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ABSTRACT

Neoangiogenesis is the main pathogenic event iedoim a variety of retinal diseases. It has
been recently demonstrated that inhibiting the wmade-type plasminogen activator receptor
(UPAR) results in reduced angiogenesis in a mousgehof oxygen-induced retinopathy (OIR),
establishing UPAR as a therapeutic target in mdtive retinopathies. Here, we evaluated, in
cultured human retinal endothelial cells (HRECsil am OIR mice, the potential of a specific
antisense oligodeoxyribonucleotide (ASO) in blogkithe synthesis of uPAR and in providing
antiangiogenic effects.

UPAR expression in HRECs was inhibited by lipofectionthwthe phosphorotioated 5'-
CGGCGGGTGACCCATGTG-3' ASO-uPAR, complementary tee thnitial translation site of
UPAR mRNA. Inhibition of uPAR expression via ASO-uPAR was evaluated in HRECs by
analyzing VEGF-induced tube formation and migratidm addition, the well-established and
reproducible murine OIR model was used to indut¢makneovascularizatiom vivo. OIR mice
were injected intraperitoneally with ASO-uPAR aretimopathy was evaluated considering the
extent of the avascular area in the central retidineovascular tuft formation.

The ASO-uPAR specifically decreasetPAR mRNA and protein levels in HRECs and
mitigated VEGF-induced tube formation and cell ratgm. Noteworthy, in OIR mice ASO-uPAR
administration reduced both the avascular aredrantbrmation of neovascular tufts.

In conclusion, although the extrapolation of thegperimental findings to the clinic is not
straightforward, ASO-uPAR may be considered a p@kriherapeutic tool for treatment of

proliferative retinal diseases.

Keywords
Human retinal endothelial cells; retinal diseaS#sGF.



INTRODUCTION

Retinal diseases with high social impact are charaed by pathologic vessel proliferation [1,
2]. Generally, pathologic angiogenesis in prolife retinopathies, including retinopathy of
prematurity (ROP), diabetic retinopathy (DR) ance-aglated macular degeneration (AMD), is
triggered by the activation of hypoxia inducibletfa-1 (HIF-1), which, in turn, induces more than
one hundred genes [3]. Among these HIF-1-inducetegethose coding for vascular endothelial
growth factor (VEGF) [2] and urokinase plasminogativator (UPA) receptor (UPAR) [4, 5] are
the most strictly related to retinal angiogenesis.

In particular, there is evidence indicating thae ttuPA)/uPAR system is endowed with
pleiotropic functions in angiogenesis, which spamf extracellular matrix proteolysis to activation
of intracellular signaling pathways leading to gfevhtion and migration of endothelial cells (for
two reviews see [4, 5]). So far, VEGF has beenidensd the master switch of angiogenesis and,
therefore, the main therapeutic target for prcdifme retinopathies [6-8]. Nevertheless, the
UPA/UPAR system appears to play a role that isahséically equal [5, 9-11] or even higher [12-
14] than that of the VEGF/VEGFR system. This maplax why proliferative retinopathies are
associated to overexpression of uUPA/UPAR, whicleappto be essential for the development of
new vessels in the retinas of diabetic mice and fad, 15]. This role has been confirmed by
findings indicating that uPA/UPAR system inhibitionuPAR gene deletion prevent the increase in
retinal vessel permeability in rodent models of R@R and AMD, and reduce pathologic
angiogenesis in mouse models of ROP and AMD [1119]5

Antisense oligonucleotide (ASO)-based approachastitate an active area of research aimed
to treat human diseases caused by overexpressianspécific protein [20]. ASOs are synthetic
nucleic acid segments complementary to and thetafgeting a specific (pre)ymRNA [21]. The
acquisition that one molecule of mMRNA translatemedian number of protein reaching nearly
10,000 copies [22], highlights the theoretical adsge of blocking the expression of an
overabundant protein by preventing the translabbnts mRNA rather than by inhibiting its
activity. Up to now, ASOs have demonstrated promgisexperimental results and are now at
different stages of regulatory approval or alreajpproved by the Federal Food and Drug
Administration [20, 23].

