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0BJECTIVE: Familial chylomicronemia syndrome (FCS) and multifactorial chylomicronemia syndrome (MCS) are the prototypes
of monogenic and polygenic conditions underlying genetically based severe hypertriglyceridemia. These conditions have
been only partially investigated so that a systematic comparison of their characteristics remains incomplete. We aim to
compare genetic profiles and clinical outcomes in FCS and MCS.

APPROACH AND RESULTS: Thirty-two patients with severe hypertriglyceridemia (triglyceride >1000 mg/dL despite lipid-lowering
treatments with or without history of acute pancreatitis) were enrolled. Rare and common variants were screened using a panel
of 18 triglyceride-raising genes, including the canonical LPL, APOC2, APOA5, GP1HBP1,and LMF1. Clinical information was
collected retrospectively for a median period of 44 months. Across the study population, 37.5% were classified as FCS due
to the presence of biallelic, rare mutations and 59.4% as MCS due to homozygosity for nonpathogenic or heterozygosity for
pathogenic variants in canonical genes, as well as for rare and low frequency variants in noncanonical genes. As compared
with MCS, FCS patients showed a lower age of hypertriglyceridemia onset, higher levels of on-treatment triglycerides, and
3-fold higher incidence rate of acute pancreatitis.

CONCLUSIONS: Our data indicate that the genetic architecture and natural history of FCS and MCS are different. FCS expressed
the most severe clinical phenotype as determined by resistance to triglyceride-lowering medications and higher incidence of
acute pancreatitis episodes. The most common genetic abnormality underlying FCS was represented by biallelic mutations
in LPL while APOAb variants, in combination with high rare polygenic burden, were the most frequent genotype of MCS.

VISUAL OVERVIEW: An online visual overview is available for this article.
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mon dyslipidemia with an estimated prevalence

of #1/600 in the general population.” It is usually
diagnosed when fasting plasma concentration of total
triglycerides exceeds 10 mmol/L (=885 mg/dL) on
multiple occasions.?® The clinical relevance of severe
hypertriglyceridemia is due to its association with about
9-fold higher risk of acute pancreatitis (AP)* with a step-
wise increase of this risk over time.® In addition to being

Severe hypertriglyceridemia is a relatively uncom-

a potentially life-threatening medical emergency, AP
may also lead to several clinical complications such as
chronic pancreatitis, pancreatic insufficiency, and type 2
diabetes mellitus. Although the accumulation of other
TRLs (triglyceride-rich lipoproteins; eg, very-low-density
lipoproteins, intermediate-density lipoproteins, and rem-
nants) may contribute to severe hypertriglyceridemia,
the hallmark lipoprotein abnormality of this phenotype is
chylomicronemia, defined as the presence of circulating
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Nonstandard Abbreviations and Acronyms

Highlights

AP acute pancreatitis
FCS familial chylomicronemia syndrome

HDL-C high-density lipoprotein cholesterol

LDL low-density lipoprotein

LPL lipoprotein lipase

MCS multifactorial chylomicronemia syndrome
MCT medium-chain triglyceride

OR odds ratio
TRL triglyceride-rich lipoprotein

chylomicrons in the fasting state. Indeed, it has been indi-
cated that when fasting triglyceride raise above 1000
mg/dL invariably chylomicrons appear in the plasma.”
Severe hypertriglyceridemia represents a hetero-
geneous condition where secondary factors, namely
high caloric diet, alcohol abuse, visceral obesity, insulin
resistance, and genetic factors contribute to its patho-
genesis.? Historically, the main genetic disorder causing
severe hypertriglyceridemia was considered familial chy-
lomicronemia syndrome (FCS).” FCS is inherited as an
autosomal recessive disease, and its diagnosis is based
on the detection of rare, biallelic (homozygous or com-
pound heterozygous) mutations in LPL (lipoprotein lipase)
and in other genes encoding proteins required for LPL
activity, such as APOC2, APOAS, GPIHBP1, and LMF 126
Consequently, the LPL-mediated lipolysis of triglycerides
in chylomicrons and other TRLs is severely impaired with
massive accumulation of chylomicrons during fasting and
postprandial state. Additional clinical symptoms asso-
ciated with FCS include transient eruptive xanthomas,
often appearing on the trunk and extremities, and lipe-
mia retinalis, the milky appearance of the retinal vessels.®
Hepatosplenomegaly resulting from triglyceride uptake
by macrophages may be also present in FCS# Neuro-
logical symptoms, such as irritability, memory problems,
dementia, and depression, have also been documented.®
Typically, these patients have poor response to triglyc-
eride-lowering medications so that their management
represents a clinical challenge.® The cornerstone of the
therapy of FCS is represented by a drastic reduction of
fat intake (8%-—10% of total calories), which is difficult to
be maintained over time. The supplementation of diet with
medium-chain fatty acids in the form of oil (medium-chain
triglyceride [MCT] oil) may be another option to improve
hypertriglyceridemia because these fatty acids do not
promote the synthesis of chylomicrons and are directly
secreted into the portal bound to albumin. Fibrates, poly-
unsaturated fatty acid methyl ester, and niacin are the
drugs often used in combination in these patients, even if
they show extremely variable therapeutic effects. Finally,
plasma exchange can be used to reduce plasma triglycer-
ide through the mechanical removal of TRLs. However, its
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* Molecularly defined familial and multifactorial chy-
lomicronemia syndrome represent 2 distinct clinical
entities as proved by a different genetic architecture
and long-term outcomes.

