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APOC3 Loss-of-Function Mutations, Remnant
Cholesterol, Low-Density Lipoprotein Cholesterol,
and Cardiovascular Risk
Mediation- and Meta-Analyses of 137895 Individuals

Anders B. Wulff, Bgrge G. Nordestgaard, Anne Tybjerg-Hansen

Objective—IL oss-of-function mutations in APOC3 associate with low remnant cholesterol levels and low risk of ischemic vascular
disease (IVD). Because some studies show an additional association with low levels of low-density lipoprotein cholesterol
(LDL-C), low LDL-C may explain the low risk of IVD in APOC3 loss-of-function heterozygotes. We tested to what extent
the low risk of IVD in APOCS3 loss-of-function heterozygotes is mediated by low plasma remnant cholesterol and LDL-C.

Approach and Results—In APOC3 loss-of-function heterozygotes versus noncarriers, we first determined remnant cholesterol
and LDL-C levels in meta-analyses of 137 895 individuals. Second, we determined whether the association with LDL-C
was masked by lipid-lowering therapy. Finally, using mediation analysis, we determined the fraction of the low risk of
IVD and ischemic heart disease mediated by remnant cholesterol and LDL-C. In meta-analyses, remnant cholesterol was
43% lower (95% confidence interval, 40%—47%), and LDL-C was 4% lower (1%—6%) in loss-of-function heterozygotes
(n=776) versus noncarriers. In the general population, LDL-C was 3% lower in loss-of-function heterozygotes versus
noncarriers, 4% lower when correcting for lipid-lowering therapy, and 3% lower in untreated individuals (P values,
0.06-0.008). Remnant cholesterol mediated 37% of the observed 41% lower risk of IVD and 54% of the observed 36%
lower risk of ischemic heart disease; corresponding values mediated by LDL-C were 1% and 2%.

Conclusions—The low risk of IVD observed in APOC3 loss-of-function heterozygotes is mainly mediated by the associated low
remnant cholesterol and not by low LDL-C. Furthermore, the contribution of LDL-C to IVD risk was not masked by lipid-
lowering therapy. This suggests APOC3 and remnant cholesterol as important new targets for reducing cardiovascular risk.

Visual Overview—An online visual overview is available for this article. (Arterioscler Thromb Vasc Biol. 2018;38:660-668.

DOI: 10.1161/ATVBAHA.117.310473.)
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Acausal link between APOC3 loss-of-function muta-
tions and low risk of ischemic vascular disease (IVD)
was recently established.'? In both studies, heterozygotes for
APOCS3 loss-of-function mutations versus noncarriers had an
approximate 40% lower risk of IVD and corresponding 39% to
44% lower plasma levels of triglycerides. Moreover, loss-of-
function mutations were also associated with a 46% reduction
in levels of apolipoprotein CIIL.? Similarly, clinical trials with
an APOC3 antisense oligonucleotide (ASO) showed dramatic
reductions in levels of triglycerides and very-low—density
lipoprotein (VLDL) cholesterol in study participants with a
wide range of hypertriglyceridemia® or chylomicronemia,* but
these studies were not designed to evaluate effect on risk of
IVD. A biologically plausible explanation for the reduction in
risk of IVD observed in the genetic studies mentioned above
could, therefore, be the low levels of triglycerides as a marker

of low levels of remnant cholesterol, defined as the cholesterol
content in the triglyceride-rich lipoproteins, that is interme-
diate-density lipoproteins and VLDL in the fasting state and
these 2 together with chylomicron remnants in the nonfasting
state.> For clinical purposes, remnant cholesterol can, there-
fore, be easily calculated from a standard lipid profile as total
cholesterol minus LDL cholesterol and high-density lipopro-
tein (HDL) cholesterol”$; a newly developed direct automated
measurement of remnant cholesterol is highly correlated with
calculated remnant cholesterol.” The reason for focusing on
remnant cholesterol rather than triglycerides, respectively, the
cholesterol and triglyceride content of triglyceride-rich lipo-
proteins, is that cholesterol and not triglycerides accumulate
in the atherosclerotic plaque. However, hydrolysis of triglyc-
erides at the endothelial surface or within the intima may lead
to low-grade inflammation and thus explain an inflammatory
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Nonstandard Abbreviations and Acronyms
ASO antisense oligonucleotide

CETP cholesterol ester transfer protein
CGPS Copenhagen General Population Study
Cl confidence interval

HAPI Heredity and Phenotype Intervention Study
HDL high-density lipoprotein

IHD ischemic heart disease

IVD ischemic vascular disease

LDL low-density lipoprotein

LDL-C low-density lipoprotein cholesterol

component of atherosclerosis.”!® Remnant cholesterol has
been proposed as a causal factor in the development of IVD
because of a strong association between levels of remnant
cholesterol and risk of IVD. More recently, Mendelian ran-
domization studies have shown that genetic variants associ-
ated with levels of remnant cholesterol also associate with risk
of IVD and mortality, directly suggesting causality.>¢311:12
However, in the discovery cohorts of some studies, loss-of-
function mutations in APOC3 were also associated with 16%
to 17% lower levels of LDL cholesterol.>!3 Therefore, low LDL
cholesterol levels could be responsible for the lower risk of
IVD observed in APOC3 loss-of-function heterozygotes versus
noncarriers. It is also possible that the contribution of plasma
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LDL cholesterol levels to the low risk of IVD in loss-of-func-
tion heterozygotes could be masked and underestimated by
lipid-lowering therapy: if APOC3 noncarriers have higher LDL
cholesterol levels or more IVD, they might be more likely to
receive lipid-lowering therapy, lowering their LDL cholesterol
levels and obscuring differences in LDL cholesterol between
APOC3 loss-of-function heterozygotes and noncarriers.

