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Abstract: The protease, a disintegrin and metalloproteinase with thrombospondin type 1
motif member 13 (ADAMTS13), known to cleave only the von Willebrand factor (VWEF), has
powerful regulatory effects on microvascular platelet adhesion, thrombosis, inflammation,
and endothelial dysfunction. We study the protection against diabetes-induced retinal
injury in experimental rats by supplementation with recombinant ADAMTS13. We compare
human epiretinal membranes and vitreous samples from nondiabetic subjects and patients
with proliferative diabetic retinopathy (PDR) and extend in vitro analyses with the use of
various immunodetection and spectrofluorimetric methods on rat retina and human retinal
glial and endothelial cell cultures. Functional studies include the assessment of the blood—
retinal barrier (BRB), cell adhesion, and in vitro angiogenesis. In epiretinal membranes,
endothelial cells and monocytes/macrophages express ADAMTS13. The levels of VWF,
the platelet marker CD41, ADAMTS13, and the biomarkers of endothelial cell injury
soluble VE-cadherin and soluble syndecan-1 are increased in PDR vitreous. ADAMTS13
is downregulated in diabetic rat retinas. The intravitreal administration of ADAMTS13
attenuates diabetes-induced BRB breakdown, the downregulation of VE-cadherin and
[3-catenin, and the upregulation of VWF, CD41, phospho-ERK1/2, HMGB1, VCAM-1, and
ICAM-1. In Miiller cells, ADAMTS13 attenuates MCP-1, MMP-9, and ROS upregulation
induced by diabetic mimetic conditions. In HRMECs, ADAMTS13 attenuates the shedding
of the soluble VE-cadherin and soluble syndecan-1 and the levels of phospho-ERK1/2,
MCP-1, fractalkine, and ROS induced by diabetic mimetic conditions, the upregulation of
ICAM-1 and VCAM-1 elicited by TNF-«, the adherence of monocytes induced by TNF-
o, and VEGF-induced migration of human retinal microvascular endothelial cells. Our
findings suggest that enhancing ADAMTS13 levels in situ ameliorates diabetes-induced
retinal inflammation and vascular dysfunction.
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1. Introduction

Microvascular complications of diabetes mellitus include diabetic retinopathy (DR),
neuropathy, and nephropathy. The inner blood-retinal barrier (BRB) is composed of
endothelial cells that line the microvasculature with their dual basement membrane, sur-
rounded by pericytes and glial cells including astrocytes, Miiller cells, and microglia. The
overall structure is collectively termed the neurovascular unit. Adjacent endothelial cells
of the retina are sealed together by specific junction protein complexes that maintain the
integrity of the inner BRB, including tight junctions, adherens junctions, and gap junctions.
The breakdown of these tight junctional complexes contributes to the breakdown of the
inner BRB and the subsequent retinal edema [1,2]. Chronic low-grade subclinical inflamma-
tory vasculopathy, causing dysfunction of the ocular microvasculature and BRB breakdown,
plays a key role in diabetes-induced retinal injury. The involved molecular alterations,
i.e., increased expression of retinal intercellular adhesion molecule-1 (ICAM-1) and the
leukocyte integrin CD18, may increase the adhesion of circulating leukocytes to the retinal
endothelium [3]. Furthermore, the breakdown of the BRB results in enhanced vascular per-
meability and macular edema in diabetic patients (DME), representing a common cause of
impaired vision in patients with diabetes [4]. In addition, platelet-containing microthrombi
are detected in the retinal vasculature of diabetic individuals [5] and diabetic rats [6]. These
microthrombi can contribute to capillary occlusion and retinal ischemia. In line with these
studies, we have previously demonstrated a significant upregulation of the chemokine
platelet factor-4 (PF-4/CXCL4) in vitreous samples from patients with proliferative diabetic
retinopathy (PDR) and diabetes-induced enhanced PF-4/CXCL4 levels in the retina of
rats [7]. PF-4/CXCL4 is a major constituent of platelet a-granules and is released in high
amounts upon platelet activation [8].

Despite advances in drug discovery and development, not all patients respond prop-
erly to intravitreal anti-vascular endothelial growth factor (VEGF) therapy, which has been
adopted as the current treatment for the center involving DME. Moreover, such approaches
often lead to transient responses, and a number of patients develop progressive resis-
tance [9]. These findings suggest that DME is regulated by multiple pathways that are able
to compensate for each other when a single pathway is inhibited. Therefore, the develop-
ment and improvement of new therapeutic approaches targeting a range of pathways are
highly needed, allowing for more satisfactory disease management and a lower treatment
burden.

A disintegrin and metalloproteinase with thrombospondin type 1 motif, member
13 (ADAMTS13) is a protease that belongs to a family of zinc-containing metallopro-
teinases [10]. In contrast to other ADAMTS family members, ADAMTS13 has a high
substrate specificity and is, so far, known to cleave only the von Willebrand factor (VWF), a
multimeric protein that mediates platelet adhesion, thrombus formation, and inflamma-
tion [10]. Patients with low levels of ADAMTS13 can develop thrombotic thrombocytopenic
purpura, characterized by platelet-rich thrombi in the microvasculature [10]. By cleaving
the highly reactive ultra-large VWF multimers into smaller, less hemostatically active VWF
molecules, ADAMTS13 has been shown to reduce both microvascular thrombosis and
inflammation and improve microvascular endothelial dysfunction in experimental models
of diabetic nephropathy [11], acute kidney injury [12], myocardial infarction [13], sickle cell
disease [14], rheumatoid arthritis [15], stroke [16], and subarachnoid hemorrhage [17]. Thus,
the ADAMTS13/VWEF pathway has an important role in vascular inflammation and throm-
bosis. When an increased VWEF release outweighs the cleaving capacity of ADAMTS13, an
excess of ultra-large VWF multimers is produced, which can induce microthrombi forma-
tion that occludes the microcirculation and causes endothelial damage [10]. Previously, we
have compared the ocular expression levels of various members of the ADAMTS proteinase
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family in PDR patients and have documented that ADAMTS13 levels are below those of
the other studied ADAMTS members [18]. Based on these observations, we hypothesize
that recombinant human (rh) ADAMTS13 might mitigate diabetes-induced retinal injury
by improving endothelial dysfunction and inhibiting inflammation.

2. Materials and Methods
2.1. Patient Samples

A total of 39 patients with advanced proliferative diabetic retinopathy (PDR) donated
0.3 mL to 0.6 mL of vitreous fluid during a planned surgical vitrectomy as a recommended
procedure of tractional retinal detachment and/or vitreous hemorrhage. For comparison,
vitrectomy samples from a clinical control cohort of 36 patients were analyzed. The
latter control patients were in need of retina surgery because of rhegmatogenous retinal
detachment due to retinal breaks; however, they did not show any signs of proliferative
vitreoretinopathy. During similarly indicated vitrectomies, 14 patients with PDR donated
epiretinal fibrovascular membranes that were fixed for 2 h in a 10% formalin solution,
embedded in paraffin, and further processed as described [19-21].

2.2. Immunodetection of ADAMTS13 and Cell Markers in Human Epiretinal Membranes

Various immunohistochemistry protocols, including sequential double immunostain-
ing, were executed as detailed previously [19,21]. Antigen retrieval was performed for
CD31 detection by boiling the sections for 10 min in a citrate-based buffer (pH 5.9-6.1), com-
mercially available as Epitope Retrieval Solution 1 from Leica Biosystems, IL, USA, whereas,
for CD68 and ADAMTS13 detection, the sections were boiled for 20 min in Tris/EDTA
buffer (pH 9) (Epitope Retrieval Solution 2; Leica). Thereafter, we incubated the sections
for 1 h with antibodies against CD31 (monoclonal antibody clone JC70A; Dako, Glostrup,
Denmark), CD68 (clone KP1; Dako), and ADAMTS13 (rabbit polyclonal antibody 1:400;
ab71550 from Abcam, Cambridge, UK). For all antibody preparations, prior titrations were
conducted on human spleen, heart, or kidney sections to optimize the staining procedures.
For antigen visualization, we incubated the sections for 20 min with enzyme-conjugated
IgGs against the respective primary antibodies. Bright red immunoreactive sites were
obtained following the alkaline phosphatase enzyme reaction for 15 min with the Fast Red
chromogen. Faint counterstaining with commercial Mayer’s hematoxylin from Leica was
applied to visualize the microenvironment of the stained cells.

ADAMTS13-producer cell phenotyping was obtained by sequential double immuno-
histochemistry: to detect monocytes/macrophages, the sections were first incubated with
anti-CD68 and then treated with a peroxidase-conjugated secondary antibody and the
peroxidase substrate to define these leukocytes. The substrate 3,3’-diaminobenzidine
tetrahydrochloride yielded brown precipitates. To detect ADAMTS13-producing cells,
the antigen reactivities with the primary antibody against ADAMTS13 were detected as
indicated above without application of any counterstain. Control experiments consisted
of replacing primary antibodies with a recommended ready-to-use product (DAKO Real
antibody Diluent, Code 52022 from Agilent Technologies), which yielded no detectable
staining.

2.3. Induction of Diabetes in Rats with Streptozoticin

For in vivo evaluation of the effects of ADAMTS13, we used adult male Wistar rats of
8-9 weeks of age (200220 g) after overnight fasting and the single-bolus high-dose protocol
of streptozotocin (5TZ), i.e., 60 mg/kg in 10 mM sodium citrate buffer, pH 4.5 (Sigma, St.
Louis, MO, USA) injected intraperitoneally. As control we used age-matched rats injected
with equal volumes of a citrate buffer. Streptozotocin-mediated pancreatic island {3 cell
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death yielded experimental diabetes with blood glucose levels in excess of 250 mg/dL.
As detailed elsewhere, rats made diabetic with the use of streptozotocin demonstrate
characteristics of nonproliferative diabetic retinopathy that occurs in humans, including
increased vascular permeability resulting from the breakdown of the BRB and signs of
inflammation. BRB breakdown occurs as early as 2 weeks following treatment with the
streptozotocin bolus [22,23]. After 4 weeks of experimentally proven diabetes, retinas were
isolated and processed as described [20]. Similarly, retinas were obtained from age-matched
nondiabetic control rats.

