
Original Article
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AAV8 mitigates the progression of atherosclerosis
by inhibiting inflammation in ApoE�/� mice
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Adeno-associated virus (AAV) is the most widely utilized vec-
tor for gene therapy. Proprotein convertase subtilisin/kexin
type 9 (PCSK9), predominantly expressed in the liver, plays a
crucial role in lipid regulation and atherosclerosis progression.
Here, we developed a novel chimeric AAV8.P-PCSK9 short
hairpin RNA (shRNA) vector that incorporates a cross-species
specific shRNA targeting PCSK9 to assess its effects on lipid
levels and atherosclerosis in mice. AAV8.P demonstrated supe-
rior transduction efficiency and safety, achieving about 90%
liver transduction and maintaining transgene expression for
up to a year. The AAV8.P-PCSK9 shRNA exhibited typical
liver-tropism and effectively silenced hepatic PCSK9. More-
over, it significantly lowered serum cholesterol and triglyceride
levels while increasing LDL-R level without causing hepatotox-
icity in wild-type mice. Additionally, it decreased PCSK9
expression and elevated low-density lipoprotein receptor
expression in Apolipoprotein E-deficient mice, leading to early
changes in lipid profiles but lacking a sustained impact on
circulating lipids. Importantly, silencing PCSK9 resulted in
reduced plaque areas with enhanced stability, decreased inflam-
matory macrophage infiltration, and lower levels of vascular
and systemic inflammatory markers. These findings indicate
that targeted silencing of hepatic PCSK9 significantly reduces
lipid levels and effectively mitigates atherosclerosis progression
by inhibiting inflammatory responses via the AAV8.P-PCSK9
shRNA vector, thereby providing critical support for its clinical
translation.

INTRODUCTION
Atherosclerosis is the primary pathology underlying cardiovascular
diseases (CVDs),1 the leading cause of morbidity and mortality
worldwide.2 Atherosclerosis is characterized by lipid deposition and
chronic inflammation within the vascular system.3–5 Statins are the
most effective treatment, targeting low-density lipoprotein-choles-
terol (LDL-C) to prevent and treat the condition. However, a rela-
tively large percentage of high-risk patients with CVD, who are statin
intolerant/resistant, fail to achieve ideal LDL-C levels despite under-
going intensive statin therapy. Proprotein convertase subtilisin/kexin
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type 9 (PCSK9) is mainly synthesized in the liver.6 It binds to the low-
density lipoprotein receptor (LDL-R) and promotes its degradation,
resulting in increased circulating LDL-C levels.7,8 PCSK9 has become
an important target for drug discovery and development of preven-
tion and treatment strategies against atherosclerotic cardiovascular
disease (ASCVD).9,10

Innovative PCSK9 inhibitory therapies, including three monoclonal
antibodies (mAbs) (evolocumab, alirocumab, and tafolecimab) and
one small interfering RNA (siRNA) (inclisiran) represent a significant
breakthrough in CVD. PCSK9 mAbs showed great efficacy in
reducing plasma LDL-C levels and the risk of ASCVD events, but
the clinical application of mAbs is costly and requires regular and
long-term administration due to the short in vivo half-life of the
mAbs.11 Inclisiran, an siRNA that inhibits PCSK9 synthesis, is a
newly approved drug for patients with hypercholesterolemia ormixed
dyslipidemia.12 It provides potential benefits such as a reduced risk of
major cardiovascular events.13 Compared with mAb drugs, inclisiran
provides longer-lasting effects,14,15 but the agent has not been widely
used due to its high cost and clinical application requirements.16

Other alternative approaches to inhibit PCSK9, such as vaccines
and gene editing strategies, are being actively developed and undergo-
ing clinical evaluation.17–19

The ongoing clinical success of AAV gene therapy against hemophilia
has heightened the enthusiasm for developing AAV gene therapies
against liver diseases due to the natural hepatic tropism of the vec-
tor.20,21 A key attractive feature of AAV8 is represented by the high
levels of hepatocyte gene transfer and the long-term liver transduc-
tion achieved after a peripheral vein injection of the vector.22 The ac-
tivity of the secretory phospholipase A2 protein (sPLA2) associated
with the capsid protein is critical for the infectivity of viral vectors
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and determines AAV infectivity.23 Notably, the sPLA2 activity of
AAV2 is more pronounced than that of AAV8.24 So, we constructed
a new chimeric AAV8.sPLA2 (AAV8.P) vector in which the sPLA2 of
AAV2 was used to replace that of AAV8 in order to enhance the
transduction infection efficiency of AAV8.

For this study, we constructed a novel AAV8.P-PCSK9 shRNA
(AAV-PCSK9 shRNA) vector containing an shRNA targeting
PCSK9 gene that can specifically cross multiple species (mice, rats,
and humans). Increasing evidence indicates that extrahepatic
PCSK9 has direct effects on atherosclerotic plaques,25 but we hypoth-
esized that silencing hepatic PCSK9 would mitigate atherosclerosis
progression via administration of an AAV-PCSK9 shRNA vector.
We found that the PCSK9 levels in liver and plasma were inhibited
in AAV-PCSK9 shRNA-transduced C57BL/6J mice, with increased
hepatic LDL-R abundance. Next, we used ApoE-deficient mice in-
jected with AAV-PCSK9 shRNA and found atherosclerosis mitiga-
tion via PCSK9 inhibition and LDL-R abundance increment with in-
hibition of local and inflammation without systemic lipid changes.
These findings indicate that an AAV-PCSK9 shRNA vector may be
useful as an effective atherosclerosis therapy.

RESULTS
Superior transduction efficiency and safety of chimeric AAV8.P

vector in liver gene therapy

Initially, we investigated the transduction efficiency and potential
cytotoxic effects of the innovative chimeric AAV8.sPLA2 (AAV8.P)
vector compared with the established AAV8 vector. To assess trans-
duction efficiency and the persistence of transgene expression in liver
tissues, we performed a temporal analysis at various time points: 1, 2,
and 4 weeks; 3, 6, and 12 months post-administration. Green fluores-
cent protein (GFP) expression wasmeasured through confocal micro-
scopy (Figures 1A and 1B) and immunoblot analysis (Figure 1C).
Notably, GFP expression was observed at 1 week, peaked at 4 weeks,
and was maintained for up to 12 months, with AAV8.P achieving a
maximum transduction efficiency of approximately 90% at 4 weeks
(Figures 1A and 1B). Throughout all evaluated time points, the
transduction efficiency of the AAV8.P vector consistently exceeded
that of the AAV8 vector, as supported by immunoblot assessments
(Figure 1C).

To further elucidate the persistence of transgene expression, we quan-
tified genomic copies of AAV8 and AAV8.P vectors in liver tissue us-
ing TaqMan real-time quantitative PCR. The AAV8.P vector consis-
tently demonstrated higher genome copy numbers in the liver
compared with AAV8, with significant differences observed from
1 week through 12 months post-administration (Figure 1D). Bio-
distribution analysis of vector genomes in seven major tissues—liver,
heart, spleen, lung, kidney, brain, and muscle—revealed that both
AAV8 and AAV8.P exhibited the highest quantities of viral genomes
in the liver following tail vein injection, significantly exceeding levels
found in other tissues (Figure 1E). Importantly, AAV8.P showed a
remarkable 1.55-fold increase in liver genome copies compared
with AAV8, while no significant differences were observed in other
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tissues at 4 weeks post-gene delivery (Figure 1E). These findings
confirm the liver’s preferential transduction and underscore the supe-
rior efficiency of the chimeric AAV8.P vector, indicating its promise
as an effective candidate for liver-targeted gene therapy.

