2202 ‘2 yore N uo Aq Bio'sfeuno feye//:dny wouy papeojumoq 5

Deficiency of Cholesteryl Ester Transfer Protein Protects
Against Atherosclerosis in Rabbits

Jifeng Zhang,* Manabu Niimi,* Dongshan Yang, Jingyan Liang, Jie Xu, Tokuhide Kimura,
Anna V. Mathew, Yanhong Guo, Yanbo Fan, Tianqing Zhu, Jun Song, Rose Ackermann,
Yui Koike, Anna Schwendeman, Liangxue Lai, Subramaniam Pennathur,

Minerva Garcia-Barrio, Jianglin Fan, Y. Eugene Chen

Objective—CETP (cholesteryl ester transfer protein) plays an important role in lipoprotein metabolism; however, whether
inhibition of CETP activity can prevent cardiovascular disease remains controversial.

Approach and Results—We generated CETP knockout (KO) rabbits by zinc finger nuclease gene editing and compared their
susceptibility to cholesterol diet—induced atherosclerosis to that of wild-type (WT) rabbits. On a chow diet, KO rabbits
showed higher plasma levels of high-density lipoprotein (HDL) cholesterol than WT controls, and HDL particles of KO
rabbits were essentially rich in apolipoprotein Al and apolipoprotein E contents. When challenged with a cholesterol-rich
diet for 18 weeks, KO rabbits not only had higher HDL cholesterol levels but also lower total cholesterol levels than WT
rabbits. Analysis of plasma lipoproteins revealed that reduced plasma total cholesterol in KO rabbits was attributable to
decreased apolipoprotein B—containing particles, while HDLs remained higher than that in WT rabbits. Both aortic and
coronary atherosclerosis was significantly reduced in KO rabbits compared with WT rabbits. Apolipoprotein B—depleted
plasma isolated from CETP KO rabbits showed significantly higher capacity for cholesterol efflux from macrophages
than that from WT rabbits. Furthermore, HDLs isolated from CETP KO rabbits suppressed tumor necrosis factor-o—
induced vascular cell adhesion molecule 1 and E-selectin expression in cultured endothelial cells.

Conclusions—These results provide evidence that genetic ablation of CETP activity protects against cholesterol diet—

induced atherosclerosis in rabbits.

Visual Overview—An online visual overview is available for this article. (Arterioscler Thromb Vasc Biol. 2017;37:1068-

1075. DOI: 10.1161/ATVBAHA.117.309114.)
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It is well known that high levels of plasma high-density lipo-
protein (HDL) cholesterol (HDL-C) are inversely correlated
with low risk of cardiovascular disease." Elevation of plasma
HDL-C has been considered a new strategy for the prevention
and treatment of cardiovascular disease.”> One of the thera-
peutic strategies to raise plasma HDL-C is the inhibition of
plasma CETP (cholesteryl ester transfer protein).** CETP is a
hydrophobic glycoprotein synthesized mainly in the liver and
circulates in blood in association with HDL. CETP transfers
cholesteryl esters, triglycerides, and phospholipids among lipo-
proteins and, therefore, playing an important role in the metabo-
lism of lipoproteins and the reverse cholesterol transport from
the peripheral tissues to the liver.® Patients genetically deficient
for the CETP gene showed low or no CETP activity along with

hyper-HDL-cholesterolemia.>® Patients deficient for CETP have
alow incidence of coronary heart disease if their plasma HDL-C
levels are >80 mg/dL,™® whereas those carrying CETP muta-
tions, such as D442G, are found to have low HDL-C and high
levels of triglycerides, which are associated with high prevalence
of coronary heart disease.’ In spite of this complexity, inhibition
of CETP was considered a promising way to treat cardiovascu-
lar disease through elevation of plasma HDL-C.'° This notion
was initially supported by the finding that inhibition of CETP
activity by vaccine,'" antisense,'? or therapeutic inhibitors'*'* in
cholesterol-fed rabbits raised plasma HDL-C and attenuated ath-
erosclerosis. Unfortunately, other studies failed to demonstrate
atheroprotective effects from inhibiting CETP (either by vaccine
or CETP inhibitors) in cholesterol-fed rabbits.'®!” Transgenic
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Nonstandard Abbreviations and Acronyms
Apo apolipoprotein

