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AAV-mediated hepatic LPL expression ameliorates
severe hypertriglyceridemia and acute pancreatitis
in Gpihbp1 deficient mice and rats
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GPIHBP1 plays an important role in the hydrolysis of triglyc-
eride (TG) lipoproteins by lipoprotein lipases (LPLs). However,
Gpihbp1 knockout mice did not develop hypertriglyceridemia
(HTG) during the suckling period but developed severe HTG
after weaning on a chow diet. It has been postulated that LPL
expression in the liver of suckling mice may be involved. To
determine whether hepatic LPL expression could correct severe
HTG in Gpihbp1 deficiency, liver-targeted LPL expression was
achieved via intravenous administration of the adeno-associ-
ated virus (AAV)-human LPL gene, and the effects of AAV-
LPL on HTG and HTG-related acute pancreatitis (HTG-AP)
were observed. Suckling Gpihbp1�/� mice with high hepatic
LPL expression did not develop HTG, whereas Gpihbp1�/�

rat pups without hepatic LPL expression developed severe
HTG. AAV-mediated liver-targeted LPL expression dose-
dependently decreased plasma TG levels in Gpihbp1�/� mice
and rats, increased post-heparin plasma LPL mass and activity,
decreased mortality in Gpihbp1�/� rat pups, and reduced the
susceptibility and severity of both Gpihbp1�/� animals to
HTG-AP. However, the muscle expression of AAV-LPL had
no significant effect on HTG. Targeted expression of LPL in
the liver showed no obvious adverse reactions. Thus, liver-tar-
geted LPL expression may be a new therapeutic approach for
HTG-AP caused by GPIHBP1 deficiency.
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INTRODUCTION
Hypertriglyceridemia (HTG) is a multifactorial disease characterized
by the abnormal synthesis or degradation of triglycerides (TGs), re-
sulting in their excessive accumulation in the plasma.1,2 Lipoprotein
lipase (LPL) is a key enzyme involved in TG hydrolysis. LPL hydro-
lyzes endogenous and exogenous TGs carried by plasma very-low-
density lipoproteins (VLDL) and chylomicrons (CMs), respectively.
Released free fatty acids (FFAs) are taken up by adipocytes to form
TG storage or are utilized as energy in skeletal and cardiac muscle.1,3

The processes of LPL maturation, processing, transport, and hydroly-
sis of triglycerides are tightly controlled, with many accessory
proteins helping it function. Lipase maturation factor 1 (LMF1), gly-
Mo
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cosylphosphatidylinositol-anchored high-density lipoprotein-bind-
ing protein 1 (GPIHBP1), apolipoprotein A5 (ApoA5), and apolipo-
protein C2 (ApoC2) are all involved in the activation and transport of
LPL.4,5 Specifically, GPIHBP1, which is responsible for LPL transport
to capillary endothelium,6 can bind LPL and chylomicrons simulta-
neously, providing a platform for LPL hydrolysis of TG and playing
an important role in the lipolysis of chylomicrons.7–9

Familial chylomicronemia syndrome (FCS), which is mainly caused
by LPL loss-of-function mutations, is an extremely rare group of
monogenic diseases with a reported prevalence of approximately 1
per million.10 FCS is characterized by severe HTG and is frequently
accompanied by recurrent acute pancreatitis (AP), which can be life
threatening. Patients with GPIHBP1 mutations have been reported
to develop severe HTG and recurrent AP, and their heterozygous
family members experience mild fasting HTG.11

Although a deficiency in GPIHBP1 is well documented to result in se-
vere HTG, Young et al.7 found that plasma TG levels in suckling
Gpihbp1�/� mouse pups (<4 weeks of age) were only slightly higher
than those in wild-type (WT) mice, but they developed severe HTG
after a normal laboratory chow diet at 4 to 5 weeks of age. This is puz-
zling in contrast to the phenotype of all deaths due to severe HTG
during the suckling period in Lpl knockout mice andApoC2 knockout
hamsters.12,13 Young et al.7 suggested that near-normal TG levels dur-
ing the suckling period inGpihbp1�/�mouse pups might be related to
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hepatic LPL expression during this stage, given previous findings that
mouse liver Lpl genes were highly expressed during the suckling
period, gradually decreased, and stopped completely after weaning.
They also found that the levels of Lpl mRNA in the livers of suckling
Gpihbp1�/� mice were more than 10 times higher than those in adult
mice. Additionally, we generated Gpihbp1 gene-deficient rats, which,
in contrast to Gpihbp1 knockout mice, developed severe HTG with
high mortality during the suckling period (G.L., B.L., Y.X., et al. un-
published data). Therefore, it would be of interest to determine
whether the livers of suckling Gpihbp1�/� rat pups exhibit LPL
expression. If there is no or low hepatic LPL expression in suckling
rat pups, it would suggest that the near-normal TG levels in
Gpihbp1�/� mouse pups are likely to result from hepatic LPL expres-
sion. Moreover, if LPL expression could be induced in the liver in the
presence of Gpihbp1 deficiency, it is plausible that severe HTG could
be ameliorated.

Adeno-associated viruses (AAVs) delivered intravenously are known
to be mainly expressed in the liver, and AAV vectors of serotypes 5
and 8 have a high specificity for liver targeting.14 Hence, the use of
AAV vectors to mediate liver-targeted expression of LPL will verify
whether normal TG levels in suckling Gpihbp1�/� mouse pups are
determined by hepatic LPL. AAV is also an ideal vector for gene ther-
apy for a variety of diseases.15 In 2012, the EuropeanMedicines Agency
(EMA) approved the first gene therapies in Western countries, alipo-
gene tiparvovec (Glybera), AAV1-LPL-S447X, as treatments for LPL
gene-deficient patients who develop severe HTG and recurrent
AP.16,17 Unfortunately, this drug was used in only one case after
approval and has not been further utilized, probably because of issues
such as high cost, intramuscular multipoint injection, and limited TG-
lowering effects.18 However, no relevant clinical treatment has been re-
ported for patients withGPIHBP1 deficiency. Therefore, it will be desir-
able to investigate whether AAV-mediated liver-targeted expression of
LPL could serve as an effective intervention for mitigating severe HTG
in both Gpihbp1�/� rats and mice. If it works as we expect, the liver-
targeted expression of LPL may serve as a novel therapeutic strategy
for addressing severe HTG in Gpihbp1-deficient patients.

