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bstract

Alipogene tiparvovec (AAV1-LPLS447X) gene therapy is developed to prevent complications and decrease the clinical morbidity of lipopro-
ein lipase deficiency (LPLD). LPLD is an autosomal recessive disease associated with severe hypertriglyceridemia (hyperTG), severe
hylomicronaemia, and low HDL. Acute pancreatitis, the most frequent serious clinical LPLD complication, is a complex and heterogeneous
nflammatory condition having many causes including hyperTG and chylomicronaemia. In many patients, low fat diet and currently available

ipid lowering drugs are ineffective to prevent hyperTG or pancreatitis in LPLD. The clinical development program of alipogene tiparvovec
ncludes observational studies as well as phase I/II and II/III clinical trials. Pooled data are collected on safety and efficacy issues, including
he incidence of pancreatitis.

2010 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Lipoprotein lipase deficiency (LPLD) is characterized by
he inability of affected individuals to produce functionally
ctive lipoprotein lipase (LPL). LPL is mainly produced in
keletal muscle, fat tissue, and heart muscle [1] and has
ultiple key functions, among which is the catabolism of

riglyceride (TG)-rich lipoproteins, chylomicrons (CM) and
ery low-density lipoproteins (VLDL). Off-loading TG from
M (and VLDL) normally protects against excessive post-
randial rise in chylomicron mass and TG. In LPLD, LPL is
ysfunctional and more than 12 h after meals hyperTG and
hylomicronaemia are still present and visible as lipemia.
LPLD is an autosomal recessive disorder caused by loss-
f-function mutations in the LPL gene. The LPL gene is
ocated on chromosome 8p22 and comprises 10 exons. To
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ate, more than 70 LPL gene mutations have been described,
ost of them associated with loss of catalytic function [2].
atients are either homozygous for such mutations or com-
ound heterozygous. In a few areas in the world, such as
n South Africa and Eastern Quebec, the disease is more
ommon, because of a “founder” effect, with the majority of
iagnosed patients having the same few mutations [3]. The
revalence outside of founder populations is estimated to be
–2 in a million of the population, and hence it is an orphan
isease.

LPLD is the most common Mendelean cause of
hyper)chylomicronaemia. Other causes include Apolipopro-
ein CII (APOC2) or Glycosylphosphatidylinositol Anchored
igh Density Lipoprotein Binding Protein 1 (GPIHBP1)
eficiency [4]. Some cases due to circulating anti-LPL anti-
odies have been reported [5]. As phenotypic presentation
f LPLD may overlap with that of other causes of chylomi-
ronaemia genetic diagnosis in this day and age may be the

referred way to establish the diagnosis definitively.

In LPLD, extreme concentrations of circulating large
hylomicrons (chylomicronaemia) are present, which are
hought to be responsible for causing most of the clinical man-
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Fig. 1. Risk of acute pancreatitis associated with moderate (TG:
5.0–9.0 mmol/L) and severe (TG > 9.0 mmol/L) hypertriglyceridemia com-
pared to normolipidemic controls. Risk of pancreatitis is reported as odds
ratio ±SEM. Among subjects with severe hyperTG, the risk of pancreatitis
is the highest in LPLD. All comparisons were done with a sample of 364
normolipidemic individuals using logistics regression models controlling for
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festations. LPLD may present during infancy or childhood
ith (repeated) severe abdominal pain episodes or failure

o thrive [1,6,7]. On physical examination, eruptive xan-
homas, lipaemia retinalis, and hepatosplenomegaly may be
etected. The most severe manifestation is acute pancreatitis,
hich can be lethal. Diabetes is another complication seen

requently in LPLD, and may be due to recurrent pancre-
titis, ultimately resulting in endocrine as well as exocrine
ancreatic insufficiency [1,8,9] and/or by impaired ‘energy
etabolism and distribution’ related to broad LPL dysfunc-

ion in various tissues. Premature atherosclerosis can occur
10].

Fasting lactescent plasma often is the trigger to further
ork up and ultimate diagnosis. The severity of the symptoms
eing roughly proportional to level of chylomicronaemia,
sually measured as whole plasma TG; TG concentrations
bove 10 mmol/L have been suggested to be critical levels [1]
elow which the risk of pancreatitis would be substantially
educed.

Currently, no drug therapy for LPLD is available, and
atients are managed by a severely fat-restricted diet, which
owever does not fully eliminate the risk of pancreatitis or
isease progression. Alipogene tiparvovec is being developed
o control the symptoms and prevent complications of LPLD.