We first determined the levels of remnant cholesterol and
LDL cholesterol in APOC3 loss-of-function heterozygotes
versus noncarriers in meta-analyses of 8 study cohorts com-
prising >137000 individuals. Second, to determine whether
the contribution of LDL cholesterol to IVD risk was masked
by lipid-lowering therapy, we compared levels of LDL cho-
lesterol in loss-of-function heterozygotes versus noncarriers
in 75725 individuals from the Danish general population,
overall regardless of lipid-lowering therapy, after correction
for lipid-lowering therapy, and after excluding individuals on
lipid-lowering therapy. Finally, using mediation analysis, we
determined the fraction of the observed lower risk of IVD and
ischemic heart disease (IHD) associated with APOC3 loss-
of-function mutations, which was mediated by low remnant
cholesterol and by low LDL cholesterol, respectively. These
questions are clinically important because they indirectly
address whether pharmaceutical lowering of triglyceride-rich
lipoproteins and remnant cholesterol via APOC3 inhibition is
likely to reduce cardiovascular risk beyond LDL cholesterol
lowering.

68 studies identified by searching PubMed using combinations of the following keywords: (apoc3

loss-of-function) OR (apoc3 mutation) OR (apoc3 rare variant) on the 17" of January 2017.

46 studies excluded

after reading the abstract

22 studies retrieved for full text review

12 studies excluded

after reading the full text

10 studies identified as potentially relevant studies on
the association of rare APOC3 loss-of-function
mutations with levels of triglycerides, remnant
cholesterol and LDL cholesterol.

Figure 1. Flowchart for inclusion and exclusion
of studies in the meta-analysis. LDL indicates
low-density lipoprotein.

2 studies excluded

Did not report mean levels of triglycerides or remnant

E—
cholesterol and LDL cholesterol for APOC3
heterozygotes and noncarriers.
2 studies excluded
>

Described participants already included in the meta-
analyses via other studies (repeated data).

6 studies (comprising 8 different study cohorts and
137,895 individuals) were finally included in the meta-
analyses.
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Materials and Methods

Materials and Methods are available in the online-only Data
Supplement.

Results
Associations and Correlations Between
Lipids and Lipoproteins
In the Copenhagen Studies, increased concentrations of plasma
triglycerides were associated with increased concentrations of

both calculated and measured remnant cholesterol and with
reduced concentrations of HDL cholesterol (Figure 1, top).
With increasing plasma concentrations of triglycerides, mea-
sured remnant cholesterol captured an increasing proportion
of calculated remnant cholesterol, from 12% at nonfasting
triglycerides <1 mmol/L, <21% for triglycerides =5 mmol/L.
Intercorrelations for all lipids and lipoproteins are shown in
Figure 1 (middle). For the 9544 individuals from the CGPS
(Copenhagen General Population Study) in which both
measured and calculated remnant cholesterol was available,

Table 1. Published Studies of Rare Mutations in APOC3 and Association With Levels of Remnant Cholesterol and LDL Cholesterol
Age, Lipid-
Mutation Allele Mean+SD Lowering Remnant LDL
Carrier Frequency, No. of or Median Therapy, | Cholesterol, = Difference, P Cholesterol, = Difference, P
Reference Study Design Status % Participants | (Interquartile) % mmol/L % Value mmol/L % Value
Pollin HAPI AmISh | ncartiers 763 44214 NA 0.29 363
etal® population
R19X 2.6 39 42+12 NA 0.16 —46 4x107 3.00 =17 0.001
AFCS excl )
Amish .
335 from onulation Noncarriers 656 60+13 NA 0.43 3.63
the Hapl | POP
R19X 3.2 42 57+11 NA 0.23 —47 2x10-% 3.29 -9 0.15
Tach- Greek
mazidou MANOLIS island Noncarriers 1219 62+20 NA 0.62 3.27
etal™ population
R19X 1.9 48 66+17 NA 0.41 -41 110" 3.21 -2 0.77
Jorgensen | Copenhagen | General |\ o oo 75465 | 58 (47-67) 9 0.79 3.32
etal' Studies population
Any mutation 0.2 260 59 (48-69) 6 0.44 —44 2x10-% 3.22 -3 0.06
Crosby Exome Mixed
etal? sequencing . Noncarriers 3701 56 NA 0.71 3.79
’ design
project
Any mutation 0.4 33 NA 0.43 -39 6x10-° 3.19 -16 0.05
Replication .
studies ,’j\/le'sxle?] . mé\i"ams 41671 55 NA 0.67 363
combined 9 P P
Any mutation 0.3 278 (est) NA 0.41 -39 1x10-2° 3.53 -3 0.19
T|mps§m UK1OK M'X.ed Noncarriers 15972 39 NA NA NA
etal'” overall design (est)t
15650
(est)t
¢.55+1G>A 0.19 61 (est)t NA NA 7x10°" NA 0.55
60 (est)t
Crawford NHANES General
etal® meta- . Noncarriers 7591 (est)t NA NA 0.70 3.16
. population
analysis
6492 (est)t
R19X 0.08 12 (est)t NA 0.31 -51 0.007 3.03 -4 0.68
10 (est)t
Natarajan | gioimage | MX | Noncarriers 6331 NA NA 0.85 3.37
etal design
Any mutation 0.5 64 NA NA 0.47 —44 2x107% 3.41 1 0.75

Remnant cholesterol was calculated as triglycerides divided by 2.2 for all studies. To convert cholesterol from mmol/L to mg/dL, divide by 0.0259. AFCS indicates
Amish Family Calcification Study; est, numbers estimated from allele frequency; HAPI, Heredity and Phenotype Intervention Study; LDL, low-density lipoprotein;
MANOLIS, Minoan Isolates Study; NA, not available; and NHANES, National Health and Nutrition Examination Surveys.