In addition to evaluating transduction efficiency, we conducted an
extensive assessment of multiple biomarkers indicative of cardiac, he-
patic, and renal function at several time points following the admin-
istration of the chimeric AAV8.P vector. Our analysis revealed that
serum concentrations of lactate dehydrogenase (LDH), creatine ki-
nase (CK), aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), creatinine, and blood urea nitrogen (BUN) were com-
parable to those observed in the control group receiving normal
saline (Figure S1). This excellent safety profile further supports the
potential of AAV8.P for gene therapy applications, particularly in
liver-targeted treatments. In summary, the chimeric AAV8.P vector
demonstrates superior transduction efficiency and a favorable safety
profile compared with the conventional AAV8 vector, highlighting
its potential for clinical application in liver-targeted gene therapies.

Chimeric AAV8.P vector effectively targets liver for PCSK9

silencing in C57BL/6J mice

To achieve silencing of PCSK9 in the liver, we designed a new
chimeric AAV8.P vector encoding enhanced GFP reporter and
anti-PCSK9 shRNA (referred to AAV-PCSK9 shRNA). Male
C57BL/6J mice were injected via the tail vein with either AAV-
PCSK9 shRNA or the control vector (referred to AAV-GFP) at a
dose of 2.0 � 1011 vg/mouse. First, at 4 weeks post-injection, seven
major tissues were harvested and analyzed for the tissue tropism
and the transduction efficiency by quantifying the GFP-positive areas
via direct fluorescence of frozen tissue sections. The histological GFP
expression revealed highly efficient liver transductions in mice, with
approximately 90% of hepatocytes expressing GFP, but few GFP-pos-
itive cells were found in tissues outside the liver for both transduction
groups (Figure 2A). These GFP expression results were further vali-
dated by PCR (Figure 2B) and western blot analyses (Figures 2C–
2E and S2A–S2F). There was no notable difference in GFP expression
between the AAV-PCSK9 shRNA and AAV-GFP vectors in the liver.
Importantly, GFP expression in non-hepatic tissues was nearly unde-
tectable compared with the liver, both at the mRNA and protein levels
in two transduction groups. Overall, the AAV-PCSK9 shRNA vector
demonstrated its characteristic liver-tropism, achieving superior
transgene expression specifically in murine livers.

Targeted silencing of PCSK9 using AAV shRNA reduces lipid

levels without tissue toxicity

We then assessed whether the AAV-PCSK9 shRNA vector effectively
promoted silencing of the PCSK9 gene in C57BL/6J mice. One month
after the vector injections, PCSK9 transcript levels in the liver were
reduced by 67% (Figure 3A), circulating PCSK9 protein was reduced
by 63% (Figure 3B), and hepatic PCSK9 protein levels were reduced
by 50%, resulting in an over 1.5-fold increase in total liver LDL-R pro-
tein compared with the levels in mice treated with AAV-GFP
(Figures 3F and 3G). Moreover, after overnight fasting, PCSK9
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Figure 1. Temporal changes in GFP expression in the liver and biodistribution of AAV8 and AAV8.P vectors in mouse tissues

(A) Representative laser confocal microscopy images showing GFP expression in the liver at various time points (1, 2, 4 weeks and 3, 6, 12 months) following systemic

injection of AAV8-GFP or AAV8.P-GFP vectors, scale bar indicates 100 mm. (B) Assessment of gene transduction efficiency in the liver over time following AAV8-GFP or

AAV8.P-GFP injection (n = 4/group). Data are shown as means ± SEM. **p% 0.01, *p% 0.05 (two-way ANOVA with Bonferroni correction). (C) Western blot analysis of GFP

expression levels in liver samples fromAAV8 and AAV8.P groups at specified post-delivery time points (n = 3/group). Data are shown asmeans ± SEM. **p% 0.01, *p% 0.05

(two-way ANOVA with Bonferroni correction). (D) qPCR measurement of AAV8 and AAV8.P genome copies in liver tissues at multiple time intervals (1, 2, 4 weeks and 3, 6,

12 months) after injection. Data are shown as means ± SEM. **p% 0.01, *p% 0.05 (Unpaired t test). (E) Quantification of AAV genome copies in 1 mg of genomic DNA from

heart, liver, spleen, lung, kidney, brain, and skeletal muscle at 4 weeks post-gene delivery, analyzed by qPCR (n = 6–8/group). Data are shown as means ± SEM. **p% 0.01,

*p % 0.05 (two-way ANOVA with Bonferroni correction).
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knockdown was associated with a 34% reduction in serum total
cholesterol levels and a 41% reduction in triglyceride concentrations
(Figures 3C and 3D).

Simultaneously, we assessed the long-term effectiveness of the AAV-
PCSK9 shRNA vector. Our results demonstrated a substantial reduc-
tion of 62.3% in circulating PCSK9 protein levels (Figure 3B), which
correlated with a 26.5% decrease in total cholesterol (Figure 3C) and a
34.2% reduction in triglycerides (Figure 3D) at the 3-month evalua-
tion. Previous studies have suggested that PCSK9 expression influ-
ences ApoB metabolism. Notably, a 50% decrease in hepatic PCSK9
protein levels led to a 59.4% reduction in circulating ApoB levels after
4 weeks (Figure 3E), along with a decreasing trend in hepatic ApoB
Molecu
and Apolipoprotein E (ApoE) protein expression, although this trend
did not achieve statistical significance (Figures 3F and 3G).

Reports have indicated potential cellular toxicity associated with
shRNA expression,26,27 To investigate whether systemic administra-
tion of AAV-PCSK9 shRNA causes toxicity, we measured serum
levels of liver injury biomarkers and conducted a morphological anal-
ysis of seven major tissues using hematoxylin and eosin (H&E) stain-
ing. One and 3 months post-injection, serum AST and ALT levels
showed no significant differences compared with control mice in-
jected with AAV-GFP (Figures 3H and 3I). At the end of the exper-
iment, the seven tissues were collected for H&E analysis (Figure S3).
In contrast to the control group, AAV-PCSK9 shRNA administration
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Figure 2. Targeted and robust hepatic gene transduction of GFP utilizing AAV8.P-GFP and AAV8.P-PCSK9 shRNA vectors

(A) Representative images of GFP expression in various tissues obtained through laser confocal microscopy, assessed 4 weeks post systemic administration of AAV-GFP

and AAV-PCSK9 shRNA vectors, scale bar indicates 100 mm. (B) Quantitative analysis of GFP mRNA expression performed via real-time PCR across different tissues at

4 weeks following injection of either AAV-GFP or AAV-PCSK9 shRNA vectors. n = 5/group. Data are shown asmeans ±SEM. Unpaired t test. (C) Detection of GFP expression

through western blot analysis in assorted tissues 4 weeks subsequent to gene transfer. Abbreviations: Li, Liver; He, Heart; Sp, Spleen; Lu, Lung; Ki, Kidney; Br, Brain; Mu,

Muscle. (D and E) Western blot assessment of GFP expression specifically in the liver 4 weeks following gene transfer. n = 4/group. Data are shown as means ± SEM.