. Lipoprotein lipase deficiency (LPLD) and
ancreatitis

Acute pancreatitis is a heterogeneous inflammatory con-
ition, which leads to significant morbidity or mortality in
0–30% of patients [11]. There are several genes associated
ith susceptibility to acute pancreatitis, which include the

ationic trypsinogen (PRSS1 and PRSS2), chymotrypsinogen
(CTRC), pancreatic secretory trypsin inhibitor (SPINK1),

ystic fibrosis transmembrane conductance regulator (CFTR)
nd calcium-sensin receptor (CASR) [12–15]. Although not
eing the only genetic cause of recurrent pancreatitis, LPLD
s undoubtedly an important one since almost all severe
yperTG phenotypes increase the risk (Fig. 1). Thus, what
an be learned through LPLD and its therapy could be valu-
ble for other, more frequent, causes of pancreatitis due to
evere hyperTG as well.

A number of primary factors can initiate pancreatic inflam-
ation; these factors include, but are not limited to, gallstones

r other mechanic obstruction of the pancreatic duct, alco-
ol abuse, toxins, hypercalcemia and hyperTG [11,15,16]. In
atients with hyperTG, the risk of pancreatitis increases as a
unction of plasma TG, being the highest among patients with
asting values > 10.0 mmol/L (Fig. 1). HyperTG is the con-
equence of increased production and/or reduced or delayed
atabolism of TG-rich lipoproteins: endogenous very low-

ensity lipoproteins (VLDL) or exogenous chylomicrons
CM) [17]. In the presence of severe hyperTG and fast-
ng chylomicronaemia due to LPLD, when LPL activity is
ess than 5% of normal [18], the risk of acute pancreatitis

L
(
v
e

he effect of age, gender and alcohol consumption.

s 360 fold higher than in normotriglyceridemic individuals
Fig. 1).

. Conventional clinical management of LPLD

Clinical management of LPLD patients currently con-
ists of severe reduction in dietary fat to less than 20%
f caloric intake and the use of medium-chain TG. It is
lmost impossible to always, life-long, comply with such
dietary regimen. As shown in Fig. 2, even when LPLD

atients are compliant to the diet and are tightly followed
n a lipid clinic by a dietician and a medical team, TG do
ot decrease below the threshold of increased pancreatitis
isk. In the prospective observational studies that formed
art of the alipogene tiparvovec development, this finding
as confirmed: controlled diet alone does not eradicate chy-

omicronaemia or lower TG further and does not prevent
ancreatitis. The adjunction of fenofibrate does not provide
ny incremental benefit [19]. As there is currently no drug or
ny specific therapy available to modulate the course of the
llness, these patients are at high risk of morbidity and mor-
ality. Enzyme replacement therapy is no option due to the
hort half-life of the LPL protein (approximately 15–30 min).
herefore, patients with LPLD, a serious debilitating con-
ition, were considered very suitable candidates for gene
herapy.

. Alipogene tiparvovec

Alipogene tiparvovec [Glybera®; AMT-011; AAV1-

PLS447X] contains the human LPL gene variant LPLS447X

the active component). The LPLS447X ‘gain-of-function’
ariant is found in 20% of Caucasians and is associated with
nhanced removal of proatherogenic apoB100-containing
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Fig. 2. Effect of severe low fat diet and adjunction of fibrates on fasting
plasma triglyceride in LPL deficiency. P-values from paired t-tests. Thin dot
lines represent the thresholds of pancreatitis risk. In a sample of 12 adults
with LPLD, very severe diet and thigh clinical follow-up, although clinically
relevant and statistically significant, was not sufficient to decrease plasma TG
and chylomicronaemia under the threshold of pancreatitis risk. Adjunction
of fibrates (fenofibrate 200 mg daily) for 12 weeks in a sub-sample of 6
patients did not contribute to any incremental benefit. In comparison, 4 LPLD
patients having participated in the diet + fibrate trial [19] were treated with
AAV1-LPLS447X later on and three of them showed significant but transient
TG reduction, 2 of them reaching values below 10 mmol/L. Comparable
results were observed among the 8 LPLD patients treated with intramuscular
administration of AAV1-LPLS447X in the AMT-010 study who presented
with a significant (P < 0.007) albeit transient decrease of median TG levels
at 12 weeks compared to baseline [23]. Although transient, the decrease
in TG levels was followed by long-term (>1 year) changes in acylglycerol
metabolism. The observation that fibrates do not decrease plasma TG below
pancreatitis risk in LPLD has been replicated in several affected patients
o
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During PREP-01 another male patient was lost due to sudden
cardiac death.
ver years.

articles, including LDL-cholesterol [20], lower plasma TG
evels, higher HDL cholesterol concentrations, and lower
ates of cardiovascular disease, when compared to the
eneral population [20,21]. In addition, it may have anti-
nflammatory properties [22], which could provide some
dvantages in preventing pancreatitis.

