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Purposk. Diabetic retinopathy (DR) is a complication of type 2 diabetes mellitus (T2DM).
Lipoprotein(a) (Lp(a)) contributes to the progression of DR, but how is unclear. In home-
ostasis of the retinal microvasculature, myeloid-derived pro-angiogenic cells (PACs) also
play a pivotal role, and fail to function properly in diabetic conditions. Here, we explored
the putative contribution of Lp(a) from patients with T2DM with/without DR and healthy
controls on inflammation and angiogenesis of retinal endothelial cells (RECs), and on PAC
differentiation. Subsequently, we compared the lipid composition of Lp(a) from patients
to that from healthy controls.

MetHoDs. Lp(a)/LDL obtained from patients and healthy controls were added to
TNF-alpha-activated RECs. Expression of VCAM-1/ICAM-1 was measured using flowcy-
tometry. Angiogenesis was determined in REC-pericyte co-cultures stimulated by pro-
angiogenic growth factors. PAC differentiation from peripheral blood mononuclear cells
was determined by measuring expression of PAC markers. The lipoprotein lipid compo-
sition was quantified using detailed lipidomics analysis.

Resurrs. Lp(a) from patients with DR (DR-Lp(a)) failed to block TNF-alpha-induced
expression of VCAM-1/ICAM-1 in REC whereas Lp(a) from healthy controls (healthy
control [HC]-Lp(a)) did. DR-Lp(a) increased REC angiogenesis more than HC-Lp(a)
did. Lp(a) from patients without DR showed intermediate profiles. HC-Lp(a) reduced
the expression of CD16 and CD105 in PAC, but T2DM-Lp(a) did not. Phos-
phatidylethanolamine content was lower in T2DM-Lp(a) than in HC-Lp(a).

Concrusions. DR-Lp(a) does not show the anti-inflammatory capacity seen with HC-Lp(a),
but increases REC angiogenesis, and affects PAC differentiation less than HC-Lp(a). These
functional differences in Lp(a) in T2DM-related retinopathy are associated with alter-
ations in the lipid composition as compared to healthy conditions.

Keywords: angiogenesis, diabetic retinopathy (DR), lipoprotein(a) (Lp(a)), lipidomics,
microvascular dysfunction, myeloid-derived pro-angiogenic cells, retinal endothelial cells
(RECs)

iabetic retinopathy (DR), with a worldwide preva-
lence of around 35% among people with diabetes,

of PDR is aberrant new blood vessel formation in the
retina.?

is a major cause of decreased eyesight and blind-
ness.! Based on the severity of retinal neovasculariza-
tion, DR is classified into sequential stages of disease
progression, that is, nonproliferative diabetic retinopa-
thy (NPDR) and proliferative diabetic retinopathy (PDR).?
NPDR is characterized by retinal microaneurysms, hemor-
rhages, intraretinal microvascular abnormalities (IRMAs),
and lipid exudates, whereas the prominent characteristic
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Retinal blood vessels are complex multicellular units
consisting of endothelial cells, pericytes, vascular smooth
muscle cells, and immune cells.> DR onset is character-
ized by morphologic and functional changes in some of
these cells, which eventually lead to retinal hypoxia.> In
addition, perivascular macrophages play a critical support-
ive role in homeostasis of the neurovascular network
to which the retinal vasculature belongs.® In diabetic
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conditions, myeloid-derived pro-angiogenic cells (PACs;
formerly referred to as endothelial progenitor cells [EPCs])
fail in their protective functions toward damaged and
ischemic vasculature. In these conditions, PACs display an
altered phenotype due to the hypoxic and inflammatory
microenvironment.’ In addition, diabetes-associated chronic
low-grade inflammation leads to dysfunctional neurovascu-
lar crosstalk and dysregulated retinal angiogenesis, espe-
cially in the later stages of DR.°

Several mechanisms are associated with vascular wall
disintegrity in type-2 diabetes mellitus (T2DM) and DR,
including increased formation of advanced glycation end
products (AGEs), oxidative stress, increased expression of
growth factors, and leukostasis.” Especially in people with
T2DM, lipoprotein(a) [Lp(a)] is an independent risk factor
for cardiovascular diseases.® Lp(a) is a low density, LDL-
like lipoprotein with an apolipoprotein(a) [apo(a)] that is
covalently bound to apo B100.” Atherogenic Lp(a) is asso-
ciated with increased macrovascular inflammation, trans-
endothelial migration of monocytes, and vascular remodel-
ing.1® Although the association between Lp(a) and macrovas-
cular diseases has been well established,'!!3 the relation-
ship between Lp(a) and microvascular complications, includ-
ing DR, is a topic of debate. Some studies have identified
high circulating Lp(a) concentrations as an independent risk
factor for DR in patients with T2DM.'*'> However, data on
this are inconclusive.'®17

Studies on the association between Lp(a) and DR mostly
focus on epidemiological perspectives,'1517-20 but the
mechanisms by which Lp(a) might contribute to DR remain
elusive so far. Therefore, the overall aim of this study was to
explore cellular mechanisms by which Lp(a) may contribute
to retinal vascular dysfunction in T2DM-associated retinopa-
thy. We first explored the relationship between circulating
Lp(a) concentrations and DR in a cohort of patients with
T2DM with or without DR. Second, to unravel its poten-
tial pathogenic role functionally, Lp(a) was obtained from
healthy controls and patients and its direct impact on in vitro
inflammatory responses and angiogenic capacity by retinal
endothelial cells (RECs) was explored. In addition, the inter-
action of Lp(a) with myeloid-derived PACs in the context of
DR was studied. Detailed lipidomics was conducted to deter-
mine putative compositional differences in Lp(a) in patients
with T2DM compared to controls.

