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Abstract
Despite numerous technological and pharmacological advances and more detailed knowledge of
molecular etiologies, cardiovascular diseases remain the leading cause of morbidity and mortality
worldwide claiming over 17 million lives a year. Abnormalities in the synthesis, processing and
catabolism of lipoprotein particles can result in severe hypercholesterolemia, hypertriglyceridemia
or low HDL-C. Although a plethora of antidyslipidemic pharmacological agents are available,
these drugs are relatively ineffective in many patients with Mendelian lipid disorders, indicating
the need for new and more effective interventions. In vivo somatic gene therapy is one such
intervention. This article summarizes current strategies being pursued for the development of
clinical gene therapy for dyslipidemias that cannot effectively be treated with existing drugs.
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Biochemical approaches and classical linkage analysis have helped to identify many of the
genes that cause Mendelian monogenic dyslipidemias; these studies have enabled us to
understand which proteins act together to regulate LDL, HDL and triglyceride (TG)
metabolism [1]. Monogenic disorders comprise rare patient subgroups that are found at the
extremes of population-specific lipoprotein distributions. Patients with monogenic disorders
that result in complete deficiency of critical proteins are often refractory to pharmacologic
intervention [2]. In such cases, somatic cell gene therapy offers an attractive therapeutic
solution (Figure 1). Gene therapy is a technique for correcting defective genes responsible
for disease development. There are several approaches for correcting faulty genes, including
[3]:

• A normal gene may be inserted into a non-specific location within the genome to
replace a nonfunctional gene;
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• An abnormal gene could be swapped for a normal gene through homologous
recombination;

• The abnormal gene could be repaired through selective reverse mutation, which
returns the gene to its normal function;

• The regulation (the degree to which a gene is turned on or off) of a particular gene
could be altered.

Targets
The liver plays an important role in most metabolic pathways, and therefore, many
metabolic inherited diseases, including lipoporotein disorders, originate from this organ. As
the liver is a highly vascularized organ, hepatocytes are readily accessible via the blood
stream. Moreover, hepatic sinusoids contain 100 nm wide fenestrations that allow
macromolecules such as viral particles to cross the endothelium and reach hepatocytes.
Importantly, because hepatic blood flow represents a fifth of cardiac output, any particle
injected in the blood circulation can quickly reach the liver [4]. These features make the
liver an attractive target for gene therapeutic strategies for lipoprotein disorders. Skeletal
muscle has also been proposed as a gene therapy target for some lipoprotein disorders.
Experimental evidence has demonstrated that this compartment can serve as a reservoir for
production of secreted proteins, such as lipoprotein lipase (LPL) [5] or apoE [6].

Targeted delivery of genes is predicted on the ability of the vector to discriminate between
target and nontarget cells via interaction with unique cell- or disease-specific surface
markers. The most commonly used platforms for gene delivery are nonviral and viral
vectors.

Nonviral vectors
Synthetic or nonviral vectors typically consist of DNA (usually plasmid DNA produced in
bacteria) or RNA, which may be delivered to the target cell with the aid of a delivery
vehicle. Delivery vehicles may be based around lipids (e.g., cationic liposomes), which fuse
with the cell membrane, releasing the nucleic acid into the cytoplasm of the cell.
Alternatively, peptides or polymers may be used to form complexes with the nucleic acid,
which can protect the therapeutic material as it attempts to reach its target destination.
Liposome–polycation–DNA nanoparticles are novel nonviral vectors that use a polymer to
condense the nucleic acid and a lipid coat to aid entry to the cell [7]. In theory, synthetic
vectors should be nontoxic, nonimmunogenic, stable in plasma and allow for repeated
administration; yet, these systems suffer from low transduction efficiency and lack of stable
transgene expression. Various biochemical modifications have been developed specifically
to enhance synthetic vector targeting of hepatocytes with little success [8]. Another
approach, originally developed by Wolff and colleagues, has investigated the potential of
naked DNA as a gene transfer vector to the liver [9]. This strategy has been advanced by the
development of hydrodynamic tail vein delivery wherein large volumes of DNA-containing
solutions (~10% of body weight) are administered over short periods of time (~5–7 s in
mouse) [8]. Although this method allows for more efficient transduction of hepatoyctes (up
to 40%), its clinical relevance to the treatment of patients remains questionable. A more
thorough discussion of nonviral vector platforms can be found here [8] and is beyond the
scope of this review.

Viral vectors
Viral vectors are currently the most efficient tools to achieve efficient gene transfer to the
liver in vivo [4]. Of all the clinically applicable viral vectors (i.e., oncoretroviruses,
lentiviruses, herpes simplex viruses, adeno-associated viruses (AAVs) and adenoviruses
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[Ads]), the most extensive studies have been performed using Ads and AAVs. Although
recombinant adenoviral vectors are extremely efficient in terms of delivering their genetic
cargo to the cell nucleus, transgene expression is transient due to the cellular immune
responses to the transduced hepatocytes [10]. These immune responses are directed against
both adenoviral proteins and the transgene product [11]. Many strategies have been devised
to overcome the immune rejection associated with early-generation recombinant adenoviral
vectors, including immunomodulatory treatments or modification of the vector itself to
reduce immune response [12,13]. However, there remains little justification for the use of
adenoviruses for the treatment of lipoprotein disorders.

Helper-dependent Ads (HD-Ads) that are deleted for all viral genes represent an important
advance to decrease immunogenicity and prolong transgene expression. Although HD-Ad
vectors elicit reduced host-adaptive immune responses and demonstrate improved gene
transfer efficiency compared with Ad vectors, it is impossible to avoid innate responses after
vector administration in vivo [14]. In fact, it is the innate immune response to the adenoviral
capsid that is associated with toxicity in humans, which can be lethal. Furthermore, the
large-scale production of these vectors remains a practical problem [4].

Adeno-associated virus vectors represent one of the most promising platforms for
transducing the liver and muscle in vivo. AAV is a nonenveloped, icosahedral, single-
stranded DNA virus that is 20–26 nm in diameter. Many studies have demonstrated that
AAV vectors are able to transduce hepatocytes for prolonged periods of time in animal
models of various sizes. These vectors are devoid of all viral genes and therefore induce
minimal immune response; moreover, AAV is unique among viral vectors for gene therapy
in that the wild-type virus has never been shown to cause human disease. Importantly, AAV
vectors are relatively easy to prepare and clinical trials using this vector type have been
performed or are still ongoing [4].

