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Abstract

Ocular neovascularization is a common pathological feature in diabetic retinopathy and neovascular age-related macular
degeneration that can lead to severe vision loss. We evaluated the therapeutic efficacy of a novel endogenous inhibitor of
angiogenesis, the calreticulin anti-angiogenic domain (CAD180), and its functional 112-residue fragment, CAD-like peptide
112 (CAD112), delivered using a self-complementary adeno-associated virus serotype 2 (scAAV2) in rodent models of
oxygen-induced retinopathy and laser-induced choroidal neovascularization. The expression of CAD180 and CAD112 was
elevated in human umbilical vein endothelial cells transduced with scAAV2-CAD180 or scAAV2-CAD112, respectively, and
both inhibited angiogenic activity in vitro. Intravitreal gene delivery of scAAV2-CAD180 or scAAV2-CAD112 significantly
inhibited ischemia-induced retinal neovascularization in rat eyes (CAD180: 52.7% reduction; CAD112: 49.2% reduction)
compared to sScAAV2-mCherry, as measured in retinal flatmounts stained with isolectin B4. Moreover, the retinal structure
and function were unaffected by scAAV2-CAD180 or scAAV2-CAD112, as measured by optical coherence tomography
and electroretinography. Moreover, subretinal delivery of scAAV2-CAD180 or scAAV2-CAD112 significantly attenuated
laser-induced choroidal neovascularization in mouse eyes compared to scAAV2-mCherry, as measured by fundus fluorescein
angiography (CAD180: 62.4% reduction; CAD112: 57.5% reduction) and choroidal flatmounts (CAD180: 40.21% reduc-
tion; CAD112: 43.03% reduction). Gene delivery using scAAV2-CAD180 or scAAV2-CAD112 has significant potential as
a therapeutic option for the management of ocular neovascularization.

Keywords Ocular neovascularization - Gene therapy - AAV - Calreticulin anti-angiogenic domain - Diabetic retinopathy -
Neovascular age-related macular degeneration

Introduction is caused by an initial phase of retinal microvessel loss and

chronic hypoxia, which stimulates excess production of angi-

Ocular neovascularization is a common pathological feature
in retinopathy of prematurity, proliferative diabetic retinopa-
thy (PDR) and neovascular age-related macular degeneration
(AMD); the latter two are leading causes of blindness in the
industrialized world [1]. Retinal neovascularization (RNV)
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ogenic factors that induce abnormal vessel growth. Aber-
rant vessel growth can ultimately lead to the formation of
a fibrous scar and retinal detachment, which are associated
with proliferative ischemic retinopathies, such as retinopathy
of prematurity and PDR [2]. Choroidal neovascularization
(CNV) that occurs in wet (exudative or neovascular) AMD
originates from the choroid, whereby new vessels penetrate
through Bruch’s membrane into the retinal pigment epithe-
lium and proliferate in the subretinal pigment epithelium
and/or subretinal space. Newly formed vessels are suscep-
tible to leakage, which can lead to rapid and severe vision
loss when the macula is involved [3].

Vascular endothelial growth factor (VEGF) has been
identified as a major contributor to RNV in ischemic
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retinopathies [4] and is known to be unregulated by hypoxia.
VEGEF both promotes the formation of new vessels and
increases the permeability of existing vessels. Based on
strong evidence, anti-VEGF agents are effective against
RNV in patients with proliferative diabetic retinopathy [5].
The use of anti-VEGF agents has the potential to reduce
the need for more destructive treatment modalities for PDR,
such as panretinal laser photocoagulation. According to the
results of a recent 2-year, randomized clinical trial, intravit-
real injections of an anti-VEGF agent are at least as effective
as panretinal laser photocoagulation in producing a sustained
improvement in visual acuity [6].

VEGF also has an important role in CNV development in
wet AMD, and intravitreal injections of anti-VEGF agents
are now a first-line treatment for wet AMD [7]. However, the
efficacy of anti-VEGF drugs can vary from person to person,
and efficacy is currently difficult to predict before treatment
[8]. Repeated injections, as often as monthly, are required to
sustain efficacy due to the short half-life of current drugs [9].
The requirement for repeated intraocular injections carries a
risk of sight-threatening complications, including inflamma-
tion, hemorrhaging, cataract formation, retinal detachment
and potentially devastating intraocular infections (endoph-
thalmitis) [10]. Thus, cheaper, safer, less-invasive and longer
lasting alternative therapies are needed for the management
of PDR and neovascular AMD.

The calreticulin anti-angiogenic domain (CAD180, for-
merly calreticulin-derived vasostatin), which comprises the
N-terminal domain of calreticulin from amino acids 1-180
isolated from supernatants of an EBV-immortalized B cell
line, is a potent inhibitor of angiogenesis [11, 12]. Based
on our previous findings, the functional domain of CAD is
a 48-amino acid fragment (residues 133-180), also known
as CAD-like peptide 48 (CADA48). Topical application of
CAD48 for 20 days attenuates vessel growth in rat eyes
with laser-induced CNV [13, 14]. Recently, we constructed
a CADA48 gene fused with the CAD signal peptide (residues
1-64) to enable extracellular secretion. This fusion gene
(CAD112), when delivered via an adenoviral vector, also
inhibits laser-induced CNV in rat eyes [15]. In this study,
we evaluated the therapeutic efficacy of CAD180 and its
functional 112-residue fragment, CAD112, delivered using
a self-complementary adeno-associated virus serotype 2
(scAAV?2) in rodent models of oxygen-induced retinopathy
(OIR) and laser-induced CNV.
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Results

