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Apolipoprotein C2 (ApoC2) is a key activator of lipoprotein
lipase for plasma triglyceride metabolism. ApoC2-deficient pa-
tients present with severe hypertriglyceridemia and recurrent
acute pancreatitis, for whom the only effective treatment is the
infusion of normal plasma containing ApoC2. However, since
ApoC2 has a fast catabolic rate, a repeated infusion is required,
which limits its clinical use. To explore a safe and efficient
approach for ApoC2 deficiency, we herein established an ad-
eno-associated virus expressing human ApoC2 (AAV-hApoC2)
to evaluate the efficacy and safety of gene therapy inApoC2-defi-
cient hypertriglyceridemic hamsters. Administration of AAV-
hApoC2 via jugular or orbital vein in adult and neonatal
ApoC2-deficient hamsters, respectively, could prevent the
neonatal death and effectively improve severe hypertriglyceride-
mia of ApoC2-deficient hamsters without side effects in a long-
term manner. Our novel findings in the present study
demonstrate that AAV-hApoC2-mediated gene therapy will be
a promising therapeutic approach for clinical patients with
severe hypertriglyceridemia caused by ApoC2 deficiency.
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INTRODUCTION
Lipoprotein lipase (LPL) complexes hydrolyze endogenous and exog-
enous triglycerides (TGs) carried in very-low-density lipoprotein
(VLDL) and chylomicron (CM) in plasma, respectively. The released
free fatty acids (FFAs) are taken up by adipocytes to form TGs for
storage or utilized as energy in skeletal muscle and myocardium.
Many key proteins, including apolipoprotein Cs (ApoCs), angiopoie-
tin-like proteins (ANGPTLs), and GPIHBP1, can regulate LPL activ-
ity through various posttranslational regulatory mechanisms,1,2 in
which ApoC2 is an essential activator of LPL activity3,4 and plays a
crucial role in LPL-mediated TG hydrolysis.5,6

Hypertriglyceridemia (HTG) is a multifactorial disorder with genetic
and secondary forms, characterized by abnormal synthesis or
impaired degradation of TGs, leading to excess TGs accumulated in
plasma. Familial chylomicronemia syndrome (FCS) primarily caused
by loss-of-function mutations in LPL is a group of extremely rare
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monogenic conditions with a reported prevalence of about one in
1 million.7,8

In addition, note that ApoC2 deficiency is also one of the most
common causes of FCS with severe HTG (sHTG) and recurrent
HTG-induced acute pancreatitis (HTAP), which can be life-threat-
ening.9–13 There are a total of 30 different ApoC2 mutant cases being
reported in different populations worldwide,8 suggesting that ApoC2
deficiency also requires attention.

To date, many kinds of gene-modified mouse models have been suc-
cessfully generated and widely used in the study of human lipid meta-
bolism disorders. Unfortunately, it has been reported that ApoC2
deletion due to a frameshift caused embryonic lethality in mice,14

and the only viable mouse model carrying ApoC2 mutants was devel-
oped, showing an excess of immature ApoC2 in plasma andmoderate
HTG, which substantially differs from clinical ApoC2-deficient pa-
tients, indicating that it is not a true ApoC2-deficient animal model.14

Recently, an ApoC2-deficient zebrafishmodel with sHTGwas created
to study ApoC2 function,15 but because of the differences in lipid pro-
file and low homogeneity of the Apoc2 gene between zebrafish and
humans, the further application and practical value of the ApoC2-
deficient zebrafish model are limited.

Based on the advanced characteristics of Syrian golden hamsters that
are similar to humans in lipid metabolism, our laboratory applied
CRISPR-Cas9 technology to establish hamster models lacking some
mber 2020 ª 2020 The Author(s).
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Figure 1. The Expression Pattern of hApoC2 and

