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Abstract
Background
Individuals with type 2 diabetes mellitus (T2DM) have an increased risk for developing macrovascular disease (MVD) manifested by atherosclerosis. Phenotypically and functionally different monocyte subsets (classical; CD14++CD16−, non-classical; CD14+CD16++, and intermediate; CD14++CD16+) including pro-angiogenic monocytes expressing Tie2 (TEMs) can be identified. Here we investigated monocyte heterogeneity and its association with T2DM and MVD.

Methods
Individuals with (N = 51) and without (N = 56) T2DM were recruited and allocated to "non-MVD" or "with MVD" (i.e., peripheral or coronary artery disease) subgroups. Blood monocyte subsets were quantified based on CD14, CD16 and Tie2 expression levels. Plasma levels of Tie2-ligands angiopoietin-1 and angiopoietin-2 were determined using ELISA. Carotid endarterectomy samples from individuals with (N = 24) and without (N = 22) T2DM were stained for intraplaque CD68+ macrophages (inflammation) and CD34+ (angiogenesis), as plaque vulnerability markers.

Results
Monocyte counts were similar between individuals with T2DM and healthy controls (non-diabetic, non-MVD). Non-classical monocytes were reduced (p < 0.05) in T2DM, whereas the percentage of TEMs within the intermediate subset was increased (p < 0.05). T2DM was associated with increased angiopoietin-1 (p < 0.05) and angiopoietin-2 (p = 0.0001) levels. Angiopoietin-2 levels were higher in T2DM individuals with MVD compared with non-MVD (p < 0.01). Endarterectomized plaques showed no differences in macrophage influx and microvessel number between individuals with and without T2DM.