Unpaired t test.
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did not show significant pathological changes or tissue reactions with
the administration of the AAV8.P-PCSK9 shRNA vector over a
3-month period. Taken together, our results demonstrate that
AAV8.P-PCSK9 shRNA vector administration achieves targeted
and efficient hepatic PCSK9 mRNA silencing, leading to significant
reductions in PCSK9 levels and total plasma cholesterol and triglyc-
eride levels without adversely effecting substantive tissues.

AAV-PCSK9 shRNA silencing in ApoE–/– mice induces early

changes in lipid profiles but lacks sustained impact on

circulating lipids

We used ApoE-knockout mice, known to exhibit hyperlipidemia and
spontaneously develop advanced lesions, to investigate whether the
effect of PCSK9 on plasma lipids is dependent on ApoE. We silenced
liver PCSK9 expression with AAV-PCSK9 shRNA in ApoE�/� mice
fed a chow diet for 6 months. Four weeks post-transduction,
hepatic PCSK9 mRNA expression was significantly reduced by 60%
compared with the control group receiving the AAV-GFP vector (Fig-
ure 4A). Correspondingly, plasma PCSK9 levels decreased by an
average of 37% within 6 months following AAV-PCSK9 shRNA in-
jection (Figure 4B). At the end of the experiment, the hepatic levels
of PCSK9 protein were decreased by 36%, leading to a 1.4-fold
enhancement in LDL-R protein expression, while ApoB-100 levels re-
mained unchanged (Figure 4E). Despite these changes, serum con-
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centrations of total cholesterol and triglycerides did not show signif-
icant alterations at 4 weeks or 6 months post-injection, consistent
with prior research indicating that PCSK9 inhibition does not affect
plasma lipid levels in ApoE�/� mice. However, a notable decrease
of 19.4% in serum total cholesterol and a 22.9% reduction in triglyc-
eride levels were observed 2 weeks post-transduction compared with
controls (Figures 4C and 4D).

Following vector delivery, we assessed protein expression levels of
PCSK9, LDL-R, and ApoB-100 in hepatic tissues at the 2-week
mark. Results indicated a 53% reduction in hepatic PCSK9 protein
levels, accompanied by a 2.01-fold increase in LDL-R protein expres-
sion, while ApoB-100 levels did not change (Figure 4F). Considering
previous findings that PCSK9 knockdown reduces ApoB secretion,28

we measured serum ApoB concentrations in the ApoE�/� mice at
both 2 weeks and 6 months post-administration. The serum ApoB
levels were significantly lower in the group with reduced PCSK9 at
2 weeks, showing a 22.3% decrease, but no significant change was
observed at the 6-month mark (Figure 4G).

Additionally, consistent with the reductions in total cholesterol and
triglycerides observed at 2 weeks, we noted significant decreases in
lipid profiles across various fractions (chylomicrons [CM]/very
low-density lipoprotein [VLDL], intermediate-density lipoprotein
025



Figure 3. Silencing hepatic PCSK9 leads to

decreased serum levels of total cholesterol and

triglycerides, without altering AST or ALT

concentrations in C57BL/6J mice

(A) Hepatic PCSK9 mRNA levels were quantified using

real-time PCR 1-month post-administration of either

AAV-GFP or AAV-PCSK9 shRNA, n = 4 for the AAV-

GFP cohort and n = 7 for the AAV-PCSK9 shRNA

cohort. Data are shown as means ± SEM. **p % 0.01

(Unpaired t test). (B) Plasma PCSK9 concentrations

were assessed through ELISA at 1 and 3 months

following transduction with either AAV-GFP or AAV-

PCSK9 shRNA, n = 5/group. Data are shown as

means ± SEM. **p % 0.01 (two-way ANOVA with

Bonferroni correction). (C and D) Serum levels of total

cholesterol and triglycerides were determined 1 month

and 3 months subsequent to vector administration,

n = 8/group. Data are shown as means ± SEM. **p %

0.01 (two-way ANOVA with Bonferroni correction). (E)

Serum ApoB concentrations (mg/mL) in C57BL/6J mice

were measured 1 month after vector administration,

n = 6/group. Data are shown as means ± SEM. **p %

0.01 (Unpaired t test). (F and G) Immunoblot analysis

was conducted for hepatic PCSK9, LDL-R, ApoE, and

ApoB-100 1 month after vector administration, with

corresponding quantification provided in the bar graph,

n = 5/group. Data are shown as means ± SEM. *p %

0.05, **p % 0.01 (Unpaired t test). (H and I) Plasma

aspartate aminotransferase (AST) and alanine

aminotransferase (ALT) levels were evaluated at 1 and

3 months post-transduction with either AAV-GFP or

AAV-PCSK9 shRNA, n = 8/group. Data are shown as

means ± SEM (two-way ANOVA with Bonferroni

correction).
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[IDL]/LDL, high-density lipoprotein [HDL]) (Figures 4H and 4I).
Although we did not detect significantly different total cholesterol
and triglyceride levels in AAV-PCSK9 shRNA-transduced mice
compared with those in AAV-GFP-transduced mice at the end of
the experiment, we observed a trend toward lower LDL-C/LDL-tri-
glyceride and higher high-density lipoprotein-cholesterol (HDL-C)/
HDL-triglyceride in the AAV-PCSK9 shRNA-transduced mice.
This trend was particularly clear in the VLDL/CM fraction of triglyc-
erides, as indicated by fast protein liquid chromatography (FPLC)
analysis (Figures 4J and 4K). Taken together, our findings indicate
that silencing PCSK9 in ApoE�/� mice alters hepatic PCSK9 and
LDL-R levels and causes initial changes in lipid profiles, but does
not produce a lasting effect on circulating lipids and ApoB secretion.

PCSK9 silencing reduces atherosclerotic plaque formation and

enhances plaque stability in ApoE–/– mice

We examined the atherosclerotic lesion areas within the entire aorta
tree and the cross-sections of aortic sinus 6 months after the vector
injection. In ApoE�/� mice transduced with AAV-PCSK9 shRNA,
the mean atherosclerotic plaque area was 31.8% smaller than the
mean area in AAV-GFP-transduced mice (Figures 5A and 5B). In
particular, the lesion areas in the aortic arch and thoracic aorta
were significantly lower in the AAV-PCSK9 shRNA-transduced
Molecu
mice (Figures 5C and 5D), without significant differences in the lesion
areas of the abdominal and iliac aorta; however, we observed a trend
toward smaller areas in the AAV-PCSK9 shRNA-transduced mice
(Figures 5E and 5F). Moreover, the lesion areas in cross-sections of
aortic sinus were significantly reduced by 27.04% in AAV-PCSK9
shRNA-transduced mice compared with those in AAV-GFP-trans-
duced mice (Figures 5G and 5H).We further investigated the stability
of plaques using macrophage CD68 and smooth muscle cell a-SMA
markers. Mice with PCSK9 silencing showed enhanced plaque stabil-
ity, with a 72% reduction in macrophage areas (CD68-positive area,
Figures 6A and 6B) and a 52% increase in smoothmuscle cell contents
(a-SMA-positive area, Figures 6A and 6C). These data suggest that
PCSK9 silencing in mice limits the development of atherosclerosis
and enhances aortic sinus plaque stability in ApoE-deficient mice.