Delivery of the CAD180 and CAD112 genes inhibits
angiogenic activities in vitro

The scAAV vectors encoding CAD180, CAD112 and
mCherry were constructed (Fig. 1a) and packaged into an
AAV?2 capsid for gene delivery (Fig. 1b). Human umbili-
cal vein endothelial cells (HUVECs) were transduced
with scAAV2-mCherry, sScAAV2-CADI180 or scAAV2-
CAD112 at a multiplicity of infection (MOI) of 10* and
10* viral genomes/cell to validate the expression and anti-
angiogenic activity of CAD180 and CAD112 delivered by
scAAV2. Expression was examined by Western blotting
using a calreticulin antibody, and anti-angiogenic func-
tion was evaluated using tube formation and cell migra-
tion assays (Fig. 2a). The 22-kDa CAD180 and 16 kDa
CAD112 proteins were expressed in scAAV2-CAD180-
and scAAV2-CAD112-transduced HUVECs, respec-
tively (Figs. 2b and S1). Neither protein was detected in
scAAV2-mCherry-transduced cells.

Compared with scAAV2-mCherry-transduced
HUVEQC:s, cells transduced with scAAV2-CAD180 or
scAAV2-CADI112 showed less migration in the scratch
migration assay (wound closure of cells transduced
with scAAV2-mCherry: 64.8 + 4.6% than cells express-
ing CAD180: 27.4 + 4.0%, p < 0.01; and CAD112:
32.3 £ 3.1%, p < 0.01; n = 14; Fig. 2c). In addition,
cells transduced with scAAV2-CADI180 or scAAV2-
CAD112 formed significantly fewer tube-like networks,
as evidenced by lower Matrigel lumen numbers (SCAAV2-
mCherry: 36.4 + 7.9 compared with CAD180: 9.8 + 2.4,
p <0.01; and CAD112: 12.8 +3.0, p < 0.01; . =9) and
branch points (SCAAV2-mCherry: 134.3 + 21.3 com-
pared with CAD180: 65.0 + 13.7, p < 0.05; and CAD112:
76.1 +11.9, p < 0.05; n = 9; Fig. 2d).

Efficacy of intravitreal scAAV2-mediated gene
delivery in the rat retina

The effectiveness of scAAV2-mediated gene delivery
was monitored in rats, and EGFP expression was evident
across the whole flatmounted retina (Fig. 3a) and in all
retinal layers in cryosections (Fig. 3b) 7 days after rats
had received scAAV2-enhanced green fluorescent protein
(EGFP) injection. P7 rat pups were intravitreally injected
with sScAAV2-mCherry, scAAV2-CADI180 or scAAV2-
CAD112, and eyes were harvested at P18 to validate the
expression of the mCherry, CAD180 and CAD112 genes
(Fig. 3c). Retinal blood vessels were identified using
isolectin B4 staining (green) and showed extensive overlap
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with transfected areas expressing mCherry (red) (Fig. 3d).
Increased expression of the CAD180 or CAD112 mRNA
in the retina of OIR rats was quantified using quantitative
PCR. Compared with scAAV2-mCherry (n = 3), CAD180
expression was significantly increased (64,266-fold, n = 4)
in retinas from scAAV2-CAD180-injected eyes. CAD112
expression was also significantly increased (93,348-fold,
n =4) in retinas from scAAV2-CAD112-injected eyes. A
slight increase in CAD180 and CAD112 expression was
observed in contralateral eyes (CAD180: 34.7-fold, n = 4;
CAD112: 39.8-fold, n = 4; Fig. 3e).

Intravitreal delivery of the CAD180 and CAD112
genes attenuates RNV in an OIR rat model

The rat OIR model was employed to evaluate the therapeu-
tic potential of scAAV2-CAD180 and scAAV2-CAD112
against retinal neovascularization. Small tufts of vascular
endothelial cells were observed at the edge of new blood
vessel growth adjacent to avascular areas. In some areas,
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the tufts merged to form the neovascular brush boundary,
which was characterized by darker staining. Tufts and brush
borders were selected and marked in the enlarged images
(Fig. 4a).

Compared with contralateral eyes (neovascular
area: 2.40 + 0.18%, n = 10), intravitreal injection of
scAAV2-CAD180 significantly inhibited neovasculari-
zation (1.48 + 0.10%, p = 0.004; n = 12). Similarly, the
scAAV2-CADI112 injection reduced the neovascular area
(1.42 £ 0.11%, p = 0.009; n = 10) compared with contralat-
eral eyes (2.31 = 0.11%, n = 10). A significant difference
was not observed between eyes injected with scAAV2-
mCherry (2.70 + 0.27%, n = 11) and the contralateral eyes
(2.24 £ 0.16%, p = 0.38, n = 12) (Fig. 4b). Gene delivery
via sScAAV2-CADI180 or scAAV2-CADI112 significantly
reduced the size of the OIR-induced neovascular area in
rat eyes (CAD180: 52.7% reduction; CAD112: 49.2%
reduction; p < 0.001, n = 10-11) compared with sScCAAV2-
mCherry-injected eyes. A significant difference was not
observed between eyes injected with scAAV2-CAD180 and
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sCAAV2-CADI112 (p =0.99, n = 10-11) (Fig. 4b). A signifi-
cant difference in avascular area was not observed between
rats injected with scAAV2-mCherry (28.4 + 4.4%) and those
injected with scAAV2-CADI180 (24.5 + 3.6%, p = 0.67) or
scAAV2-CAD112 (38.6 + 3.4%, p = 0.47) (Fig. 4¢).