Other TG Metabolism-Related Genes in Adult

ApoC2–/– Hamsters Treated with AAV-hApoC2

(A) Representative images of cryosections of liver from adult

ApoC2�/� hamsters treated with AAV-GFP or AAV-

hApoC2. Adult ApoC2�/� hamsters were administered 2 �
1012 vg of AAV-GFPorAAV-hApoC2 at 2.5� 1011, 5� 1011,

or 2� 1012 vg. The green fluorescence of liver was analyzed

at week 8 after AAV injection. (B) Quantitative analysis of

hepatic hApoC2 mRNA expression relative to GAPDH in

animals described in A. N = 3 per group. *p < 0.05, **p <

0.01. (C) Tissue distribution of hApoC2 expression in adult

ApoC2�/� hamsters injected with AAV-hApoC2. Quantita-

tive analysis of hApoC2mRNA expression was performed in

liver, kidney, small intestine, lung, spleen, heart, and muscle

in AAV-hApoC2-treated adult ApoC2�/� hamsters at a dose

of 2 � 1012 vg. N = 3 per group, **p < 0.01. (D) Quantitative

analysis of mRNA expression of genes regulating hepatic TG

metabolism. The hepatic mRNA expression levels of LPL,

ApoA5, Angptl3, Angptl4, and Angptl8 at week 8 were

analyzed by real-time PCR in adult ApoC2�/� hamsters in-

jected with AAV-hApoC2 at a dose of 2� 1012 vg. N = 3 per

group. **p < 0.01.
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key genes regulating lipid metabolism, including the LDL receptor
and lecithin-cholesterol acyltransferase (LCAT).16,17 In our previous
study, ApoC2 knockout hamsters created by the CRISPR-CAS9 sys-
tem showed neonatal death secondary to sHTG, which could be
rescued by continuous intravenous (i.v.) infusion of wild-type
(WT) hamster serum and then survival to adulthood with sHTG,
thus providing an ideal animal model for the study of sHTG caused
by ApoC2 deficiency.18

To our knowledge, clinical treatment for patients with ApoC2 defi-
ciency has not yet been systemically reported, and conventional
lipid-lowering drugs are largely ineffective. Transfusion of normal
plasma containing ApoC2 may only be applied to save lives during
the onset of severe pancreatitis.15,19 Moreover, results from experi-
mental animals showed that injection of the ApoC2 mimetic peptide
into ApoC2 mutant mice normalized TG levels.14 However, ApoC2
from normal plasma and ApoC2 mimetic peptide are metabolized
rapidly in circulation, limiting their clinical use because frequent in-
puts are required to correct sHTG for a lifetime. Thus, gene replace-
ment therapy could be an optimal regimen for ApoC2-deficienct pa-
tients with this well-defined etiology. Recently, adeno-associated virus
(AAV) has been reported to be an ideal vector used successfully for
gene therapy in different human diseases.20–22

Therefore, in the present study we aimed to use ApoC2 knockout
hamsters to investigate the efficacy and safety of AAV-mediated
ApoC2 gene therapy, and provide a potential therapeutic approach
for severe hypertriglyceridemic patients with ApoC2 deficiency.

RESULTS
Complete Correction of sHTG in Adult ApoC2–/– Hamsters

First, we investigated whether the liver could be efficiently infected by
the AAV construct in vivo. AAV-GFP was injected into adult
Molecular The
ApoC2�/� hamsters through the jugular vein and green fluorescence
was observed in the liver, indicating a successful AAV-mediated GFP
expression (Figure 1A). Then, AAV expressing human ApoC2 (AAV-
hApoC2) with different doses at 2.5� 1011 vector genomes (vg) (low),
5 � 1011 vg, (medium) and 2 � 1012 vg (high) was also injected i.v.
into adult ApoC2�/� hamsters. The results showed that the mRNA
expression level of hApoC2 in the liver was significantly higher
than that in the control group in a dose-dependent manner (Fig-
ure 1B). In the meantime, we also found that hApoC2 was expressed
in other organs, including kidney, small intestine, and lung by 30%,
20%, and 20%, respectively, when compared to liver. However, there
was no hApoC2 detected in spleen, heart, and skeletal muscle (Fig-
ure 1C). Furthermore, to study whether the restoration of ApoC2
expression in knockout hamsters could influence other genes
involved in TG metabolism in liver, we measured the mRNA expres-
sion of LPL and its regulators, such as ApoA5, Angptl3, Angptl4, and
Angptl8, but no changes were observed (Figure 1D).

