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HIGHLIGHTS
® The clearance of erythrocytes may be carried out by vascular cells in atherosclerotic conditions.
® Phagocytosis by endothelial cells is more pronounced with aged and glycated erythrocytes.
o Endothelial phagocytosis is enhanced with T2D erythrocytes.
® Interactions between erythrocytes and endothelial cells occur in vivo, in atherothrombotic/diabetic conditions.
ARTICLE INFO ABSTRACT
Keywords: Background and aims: Atherothrombotic plaques of type 2 diabetic (T2D) patients are characterized by an in-
Type 2 diabetes creased neovascularization and intraplaque hemorrhage. The clearance of erythrocytes may be carried out by
Red blood cells vascular cells. We explored the potential of human endothelial cells to bind and phagocyte in vitro aged and/or

Oxidative stress glycated erythrocytes as well as erythrocytes obtained from diabetic patients.

gy:::)or;a oevtosis Methods: Fresh, aged and glycated-aged erythrocytes from healthy volunteers and T2D patients were tested for
Ati]leroslzlerisisy their binding and phagocytosis capacity as well as the potential functional consequences on endothelial cells

(viability, proliferation and wound healing capacity). Inmunohistochemistry was also performed in human
carotid atherothrombotic samples (from patients with or without T2D).

Results: Aging and glycation of erythrocytes induced phosphatidylserine (PS) exposure and oxidative stress
leading to enhanced endothelial cell binding and engulfment. Phagocytosis by endothelial cells was more pro-
nounced with aged and glycated erythrocytes than with fresh ones. Phagocytosis was enhanced with T2D versus
healthy erythrocytes. Furthermore, endothelial wound healing potential was significantly blunted after exposure
to glycated-aged versus fresh erythrocytes. Finally, we show that interactions between erythrocytes and en-
dothelial cells and their potential phagocytosis may occur in vivo, in atherothrombotic conditions, in neovessels
and in the luminal endothelial lining.

Conclusions: Endothelial cells may play an important role in erythrocyte clearance in an atherothrombotic en-
vironment. Under diabetic conditions, erythrocyte glycation favors their engulfment by endothelial cells and
may participate in endothelial dysfunction, thereby promoting vulnerable atherothrombotic plaques to rupture.
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1. Introduction

Atherothrombosis represents the first cause of mortality in diabetic
patients [1]. Different risk factors such as hypertension, hypercholes-
terolemia or smoking are known to promote a more rapid plaque
growth in diabetic conditions [2]. Increased platelet aggregation and
activation of coagulation associated with a blunted fibrinolytic process
lead to thrombus formation in case of both micro- and macrovascular
diabetic vascular complications [3].

Chronic hyperglycemia induces protein glycation resulting in the
formation of AGE (advanced glycated end-products) in the extracellular
matrix and at the cell surface such as in red blood cells (RBC) that
increase their adhesion to atherosclerotic plaques [4]. Increased
thrombin and fibrinogen in diabetic conditions lead to the formation of
a more compact clot, less prone to fibrinolysis, since plasmin glycation
impairs its fibrinolytic activity [3]. In addition to a globally pro-
thrombotic state, endothelial function is altered in diabetic patients,
which favors atherosclerotic plaque formation. Chronic hyperglycemia
induces glycation and oxidation of both lipids and proteins, which ac-
cumulate within the arterial wall, leading to a reduced NO production
that affects vasodilation [5].

The presence of immature neovessels originating from adventitial
vasa vasorum is associated with intraplaque hemorrhage that promotes
plaque vulnerability to rupture [6,7]. Purushothaman et al. showed that
both neovessel density and intraplaque hemorrhage were increased in
diabetic versus non-diabetic patients [8]. Vessel leakage may cause
extravasation of leukocytes and RBC, which represents an important
source of cholesterol and oxidative stress [9], in particular following
the release of hemoglobin into the extracellular compartment that will
participate in plaque expansion [10]. In diabetic conditions, RBC pro-
tein glycation is observed, including that of hemoglobin (N-ter of the
beta chain, HbA1c) [11]. Other proteins at the surface of RBC may also
undergo glycation as shown by detection of AGE via the quantification
of carboxymethyl-lysin and carboxyethyl-lysin residues [12]. In a pro-
inflammatory and pro-oxidant environment, RBC undergo peroxidation
as well as a loss of membrane lipid asymmetry, leading to apoptosis
(also called eryptosis) [4]. The clearance of extravasated RBC by spe-
cialized phagocytes may be impaired in atherosclerotic conditions, in
which macrophage foam cells display a reduced capacity to engulf
apoptotic cells [13,14]. Other cell types such as smooth muscle cells
(SMC) are able to phagocyte apoptotic bodies [15] via exposure of
phosphatidylserine [16] and were shown to ingest aged RBC [17].
Endothelial cells represent the first barrier in contact with erythrocytes.
In intraplaque neovessels, the reduced blood flow may favor interac-
tions between RBC and endothelial cells, suggesting that a phagocytic
process may occur in vivo, in particular for aged or modified RBC. Fens
et al. have reported that endothelial cells are able to phagocyte RBC
after PS exposure in both static and flow conditions [18]. Erythrocyte
glycation in diabetic patients was shown to promote RBC/endothelial
cells interactions via AGE and their receptors [19]. However, there are
almost no data concerning the phagocytosis of aged and/or glycated
RBC as well as the phagocytosis of T2D RBC by endothelial cells.

We consequently address in this study the impact of chronic hy-
perglycemia, as observed in diabetic patients, on RBC modifications,
interactions with endothelial cells and potential vascular dysfunction.
We tested the hypothesis that aged and glycated RBC may be more
readily phagocytosed by endothelial cells than fresh, non-modified
RBC. We have set up and characterized an in vitro model of RBC gly-
cation and demonstrated that aged/glycated RBC engulfed by en-
dothelial cells induced a decreased endothelial capacity for healing.
This process may participate in the formation of intraplaque hemor-
rhage in diabetic patients with atherosclerosis.
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2. Materials and methods
2.1. Erythrocytes preparation, aging and glycation

Erythrocytes were obtained from healthy (male and female) vo-
lunteers and type 2 diabetic patients with informed consents. Blood was
collected on EDTA tubes (BD vacutainer®). Erythrocytes were washed 3
times with an isotonic solution (0.15M NaCl, pH 7) and prepared in
Phosphate Buffered Saline solution (1X PBS) — 5 mM glucose (PBS/0.1%
glucose) at 20% hematocrit. Glycation and aging were induced by in-
cubating RBC for 5 days at 37 °C with p-glucose (Sigma, Germany) at
different concentrations (5, 17.5, 30, 55, 105 and 130 mM) [17]. Ery-
throcytes were either used fresh, aged with or without glycation on
human endothelial cells.

