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Intravascular Hemolysis is a component of type 2 diabetes associated with peripheral neuropathy.

INTRODUCTION

The number of adults with type 2 diabetes (T2D) has more than doubled worldwide in the past 30 years and continues to increase exponentially. Five million deaths were attributed to T2D in 2017 [START_REF] Cho | IDF Diabetes Atlas: Global estimates of diabetes prevalence for 2017 and projections for 2045[END_REF]. The health burden is largely due to cardiovascular diseases and microvascular complications associated to T2D, fostered by poor glycemic control. However, hyperglycemia alone, independently of traditional cardiovascular risk factors, does not explain more than 25% of the excess risk in T2D [START_REF] Pyörälä | Diabetes and atherosclerosis: an epidemiologic view[END_REF], suggesting the involvement of other pathophysiological processes.

Questions were raised whether red blood cell (RBC) exert a pathological role in T2D. An array of studies reported glyco-oxidative alterations of RBC membranes, increased RBC osmotic fragility, reduced lifespan and degraded hemorheological properties in T2D, as reviewed by Turpin, Pernow and colleagues [START_REF] Turpin | Erythrocytes: Central Actors in Multiple Scenes of Atherosclerosis[END_REF][START_REF] Pernow | Red blood cell dysfunction: a new player in cardiovascular disease[END_REF]. RBC remodeled during T2D can compromise endothelial vasodilation in vitro via increased arginase activity, ROS and peroxynitrite production [START_REF] Zhou | Erythrocytes From Patients With Type 2 Diabetes Induce Endothelial Dysfunction Via Arginase I[END_REF][START_REF] Mahdi | Red Blood Cell Peroxynitrite Causes Endothelial Dysfunction in Type 2 Diabetes Mellitus via Arginase[END_REF][START_REF] Turpin | Enhanced oxidative stress and damage in glycated erythrocytes. Song P, éditeur[END_REF].

They can also modify the morphology of cultured endothelium [START_REF] Wu | Extracellular vesicles in diabetes mellitus induce alterations in endothelial cell morphology and migration[END_REF]. The rigidity of T2D RBC was associated to nephropathy [START_REF] Brown | Association of reduced red blood cell deformability and diabetic nephropathy[END_REF] and observed during retinopathy [START_REF] Agrawal | Assessment of red blood cell deformability in type 2 diabetes mellitus and diabetic retinopathy by dual optical tweezers stretching technique[END_REF]. However, the independent impact of T2D RBC on the vasculature remains difficult to assess in patients, and the question remains, whether T2D promotes RBC destruction within the circulation, a phenomenon termed intravascular hemolysis (IVH).

In clinical practice, IVH is identified by indirect biomarkers including anemia, reticulocytosis, high lactate dehydrogenase (LDH) and bilirubin levels, and low haptoglobin levels, sometimes combined with hemoglobinuria. These indirect markers are modulated by inflammation independently of IVH and lack sensitivity. Most, like hemoglobinuria, are ignored until they become conspicuous. Indirect markers of IVH are rarely monitored in T2D patients.

In cell biology, IVH is considered as a leak of RBC contents into plasma (Heme-containing hemoglobin (Hb), globin-free heme, oxidized forms of heme) and membrane fragmentation, with extracellular vesicles (EV) shedding. These moieties can combine into heme-loaded EV during IVH [START_REF] Turpin | Erythrocytes: Central Actors in Multiple Scenes of Atherosclerosis[END_REF][START_REF] Ridger | Microvesicles in vascular homeostasis and diseases. Position Paper of the European Society of Cardiology (ESC) Working Group on Atherosclerosis and Vascular Biology[END_REF][START_REF] Camus | Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle cell disease[END_REF]. Several flow cytometry (FACS) studies reported elevated plasma levels of circulating large EV in T2D and metabolic syndrome patients, primarily shed by platelets, monocyte and endothelial cells [START_REF] Leroyer | Microparticles and type 2 diabetes[END_REF]. Large RBC-derived EV were also increased up to 4-fold in studies comparing obese T2D patients to obese or lean, non-T2D controls [START_REF] Agouni | Endothelial Dysfunction Caused by Circulating Microparticles from Patients with Metabolic Syndrome[END_REF][START_REF] Alkhatatbeh | The origin of circulating CD36 in type 2 diabetes[END_REF][START_REF] Freeman | Altered Extracellular Vesicle Concentration, Cargo, and Function in Diabetes[END_REF], or lean T2D patients to healthy subjects [START_REF] Su | Procoagulant Activity of Blood and Endothelial Cells via Phosphatidylserine Exposure and Microparticle Delivery in Patients with Diabetic Retinopathy[END_REF][START_REF] Yu | Phosphatidylserine on microparticles and associated cells contributes to the hypercoagulable state in diabetic kidney disease[END_REF][START_REF] Gkaliagkousi | Increased erythrocyte-and platelet-derived microvesicles in newly diagnosed type 2 diabetes mellitus[END_REF]. However, they were unchanged in another study of T2D patients vs. controls [START_REF] Diamant | Elevated Numbers of Tissue-Factor Exposing Microparticles Correlate With Components of the Metabolic Syndrome in Uncomplicated Type 2 Diabetes Mellitus[END_REF], or in T2D vs. non-T2D patients with moderate/high cardiovascular risk [START_REF] Chiva-Blanch | Microparticle Shedding by Erythrocytes, Monocytes and Vascular Smooth Muscular Cells Is Reduced by Aspirin in Diabetic Patients[END_REF]. Besides, T2D is associated to increased heme-oxygenase-1 activity and reduced bilirubin plasma levels [START_REF] Ohnaka | Inverse associations of serum bilirubin with high sensitivity C-reactive protein, glycated hemoglobin, and prevalence of type 2 diabetes in middle-aged and elderly Japanese men and women[END_REF][START_REF] Bao | Plasma heme oxygenase-1 concentration is elevated in individuals with type 2 diabetes mellitus[END_REF]. These data are difficult to reconciliate. Consequently, RBC breakdown products are hardly ever considered in clinical practice, whereas many data support a possible link between IVH and vasculopathy.