Effects of scAAV2-CAD180-
and scAAV2-CAD112-mediated gene delivery
on retinal structure and function in vivo

Electroretinography (ERG) and optical coherence tomog-
raphy (OCT) were employed to evaluate the effects of
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intravitreal scAAV2-mediated delivery of the CAD180
or CAD112 gene on retinal function and structure in rats
28 days after the intravitreal injection (Fig. 5a). Group aver-
aged waveforms elicited using bright and dim flashes of
light from scAAV2-mCherry- (Fig. 5b), scAAV2-CAD112-
(Fig. 5¢) and scAAV2-CAD180-injected eyes (Fig. 5d) were
very similar to the contralateral control eyes. Significant
differences in the functions of photoreceptors (p = 0.90),
bipolar cells (p = 0.75) or ganglion cells (»p = 0.10) were not
observed between scAAV2-CADI112-treated eyes and the
contralateral controls (Fig. Se-g). Likewise, the intravitreal
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Fig.3 Evaluation of the CAD180 and CAD112 expression after the
intravitreal injections in rats. a 7 days after rats received the scAAV2-
EGFP injection, EGFP expression was quantified in flatmounted
retina also stained with DAPI. Scale bar: 500 um. b Identification
of EGFP expression in retinal cryosections also stained with DAPIL.
Scale bars: 500, 50 pm (middle-image). ¢ Schematic diagram of rat
OIR model protocol and timing of viral vector injection. Neonatal
rats were exposed to daily cycles of 80% oxygen for 21 h and room

injection of scAAV2-CADI180 did not significantly affect
retinal function (photoreceptors, p = 0.28; bipolar cells,
p = 0.27; ganglion cells, p = 0.10; Fig. Se—g).

OCT was performed to evaluate the effects of scAAV2-
mediated delivery of the CAD180 or CAD112 gene on reti-
nal structure. The total retinal thickness was not different
between vehicle- and scAAV2-injected eyes in all three
groups (scAAV2-mCherry, p = 0.10; scAAV2-CAD180,
p = 0.16; and scAAV2-CAD112, p = 78; Fig. 5h). Sig-
nificant difference in the outer retinal (mCherry, p = 0.38;
CAD180, p = 0.95; and CAD112, p = 0.69; Fig. 5i) and
retinal nerve fiber layers (mCherry, p = 0.07; CAD180,
p =0.18; and CAD112, p = 0.63; Fig. 5j) was not observed
between vehicle- and scAAV2-treated eyes in any of the
groups. Thus, scAAV2-mediated delivery of the CAD180
or CAD112 gene via intravitreal injection does not lead to
detectable adverse effects on retinal function and structure.

Subretinal delivery of CAD180 and CAD112 genes
alleviates laser-induced CNV in mice

A mouse model of laser-induced CNV was employed to
evaluate the therapeutic potential of scAAV2-CAD180

Room air

mCH/isolectin b4

®

80000+

600004 —I_

[ Control eyes
[ Treated eyes
400004

mRNA (fold of changes)

200004

P18

m(IZH CAI5112 CAIZ;180

air for 3 h from PO to P14, after which animals were returned to room
air until P18. ScAAV2-mCherry, scAAV2-CADI80 or scAAV2-
CAD112 was injected at P7. d Identification of mCherry expression
in the flatmounted retina from OIR rats at P18, also stained with
isolectin B4. Scale bar: 500 um. e qPCR quantification of CAD gene
expression in the retinas of OIR rats at P18. Data are presented as
mean + SEM for 3—4 independent replicates. mCH: mCherry

and scAAV2-CAD112 to prevent CNV. Seven days after
the subretinal injection, laser surgery was performed to
induce CNV in mice. The extent of choroidal vasculariza-
tion was examined using fundus fluorescein angiography,
and choroidal flatmounts were stained with isolectin B4
21 days after the subretinal injection (Fig. 6a). Images of
CNV lesions were acquired at 3 and 5 min after the fluo-
rescein injection (Fig. 6b). Quantification of the lesion
area showed that compared with scAAV2-mCherry-
injected eyes (9744 + 2261 pixels, n = 15), mouse eyes
that had received scAAV2-CAD180 showed significantly
smaller CNV lesions (3251 + 995 pixels, p < 0.05, n = 13;
Fig. 6¢). The scAAV2-CAD112-injected eyes also showed
a similar reduction in the CNV lesion size (3668 + 915
pixels, p < 0.05, n = 20; Fig. 6¢). Reductions in the CNV
lesion size were also confirmed in choroidal flatmounts
stained with isolectin B4 (Fig. 6d). Compared with
scAAV2-mCherry-injected eyes (24,111 + 6146 pixels,
n = 7), mouse eyes that had received scAAV2-CAD180
or sScCAAV2-CADI112 had smaller CNV lesions (CAD180:
14,416 + 3151 pixels, n = 10; CAD112: 13,736 + 6589
pixels, n = 4; Fig. 6e).
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Fig.4 Effects of intravitreal scAAV2-CADI80 and scAAV2-
CADI112 injection on retinal neovascularization in the rat OIR model.
a A typical cluster of vascular structures represented as “neovascu-
lature” on a flatmounted retina at P18 after intravitreal injections at
P7 stained with Isolectin B4. The retinal neovascular area was out-
lined for area quantification (white). Scale bar: 500 um. b The reti-
nal neovascular area was quantified for treated and control eyes from