AAV serotype 2 (AAV2) is the first AAV that was vectored for gene transfer applications.
Several limitations of AAV2 vectors have emerged including low hepatocyte transduction
efficiency, high seroprevalence of neutralizing antibodies in humans, and potentially
destructive T-cell responses to capsids [15,16]. In an attempt to search for potent AAV
vectors with enhanced performance profiles, molecular techniques have been used for the
detection and isolation of endogenous AAVs from a variety of human and nonhuman
primate tissues. Using this approach, our group was able to isolate novel primate AAVs
consisting of over 120 nonredundant species of proviral sequences [17]. Of these, a portfolio
of 30 AAV vector candidates based on novel capsids had been established. Based on
extensive studies examining toxicity, biodistribution, transgene and capsid T-cell activation,
and pre-existing immunity in human populations, AAV8 has emerged as the lead vector for
liver-directed gene therapy application [18,19]. AAV1, AAV6 and AAV7 have been shown
to perform well in skeletal muscle, demonstrating rapid onset and high levels of transduction
[17,20–22].

A major limitation of these vectors is their packaging capacity (~4.5 kb), which precludes
the design of vectors for the treatment of diseases associated with larger genes. However,
this should not affect gene therapy for dyslipidemia because many of the lipid-related genes
(Figure 1), including the lipases and apolipoproteins, are smaller than 4.5 kb. Another
practical problem is the relatively long latent period between vector delivery and peak
transgene expression (~2–4 weeks). This lag period occurs because conventional
recombinant AAV vectors deliver a ssDNA genome, which must be converted to dsDNA
before the transgene is expressed [23]. The problem has been solved in part by using self-
complementary (sc) vectors, which package an inverted repeat genome that can fold into
dsDNA without the requirement for DNA synthesis or base pairing between multiple vector
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genomes. However, this modification results in the loss of half of the coding capacity of the
vector, although small protein-coding genes (up to 2.2 kb), and any currently available
RNA-based therapy, can be accommodated [23].

Gene inhibition approaches
Whereas traditional gene therapy is concerned with the replacement of defective genes for
inherited and acquired diseases, recent strategies have been designed to specifically and
selectively inhibit molecular targets involved in disease pathology. This latter approach
makes use of small oligonucleotides, molecules that function in natural cellular processes
involving the intermediary metabolism of mRNA, and can be used to induce the suppression
of disease-associated gene products. Several recent studies have examined the use of this
approach for lipoprotein disorders (reviewed later).

Gene inhibitions strategies can be grouped into two broad categories based on mechanisms
of actions – antisense oligonucleotides (ASOs) and RNAi. ASOs are ssDNA molecules,
usually 20 nucleotides in length, with a sequence designed to be complementary to an
mRNA transcript. Specific base-pairing interactions between the ASO and target mRNA
result in the RNase H-mediated degradation of the transcript and a reduction in the protein
product of the targeted gene. RNase H is thought to play a role in DNA replication and
transcription and is ubiquitously and constitutively active in mammalian cells. As
unmodified ASOs, such as natural DNA and RNA, are subject to rapid degradation by
ubiquitous cellular nucleases, their utility as therapeutic agents is severely limited. Second-
generation ASOs that have been modified to enhance the stability or bioactivity and alter the
various physiochemical properties of the molecule represent a viable alternative [24].

RNAi is an endogenous molecular pathway that functions in antiviral defense and gene
regulation. This pathway has been exploited as a tool to silence the expression of specific
target genes for experimental or therapeutic benefit [25]. Two types of molecules have been
extensively used for RNAi applications: chemically synthesized double-stranded siRNA or
vector-based shRNA. Although siRNA and shRNA can be applied to achieve similar
functional outcomes, they are intrinsically different molecules that employ different
mechanisms of action. SiRNAs are loaded directly into the cell’s RNA-induced silencing
complex (RISC) where they guide hybridization to the target mRNA. Binding of an
activated RISC complex to a target transcript leads to transcript degradation or inhibition of
translation. By contrast, expressed shRNA is transcribed in cells from a DNA template as an
ssRNA molecule, which are 50–100 bases in length. Complementary regions spaced by a
small loop cause the transcript to fold back on itself forming a ‘short hairpin’ in a manner
analogous to natural miRNA. The shRNA is subsequently processed by an endoribonuclease
known as Dicer and converted into the corresponding siRNA, which is incorporated into the
RISC [26].

Antisense oligonucleotides and siRNA molecules face similar pitfalls, including delivery,
stability and off-target effects. To achieve systemic and targeted delivery, ASOs and
siRNAs are typically delivered within liposomes or conjugated to antibodies, cholesterol,
RNA aptamers or peptides [27]. In addition, these approaches require repeated
administration of the biological product. Compared with siRNAs and ASOs, shRNAs offer
advantages in silencing longevity, delivery options and cost. However, in some cases,
constitutive systemic shRNA expression may cause significant complications. In 2006,
Grimm and colleagues examined the long-term effects of sustained high-level shRNA
expression in livers of adult mice [28]. Using an optimized shRNA delivery vector based on
duplex-DNA containing AAV8, the authors were able to achieve robust shRNA expression
in hepatocytes after a single intravenous injection. Of the 49 distinct AAV or shRNA vectors
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that were evaluated in the study, 36 candidate vectors resulted in dose-dependent liver injury
and 23 candidate vectors caused death in mice. The authors were able to demonstrate that
high-level shRNA expression can saturate and interfere with components of the endogenous
miRNA pathway, which may have been the cause of toxicity and morbidity. Subsequent
studies have demonstrated that using a tissue-specific promoter to drive shRNA expression,
these issues may be overcome [29].

It should be noted that monocolonal antibody strategies, directed against many of the same
targets as the gene inhibition approaches are actively being developed for potential clinical
application [30].