Hepatic PCSK9 silencing reduces local and systemic

inflammation in ApoE–/– mice

Inflammatory Ly6Chi monocytes/macrophages serve as local inflam-
mationmarkers in atherosclerotic lesions, and proinflammatory cyto-
kines participate in plaque development. Thus, we evaluated whether
hepatic PCSK9 silencing affects the vascular and systemic inflamma-
tion responses in ApoE�/� mice. PCSK9 silencing reduced Ly6Chi

positive cells in aortic sinus by 21.5% lesions (p < 0.05) compared
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 5
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Figure 4. PCSK9 silencing in ApoE–/– mice induces early changes in lipid profiles but lacks a sustained impact on circulating lipids

(A) Hepatic mRNA levels of PCSK9 were quantified using real-time PCR in liver specimens collected 2 weeks post-administration, n = 4/group. Data are shown as means ±

SEM. **p% 0.01 (Unpaired t test). (B) Plasma levels of PCSK9 protein were evaluated via ELISA at baseline and at 2 weeks, 4 weeks, and 6months following injection, n = 10

for AAV-GFP, n = 12 for AAV-PCSK9 shRNA. Data are shown as means ± SEM. **p% 0.01 (two-way ANOVAwith Bonferroni correction). (C and D) Serum concentrations of

total cholesterol and triglycerides were monitored over time after the administration of AAV-PCSK9 shRNA or AAV-GFP, n = 12 or 15 per group. Data are shown as means ±

SEM. *p % 0.05, **p % 0.01 (two-way ANOVA with Bonferroni correction). (E and F) Immunoblotting results depicting hepatic levels of PCSK9, LDL-R, and ApoB-100

proteins at 6 months and 2 weeks post-administration, with corresponding quantification shown on the right, n = 5 or 6/group. Data are shown as means ± SEM. *p% 0.05,

(legend continued on next page)
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Figure 5. Silencing hepatic PCSK9 protects ApoE–/– mice from atherosclerosis development

Twelve-week-old ApoE�/� male mice were injected with 2 � 1011 viral genomes (v.g.) of AAV-shPCSK9 or AAV-GFP and fed a chow diet for 6 months. (A) Representative

Oil Red O-stained images of the en face arterial tree. (B–F) Quantification of the lesion areas in (A), n = 8/group. (G) Representative Oil Red O staining in aortic sinus

cross-sections, scale bar indicates 400 mm. (H) Quantification of the lesion areas in (G), n = 7 or 8/group. Data are shown as means ± SEM. *p% 0.05, **p < 0.01 (Unpaired

t test).
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with control mice (Figures 7A and 7B). The mRNA expression levels
ofMCP-1, TNF-a,MIF, IL-1b, and IL-6 in the aortas were remarkably
lower in mice transduced with AAV-PCSK9 shRNA than in control
mice (Figure 7C). In addition, the serum concentrations of monocyte
chemoattractant protein-1 (MCP-1), tumor necrosis factor (TNF)-a,
and macrophage migration inhibitory factor (MIF) were prominently
reduced in AAV-PCSK9 shRNA-transduced mice (Figures 7D–7F).
Serum concentrations of MCP-1, TNF-a, and MIF were significantly
reduced in C57BL/6J mice administered AAV-PCSK9 shRNA vectors
over a 3-month period. Notably, MCP-1 levels decreased by 33.5%,
MIF by 24.9%, and TNF-a by 34.3% in the AAV-PCSK9 shRNA
group compared to the AAV-GFP group (Figures S4A–S4C). These
findings underscore the pivotal role of PCSK9 in modulating inflam-
matory cytokines. These data suggest that hepatic PCSK9 silencing
decreased local and systemic inflammation by inhibiting the infiltra-
tion of inflammatory Ly6Chi-positive cells into the aortic sinus and
reducing the expression and secretion of major proinflammatory
cytokines.
**p % 0.01 (Unpaired t test). (G) Serum ApoB levels (mg/mL) were assessed in mice a

n = 8/group. Data are shown as means ± SEM. *p% 0.05 (Unpaired t test). (H and I) Fas

analyzed from pooled serum collected 2 weeks post-administration. (J and K) FPLC as

administration.
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DISCUSSION
Herein, we investigated whether AAV-PCSK9 shRNA, based on a
novel AAV8.P vector, could serve as a gene therapy delivery sys-
tem to silence hepatic PCSK9 expression and thereby prevent
and mitigate the progression of atherosclerosis. Our results
demonstrate that AAV8.P provides superior transduction effi-
ciency and safety, achieving approximately 90% liver transduction
and sustaining transgene expression for up to a year. Notably, the
AAV-PCSK9 shRNA vector exhibited typical liver-tropism and
robust transduction efficiency without inducing unwanted im-
mune responses in hepatic tissue following systemic administra-
tion. This vector effectively inhibited hepatic PCSK9 transcription,
reduced protein expression, and lowered circulating PCSK9 levels.
Furthermore, it increased LDL receptor levels, reduced ApoB con-
centrations, and lowered total cholesterol and triglyceride levels in
C57BL/6J mice. In ApoE-deficient murine models, while transduc-
tion with the AAV-PCSK9 shRNA vector enhanced plaque stabil-
ity, it did not produce sustained changes in circulating lipid levels,
t 2 weeks and 6 months post-administration of AAV-GFP or AAV-PCSK9 shRNA,

t protein liquid chromatography (FPLC) profiles of cholesterol and triglycerides were

sessment of cholesterol and triglyceride profiles in pooled serum at 6 months post-
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Figure 6. Silencing PCSK9 improves plaque stability in aortic sinus lesions

(A) Representative images of macrophages and smooth muscle cells by immunostaining with CD68 antibody (red) and a-smooth muscle actin antibody (red) in aortic sinus

lesions, scale bar indicates 100 mm, plaque areas circled with yellow solid lines. (B) Quantification of macrophage-positive areas in (A), n = 4 or 5/group. (C) Quantification of

smooth muscle cell-positive areas in (A). n = 4 or 5/group. Data are shown as means ± SEM. *p % 0.05, **p < 0.01 (Unpaired t test).
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such as total cholesterol and triglycerides. However, during the
initial 2 weeks of treatment, it significantly reduced serum levels
of total cholesterol, triglycerides, ApoB, and other atherogenic li-
poproteins. Furthermore, AAV-PCSK9 shRNA mitigated athero-
sclerotic development by decreasing inflammatory cell infiltration
in aortic tissues and reducing circulating inflammatory cytokines.
Collectively, these findings underscore the potential of the
AAV8.P-PCSK9 shRNA vector as an effective gene therapy deliv-
ery system for the prevention and treatment of atherosclerosis,
illustrating its promise in addressing cardiovascular disease
through targeted gene silencing.