2.2. Red blood cell hemolysis test (free radical induced hemolysis test)

The ability of erythrocytes to resist to lysis induced by free radicals
was investigated [20]. Fresh, aged and glycated-aged erythrocytes from
healthy subjects and T2D patients were washed and diluted at 50% in
an isotonic solution (0.15M NaCl, pH 7). Hemolysis was induced by
addition of 40uL of 0.5M 2,2’-Azobis[2-methyl-propionamidin]
dichloride (AAPH, Sigma-Aldrich, Germany) in each well containing
10® erythrocytes. Turbidimetry at 450 nm was recorded every 10 min
using a 37°C- thermostated microplate reader (FLUOstar Omega, BMG
Labtech, Germany). Results were expressed as 50% of maximal hemo-
lysis time (HT50 in min).

2.3. HbAlc (%) determination

HbAlc measurements were performed on diluted aged and gly-
cated-aged erythrocytes using a high-pressure liquid chromatography
method performed on automate D-10 Hemoglobin analyser (Biorad).

2.4. Thiobarbituric assay

The thiobarbituric acid (TBA) assay was used for 5-hydro-
xymethylfurfural (HMF) determination as described by McFarland et al.
[21]. 0.5 mL of diluted aged and glycated-aged erythrocytes (1:2 dilu-
tion in 0.15M NaCl) from healthy and T2D patients were hydrolyzed
for 1 h by addition of 0.5 mL of 0.3 N oxalic acid at 100 °C. After cooling
to RT, 0.5mL of 40% trichloroacetic acid was added and thoroughly
mixed before centrifugation for 15minat 3000g. About 0.2mL of
0.05M TBA was added to 0.4 mL of supernatant and the mixture was
incubated at 40 °C for 30 min. The absorbance was read at 443 nm. The
5-HMF concentration was determined by using a molar extinction
coefficient of 4.10% and was expressed as mmol/mg of protein.

2.5. Endothelial cell culture

EA.hy926 endothelial cell line was obtained from the American
Type Culture Collection (ATCC, USA, CRL-2922™) and cultured in
Dulbecco's Modified Eagle's medium (DMEM) supplemented with
25 mM glucose, 10% heat-inactivated Fetal Bovine Serum (FBS), 2 mM
L-glutamine, 100 units/mL penicillin, 100 pg/mL streptomycin, 250 pg/
mL amphotericin B and HAT (100 umol/L hypoxanthine, 0.4 umol/L
aminopterin and 16 pmol/L thymidine). Cells were maintained at 37 °C
with 5% COs in a humidified atmosphere.

The human blood-brain barrier endothelial cell line HcMEC/D3,
was obtained from Merck Millipore, France (SCC066). HC(MEC/D3 cells
were cultured in Endothelial Basal Medium 2 (EBM-2, Lonza) supple-
mented with 5.6 mM glucose, 5% heat-inactivated FBS, 100 units
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penicillin/mL, 100 pg streptomycin/mL, 2.8 mM hydrocortisone, 1 mg/
mL ascorbic acid, Chemically Defined Lipid Concentrate (1:100), 1 M
HEPES buffer and 200 ng/mL bFGF. Cells were grown on coated tissue
culture flasks with Cultrex® Rat Collagen I (50 ug/mL) at 37 °C with 5%
CO, in a humidified atmosphere.

The human dermal microvascular endothelial cell line HMEC-1,
obtained from ATCC (USA, CRL- 3243™) were cultured in MCDB131
medium supplemented with 5.6 mM glucose, 10ng/mL epidermal
growth Factor (EGF), 1pg/mL hydrocortisone, 10 mM Lr-glutamine,
10% heat-inactivated FBS, 100 units/mL penicillin and 100 pg/mL
streptomycin. Cells were maintained at 37 °C with 5% CO- in a humi-
dified atmosphere.

For all experiments, confluent endothelial cells (EA.hy926, HCMEC/
D3 or HMEC-1) were stimulated with fresh, aged or glycated-aged er-
ythrocytes from healthy volunteers or T2D patients at a density of
18.6 x 106 cell/cm? for 24 hat 37 °C.

2.6. MTT assay

Endothelial cell viability was evaluated by assessing the mitochon-
drial metabolic activity, using MTT (3-(4-5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide). Cells were seeded in a 96-well plate at a
density of 100 000 cells/em? (32000 cells/wells). After reaching con-
fluence, cells were incubated or not with RBC for 24 hat 37 °C.
Endothelial cells were then washed 3 times with sterile 1X PBS and
incubated at 37 °C for 5h with 200 pL of fresh medium supplemented
with 20 pL of sterile filtered MTT solution (5mg/mL in PBS). After
removing the medium, the insoluble formazan crystals were dissolved
in 200 pL/well dimethyl sulfoxide (DMSO). All samples were diluted in
DMSO (1:2 dilution in 200 uL) and the absorbance was measured at
570 nm with a reference at 690 nm (FLUOstar Omega, BMG Labtech,
Germany). Results are expressed as the percentage of control (untreated
cells).

2.7. Cell division assay

The thymidine analogue 5-bromo-2’-deoxyuridine (BrdU, Sigma)
was used to assess cell division kinetics of EA.hy926 cells. After 24 h of
stimulation with erythrocytes in 24-well plates, EA.hy926 cells were
incubated for 24 hat 37 °C with a 10 pM BrdU solution. Then, BrdU-
labelled cells were washed with DMEM medium, collected by trypsi-
nization and seeded out in DMEM/10% FBS (5000 cells/well) in 6 well
plates. Cells were left in 5% CO, incubator for 10 days. After cells
collection by trypsinization and three washes with cold PBS,
EA hy926 cells were successively fixed with ice cold ethanol (70% v/v)
for 30 min at 4 °C, permeabilized with 2N HCl/0.5% Triton X-100 to
denature the DNA and neutralized with 0.1 M Na,B,0,, pH 8.5 solu-
tions. Then, cells were stained with anti-BrdU monoclonal antibody
(Sigma, 1:100 dilution in PBS/0.5% Tween 20/1% BSA containing
10 pg/mL RNAse A) followed by an incubation with a secondary anti-
mouse FITC-conjugated antibody.

(Molecular probes, 1:200 dilution). BrdU-labelled cells were washed
and resuspended in PBS before analysis on FACScan (BD Biosciences)
and CellQuest software.