RESULTS
Lpl is expressed in the liver of suckling Gpihbp1 knockout

mouse pups but not in similar rat pups

Previous studies have reported that plasmaTG levels (120± 12mg/dL)
in Gpihbp1�/� mice are only slightly higher than WT mice during
the suckling period (<4 weeks of age) and have a stable HTG pheno-
type when plasma TG levels exceed 1,000 mg/dL or even up to
5,000 mg/dL in adulthood.7 We first examined the expression of Lpl
mRNA in the liver of suckling Gpihbp1�/� mice and found that,
consistent with previous reports, endogenous Lplwas highly expressed
in the liver 7 days after birth, followed by a gradual decline, with little
Lpl expression in the liver at weaning (28 days) (Figure 1A).

Unlike Gpihbp1�/� mouse pups, Gpihbp1�/� rat pups exhibited se-
vere HTG at birth, and only 60% of homozygousGpihbp1�/� rats sur-
vived suckling without any intervention owing to spontaneous HTG-
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AP (G.L., B.L., Y.X., et al. unpublished data). We examined Lpl
mRNA in the livers of Gpihbp1�/� rat pups and found LplmRNA re-
mained low from day 7 through day 28 (Figure 1B), which might
explain the difference in plasma TG and total cholesterol (TC) levels
between Gpihbp1�/� mouse pups and rat pups (Figures 1C and 1D).

AAV mediates overexpression of EGFP and LPL in the liver

The structure of the recombinant AAV (serotype 5)-LPL viral vector is
shown in Figure 2A. First, we evaluated the safety of AAV-LPL
recombinant viral vectors inWT animals. Four weeks after tail vein in-
jection of AAV-enhanced green fluorescent protein (EGFP) at 1� 1013

vector genomes (vg)/kg and AAV-LPL at various doses inWTmice, no
morphological abnormalities were observed in the heart, liver, lungs,
kidneys, or pancreas stained by hematoxylin and eosin (H&E) (Fig-
ure S1A). Alanine aminotransferase (ALT), aspartate aminotransferase
(AST), total bilirubin (TBIL), creatinine (CERA), and blood urea nitro-
gen (BUN) levels were not significantly abnormal, and the values were
within the normal range (Figures S1B–S1F).

To increase the specificity of AAV5-mediated transgene expression in
the liver, a strong liver-specific promoter, named the LP promoter,
was used in both LPL and EGFP gene expression cassettes (Figure 2A).
As expected, the livers treated with AAV-EGFP expressed green fluo-
rescent protein at a higher level than the AAV-LPL-treated livers
(Figure 2B), while no obvious green fluorescence was detected in
other organs from AAV-EGFP-treated mice (Figure 2C). These re-
sults were confirmed by qRT-PCR (Figure 2D). Although there was
no endogenous mouse Lpl mRNA in the liver of adult WT mice,
the expression level of human LPL mRNA in the livers increased
with increasing doses of AAV-LPL. The hepatic LPL mRNA in the
1 � 1013 vg/kg AAV-LPL group increased approximately 8-fold
compared with 1� 1011 vg/kg AAV-LPL and was about 2-fold higher
than that in the 1� 1012 vg/kg AAV-LPL group (Figure 2E). The LPL
protein in the liver also appeared to increase with the doses of the
AAV-LPL vector, as detected by immunochemistry, which seemed
to be located mainly in plasma membrane and cytosol (Figure 2F).

AAV-mediated liver expression of LPL increases post-heparin

plasma LPL in Gpihbp1–/– mice and corrects severe HTG

S447X is the only LPL beneficial mutant found to date that promotes
LPL secretion and increases the interaction of LPL with lipoproteins
and cell surface receptors. Treatment with human LPL-S447X is
significantly more effective in reducing TG levels and increasing
LPL activity than normal human LPL gene therapy; hence, S447X
was selected for gene therapy.19 In order to assess the LPL-S447X-spe-
cific plasma TG-lowering effect in Gpihbp1�/� mice, we conducted
experiments involving the liver-specific expression of the LPL gene
and its 447 mutant. Gpihbp1�/� mice were randomly divided into
three groups: PBS, 1 � 1013 vg/kg AAV-LPL-S447X and 1 � 1013

vg/kg AAV-LPL-WT. Plasma TG and TC levels in the three groups
were determined on days 7, 14, 21, and 28 after treatment. Within
28 days, AAV-mediated hepatic expression of LPL-WT and LPL-
S447X at 1� 1013 vg/kg resulted in a comparable reduction in plasma
TG levels, whereas AAV-LPL-S447X further lowered plasma TG



Figure 1. Correlation between Lpl mRNA expression and plasma lipid levels in suckling liver of Gpihbp1–/– rats and mice

(A and B) Lpl mRNA expression in the liver of Gpihbp1�/� mice (n = 6) and rats (n = 6) during suckling period. (C) Log2 of plasma TG and TC levels in WT (n = 4) and

Gpihbp1�/�mice (n = 6) during suckling period. (D) Log2 of plasma TG and TC levels in WT (n = 4) andGpihbp1�/� rats (n = 6) during suckling period. Data are presented as

mean ± standard error of mean (SEM). Statistical comparisons were made using two-way ANOVA with Sidak correction. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. WT mice

or WT rats.
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levels. Plasma TC levels also changed in parallel with TG levels but to
a lesser extent, as shown in Figures 3A and 3B. Therefore, LPL-S447X
was selected as the gene therapy regimen and named AAV-LPL for
subsequent experiments.