METHODS
Study Design and Patients

Patients with T2DM referred to the Rotterdam Eye Hospi-
tal or the Department of Ophthalmology, Erasmus MC, were
included and assigned to one of the following three groups:
T2DM without DR (NoDR), with NPDR or with PDR. This
diagnosis was established according to the International
Disease Severity Scale based on the Early Treatment Diabetic
Retinopathy Study (ETDRS) classification.?! The patients
with PDR were in active status. Patients with PDR and some
NPDR cases were treated with intravitreal anti-VEGF ther-
apies. In addition, healthy controls aged 50 years or older
were recruited from hospital staff. Exclusion criteria were
presence of any kind of diabetes or Cushing’s disease. The
healthy controls were not under any specific diet or medi-
cation. In accordance with the American Diabetes Associa-
tion (ADA) and World Health Organization (WHO) guide-
lines, diabetes was defined as a fasting plasma glucose
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>7.0 mmol/L and/or a non-fasting plasma glucose level
>11.1 mmol/L and/or treatment with oral glucose-lowering
medication or insulin or the diagnosis of T2DM registered by
a medical specialist. Patients with type-1 diabetes or other
types of diabetes mellitus (DM) were excluded from the
study.

Patients with NoDR did not have retinal alterations seen
with ophthalmoscopy. Patients with NPDR had more than
one of the following retinal alterations: microaneurysms,
blood, hard exudates, cotton wool spots, venous looping or
beading, and IRMAs. Patients with PDR exhibited vitreous or
preretinal hemorrhage with neovascularization of the disc or
elsewhere. Written informed consent was obtained from all
participants. The study was approved by the local medical
ethics committee of Erasmus MC (MEC-2018-148 and MEC-
2016-202) and is conducted in accordance with the ethical
principles of the Declaration of Helsinki.

Serum, Plasma, and PBMC Isolation

Peripheral blood was collected from patients for serum,
plasma, and peripheral blood mononuclear cells (PBMCs)
isolation. Serum was isolated through centrifugation
(1850 x g for 10 minutes) and stored at -80°C until further
use. PBMCs and plasma were isolated through standard
Ficoll-Paque gradient centrifugation.?? Plasma was stored at
-80°C until further use. PBMCs were transferred into new
tubes, washed (with phosphate-buffered saline [PBS] and
centrifuged for 10 minutes at 760 x g) and subsequently
resuspended in RPMI freezing medium (containing 40%
fetal bovine serum [FBS] + 10% dimethyl sulfoxide; Sigma-
Aldrich, St Louis, MO, USA) and stored in liquid nitrogen
until further use.

Lp(a) and LDL Isolation

Lipoproteins were isolated from 10 mL of plasma and serum
(5 mL from each). The plasma or serum was brought
to a density (d) = 1.210 g/mL with crystalized potas-
sium bromide (KBr) and a discontinuous gradient was
formed by overlayering with 2.8 mL of d = 1.063 g/mL
KBr, followed by 2.8 mL of d = 1.019 g/mL KBr, and
finally 2.6 mL of d = 1.006 g/mL KBr. Samples were
centrifuged at 273,620.3 x g (18 hours at 4°C) in a
Beckman centrifuge (SW41-rotor; Beckman Coulter Inc.,
Brea, CA). Subsequently, the gradient was fractionated in
0.25 mL fractions and Lp(a)- and LDL-containing fractions
were selected based on density. Cholesterol was measured
in all fractions using CHOD-PAP (an enzymatic photometric
test; Diasys Diagnostic System, GmbH, Holzheim, Germany).
Lp(a) was measured in fractions 14 to 23, applying a Kringle
IV-independent immunoturbidimetric assay (DiaSys Diag-
nostic system; GmbH, Holzheim, Germany) with an apo(a)
concentration range of 3 to 300 mg/dL. The 3 fractions with
the highest Lp(a) concentration were pooled as were the
3 fractions with the highest LDL concentration level, and
dialyzed overnight with at least one refreshment of 1 x
adapted PBS (175 g NaCl, 28 g Na,HPOy, 4.3 g KH,POj,
in 2 liter MilliQ, pH 7.1). Next, samples were filter-sterilized
using 0.2 pm pore filters (Sigma Aldrich) and reconcentrated
at 4500 rpm (20 minutes at 20°C) using a Vivaspin 6 concen-
trator (10 kDa MWCO polyethersulfone; GE Healthcare).
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Immunoblotting

The apo(a) KIV-2 repeat number was determined using
Western blot, as previously described.” In subjects with two
distinct apo(a) isoforms, the band representing the smaller
isoform was used as a continuous variable.