In plasma, cell-free Hb and heme scavenge NO [START_REF] Reiter | Cell-free hemoglobin limits nitric oxide bioavailability in sickle-cell disease[END_REF], stimulate pro-oxidant, cytotoxic and inflammatory reactions in the vascular endothelium and compromise vasodilatation [START_REF] Wagener | Heme is a potent inducer of inflammation in mice and is counteracted by heme oxygenase[END_REF][START_REF] Donadee | Nitric Oxide Scavenging by Red Blood Cell Microparticles and Cell-Free Hemoglobin as a Mechanism for the Red Cell Storage Lesion[END_REF].

Intravenous administration of Hb provokes vascular damage [START_REF] Rother | The clinical sequelae of intravascular hemolysis and extracellular plasma hemoglobin: a novel mechanism of human disease[END_REF] and cell-free Hb can be linked to vascular complications during IVH [START_REF] Reiter | Cell-free hemoglobin limits nitric oxide bioavailability in sickle-cell disease[END_REF][START_REF] Rother | The clinical sequelae of intravascular hemolysis and extracellular plasma hemoglobin: a novel mechanism of human disease[END_REF]. Plasma Hb and heme constitute relevant hallmarks of IVH. Their measurement in biofluids can be implemented using the unique spectrophotometric characteristics of heme, with absorbance peaks at 398 and 575 nm (Soret bands) [START_REF] Camus | Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle cell disease[END_REF][START_REF] North | Multicomponent analysis of heme protein spectra in biological materials[END_REF][START_REF] Billings | Postoperative acute kidney injury is associated with hemoglobinemia and an enhanced oxidative stress response[END_REF][START_REF] Feng | Haptoglobin 2-2 Phenotype Is Associated With Increased Acute Kidney Injury After Elective Cardiac Surgery in Patients With Diabetes Mellitus[END_REF][START_REF] Merle | Intravascular hemolysis activates complement via cell-free heme and heme-loaded microvesicles[END_REF][START_REF] Hariri | Exploring the microvascular impact of red blood cell transfusion in intensive care unit patients[END_REF]. The levels of plasma Hb and heme have never been accurately reported in T2D. We aimed to 1/ establish whether IVH occurs in T2D, by comparing Soret band-related absorbance and FACS quantification of EV in the plasma of T2D vs. control patients; and 2/ investigate these biomarkers as potential indicators of vascular injury.

MATERIALS AND METHODS

T2D cohort 'Diabelyse'

'Diabelyse' was a biological collection registered with the national French ministry of health (n°DC-2011-1480). We included 109 adult T2D patients in the diabetology unit of Avicenne Hospital. Demographic, clinical, laboratory and treatment data were collected, including cardiovascular risk factors, micro-and macrovascular complications (S1 Table ). 65 nondiabetic control volunteers were enrolled in Centre d'Examens de Santé (Bobigny) and Vascular Medicine Units of Avicenne, Hôtel-Dieu and European Georges Pompidou Hospitals.

Eligibility criteria (Supporting information) were recorded and samples anonymized. We performed a case-control study nested in the biological collection. We obtained ethical approval from committee CPP-IDF-VII on 01/02/2012. The non-diabetic group included subjects with cardiovascular risk factors, mainly hypertension (HTN) (56%) and dyslipidemia (34%), in order to better illustrate the relative effect of T2D. We identified subgroups of patients with obesity, HTN and dyslipidemia. Informed written consents were obtained from all participants. The study design, within the biological collection, did not include patient matching. Blood was collected on citrated tubes according to MISEV-2018 guidelines [START_REF] Théry | Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines[END_REF]. Platelet-free plasma was prepared by double centrifugation within 4h and stored at -80°C (Supporting information).

Circulating biomarkers of IVH

Cell-free heme was quantified by spectrophotometry, using its spectral characteristics and Soret band absorbance, main and secondary peaks, as reviewed by Alayash et al [START_REF] Meng | Determination of extinction coefficients of human hemoglobin in various redox states[END_REF][START_REF] Kassa | Differential heme release from various hemoglobin redox states and the upregulation of cellular heme oxygenase-1[END_REF]. We selected a wavelength corresponding to heme (398 nm; total) and protein-coordinated heme (575 nm), ie. heme coordinated to its major partner in RBC to form Hb [START_REF] North | Multicomponent analysis of heme protein spectra in biological materials[END_REF][START_REF] Chen | Oxidation of heme proteins as a measure of oxidative damage to liver tissue slices[END_REF]. We subtracted background values at 650 nm, a wavelength at which Hb and its degradation products do not absorb light. This technique detects protein-free and protein-bound heme, and limits any contribution of turbidity [START_REF] Camus | Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle cell disease[END_REF][START_REF] Feng | Haptoglobin 2-2 Phenotype Is Associated With Increased Acute Kidney Injury After Elective Cardiac Surgery in Patients With Diabetes Mellitus[END_REF][START_REF] Merle | Intravascular hemolysis activates complement via cell-free heme and heme-loaded microvesicles[END_REF][START_REF] Hariri | Exploring the microvascular impact of red blood cell transfusion in intensive care unit patients[END_REF]. We did not attempt to specify the different forms of ferrous, ferryl and deoxy-Hb which are all expected to contribute to Abs575 [START_REF] Meng | Determination of extinction coefficients of human hemoglobin in various redox states[END_REF]. The spectral characteristics of Hb may be shared with other hemoproteins, but few other than Hb are abundant enough in the circulation to contribute to Soret band absorbance in large proportions. 67 T2D vs. 36 control plasma were depleted of EV by ultracentrifugation (20500-g, 4h) to estimate EV-associated Hb and heme [START_REF] Camus | Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle cell disease[END_REF].