In the second set of experiments, four groups ofGpihbp1�/�mice aged
10–12 weeks received (1) PBS only, (2) AAV-EGFP, (3) AAV-LPL at
1 � 1011 vg/kg as a low dose, and (4) AAV-LPL at 1 � 1013 vg/kg as
a high dose through tail vein injection. We evaluated the safety of
AAV-LPL treatment and showed that AAV-mediated hepatic expres-
sion of LPL did not cause significant organ damage toGpihbp1�/�mice
(Figures S2A–S2F). Changes in plasma TG and TC levels are shown in
Figures 4A–4C. PlasmaTG and TC levels decreased significantly 7 days
after AAV-LPL injection and remained at normal levels for a long time.
After 2 months of treatment, plasma TG levels in the PBS group and
AAV-EGFP control group were maintained at about 2,200 mg/dL,
whereas the TG levels in the low- and high-dose AAV-LPL treatment
groups decreased significantly to about 1,000 and 200 mg/dL, respec-
tively. Plasma TC levels in the low- and high-dose AAV-LPL-treated
groups decreased from 600 mg/dL to approximately 300 and
200 mg/dL, respectively, compared to the PBS and AAV-EGFP groups.
After 2months of treatment, there was no significant difference in post-
heparin plasma LPL concentration and activity in the AAV-EGFP
group compared to the PBS group, while the plasma LPL concentration
increased to 100 ng/mL and the activity increased approximately 1.8-
fold in the low-dose AAV-LPL treatment group. Meanwhile, LPL pro-
tein and activity increased to 500 ng/mL and 3-fold, respectively, in the
high-dose AAV-LPL treatment group (Figures 4D and 4E). As shown
Molecular Therapy Vol. 32 No 1 January 2024 61
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Figure 2. Construction and infection efficacy to liver

of AAV-LPL recombinant viral vector

(A) Structure diagram of AAV-LPL recombinant viral

vector. (B) Representative fluorescent images of livers

from WT mice treated with different doses of AAV-LPL

(n = 6 per group). Scale bar, 100 mm. (C) Representative

fluorescent images of various organs from WT mice

treated with 1 � 1013 vg/kg AAV-EGFP (n = 6). Scale

bar, 100 mm. (D) Expression of human LPL mRNA

relative to Gapdh in various tissues of WT mice treated

with 1 � 1013 vg/kg AAV-LPL (n = 6). (E) Expression of

human LPL mRNA relative to Gapdh in liver from WT

mice treated with different doses of AAV-LPL (n = 6 per

group). (F) Immunohistochemical analysis of LPL in the

liver from WT mice treated with different doses of AAV-

LPL (n = 6 per group). Scale bars, 200 and 50 mm. Data

are presented as mean ± SEM.
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in Figure 4F, the plasma samples from the PBS and AAV-EGFP groups
remained milky, whereas the plasma from the low-dose AAV-LPL
group was partially milky. In contrast, the plasma from the high-
dose AAV-LPL group was nearly as transparent as that fromWTmice.

AAV-mediated liver expression of LPL improves survival of

suckling Gpihbp1–/– rat pups and corrects severe HTG in adult

Gpihbp1–/– rats

As shown in Figures S3A–S3F, no significant organ damage was
observed in AAV-LPL-treated Gpihbp1�/� rats. To reduce the high
62 Molecular Therapy Vol. 32 No 1 January 2024
mortality during the suckling period in
Gpihbp1�/� rat pups, we injected 1 � 1013

vg/kg AAV-LPL via the orbital vein at 7 days
after birth into neonatal Gpihbp1�/� suckling
pups. Similar Gpihbp1�/� pups were injected
with PBS as controls. The experimental protocol
is shown in Figure 5A. Compared to the control
group, the survival rate of Gpihbp1�/� pups in-
jected with AAV-LPL increased from 60% to
approximately 80% (Figure 5B). The plasma
TG levels decreased significantly to approxi-
mately 800 mg/dL 7 days after treatment,
whereas plasmaTG levels in pups of the PBS con-
trols were above 3,000 mg/dL. With the growth
and development of suckling rats and the change
from breast milk to a chow diet, the plasma TG
levels in AAV-LPL-treated pups gradually
increased. By 8 weeks of age, the mean TG level
reached 1,200 mg/dL but was still significantly
lower than that of the PBS control group at
approximately 2,500 mg/dL.

In view of the relatively insufficient amount of
virus in the adult liver of Gpihbp1�/� rats
treated with AAV-LPL during the suckling
period, we administered another serotype of
AAV vector, AAV8, containing the same LPL-S447X to these animals
at the age of 8 weeks in high (1 � 1013 vg/kg) and low dose (1 � 1011

vg/kg). The control group was administered only PBS (Figure 5A). As
shown in Figures 5C and 5D, plasma TG levels decreased to approx-
imately 100 and 500 mg/dL, respectively, in the high- and low-dose
AAV8-LPL treatment groups. Plasma TC levels were also signifi-
cantly reduced. The long-term (up to 16 weeks) lipid-lowering effi-
cacy of AAV treatment was also observed (Figures S4A and S4B).
Compared with the control group, the plasma LPL concentration
increased to 300 ng/mL and the activity increased approximately



Figure 3. Comparison of lipid-lowering effects of

AAV-LPL-S447X and AAV-LPL-WT in Gpihbp1–/–

mice

(A and B) Plasma TG and TC levels at 7 days (7d), 14 days

(14d), and 28 days (28d) after treatment with AAV-LPL-

S447X and AAV-LPL-WT (n = 6 per group). Data are

presented as mean ± SEM. *p < 0.05, **p < 0.01, and

***p < 0.001 compared to PBS group, two-way ANOVA

with Sidak correction.
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1.5-fold in the low-dose AAV8-LPL-treated rats. In the high-dose
AAV8-LPL group, the LPL mass reached 600 ng/mL, whereas the ac-
tivity increased approximately 3-fold in post-heparin plasma
(Figures 5E and 5F). Consistent with the changes in plasma TG levels,
the appearance of the plasma from the PBS control group remained
milky but was entirely transparent in the group receiving the second
treatment of high-dose AAV8-LPL after 2 weeks, whereas the plasma
samples of the animals in the low-dose group were still cloudy or
partially transparent as shown in Figure 5G.

AAV-mediated liver expression of LPL decreases the

susceptibility and severity of Gpihbp1–/– mice and rats HTG-AP

To investigate the effect of AAV-mediated hepatic expression of
LPL on the pathogenesis of HTG-AP, Gpihbp1�/� mice were treated
with 1 � 1013 vg/kg AAV-LPL for 2 months. HTG-AP was induced
by the intraperitoneal injection of caerulein (Cae). Very low doses of
Cae (5 mg/kg) did not cause pancreatic injury in WT mice but re-
sulted in significant increases in plasma amylase and lipase, and
they caused mild edema plus certain inflammatory cell infiltration
in the pancreas in control Gpihbp1�/� mice. AAV-LPL treatment
significantly decreased plasma amylase and lipase levels and
restored the normal pathological morphology of the pancreas
(Figures 6A and 6B). In the experiment of HTG-AP induced by reg-
ular doses of Cae (50 mg/kg), the plasma amylase and lipase of
Gpihbp1�/� mice in the AAV-LPL-treated group significantly
decreased, and the pathological damage of pancreatic tissue was
significantly reduced, as shown by decreased edema, decreased in-
flammatory cell infiltration, and acinar cell necrosis (Figures 6C
and 6D). These results suggested that the susceptibility of
Mo
Gpihbp1�/� mice to HTG-AP was greatly
reduced after AAV-LPL treatment.

