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Cardiac endothelial cells (ECs) are important targets for car-
diovascular gene therapy. However, the approach of stably
transducing ECs in vivo using different vectors, including ad-
eno-associated virus (AAV), remains unexamined. Regarding
this unmet need, two AAV libraries from DNA shuffling and
random peptide display were simultaneously screened in a
transgenic mouse model. Cardiac ECs were isolated by cell sort-
ing for salvage of EC-targeting AAV. Two AAYV variants, i.e.,
EC71 and EC73, enriched in cardiac EC, were further charac-
terized for their tissue tropism. Both of them demonstrated
remarkably enhanced transduction of cardiac ECs and reduced
infection of liver ECs in comparison to natural AAVs after
intravenous injection. Significantly, persistent transgene
expression was maintained in mouse cardiac ECs in vivo for
at least 4 months. The EC71 vector was selected for delivery
of the endothelial nitric oxide synthase (eNOS) gene into car-
diac ECs in a mouse model of myocardial infarction. Enhanced
eNOS activity was observed in the mouse heart and lung, which
was correlated with partially improved cardiac function. Taken
together, two AAV capsids were evolved with more efficient
transduction in cardiovascular endothelium in vivo, but their
endothelial tropism might need to be further optimized for
practical application to cardiac gene therapy.

INTRODUCTION

The vascular endothelium plays a pivotal role in the regulation of
vascular function and homeostasis and is also an attractive therapeu-
tic target for cardiovascular diseases." Adenovirus can efficiently
transduce endothelial cells (ECs) in the 30% to 50% range. Further-
more, adenovirus-mediated gene transfer has been successfully
applied in the treatment of a variety of cardiovascular diseases.””
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However, the application of adenoviral vector often involves induc-
tion of the immune response and rapid loss of transgene expression,
rendering assessment of the long-term efficacy of endothelium-tar-
geting gene therapy impossible, which hinders efficient treatment of
chronic cardiovascular diseases by this approach.

Adeno-associated virus (AAV) is a promising vector for in vivo gene
therapy with respect to its higher safety profile and mediated stable
transduction in postmitotic cells. Two gene therapy drugs, Luxturna
and Zolgensma, have been approved based on AAV vectors by the US
Food and Drug Administration for the treatment of inherited retinal
disease and spinal muscular atrophy, respectively. However, ECs were
relatively resistant to transduction by natural AAV serotypes, espe-
cially in vivo. For instance, low transduction of AAV2 in both human
umbilical vein ECs (HUVECs) and rabbit carotid artery ECs was
thought to result from massive deposits of its glycan receptor, heparin
sulfate proteoglycan, in the extracellular matrix.* In another study,
AAVI1 and AAVS5 showed higher transduction of human and rat
aortic ECs, as well as rat aortic segments, than AAV2, but the in vivo
long-term performance of AAV vectors was not further investigated.”
In addition, AAV7 and AAV8 were verified to transduce ECs poorly,
but transgene expression could be enhanced by proteasome
inhibitors.’
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The AAV capsids were composed of the VP1, VP2, and VP3 proteins
at a ratio of 1:1:10, which dictated the tissue tropism of the AAV vec-
tor. Genetic engineering of the capsid gene has been verified to be very
efficient in enhancing AAV transduction in various tissues, including
ECs. Earlier work on rational design of AAV capsids was exemplified
by insertion of specific peptides from phage display on the surface of
the capsid structure, usually at site 587. The modified AAV vectors
showed improved transduction of human vascular ECs independent
of the natural glycan receptor of AAV2" or enhanced uptake of vi-
rions in the vena cava with selective transgene expression in vivo.”
In addition to rational design, the potential of capsid engineering
was magnified by directed evolution involving random diversification
of the AAV capsid gene followed by intentional selection on a specific
biological platform. For instance, DNA shuffling among AAV sero-
types followed by biopanning in a mouse model was successfully per-
formed to engineer AAV to efficiently target the myocardium with
remarkably reduced liver infection.® Furthermore, random seven-
amino-acid peptides were inserted after arginine 588 of the AAV2
capsid with the resulting libraries selected in in vitro cell or in vivo
mouse models in the context of the capsid to enhance AAV transduc-
tion to human coronary artery ECs’ or mouse brain microvasculature
EGCs."

These successful cases motivated us to employ a directed evolution
approach to tailor AAV for optimized transduction of cardiovascular
ECs. AAV libraries based on DNA shuffling and random peptide
display were combined for screening in a transgenic mouse model
with AAV variants enriched in ECs isolated by flow cytometry and
polymerase chain reaction (PCR). Characterization of these vectors
revealed their remarkably improved transduction of cardiovascular
ECs and reduced liver infection in a mouse model. Significantly,
persistent transgenic expression was detected in mouse cardiac ECs
in vivo over 4 months. Furthermore, endothelium-specific transgene
overexpression of endothelial nitric oxide synthase (eNOS) mediated
by one of these vectors partially improved cardiac function in a mouse
model of myocardial infarction. Nevertheless, the numbers of ECs
transduced by engineered AAVs in vivo were still relatively limited,
which might be related to the moderate therapeutic efficacy in the
following gene therapy experiment. All this work demonstrated the
potential of directed evolution for engineering AAV vectors to be
used for cardiovascular gene therapy.

RESULTS

At the beginning of this work, it remained a challenge to isolate AAV
variants from a specific cell type of an intact organ. Fortunately, AAV
successfully evolved in a transgenic mouse model in which AAV var-
iants enriched in mouse retina photoreceptors were isolated by fluo-
rescence-activated cell sorting (FACS) followed by PCR amplifica-
tion.'" A similar strategy was adopted to evolve AAV targeting
cardiovascular ECs in vivo in this study.