CETP cholesteryl ester transfer protein

HDL high-density lipoprotein

HDL-C high-density lipoprotein cholesterol
KO knockout

LDL low-density lipoprotein

VLDL very-low—density lipoprotein

WT wild-type

ZFN zinc finger nuclease

expression of the simian CETP gene in mice, a species with-
out endogenous CETP gene, resulted in severe atherosclerosis.'s
In the meantime, human clinical trials of CETP inhibitors were
generally unsuccessful because of off-target side effects (torce-
trapib) or lack of efficacy (dalcetrapib and evacetrapib).'**
Currently, Merck’s anacetrapib is ongoing a Phase III clinical
trial, which is expected to be completed by 2017. This conflict-
ing landscape underscores the need for further studies on CETP
roles and its value as a therapeutic target. In this study, we gen-
erated CETP knockout (KO) rabbits by zinc finger nuclease
(ZFN)-mediated gene targeting to clarify the pathophysiologi-
cal functions of CETP in atherosclerosis. Rabbits are sensitive to
cholesterol diet challenge and have been widely used as a classi-
cal model system to study hypercholesterolemia and atheroscle-
rosis.” Importantly, wild-type (WT) rabbits have the CETP gene
and show high plasma CETP activity. Our current study showed
that deletion of the CETP gene in rabbits protects against choles-
terol diet-induced atherosclerosis.

Materials and Methods

Materials and Methods are available in the online-only Data
Supplement.

Results

Generation and Characterization

of CETP KO Rabbits

We used 3 ZFN pairs designed by the SAGE Labs (St Louis,
MO) for rabbit CETP gene targeting. ZFN activity was con-
firmed by the yeast MEL-1 (melibiase 1) reporter assay.>
Based on the results, we choose the ZFN pair 1 for CETP gene
targeting in rabbit embryos. The ZFN pair 1 target sequence
is  ctgtecatcgeccagcagcCAGGTGgagetggtggacgecaag  and
is located in exon 3 of the rabbit CETP gene. ZFN-induced
double-strand breaks stimulate error-prone nonhomologous
end joining or homology-directed repair at specific genomic
locations. Nonhomologous end joining typically leads to the
introduction of small insertions or deletions (indels) at the site
of the break, often inducing frameshifts that knock out target
gene functions. A total of 188 embryos were injected with ZFN
pair 1 mRNA and transferred to 11 pseudopregnant recipient
rabbits (1618 embryos per recipient). After 1-month gesta-
tion, 6 (54.5%) recipients gave birth to 30 live kits (5 kits/lit-
ter), out of which 3 were identified as positive KO founders
after an initial T7 endonuclease assay and final confirmation
by polymerase chain reaction and sequencing. One founder
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rabbit had a 4-bp deletion that introduced an early stop codon
into the CETP gene, and this rabbit was used for breeding het-
erozygous and homozygous KO rabbits (Figure 1A) for this
study. Genotyping of the CETP KO heterozygous and homo-
zygous rabbits was conducted by polymerase chain reaction,
and homozygous KO rabbits showed no CETP proteins in the
plasma, while CETP activity was almost undetectable com-
pared with the WT littermates (Figure 1B through 1D).
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Figure 1. Generation of CETP (cholesteryl ester transfer protein)
knockout (KO) rabbits by zinc finger nuclease (ZFN) genome
editing. A, Sequencing analysis revealed 4-bp deletion that
introduces an early stop codon into the CETP gene. The 4-bp
deletion also causes the loss of an Xcml restriction enzyme rec-
ognition site. B, Polymerase chain reaction (PCR) for the geno-
typing of rabbits wild-type (WT), heterozygous, and homozygous
for the CETP gene was conducted with the primers caccgc-
cagcaccccgcacacc (forward) and tcaaccccagaagccccgaggacact
(reverse), which result in a 608-bp and 604-bp amplicon from
WT and homozygous CETP knockout allele, respectively. Subse-
quent Xcml enzyme digestion brings the WT amplicon to 293 and
315 bp, as evidenced by agarose gel electrophoresis. C, Plasma
CETP protein was detected by Western blotting using a mono-
clonal antibody against rabbit CETP. One microliter of plasma
was loaded in each lane. D, Plasma CETP activity was measured
by Roar CETP activity assay kit as described in the Materials and
Methods. N=8 to 14 for each group. Data are expressed as the
mean+SEM. *P<0.05, **P<0.001 vs the WT control group.
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CETP KO rabbits showed no apparent abnormalities in
terms of body weight, and autopsy examination did not reveal
any changes in lung, heart, kidneys, liver, and other organs
(data not shown). On a chow diet, both male and female
homozygous (but not heterozygous) KO rabbits showed sig-
nificantly higher levels of plasma total cholesterol (34% and
32% increase over the control, respectively), which is mainly
because of increased HDL-C levels (52% and 54% increase
over the control, respectively; Figure 2A), while triglyceride
levels were unchanged (data not shown). Analysis of plasma
lipoproteins showed that all HDL particles (HDL —HDL,, with
a density range from 1.04 to 1.21 g/mL) in homozygous KO
rabbits were increased along with enrichment of apolipoprotein
(apo)AI and apoE contents, while apoB-containing particles
were unchanged compared with control rabbits (Figure 2B).