+ Familial chylomicronemia syndrome presented the
most severe clinical phenotype.

* Homozygosity for LPL mutations was the most com-
mon genotype underlying familial chylomicronemia
syndrome.

* APOADb variants in combination with high rare poly-
genic burden was the most frequent genetic deter-
minant of multifactorial chylomicronemia syndrome.

effect is transient, and, more importantly, this procedure
is not available everywhere. Overall, even if combined,
these treatments rarely allow to maintain in the long
term triglyceride values within the range to prevent epi-
sodes of APS More recently, it has been recognized that
the severe hypertriglyceridemia phenotype may be more
commonly caused by the coexistence of heterozygosity
for rare variants in canonical FCS genes, as well as by the
presence of rare or functional common variants in non-
canonical triglyceride-raising genes. This condition has
been named as multifactorial chylomicronemia syndrome
(MCS)—a definition that implies that secondary factors
have to interact with polygenic determinants to determine
the expression of hypertriglyceridemia phenotype.®

Because of their considerable phenotypic overlap,
monogenic and polygenic forms of severe hypertriglyc-
eridemia are difficult to be distinguished, so that the vast
majority of investigations have focused their attention
almost exclusively on FCS.'® This left several unanswered
questions related to the clinical and genetic characteris-
tics of these two severe hypertriglyceridemia genotypes.
In particular, it has not been clarified whether some genes
are more frequently associated to FCS than MCS. In
addition, there are controversies about the prevalence of
monogenic forms when triglyceride levels exceed 1000
mg/dL (or 10 mmol/L) in the absence of other exacerbat-
ing factors.'" Finally, and more importantly, it has not been
well established whether FCS and MCS differ in their
response to conventional triglyceride-lowering therapies
or in major clinical outcomes, namely AP. As new pharma-
cological treatments for severe hypertriglyceridemia (eg,
volanesorsen or evinacumab) are currently under evalua-
tion,® the answer to these questions could be of some help
in guiding the indications of these novel therapies, as well
as in the clinical management of affected patients.

Therefore, aims of our study were (1) to describe the
spectrum of mutations in canonical and noncanonical
genes in a cohort of patients with severe hypertriglyc-
eridemia and (2) to compare FCS and MCS in terms of
clinical outcomes.
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MATERIALS AND METHODS

The data that support the findings of this study are available
from the corresponding author on reasonable request.

Study Patients

Thirty-eight patients with severe hypertriglyceridemia (4 of
them were first-degree relatives) were identified among 4000
hyperlipemic individuals referred to the Lipid Clinic at Policlinico
Umberto |, Sapienza University Hospital (Rome, ltaly), as prob-
ably affected by genetic chylomicronemia syndrome based on
the following criteria: (1) plasma triglyceride levels >1000 mg/
dL despite at least 6 months of triglyceride-lowering therapy
(fibrates, omega-3 fatty acids, MCT) with or without (2) medical
history of AP. All patients were on a low-fat diet regimen.

Exclusion criteria were alcohol abuse, uncontrolled diabe-
tes mellitus (hemoglobin A1C [HbA, ] >9% or fasting plasma
glucose >140 mg/dL), severe obesity (body mass index, >40
kg/m?), use of medications known to alter lipid metabolism.?

Selected patients were called by phone to explain the study
and to schedule a visit at our clinical center. None refused to par-
ticipate. In accordance with the principles of Helsinki, patients
provided written informed consent under the approval from the
Institutional Ethics Committee (approval code No. 2469). After
signing, patients underwent a complete clinical evaluation and
blood withdrawal. Subjects’ examination was performed in the
morning after overnight fast. After this preliminary examination,
6 patients were excluded for poor glycemic control, suspect of
alcohol abuse, or current use of medication known to affect
lipids. Therefore, 32 patients (including the 4 first-degree rela-
tives) were considered for the genetic study.

Medical records of enrolled patients were retrospectively
reviewed to obtain information about baseline clinical condi-
tions, plasma lipid changes, treatments, and clinical outcomes.
The observational period was considered as the time between
the last and the first visit at our Lipid Clinic. Baseline lipid mea-
surements were considered as those determined at first visit;
on-treatment values were estimated as the mean of 3 inde-
pendent measurements during the observational period (not
including the best or worst results). The lowest triglyceride
value observed during the observational period was also taken
as the best result of triglycerides achieved. The occurrence of
AP was considered as the main clinical outcome. It was evalu-
ated as following: (1) the history of AR, (2) history of AP recur-
rence (>1 episode), and (3) the total number of AP events
experienced during life by each patient. The incidence rates
of AP in each group were calculated considering the cumu-
lative number of AP events divided by the sum of individual
ages and expressed as per 1000 person-years. Nevertheless,
the occurrence of coronary artery disease and stroke was also
considered in the analysis of the atherosclerotic cardiovascular
disease complications.

The observational period in the whole cohort ranged from 2
to 204 months (median, 44 months).