Conclusions
Monocyte subset distribution is altered in T2DM with reduced non-classical monocytes and increased TEM percentage in the intermediate monocyte subset. Increased angiopoietin-2 levels together with increased frequency of TEMs might promote plaque vulnerability in T2DM which could however not be confirmed at tissue level in advanced atherosclerotic lesions.
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Background
Individuals with type 2 diabetes mellitus (T2DM) are at increased cardiovascular risk compared to individuals without T2DM as a result of accelerated development of macrovascular disease (MVD), including coronary artery disease (CAD) and peripheral artery disease (PAD) [1, 2]. The formation of microvessels (i.e., angiogenesis) in atherosclerotic plaques contributes to the development of MVD and plaque vulnerability, with local hypoxia and inflammation including infiltrating monocytes as driving forces [3]. Neoangiogenesis (from the adventitia towards the plaque) contributes to atherosclerotic plaque progression and intraplaque haemorrhage by microvessel incompetence which might also result in plaque rupture [4, 5]. Once extravasated into tissues, monocytes differentiate into inflammation-associated M1 macrophages or anti-inflammatory, angiogenesis-associated M2 macrophages [6], although this dichotomy is most likely oversimplified and other macrophage subtypes may exist. The pathogenetic effects of infiltrating macrophages include loading with lipids resulting in transformation into foam cells, which might be enhanced by hyperglycemia and hypercholesterolemia [7]. Foam cells trapped in a plaque may die and form a necretoic core. Circulating monocytes, as precursors of macrophages, form a heterogeneous subpopulation of circulating myeloid cells which play a critical role in the pathogenesis of atherosclerosis and thereby contribute to the development of cardiovascular disease (CVD) [8–11]. Monocytes can be divided into 3 subpopulations based on the differential expression of CD14 (LPS co-receptor) and CD16 (FcγIIIR). The main population (70–90%) of monocytes is negative for CD16 but is characterized by high CD14 expression (CD14++CD16−); this main monocyte population is referred to as "classical monocytes". CD14++ monocytes which express relatively low levels of CD16 (CD14++CD16+) are called "intermediate monocytes" whereas a third population with low CD14 but high CD16 expression (CD14+CD16++) are so-called "non-classical monocytes" [12, 13]. These monocyte subtypes have different functional properties, express different levels of chemokine receptors, have different gene expression profiles, and secrete different cytokines upon stimulation [14, 15]. Due to their functional diversity the different subtypes are likely to contribute differently to the atherogenic process [16]. An association has been observed between monocyte subset frequency and cardiovascular outcome in several diseases. This association is complex, and it is not fully elucidated whether the role of different subsets is protective or detrimental [17–21]. A recent systematic review and meta-analysis concluded that an increased number of intermediate and non-classical monocytes is most likely present in individuals with cardiometabolic disorders such as T2DM and individuals with CVD, based on an increased production of pro-inflammatory factors [22].
Previously a monocyte subpopulation was identified based on the expression of angiopoietin receptor tunica intima endothelial kinase 2 (Tie2, TEK, CD202B) [23]. Tie2 is a cellular membrane receptor tyrosine kinase and has molecular effects such as cell–cell and cell–matrix interactions, cell proliferation, migration and survival [24]. Next to that, Tie2 affects endothelial cells and is an important factor in vasculogenesis and in exhibition of defects in angiogenesis and vascular remodelling as well as in vessel integrity [25]. Tie2 positive cells are able to differentiate into mesenchymal lineages such as adipogenic, chrondogenic and, osteogenic lineages [26]. Tie2+ monocytes can be detected in all CD14/CD16 monocyte subsets, but are enriched in the CD14++CD16+ intermediate population [27]. These so-called Tie2 expressing monocytes (TEMs) have been shown to infiltrate tumours and exert proangiogenic functions [28]. Therefore, TEMs contribute to tumour angiogenesis by secreting proangiogenic growth factors that promote matrix remodelling, endothelial sprouting, and capillary formation. This angiogenic function was shown to be enhanced by stimulation with Tie2 ligand angiopoietin-2 (Ang2), both in vitro and in vivo [29–31]. Angiopoietin-1 (Ang1) is expressed by pericytes, fibroblasts, stromal cells and tumour cells and has anti-inflammatory effects, generates neovascularization and contributes to vascular homeostasis and protection [32]. Ang2 is primarily expressed by endothelial cells, which is induced by hypoxia and shear stress. In contrast to Ang1, Ang2 stimulates production of inflammatory mediators and this ligand might even counteract the anti-inflammatory effects of Ang1, leading to upregulation of adhesion molecules and induction of leukocyte adhesion [32]. In light of the association of monocyte heterogeneity with inflammatory diseases and atherosclerosis, alterations in monocyte subsets could be involved in the augmented development of MVD in individuals with T2DM. However, the association of skewed monocyte heterogeneity and the presence of MVD in T2DM has not been investigated. While TEMs in individuals with T2DM were recently reported [33, 34], to our best knowledge no data on TEMs in T2DM in relation to inflammation and angiogenesis have been published so far. Based on these observations we tested the overall hypothesis that T2DM is associated with altered monocyte subset distribution in favour of proinflammatory and proangiogenic monocyte subsets, especially in individuals suffering from MVD. First, we tested whether CD14++CD16+ intermediate monocytes, associated with increased cardiovascular risk [17, 18, 22, 35], were increased in individuals with T2DM, particularly in individuals with MVD. Secondly, we tested the hypothesis that the frequency of proangiogenic Tie2+ monocytes is increased in individuals with MVD and T2DM and whether this is associated with circulating levels of Tie2-ligands Ang1 and Ang2. Finally, endarterectomized human carotid plaques obtained from individuals with and without T2DM were analysed for plaque vulnerability characterized by CD68+ macrophage infiltration and angiogenesis.
Methods
Aim, design and setting of the study
The primary aim of this study was to investigate monocyte heterogeneity in peripheral blood in six different groups with individuals with and without T2DM with and without MVD (i.e. coronary artery disease [CAD] and peripheral artery disease [PAD]). The subdivision in PAD and CAD was made since underlying pathophysiologic processes driving development of these macrovascular complications might differ. Secondly, we aimed to study the association of TEMs and Tie-2 ligands Ang1 and Ang2 with T2DM and MVD. Finally, plaque vulnerability characteristics were investigated in human atherosclerotic plaques from individuals with and without T2DM. This study is performed as part of a single centre, case–control study [36].
Participant characteristics
In this study, we included a subset of individuals from a cohort on which we reported previously [36]. Characteristics are shown in Table 1. Since the TEM analyses were added to the protocol during the study, these analyses were performed on a smaller subset. No additional in- or exclusion criteria were used for selection of these individuals. Comparison of the total cohort and the TEM subcohort revealed no significant differences (Table 2). Participants were allocated into one of the following 6 groups: T2DM without MVD (N = 15); T2DM with CAD (N = 15); T2DM with PAD (N = 21); non-diabetes without MVD (i.e., healthy control individuals, N = 19); non-diabetes with CAD (N = 16); non-diabetes with PAD (N = 21). Diagnosis of T2DM was based on diagnostic criteria defined by the WHO [37]. CAD was diagnosed based on prior myocardial infarction (> 6 months) or evidence of significant coronary artery stenosis during angiography. PAD was defined as a history of claudication or rest pain and assessed with ultrasonography of bilateral peripheral arterial foot pulses. Individuals with clinical evidence of both CAD and PAD were excluded from the study. In addition, conventional cardiovascular risk factor information of all participants, including smoking, hypertension, and dyslipidaemia were collected.Table 1Characteristics of study participants