2.8. Clonogenic assay

A clonogenic assay (or proliferation assay) was performed to assess
the potential impact of aged and glycated-aged erythrocytes on en-
dothelial function, according to the method previously described in Ref.
[22] with slight modifications. After 24 h of stimulation with 1.8 x 108
of fresh, aged or glycated-aged erythrocytes, EA.hy926 cells were col-
lected by trypsinization and seeded out in DMEM/10% FBS in 12-well
plates (i.e 1500 cells/well). After 12 days of culture, cells were washed
twice with PBS, were fixed with glutaraldehyde (6.0% v/v) and stained
with crystal violet (0.5% w/v). The plates were carefully washed twice
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with tap water and the stain was solubilized by the addition of 100 pL of
1% sodium dodecyl sulphate. The absorbance was then read at 570 nm.
Results were expressed as % proliferation relative to control untreated
cells.

2.9. Flow cytometry assay

CD47 conformational changes analysis, phosphatidylserine ex-
posure and ROS production by erythrocytes, apoptosis/necrosis of er-
ythrocyte-stimulated EA.hy926 cells and bound erythrocytes to en-
dothelial cells were assessed by flow cytometry, using a Becton
Dickinson FACScan (BD Biosciences) and CellQuest software.

For conformational changes of CD47 on red blood cell membrane,
washed erythrocyte samples were double stained with two distinct
CDA47 antibodies (10 pg/mL in HEPES) directed against two different
epitopes: an APC-conjugated conformation-independent antibody
(clone B6H12) and a FITC- conjugated conformation-dependent (clone
2D3) antibody.

For quantification of phosphatidylserine exposure, erythrocytes
were labelled with 2pg/mL annexin V-FITC in binding buffer
(Biolegend) before flow cytometry analysis. Cells were fixed for 20 min
in 4% paraformaldehyde solution and annexin-V-binding was measured
with an excitation wavelength of 488 nm and an emission wavelength
of 530 nm.

For determination of ROS production, 50 pL of RBC (approximately
13 x 10° RBC) were incubated with 500 uL of a labeling solution (PBS
1X — DCFH-DA 1X or DHE 1X) for 30 min at 37 °C.

For apoptosis/necrosis study, EA.hy926 cells were collected by
trypsinization, washed with PBS. Then, cells were incubated with 2 pug/
mL Annexin V-FITC and 2 pg/mL PI (Sigma) in 100 uL binding buffer
(BioLegend) for 15 min at RT before analysis.

For assessment of erythrocytes bound to endothelial cells, EA.hy926
were washed with PBS, trypsinized and fixed for 20 min in 4% paraf-
ormaldehyde solution. After fixation, cells were incubated with PBS/1%
BSA for 30 min, in order to block non-specific sites. Cells were next
incubated with rabbit anti-CD31 polyclonal antibody (for endothelial
cells labeling, eBioscience, 1:100 dilution) for 30 min, followed by an
incubation with anti-rabbit PE-conjugated secondary IgG (1:200 dilu-
tion). After that, cells were incubated with mouse anti-human glyco-
phorin A antibody for erythrocytes labeling (Dako, 1.585ug/mL) for
30 min followed by an incubation with a goat anti-mouse secondary
antibody conjugated to Alexa 488 (Life technologies, 1:200 dilution).
FACS analysis was performed on gated endothelial CD31-positive cells.

2.10. DAF colorimetric assay

Detection of erythrocytes associated with EA.hy926, HMEC-1 and
HcMEC/D3 cells (either bound or internalized) was performed by using
2,7-diaminofluorene (DAF) reagent which quantifies the pseudo-per-
oxidase activity of RBC hemoglobin. DAF working solution was pre-
pared by dissolving 10 mg of DAF in 10 mL of 0.2 M Tris-HCI pH 7.2/
9% glacial acetic acid with vigorous vortexing and by adding 20 uL of
30% hydrogen peroxide just before use.

EA.hy926, HCMEC/D3 or HMEC-1 cells plated in 12-well plate and
incubated for 24 h with PBS/0.1% glucose or RBC were washed three
times with PBS. Hemoglobin contained in non-phagocytosed ery-
throcytes bound to endothelial cells was recovered by an osmotic shock
with 100 pL of water for 3 min. Endothelial cells were then lysed to
release hemoglobin contained in phagocytosed erythrocytes by adding
100 uL. of PBS/1% Triton X100 for 3 min. Next, 100 uL of the DAF
working solution were added to 40 uL of samples which were previously
transferred to a 96-well plate. The reaction mixture was incubated for
20 min and the optical density (OD) was measured at 620 nm using a
spectrophotometer microplate reader. Bound and internalized RBC
number was calculated by using a calibration curve of RBC (10*
10° cells/uL). The results were expressed as RBC number/pL of sample.
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2.11. Visualization of erythrocyte binding and internalization by
immunofluorescence

Ea.hy926 cells were seeded on coverslips and incubated for 24 h
with PBS/0.1% glucose, healthy fresh, aged or glycated-aged RBC,
washed three times with PBS and fixed for 20min in 4% paraf-
ormaldehyde solution. Cells were then permeabilized with PBS/0.05%
Triton X100 for 10 min. For immunofluorescence including confocal
microscopy, RBC were stained with a mouse anti-human glycophorin A
antibody (Dako, 1.585 pg/mL), endothelial cell cytoplasm was stained
with a rabbit anti-human alpha tubulin antibody (Sigma, 2 pg/mL). The
secondary antibodies used were respectively a goat anti-mouse anti-
body conjugated to Alexa 488 (Life technologies, 1:200 dilution), a goat
anti-rabbit antibody conjugated to Alexa 594 (Invitrogen, 1:200 dilu-
tion). Endothelial cells nuclei were stained with DAPI (Sigma, 0.1 ug/
mL). Controls using a non-relevant IgG (Dako) were included in each set
of experiments.

2.12. Wound healing assay

To study endothelial cell ability to repair a lesion, a scratch assay or
wound healing assay was performed on EA.hy926 endothelial cells
according to the method described previously [23]. EA.hy926 cells
were plated in 60 mm petri dishes and incubated for 24 h with PBS/
0.1% glucose, fresh, aged or glycated-aged RBC before three washes
with PBS and incubation with complete medium. Four scratches were
performed on the cell monolayer with a 200 uL tip. The debris were
removed and cells were incubated with fresh complete medium. Cells
were maintained at 37 °C with 5% CO, in a humidified atmosphere for
24 h. Microscopic bright field pictures were taken at Oh, 2h, 4h and
10 h after the scratch induction on an inverted microscope Nikon Ti-U
eclipse. The scratch area was measured with imageJ software (imageJ
1.43 software, USA). Results were expressed as the reduction of wound
area in AU of five independently performed experiments.