Biochemical Determinations

Blood samples were collected early in the morning after an
overnight fast in EDTA-containing tubes. Plasma concentra-
tions of lipoprotein and blood glucose were determined as
described previously.'®

Arterioscler Thromb Vasc Biol. 2019;39:2531-2541. DOI: 10.1161/ATVBAHA.119.313401
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Genetic Analysis

Genetic analysis was performed by targeted next-generation
sequencing using a customized hypertriglyceridemia panel.
This panel included 18 genes LPL, APOA5, LMF1, GPIHBP1,
APOC2, APOC3, APOE, ANGPTL3, ANGPTL4, ANGPTLS,
CREB3L3, GALNTZ, GCKR, GPD1, LIPC, LIPG, MLXIPL, and
TRIB1, which have all been reported to harbor pathogenic and
susceptibility variants for elevated triglyceride.'®'4-'6
The target regions were designed by capturing all coding
exons and 25 nucleotides upstream and downstream at exon-
intron junctions. lllumina Design Studio (llumina, Inc, San Diego,
CA) was used to design oligo-probes and to create a custom
target enrichment library of the selected genes. The final design
consisted of 300 amplicons with an average size of 250 bp and
a cumulative targeted region of 35.328 bp. Panel was designed
to cover 100% of target with a mean depth coverage of ~300x.
Amplicon sequencing libraries were prepared from 10 ng of DNA
per sample according to the TruSeq Amplicon protocol (lllumina,
Inc; document No. 1000000002191 v03). The pooled libraries
were paired end (2x150) and sequenced on a micro flow cell
with V2 300 chemistry on a MiSeq instrument (lllumina, Inc).
Sequencing quality control and primary analysis were per-
formed using lllumina Real Time Analysis Software.'” After
demultiplexing and generation of FASTQ files, sequence align-
ment to the reference genome and sequence quality filtering
were performed using MiSeq Reporter v2.3 software. Variant
calling was performed on the variant call format output files by
evaluating the mean depth coverage and the quality score (Q
score; the estimated probability of the base call being wrong).
Specifically, we filtered only nonsynonymous exonic and splice-
site variants according to the following pipeline: (1) mean depth
coverage of at least 50x; (2) a Q score>30 (an error rate in
base calling of 1 in 1000) and genotype quality=99; (3) at
least 40% of the reads supporting alternative allele (variant
frequency) and, therefore, balanced allelic depth. All variants
not passing the criteria reported above were considered only
if validated by Sanger sequencing.'® Generated variant call for-
mat files were then merged in a single variant call format file
and subjected to annotation using WANNOVAR software.'®
Nonsynonymous, nonsense, frameshift and splice-site vari-
ants were classified by minor allele frequency (MAF) as rare
(MAF <0.01), low frequency (MAF from 0.01 to 0.05), and com-
mon (MAF >0.056),%° after exploring public available resources
in Single Nucleotide Polymorphism Database (dbSNP), Exome
Aggregation Consortium (EXAC), and Genome Aggregation
Database (gnomAD).2" Their predicted functional effect was
evaluated by SIFT, PolyPhen-2 HDIV, PolyPhen-2 HVAR,
Mutation Taster, and Combined Annotation Dependent
Depletion.?" Variants were defined as probably damaging if
reported as deleterious in at least 3 of b in silico prediction
tools (mutation score, >3). In addition, variants were consid-
ered pathogenic if previously associated with FCS according to
PubMed central references, Human Gene Mutation Database,
and Online Mendelian Inheritance in Man annotations.?’
Whenever possible, novel variants, as well as those known but
never associated with FCS, were further tested by investigating
their segregation in family members using Sanger sequencing.
Patients carrying biallelic pathogenic rare variants in canon-
ical LPL, APOA5, LMF1, GPIHBP1, and APOC2 genes were
diagnosed as FCS. All other identified rare and low-frequency
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heterozygous variants were used for the MCS group clas-
sification.?® Notably, the common variant p.R19W in APOA5
(rs3135506) was used for the molecular diagnosis of MCS if
present both at homozygous and heterozygous state.??2* The
patients were defined as undetermined if not carrying rare or
low-frequency variants in any of the sequenced genes.

Evaluation of Polygenic Risk

The polygenic burden was evaluated by considering rare, low-
frequency, and common variants found in all screened genes.
The mutations used to define FCS were excluded. First, we
compared the total number of pathogenic and nonpathogenic
variants in FCS and MCS groups. Second, we applied a linear
weighting of 0, 1, and 2 to genotypes for all variants contain-
ing 0, 1, or 2 risk alleles,'® thus producing an unweighted allele
triglyceride score based on 18 genes ranging from 2 to 10 in
our sample. In addition, stratifying for allele frequencies, we cal-
culated the burden of rare and common triglyceride risk alleles,
thus producing an unweighted rare-allele triglyceride score
across 35 SNP loci (ranging from O to 6) and an unweighted
common-allele triglyceride score across 10 SNP loci (ranging
from 1 to 9). To confirm the ability of triglyceride scores in dis-
criminating between phenotypes, we have genotyped for 35
rare and low-frequency SNPs a group of 94 age- and sex-
matched individuals presenting triglyceride <150 mg/d (mean
value, 86.3£172 mg/dL; range, 60-143). These individuals
have been recruited from a population of 2069 blood donors
registered at the Department of Transfusion Medicine as
described previously.'® Genotyping was performed by using the
Fluidigms microfluidic array technology, and the end point gen-
otype data were analyzed using the Fluidigm SNP Genotyping
Analysis software according to the manufacturer's protocols.?®

Statistical Analysis
Data are presented as mean (£SD) or percentage as appropri-
ate. Differences in frequencies between FCS and MCS were
tested using y? statistics. The 2-sample ttest was used to com-
pare differences between FCS and MCS groups for quantita-
tive traits. Logistic regression analysis methods were adopted
to assess the odds ratios (ORs) conferred by triglyceride risk
alleles, to evaluate AP and predictors of FCS and MCS phe-
notypes. The linear association analysis was used to estimate
differences in unweighted allelic triglyceride score between
groups and differences between AP outcomes.