Discussion

Here, intraocular gene delivery of CAD180 or CAD112 via
a robust self-complementary AAV?2 vector reduced retinal
and choroidal neovascularization. Specifically, CAD180 and
CAD112 genes carried by a scAAV?2 vector inhibited angio-
genic activity in primary HUVECsS in vitro. Furthermore,
intravitreal delivery of the CAD180 or CAD112 gene attenu-
ated OIR-induced RNV in rats. Finally, subretinal delivery
of the CAD180 or CAD112 gene effectively attenuated the
progression of laser-induced choroidal neovascularization
in mice.

Gene therapy is an attractive therapeutic strategy and
has shown promise for the treatment of eye disease and
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mCherry (control n = 12, treated n = 11), CAD180 (control n = 10,
treated n = 12) and CAD112 (control n = 10, treated n = 10). Data
are presented as mean + SEM. ¢ Retinal avascular area was quanti-
fied, and data are presented as mean + SEM from 14 to 22 independ-
ent replicates. Statistical analysis between groups was performed
using one-way ANOVA followed by Tukey’s multiple comparisons
test (**p < 0.001, *p < 0.05). mCH: mCherry

the prevention of blindness [16]. One advantage is that it
is easier and less costly to manufacture gene therapy vec-
tors than to produce large amounts of purified proteins.
Based on data from recent clinical trials, gene therapy
using anti-VEGF agent such as sFlt-1, a soluble form of
the Flt-1 receptor, can benefit patients with neovascular
AMD [17, 18]. A key advantage of our CAD-based gene
therapy compared to current therapeutic approaches (e.g.,
anti-VEGF antibody injections or sFlt-1 gene therapy)
for ocular neovascularization is that it specifically targets
endothelial cells and is thus less likely to exhibit toxicity
toward other cells [19-21]. Moreover, CAD also has anti-
inflammatory properties, which will help control inflam-
mation [22], a major contributor to the ongoing drive



Angiogenesis (2018) 21:95-109

101

Fig.5 Effects of intravit-

real scAAV2-CAD180 and
scAAV2-CADI112 injection on
retinal function and structure.

a ERG and OCT were assessed
28 days following intravitreal
drug injection. b Average dim
and bright flash ERG traces
from the vehicle (black traces,
n = 8) and scAAV2-mCherry-
injected (red traces, n = 8) eyes.
¢ Average ERG traces from the
vehicle (black traces, n = 8) and
CADI112 (blue traces, n = 8)
injected eyes. d Average ERG
traces from the vehicle (black
traces, n = 7) and CAD180
(green traces, n = 7) injected
eyes. e Group average (+ SEM)
photoreceptoral response ampli-
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for neovascularization in both patients with DR [23] and
AMD [24]. In addition, the CAD180 and CAD112 treat-
ments provided similar benefits in reducing neovascular
NV tufts and choroidal neovascular lesions, suggesting
that the difference in molecular weight did not modify
their anti-angiogenic properties. Low molecular weight
therapeutic proteins such as CAD112 might have addi-
tional benefits in terms of better tissue diffusion and pen-
etration and thus bioavailability.
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The effectiveness of anti-angiogenic drugs is highly
dependent on the drug delivery method and its capacity to
produce sustained expression of the therapeutic molecule.
As shown in our previous study, delivery of the CAD112
gene via an adenoviral vector significantly attenuates
the development of laser-induced CNV in rat eyes [15].
Although subconjunctival injection of adenoviruses is safe
and induces only a mild, transient local immune response
[25], gene expression was not maintained for more than
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Fig.6 Effect of subretinal
scAAV2-CAD180 or scAAV2-
CAD112 injection on laser-
induced CNV in mice. a A
schematic diagram of the time-
line for the laser-induced CNV
mouse model and injection of
viral vectors. Choroidal vas- Day 0
cularity of laser-induced CNV
lesions was examined by FFA
and choroidal flatmount staining
with isolectin B4 at 21 days
after subretinal injection. b
Representative CNV lesions

in mouse eyes treated with
scAAV2-mCherry (n = 17),
scAAV2-CAD180 (n = 13) or
scAAV2-CADI112 (n = 20)
were identified by FFA. ¢ Aver-
age (+ SEM) CNV lesions from
fluorescein angiography for the
three groups. d Representative
profile of isolectin B4-stained
blood vessels in the choroidal
flatmounts. The CNV area was
quantified (outline). Scale bar:
200 um. e Average (+ SEM)
CNV area from flatmounts for

the three groups (n = 4-10). (d)
Statistical analysis between
groups was performed using
one-way ANOVA followed by
Tukey’s multiple comparisons
test (¥*p < 0.05). mCH: mCherry