Next, in order to investigate whether treatment with AAV-hApoC2 at
different doses could efficiently correct HTG in adult ApoC2�/�

hamsters, plasma concentrations of TGs and total cholesterol (TC)
were measured before and 8 weeks after administration of AAV-
hApoC2. As shown in Figure 2A, the milky plasmas of sHTG in
ApoC2�/� hamsters were completely normalized to a clear appear-
ance by high-dose AAV-hApoC2 (2 � 1012 vg) at week 8 (W8). In
comparison with AAV-GFP-treated animals, TG levels were signifi-
cantly reduced by 85%, 93%, and 97% in the groups receiving low,
medium, and high doses of AAV-hApoC2, respectively, which are
comparable to WT hamsters with TGs at 210.9 ± 16.17 mg/dL (Fig-
ure 2B). TC levels, alternatively, were all markedly decreased by 60%
without significant difference among the three AAV-hApoC2-treated
groups (Figure 2B). Furthermore, hApoC2 was detected in plasma in
all three treated groups as well (Figure 2C). To observe the time
rapy: Methods & Clinical Development Vol. 18 September 2020 693
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Figure 2. Effects of AAV-Mediated hApoC2 Expression on Plasma Lipids and Lipoproteins in Adult ApoC2–/– Hamsters

(A) Representative photos of plasma samples from adult ApoC2�/� hamsters before (W0) and 8 weeks (8W) after treatment with AAV-hApoC2 at three doses of 2.5 � 1011,

5� 1011, and 2� 1012 vg; the AAV-GFP-treated group at a dose of 2� 1012 vg was used as control. (B) Analysis of plasma TG and cholesterol (CHOL) levels in animals from

A. N = 3–4 per group. *p < 0.05, **p < 0.01. (C) Representative western blots of plasma hApoC2 protein at week 8 (W8) after administration of AAV-hApoC2 at three doses of

2.5 � 1011, 5 � 1011, and 2 � 1012 vg. (D) Time-course analysis of TG and CHOL levels in AAV-GFP- or AAV-hApoC2-treated adult ApoC2�/� hamsters with a dose of 2 �
1012 vg. N = 4–6 per group. *p < 0.05, **p < 0.01. (E) Representative western blots of plasma hApoC2 protein in adult ApoC2�/� hamsters at weeks 2, 8, 16, and 24 after

administration of AAV-hApoC2 at a dose of 2 � 1012 vg. (F) FPLC analysis of TG distribution from pooled plasma in WT, AAV-GFP-, and AAV-hApoC2-treated adult

ApoC2�/� hamsters with a dose of 2 � 1012 vg at week 8. N = 6–8 per group. (G) FPLC analysis of CHOL distribution from pooled plasma in WT, AAV-GFP-, and AAV-

hApoC2-treated adult ApoC2�/� hamsters with a dose of 2 � 1012 vg at week 8. N = 6–8 per group.
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course of AAV-mediated gene therapy, we chose the high dose for the
purposes of our experiment. It was shown that after AAV-
hApoC2 administration, the lipid-lowering effects on TGs and TC
were observed at week 1 and maintained at the same low levels until
the endpoint at week 24, ensuring the achievement of a long-term
expression of hApoC2 (Figure 2D). Similarly, hApoC2 in the plasma
694 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
could be detected at the indicated time points during the 24-week
experimental period (Figure 2E).

Moreover, the plasma lipoprotein profile in ApoC2�/� hamsters was
greatly improved by AAV-hApoC2 administration. As shown in
Figures 2F and 2G, Fast protein liquid chromatography (FPLC)
mber 2020



Figure 3. The Expression Pattern of ApoC2 andOther

TGMetabolism-Related Genes in Neonatal ApoC2–/–

Hamsters Treated with AAV-hApoC2 via Orbital Vein

(A) Representative images of cryosections of liver from

neonatal ApoC2�/� hamsters treated with AAV-GFP

or AAV-hApoC2. Neonatal ApoC2�/� hamsters were

administered with 2 � 1011 vg of AAV-GFP or AAV-

hApoC2 at 6.25� 109, 5� 1010, or 2� 1011 vg. The green

fluorescence of liver was analyzed at the week 8 after AAV

injection. (B) Quantitative analysis of hepatic hApoC2

mRNA expression relative to GAPDH in animals described

in A. N = 3 per group. *p < 0.05. (C) Tissue distribution of

hApoC2 expression in neonatal ApoC2�/� hamsters in-

jected with AAV-hApoC2. Quantitative analysis of hApoC2

mRNA expression was performed in liver, kidney, small

intestine, lung, spleen, heart, and muscle in AAV-hApoC2-

treated neonatal ApoC2�/� hamsters at a dose of 2� 1011

vg. N = 3 per group. **p < 0.01. (D) Quantitative analysis of

mRNA expression of genes regulating hepatic TG meta-

bolism. The hepatic mRNA expression levels of LPL,

ApoA5, Angptl3, Angptl4, and Angptl8 at week 8 were

analyzed by real-time PCR in neonatal ApoC2�/� ham-

sters injected with AAV-hApoC2 at a dose of 2 � 1011 vg.