Flow cytometry, nanoparticle tracking and cryogenic transmission electron microscopy

We adhered to MISEV-2018 guidelines and used a panel of specific techniques to characterize EV [START_REF] Théry | Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines[END_REF]. We measured circulating RBC membrane fragments or large EV (microvesicles), by FACS after double-labeling with anti-CD235a (RBC-specific glycophorin-A; Becton Dickinson) and phosphatidylserine (PS)-binding annexin-V (Roche Diagnostics), as we published previously [START_REF] Camus | Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle cell disease[END_REF][START_REF] Merle | Intravascular hemolysis activates complement via cell-free heme and heme-loaded microvesicles[END_REF][START_REF] Hariri | Exploring the microvascular impact of red blood cell transfusion in intensive care unit patients[END_REF]. FACS was performed in runs of 30 samples including patient groups and controls. We analyzed plasma EV and RBC-EVs released in vitro using cryogenic transmission electron microscopy (CryoTEM; n=6-8). Carbon membrane grids (Quantifoil Micro Tools, Germany) were loaded with 10 µl of EV, blotted and snap-frozen in liquid ethane.

Plasma EV were concentrated 10-fold by UC (25000-g, 4h), while RBC supernatants were analyzed neat. Vitreous ice films were placed in a cooled Gatan 626 cryoholder, inserted into a LaB6 JEOL JEM2100 (JEOL, Japan) cryomicroscope operating at 200 kV, with a JEOL Minimum Dose System. Images were recorded at -180°C with an ultrascan 1000 CCD camera (Gatan, USA). EV were identified as circular objects with 40-3000 nm diameters and electrondense phospholipid bilayers. Objects without these characteristics, like lipoproteins and chylomicrons were ignored. 200 to 550 EV were measured individually across 30-100 frames, using Image-J software (National Institutes of Health, USA). Size distributions of RBC-derived EV were confirmed by nanoparticle tracking analysis (NTA) using a Nanosight LM14 (Malvern, France).

Cell culture and vesiculation in vitro

RBC were sorted on Granulosep® (Eurobio) density gradients (700-g, 30 min at RT) (leukocytes, granulocytes, platelets removed) and adjusted with PBS to 40% hematocrit (equivalent). Vesiculation was stimulated by adding Ca 2+ (5 mM) and ionophore A23187 (2 µM) [START_REF] Camus | Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle cell disease[END_REF]. Alternatively, RBC (1 mL) were placed into a Dounce homogenizer and 50 strokes were applied to create shear stress. RBC were pelleted by bench-top centrifugation and supernatants collected. CryoTEM and NTA analyses of EV shed by RBC in vitro were performed in intact supernatants, concentration proved unnecessary.

For functional studies, large RBC EV were pelleted by UC and quantified by FACS and NTA as above. Human umbilical cord endothelial cell (HUVEC) monolayers were cultured to confluency and treated with RBC EV. Some EV were preincubated for 1h with recombinant hemopexin (1 µM) or annexin-A5 (10 µg/mL). HUVEC were pre-treated with DPI (10 µM), Ro-31-8220 (1 µM), or Gö-6976 (1 µM). RBC EV (25-1000 x10e5 EV/mL) were applied onto HUVEC cultures for 2h. Radical oxygen species production was evaluated with 5-(and 6-)carboxy-29,79-difluoro-dihydro-fluorescein diacetate (H2DFF-DA) for 30 minutes [START_REF] Camus | Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle cell disease[END_REF].

To reveal differences in EV surface properties, we used a Calibrated Automated Thrombogram® platform (Diagnostica Stago, USA) and measured the thrombin-activating potential of RBC-derived EV. This enzymatic activity is dependent on surface charge, phosphatidylserine and Ca2+-dependent recruitment of serine proteases. Exogenous artifices were eliminated from routine hospital protocols in order to reveal EV-supported reactions. Only RBC-derived EV (10e9 EV/mL) were added to control plasma depleted of endogenous EV (25000-g, 4h). Synthetic phospholipids or recombinant tissue factor were excluded.

Laboratory parameters in 'Diabelyse'

Patient laboratory data were gathered in standard follow-up procedures by the biology platforms of AP-HP Hospitals and CPAM [START_REF] Roulot | Concomitant screening for liver fibrosis and steatosis in French type 2 diabetic patients using Fibroscan[END_REF], including RBC-related parameters (hemoglobinemia, hematocrit, mean corpuscular volume (MCV), mean corpuscular Hb concentration (MCH) and indirect markers of IVH (aspartate aminotransferase (AST), alanine aminotransferase (ALT), LDH, Bilirubin and iron. Other blood data helped characterize T2D status, including fasting glycemia, HbA1c and C-peptide levels. Dyslipidemia was defined by the presence of one of four criteria: Triglyceride levels >1.5g/L, LDL-cholesterol >1g/L (T2D patients) or >1.3g/L (controls), HDL-cholesterol <0.4g/L, lipid-lowering therapy. We used the LDL-cholesterol threshold of 1g/L, recommended in 2011 ESC-EAS guidelines [START_REF] Association For Cardiovascular Prevention & Rehabilitation | ESC/EAS Guidelines for the management of dyslipidaemias: the Task Force for the management of dyslipidaemias of the European Society of Cardiology (ESC) and the European Atherosclerosis Society (EAS)[END_REF]. LDLcholesterol levels were >0.55g/l in 94% of our T2D patients. Therefore, the 2011 ESC-EAS guidelines were more discriminative than the LDL-cholesterol threshold target proposed for T2D patients in 2019 ESC-EAS guidelines [START_REF] Mach | ESC/EAS Guidelines for the management of dyslipidaemias: lipid modification to reduce cardiovascular risk[END_REF].

Micro-and macrovascular injury in 'Diabelyse'

The presence of micro-and macrovascular injury [40] was screened across T2D patients.

Nephropathy was evaluated by measuring albuminuria, proteinuria and creatininuria in random urine samples, and estimating glomerular filtration rates (eGFR) with the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation after determination of plasma creatinine levels. Nephropathy was defined as urinary albumin-creatinin ratios ≥20 mg/g and/or stage 3 chronic kidney disease (CKD) (eGFR <60 mL/min/1.73 m 2 ). Retinopathy was detected by trained ophthalmologists via fundoscopy, and graded using the classification tables of Société Francophone du Diabète (SFD). Peripheral sensory neuropathy was assessed clinically by the presence of suggestive symptoms (DN4 questionnaire), a vibration perception threshold of 25V or more, and/or the inability to feel a 10-g monofilament applied by a trained diabetologist. History of macrovascular damage, namely cerebrovascular disease (CVD), coronary heart disease (CHD) and peripheral artery disease (PAD) was reported. CVD was defined as a history of stroke or transient ischemic attack. CHD was defined as a history of myocardial infarction, angina pectoris, coronary artery angioplasty or bypass. PAD was defined as clinical signs combined with pathological findings on duplex ultrasound or computed tomography in lower limbs, or as a history of lower limb angioplasty or surgical revascularization.