2.13. Carotid endarterectomy sample - histological analysis

Hemorrhagic carotid atherosclerotic plaque samples from diabetic
(n = 3) and non-diabetic patients (n = 3) were obtained from the MADi
study (Marqueurs d'Athérothrombose chez le Diabétique, CHU de La
Réunion, France). All patients gave their informed consent to partici-
pate to the study (CPP N°2013/69, A01202-43). After surgery, a re-
presentative endarterectomy sample was fixed in 4% paraformaldehyde
and then embedded in paraffin using standard histological protocols.
Six-micron paraffin sections were rehydrated before immunostaining.
Antigen retrieval was performed by incubation in pH6 10 mM citrate
buffer at 95°C for 5min. Dako Envision procedure was then applied
according to the manufacturer's instruction. Briefly, endogenous per-
oxidase activity was inhibited by 0.3% H,0,, non-specific sites were
blocked by 1% bovine serum albumin in TBS-T for 30 min (50 mM
TRIS-HCI pH7.6, 150 mM NaCl containing 0.05% Tween 20). The pri-
mary antibodies were incubated at room temperature for 60 min: anti-
glycophorin A at 2.6 pg/mL (M0819, Dako), anti-von Willebrand factor
at 3.17 ug/mL (M0616, Dako). A non-immune mouse IgG1 was applied
as control in the same conditions (X0931, Dako). The secondary anti-
mouse antibodies conjugated to horseradish peroxidase and linked to a
polymer were incubated for 30 min at RT and the reaction was per-
formed using diamino-benzidine. All steps were separated by 3 washes
with TBS-T. The nuclei were counterstained with Harris hematoxylin
for 1 min. After a final wash with tap water, the sections were dehy-
drated and the slides were mounted in Eukitt resin before analysis with
NanoZoomer S60 digital slide scanner (Hamamatsu).

2.14. Statistical analysis

Data were expressed as mean *+ standard deviation (SD). All assays
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Table 1

HbA1lc levels in diabetic patients.
Patients ID HbAlc %
1 10.4
2 16.7
3 9.3
4 13.6
5 10.6
6 10.8
8 9.7
9 10.3
10 10.7
11 11.1
12 13.2
Mean 11.5
SD 2.2

Quantification of glycated hemoglobin (%
HbAlc) in diabetic RBC was performed on an
automate D-10 Hemoglobin analyser (Biorad).

were performed at least in three independent experiments, with tripli-
cate for each of them. Statistical analysis was achieved using Prism
software (Prism software, USA). Significant differences (p < 0.05)
between the means were determined by analysis of variance one-way
ANOVA procedures followed by Tukey's multiple comparison test, re-
spectively.

3. Results
3.1. Effects of glycation and aging on erythrocytes

Red blood cells were aged and/or glycated in vitro by incubation at
37 °C for 5 days with or without p-glucose at different concentrations,
ranging from 5 to 130 mM. In order to evaluate in vitro RBC glycation,
the percentage of glycated hemoglobin (HbAlc) was measured by
routine automated HPLC (Bio-Rad). As expected, RBC incubated with
high p-glucose concentrations showed significantly increased percen-
tage of HbAlc compared to non-glycated RBC (11.4 + % vs. 5 *+ %,
p < 0.05) at 130 mM of p-glucose, Supplemental Fig. 1A). This value is
equivalent to that of patients with a poorly controlled T2D (Table 1). 5-
Hydroxymethylfurfural (5-HMF), a marker of glucose degradation
formed during Maillard reaction, was then quantified. High levels of b-
glucose (105 and 130 mM) induced a significant increase in RBC 5-HMF
production during the glycation process as compared to that of non-
glycated RBC (Supplemental Fig. 1B).

Phosphatidylserine (PS) exposure at the cell surface is often re-
cognized as an initial step for binding and subsequent phagocytosis
(“eat-me” signal). This parameter was assessed in aged
RBC + glycation by evaluating the percentage of FITC-annexin V-
positive erythrocytes using flow cytometry. Aging + glycation sig-
nificantly increased PS exposure (ranging from 76.08% to 95.8% an-
nexin V-positive cells) compared to fresh RBC from healthy volunteers
(4.29% annexin V-positive cells). Glycation significantly enhanced PS
externalization by RBC relative to aging alone (Fig. 1A).

In parallel, the expression of CD47, an RBC membrane protein, has
been reported to be modulated under aging condition and its con-
formational change could represent another “eat-me” signal involved in
erythrophagocytosis signalization [24]. We have used two different
antibodies against CD47 detecting respectively a constant conforma-
tional epitope (clone B6H12) and a conformational variable epitope
(clone 2D6) (Fig. 1B). No significant change in membrane CD47 ex-
pression (B6H12) was observed for fresh, aged and aged/glycated RBC
whereas a significant increase in CD47-FITC fluorescence was observed
for aged/glycated erythrocytes using the 2D3 clone antibody, reflecting
a conformational change. This result suggests that albeit an unchanged
global expression of membrane RBC CD47, a conformational change is



A. Catan, et al. Atherosclerosis 291 (2019) 87-98

A 1501 B
==
=3
W T e N 2] B Fresh RBC [ Aged RBC M Glycated RBC
EEKE ° ]
52 1004 hd 90 _9e g 150
2 E 8 J‘ c
g. 3 g N R
x & 1 g 100
o © S |
S 50 °
7 o ]
S g o
) ] J S 50
f 5
Q
04 P e - S
oo g TS_W 5 15 130 [glucose] mM 0 CD47-APC(BEH12) 10° Fresh Aged Glycated
b i RBC RBC RBC
RBC RBC glycated/aged RBC
C 600
o] M Fresh RBC [ Aged RBC M Glycated RBC
&]
1 \‘ ® 200 +*
— c
£ 400 =. \ 8
= €S \ ' g 150
R 2 ] |
© ] \) W ’ 3
2 * 1 £ 100
g] | o
& 200 g J 2
] / \\ Z 50
| LA e |8
S fraplitpgiaa AWl © 0
0- 0 10*  CDa7-FITC(2D3) Fresh Aged Glycated
5 5 175 30 55 105 130 [glcose]mM RBC RBC RBC
Fresh Aged 3 4
RBC  RBC glycated/aged RBC
8- 101 .
=) © = * *
a = » ) 81
“ J
g=e §=
[ [
2o 2o 6
T 41 =
o > )
23 S8 4
w s w
O S 21 Is
Oe O 21
0° 5 5 175 30 55 105 130 [gucose]mM 0- 5 5 175 30 55 105 130  [glucose]mM
fresh aged I i fresh aged [} 4y
RBC RBC glycated/aged RBC RBC RBC glycated/aged RBC

Fig. 1. Characterization of a red blood cell (RBC) model subjected to aging and glycation for investigation of endothelial erythrophagocytosis.