2.4. Intravitreal Injection of ADAMTS13

To evaluate the in vivo effect of ADAMTS13 on the development of diabetic microan-
giopathy, rats were made diabetic as described above, and, two weeks later, injected with
a sterilized solution of thADAMTS13 (5 uL at 1 ng/uL; Cat No. 4245-AD, R&D Systems,
Minneapolis, MA, USA) into the vitreous of the right eye, as documented [19,21]. Left
eyes served as controls and received 5 uL of sterile phosphate buffer saline (PBS). The ani-
mals were sacrificed 5 days after the intravitreal injections and their retinas were carefully
removed.

2.5. Analysis of Blood—Retinal Barrier Integrity

Retinas were excised 5 days after the intravitreal injection, and BRB breakdown was
evaluated as previously described in detail [19,20]. In short, the breakdown of the BRB
enables intravenous fluorescein isothiocyanate (FITC)-conjugated dextran (3-5 kDa, Sigma-
Aldrich) to diffuse into tissues within 30 min. To quantify BRB leakage, a blood sample
was collected, all rats were perfused with PBS to remove the remaining intravascular
FITC, and the retinas were excised, weighed, and homogenized for fluorescence analyses.
FITC-conjugated dextran present in each retina was calculated and expressed in pL/(g*h),
as previously documented [19,20].

2.6. Human Retinal Miiller Glial Cell and Human Retinal Microvascular Endothelial Cell Cultures

Human retinal Miiller glial cells (MIO-M1) were provided by Prof. A. Limb, Insti-
tute of Ophthalmology, University College London, UK, and cultured according to her
instructions [19-21]. Confluent cell cultures were starved overnight in serum-free DMEM
and used for various treatments for 24 h. Human retinal microvascular endothelial cells
(HRMECs) were obtained commercially (Cell Systems Corporation, Kirkland, WA, USA)
and cultured as reported up to passage 8 for all of our experiments [19-21].

The following stimuli were used for the indicated cells or cell lines. Treatment of
MIO-M1 or HRMECs with diabetic mimetic conditions was performed in the absence or
presence of 1 h pretreatment with ADAMTS13 (100 ng/mL). Diabetic mimetic conditions
included a treatment with 300 uM of the hypoxia mimetic agent cobalt chloride (CoCl,)
(Cat No A1425-L) from Avonchem Limited, 1 ng/mL of recombinant human TNF-« (Cat
No 210-TA) from R&D Systems, or 25 mM of glucose (Scharlau, Sentmenat, Spain). For
such supernormal glucose (high glucose, HG) treatment of the cells, 25 mM of mannitol
(Scharlau) was used as an osmotic control. Cell supernatants were collected after 24 h and
the indicated analytes were measured by ELISA.

2.7. Analyte Titrations with the Use of ELISAs

Enzyme-linked immunosorbent assay (ELISA) kits for human vascular endothe-
lial growth factor (VEGF) (Cat No DY293B), human monocyte chemotactic protein-1
(MCP-1)/CCL2 (Cat No DY279), human soluble syndecan-1 (Cat No DY2780), human
matrix metalloproteinase-9 (MMP-9) (Cat No DY911), and human soluble VE-cadherin
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(Cat No DCADVO0) were purchased from R&D Systems. An ELISA kit for human
fractalkine/CX3CL1 (Cat No ab192145) was purchased from Abcam.

Levels of human soluble VE-cadherin and soluble syndecan-1 in vitreous fluid and
VEGF, MCP-1, MMP-9, syndecan-1, and soluble VE-cadherin in the culture medium were
determined with the aforementioned ELISA kits according to the manufacturer’s instruc-
tions. The minimum detection limits for soluble syndecan-1, soluble sVE-cadherin, VEGEF,
MCP-1, MMP-9, and fractalkine ELISA kits were approximately 50 pg/mL, 113 pg/mL,
12 pg/mL, 9 pg/mL, 10 pg/mL, 1.18 pg/mL, respectively.

2.8. Analysis of Human Vitreous Fluid, Human Retinal Microvascular Endothelial Cell, and Rat
Retina Lysates by Specific Immunoblots

We lysed retina and cell samples in 30 mM of Tris-HCl, pH 7.5 buffer, containing
5 mM of EDTA, 250 mM of sucrose, 1 mM of sodium vanadate, 1% Triton X-100, and
the protease inhibitor cocktail Complete (Roche, Mannheim, Germany). Tissue and cell
homogenates were centrifuged (14,000 x g for 15 min, 4 °C), and protein concentrations were
determined in the supernatant fluids. Protein extracts (30 or 50 pg) were electrophoresed in
SDS-containing polyacrylamide gels and the separated proteins transferred, as described
previously [19-21].

To determine the presence of VWF, CD41, and ADAMTS13 in the vitreous samples,
15 uL aliquots of vitreous samples were boiled for 10 min in Laemmli’s sample buffer (1:1,
v/v) under reducing conditions. After initial testing with the commercial antibodies against
ADAMTS13 from Abcam and Novus Biologicals, LLC, Centennial, USA, we tested three
mouse monoclonal anti-ADAMTS13 antibodies 3H9 (0.75 pg/mL), 12H6 (0.75 pug/mL)
and 5C11 (0.75 ug/mL) (developed in the laboratory of Professor K. Vanhoorelbeke at
KULAK/KU Leuven, Belgium). These antibodies were tested under non-reducing condi-
tions. The 3H9 antibody recognizes the N-terminus, i.e., the metalloprotease domain of
ADAMTS13, the 5C11 recognizes the middle part of the thrombospondin type 1 repeat
(TSR2) domain of ADAMTS13, and the 12H6 antibody recognizes the C-terminus, i.e.,
CUB2 domain of ADAMTS13 [24,25].

The immunodetection of specific molecules was conducted with the following reagents
and conditions: VWF with a mouse monoclonal anti-VWEF antibody (1:1000, sc-365712,
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), CD41 with a mouse monoclonal anti-
CD41 antibody (1:1000, sc-365938, Santa Cruz Biotechnology Inc.), 3-catenin with a goat
polyclonal anti-8-catenin antibody (1:1000, AF1329, R&D system, Minneapolis, MN, USA),
ADAMTS13 with a rabbit monoclonal anti-ADAMTS13 antibody (1:1000, NBP3-16038,
Novus Biologicals, Littleton, CO, USA) and with the three mouse monoclonal antibodies
3H9, 5C11, and 12H6, as described above, HMGB1 with a rabbit polyclonal anti-high mobil-
ity group box-1 (HMGB1) (1:1000, Cat. no. ab18256, Abcam, Cambridge, UK), ERK1/2 with
a rabbit monoclonal anti-phospho-extracellular signal-regulated kinase (ERK)1/2 antibody
(1:1000, MAB1018, R&D Systems), ICAM-1 with a mouse monoclonal anti-intercellular
adhesion molecule-1 (ICAM-1) antibody (1:100, sc-8439, Santa Cruz Biotechnology Inc.),
and VCAM-1 with a mouse monoclonal anti-vascular cell adhesion-1 (VCAM-1) antibody
(1:100, sc-13160, Santa Cruz Biotechnology Inc.).

The nitrocellulose membranes were treated with 5% non-fat milk made in Tris-buffered
saline containing 0.1% Tween-20 (TBS-T) for 90 min at room temperatures, followed by
three washings with TBS-T washings (5 min each). Thereafter, the secondary antibodies
were added for 1 h at room temperature. The following secondary antibodies were used:
goat anti-rabbit immunoglobulin (5C-2004), goat anti-mouse immunoglobulin (SC-2005)
(1:100,000, Santa Cruz Biotechnology Inc.), and goat anti-mouse immunoglobulin (1:10,000,
HAF007, R&D Systems). To control for equal protein loading in each electrophoresis
lane, membranes were stripped and reprobed either with the (3-actin-specific antibody
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(1:2000, sc-47778, Santa Cruz Biotechnology Inc.) or the 3-tubulin-specific antibody (1:2000,
ab21058, Abcam). Individual protein immunostainings were visualized through the use of
high-performance chemiluminescence (G: Box Chemi-XX9 from Syngene, Synoptic Ltd.,
Cambridge, UK), and the band intensities were quantified with the use of the GeneTools
software file version: 4.3.17.0 (Syngene by Synoptic Ltd.).

2.9. Cell Adhesion Assay

Adhesion of leukocytes to monolayers of stimulated HRMECs was assayed with a
commercial system (CytoSelect Leukocyte-endothelium adhesion kit, Cat. No. CBA-210,
Cell Biolabs, Inc., San Diego, CA, USA), as documented in previous work [19-21]. Confluent
monolayers of overnight starved endothelial cells were pretreated with or without 100
ng/mL of ADAMTS13 and stimulated with 1 ng/mL of TNF-«. The addition of fluorescent-
labelled monocytic THP-1 cells to the treated HRMECs monolayer, the washing of non-
adherent cells, and the measurement of fluorescence from adherent cells were conducted as
described previously [19-21].

2.10. Measurement of Reactive Oxygen Species

Reactive oxygen species (ROS) generation was measured in Miiller glial cells or
HRMEC monolayers using a 2’-7'-dichlorofluorescein-diacetate (DCFH-DA). Briefly, cells
were grown in standard cell culture media so that 3 x 10°~4 x 10° cells were obtained the
day before the experiment. Next, the cells were harvested and seeded in a dark, clear bottom
24-well microplate with 1 x 10° cells per well. The cells were allowed to adhere overnight.
After washing with 250 uL/well of PBS, the cells were stained by adding 200 uL/well of
the 5 uM DCFH-DA (Invitrogen, Waltham, MA, USA) for 45 min at 37 °C in the dark. After
removing the DCFH-DA solution, cell monolayers were washed with PBS and were treated
either with 10 mM of hydrogen peroxide (HyO,) (Scharlau, Barcelona, Spain) for 10, 20, 40,
60, 80, 100, and 120 min or with 25 mM of glucose for 1, 12, 24, 36, and 48 h. Following the
analyses of such time courses, we pretreated the cells at the highest ROS generation time
point with a medium or ADAMTS13 (100 ng/mL) for 1 h. For the high glucose treatment,
25 mM mannitol (Scharlau) was used as a control. Cellular ROS production was measured
immediately by fluorescence analysis (excitation and emission wavelengths of 488 nm and
525 nm, respectively) on a SpectraMax Gemini-XPS apparatus from Molecular Devices. To
normalize the fluorescence intensities with protein concentrations, the cells were lysed and
1 pL of the supernatant transferred to a clear 96-well plate containing 100 uL of 1:5 diluted
protein assay (Bradford assay) solution to measure the protein concentration.

