The Sapienza University of Rome and Washington University School of Medicine Human
Studies Committees approved the experimental protocols and procedures. All participants
voluntarily participated in the study and written informed consent was obtained from all
participants in accordance with the principles of the Helsinki Declaration.
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Laboratory determinations

Blood samples for laboratory determinations were obtained in the morning after an
overnight fast and collected in EDTA-containing tubes. Plasma was immediately obtained
by centrifugation at 4° C. Aliquots were prepared with EDTA (0.04%), NaNO3 (0.05%),
and phenylmethylsulphony! fluoride (0.015%) to prevent lipid and lipoprotein modifications.
Plasma lipid and blood glucose concentrations were measured from fresh aliquots within
2-4 h from acquisition. Other assays were performed on aliquots that were stored at —80° C
after acquisition.

Plasma lipids, ApoB, ApoAl, fasting blood glucose, and liver transaminases were assayed
after separation of lipoproteins by serial ultracentrifugation and precipitation methods as
previously described®8. Plasma glucose and insulin were measured using commercial assays
on Roche Cobas 6000 automated analyzer (Roche Diagnostics, Mannheim, Germany)
according with local procedures. Insulin sensitivity and secretion were estimated by

HOMA z?8, HOMAg28, QUICKI?®, along with dynamic indices obtained during OGTT

and insulin sensitivity index according to the Matsuda formula (ISIm) 27. Circulating plasma
ANGPTL3 protein levels were measured using a human ANGPTL3 ELISA (BioVendor
R&D).

Magnetic resonance imaging (MRI) protocol

Data were acquired on a 3T magnet (GE Discovery 750; General Electric Healthcare,
Milwaukee, WI) with a peak gradient amplitude of 50 mT/m and a time to peak of 200 ms
using a thirty-two-element body torso-array coil system. For the quantification of hepatic
fat fraction (HFF) we adopted a 3D sequence (IDEAL IQ) to create T2* and triglyceride
fat fraction maps from a single breath-hold (MR-PDFF). The sequence has the following
parameters: TR, 12.9 ms; TE six different echos from 1.6 to 9.8 ms field of view, 42-38
cm; matrix, 128 x 128; bandwidth, 111 kHz; FA, 3°; section thickness, 10 mm with 26
sections; acquisition time, 25 s. The images were processed using the software provided by
the manufacturer (IDEAL-IQ; GE Healthcare) to create water, fat, in-phase, out-of-phase,
R2*, and fat fraction maps instantaneously30.

MR-S of the liver was performed using 20 mm x 20 mm x 20 mm voxels placed in the

IVa, VIl and VIII segments, avoiding major blood vessels and biliary ducts. All spectra were
obtained in the stimulated echo acquisition mode (PRESS, TR 4000 ms, TE 30 ms), using a
breath hold sequence with an acquisition time of approximately 24 s. Field homogeneity was
automatically adjusted for each voxel, and saturation bands were not used3Z.

For the quantification of subcutaneous and visceral adipose tissue (SAT and VAT,
respectively), a 3D spoiled GRE T1-weighted sequence in the axial plane (TR, 4.2; TE,
1.3; FA, 15; matrix, 320 192; section thickness, 5 mm, reconstructed 2.5 mm; intersection
gap, 0) was acquired with the Dixon method, which enabled the separation between water
and fat components. The sequence described above was also used for the estimation of the
subcutaneous adipose tissue and intermuscular lipids of the thigh. Additional MRI methods
are included in the Supplemental Material.
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Mendelian randomization

Plasma levels of ANGPTL3 have previously been measured by aptamer-based technology
(SomaScan) in the deCODE32 and INTERVAL33 studies of 35,559 Icelanders and 3,301
European participants, respectively. We performed an inverse-variance weighted meta-
analysis of summary statistics from these two studies for plasma ANGPTL3 levels. We

then selected independent (r2 < 0.3 based on 1000Genomes European panel) markers within
150kb of ANGPTL 3that were associated with ANGPTL3 levels (as assessed by aptamer
10391-1) at a level of genome-wide statistical significance (P<5x1078) to generate an
instrumental variable for plasma ANGPTL3 levels. We generated an instrumental variable
for plasma ApoB levels using independent (r? < 0.3 based on 1000Genomes European
panel) variants within 150kb of APOB that associated with protein levels (as assessed by
aptamer 2797-56) at A<1x10~4. Outcomes for hepatic fat were obtained from previously
published summary statistics in a study of 36,703 participants from the UK Biobank study34.
Outcomes for plasma TG and LDL-C were obtained from a previously published genome-
wide association study of plasma lipid levels in the UK Biobank study3°. Outcomes for
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were also obtained
from a previously published genome-wide association study of laboratory biomarkers in

the UK Biobank study3®. Causal analysis was performed using the inverse-variant weighted
method implemented in the R package TwoSampleMR?’.