RBC were either incubated in PBS/0.1% glucose at 20% hematocrit for 5 days at 37 °C (aged RBC) or supplemented with different amounts of glucose (5-130 mM).
Alternatively, erythrocytes were used freshly isolated from the same healthy volunteers. (A) Representative histograms of APC-labelled CD47 (clone B6H12) and
FITC-labelled CD47 (clone 2D3) for fresh, aged and glycated RBC (with 130 mM glucose) obtained by flow cytometry. Anti-CD47 antibodies detect conformational
independent (clone B6H12) and conformational dependent (clone 2D3) epitopes of CD47, respectively. Fluorescence quantification data of CD47-APC and CD47-
FITC are mean * SD of four independent experiments. (**p < 0.01 compared to healthy fresh RBC). (B) Phosphatidylserine exposure of healthy fresh, in vitro aged
and glycated/aged RBC was assessed by flow cytometry. Histograms represent the percentage of PS-exposing RBC, results are the mean = SD of three in-
dependently-performed experiments. RBC aging increased significantly PS exposure compared to healthy fresh RBC. RBC glycation increased significantly PS ex-
posure compared to aged RBC. (****p < 0.0001 compared to healthy fresh RBC. *p < 0.05 and **p < 0.01 compared to aged RBC). (C) Hemolysis test was used to
assess healthy fresh and in vitro modified RBC ability to resist to an oxidative insult. Hemolysis was triggered by adding 2,2’-Azobis[2-methyl-propionamidin]
dichloride (AAPH) and the absorbance at 450 nm was monitored every 10 min at 37 °C. Results are expressed as 50% of maximal hemolysis time (HTso min) as
mean * SD(n = 6; *p < 0.05 and **p < 0.01 compared to healthy fresh RBC). (D) Intracellular ROS production by healthy fresh and in vitro-modified RBC was
measured by flow cytometry. (E) RBC were incubated with DCFH-DA and DHE in PBS for 30 min at 37 °C for determination of H,O, and superoxide anion production,
respectively. Histograms expressed the fold increase in fluorescence asmean = SD (n = 3; *p < 0.05 and **p < 0.01 compared to healthy fresh RBC for DCF and
DHE production).

observed in aged/glycated erythrocytes, suggesting a potential sup- the measurement of DHE fluorescence, only glycation at 55, 105 and
plementary “eat-me” signal presented by these cells (in addition to PS 130 mM of p-glucose induced an increase in superoxide anion produc-
exposure) to potential phagocytes. tion when compared to aged RBC (Fig. 1E).

We then evaluated the effect of aging and/or glycation on RBC
ability to resist free radical-induced hemolysis. In this test, healthy fresh 3.2. Erythrocytes binding and phagocytosis by endothelial cells
RBC exhibited a higher hemolysis half-time (HT50) than that of aged/
glycated RBC (Fig. 1C). RBC aging * glycation reduced HT50 com- To investigate whether RBC may bind and be phagocytosed by en-
pared to healthy fresh RBC, respectively by 60 and 71% (130 mM of p- dothelial cells, fresh, aged and aged/glycated erythrocytes were in-
glucose). Both aging and glycation induced RBC fragility in response to cubated with human endothelial EA.hy926 cells for 24 hat 37 °C.

an oxidative insult. Epifluorescence and confocal microscopy were used to show the in-

To quantify oxidative stress induced either by aging or glycation on teraction between RBC and endothelial cells (Fig. 2A, RBC glycophorin
RBC, different types of radical oxygen species (ROS) were measured by A in green, endothelial cell alpha tubulin in red and nuclei in blue).
flow cytometry (Fig. 1D and E). Hydrogen peroxide production was Aging increased RBC interactions with endothelial cells relative to

increased in both aged and aged/glycated RBC (DCFH-DA test). With healthy fresh RBC, and glycation amplified this phenomenon (left-
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Fig. 2. Human endothelial cells EA.hy926 are able to bind to and internalize glycated/aged RBC in vitro.

Human endothelial cells EA.hy926 were incubated with fresh, aged or glycated/aged (with 130 mM glucose) RBC for 24 h at 37 °C. After incubation, cells were
washed three times with PBS 1X to discard unbound RBC. (A) Immunostaining of EA.hy926 (a tubulin in red) and RBC (glycophorin A in green) after co-incubation.
a Tubulin antibody was used for labeling of the cytoplasm of EA.hy926 endothelial cells and glycophorin A for RBC membrane labeling. Both aged and glycated/aged
RBC exhibit an enhanced interaction with EA.hy926 compared to fresh RBC (left panels, epifluorescence). Confocal imaging analysis (right panels) was performed,
showing an enhanced phagocytosis of aged and glycated/aged compared to fresh RBC. Cell nuclei were stained with DAPI (blue, except for confocal analysis). Scale
bar = 40 um (left and middle panels) and scale bar = 20 um (right panels). (B) RBC interaction with EA.hy926 was assessed by flow cytometry. The analysis was
performed after RBC and endothelial cell labeling respectively with glycophorin A and CD31. CD31 positive cells were selected as endothelial cells, population of
interest. Aging and glycation enhanced RBC interaction with EA.hy926. Histograms represent RBC/EA.hy926 cells ratio (%), results are the means + SD of three
independent experiments. (***p < 0.001 and ****p < 0.0001 compared to fresh RBC and ****, p < 0.0001 compared to aged RBC). (C and D) RBC indirect
quantification was performed by DAF colorimetric assay to evaluate the number of bound (C) or internalized (D) RBC by EA.hy926. RBC amount was evaluated on
bound (in H,0) and internalized cells (in PBS/1% Triton X100). Histograms represent bound or internalized RBC number/pL by EA.hy926. Results are the
means *+ SD of six independently performed experiments. Aging and glycation enhanced RBC binding and phagocytosis/internalization by EA.hy926. (*p < 0.05;
**p < 0.01; ***p < 0.001 and ****p < 0.0001 compared to fresh RBC and ° p < 0.5; ** p < 0.01 and **** p < 0.0001 compared to aged RBC). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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middle panels). Furthermore, confocal microscopy analysis shows that
aging and even more glycation increased RBC interaction with en-
dothelial cells and their subsequent internalization (Fig. 2A, right pa-
nels). To support these data, and in order to quantify this phenomenon,
flow cytometry analysis was performed after labeling RBC and en-
dothelial cells, respectively by glycophorin A and CD31 (Fig. 2B). Er-
ythrocyte aging increased RBC interactions with endothelial cells versus
fresh RBC, whereas glycation markedly amplified this phenomenon
(9.8% vs. 46.5% erythrocytes/EA.hy926 cell ratio respectively for 5 and
130 mM glucose). To reinforce these results, hemoglobin was quantified
by DAF colorimetric assay to evaluate the number of RBC bound to
endothelial cells and those that were internalized (Fig. 2C and D). Only
glycation significantly increased RBC binding to endothelial cells
compared to aged or fresh RBC, in a dose-dependent manner (from 30
to 130 mM of p-glucose). Only glycated RBC with 130 mM of p-glucose
allowed a significant internalization by endothelial cells compared to
the other conditions.