Statistics

Continuous variables are expressed as median (25 th -75 th percentile) for population description, or mean +standard error of the mean for in vitro experiments (Prism software v9.1.2).

Categorical variables were described as percentages. T2D patients and controls baseline data were compared with Wilcoxon signed-rank test, or Fisher's exact test, and a multivariate logistic regression analysis was performed with adjustment for age, sex, obesity, dyslipidemia and HTN status. Biomarker distributions before and after ultracentrifugation were compared using the Wilcoxon matched-pairs signed-rank test. Correlations between biomarker levels and conventional clinical or biological parameters were tested by Spearman test. Biomarkers levels in specific T2D patient subgroups were compared by Wilcoxon signed-rank test. Potential association of log-transformed plasma absorbance with cardiovascular risk factors, vascular complications and treatments in T2D patients were assessed using multivariate logistic regressions adjusted for age and sex. Missing data were considered as negligible (<9%), except for MCV (31%), MCHC (31%), fasting glycemia (66%). Only a few datapoints could be collected for bilirubin (7%) and LDH (6%) levels. Missing data were not imputed. Statistical analyses were two-sided and performed with the R software v3.6.2 (R Foundation for Statistical Computing, Vienna, Austria). Statistical significance was defined as p<0.05.

RESULTS

We quantified direct biomarkers of IVH in 109 T2D patients, focusing on RBC contents (Hb, heme) and membranes (EV).

Heme-related absorbance levels (Abs398) were increased by 57% in T2D patients vs. controls ).

Large EV were quantified in plasma by conventional flow cytometry (FACS), after labeling surface PS and RBC-specific CD235a (Fig 1C-D). EV levels, RBC-derived or PS+, did not differ between T2D and controls (p>0.05), but measurements were more dispersed in T2D vs.

controls.

We characterized EV from T2D and control plasma by CryoTEM to avoid potential artifacts due to dyslipidemia in T2D patients. EV were identified as circular objects between 40 and 3000 nm in diameter, with electron-dense membranes (Fig 1E-F). Lipoproteins and other objects which displayed no extracellular membrane were ignored. Less than 0.5% EV were observed above 1200 nm. EV were 17% smaller in T2D vs. control plasma (158+/-4 vs. 189+/-6 nm; p=0.011), with a higher prevalence of small EV below 100 nm (21.3% in T2D vs. 13.4% in controls).

We assessed the proportion of EV-bound vs. 'free' heme-related absorbance in plasma. We repeated measurements in intact plasma and plasma depleted of EV by ultracentrifugation.

Abs398 was reduced by 41% in EV-depleted control plasma and by 54% in EV-depleted T2D plasma (p=0.72 vs. controls) (Fig 1G). Abs575 was reduced by 53% in controls and 62% in T2D (p=0.32 vs. controls) (Fig 1H).

Fig 1. Intravascular hemolysis in patients with type 2 diabetes vs. control subjects

We quantified direct biomarkers of intravascular hemolysis (IVH) in 109 patients with type 2 diabetes (T2D) vs. 65 non-T2D control subjects, focusing on RBC contents and extracellular vesicles (EV). RBC contents and RBC membrane EV were quantified in platelet-free plasma of control (Blue) vs. T2D patients (Red). Heme-related absorbance was measured at Soret band peaks at 398 nm (A) and 575 nm (B). Circulating large EV were measured by flow-assisted cell sorting after labeling of surface PS with fluorescent annexin-A5 (C) or a RBC-specific anti-

CD235a (glycophorin-A) antibody (D). EV from platelet-free plasma were analyzed by cryogenic, transmission electron microscopy (E). EV were identified as objects between 40 and 1200 nm in diameter, with electron-dense membranes and circularity. EV diameters were extracted and presented as size-distribution by 100 nm increments, or as average size (F).

Absorbance associated to EV was deduced from signals remaining after depleting EV by ultracentrifugation (25000 g, 4 h) (G-H). (*) p<0.05 vs. Controls.

Next, we aimed to characterize differences in the phenotype and function of EV released by RBC from control and T2D patients in vitro. RBC were subjected to Ca 2+ influx or shear stress and supernatants were analyzed by CryoTEM (Fig 2A-E). EV from T2D RBC were 12% smaller in diameter than control EV after Ca 2+ influx (154+/-2 vs. 175+/-3 nm; p<0.004), and 37% smaller after shear stress (136+/-2 vs. 217+/-8 nm; p<0.002). There was a higher prevalence of small EV shed by T2D RBC after Ca 2+ influx (15.6% vs. 8.8% for controls) and shear stress (49.5% vs. 19.5% for controls). NTA confirmed CryoTEM results obtained on RBC-derived EV (Fig 2F-H), with 8% to 20% reduction in the diameters of EV derived from T2D RBC. NTA analysis also revealed that Ca 2+ influx triggered 50 to 100-fold more EV than shear stress in all RBC (p<0.05). T2D RBC released 3-fold more EV than control RBC after sudden Ca 2+ influx (p<0.002) (Fig 2H).

Fig 2. RBC from patients with type 2 diabetes release abnormal EV

Purified RBC from control (Blue) or obese T2D (Red) patient blood (n=4) were stressed by sudden addition of Ca 2+ ionophore (A23187) (A, C, F), or application of shear stress (Dounce homogenizer strokes) (B, D, G). Supernatants were collected and analyzed by cryogenic, transmission electron microscopy (CryoTEM) (A-E), or nanoparticle tracking analysis (NTA) (F-H). EV size distributions were computed in categories of 100 nm increment (C, D), and considered 'small' below 100 nm in diameter (interrupted bars). Average EV sizes were compared according to parental RBC (Controls, T2D) and type of vesiculation (E, H). EV size distributions (F, G) and concentrations were assessed by NTA (H). T2D RBC-derived EV were

12% to 37% smaller in diameter than control EV, with a 2-fold increase in the prevalence of small EV (<100 nm). NTA also showed that T2D RBC stimulated by Ca 2+ influx shed 3-fold more EV than control RBC. In general, Ca 2+ influx triggered 50 to 300-fold more EV than shear stress. (*) p<0.05 vs. Controls.