Statistical analysis

Results

For descriptive statistics, continuous traits were presented as mean and standard deviation
(SD) or as median and interquartile range (IQR) as appropriate. Categorical traits were
shown as number and proportion. Comparisons were carried out by Mann-Whitney or
Kruskal-Wallis test for non-normally distributed variables and by Student’s or ANOVA

test for normally distributed variables. For differences between categorical traits, statistical
significance was calculated by chi-square or by Fisher-exact test as appropriate. Multiple
regression analysis was used to determine the best predictors of liver fat content and

hepatic steatosis in all participants. The multiple models included age, male sex, BMI,
HOMA IR index, and ANGPTL3 genotype as a co-dominant trait (using a variable with
three categories). The analysis was conducted using a stepwise linear regression method.
Non-normally distributed values were /og-transformed before entering the model. Statistical
analyses were performed using the IBM Statistical Package for Social Sciences (IBM SPSS,
version 25.0, Inc. Chicago, IL). A P-value <0.05 was considered statistically significant.

Subject characteristics

The demographic, anthropometric, and clinical characteristics of 130 study participants are
shown in Table 1. Among all participants, 92 were wild-type (WT) and 38 were carriers of
ANGPTL3LoF mutations; 32 carried heterozygous mutations resulting in partial LoF, while
6 carried either homozygous or compound heterozygous mutations resulting in complete
LoF. The only demographic differences observed between genotypes were older age in
complete LoF participants and a higher prevalence of current/past heavy drinkers among
ANGPTL3LoF carriers as compared with WT controls (Py;~0.01). As expected, complete
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LoF ANGPTL 3 participants had a pronounced reduction of all plasma lipoprotein fractions
while partial LoF ANGPTL 3 participants had an intermediate phenotype between WT and
complete LoF. ANGPTL3LOF carriers had a non-significant trend toward lower HOMA-
IR and HOMAZp values as compared with WT (with an apparent gene-dose effect). No
difference was found in the QUICKI index among genotypes. 1Sl values did not differ

by genotype although complete LoF participants had a slightly higher 1SI, as compared

to others (Table 1). Finally, biochemical laboratory assessment of liver function did not
significantly differ between the groups although there was a trend toward lower gamma-
glutamy!l transferase levels in ANGPTL3LoF carriers in an apparent gene dose-dependent
fashion.

Complete or partial ANGPTL3 deficiency is not associated with increase in hepatic fat
fraction or liver steatosis

As shown in Figure 1, the HFF as estimated by either MR-S (n=96) or MR-PDFF (n=123)
was not significantly different between ANGPTL3 LoF carriers and WT participants. Mean
HFF assessed by MR-S was 9.9% (standard deviation 15.2%) in WT, 10.1% (standard
deviation 15.9%) in partial LoF carriers, and 9.8% (standard deviation 8.6%) in complete
LoF carriers (P=NS). Similarly, mean HFF assessed by MR-PDFF was 6.9% (standard
deviation 5.9%) in WT, 6.4% (standard deviation 5.4%) in partial LoF carriers, and 9.7%
(standard deviation 8.9%) in complete LoF carriers (P=NS). Furthermore, we did not
observe a significant difference between genotype groups when sub-categorizing the severity
of hepatic steatosis (Figure 2). Among WT participants, we found that 40 (59.7%) had no
liver steatosis, while 21 (31.3%) had mild steatosis, five (7.5%) had moderate steatosis, and
one had severe (1.5%) steatosis. Similarly, among ANGPTL3 LoF carriers, 16 (55.2%) had
no liver steatosis, 10 (34.5%) had mild steatosis, and 3 (10.3%) had moderate steatosis.
Comparable results were observed when HFF was assessed by MR-PDFF (Figure 2, Panel
B). As assessed by both MRI techniques, ANGPTL3LoF carriers did not have severe
hepatic steatosis and the prevalence of hepatic steatosis among partial and complete LoF
carriers was comparable to WT controls (Figure 2).