Next we examined the response of CETP KO rabbits to
a cholesterol-rich diet (Figure 3). At baseline (week 0), total
cholesterol levels were as follows: for the male rabbits, 37+3,
4143, and 50+4 mg/dL (mean+SEM) for WT, heterozygous,
and homozygous CETP KO rabbits, respectively; for the female
rabbits, they were 60+4, 30+3, and 79+5 mg/dL (mean+SEM)
for WT, heterozygous, and homozygous KO rabbits, respec-
tively. As shown in Figure 3A, both heterozygous and homozy-
gous CETP KO rabbits exhibited lower hypercholesterolemia
compared with WT rabbits throughout the experimental period.
This trend was seen in both male and female rabbits carrying
the KO allele, but statistical significance was only achieved in
homozygous KO rabbits. In spite of this, HDL-C levels in both
heterozygous and homozygous KO rabbits remained consis-
tently higher than in WT rabbits. On the other hand, cholesterol

feeding did not significantly change triglyceride levels, and
there was no significant difference between KO and WT rab-
bits (data not shown). Analysis of plasma lipoproteins showed
that there were 2 striking features in cholesterol-fed KO rab-
bits compared with controls. First, apoB-containing particles
(B-very-low—density lipoprotein [3-VLDL]) were remarkably
reduced in KO rabbits (Figure 3B and 3C). Second, HDL, |
was increased with enrichment of apoAl and apoE in KO rab-
bits compared with that in WT rabbits (Figure 3B and 3C).

Quantification of Aortic and

Coronary Atherosclerosis

Analysis of en face aortic lesion area revealed that KO rab-
bits had significantly smaller aortic atherosclerotic lesions
than did WT rabbits (Figure 4A). In KO males, there was a
43% reduction (P<0.05) in heterozygous and a 75% reduc-
tion (P<0.01) in homozygous KO rabbits over the WT con-
trols. In KO females, there was a 52% reduction (P<0.05) in
heterozygous and a 64% reduction (P<0.01) in homozygous
KO rabbits over the respective WT controls. Microscopic
examination of lesions also showed prominent reduction of
intimal lesion size, with 82% and 81% reduction in male and
female homozygous KO rabbits, respectively, compared with
WT littermate controls. The aortic lesions of KO rabbits were
characterized by reduced macrophage staining by 88% in
males and 86% in females over the respective WT controls
and smooth muscle cells by 90% in males and 88% in females
over the respective WT controls (Figure 4B). We also mea-
sured coronary atherosclerosis and found that coronary steno-
sis was significantly reduced by 74% in male KO rabbits and
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Figure 3. Analysis of plasma lipid profiles from rabbits fed a cholesterol-rich diet. A, The plasma lipid profile was monitored during the 16
weeks of cholesterol-rich diet treatment. N=8 to 14 for each group. B, Plasma lipoproteins were separated by sequential density ultra-

centrifugation and analyzed as in Figure 2B. C, Cholesterol contents of
cholesterol assay kit. The combined recovery for each animal averaged

each lipoprotein fraction were quantified using the Wako total
=80% of the total amount in plasma. N=3 for each group. Data

are expressed as the mean+SEM. **P<0.001, **P<0.01, or *P<0.05 vs WT control group. Apo indicates apolipoprotein; CETP, cholesteryl
ester transfer protein; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; and WT, wild-type.

47% in female KO rabbits compared with the corresponding
WT controls (Figure 5A and 5B).