3-D In Vitro Tubule Formation Assay

To explore the effect of lipoproteins on retinal vessel forma-
tion, we made use of the 3-D retinal tubule formation
assay we described previously.?> Briefly, human microvas-
cular RECs (cat # ACBRI 181; Cell Systems, Troisdorf,
Germany) were transduced with GFP-tagged lentiviral vector
and co-cultured with human brain vascular pericytes (cat
# SCC1200-KIT; Sciencell research, San Diego, CA, USA) in
a collagen matrix (bovine collagen type-1, cat # A1064401;
Gibco) in the presence of three pro-angiogenic growth
factors (interleukin [IL]-3, stem cell factor [SCF], and stro-
mal cell-derived factor 1-alpha [SDF1-alpha]; R&D systems,
Abingdon, UK; each factor 25 ng/mL [low concentration {Lo
GF}] or 200 ng/mL (high concentration {Hi GF}] as indicated).
After 24 hours, successful sprouting of endothelial cells was
typically observed, and the lipoproteins were added to the
medium above the collagen matrix. After another 3 days
of culture, tubule formation of the RECs was imaged at 20
times magnification with an inverted fluorescence micro-
scope (Olympus SC30, Shinjuku, Japan). Total surface area
and total tubule length were quantified and expressed as
percentages of total image surface by FIJI software (version
1.51n).

TNF-Alpha-Induced Adhesion Molecule
Expression by REC

RECs (passages 4-7) were seeded on gelatin-coated 48-well
plates (40,000 cells per well; Thermo Fisher) in 250 pL
endothelial cell growth medium (EGM) containing 5% FBS
(Gibco) and cultured for 48 hours (37°C at 5% CO,). Subse-
quently, after 3 hours of incubation with 0.3 g/L Lp(a) or
cholesterol-matched LDL, TNF-alpha (100 ng/mL, cat # 210-
TA-005; R&D systems) was added to the cells, and incubation
was continued for another 17 to 18 hours. Next, the culture
medium was collected, centrifuged, and the supernatant
was stored at -80°C until analysis for cytokines. The adher-
ent cells were harvested in PBS (calcium- and magnesium-
free) containing 1 mM EDTA, and analyzed for adhesion
molecule expression by flow cytometry using antihuman
fluorescently labeled monoclonal antibodies against CD106
(VCAM-1)-PE (STA, eBioscience) and CD54 (ICAM-1)-PerCP-
eFluor710 (HA58, eBioscience). Flow cytometric measure-
ment was conducted with a FACSCanto II cell analyzer (BD
Biosciences, Piscataway, NJ, USA). Viable cells were gated
and data were analyzed using FlowJo software (Tree Star,
Ashland, OR, USA). At least 10,000 events were acquired per
sample.

Myeloid-Derived PAC Formation Assay

PBMCs isolated from a healthy blood bank donor were
thawed and cultured in M199, Earle’s Salts medium (cat #
11150059; Gibco) supplemented with 2% FBS and plated
on fibronectin-coated tissue culture 48-well plates (0.4 X
10° cells/200 pL). From day zero, 0.3 g/L of Lp(a) or a
cholesterol-matched LDL, or PBS was present. After 4 days

IOVS | May 2023 | Vol. 64 | No.5 | Article 8 | 3

incubation at 37°C (5% CO,), the medium was discarded, the
adherent cells were harvested, washed with staining buffer
(MACSima running buffer; Miltenyi Biotec, Bergisch Glad-
bach, Germany), and exposed to antihuman monoclonal
fluorescent antibodies in a dark, cold environment accord-
ing to the manufacturer’s instructions. The following anti-
bodies were used: CD14-PE-Cy7 (61D3, eBioscience), CD16
(FcyRIID-APC-Cy7 (3G8 [RUO]; BD Pharmingen), CD105
(endoglin)-APC (166707; R&D Systems), CD133-PE (170411;
R&D Systems), CD163-PerCP (GHI/61; eBioscience), CD31
(PECAM-1)-PerCP (WM59; BioLegend), anti-HLA-DR (MHC
class ID-FITC (G46-6; BD Pharmingen), and CD206-FITC
(15-2, MRC1; BioLegend). After 20 minutes of incubation,
the cells were washed and resuspended in 200 pL staining
buffer, and measured with FACSCanto II cell analyzer. Viable
cells were gated and data were analyzed using FlowJo soft-
ware. At least 10,000 events were acquired per sample.

Cytokine Measurement

REC culture media were analyzed for CCL2 (MCP-1), CCL5
(RANTES), G-CSF, GM-CSF, HGF, IL-18, IL-6, PDGF-BB,
and VEGF-A using a Luminex multiplex bead immunoas-
say (R&D Systems, Abingdon, UK) according to the manu-
facturer’s instruction. Data acquisition was done on a
Luminex MAGPIX machine and data were analyzed apply-
ing Bio-Plex Manager MP software (Bio-Rad, Hercules, CA,
USA). IL-8 levels were measured by standard enzyme-linked
immunosorbent assay (ELISA) according to the manufac-
turer’s instructions (eBioscience, San Diego, CA).