Selection of AAV variants enriched in cardiovascular ECs in vivo
AAV libraries from DNA shuffling and random peptide display have
both been successfully applied in the evolution of AAV with novel tis-

sue tropism.>”''? To increase the probability of obtaining optimized

AAVs, we used a DNA shuffling library from AAV serotypes 1, 2, 3B,
4,6, 7,8, and 9 and a peptide display library based on the AAV2
capsid gene in the same ratio in this study. The Tie2-green fluorescent
protein (GFP) transgenic mouse was selected as the model for library
screening since its ECs with GFP transgene expression were ready for
FACS isolation."” 2 weeks after library infusion, mouse hearts were
collected for ECs isolation and genomic DNA extraction. The AAV
capsid genes were recovered by PCR to construct plasmid and virus
libraries for the second screening in Tie2-GFP mice (Figure 1A). After
each round of screening, a number of capsid gene clones were picked
randomly for Sanger sequencing. Two AAV variants named EC71
and EC73 emerged with the highest gene frequencies of 10% and
63%, respectively, in cardiac ECs after the second screening (Fig-
ure 1B). Intriguingly, EC71 showed a higher “enrichment score”"*
(0.98) than EC73 (0.92), which might reflect the more efficient accu-
mulation of EC71 from the first to the second rounds of screening.
Both of these AAV variants possessed the AAV2 capsid scaffold
with a seven amino acid peptide insertion after arginine 588 with
no mutations or recombination. The peptide was AEGDVAR for
EC71 and NHPPGGV for EC73, with no consensus shown between
these two variants. Based on these data, the AAV variants EC71
and EC73 were selected for further characterization of their tissue
tropism.

EC71 and EC73 showed enhanced transduction and improved
specificity in cardiac ECs in mice after systemic administration
EC71 and EC73 capsid genes were used for packaging recombinant
vectors harnessing luciferase gene for comparison of their tissue
tropism side by side with AAV2 and AAV1. AAV1 was selected
as the control because it was reported to be superior to other
AAV serotypes in the transduction of ECs both in vitro and in vivo.”
The endothelial-specific fms-like receptor tyrosine kinase (Flt1) pro-
moter was selected for regulation of transgene expression so that the
luciferase activity in ECs could be detected conveniently by enzyme
assay.'” Furthermore, this promoter did not show strong preferen-
tiality among vasculatures from different mouse organs,'® which
facilitated the examination of the tissue specificity of different
AAV capsids. At 2 weeks post-intravenous-injection in young adult
C57B6 mice, luciferase activities and vector DNA copy numbers in
various tissues were analyzed. Consistent with a previous report,
AAVI1 mediated approximately 2-fold more effective endothelial
transduction than AAV?2 in both the heart and liver, with transgene
expression mainly detected in the latter organ (Figure 2A). In
contrast, EC71 and EC73 vectors showed transgene expression in
ECs from the heart, liver, brain, and lung. Furthermore, these vec-
tors showed markedly enhanced endothelial transduction in the
heart and significantly reduced endothelial transduction in the liver
in comparison to the natural AAV serotypes. With AAV1 as a con-
trol, the transduction of cardiac ECs was increased 8.8-fold for EC71
and 6.3-fold for EC73. In contrast, liver ECs infection was reduced
8.3-fold for EC71 and 8.9-fold for EC73. Data from the vector
genomic distribution of these four AAVs among mouse tissues
were fundamentally consistent with these results (Figure 2B).
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AAV1 and AAV2 showed obvious focused transduction in mouse
liver by vector copy numbers. However, EC71 and EC73 were
significantly detargeted from the liver, with 23.3-fold and 28.5-
fold reduction in genomic copy numbers in comparison to AAVI,
respectively. In contrast, the vector genomic distribution of EC71
and EC73 in the mouse heart was very similar to the vector genomic
distribution of EC71 and EC73 in AAVI, with slight increases of
1.5-fold and 1.4-fold, respectively. These results inferred an inter-
esting mechanism for endothelial transduction by EC71 and
EC73, i.e., a strong tendency to detarget from the liver by reduced
receptor binding and enhanced transduction of cardiac ECs, plau-
sibly from more efficient intracellular trafficking or capsid
uncoating.

It was unexpected that EC71 and EC73 were significantly detargeted
from the liver. Considering its relevance to vector safety, the tissue
specificity of the four vectors was further assessed by calculation of
the ratios of heart versus liver transgene expression. While the heart
versus liver ratios of AAV1 and AAV2 were 1:31 and 1:30, respec-
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Figure 1. Directed evolution to target AAV to
cardiovascular endothelial cells (ECs)

(A) Schematic of the construction and screening of AAV
libraries. Two libraries were created: an AAV shuffled library
and a random 7-mer insertion library. They were mixed in
equal parts and injected intravenously into adult transgenic
Tie2-GFP mice. 2 weeks after injection, hearts were har-
vested, and ECs were dissociated using collagenase |l
treatment, followed by FACS isolation of endothelial cells.
Viral cap genes from the isolated cells (representing the
AAV variants from the library that successfully transduced
ECs) were then PCR-amplified from genomic extractions
for cloning and repackaging. (B) Sequence analysis of
endothelium-enriched AAV variants. Sequencing of
evolved variants revealed convergence in the selected viral
pools. All sampled variants but some identical to the natural
serotypes originated from the AAV2 seven-amino-acid li-
brary. 10% of these clones contained the 7-mer motif
(AEGDVAR), and 63% of them contained the motif
(NHPPGGV). They were designated EC71 and EC73,
respectively, for further characterization.

Tissue harvesting

tively, this ratio was improved to approximately
2:1 for both EC71 and EC73 (Figure 2C). Consis-
tently, the ratios of heart versus liver vector DNA
copy numbers also showed a trend similar to the
luciferase activities among the four AAVs (Fig-
ure 2D). These data thus demonstrated improved
tropism of EC71 and EC73 to the cardiac endo-
thelium and much reduced infectivity of the liver
endothelium.