N = 3 per group. *p < 0.05.
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analysis of the plasma from ApoC2�/� hamsters demonstrated a
huge peak of both TGs and cholesterol in VLDL/CM fractions, while
cholesterol in the LDL fraction was greatly increased, but it was
reduced by nearly 50% in the high-density lipoprotein (HDL) frac-
tion, as compared with WT hamsters. However, after AAV-hApoC2
administration, the abnormal distribution of plasma lipoproteins in
ApoC2�/� hamsters was corrected completely. The amount of TGs
in VLDL/CM was markedly decreased, and cholesterol in LDL was
also reduced, whereas HDL cholesterol was increased to the similar
extent as that observed in WT hamsters.
Prevention of Death and sHTG in Neonatal ApoC2–/– Hamsters

Since ApoC2 deficiency is diagnosed as early as infancy, we then
explored the feasibility of AAV delivery to the neonatal hamsters.
We first sought to administer the AAV-GFP to newborn ApoC2�/�

pups via the orbital vein. The cryosections of liver from these pups
7 days afterward showed green fluorescence, indicating that AAV suc-
cessfully mediated GFP gene expression in the liver (Figure 3A). We
then injected AAV-hApoC2 with different doses to these pups via a
similar route on day 3 after birth. To our surprise, all neonatal
ApoC2�/� hamsters survived to week 8. Levels of hApoC2 mRNA
were increased dose-dependently in the liver (Figure 3B). The expres-
sion pattern of hApoC2 in various tissues in the pups was slightly
different from that of adult animals receiving AAV-hApoC2. The
liver showed the highest expression level of hApoC2 mRNA, while
the kidneys, small intestine, lungs, spleen, heart, and muscle pre-
sented virtually undetectable levels (Figure 3C). Analysis of the genes
related to TGmetabolism in the liver after AAV-hApoC2 administra-
tion demonstrated no significant changes in LPL, ApoA5, Angptl3,
Angptl4, and Angptl8, except for a significant increase in hApoC2
(Figure 3D).
Molecular The
In experiments with neonatal hamsters the proper controls cannot be
designed as in the experiments for adults because ApoC2�/� hamster
pups died in the neonatal period. Therefore, AAV-GFP-injected ham-
sters serving as controls received daily orbital vein infusion of WT
hamster serum from day 3 of birth until weaning, which resulted in
near normal TG levels of 210.9 ± 16.17 mg/dL shown in WT ham-
sters. However, the plasma TG concentration was increased to
7,000–8,000 mg/dL after termination of serum infusion. The compar-
ison of AAV-hApoC2 treated with AAV-GFP was begun then. It was
found that to different extents, the milky plasma was corrected (Fig-
ure 4A), and plasma TG levels were significantly reduced in a dose-
dependent manner at week 8 after AAV-hApoC2 injection compared
with the plasma of pre-injection (week 0 [W0]) and AAV-GFP, in
which plasma TG levels were completely normalized to those
observed in WT animals (Figure 4B). The hApoC2 protein was also
detectable in plasma at week 8 in animals treated with AAV-hApoC2,
but not in those administered AAV-GFP (Figure 4C).

Furthermore, our study showed that intraperitoneal (i.p.) injection of
AAV-hApoC2 was as effective as orbital vein injection with the same
dose (2 � 1011 vg) in the prevention of neonatal death in ApoC2�/�

pups. Plasma TG levels of pups administered AAV-hApoC2 via either
the i.v. or i.p. route were markedly reduced in comparison to those of
AAV-GFP-treated controls through the entire experimental period of
16 weeks (Figure 4D). It was shown that hApoC2 protein could be de-
tected in plasma on day 7 (D7) after i.p. or orbital i.v. injection (Fig-
ure 4E). In the meantime, the abnormal plasma lipoprotein profile in
ApoC2�/� pups with AAV-hApoC2 treatment was also completely
corrected with a reduction in both TGs and cholesterol in the frac-
tions of VLDL/CM and LDL, whereas cholesterol was elevated in
the HDL group, which was similar to that observed in the WT group
(Figures 4F and 4G).
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Figure 4. Effects of AAV-Mediated Human ApoC2 Expression on Plasma Lipids and Lipoproteins in Neonatal ApoC2–/– Hamsters