We previously found that HTG-AP could be
induced in adult Gpihbp1�/� rats by feeding
them a high-fat diet (HFD) for 10–14 days,
which could serve as another model of HTG-
AP (G.L., B.L., Y.X., et al. unpublished data).
Indeed, Gpihbp1�/� rats fed an HFD developed
severe HTG with plasma TG levels reaching as
high as 15,000 mg/dL in only 3 days and were
maintained at the extreme HTG for 14 days.
When the animals were sacrificed for patholog-
ical evaluation, extensive necrosis of the pancre-
atic tissue, massive inflammatory cell infiltration, and fibrous connec-
tive tissue hyperplasia were observed with only a few remaining
pancreatic acinar cell structures. There were also manifestations of
acute lung injury, including thickening of the alveolar septa and
massive inflammatory cell infiltration, suggesting a severe systemic in-
flammatory response and multiple organ dysfunction. However, in
Gpihbp1�/� rats receiving AAV-LPL in the suckling stage and the sec-
ond intravenous injection of AAV8-LPL 2 months later (Figure 7A),
there was a significant reduction in HFD-induced HTG along with
reduced plasma TC (Figures 7B and 7C). AAV-LPL treatment
also significantly attenuated the degree of pathological injury in
pancreatic and lung tissues. As shown in Figures 7Dand 7E, only tissue
edema and a small amount of inflammatory cell infiltration were
observed, and acinar cell necrosis was rare in the high-dose AAV-
LPL-treated group, comparable to themild injury state inGpihbp1�/�

rats under chow diet feeding. These results clearly indicate that AAV-
LPL administration during suckling and secondary treatment with
AAV8-LPL in adulthood markedly reduced the severity of sponta-
neous HTG-AP induced by HFD feeding in Gpihbp1�/� rats.

LPL expression in muscle has no effect on severe HTG with

Gpihbp1 deficiency

The muscle is the site of physiological LPL expression. To compare
the effects of AAV-mediated liver expression of human LPL-S447X
with those of muscle expression following severe HTG treatment in
Gpihbp1�/� mice and rats, an AAV9-LPL recombinant viral vector
was designed and constructed. The liver-specific promoter in the
AAV5-LPL vector was replaced with a muscle-specific strong pro-
moter, the AAV9 vector with higher muscle tissue specificity was
lecular Therapy Vol. 32 No 1 January 2024 63
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Figure 4. Effect of intravenous injection of AAV-LPL on plasma lipid levels in Gpihbp1–/– mice

(A and B) Dynamic changes of plasma TG and TC levels at different time points after different doses of AAV-LPL treatment. (C) Plasma TG and TC levels at 2 months after

different doses of AAV-LPL treatment. (D and E) Post-heparin plasma LPL concentration and activity after 2 months of treatment with different doses of AAV-LPL. (F)

Representative plasma sample appearance after 2 months of treatment with different doses of AAV-LPL. PBS, n = 6; 1� 1013 vg/kg AAV-EGFP, n = 6; 1� 1011 vg/kg AAV-

LPL, n = 12; 1 � 1013 vg/kg AAV-LPL, n = 12. For (A–C), statistical comparisons were made using two-way ANOVA with Sidak correction. For (D) and (E), statistical

comparisons were made using one-way ANOVA with LSD correction. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. PBS or 1 � 1013 vg/kg AAV-EGFP group.
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selected, the remaining construction process was unchanged.
Gpihbp1�/� mice and rats were administered the same amount of
PBS, 1 � 1013 vg/kg AAV9-EGFP and 1 � 1013 vg/kg AAV9-LPL,
to evaluate the lipid-lowering effect of AAV9-LPL intramuscular
administration. Muscles treated with AAV9-EGFP from Gpihbp1�/�

mice and rats expressed high levels of green fluorescent protein
compared to the AAV9-LPL-treated groups (Figures S5A and S5B).
Two months after intramuscular injection of AAV9-LPL, the plasma
TG and TC levels of these mice were not significantly different from
those of the AAV9-EGFP control and the PBS groups. In addition, the
milky appearance of the plasma remained unchanged (Figures 8A and
8G). Intramuscular AAV9-LPL administration did not increase LPL
mass or activity in post-heparin plasma. There was no change in
LPL activity, but there was a slight elevation in human LPL mRNA
in muscle tissues in the group receiving an intramuscular injection
of AAV9-LPL (Figures 8B and 8C). Similarly, no significant lipid-
lowering effects were observed in Gpihbp1�/� rats receiving AAV9-
LPL (Figures 8D–8G). These results suggest that intramuscular deliv-
ery of the LPL gene did not effectively increase circulating LPL mass
64 Molecular Therapy Vol. 32 No 1 January 2024
and activity in Gpihbp1�/� mice and rats or alleviate severe HTG.
Thus, hepatic expression of LPL has tissue-specific effects on the
reduction of severe HTG in Gpihbp1 gene-deficient animals.