These four AAV vectors were further used to

deliver the GFP reporter gene to visualize their

tissue tropism. The ubiquitous cytomegalovirus

(CMV) promoter was used in this study to in-
crease the strength of transgene expression. However, AAV1 prefer-
entially transduced cardiomyocytes in the heart, and both AAV1
and AAV2 significantly transduced hepatocytes in the liver (data
not shown). Thus, identification of endothelial transduction was
difficult even when the cell marker CD31 was used. Interestingly,
we did still observe sporadic transgene expression from the EC71
vector in a cardiac blood vessel, which was confirmed with CD31
antibody staining (Figure S1). To further quantitate endothelial
transduction, we collected mouse hearts and livers for FACS anal-
ysis of enzymatically isolated GFP-positive cells (Figure 3). Approx-
imately 2.0% of cardiac ECs were transduced by AAV1. In compar-
ison, EC71 and EC73 infected 2.2% and 1.2% of cardiac ECs,
respectively (Figure 3C). Approximately 3.2% of liver ECs were
transduced by AAV1. In contrast, this ratio was reduced to 0.7%
and 1.0% for EC71 and EC73, respectively (Figure 3D). Conse-
quently, by direct counting of transduced ECs, EC71 showed slightly
increased transduction efficiency in comparison to naturally optimal
AAVI. Furthermore, EC71 also demonstrated significant detarget-
ing from liver ECs. These results further embodied the transduction
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Figure 2. Luciferase activities and vector genome
copy numbers in various mouse tissues after
systemic administration of AAV vectors

Comparison of AAV1-, AAV2-, EC71-, and EC73-Flt1-Luc

12 25

10
1.5

heart/liver ratio

05

x 10% RLU per mg of protein
[ee]

N~ o

LT

AAV1 AAV2 EC71 EC73

vectors in luciferase activities (A) and vector genome copy
numbers (B) at 2 weeks after intravenous injection of 3 x
10"" vector genomes in adult C57B6 mice. The endothelial-
specific FIt1 promoter was used in the experiment for direct
measurement and comparison of transgene expression
from ECs among mouse tissues and AAV vectors. Data are
mean values + SD. Heart versus liver ratio in transduction

0 e i i’ i -
heart liver brain lung kidney

-
spleen

=AAV1 mAAV2 wEC71 =ECT73

efficiency by four AAV vectors on luciferase activities (C)
and vector genome copy numbers (D).

and EC73-infected RMMVECs were 185-fold,
250-fold, and 1-fold that of EC71-infected

038
0.6
0.4
0.2

heart/liver ratio

Vector copies per diploid genome
i
o

0
T AAV1 AAV2 EC71 EC73

RMMVECs (Figure 4D). Similarly, <1% of
EC71- and EC73-infected MMMVECs expressed
the LacZ gene; nonetheless, approximately 2%
and 6% of the AAVI and AAV2 cells, respec-
tively, expressed the LacZ gene at the highest
MOI (Figure 4E). Quantitative analysis showed
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mechanism and verified EC71 as a more efficient vector for in vivo
endothelial transduction.

Transduction of primary human and rodent ECs by EC71 vector
Since EC71 and EC73 showed enhanced transduction of cardiovascular
ECs after systemic delivery, we wished to examine their direct infectivity
on primary ECs in vitro. AAV-LacZ vectors packaged with AAV1,
AAV2, EC71, and EC73 were used to infect HUVECs, and transgene
expression was monitored by X-gal staining and B-gal assay. 3 dayslater,
<1% of EC71- and EC73-infected ECs expressed the LacZ gene, but
approximately 2% and 9% of the AAV1 and AAV2 cells, respectively,
expressed the LacZ gene at the highest multiplicity of infection (MOI;
Figure 4A). Quantitative analysis showed that the -gal enzyme activ-
ities of AAV1-, AAV2-, and EC73-infected ECs were 68-fold, 297-
fold, and 2-fold, respectively, of that of EC71 (Figure 4B).

Since HUVECsS represent an interesting in vitro endothelial model of
human origin, whether the distinct performance of four AAV vectors
on these cells or on in vivo mouse cardiac ECs originates from inter-
specific differences remains a question. We thus referred to two ro-
dent in vitro cardiac ECs models, primary rat myocardium microvas-
cular ECs (RMMVECs) and mouse myocardium microvascular ECs
(MMMVECs). 5 days after infection, <1% of EC71- and EC73-in-
fected RMMVECs expressed the LacZ gene; in contrast, approxi-
mately 3% and 5% of the AAV1 and AAV2 cells, respectively, ex-
pressed the LacZ gene at the highest MOI (Figure 4C). Quantitative
analysis showed that the B-gal enzyme activities of AAV1-, AAV2-,

that the B-gal enzyme activity of AAVI-,
AAV2-, and EC73-infected MMMVECs was
51-fold, 135-fold, and 1-fold, respectively, of the
B-gal enzyme activity of EC71 (Figure 4F). These
data clearly indicated that EC71 and EC73 infec-
tivity in ECs was significantly lower than the EC71 and EC73 infec-
tivity in ECs of AAV1 and AAV2 in vitro. Furthermore, the different
performances of these vectors originated from the distinct biological
properties of ECs in vitro and in vivo but not their interspecies
differences.

EC71 and EC73 mediated more effective and stable transgene
expression in ECs in vivo

It remained an attractive aim to realize long-term transgene expres-
sion in cardiac ECs in vivo; thus, we sought to investigate the persis-
tence of endothelial transduction by EC71 and EC73 after systemic
administration in mice. AAV1 was used as the control because its
endothelial transduction was higher than AAV2. Transgene expres-
sion in ECs was monitored in the long term for up to 4 months.
Transgene expression in mouse heart mediated by the three vectors
all kept rising during the whole time range, with the transgene
expression of EC71 and EC73 4.1-fold and 4.0-fold higher than
AAV1 at 4 months after vector administration (Figure 5A). In the
liver, however, the transgene expression from three vectors demon-
strated a different tendency, i.e., continuing to rise and reaching a
peak at 1 month following gene delivery but gradually decreasing
by 2 months after vector administration (Figure 5B). Interestingly,
the two modified vectors continued to display luciferase activity
that was significantly lower than the luciferase activity of AAV1,
with the transgene expression of EC71 and EC73 at the peak level
(1 month) 19-fold and 19.2-fold lower than the transgene expression
of AAV]1, respectively. The transgene expression of all three vectors
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Figure 3. Tracking of AAV-transduced ECs in mouse organs
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AAV1-, AAV2-, EG71-, and EC73-CMV-GFP vectors were injected into young adult C57B6 mice at a dose of 3 x 10" vector genomes. After 2 weeks, GFP transgene expression
within the ECs was tracked among mouse organs by flow cytometry. (A and B) Representative FACS graphs of isolated GFP* cells (upward scatter) against the ECs marker CD45-
CD31" (rightward scatter) within mouse hearts (A) and livers (B). (C and D) The percentage of GFP-positive ECs was further plotted from the four mouse groups for side-by-side
comparison. Data are mean values + SD. * and **, significantly different from AAV1 by Student’s t test (p < 0.05 and p < 0.01, respectively). NS, nonsignificant.

remained stable in brain ECs over the whole time range but was rela-
tively low (Figure 5C). With respect to the lung, all three vectors
showed a gradual increase in transgene expression in the first
2 months but decreased remarkably, especially AAV1 thereafter (Fig-
ure 5D). Significantly, the lung endothelial transduction of EC71 and
EC73 was 2.3-fold and 1.8-fold higher than the lung endothelial
transduction of AAV1, respectively, at the peak level (2 months).
These results showed persistent transgene expression mainly in car-
diac ECs by the EC71 and EC73 vectors, which motivated us to
further investigate their application to cardiovascular gene therapy.