The vector used to deliver the therapeutic gene in ali-
ogene tiparvovec is a non-replicating and non-integrating
ector which comprises a protein shell derived from
deno-associated virus serotype 1 (AAV1), the CMV pro-
otor, a woodchuck hepatitis virus posttranscriptional

egulatory element and AAV2 derived inverted terminal
epeats.

. Alipogene tiparvovec is provided as a solution for
ntramuscular injection

AAV1-LPLS447X, initially designated AMT-010, was pre-
iously produced in a mammalian cell system which was not
ppropriate for large-scale production. Hence, this method

as been superseded by a more efficient production system
o produce alipogene tiparvovec (AMT-011). w
pplements 11 (2010) 55–60 57

. Preclinical studies

Proof of principle of the efficacy of gene therapy with
AV1-LPLS447X was obtained in LPL deficient mice and

ats. Intramuscular (IM) delivery of AMT-010 or AMT-011 to
PL deficient animals resulted in >95% reduction in plasma
G. In mice, the effect was long-term, lasting over a year,
nd was dose-dependent, with full correction of lipemia and
eduction of plasma TG to near-normal levels at a dose of
× 1013 genome copies (gc)/kg. The safety studies of AMT-
10 and AMT-011 showed both products were well tolerated.

. Clinical development program

LPLD is a very rare condition (prevalence worldwide 1–2
er million). As with most very rare conditions, the presenta-
ion and phenotypes, natural history and evolution, morbidity
nd mortality, and effects of therapies and interventions are
ncompletely understood. Therefore, prospective observa-
ional studies to document the natural history, presentation,
volution and burden of disease were included in the clinical
evelopment program. Not only were values for TG estab-
ished, to assess the efficacy of the stringent fat-restricted diet
n preventing disease in LPLD were, but individual baseline
ata for other possible safety and efficacy parameters against
hich to judge the effect of therapy were collected as well.
hese observational studies were followed by phase I/II and

I/III clinical trials performed in the Netherlands and Canada,
ncluding adults with LPLD (diagnosed by high TG, low LPL
ctivity in post-heparin plasma AND mutation analysis) and a
rior history of acute pancreatitis. In all interventional studies
onducted in humans to date, AAV1-LPLS447X was admin-
stered by a single series of intramuscular (IM) injections
t multiple sites in the upper, and if necessary lower, limbs
range of 30–70 injections depending upon body weight).
n relation to the nature of gene therapy, next to parameters
easured in any clinical study, shedding of the vector DNA

ia body fluids (saliva, urine, semen) and immune responses
gainst not only the LPL enzyme but also the vector (viral-
erived capsid antigens) were monitored.

CT-AMT-010-01 was the first in man study of AAV1-
PLS447X and was an open label, dose escalation study
onducted in the Netherlands [23], with 12 weeks observation
ost-dosing. As mentioned above, prior to this interventional
tudy all enrolled subjects had participated in a prospec-
ive observational study (PREP-01), in which a low fat diet
as advised and controlled by a dedicated dietician. Despite

his, TG levels remained high and pancreatitis events did
ccur. Not all subjects screened for PREP-01 were entered;
ne 25-year-old subject died from acute pancreatitis prior to
nrollment being effected (case described by Rip et al.) [24].
A total of 8 LPLD subjects out of 14 followed in PREP-01
ere administered AMT-010 IM at a dose of 1 × 1011 gc/kg
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Table 1
Cox Proportional Hazard Regression model, adapted for historic control studies (Multiplicative Intensity Model, Lachin, 2000) [30].

(A) Time at risk and number of pancreatitis events before and after AAV1-LPLS447X gene therapy administration.

Period

Study Medical history/PREP/run in Main study/long-term follow-up

Time at risk (days) Number of events Time at risk (days) Number of events

010-01 5168 5 9897 5
011-01 50,684 26 8192 2
011-02 16,775 39 401 0
Overall 72,627 70 18,490 7

(B) Outcome of analysis

Analysis population P value for treatment effect Hazard ratio 80% confidence interval
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verall 0.23

4 subjects) or 3 × 1011 gc/kg body weight (4 subjects).
MT-010 was well tolerated at doses of 1 × 1011 gc/kg

nd 3 × 1011 gc/kg. There were no drug related serious
dverse events (SAEs) and no dose-limiting toxicity. The
edian TG in 1 of the 4 subjects in the low dose group