AAV vectors are increasingly being utilized in research trials to
address hepatic hereditary disorders.29 A critical factor influencing
the infectivity of these viral vectors is the activity of the secreted
phospholipase A2 (sPLA2) protein associated with the capsid. In
our study, we developed a novel chimeric vector, AAV8.P, by
substituting the sPLA2 domain of AAV8 with that of AAV2, aiming
to harness AAV2’s superior sPLA2 activity to enhance gene delivery
efficiency. Our results demonstrated that the AAV8.P vector signif-
icantly improved transfection rates in the liver compared with
AAV8, achieving efficiencies of 89% vs. 70% at 4 weeks and 67.2%
vs. 56.1% at 12 months following a single tail vein injection at equiv-
alent dosages. Both AAV8.P and AAV8 were predominantly local-
ized in the liver, with lower concentrations in other organs, consis-
tent with previous findings by Wang et al.30 Importantly, the
genome copy number of AAV8.P in the liver consistently exceeded
that of AAV8 throughout the 12-month observation period. Safety
evaluations from clinical trials have reported no significant adverse
events associated with AAV vectors, aside from transient increases
in aminotransferase levels.31–33 Our findings support this, as param-
eters for heart, liver, and kidney function in mice remained within
the normal range during the transduction of AAV8.P or AAV8
compared with the saline control group. These results underscore
the potential of AAV8.P as a more effective and safer vector for liver
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gene therapy, paving the way for advancements in the treatment of
hepatic disorders.

PCSK9, a key determinant of cholesterol homeostasis, is mainly
expressed in the liver, making it an attractive therapeutic target
for hypercholesterolemia. While three monoclonal antibodies
and one small interfering RNA (siRNA) have received regulatory
approval, their limitations underline the need for innovative ap-
proaches that provide sustained efficacy. Monoclonal antibodies
primarily inhibit the secreted form of PCSK9 and necessitate
frequent administration—monthly or bi-monthly injections—to
maintain therapeutic effects. In contrast, our study introduces
AAV-PCSK9 shRNA, which exerts its impact by silencing
PCSK9 at both the transcriptional and translational levels,
affecting not only secretion but also intracellular trafficking and
degradation of the protein. Frank-Kamenetsky et al. demonstrated
that lipid nanoparticle-encapsulated siRNA (LNP-PCS-A2) target-
ing PCSK9 can significantly reduce hepatic PCSK9 mRNA levels
by 60%–70% and total cholesterol by 30% in C57BL/6 mice within
3 days at a dose of 5 mg/kg.34 However, the effect on PCSK9
mRNA was transient, lasting about 20 days, with similar observa-
tions in rat models, where cholesterol levels decreased for only
10 days before returning to baseline by day 21. In contrast, our
study using AAV-PCSK9 shRNA achieved a more sustained effect,
demonstrating a 67% reduction in hepatic PCSK9 synthesis and
resulting in a 34% decrease in total cholesterol and a 41% decrease
in triglycerides 1-month posttreatment in C57BL/6J mice. Notably,
circulating PCSK9 levels decreased by 62.3%, with cholesterol and
triglyceride reductions of 26.5% and 34.2%, respectively, sustained
over 3 months. Remarkably, 6 months after AAV-PCSK9 shRNA
administration, plasma PCSK9 concentrations in ApoE-knockout
mice remained 60% lower compared with the AAV-GFP cohort,
demonstrating the long-lasting therapeutic benefits of AAV-
PCSK9 shRNA compared with existing non-gene therapy
methods. Additionally, the AAV8.P-PCSK9 shRNA vector offers
025



Figure 7. Silencing PCSK9 attenuates

atherosclerotic aorta and serum inflammatory

monocyte infiltration and inflammatory gene

expression in ApoE–/– mice

(A) Representative images and quantification (B)

of Ly6Chi-positive cells via aortic sinus lesions

immunostaining, scale bar indicates 25 mm, n = 4 or

5/group. (C) Real-time PCR analysis of MCP-1, TNF-a,

MIF, IL-1b, IL-6, and IL-10 mRNA expression in aortas

from AAV-transduced ApoE�/�mice fed a chow diet for

6 months, n = 3 or 4/group. (D–F) Serum levels of

MCP-1, MIF, and TNF-a from AAV-transduced

ApoE�/�mice fed a chow diet for 6 months via ELISA,

n = 7–12/group. Data are shown as means ± SEM. *p

% 0.05, **p < 0.01 (Unpaired t test).
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significant advantages in terms of administration frequency. Un-
like monoclonal antibodies and inclisiran, which require repeated
dosing, our AAV8.P vector can maintain transgene expression for
up to a year. This extended duration not only enhances patient
adherence but also has the potential to reduce overall healthcare
costs by minimizing the need for frequent treatments. Therefore,
our findings highlight the durability and long-term efficacy of
AAV-PCSK9 shRNA as a novel cholesterol management strategy.
AAV8.P-based methods may provide a more effective means of
ensuring sustained lipid control.

Our findings align with previous research indicating that PCSK9
deletion does not significantly affect total cholesterol levels in
ApoE-knockout mice. Specifically, studies have shown that ApoE-
knockout mice with PCSK9 deletion maintained comparable total
cholesterol levels to control mice on a regular chow diet over
6 months.35 Similarly, Tang et al. found that administering PCSK9
shRNA via lentivirus had no impact on plasma total cholesterol or
triglyceride levels in ApoE�/� mice fed a 2% cholesterol diet.36 In
our study, PCSK9 knockdown in ApoE�/�mice also failed to change
total cholesterol or triglyceride levels at the 6-month endpoint.
Interestingly, despite these unchanged lipid levels, we observed
that AAV-PCSK9 shRNA administration inhibited the levels of
apoB-containing lipoprotein particles, leading to a decreasing trend
in serum ApoB-100 levels. Notably, 2 weeks post-injection, AAV-
PCSK9 shRNA administration resulted in significant reductions in
various lipoprotein particle levels, including chylomicrons (CM/
VLDL), intermediate-density lipoproteins (IDL/LDL), and high-
density lipoproteins (HDL). At this time point, serum total choles-
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terol, triglycerides, and ApoB-100 levels were
also significantly lower in treated mice
compared with controls. These findings sug-
gest that while PCSK9 knockdown may not
directly alter total cholesterol or triglyceride
levels in the context of ApoE-knockout mice,
it does have a profound impact on the compo-
sition and levels of lipoprotein particles. This
highlights the complex role of PCSK9 in lipid
metabolism and suggests potential therapeutic implications for tar-
geting PCSK9 in conditions characterized by dyslipidemia.