*This study was not included in meta-analyses because of the lack of availability of data.

TParticipants with data on calculated remnant cholesterol.
FParticipants with data on LDL cholesterol.
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concentrations of measured remnant cholesterol were only
0.14 mmol/L higher per 1 mmol/L increase in calculated rem-
nant cholesterol (corresponding to a 14% increase); however,
the 2 types of remnant cholesterol were highly correlated with
an R’=0.51 (Figure 1, bottom; P<0.001).

Remnant Cholesterol and LDL Cholesterol

Eight cohorts from 6 studies were included in the meta-analy-
ses (Table 1; Figures 2 and 3).'2!3-® For remnant cholesterol,
these 6 studies included 137895 individuals of whom 776
were heterozygotes for an APOC3 loss-of-function mutation,
and for LDL cholesterol, they included 136794 individuals
and 774 loss-of-function heterozygotes. APOC3 loss-of-func-
tion heterozygotes had 43% (95% confidence interval [CI],
40%-47%) lower levels of remnant cholesterol compared
with noncarriers in both fixed and random effects models. No
heterogeneity between studies was observed (I’=0%; P=0.92;
Figure 3, top). For LDL cholesterol, APOC3 loss-of-function
heterozygotes had 4% (95% CI, 1%—-6%) lower levels of LDL
cholesterol compared with noncarriers in a fixed effects model
and 5% (95% CI, 1%—-8%) lower levels of LDL cholesterol in
a random effects model (Figure 3, bottom). The largest reduc-
tions in LDL cholesterol of 16% to 17% were observed in the
discovery cohorts of the Pollin and Crosby studies.>!* These
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studies were also the basis for the hypothesis that the observed
lower risk in loss-of-function heterozygotes could be explained
by the associated reduction in LDL cholesterol. Some hetero-
geneity between studies was observed (’=40%; P=0.11).

In the Copenhagen Studies, 260 heterozygotes for APOC3
loss-of-function mutations were identified among the 75725
individuals (Table 2), as described previously.! Remnant cho-
lesterol was 44% (0.3 mmol/L) lower (P=1x10-"), and LDL
cholesterol was 3% (0.1 mmol/L) lower (P=0.06) in loss-of-
function heterozygotes versus noncarriers overall, regardless
of lipid-lowering therapy (Figure 4). After correcting for lipid-
lowering therapy, loss-of-function heterozygotes had 43% (0.3
mmol/L) lower levels of remnant cholesterol (P=5x10"*) and
4% (0.1 mmol/L) lower levels of LDL cholesterol (P=0.008)
compared with noncarriers (Figure 4). Similarly, when exclud-
ing participants on lipid-lowering therapy at the time of lipid
assessment from the analyses, remnant cholesterol was 44%
(0.3 mmol/L) lower (P=2x10*), and LDL cholesterol was
3% (0.1 mmol/L) lower (P=0.02) in loss-of-function hetero-
zygotes compared with noncarriers (Figure 4). Taken together,
reductions in remnant cholesterol and LDL cholesterol levels
as a function of APOC3 genotype were similar in meta-anal-
yses and in the Copenhagen Studies and in the latter were not
majorly affected by lipid-lowering therapy.

?’ -
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1 i
o Measured HDL
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measured remnant cholesterol, measured
R Calculated Measured LDL HDL Nonfasting Total low-density lipoprotein (LDL) cholesterol
P value remnant remnant cholesterol cholesterol triglycerides cholesterol X o S
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Study Conort Participants D"‘Eg;ifglg%) Weight (%)
Pollin et al.®? HAPI 802 - -46 (-58, -33) 7
Pollin et al. 1 AFCS excl HAPI 698 + -47 (-56, -38) 12
Tachmazidou et al.'"* MANOLIS 1,267 L -41 (-53, -29) 8
Jorgensen etal.!  CCHS+CGPS 75,725 * -44 (-50, -39) 35
Crosby et al.2 ESP 3,734 -0- -39 (-52, -26) 6
Crosby et al.2 Replication 41,671 - -39 (-47, -31) 17
Crawford etal.’s  NHANES 7,603 —_— -51 (-89, -14) 1
Natarajan etal.’®  Biolmage 6,395 -44 (-53, -35) 14
Overall: Fixed-effect (12 = 0%, p = 0.92) -43 (-47, -40)

Overall: Random-effect -43 (-47, -40)

T T

-60-40-20 0 20
% lower remnant cholesterol in APOC3 loss-of-function heterozygotes vs noncarriers

Difference (%)

Study Cohort Participants (95% CI) Weight (%)