(A) Representative photos of plasma samples from neonatal ApoC2�/� hamsters before (W0) and 8 weeks (W8) after treatment with AAV-hApoC2 at three doses of 6.25 �
109, 5 � 1010, and 2 � 1011 vg via orbital vein; the AAV-GFP-treated group at a dose of 2 � 1011 was used as control, in which concomitantly daily infusion of wild-type

hamster serum via orbital vein was applied until weaning on day 21. (B) Analysis of plasma TG levels in animals from A. N = 3–4. *p < 0.05, **p < 0.01. (C) Representative

western blots of plasma hApoC2 protein at W8 after administration of AAV-hApoC2 at three doses of 6.25� 109, 5� 1010, and 2� 1011 vg via orbital vein. (D) Time-course

analysis of TG levels in AAV-GFP- or AAV-hApoC2-treated neonatal ApoC2�/� hamsters with a dose of 2� 1011 vg injected via orbital vein (i.v.) or intraperitoneal (i.p.). N = 4–

6 per group. **p < 0.01. (E) Representative western blots of plasma hApoC2 protein in neonatal ApoC2�/� hamsters at week 1 (W1) of AAV-hApoC2 at a dose of 2� 1011 vg

via intraperitoneal or orbital vein. (F) FPLC analysis of TG distribution from pooled plasma in WT, AAV-GFP-, and AAV-hApoC2-treated neonatal ApoC2�/� hamsters with a

dose of 2 � 1011 vg at week 8. N = 6–8 per group. (G) FPLC analysis of cholesterol (CHOL) distribution from pooled plasma in WT, AAV-GFP-, and AAV-hApoC2-treated

neonatal ApoC2�/� hamsters with a dose of 2 � 1011 vg at week 8. N = 6–8 per group.
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AAV Treatment Had No Side Effects on Multiple Organ Damage

To investigate the side effects of AAV-mediated gene therapy in our
study, we monitored liver and kidney function at the end of our ex-
periments in each group with i.v. injection of AAV-hApoC2. As
shown in Table 1, plasma alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) levels in both adult and neonatal
ApoC2�/� hamsters with either AAV-hApoC2 or AAV-GFP were
696 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
not significantly different from the WT control group without AAV
administration, indicating clearly that AAV-hApoC2 did not cause
significant liver damage or hepatotoxicity. Likewise, there were no
significant differences in creatinine clearance (Ccr), 24-h urine pro-
tein, and blood urine nitrogen (BUN) among WT-, AAV-GFP-,
and AAV-hApoC2-treated neonatal and adult ApoC2�/� hamsters,
demonstrating no overt renal injury caused by AAV vectors to
mber 2020



Table 1. Liver and Kidney Function of Adult and Neonatal ApoC2–/– Hamsters after Treatment with AAV-hApoC2 and AAV-GFP

WT Adult + AAV-hApoC2 Newborn + AAV-hApoC2 Adult+ AAV-GFP

ALT activity (U/L) 20.75 ± 5.37 15.63 ± 1.76 15.67 ± 2.84 17.65 ± 8.94

AST activity (U/L) 18.62 ± 1.91 21.31 ± 4.41 16.68 ± 4.12 35.47 ± 3.19

Ccr (mL/min) 1.02 ± 0.06 0.83 ± 0.16 1.04 ± 0.13 0.73 ± 0.15

Urine protein/mg/24 h 1.44 ± 0.19 1.57 ± 0.62 1.3 ± 0.46 1.74 ± 0.32

BUN (mmol/L) 90.33 ± 23.4 104.1 ± 14.0 73.88 ± 8.75 116.8 ± 11.17

Wild-type (WT) hamsters and adult and neonatal ApoC2�/� hamsters were treated with AAV-hApoC2 (Adult + AAV-hApoC2, 2� 1012 vg/hamster; Newborn + AAV, 2� 1011 vg/
pup) via jugular and orbital veins, respectively, Adult ApoC2�/� hamsters treated with AAV-GFP (Adult + AAV-GFP) via jugular vein were used as controls. ALT, alanine amino-
transferase; AST, aspartate aminotransferase; Ccr, creatinin clearance; BUN, blood urine nitrogen. N = 4–5 per group. No statistical differences (p > 0.05) were detected among all four
groups.
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ApoC2�/� hamsters. Moreover, hematoxylin and eosin (H&E) stain-
ing of a variety of tissues at the end of the experiment showed that
there were no apparent morphological changes in lung, kidney, and
pancreas between AAV-GFP- and AAV-hApoC2-treated neonatal
and adult ApoC2�/� hamsters, with both receiving high doses (2 �
1012 vg/adult hamster and 2 � 1011 vg/pup, respectively) (Figures
5A–5H), which is consistent with the results obtained from WT ani-
mals (Figure S1).