1 × 1011 gc/kg) and 2 of the 4 subjects in the second dose
roup (3 × 1011 gc/kg) declined to below the target level of
0 mmol/l or led to a >40% reduction in TG, the pre-defined
fficacy endpoints. All patients from CT-AMT-010-01 were
nrolled into a 5-year long-term follow-up study, results of
hich will be reported elsewhere.
Based upon the 12-week results of CT-AMT-010-01 and

n view of the safety and efficacy data obtained in ani-
al studies, it was concluded that administering a dose

f 1 × 1012 gc AAV1-LPLS447X/kg body weight in the sec-
nd study, CT-AMT-011-01, would be appropriate. T-cell
mmune responses against the AAV1 capsid were detected
n half of the subjects during the initial months after AMT-
10 administration [25], and were at that time thought to be
otentially attenuating the efficacy of AAV1-LPLS447X gene
herapy. Therefore, it was decided to add an immunosup-
ressants regime in CT-AMT-011-01. In this study a total
f 22 Canadian adults with LPLD and a history of pancre-
titis were enrolled and 20 of them had been followed for
t least 7 months (range: 7–18 months) in a non-controlled
bservation study (PREP-02 Study). During the course of
he observation study, they received counseling by a dieti-
ian every 6 + 2 weeks. They were instructed to comply with
diet in which the fat content did not exceed 20% of the total
aily caloric intake and contained no more than 55 g/day.
he majority (21/22) of the patients had previously been fol-

owed in a lipid clinic long term. Four patients enrolled in
REP-02 had even participated in a 12 weeks open label,
arallel arm study assessing the efficacy of a low fat MCT-

nriched LPLD diet and fibrates to decrease plasma TG in
PLD [19]. This study and other data (Fig. 2) showed no

ncremental TG lowering effect of fibrates on top of a strict
iet and tight follow-up; none of the LPLD subjects in this

n
e
i
l

0.272 0.067–1.106

lder study reached TG values below 10 mmol/L under this
ietary-fibrates regimen.

Following the PREP-02 study, eligible subjects who met
ll the inclusion criteria and provided an informed consent
ere invited to participate in an open label, dose escalation

tudy to assess the safety and efficacy of gene therapy with
lipogene tiparvovec (AMT-011) in LPLD. Fourteen subjects
ere thus administered alipogene tiparvovec.
CT-AMT-011-01 was designed to evaluate the safety of

lipogene tiparvovec and its efficacy on fasting TG, long-
erm expression of LPLS447X in the muscle tissue as well as
ccurrence of pancreatitis and LPLD co-morbidities. Partic-
pants were randomized to one of three dose cohorts. Cohort
(n = 2) were dosed with 3 × 1011 gc/kg of alipogene tipar-

ovec, cohort 2 (n = 4) with the same dosage in combination
ith immunosuppressive medication for 12 weeks after IM

njections and cohort 3 (n = 8) received 1 × 1012 gc/kg in
ombination with immunosuppressants. A combination of
yclosporine (3 mg/kg) and mycophenolate mofetil (2 g/day)
as chosen, as it had been widely used to prevent cytotoxic
lymphocyte function in graft rejection and chronic inflam-
atory diseases, was well tolerated, and not associated with
significantly increased rate of infections [26–29]. Further-
ore, there was no effect of these immunosuppressants on
MT-011 mediated transgene expression was found in mice,

nd such co-administration was well tolerated. The 12 weeks
T-AMT-011-01 was followed by a 5-year long-term follow-
p study; most subjects are halfway in this period.

Following CT-AMT-011-01, a third clinical trial, the CT-
MT-011-02 study, was designed; this protocol included
ocumenting the post-prandial effects of alipogene tipar-
ovec and collection of additional efficacy and safety
ata. A dosing regimen of alipogene tiparvovec at a dose
× 1012 gc/kg in combination with cyclosporine, mycophe-

olate and a pre-dose bolus of methylprednisolon was
mployed. Efficacy endpoints include the assessment of fast-
ng and post-prandial TG and lipid-lipoprotein metabolism,
ipoprotein kinetics and the turnover of free fatty acids (FFA),



rosis Su

T
t
L
c
b
w

0
b
i
a
t
i
a
T
b
f
p
c
p
0

8
i

i
0
d
o
w
o
c
2
a
s
f
t
a
t
d
d
i
c
A
t
b
c
p
w
s
t
c
i
o

v
a
i
t
v

9

t
w
m
p
o
i
i
t
L
I
a
I
p
i
o
s
t
T
p

1

i
d
c
h
f
i
e
e
f
b

C

d
S
f

D. Gaudet et al. / Atheroscle

G-rich lipoprotein content and density, muscle expression of
he LPLS447X transgene and enzyme, secondary symptoms to
PL deficiency and occurrence of pancreatitis or other LPLD
o-morbidities. CT-AMT-011-02 is an open label. Five eligi-
le adults with LPLD and prior history of acute pancreatitis
ere included in the study.
Detailed reports on the results of studies CT-AMT-011-