More than twenty years ago, for the first time w@rsgly inhibited uUPAR expression at the
level of its mMRNA in cultures of human fibroblasising a specific ASO (ASO-uPAR) [24]. Having
continuously updated our skills on ASO strategiesed at modulating gene expression in different
experimental models [21, 25-27], in the presend\stne explored the effectiveness of ASO-uPAR

in inhibiting angiogenic responses bathvitro andin vivo. Therefore, we investigated the ASO-



uPAR-induced downregulation aPAR expression and inhibition of the proangiogenicrigpe

in cultured human retinal endothelial cells (HRE@s)well as the ability of systemically delivered
ASO-uPAR in inhibiting retinal neovascularization the mouse model of oxygen-induced
retinopathy (OIR). The results indicated a higheefiveness of ASO-uUPAR in decreasim@AR
mMRNA and uPAR protein levels in HRECs, in impairing ith¢ EGF-induced proangiogenic
phenotype, and in reducing neovascularization iR @lice. On this basis, we suggest evaluating
the antiangiogenic property of ASO-uPAR as a padétiterapeutic in proliferative retinopathies.

MATERIAL AND METHODS

Cell cultureand ASO transfections.

In vitro studies were performed with HRECs (ACBRI-181, AgqlCell Biology Research
Institute, Kirkland, WA). These cells represent &tore of venous and arterial cell populations.
HRECs were cultured in Endothelial Basal MediunEB¢-2; Lonza, USA) supplemented with
10% Fetal Bovine Serum (FBS) and endothelial grofattiors (Microvascular Endothelial Cell
Growth Medium-2, EGM-2MV SingleQuot, but withoutdition of gentamicin; Lonza, USA) and
grown to 70-80% confluence.

To inhibit UuPAR expression we used a 5- 3-phosphorotioate antisen
oligodeoxyribonucleotide (ASO-uPAR) whose sequemas 5-CGGCGGGTGACCCATGTG-
3’'(Sigma-Aldrich, St. Louis, MO) [24]. This ASO mplementary to the translational start site of
UPAR mRNA (residues 224-241 of humaRAR mMRNA sequence NM_002659.3). A degenerated
oligodeoxyribonucleotide (ASO-DEG) sequence with fame phosphorothioate substitutions (5'-
NNNNNNNNNNNNNNNNNN-3'; Sigma-Aldrich) was used asantrol.

HRECs were transfected with ASO-uPAR or ASO-DEGNhgsLipofectamine 2000 (Life
Technologies, USA). Since it has been previouskcdbed that the half-life of ASO-uPAR in the
culture medium is about 48 hours [24], cells weeated two times to achieve optimum inhibition
of UPAR expression. Cells were plated in 6-well culturatgd and grown overnight to 70-80%
confluence. Cells were then incubated for 3 houtls & mixture of Lipofectamine 2000 and 10 uM
of either ASO-uPAR or ASO-DEG. After 48 hours, sellere incubated for 3 hours with a mixture
of Lipofectamine 2000 and 5 pM of either ASO-uPARASO-DEG. After 24 hours, cells were
subjected to functional assays.

Western-blot analysis.

Western-blot analyses were performed as previouegiprted [28]. Briefly, cell pellets were
lysed with RIPA lysis buffer (50mM Tris (pH 7.4)5amM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 5mM EDTA) and proteinadeibitor cocktail (Roche, Mannheim,



Germany). Protein content was quantified by thed®nal method (Bio-Rad, Hercules, CA). The
membranes were incubated in a blocking solutionsisting of phosphate buffered saline
(PBS)/Odyssey Blocking Buffer 1:1 (Lycor Biosciepéer 1 hour at room temperature. They were
then incubated overnight at 4°C with rabbit polyabanti-uPAR antibody (sc-10815; Santa Cruz
Biotechnologies, Santa Cruz, CA) or mouse monotl@mi-B-actin (A2228; Sigma Aldrich),
washed four times with PBS-Tween 0.1% solution, pratbed with the secondary goat anti-mouse
IRDye® 700CW and goat anti-rabbit IRDye® 800CW hatlies (Li-Cor, USA) according to the
manufacturer’'s instructions. The protein bands wamalyzed by the Odyssey Infrared Imaging
System (Lycor Bioscience) software for protein diferation.

