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Purrose. We examined the role of annexin A2 (A2) in the development of diabetic retinal
vasculopathy by testing the effect of Anxa2 gene deletion as well as administration of
anti-A2 antibodies on pericyte dropout and retinal neovascularization in diabetic Akita
mice, and in mice subjected to oxygen-induced retinopathy.

MeTrHODS. We analyzed diabetic Ins25™ mice with or without global deletion of Anxa2,
as well as Ins2X™ mice that received intravitreal anti-A2 IgG or control antibody at 2, 4,
and 6 months, for retinal pericyte dropout at 7 months of age. In addition, we assessed
the effect of intravitreal anti-A2 on oxygen-induced retinopathy (OIR) in neonatal mice
by quantifying retinal neovascular and vaso-obliterative area, and by enumeration of
neovascular tufts.

Resurrs. Both deletion of the Anxa2 gene and immunologic blockade of A2 prevented
pericyte depletion in retinas of diabetic Ins24™ mice. Blockade of A2 also reduced vaso-
obliteration and neovascularization in the OIR model of vascular proliferation. This effect
was amplified when a combination of antivascular endothelial growth factor (VEGF) and
anti-A2 antibodies was used.

Concrusions. Therapeutic approaches that target A2, alone or in combination with anti-
VEGF therapy, are effective in mice, and may also curtail the progression of retinal vascu-
lar disease in humans with diabetes.
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iabetic retinopathy (DR) is the most common cause of
moderate and severe vision loss in working-age adults.!
In 2020, the global prevalence of DR was 22.27% among indi-
viduals with diabetes.? It is further estimated that by 2045
the global population of diabetics will reach 693.0 million,?
over 160 million of whom will have DR.2
The pathogenic mechanisms associated with DR are
complex.*® They include hyperglycemia-associated
metabolic abnormalities, such as activation of protein
kinase C (PKC), accumulation of polyols and glycation
end products, and increased flux through the hexosamine
pathway, all of which lead to production of reactive
oxygen species, and damage the retinal neurovascular unit
composed of endothelial cells, pericytes, glial cells, and
neuronal processes. Upregulation of intercellular adhesion
molecule-1 (ICAM-1) in the diabetic retina, moreover,
causes accumulation of leukocytes around the vascular
wall? induction of a low-grade inflammatory state, loss of
neurovascular coupling, and weakened tight junctions with
pericyte loss and vascular leak. Subsequent hypoperfusion
leads to microaneurysm formation and local ischemia,
followed by upregulation of pro-angiogenic mediators, such
as vascular endothelial growth factor (VEGF), erythropoi-
etin, and angiopoietin. Together, these changes lead to
proliferation of new, abnormal retinal blood vessels.
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The annexin A2 complex (A2) is an endothelial cell-
surface heterotetramer, consisting of 2 copies of A2 and
2 of its partner protein, SI00A10 (aka pll). It serves as
a co-receptor for two fibrinolytic proteins, plasminogen,
and tissue plasminogen activator, and accelerates the acti-
vation of the serine protease, plasmin, initiating an acti-
vation cascade for downstream proteases, such as matrix
metalloproteinases (MMPs).! We showed previously that
A2 deficient (Anxa2~”~) mice display reduced neovascu-
larization in the fibroblast growth factor-stimulated cornea,
and in the VEGF-driven Matrigel plug assay.!* In addition,
we found that neonatal Anxa2~/~ mice exhibited markedly
reduced retinal neovascularization (30-50%) in the oxygen-
induced retinopathy (OIR) model of proliferative DR,!! and
that the Anxa2 gene is upregulated directly by hypoxia-
inducible factor-1 (HIF-1),!! expression of which is elevated
in DR.!?1? In a choroidal neoangiogenesis model, moreover,
pharmacologic blockade of A2 suppressed neovasculariza-
tion." Together, these studies suggest a central role for A2
in the development of ocular vascular proliferative disorders,
and we, therefore, tested the ability of anti-A2 antibodies to
prevent early vascular changes in 2 distinct mouse models
of DR. We show that intravitreal administration of anti-A2
IgG can prevent pericyte loss, reduce pathologic neovascu-
larization, and preserve normal retinal architecture.

@0l

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. BY _NC_ND


mailto:khajjar@med.cornell.edu
https://doi.org/10.1167/iovs.64.4.33
http://creativecommons.org/licenses/by-nc-nd/4.0/

Investigative Ophthalmology & Visual Science

Annexin A2 Blockade in Diabetic Retinopathy

MATERIALS AND METHODS
Mice

All animals were housed in a 12/12-hour light/dark cycle
room with free access to food and water. All animal proce-
dures were approved by the Institutional Animal Care and
Use Committee of Weill Cornell Medical College.