1 and CT-AMT-011-02 and their long-term follow-up will
e published elsewhere. In summary, during PREP-02 the
nability of controlled diet to lower TG and to prevent pancre-
titis was confirmed. In the interventional studies alipogene
iparvovec was tolerated well, without dose-limiting toxic-
ty; also in long-term follow-up thus far this therapy has
n excellent safety profile. During the active study phases
G decreases were noted in virtually all patients. Muscle
iopsies taken half a year post-dosing in CT-AMT-011-01
rom both injected and non-injected muscle clearly indicate
ersistent expression and biologic activity, while long-term
linical follow-up is indicating continued benefit for these
atients as compared to their disease state during PREP-
1.

. Additional studies and pooled data on the
ncidence of pancreatitis in LPLD

The clinical development of alipogene tiparvovec started
n 2005. All participants to the CT-AMT-010-01, 011-01 and
11-02 trials are intended to be followed for 15 years after
osing in a registry. This long-term follow-up will allow the
ngoing assessment of safety and efficacy of gene therapy
ith AAV1-LPLS447X which includes continued collection
f data on the incidence of pancreatitis. Modeling of pan-
reatitis data available from the entire program until October
009, using a Cox Proportional Hazard Regression model,
dapted for historic control studies (Multiplicative Inten-
ity Model, Lachin, 2000) [30], was performed. Use of data
rom medical history records was limited to the period of
ime where it appeared upon subjective review of the data
vailable for analysis by an independent statistical expert
hat pancreatitis events had been captured with sufficient
etail to allow for analysis. Panel A in Table 1 provides
etails per study on data used. The outcome of the model-
ng analysis suggests that the risk of pancreatitis decreases
linically importantly after a single dose administration of
AV1-LPLS447X: with a probability of approximately 80%

he results indicate that the risk of pancreatitis is reduced
y 70% after administration of alipogene tiparvovec, as
ompared to pre-administration (Table 1). The incidence of
ancreatitis in LPLD following AAV1-LPLS447X treatment
ill be followed and monitored over years in order to obtain

tronger evidence on the efficacy of the treatment. Till now,

he long-term clinical benefits of the therapy have not been
onsistently correlating with TG levels, and hence the util-
ty of total fasting plasma TG as a surrogate marker of risk
f clinical events post-gene therapy with alipogene tipar-

h
i
A
h
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ovec is not as linear as expected initially. Ancillary studies
re conducted to better understand acylglycerol metabolism,
dentify novel biomarkers of disease or drug response and
o highlight the mechanisms of action of alipogene tipar-
ovec.

. Risk assessment and ethical issues

In addition to long-term efficacy follow-up, specific fea-
ures of risk associated with AAV1-LPLS447X gene transfer
ill be monitored over years. The objective is to strike the
ost appropriate balance between efficacy (reduced risk of

ancreatitis and other LPLD co-morbidities) and safety (risk
f severe adverse events) [31,32]. For both efficacy and safety
ssues, risk is defined as the probability over time that an event
s due to hazard or exposure [33]. The notion of risk is closely
ied to uncertainty and unknown outcome [31–33]. AAV1-
PLS447X uses active biological agent rather than chemical.

t is composed of genetic material that affects gene expression
nd requires a viral-based delivery device (the AAV-vector).
n AAV-based gene therapy, both the transgene and the vector
resent potential risk of latencies that should be tightly mon-
tored and compared to long-term benefits. Due to the nature
f the treatment, it is essential to assess the probability that a
erious adverse event that may occur relate to the treatment,
he vector, the underlying disease (LPLD) or another factor.
hat’s why all LPLD patients receiving AAV1-LPLS447X are
rospectively followed for 15 years.

0. Summary

LPLD is a serious chylomicronemic disorder. LPLD
s associated with increased coronary artery disease and
iabetes risk, but the most debilitating complication is pan-
reatitis. Acute pancreatitis is a complex, heterogeneous,
ighly morbid and potentially fatal disease. Efficacy results
rom the clinical studies on AAV1-LPLS447X appear promis-
ng, especially regarding reduced risk of acute pancreatitis
vents. In these studies, alipogene tiparvovec was in gen-
ral well tolerated and safe. Further analyses and long-term
ollow-up are ongoing to definitively confirm the long-term
enefit and safety.
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