2.11. In Vitro Migration Assays

HRMECs were seeded at 1 x 10° cells/well on six-well culture plates and allowed to
grow until an 80-90% confluency. The use of a minimal medium was intended to induce
quiescence. Scratches were made in the cell monolayers with sterile pipette tips and then
the cells were rinsed with PBS and left untreated or treated with 10 ng/mL of recombinant
VEGF in the absence or presence of 60 ng/mL or 200 ng/mL or 600 ng/mL of recombinant
ADAMTSI13 for 16 h. Cell migration was recorded microscopically and analyzed with the
use of the Image ] software (latest v. 1.54m), as described previously [20].

Alternatively, HRMEC migration across a membrane fused to gold microelectrodes
was assessed with the use of cell invasion/migration (CIM) plates and an xCELLigence
apparatus (both from Agilent), as described previously [20]. Before the addition to the
chemotaxis plate, the cells were pretreated for 30 min with 6 to 600 ng/mL of ADAMTS13.
The chemotactic activity was monitored during 20 h and expressed as cell index. This latter
parameter increased as the cells migrated across the membrane. Each experiment was
performed in duplicates. The obtained cell indices after 7 h (time point where the maximal
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index was reached) were normalized to the cell index of unstimulated endothelial cells (set
at 100%).

2.12. Statistical Analysis

Data were analyzed and figures prepared using SPSS® version 21.0 (IBM Inc., Chicago,
IL, USA). To test for normality, the Shapiro-Wilk test and Q-Q plots were used. Conse-
quently, the normally distributed data were presented as means & SD (standard deviation)
and range and illustrated using bar charts showing the standard deviations. Alternatively,
data were presented as medians (IQR) (interquartile range) and box and whisker plots pre-
pared. One-way ANOVA and independent t-tests were used for the normally distributed
data, while Kruskal-Wallis and Mann-Whitney U tests were used for the data that were
not normally distributed (adjusted using the Bonferroni correction). Statistical significance
was reported when the value was below 0.05.

3. Results
3.1. PDR Patients Express ADAMTS13 in Epiretinal Fibrovascular Membranes

Epiretinal membranes from patients with PDR (n = 14) were studied by immuno-
histochemistry to examine the tissue localization and expression of ADAMTS13. No
staining was observed in the negative control slides (Figure 1A). All membranes showed
neo-vessels that were positive for the vascular endothelial cell marker CD31 (Figure 1B).
Monocytes/macrophages expressing CD68 (Figure 1C) were detected in all membranes. Im-
munoreactivity for ADAMTS13 was detected in endothelial cells lining new blood vessels in
only five samples (Figure 1D). Immunoreactivity for ADAMTS13 was also observed in stro-
mal cells in all membranes (Figure 1D). Co-localization studies revealed that ADAMTS13
immunoreactivity was detected in stromal monocytes/macrophages expressing CD68 in
all samples (Figure 1E).

3.2. Levels of von Willebrand Factor, the Platelet Marker CD41, and ADAMTS13 in
Vitreous Samples

The presence of VWF (Figure 2A), the platelet marker CD41 (Figure 2B), and
ADAMTS13 (Figure 2C) was evaluated in identical aliquots of vitreous fluid with the
use of the western blot. In comparison with ELISA, which provides single numbers, this
type of analysis provides information about identities and relative abundancies of all
immunoreactive proteoforms. ADAMTS13 immunoreactivities were expressed as three pro-
tein bands at approximately 170 kDa, 125 kDa, and 75 kDa. The predominant ADAMTS13
proteoform was found at 170 kDa, corresponding to the full-length ADAMTS13, whereas
the lower molecular weight immunoreactive proteoforms might represent proteolytically
truncated ADAMTS13 [26]. In Figure 2C, ADAMTS13 immunodetection was performed
with the use of the 5C11 monoclonal antibody. With the 12H6 and 3H9 monoclonal anti-
bodies and the commercial antibodies from Abcam and Novus Biologicals, we detected
similar immunoreactivities. Scanning analysis indicated increased levels of VWF, CD41,
and ADAMTS13 in PDR vitreous in comparison with the controls.
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Figure 1. Epiretinal membranes from PDR patients contain endothelial and stromal cells express-
ing ADAMTS13. (A) Negative control slide showing no staining. (B) Staining for the endothelial
cell marker CD31 showing new blood vessels (arrows). (C) Staining for CD68 identifying mono-
cytes/macrophages in the stroma (arrows). (D) Staining for ADAMTS13 showing immunoreactivity
in vascular endothelial cells (arrows) and in stromal cells (arrowheads). (E) Double immunohisto-
chemical staining for ADAMTS13 (red) and CD68 (brown) showing co-expression in stromal cells
(arrows). No counterstain to visualize the cell nuclei was applied (black scale bar, 10 uM).

3.3. Levels of Biomarkers of Endothelial Cell Injury and Dysfunction in Vitreous Samples

We used ELISA to compare the vitreous levels of soluble VE-cadherin and soluble
syndecan-1 in 39 PDR patients and 36 nondiabetic controls. Both analytes were detected in
all vitreous samples. The median (IQR) level of soluble VE-cadherin in vitreous samples
from patients with PDR was 55.6 (42.5-69.1) ng/mL. The median (IQR) concentration in
the nondiabetic controls was 22.0 (12.9-30.2) ng/mL. PDR patients had significantly higher
levels than nondiabetic controls (p < 0.001; Mann-Whitney U test) (Figure 3A). The median
(IQR) level of soluble syndecan-1 in PDR patients was 416.6 (268.7-522.0) pg/mL and in
nondiabetic controls was 226.8 (134.5-323.8) pg/mL (p < 0.001; Mann-Whitney U test)
(Figure 3B).
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Figure 2. Hemostasis biomarkers in vitreous fluid of diabetes patients. Detection of thrombotic
markers in vitreous fluid of patients with proliferative diabetic retinopathy (PDR). Determination
of the von Willebrand factor (VWF) (A), the platelet marker CD41 (B), and ADAMTS13 (C) levels
in vitreous fluid samples. A total of 15 pL of vitreous fluid samples from 12 patients with PDR
and from 12 nondiabetic patients with rhegmatogenous retinal detachment (RD) was subjected to
gel electrophoresis and the presence of VWE, CD41, and ADAMTS13 (5C11 monoclonal antibody)
was illustrated by representative western blots and the levels of the antigens compared between
the RD and PDR cohorts. Results are expressed as medians (interquartile range). (* p < 0.05;
Mann-Whitney test).
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Figure 3. Markers of endothelial injury and dysfunction are enhanced in the vitreous fluid of patients
with proliferative diabetic retinopathy (PDR). Soluble vascular endothelial (VE)-cadherin (A) and
soluble syndecan-1 (B) levels were quantified by ELISA and expressed as medians (interquartile
ranges) in equal aliquots of vitreous fluid derived from 39 PDR patients and 36 nondiabetic patients
with rhegmatogenous retinal detachment (RD) (* p < 0.05; Mann-Whitney U test).

3.4. Retinal Expression of ADAMTS13 in an Experimental Rat Model of Diabetes

Regulation of retinal ADAMTS13 expression was also studied in a rat model of diabetic
retinopathy. With the use of western blot analysis, by applying the commercial antibody



Cells 2025, 14, 85

10 of 24

from Novus Biologicals, we detected ADAMTS13 as two protein bands at approximately
100 kDa and 45 kDa. The predominant ADAMTS13 proteoform was found at 100 kDa.
Densitometric analyses demonstrated decreased ADAMTS13 protein levels in the retina of
rats after 4 weeks of STZ-induced diabetes (Figure 4A).

3.5. Effect of Intravitreal Administration of ADAMTS13 on Blood—Retinal Barrier in Diabetic Rats

As diabetic conditions in rats were associated with decreased levels of retinal expres-
sion of ADAMTS13, we hypothesized that enhancing the expression of ADAMTS13 might
ameliorate diabetes-induced retinal injury. Therefore, we used injection of exogenous
ADAMTSI3 to rat eyes and analyzed various biological and biochemical parameters of
retinal integrity and functions. Fluorescein isothiocyanate-conjugated dextran was used to
determine the extent of the breakdown of the BRB. In STZ-diabetic rats, retinal vascular
permeability was significantly increased compared with nondiabetic rats. Treatment with
intravitreal ADAMTS13 significantly reduced the diabetes-induced breakdown of the BRB
compared with PBS-treated diabetic eyes (Figure 4B).

3.6. Effect of Intravitreal Administration of ADAMTS13 on Retinal Platelet Recruitment,
Expression of the Adherens Junction Proteins, and Inflammation in Diabetic Rats

STZ treatment significantly increased the retinal levels of VWF (Figure 4C) and of
the platelet marker CD41 (Figure 4D) compared with the retinas of nondiabetic control
rats. Treatment with intravitreal ADAMTS13 significantly reduced the levels of retinal
VWE (Figure 4C) and CD41 (Figure 4D) in STZ-induced diabetic rats compared with the
values obtained from the contralateral diabetic eye that received PBS. Diabetes signifi-
cantly reduced the retinal protein levels of the adherens injunction proteins VE-cadherin
and 3-catenin compared with the retinas of nondiabetic rats. Treatment with intravitreal
ADAMTS13 significantly increased the expression of retinal VE-cadherin (Figure 4E) and
B-catenin (Figure 4F) in comparison with the values obtained from the contralateral diabetic
eye that received PBS alone. Diabetes significantly increased the retinal expression of
phospho-ERK1/2, HMGB1, VCAM-1, and ICAM-1 in comparison with the retinal levels
in nondiabetic control rats. Treatment with intravitreal ADAMTS13 significantly reduced
the expression of retinal phospho-ERK1/2 (Figure 5A), HMGB1 (Figure 5B), VCAM-1
(Figure 5C), and ICAM-1 (Figure 5D) proteins in STZ-induced diabetic rats in comparison
with the levels in the PBS-treated contralateral diabetic eyes.