RNA extraction and quantitative real-time PCR.

Total RNA isolated with the NucleoSpin Il Extracti&it (Macherey-Nagel, Duren, Germany)
was quantified with a Q-bit spectrophotometer (@mgVenlo, Netherlands) and visualized by
1.5% PAGE. 500 ng of RNA were then retrotranscrilbsthg ImProm-Il reverse transcriptase
(Promega, Madison, WI). Quantitative real-time PERCR) was performed using GoTaq gPCR
Master Mix (Promega). The qPCR analysis was cawigdin triplicate using the 7500 Fast Real-
Time PCR System (Applied Biosystems, Carlsbad, O&e primers used were Hs-Plaur_1 SG
QuantiTect Assay (Qiagen) faPAR and fw: 5-CGGCTACCACATCCAAGGAA-3’ and rv: 5'-
GCTGGAATTACCGCGGCT-3 forl8S mRNA was quantified with thaACt method. mRNA
levels were normalized ttBS as an endogenous control.

HREC capillary-like tube formation assay.

Tube formation was assessed as previously descfi$§d Growth factor reduced Matrigel
was pipetted into pre-chilled 96-well plates andypeerized for 45 min at 37 °C. Transfected
HRECs were first starved with EBM-2 containing 0.58S for 18 h and then placed onto the layer
of Matrigel (2x10 cells/well) in 100 pL of EBM-2 containing 0.5% FBfus 20 ng/mL of VEGF.
After 8h incubation, the endothelial cells were fagnaphed using an inverted microscope and the
area occupied by tubular-like structures and the fength were measured using the Angiogenesis
Analyzer tool of the ImageJ software (http://imagiy.gov.ij/; provided in the public domain by
the National Institutes of Health, Bethesda, MD AY.S

Cell Migration assay

Transwells with a pore size of 8.0 um (Millipore)emg inserted into a 24-well plate.
Transfected HREC (5xf@ells/well) were first starved with EBM-2 contaigi0.5% FBS for 18 h
and then seeded into the upper compartment ofanewells in EBM-2 containing 0.5% FBS. The
lower compartment of the chamber was filled withNEB containing 0.5% FBS plus 20ng/mi

VEGF. The inserts were incubated at 37°C for 18&htaen removed from the plate. Non-migrating



cells on the upper surface of the filters were wWipath a cotton swab, and the filters were fixed
and stained with the Diff Quick Kit. Photographdfigé random fields per well were taken under an
inverted microscope and visible cells were counted.

Murine OIR model and ASO delivery

The well-established and reproducible murine madélypoxia-induced retinopathy was used
to induce retinal neovascularization in mice pupg].[ Experiments were performed on C57BL/6
mice (n = 32), in agreement with the ARVO Statenfenthe Use of animals in Ophthalmic and
Vision Research and in compliance with the ltaljaidelines for animal care (DL116/92) and the
European Communities Council Directive (86/609/EEM)ce pups with their nursing mothers
were exposed to high oxygen concentration (75+26t)&en post-natal day (PD)7 and PD12 in an
infant incubator. Oxygen was checked twice dailthvain oxygen analyzer (Pro-Custom Elettronica
SRL, Milano, ltaly). The mice were exposed to roamat PD12, and from PD12 to PD16 they
were i.p. injected once a day with 50 mg/kg of @itASO-uPAR (n = 8) or ASO-DEG (n = 8)
dissolved in sterile saline (vehicle). As a contebme experimental animals (n = 8) received
vehicle. At PD17, mice were anesthetized with Awefi.p., 1.2% tribromoethanol and 2.4%
amylene hydrate in distilled water, 0.02 mL/g baglgight; Sigma-Aldrich, St. Louis, MO) and
killed by cervical dislocation. All experiments veeperformed at the same time of day, to exclude
possible circadian influences. The data were catedrom both male and female mice and the
results combined as there was no apparent gendienedice.