Whether PCSK9 affects the development of atherosclerotic plaques in
ApoE�/� settings has been unclear. Some studies suggest that PCSK9
deficiency does not influence atherosclerotic lesion size. For instance,
one study found that PCSK9 deficiency did not affect atherosclerotic
lesion size in ApoE�/� mice,37 while Denis et al. reported that
PCSK9 deletion did not reduce aortic root plaque sizes but signifi-
cantly decreased cholesterol ester levels in the whole aorta,35 indicating
that PCSK9 deficiency may protect ApoE�/� mice from atheroscle-
rosis. In contrast, another study demonstrated that PCSK9 silencing
via lentivirus-mediated PCSK9 shRNA transduction markedly limited
atherosclerosis development in ApoE�/� mice fed a high cholesterol
diet.36 In our study, we found that transduction with AAV8.P-
PCSK9 shRNA resulted in a more than 30% decrease in lesion sizes
in the entire aortic tree and aortic sinus of ApoE�/� mice. This
decrease in atherosclerotic burden was accompanied by significant re-
ductions in triglyceride profiles and a trend toward lower serum
ApoB-100 levels, particularly in triglyceride-rich lipoproteins such as
VLDL. The atherogenic role of ApoB and its associated lipopro-
teins38,39 has been increasingly emphasized in the context of cardio-
vascular risk.40,41 Furthermore, Sun et al. demonstrated that hepatic
reduction of PCSK9 influences atherogenesis by modulating the levels
and characteristics of ApoB-containing lipoproteins.28 Our results
support these findings by showing that AAV-PCSK9 shRNA admin-
istration effectively reduced PCSK9 levels, resulting in significant de-
creases in serum ApoB levels in both C57BL/6J mice after 1 month
and ApoE�/� mice after 2 weeks. Additionally, our results indicate
& Clinical Development Vol. 33 March 2025 9
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that hepatic reduction of PCSK9 enhances LDL receptor levels, pro-
moting the clearance of LDL particles and contributing to the observed
decrease in atherosclerosis. Our study supports the notion that PCSK9
serves as a crucial regulator of atherosclerosis in ApoE�/� mice, high-
lighting the potential of targeting this protein through AAV-PCSK9
shRNA as an effective therapeutic approach for managing hyperlipid-
emia and atherosclerotic disease in cardiovascular contexts.

Atherosclerosis is a chronic inflammatory disease of arteries charac-
terized by the presence of inflammatory cytokines. Increasing evi-
dence has shown a direct link between PCSK9 and atherosclerotic
inflammation.42 Macrophages are involved in the inflammatory
response in plaques, and the content and polarization state of these
cells in plaques have a role in the progression of atherosclerotic le-
sions.43 Ly6Chi monocytes are proposed to be precursors of proin-
flammatory M1 macrophages. Tang et al. reported that PCSK9
knockdown via LV-PCSK9 shRNA inhibits atherosclerosis by
decreasing vascular inflammation and resulting in fewer CD68-posi-
tive macrophages and reduced expression of vascular inflammation
regulators such as MCP-1, interleukin (IL)-1b, and TNF-a in
ApoE-knockout mice.36 Conversely, transgenic human PCSK9 locally
promoted infiltration of Ly6Chi monocytes within atherosclerotic le-
sions in ApoE-knockout mice.44,45 Increasing evidence suggests that
PCSK9 affects arterial wall and systemic inflammation. PCSK9 inhi-
bition by AT04A vaccine or alirocumab reduced the number of
monocytes in plaques,46,47 and AT04A decreased the plasma levels
of inflammatory cytokines, including macrophage inflammatory pro-
tein-1b, macrophage-derived chemokine, cytokine stem cell factor,
and vascular endothelial growth factor A, in ApoE *3Leiden.CETP
mice. In our study, ApoE-knockout mice transduced with AAV8.P-
PCSK9 shRNA exhibited a dramatic decrease in their plaque areas
and plasma levels of MIF, MCP-1, and TNF-a. TNF-a has multiple
roles during atherosclerosis development, promoting endothelial
dysfunction and recruiting and inducing proliferation of mono-
cytes/macrophages.48 MIF, an inflammatory cytokine,49 is another
pivotal mediator of atherosclerotic lesion formation.50 In ApoE-defi-
cient mice, MIF deletion reduced monocyte recruitment, macrophage
content, and smooth muscle cell proliferation into plaques, markedly
mitigating atherogenesis.51 MIF blockade with neutralizing anti-
bodies in ApoE-knockout mice resulted in a regression of atheroscle-
rotic plaques with fewer infiltrating macrophages.52 MCP-1 is a key
chemokine in atherosclerosis, regulating migration and infiltration
by monocytes/macrophages.53 Our results revealed that the low levels
of these plasma proinflammatory cytokines were accompanied by
reduced proinflammatory Ly6Chi monocytes in the plaques. There-
fore, it seems possible that low levels of these proinflammatory cyto-
kines in circulating blood may have inhibited the infiltration of proin-
flammatory Ly6Chi monocytes into the plaques. In addition to the
decrease in the number of the proinflammatory Ly6Chi monocytes,
the CD68-positive area of plaque macrophages was more significantly
reduced in AAV8.P-PCSK9 shRNA-transduced mice than in control
mice. Importantly, AAV8.P-PCSK9 shRNA-transduced mice ex-
hibited a more stable plaque morphology with a less inflammatory
phenotype, reduced levels of proinflammatory cytokine mRNAs
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(including MIF, MCP-1, TNF-a, IL-1b, and IL-6 mRNA) and
increased anti-inflammatory cytokine mRNA (IL-10) than control
mice. Taken together, these data suggest that silencing hepatic
PCSK9 by AAV8.P-PCSK9 shRNA transduction in mice resulted in
atherosclerotic plaque mitigation, with systemic and vascular inflam-
mation reduction in ApoE-knockout mice.

To the best of our knowledge, this is the first study reporting on the
anti-atherosclerotic effects of AAV8.P-PCSK9 shRNA, a gene therapy
delivery system based on AAV8.P vectors. We are aware of the limi-
tations of our study, particularly when regarding human translation
applications: The optimal length of treatment with AAV8.P-PCSK9
shRNA remains unclear, but the treatment may need to be initiated
early given the Mendelian randomization results showing the effects
of long-term exposure to high LDL-C on the risk of ASCVD.54 Also,
in addition to the experiments in ApoE�/� mice that develop athero-
sclerosis spontaneously, studies on well-established mouse models
such asApoE *3Leiden.CETPmice,55 which closely mimic atheroscle-
rosis initiation and development in humans, and in transgenic human
PCSK9 mice, as well as in rhesus monkeys are needed to verify our
findings. Ultimately, our investigation focused on a single shRNA
due to constraints in funding and scope. While this approach pro-
vided initial insights, testing a broader range of shRNAs would
enhance the robustness of our findings.

In conclusion, AAV8.P-PCSK9 shRNA injection resulted in long-
term inhibition of hepatic PCSK9 transcription and expression.
This strategy may be useful as an alternative gene therapy delivery
system to reduce atherosclerotic inflammation through both lipid-
dependent and lipid-independent pathways that may help promote
substantial atherosclerotic plaque reversal.