Subretinal injection

(a)
2

(b) scaAv2-mcH

scAAV2-mCH

112 days using this delivery route. Moreover, subconjunc-
tival injections produce lower transgene expression in the
retina and choroid than intravitreal injections. We employed
a self-complementary AAV vector in the present study to
produce persistently high levels of transgene expression for
long periods. The scAAV vector has been shown to exhibit
improved transduction efficiency in the retina compared to
conventional single-stranded AAV vectors [26]; it is also
faster, requiring only 48 h to initiate gene expression [27].
Indeed, our data indicate rapid onset of gene expression in
rats, as evidenced by the widespread expression of EGFP
7 days after a single intravitreal injection of scAAV2-EGFP.
Rapid-onset gene expression was also confirmed by wide-
spread expression of mCherry in retinal flatmounts and
increased retinal expression of the CAD180 or CAD112
mRNA 11 days after injection. Thus, scAAV2-mediated
delivery of the CAD180 and CAD112 gene effectively tar-
gets pathological vessels in a range of disease models.
Intravitreal and subretinal injection routes were used
to evaluate the therapeutic potential of scAAV2-medi-
ated CAD180 and CAD112 gene delivery for treatment
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of retinal and choroidal neovascularization, respectively.
Intravitreal injections are routinely used to administer
pharmacological treatments to the eye and theoretically
allow the vector to be exposed to a wide retinal area via
the vitreoretinal surface, which is beneficial in targeting
RNV. However, based on observations in animal models,
intravitreal delivery using single-stranded AAV2 does not
provide a high transduction efficiency in the outer retinal
layers, suggesting that a barrier to vector diffusion may
exist [28, 29]. Therefore, subretinal gene delivery may tar-
get choroidal neovascularization with better efficacy. Sub-
retinal injections are widely used in clinical retinal gene
therapy trials [18, 30, 31] and appear to induce a lower
immune reaction than intravitreal delivery [32]. However,
the surgery used to access the subretinal space is associ-
ated with a greater risk. The development of native and
engineered AAV capsids with greater tropism for desired
target cells types and better retinal penetration will further
accelerate the potential for human retinal gene therapy. For
example, intravitreal delivery via AAV-7m8 [33], which
contains a capsid that has been modified to enhance retinal
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penetration, might be a more viable option for targeting
the outer retinal layers and choroid.

Adverse effects associated with prolonged expression
of vascular targeting proteins by viral vectors must be
excluded. Although anti-VEGF therapies have revolution-
ized the treatment of neovascular AMD and DR [17, 18, 34,
35], the systemic safety of repeated anti-VEGF injections is
raising increasing concerns. In particular, cerebrovascular
accidents and death have been noted in young patients with
diabetic macular edema who were treated with intravitreal
injections of anti-VEGF agents [36, 37]. Using in vivo ERG
assessment and OCT imaging, we showed that intravitreal
scAAV2-CAD180 or scAAV2-CAD112 injections had lit-
tle effect on retinal function and structure over the course
of 28 days. The long-term safety of CAD180 and CAD112
gene delivery will need to be confirmed before their transla-
tion into clinical trials.

In summary, scAAV2-mediated CAD180 or CAD112
gene therapy reduces ocular neovascularization. Although
further investigations are required to assess long-term safety
and efficacy, our data suggest that scAAV2-mediated deliv-
ery of the CAD180 or CAD112 gene may be a viable thera-
peutic alternative for retinal and choroidal neovasculariza-
tion, as it requires a single injection and can thus avoid the
risks associated with the frequent injections required for
current therapies.

Materials and methods
Cell culture

HUVECs were purchased from Lonza (catalog no. CC-2519;
Lonza, Walkersville, MD, USA) and cultured in endothe-
lial cell basal medium-2 (EBM-2) supplemented with the
EGM™-2 BulletKit™ (catalog no. CC-5035; Lonza).
HEK?293A cells were purchased from Invitrogen (catalog
no. R70507; Life Technologies Australia, Mulgrave, VIC,
Australia) and cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (catalog no. 11965118; Life Technolo-
gies Australia) supplemented with 10% fetal calf serum
(Sigma-Aldrich, St. Louis, MO, USA), 2 mM glutamine
(catalog no. 2503008; Life Technologies Australia), and
50 U/mL penicillin—streptomycin (catalog no. 15070063;
Life Technologies Australia). Both cell lines were cultured
in a humidified 5% CO, atmosphere at 37 °C.

AAY viral vector

The scAAV2 vectors encoding mCherry (scAAV2-
mCherry), CAD180 (scAAV2-CAD180), and CAD112
(scAAV2-CADI112) used in this study were packaged as
previously described [34]. Briefly, the mCherry, CAD180

and CAD112 cDNAs surrounded by Agel and Notl cleavage
sites were obtained by PCR and subcloned into the pHpa-
trs-SK plasmid under control of the cytomegalovirus (CMV)
immediate early promoter (kindly provided by Douglas M.
McCarty, Center for Gene Therapy, Nationwide Children’s
Hospital, USA) [38]. The scAAV2 vectors were prepared by
transfecting HEK293 cells with the pHpa-trs-SK/mCherry,
pHpa-trs-SK/CAD180 or pHpa-trs-SK/CAD112 plasmid,
helper plasmid (pXX6) and AAV2 capsid plasmid (pXX2)
using the calcium phosphate method. Viral vectors were
purified with the AAV2pro Purification Kit (catalog no.
6232; Clontech Laboratories, Mountain View, CA, USA)
48 h after viral transduction. Vector genome titers were
determined by real-time quantitative PCR.