Lipidomic Analysis

Of the isolated Lp(a) and LDL, 20 pg of protein was diluted
in 700 pL water and mixed with 800 pL 1 N HCl:CH;OH
1:8 (v/v), 900 uL CHCl3, 200 pg/mL of the antioxidant 2,6-
di-tert-butyl-4-methylphenol (BHT; Sigma Aldrich), and 3
pL of SPLASH LIPIDOMIX Mass Spec Standard (# 330707;
Avanti Polar Lipids). After vortexing and centrifugation, the
lower organic fraction was collected and evaporated using
a Savant Speedvac SPD111V (Thermo Fisher Scientific) at
room temperature. The remaining lipid residue was stored
at -20°C under argon. Lipid species were measured with
a hydrophilic interaction chromatography (HILIC) liquid-
chromatography tandem mass spectrometry (LC-MS/MS)
method on a Nexera X2 UHPLC system (Shimadzu) coupled
with hybrid triple quadrupole/linear ion trap mass spec-
trometer (6500+ QTRAP system; AB SCIEX), as described
previously.?* Lipids were quantified based on internal stan-
dard signals in accordance with the guidelines of the
Lipidomics Standards Initiative (LSI; level 2 type quantifi-
cation as defined by the LSI).?°

Statistics

All statistical analyses were performed using GraphPad
Prism (version 5.04). Differences were analyzed by Student’s
t-test, Mann Whitney U f-test, Kruskal-Wallis nonparamet-
ric test, or 1-way ANOVA followed by a post hoc Tukey
or Dunn’s multiple comparison test. A P value < 0.05 was
considered to indicate a statistically significant difference. All
data are presented in means + standard error of the mean
(SEMD).
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RESULTS

Demographic data and patient categories are summarized in
the Table.

Circulating Lp(a) Concentration and Apo(a) Size
do not Correlate With DR Status and Disease
Progression

In our patient cohort, we observed no differences in serum
Lp(a) concentrations between patients with T2DM patients
and healthy controls, or between patients without DR, with
NPDR, or with PDR (Fig. 1A). It is well documented that
concentrations of Lp(a) correlate inversely with the size of
the apo(a) determined by the number of Kringle IV-type 2
(KIV-2) repeats, and therefore are highly genetically deter-
mined.?® To validate our findings further we investigated
the sizes of apo(a) of patients and healthy controls using
Western blot. No differences in the KIV-2 repeat numbers
were observed between patients and healthy controls, nor
between patients with T2DM without DR, with NPDR, or
with PDR (Fig. 1B, Supplementary Fig. S1).

DR-Lp(a) Elicits Decreased Capacity to Inhibit
Retinal Endothelial Inflammation and Secretion of
Angiogenic Mediators Compared to HC-Lp(a)

We next hypothesized that when Lp(a) concentrations do
not differ, putative functional differences between patients
and HC-Lp(a) might exist and contribute to microvascular
dysfunction in DR. Therefore, we subsequently tested the
effect of Lp(a) from patients and healthy controls on the
inflammatory response of human primary REC. Flow cytom-

TABLE.

Total Number of Patients Included Healthy Control
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etry showed that the expression of adhesion molecules
VCAM-1 (CD106) and ICAM-1 (CD54) was enhanced in
REC after 24 hours of stimulation with TNF-alpha (Figs. 2A,
2B). Lp(a)/LDL from healthy controls and patients were
added to the cells 3 hours before TNF-alpha stimulation.
Lp(a) from healthy controls significantly inhibited TNF-
alpha-induced upregulation of the expression of VCAM-1
(P = 0.0006) and ICAM-1 (P = 0.01; see Figs. 2A, 2B). Lp(a)
from patients with T2DM without DR (NoDR) also inhibited
TNF-alpha-induced upregulation of VCAM-1, but to a lesser
extent than Lp(a) from healthy controls (P = 0.037). Lp(a)
from patients with DR did not affect TNF-alpha-induced
upregulation of VCAM-1 and ICAM-1. Under basal (non-
TNF-stimulated) conditions, Lp(a) from healthy controls
and the patient groups did not affect VCAM-1 and ICAM-1
expression (data not shown). In comparison, similar but less
pronounced effects on VCAM-1 were observed with LDL
(Supplementary Figs. S2A, S2B), whereas LDL had no effect
on TNF-alpha-induced ICAM-1 expression. Collectively,
these data suggest that Lp(a) from patients with T2DM, and
particularly Lp(a) from patients with DR, has a decreased
capacity to inhibit inflammatory retinal endothelial
activation.

To investigate whether REC activation and the Lp(a) effect
on this was also reflected in inflammatory cytokine produc-
tion, we analyzed the cell culture media of the experi-
ments described above for different cytokines known to
be involved in angiogenesis using a cytometric bead array.
Incubation of REC for 24 hours with TNF-alpha increased
the release of VEGF, IL-6, G-CSF, GM-CSF, CCL5, CCL2,
and IL-8 into the extracellular medium (Figs. 3A, 3B).
Lp(a) from healthy controls, and to some extent Lp(a)
from patients with NoDR, inhibited TNF-alpha-induced
release of VEGF, IL-6, G-CSF, and GM-CSF (see Fig. 3). In