DISCUSSION
In this study, we used liver-specific AAV8 as a vector to establish
long-term expression of the human Apoc2 gene in ApoC2�/� ham-
sters. This means successfully corrected the sHTG in ApoC2�/� ham-
sters, and the lipid-lowering effect remained stable for up to 6months.
In themeantime, we also investigated the feasibility of this therapeutic
modality in neonatal ApoC2�/� pups, given that familial ApoC2 defi-
ciency often causes clinical phenomena such as abdominal pain due
to acute pancreatitis during infancy and childhood. Although the
route of i.p. injection in neonatal animals is simpler, the i.v. route
should be preferable in view of similar gene therapy in human infants.
The results obtained from neonatal hamsters showed that both i.p.
and i.v. routes of AAV-hApoC2 completely corrected sHTG and
then prevented neonatal death in newborn ApoC2�/� hamsters,
which could survive to adulthood with a normal lipid profile due to
the stable hApoC2 expression in vivo.

In the past decades, sHTG has been recognized as a disease with great
concerns to clinicians due to the complication of recurrent and poten-
tially life-threatening acute pancreatitis. However, because sHTG is
primarily caused by different mutations in a single gene, it is possible
that gene replacement therapy will achieve a good treatment goal. The
first commercial gene therapy approved by the European Medicines
Agency is applied for the treatment of sHTG caused by loss-of-func-
tion mutations in the Lpl gene.23 Using AAV1 as a vector encoding a
gain-of-function LPL mutant (LPLs447x, alipogene tiparvovec [Gly-
bera]), which locally expresses LPL at the injection site after multiple
intramuscular injections, can lower plasma TG levels to a certain
extent in patients with Lpl null mutations in clinical trials, then lead-
ing to a reduction in the number of admissions to hospitals for acute
pancreatitis.24–27 Although Glybera has not been widely accepted due
Molecular The
to the high cost and insurance issues, it has been shown that AAV
gene therapy for sHTG is highly feasible in theory and practice.

Importantly, a critical issue to be considered in the development of
gene therapy for sHTG is that FFAs generated from rapid hydrolysis
of TGs may cause local tissue damage. This is why muscle was chosen
as a target organ for Glybera gene therapy in the hope of avoiding the
risk of liver toxicity induced by the abnormal accumulation of exces-
sive FFAs from LPL-mediated TG hydrolysis. As expected, liver dam-
age was not observed in early experimental gene therapy studies using
adenoviruses as vectors for ectopic liver expression of LPL through i.v.
injections.28 However, although the quadriceps is adequately
perfused, diffusion to neighboring muscle tissue through dozens of
injection sites is bound to be limited. Therefore, a large number of
AAV gene vectors can only be injected into the experimental animals
to markedly reduce plasma TGs,29,30 but in clinical trials, a high dose
of AAV vectors was not allowed due to the potential toxicity, leading
to an unsatisfied TG-lowering outcome in the patients, in which
plasma TGs were still well above normal levels.27

Based on the property of ApoC2 and the advantages of the AAV vec-
tor in the field of gene therapy, in this study we proposed that liver
would be an ideal organ for ApoC2 gene therapy because ApoC2
was largely synthesized by liver and then secreted into bloodstream,
where it activated LPL anchored at the vascular endothelium for
TG hydrolysis. Moreover, the high affinity of the AAV8 vector to
the hepatocytes made cells to be efficiently infected by AAV-hApoC2
via the i.v. route, resulting in the exogenous hApoC2 expression at
appropriate doses.8,31,32 Our western blots showing high levels of
hApoC2 in the plasma after administration of AAV-hApoC2 further
supported this concept. Additionally, because hApoC2 is highly
homologous to hamster ApoC2, it is logical that hApoC2 should be
able to fully activate hamster LPL, thus effectively and rapidly amelio-
rating sHTG in ApoC2�/� hamsters.