Staining of retinal vasculature and quantitative analysis

Dissected retinas were immersion-fixed for 2 howrth 4% paraformaldehyde in 0.1 M
phosphate buffer, cryoprotected overnight with 25%erose in 0.1 M phosphate buffer and
processed for isolectin B4 labeling as whole mauBt®fly, the retinal whole mounts were freeze-
thawed and incubated overnight at 4°C in fluorestaibeled isolectin B4 (1:200; Vector
Laboratories, Burlingmae, CA, USA). The retinas evexamined for changes in their vascular
pattern with a microscope equipped with epifluoeese (Eclipse Ni-E; Nikon, Amsterdam, The
Netherlands). Images of the retinal vasculaturesveequired with a digital photocamera (DS-Filc
camera, Nikon) and processed using an image-editftgzare (Adobe Photoshop; Adobe Systems,
Inc., Mountain View, CA) to create whole retina gastructions to measure the extent of the
avascular area and the total area of preretinalasenlar tufts, according to previous quantificatio
studies [17]. For each experimental condition, dgtetnve data originated from 8 retinas belonging
to 8 different mice.

Statistical analysis

Data are presented as means + SD of at least thdependent experiments. Statistical



significance was evaluated using One-way ANOVA dokd by Newman—Keuls’ multiple
comparison post-test. Differences with0.05 were considered significant.

RESULTS

ASO-uPAR decreases uUPAR mRNA and uPAR protein levelsin HRECs.

After treatment with ASO-uPARJPAR mRNA levels were quantified by real-time PCR. A
dramatic decrease (about 72%, p<0.001uPAR MRNA levels was observed with ASO-uPAR,
while no significant changes were observed in HRE€ated with ASO-DEG used as negative
control (Fig 1A). Then, we confirmed that ASO-uPA&Rectively downregulates uPAR expression
in HRECs by quantifying uPAR protein levels by Weatblotting. Figure 1B shows that treatment
with ASO-uPAR resulted in a drop of uPAR proteindis of about 65% (p<0.01) compared to
untreated cells, while treatment with ASO-DEG dad elicit any effect.

ASO-uPAR impairs VEGF-induced tube formation and migration in HRECs.

To shed light on the functional effects of uUPAR doggulation obtained with ASO-uPAR
treatment, we evaluated if ASO-uPAR impaired theapgiogenic phenotype of HRECs,
particularly their ability to form a tubular-likeetwork on Matrigel matrix as well as to migrate
through a porous membrane under the angiogenialstinelicited by VEGF.

For the first purpose, untreated and ASO-DEG- 0OAfPAR-treated HRECs were plated on
Matrigel matrix and stimulated with VEGF for 12 Twbe formation was quantified by measuring
both the area occupied by tubular-like structuned the tube length. As compared to untreated
cells, ASO-DEG did not alter these parameters, avAiSO-uPAR significantly reduced the area
occupied by tubular like structures (about 60%,.p80), in good correlation with the reduction in
tube length (about 70%, p<0.001) (Fig 2A-C).

In order to study the effect of ASO-uPAR treatmentcell migration, untreated and ASO-
DEG- or ASO-uPAR-treated HRECs were seeded onnavirall chamber with uncoated filters and
cell migration was induced by addition of VEGF hetlower well. Cells detectable on the lower
sides of the filters were counted after 24 hoursnetibation. ASO-uPAR-treated HRECs were
strongly inhibited in their motility: the number oélls crossing the filter was reduced to only @bou
25% (p<0.001) as compared to untreated or ASO-Die&@téd HRECs (Fig 2D, E).