Demographic Data From the Healthy Controls and Patients Included in the Study

T2DM + NoDR T2DM + NPDR T2DM + PDR

in Each Experimental Setting (n = 10) (n =13) (n = 41) (n=7)
Male (%) 5 (50) 10 (77) 23 (56) 50D
BMI (mean + SD) 25+1 29.4 + 4.3 30 £ 6 24+ 1.5
Disease duration in years, mean + SD NA 8-22,16 £ 6 9-40,19 + 8 9-14, 10 + 4
Insulin injection NA 2 (15%) 20 (48%) 1 (14%)
BMI, body mass index; NA, not applicable.
A B
1.5 - 501
A H b J
. u g 40
= ] £ A
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Ficure 1. Lipoprotein(a) (Lp(a)) concentration and apolipoprotein(a) (apo(a)) size do not differ between healthy controls and patients with
T2DM with diabetic retinopathy (DR) or without DR (NoDR). (A) Lp(a) measured in plasma of a large healthy control cohort (blue symbol,
n = 118) and the healthy controls that were included in the functional experiments (black symbol, n = 9, patients with T2DM without
DR (NoDR, n = 12), and patients with T2DM with DR (including nonproliferative DR [red; n = 41] and proliferative DR [purple; n = 7).
(B) The apo(a) KIV-2 repeat numbers for healthy controls (n = 9), patients with NoDR (n# = 12), and patients with DR (NPDR [squares;
n = 39] and PDR [circles; n = 7]). Black symbols indicate the participants who were included in the functional experiments.
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Ficure 2. Lipoprotein(a) (Lp(a)) from patients with diabetic retinopathy (DR) are incapable of inhibiting TNF-alpha-induced expression of
adhesion molecules in RECs. Lp(a) was isolated from healthy controls (HCs, 7 = 9), patients with T2DM without DR (NoDR, 7 = 6), and
patients with T2DM with DR (DR, n# = 8). In a 24-hour culture condition, RECs were activated with TNF-alpha and further stimulated with
Lp(a). The expression of (A) VCAM-1 (CD106) and (B) ICAM-1 (CD54) in Lp(a)-stimulated RECs was determined using flow cytometry and
expressed as median fluorescence intensity (MFI), and normalized to TNF-alpha control stimulated cells. Different letters indicate statistically
significant differences. Significance was calculated compared to the TNF-alpha + PBS condition (TNF) using 1-way ANOVA followed by post
hoc Tukey multiple comparison test (P < 0.05).
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g

Ficure 3. Lipoprotein(a) (Lp(a)) from patients with diabetic retinopathy (DR) shows decreased ability to inhibit inflammatory and angiogenic
cytokine production in RECs. The RECs were incubated simultaneously for 24 hours with TNF-alpha and Lp(a). Cytokine levels were
determined in the extracellular medium using (A) multiplex assay or (B) ELISA. Levels are normalized to the TNF-alpha control. Different
letters indicate significant differences. Significance was calculated compared to the TNF-alpha + PBS condition (TNF) using 1-way ANOVA
followed by post hoc Tukey or Dunn’s multiple comparison test (P < 0.05).

contrast, Lp(a) from patients with DR displayed a signif-
icantly reduced capacity to inhibit the TNF-alpha-induced
release of these cytokines in REC. In addition, Lp(a) from
patients with T2DM, both without or with DR, reduced

DR- and HC-Lp(a) Differently Affect Retinal
Microvascular In Vitro Neovascularization

As apo(a) was shown to inhibit in vitro tubule/vessel forma-

the TNF-alpha-induced release of CCL5 in RECs. Lp(a)
from healthy controls and patients did not affect the basal
production (in the absence of TNF-alpha stimulation) of
these factors by RECs (data not shown). At cholesterol-
matched concentrations, LDL from healthy controls and
patients did not affect the release of the cytokines measured
(Supplementary Fig. S3).

tion of macrovascular endothelial cells (EC),>”” we investi-
gated the effect of Lp(a) on microvascular retinal neovas-
cularization in an in vitro 3D tubule formation assay. Lp(a)
obtained from a non-T2DM donor with a high-plasma Lp(a)
level was added in two concentrations (0.3 g/L and 0.9
g/L) to the assay with high growth factor (Hi GF; 200
ng/mL) and low growth factor (Lo GF; 25 ng/mL) culture
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Ficure 4. Lipoprotein(a) (Lp(a)) from patients with diabetic retinopathy (DR) increase RECs in vitro angiogenesis. Lp(a) was isolated from
healthy controls (HCs, n = 6), patients with T2DM without DR (NoDR, 7 = 5), and patients with T2DM with DR (nonproliferative DR [red,
n = 10] and proliferative DR [purple, n = 3]). The 3D co-cultures of RECs and pericytes were stimulated to form tubules using 200 ng/mL
(Hi GF) or 25 ng/mL (Lo GF) of angiogenic growth factors in the presence or absence of Lp(a). (A) Representative images from different
culture conditions imaged after 4 days. The tubules were quantified as (B) total surface area percentage and (C) total tubule length of the
vessels, both expressed as percentage of total pixels. Values show means + SEM from 13 independent experiments. Different letters indicate
significant difference. Significance was calculated using 1-way ANOVA followed by post hoc Tukey or Dunn’s multiple comparison test

(P < 0.05).

conditions. Non-T2DM donor Lp(a) significantly reduced
tubule formation by RECs in a dose-dependent manner, both
when co-incubated with Hi GF and Lo GF (data not shown,
and Supplementary Fig. S4, respectively). This was observed
both for total tubule surface area (Supplementary Fig. S4B)
and for total tubule length (Supplementary Fig. S4C). In
marked contrast, cholesterol-matched LDL from the same
donor slightly increased in vitro tubule formation by RECs
in the presence of Hi GF and Lo GF (data not shown).