3.7. Anti-Angiogenic and Anti-Inflammatory Effects of ADAMTS13 on Cultured Human Retinal
Miiller Glial Cells

Following the demonstration that ADAMTS13 levels were decreased under diabetic
conditions in the retinas of rats and that administration of exogenous ADAMTS13 had
beneficial effects on various parameters of retinal integrity in vivo, we started to dissect
the effects of ADAMTS13 on diabetic conditions at the cellular level, in vitro. The di-
abetic mimetic conditions HG, the proinflammatory cytokine TNF-&, and the hypoxia
mimetic agent CoCl, significantly induced MMP-9 and MCP-1/CCL2 levels in the cul-
ture medium of Miiller glial cells compared to untreated control, as measured with the
use of specific ELISAs. In Miiller cells, ADAMTS13 pretreatment significantly attenu-
ated MCP-1/CCL2 (Figure 6) and MMP-9 levels (Figure 6), which were induced by HG,
TNF-c, or CoCl,. HG and CoCl,, but not TNF-«, significantly upregulated VEGF levels.
Pretreatment of Miiller cells with ADAMTS13 did not affect the HG- and CoCl,-induced
upregulation of VEGF. Miiller cells were poor producers of fractalkine/CX3CL1, as this
proinflammatory chemokine could not be detected in the supernatants of unstimulated or
TNF-o-treated cells.
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Figure 4. ADAMTS13 expression levels in diabetic rat retinas and effects of exogenously administered
ADAMTS13. ADAMTS13 expression levels in the retinal lysates of diabetic rats (D) (n = 12) and
nondiabetic control animals (n = 12) were determined by western blot analysis. After the measurement
of the intensities of ADAMTS13 proteoform bands, the immunoblots were stripped and reprobed to
evaluate 8-tubulin intensities in all sample panels (A). Results are expressed as means =+ standard
deviation of the ratios between ADAMTS13 and £-tubulin (* p < 0.05; independent t-test). The
effects of intravitreal ADAMTS13 injection on vascular permeability and markers of hemostasis and
inflammation in rat retinas after streptozotocin-induced diabetes were evaluated by quantifications of
the BRB breakdown by detection of FITC dextran seeped into the retina after the systemic injection (B).
Retinal protein expression levels of the von Willebrand factor (VWEF) (C), the platelet marker CD41 (D),
vascular endothelial (VE)-cadherin (E), and £8-catenin (F) were determined by immunoblot analysis.
Statistical comparisons (mean =+ standard deviation of 8-10 rats) were performed as described in
Section 2.12. * p < 0.05 compared with values obtained from nondiabetic controls. # p < 0.05 compared

with values obtained from diabetic rats.
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Figure 5. Intravitreal administration of ADAMTS13 reduces retinal inflammation in diabetic rats.
The relative protein amounts of phospho-ERK1/2 (A), high-mobility group box-1 (HMGB1) (B),
vascular cell adhesion molecule-1 (VCAM-1) (C), and intercellular adhesion molecule-1 (ICAM-1) (D)
were determined in rat retinas with the use of western blots. The animals were made diabetic with
the use of a single streptozotocin bolus, ADAMTS13 was injected in the vitreous, and its effects on
inflammation markers were evaluated by comparison of ADAMTS13-injected with the contralateral
PBS-injected eyes in single animals. Statistical comparisons (mean standard deviation of 8-10 rats
in each group) were performed as described in Section 2.12. * p < 0.05 compared with nondiabetic

controls. # p < 0.05 compared with diabetic rats.
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Figure 6. Regulation of proangiogenic and inflammatory molecule expression by ADAMTS13 in
human retinal Miiller glial cells. Human glial cells were left untreated or treated with high glucose
(HG) (25 mM), tumor necrosis factor-o (TNF-«) (1 ng/mL), or cobalt chloride (CoCly) (300 uM)
for 24 h or ADAMTS13 (100 ng/mL) for 1h followed by HG, CoCl,, or TNF-a. A total of 25 mM
of mannitol was used as an inert control for osmotic effects by HG treatment. Levels of monocyte
chemotactic protein-1 (MCP-1), matrix metalloproteinase-9 (MMP-9), and vascular endothelial growth
factor (VEGF) were quantified in the culture media by ELISA. The present data were generated
from three different experiments, each performed in triplicates, and the results are provided as
means + standard deviation; statistical comparisons were performed as described in Section 2.12.
* p < 0.05 indicates the comparisons with values obtained from control cells. # p < 0.05 documents the
differences with values obtained from cells treated with HG, TNF-«, or CoCl,.

3.8. Cultered Microvascular Endothelial Cells from Human Retina Do Not Express ADAMTS13

By analyzing cell lysates, we tried to demonstrate ADAMTS13 expression in HRMECs.
However, we were not able to detect ADAMTS13 expression in these experiments with the
commercial antibodies against ADAMTS13 from Abcam and Novus Biologicals, nor with
the monoclonal antibodies 3H9, 12H6, and 5C11 against human ADAMTS13.

3.9. Protective Effect of ADAMTS13 on Endothelial Cell Dysfunction Induced by Diabetic
Retinopathy-Associated Mechanisms

ELISA analysis demonstrated that treatment of HRMECs with HG, CoCL,, and TNEF-
o induced significant upregulation of soluble VE-cadherin and soluble syndecan-1 in
the culture medium compared to the untreated control. Pretreatment with ADAMTS13
significantly attenuated the levels of soluble VE-cadherin and soluble syndecan-1 induced
by HG, CoCly, and TNF-« (Figure 7A-C).
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Figure 7. ADAMTS13 promotes the integrity of adherens junctions in human retinal microvascular
endothelial cells. Retinal endothelial cells were left untreated (control) or were cultured in the
presence of 25 mM of high glucose (HG) concentrations (A), 300 uM of cobalt chloride (CoCl,) (B),
or 1 ng/mL of TNF-o (C) for 24 h. A third type of treatment consisted of the pretreatment with 100
ng/mL of ADAMTS13 for 1 h followed by HG, CoCly, or TNF-«. A total of 25 mM of mannitol was
used as a control for the treatment with high glucose. Levels of soluble VE-cadherin (left histograms)
and soluble syndecan-1 (right histograms) in cell culture media were quantified with the use of
specific ELISAs. The data represent means + standard deviations from different (1 = 3) experiments
performed in triplicates, and statistical comparisons were performed as described in Section 2.12.
* p < 0.05 indicates comparisons with values obtained from control cells. # p < 0.05 provides the
comparisons with values obtained from cells treated with HG, CoCl,, or TNF-«.

3.10. Effect of ADAMTS13 on Inflammatory Signaling Pathways and Inflammatory Marker
Expression in Human Retinal Microvascular Endothelial Cells

Treatment of HRMECs with TNF-« induced significant upregulation of phospho-
ERK1/2 protein levels. Pretreatment with ADAMTS13 significantly attenuated this TNF-o-
induced phospho-ERK1/2 increase (Figure 8A). ELISA analyses revealed that the treatment
of HRMECs with HG, CoCl,, and TNF-« induced significant upregulation of MCP-1/CCL2
in the culture medium versus the control. Pretreatment of HRMECs with ADAMTS13 signif-
icantly attenuated the levels of MCP-1/CCL2 induced by HG, CoCl,, and TNF-« (Figure 8B).
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Resting HRMECs did not release detectable amounts of fractalkine/CX3CL1; however,
fractalkine /CX3CL1 expression increased above the detection limit in the presence of TNF-
. Pretreatment with ADAMTS13 significantly attenuated the levels of fractalkine/CX3CL1
upregulated by TNF-« (Figure 8C).
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Figure 8. Regulation of inflammatory cytokine expression by ADAMTS13 in human retinal microvas-
cular endothelial cells. Endothelial cultures were left untreated (control) or were treated with 25 mM
of high glucose (HG), 300 uM of cobalt chloride (CoCl,), or 1 ng/mL of tumor necrosis factor-o
(TNF-o0) for 24 h with or without a 1 h preincubation with 100 ng/mL of ADAMTS13. A total of
25 mM of mannitol was used as control for cell damage induced by high glucose levels. In panel (A),
signaling events were probed by measurement of phospho-ERK1/2 levels in cell lysates. In panel (B),
cell culture medium levels of monocyte chemotactic protein-1 (MCP-1) and, in panel (C), cell culture
medium levels of fractalkine were quantified with the use of specific ELISAs. Data are expressed as
means =+ standard deviation from independent (1 = 3) experiments with triplicates per experiment.
Statistical comparisons were performed as described in Section 2.12. * p < 0.05 indicates comparisons
with values obtained from control cells. # p < 0.05 indicates comparisons with values obtained from
stimulated cells.

3.11. Effect of ADAMTS13 on THP-1 Monocyte Adhesion to Human Retinal Microvascular
Endothelial Cells

The adherence of THP-1 monocytes to HRMECs elicited by TNF-« was significantly
reduced when HRMECs were pretreated with ADAMTS13 (Figure 9A). This biological effect
was substantiated at the molecular level by analysis of ICAM-1 and VCAM levels. Indeed,
with the use of western blot analyses, we showed that ADAMTS13 significantly reduced
the TNF-«x-elicited ICAM-1 (Figure 9B) and VCAM-1 (Figure 9C) levels in HRMECs.
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Figure 9. ADAMTSI13 affects leukocyte adhesion to human retinal microvascular endothelial cells
(HRMECs). HRMECs were left untreated or were stimulated with 1 ng/mL of tumor necrosis factor-o
(TNF-or) for 24 h with or without a 1 h preincubation with ADAMTS13 (100 ng/mL). Monocyte
adhesion to HRMEC monolayers was assessed with the use of fluorescently labeled THP-1 monocytic
cells (A). The effects of exogenous ADAMTS13 on protein expression levels of intercellular adhesion
molecule-1 (ICAM-1) (B) and vascular cell adhesion molecule-1 (VCAM-1) (C) were determined
with the use of western blots. Results are expressed as means + standard deviation from three
different experiments performed in triplicates. One-way ANOVA and independent t-tests were used
for comparisons among three groups and between two groups, respectively. * p < 0.05 compared with
values obtained from untreated cells. # p < 0.05 compared with values obtained from cells treated
with TNF-« (RFU = relative fluorescence units).