For the OIR model, we used the 129 strain, which
exhibits more robust angiogenesis in comparison to many
other strains.'’"'>'® Anxa2™~ and Anxa2** mice were
bred as homozygotes and genotyped as described using
oligonucleotides A2WT (5-GCA, CAG, CAA, TTC, ATC,
ACA, CTA, ATG,TCT, TCT, TG-3"), A2KO (5-GCT, GAC,TCT,
AGA,GGA,TCC,CC-3"), and Anint2 (5-TGC, GCC, ACC, ACG,
CCC, GGC, TTG, TGC, TTG, CCA, C-3'), resulting in a 221-bp
Anxa2~/~ band versus a 304-bp Anxa2*/* band.'

For diabetic mouse experiments, Ins2*X"™ mice (Jackson
Labs, cat. #003548) were intercrossed for at least five genera-
tions with Anxa2+/* and Anxa2~/~ C57BL/6 mice to generate
Anxa2*/*:Ins2*™ and Anxa2~/:Ins22K"A strains. Ins2AKI™
mice were maintained as heterozygotes, as homozygous
Ins2K™ are known to be inefficient breeders. Ins22kit?
mice were genotyped according to Jackson Labs protocol
#176. Briefly, PCR was conducted using oligonucleotides
oIMR1093 (5'- TGC, TGA, TGC, CCT, GGC, CTG, CT-3) and
oIMR1094 (5'-TGG, TCC, CAC, ATA, TGC, ACA, TG-3)), and
the products digested with Fnu4HI, resulting in a 280- versus
140-bp band in Ins2* versus wild type mice.!”'® Exam-
ples of Anxa2*/+:Ins2*¥"™ and Anxa2~/~:Ins2*K'™ genotyp-
ing are included in Supplementary Figure S1.

Phenotypic analysis of Akita mice was assessed by
blood glucose assay using a commercial fluorometric
assay (Abcam cat. #65333), according to the manufac-
turer’s instructions (Supplementary Fig. S2). Mean values for
Anxa2*/*:Ins2¥7, Anxa2t/*:Ins28¥"™ | Anxa2~/~:Ins2¥T, and
Anxa2~/":Ins2*K1™ were 228.3 + 11.9, 726.2 + 24.1, 258.1
+ 15.8, and 695.2 £+ 17.5 mg/dL, respectively, in agreement
with published reports.'®?°

For evaluation of pericyte dropout and retinal neovascu-
larization, we used male mice, as female Akita mice have
more inconsistent and milder diabetes, two to three-fold
lower glucose levels, less organ system involvement, and
longer survival times.!”1%:20

Assessment of Pericyte Dropout

Retinas from 7-month-old wild type (Anxa2/"), Ins24™A,;
Anxa2t*, Anxa2~/~, or Ins2*""™.Anxa2~/~ mice were
isolated, fixed overnight in 4% PFA, subjected to limited
jtrypsin digestion, and stained with periodic acid-Schiff
(Sigma-Aldrich, Procedure 395) as described (Supplemen-
tary Fig. S3).2! For anti-A2 treatment of wild type and
Akita mice, the pupil was dilated (1% tropicamide and
2.5% phenylephrine) under systemic (isoflurane) and topi-
cal (0.5% proparacaine HCI) anesthesia. After proptosing the
globe, 3 pL of PBS containing monoclonal anti-A2 (1A7, 5
pg/mL [33 nM] or 2EG6, 15 pg/mL [100 nM], or a nonreac-
tive control (1D4 15 pg/mL [100 nM]) and/or anti-VEGF-A
(BioLegend 2G11-2A05, 1 mg/mL [6.7 mM]) were injected at
the limbus into the vitreous using a 10-uL NanoFil syringe
(WPI) and 30-gauge needle under microscopic control. Opti-
mal doses for each antibody were determined in prelimi-
nary experiments. Antibiotic ointment was applied to the
injected eye. Four fields (40 x objective) were analyzed for
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each retina, and the pericyte to endothelial cell (PC/EC) ratio
calculated.

Oxygen-Induced Retinopathy

OIR was induced as previously described.!! On postnatal
day 12 (P12), pups were returned to room air and given an
intravitreal injection of anti-A2 in the left eye under systemic
and local anesthesia as described above, except that the
injected volume was 1 pL via 10-pL Hamilton syringe and
34-gauge needle. Mouse retinas were isolated at P17, and
processed for assessment of the neovascular (NV) area. To
quantify NV and vaso-obliteration (VO) area, retinas were
stained and analyzed as described.?? For each animal, the
percent VO and NV in the injected eye (OS) was normalized
to the contralateral non-injected eye (OD) to calculate the
relative VO and NV.