Because Lp(a) from the non-T2DM donor significantly
inhibited tubule formation at a concentration of 0.3 g/L, and
blood volumes from patients were restricted, we decided to
use 0.3 g/L in the in vitro tubule formation assay as stan-
dard concentration, which appeared to be achievable for all
patient samples. In a subsequent pilot assay, we tested the
effect of Lp(a) from two patients with DR and observed that
this did not inhibit, but even increased retinal vessel forma-
tion (data not shown). Accordingly, we decided to use the
Lo GF culture conditions to study the modulatory effects of
Lp(a) isolated from DR patients in the endothelial tubule
formation assay as this allowed detection of both inhibitory
and stimulatory effects.

Next, we assessed Lp(a) and LDL from patients with
T2DM without DR (NoDR, n = 5), patients with T2DM with
DR (#z = 13, 9 with NPDR and 4 with PDR) as well as healthy
controls in the tubule formation assay. In line with our

previous observation, Lp(a) from healthy controls slightly,
but not significantly, reduced in vitro tubule formation
(Figs. 4A-C). In contrast, DR-Lp(a) significantly enhanced
in vitro tubule formation compared to Lo GF HC-Lp(a) and
Lo GF PBS control (see Figs. 4A-C). NoDR-Lp(a) stimulated
tubule formation to a similar level, but this did not reach
statistical significance, due to the high degree of variabil-
ity and small sample size. Cholesterol-matched LDL from
patients with DR stimulated in vitro tubule formation when
determined by total tubule surface area, but not LDL from
healthy controls or from NoDR patients (Supplementary
Figs. S5A, S5B). Collectively, these results show that Lp(a)
in patients with T2DM with DR displays altered functional-
ity and stimulates retinal vessel formation in vitro, in contrast
to Lp(a) from healthy controls.

HC- and DR-Lp(a) Affect Myeloid-Derived
Pro-Angiogenic Cell Formation Differently

There are several indications that hampered myeloid-
derived PAC formation and function contributes to vascu-
lar complications in diabetic conditions.?®? To investigate
whether Lp(a) could play a role in PAC dysfunction in
diabetes, we cultured PBMC isolated from a healthy control
donor under PAC-differentiating conditions for 4 days and
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Ficure 5. Lipoprotein(a) (Lp(a)) from healthy controls (HCs) and patients with T2DM affects myeloid-derived pro-angiogenic cell (PAC)
differentiation. Lp(a) was present in the PAC formation culture from day zero. On day 4, expression of cell differentiation markers was
determined by flow cytometry. Marker expression was expressed as median fluorescence intensity (MFI) after correction for the auto-

fluorescence, and normalized to unstimulated controls. Error bars represent the standard error of the mean (SEM). Differences were analyzed
by Mann Whitney U #-test. * P < 0.05, ** P < 0.01.
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Ficure 6. Lipoprotein(a) (Lp(a)) from healthy controls (HCs) and patients with T2DM without diabetic retinopathy (NoDR) and T2DM
with diabetic retinopathy (DR) show compositional differences. Lp(a) was isolated from healthy controls (n = 8), patients with NoDR
(n = 7), and patients with DR (z = 16), cholesterol content was measured and particles were subjected to lipidomic analysis. All
lipid concentrations were normalized to cholesterol content of the Lp(a) particles. (A) An overview of the lipid classes analyzed in
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or patients. Differences were analyzed by Student #test or Mann Whitney U t-test. * P < 0.05, ** P < 0.01.
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stimulated the cultures with HC- and T2DM-Lp(a) or -LDL
from the initiation of the culture. As indicators of PAC
differentiation, phenotypic markers were used, in particular
CD105 (endoglin) and CD133 (prominin-1), as indicated by
literature,*® as well as the endothelial marker CD31 (PECAM-
1), and monocyte-/ macrophage markers CD14 and CD16.
Due to the small number of patients with NoDR and patients
with DR, and because no difference was found between
Lp(a) effects from the two groups in PAC marker expression,
both were grouped together (referred to as T2DM). Flow
cytometric analysis revealed that HC-Lp(a) reduced expres-
sion of CD16 and CD105 in PAC differentiation (Fig. 5). In
contrast, Lp(a) from patients with T2DM did not affect the
expression of these markers. Expression of the monocyte
and endothelial cell markers CD14 and CD31 was reduced
by Lp(a) from healthy controls as well as patients with
T2DM (see Fig. 5). In comparison, LDL from healthy controls
only reduced the expression of CD133, whereas LDL from
patients with T2DM did not affect expression of any of
the markers examined (Supplementary Fig. S6). Based on
these data, we propose that Lp(a) from healthy controls and
patients with T2DM have different impacts on the differen-
tiation of monocyte-derived PACs.