We ultracentrifuged Ca 2+ influx-stimulated RBC supernatants, removing over 85% to 95% EV by NTA (Fig 3A). In these supernatants, Abs398 and Abs575 measurements suggested that hemoglobin release was primarily EV-independent. However, 5% to 20% of Abs398 and Abs575 remained associated to RBC EV (Fig 3B-C). To further demonstrate differences in the nature of EV from control and T2D RBC, we used the thrombin generation assay, which depends on the ability of membrane to recruit coagulation cascade factors. We compared thrombin generation potentials of EV from T2D or control RBC stimulated by Ca 2+ influx in vitro. EV were added (10e9 EV/mL) to platelet-free and EVdepleted control plasma. Thrombin activation was triggered by recalcification (only). T2D EV supported accelerated thrombin activation than control EV, with a 2-fold increase in peak value (Fig 3F-G). T2D EV were partly inhibited by hemopexin and fully blocked by annexin-A5 (Fig

RBC-derived EV stimulated by Ca

3H-I).

In platelet-free plasma (ie. including endogenous EV), thrombin activation was accelerated and peak values were increased 2-fold in T2D vs. control plasma. But thrombin generation in T2D plasma could be fully inhibited by annexin-A5 and partly by hemopexin (Fig 3J-K). Next, we assessed the association of our IVH biomarkers with clinical data and vascular injury in T2D patients, identifying groups with obesity, HTN and dyslipidemia. Clinical laboratory data revealed a 3.4% drop in RBC volume (MCV) in T2D, overall (85.3 vs. 82.9 µm 3 , p=0.027), using multivariate analysis adjusted for age, sex, obesity, HTN and dyslipidemia (S1 Table ).

RBC volume was negatively correlated with HbA1c across the cohort (r=-0.31, p=0.004) and among T2D patients (r=-0.33 p=0.032). We found no association of T2D with biomarkers like RBC counts, hemoglobinemia, hematocrit, AST, ALT, LDH or iron levels. T2D associated with lower bilirubin levels vs. control patients, despite the few data collected (5.5 vs. 8.5 µmol/l, p=0.036).

In T2D, we found no correlation of plasma Abs398 and Abs575 levels with HbA1c (Fig 4A ,4E), fasting glycemia, C-peptide levels or T2D duration (Table 1). However, Abs398 and Abs575 were 27% and 31% higher in obese vs. non-obese T2D patients, respectively (OR=4.8; p=0.041 and OR=4.6; p=0. 017) (Figs 4B,4F; Table 2), and positively associated to the total daily dose of insulin (r=0.25, p=0.014 and r=0.29, p=0.010) (Table 1).

Abs398 and Abs575 were not associated with RBC counts, hemoglobinemia, hematocrit, bilirubin, AST, ALT, LDH and iron levels, or inflammation (Leukocyte counts, CRP) (Tables 1,2), nor correlated to dyslipidemia or HTN (Figs 4C-D, 4G-H), lipid-lowering or antihypertensive medication (Tables 23).

We tested potential association of IVH biomarkers with overt micro-or macrovascular damage in T2D. Abs398 levels (OR=5.5; p=0.040) and Abs575 levels (OR=5.1; p=0.042) were increased in T2D patients suffering from peripheral sensory neuropathy, by 29% and 32% respectively (Figs 4I, 4M; Table 2). This unique association remained significant after adjustment for factors classically involved in the pathogenesis of T2D neuropathy, such as HbA1c, T2D duration, age and sex (S2 Table ). Abs398 or Abs575 were unrelated to nephropathy, retinopathy or macrovascular injury (p>0.

3) (Fig 4J-L, 4N-P; Table 2).

Finally, circulating levels of PS+ and CD235a+ large EV were not statistically elevated in T2D, and large EV did not correlate with the circulating levels of HbA1c (R = -0.384; p>0.055 after adjustment for age and sex). PS+ and CD235a+ large EV were not associated with dyslipidemia, HTN or obesity as cardiovascular risk factors, nor with vascular damage in T2D patients (S3 Table ).

Fig 4. Association of direct biomarkers of IVH with vascular risk factors in type 2 diabetes

We crossed our direct IVH biomarkers with clinical data. We investigated the association of plasma absorbance at 398 nm (A-D, I-L) and 575 nm (E-H, M-P) with subgroups of patients with T2D. First, we assessed the correlation of Abs398 and Abs575 with glycated hemoglobin (Hb1Ac) levels (r= -0.12 and -0.11, respectively. p>0. [START_REF] Pyörälä | Diabetes and atherosclerosis: an epidemiologic view[END_REF] 

for both). Next, we assessed their association with obesity, dyslipidemia and hypertension (HTN) (A-H). Abs398 and Abs575

were significantly increased in obese vs. non-obese patients with T2D. Finally, we assessed their association with peripheral neuropathy, nephropathy, retinopathy or macroangiopathy 

(I-P). (*) p<0.05 vs. Controls (#) p=0.051 vs Controls. (see Table 2 for adjusted logistic regressions using Log-transformed absorbances).

Table 1. Correlations between IVH markers and baseline data in T2D patients after adjustment for age and sex

DISCUSSION

We demonstrated for the first time that T2D associates with IVH, and described new circulating biomarkers of peripheral sensory neuropathy. IVH measurements in T2D plasma formed a complex picture: Previous reports of elevated levels of large, RBC-derived EV, analyzed by FACS, remain conflicting. Here, a possible increase in large RBC-derived EV levels detected by FACS in T2D patient vs. control plasma did not reach significance.