For enumeration of tuft nuclei, P17 eyes were fixed in
Davidson’s reagent (4°C, for 18 hours) and embedded in
paraffin with the cornea and optic nerve on the same focal
plane. Peripheral sections were stained with RITC GSL Lectin
(Vector Laboratories, RL-1102-2) to visualize endothelial cells
and DAPI to mark nuclei, and were imaged under fluores-
cent illumination (Zeiss Axio Imager Z1; 20 x objective). Tuft
nuclei were enumerated per section and averaged for each
animal.

Analysis of Human Retinas

Human eyes from de-identified, deceased donors were
provided within 24 hours postmortem by the Eye Bank for
Sight Restoration, Inc. (New York, NY, USA) without specific
delineation of the severity or duration of diabetes, pres-
ence or duration of DR, medications, or other comorbidi-
ties. For cryostat section preparation, whole eyes were fixed
(4% PFA, for 18 hours), the cornea removed, and the tissue
cryoprotected (30% sucrose, 50 mM glycine in PBSCM; for
18 hours). The vitreous was then removed, and the eye infil-
trated with 30% sucrose and optimal cutting temperature
medium (OCT; 1:2, v:v; for 30 minutes), and frozen in liquid
nitrogen. For immunofluorescence staining, cryostat sections
were incubated in methanol (-20°C, for 10 minutes), and then
treated to remove RPE pigment by adding removal buffer
(4.7% deionized formamide, 1X sodium chloride sodium
citrate buffer, and 2% hydrogen peroxide) and positioning
the section at 5 inches from a light source (for 5-20 minutes).
The sections were blocked with 5% species-specific normal
serum (21°C, for 20 minutes), and incubated with primary
anti-A2 (18 hours, 4°C or 37°C, for 90 minutes; Invitro-
gen, 03-4400), followed by secondary antibodies (37°C, for
30 minutes) and DAPI. For paired eyes from a given donor,
one eye was used for biochemical and molecular analyses,
and the other for immunohistochemical evaluation.

Western Blot Analysis

One quarter of the human retinal tissue was homoge-
nized in RIPA buffer (50 mM Tris, pH 7.5; 150 mM NaCl,
1 mM EDTA, 1% sodium deoxycholate, and 1% NP-400
containing protease and phosphatase inhibitors [Roche,
04693159001 and 04906837001]). The protein concentration
in the whole tissue extract (17,900 g, 4°C, for 10 minutes
in supernatant) was determined by Bio-Rad Protein Assay.
Proteins were resolved on 4% to 20% Novex tris-glycine
gels (Invitrogen, XPO4200BOX) and probed for annexin
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A2, p11, and pan-cadherin. Band density from at least two
independent immunoblots were quantified using Image]
software.

Plasmin Generation Assay

Microtiter plates were coated with recombinant human
annexin A2 (10 pg/mL in 100 mM carbonate buffer [pH 9.6],
18 hours, 4°C). After washing thrice with 0.05% Tween-20 in
PBS-CM, the plate was blocked (1.5% BSA, 0.05% Tween-20
in PBS-CM; for 1 hour at 21°C), incubated with monoclonal
antibodies (0.1-50 pg/mL in blocking buffer, for 1 hour at
21°C), incubated with human glu-plasminogen in blocking
buffer (170 nM, Biomedica Diagnostics, for 1 hour at 4°C),
and then incubated with tissue plasminogen activator (tPA,
100 pL, 40 nM, Molecular Innovations) together with AFC-
081 (125 pM, Echelon Bioscience, 872-22) in 0.2% BSA/PBS-
CM. Fluorescence at 400 nm excitation and 505 nm emission
was recorded using a plate fluorometer (Synergy H1, BioTek;
37°C, at 3 minute intervals). The rate of plasmin generation
was calculated as the slope of the curve (RFU/min?).