The Lipid Composition of Both Lp(a) and LDL
From Patients With T2DM With and Without DR
Differs from that of Healthy Controls

To investigate whether observed functional differences
between Lp(a) and LDL from patients with T2DM and
healthy controls are reflected in particle lipid compo-
sition, we performed detailed lipidomics analysis. Data
found that Lp(a) and LDL from patients with T2DM
with and without DR differ markedly in lipid composi-
tion compared to Lp(a) and LDL from healthy controls
(Fig. 6 for Lp(a), see Supplementary Fig. S7 for LDL).
The most remarkable difference was found in phos-
phatidylethanolamine (PE) content (see Fig. 6A). PE content
was much lower in Lp(a) from patients without DR than
from patients with DR, and both contained significantly
less PE than Lp(a) from healthy controls (see Fig. 6B).
This relative paucity in PE content was compensated in
particular by increased cholesterol ester content. The levels
of the plasmalogens 1-alkyl,2-acylphosphatidylcholine
and 1-alkenyl,2-acylphosphatidylcholine (PE-O + PE-P)
differed in parallel with PE among the three groups
(see Figs. 6A, 6C). Similar pronounced differences in PE and
plasmalogen content were found for LDL particles isolated
from the two patient groups (Supplementary Figs. S7A, S7B,
§7C). The distribution of PE-associated fatty acid species
was similar in Lp(a) and LDL from healthy controls, patients
with NoDR, and patients with DR (see Figs. 6D, GE, Supple-
mentary Figs. S7D, S7E). We also did not find differences in
the degree of unsaturation of acyl chains associated with
PE between healthy controls and patient groups, neither for
Lp(a) nor for LDL particles (see Fig. 6F, Supplementary Fig.
S7F). No correlation was found between the Lp(a) compo-
sition and the age of the patients and healthy individuals
(data not shown).

DISCUSSION

Our data demonstrate that Lp(a) from patients with T2DM
with DR shows major functional differences compared to
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Lp(a) from healthy controls, and minor differences with
that of patients with T2DM but not diagnosed with DR.
These alterations are reflected in inflammatory and angio-
genic responses of microvascular REC and differentiation of
myeloid-derived PAC. These findings might be related to the
different lipid composition of Lp(a) in patients with DR and
healthy people.

In our relatively small cohort of patients, we could not
find any association between the circulating Lp(a) concen-
tration and different stages of DR. Similarly, Singh et al.'”
found no association between Lp(a) level and development
of DR in a large cohort of controls and patients of European
descent. However, most studies performed in Asian popu-
lations found a positive correlation between serum Lp(a)
concentration and development of DR.'>!8:3! It is likely,
therefore, that ethnicity plays a role in the link between Lp(a)
and DR, but additional investigations in larger populations
are required to clarify this.

Increased levels of pro-inflammatory cytokines and acti-
vated adhesion molecules, along with vascular dysfunction
in patients with diabetes play key roles in the initiation and
progression of DR.>* Here, we demonstrate that HC-Lp(a)
inhibits the induction of the expression of pro-inflammatory
VCAM-1 and ICAM-1, and also the release of some pro-
inflammatory and pro-angiogenic cytokines by TNF-alpha-
activated RECs. These data add to earlier works that showed
contributions of Lp(a) from healthy controls to wound heal-
ing and tissue repair.>® In contrast, such anti-inflammatory
and anti-angiogenic properties of Lp(a) were remarkably
impaired in patients with DR. Apo(a) has previously been
shown to induce the expression of adhesion molecules
by endothelial cells through triggering of Rho/Rho kinase
signaling*3° It is conceivable that the absence of anti-
inflammatory capacity of DR-Lp(a) contributes to an exacer-
bated pro-inflammatory status in the presence of other pro-
inflammatory factors in hyperglycemic conditions, such as
T2DM.

Lp(a) has been identified as an inhibitor of angiogene-
sis and tumor growth (reviewed in ref. 36). In our 3-D in
vitro REC angiogenesis model, Lp(a) from healthy individu-
als indeed showed a slight anti-angiogenic effect although
this was not statistically significant, likely due to the small
sample size. Apo(a) has some shared features with angio-
statin, including the inhibition of angiogenesis, which may
be related to the high sequence homology between these
molecules.”’ In accordance, a recombinant form of apo(a)
(r-apo(a)) was found to suppress tubule formation induced
by basic fibroblast growth factor (b-FGF)/TNF-alpha in 3-D
human microvascular endothelial cells (hMVEC).3” The anti-
angiogenic function of HC-Lp(a) observed in our REC-based
model might be attributed to the apo(a) suppression of b-
FGF, which was a growth factor in our culture system. In
marked contrast, Lp(a) isolated from patients with T2DM
with DR stimulated REC tubule formation in our in vitro
angiogenesis model. Interestingly, we also found that DR-
LDL slightly stimulates REC in vitro angiogenesis. Lp(a) and
LDL from patients with T2DM with DR may share simi-
lar compositional properties, such as shown here for PE
content, or may have similar molecules attached to the parti-
cles, which may be responsible for the comparable pro-
angiogenic characteristics. However, this appears not to be
the case for Lp(a) and LDL derived from healthy controls or
from patients with T2DM without DR.