In multiple regression analyses, we found that older age (P=0.016), male sex (~=0.018),
higher BMI (£<0.001), and higher HOMAr (P< 0.001) were the best predictors of HFF
content as estimated by MR-PDFF. Age (~=0.009) was the only significant predictor of HFF
as estimated by MR-S.

Using circulating plasma levels of ANGPTL3 measured by ELISA, we performed additional
analyses aimed at evaluating if a larger reduction in ANGPTL3 was associated with hepatic
steatosis. Across all participants, the mean level of ANGPTL3 was 148.4 pg/L (standard
deviation, 75.2 ug/L) with a progressive increase from FHBL2 to wild type (Table 1). Mean
ANGPTL3 levels were significantly different among genotypes: wild type = 177.2 pg/L
(standard deviation, 63.1 pg/L), heterozygous deficiency = 98.62 ug/L (standard deviation,
47.1 ug/L), complete deficiency = 0 pg/L (P<0.0001). In a regression analysis including all
participants, plasma levels of ANGPTL3 had no association with HFF assessed by MR-S
(P=0.95) or MR-PDFF (P=0.45). In contrast, in this sub-analysis we found age to be a
significant positive predictor of HFF as estimated by MR-S (P=0.015) while age (P=0.026),
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BMI (P=0.002), male gender (P=0.044) and HOMA IR (/<0.001) were significant positive
predictors of HFF as estimated by MR-PDFF. We also grouped participants with ANGPTL3
levels of either < 48 pg/L or <59 ug/L, corresponding to the circulating ANGPTL3 levels
achieved by vupanorsen dosing that was associated with significant increases in hepatic fat.
We compared these groups to those without ANGPTL3 LoF mutations (to mimic individuals
on placebo) and did not find that lower levels of ANGPTL3 associated with increased HFF
(Table S1). A post hoc power calculation based on these data determined there was >80%
power at an a of 0.05 to detect an increase in HFF of the same magnitude reported for both
vupanorsen dosing in both groups®’.

Complete or partial ANGPTL3 deficiency does not alter extrahepatic fat accumulation

We also determined the distribution of extrahepatic fat according to ANGPTL3 genotype
groups. No significant differences were found between genotype carriers in any of the
examined tissues (Figure 3). Results from multivariable analyses showed that male sex
(P<0.001), increased HOMA\r (P=0.01), increased BMI (~=0.001), and older age (~=0.006)
were significantly and positively associated with VAT expansion while increased BMI
(P<0.001) and female sex (P=0.007) were significantly and positively associated with
increased SAT.

ANGPTL3 is not causally associated with hepatic fat by Mendelian randomization

To validate our finding that ANGPTL3 deficiency does not increase risk for hepatic
steatosis, we performed Mendelian randomization to determine if there was a causal
association between ANGPTL3 and hepatic fat in 36,703 participants from the UK Biobank
with available abdominal MRI34. First, we generated an instrumental variable of genetically
determined plasma ANGPTL3 levels as described in the methods. To validate our approach,
we then determined if this instrument was causally associated with plasma TG and LDL-C
in data from 441,016 and 440,546 participants of the UK Biobank study, respectively.

As expected, genetically determined plasma ANGPTL3 levels were significantly positively
associated with plasma TG (P=3.2x10718; Figure 4A) and LDL-C (P=1.7x10~17; Figure
4B). In contrast, we did not find a significant association between genetically determined
plasma ANGPTL3 levels and hepatic fat in UK Biobank (P=0.22; Figure 4C). We found a
significant positive association between genetically determined plasma ANGPTL3 with both
ALT (P=4.7x1077; Figure S1A) and AST (P=2.6x10"%; Figure S1B). As a positive control,
we performed the same analysis using an instrument to reflect genetically determined
ApoB levels in UK Biobank. Genetically determined plasma ApoB levels were positively
associated with plasma LDL-C (P=0.009; Figure S2A), but negatively associated with
hepatic fat (P=0.005; Figure S2B), ALT (P=3.7x104; Figure S3C), and AST (P=4.2x1074;
Figure S3D). These findings are consistent with the observation that individuals with
reduced hepatic ApoB production exhibit decreased levels of plasma LDL-C but increased
hepatic steatosis.