RESULTS

Deletion of Annexin A2 Prevents Pericyte
Dropout in Diabetic Akita Mice

The retina contains the highest concentration of peri-
cytes of any vascular bed, and pericyte dropout is the
earliest demonstrable vascular change in DR2>?' The
ratio of retinal pericytes to endothelial cells (PC/EC) in
non-diabetic humans is nearly 1:1, but drops to 1:4 in
patients with diabetes.?> To examine the effect of A2
expression on pericyte retention, we performed limited
trypsin digestion of en face preparations of whole reti-
nas from wild type mice (Anxa2%*); annexin A2 defi-
cient mice (Anxa2~/~); non-obese, insulin-deficient, diabetic
Akita mice (Anxa2"/*:Ins24¥™); and Akita mice cross-bred
to A2-deficient mice (Anxa2~/":Ins2*¥™), We enumerated
ECs and PCs using standardized imaging at 7 months of
life (see Supplementary Fig. S3) and calculated the PC/EC
ratio?! (Fig. 1). Whereas the PC/EC ratio in wild type mice
was 0.3 (0.2999 + 0.0058 mean = SEM, n = 30 fields),
the ratio dropped significantly in Akita mice (0.2186 =+
0.0050 mean + SEM, n = 15 fields; P value < 0.0001).
A2-deficient mice showed a PC/EC ratio identical to that
of wild type controls (0.2996 + 0.0122 mean =+ SEM,
n = 27 fields). However, unlike Akita mice on the wild-
type background, Akita mice cross-bred to A2-deficient mice
(Anxa2**: Ins2'X") showed no loss of pericytes, with a
PC/EC ratio (0.3048 £ 0.0057 mean = SEM, n = 35 fields)
that did not differ from that of non-diabetic wild type
(Anxa2™t) or A2-deficient (Anxa2/~) mice. These data
revealed that expression of annexin A2 is required for early
dropout of pericytes in the Akita diabetic mouse.

Blockade of Annexin A2 Reduces Pericyte
Dropout in Diabetic Akita Mice

We next developed antibodies designed to inhibit annexin
A2- and tissue plasminogen activator (tPA)-dependent plas-
min generation in a purified protein system (Fig. 2). We
tested two anti-A2 antibodies directed against the same
amino terminal domain of annexin A2, as well as a third
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Ficure 1. Effect of annexin A2 deletion on pericyte drop out in
diabetic Akita mouse retinas. Pericyte cells (PCs) and endothelial
cells (ECs) were enumerated in flat mount preparations of retinas
following limited trypsin digestion. Four fields (40 times magnifi-
cation) from a single retina from each of four to eleven animals
were analyzed, each symbol representing one field. Shown are mean
values for each group, derived using ANOVA and the Tukey multiple
comparisons test, and SEM.

non-reactive IgG produced in the same manner. When added
to A2-coated microtiter wells prior to addition of plasmino-
gen and tissue plasminogen activator, both anti-A2 anti-
bodies (1A7 and 2EG; see Figs. 2A, 2B) blocked the initial
rate of A2-dependent plasmin generation in a concentration-
dependent manner, resulting in inhibition of up to 73%
(see Figs. 2A, 2B). On the other hand, the non-reactive, nega-
tive control antibody (1D4), showed no blocking activity at
all (Fig. 2C). These data indicated that antibodies directed
against A2 can prevent tPA-dependent plasmin generation
in vitro.

Because we observed a 40% to 60% increase in total
A2 expression and a doubling of steady-state A2 mRNA in
retinas from Akita diabetic mice compared to control mice
(Supplementary Figs. S4A, S4B, respectively), we hypoth-
esized that elevated A2 expression in the diabetic retina
might promote retinal vasculopathy. We, therefore, tested
the effect of anti-A2 antibodies on retinal pericyte dropout
in the Akita diabetic mouse (Fig. 3). Both Akita and wild
type mice received 3 intravitreal injections of 1A7 (15 ng),
2E6 (45 ng), or 1D4 (45 ng) at 2, 4, and 6 months of age.
Antibody 1A7 had no effect on the PC/EC ratio in Anxa2"*
mice at 7 months of age (treated 0.2931 £ 0.0081 SD,
n =12 fields versus untreated 0.2891 + 0.0072 SEM, n =12
fields). However, administration of 1A7 to diabetic mice was
associated with a striking preservation of the PC/EC ratio
Unxa2t/*: ns2*K™ (03171 £+ 0.0066 SEM, n = 10 fields)
compared to untreated controls (0.2556 + 0.0067 SEM, n =
11 fields; see Fig. 3A). Antibody 2E6 showed a similar, statis-
tically significant effect; untreated Anxa2*:Ins2*"™ mice
displayed a PC/EC ratio of 0.207 £ 0.0088 (SEM, n = 13
fields), which rose to 0.281 £ 0.0014 (SEM, n = 12 fields)
upon antibody treatment (see Fig. 3B). At the same time,
the inactive control (1D4) had no effect on pericyte dropout
in either genotype (see Fig. 3C). These results revealed that
functional blockade of A2 can prevent loss of pericytes in
the retinas of diabetic Ins2*™ mice.
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Ficure 2. Effect of anti-A2 antibodies on plasmin generation in a
purified protein system. Anti-A2 1A7 (A), 2E6 (B), or control 1D4
IgG (C), were added to A2-coated microtiter plate wells in a range of
concentrations prior to incubation with plasminogen, followed by
tPA and the fluorogenic plasmin substrate AFC-081. Plasmin genera-
tion was monitored at 400 nm excitation and 505 nm emission over
60 minutes.