Cholesterol Efflux Capacity Assay

We examined whether there was any functional difference
between HDLs of WT and CETP KO rabbits by cholesterol
efflux assay. As shown in Figure 6A, apoB-depleted plasma
from chow-fed female (but not male) CETP KO rabbits exhib-
ited a significant increase in cholesterol efflux activity. After
being fed a cholesterol-rich diet for 10 weeks, we repeated

the cholesterol efflux assay and found that ApoB-depleted
plasma from both male and female KO rabbits shows signifi-
cant increase in cholesterol efflux capacity compared with that
of the corresponding WT rabbit controls.

Anti-Inflammatory Effects of HDL

Our finding that CETP KO rabbits had higher HDL levels,
and those HDLs were enriched in apoAl and apoE, prompted
us to examine whether these changes in HDLs affected their
anti-inflammatory function. Human umbilical vein endothelial
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cells were pretreated with HDL, isolated from either WT or
CETP KO rabbits at the same concentration (5 pg protein/
mL) for 1 hour and then stimulated by tumor necrosis factor-a
for an additional 4 hours. We found that although both HDLs
suppressed the expression of vascular cell adhesion molecule
1 and E-selectin induced by tumor necrosis factor-a at both
mRNA and protein levels (Figure 6B; Figure I in the online-
only Data Supplement), the HDLs isolated from CETP KO rab-
bits showed a tendency to exert stronger inhibitory effects than
HDLs isolated from WT rabbits. These findings suggest that an
improvement in the anti-inflammatory effect of HDL may also
contribute to reduce atherogenesis in CETP KO rabbits.

Discussion
In the current study, we generated CETP KO rabbits by gene
editing using a ZFN approach and characterized their lipid and

lipoprotein profiles and their susceptibility to cholesterol-rich
diet—induced atherosclerosis. On a chow diet, and at 4 months
of age, only homozygous (but not in heterozygous) KO rab-
bits showed elevated plasma levels of HDL-C compared with
control rabbits. This may suggest that half the amount of
CETP protein and activity (as in the heterozygous KO rab-
bits; Figure 1) is sufficient to maintain plasma HDL-C homeo-
stasis. CETP KO rabbits, with significantly elevated HDL-C,
appeared overall healthy and did not show any signs of other
abnormalities.

It is well known that rabbits develop hypercholesterolemia
and atherosclerosis rapidly when fed a cholesterol-rich diet.”
The major lipoproteins in cholesterol-fed rabbits were those
of hepatic- and intestinal-derived remnant lipoproteins, called
B-VLDLs. B-VLDLs are atherogenic lipoproteins because they
are rich in cholesteryl esters along with apoB-100 and apoE.
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Both heterozygous and homozygous CETP KO rabbits showed
lower hypercholesterolemia when compared with WT littermate
controls fed a cholesterol-rich diet, suggesting that deficiency
of CETP attenuates hypercholesterolemia induced by choles-
terol feeding. The molecular mechanisms for this phenomenon
remain unknown, but it is possible that with lower CETP (as in
heterozygous KO rabbits) or absence of CETP activity (as in
homozygous KO rabbits), the exchange of cholesteryl esters in
HDLs and triglyceride in apoB-containing particles was dimin-
ished, thus, resulting in less apoB-containing particles or that
the apoB-containing particles with less cholesteryl esters could
be catabolized faster by the liver. It is not clear whether CETP
deficiency has any effects on hepatic low-density lipoprotein
(LDL) receptor activity because hepatic LDL receptor function
in cholesterol-fed rabbits is saturated.>?® In the current study,
we did not find significant changes in the expression of LDL
receptor and scavenger receptor class B member 1 in the CETP
KO rabbit liver tissue after cholesterol-rich diet feeding for 16
weeks (Figure II in the online-only Data Supplement). In a
recent report, Miyosawa et al'> showed that the CETP inhibi-
tor K-312 mediates LDL cholesterol metabolism by reducing
PCSKO9 (proprotein convertase subtilisin/kexin type 9) expres-
sion. In human studies, CETP deficiency is associated with low
LDL-C levels® but is insufficient to prevent coronary heart dis-
ease in patients with familial hypercholesterolemia because of
LDL receptor deficiency.” In addition, CETP inhibitors could
also lower the plasma LDL-C in human patients in a recent clini-
cal trial.® Whether this LDL-C-lowering effect leads to a reduc-
tion of cardiovascular events in humans should be answered in
follow-up outcome studies.