Disorders associated primarily with altered levels of LDL-C
Gene transfer strategies for reducing LDL-C

Familial hypercholesterolemia—Familial hypercholesterolemia (FH), the most
common and most severe form of monogenic hypercholesterolemia, was the first genetic
disease of lipid metabolism to be clinically and molecularly characterized [31].
Homozygous FH (HoFH) is a serious life-threatening genetic disease caused by
homozygosity or compound heterozygosity for mutations in the LDL receptor (LDLR). This
disease formally qualifies as an orphan disease in that it occurs with a frequency of
approximately one in a million individuals. Although, it should be noted that HoFH has a
much higher incidence in certain populations, such as French–Canadians, Finns, Afrikaners
and Christian Lebanese, due to founder effects [32–34].

Patients with HoFH are classified into one of two major groups based on the amount of
LDLR activity measured in their skin fibroblasts: patients with less than 2% of normal
LDLR activity (receptor-negative), and patients with 2–25% of normal LDLR activity
(receptor-defective) [35]. In general, total plasma cholesterol levels are over 500 mg/dl and
markedly premature arteriosclerotic cardiovascular disease is the major consequence.
Untreated, most patients develop atherosclerosis before 20 years of age [36] and generally
do not survive past 30 years. Unfortunately, patients with HoFH are minimally responsive or
unresponsive to conventional drug therapy, and thus, there are limited treatment options.
Several nonpharmacological options have also been tested. Surgical interventions, such as
portacaval shunt and ileal bypass, have resulted only in partial and transient LDL-C
lowering [37]. Orthotopic liver transplantation has been demonstrated to substantially reduce
LDL-C levels in HoFH patients, but obvious disadvantages and risks are associated with this
approach [38]. The current standard of care in HoFH is LDL apheresis, a physical method of
purging the plasma of LDL-C, which can transiently reduce LDL-C by more than 50% [39].
However, there is rapid reaccumulation of LDL-C in plasma, and therefore apheresis has to
be repeated frequently (every 1–2 weeks) and requires two separate sites for intravenous
access. Although anecdotally this procedure may delay the onset of atherosclerosis [40], it is
laborious, expensive and not readily available. Furthermore, the procedure needs frequent
repetition and intravenous access can be challenging for many patients [39]. Therefore, there
is a tremendous unmet medical need for new therapies for this disease.

For these reasons, HoFH is an excellent disease model for the development of liver-directed
gene therapy. Initial attempts to treat FH with gene therapy utilized an ex vivo approach
wherein autologous hepatocytes transduced with retroviruses containing LDLR cDNA were
transplanted into HoFH patients (Table 1) [41,42]. Although this approach was well
tolerated by patients, the impact on cholesterol metabolism was modest and variable, due in
part to the limited amount of gene transfer achievable [41,42]. More recently, attention has
focused on the potential of liver-directed in vivo gene therapy for HoFH. A considerable
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number of proof-of principle studies using gene transfer of the LDLR have been performed.
These efforts have been facilitated by the existence of animal models for HoFH including:

• The Watanabe heritable hyperlipidemic rabbit, which is homozygous for a natural
mutation in LDLR and develops hypercholesterolemia on a standard chow diet;

• The Ldlr−/− mouse, which develops severe hypercholesterolemia when fed a high-
fat diet;

• Second-generation models such as Ldlr−/−Apo-bec1−/− and Ldlr−/−Human
APOB+/+ mice that develop hypercholesterolemia on a standard chow diet [43,44].

In addition to these models of HoFH, the ApoE−/− mouse has also been used for studies of
spontaneous hypercholesterolemia [43]. ApoE is a ligand for receptors that clear remnants of
chylomicrons and VLDLs. ApoE-deficient mice have five-times higher than normal plasma
cholesterol, and develop foam cell-rich depositions in their proximal aortas by 3 months of
age. The phenotype of these mutants has made them valuable for investigating genetic and
environmental factors that modify the atherogenic process [45].

Injection of a first-generation Ad encoding human LDLR transiently reduced LDL-C levels
in fat-fed LDLR-deficient mice [46] and WHHL rabbits [47]. Adenoviral-mediated
overexpression of LDLR was transient due in part to immune-mediated elimination of the
vector-transduced hepatocytes. Specifically, cytotoxic T lymphocytes were detected against
both the LDLR transgene and viral-encoded proteins [46,47]. Subsequent studies with AAV-
expressing LDLR under the control of a ubiquitous promoter also resulted in only transient
reduction of plasma cholesterol owing to immune activation of the transgene and loss of
liver-associated vector DNA [48]. Later studies have demonstrated that expression of LDLR
under the control of a liver-specific promoter results in less pronounced immune responses
against newly synthesized LDLR and provides long-term reduction in the cholesterol levels
of Ldlr−/− [49], Ldlr−/−Apobec1−/− and WHHL rabbits [50]. This has been demonstrated for
AAV [49], HD-Ad [51] and lentiviral vector-mediated gene transfer [50]. Several of these
vector-based approaches have demonstrated significant reductions in the development of
atherosclerosis [49,51,52], with a recent AAV8 study demonstrating dramatic regression of
advanced lesions as well [53]. Recently, Hibbitt and colleagues have demonstrated the
feasibility of somatic delivery and long-term expression of the genomic DNA LDLR
transgene (>100 kb) in vivo following hydrodynamic tail vein injection [54]. The authors
postulate that this vector system may provide physiological regulation of LDLR expression
[55], although the efficacy of this gene transfer approach has yet to be examined in an
animal model of HoFH.

Antisense approaches to decrease LDL-C
More recent strategies have focused on reducing total cholesterol levels by inhibiting LDL
synthesis and/or secretion by the liver [56]. The first of these knockdown approaches
utilized an ASO specific for apoB-100. Crooke and colleagues found that intraperitoneal
injection of murine-specific apoB100 ASO resulted in significant reduction of apoB-100
(>80%), total cholesterol (25–55%) and LDL-C (40–88%) in several models of
hyperlipidemia, including fat-fed Apoe−/−-deficient and Ldlr−/− mice [57]. These effects
were sustained for up to 6 weeks after cessation of dosing and resulted in no detectable
elevations of liver transaminases or hepatic steatosis.