Gene therapy application of EC71 in a chronic heart failure
mouse model

Because of the pivotal role of nitric oxide in vascular biology, eNOS
has been an attractive target for endothelium-targeted gene ther-
apy.'” Furthermore, the positive effects of eNOS expression on ven-
tricular dysfunction and remodeling have been verified in transgenic
mouse models after myocardial infarction."®'’ Considering its
higher transduction efficiency in cardiac ECs in vivo, we next inves-
tigated the utility of EC71 for the delivery of eNOS for gene therapy
of chronic heart failure in a mouse model of myocardial infarction.
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Figure 4. Comparison of gene transfer efficiency in HUVECs, RMMVECs, and MMMVECs

Representative X-gal staining in HUVECs (A), RMMVECs (C), or MMMVECs (E) after transduction by AAV1-, AAV2-, EC71-, or EC73-CMV-LacZ vectors. (A) AAV vectors were
inoculated onto HUVECs at a multiplicity of infection (MOI) of 30,000. Cells were fixed for X-gal staining 72 h later. Scale bar, 100 um. (C) AAV vectors were inoculated onto
RMMVECs at an MOI of 30,000. Cells were fixed for X-gal staining 5 days later. Scale bar, 250 um. (E) AAV vectors were inoculated onto MMMVECs at an MOI of 30,000. Cells
were fixed for X-gal staining 5 days later. Scale bar, 100 um. Quantitative B-gal activities in HUVECs (B), RMMVECs (D), and MMMVECs (F) after infection with four AAV

vectors at different MOls. Data are mean values + SD.

In retrospect of the previous references, the promoter regulating
eNOS expression was found to be possibly crucial for gene therapy,
with the native eNOS promoter showing better therapeutic effi-
cacy.”””" In this regard, two promoters, Flt-1 and native eNOS,

were compared in terms of their strength and tissue specificity in
the regulation of transgene expression in the endothelium from
different organs (Figure S2). As a result, the Flt-1 promoter showed
stronger transgene expression in cardiac ECs than the eNOS
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promoter, especially at the lower vector dose. However, the eNOS
promoter displayed higher tissue specificity to heart blood vessels.
Based on these data, both of these promoters were employed for de-
livery of eNOS in further gene therapy studies.

A total of 1 x 102 vector genomes of EC71-Flt1-eNOS, EC71-eNOS-
eNOS, EC71-Flt1-GFP, or PBS were injected into 7-week-old male
C57B6 mice via the tail vein (Figure 6A). 2 weeks later, coronary ar-
teries of the groups with vector treatment were permanently occluded
by left anterior descending (LAD) artery ligation. After another
60 days, cardiac function of the mice was assessed by echocardiogra-
phy and ventricular pressure catheters. eNOS expression and activity
in mouse organs were further detected by western blot and enzyme
assays.

Interestingly, no apparent alteration in eNOS expression was
observed among the four mouse groups in the four internal organs,
including the heart, liver, brain, and lung, by western blot analysis
(Figure 6B). However, eNOS activity was significantly increased in
the cardiac ECs of the Flt1-eNOS and eNOS-eNOS groups in compar-
ison to the cardiac ECs of the Flt1-GFP group (Figure 6C). Similar
improvement in eNOS activity was also observed in the pulmonary
ECs of the Flt1-eNOS group compared with the Flt1-GFP group (Fig-
ure 6C). These data inferred the higher sensitivity of the enzyme assay
in eNOS detection in comparison to immunoblotting. The moderate
gene transfer efficiency of the EC71 vector in combination with a
stronger endothelial-specific promoter resulted in a detectable in-
crease in eNOS expression in cardiac and pulmonary endothelium.

cant (p = NS). Fractional shortening was also
significantly (p < 0.01) lower in the three heart
failure groups than in the sham group (Figure 6F).
Importantly, Flt1-eNOS-treated mouse hearts
exhibited an evidently but nonsignificantly
greater extent of fractional shortening than the GFP group
(20.5% =+ 6.4% versus 15.0% =+ 3.7%). The left ventricular chamber
thickness in diastole (LVPWd) did not significantly change among
the groups (Figure 6G). Similarly, the infarcted groups also exhibited
significantly (p < 0.05) diminished left ventricular systolic pressure
(LVSP) and end diastolic pressure (LVEDP) compared with the
sham group (Figures 6H and 6I). Interestingly, evident but not signif-
icant improvement in LVEDP was observed for the Flt1-eNOS and
eNOS-eNOS groups compared with the sham group. Furthermore,
both maximum (+) and minimum (-) dP/dt were significantly atten-
uated in infarcted hearts compared with sham hearts (Figures 6] and
6K). However, evident but not significant improvement was observed
for the Flt1-eNOS group in minimum dP/dt compared with the GFP
group (—3,068 = —1,065 mm Hg/sec versus —2,122 = —211 mm Hg/
sec). All these functional data implied that eNOS overexpression from
the combination of the EC71 vector and Flt-1 promoter contributed
to the partial recovery of cardiac systolic and diastolic functions in
mice with heart failure.