Conversely, RBC volume (MCV) was reduced by 3.4% in T2D, reflecting either RBC dehydration or EV shedding. Reduced MCV was combined with an abnormal leak of heme into the T2D circulation (about 50% above controls, and about 30% higher in obese vs. non-obese T2D patients). The reduced RBC volume was inversely correlated with circulating HbA1c levels, while heme-related absorbance in plasma was positively correlated to daily insulin requirements. In summary, RBC injury and RBC leakage into the circulation imply that RBC breakdown occurs in T2D, that T2D patients suffer from underestimated, low grade IVH, and that the phenomenon may be linked to glycemia. However, we found no link between hemerelated absorbance and glycemia, c-peptide levels, or T2D duration. We concluded that RBC damage and IVH can emerge once T2D is established, but RBC and Hb glycation alone may not be sufficient to cause IVH.

In T2D plasma, depleting 80% to 95% EV by centrifugation reduced heme-related absorbance by 50%, a proportion similar to hemolytic disorders [START_REF] Camus | Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle cell disease[END_REF]. In stressed RBC supernatants, the proportion of EV-associated, heme-related absorbance was close to 20%. Moreover, EV from T2D RBC triggered ROS production in human endothelial cultures and enhanced thrombin activation in a heme-and PS-mediated fashion. This demonstrated that EV released by T2D

RBC differ from those shed by control RBC in volume, cargo (pro-oxidant Hb and heme degradation products) and membrane surface properties. RBC-derived EV may thus enhance vascular degeneration and inflammation in T2D, as they do in hemolytic diseases [START_REF] Camus | Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle cell disease[END_REF][START_REF] Merle | Intravascular hemolysis activates complement via cell-free heme and heme-loaded microvesicles[END_REF]. RBCderived EV may also favor coagulopathy in T2D, an aspect that deserves a dedicated study.

In vitro, RBC isolated from T2D patients shed about 3-fold more EV than control RBC under similar stimulation (sudden Ca 2+ influx or shear stress), echoing previous reports that RBC from obese T2D patients release more EV than other RBC [START_REF] Agouni | Endothelial Dysfunction Caused by Circulating Microparticles from Patients with Metabolic Syndrome[END_REF][START_REF] Alkhatatbeh | The origin of circulating CD36 in type 2 diabetes[END_REF][START_REF] Freeman | Altered Extracellular Vesicle Concentration, Cargo, and Function in Diabetes[END_REF][START_REF] Su | Procoagulant Activity of Blood and Endothelial Cells via Phosphatidylserine Exposure and Microparticle Delivery in Patients with Diabetic Retinopathy[END_REF]. CryoTEM and NTA studies also showed that EV produced by isolated T2D RBC were 20% to 40% smaller in diameter than control EV. Circulating EV were also about 20% smaller in T2D patients vs. control plasma.

This implies that the smaller size of T2D EV resulted from acquired modifications of parent blood cells, modulating vesiculation and EV characteristics. RBC glycation may weaken T2D RBC integrity and translate into EV shedding. However, an additional stimulus linked to obesity, like inflammation, oxidative stress or shear stress, may synergize with RBC remodeling to trigger vesiculation and IVH in T2D [START_REF] Cazzola | Decreased membrane fluidity and altered susceptibility to peroxidation and lipid composition in overweight and obese female erythrocytes[END_REF].

CryoTEM and NTA revealed that the prevalence of small EV below 100 nm was increased by 60% to 100 % in T2D. Van der Pol, Nieuwland and colleagues [START_REF] Van Der Pol | Standardization of extracellular vesicle measurements by flow cytometry through vesicle diameter approximation[END_REF] established that conventional FACS technology can only detect EV accurately above 300-600 nm in diameter.

Hence, a drop from 190 nm to 158 nm in average EV diameter, with twice more EV of small size (80 nm average), invisible by FACS, must impact EV quantification in T2D. Furthermore, routine evaluation of plasma EV by FACS remains challenging for clinical biology platforms, regarding equipment availability and procedure standardization [START_REF] Ridger | Microvesicles in vascular homeostasis and diseases. Position Paper of the European Society of Cardiology (ESC) Working Group on Atherosclerosis and Vascular Biology[END_REF][START_REF] Théry | Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines[END_REF][START_REF] Van Der Pol | Standardization of extracellular vesicle measurements by flow cytometry through vesicle diameter approximation[END_REF]. The phenotype of T2D EV highlights the weakness of conventional FACS, supports the need for multiple approaches to characterize EV, and reduces the relevance of conventional FACS to develop plasma EV as biomarkers in cardiovascular disease. Unfortunately, cryoTEM is low-throughput, qualitative only, and maladapted to patient screening, but it proved irreplaceable to unravel the smaller size of EV in T2D.

Very few circulating biomarkers apart from glycated Hb (HbA1c) and advanced glycation endproducts (AGE) [START_REF] Rhee | The Role of Advanced Glycation End Products in Diabetic Vascular Complications[END_REF] can help stratify T2D patients at risk of microvascular injury in clinical practice. Current clinical tests used to detect early vascular complications in T2D require expertise, they are costly and sometimes unavailable. Our new, direct biomarkers of IVH, like plasma heme-related absorbance, may be more practical and less costly to screen for T2D microangiopathy. In our T2D cohort, heme-related absorbance was not a general marker of vascular complication, it was specifically associated with peripheral sensory neuropathy. This might relate to a higher sensitivity of peripheral neurons to IVH products, or to unique characteristics of the vascular bed and hemorheology in the lower leg. However, peripheral neuropathy is a multifactorial complication, which may integrate microvascular injury and nerve inflammation.

Diabelyse was a cross-sectional, observational study with 174 patients. Larger, multicentric, prospective studies with higher statistical power are now needed to clarify the association of heme-related absorbance with microvascular complications in T2D, and their relevance to stratify T2D patients at risk of developing peripheral neuropathy. Neuropathy remains a major debilitating complication of T2D, with risk of foot injury, neuropathic pain and autonomic failure, in millions of patients with T2D across the world [START_REF] Pop-Busui | Diabetic Neuropathy: A Position Statement by the American Diabetes Association[END_REF]. Absorbance is technically simple to measure, spectrophotometers are widely available and standardization is straightforward.