3.12. Effect of ADAMTS13 on the Generation of Reactive Oxygen Species in Human Retinal
Microvascular Endothelial Cells Cultured in High Glucose

In response to the HG treatment, ROS generation was highest at an interval time
of 24 h. Therefore, the protective effect of ADAMTS13 was examined at this time point.
Figure 10A shows the changes in the DCF fluorescence signal, which is a ROS indicator, in
HRMECs. HG caused a significant increase in DCF fluorescence compared with that of the
control. Pretreatment with ADAMTS13 significantly attenuated ROS generation induced
by HG.
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Figure 10. ADAMTSI13 reduces cellular oxidative stress. Oxidative stress was induced in HRMECs
and human retinal Miiller glial cells and monitored with the use of 2’-7’-dichlorofluorescein (DCF) flu-
orescence intensity analysis. The in vitro effects of cell pretreatment with 100 ng/mL of ADAMTS13
for 1 h were quantified. HRMECs were left untreated (control) or were treated with 25 mM of high
glucose (HG) for 24 h. A total of 25 mM of mannitol was used as a control condition for the HG
treatment (A). Human retinal Miiller glial cells (B) and HRMECs (C) were left untreated or were
treated with 10 mM of hydrogen peroxide (H,O,) for 1 h. Data are provided as medians (interquartile
range) from independent (1 = 3) experiments, each performed in triplicates. Statistical comparisons
were performed as described in Section 2.12. * p < 0.5 indicates comparisons with values obtained
from control cells. # p < 0.05 indicates comparisons with values obtained from cells treated with HG
or Hzoz.

3.13. Effect of ADAMTS13 on the Generation of Reactive Oxygen Species in Human Retinal
Miiller Glial Cells and Human Retinal Microvascular Endothelial Cells

The highest ROS generation in response to treatment with the exogenous reactive oxy-
gen species H,O, was observed after 1 h. Accordingly, the protective effect of ADAMTS13
was investigated at this time point. Treatment of Miiller cells (Figure 10B) and HRMECs
(Figure 10C) with H,O, induced a significant increase in ROS generation compared to the
control. Pretreatment with ADAMTS13 significantly attenuated ROS generation induced
by H,O, (Figure 10B,C).

3.14. Effect of ADAMTS13 on Migration of Human Retinal Microvascular Endothelial Cells

The migration of endothelial cells is a critical component of the angiogenic process.
We tested ADAMTS13 for its ability to block migration of HRMECs (Figure 11). When
added as a single stimulus to HRMEC cultures, ADAMTS13 did not significantly affect
endothelial cell migration. ADAMTS13 pretreatment at a concentration of 600 ng/mL
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significantly attenuated the migration of HRMECs after stimulation with VEGF in the
scratch wound migration assay (Figure 11A,B) and the transmembrane migration assay
(Figure 11C). However, at lower concentrations, no significant effect of ADAMTS13 was
observed (Figure 11). Treatment with ADAMTS13 did not affect spontaneous migration.
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Figure 11. Inhibition of endothelial cell migration by ADAMTS13. (A,B) Confluent monolayers of
overnight starved HRMECs were scratched with sterile micropipette tips and monolayer regeneration
was microscopically monitored, subject to various treatments. In one set of experiments, the cultures
were pretreated with a dilution medium or ADAMTS13 (60, 200, or 600 ng/mL) for 1 h, followed by
stimulation with vascular endothelial growth factor (VEGF) (10 ng/mL) for 16 h. Two independent
experiments were performed in duplicates and two-to-three independent field images were taken for
the migration analysis with the Image ] software (summarized in (B)). In panel (A), representative
images illustrate the effect of ADAMTS13, at a dose of 600 ng/mL, on VEGF-induced cell migration.
(C) In a second set of experiments, endothelial cell migration through 8 um pores of polyethylene
terephthalate (PET) membranes in response to VEGF (10 ng/mL) with or without pretreatment
with ADAMTS13 (6 to 600 ng/mL) was analyzed with the xCELLigence instrument (three or four
independent experiments in duplicates). Results are expressed as means + standard deviation. One-
way ANOVA and independent t-tests were used for comparisons among five groups and between
two groups, respectively. * p < 0.05 compared with values obtained from untreated cells. # p < 0.05
compared with values obtained from cells treated with VEGF only.

4. Discussion

The key novel findings of this study are that (1) ADAMTS13 was specifically localized
in monocytes/macrophages in all the examined epiretinal fibrovascular membranes from
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patients with PDR and that the components of ADAMTS13/VWE/the platelet marker CD41
axis were significantly upregulated in PDR vitreous fluid, (2) the biomarkers of endothelial
cell injury and dysfunction, namely soluble VE-cadherin and soluble syndecan-1, were sig-
nificantly upregulated in PDR vitreous fluid, (3) treatment with intravitreal rhADAMTS13
restored retinal vascular and BRB integrity in STZ-induced diabetic rats, with this effect
associated with the upregulation of VE-cadherin and {3-catenin and the downregulation
of VWE, platelet recruitment, and the proinflammatory factors ICAM-1, VCAM-1, and
HMGBI, (4) treatment of HRMECs with thADAMTS13 significantly reduced the elevated
levels of the markers of endothelial cell injury and dysfunction and the inflammatory
chemokines MCP-1/CCL2 and fractalkine/CX3CL1 in the culture media induced by the
studied diabetic mimetic conditions, with this paralleled by a reduction in phospho-ERK1/2
and the adhesion molecules ICAM-1 and VCAM-1, and a decreased binding of human
monocytes to HRMECs, (5) treatment of human retinal Miiller glial cells with thADAMTS13
significantly attenuated the increased levels of the inflammatory chemokine MCP-1/CCL2
and the proangiogenic and proinflammatory factor MMP-9 in the culture medium induced
by diabetic mimetic conditions, (6) treatment with rhADAMTS13 significantly attenuated
ROS generation induced by HG and H,0, in Miiller glial cells and HRMECs, and (7)
treatment with rhADAMTS13 attenuated VEGF-induced HRMECs migration, a crucial
step in the angiogenesis cascade. Collectively, our data indicate that hADAMTS13 reduces
diabetes-induced retinal inflammatory vasculopathy and microvascular endothelial cell
dysfunction.

Immunohistochemical analyses demonstrated that monocytes/macrophages are the
main cellular source of ADAMTS13 in the ocular microenvironment of patients with PDR.
The immunoactivity of ADAMTS13 was detected in endothelial cells lining new blood
vessels in only five of the 14 studied PDR epiretinal fibrovascular membranes. With the
use of western blot analysis, we demonstrate that cultured HRMECs did not express
ADAMTS13. However, previous reports have demonstrated that human umbilical vein
endothelial cells and human umbilical artery endothelial cells express ADAMTS13 [27],
and that the inflammatory cytokines interferon-y and TNF-« downregulate ADAMTS13 ex-
pression in human umbilical vein endothelial cells [28]. Several studies have demonstrated
heterogeneity among endothelial cells from different tissues in terms of antigen expres-
sion, their response to agonists, and functional activity [29-31]. We also demonstrated
that ADAMTSI13 protein was significantly downregulated in the retinas of rats after four
weeks of STZ-induced diabetes. These findings shed some light on the mechanism under-
lying diabetes-induced retinal inflammatory vasculopathy and microvascular endothelial
cell dysfunction. Diabetes-induced retinal inflammation could aggravate retinal damage
through the reduction of retinal ADAMTS13.

Previous studies have demonstrated that ADAMTS13 may also be involved in reg-
ulating angiogenesis and that ADAMTS13 might be either a proangiogenic or an anti-
angiogenic factor, depending on the local microenvironment. In vitro studies have demon-
strated that ADAMTS13 induces human umbilical vein endothelial cell proliferation, migra-
tion, and tube formation, key steps in the angiogenesis process [32]. Incubation of human
umbilical vein endothelial cells with ADAMTS13 increased VEGF expression and en-
hanced phosphorylation of its receptor VEGF-R2. These findings suggest that ADAMTS13-
induced angiogenesis occurs via the VEGF-VEGF-R2 signaling pathway [33]. In contrast,
ADAMTS13 reduced VEGF-induced human umbilical vein endothelial cell proliferation,
migration, and tube formation via direct interaction between the thrombospondin type
1 domain of ADAMTS13 and VEGEF [32]. These findings suggest that ADAMTS13 may
have additional roles in vascular biology and might promote angiogenesis, but also exert
inhibitory effects when angiogenesis is induced by VEGE. In the current study, we demon-
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strated that ADAMTS13 reduced VEGF-induced in vitro migration of HRMECs. VEGF is
known to be an important player in inducing retinal vascular leakage and angiogenesis in
diabetic retinopathy [34].

Vascular endothelial (VE)-cadherin is an endothelial transmembrane glycoprotein with
a major role in cell—cell adhesion at the adherence junctions. 3-catenin is a member of the en-
dothelial adherence junction proteins and is a key regulatory component of the VE-cadherin
cell adhesion complex. The proteoglycan syndecan-1 is the main component of endothelial
glycocalyx which maintains endothelial integrity. When endothelial integrity becomes
disrupted during hypoxia and inflammatory conditions, VE-cadherin and syndecan-1
are cleaved and shed into the circulation. Therefore, soluble VE-cadherin and soluble
syndecan-1 are considered to be biomarkers reflecting endothelial cell injury [35-38]. Here,
we documented elevated levels of soluble VE-cadherin and soluble syndecan-1 in PDR vitre-
ous fluid, suggesting loss of retinal vascular endothelial cell integrity. We also demonstrated
that treatment of cultured HRMECs with thADAMTS13 significantly reduced diabetic-
mimetic-condition-induced elevated levels of soluble VE-cadherin and soluble syndecan-1
in the culture medium. These findings suggest a protective effect of ADAMTS13 on the
retinal endothelial barrier function. Indeed, intravitreal injection of rhADAMTS13 im-
proved diabetes-induced downregulation of the adherence junction proteins VE-cadherin
and f3-catenin and restored disease parameters of retinal vascular and BRB integrity in
STZ- induced diabetic rats. These results complement previous studies showing that
rhADAMTS13 provides a protective effect on vascular endothelial barrier function in ex-
perimental models of trauma-induced shock [39], intracerebral hemorrhage [40], trauma
transfusion [41], and acute kidney injury [12,42].