Clinical trials of the human version of apoB-100 ASO, mipomersen (ISIS 30102, see Table
1), have shown significant LDL-C reductions in patients with homozygous [58] and
heterozygous FH [59,60] on maximally tolerated lipid-lowering therapy. The Phase III
randomized double-blind study in patients with homozygous FH reported a significant
reduction in the LDL-C concentrations of patients treated with mipomersen at a dose of 200
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mg/week for 26 weeks (−24.7% reduction) compared with those treated with placebo
(−3.3% reduction) [58]. A Phase II randomized dose-escalation trial in patients with
heterozygous FH reported comparable efficacy [61]. After 6 weeks of treatment with
mipomersen, LDL-C was reduced by 21% in those receiving a dose of 200 mg/week and by
34% in those receiving a dose of 300 mg/week [61]. In another Phase II study in patients
receiving stable statin therapy, treatment with mipomersen at 200 mg/week for 13 weeks
resulted in a 35.8% reduction in LDL-C [62].

Adverse events observed in these clinical trials included injection site reactions and
increases in liver transaminases. In the Phase III clinical trial in HoFH, an increase in liver
transaminases more than three-times the upper limit of normal occurred in only four patients
(12%) in the mipomersen group, of whom one showed a large increase of hepatic fat and
reduction in LDL cholesterol [58]. These studies suggest that ASO-mediated inhibition of
apo B synthesis with mipomersen is a promising new treatment option for HoFH and severe
refractory hypercholesterolemia.

RNAi has also been utilized to silence genes involved in hypercholesterolemia. Inhibition of
apoB expression has been observed in mice [63] and NHPs [64] after short-term treatment
with an apoB siRNA cholesterol conjugate resulting in significant reductions in apoB
protein, serum cholesterol and LDL levels as early as 24 h after treatment. This phenotypic
effect lasted for up to 11 days at the highest siRNA dose examined in the NHP studies [64].
To date, one Phase I clinical trial has been conducted using apoB-specific siRNA in
hypercholesterolemic patients (Table 1) [65,201]. Seven different dosing levels were
examined. Of the two subjects treated at the highest dose level, one subject experienced flu-
like symptoms consistent with stimulation of the immune system caused by the apoB siRNA
payload. The other subject treated at the highest dose level experienced no side effects. Of
the two subjects treated at the highest dose, the average transient reduction of apoB protein
and LDL-C was 21.1 and 16.3%, respectively. Based on the potential for the immune
stimulation to interfere with further dose escalation, the clinical trial was halted in January
2010 [201].

Another attractive target for gene silencing is proprotein convertase subtililisn-like kexin
type-9 (PCSK9) [66]. This protein regulates LDLR protein levels and function by binding to
the LDLR and targeting it for lysosomal degradation. Gain-of-function mutations in PCSK9
cause severe hypercholesterolemia resembling HoFH [67], whereas loss-of-function
mutations in PCSK9 reduce plasma LDL-C levels and risk of coronary disease [68]. Frank-
Kamenetsky and colleagues have shown that intravenous delivery of PCSK9 siRNA
formulated in lipidoid nanoparticles leads to liver-specific silencing of PCSK9 in mice and
rats associated with up to a 60% reduction in plasma cholesterol concentrations [69].
Likewise, a single intravenous dose of PCSK9-specific siRNA in NHPs resulted in a rapid
and reversible lowering of plasma LDL-C (−56%), without measurable effects on either
HDL-C or TGs. The authors reported that the effects of PCSK9 silencing lasted for 3 weeks
after a single bolus intravenous administration [69].

Homozygous FH will continue to be a model for the development of liver-directed somatic
gene therapy. Since many heterozygous FH patients are also relatively refractory to existing
drug therapy and remain at very high risk for the development and progression of
atherosclerotic cardiovascular disease, a gene therapeutic strategy found to be effective in
HoFH may also be extended to clinical trials in severe heterozygous FH [53]. Based on the
positive preclinical and clinical data attained for both gene transfer and gene inhibition
strategies, it is predicted that gene therapy will be a viable option for HoFH in the not too
distant future.
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Disorders associated primarily with altered levels of HDL-C
HDL particles transport excess cholesterol from peripheral cells to the liver for excretion
into bile; this process is termed reverse cholesterol transport (RCT) and is opposite to the
movement of cholesterol from the intestine and liver to peripheral tissues that is mediated by
chylomicrons, VLDL, intermediate density lipoprotein and LDL particles. Population
studies have demonstrated a highly consistent, inverse correlation between plasma
concentrations of HDL-C and atherosclerotic cardiovascular disease risk in humans [70].
The cardioprotective effects of HDL-C have been attributed to its role in RCT, its effect on
endothelial cells, its anti-oxidant activity and its anti-inflammatory properties [71].
However, the ‘HDL hypothesis’ – that raising HDL-C levels has beneficial therapeutic
effects – remains difficult to prove in humans owing to the lack of interventions that
substantially increase HDL-C concentrations. The treatment of low HDL-C remains
controversial, in part because the only currently available effective medication, niacin, is
poorly tolerated and outcomes studies on cardiovascular disease prevention are still pending
[71]. In this respect, gene therapy strategies may be able to provide proof-of-principle
evidence in subjects suffering from monogenic disorders of HDL metabolism.

Low levels of HDL-C, or hypoalphalipoproteinemia (HA), includes a variety of conditions,
ranging from mild to severe, in which concentrations of HDL-C are reduced. There is no
clear-cut definition for HA. An arbitrary cutoff is the tenth percentile of HDL-C levels; a
more practical definition derives from the theoretical cardioprotective role of HDL as
outlined by the US National Cholesterol Education Program (NCEP) Adult Treatment Panel
III [202]. According to NCEP, HDL-C levels below 40 mg/dl constitute a formal coronary
heart disease risk factor for men and women. The common, mild forms of HA have no
characteristic physical findings, but patients may have premature coronary heart or
peripheral vascular disease, as well as a family history of low HDL-C levels and premature
CHD [203].

HDL biosynthesis is a complex multistep process that involves the synthesis and secretion of
the major protein components of HDL followed by the largely extracellular acquisition of
lipid (phospholipids and cholesterol) and the assembly and generation of the mature HDL
particle. Mutations in one of three key proteins – APOA-I, ABCA1 and lecithin cholesterol
acyltransferase (LCAT) – underlie deficits in HDL synthesis and maturation and account for
the majority of monogenic HA disorders [1].