Influence of peptide insertion on receptor usage of AAV vectors

AAV?2 adopts heparin sulfate proteoglycan and AAVR as its glycan
and protein receptors, respectively, for cellular transduction.****
We were curious whether EC71 and EC73 still maintained their re-
ceptor usage after peptide insertion. As shown in Figure 7A, AAV2
demonstrated a strong tendency to bind heparin, with most of the vi-
ruses eluted when a high concentration of NaCl was applied. As direct
derivatives of AAV2, however, EC71 and EC73 showed severe atten-

uation of heparin binding ability distinct from the heparin binding
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ability of the parental AAV2 but very similar to the heparin binding
ability of AAVI. Furthermore, both AAV1 and AAV2 depended on
AAVR for transduction of HeLa cells, which was inferred by the
markedly reduced infectivity of these cells after AAVR knockout
(KO) by use of CRISPR-Cas9 gene editing (Figures 7B and 7C). In
fact, EC71 and EC73 showed relatively reduced transduction of
wild-type HeLa cells in comparison to AAV1 and AAV2. Intrigu-
ingly, these two vectors were further heavily attenuated and barely de-
tected in AAVR-KO Hela cells (Figures 7B and 7C), while AAVR
expression was completely depleted in these cells, as indicated by
western blot analysis (Figure S3). Taken together, these results in-
ferred that the endothelial-targeting EC71 and EC73 vectors most
likely retained the employment of AAVR as their proteinaceous re-
ceptor but were devoid of heparin sulfate binding during their cellular
attachment.

DISCUSSION

Because of its central role in vascular pathogenesis, the endothelium is
an attractive therapeutic target for cardiovascular disease." However,
very few studies have considered endothelial-specific transgene expres-
sion as a therapeutic modality for cardiovascular disease. With the
eNOS gene as an example, its beneficial effects have been universally
verified for various cardiovascular diseases, including hyperten-

20,21 s . 1819
and myocardial infarction. However,

sion,”>** atherosclerosis,
the therapeutic effects were transient when plasmid or adenovirus vec-
tors were used,”** or the therapeutic potential was investigated only in
transgenic animals where persistent transgene expression in the endo-
thelium could be realized."® " All these studies urged the development
of novel gene therapy vehicles for efficient and stable delivery of thera-

peutic genes into the cardiac endothelium in vivo.

In this context, we sought to genetically engineer an AAV vector to
improve its transduction in cardiac ECs in vivo. Naturally, AAVs
can infect ECs with relatively low efﬁciency.”"’5 After modification,
the EC71 and EC73 vectors showed 8.8-fold and 6.3-fold increases
in the transduction of cardiac ECs in mice in comparison to naturally
optimized AAV1 (Figure 2A). Furthermore, these two vectors dis-
played significantly reduced liver infection, and their heart versus
liver ratio in transgene expression increased 73-fold and 56-fold,
respectively, in comparison to AAV1 (Figure 2C). In addition,
when used for long-term gene transfer, EC71 and EC73 showed
persistently higher transgene expression in mouse cardiac ECs
(approximately 4-fold higher than that of AAV1) and markedly lower
transgene expression in the liver endothelium (approximately one-
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twentieth of the transgene expression in the liver endothelium of
AAVI; Figures 5A and 5B). All this work demonstrated the improved
efficiency and safety of EC71 and EC73 for use in cardiac endothe-
lium-targeted gene transfer.

However, when used for delivery of eNOS into cardiac ECs of mice
with heart failure, the EC71 vector showed moderately improved
transgene expression and activity (Figures 6B and 6C). Furthermore,
the improvement of cardiac systolic and diastolic function was
observable but not significant in comparison to the GFP control (Fig-
ures 6D-6K). Persistent transgene expression in the cardiac endothe-
lium was confirmed by the use of a reporter gene in normal mice for at
least 4 months (Figure 5A); thus, the turnover of the endothelium
might not be the cause of marginal improvement in eNOS expres-
sion.”” As shown by flow cytometry analysis, the number of positively
transduced cardiac ECs was not significantly increased by EC71 in
comparison to AAV1 (Figure 3), which partially indicated the insig-
nificantly improved eNOS transgene expression. Consequently, the
increase in vector dose and adoption of a relatively local delivery route
might be the solution to the moderate gene transfer efficiency of our
vectors.”® Furthermore, cardiac function was partially improved in
both systolic (fraction shortening, Figure 6F) and diastolic stages
(LVEDP and -dP/dt, Figures 61 and 6K). Considering the primary ef-
fects of nitric oxide on vasodilation, the improvement of cardiac sys-
tolic function might come after effective ventricular diastole. Last, the
maintenance of normal pulmonary circulation inferred by the higher
lung endothelial eNOS activity might also partially account for the
improved cardiac function in Flt1-eNOS mice (Figure 6C).

Regarding the directed evolution method, some seminal work has
been done to target AAV to the endothelium both in vitro’ and
in vivo.'" The advantage of this work was the adoption of a transgenic
mouse model for in vivo screening with AAV variants enriched in car-
diac ECs ready for isolation by FACS. As a result, the two selected vec-
tors showed significantly improved transduction efficiency and spec-
ificity in cardiac ECs in vivo (Figure 2) and remarkably decreased
infection of primary ECs in vitro (Figure 4) in comparison to natural
AAV serotypes. These data further validated the vital importance of
biological models in the directed evolution of AAV vectors. Unfortu-
nately, the selected AAV vectors were not completely optimized for
in vivo endothelium-targeted gene therapy applications in this study.
The following designs might be integrated into tailoring AAV vectors
in the future. First, parental capsid sequences should be carefully
trimmed to balance their homology, and structural information could

Figure 6. Systemic delivery of eNOS into mouse cardiac ECs for treatment of myocardial infarction

Overall design of the gene therapy study (A). A total of 1 x 10'? vector genomes of EC71-FIt1-eNOS, EC71-eNOS-eNOS, EC71-FIt1-GFP, or PBS were injected into 7-week-
old male C57B6 mice via the tail vein. Myocardial infarction was induced in the vector-treated mouse groups via permanent ligation of the left anterior descending artery
2 weeks later. The PBS-treated group underwent a sham operation. 60 days after surgery, the mice were sacrificed for detection of transgene expression by western blot (B)
and assessment of eNOS activity (C) in four internal organs. eNOS activity was determined by a series of reactions and color development with Griess Reagent. Furthermore,
mouse cardiac function was assessed by echocardiography (D-G) and a pressure transduction catheter (H-K). LVID(d), left ventricular internal diameter end diastole; LVID(s),
left ventricular internal diameter end systole; %FS, percentage of fractional shortening; LVPW(d), left ventricular posterior wall dimension end diastole; LVSP, left ventricular
systolic pressure; LVEDP, left ventricular end diastolic pressure. * and **, significant compared with sham by Student’s t test (p < 0.05 and p < 0.01, respectively). NS,

nonsignificant compared with EC71-Fit1-GFP. Data are mean values + SD.
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be integrated into homologous recombination to construct a more
potent DNA shuffling library.””>*® Furthermore, random peptides
could be presented on capsids of different AAV serotypes to expand
the application of AAV peptide display libraries.”” Last, humanized
animal or nonhuman primate models could be applied to obtain clin-
ically relevant AAV vectors.'>*" Integration of all these technical ad-
vancements might facilitate the evolution of AAV vectors for in vivo
endothelium-targeted gene therapy in the future.