Severe ADAMTSI13 deficiencies are linked to thrombotic thrombocytopenic pur-
pura, characterized by platelet-rich thrombi in the microvasculature [10]. A key role
of ADAMTS13 has been identified in downregulating both platelet adhesion and throm-
bus formation in injured arterioles and in activated venules in an experimental mouse
model [43]. thADAMTS13 reduced cerebral microthrombus formation and brain injury in
an experimental mouse model of subarachnoid hemorrhage [17,44]. Here, we documented
an increased platelet entrapment within the eyes of patients with PDR by analysis of the
platelet biomarker CD41. In line with previous studies, we showed that treatment with
intravitreal rhADAMTS13 significantly reduced retinal platelet recruitment in STZ-induced
diabetic rats.

In the diabetic retina, prolonged hyperglycemia and altered metabolic pathways in-
crease oxidative stress, upregulate proinflammatory cytokines and chemokines, adhesion
molecules, growth factors, and MMP-9, leading to the breakdown of the BRB. Mounting ev-
idence demonstrates a pivotal role of chronic low-grade inflammation in the pathogenesis
of diabetic retinopathy. Increased leukostasis has been shown to be a crucial step in the
early stages of diabetic retinopathy. In addition, there is abundant evidence for a key role
of oxidative stress in the pathogenesis of diabetic retinopathy. Therefore, inhibition of ROS
generation in retinal cells could protect the retina from hyperglycemia-induced oxidative
damage. Furthermore, a close crosstalk between oxidative stress and inflammation has
been established in the pathogenesis of diabetic retinopathy [45-47]. In the diabetic retina,
inflammatory vasculopathy, endothelial cell dysfunction, and the breakdown of the BRB
correlate with an increased adhesion of circulating leukocytes to retinal microvascular
endothelial cells [3]. Retinal Miiller glial cells and HRMECSs are major cell types which
are involved in diabetes-induced retinal inflammation [19,21,48]. In the present study, we
demonstrated that rhADAMTS13 treatment significantly reduced the expression of the
adhesion molecules ICAM-1 and VCAM-1 in cultured HRMECsS, decreased the adherence
of human monocytic THP-1 cells to these cells, and reduced the production of the inflam-
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matory chemokines MCP-1/CCL2 and fractalkine/CX3CL1 in the culture supernatants of
HRMECs induced by the studied diabetic mimetic conditions. In addition, rhADAMTS13
treatment significantly attenuated the production of MMP-9 and MCP-1/CCL2 by Miiller
glial cells induced by the studied diabetic mimetic conditions. In addition, the intrav-
itreal administration of thADAMTS13 restored retinal vascular and BRB integrity and
normalized the retinal expression of ICAM-1, VCAM-1, the proinflammatory alarmin
HMGB]1, and phospho-ERK1/2 in STZ-induced diabetic rats, further corroborating the
working hypothesis of hADAMTS13 as a new therapeutic option for the management
of diabetic retinopathy. These findings are in line with previous studies showing that
rhADAMTS13 provides protection against inflammation in experimental models of renal
ischemia-reperfusion injury [12], myocardial ischemia [13], collagen-induced arthritis [15],
and diabetic nephropathy [11]. Furthermore, oxidative stress plays a key role in retinal
vascular endothelial dysfunction in the diabetic retina [45,49]. Here, we also documented
that treatment with rhADAMTS13 attenuated the production of ROS by Miiller glial cells
and HRMEC:s following exposure to HG- and H,O;-induced oxidative stress. Similarly,
rhADAMTS13 counteracted oxidative stress in an experimental model of acute kidney
injury by cleaving VWF [42].

5. Conclusions

In conclusion, our findings suggest that therapeutic approaches to enhance ADAMTS13
levels could potentially be a promising strategy to ameliorate diabetes-induced retinal
inflammation and vascular dysfunction. Indeed, recent studies have demonstrated the effi-
cacy and safety of rhADAMTSI13 in patients with congenital thrombotic thrombocytopenic
purpura [50].

Author Contributions: Conceptualization and design of the project, AM.AE.-A., G.D.H,, S.S. and
G.O.; performance of experiments, M.ILN., A.A.,, M.S,, EA,, L.A. and L.V,; data analysis, PW.G.;
resources and funding, AM.A.E.-A,, S.S. and G.O.; writing the original version, A.M.A.E.-A; super-
vision and administration of the project, AM.A.E.-A., G.D.H., G.O. and S.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the King Saud University through the Vice Deanship of
Research Chair, Dr. Nasser Al-Rashid, Research Chair in Ophthalmology (AMA). S.S. received
funding from the Rega Foundation and the University of Leuven. L.A. was supported by a PhD grant
from the Research Foundation—Flanders (Grant No:1540823N).

Institutional Review Board Statement: The study was conducted according to the guidelines
of the Declaration of Helsinki of 1975, revised in 2013. The study design and the protocol were
approved by the Research Center and Institutional Review Board of the College of Medicine, King
Saud University (approval numbers: 23/0686/IRB and 23/0684/IRB dated 4 October 2023). All
procedures with animals were performed in accordance with the Association for Research in Vision
and Ophthalmology (ARVO) statement for the use of animals in ophthalmic and vision research and
were approved by the institutional Animal Care and Use Committee of the College of Pharmacy,
King Saud University (approval number: 2019/01/017).

Informed Consent Statement: All the patients were candidates for vitrectomy as a surgical procedure.
All patients signed a preoperative informed written consent and approved the use of the excised
epiretinal membranes and vitreous fluid for further analysis and clinical research.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Professor Karen Vanhoorelbeke and Quintijn Bonnez for the
generous gift of the anti-ADAMTS13 monoclonal antibodies 3H9, 12H6, and 5C11 (KU Leuven Cam-



Cells 2025, 14, 85 22 0f 24

pus KULAK, Belgium), Crisalis Longanilla-Bautista and Hagar A. Elsayed for secretarial assistance,
and Kathleen Van Den Eynde for technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

Bora, K.; Kushwah, N.; Maurya, M.; Pavlovich, M.C.; Wang, Z.; Chen, J. Assessment of Inner Blood-Retinal Barrier: Animal
Models and Methods. Cells 2023, 12, 2443. [CrossRef] [PubMed]

O’Leary, F,; Campbell, M. The blood-retina barrier in health and disease. FEBS ]. 2023, 290, 878-891. [CrossRef]

Miyamoto, K.; Khosrof, S.; Bursell, S.E.; Rohan, R.; Murata, T.; Clermont, A.C.; Aiello, L.P; Ogura, Y.; Adamis, A.P. Prevention of
leukostasis and vascular leakage in streptozotocin-induced diabetic retinopathy via intercellular adhesion molecule-1 inhibition.
Proc. Natl. Acad. Sci. USA 1999, 96, 10836-10841. [CrossRef] [PubMed]

Bhagat, N.; Grigorian, R.A.; Tutela, A.; Zarbin, M.A. Diabetic macular edema: Pathogenesis and treatment. Surv. Ophthalmol.
2009, 54, 1-32. [CrossRef] [PubMed]

Boeri, D.; Maiello, M.; Lorenzi, M. Increased prevalence of microthromboses in retinal capillaries of diabetic individuals. Diabetes
2001, 50, 1432-1439. [CrossRef] [PubMed]

Yamashiro, K.; Tsujikawa, A.; Ishida, S.; Usui, T.; Kaji, Y.; Honda, Y.; Ogura, Y.; Adamis, A P. Platelets accumulate in the diabetic
retinal vasculature following endothelial death and suppress blood-retinal barrier breakdown. Am. J. Pathol. 2003, 163, 253-259.
[CrossRef] [PubMed]

Nawaz, M.I; Van Raemdonck, K.; Mohammad, G.; Kangave, D.; Van Damme, J.; Abu El-Asrar, A.M.; Struyf, S. Autocrine CCL2,
CXCL4, CXCL9 and CXCL10 signal in retinal endothelial cells and are enhanced in diabetic retinopathy. Exp. Eye Res. 2013, 109,
67-76. [CrossRef] [PubMed]

Vandercappellen, J.; Van Damme, ].; Struyf, S. The role of the CXC chemokines platelet factor-4 (CXCL4/PF-4) and its variant
(CXCL4L1/PF-4var) in inflammation, angiogenesis and cancer. Cytokine Growth Factor. Rev. 2011, 22, 1-18. [CrossRef] [PubMed]
Madjedi, K.; Pereira, A.; Ballios, B.G.; Arjmand, P.; Kertes, P.J.; Brent, M.; Yan, P. Switching between anti-VEGF agents in the
management of refractory diabetic macular edema: A systematic review. Surv. Ophthalmol. 2022, 67, 1364-1372. [CrossRef]
[PubMed]

Mead, T.J.; Apte, S.S. ADAMTS proteins in human disorders. Matrix Biol. 2018, 71-72, 225-239. [CrossRef]

Dhanesha, N.; Doddapattar, P.; Chorawala, M.R.; Nayak, M.K.; Kokame, K.; Staber, ] M.; Lentz, S.R.; Chauhan, A K. ADAMTS13
retards progression of diabetic nephropathy by inhibiting intrarenal thrombosis in mice. Arterioscler. Thromb. Vasc. Biol. 2017, 37,
1332-1338. [CrossRef] [PubMed]

Zhou, S.; Jiang, S.; Guo, J.; Xu, N.; Wang, Q.; Zhang, G.; Zhao, L.; Zhou, Q.; Fu, X; Li, L.; et al. ADAMTS13 protects mice against
renal ischemia-reperfusion injury by reducing inflammation and improving endothelial function. Am. J. Physiol. Ren. Physiol.
2019, 316, F134-F145. [CrossRef] [PubMed]

De Meyer, S.E,; Savchenko, A.S.; Haas, M.S.; Schatzberg, D.; Carroll, M.C.; Schiviz, A.; Dietrich, B.; Rottensteiner, H.; Scheiflinger,
F.; Wagner, D.D. Protective anti-inflammatory effect of ADAMTS13 on myocardial ischemia/reperfusion injury in mice. Blood
2012, 120, 5217-5223. [CrossRef] [PubMed]