APOA1 gene replacement
The major HDL apolipoprotein, apoA-I, constitutes 70% of HDL protein and is required for
normal HDL biosynthesis. Gene deletion of apoA1/APOA1 results in extremely low levels
of HDL-C humans and mice [72]. More than a dozen functionally significant mutations of
the APOA1 gene have been described, including gene disruptions, nonsense mutations,
frame-shifts, missense mutations, chromosomal aberrations or deletions, all of which are
typically associated with decreased HDL-C levels [1,72].

ApoA1-knockout mice have extremely low levels of HDL-C and when crossed onto
atherosclerosis-susceptible strains develop significantly increased atherosclerosis [73,74].
Although APOA1-deficient patients are rare, gene transfer of APOA1 to liver is expected to
reconstitute HDL formation and if sustained may reduce the risk of progression of
atherosclerotic disease. Many animal studies have demonstrated the feasibility of this
approach. Initial studies using first- and second-generation adenoviral constructs have
demonstrated that liver-directed gene transfer of the human APOA1 gene results in the
elevation of HDL-C [75], inhibits neointima formation in the common carotid artery of
atherosclerosis prone ApoE-knockout mice [76], reduces athero-sclerotic burden [77,78] and
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regresses pre-existing atherosclerotic lesions in fat-fed Ldlr−/− mice [79]. Although these
studies demonstrated robust expression levels of APOA1 in plasma ranging between two-
and five-times higher than human physiological levels (i.e., 200–500 mg/dl) in various
mouse models, because they were using Ad vectors, expression could only be maintained for
a maximum of 4 months, at best [77,80]. More recent studies using an HD-Ad vector based
strategy for gene transfer of human apoA-I have demonstrated prolonged production of
HDL-C, up to 24 weeks for HD-Ad, with minimal hepatotoxicity and significant reduction
of the atherosclerotic burden in both Ldlr−/− and ApoE−/− mice [81,82].

In 2005, Sharifi et al. demonstrated the feasibility of AAV-mediated APOAI gene transfer in
Apoa1-deficient mice [83]. Subsequent studies by Kitajima et al. revealed that AAV5 and
AAV1 vectors are significantly more effective than AAV2 and result in the sustained
production of therapeutic levels of APOA1 in mice for up to 1 year after vector
administration [84]. Recently, Vaessen et al. performed head-to-head comparisons of
recombinant AAV-1, -2, -6 and -8 administered by different routes with the use of five
different liver-specific promoters in addition to cytomegalovirus as single-stranded or as sc
AAV vectors. They found that intravenous administration of scAAV8 results in the highest
levels of human APOA1 expression in female Apoa1-deficient mice (634 mg/dl), which
persisted for the duration of the study (15 weeks) [85]. Cimmino and colleagues have
extended upon these findings and have recently demonstrated stable long-term plasma levels
of APOA1 in deficient mice after portal vein or muscle injection of AAV8. Both routes of
administration lead to similar protein levels of human APOA1 (60 mg/dl) [86].

Patients presenting with the Milano mutation of APOA1, whereby an arginine residue is
substituted for a cysteine residue at position 173, have significantly lower plasma HDL
levels yet, paradoxically, do not develop premature atherosclerosis [87,88]. Although
APOA1 Milano (APOA1-M) has been studied extensively with regard to effects on
atherosclerosis, including infusion and genetic expression in animals and even in a clinical
trial of repeated intravenous infusion of an a APOA-IM–phospholipid complexes in patients
with CHD, the mechanism by which APOA1-M offers atheroprotection remains unclear
[89]. A systematic comparison by our group found that liver-directed AAV8-mediated gene
transfer of APOA1 or APOA1-M in fat-fed Ldlr−/− mice significantly reduces
atherosclerosis progression to a similar extent [90]. Subsequent gene transfer studies
comparing APOA1 and APOA1-M found that both isoforms are equally efficient at
promoting macrophage RCT, as measured by an in vivo assay [91]. Collectively, these
results suggest that if APOA1-M is more atheroprotective than APOA1 it is not attributable
to an enhancement of macrophage RCT.

ABCA1 gene replacement
ATP-binding cassette transporter A1 (ABCA1) mediates the efflux of cholesterol from
peripheral tissues to plasma APOA1. Mouse studies have shown that both hepatic and
extrahepatic ABCA1 contribute to HDL formation. Loss-of-function mutations in both
alleles of the ABCA1 gene result in Tangier disease, characterized by profoundly decreased
HDL-C, APOA-I and APOA2 levels, reduced total and LDL-C and APOB, and elevated
plasma TG levels [92]. Tangier disease patients are characterized by nearly absent HDL,
orange tonsils, cloudy corneas, intermittent peripheral neuropathy and an increased risk for
atherosclerosis [93]. The prevalence of Tangier disease is approximately one in
120,000,000; approximately 24 cases of Tangier disease have been diagnosed worldwide
[94,95].

Modulation of macrophage ABCA1 in mice in vivo has been shown to affect the initiation
and progression of atherosclerosis [96,97]. It is generally accepted that ABCA1 promotes
the efflux from cells, including macrophages, to lipid-poor APOA1-containing particles,
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which are HDL precursors present in plasma. In 2003, Wellington and colleagues
demonstrated that Ad vector-mediated hepatic ABCA1 expression in C57Bl/6 mice leads to
dose-dependent increases in HDL-C [98]. Doses exceeding 5 × 108 plaque forming units did
not further increase HDL-C but did unexpectedly lead to increases in total cholesterol, TGs,
phospholipids and apoB levels in plasma. Subsequent studies have demonstrated that hepatic
overexpression of ABCA1 accelerates the progression of atherosclerosis in Apoe−/− mice
[99] and Ldlr−/− mice [100]. Collectively, these results suggest that while ABCA1
overexpression in macrophages exerts a clear atheroprotective effect, overexpression of
ABCA1 in the liver may be less desirable and may exacerbate cardiovascular disease.
However, it should be noted that there are currently no published studies examining the
effects of somatic ABCA1 gene replacement in Abca1-deficient mice. Therefore, it will be
important for future studies to examine whether gene transfer of ABCA1 to macrophages or
liver within the context of ABCA1 deficiency confers any therapeutic benefit.