Discussion

To our knowledge, this is the first study to fully investigate the consequences of ANGPTL3
deficiency on body fat distribution in humans. Leveraging our cohorts of participants with
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either partial or total ANGPTLS3 deficiency, we found no evidence that either reduced
concentration or total absence of ANGPTL3 is associated with altered liver fat content, risk
of hepatic steatosis, or differences in the extrahepatic distribution of fat.

Although previous studies suggested that FHBL2 was not associated with increased hepatic
steatosis, those studies mainly relayed on the use of abdominal ultrasound examination

or laboratory assessment of liver functionl8. Ultrasound is a suboptimal technique for
measuring hepatic fat, reliably detecting fat accumulation only in the presence of greater
than 15% steatotic hepatocytes. Likewise, biochemical liver function tests reflect hepatocyte
damage or inflammation and are only indirect markers of increased fat content'. To
overcome this shortcoming, we employed MR-S and MR-PDFF, which are the methods

of choice for the non-invasive evaluation of liver fat content with a sensitivity comparable to
liver biopsy3®.

Our findings raise the question of why participants with ANGPTL3 LoF mutations, despite
reduced VLDL secretion, did not show variation in hepatic fat content. Previous studies
demonstrated alterations in VLDL particle size and neutral lipid content in participants
receiving evinacumab3®. Those findings suggest as one possibility that FHBL2 participants
do not accumulate excess liver fat through compensatory reductions in the synthesis

of triglycerides by hepatocytes#0. Indeed, Wang et al. 1> demonstrated that inactivating
ANGPTL3 with a monoclonal antibody in mice reduced hepatic production of VLDL-TG
but not VLDL-ApoB, apparently due to a decreased supply of FFA from the circulation

into the liver for TG synthesis. Interestingly, the impairment in hepatic VLDL secretion

in this mouse model was not associated with an increase in liver triglyceride content. The
importance of altered FFA delivery is in line with the observation that plasma concentration
of non-esterified fatty acid is reduced in participants with FHBL2. In addition, we have
previously reported that participants with complete ANGPTL3 deficiency exhibit increased
concentrations of beta-hydroxybutyrate® which is a major oxidative product of hepatic fatty
acid metabolism?L. Taken together, these findings may suggest that hepatic ANGPTL3
deficiency directs fatty acids towards oxidation rather than to the synthesis of triglycerides.
Alternatively, we have demonstrated that ANGPTL3 deficiency in humans causes markedly
reduced postprandial lipemia, probably due to faster catabolism of intestinally derived TG-
rich lipoproteins®. Such an effect could be explained by enhanced LPL activity in oxidative
tissues and possibly reduced adipose tissue lipolysis, resulting in a reduced flux of FFA into
the liver. For example, we have recently found that the fibrinogen-like domain of ANGPTL3
enhances lipolysis in cultured adipocytes derived from 3T3-L1 cells*2, raising the possibility
that FHBL2 may result in a lower rate of /n vivo adipose tissue lipolysis. It is possible that
all of these mechanisms in concert might prevent an imbalance between the synthesis of
triglycerides and ApoB within hepatocytes, thus preventing the development of excessive
hepatic lipid accumulation. Further mechanistic studies are needed to establish which of
these pathways is the most relevant in humans.

The data provided here are informative in predicting the potential adverse long-term

hepatic effects of drugs inhibiting ANGPLT3. The development of vupanorsen, an antisense
oligonucleotide targeting the hepatic production of ANGPTL3, was recently discontinued
after hepatic steatosis and increases in AST or ALT were observed in a Phase 2b triall’.
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Our imaging and Mendelian randomization results suggest all of these adverse effects are
unlikely to be due to the on-target effect of inhibiting ANGPTL3. Alternatively, it is possible
that compensatory mechanisms could be induced by lifelong deficiency which might not be
present with acute, relatively short-term inhibition of ANGPTL3. Regardless, therapeutically
inhibiting ANGPTL3 by other approaches is not necessarily expected to result in the adverse
effects observed with high doses of vupanorsen.

We also found that there were no differences across ANGPTL3 genotype groups in the
distribution of fat in the abdominal cavity and skeletal muscle. This finding, which now
extends to humans what was previously observed in mice*3, provides definitive support to
the notion that inactivating ANGPTL3 does not adversely affect body fat distribution.