ASO-uPAR reduces neovascularization in OIR mice.

In OIR, the superficial vascular plexus is charazesl by a pronounced avascular area without
morphologic signs of neovascularization at PD1Ro¥eed by neovascular tuft formation starting at
PD15 between the central avascular area and theghpeal vascularized retina and reaching its

maximal density at PD17.



To disclose thén vivo efficacy of ASO-uPAR in inhibiting retinal neovasarization, we used
the OIR model and isolectin B4 immunostaining div@ vessels. Fig 3A-D is representative of the
vascular pattern observed at PD17 in retinas akatdd and vehicle-, ASO-DEG- or ASO-uPAR-
treated OIR mice. In retinas of untreated micergd avascular area was present in the central zone
and an excessive regrowth of abnormal superficaisgls leading to preretinal neovascular tufts
was observed in the midperipheral retina (Fig. 3Ahile vehicle or ASO-DEG treatment did not
affect the avascular area or the formation of neowiar tufts (Fig. 3B and C, respectively), the
treatment with ASO-uPAR reduced both the extensiotie avascular area and the amount of tuft
formation (Fig. 3D). Quantitative analysis confiminthese observations. Both the avascular area
(Fig 3E) and the neovascular tuft area (Fig 3F)ewsignificantly reduced after ASO-uPAR
treatment (about 57%, p<0.01, and about 70%, p401@8pectively).

DISCUSSION

The high worldwide spread of proliferative retintpas leading to progressive blindness
justifies the need for new specific therapies [3]-3The evidence has recently emerged that,
similar to the VEGF/VEGFR system, the uPA/UPAR aystis a promising therapeutic target to
inhibit retinal neovascularization [5, 9, 11-14].18IcGuire et al. achieved a significant inhibition
of neovascularization in OIR mice using intraperéal injections of a peptide inhibiting the
interactions between uPA and uPAR [11]. More rdgeranother peptide, named UPARANT,
which inhibits uPAR activity hindering its interamts with formyl peptide receptors and integrins
[34], has been successfully used to reduce redimadichoroidal neovascularization in mouse models
of ROP and AMD [16, 17]. In addition, UPARANT haedn found to prevent blood retinal barrier
breakdown and visual dysfunction in a rat moddDBf[19].

Undoubtedly, therapeutic peptides have demonstraigderous benefits, including high
activity per unit mass, high selectivity and spedy, low off-target toxicity, low drug interactio
potential and low cost of production. Nonetheles&n higher benefits, mainly in term of potency,
may be provided by the ASO strategy. In this respee have extensively applied this strategy to
inhibit the expression of several genes, also @mapeutic settings [21, 25-27]. In addition, ASOs
have been specifically applied for the treatmergy# diseases including cytomegalovirus retinitis,
keratitis-induced corneal neovascularization ameiited retinal diseases [35].

Li et al. have clearly shown that a single mRNA ewolle may produce a median number of
9,800 protein molecules [22]. Consequently, ASOgy mave a clear numerical advantage over
peptides since the targets of therapeutic peptiesspecific proteins, while those of therapeutic
ASOs are specific mMRNAs, which are blocked in tlainen or degraded after ASO targeting. Thus,



the block/degradation of an mRNA molecule coulds/pre the potential formation of almost 10,000
protein molecules. The main limitation to the useA&Os as therapeutics lies in the intrinsic
characteristics of oligonucleotides, as they amgelaanionic molecules with relatively scarce
bioavailability mainly due to high sensitivity teegdradation by endogenous nucleases [36]. In light
of this, a great deal of work in the last few yelaas been concentrated on suitable delivery systems
of ASOs and on their protection from nucleases authinterfering with their targeting ability.
Chemical modifications of oligonucleotide backboie particular via phosphorothioation or O-
methylation, increase nuclease resistance andrgnafifinity to mRNA targets, with best results
obtained with locked nucleic acids or peptide niecieids. On the other hand, coating of ASOs
with cationic polymers or complexation of ASOs wiéll penetrating peptides or cationic lipids
have provided a great improvementiimvivo delivery and uptake through plasma membrane [21,
36, 37].