These results were confirmed using two other types of human en-
dothelial cells: HCMEC/D3, a model of blood-brain barrier [25] and
HMEC-1, a model of microvascular endothelial cells (Supplemental
Fig. 2).

3.3. Erythrocyte phagocytosis by endothelial cells did not alter cell viability

After RBC incubation with endothelial EA.hy926 cells, viability was
investigated using two types of experiments. First, mitochondrial ac-
tivity was explored, showing that neither RBC aging nor glycation
modified endothelial cell viability (Supplemental Fig. 3A). Then,
apoptosis and necrosis of endothelial cells were assessed by flow cy-
tometry (Supplemental Figs. 3B-D). Neither RBC aging nor glycation
increased significantly the percentage of annexin V and propidium io-
dide positive cells.

3.4. Effect of RBC aging and glycation on endothelial cell proliferation and
wound repair capacity

To evaluate human endothelial cell ability to proliferate after ex-
posure to RBC, EA.hy926 cells were incubated with BrdU, a thymidine
analogue. EA.hy926 cells were grown for 12 days and then analyzed by
flow cytometry to detect BrdU by immunofluorescence, the prolifera-
tion being proportional to BrdU dilution. Fig. 3A upper panel shows
control cell proliferation (without RBC treatment). Both aged RBC and
glycated-aged RBC decrease EA.hy926 cells proliferation, attested by a
reduced dilution of BrdU. In order to confirm this result, a clonogenic
assay was used (Fig. 3B). Aged and aged/glycated RBC significantly
reduced endothelial cell proliferation compared to healthy fresh RBC.

Finally, human endothelial cell ability to recover after a lesion was
investigated using the wound healing/scratch assay (Fig. 3C). After
incubation with healthy fresh, aged or aged/glycated RBC, scratches
were generated on a human endothelial cell monolayer. Cells were
maintained at 37 °C and pictures were taken every 2h for 10 h. Only
glycation decreased significantly endothelial cell wound repair relative
to healthy fresh RBC. In conclusion, RBC aging/glycation decreased
endothelial cell proliferation whereas glycation is required to drasti-
cally blunt endothelial cell wound repair capacity, integrative of both
proliferation and migration processes.

3.5. Erythrocytes from T2D patients are eagerly phagocytosed by
endothelial cells

In order to investigate the effects of diabetes on RBC interaction
with human endothelial cells, fresh or aged RBC from healthy or T2D
patients (Supplemental Fig. 4) were incubated with human endothelial
cells EA.hy926 for 24 h at 37 °C (microscopy analysis and biochemical
quantification of hemoglobin were performed). Before incubation with
endothelial cells, we first characterized RBC modifications under
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diabetic conditions. Erythrocytes from diabetic patients presented more
externalised PS than those from non-diabetics (Fig. 4A), associated with
higher levels of intracellular ROS detected by the DCFH-DA (Fig. 4B-C).
However, whereas a trend towards a decreased resistance to hemolysis
was observed in diabetic RBC (lower HT50), it did not reach statistical
significance (p = 0.13) (Fig. 4D). We then tested the capacity of en-
dothelial cells to phagocyte erythrocytes from diabetic vs. non-diabetic
patients. As expected, aging enhanced the interaction of T2D RBC with
endothelial cells (Fig. 5). More importantly, fresh T2D RBC interacted
more with endothelial cells than healthy fresh RBC, suggesting that in
vivo RBC glycation is sufficient to promote binding/internalization and
potentially impact on endothelial function.

3.6. Intraplaque hemorrhage and interactions between endothelial cells and
RBC in human carotid endarterectomy samples

We analyzed the presence of neovessels and potential interactions
between endothelial cells and RBC in human carotid atherosclerotic
plaques (Fig. 6). We selected samples of both non-diabetic (A-D) and
diabetic (E-H) patients, with intraplaque hemorrhage as attested by the
accumulation of glycophorin A-positive RBC (A, C, E, G). In the sample
from non-DT2 patients, only few neovessels could be observed (VWF
immunostaining), suggesting that blood may come from a massive
plaque rupture, rather than from a neovessel leakage. In the diabetic
sample, many neovessels are visible surrounded by erythrocytes (G and
H). Some figures of discontinuous endothelial layer and extravasating
erythrocytes are shown by black arrowheads. In the non-diabetic
sample, in spite of a massive intraplaque hemorrhage, the neovessels
observed appeared thick and non-leaky (black arrowheads, C and D).
The presence of a luminal thrombus can also promote interactions be-
tween endothelial cells and RBC (glycophorin A immunostaining,
Figs. 61-L). This may be observed in both non-diabetic (I and J) and DT2
patients (K and L). At higher magnification (J and L), interactions be-
tween erythrocytes and endothelial cells may be observed. Endothelial
positivity for glycophorin suggests that these cells have taken up RBC,
which is particularly visible in the carotid section from the diabetic
subject.

4. Discussion

In this study, we have set up an in vitro model of glycated RBC that
may mimic diabetic conditions in order to investigate the role of
chronic glucose exposure on erythrocytes and its effect on endothelial
function. We report that aged/glycated RBC are characterized by an
intracellular oxidative stress, the loss of lipid membrane asymmetry via
phosphatidylserine (PS) exposure and an increased susceptibility to
hemolysis. Glycated RBC were able to massively bind to endothelial
cells and to be internalized by these cells as compared to healthy fresh
RBC. In these conditions, cell viability was not altered, but both cell
proliferation and migration were blunted in endothelial cells exposed to
glycated RBC.