A Pvalue <0.05 was considered as statistically significant.
All analyses have been performed using SPSS software (ver-
sion 20).

RESULTS
Characteristics of Study Patients

The baseline characteristics of patients are reported
in Table 1. Twenty-eight were ltalians and 4 were from
Asia; 65.6% of patients were men. Patients were middle
aged and slightly overweight even though a broad range
of body mass index was observed. The reported age of
hypertriglyceridemia onset was 26.1£14.3 years. Ten
patients (31.3%) had a history of diabetes mellitus and
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Table 1. Baseline Characteristics of Enrolled Patients With
Severe HTG
Variables Mean (£SD) Range
n 32
Age, y 42.2+13.4 18.0-66.0
Men, n (%) 21 (65.6)
Pregnancies, n (%) 9 (81.8)
BMI, kg/m? 27.2+4.9 19.7-40.0
Age of onset of HTG, y 26.1£14.3 1-66
AP, n (%) 17 (51.3)
Age of onset of AP, y 28.9+13.3 10.0-58.0
Patients with recurrent AP, n (%) 8 (25.0)
Risk factors and comorbidities
SBP, mmHg 126.7+£15.3 90.0-168.0
SDP, mmHg 82.9+9.9 60.0-102.0
Smoking, n (%) 8 (25.0)
Obesity, n(%) 9 (28.1)
Diabetes mellitus, n (%) 10 (31.3)
Hypertension, n (%) 11 (34.4)
CHD, n (%) 4(12.5)
Plasma lipids
Total-C, mg/dL 305.9+122.3 153.0-565.0
HDL-C, mg/dL 25.7£12.7 9.0-60.0
TGs, mg/dL 2066.6+841.8 |1019.0-4480.0
Non-HDL-C, mg/dL 266.1+109.5 141.0-519.0
Medications
MCT oil, n (%) 5 (17.9)
Fish oil, n (%) 12 (42.9)
Fibrates, n (%) 13 (46.4)
Statins, n (%) 2 (7.1)
Glucose-lowering therapies, n (%) 3(9.3)
Metformin 1(3.6)
Sulphonylurea 1(3.6)
Insulin 1(3.6)

Data are represented as meanSD or n (%) as appropriate. AP indicates acute
pancreatitis; BMI, body mass index; CHD, coronary heart disease; HDL-C, high-
density lipoprotein cholesterol; HTG, hypertriglyceridemia; MCT, medium-chain
triglyceride; SBP, systolic blood pressure; SDP, diastolic blood pressure; TG, tri-
glyceride; and Total-C, total cholesterol.

11 (34.4%) of hypertension. A minority (12.5%) had a
history of coronary artery disease. Half of the patients
reported a history of AP, with a mean age of onset of
28.9113.3 years. None of the patients had APOE E2/
E2 genotype, while 50% had either E3/E2 (n=8) or E4/
E3 (n=8) genotypes. Moreover, the APOAbS *1/%2, *2,/%3
and *3/*3 haplotypes were found in 10 patients, respec-
tively, while APOAD *1/%3 and *2/%2 haplotypes were
found in 2 and 1 patients.??2* Mean baseline triglycer-
ide levels were 2066.6£841.8 mg/dL (range, 1019.0—
4480.0 mg/dL), and this was associated with increased
non-HDL (high-density lipoprotein) cholesterol (HDL-C;
mean, 266.1£109.5 mg/dL) and very low HDL-C levels

Arterioscler Thromb Vasc Biol. 2019;39:25631-2541. DOI: 10.1161/ATVBAHA.119.313401
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Figure 1. Comparison of genotype distribution in canonical genes in patients with familial chylomicronemia syndrome (FCS)

and multifactorial chylomicronemia syndrome (MCS).

Percentage refers to the entire group of 32 patients with severe hypertriglyceridemia. APOAS5 indicates apolipoprotein A5; APOC2,
apolipoprotein C2; Db Het, double heterozygous status; He, heterozygous status; Ho, homozygous status; LMF1, lipase maturation factor 1;

and LPL, lipoprotein lipase.

(mean, 25.7£12.7 mg/dL). At baseline, in addition to a
low caloric diet, 46.4% of patients were reported tak-
ing fibrates and 42.9% omega-3 fatty acids; 17.9% were
using MCT oil for seasoning.

Genetic Profile of Study Patients

Based on the above-described criteria, 12 (37.5%)
patients were classified as FCS, 19 (59.3%) as MCS,
and 1 (3.1%) as genetically undetermined. Considering
his genotype, this patient was not included for further
analysis. The list of pathogenic and probably damag-
ing variants detected in canonical genes, used for FCS
and MCS groups classification, is shown in Table | in the
online-only Data Supplement?®" and the comparison of
genotype distribution between FCS and MCS in Figure 1.
Among FCS, 83.3% (n=10) of patients were carrier of
biallelic mutations in LPL, whereas 8.3% (n=1) in APOA5
gene. One patient was carrier of a nonsense mutation in
APOC2in the homozygous state (8.3%; n=1). The family
segregation of novel LPL variants and of those known
but never associated to FCS is shown in the Figure I in
the online-only Data Supplement. For the LPL p.l109T,
p.Pro217Fs, and p.D277Fs variants, we identified addi-
tional 2, 1, and 1 heterozygous carriers, respectively, and
all presented normal triglyceride levels. All together, these
findings indicate the recessive nature of all these identified
variants. Within family No. 2, the sister of the index case
was found to be homozygous for the same LPL ¢.1019-2
A>T allele and showed severe hypertriglyceridemia.
Among MCS, 14 patients had causative mutations in
APOAb gene: 9 were heterozygotes, 3 homozygotes for

Arterioscler Thromb Vasc Biol. 2019;39:2531-2541. DOI: 10.1161/ATVBAHA.119.313401

p.(S19W), and 2 patients double heterozygotes (one for
APOA5/LMF1 and one for APOA5/LPL). Moreover, 2
MCS patients were, respectively, heterozygotes for LPL
and LMF1 gene variants. Overall, 3 patients were nega-
tive for causative variations in any canonical genes.