Both AAYV variants selected in this study were based on the AAV2
capsid scaffold with peptide insertion after the 588 site. The lack of
consensus between these peptides (AEGDVAR versus NHPPGGV)
inferred their different transduction mechanisms. However, further
studies from vector genomic distribution (Figures 2C and 2D) and
flow cytometry analysis (Figures 3A-3D) supported a similar ratio-
nale for their enhanced endothelial transduction efficiency and spec-
ificity, i.e., significantly increased intracellular trafficking or capsid
uncoating efficiency in cardiac ECs and markedly reduced liver ECs
affinity. A minor contradiction to this hypothesis was that EC71
also showed improved cardiac endothelium affinity in comparison
to parental AAV2, as implied by flow cytometry data (Figures 3A
and 3QC).

Finally, the transduction mechanism of AAV serotypes or variants
remains largely unknown. Various glycans were deduced to be
responsible for attachment of AAV serotypes to target cells.’!
Furthermore, AAVR was verified to be essential for cellular entry
of most natural AAV serotypes, except for AAV4.* EC71 and
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EC73

EC73, in comparison to their parental serotype
AAV?2, lost or severely attenuated their heparin
binding capacity. However, they still retained
their usage of AAVR for cellular entry. Signifi-
cantly, this phenomenon has been very preva-
« lent in different AAV vectors engineered from
/ :,;‘e; S natural serotypes, including those from
i SCHEMA-based homologous recombination,”®
- from peptide insertion correspondent or adja-
cent to AAV2 588 site,””” and from ancestral
reconstruction.” These results strongly inferred a common evolu-
tionary process for both the natural AAV serotypes and engineered
AAV variants. In other words, they evolved to adopt various pri-
mary receptors for cell attachment, mainly the different glycans
on the cellular surface such as heparin sulfate and sialic acids. In
contrast, they tended to be conservative in the usage of proteina-
ceous receptors for cellular entry, which might be dictated by
conservatism in the exterior structure of their capsids.”»*

In conclusion, we attempted to tailor AAV vectors targeting cardiac
ECs in vivo by directed evolution in this study. The vectors selected
from a transgenic mouse model showed enhanced transduction effi-
ciency and specificity in cardiac ECs in vivo. Importantly, this might
be the first report on viral vectors capable of mediating stable trans-
gene expression in the cardiac endothelium in a mouse model. One
of these vectors exhibited partial therapeutic efficacy in a mouse
model of heart failure. The further optimization of AAV vectors for
endothelium-targeted gene transfer might ultimately benefit the clin-
ical gene therapy of cardiovascular disease.

MATERIALS AND METHODS

Generation of AAV libraries from DNA shuffling and random
peptide display

Two separate AAV libraries were used for directed evolution in this
study. The DNA shuffling library has been described previously for
the selection of AAV vectors targeting the myocardium.® Homologous
recombination was introduced among capsid genes of AAV serotypes 1,
2,3B,4,6,7,8,and 9 by DNase I treatment followed by PCR reassembly.
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Meanwhile, an AAV?2 peptide display library was constructed following
Muller et al.” with some modifications. In brief, the plasmid UF1-AAV8
containing the AAV2 rep gene and ITRs served as a backbone for clon-
ing of the random oligonucleotides. The Sfil site in the rep gene was
deleted to generate UF1-AAV8(M) by a silent mutation introduced
by PCR mutagenesis. The plasmid XX2 (a kind gift of Dr. Xiao Xiao)
contained the AAV2 cap gene, which was modified by insertion of
two incompatible Sfil restriction sites after codon 588. These Sfil sites,
including a stuffer region, were generated by mutagenesis using the
following primers: 588-For: 5-GGCCCAGGCGGCC-ACCGCAGA
TGTCAACACACAAGGC-3';588-Rev: 5-TTGGCCTCTCTG-GCCT
CTCTGGAGGTTGGTAGATAC-3'; Amp-1: 5-CGTTGTCAGAAG
TAAGTTGGCCGCA-3'; Amp-2: 5'-ATCGGAGGACCGAAGGAGC
TAACCG-3'. The altered plasmid clone after sequence verification
was designated XX2(M). The modified AAV2 cap gene was amplified
and subcloned into the UF1-AAV8(M) plasmid by using HindlIl/
Notl digestion to generate UF1-AAV2(M) as a plasmid backbone for
insertion of random peptides. The synthesized oligonucleotide encod-
ing random peptides had two different Bgil restriction sites on each
end: 5-CAGTCGGCCAGAGAGGC(NNK),GCCCAGGCGGCTGA
CGAG-3'. The second strand was synthesized by using the primer 5'-
CTCGTCAGCCGCCTGG-3" and Phusion high-fidelity DNA poly-
merase (Thermo F-530). The double-stranded insert was digested by
Bgll and ligated into the Sfil-treated UF1-AAV2(M) backbone in a
15:1 molar ratio. Ligated plasmids were transformed into electrocompe-
tent DH10B bacteria using a Multiporator (Eppendorf). Colonies (1.8 x
10* and 2.4 x 10*) were collected for DNA shuffling and peptide inser-
tion libraries, respectively. The diversity of the plasmid library was
determined by Sanger sequencing of 40 bacterial clones. Approximately
60% and 100% of the clones encompassed the correct shuffled or pep-
tide-inserted capsid genes, respectively. Library plasmids were har-
vested from transformed bacteria and purified using cesium chloride ul-
tracentrifugation. The DNA shuffling and random peptide display
plasmid libraries were packaged into wild-type AAV2 capsids (AAV
transfer shuttles) by transfecting four 15-cell culture dishes.” The result-
ing AAV library shuttles were used to infect 293 cells in thirty 15-cm cell
culture dishes at a MOI of 1,000, and cells were superinfected with Ad5
to ensure that complete cytopathic effects were observed 36 h later when
AAV libraries were harvested. The AAV libraries were purified by three
freeze/thaw cycles followed by two rounds of cesium chloride density
gradient centrifugation.”® The virus titers at the genomic level were
determined by dot blot.