MATERIALS AND METHODS
Virus vector preparation

The AAV8.sPLA2 vector was engineered to enhance the gene delivery
capabilities of the AAV8 serotype by incorporating the phospholipase
domain from AAV2. Specifically, the first 132 amino acids of the VP1
protein of AAV8 were replaced with the corresponding sequence
from AAV2, resulting in the generation of the AAV8.sPLA2
(AAV8.P) vector. The plasmid construction and viral vector produc-
tion were performed by Virovek (Hayward, CA, USA). Two oligos
corresponding to PCSK9 shRNA were synthesized (50-30sense strand:
GATCCGCCTGGAGTTTATTCGGAATCA AGAGTTCCGAATA
AACTCCAGGCAGTTTTTTG, 50-30antisense strand：TCGACAA
AAAACTGCCTGGAGTTTATTCGGAACTCTTGATTCCGAATA
AACTCCAGGCG). Both oligos were phosphorylated and mixed in
one tube to anneal them together, the resulting fragment was cut
with with SalI and BamHI and ligated to the SalI and BamHI sites
of pFB-CBA-GFP-Scrambled to create pFB-CBA-GFP-PCSK9
shRNA. Recombinant adeno-associated viral (AAV) vectors were
produced based on the AAV8.P vector. These vectors encoded either
PCSK9-shRNA and a GFP reporter (designated as AAV-PCSK9
shRNA) or a control scrambled shRNA driven by a U6 promoter
along with a GFP reporter (designated as AAV-GFP). Both AAV8
2025



www.moleculartherapy.org
and AAV8.P vectors were packaged using single-stranded DNA con-
taining an enhanced green fluorescent protein (GFP) gene, which was
regulated by the constitutive chicken b-actin promoter with a CMV
enhancer (AAV8-CBA-GFP and AAV8.P-CBA-GFP). All AAV vec-
tors were produced utilizing a recombinant baculovirus (rBac) system
in SF9 cells, as previously described in the literature.56 Vector titers
for all four AAV constructs were determined using quantitative poly-
merase chain reaction (qPCR). Primers specific to the CMV enhancer
region were utilized for accurate quantification.

Animal models

Male C57BL/6J andApoE�/�mice were purchased from the Shanghai
Model Organisms Center (Shanghai, China) and housed at the Xin-
jiang Medical University Medical Laboratory Animal Center. The
mice in our study were fed a normal chow diet. All experiments
involving animals were conducted in accordance with the guidelines
of the Ethics Committee of the First Affiliated Hospital of Xinjiang
Medical University.

To evaluate the transduction efficiency and potential cytotoxicity of
the novel chimeric AAV8.P vector compared with the conventional
AAV8 vector, male C57BL/6J mice (8–10 weeks old) were random-
ized into three groups: normal saline (n = 30), AAV8 (n = 40), and
AAV8.P (n = 40). Mice received a tail vein injection of 200 mL con-
taining 2 � 1011 particles of either AAV8, AAV8.P, or saline. The
mice were subsequently euthanized, and samples were collected at
1, 2, and 4 weeks, as well as at 3, 6, and 12 months post-injection.

To assess the effectiveness of the AAV-PCSK9 shRNA vector in
silencing the PCSK9 gene, male C57BL/6J mice were injected via
the tail vein with either AAV-GFP or AAV-PCSK9 shRNA at equal
doses as described above. Mice from both groups (n = 18/group)
were euthanized at 4 and 12 weeks post-injection.

To assess the therapeutic efficacy of the AAV-PCSK9 shRNA vector
in mitigating hyperlipidemia and advanced atherosclerotic lesions in
the context ofApoE gene deficiency, the ApoE�/�mice (12 weeks old)
were randomly injected with either AAV-GFP or AAV-PCSK9
shRNA via the tail vein at the same doses as described above. Blood
was collected from the retro-orbital plexus after administering isoflur-
ane anesthesia at 0, 2, and 4 weeks, as well as at 6 months after the
AAV injection, to measure total cholesterol, triglycerides, lipoprotein
profiles, and serum PCSK9 levels. At the end of the experiments, the
mice were euthanized, and aortas and liver samples were harvested.

Fluorescent imaging

We assessed the biodistribution of the injected vectors in vivo via fluo-
rescent imaging of GFP expression in various mouse organs as
published.57 Briefly, fresh organs and tissues were fixed in 4% parafor-
maldehyde for 4 h at room temperature, triple washed in phosphate-
buffered saline (PBS) for 5 min each time, and then dehydrated with
15% sucrose in PBS at 4�C overnight. All samples were immediately
embedded in OCT and snap-frozen. Fresh frozen samples were sliced
into 4-mm-thick sections. We acquired 8–10 fluorescent images of
Molecu
each tissue section using a Leica TCS SP8 laser confocal scanning mi-
croscope (Leica TCS SP8, Mannheim, Germany) at �20 magnifica-
tion, along with corresponding bright field images.

Western blotting

Liver tissues were homogenized in RIPA lysis and extraction buffer
(Thermo Scientific, Rockford, IL, USA) containing a protease inhib-
itor cocktail (1:200, ab201111, Abcam). After sonication and incuba-
tion for 15 min on ice, the lysates were centrifuged at 13,000 � g for
15min at 4�C.We quantified the protein in the samples using a Pierce
BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). Pro-
tein samples were boiled in NuPAGE LDS Sample buffer (Thermo
Scientific, Rockford, IL, USA) for 8 min and then separated in
NuPAGE 4%–12% Bis-Tris Gel electrophoresis before being trans-
ferred onto polyvinylidene difluoride transfer membrane (Millipore,
Billerica, MA, USA). After being blocked with 5% skim milk in
TBST for 1 h at room temperature, the membranes were incubated
with primary antibodies targeting LDL-R (1:1,000, ab52818, Abcam),
GFP (1:1000, 2956S, Cell Signaling Technology), ApoE (1:500,
K23100R, Meridian life science), Apo-B48/100 (1:500, K23300R, Me-
ridian life science), Mouse PCSK9 (1 mg/mL, AF3985, R&D), b-actin
(1:1,000, 4970S, Cell Signaling Technology), GAPDH (1:1000, 5174,
Cell Signaling Technology), a-Tubulin(1:1000, ab4074, Abcam),
and HSP90 (1:1,000, 4874S, Cell Signaling Technology), followed
by incubation with the corresponding secondary antibody conjugated
with horseradish peroxidase goat anti-rabbit immunoglobulin (Ig)G
(1:3,000, ab205718, Abcam) or horseradish peroxidase rabbit anti-
goat IgG (1:1,000, SA00001-4, Proteintech) for 1 h at room tempera-
ture. We detected specific bands using enhanced chemiluminescence
reagent (Millipore, Waltham, MA, USA) and determined protein
levels by densitometry analysis using the Image Lab 4.0 software
(Bio-Rad Laboratories, Hercules, CA, USA).

En face oil red O staining of the arterial tree

For quantification of the atherosclerotic lesion areas, we stained the
arterial tree from aorta arch to iliac arteries with oil red O as published
with modifications.58 Briefly, the arterial trees were dissected, opened
longitudinally to expose the atherosclerotic plaques, rinsed in saline,
and fixed in 4% paraformaldehyde for 10 min. We stained the fixed
arterial trees with freshly prepared 0.3% oil red O solution (3:2,
O1391, Sigma) at 45�C for 8 min, and then de-stained them with
75% alcohol for 8 min. The stained arterial trees were flattened on
soaked black absorbent paper and photographed using a digital cam-
era. We quantified the atherosclerotic lesions stained in red using the
ImageJ software as a percentage of the total aorta area.