Blockade of Annexin A2 Reduces
Vaso-Obliteration and Neovascularization in the
Oxygen-Induced Retinopathy Mouse Model

OIR is a well-characterized, VEGF-driven model of develop-
mental neovascularization.?® Using this technique, we exam-
ined the area of neovascularization in retinas from neonatal
mice treated with intravitreal anti-A2 upon release from 75%
O, (P12) and harvested on P17 (Fig. 4, Fig. 5A). Compared
to untreated, control contralateral eyes, we observed signif-
icant reductions of 45.97% + 9 and 37.44% + 11.8 (SEM) in
the NV area in retinas from eyes treated with either 1A7 and
2EO, respectively (see Figs. 4A, 4B, Fig. 5A). We observed a
similar significant decrease in eyes treated with anti-VEGF
(35.03% =+ 8.83 reduction, SEM; see Figs. 4C, 4D, Fig. 5A),
with the combination of anti-VEGF and 1A7 (68.64% + 18.08
reduction, SEM; see Figs. 4E, 4F, Fig. 5A), and with the combi-
nation of anti-VEGF and 2E6 (50.41% =+ 3.76 reduction,
SEM; see Fig. 5A). On the other hand, eyes treated with the
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Ficure 3. Effect of anti-A2 antibodies on pericyte dropout in
diabetic Akita mouse retinas. Mice (Ins"" or Ins'®™) were
treated with anti-A2 IgG 1A7 (A), 2E6 (B), or control IgG 1D4
(C). Four fields (40 times magnification) from a single retina from
each of three to five animals were analyzed, each symbol represent-
ing one field. Shown are mean values for each group, derived using
ANOVA and the Tukey multiple comparisons test, and SEM. NI =
non-injected.
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Ficure 4. Assessment of retinal neovascularization and vaso-obliteration (VO) in the murine OIR model with and without anti-A2 treatment.
Shown are examples of en face preparations of representative retinas from non-injected control eyes (A, C, E), as well as contralateral eyes
that received intravitreal 1A7 (B; 5 pg/mL), anti-VEGF (D; 1 mg/mL), or a combination of 1A7 and anti-VEGF (F; 5 pg/mL and 1 mg/mL,
respectively). NV and VO area, calculated as a percentage of total retinal area as described under Methods, are presented beneath each
image. Representative retinas from a P17 mouse maintained in room air, receiving no injection (G) or intravitreal 1A7 (H; 5 pg/mL), are
also shown. The area of VO is encircled in green, and NV area appears in red. Wholemounts were stained with RITC GSL Lectin. Original
magnification 10 times, scale bar 500 pm.
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Ficure 5. Evaluation of neovascularization and vaso-obliteration
(VO) areas in the murine OIR model with and without anti-A2 inter-
vention. NV in treated eyes was calculated as a ratio of total retinal
area and expressed as a ratio to NV in untreated eyes (A). Similarly,
VO in treated eyes was calculated as a ratio of total retinal area
and expressed as a ratio VO in untreated eyes (B) in P17 oxygen-
treated mice. Left eyes were injected with either anti-A2 (1A7 5
pg/mL, and 2E6 15 pg/mL), control antibody (1D4 15 pg/mL), anti-
VEGF (1 mg/mL), or a combination of anti-A2 and anti-VEGF. Shown
are mean NV or VO areas per section and SEM (# = 5 animals
per group). The P values were derived using one-way ANOVA and
Dunnett’s multiple comparisons test.