In vivo screening of AAV libraries in transgenic mice

All animal protocols were approved by the West China Hospital An-
imal Care and Use Committee. For in vivo selection, 1 x 102 genomic
particles of two AAV libraries mixed in the same ratio were injected
into Tie2-GFP transgenic mice'’ via the tail vein. 2 weeks later, the
mice were sacrificed, and the complete hearts were removed for disso-
ciation with collagenase type 2 (Worthington) treatment followed by
FACS (FACSAria III Cell Sorter, BD Biosciences) isolation of ECs.
DNA was extracted, and endothelium-targeted AAV particles were
amplified by PCR using the primers CAP-5": 5-CCCAAGCTTC-
GATCAACTACGCAGACAGGTACCAA-3 and

Molecular Therapy: Methods & Clinical Development

CAP-3": 5-ATAAGAATGCGGCCGCAGAGACCAAAGTTCAAC
TGAAACGA-3'. The PCR products were digested with HindlIII and
NotI and recloned into the UF1-AAV8 plasmid for production of a
secondary AAV library as described earlier. This AAV library was
again injected intravenously into mice for secondary screening and
retrieval from cardiac ECs. After each screening, tens of random col-
onies were sequenced to evaluate the process of screening and identify
the endothelium-enriched AAV variants.

Tissue tropism of AAV vectors in mice after systemic
administration

The AAV-Fltl-luc plasmid was constructed by replacing the CMV
promoter in the AAV-CMV-luc plasmid with the Flt-1 promoter’”
(—748/+284) amplified from the Flt1-GFP plasmid (a kind gift
from Dr. Luis Vaca). The EC71 and EC73 capsid genes were used
to package Flt1-luciferase and CMV-LacZ reporter vectors for com-
parison with AAV1 and AAV2 packaged vectors. The viruses were
produced by triple-plasmid cotransfection of 293 cells by the calcium
phosphate method and purified by two rounds of cesium chloride
density-gradient centrifugation.”® A total of 3 x 10'" vector genomes
of reporter vectors containing the Flt1-luciferase gene were injected
intravenously into 7-week-old male C57BL/6] mice for systemic
gene delivery and expression. The heart, liver, brain, lung, kidney,
and spleen of the mice were collected 2 weeks later. Approximately
100 mg of the tissues was homogenized using a mechanical tearor
(BioSpec), and reporter gene expression was monitored by luciferase
assay (Luciferase Assay System, Promega). Total DNA was extracted
from mouse tissues by using a DNeasy Tissue Kit (QIAGEN) for
quantitative detection of the vector genome copies by a TagMan
probe (Applied Biosystems) using primers (luc-F: 5-TTGA
CCGCCTGAAGTCTCTGA-3’; luc-R: 5-ACACCTGCGTCGAAG
ATGTTG-3'). The mouse glucagon gene was quantitated by primers
(glu-F: 5-AAGGGACCTTTACCAGTGATGTG-3; glu-R: 5-ACT
TACTCTCGCCTTCCTCGG-3') as the diploid cell number
reference.

Flow cytometry analysis of transgene expression

The EC71 and EC73 capsid genes were used to package CMV-GFP
reporter vectors for comparison with AAV1 and AAV2 packaged vec-
tors. A total of 3 x 10! vector genomes of reporter vectors were in-
jected into 7-week-old male C57BL/6] mice via the tail vein. After
2 weeks, the heart and liver were collected and digested in collagenase
type I (GIBCO) at 37°C for 40 min, pipetted several times, and filtered
through a 70-micron filter. After treatment with red blood cell lysis
buffer (155 mM NH,CI, 10 mM KHCOs;, 0.1 mM EDTA), cells
were protected from light and incubated for 30 min on ice with 1%
donkey serum in PBS containing both PE-conjugated CD31 antibody
(BD PharMingen, 553373) and PerCP-Cy conjugated CD45 antibody
(BD PharMingen, 550994) at a 1:300 dilution. Cells were then washed
three times with PBS and fixed in 2% paraformaldehyde at 4°C.
Finally, the cells were washed once with PBS and analyzed for the co-
localization of GFP" cells and ECs (CD31", CD457) by an LSRFor-
tessa flow cytometer (BD Biosciences). Analysis was performed using
FlowJo vX.
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Transduction of HUVECs, RMMVECs, and MMMVECs by AAV
vectors

HUVECs were prepared using the ordinary procedure.”” RMMVECs
were isolated and cultured as previously reported.’ In brief, a 5-week-
old female Sprague-Dawley rat was anesthetized intraperitoneally
with pentobarbital, and its ventricle was cut into pieces of approxi-
mately 2 mm? for culture in a 25-cm” flask in DMEM supplemented
with 20% fetal bovine serum. After 60 h, the tissues were discarded,
and the ECs that migrated into the flask continued to grow into con-
fluency with medium partially changed. MMMVECs were isolated by
a magnetic bead sorting procedure.”” Briefly, four 7-week-old male
C57BL/6] mice were sacrificed, and their hearts were treated with
collagenase type 2 (Worthington, LS004176). The cell suspension
was filtered through a 40-micron filter followed by red blood cell lysis.
4 pL of rat anti-mouse CD31 antibody (BD PharMingen, 557355) and
10 pL of Dynabeads sheep anti-rat immunoglobulin G (IgG; Invitro-
gen, 11035) were incubated overnight at 4°C. The antibody-conju-
gated magnetic beads were washed three times to remove excess anti-
body and incubated with the dissociated cells at 4°C for 45 min. Cells
attached to beads were washed five times and then resuspended in En-
doGRO Basal Medium (Millipore, SCME-BM) supplemented with
10% fetal bovine serum for further culture.