Colocalization of hepatic-targeted LPL expression with HSPG in

the livers of Gpihbp1–/– mice and rats

Heparan sulfate proteoglycans (HSPGs) are similar to heparin in na-
ture and contain polyanions that can bind to the positively charged
arginine residues of LPL. HSPG is located on the surface of liver cells,
binds to LPL with low affinity, and anchors LPL to hepatocytes. How-
ever, this effect is less pronounced than that of GPIHBP1, and HSPG
may also have no effect on the transport of cell-surface LPL to the
endothelial surface. Because of the large gap between hepatic endo-
thelial cells and the presence of a Disse space between endothelial cells
and hepatocytes, LPL anchored on the surface HSPG of hepatocytes
can directly contact chylomicrons and VLDL in the plasma for TG
hydrolysis. Therefore, we hypothesized that AAV-mediated LPL
overexpression in the liver may effectively reduce TG levels in
Gpihbp1 gene-deficient animals via similar pathways. We determined



Figure 5. Effect of intravenous injection of AAV-LPL on survival rate and plasma lipid levels in Gpihbp1–/– rats

(A) Experimental protocol of the administration of AAV-LPL in suckling and adult Gpihbp1�/� rats. Neonatal Gpihbp1�/� suckling pups were injected with 1 � 1013 vg/kg

AAV5-LPL via orbital vein at 7 days of birth. Another serotype of AAV recombinant viral vector, AAV8-LPL, was administered in these animals at age 8 weeks in high (1� 1013

vg/kg) and low dose (1 � 1011 vg/kg), respectively. Gpihbp1�/� rats receiving PBS served as controls. (B) Twenty-eight-day survival curves of suckling Gpihbp1�/� rats

treated with 1� 1013 vg/kg AAV5-LPL (n = 52) or PBS (n = 44). (C and D) Dynamic changes of plasma TG and TC levels at different time points after AAV5-LPL and AAV8-LPL

gene therapy. (E and F) Post-heparin plasma LPL concentrations and activities after 2 weeks (10 weeks old) of the administration of AAV8-LPL at different doses. (G)

Representative plasma sample appearance after 2 weeks (10weeks old) of the administration of AAV8-LPL at different doses. PBS, n = 12; 1� 1013 vg/kg AAV5-LPL, n = 32;

1 � 1011 vg/kg AAV8-LPL, n = 16; 1 � 1013 vg/kg AAV8-LPL, n = 16. Data are presented as mean ± SEM. Survival analysis was made using Kaplan-Meier method and log

rank test. For (C) and (D), statistical comparisons were made using two-way ANOVA with Sidak correction. For (E) and (F), statistical comparisons were made using one-way

ANOVA with LSD correction. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. PBS group.
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whether LPL and HSPG could co-localize by immunofluorescence
staining. As shown in Figure 8H, the LPL signal was very low in the
livers of untreated Gpihbp1�/� mice and rats, whereas the liver LPL
fluorescence signal significantly increased after the intravenous deliv-
ery of AAV-LPL. Fluorescence signals of HSPG were observed in the
livers of both Gpihbp1�/� mice and rats, and indeed colocalized with
those of LPL on the liver cell membrane, whichmay be a critical site of
action for LPL in the hydrolysis of plasma TG when GPIHBP1 is
absent.

DISCUSSION
Based on the finding of normal TG levels and high hepatic LPL
expression in Gpihbp1 knockout mice during the suckling period
and severe HTG, but no LPL expression in the liver of Gpihbp1
Molecular Therapy Vol. 32 No 1 January 2024 65
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Figure 6. Effect of intravenous administration of

AAV-LPL on the pathogenesis of HTG-AP in

Gpihbp1–/– mice

(A) Gpihbp1�/� mice were injected intraperitoneally with a

very low dose (5 mg/kg) of caerulein (Cae) after intravenous

injection of 1� 1013 vg/kg AAV-LPL, and the susceptibility

to HTG-AP was observed by H&E staining of pancreatic

tissue. WT + PBS, n = 4; Gpihbp1�/� + PBS, n = 4;

Gpihbp1�/� + 1 � 1013 vg/kg AAV-LPL + PBS, n = 4;

WT + Cae, n = 6; Gpihbp1�/� + Cae, n = 6;

Gpihbp1�/� + 1 � 1013 vg/kg AAV-LPL + Cae, n = 6.

(B) Plasma amylase and lipase levels in Gpihbp1�/�

mice injected with very-low-dose (5 mg/kg) Cae-induced

HTG-AP. (C) HTG-AP was induced by intraperitoneal

injection of Cae (50 mg/kg) after intravenous injection

of 1 � 1013 vg/kg AAV-LPL to Gpihbp1�/� mice.

Pancreatic injury was observed by H&E staining. WT +

PBS, n = 4; Gpihbp1�/� + PBS, n = 4; Gpihbp1�/� +

1 � 1013 vg/kg AAV-LPL + PBS, n = 4; WT + Cae,

n = 6; Gpihbp1�/� + Cae, n = 6; Gpihbp1�/� +

1 � 1013 vg/kg AAV-LPL + Cae, n = 6. (D) Changes in

plasma amylase and lipase levels after induction of

HTG-AP by 50 mg/kg of Cae. Scale bar, 50 mm. Data

are presented as mean ± SEM. For (B) and (D),

statistical comparisons were made using two-way

ANOVA with Sidak correction. *p < 0.05, **p < 0.01, and

***p < 0.001 vs. WT + Cae or Gpihbp1�/� + Cae group.
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knockout rats during the suckling period, we found that AAV-medi-
ated hepatic expression of LPL can effectively and safely correct severe
HTG in Gpihbp1�/� mice and rats in adulthood. This finding implies
that targeted LPL expression in the liver may serve as an effective
treatment for patients with severe HTG with GPIHBP1 gene defi-
ciency. The present study further confirmed that AAV-mediated
LPL expressed in the liver could hydrolyze TG-rich lipoproteins in
the plasma by binding to HSPG on the cell surface in the absence
of the GPIHBP1 protein, whereas the muscular expression of LPL-
S447Xmediated by AAV9 had no effect on plasma TG.We compared
LPL-WT and LPL-S447X beneficial mutants and found that both had
essentially the same TG-lowering effects in mice deficient in Gpihbp1,
indicating that this effect was not S447X specific. Given that LPL-
S447X has been validated in phase 3 clinical trials as a therapeutic
gene, we completed this study using LPL-S447X, laying the founda-
tion for future translation into clinical trials.

Patients with severe HTG with GPIHBP1 deficiency often develop
recurrent life-threatening AP; however, there is currently no effective
treatment for severe HTG, especially without intervention to prevent
the development of severeHTG-AP. Glybera, the commercial name of
AAV1-LPL-S447X, as a gene therapy approved for marketing in 2012
by the EMA exhibited certain efficacy in severe HTG caused by LPL
gene deficiency.20 Glybera was delivered to patients by multiple injec-
tions in the quadriceps femorismuscle. Although the viral load of Gly-
bera at the injection site was high, the spread to the adjacent muscle
tissue through the injection site was extremely limited. Hence, the ef-
ficacy was not ideal, and the plasmaTG levels were stillmuch higher in
treated patients than in normal.18 Owing to the inconvenience ofmul-
tiple intramuscular injections, treatment costs, and unsatisfactory
lipid-lowering efficacy, Glybera is not widely accepted as a cost-effec-
tive therapeutic agent for the treatment of clinically severe HTG.