LCAT gene replacement
Lecithin cholesterol acyltransferase deficiency and the related fish-eye disease are caused by
mutations in the LCAT gene that result, respectively, in complete or partial deficiency of
LCAT in plasma. LCAT mediates the esterification of free cholestesterol on plasma
lipoporoteins; this important step converts discoidal, nascent HDL into mature spherical
HDL particles. Many different LCAT mutations have been reported, although the
phenotypes cannot be predicted by the nature of mutation or position in the gene. The
prevalence of LCAT deficiency is less than 1/1,000,000 [204]. LCAT deficiency leads to
marked reductions in HDL-C levels (5–10% of normal), reduced or normal LDL-C levels
and hypertriglyceridemia. Complete LCAT deficiency is characterized clinically by corneal
opacities, anemia, progressive proteinuria and renal insufficiency, eventually leading to end-
stage renal disease. This is a serious disorder that has no known therapy [101]. A mouse
model of this disease has been created and although the lipoprotein phenotype of this animal
is similar to LCAT-deficient patients, it does not develop renal disease [102]. Few efforts
have been made to develop a gene therapeutic strategy for treating LCAT deficiency. To
date, there are no published studies examining the efficacy of LCAT gene transfer in an
LCAT-deficient animal model.

It has been suggested that gene transfer to increase plasma LCAT could have therapeutic
values in settings other than LCAT deficiency [103]. As LCAT converts unesterified to
esterified cholesterol, it is believed to facilitate RCT and is therefore considered to be
antiatherogenic. Transgenic overexpression of human LCAT has been shown to increase
HDL-C levels in cholesterol-fed transgenic mice, cholesterol-fed rabbits and WHHL rabbits.
Using a first-generation Ad construct for LCAT gene transfer in human APOA1 transgenic
mice, Seguret-Mace et al. demonstrated that a strong increase in plasma LCAT activity leads
to a significant increase in HDL-C with a concomitant rise in human APOA1 [104].
Subsequent studies by Mertens et al. demonstrated that first-generation adenovirus
expressing LCAT can reduce the atherosclerotic burden of leptin-deficient (ob/ob) Ldlr−/−

mice [105]. Interestingly, the increase of LCAT activity in these studies did not result in
changes in HDL-C levels [106]. The authors ascribed the observed protection from
atherosclerosis to the prevention of LDL oxidation caused by the increased LCAT activity.
Recently, Van Craeyveld et al. examined Ad-mediated gene transfer of rabbit APOA1 or
LCAT in cholesterol-fed heterozygous LCLR-deficient rabbits [107]. The authors found that
this strategy leads to significant increases in HDL-C, inhibits the progression of
atherosclerosis and induces cholesterol unloading in complex lesions in rabbits.
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Gene inhibition approaches to increase HDL-C
There are several potentially attractive targets for antisense approaches to increase HDL-C.
Among these is cholesterol-ester transfer protein (CETP). This protein mediates the transfer
of esterified cholesterol from HDL to VLDL and transfer of triacylglycerol from VLDL
particles to HDL. CETP deficiency is typically associated with elevated HDL-C levels and
normal or low LDL-C levels [107]. Complete loss of CETP activity due to mutations in the
CETP gene can result in up to fivefold the normal HDL-C levels and the accumulation of
large cholesterol ester and apoE-rich HDL species. Some Japanese individuals have
extremely high concentrations of HDL-C; this result was found to be due to a genetic
deficiency in CETP [107]. This finding led to the development of CETP inhibitors. The first
CETP inhibitor (torcetrapib) to advance to a Phase III clinical trial was terminated owing to
increased mortality and cardiovascular events. The failure of torcetrapib has been attributed
to off-target effects [108]. Antisense oligonucleotides or RNAi represent an attractive
alternative approach for CETP inhibition, which may be able to minimize untoward off-
target effects [109].

Another target that has been proposed for inhibition is endothelial lipase (EL) [107], a
member of the extravascular lipase gene family including LPL. EL specifically plays a
major role in HDL metabolism. Animal studies have clearly shown that hepatic
overexpression of EL in mice results in markedly reduced HDL-C and APOA1 levels [110].
Antibody inhibition or gene deletion of EL in mice results in increased HDL-C levels
[111,112]. Loss-of-function mutations in EL in humans are associated with increased HDL-
C levels [113], supporting the concept that reduction of EL activity in humans would be
expected to raise HDL-C levels. However, no proof-of-principle studies have been reported
as to whether this strategy will actually work in vivo.

Disorders associated primarily with altered levels of TGs
Hypertriglyceridemia is a common disorder in the industrialized world, which can result
from the overproduction of triglyceride-rich lipoproteins or from attenuated hydrolysis and
subsequent clearance of these lipoproteins. Hypertriglyceridemia is defined as severe when
the levels of fasting plasma TGs are greater than 500 mg/dl [202]. Severe
hypertriglyceridemias are also referred to as hyperchylomicronemia syndromes, owing to
plasma accumulation of chylomicrons in the fasting state. Mutations in several genes have
been implicated in severe hypertriglyceridemia, including:

• LPL

• ApoCII

• ApoAV [114]

• GPI-anchored HDL-binding protein (GPI-HBP) I [115]

• Lipase maturation factor (LMF) 1 [116]

LPL gene replacement
Lipoprotein lipase is the major enzyme that hydrolyzes circulating TG-rich lipoprotein such
as VLDLs and chylomicrons. A decrease in LPL activity is associated with an increase in
plasma TGs and decrease in HDL-C, both of which are major risk factors of coronary heart
disease. Complete LPL deficiency is an extremely rare (frequency ~1/1,000,000) autosomal
recessive disease resulting from homozygosity or compound heterozygosity for mutant LPL.
Many different LPL mutations have been identified to date [117]. Patients with LPL
deficiency suffer from the frequent recurrence of acute or chronic pancreatitis that may lead
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to death. The overall mortality of acute pancreatitis is approximately 5%; rising to 17% in
patients with necrotising pancreatitis and increasing to 30% in those with infected necrosis
[118]. Strict adherence to a diet severely restricted in fat content is the only means by which
patients can limit pancreatitis attacks. Compliance is difficult, as the very-low-fat diet is
extremely unpalatable. As current treatment strategies are often insufficient in preventing
hospitalization and possible death due to acute hemorrhagic pancreatitis, familial LPL
deficiency is a particularly attractive target for gene therapy.