Several limitations of our study deserve consideration, beginning with the small number of
participants with complete ANGPTL3 deficiency due to bi-allelic LoF mutations. FHBL2
is very rare and the current study represents the largest available investigation of the

direct impact of this condition on hepatic steatosis worldwide. We studied all available
participants who had complete LoF ANGPTL3 mutations; although we would have liked to
include more data from this population, we were unable to identify any additional complete
LoF carriers for inclusion into our study. Nevertheless, the lack of association between

an instrument reflecting a genetically determined lifelong reduction in plasma ANGPTL3
— areasonable proxy of reduced hepatic protein expression and secretion of the protein
since ANGPTL3 is nearly exclusively expressed in hepatocytes — with increased liver fat

in a very large cohort from the UK Biobank significantly strengthens our conclusions.
Finally, our study was performed while participants were fasting and ANGPTL3 appears

to have important regulatory actions during the prandial state. Although this might have
hypothetically limited the possibility to appreciate some effects of ANGPTL3 inactivation,
we evaluated participants with lifelong inactivation of ANGPTL3and their fat distribution
is unlikely to change in response to feeding. Future kinetic studies will be needed to better
clarify the interplay between FFA trafficking and lipid metabolism in the liver as well as in
storage and oxidative tissues.

In summary, we have provided evidence that lifelong genetic ANGPTL3 deficiency

in humans is not associated with appreciable changes in hepatic and extrahepatic fat
distribution. Long term genetic ANGPTLS3 inhibition appears to be safe and well tolerated,
suggesting a favorable safety profile of pharmacological interventions aimed at inhibiting
the activity of ANGPTL3.
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Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What is New?

. Partial or complete genetic deficiency of ANGPTL3 is not associated with
increased hepatic fat as assessed by magnetic resonance imaging.

. Mendelian randomization supports that ANGPTLS3 is causally related to
triglycerides and low-density lipoprotein cholesterol but not causally related
to levels of hepatic fat.

What are the Clinical Implications?

. Increased hepatic fat associated with vupanorsen does not appear to be the
result of an on-target effect of inhibiting the hepatic production of ANGPTLS.

. Therapeutic approaches to inhibit hepatic ANGPTL3 production should not
generally be expected to result in increased hepatic steatosis.
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Figure 1. ANGPTL3 deficiency and quantity of hepatic fat.
Hepatic fat fraction as estimated by MR-S (A) and MR-PDFF (B) is shown according

to degree of ANGPTL3 deficiency. Boxes and error bars represent mean and SEM,
respectively. P>0.05 between genotype groups by Kruskal-Wallis test. ANGPTL3:
angiopoietin-like 3 protein; LoF: loss of function; MR-S: magnetic resonance spectroscopy;
MR-PDFF: magnetic resonance proton density fat fraction.
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Figure 2. ANGPTL3 deficiency and severity of hepatic steatosis.
Hepatic steatosis severity as estimated by MR-S (A) and MR-PDFF (B) is shown

according to degree of ANGPTLS3 deficiency. Severity of hepatic steatosis was calculated

as reported in the methods. ANGPTL3: angiopoietin-like 3 protein; LoF: loss of function;
MR-S: magnetic resonance spectroscopy; MR-PDFF: magnetic resonance proton density fat
fraction.
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Figure 3. ANGPTL3 deficiency and extrahepatic fat distribution.
Distribution of extrahepatic fat in (A) visceral adipose tissue, (B) subcutaneous adipose

tissue, (C) skeletal intramuscular adipose tissue, and (D) skeletal subcutaneous adipose
tissue is shown according to degree of ANGPTL3 deficiency. Boxes and error bars represent
means and SEM, respectively. P>0.05 between genotype groups by Kruskal-Wallis test.
ANGPTL3: angiopoietin-like 3 protein; LoF: loss of function.
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Figure 4. Mendelian Randomization of genetically determined plasma ANGPTL3 with plasma
lipids and hepatic fat in the UK Biobank study.

(A) Estimated effect (with 95% confidence intervals) of each variant included in the
Mendelian Randomization analysis on ANGPTL3 levels for (A) plasma triglycerides
(P=3.2x10718), (B) plasma LDL cholesterol (P=1.7x10717), and (C) hepatic fat (P=0.22).
Red lines indicate the causal effect estimates.
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Baseline Characteristics of study participants

Table 1.