1
Pollin et al.’? HAPI 802 —_— E A7 (-27,-7) 5
Pollin et al.™? AFCS excl HAPI 698 -9(-22,3) 3
Tachmazidou et al.™* MANOLIS 1,267 + -1(-10,7) 6
Jorgensen et al.’ CCHS+CGPS 75,725 - -3(-6,0) 49
Crosby et al.? ESP 3,734 —O—H -16 (-32, 0) 2
Crosby et al.? Replication 41,671 —_= SB3(-7,1) 29
Crawford et al.’® NHANES 6,502 —QI-— -4 (-23, 15) 1
Natarajan et al.'® Biolmage 6,395 -é-’— 2(-8,11) 6
Overall: Fixed-effect (I = 40%, p =0.11) o -4 (-6, -1)
Overall: Random-effect <> -5 (-8, -1)

i

i

I I [

-30 -20 10 0 10 20

% lower LDL cholesterol in APOC3 loss-of-function heterozygotes vs noncarriers

Figure 3. Meta-analyses of difference in levels of remnant cholesterol (top) and low-density lipoprotein cholesterol (bottom) in APOC3
loss-of-function heterozygotes vs noncarriers. AFCS indicates Amish Family Calcification Study; CCHS, Copenhagen City Heart Study;
CGPS, Copenhagen General Population Study; Cl, confidence interval; HAPI, Heredity and Phenotype Intervention Heart Study; /, frac-
tion of between study variability because of heterogeneity; MANOLIS, Minoan Isolates Study; NHANES, National Health and Nutrition

Examination Surveys; and P, heterogeneity assessed by Q statistics.

Other Lipids, Lipoproteins, and Apolipoproteins
Compared with noncarriers, heterozygotes for APOC3 loss-
of-function mutations had median reductions of 47% (0.7
mmol/L) in triglycerides (P=3x107%), 10% (0.4 mmol/L) in
non-HDL cholesterol (P=2x107'?), and 13% (14 mg/dL) in
apolipoprotein B (P=4x107"), and a corresponding increase
in levels of HDL cholesterol of 33% (0.5 mmol/L; P=2x10"%;
Table 2). There were no differences in baseline characteristics
of other risk factors for cardiovascular disease as a function of
APOCS3 genotype, suggesting no obvious confounding.

Markers of Liver Function and Inflammation
APOC3 genotype was not associated with plasma levels of
high-sensitivity C-reactive protein or alanine aminotransfer-
ase, markers of inflammation, and liver damage, respectively
(Table 2).

Mediation Analysis

In the Copenhagen Studies, APOC3 loss-of-function heterozy-
gotes versus noncarriers had a 41% reduction in risk of IVD
(hazard ratio, 0.59; 95% CI, 0.41-0.86; P=0.007) and a cor-
responding 36% reduction in risk of IHD (hazard ratio, 0.64;
95% CI, 0.41-0.99; P=0.04) as reported previously' (Figure 5).
The corresponding reductions in remnant cholesterol and LDL
cholesterol corrected for lipid-lowering therapy were 43%
(P=5%10"*) and 4% (P=0.008), respectively (Figures 4 and
5). Using mediation analysis and the product of coefficients
method, the lower levels of remnant cholesterol in loss-of-
function heterozygotes versus noncarriers mediated 37% of the
lower risk of IVD (P value for the indirect effect, P=6x107")
and 54% of the lower risk of IHD (P value for the indirect effect,
P=1x10""; Figure 5). In comparison, the 4% lower levels of
LDL cholesterol mediated only 1% and 2% of the lower risks
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Table 2. Baseline Characteristics by APOC3 Loss-of-Function
Genotype in the Copenhagen Studies

P

Noncarriers Heterozygotes = Value
No. of subjects (%) 75465 (99.66%) | 260 (0.34%)
Age,y 58 (47-67) 59 (48-69) 0.09
Women, n (%) 41765 (55%) 144 (55%) 0.99
Total cholesterol, mmol/L 5.7 (5.0-6.5) 57(4.9-6.3) | 0.18
LDL cholesterol, mmol/L 3.3 (2.7-4.0) 3.2(2.6-3.8) | 8E-3
HDL cholesterol, mmol/L 1.5(1.2-1.9) 2.0(1.6-2.3) | 2E-29
Non-HDL cholesterol, 41(3.4-49) 37(31-43) | 2E-12
mmol/L
Nonfasting triglycerides, 15(1.0-22) 08(0.6-11) | 3E-54
mmol/L
Remnant cholesterol, 07 (0.5-1.0) 0.4(0.3-05)  5E-49
mmol/L

Apolipoprotein B, mg/dL 106 (87-130) 92 (77-106) | 4E-19

Alanine aminotransferase,

UL 19 (14-27) 19 (14-26) 0.30
CRP, mg/L 1.5(1.1-2.6) 1.7(1.1-3.1) | 0.36
Body mass index, kg/m? 26 (23-28) 26 (24-28) 0.67
Diabetes mellitus, n (%) 2920 (4%) 13 (5%) 0.35
Smoking, n (%) 17960 (24%) 67 (26%) 0.46
Hypertension, n (%) 42552 (56%) 142 (55%) 0.57
Physical inactivity, n (%) 5526 (7%) 25 (10%) 0.16
Alcohol consumption, n (%) 54317 (72%) 192 (74%) 0.50
Lipid-lowering therapy, 7046 (9%) 16 (6%) 0.08
n (%)

Ischemic vascular disease o o

events, n (%) 10770 (14%) 27 (10%) 0.07
Ischemic heart disease 7537 (10%) 20 (8%) 0.22

events, n (%)

Values are median and interquartile range or n. Except for age and body mass
index, Pvalues are by Mann-Whitney U'test, and y? test was used for continuous
and categorical variables, respectively. For age and body mass index, Pvalues are
by Student ttest. Lipid and CRP (C-reactive protein) concentrations are corrected for
lipid-lowering therapy. Remnant cholesterol is calculated as total cholesterol—(LDL
cholesterol+HDL cholesterol). HDL indicates high-density lipoprotein; LDL, low-
density lipoprotein; and n, number of subjects and percentage.

of IVD and IHD, respectively (P values for the indirect effect,
P=0.13 and P=0.03; Figure 5). Results were similar when using
the difference of coefficients method (data not shown). The
full models for the mediation analyses for all lipid parameters
are shown for IVD and IHD in Table I in the online-only Data
Supplement, including adjustments for C-reactive protein.