Diabetes-related vascular complications are associ-
ated with hampered myeloid-derived PAC formation and
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function.® PAC represent an in vitro derived subtype

of CD147CD16" macrophages, characterized by CD105,
CD133, and CD31 expression.”® These cells are known to
contribute to angiogenesis and vascular integrity. However,
due to their high plasticity, PAC phenotype may vary
depending on the local microenvironments to which they
are exposed in different disorders.”® We observed that
PACs generated from PBMCs isolated from patients with
T2DM showed a different phenotype with different angio-
genic capacities compared to PACs generated from healthy
controls-derived PBMC, implying intrinsic changes in these
cells in T2DM (manuscript in preparation). In the current
study, we focused on the role of Lp(a) from healthy
controls versus patients with T2DM on PAC development
from healthy control PBMC. These results showed that HC-
Lp(a) causes a reduction in the expression of prototyp-
ical PAC markers compared to control cultures without
added lipoprotein. These findings add to a previous study
showing that the number of M2-like circulating monocytes
with hematopoietic and PAC phenotype is decreased in
T2DM.*® There is evidence indicating that Lp(a) promotes
macrophage differentiation towards an M2 phenotype with
pro-inflammatory capacity, and the ability to secrete several
pro-inflammatory cytokines, such as IL-1 and IL-6, likely
through apo(a)-associated upregulation of cyclooxygenase-2
(COX-2) mediated by Akt and glycogen synthase kinase 3-
B.41-42 However, the T2DM-Lp(a) did not downmodulate the
expression of CD16 and CD105, in PAC-generating cultures.
This is in line with the observed anti-angiogenic function of
HC-Lp(a) and pro-angiogenic function of DR-Lp(a) in REC
tubule formation. The presence of myeloid-derived PACs in
damaged endothelium and their contribution in neovascular-
ization has been well established.*? It is, therefore, tempting
to conclude that DR-Lp(a) indirectly stimulates retinal patho-
logical angiogenesis via maintaining PAC pro-angiogenic
properties.

Considering the functional differences of Lp(a) and LDL
between patients with T2DM and healthy controls, we
sought to identify the lipid profiles of the Lp(a) and LDL
samples included in our functional assays. Our targeted
lipidomics analyses showed that Lp(a) from patients with
T2DM, contains less PE and plasmalogens as compared
to HC-Lp(a), and Lp(a) from patients with NoDR contains
less PE and plasmalogens than Lp(a) from patients with
DR. Phospholipids have been previously reported to be
markers for T2DM and associated complications.* PE, in
particular, has been associated with activation of pro-
inflammatory responses in ECs in several studies.®~%7 It
has also been shown that PE, when expressed on the
outer surface of the apoptotic cells, modulates the phago-
cytic function of macrophages through binding CD300a.%® It
therefore remains to be explained how the low-PE content
of Lp(a) from patients with T2DM is associated with the
observed loss of anti-inflammatory capacity, as observed in
our study. Fatty acids can also influence insulin function
through stimulating inflammation and oxidative stress.* In
oxidative stress conditions, such as diabetes, reactive oxygen
species (ROS) may lead to the formation of OxPLs in cell
membranes, whereas Lp(a) is shown to bind OxPLs.® Lp(a),
when present at low plasma concentration, might serve
as a protector against oxidative stress and inflammation-
related damage.’®>! On the other hand, when present at
high concentrations, Lp(a) is atherogenic possibly due to
its high affinity to bind to arterial intimal proteoglycans
and subsequent increase in intimal concentration of LDL
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with associated pro-inflammatory OxPLs.>*>! OxPLs bound
to Lp(a) can also induce pro-inflammatory responses in ECs
and increase trans-endothelial migration of monocytes.!?5?
This pro-inflammatory activity has been linked to the inter-
action between Lp(a) and hyperglycemia-induced ROS, and
the subsequent increased production of oxidation-specific
epitopes on Lp(a) particles.>® It is tempting to speculate
that the inability of DR-Lp(a) to inhibit activation of pro-
inflammatory phenotype of RECs, as indicated by adhe-
sion molecules and cytokine profile, might be ascribed to
increased OxPLs content compared to HC-Lp(a).

In conclusion, the pathogenesis of DR is very complex,
and involves several aspects related to microvascular regu-
lation. In this respect, the role of lipids on the develop-
ment of DR is not well known. We have shown here that
Lp(a) functionality is altered in patients with T2DM, and
patients with DR in particular. As a result, DR-Lp(a) loses
its anti-inflammatory and anti-angiogenic activity on RECs,
and directly stimulates REC angiogenesis. It also does not
control PAC differentiation, which may indirectly contribute
to the pathological angiogenesis of RECs in patients with DR.
These functional differences are associated with changes in
lipid composition, including the decrease of PE content in
patients with T2DM. Therefore, we propose that metabolic
alterations in patients with T2DM affect Lp(a) and LDL lipid
composition. These lipoprotein particles undergo compo-
sitional changes that might play a role in the microvascu-
lar dysfunctions in T2DM and the pathogenesis of DR, as
evidenced in our functional assays.

A limitation of our study is that only a small number
of samples per group could be included in the functional
assays. This was caused on the one hand by the limited
amount of Lp(a) that could be isolated from each individual,
particularly in those with low serum Lp(a) concentration,
and on the other hand the high number of experimental
settings. This issue restricts the ability to draw firm conclu-
sions on putative distinctions between patients with PDR
and patients with NPDR. Another limitation is that other
potential factors like age, sex, and ethnicity were not consid-
ered in this study.

The mechanisms and the responsible factors by which
Lp(a) exerts its anti-angiogenic and anti-inflammatory capac-
ities, and which are affected in patients with T2DM with DR,
still need to be identified. More in depth lipid profiling of
Lp(a) by non-targeted lipidomics may reveal specific lipid
species. Moreover, proteomic analysis may help to identify
Lp(a) associated proteins. In parallel, studying the function-
ality of Lp(a)-stimulated PAC using the in vitro angiogenesis
model may further extend our knowledge on the role of
Lp(a) in the development of DR.
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