Rossato, P.; Federti, E.; Matte, A.; Glantschnig, H.; Canneva, F; Schuster, M.; Coulibaly, S.; Schrenk, G.; Voelkel, D.; Dockal, M.;
et al. Evidence of protective effects of recombinant ADAMTS13 in a humanized model of sickle cell disease. Haematologica 2022,
107, 2650-2660. [CrossRef]

Fukui, S.; Gutch, S.; Fukui, S.; Chu, L.; Wagner, D.D. Anti-inflammatory protective effect of ADAMTS-13 in murine arthritis
models. J. Thromb. Haemost. 2022, 20, 2386-2393. [CrossRef] [PubMed]

Fujioka, M.; Nakano, T.; Hayakawa, K.; Irie, K.; Akitake, Y.; Sakamoto, Y.; Mishima, K.; Muroi, C.; Yonekawa, Y.; Banno,
F; et al. ADAMTS13 gene deletion enhances plasma high-mobility group box1 elevation and neuroinflammation in brain
ischemia-reperfusion injury. Neurol. Sci. 2012, 33, 1107-1115. [CrossRef] [PubMed]

Muroi, C.; Fujioka, M.; Mishima, K.; Irie, K.; Fujimura, Y.; Nakano, T.; Fandino, ].; Keller, E.; Iwasaki, K.; Fujiwara, M. Effect of
ADAMTS-13 on cerebrovascular microthrombosis and neuronal injury after experimental subarachnoid hemorrhage. J. Thromb.
Haemost. 2014, 12, 505-514. [CrossRef] [PubMed]

Abu El-Asrar, AM.; Nawaz, M.L; Allegaert, E.; Siddiquei, M.M.; Ahmad, A.; Gikandi, P.; De Hertogh, G.; Opdenakker, G.
Differential expression and localization of ADAMTS proteinases in proliferative diabetic retinopathy. Molecules 2022, 27, 5977.
[CrossRef] [PubMed]

Abu El-Asrar, A M.; Nawaz, M.I;; Ahmad, A.; Dillemans, L.; Siddiquei, M.; Allegaert, E.; Gikandi, PW.; De Hertogh, G.; Opde-
nakker, G.; Struyf, S. CD40 ligand-CD40 interaction is an intermediary between inflammation and angiogenesis in proliferative
diabetic retinopathy. Int. J. Mol. Sci. 2023, 24, 15582. [CrossRef]


https://doi.org/10.3390/cells12202443
https://www.ncbi.nlm.nih.gov/pubmed/37887287
https://doi.org/10.1111/febs.16330
https://doi.org/10.1073/pnas.96.19.10836
https://www.ncbi.nlm.nih.gov/pubmed/10485912
https://doi.org/10.1016/j.survophthal.2008.10.001
https://www.ncbi.nlm.nih.gov/pubmed/19171208
https://doi.org/10.2337/diabetes.50.6.1432
https://www.ncbi.nlm.nih.gov/pubmed/11375345
https://doi.org/10.1016/S0002-9440(10)63648-6
https://www.ncbi.nlm.nih.gov/pubmed/12819029
https://doi.org/10.1016/j.exer.2013.01.008
https://www.ncbi.nlm.nih.gov/pubmed/23352833
https://doi.org/10.1016/j.cytogfr.2010.10.011
https://www.ncbi.nlm.nih.gov/pubmed/21111666
https://doi.org/10.1016/j.survophthal.2022.04.001
https://www.ncbi.nlm.nih.gov/pubmed/35452685
https://doi.org/10.1016/j.matbio.2018.06.002
https://doi.org/10.1161/ATVBAHA.117.309539
https://www.ncbi.nlm.nih.gov/pubmed/28495930
https://doi.org/10.1152/ajprenal.00405.2018
https://www.ncbi.nlm.nih.gov/pubmed/30461292
https://doi.org/10.1182/blood-2012-06-439935
https://www.ncbi.nlm.nih.gov/pubmed/22915644
https://doi.org/10.3324/haematol.2021.280233
https://doi.org/10.1111/jth.15828
https://www.ncbi.nlm.nih.gov/pubmed/35875933
https://doi.org/10.1007/s10072-011-0913-9
https://www.ncbi.nlm.nih.gov/pubmed/22212812
https://doi.org/10.1111/jth.12511
https://www.ncbi.nlm.nih.gov/pubmed/24476338
https://doi.org/10.3390/molecules27185977
https://www.ncbi.nlm.nih.gov/pubmed/36144730
https://doi.org/10.3390/ijms242115582

Cells 2025, 14, 85 23 of 24

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Abu El-Asrar, AM.; Ahmad, A.; Nawaz, M.L; Siddiquei, M.M.; De Zutter, A.; Vanbrabant, L.; Gikandi, PW.; Opdenakker, G.;
Struyf, S. Tissue Inhibitor of Metalloproteinase-3 Ameliorates Diabetes-Induced Retinal Inflammation. Front. Physiol. 2021, 12,
807747. [CrossRef] [PubMed]

Abu El-Asrar, AM.; Nawaz, M.I; Ahmad, A.; De Zutter, A ; Siddiquei, M.M.; Blanter, M.; Allegaert, E.; Gikandi, PW.; De Hertogh,
G.; Van Damme, J.; et al. Evaluation of proteoforms of the transmembrane chemokines CXCL16 and CX3CLl1, their receptors,
and their processing metalloproteinases ADAM10 and ADAM17 in proliferative diabetic retinopathy. Front. Immunol. 2020, 11,
601639. [CrossRef] [PubMed]

Navaratna, D.; Menicucci, G.; Maestas, J.; Srinivasan, R.; McGuire, P,; Das, A. A peptide inhibitor of the urokinase /urokinase
receptor system inhibits alteration of the blood-retinal barrier in diabetes. FASEB J. 2008, 22, 3310-3317. [CrossRef] [PubMed]
Poulaki, V.; Joussen, A.M.; Mitsiades, N.; Mitsiades, C.S.; Iliaki, E.F; Adamis, A.P. Insulin-like growth factor-I plays a pathogenetic
role in diabetic retinopathy. Am. J. Pathol. 2004, 165, 457—469. [CrossRef]

Feys, H.B.; Roodt, J.; Vandeputte, N.; Pareyn, I.; Lamprecht, S.; van Rensburg, W.J.; Anderson, PJ.; Budde, U.; Louw, VJ;
Badenhorst, P.N.; et al. Thrombotic thrombocytopenic purpura directly linked with ADAMTS13 inhibition in the baboon (Papio
ursinus). Blood 2010, 116, 2005-2010. [CrossRef] [PubMed]

Deforche, L.; Roose, E.; Vandenbulcke, A.; Vandeputte, N.; Feys, H.B.; Springer, T.A.; Mi, L.Z.; Muia, J.; Sadler, ].E.; Soejima, K,;
et al. Linker regions and flexibility around the metalloprotease domain account for conformational activation of ADAMTS-13. J.
Thromb. Haemost. 2015, 13, 2063-2075. [CrossRef] [PubMed]

Crawley, ].T,; Lam, J.K,; Rance, ].B.; Mollica, L.R.; O’Donnell, ].S.; Lane, D.A. Proteolytic inactivation of ADAMTS13 by thrombin
and plasmin. Blood 2005, 105, 1085-1093. [CrossRef] [PubMed]

Turner, N.; Nolasco, L.; Tao, Z.; Dong, ].F; Moake, J. Human endothelial cells synthesize and release ADAMTS-13. J. Thromb.
Haemost. 2006, 4, 1396-1404. [CrossRef]

Cao, WJ.; Niiya, M.; Zheng, X.W.; Shang, D.Z.; Zheng, X.L. Inflammatory cytokines inhibit ADAMTS13 synthesis in hepatic
stellate cells and endothelial cells. J. Thromb. Haemost. 2008, 6, 1233-1235. [CrossRef]

Matheeussen, V.; Baerts, L.; De Meyer, G.; De Keulenaer, G.; Van der Veken, P.; Augustyns, K.; Dubois, V.; Scharpe, S.; De Meester,
I. Expression and spatial heterogeneity of dipeptidyl peptidases in endothelial cells of conduct vessels and capillaries. Biol. Chem.
2011, 392, 189-198. [CrossRef]

Metzger, R.; Franke, F.E.; Bohle, R.M.; Alhenc-Gelas, F.; Danilov, S.M. Heterogeneous distribution of angiotensin I-converting
enzyme (CD143) in the human and rat vascular systems: Vessel, organ and species specificity. Microvasc. Res. 2011, 81, 206-215.
[CrossRef] [PubMed]

Greene, J.A.; Portillo, J.A.; Lopez Corcino, Y.; Subauste, C.S. CD40-TRAF Signaling Upregulates CX3CL1 and TNF-alpha in
Human Aortic Endothelial Cells but Not in Retinal Endothelial Cells. PLoS ONE 2015, 10, e0144133. [CrossRef] [PubMed]

Lee, M.; Rodansky, E.S.; Smith, ].K,; Rodgers, G.M. ADAMTS13 promotes angiogenesis and modulates VEGF-induced angiogene-
sis. Microvasc. Res. 2012, 84, 109-115. [CrossRef]

Lee, M.; Keener, |.; Xiao, ].; Long Zheng, X.; Rodgers, G.M. ADAMTS13 and its variants promote angiogenesis via upregulation of
VEGF and VEGFR?2. Cell. Mol. Life Sci. 2015, 72, 349-356. [CrossRef] [PubMed]

Miller, JW.; Le Couter, J.; Strauss, E.C.; Ferrara, N. Vascular endothelial growth factor a in intraocular vascular disease.
Ophthalmology 2013, 120, 106-114. [CrossRef] [PubMed]

Hashimoto, N.; Ikuma, K.; Konno, Y.; Hirose, M.; Tadokoro, H.; Hasegawa, H.; Kobayashi, Y.; Takano, H. DPP-4 inhibition
protects human umbilical vein endothelial cells from hypoxia-induced vascular barrier impairment. J. Pharmacol. Sci. 2017, 135,
29-36. [CrossRef] [PubMed]

Piotti, A.; Novelli, D.; Meessen, J.; Ferlicca, D.; Coppolecchia, S.; Marino, A.; Salati, G.; Savioli, M.; Grasselli, G.; Bellani, G.;
et al. Endothelial damage in septic shock patients as evidenced by circulating syndecan-1, sphingosine-1-phosphate and soluble
VE-cadherin: A substudy of ALBIOS. Crit. Care 2021, 25, 113. [CrossRef] [PubMed]