In our RBC treatment model, we observe an increased exposure of
PS due to aging similar to that observed by Kolb et al. [17]. This model
consisting in an incubation at 37 °C for 5 days was chosen as similar
conditions may be observed during blood stasis in neovessels of
atherothrombotic plaques. Incubation with glucose further increased PS
exposure independently of the concentration used (from 30 to
130 mM). This may be due to a plateau that is reached at 95% of PS
exposure in high-glucose conditions. Several groups have used RBC
models of glycation [11,26] with different glucose concentrations and
incubation times. Here, we report that intracellular concentrations of
superoxide anion and hydrogen peroxide are increased in aged and
glycated RBC. Glycation tends to further increase oxidative stress in
aged erythrocytes (DHE and DCFH-DA tests), as reported in other
models in which lipid peroxidation was increased by incubation with
high-glucose concentration [11,26]. In order to characterize the level of
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Fig. 3. RBC phagocytosis impaired EA.hy926 cell proliferation.

Human endothelial cells EA.

hy926 were incubated with fresh, aged or glycated/aged RBC for 24 h at

37 °C. After incubation, cells were washed three times with 1X PBS to discard unbound RBC. EA.hy926 were then incubated with or without BrdU. After BrdU
incorporation, cells were seeded at a known density and grown for 12 days at 37 °C. (A) Nuclear BrdU incorporation was detected by flow cytometry. Phagocytosis of
aged and glycated/aged RBC delayed EA.hy926 proliferation relative to that of fresh RBC. (B) EA.hy926 ability to form a colony was evaluated using a clonogenic
assay. Cells were stained with crystal violet and the absorbance was read at 570 nm. Histograms represent the percentage of proliferation compared to the control
(upper panel), results are the mean * SD of three independent experiments. Representative pictures of the clonogenic survival assay after 12 days of growth (lower
panels) (**p < 0.01 compared to fresh RBC). (C) Wound healing assay. The ability of EA.hy926 to migrate and/or proliferate after a lesion was evaluated.
Representative images of the scratch area after the lesion (T0 and T12 h) (left panels, magnification x 10 scale bar = 40 um). Histograms represent the quantification
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glycation, we used two different assays: HMF (hydroxymethylfurfural, accelerated senescence and susceptibility to hemolysis [27]. Accord-
which results from the dehydration of the glucose moiety of glycated ingly, in our model, both aging and glycation induced an increased
proteins) and determination of % HbA1C. A dose-dependent increase in susceptibility to hemolysis induced by an oxidative insult (AAPH). Babu
HMF and % HbA1C was observed in our model, reaching statistical et al. demonstrated that erythrocyte aggregation was enhanced and
significance for the highest glucose concentrations used (100 and deformability was reduced in diabetic RBC [4]. An inverse correlation

130 mM). These results are in accordance with those reported by other between RBC life span and HbAlc percentage has been reported by
groups, respectively for HMF [11] and glycated hemoglobin [26]. In Virtue et al. (6.9 days for each 1% increase in glycated hemoglobin)

our study, we used supra-physiological glucose concentrations to reach [28]. The short lifespan of RBC in diabetic conditions [29,30] may be
significant. due to these biochemical and morphological changes leading to an in-

RBC modifications, but it allowed us to obtain glycation levels si- creased clearance by the reticulo-endothelial system. Other studies re-
milar to those observed in diabetic patients: at 130 mM glucose, he- port that increased glycation of erythrocyte membrane proteins and
moglobin glycation reached 11.4% vs. 11.5% in some uncontrolled hemoglobin may be due to the much longer lifespan of RBC [31]. The
diabetic patients, suggesting that our model is pathophysiologically spleen may be less effective in the removal of senescent RBC leading an
relevant. increased number of erythrocytes exposing PS [32].

In diabetic patients, RBC were reported to display an increased In our in vitro conditions, we report that endothelial cells were able
oxidative stress and reduced antioxidant activity, associated with to bind and phagocyte both aged and aged/glycated RBC in a glycation
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Fig. 5. Diabetes enhances binding/internalization of RBC by human endothelial cells.

Human endothelial cells EA. hy926 were incubated with either fresh or aged RBC from T2D or healthy subjects for 24 hat

37 °C. After incubation, cells were washed three times with PBS 1X to discard unbound RBC. (A) Immunostaining of EA.hy926 (a tubulin in red) and RBC (gly-
cophorin A in green) after co-incubation. Both fresh and aged RBC from T2D patients displayed an enhanced interaction with EA.hy926 relative to healthy fresh or
aged RBC (left panels). Confocal imaging analysis was performed showing an enhanced phagocytosis of T2D RBC by EA.hy926 compared to that of healthy volunteers
(right panels). Cell nuclei were stained with DAPI (blue, except for confocal analysis). Scale bar = 40 um (left and middle panels) scale bar = 20 um (right panels).
(B) RBC indirect quantification was performed to evaluate the number of RBC associated with human endothelial cells EA.hy926 (either bound or internalized).
Histograms represent RBC number/uL interacting with EA.hy926, results are the means + SD of 6 independent experiments. (*p < 0.05 and p < 0.0001
compared to healthy fresh RBC and *#p < 0.01 compared to fresh T2D RBC). (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

95



A. Catan, et al.

Glycophorin A vWF
A B
NDia
Dia
NDia
I o Oy ,/"r ¥
e b A IR s
w Vg Mg it Dia
T
Y
.1‘ "4.

Fig. 6. Glycophorin A and von Willebrand factor (vWF) immunostaining in
hemorrhagic human carotid sections from DT2 and non-DT2 patients.
Non-diabetic (NDia) and diabetic (Dia) patients carotid plaque with intraplaque
hemorrhage were analyzed for the presence of glycophorin A (A, C, E, G-J)) and
VWF (B, D, F). The presence of vWF- positive neovessels is pointed by empty
grey arrowheads (B-D). Interactions between luminal endothelial cells and RBC
are observed in both NDia and Dia samples, with a marked glycophorin A
immunostaining in endothelial lining (J). Black arrowheads point at dis-
continuous endothelial layer areas and extravasating erythrocytes. High mag-
nification images of the areas delimited by squares are presented in E, F and H,
J. Black bars represent 1 mm (A-D, G, I) and 50 um (E and F).

level-dependent manner. Wautier et al. first demonstrated that AGE
(advanced glycated end-products) were formed in vivo under diabetic
conditions at the surface of RBC [30] and then reported that glycated
RBC binding to HUVEC was mediated by interactions with RAGE (re-
ceptor for AGE) [19]. CD36 scavenger receptor is also expressed by
both endothelial cells and macrophages, and able to bind various
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ligands including oxidized LDL, plasmodium falciparum-infected RBC
as well as AGE [33].