Discussion
A principal finding of this study is that heterozygotes for
APOCS3 loss-of-function mutations have lifelong 43% lower
plasma levels of remnant cholesterol, but only 4% lower lev-
els of LDL cholesterol compared with noncarriers, in studies
comprising >137 000 individuals. Furthermore, the lower LDL

APOC3 Mutations, Mediation-, and Meta-Analyses 665

cholesterol in loss-of-function heterozygotes versus noncarri-
ers was similar in individuals overall, in individuals corrected
for lipid-lowering therapy, or when individuals on lipid-lower-
ing therapy were excluded, implying that lipid-lowering ther-
apy is unlikely to mask the contribution of LDL cholesterol
to the reduction in risk of IVD. Finally, remnant cholesterol
mediated 37% of the observed lower risk of IVD and 54%
of the lower risk of IHD in loss-of-function heterozygotes
versus noncarriers, whereas LDL cholesterol only mediated
1% and 2% of the lower risk of IVD and IHD, respectively.
These results are novel and clinically important because they
suggest that the lower risk of IVD associated with loss-of-
function mutations in APOC3, mimicking APOC3 antisense
therapy, is due mainly to lower levels of remnant cholesterol
and not lower LDL cholesterol. This lends support to APOC3
and remnant cholesterol as important drug targets for reducing
cardiovascular risk.

The mechanistic interpretation of the data presented here is
likely straightforward: triglyceride-rich remnant lipoproteins,
marking remnant cholesterol, can enter and get trapped within
the arterial intima.®!" Lipoprotein lipase, either at the endo-
thelial surface or within the arterial intima, can then degrade
triglycerides leading to the liberation of free fatty acids and
monoacylglycerols, both of which are toxic to tissues and thus
likely will generate local inflammation.!** Therefore, because
APOC3 loss-of-function mutations cause lifelong low triglyc-
erides and remnant cholesterol, this will lead to less triglyc-
eride-rich lipoproteins and hence less remnant cholesterol
entering the intima, less atherosclerosis, and ultimately less
IVD and premature death.>6810.21

In a recent short-term phase 2 trial, APOC3 silencing
in hypertriglyceridemic patients using an ASO resulted in
robust lowering of plasma triglycerides but dose-dependent
increases in LDL cholesterol only in the monotherapy group
(in some cases given on top of a statin), whereas no change
in LDL cholesterol levels was observed in the APOC3 ASO
add-on to fibrate group.® This is in contrast to the results in
the genetic studies included in the present analyses and sug-
gests that a more complicated biology may occur to account
for what seems to be initially elevated LDL cholesterol in the
setting of substantial acute and short-term APOC3 inhibition,
versus the net neutral effects on LDL cholesterol through
lifelong genetic APOC3 loss-of-function. The disparity may
reflect an acute increase in the conversion of VLDL to LDL
as a result of enhanced lipoprotein lipase activity and subse-
quent lipolysis, consequent to the sharp decrease in apoC-
III (apolipoprotein C-III), remodeling of lipoprotein content
by CETP (cholesterol ester transfer protein), and changes in
the secretion and catabolism of the LDL particle in patients
treated with the ASO as suggested previously,’ in contrast to
the long-term steady state in those with genetic APOC3 loss-
of-function. Other differences include higher mean baseline
fasting triglycerides in the treatment arm of the monotherapy
group, both compared with the fibrate group in the ASO
study (6.7 versus 3.8 mmol/L) and with nonfasting triglyc-
eride levels in the Copenhagen Studies (median, 1.5 mmol/L
in noncarriers and 0.8 mmol/L in heterozygotes) and in other
genetic studies. In addition, both the monotherapy groups and
the fibrate groups included a varying number of individuals
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. Mean Difference Mean Difference
Participants (15 % (+SE) %)
All participants
APOCS3 loss-of-function noncarriers 75,465
APOC3 loss-of-function heterozygotes 260 -44% 1x10™ -3% 006
Corrected for lipid-lowering therapy
APOC3 loss-of-function noncarriers 75,465
APOC3 loss-of-function heterozygotes 260 -43% 5x10 -4%  0-008
Lipid-lowering therapy excluded
APOC3 loss-of-function noncarriers 68,419
APOC3 loss-of-function heterozygotes 244 -44%  2x10% 3% 002
00 0.2 0.4 06 08 1.0 o 1 2 3 4
Remnant cholesterol LDL cholesterol

Figure 4. Plasma levels of remnant cholesterol and low-density lipoprotein (LDL) cholesterol in the Copenhagen Studies as a function of
APOC3 genotype. Corrected for lipid-lowering therapy: for participants on lipid-lowering therapy (n=7062), LDL cholesterol was corrected by
multiplying by 1.42, and remnant cholesterol was determined as (total cholesterolx1.25)—(LDL cholesterolx1.42)—(high-density lipoprotein cho-
lesterol). For the lipid-lowering therapy—excluded panel, participants on lipid-lowering therapy at the time of lipid assessment were excluded.

with loss-of-function mutations in lipoprotein lipase (from 7%
to 39%), in contrast to the populations studied in the pres-
ent article. Finally, disparities between the studies could be
because of unaccounted effects of the ASO or because of
genetic APOC3 loss-of-function. The contribution of these
potential mechanisms to the acute, dose-dependent increase in
LDL cholesterol remains to be determined.