The list of any other identified functional rare and
low-frequency variants in canonical and noncanoni-
cal genes is reported in Table Il in the online-only Data
Supplement2”=%8 |t is interesting to note that 3 of 14
APOAb-associated MCS patients had also rare harm-
ful heterozygous variants in CREB3L3 [p. (L233V) and
p. (E239K)] and GPD1 [p. (E59G) and p.(V74L)] genes.
Moreover, 1 MCS patient showed a rare, nonsense muta-
tion in CREB3L3 gene (p.R241X; MAF, 4x107°). Overall,
we found that MCS patients showed an increased accu-
mulation of rare and low-frequency variants in canoni-
cal and noncanonical genes when compared with FCS
individuals (30 versus 8). As a result, the median value of
the unweighted rare-allele triglyceride score was signifi-
cantly higher in MCS than in FCS patients (2 [1-6] ver-
sus 1 [0-2], respectively; P=0.005). For every increase
of 1 unit of unweighted rare-allele triglyceride score, the
percentage of patients with MCS rises as compared with
FCS (Pfor linear association, 0.005; Figure 2A). We also
found a higher accumulation of common triglyceride-ris-
ing alleles in FCS subjects (P for linear association, 0.02;
Figure 2B). Despite this, stepwise regression analysis
including both scores highlighted the independent ability
of unweighted rare-allele triglyceride score in discrimi-
nating between FCS and MCS (OR, 4.9 [95% ClI, 1.2-
19.1]; P=0.02 of being MCS). Further, to confirm this
observation, only the unweighted rare-allele triglyceride
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P for linear association=0.005
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P for linear association=0.02
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Figure 2. Prevalence of familial chylomicronemia syndrome
(FCS), multifactorial chylomicronemia syndrome (MCS)
diagnosis, and controls (CTRL) according to unweighted
allele triglyceride (TG) scores.

A, We represented the unweighted rare-allele TG score according
to FCS and MCS diagnosis. Data are represented as percentage
of subjects for each 1-point increase in unweighted rare-allele TG
score. Variants in canonical and noncanonical TGs raising genes
were considered in both FCS and MCS patients. Biallelic mutations
used for FCS diagnosis were excluded. B, We represented the
unweighted common-allele TG score according to (Continued)
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score was tested in the normotriglyceridemic controls. In
this analysis, MCS patients exhibited higher rare-allele
triglyceride score values when compared with controls
(2 [1-6] versus 1 [0—4]; P=0.017). No differences were
found in the comparison between FCS and controls. For
every 1-unit increase in the number of rare and low-fre-
quency risk alleles, the percentage of patients with MCS
significantly raised as compared with FCS and controls
(P for linear association, 0.002; Figure 2C). Therefore,
MCS patients showed 2-fold higher risk to accumulate
rare triglyceride risk alleles when compared with controls
(OR, 2.2 [95% Cl, 1.3-3.6]; ~=0.001; data not shown).

Comparison of Clinical Outcomes in FCS and
MCS

No differences in sex were found between the 2 groups.
The observational period was significantly longer in FCS
than in MCS (59 [2-204] versus 27 [4-95] months;
P=0.04, respectively). Similarly, the age of onset of
hypertriglyceridemia was significantly earlier in FCS than
in MCS (176+6.9 versus 30.6+15.5 years; P=0.011,
respectively). Atherosclerotic cardiovascular disease
events were reported, respectively, in 3 MCS (15.8%)
and in 1 (9.1%) FCS patient, and this difference was not
statistically significant.

Table 2 shows changes in lipid levels during the obser-
vational period in FCS and MCS patients. At baseline, tri-
glycerides levels were comparable between groups, but
a larger proportion of FCS patients were taking triglycer-
ide-lowering medications. In fact, 90.9% of FCS patients
were taking fish oil, 81.8% fibrates, and the 45.5% were
using MCT oil while these figures were 6.3%, 18.8%, and
0%, respectively, in the MCS group (A<0.001, P=0.001,
P=0.003 for differences). Among MCS, 2 patients were
also taking statins.

During the observational period, the average triglyc-
eride level remained significantly higher (P=0.01) and
HDL-C lower (A<0.001) in FCS as compared with MCS.
Moreover, the mean achieved nadir triglyceride level was
366.3+3568.5 mg/dL in MCS and 759.61£385.8 mg/dL
in FCS (P=0.007 for comparison between groups). This
occurred despite FCS patients having received a more
intense treatment with most of them taking a combination
of fibrates (90.9%), MCT oil (64.5%), omega-3 fatty acids
(81.8%), while a smaller percentage of MCS patients
were treated with lipid-lowering medications (Table 2).