control 1D4, showed no change in the NV area (see Fig. 5A).
These data indicated that blockade of annexin A2 can reduce
the area of neovascularization in the OIR model, and that
supplementation with anti-VEGF has an additive effect.
Similarly, we quantified the effect of anti-A2 IgG on post-
hyperoxic, retinal VO in neonatal mice treated with anti-A2
upon release from 5 days of 75% O, (P12). Comparing reti-
nas from contralateral eyes on P17 (see Figs. 4, 5B), we found
a statistically non-significant reduction in VO in eyes treated
with anti-A2 (1A7; 31.01% =+ 8.87 SEM, or 2E6; 28.71% =+
9.63 SEM) compared to the untreated control (see Figs. 4A,
4B, Fig. 5B). We observed a similar, nonsignificant reduction
in the VO area in eyes treated with anti-VEGF (24.38% + 7.7
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SEM; see Figs. 4C, 4D, Fig. 5B). Interestingly, however, the
combination of anti-VEGF with 1A7 yielded a highly signifi-
cant reduction in VO (65.50% + 13.89 SEM) compared with
the 1D4 control (see Figs. 4E, 4F, Fig. 5B). Eyes treated with
the non-reactive, control 1D4 showed no change in VO area,
and a nonsignificant inhibitory effect when used in combi-
nation with anti-VEGF (18.64% =+ 7.47 SEM; see Fig. 5B).
These data suggest a statistically significant reduction in
both VO and NV can be achieved using anti-VEGF in combi-
nation with 1A7 (P = 0.0077 and P = 0.0055, respec-
tively), compared to the non-reactive 1D4 without anti-VEGF
(see Fig. 5B). These data further suggest that annexin A2
contributes to the depletion of retinal microvessels and
subsequent reactive vasoproliferation in this model of DR.

To further evaluate the role of A2 in retinal neovascu-
larization in the OIR model, we enumerated nuclei within
NV retinal tufts protruding beyond the nerve fiber layer and
into the vitreous (Fig. 6). We found no NV tufts in the retinas
of mice maintained in room air, regardless of whether they
were injected with anti-A2 (1A7), anti-VEGF, or control anti-
bodies (see Fig. 6A). Under OIR, on the other hand, retinas
left untreated showed numerous vascular tufts protruding
into the vitreous space (see Fig. 6B). Contralateral retinas
injected with 1A7 showed significantly fewer vascular tufts
(see Fig. 6B). When NV nuclei were enumerated, we found
reductions in tuft nuclei in eyes treated with 1A7 (39.74% +
6.91 SEM), 2E6 (34.53% =+ 6.42 SEM), or anti-VEGF (46.98%
£ 13.27 SEM) compared with the non-injected controls (see
Fig. 6C). In comparison with the control antibody (1D4,
7.72% =+ 9.64 SEM), the combination of anti-VEGF and 1A7
significantly reduced NV tuft formation by 75.14% + 31.87
SEM (P = 0.0002). The combination of anti-VEGF and 2E6
was statistically significant (65.50% =+ 5.31 SEM; reduction; P
= 0.0004). These data revealed that the combination of anti-
annexin A2 with anti-VEGF can significantly reduce neovas-
cularization in the OIR model.

Because of reports that intravitreal anti-VEGF may enter
the systemic circulation in humans possibly causing reduced
renal function,”” hypertension,”® reduced systemic VEGF,?
or changes in the fellow eye,*® we routinely examined the
non-injected, contralateral eye by gross appearance and
parallel histology in all antibody experiments. In no case
have we observed any changes beyond the injected eye.