Variables

| Wild type carriers (N=92) | ANGPTL3 deficiency due to LoF mutations (N=38)

Partial (N=32)

Complete (N=6)

Demographic

European Ancestry, n (%) |

92 (100)

32 (100)

6 (100)

Median age (IQR), years
Male, n (%)

54.5 (44.5-63.0)
47 (51.1)

50.0 (40.0-61.7)
18 (56.3)

64.0 (59.7-70.5) *°
4(66.7)

Life-style habit and past medical histo

ry

Mean BMI (IQR), kg/m2

28.5 (25.9-30.2)

27.7 (24.7-30.8)

30.8 (28.4-32.3)

Current/past heavy alcohol use ™, n (%) 3(3.7) 4(13.3) 2(333) "
T2DM, n (%) 12 (133) 13.0) 1(16.7)
HTN, n (%) 36 (40.0) 10(31.2) 3(50.0)
CHD, n (%) 5 (5.6) 0 0
Cancer, n (%) 6 (6.7) 1(3.1) 0
ANGPLT3, ng/ml (Mean + SD)

177.2+63.1 98.6 £47.1 0

Plasma Lipids (Mean and IQR)

TC, mg/dl
HDL-C, mg/dl
TG, mg/dl
LDL-C, mg/dl
ApoA1, mg/dl
ApoB, mg/dl

188.0 (159.5-210.2)
58.5 (50.0-68.0)
88.0 (65.0-129.2)
104.0 (85.0-126.2)

145.0 (121.0-178.0)
92,5 (72.0-109.2)

172.0 (147.2-1905) §
51.5 (45.0-60.7) §
79.0 (54.2-98.7) §
101.3 (76.2-113.0)

139.0 (119.0-173.0)
83.0 (70.0-102.7)

78.5 (66.7-86.7) "
26.0 (17.2-32.0) *°
26.0 (26.7-48.7)

42.0 (34.5-50.5) °

86.5 (63.5-129.0) "

38.0 (34.5-88.7)

Glucose Metabolism (Mean and IQR)
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FPG, mg/dl 94.0 (88.0-104.0) 94.0 (86.0-101.0) 91.0 (88.5-109.2)
Fasting Insulin, U/L 9.9 (6.5-11.9) 7.7 (5.9-9.9) 6.6 (4.2-9.9)
HOMA IR 2.1(1.5-2.8) 1.7 (1.3-2.8) 1.5 (1.0-2.2)
HOMAB 106.5 (63.9-140.5) 93.6 (70.4-138.4) 90.4 (37.5-124.9)
Mean QUICKI £ SD 0.3+0.03 0.3+0.03 0.4+0.02
Mean 1SIm *+ SD 5.0+2.7 49425 6.7£5.2
Liver Function Test (Mean + SD)

AST, U/L 21.9+7.4 23.449.7 22.8+6.7
ALT, U/L 24.4+12.3 24.0+10.1 31.3+14.2
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Variables | Wild type carriers (N=92) | ANGPTL3 deficiency due to LoF mutations (N=38)
| | Partial (N=32) | Complete (N=6)
GGT, U/L | 27.7£27.1 | 21.5+14.6 | 16.5+4.4

Alcohol use as defined in methods. Data on alcohol consumption were missing for 9 wildtype, 2 heterozygous, and 3 homozygous ANGPTL3
LoF carriers.

§P<0.05 for comparison between wild-type and heterozygous ANGPTL3 LoF carriers;

N
F<0.05 for comparison between wild-type and homozygous ANGPTL3 LoF carriers;

P<0.05 for comparison between heterozygous and homozygous ANGPTL3 LoF carriers.

LoF, loss of function; BMI, body mass index; T2DM, type 2 diabetes; HTN, hypertension; CHD, coronary heart disease; TC, total cholesterol,
HDL-C, high density lipoprotein cholesterol; TG, triglyceride; LDL-C, low density cholesterol; FPG, fasting plasma glucose; Quicki, Quantitative
Insulin Sensitivity Check Index; HOMA |R, Homeostasis Model Assessment insulin resistance; HOMAPB Homeostasis Model Assessment ; ISI

Matsuda, insulin sensitivity index; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamy| transferase
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