The individual on-treatment levels of triglycerides dur-
ing the observational period in FCS and MCS patients

Figure 2 Continued. FCS and MCS diagnosis. Data are
represented as percentage of subjects for each 1-point increase

in unweighted common-allele TG score. C, We represented the
unweighted rare-allele TG score according to FCS, MCS diagnosis,
and CTRL. Data are represented as percentage of subjects for each
1-point increase in unweighted common-allele TG score. A Pvalue
<0.05 is considered as significant.
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Table 2. Plasma Lipid Changes and Treatments During Follow-Up in Hypertriglyceridemia Patients Classified as FCS and MCS

FCS (n=12) MCS (n=19)
Baseline On Treatment* | Best Resultt Baseline On Treatment™ | Best Resultt | Py | Proiowup | Poestresut
Plasma lipids
Total-C, mg/dL 239.9+67.8 246.01£90.9 143.5+30.6 350.2+136.2 265.4179.5 199.1+£73.8 0.02 NS 0.02
HDL-C, mg/dL 20.0+15.7 15.814.6 16.0+4.1 30.9£7.7 32.8+9.3 37.8+8.2 0.06 <0.001 <0.001
TGs, mg/dL 2202.7£588.0 | 1964.8+951.5 | 759.6+385.8 | 1967.4+991.4 | 1047.3+577.7 | 366.3+358.5 NS 0.002 0.007
Non-HDL-C, mg/dL 226.2+62.6 215.1£65.5 192.2+30.5 298.8+1376 235.01£81.5 160.3£71.4 NS NS NS
TG <500, n (%) 4 (33.3) 16 (84.2) 0.004
TG <700, n (%) 0 7 (36.8) 0.014
Medications
MCT oil, n (%) 5 (45.5) 6 (64.5) 0 2 (12.5) 0.003 0.011
Fish oil, n (%) 10 (90.9) 9 (81.8) 1 (6.3) 7 (38.9) <0.001 0.024
Fibrates, n (%) 9(81.8) 10 (90.9) 3(18.8) 12 (66.7) 0.001 NS
Statins, n (%) 0 1(9.1) 2 (12.5) 9 (50.0) NS 0.025
Glucose-lowering
therapies, n (%)
Metformin 1(9.1) 2(18.2) 0 4(22.2) NS NS
Sulphonylurea 1(9.1) 1(9.1) 0 0 NS NS
Insulin 0 0 2 (12.5) 3(18.8) NS NS

Data are represented as mean£SD or n (%) as appropriate.

For the definition of FCS and MCS, refer to the text. FCS indicates familial chylomicronemia syndrome; HDL-C, high-density lipoprotein cholesterol; MCS, multifacto-
rial chylomicronemia syndrome; MCT, medium-chain triglyceride; NS, nonsignificant; TG, triglyceride; and Total-C, total cholesterol.

*Data refer to average values reported during the observational period.
tData refer to the best TG values reported during the observational period.

are presented in Figure Il'in the online-only Data Supple-
ment. It is notable that 36.8% of MCS patients achieved
an on-treatment average triglyceride level <700 mg/
dL, whereas none of FCS patients reached this cutoff
(P=0.014; Table 2).

As shown in Figure 3, the overall prevalence of AP
was 75% in FCS and 37% in MCS (OR, 5.1 [95% CI,
1.03-256.6]; P=0.046). The cumulative number of epi-
sodes for FCS and MCS were, respectively, 23 versus
11, but no differences were found in the recurrences of
AP between groups. Therefore, we estimated an overall
incidence rate of AP of 42 per 1000 person-years in

FCS and 13 per 1000 person-years in MCS (£<0.001).
No differences were found in the age of onset of AP
between groups (25.118.2 years for FCS and 31.8£12.8
years for MCS; P=nonsignificant).

Evaluating predictors of FCS, we found that age of
onset of triglycerides later in life, higher on-treatment
HDL-C or nadir HDL-C values, and the achievement of
nadir triglycerides <600 mg/dL were suggestive of MCS
genotype (Table 3A). Conversely, history of AP, the num-
ber of episodes of AP experienced during life, higher on-
treatment triglycerides, and nadir triglyceride levels >500
mg/dL were significant predictors of the FCS genotype
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Figure 3. Acute pancreatitis (AP) outcomes in patients with familial chylomicronemia syndrome (FCS) and multifactorial
chylomicronemia syndrome (MCS).

A, Prevalence of AP at baseline; data are shown as percentage of subjects according to the size of each group. B, Occurrence of AP (>1
event); data are shown as percentage of subjects according to the size of each group. C, Estimated overall incidence rate of AP per 1000
person/y observed in each group. A P value <0.005 was considered as significant. NS indicates nonsignificant.
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Table 3. Predictors of Chylomicronemia Syndromes

Covariate OR Cl P Value
MCS
Age of onset of TGs, y 1.113 1.012-1.225 0.028
On-treatment HDL-C, mg/dL* 1.377 1.085-1.748 0.009
HDL-C best results, mg/dLt 1.541 1.020-2.330 0.040
TG best results <600 mg/dL, %t 10.66 | 1.909-59.615 | 0.007
FCS
AP, % 5.143 | 1.033-25.602 | 0.046
No. of episodes of AP, n 2.029 1.014-4.059 0.045
On-treatment TGs, mg/dL* 1.002 1.000-1.003 0.011
TG best results <600 mg/dL, %%t | 0.107 0.019-0.611 0.012

As the recurrence of AP, age of onset of AP, and on-treatment TGs <700
mg/dL were not significantly related with genetic chylomicronemia syndromes in
our cohort, we did not include these variables in the present analysis. A P value
<0.05 was considered as significant. AP indicates acute pancreatitis; FCS, famil-
ial chylomicronemia syndrome; HDL-C, high-density lipoprotein cholesterol; MCS,
multifactorial chylomicronemia syndrome; OR, odds ratio; and TG, triglyceride.