Heme-related absorbance may ultimately, represent a first line method to screen patients susceptible to neuropathy for an earlier diagnostic. Patients with high levels of heme-related absorbance may eventually be prioritized for neuroprotective prophylaxis and therapeutics.

Anti-hemolysis therapies, such as heme-chelating recombinant hemopexin or EV-neutralizing annexin-A5 may also be tested to treat T2D patients with low-grade IVH or established neuropathy.

Limited regenerative anemia was previously reported in T2D, independent of iron stores, inflammation, or renal dysfunction [START_REF] Thomas | Unrecognized Anemia in Patients With Diabetes: A cross-sectional survey[END_REF][START_REF] Craig | Anemia and Diabetes in the Absence of Nephropathy[END_REF]. Here, a slight trend for hemolytic anemia in T2D patients was too mild to emerge from routine hospital analyses based on indirect biomarkers of hemolysis (AST, iron, bilirubin and LDH), known to be impacted by the many metabolic modifications that prevail in T2D. For instance, plasma bilirubin levels may rise with IVH, but bilirubin is known to decrease in T2D [START_REF] Oda | Bilirubin is negatively associated with hemoglobin a(1c) independently of other cardiovascular risk factors in apparently healthy Japanese men and women[END_REF][START_REF] Chung | The Duration of Diabetes is Inversely Associated with the Physiological Serum Bilirubin Levels in Patients with Type 2 Diabetes[END_REF], which we confirmed despite the very few datapoints collected. Lower circulating bilirubin levels in T2D were previously attributed to a decreased HO-1 expression in the late stage of T2D, limiting heme catabolism [START_REF] Chung | The Duration of Diabetes is Inversely Associated with the Physiological Serum Bilirubin Levels in Patients with Type 2 Diabetes[END_REF]. Hemederived degradation species displaying Soret band absorbance may be comparatively enriched in T2D and obese T2D plasma. This makes plasma spectrophotometry a candidate for a costefficient, reproducible and high-throughput biomarker.

The pathological consequences of IVH are mainly due to the production and actions of oxidized FerrylHb can oxidize aminoacids residues near b-globin chains, leading to the production of globin-derived radicals, which enhance covently crosslinked Hb multimerization [START_REF] Bozza | Pro-inflammatory Actions of Heme and Other Hemoglobin-Derived DAMPs[END_REF].

These products of Hb oxidation can stimulate specific pro-oxidant and pro-inflammatory actions on the vascular endothelium, with functional consequences. MetHb triggers the endothelial production of interleukin-6 and -8. FerrylHb can trigger endothelial activation especially through Nuclear Factor-kappa B (NFkB) pathway. Globin-derived radicals activate endothelial interleukin-1ß production via the NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome [START_REF] Bozza | Pro-inflammatory Actions of Heme and Other Hemoglobin-Derived DAMPs[END_REF]. In addition, oxidized forms of Hb shed their prosthetic heme more readily. Some suppose that protein-free heme could trigger specific oxidative reactions in the bloodstream, like hydroxyl radical formation through Fenton reaction or lipid peroxidation [START_REF] Bozza | Pro-inflammatory Actions of Heme and Other Hemoglobin-Derived DAMPs[END_REF]. However, opportunities for heme to maintain itself in a 'free' state are unlikely and would be extremely brief. The odds are that heme will rapidly be exchanged and interact with proteins present in plasma at high concentrations, like lipoproteins, hemopexin or albumin.

It would be advantageous to know which forms of oxidized Hb and derivatives prevail in T2D plasma in order to imagine therapeutic strategies for their neutralization. Future studies could attempt to distinguish Hb oxidation products in T2D, possibly via absorbance spectroscopy with spectral deconvolution techniques [START_REF] Donadee | Nitric Oxide Scavenging by Red Blood Cell Microparticles and Cell-Free Hemoglobin as a Mechanism for the Red Cell Storage Lesion[END_REF][START_REF] Huang | Nitric oxide binding to oxygenated hemoglobin under physiological conditions[END_REF] or via reverse-phase high performance liquid chromatography (RP-HPLC) [START_REF] Meng | Determination of extinction coefficients of human hemoglobin in various redox states[END_REF] and quantify their relative proportions.

Conclusions

Low grade IVH occurs in T2D complicated with obesity, and in non-obese patients with T2D to a lesser extent. T2D RBC have a greater potential to release heme-loaded EV of abnormally small size. Circulating EV in T2D plasma also display an abnormal small size, making classical FACS less appropriate to develop RBC-derived EV as biomarkers in T2D. Plasma levels of heme-related absorbance were independently associated with a specific microvascular complication, peripheral sensory neuropathy. Spectrophotometric markers of IVH might eventually help stratify the risk of peripheral nerve damage during T2D, and identify patients who could benefit from earlier prophylaxis and IVH-targeted personalized therapy. 

  (0.508 vs. 0.324, p<0.001 respectively) (Fig 1A) and Hb-related absorbance (Abs575) levels by 60% (0.040 vs. 0.025, p=0.003 respectively) (Fig 1B) in univariate analyses. Abs398 remained associated to T2D after baseline biological data were adjusted for age, sex and the presence of obesity, HTN and dyslipidemia (p=0.020), criteria which differed slightly in T2D patients from controls (S1 Table

  2+ influx were applied to human endothelial cultures (HUVEC) for 2h (25 to 1000 10e5 EV/mL) and we measured ROS production. EV from T2D RBC triggered ROS accumulation (p<0.05; Fig 3D). This was inhibited by heme-neutralizing hemopexin and PS-neutralizing annexin-A5, and sensitive to protein kinase C inhibitors (Ro-31-8220 and Gö-6976) (Fig 3E).

Fig 3 .