Dejana, E.; Orsenigo, F.; Lampugnani, M.G. The role of adherens junctions and VE-cadherin in the control of vascular permeability.
J. Cell Sci. 2008, 121, 2115-2122. [CrossRef]

Hartsock, A.; Nelson, W.J. Adherens and tight junctions: Structure, function and connections to the actin cytoskeleton. Biochim.
Biophys. Acta 2008, 1778, 660—-669. [CrossRef] [PubMed]

Kleinveld, D.J.B.; Simons, D.D.G.; Dekimpe, C.; Deconinck, S.J.; Sloos, PH.; Maas, M.A.W.; Kers, ].; Muia, J.; Brohi, K.; Voorberg,
J.; et al. Plasma and rhADAMTS13 reduce trauma-induced organ failure by restoring the ADAMTS13-VWF axis. Blood Adv. 2021,
5,3478-3491. [CrossRef]

Cai, P; Luo, H.; Xu, H.; Zhu, X.; Xu, W,; Dai, Y.; Xiao, J.; Cao, Y.; Zhao, Y.; Zhao, B.Q.; et al. Recombinant ADAMTS 13 attenuates
brain injury after intracerebral hemorrhage. Stroke 2015, 46, 2647-2653. [CrossRef]

Wirtz, M.R.; van den Brink, D.P,; Roelofs, J.; Goslings, J.C.; Juffermans, N.P. Therapeutic application of recombinant human
ADAMTS-13 improves shock reversal and coagulation status in a trauma hemorrhage and transfusion rat model. Intensive Care
Med. Exp. 2020, 8, 42. [CrossRef] [PubMed]


https://doi.org/10.3389/fphys.2021.807747
https://www.ncbi.nlm.nih.gov/pubmed/35082694
https://doi.org/10.3389/fimmu.2020.601639
https://www.ncbi.nlm.nih.gov/pubmed/33552057
https://doi.org/10.1096/fj.08-110155
https://www.ncbi.nlm.nih.gov/pubmed/18559877
https://doi.org/10.1016/S0002-9440(10)63311-1
https://doi.org/10.1182/blood-2010-04-280479
https://www.ncbi.nlm.nih.gov/pubmed/20551375
https://doi.org/10.1111/jth.13149
https://www.ncbi.nlm.nih.gov/pubmed/26391536
https://doi.org/10.1182/blood-2004-03-1101
https://www.ncbi.nlm.nih.gov/pubmed/15388580
https://doi.org/10.1111/j.1538-7836.2006.01959.x
https://doi.org/10.1111/j.1538-7836.2008.02989.x
https://doi.org/10.1515/bc.2011.002
https://doi.org/10.1016/j.mvr.2010.12.003
https://www.ncbi.nlm.nih.gov/pubmed/21167844
https://doi.org/10.1371/journal.pone.0144133
https://www.ncbi.nlm.nih.gov/pubmed/26710229
https://doi.org/10.1016/j.mvr.2012.05.004
https://doi.org/10.1007/s00018-014-1667-3
https://www.ncbi.nlm.nih.gov/pubmed/24950743
https://doi.org/10.1016/j.ophtha.2012.07.038
https://www.ncbi.nlm.nih.gov/pubmed/23031671
https://doi.org/10.1016/j.jphs.2017.08.005
https://www.ncbi.nlm.nih.gov/pubmed/28923269
https://doi.org/10.1186/s13054-021-03545-1
https://www.ncbi.nlm.nih.gov/pubmed/33741039
https://doi.org/10.1242/jcs.017897
https://doi.org/10.1016/j.bbamem.2007.07.012
https://www.ncbi.nlm.nih.gov/pubmed/17854762
https://doi.org/10.1182/bloodadvances.2021004404
https://doi.org/10.1161/STROKEAHA.115.009526
https://doi.org/10.1186/s40635-020-00328-w
https://www.ncbi.nlm.nih.gov/pubmed/33336308

Cells 2025, 14, 85 24 of 24

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zhou, S.; Guo, J.; Liao, X.; Zhou, Q.; Qiu, X; Jiang, S.; Xu, N.; Wang, X.; Zhao, L.; Hu, W.; et al. rhADAMTS13 reduces oxidative
stress by cleaving VWF in ischaemia/reperfusion-induced acute kidney injury. Acta Physiol. 2022, 234, e13778. [CrossRef]
[PubMed]

Chauhan, A.K.; Motto, D.G.; Lamb, C.B.; Bergmeier, W.; Dockal, M.; Plaimauer, B.; Scheiflinger, F.; Ginsburg, D.; Wagner, D.D.
Systemic antithrombotic effects of ADAMTS13. J. Exp. Med. 2006, 203, 767-776. [CrossRef] [PubMed]

Vergouwen, M.D.; Knaup, V.L.; Roelofs, ].].; de Boer, O.].; Meijers, J.C. Effect of recombinant ADAMTS-13 on microthrombosis
and brain injury after experimental subarachnoid hemorrhage. J. Thromb. Haemost. 2014, 12, 943-947. [CrossRef] [PubMed]
Kowluru, R.A. Cross Talks between Oxidative Stress, Inflammation and Epigenetics in Diabetic Retinopathy. Cells 2023, 12, 300.
[CrossRef] [PubMed]

Gomulka, K.; Ruta, M. The Role of Inflammation and Therapeutic Concepts in Diabetic Retinopathy-A Short Review. Int. . Mol.
Sci. 2023, 24, 1024. [CrossRef]

Haydinger, C.D.; Oliver, G.F; Ashander, L.M.; Smith, J.R. Oxidative Stress and Its Regulation in Diabetic Retinopathy. Antioxidants
2023, 12, 1649. [CrossRef]

Abu El-Asrar, AM.; Nawaz, M.I.; Ahmad, A.; Siddiquei, M.M.; Allegaert, E.; Gikandi, PW.; De Hertogh, G.; Opdenakker, G.
CD146/Soluble CD146 pathway is a novel biomarker of angiogenesis and inflammation in proliferative diabetic retinopathy.
Investig. Ophthalmol. Vis. Sci. 2021, 62, 32. [CrossRef] [PubMed]

Frey, T.; Antonetti, D.A. Alterations to the blood-retinal barrier in diabetes: Cytokines and reactive oxygen species. Antioxid.
Redox Signal. 2011, 15, 1271-1284. [CrossRef] [PubMed]

Scully, M.; Antun, A.; Cataland, S.R.; Coppo, P.; Dossier, C.; Biebuyck, N.; Hassenpflug, W.A.; Kentouche, K.; Knobl, P.; Kremer
Hovinga, J.A.; et al. Recombinant ADAMTS13 in Congenital Thrombotic Thrombocytopenic Purpura. N. Engl. J. Med. 2024, 390,
1584-1596. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/apha.13778
https://www.ncbi.nlm.nih.gov/pubmed/34989474
https://doi.org/10.1084/jem.20051732
https://www.ncbi.nlm.nih.gov/pubmed/16533881
https://doi.org/10.1111/jth.12574
https://www.ncbi.nlm.nih.gov/pubmed/24679129
https://doi.org/10.3390/cells12020300
https://www.ncbi.nlm.nih.gov/pubmed/36672234
https://doi.org/10.3390/ijms24021024
https://doi.org/10.3390/antiox12081649
https://doi.org/10.1167/iovs.62.9.32
https://www.ncbi.nlm.nih.gov/pubmed/34293080
https://doi.org/10.1089/ars.2011.3906
https://www.ncbi.nlm.nih.gov/pubmed/21294655
https://doi.org/10.1056/NEJMoa2314793
https://www.ncbi.nlm.nih.gov/pubmed/38692292

	Introduction 
	Materials and Methods 
	Patient Samples 
	Immunodetection of ADAMTS13 and Cell Markers in Human Epiretinal Membranes 
	Induction of Diabetes in Rats with Streptozoticin 
	Intravitreal Injection of ADAMTS13 
	Analysis of Blood–Retinal Barrier Integrity 
	Human Retinal Müller Glial Cell and Human Retinal Microvascular Endothelial Cell Cultures 
	Analyte Titrations with the Use of ELISAs 
	Analysis of Human Vitreous Fluid, Human Retinal Microvascular Endothelial Cell, and Rat Retina Lysates by Specific Immunoblots 
	Cell Adhesion Assay 
	Measurement of Reactive Oxygen Species 
	In Vitro Migration Assays 
	Statistical Analysis 

	Results 
	PDR Patients Express ADAMTS13 in Epiretinal Fibrovascular Membranes 
	Levels of von Willebrand Factor, the Platelet Marker CD41, and ADAMTS13 in Vitreous Samples 
	Levels of Biomarkers of Endothelial Cell Injury and Dysfunction in Vitreous Samples 
	Retinal Expression of ADAMTS13 in an Experimental Rat Model of Diabetes 
	Effect of Intravitreal Administration of ADAMTS13 on Blood–Retinal Barrier in Diabetic Rats 
	Effect of Intravitreal Administration of ADAMTS13 on Retinal Platelet Recruitment, Expression of the Adherens Junction Proteins, and Inflammation in Diabetic Rats 
	Anti-Angiogenic and Anti-Inflammatory Effects of ADAMTS13 on Cultured Human Retinal Müller Glial Cells 
	Cultered Microvascular Endothelial Cells from Human Retina Do Not Express ADAMTS13 
	Protective Effect of ADAMTS13 on Endothelial Cell Dysfunction Induced by Diabetic Retinopathy-Associated Mechanisms 
	Effect of ADAMTS13 on Inflammatory Signaling Pathways and Inflammatory Marker Expression in Human Retinal Microvascular Endothelial Cells 
	Effect of ADAMTS13 on THP-1 Monocyte Adhesion to Human Retinal Microvascular Endothelial Cells 
	Effect of ADAMTS13 on the Generation of Reactive Oxygen Species in Human Retinal Microvascular Endothelial Cells Cultured in High Glucose 
	Effect of ADAMTS13 on the Generation of Reactive Oxygen Species in Human Retinal Müller Glial Cells and Human Retinal Microvascular Endothelial Cells 
	Effect of ADAMTS13 on Migration of Human Retinal Microvascular Endothelial Cells 

	Discussion 
	Conclusions 
	References