As predicted, CETP KO rabbits showed significantly
higher plasma HDL-C levels than the control rabbits. There
is a clear correlation between CETP activity and plasma

levels of HDL-C: homozygous KO rabbits>heterozygous KO
rabbits>WT rabbits. This finding is consistent with the reports
using a CETP vaccine,'" antisense,'? or inhibitors'*" in rabbits.

The key question is whether increased HDLs levels in
CETP KO rabbits show normal or improved functions. As
shown in Figure 6, apoB-depleted plasma isolated from cho-
lesterol-fed CETP KO rabbits exhibited increased cholesterol
efflux capacity from cholesterol-loaded macrophages than
the plasma from WT rabbits in vitro, which is consistent with
CETP inhibitor studies.'" Increased HDL particle number
in CETP KO rabbits may be responsible for enhancement of
cholesterol efflux. In addition, HDL, isolated from CETP KO
rabbits showed potent anti-inflammatory activity. Therefore,
increased HDL particles caused by CETP genetic deficiency
result in enhancement of HDL functions, with no noticeable
abnormalities in rabbits.

Both heterozygous and homozygous CETP KO rabbits
are protected against aortic and coronary atherosclerosis com-
pared with WT control rabbits, albeit the reduction in median
lesion area was more prominent in homozygous KO rabbits
than in heterozygous KO rabbits (even though there was no
statistical significance between those 2 genotypes). Increased
resistance to atherosclerosis may result from lower plasma
B-VLDL and higher HDL-C levels in the homozygous KO
rabbits. It should be noted that the lesions of KO rabbits were
characterized by having less macrophages and smooth muscle
cells than those of control rabbits. Although CETP deficiency
did not affect the specific cell types in the lesions, it is not
known whether CETP may have other direct roles in athero-
sclerotic plaque initiation or progression because lesion mac-
rophages also express CETP.?

In conclusion, we have successfully generated CETP KO
rabbits using ZFN genome editing. CETP KO rabbits are
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Figure 6. Improved high-density lipoprotein (HDL) function in CETP (cholesteryl ester transfer protein) knockout (KO) rabbits. A, Cholesterol
efflux capacity assay. A, Apolipoprotein (Apo)B-depleted plasma from CETP KO rabbits shows significantly higher cholesterol efflux capacity
compared with plasma from wild-type (WT) rabbits, especially after cholesterol-rich diet feeding. Plasma was collected from male and female
rabbits, respectively, fed with normal chow or cholesterol-rich diet for 10 weeks. ApoB-depleted plasma was obtained by PEG (polyethylene
glycol) precipitation as described in the Materials and Methods section. B, Anti-inflammatory activity of HDL. HDL, isolated from CETP KO rab-
bits shows increased anti-inflammatory in cultured endothelial cells effect than that from WT rabbits. HDL, was isolated by sequential density
ultracentrifugation as described in Figure 2B. Human umbilical vein endothelial cells (HUVECs) were pretreated with rabbit HDL, (5 pg protein/
mL, N=6) for 1 h and then stimulated with tumor necrosis factor (TNF)-a (1 ng/mL) for 4 h. The expression of the proinflammatory adhesion
molecule vascular cell adhesion molecule 1 (VCAM-1) was determined by quantitative reverse transcriptase polymerase chain reaction (qRT-
PCR; upper). The protein levels of VCAM-1 were detected by Western blotting (middle and lower). Quantitative data were generated with
Image Studio (LI-COR) from 3 independent Western blot experiments. Data are expressed as the mean+SEM *P<0.05 vs WT group.

protected against cholesterol-rich diet-induced atherosclero-
sis, likely because of lower 3-VLDL and higher HDL levels
and functionality. These results support the need for continu-
ing efforts to inhibit CETP for the treatment of hypercholes-
terolemia and atherosclerosis and warrant future studies to
dissect the roles of CETP in a tissue-specific context.
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Highlights
We generated a CETP (cholesteryl ester transfer protein) knockout rabbit model by zinc finger nuclease genome editing technology.
CETP knockout rabbits show reduced plasma total cholesterol with increased high-density lipoprotein cholesterol levels and functionality

compared with wild-type rabbits.

Both aortic and coronary atherosclerosis was significantly reduced in CETP knockout rabbits compared with wild-type controls.
These results indicate that genetic ablation of CETP protects against cholesterol diet—induced atherogenesis.