*Data refer to average values reported during the observational period.

tData refer to the best TG values reported during the observational period.

(Table 3B). After adjusting for all significant covariates
by stepwise logistic regression, nadir HDL-C was the
best predictor of MCS (OR, 1.5 [95% CI, 1.020-2.330];
P=0.04; data not shown).

Comparison of Clinical Characteristics of LPL
Versus Non-LPL FCS

In the 12 subjects with confirmed FCS, we further evaluated
whether there was any clinical difference according to LFPL
or non-LPL genotype. At baseline, triglycerides were not
different between the groups, as well as the age of onset
of hypertriglyceridemia or AP (data not shown). During fol-
low-up, the 2 non-LPL FCS patients experienced a much
better, although not significant, control of hypertriglyceri-
demia compared with LPL FCS patients as demonstrated
by the lower average triglyceride levels (950.8+£126.1 ver-
sus 21675+911.3 mg/dL, respectively; P=nonsignificant)
and lower nadir of triglyceride levels (317.0+25.3 versus
848.1£360.0 mg/dL, respectively; P=nonsignificant). In
addition, whereas only 20% of LPL FCS patients achieved
a nadir triglycerides level of <600 mg/dL, the whole sub-
group (100%) of non-LPL FCS patients reached this tar-
get (P=0.028 for comparison between the groups). These
results were achieved despite no differences in triglycer-
ide-lowering medication use (excluding statins). In both
FCS groups, none achieved an on-treatment triglyceride
level <700 mg/dL. Finally, no differences were found in
the prevalence of AP or the recurrence of episodes, as well
as the incident rates of AP (data not shown).

DISCUSSION

In the present study, we have compared the genetic pro-
files and the natural history of 2 genetically determined
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chylomicronemia syndromes (FCS and MCS).2%° To this
aim, we molecularly characterized a cohort of patients
with persistent triglyceride >1000 mg/dL despite ther-
apy, with or without history of AP excluding any major
nongenetic hypertriglyceridemia contributing factors.

Across the study population, 37.6% were classified as
FCS as carriers of biallelic, rare mutations and 59.3% as
MCS due to heterozygosity or homozygosity for patho-
genic and nonpathogenic variants in canonical and non-
canonical genes. Because 1 patient was genetically
undetermined for all sequenced genes, his data were not
included in the present study.

Despite the presence of few rare and low-frequency
SNPs in FCS, the burden of polygenic rare variants was
significantly higher in MCS than in FCS. Indeed, we high-
lighted the independent ability of unweighted rare-allele
triglyceride score to predict MCS diagnosis. These fig-
ures are in sharp contrast with previous reports indicat-
ing that severe hypertriglyceridemia in adults is rarely
associated with rare variants. In particular, Dron et al? in a
large cohort of 663 patients with severe hypertriglyceri-
demia (defined as triglyceride >885 mg/dL) found that
only 1.1% patients had biallelic rare variants while the
majority (562.6%) was genetically unclassified. Moreover,
in a Spanish cohort with hypertriglyceridemia,®' 4.2% of
patients were homozygous or compound heterozygous
for pathogenic mutations and 14.4% were heterozy-
gous carriers of rare variants while these variants where
absent in controls. The most reasonable explanation of
these discrepancies relies on the differences in the pop-
ulations enrolled in these 2 studies; in fact, we have cho-
sen stricter entry criteria, possibly enriching our sample
of genetic causes, both polygenic and monogenic. On
average, our patients were younger, showed lower body
mass index, lower prevalence of diabetes mellitus, as well
as persistent elevation of plasma triglycerides. Indeed, it
has been recently shown that fasting triglyceride levels
>10 mmol/L (885 mg/dL) on multiple occasions, refrac-
tory to standard triglyceride-lowering therapies, a young
age at onset, the lack of secondary factors, and a history
of episodes of AP are powerful predictors of FCS.2

In agreement with previous reports,® the most com-
mon molecular defect in FCS patients was repre-
sented by rare loss-of-function mutations in LPL gene.
We detected 9 LPL mutations, 3 of which are already
known to be causative of FCS? (https://www.omim.org/
entry/609708), whereas 4 were novel and 2 known but
never associated to FCS phenotype. We did not perform
in vitro functional studies of novel LPL variants (p.I109T,
p.P217Fs, p.D277Fs, and ¢.1019-2A>T), but their family
segregation demonstrated that when present at hetero-
zygous state, they were not associated with significant
elevation of plasma triglyceride, thus confirming their
recessive nature. In FCS patients, we have also identified
1 pathogenic mutation in APOAS gene [p.(Q295X)] and
a rare nonsense mutation in APOC2 gene (p.Q92X).8 In
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any case, the coexistence of double dose of molecular
defects impairing the clearance of TRLs may well explain
the extreme elevation of triglyceride in FCS.