In 1997, Ashbourne and colleagues demonstrated that Ad-mediated gene transfer of LPL in
the liver of heterozygous LPL-deficient mice results in the secretion of catalytically active
LPL, which leads to a significant decrease in plasma TG for up to 42 days [119]. Liu et al.
subsequently demonstrated that Ad-mediated expression of LPL in a naturally occurring
animal model, the LPL-deficient cat, leads to a substantial 90% reduction of plasma TG for
up to 2 weeks [120]. Unfortunately, a potent antibody response against both the vector and
LPL transgene product was mounted, which may have led to the observed transient
correction. Subsequent studies by these investigators made use of AAV1 to express a
naturally occurring variant of human LPL transgene (LPLS447X, a truncated version of the
LPL protein that lacks the C-terminal serine and glycine and is carried by 20% of the
general population). The LPLS447X variant has consistantly been associated with lower TG
and higher HDL-C levels in candidate gene association studies [121–123]. Intramuscular
delivery of this vector construct was shown to partially restore LPL activity levels and
resulted in a near-complete normalization of plasma TG, HDL-C, total cholesterol and free
fatty acid levels for over 1 year in LPL-deficient mice [5]. This same strategy was effective
in the LPL-deficient cat but again was only transient (i.e., up to 2 weeks) [124]. Based on
these promising preclinical results, an open-label dose-escalation clinical trial was
undertaken (Table 1). AAV1-encoding LPLS447X was administered into the limb muscles
of subjects suffering from LPL deficiency [125]. A transient decrease in plasma TG levels
was observed in some of the subjects. However, the limited number of subjects that
participated in this study coupled with the observed dietary fluctuations precludes definitive
conclusions regarding the efficacy of this trial. Importantly, the authors note that none of the
subjects developed B- or T-cell responses to the LPL transgene product; four of eight
subjects did, however, develop detectable capsid-specific T cells that appeared with dose-
dependent kinetics [125]. Further investigation is required to determine whether these
capsid-specific responses curtailed long-term transgene expression.

ApoAV gene replacement
Homozygous mutations in APOAV have been reported to cause severe hypertriglyceridemia
in both humans and mice [126]. APOAV is naturally expressed in the liver and appears to
augment LPL-mediated hydrolysis of VLDL and chylomicron triglycerides by binding these
lipoproteins to the proteoglycans on the vascular endothelium, thereby bringing them closer
to LPL. APOAV may also directly modulate LPL activity by stabilizing its dimeric structure
[127]. Van der Vliet et al. demonstrated that treating APOAV-deficient mice with an Ad
expressing human APOAV results in a 70% decrease in plasma TG levels and concomitant
cholesterol-lowering in all lipoprotein classes [128]. Subsequent studies by Huang and
colleagues demonstrated that Ad-mediated expression of APOAV in Apoe-deficient mice
also results in significant reductions of plasma cholesterol (58% decrease) and triglycerides
(75% decrease) within 7 days of gene transfer [129].

Antisense approaches to decrease TGs
APOCIII is synthesized in the liver and is thought to inhibit the clearance of TG-rich
lipoproteins by noncompetitively inhibiting LPL. APOCIII transgenic mice have high levels
of plasma TGs owing to an impaired catabolism of TG-rich lipoproteins; by contrast,
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APOC-III-deficient mice have reduced levels of plasma TG [130]. Preclinical data suggest
that direct inhibition of APOCIII would have beneficial effects. Crooke and colleagues have
reported that systemic administration of an APOCIII ASO safely and significantly reduced
serum and liver TGs (>80 and >95%, respectively) and was able to ameliorate steatosis in
fat-fed C57Bl/6 mice [56].

Another key enzyme involved in the synthesis of triglycerides is acyl-coenzyme
A:diacylglycerol acyltransferase (DGAT), which catalyzes the last step in mammalian
triglyceride synthesis via the covalent binding of the acyl moiety with diacylglycerol. DGAT
is distributed throughout the body and has a high expression in fat, liver and small intestine
[131]. Two DGATs encoded by two different gene families have been identified: DGAT1
and DGAT2. In 2005, Yu et al. found that treating high-fat diet-induced obese C57BL/6J
mice or ob/ob mice treated with DGAT2-specific ASOs causes a marked reduction in
hepatic triglyceride content and improved hepatic steatosis in both models [132].
Subsequent studies by Liu and colleagues found that treatment with DGAT2-specific ASOs
results in a dose-dependent decrease in hepatic DGAT2 gene expression, TG secretion,
plasma TG, total cholesterol and APOB in ob/ob mice. Moreover, DGAT2 ASO treatment
was found to trigger significant decreases in weight gain, adipose weight and hepatic TG
content [133].

Other lipid & lipoprotein disorder candidates for gene therapy
Atherosclerosis regression

Gene therapy was the first strategy used to achieve plaque regression in mouse models of
atherosclerosis [52]. To date, nearly all gene therapy approaches have depended on
overexpressing apolipoproteins with known antiatherogenic properties. In addition to the
studies previously discussed, another major strategy involves the hepatic overexpression of
apoE. This apolipoprotein is a structural component of TG-rich lipoproteins; it serves as a
ligand for lipoprotein receptors and plays an important role in the catabolism of remnant
particles. Overexpression of apoE has been found to increase the clearance of plasma
atherogenic lipoproteins through receptors in the liver for LDL [134] and post-prandial
lipoprotein remnants [135]. There are three common apoE isoforms, apoE4, apoE2 and
apoE3, all of which differ by a single amino acid substitution.