Analysis of atherosclerotic lesions

For microscopic analysis of atherosclerotic plaques in aortic sinuses,
we prepared cryopreserved cross-sections of aortic sinus as pub-
lished.58 Briefly, the aortic sinuses were harvested by trimming the
bottom half of the hearts carefully along a plane parallel to the atria,
and then embedding the specimens in a Tissue-Tek OCT cryostat
mold. Serial 8-mm-thick cross-sections were sliced and stored at
�80�C. Sections of aortic sinus were stained with oil red O and
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Table 1. Primer sequences for PCR

Genes Forward primers Reverse primers

MCP-1 50-CTGCATCTGCCCTAAGGTCT-30 50-AGTGCTTGAGGTGGTTGTGG-30

TNF-a 50-AGCATCTCCACTCCGTCCT-30 50-AGCACCCAAAGTCACCAAGT-30

IL-6 50-GCTACCAAACTGGATATAATCAGGA-30 50-CCAGGTAGCTATGGTACTCCAGAA-30

IL-1b 50-AGGAGAACCAAGCAACGACA-30 50-GCTTGGGATCCACACTCTCC-30

mPCSK9 50-TATCCCAGCATGGCACCAGA-30 50-ATGGTGACCCTGCCCTCAA-30

MIF 50-TAGACCACGTGCTTAGCTGAGCC-30 50-GCCCAGCTGGAGCACACTATT-30

IL-10 50-ACCTGGTAGAAGTGAATGCCC-30 50-GGAGAAATCGATGACAGCGCC-30

18S 50-TTGACGGAAGGGCACCACCAG-30 50-GCACCACCACCCACGGAATCG-30
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counterstained with hematoxylin. We calculated the areas of athero-
sclerotic plaques in the aortic root after adjusting the measurements
for pixel size.

To perform immunofluorescence staining of the aortic root samples,
we incubated the sections with primary antibodies for CD68 antibody
(1:200, MCA1957, AbD Serotec), a-smooth muscle actin (1:100,
14395-1-AP, Proteintech), or Ly6C antibody (1:100, 14-5931-82,
eBioscience), followed by incubation with Alexa Fluor 546 goat anti-
rat IgG (1:500, A11081, Invitrogen) or Alexa Fluor 594 donkey anti-
rabbit IgG (1:400, A21207, Invitrogen), as appropriately, and counter-
staining with 40,6-diamidino-2-phenylindole (DAPI) to color nuclei.

We captured three images covering the whole aortic root sections us-
ing a laser confocal scanning microscope (Leica TCS SP8, Mannheim,
Germany) at �10 magnification for quantitative analysis of macro-
phages and smooth muscle cells. The lesion areas containing macro-
phages and smooth muscle cells were quantified using the ImageJ
software and expressed as the percentage of the total lesion area.
For quantitative analysis of inflammatory monocytes, we captured
three to five random fields at �40 magnification and calculated the
percentage of total cells in each field.
Enzyme-linked immunosorbent assays

Wemeasured plasma mouse PCSK9 levels using a mouse Quantikine
ELISA Kit (catalog number, MPC900; R&D Systems, Minneapolis,
MN) according to the manufacturer’s instructions. MouseMIF serum
levels were measured using an MIF ELISA Kit (catalog number,
E0698m; EIAab, Wuhan, China). In addition, we quantified the
mouse serum levels of MCP-1 and TNF-a using ELISA kits (catalog
numbers, BMS6005 and BMS607/3; Invitrogen, USA). Plasma apoB
levels were quantified byMouse Apo B SimpleStep ELISA Kit (catalog
numbers, ab230932; Abcam, UK).
Total cholesterol and triglyceride levels

After overnight fasting, blood samples were collected and centrifuged
at 3,000 rpm for 15 min at 4�C. Equal-volume 50-mL serum samples
from 10mice were pooled, and the combined serumwas separated us-
ing fast protein liquid chromatography (FPLC) on a Superose 6 col-
umn (GE Healthcare) and eluted in PBS at a constant flow rate of
12 Molecular Therapy: Methods & Clinical Development Vol. 33 March
0.4 mL/min into 42 fractions. The concentrations of TC and triglyc-
eride in the original sera or the FPLC fractions were enzymatically
measured using kits (catalog numbers, 294–65801 and 290–63701;
Wako Pure Chemical Industries, Osaka, Japan).
Quantitative real-time PCR analysis

Total RNA samples were extracted from liver or the arterial tree of
mice using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). We
used 2 mg of total RNA as a template to synthesize cDNA using the
FastKing RT Kit (catalog number, KR116; TIANGEN BIOTECH,
Beijing, China). The quantitative real-time PCR was run on a
QuantStudio 6 Flex System (Applied Biosystems) using a SuperReal
PreMix Color (SYBR Green) reagent (catalog number, FP215;
TIANGEN BIOTECH, Beijing, China). Each PCR reaction was
amplified in duplicate. We calculated relative expression levels using
the comparative 2–DDCT method normalized to 18S as an internal
control. Table 1 lists the primer sequences.
TaqMan real-time fluorescence quantitative PCR

To examine the copy numbers of AAV8 or AAV8.P in various mouse
tissues, genomic DNA was extracted at a final concentration of
100 ng/mL using the QIAGEN Genomic DNA Extraction Kit
(Biotech, Shanghai, China). Known copy numbers of the plasmid
pFB-CMV-GFP from Virovek (Hayward, CA, USA) were used to
construct the standard curve. The following primers were used for
amplifying GFP: 50 AACGAGAAGCGCGATCACAT 30 (forward
primer) and 50 AACGAGAAGCGCGATCACAT 30 (reverse primer).
The probe sequence, CGGCGGTCACGAACTCCAGCA, was syn-
thesized by Invitrogen. The 20-mL reaction system for quantitative
PCR was as follows: 1 mL (100 ng) of genomic DNA, 0.8 mL
(0.4 mM) of upstream and downstream primers, 0.8 mL (0.4 mM) of
probe, 10 mL of 2� GoldStar probe mixture, and 6.6 mL of ultra-
pure water. The reaction conditions included UNG enzyme digestion
at 37�C for 10 min, pre-denaturation at 95�C for 10 min, followed by
40 cycles of denaturation at 95�C for 15 s and annealing/extension at
60�C for 1 min. Quantitative PCR was conducted on an ABI 7900
(Applied Biosystems, Foster City, CA, USA). Each sample was run
in triplicate. The results were expressed as mean AAV vector genome
copy numbers per microgram of genomic DNA in various tissues, ac-
cording to the standard curve equation.
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Biochemical assays

Plasma levels of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were measured for liver toxicity; lactate
dehydrogenase (LDH) and creatine kinase (CK) were measured for
cardiac toxicity; and creatinine and blood urea nitrogen (BUN)
were assessed for renal function using an automatic biochemical
analyzer (HITACHI 7600, Tokyo, Japan).

Hematoxylin and eosin staining

We used a 4% paraformaldehyde solution (catalog number BL539A;
Biosharp, Hefei, China) to fixmouse tissues. The tissues were then de-
hydrated using gradient ethanol and embedded in paraffin. All slices
(4-mm thickness) were stained with hematoxylin and eosin (catalog
number BL700B; Biosharp, Hefei, China) for morphological analysis.

Statistical analysis

Results are presented as means ± SEM. We conducted the statistical
analyses using GraphPad Prism software (version 7.0). The statistical
differences between two groups were evaluated using two-tailed un-
paired Student’s t tests. We applied two-way ANOVA tests to assess
overall significance and then Bonferroni’s multiple comparisons tests.
We considered p < 0.05 as indicative of statistical significance.
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