Conversely, the genetic profile of patients with MCS
was profoundly different. In fact, 73.7% (n=14) of them
showed heterozygous causative variants in APOA5 gene
associated with various combinations of pathogenic
and nonpathogenic variants in other triglyceride-raising
genes. Interestingly, in APOA5-based MCS subjects,
we observed an enrichment of causative variants in
CREBS3L3 and GPD1 genes and a significantly higher
polygenic burden for rare and low-frequency variants
in the 18 triglyceride-raising genes sequenced. Overall,
these findings are consistent with the emerging model
indicating that severe hypertriglyceridemia phenotype
may be caused by the contribution of multiple alleles with
large or minor effects interacting each others.® However,
a clear explanation of mechanisms linking the increased
burden of small-effect variants in triglyceride genes with
the extreme elevation of plasma triglycerides is not avail-
able. Previous observations have highlighted the impor-
tance of alterations in the kinetic of LPL activation. In
fact, Marmontel et al*” have reported that the extended
assessment of post heparin LPL activity after 60 minutes
after heparin injection revealed abnormality in both LPL
lipolysis ability and availability in MCS patients. Specu-
latively, this finding may be in line with our observation,
which demonstrated that APOAS variants were the pre-
dominant single genetic defect in MCS. In fact, it has
been well demonstrated that APOAD is crucial in regu-
lating LPL, and its dysfunction may impact on LPL activ-
ity and availability.®® However, additional investigations
are warranted to better understand the pathogenesis of
severe and persistent elevation of triglycerides in MCS.,

The second main result of our study was the observa-
tion of a remarkable difference in the natural history of
patients classified as FCS or MCS. Even though there
was no significant difference between the 2 groups
in baseline triglyceride levels, MCS showed a bet-
ter response to triglyceride-lowering therapies during
a median observational period of >27 months despite
a lower intensification of treatment. Indeed, the latter
achieved a mean nadir level of triglycerides much lower
than FCS. In addition, 84.2% of MCS patients achieved
at least once a triglyceride level <600 mg/dL, whereas
this cutoff value was reached by only 33.3% of FCS
patients. In agreement with previous studies,*® we found
that LPL-driven FCS was the genotype most resistant to
therapies. In fact, while all non-LPL FCS patients expe-
rienced, at least once, a triglyceride value <600 mg/dL
during follow-up, this result was achieved in only 20% of
LPL FCS.

The differences in the time course change of triglycer-
ide levels were paralleled with an increased risk of compli-
cations, namely AR, which was found to be higher in FCS
than in MCS. Also Paquette et al*® have recently reported
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in a cross-sectional analysis that FCS patients have higher
frequency of AP than MCS. However, because of the lon-
gitudinal nature of our study, we have been able to expand
these findings estimating that FCS showed a 3-fold
increased risk of incident AP events in comparison with
MCS patients. The higher incident rate observed in FCS
as compared with MCS, as well as the higher total num-
ber of episode of AP, could be explained by the increased
magnitude of long-term exposure to hypertriglyceridemia
in FCS patients. Overall, our findings further emphasize
the clinical importance of differentiating these 2 types of
genetically determined severe hypertriglyceridemia.

Our results might have some clinical implications.
They are in favor of the concept that in presence of a
patient with persistent, severe hypertriglyceridemia (tri-
glyceride >1000 mg/dL), it may be reasonable to carry
efforts in characterizing monogenic forms by molecular
testing. By this approach, one might identify patients who
are at higher risk of triglyceride-related complications
such as AR, thus requiring a timely and more intensive
lipid-lowering intervention. This may be in analogy with
the extremely high levels of LDL (low-density lipoprotein)
cholesterol presenting as suspected familial hypercho-
lesterolemia. It has been shown that the familial hyper-
cholesterolemia phenotype may have both monogenic
and polygenic bases,*' but there are evidences that poly-
genic familial hypercholesterolemia is associated with
better responsiveness to LDL-lowering medications and
lower risk of atherosclerotic complications.*’

Our study has some limitations to be acknowledged.
The study cohort was small in size, but this may well rep-
resent the rarity of severe hypertriglyceridemia pheno-
type. In fact, only #0.1% of patients attending our Lipid
Clinic were considered for enrollment into the study,
and this frequency is close to that reported for severe
hypertriglyceridemia in the general population. Another
important limitation is that, in evaluating the polygenic
burden, we did not consider all potentially triglyceride-
raising variants. In a recent study using next-generation
sequencing, 73 genes and 185 SNPs were genotyped.?
However, it must be pointed out that genes considered
in the present study showed the largest influence on
triglyceride levels as reported by several Genome-Wide
Association Studies.'*'®3% Nevertheless, this leaves the
possibility that our estimations of triglyceride-raising
genetic risk score may be incomplete. However, it is
remarkable that in our cohort, only a minority of patients
with severe hypertriglyceridemia remained genetically
uncharacterized (3.1%). In addition, we did not perform
measurements of LPL mass and activity, as well as of
functionality of novel LPL variants, thus hampering the
pathogenetic interpretations of genotyping. Despite dur-
ing follow-up the intensity of triglyceride-lowering ther-
apies was maximized, we were unable to evaluate the
compliance to treatment. Finally, the adjudication of AP
was not based on a well-standardized protocol but was
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only based on patients’ medical records. However, one of
us (L.D.) carried out any possible effort in reviewing all
discharged record, as well as in contacting taking care
physicians.

In summary, our data indicate that FCS, due to bial-

lelic mutations in LPL, was the most common genotype
underlying severe hypertriglyceridemia. Heterozygosity
for APOAbS variants in combination with high polygenic
burden was the most frequent genotype of MCS. FCS
expressed the most severe clinical phenotype as deter-
mined by resistance to triglyceride-lowering medica-
tions and higher occurrence of AP. Overall, these results
highlighted the importance of diagnosing patients with
severe hypertriglyceridemia and the need of novel thera-
pies to treat the most severe genetic forms.
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