24 h after preplating, EC71-, EC73-, AAV1-, or AAV2-CMV-lacZ vec-
tors were inoculated onto HUVEC:s at infection multiplicities of 3,000,
10,000, and 30,000. After another 72 h, cells were fixed for X-gal stain-
ing or B-gal assay (Galacto-Light Plus B-Galactosidase Reporter Gene
Assay System, Applied Biosystems) to detect transgene expression.
With respect to RMMVECs and MMMVECs, the same infection mul-
tiplicities of four AAV vectors were inoculated into the cells 48 h after
preplating into collagen I (BD 354236)-coated plates. After another
5 days, cells were fixed for X-gal staining or B-gal assay.

eNOS gene therapy in a mouse myocardial infarction model

The human eNOS coding sequence (GenBank Number BC069465)
was codon-optimized by GeneArt before cloning into a recombinant
AAV plasmid. Its expression was under regulation of the Flt-1 pro-
moter from the AAV-Fltl-luc plasmid or the eNOS promoter
(—1,033/+22)* from the pGL2 enhancer-F1 LUC plasmid (Addg-
ene). To examine their therapeutic efficacy, we injected 1 x 10'?
vector genomes of EC71-Flt1-eNOS, EC71-eNOS-eNOS, and
EC71-Flt1-GFP into 7-week-old male C57BL/6] mice via the tail
vein. After 2 weeks, permanent ligation of the LAD coronary artery
was performed similar to methods described.*' Briefly, after being
anesthetized with 7.47 mg/mL ketamine and 0.51 mg/mL xylazine
via intraperitoneal injection, mice were intubated with an 18-gauge
catheter and ventilated with a mouse Minivent ventilator (Harvard
Apparatus). Left thoracotomy was then performed through the
fourth intercostal space. After the pericardium was opened, a 7-
0 silk suture was passed under the LAD, and then the chest was
closed in layers. An additional mouse group was injected with
PBS and subjected to sham surgery. 2 months after surgery, the car-
diac function of the mice was evaluated by echocardiography and
hemodynamics. Then, their hearts, livers, brains, and lungs were

collected and frozen before detection of eNOS expression and
activity.

Western blotting and eNOS activity assay

Frozen heart, liver, brain, and lung tissues were homogenized in ra-
dioimmunoprecipitation assay (RIPA) lysis buffer (P0013B, Beyo-
time). 90 pg of protein (BCA Protein Assay Kit, Beyotime) was
applied to each lane for 8% SDS-PAGE. Proteins were transferred
to polyvinylidene fluoride (PVDF) membranes. The western blots
were probed overnight at 4°C with primary antibodies mouse anti-
human eNOS 1:150 (Santa Cruz, sc-376751) or mouse anti-mouse
actin 1:4,000 (GenScript, A00702). Subsequently, HRP-conjugated
anti-mouse IgG secondary antibody 1:2,000 (Cell Signaling, 7076)
was added for 1 h at room temperature. For detection, we applied
enhanced chemiluminescence (Thermo, 34577) and a MiniChemi
imaging and analysis system (SageCreation).

The frozen heart and lung tissues were homogenized in cold NOS
assay buffer (containing protease inhibitor cocktail). eNOS activity
assays were performed by colorimetric reactions with Griess Reagent
1 and 2 with a NOS activity assay kit (Abcam, ab211083) according to
the manufacturer’s instructions. All measurements of eNOS activity
were normalized to the total protein content measured by using the
BCA protein kit (Beyotime, P0010).

Left ventricular function by echocardiography and
hemodynamics

Cardiac functions were analyzed by transthoracic echocardiography
with a 13-MHz probe and a VIVID i ultrasound machine (GE
Health). The mice were anesthetized with 3% isoflurane. Two-dimen-
sional targeted M-mode imaging was obtained from the short axis
immediately below the level of the mitral valve. M-mode tracings
were recorded, and measurements were made with the operator
blinded to the mouse groups.

Mice were anesthetized with pentobarbital by intraperitoneal injec-
tion of 70 mg/kg and catheterized with a 1.4-French catheter (SPR-
839, Millar Instruments). Hemodynamics were recorded by Power-
Lab 8/35 with Chart Pro (AD Instruments) similar to methods
described.*” Data for each animal were calculated from at least 30 car-
diac cycles of chart recording.

Heparin affinity assay

A modified protocol was employed to analyze the heparin affinity of
AAV variants.*> Levels of 5 x 10'° v.g. of recombinant AAV1, AAV2,
EC71, and EC73 packaging a CMV-LacZ transgene were loaded to
heparin-conjugated agarose type I (Sigma) in affinity columns (Bio-
Rad microspin column) in 500 pL Ringer’s saline solution (RSS).
Fractions were sequentially collected from flowthrough, washed
with RSS five times, and eluted with RSS containing 800 mM NaCl.
The number of mutant or parental AAV particles present in each
fraction was determined by dot blot hybridization.
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Generation and transduction of AAVR KO Hela cells
CRISPR-Cas9 gene editing was utilized to generate AAVR KO HelLa
cells as described with some modifications.*” Oligonucleotides corre-
sponding to the guide RNA (gRNA) sequences were synthesized and
directly cloned into the Cas9-expressing pX330 plasmid (generated
by the Zhang lab): sgRNA-F: 5-CACCGCAATGAAGAGAGCA
CACCTG-3'; sgRNA-R: 5-AAACCAGGTGTGCTCTCTTCATTG
C-3'. Hela cells were transiently transfected with gRNA-encoding
plasmids using TransEasy Transfection Reagent (ForeGene). After
48 h, genome targeting efficiency was primarily determined by T7
endonuclease I (New England Biolabs) digestion, and the cells were
then serially diluted into a 96-well plate for the generation of single
clones. They were expanded over 2 weeks and screened genotypically
for the mutated allele by extracting genomic DNA from subclones,
amplifying an approximately 1.0-kb region that encompassed the
gRNA-targeted site for sequencing to identify subclones with KO mu-
tations. To validate the occurrence of AAVR KO, we used 50 pg of
wild-type or modified HeLa cell lysates for SDS-PAGE separation,
and the immunoblots were incubated overnight at 4°C with AAVR
antibody (Abcam, ab105385) at a dilution of 1:400. HeLa-WT and
HeLa-KO cells were seeded into a 24-well plate at 2 x 10> cells per
well 24 h before the experiment. AAV1-, AAV2-, EC71-, and
EC73-CMV-LacZ vectors were inoculated onto the cells at MOIs of
10,000, 30,000, and 100,000 in 250 pL of medium. After 1.5 h, the me-
dium was changed, and X-gal staining and B-gal assays were per-
formed 72 h later as described.
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