Our results suggest that only suckling Gpihbp1�/� mouse pups, but
not rat pups, express LPL at high levels in the liver, which may be crit-
ical for maintaining the normal TG levels during suckling in
Gpihbp1�/� mouse pups. Therefore, in this study, the liver was
selected as the target organ for LPL-S447X gene expression. By select-
ing S447X as a therapeutic gene and optimizing the codon sequences
to enhance efficacy, we added an liver-specific promoter to increase
the specificity of liver infection. Furthermore, the AAV5 vector was
chosen to mediate LPL expression in the liver via a single intravenous
injection, which overcomes the disadvantages of multisite injections
into the muscle, resulting in severe pain and poor infection. Thus,
Figure 7. Effect of intravenous administration of AAV-LPL on HFD-induced spo

(A) Experimental protocol of the administration of AAV-LPL on HFD-induced HTG-AP

1 � 1013 vg/kg AAV5-LPL, and subsequently AAV8-LPL was administered in these a

respectively. Two weeks after AAV8 treatment, Gpihbp1�/� rats were fed with HFD to in

rats in each group at different time points after HFD feeding. (D) Representative H&E ima

HFD feeding. WT + HFD, n = 8; Gpihbp1�/� + PBS + HFD, n = 18; Gpihbp1�/� + 1 � 1

n = 16; Gpihbp1�/� + chow diet (CD), n = 16. Scale bars, 100 and 25 mm. (E) Pathologi

feeding. For (B) and (C), statistical comparisons were made using two-way ANOVA with

with LSD correction. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. Gpihbp1�/� + PBS +
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the combined effects of our gene delivery method greatly simplified
the mode of administration and enabled the application of LPL
gene delivery in clinical practice.

Our results showed that the expression level of LPL mRNA in liver
was significantly increased after intravenous injection of AAV-LPL,
and the expression of LPL mRNA was dose dependent. LPL protein
levels and activity in post-heparin plasma were significantly
increased, and plasma TG levels in Gpihbp1�/� mice and rats were
markedly reduced. At the same time, we generated a spontaneous
HTG-AP model using Gpihbp1�/� rats to better simulate the clinical
characteristics of HTG-AP pathogenesis and pathophysiological pro-
cesses. Our results showed that hepatic expression of AAV-LPL not
only effectively reduced TG levels but also reduced the susceptibility
and severity of spontaneous HTG-AP in Gpihbp1�/� rats.

Due to the severe HTG and high lethality in Gpihbp1�/� neonatal rat
pups, we administered AAV-LPL intravenously to these new-born an-
imals, which significantly reduced severe HTG and improved the sur-
vival rate during suckling. This was also consistent with the clinical
characteristics of abnormally high fetal mortality in severe HTG in-
fants,21,22 providing experimental evidence for future neonatal inter-
ventions. Replication-deficient AAV vectors administered during suck-
ling are relatively inadequate in adult animals because of the increased
liver size during development. Therefore, in this study, we carried out a
second administration of LPL to adult Gpihbp1�/� rats that received
AAV-LPL during suckling. Considering the immune response to
AAV via the production of neutralizing antibodies against the primary
AAV vector, thus affecting the therapeutic effect of second administra-
tion of AAV-LPL in adults, we switched to AAV8 vector and achieved
further TG-lowering effect in the Gpihbp1�/� rats that received AAV-
LPL at the neonatal stage, with a concomitant increase in LPL protein
and activity in post-heparin plasma. This clearly demonstrates that, in
AAV-mediated gene therapy regimens, it is possible to execute second-
ary dosing by replacing AAV vectors of different serotypes.

Prior to the discovery of the function of GPIHBP1 in interacting with
LPL, both chylomicrons and LPL were considered to bind to HSPG
on capillaries and cell surfaces.23 Relevant evidence includes the posi-
tively charged heparin-binding domain of LPL that binds to nega-
tively charged HSPGs on the cell surface.24 Heparin injections release
LPL from capillary endothelial cells. Heparin (strong anion) disrupts
the electrostatic interaction between LPL and HSPG.25 In vitro exper-
iments confirmed that normal endothelial cells bind more LPL than
ntaneous HTG-AP in Gpihbp1–/– rats

in Gpihbp1�/� rats. Seven-day-old Gpihbp1�/� suckling pups were injected with

nimals at age of 8 weeks in high (1 � 1013 vg/kg) and low dose (1 � 1011 vg/kg),

duce spontaneous HTG-AP. (B and C) The plasma TG and TC levels ofGpihbp1�/�

ges of pancreatic and lung tissues ofGpihbp1�/� rats in each group after 14 days of

011 vg/kg AAV8-LPL+HFD, n = 16; Gpihbp1�/� + 1� 1013 vg/kg AAV8-LPL + HFD,

cal score of pancreatic injury in Gpihbp1�/� rats of each group after 14 days of HFD

Sidak correction. For (E), statistical comparisons were made using one-way ANOVA

HFD or Gpihbp1�/� + 1 � 1011 vg/kg AAV8-LPL + HFD.
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HSPG-null endothelial cells.26 Hepatocytes expressing HSPG simi-
larly have a similar effect of anchoring LPL to the cell surface and
vascular endothelium27 but are less pronounced than those express-
ing GPIHBP1. Although HSPG may not play a role in transporting
cell-surface LPL to the vascular endothelial surface, there is a loose
connection between the vascular endothelial cells of the liver and a
Disse space between the vascular endothelial cells and hepatocytes.
With such structures, plasma components can interact directly with
hepatocytes. Therefore, we hypothesized that, when hepatocytes
lack GPIHBP1, the expressed LPL in the liver may be anchored to
HSPG on the surface of hepatocytes, which may directly contact chy-
lomicrons and VLDL in the plasma and hydrolyze TG. Our results
confirm this hypothesis; however, further mechanistic studies are
required to elucidate the nature of such interactions.