 3 Fig 3. EV from T2D RBC carry heme, stimulate oxidative stress and support thrombin generation EV shed by T2D RBC after Ca2+ influx were characterized. EV removed from RBC supernatants by ultracentrifugation were quantified by nanoparticle tracking analysis (NTA)(A), and the drop in heme-related absorbance at 398 nm and 575 nm by spectrophotometry (B-C). RBC EV (up to 10e8 EV/mL) were applied to cultured endothelial cells (HUVEC). Radical oxygen species production was quantified by fluorescent probe after 1 hour, in the presence of

  Hb forms. After release in the bloodstream, Hb oxidates and generates different products, including metHb, ferrylHb and covalently crosslinked Hb forms. MetHb mainly issues from the reaction between oxy-Hb and NO, or Hb auto-oxidation. FerrylHb is a transient compound produced by Hb or metHb oxidation by peroxides (hydrogen peroxide or lipid hydroperoxides).

Table 2 . Associations between IVH biomarkers and cardiovascular risk factors, or micro-and macrovascular complications in T2D patients:

 2 Odds Ratios and their 95% confidence intervals after adjustment for age and sex.

			Abs398nm			Abs575nm	
		n	R	p	n	R	p
	Age	109	0.016	0.810	108	0.006	0.685
	BMI	107	0.149	0.167	106	0.228	0.051
	HbA1c		-0.122	0.289	105	-0.114	0.220
	T2D duration	108	0.024	0.514	107	0.021	0.857
	Insulin units/day	65	0.252	0.014*	64	0.295	0.010*
	C peptid	102	0.246	0.080	101	0.206	0.071
	Fasting glycemia	37	0.178	0.145	37	0.061	0.900
	eGFR (CKD EPI)	107	-0.102	0.346	106	-0.075	0.623
	SBP	105	-0.045	0.743	104	0.018	0.726
	DBP	105	-0.113	0.117	104	0.056	0.738
	Heart rate	103	0.175	0.649	102	0.082	0.944
	RBC	109	0.022	0.541	108	0.042	0.787
	Hemoglobin	109	-0.003	0.448	108	-0.015	0.811
	Hematocrit	109	-0.035	0.697	108	-0.001	0.812
	MCV	75	-0.124	0.252	74	-0.038	0.798
	MCHC	75	0.102	0.363	74	-0.038	0.921
	Leukocytes	109	0.073	0.797	108	0.044	0.812
	Neutrophils	107	0.097	0.627	106	0.066	0.922
	CRP	108	0.249	0.272	107	0.128	0.818
	Platelets	109	0.117	0.333	108	0.101	0.928
	AST	105	0.063	0.851	105	-0.065	0.174
	ALT	109	0.102	0.273	108	0.116	0.322
	Iron (Serum)	103	0.010	0.900	102	0.047	0.567
	Bilirubin	8	-0.090	0.518	8	-0.160	0.601
	LDH	7	-0.310	0.144	7	-0.286	0.046*

*p<0.05; all statistics are adjusted for age and sex (Age adjusted for sex only) Data for bilirubin and LDH were only collected for 7% patients. BMI, body mass index; AST, aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase; CRP, C reactive protein; SBP, systolic blood pressure; DBP, diastolic blood pressure; RBC, red blood cells; MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; eGFR, estimated glomerular filtration rate. *p<0.05; all statistics are adjusted for age and sex (Sex adjusted for age only). Data are median (25 th -75 th percentiles). Obesity, BMI≥30kg/m 2 ; eGFR, estimated glomerular filtration rate.

Table 3 . Associations between IVH markers and treatments in T2D patients: Odds Ratios and their 95% confidence intervals after adjustment for age and sex
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	*p<0.05; all statistics are adjusted for age and sex. Data are median (25 th -75 th percentiles)
	DPP4, dipeptidyl peptidase-4; GLP1, Glucagon-like peptide-1; ACEi, angiotensin
	converting enzyme inhibitor; ARB, angiotensin II receptor blocker.

S3 Table. Associations of PS+ and CD235a+ large EV with cardiovascular risk factors, or micro-and macrovascular complications in T2D patients.

  other parameters related to RBC did not, including RBC counts, serum iron, plasma bilirubin, or classical risk factors.Data are median (25 th -75 th percentiles) or n (%). *p<0.05. $ after adjustment with factors classically involved in the pathogenesis of neuropathy in T2D: HbA1C, T2D duration, age and sex. Data for bilirubin and LDH were only collected for 7% patients. Obesity, BMI≥30kg/m 2 ; eGFR, estimated glomerular filtration rate; RBC, red blood cells; MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; LDH, lactate dehydrogenase; CRP, C reactive protein.The table reveals that the levels of PS+ CD235+ EV were not significantly associated to any of the markers of vascular injury in T2D cohort Diabelyse (all OR >0.98; all p>0.065). Data are median (25 th -75 th percentiles), or Odds Ratios and their 95% confidence intervals after adjustment for age and sex. Obesity, BMI≥30kg/m 2 ; eGFR, estimated glomerular filtration rate.

PS, phosphatidylserine; EV, extracellular vesicles; CD235 is also glycophorin-235.
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S1 Table. Baseline clinical and biological characteristics of patients included in the DIABELYSE study.

The table lists the clinical data that were significantly associated with T2D in cohort Diabelyse, in univariate and multivariate analyses. Those included classical traits of T2D like high Hb1Ac, high fasting glycemia, lower bilirubin and higher leukocyte levels, but also our plasma marker of IVH, Abs398 (related to heme). In mutivariate analyses $ , Abs575 was not significant, suggesting that Abs398 may be a more robust biomarker. The average RBC volume was also reduced in T2D.

Data are median (25 th -75 th percentiles) or n (%). *P<0.05. $ After adjustment for age, sex, obesity, dyslipidemia and HTN status. Data for bilirubin and LDH were only collected for 7% patients. BMI, body mass index; Obesity, BMI ≥30kg/m 2 ; eGFR, estimated glomerular filtration rate; AST, aspartate aminotransferase; ALT, alanine aminotransferase; RBC, red blood cells; MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; LDH, lactate dehydrogenase; CRP, C reactive protein.

S2 Table. Variables associated to Diabetic Peripheral Sensory Neuropathy.

The table reveals that only two independent variables were significantly associated to Diabetic Peripheral Sensory Neuropathy in cohort Diabelyse, namely Abs398 and Abs575. In contrast,