The present data suggest that the lower risk of IVD
observed in APOC3 loss-of-function heterozygotes is unlikely

to be explained by the slightly lower LDL cholesterol levels.
This assumption was based on the 16% to 17% reductions
in LDL cholesterol observed in the discovery cohorts of the
Pollin and Crosby studies (HAPI [Heredity and Phenotype
Intervention Study] and ESP [Exome Sequencing Project] in
Figure 2),>!* whereas the corresponding reductions in the repli-
cation cohorts were a nonsignificant 9% and 3%, respectively.
Thus, in meta-analysis of 8 studies comparing heterozygotes
for APOC3 loss-of-function mutations with noncarriers, we

‘ APOC3 loss-of-function mutations

43% lower remnant

— \

4% lower LDL

cholesterol cholesterol
Percent of the I \ /
observed 37% 54% 1% 2%
lower risk P-value for the P-value for the P-value for P-value for
indirect indirect >< the indirect the indirect
mediated effect=6x10"" effect=1x10"%" effect=0.13 effect=0.03

L

41% lower risk of
ischemic vascular
disease

T

36% lower risk of
ischemic heart
disease

Figure 5. Percentage of the observed 41% lower risk of ischemic vascular disease and 36% lower risk of ischemic heart disease in
APOCS3 loss-of-function heterozygotes vs noncarriers' mediated by the associated 43% lower remnant cholesterol and 4% lower low-
density lipoprotein (LDL) cholesterol observed in the Copenhagen Studies (Figure 3, middle). Percentages are calculated as the indirect
effect divided by the total effect. The indirect effect and the P value for the indirect effect are determined using the product of coefficients

method.™®
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observed only a 4% reduction in LDL cholesterol levels (95%
CL, 1%—6%). Importantly, not even lifelong genetic reductions
in levels of LDL cholesterol of this magnitude can explain the
observed =40% reduction in risk of IVD. Interestingly, human
knockouts, that is, homozygotes for the APOC3 R19X loss-
of-function mutation, identified in a Pakistani cohort with a
high rate of consanguinity, did not have low LDL cholesterol
levels compared with noncarriers.?? Finally, the present novel
mediation analysis clearly demonstrated that the lower rem-
nant cholesterol in APOC3 loss-of-function heterozygotes
mediated 37% of the lower risk of IVD and 54% of the lower
risk of IHD, whereas the lower LDL cholesterol only medi-
ated 1% and 2%, respectively.

In the Copenhagen Studies, with full information on
lipid-lowering therapy, the reductions in LDL cholesterol
levels observed in APOC3 loss-of-function heterozygotes
versus noncarriers were 3% overall, 4% when correcting for
lipid-lowering therapy, and 3% in individuals who were not
on lipid-lowering therapy. Thus, lipid-lowering therapy did
not mask the contribution of plasma LDL cholesterol levels
to the reduction in risk of IVD in APOC3 loss-of-function
heterozygotes.

A novel and important finding in the present study is that
reduced remnant cholesterol in APOC3 loss-of-function het-
erozygotes mediated 37% and 54% of the reduced risk of
IVD and IHD, respectively. However, it is also worth con-
sidering whether factors other than plasma levels of rem-
nant cholesterol and LDL cholesterol may contribute to the
reduction in IVD risk because APOC3 genotype also influ-
ences plasma levels of apoC-III and HDL cholesterol. High
plasma levels of apoC-III is a risk factor for cardiovascular
disease. In observational epidemiological studies, blood lev-
els of apoC-III in total plasma or in VLDL and LDL have
been associated with cardiovascular events* leading to the
hypothesis that apoC-III might be a causal risk factor for
IHD. However, the association between apoC-III and cardio-
vascular events might also be because of confounding from
shared underlying risk factors, such as high plasma triglycer-
ides. Because plasma levels of apoC-III are highly correlated
with triglycerides and thus remnant cholesterol, '3 statisti-
cally, this might preclude further discussion on the role of
triglycerides and remnant cholesterol versus apoC-III in ath-
erogenesis. Nevertheless, the biologically most likely cause
of atherosclerosis is the increase in remnant cholesterol lev-
els because cholesterol and not apoC-III is a major compo-
nent of the atherosclerotic plaque. ApoC-III has been shown
to increase binding to proteoglycans, to increase binding of
monocytes to cultured endothelial cells via stimulation of
vascular cell adhesion molecule-1 and has emerged as a pro-
inflammatory apolipoprotein in experimental studies, sug-
gesting that apoC-III itself may facilitate atherosclerosis.””

Although APOC3 loss-of-function heterozygotes have
an approximate 24% increase in levels of HDL cholesterol
compared with noncarriers,'>*1317 we did not include HDL
cholesterol in the mediation analysis. This is because of com-
pelling evidence from both Mendelian randomization studies
and clinical trials, which have failed to establish HDL choles-
terol as a causal factor in the development of cardiovascular
disease.®30-32
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Conclusions
In conclusion, the lower risk of IVD observed in heterozygotes
for APOC3 loss-of-function mutations versus noncarriers is
largely mediated by the associated substantially lower levels
of remnant cholesterol and not by lower levels of LDL choles-
terol. This suggests that APOC3 and remnant cholesterol are
important new targets for reducing cardiovascular risk.