The safety of AAV-mediated gene therapy is critical. Because FFAs
resulting from rapid TG hydrolysis in muscle or liver of LPL trans-
genic mice have previously been found to cause damage to local tis-
sues,28,29 whether liver-targeted expression of LPL causes liver injury
is a key issue that requires urgent attention. Indeed, early studies on
Glybera gene therapy selected the muscle as a target organ to avoid
hepatotoxicity caused by the abnormal accumulation of excess
FFAs during TG hydrolysis by LPL. The liver is an irreplaceable vital
organ; once damaged, it can be life threatening. The quadriceps fem-
oris muscle of the thigh can only impair the body’s ability to move
even if it is injured. However, no significant muscle damage has
been observed in experimental studies or clinical trials of AAV1-
mediated LPL expression in muscle.16,18,30 Similarly, no severe liver
damage has been observed in previous animal studies on gene therapy
using adenoviral vectors to ectopically express LPL in the livers of
mice and cats.31,32 These results differ markedly from those of previ-
ous studies in transgenic mice. One of the important reasons may be
that, in transgenic mouse studies, LPL is expressed in the muscle or
liver during early embryonic development, and the damage may be
more severe than that caused by LPL expression in adulthood or
the neonatal stage. In addition, transgenic mice generally have higher
local levels of LPL expression in addition to pre-existing endogenous
LPL expression, resulting in more pronounced damage. Indeed, skel-
etal muscle and myocardium normally have high LPL expression, but
the FFAs produced are rapidly utilized or cleared without causing any
damage.

AAV is non-pathogenic, has low immunogenicity, and is used widely
as a gene delivery vehicle for long-term stable expression in vivo.
Figure 8. Effect of intramuscular injection of AAV9-LPL recombinant viral vect

(A) Dynamic changes of plasma TG and TC levels at different time points after intramus

plasma LPL concentration and activity after 2 months of AAV9-LPL treatment in Gpihbp

2 months of AAV9-LPL treatment inGpihbp1�/�mice (n = 6 per group). (D) Dynamic cha

of AAV9-LPL inGpihbp1�/� rats (n = 6 per group). (E) Post-heparin plasma LPL concent

per group). (F) Muscular human LPLmRNA expression level after 2 months of AAV9-LP

appearance after 2 months of AAV9-LPL treatment inGpihbp1�/�mice and rats (n = 6 p

HSPG after 2 months of intravenous administration of AAV-LPL in Gpihbp1�/� mice a

*p < 0.05, **p < 0.01, and ***p < 0.001 vs. Gpihbp1�/� + PBS or Gpihbp1�/� + AAV9
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Consistent with previous studies, we showed that AAV-LPL effec-
tively infected the liver without causing obvious liver damage during
long-term expression. In Gpihbp1�/� mice and rats, slight abnormal
increases in liver enzymes and fatty liver changes may be due to long-
term HTG, and no further aggravation of tissue damage was observed
after AAV-LPL administration. This suggests that safety issues are not
a major concern in AAV-LPL-mediated gene delivery of ectopically
expressed LPL in the liver.

In conclusion, we report for the first time that AAV5 encoding human
LPL-S447X can be safely administered to neonatal and adult
Gpihbp1�/� mice and rats, thereby effectively reducing extremely
high plasma TG levels and HTG-induced neonatal Gpihbp1�/� rat
mortality. In addition, the long-term and effective reduction of TG
levels can effectively prevent the occurrence of HTG-AP and reduce
the susceptibility and severity of HTG-AP without obvious toxic
and side effects. Our novel findings provide new evidence and per-
spectives for AAV5-mediated liver-specific expression of a beneficial
mutant of human LPL, LPL-S447X, to alleviate severe HTG caused by
GPIHBP1 gene deficiency. It is thus expected that this approach could
also serve as an effective therapeutic approach for the treatment of
HTG-AP caused by GPIHBP1 deficiency.

MATERIALS AND METHODS
Construction of AAV5, AAV8 and AAV9 vectors

The AAV5-LPL-S447X vector was constructed based on the coding
sequence of human LPL gene. Short introns were inserted into the
optimized sequence to improve the transcriptional efficiency of the
LPL gene. The coding sequence of LPL-S447X was divided into two
parts (LPL-S447X CDS part1 and LPL-S447X CDS part2), and we
further optimized the coding sequence of the LPL-S447X to enhance
the protein translational efficiency after transcription. The liver-spe-
cific promoter was used in LPL gene expression cassette to increase
AAV5-mediated transgene expression in the liver. To reduce the
expression level of LPL-S447X gene in antigen-presenting cells and
weaken the immune response, we introduced two miR-142-3p target
sequences into the 30 UTR. The constructed sequence was inserted
into a double-chain AAV universal vector to obtain an AAV5-LPL-
S447X recombinant vector. The coding sequence of the normal hu-
man LPL gene was used to construct the AAV5-LPL-WT recombi-
nant vector, and the rest of the construction process was as described
above. The coding sequence of human LPL gene was replaced with
EGFP gene to construct the AAV5-EGFP vector, which was used to
observe the infection efficiency. To compare the therapeutic effects
or on plasma lipid levels of Gpihbp1–/– mice and rats

cular injection of AAV9-LPL in Gpihbp1�/� mice (n = 6 per group). (B) Post-heparin

1�/� mice (n = 6 per group). (C) Muscular human LPL mRNA expression level after

nges of plasma TG and TC levels at different time points after intramuscular injection

rations and activities after 2 months of AAV9-LPL treatment inGpihbp1�/� rats (n = 6

L treatment in Gpihbp1�/� rats (n = 6 per group). (G) Representative plasma sample

er group). (H) Immunofluorescence assay showed that liver LPL was colocalized with

nd rats (n = 6 per group). Scale bar, 100 mm. Data are presented as mean ± SEM.

-EGFP group, one-way ANOVA and LSD test.
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of gene therapy with liver- and muscle-specific expression of LPL, we
also designed and constructed an AAV9-LPL-S447X recombinant
vector by replacing the liver-specific promoter with the muscle-spe-
cific strong promoter; the rest of the construction process was the
same as above.

The helper plasmid pHelper, AAV coat plasmid pAAV-R2C9, and
AAV vector plasmid were co-transfected into HEK293 cells. The
cell precipitate and culture supernatant were harvested, and the pack-
aged recombinant AAV was separated and purified by two cycles of
CsCl density gradient ultracentrifugation. The AAV genome titer
was determined by dot blot hybridization. The coating and purity
of AAV were detected using SDS-PAGE. The genomic integrity and
double-strand ratio of the packaged AAV were determined using
Southern blotting.