Although our data suggest that AAV-hApoC2 could solve the prob-
lems caused by ApoC2 deficiency in hamsters, there are still some
limitations in our current study. Previous studies have shown that
overexpression of hApoC2 in transgenic mice caused the unex-
pected HTG because excess ApoC2 could disrupt the contact of
rapy: Methods & Clinical Development Vol. 18 September 2020 697
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Figure 5. Morphological Analysis of Different Tissues in Adult and Neonatal ApoC2–/– Hamsters after Intravenous Administration of AAV-hApoC2

(A and B) Representative images for H&E staining of liver in adult (A) and neonatal (B) hamsters treated with AAV-hApoC2 or AAV-GFP intravenously at a dose of 2� 1012 vg,

respectively. (C and D) Representative images for H&E staining of lung from animals described in A (C) and B (D). (E and F) Representative images for H&E staining of kidney

from animals described in A (E) and B (F). (G and H) Representative images for H&E staining of pancreas from animals described in A (G) and B (H). Scale bars, 50 mm.
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TG-rich lipoprotein and LPL, indicating that TG metabolism medi-
ated by the ApoC2/LPL complex is not fully understood.33 It will be
tempting for us to investigate the influence of hApoC2 overexpres-
sion on TG metabolism in WT hamsters in the future, which will
help us understand whether ApoC2 gene therapy can be extrapo-
lated to other forms of HTG caused by the mutations in TG meta-
bolism-related genes, such as LPL, ANGPTLs, and GPIHBP1, but
not ApoC2. Furthermore, we still do not know how long AAV-
mediated hApoC2 expression will last based on our 6-month exper-
iments at the current stage, suggesting that a longer time window
should be studied.

In conclusion, we herein report for the first time that AAV8 vector
encoding hApoC2 could be safely administered to both neonatal
698 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
and adult ApoC2�/� hamsters to effectively reduce extremely high
TG levels and prevent neonatal death secondary to sHTG in a long-
term manner without any reverse effects on tissue damage. Our novel
findings provide a new insight into the possibility that AAV8-medi-
ated hepatic gene expression of hApoC2 will be a promising therapeu-
tic approach for sHTG caused by ApoC2 deficiency.

MATERIALS AND METHODS
Construction of Viral Vectors

AAV8-hApoC2 was generated using a duplex AAV8 vector to carry a
human Apoc2 gene expression frame containing a target sequence of
humanmiR-142-3p (Figure 6), which was provided by Beijing FivePlus
Molecular Medicine Institute. The purpose of miR-142-3p insertion
was to reduce the immunogenicity of the transgene product by
mber 2020



Figure 6. Structure Diagram of AAV Plasmid Vector

AAV-hApoC2 Carrying the Human Apoc2 Gene
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inhibiting the translation of its target transcripts in antigen-presenting
cells (APCs) and stabilize gene transfer.34 The AAV8-hApoC2
construct has the following novel features: (1) the liver-specific LP15
promoter at upstream of theApoc2 gene for tissue-specific and effective
expression;35,36 (2) an optimized Apoc2 coding region sequence with
insertion of short introns for increased transcription efficiency;37,38

(3) very low immunogenicity with an insertion of four target sequences
of miR-142-3p in the 30 UTR region;34 and (4) a safe and non-patho-
genic recombinant double-stranded AAV8 vector.39

Animals

ApoC2�/� hamsters were created in our laboratory as described pre-
viously,18 which showed the characteristics of sHTG and death during
the lactation period. Because all neonatal ApoC2�/� hamsters died
within 10 days after birth, daily administration of normal hamster
serum via the orbital vein was needed for rescue until weaning on
day 21. Neonatal or adult ApoC2�/� animals rescued from neonatal
death by normal hamster serumwere used for the future experiments.
The animals were housed under humidity of 50%–60% at 22�C–24�C
on a 14-h light/10-h dark cycle with water ad libitum. The experi-
mental procedures for animals were strictly in accordance with
NIH requirements (NIH released no. 85Y231996 revision) and
approved by the Ethics Committee of Laboratory Animals of Peking
University (LA2010-059). Isoflurane inhalation was used as the anes-
thetic method for experimental animals.

AAV-hApoC2 Experiments

Neonatal ApoC2–/– Hamsters

On postnatal day 3, neonatal ApoC2�/� pups were injected with
AAV-hApoC2 via orbital vein (i.v.) or i.p., and neonatal ApoC2�/�

hamsters receiving AAV-GFP as controls were also given i.v. infusion
of normal hamster serum until weaning to ensure survival. All vector
doses were per pup, and the average weight was 3 g. The animals were
sacrificed at week 8 after treatment, and the related tissues were taken
for assessment of relevant gene expression and morphological
evaluation.