Acknowledgments

We are indebted to the staff and participants of the CGPS (Copenhagen
General Population Study) and the CCHS (Copenhagen City Heart
Study) for their important contributions.

Disclosures

B.G. Nordestgaard has received lecture and consultancy honoraria
from AstraZeneca, Merck, Sanofi, Regeneron, Ionis Pharmaceuticals,
and Amgen. All disclosures are classified as modest relationships.
The other authors report no conflicts.

References

1. Jgrgensen AB, Frikke-Schmidt R, Nordestgaard BG, Tybjarg-Hansen A.
Loss-of-function mutations in APOC3 and risk of ischemic vascular dis-
ease. N Engl J Med. 2014;371:32—41. doi: 10.1056/NEJMoal308027.

2. Crosby J, Peloso GM, Auer PL et al. Loss-of-function mutations in APOC3,
triglycerides, and coronary disease. N Engl J Med. 2014;371:22-31.

3. Gaudet D, Alexander VJ, Baker BF, Brisson D, Tremblay K, Singleton
W, Geary RS, Hughes SG, Viney NJ, Graham MJ, Crooke RM, Witztum
JL, Brunzell JD, Kastelein JJ. Antisense inhibition of apolipoprotein C-IIT
in patients with hypertriglyceridemia. N Engl J Med. 2015;373:438-447.
doi: 10.1056/NEJMoa1400283.

4. Gaudet D, Brisson D, Tremblay K, Alexander VJ, Singleton W, Hughes
SG, Geary RS, Baker BF, Graham MJ, Crooke RM, Witztum JL. Targeting
APOC3 in the familial chylomicronemia syndrome. N Engl J Med.
2014;371:2200-2206. doi: 10.1056/NEJMoa1400284.

5. Jgrgensen AB, Frikke-Schmidt R, West AS, Grande P, Nordestgaard
BG, Tybjerg-Hansen A. Genetically elevated non-fasting triglycerides
and calculated remnant cholesterol as causal risk factors for myocardial
infarction. Eur Heart J. 2013;34:1826-1833. doi: 10.1093/eurheartj/
ehs431.

6. Varbo A, Benn M, Tybjerg-Hansen A, Jgrgensen AB, Frikke-Schmidt R,
Nordestgaard BG. Remnant cholesterol as a causal risk factor for isch-
emic heart disease. J Am Coll Cardiol. 2013;61:427-436. doi: 10.1016/j.
jacc.2012.08.1026.

7. Nordestgaard BG. Triglyceride-rich lipoproteins and atherosclerotic car-
diovascular disease: new insights from epidemiology, genetics, and biology.
Circ Res. 2016;118:547-563. doi: 10.1161/CIRCRESAHA.115.306249.

8. Nordestgaard BG, Varbo A. Triglycerides and cardiovascular disease.
Lancet. 2014;384:626-635. doi: 10.1016/S0140-6736(14)61177-6.

9. Varbo A, Freiberg JJ, Nordestgaard BG. Remnant cholesterol and myocar-
dial infarction in normal weight, overweight, and obese individuals from
the Copenhagen General Population Study. Clin Chem. 2018;64:219-230.
doi: 10.1373/clinchem.2017.279463.

10. Varbo A, Benn M, Tybjerg-Hansen A, Nordestgaard BG. Elevated rem-
nant cholesterol causes both low-grade inflammation and ischemic heart
disease, whereas elevated low-density lipoprotein cholesterol causes isch-
emic heart disease without inflammation. Circulation. 2013;128:1298—
1309. doi: 10.1161/CIRCULATIONAHA.113.003008.

11. Khera AV, Won HH, Peloso GM, et al; Myocardial Infarction Genetics
Consortium; DiscovEHR = Study Group; CARDIoGRAM Exome
Consortium; and Global Lipids Genetics Consortium. Association of rare
and common variation in the lipoprotein lipase gene with coronary artery
disease. JAMA. 2017;317:937-946. doi: 10.1001/jama.2017.0972.

12. Helgadottir A, Gretarsdottir S, Thorleifsson G, et al. Variants with large
effects on blood lipids and the role of cholesterol and triglycerides in coro-
nary disease. Nat Genet. 2016;48:634-639. doi: 10.1038/ng.3561.

13. Pollin TI, Damcott CM, Shen H, Ott SH, Shelton J, Horenstein RB,
Post W, McLenithan JC, Bielak LF, Peyser PA, Mitchell BD, Miller M,
O’Connell JR, Shuldiner AR. A null mutation in human APOC3 confers
a favorable plasma lipid profile and apparent cardioprotection. Science.
2008;322:1702-1705. doi: 10.1126/science.1161524.



9202 ‘¥T Afenige4 uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

668

Arterioscler Thromb Vasc Biol March 2018

14. Tachmazidou I, Dedoussis G, Southam L, et al; UK10K Consortium. A rare

functional cardioprotective APOC3 variant has risen in frequency in distinct
population isolates. Nar Commun. 2013;4:2872. doi: 10.1038/ncomms3872.