Several muscle-directed nonviral gene transfer strategies have been used to deliver apoE.
Athanasopoulos et al. demonstrated that intramuscular injection of an apoE2-encoding
plasmid in Apoe−/− mice delayed the onset of atherosclerotic and xanthomatous lesions [6].
Subsequent studies revealed that this strategy can be used to reduce severe
hypercholesterolemia in newborn Apoe−/− mice [136]. Intramuscular injection of an ApoE3-
encoding plasmid in Apoe−/− mice revealed the same overall trend [137]. Although these
studies did not demonstrate atherosclerosis regression, they provided important proof-of-
principle confirmation that skeletal muscle can serve as an effective secretory platform to
express the ApoE transgenes; improved gene transfer vectors will be needed to achieve full
therapeutic levels of ApoE in plasma using plasmid DNA [137].

Liver-directed gene transfer of human apoE3 using a first-generation adenovirus to Apoe−/−

mice significantly reduced plasma cholesterol for up to 2 weeks [138,139] and for at least 8
weeks with a second-generation adenovirus [140]. apoE3 has been found to reduce the
progression of atherosclerotic lesions and significantly induce regression of atherosclerotic
lesions. By contrast, the protein products of the other common alleles, apoE2 and apoE4, are
not as effective at lowering plasma cholesterol levels, and although they reduced the
progression of atherosclerosis, they did not induce regression [141]. A long-term study by
Kim et al. found that a single intravenous injection of an HD-Ad vector encoding apoE
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completely and stably corrected the hypercholesterolemia of Apoe-deficient mice for the
natural lifespan of the mice and that the aorta of treated animals was essentially lesion-free
compared with control aortas that were covered 100% by atherosclerotic lesions [141].
Interestingly, a study by Tangirala and colleagues found that expression of apoE in fat-fed
Ldlr−/− mice resulted in considerable plaque regression, despite having no discernable effect
on fasting plasma lipoprotein levels [142]. It was suggested that regression via mechanisms
other than cholesterol lowering may occur via the reduction of oxidant stress, such as levels
of urinary, LDL-associated and arterial wall isoprotane [142]. Collectively, these data
suggest that plaque regression after gene transfer of apoE is a strategy that may be of benefit
in the clinic.

Abetalipoproteinemia
Abetalipoproteinemia (ABL) is a rare genetic disease characterized by extremely low/absent
LDL-C and TG levels, absent apoB-containing lipoproteins in plasma, fat malabsorption,
severe vitamin A and E deficiency, and progressive spinocerebellar and retinal degeneration
[143]. Mutations in the microsomal triglyceride transfer protein (MTP) are the genetic cause
of abetalipoproteinemia [144]. MTP is responsible for transferring lipids, particularly TG,
onto the assembling chylomicron and VLDL particles in the intestine and the liver,
respectively. In the absence of functional MTP, chylomicrons and VLDL are not effectively
assembled or secreted in the circulation and apoB is likely targeted for degradation. VLDL
serves as the metabolic precursor to LDL and the inability to secrete VLDL from the liver
results in the absence of LDL and apoB in the blood. The progressive neurodegeneration and
degenerative retinopathy seen in ABL is a result of defects in the transport of vitamin E (α-
tocopherol) from liver to CNS, a process that requires the hepatic secretion of vitamin E in
VLDL, with conversion to LDL and a poorly understood system for transport across the
blood–brain barrier and into the CNS. Therapy with extremely high-dose vitamin E may
slow the progression of neurologic and retinal degeneration but will not fully prevent the
progression of these symptoms [143].

Abetalipoproteinemia is thus an attractive candidate for the development of liver-directed
gene therapy, given that it is a serious disabling and life-threatening disease with no truly
effective therapy. Successful gene transfer of MTP to liver would be easily detectable and
quantifiable in humans with ABL by measurement of serum cholesterol and apoB.
Furthermore, even a relatively low level of MTP expression in the liver would be expected
to result in some VLDL production and therefore a substantial improvement in vitamin E
transport and amelioration or even arrest of the progression of neurologic symptoms. ABL is
therefore a model in which a very low level of transgene expression could not only be easily
detected through simple assays of serum but could actually be highly efficacious in curing
the disease. No gene replacement studies have yet been reported in any MTP-deficient
animal model [103].

Conclusion
Somatic gene therapy is a promising approach for the treatment of several dyslipidemias.
The results of many proof-of-principle studies are encouraging and have led to several
clinical trials (Table 1). Given the positive results of these trials, it is very likely that this
treatment modality will become an important addition to the armamentarium available for
treatment of severe lipid disorders.

Future perspective
Genome-wide association studies are revealing new gene targets for dyslipidemia. As gene
delivery and inhibition technologies continue to evolve, there will be a myriad of
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opportunities for gene therapy in future clinical applications. The main barriers that must be
overcome are:

• Improvement of gene transfer or inhibition strategies

• Development of clinically relevant animal models

• A more thorough understanding of host–vector interactions and their impact on
gene transfer or inhibition efficacy
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Executive summary

Gene therapy

• Gene therapy is a technique for correcting defective genes responsible for
disease development. There are many dyslipidemias that can potentially benefit
from this technique.

Tissue targets

• Most gene therapy studies for dyslipidemia have targeted muscle and liver. Viral
vectors remain the most advanced delivery platform, although innovations in
nonviral vector systems are continually evolving and improving.

Clinical trials

• At least five clinical gene therapy trials have been conducted to date for
dyslipidemias. Most of these trials have been for familial hypercholesterolemia.
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Figure 1. Molecular targets discussed in this review for gene therapy of dyslipidemia
TG-rich lipoproteins are secreted by the intestine as chylomicrons and the liver as VLDL
particles. These particles undergo lipolysis in the circulation, thereby, delivering fatty acids
to tissues. Chylomicron remnants and approximately half of VLDL remnants are taken up
by the liver. The remainder of the VLDL remnants are further metabolized to cholesterol-
rich LDL. HDL is formed in the circulation from lipid-poor apolipoproteins secreted by liver
and intestine and from surface components sloughed during lipolysis of TG-rich
lipoproteins. Shown in black are candidates for gene replacement, shown in green are
candidates for gene inhibition as discussed in this review.
CETP: Cholesterol-ester transfer protein; DGAT: Diacylglycerol acyltransferase; EL:
Endothelial lipase; IDL: Intermediate density lipoprotein; LDLR: LDL receptor; TG:
Triglyceride.
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