Western blot analysis

Forty-eight hours after cells were transduced with scAAV2-
mCherry, sScAAV2-CADI180 or scAAV2-CADI112 at an
MOI of 10° and 10* HUVECs were washed with cold
phosphate-buffered saline (PBS) and collected in the lysis
buffer (50 mM Tris—HCI, pH 7.4, 1% NP-40, 0.25% sodium
deoxycholate, 150 mM NaCl, and Complete Protease Inhibi-
tor Cocktail [catalog no. 11697498001; Sigma-Aldrich]).
Proteins were separated using NuPAGE™ Novex™ 4-12%
Bis—Tris Protein Gels (catalog no. NP0321BOX; Life Tech-
nologies Australia) and transferred to polyvinylidene fluo-
ride membranes (catalog no. IPVH00010; Immobilon-P;
Millipore, Billerica, MA, USA) using the XCell II™ Blot
Module (Life Technologies Australia). Membranes were
blocked with 5% skim milk in TBS-T (10 mM Tris, 150 mM
NaCl, and 0.05% Tween-20) at room temperature for 1 h
and then incubated with a mouse monoclonal calreticulin
(FMC75) antibody (1:1000 dilution; catalog no. ADI-SPA-
601-D; Enzo Life Sciences, Farmingdale, NY, USA) over-
night at 4 °C or mouse monoclonal actin (clone C4) anti-
body (1:2000 dilution; catalog no. MAB1501; Millipore) at
room temperature for 1 h. Membranes were washed, further
incubated with a horseradish peroxidase-conjugated goat
anti-mouse secondary antibody (1:5000 dilution; catalog
no. A-11045; Life Technologies Australia) at room tempera-
ture for 1 h, and developed using the Amersham ECL Prime
Western Blotting Detection Kit (catalog no. RPN2232; GE
Healthcare Australia, Parramatta, NSW, Australia).

Cell migration assay

HUVECs were seeded onto 6-well plates at a density
of 2.5 x 10° cells/well and transduced with scAAV2-
mCherry, scAAV2-CAD180 or scAAV2-CADI112 at a
MOI of 1000 vg/cell for 48 h. Confluence was greater than
80% prior to the scratch assay. A 200-pL pipette tip was
used to press firmly against the top of the tissue culture
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plate and make a vertical wound by passing the tip down
through the cell monolayer to create three straight lines
with two crosses lacking cells in each well, and the debris
was removed by replacing the media with 2 mL of EBM-2
supplemented with EGM™-2 BulletKit™. Four images
of each well were captured immediately after scraping
and after a 24-h incubation period. Areas without cells
were measured using ImageJ version 1.48 software (http
://imagej.nih.gov/ij/; provided in the public domain by the
National Institutes of Health, Bethesda, MD, USA).

Tube formation assay

Tube formation was quantified using a previously
described method [39]. Briefly, BD Matrige]™ Basement
Membrane Matrix (catalog no. 356234; Becton—Dickin-
son; Bedford, MA, USA) was warmed to room tempera-
ture and transferred to ice; the liquid was incubated on
ice for at least 10 min until it was completely thawed.
Then, 50 pL of Matrigel were added to each well of a
horizontal 96-well plate to allow the Matrigel to distribute
evenly, and incubated at 37 °C for 30 min. HUVECs were
transduced with scAAV2-mCherry, scAAV2-CAD180
or SCAAV2-CADI112 at an MOI of 1000 vg/cell for 48 h.
Cells (1.5 x 10*) were re-suspended in EBM-2 and loaded
on the top of the Matrigel. Following a 6-h incubation at
37 °C, each well was photographed under a microscope.
The numbers of endothelial tube lumens were counted
in three replicate wells using Angiogenesis Analyzer in
Image]J version 1.48 software [40].

Animals

Ethical approval for the experiments performed in this
study was obtained from the Animal Ethics Committee of
the University of Melbourne, St. Vincent’s Hospital, and
Singapore Eye Research Institute. All experimental pro-
cedures performed on rats and mice adhered to the Asso-
ciation for Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and Vision
Research.

All animals were supplied by the Animal Resources Cen-
tre (Perth, Western Australia, Australia) and were housed at
the Experimental Medical and Surgical Unit, St. Vincent’s
Hospital (East Melbourne, Victoria, Australia) and Mel-
bourne Brain Centre (Parkville, Victoria, Australia). Ani-
mals were housed in standard cages, with free access to food
and water in a temperature-controlled environment under
a 12-h light (50 lux illumination) and 12-h dark (< 10 lux
illumination) cycle to minimize possible light-induced dam-
age to the eye.
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Rat model of oxygen-induced retinopathy

The OIR model was established as previously described
[41]. Briefly, Sprague-Dawley prepartum female rats were
ordered and received at approximately 13 or 14 days of ges-
tation. After parturition, the mother and the newborn pups
were placed in the oxygen chamber, and a specific oxygen
exposure protocol (daily exposure to 80% oxygen for 21 h
and a return to room air for 3 h) was initiated. Mothers and
newborn pups remained in the oxygen chamber for 14 days.
The normal lighting cycle and standard room temperature
were maintained. At 14 days postpartum, mothers and pups
were removed from the oxygen chamber and placed in an air-
conditioned room for 4 days. At 18 days postpartum, moth-
ers and pups were euthanized with CO,, and eyes (only pups)
were harvested for histological and biochemical evaluations.