Animals

WT Swiss Hauschka (ICR) mice and WT Sprague-Dawley rats were
purchased from the Qinglongshan Animal Base (Nanjing, China).
Gpihbp1 gene-deficient mice (C57BL/6) were purchased from the
Mutant Mouse Resource and Research Centers (Bar Harbor, USA).
Because ICR mice are more sensitive to pancreatic injury,33 we mated
C57BL/6 Gpihbp1 gene-deficient mice with ICR WT mice for eight
generations to obtain Gpihbp1 gene-deficient mice in ICR back-
ground (Gpihbp1�/� mice). To generate Gpihbp1 gene-deficient
rats (Gpihbp1�/� rats), we designed a target site on exon 2 ofGpihbp1
using the TALEN technique and knocked out 102-bp fragments (G.L.,
B.L., Y.X., et al. unpublished data). Before the experiment, all animals
were housed in the experimental animal center of Jinling Hospital,
Affiliated Hospital of Medical School, Nanjing University (General
Hospital of Eastern Theater Command) in specific pathogen-free
facilities, maintained under 12/12 h light-dark cycle at a controlled
temperature (24�C ± 2�C), given water ad libitum, and fed standard
laboratory chow. All animals were raised and operated on in accor-
dance with the Principles of Laboratory Animal Care (NIH publica-
tion no. 85Y23, revised in 1996). All experimental protocols were
approved by the Experimental Animal Ethics Committee of the Jin-
ling Hospital, Affiliated Hospital of Medical School, Nanjing Univer-
sity (no. 2018GKJDWLS-03-156).

Blood analysis

Orbital venous blood samples were collected for biochemical ana-
lyses. Plasma amylase, lipase, TG, and TC levels were determined
using commercial kits according to the manufacturer’s protocols
(Zhongsheng Beikong Biochemistry Company, Beijing, China).

Plasma LPL level and activity assay

Rats and mice were fasted overnight, and blood samples were
collected 10 min after intravenous heparin injection. Plasma LPL
levels were determined using a human LPL Elisa kit according to
the manufacturer’s protocol (TSZ Biological Trade Company, San
Francisco, USA). To measure LPL activity, total plasma lipase activity
and hepatic lipase activity were first determined using an FFA release
assay kit (Wako kit# NEFA-HR, Japan) with TG-rich plasma from
Gpihbp1�/� mice as the lipolytic substrate.34 The subtraction of the
hepatic lipase activity from the total lipase activity yielded a measure
of plasma LPL activity.

Histological study

Paraffin-embedded tissue sections were stained with H&E. Two inde-
pendent pathologists who were blinded to the experimental treatment
examined the severity of pancreatic injury and evaluated the degree of
edema, inflammation, and necrosis as we described previously.35

Immunohistochemistry analysis

For the immunohistochemical staining of LPL, paraffin sections of
the liver tissue were boiled in EDTA antigen repair buffer solution.
After natural cooling, the slices were incubated with a 3% hydrogen
peroxide solution at room temperature for 15 min to block endoge-
nous peroxidase activity. The slices were incubated with anti-LPL
antibody (1:50 dilution, Santa Cruz, CA, USA) at 4�C overnight.
The slices were then incubated with a biotinylated secondary anti-
body (1:200 dilution) for 1 h, after which the prepared diaminoben-
zidine substrate and hematoxylin were applied.

Immunofluorescence analysis

The fresh liver tissue samples were fixed in 4% neutral paraformalde-
hyde for 2 h, dehydrated with 30% sucrose overnight, embedded with
optimal cutting temperature (OCT) compound, and then the slices
were incubated with anti-human LPL polyclonal antibody (sc-
73646, 1:50 dilution, Santa Cruz, CA, USA) and anti-mouse HSPG
antibody (sc-73646, 1:50 dilution, Santa Cruz, CA, USA) at 4�C over-
night. After washing three times with PBS, the slices were incubated in
the dark with the red-violet fluorescent dye Fluorophore 620 (Akoya
Biosciences FP1495001KT, 1:100 dilution) and green-yellow fluores-
cent dye Fluorophore 570 (Akoya Biosciences FP1488001KT, 1:100
dilution) for 2 h. After washing with PBS, slices were stained with
1 mg/mL DAPI (1:1,000) for 10 min.

qRT-PCR analysis

Briefly, total RNA was extracted using the total RNA extraction kit
(TIANGEN Biotechnology, Beijing, PR China). RNA was reverse
transcribed according to the manufacturer’s instructions. Gapdh
was used as an endogenous control. The primers were as follows:
H-LPL forward, 50-ACACTTGCCACCTCATTCC-30,H-LPL reverse,
50-ACCCAACTCTCATACATTCCTG-30; M-Lpl forward, 50-TTG
CCCTAAGGACCCCTGAA-30,M-Lpl reverse, 50-TTGAAGTGGCA
GTTAGACACAG-30; R-Lpl forward, 50-CTTAGGGTACAGTCTT
GGAGC-30, R-Lpl reverse, 50-CATCAGGAGAAAGGCGACTA
G-30; M-Gapdh forward, 50-CTTTGTCAAGCTCATTTCCTGG-30,
M-Gapdh reverse, 50-TCTTGCTCAGTGTCCTTGC-30; R-Gapdh
forward, 50-TCCAGTATGACTCTACCCACG-30, R-Gapdh reverse,
50-CACGACATACTCAGCACCAG-30.

Statistical analysis

GraphPad Prism 8.0 (GraphPad, San Diego, CA) was used for the sta-
tistical analysis. The numerical variables were expressed as mean ±

standard error (SEM). The comparison between multiple groups
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was evaluated by one-way ANOVA, and the difference between the
two groups was further compared by least significant difference
(LSD) test. The comparison between multiple groups at different
time points was evaluated using two-way ANOVA with Sidak correc-
tion. The Kaplan-Meier method was used for survival analysis, and
the log rank test was used to compare survival rates between the
two groups. p < 0.05 (two tail) was considered statistically significant
(*<0.05; **< 0.01; ***< 0.001 vs. control group).
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