In diabetic patients, glycation induces AGE formation at the surface
of RBC [12]. Binding and subsequent phagocytosis of glycated RBC
could thus occur via CD36 expressed by endothelial cells. Another re-
ceptor for PS and oxidized LDL was shown to mediate apoptotic RBC
binding to HUVEC[34].

In a different model of oxidatively modified RBC (by tert-butylhy-
droperoxide, tBHP), Fens et al. reported a PS exposure and a lactad-
herin-dependent phagocytosis by HUVEC. The same results were ob-
tained under static and flow conditions. They also showed that in the
absence of lactadherin (an opsonin known to bind PS, avp3 and avf5
integrins), less binding and uptake of erythrocytes by HUVEC were
observed whereas in the presence of lactadherin many intracellular
erythrocytes could be detected [18,35].

Phosphatidylserine exposure at the surface of senescent cells is a
well-established “eat-me” for recognition and subsequent clearance of
apoptotic cells by phagocytes. Closse et al. provided strong evidence
that human erythrocytes-endothelial cell interactions are mediated by
phosphatidylserine recognition by HUVEC (human venous endothelial
cells) [36]. They report that annexin V was able to inhibit RBC-HUVEC
adhesion in a dose-dependent manner. This first interaction could be a
pre-requisite for other ligand-receptor interactions; after erythrocyte
tethering to endothelial cells, other molecules may initiate phagocytosis
pathways, such as CD47-TSP-SIRPa or RAGE-AGE [24]. In our model,
the role of different scavenger receptors such as CD36, as well as the
involvement of phosphatidylserine and lactadherin in the process of
binding and engulfment, should be investigated in more details.

We then investigated potential expression and conformational
changes of CD47 in our experimental conditions. CD47 is present at the
RBC membrane and may be involved in erythrophagocytosis as an “eat-
me” or “do not eat-me” signal, depending on its conformation [24]. We
show that CD47 underwent a conformational change in aging/glycation
conditions, whereas its global expression remained unchanged. This
conformational change could represent an “eat me” signal, as pre-
viously reporter by Burger et al. [24]. In the context of hemorrhagic
stroke, it was shown that mice knocked down for CD47 on erythrocytes
displayed an enhanced hematoma clearance and a reduced brain injury
[37]. The same group recently reported similar beneficial effects using
CDA47 blocking antibodies [38]. Theses results suggest that modulation
of CD47 expression or function may impact on RBC clearance. In our in
vitro model, the enhanced phagocytosis of aged/glycated RBC by non-
professional phagocytes such as endothelial cells, may induce deleter-
ious effects in the context of atherosclerosis, via the destabilization of
the endothelial layer.

In the study by Fens et al., they report a cytotoxic effect of RBC
treated by 3 mM tBHP after a 24 h-incubation period [18]. In our ex-
perimental conditions, we demonstrated that endothelial cells did not
undergo apoptosis or necrosis after 24 h of incubation with aged/gly-
cated RBC. These differences in terms of mortality may be due to the
cell type used (cell line vs. primary culture of HUVEC) or to the RBC
treatment (glycation vs. oxidative modification).

From a functional point of view, incubation of RBC with endothelial
cells did not impact their capacity to bind monocytes (THP1 cell line,
data not shown). However, we demonstrate for the first time that en-
dothelial cell ability to migrate and proliferate was reduced following
incubation with aged/glycated RBC. We have also observed that en-
dothelial cells placed in hyperglycemic conditions were more prone to
bind and engulf fresh aged erythrocytes (data not shown), suggesting
that the global uptake of RBC by endothelial cells in diabetics may be
increased. In pathological conditions, the endothelial layer must face
mechanic, oxidative and inflammatory aggressions, resulting in the
necessity for healing. This capacity is markedly decreased after aged/
glycated RBC phagocytosis. In vivo, in atherosclerotic conditions, the
presence of immature microvessel in hemorrhagic plaque has been re-
ported [39], suggesting that a blunted healing capacity for the
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endothelium may promote RBC leakage into the necrotic core, thereby
worsening intraplaque lipid accumulation and heme-associated oxida-
tive stress. Other vascular cell types have been reported to be able to
phagocyte aged RBC such as smooth muscle cells [17,40], leading to the
formation of foam cells [40]. The results from Delbosc et al. suggest that
endothelial cells may phagocyte RBC in vivo as hemoglobin was focally
detected in the endothelium of human fatty streaks [40]. Macrophages
are also able to phagocyte erythrocytes leading to iron secretion and
subsequent LDL oxidation [41].

To our knowledge, there is no in vivo study on the impact of RBC
glycation in atherosclerotic conditions. Wautier et al. reported that the
clearance of RBC from diabetic rats injected into normal rats was higher
than that of non-diabetic rats. This accelerated clearance was reduced
by pre-treatment with anti-RAGE immunoglobulins, suggesting that
glycated RBC removal was dependent on endothelial RAGE [19]. We
demonstrate that RBC from diabetic patients were more prone to bind
to and be internalized by endothelial cells relative to those from healthy
non-diabetic subjects. These results suggest that our in vitro model of
RBC glycation is relevant and may mimic diabetic conditions; they are
in accordance with a study that tested, in flow conditions, the binding
of RBC from diabetic patients to endothelial cells [42]. Finally, we have
shown that interactions between endothelial cells and RBC occur in vivo
in atherothrombotic conditions, potentially promoting intraplaque he-
morrhage. A specific study should be designed in order to compare
diabetic vs. non-diabetic plaques with intraplaque hemorrhage and to
quantify potential differences according to the diabetic status. Our aim
was to illustrate the relevance of endothelial interactions with resident
RBC and their possible uptake by these cells, in vivo, in human samples.
Iron metabolism within atherothrombotic plaque is of major im-
portance since erythrocytes may undergo hemolysis if they are not
eliminated, and the released hemoglobin may subsequently be oxidized
to ferri- and ferrylhemoglobin. The resulting free heme and iron may
promote further oxidation and glycoxidation of lipids, particularly
under diabetic conditions [43]. Oxidized low-density lipoproteins may
in turn induce a switch in macrophage phenotype in which iron export
is compromised [44]. Altogether, defects in erythrocyte clearance and
iron metabolism within atherothrombotic plaques represent additional
factors of instability.

In conclusion, we have set up a well-characterized patho-physiolo-
gically relevant model of RBC glycation that induces endothelial dys-
function (reduced capacity to migrate and proliferate) after phagocy-
tosis. These deleterious effects of glycated RBC on the endothelium may
account for the increased vulnerability of atherosclerotic plaques to
rupture in diabetic patients.
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