Intravitreal injection

The scAAV2 vectors were intravitreally injected at postnatal
day 7 (P7) within the 3 h window during which animals
remained in ambient air. Rats were anesthetized with iso-
flurane (1.5-2 mL/min). Intravitreal injections were per-
formed under a surgical microscope. After a small puncture
through the conjunctiva and sclera was created using a 30
gauge needle, a hand-pulled glass micropipette connected
to a 10-pL Hamilton syringe (Bio-Strategy, Broadmeadows,
VIC, Australia) was inserted into the vitreous and 1 pL of
scAAV2-mCherry (7.5 x 108 vg/uL), scAAV2-CAD180
(8.0 x 10® vg/uL) or scAAV2-CAD112 (6.1 x 10® vg/uL)
was injected into one eye of each rat using a UMP3-2 Ultra
Micro Pump (World Precision Instruments, Sarasota, FL,
USA) at a rate of 100 nL/s. Animals were monitored until
full recovery and then returned to the oxygen chamber. Any
issues with the injection, including large backflow upon
removal of the needle and hemorrhaging of external or inter-
nal vessels, were noted, and those eyes were excluded from
the analysis.

Quantitative PCR

Total RNA was extracted from retinas and purified using
commercial kits according to the manufacturer’s instructions
(catalog no. 74104; RNeasy Mini Kit; Qiagen, Chadstone,
VIC, Australia). Briefly, each retina was homogenized, and
total RNA was purified with a column system. Total RNA
(100 ng) was then reverse-transcribed to cDNAs using a
high-capacity RT kit (catalog no. 4374996; Life Technolo-
gies Australia). Quantitative PCR was performed using
Fast SYBR Green Master Mix (catalog no. 4385612; Life
Technologies Australia) with CAD primers (F: 5-GGATCG
AATCCAAACACAAGTC; R: 5'-ATCAGTGTGTACAGG
TGTGTAA) for CAD180 and CAD112. Rat GAPDH was


http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/

Angiogenesis (2018) 21:95-109

105

used as a reference gene and amplified with GADPH prim-
ers (F: 5'-GAGTCAACGGATTTGGTCGT; R: 5'-TTGATT
TTGGAGGGATCTCG). For the analysis of mRNA expres-
sion, relative expression levels of CAD180 or CAD112 in
retinas from different rats administered scAAV2-mCherry,
scAAV2-CAD180 or scAAV2-CAD112 and their contralat-
eral control eyes were calculated using the *2Ct method, as
previously described by Livak [42].

Retinal flatmounting and isolectin B4 staining

Eyes were fixed with 4% PFA for 60 min and dissected under
a dissection microscope. Retina—choroid—sclera flatmounts
with four equally spaced radial relaxing incisions extending
two-thirds of the way from the retinal periphery to the optic
nerve head were obtained by hemisecting the eye, and the
cornea, iris and lens were discarded. The sclera and choroid
were removed, leaving only the retina, and the residual vitre-
ous and hyaloid vessels were teased away using fine forceps.

The fully dissected retina was first permeabilized with
PBS-Triton X-100 for 30 min and then washed twice with
PBS. Alexa Fluor™ 488-conjugated isolectin B4 (isolectin
GS-1B4 from Griffonia simplicifolia; catalog no. 121411,
Life Technologies Australia) that specifically binds to
a-glycosylated glycoprotein residues on vascular endothe-
lial cells and macrophages was diluted in PBS (4 pg/mL)
and added to each retina in the dark at 4 °C overnight. The
stained retina was washed five times with PBS on the next
morning and carefully flatmounted on a slide using fluo-
rescence mounting medium (catalog no. s3020; DAKO,
Carpinteria, CA, USA).

Quantification of RNV by imaging retinal flatmounts

Images were digitized using a fluorescence microscope
(Zeiss Axio Imager Microscope; Carl-Zeiss-Strasse,
Oberkochen, Germany) equipped with a charge-coupled dig-
ital camera (Axiocam MRm, Zeiss) and image acquisition
software (ZEN2, Zeiss). The entire retina was photographed
using an appropriate filter for the fluorescence emission
spectra of mCherry (610 nm) and isolectin B4 (509 nm),
and separate images were merged to form a complete image
of the retina.

Early stages of RNV were observed as small tufts of vas-
cular endothelial cells, which always occurred near the edge
of the developing vasculature, immediately adjacent to the
avascular area. In some areas, the initial tufts merged to form
the RNV brush boundary, which is characterized by dark
staining. Images were analyzed using Photoshop to select
and mark tufts and the brush borders in enlarged images,
and the area of the retina with RNV was calculated and
expressed as a percentage of the total retinal area. Simul-
taneously, the avascular area was quantified and expressed

as a percentage of total retinal area [43]. The quantitative
analysis was performed by two assessors who were blinded
to the groups.

Electroretinography (ERG)

Twenty-eight days after the injection, rats underwent and
overnight dark adaptation (~ 12 h), followed by an electro-
retinography assessment in the dark. Details of the func-
tional assessment have been previously reported [44], with
the exception that the reference chloride silver electrode
was placed around the outside of the eye. As previously
described [44], the ERG analysis returned the photoreceptor-
(a-wave), bipolar cell- (b-wave), and ganglion cell-dominant
(scotopic threshold response, STR) components of the ERG
waveform. Group data are provided as the means (+ standard
errors of the means).