Adult ApoC2–/– Hamsters

Adult ApoC2�/� hamsters were injected with AAV-hApoC2 via the
external jugular vein at a dose of virus per animal. Blood was
collected from the pups and adult hamsters through the femoral ar-
tery and jugular vein, respectively, at the indicated time points for
the determination of serum lipids and ApoC2 protein. The animals
were sacrificed at week 12 after treatment and the tissues were
harvested for measurement of gene expression and morphological
evaluation.
Molecular The
Rescue of ApoC2–/– Hamsters

ApoC2-containing serum from WT hamsters was used to rescue the
lethality of ApoC2�/� pups during the lactation period. Briefly, blood
was collected fromWT hamsters via the retro-orbital veins and incu-
bated at 37�C for 30 min, followed by a centrifugation at 4,000 rpm
for 10 min at room temperature. Supernatants were collected and
then filtered through a 0.22-mm syringe filter (Millipore, USA) and
stored at�20�C for further experiments.We injected normal hamster
serum into ApoC2�/� pups through the retro-orbital route on day 3
after birth at a single dose of 10 mL per gram of body weight daily until
weaning on day 21.

Plasma Lipids and Lipoproteins

Plasma TC and TG levels were measured by the enzymatic method
(Biosino Bio Technology & Science, Beijing, China). Plasma hApoC2
was detected by western blots. Briefly, 3 mL of plasma was mixed with
a buffer containing sodium lauryl sulfate (SDS) and dithiothreitol
(DTT), boiled at 95�C for 10 min, and then loaded onto 15% SDS-
PAGE gels. The hApoC2 protein was visualized using rabbit against
hApoC2 (ab76452, Abcam, Cambridge, UK, rabbit polyclonal immu-
noglobulin G [IgG], 1:1,000).

Lipoprotein analysis was performed by FPLC on a Superose 6 HR10/
30 column (Amersham Biocsciences, USA). The 200-mL pooled
plasma samples from indicated groups were first treated by ultracen-
trifugation at 25,000 rpm for 15 min to get rid of the extremely large
lipoprotein particles in order to prevent the obstruction of the col-
umn, then filtered through a 0.22-mm syringe filter (Millipore,
USA). The fractions were eluted at a rate of 0.5 mL per min with
PBS and automatically collected. A total of 35 fractions with 500 mL
were used to determine TC and TGs in each fraction.

RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted with TRIzol reagent (Invitrogen, USA), and
the first-strand cDNA was generated with a reverse transcription
(RT) kit (Promega, USA). Quantitative real-time PCR was performed
to measure gene expression using different pairs of primers (Table
S1). Quantitative real-time PCR was conducted using an Applied Bio-
systems with SYBR Green fluorescence (Promega, USA) for 40 cycles,
which consisted of heat denaturation at 95�C for 30 s and annealing
extension at 60�C for 60 s. All relative gene expression levels were
normalized to GAPDH.

Liver and Kidney Function

Serum ALT, AST, and creatinine in the indicated groups were
measured according to the instructions of commercial kits (Nanjing
rapy: Methods & Clinical Development Vol. 18 September 2020 699
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Jiancheng Co., China, and R&D Systems, USA). A metabolic cage
(Tecniplast, Italy) was applied to collect 24-h urine samples for the
measurement of creatinine (R&D Systems, USA) and albumin (Bethyl
Laboratories, USA). Blood urea nitrogen was assayed using a com-
mercial kit (Nanjing Jiancheng).

Morphological Analysis

Animals were sacrificed at the indicated time points and perfused
with 20 mL of 0.01 M PBS through the left ventricle. Tissues of liver,
kidney, lung, and pancreas were harvested, fixed with 4% paraformal-
dehyde, and then embedded in paraffin. Sections (5 mm) were stained
with H&E. Briefly, the samples were incubated with xylene and
ethanol to remove paraffin, stained for 5 min with hematoxylin, fol-
lowed by incubation with eosin for 3 min. Then, the sections were re-
immersed in ethanol and xylene and observed under microscope.

Statistical Analysis

All experimental data are presented as mean ± standard error. Statis-
tical analysis was performed using Student’s t test or one-way vari-
ance (ANOVA) followed by Tukey’s posterior test using GraphPad
Prism 7.0. p values less than 0.05 were considered statistically
significant.
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