Annexin A2 Expression Is Elevated in Retinas of
Some Patients With Diabetes

Given our findings that expression of annexin A2 contributes
to pericyte depletion, as well as vaso-obliteration and NV
proliferation in two mouse models of retinopathy, and given
our observation that expression of A2 is upregulated in
diabetic Akita mice at 3 different ages (statistically signifi-
cant increase at age 4 months [P = 0.0430] and 6 months
[P = 0.0409]; see Supplementary Fig. S4A), we examined
annexin A2 expression in postmortem human retinas from
subjects reported to have had diabetes. Of note, the mean
level of glucose in vitreal fluid harvested from diabetic
donor eyes exceeded that of control eyes by almost two-
fold (0.27 + 0.12 mM, n = 6 versus 0.14 £+ 0.05 mM,
n = 7, mean = SEM; Supplementary Fig. S5). Overall,
immunofluorescence staining of retinal cryosections showed
increased A2 expression in the nerve fiber and ganglion
cell layers in retinas of diabetic versus non-diabetic subjects
(Fig. 7B, a-c, 7A, a-c, respectively). Autofluorescence due to
lipofuscin was also present in some sections, such as 7Ac.
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Ficure 6. Evaluation of neovascular tuft formation in the murine OIR model with and without anti-A2 intervention. (A) Representative
sections through the peripheral retinas of P17 mice maintained at room air, and either non-injected or treated with intravitreal anti-A2 (1A7,
5 ug/mL). (B) Sections through the peripheral retinal of eyes of P17 mice undergoing OIR, and either non-injected or treated with anti-A2
(1A7, 5 ug/mL). Retinas were stained with rhodamine-conjugated isolectin B4 (green) to visualize blood vessels and DAPI (blue) to indicate
cell nuclei. Scale bar 200 pm. Original magnification 20 times. (C) Enumeration of neovascular nuclei in retinal sections from OIR mice
treated with anti-A2 (1A7 or 2E6), anti-VEGF IgG, control 1D4, or various combinations thereof. Counts of tuft nuclei in experimental eyes
were normalized to those of the non-injected, contralateral eye. Each symbol represents average nuclei per section per eye. Shown are
mean counts per group and SEM (z = 4-9 animals per group). The P values were derived using one-way ANOVA and Dunnett’s multiple
comparisons test.
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Ficure 7. Expression of annexin A2 in retinas of patients with diabetes. Cryosections through retinas isolated from eyes donated postmortem
by non-diabetic (A) and diabetic (B) subjects were stained with anti-annexin A2 followed by secondary IgG, and then DAPI to visualize
nuclei. The choroid layer shows autofluorescence due to lipofuscin in some sections (7Ac). Patient ages were 42 to 80 years. Original
magnification 20 times. Scale bar 50 pm. (C) Expression of annexin A2 (in pixels) quantified in retinal section with NIS Elements software.
Each symbol indicates one eye for which up to 17 retinal sections were analyzed. (D) A2 protein expression in retinal tissue homogenates
from non-diabetic and diabetic subjects by western blot. Each symbol represents one retina. NFL, nerve fiber layer; GCL, ganglion cell layer;
IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PRL, photoreceptor layer.
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An example of staining in the absence of primary antibody
is displayed in Supplementary Figure S6. Mean A2 expres-
sion, calculated as the number of A2-positive pixels occu-
pying the area between the nerve fiber layer (NFL) iden-
tified above the ganglion cells layers (GCL) and the inner
nuclear layer (INL) was 3860 + 669 in diabetic samples,
and 2436 + 618 (mean £ SEM, n = 8) in controls (Fig. 70).
Furthermore, immunoblot analysis of homogenized retinas
from diabetic (z = 9) and non-diabetic (z = 7) patients also
revealed higher overall A2 expression in some subjects, as
A2 protein expression averaged 1.48 £ 0.26 arbitrary units
(AUs) (mean £ SEM), versus 2.10 + 0.65 AU (mean + SEM)
in the diabetic group averaged (Fig. 7D). Samples with the
2 highest levels of A2 protein expression (6.90 £+ 0.27 AU
and 3.14 + 0.2 AU, respectively) were found in the diabetic
group, whereas the highest sample from the non-diabetic
group did not exceed a value of 2.20 AU. These data suggest
that A2 expression may be upregulated in some diabetic reti-
nas in humans, and suggest a possible role for annexin A2 in
human DR.

DiscusSsION

Here, we show for the first time that blockade of annexin
A2 can prevent the development of several cardinal features
of DR in 2 mouse models. Our data reveal that inhi-
bition of the plasmin-generating action of A2 eliminates
the earliest manifestation of DR, namely pericyte dropout,
and attenuates later developing features, including vaso-
obliteration, neovascularization, and vitreal tuft formation,
especially when combined with anti-VEGF, a standard treat-
ment modality. These data could form the basis for a novel
treatment approach to DR in humans.

There continues to be an unmet need for safe and effec-
tive treatment of DR. Photocoagulation and photodynamic
laser ablation of the peripheral retina are traditional ther-
apies that have limited clinical efficacy with respect to
improving visual acuity.>! In addition, untoward effects may
include retinal scarring, damage to the choroidal vasculature,
and obliteration of the peripheral retina leading to impaired
night vision. Although blockade of VEGF has become a
standard-of-care for proliferative DR, this approach has
additional limitations,** including tractional retinal detach-
ment,> fluctuations in ocular pressure* and resistance to
treatment® as well as systemic hypertension and worsening
renal disease 3