Spectral-domain optical coherence tomography
(SD-0CT)

Following the ERG measurement, rat eyes were imaged
using SD-OCT (Bioptigen, Inc., Morrisville, NC, USA).
Volume scans consisting of 1000 A-scans per 100 B-scans
(equally spaced across the 1.4 mm vertical dimension) cen-
tered on the optic nerve head (ONH; 1.4 X 1.4 X 1.57 mm)
were obtained from both eyes. OCT images were analyzed
using FIJI software (provided in the public domain by the
National Institutes of Health, Bethesda, MD, USA). OCT
images including the optic nerve were manually segmented
by a grader who was blinded to the groups, as previously
described [42]. The total retinal thickness (TRT) was meas-
ured from the inner limiting membrane to Bruch’s mem-
brane. The thickness of the retinal nerve fiber layer (RNFL)
was measured from the inner limiting membrane to the inner
aspect of the inner plexiform layer. Outer retinal thickness
was measured from Bruch’s membrane to the outer plexi-
form layer.

Mouse model of laser-induced choroidal
neovascularization

C57BL/6 ] mice were anesthetized with a combination of
ketamine (20 mg/kg body weight) and xylazine (2 mg/kg
body weight). After pupil dilation via the topical adminis-
tration of 1% tropicamide (Alcon Laboratories, Fort Worth,
TX, USA) and 2.5% phenylephrine (Bausch and Lomb Phar-
maceuticals, Inc., Tampa, FL, USA) ophthalmic solutions to
the surface of the eye, laser photocoagulation was performed
using the image-guided laser system (Micron IV, Phoenix
Research Laboratories, Pleasanton, CA, USA). Four laser
burns were generated in each eye at the 3, 6, 9 and 12 o’clock
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positions located at equal distances from the optic disk using
a green Argon laser pulse with a wavelength of 532 nm, a
fixed diameter of 50 pm, a duration of 50 ms and a power of
120 mW. Mice were kept warm under an infrared light after
the laser treatment until they recovered from anesthesia.

Subretinal injections

C57BL/6 ] mice were anesthetized with a combination of
ketamine (20 mg/kg body weight) and xylazine (2 mg/kg
body weight). Pupils were dilated via the topical application
of mydriatic agents: 1% tropicamide (Alcon Laboratories)
and 2.5% phenylephrine (Bausch and Lomb Pharmaceuti-
cals). The posterior eye was observed under a stereoscopic
surgical microscope by applying a drop of Vidisic ophthal-
mic gel (Dr Mann Pharma, Germany) and placing a round
cover glass of 12 mm in diameter over the cornea to perform
subretinal injections. A small incision was carefully made
1 mm behind the limbus using a sharp 30 gauge needle. A
blunt 36 gauge needle (World Precision Instrument) attached
to a microliter glass syringe was then gently inserted through
the incision into the subretinal space. Then, 1 pL of the AAV
suspension containing scAAV2-mCherry (7.5 x 10° vg/uL),
scAAV2-CADI180 (8.0 x 10® vg/uL), or scAAV2-CAD112
(6.1 x 10® vg/pL) was administered into the subretinal space.
Successful subretinal delivery was confirmed by the pres-
ence of a bleb at the injection site. Any issues related to the
injection were noted, and if necessary, eyes were excluded
from the analysis.

Fundus fluorescein angiography (FFA)

Color fundus photography and FFA were performed with a
rodent retinal imaging system (Micron IV, Phoenix Research
Labs) on days 7 and 14 after laser photocoagulation. Mice
were anesthetized with a combination of ketamine (20 mg/
kg body weight) and xylazine (2 mg/kg body weight), and
then pupils were dilated via the topical administration of 1%
tropicamide (Alcon Laboratories) and 2.5% phenylephrine
(Bausch and Lomb Pharmaceuticals) ophthalmic solutions.
Fundus photographs were acquired, after which 10% sodium
fluorescein dye was intraperitoneally injected at a dose of
0.01 mL/5 g body weight. Fluorescent images were imme-
diately acquired through a blue filter and at 3 and 5 min after
the fluorescein injection. The area of leakage and the inten-
sity of the CNV lesions were graded using ImageJ version
1.48 software by observers who were blinded to the groups.

Quantification of CNV lesions using choroidal
flatmount imaging

Mice were euthanized 21 days after laser photocoagula-
tion. Eyes were immediately enucleated and fixed with 4%
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paraformaldehyde in 1X PBS for 1 h at room temperature.
Eyes were dissected carefully, and the retina and choroid/
retinal pigment epithelium were mounted separately on
microscopic slides. Flatmounts were placed in chilled 70%
ethanol for 20 min, rinsed with PBS and permeabilized
with 1% Triton X/PBS for 30 min at room temperature.
Flatmounts were then incubated with a 1:1000 dilution
of Alexa Fluor 594-conjugated isolectin GS-1B4 (Griffo-
nia simplicifolia) (catalog no. 121413; Molecular Probes,
Eugene, OR, USA) overnight at 4 °C. Stained tissues were
mounted with Prolong Gold (catalog no. P36930; Life
Technologies Australia) and incubated overnight in the
dark. Flatmounts were imaged with a laser-scanning con-
focal fluorescence microscope. The CNV lesion area was
measured by observers who were blinded to the groups
using ImageJ version 1.48 software.

Statistical analysis

Data are expressed as the means + standard errors of the
means (SEM). Means were analyzed with an unpaired,
two-tailed Student’s ¢ test or one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test (GraphPad
Prism software version 7.0). A value of p < 0.05 was con-
sidered statistically significant.
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