24.

coronary heart disease. Circulation. 2011;124:2065-2072. doi: 10.1161/
CIRCULATIONAHA.111.056986.
Wyler von Ballmoos MC, Haring B, Sacks FM. The risk of cardiovascular

15. Crawford DC, Dumitrescu L, Goodloe R, et al. Rare variant APOC3 events with increased apolipoprotein CIII: a systematic review and meta-
R19X is associated with cardio-protective profiles in a diverse population- analysis. J Clin Lipidol. 2015;9:498-510. doi: 10.1016/j.jacl.2015.05.002.
based survey as part of the Epidemiologic Architecture for Genes Linked 25. Pechlaner R, Tsimikas S, Yin X, Willeit P, Baig F, Santer P, Oberhollenzer
to Environment Study. Circ Cardiovasc Genet. 2014;7:848-853. doi: F, Egger G, Witztum JL, Alexander V], Willeit J, Kiechl S, Mayr M. Very-
10.1161/CIRCGENETICS.113.000369. low-density lipoprotein-associated apolipoproteins predict cardiovascular

16. Natarajan P, Kohli P, Baber U, Nguyen KH, Sartori S, Reilly DF, Mehran events and are lowered by inhibition of APOC-III. J Am Coll Cardiol.
R, Muntendam P, Fuster V, Rader DJ, Kathiresan S. Association of 2017;69:789-800. doi: 10.1016/j.jacc.2016.11.065.

APOC3 loss-of-function mutations with plasma lipids and subclinical 26. Schonfeld G, George PK, Miller J, Reilly P, Witztum J. Apolipoprotein
atherosclerosis: the Multi-Ethnic Biolmage Study. J Am Coll Cardiol. C-I' and C-III levels in hyperlipoproteinemia. ~Metabolism.
2015;66:2053-2055. doi: 10.1016/j.jacc.2015.08.866. 1979;28:1001-1010.

17. Timpson NJ, Walter K, Min JL, et al; UK10OK Consortium Members; 27. Norata GD, Tsimikas S, Pirillo A, Catapano AL. Apolipoprotein
UKI1OK Consortium Members. A rare variant in APOC3 is associated C-III: from pathophysiology to pharmacology. Trends Pharmacol Sci.
with plasma triglyceride and VLDL levels in Europeans. Nat Commun. 2015;36:675-687. doi: 10.1016/j.tips.2015.07.001.

2014;5:4871. doi: 10.1038/ncomms5871. 28. Kawakami A, Aikawa M, Alcaide P, Luscinskas FW, Libby P, Sacks

18. MacKinnon DP, Fairchild AJ, Fritz MS. Mediation analy- FM. Apolipoprotein CIII induces expression of vascular cell adhe-
sis. Annu Rev Psychol. 2007;58:593-614. doi: 10.1146/annurev. sion molecule-1 in vascular endothelial cells and increases adhesion
psych.58.110405.085542. of monocytic cells. Circulation. 2006;114:681-687. doi: 10.1161/

19. Nordestgaard BG. The vascular endothelial barrier—selective retention of CIRCULATIONAHA.106.622514.
lipoproteins. Curr Opin Lipidol. 1996;7:269-273. 29. Kawakami A, Aikawa M, Libby P, Alcaide P, Luscinskas FW, Sacks

20. Rosenson RS, Davidson MH, Hirsh BJ, Kathiresan S, Gaudet D. Genetics FM. Apolipoprotein CIII in apolipoprotein B lipoproteins enhances the
and causality of triglyceride-rich lipoproteins in atherosclerotic cardio- adhesion of human monocytic cells to endothelial cells. Circulation.
vascular disease. J Am Coll Cardiol. 2014;64:2525-2540. doi: 10.1016/j. 2006;113:691-700. doi: 10.1161/CIRCULATIONAHA.105.591743.
jacc.2014.09.042. 30. Keene D, Price C, Shun-Shin MJ, Francis DP. Effect on cardiovascular risk

21. Varbo A, Freiberg JJ, Nordestgaard BG. Extreme nonfasting remnant of high density lipoprotein targeted drug treatments niacin, fibrates, and
cholesterol vs extreme LDL cholesterol as contributors to cardiovascular CETP inhibitors: meta-analysis of randomised controlled trials including
disease and all-cause mortality in 90000 individuals from the general popu- 117,411 patients. BMJ. 2014;349:24379.
lation. Clin Chem.2015;61:533-543. doi: 10.1373/clinchem.2014.234146. 31. Holmes MYV, Asselbergs FW, Palmer TM, et al; UCLEB Consortium.

22. Saleheen D, Natarajan P, Armean IM, et al. Human knockouts and phe- Mendelian randomization of blood lipids for coronary heart disease. Eur
notypic analysis in a cohort with a high rate of consanguinity. Nature. Heart J. 2015;36:539-550. doi: 10.1093/eurheartj/eht571.
2017;544:235-239. doi: 10.1038/nature22034. 32. Jansen H, Samani NJ, Schunkert H. Mendelian randomization studies in

23. Mendivil CO, Rimm EB, Furtado J, Chiuve SE, Sacks FM. Low- coronary artery disease. Eur Heart J. 2014;35:1917-1924. doi: 10.1093/
density lipoproteins containing apolipoprotein C-III and the risk of eurheartj/ehu208.

Highlights

¢ Heterozygotes for loss-of-function mutations in APOC3 had 43% lower levels of remnant cholesterol compared with noncarriers but only 4%
lower levels of low-density lipoprotein cholesterol.

e Heterozygotes for loss-of-function mutations in APOC3 had 41% lower risk of ischemic vascular disease compared with noncarriers.

e |ow remnant cholesterol mediated 37% of the low risk of ischemic vascular disease in APOC3 loss-of-function heterozygotes.

e Low low-density lipoprotein cholesterol mediated 1% of the low risk of ischemic vascular disease in APOC3 loss-of-function heterozygotes.

e An APOC3 antisense drug, which dramatically decreases plasma levels of triglycerides and remnant cholesterol, is currently under develop-
ment. Future interventions targeting APOC3 and remnant cholesterol should be considered for potential clinical application.