Our previous work suggests that A2 promotes neovas-
cularization in several settings, including the mouse retina
and cornea.!®11:37 Mechanistically, A2 enables activation of
plasmin on the surface of vascular endothelial cells, leading
to remodeling of fibrin and activation of downstream matrix
metalloproteinases!®!! with degradation of basal membrane
and extracellular matrix.’®3° We, therefore, investigated the
effect of anti-A2 neutralizing antibodies in two murine
models of DR. We found that either deletion of AnxaZ2 or
immunologic, functional blockade of A2 prevents pericyte
dropout in Akita mice over the first 7 months of life, suggest-
ing that A2-mediated proteolytic activity is likely central to
this process. In the OIR model, we found that intravitreal
anti-A2 reduced both VO and NV area, and impeded the
development of NV tufts. Importantly, head-to-head compar-
isons of anti-A2 and anti-VEGF showed equivalent effects of
the two agents, even though the dose of anti-VEGF was 67
to 200-fold greater.
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There is abundant evidence that the annexin A2 system
is critical to retinal neoangiogenesis in mice. Upon devel-
oping the Anxa/~ mouse, we reported fibrin accumu-
lation in all tissues examined, suggesting reduced fibri-
nolytic activity, as well as a significant reduction in hypoxia-
induced neovascularization in the OIR model.'® We showed
further that plasmin-mediated activation of MMPs, known
to be important in angiogenic responses, was impaired in
tissues from Anxa2~/~ mice. Third, we demonstrated that
vascular endothelial cells isolated from neonatal hearts of
Anxa2~/~ mice demonstrated greatly impaired cell surface-
related plasmin generation. In a subsequent paper,!! we
demonstrated that NV in the OIR model required fibrinolytic
activity mediated by active plasmin. Evidence for this conclu-
sion included the finding that NV in the wildtype mouse
could be blocked by tranexamic acid, which prevents bind-
ing of plasminogen to fibrin, thereby inhibiting its acti-
vation to plasmin, and leading to fibrin accumulation in
response to relative hypoxia. Treatment of OIR mice with
ancrod, which depletes fibrinogen and prevents fibrin forma-
tion, re-established NV in Anxa2~/~ mice, indicating that
fibrin accumulation in fibrinolysis-impaired Anxa2~~ mice
blocked new vessel formation. These data established that
expression of annexin A2 on the endothelial cell surface is
required for robust NV in the neonatal mouse retina, and that
absence of A2 prevents the normal fibrinolytic response that
supports new vessel outgrowth in this model. Further stud-
ies showed that Anxa2 is the product of gene that is upreg-
ulated by the action of HIF-1 under hypoxic conditions.!!
An additional study revealed that blockade of tPA binding
to A2 upon adduct formation with homocysteine was asso-
ciated with perivascular fibrin accumulation and inhibition
of FGF-induced angiogenesis in the corneal pocket assay.’
Together, this work has led us to the mechanistic model that
absence or blockade of A2 reduces cell surface fibrinolysis
by prevented assembly of the A2-tPA-plasminogen complex,
and hence plasmin generation, which appears to be neces-
sary for robust neovascularization in the hypoxic retina in
mice. The current studies, in which antibodies that block
A2-related, tPA-dependent plasmin generation reduce OIR-
associated NV, provide further support for this mechanism.

In examining retinas from diabetic human subjects, we
noted overexpression of A2 in many samples compared
to those from non-diabetic control retinas, using several
analytic methods. This finding mirrors the upregulation of
A2 in diabetic Akita mice. Immunofluorescence staining of
human samples revealed higher numbers of A2-positive reti-
nal blood vessels, many of which penetrate into the inner
and outer nuclear layers, as well as anti-A2 immunoreac-
tive material within the nerve fiber and ganglion cell layers.
Increased proteolytic activity within the neurovascular unit
might impair local blood flow and metabolic activity, by
compromising the blood-retina barrier.”> Accumulation of
glutamate is a feature of DR, likely due to Miller cell
malfunction,®! and glutamate appears to stimulate translo-
cation of annexin A2 to the cell surface.*? Such a pathway
could result in increased plasmin generation and subse-
quent degradation of extracellular matrix. These findings
are consistent with our previous observation that A2 is
upregulated under hypoxic conditions through the action of
HIF-1."

There are several mechanistic pathways whereby the A2
system might promote the vascular changes that character-
ize DR. Over-expression of A2 might lead to excessive or
unopposed plasmin activity, and subsequent degradation
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of matrix in which pericytes are embedded. The result-
ing pericyte dropout could lead to a loss of endothelial
cell support with vasodilatation, microaneurysm formation,
vascular leak, and endothelial cell apoptosis. Matrix remod-
eling may also be a result of plasmin-mediated matrix metal-
loprotease activation. Alternatively, plasmin may release
bFGF sequestered within extracellular matrix or attenuate
fibrin-mediated endothelial cell adhesion via avb3 integrin.®3
Plasmin may regulate vascular-endothelial cell cadherin-
mediated cell self-association®4*> or signal new programs of
gene expression that promote neoangiogenesis.“>*” Of these
possibilities, the first seems most likely, as it conforms most
closely to our current understanding of the pathogenesis of
DR.

In summary, we have demonstrated here that targeting
A2 may be an effective and novel therapeutic approach to
retinal neovascularization as occurs in DR, either alone or in
combination with anti-VEGF therapy. This approach may be
useful in the treatment of other retinal NV disorders, such
as retinopathy of prematurity or macular degeneration. Addi-
tionally, anti-A2 agents might show efficacy in extra-ocular
disorders, such as malignancies, in which tumor growth is
dependent upon a growing vascular supply.
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