In this study, we demonstrate the effectivenesaroASO-uPAR in inducing a specific and
consistent drop in bothPAR mRNA and uPAR protein levels in HRECs. The martestliction by
ASO-UPAR in HREC's ability to form a tubular-likeetwork and to migrate in response to VEGF
suggests that UPAR plays a key role as a triggénarshift towards a proangiogenic phenotype in
retinal endothelial cells and is in line with théeets of UPARANT previously observed in HRECs
and human umbilical vein endothelial cells [17,.38pst importantly, our data demonstrate that
ASO-uPAR is highly effective in reducing pathologicgiogenesia vivo. The finding that in OIR
mice treated with ASO-uPAR the formation of an awdar area and the neovascularization are
almost completely prevented suggests that uPARanags a switch between physiological retinal
vascular regrowth and neovascularization duringpéagod of relative hypoxia between PD12 and
PD17. In this respect, it should be noted that IR @ice peptide inhibitors of the uPA/UPAR
system have been shown to reduce neovessel groitftbutvaffecting the central avascular area
[11, 17], indicating that inhibiting uPAR stimulati is sufficient to counteract angiogenic processes
but cannot stimulate physiological intraretinal aseularization. The most obvious explanation is
that this difference in the effects of uPAR pepiitabitors and ASO-uPAR might reside in the fact
that the first interfere with uPAR signaling, whilee last inhibits uUPAR expression. However, at
present there are no sufficient data available féother speculations, and this issue will be
addressed in future studies.

Taken together, the results presented here not oolfirm that the uPA/UPAR system,
belonging to a molecular circuit involving VEGF aather growth factors [39], plays a key role in
the VEGF-induced proangiogenic phenotype botvitro andin vivo, but also demonstrate that this

phenotype can be successfully inhibited with an AgProach. Because of the limited efficacy of
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anti-VEGF therapies for proliferative retinopathiédse exploitation of new effective strategies is a
major challenge in ophthalmology. Although furthetudies will be needed to evaluate the
translational impact of our current results, foe first time we present ASO-uPAR as a candidate
therapeutic tool for treating proliferative retirapies.
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FIGURE LEGENDS

Figure 1 — Effects of ASO-uPAR transfection aPAR expression in HREC®) Levels of
UPAR mMRNA were evaluated by gPCR. Data were analyzeithéXACt method usind8S RNA as
the internal standard) Levels of uPAR protein were evaluated by Westdat-and Odyssey
Infrared Imaging System analysis. Protein expressias relative to the loading contidlactin.
Data are the mean + SD (n = 3). *p<0.001; *p<Ov8luntreated.

Figure 2 — Effect of ASO-uPAR transfection on VEGF-indudetle formation and migration
of HRECs. A) Representative fields of tube-forming HRECs agnsén light microscopy.
Endothelial tube formation was evaluated and qtiadtias the area occupied by tubular-like
structures B) and tube lengthQ). D) Light microscopy images showing Diff Quick stadneells
that have migrated on the bottom side of transwatimbranes with a pore size of 8.0 um.
Migration was quantitated in triplicate membrangscbunting the cells in five different fields of
each membrandz]. Data are the mean + SD (n = 3). *p<0.001 vseaated.

Figure 3 — Effect of ASO-uPAR in OIR mice. A-D) Representatimages of retinal whole-
mounts, from mice untreated) or treated with vehicleB), ASO-DEG (C) or ASO-uPAR D)
stained with fluorescein labeled isolectin B4. Hxtent of the avascular arel) (and the tuft area
(F) were quantitatively evaluated. Data are the me&D (n = 8). *p<0.01 and **p<0.001 vs
untreated. Scale bar, Imm.
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