	 	Flow cytometry analysis (cohort 1)
	p-value
	Carotid endarterectomy (cohort 2)

	 	Type 2 diabetes mellitus (T2DM)
	Non-diabetes

	 	Without MVD (N = 15)
	With CAD (N = 15)
	With PAD (N = 21)
	Healthy controls (N = 19)
	With CAD (N = 16)
	With PAD (N = 21)
	T2DM (N = 24)
	Non-diabetes (N = 22)
	p-value
Cohort 1 vs cohort 2

	Demographics
	 	 	 	 	 	 	 	 	 	 
	 Age
	58 ± 2.7
	66 ± 1.7a
	67.1 ± 1.6b
	54.6 ± 1.0
	57.1 ± 2.4
	59.2 ± 1.6
	< 0.001
	70 ± 7.2
	69 ± 9.7
	< 0.001

	 Male (%)
	6 (40)
	7 (47)
	11 (52)
	11 (58)
	11 (69)
	15 (71)
	ns
	11 (46)
	15 (68)
	ns

	 Body mass index (kg/m2)
	32.9 ± 1.6
	31.2 ± 1.6
	31.6 ± 2.4
	25.2 ± 0.7c
	27.0 ± 1.0
	23.2 ± 0.7c
	< 0.001
	26.9 ± 3.6
	25.8 ± 3.0
	ns

	 Diabetes duration (years)
	15.5 ± 1.0
	15.1 ± 2.0
	12.0 ± 1.8
	–
	–
	–
	ns
	6.9 ± 5.4 (N = 15)
	–
	< 0.01

	 Smoking (%)
	5 (33)
	2 (13)
	5 (24)
	3 (16)h
	9 (56)
	14 (67)h
	< 0.01
	8 (33)
	6 (27) (N = 23)
	ns

	Laboratory
	 	 	 	 	 	 	 	 	 	 
	 Glucose (mmol/L)
	6.4 ± 0.4
	8.4 ± 0.8
	9.0 ± 1.0d
	5.5 ± 0.2
	–
	5.7 ± 0.4
	< 0.01
	7.2 ± 1.9 (N = 19)
	6.6 ± 1.6 (N = 15)
	ns

	 HbA1c (%)
	8.0 ± 1.0e
	7.7 ± 0.3e
	7.4 ± 0.3e
	5.7 ± 0.1
	5.7 ± 0.1
	6.0 ± 0.2
	< 0.001
	NA
	NA
	–

	 HbA1c (mmol/mol)
	64.0 ± 5.0e
	60.5 ± 3.5e
	57.8 ± 3.4e
	38.9 ± 0.7
	38.6 ± 1.2
	42.1 ± 1.8
	< 0.001
	NA
	NA
	–

	 Cholesterol (mmol/L)
	4.2 ± 0.2
	4.4 ± 0.3
	4.1 ± 0.2
	5.6 ± 0.2f
	4.4 ± 0.3
	4.7 ± 0.3
	< 0.01
	4.7 ± 0.6 (N = 13)
	4.3 ± 0.9 (N = 15)
	ns

	 Triglycerides (mmol/L)
	1.7 ± 0.2
	2.5 ± 0.6
	1.7 ± 0.1
	1.6 ± 0.2
	1.8 ± 0.3
	1.9 ± 0.3
	ns
	1.5 ± 0.5 (N = 13)
	1.3 ± 0.7 (N = 15)
	< 0.05

	 HDL (mmol/L)
	1.3 ± 0.1
	1.3 ± 0.2
	1.4 ± 0.2
	1.6 ± 0.1
	1.2 ± 0.1
	1.4 ± 0.1
	ns
	1.2 ± 0.4 (N = 13)
	1.3 ± 0.4 (N = 15)
	ns

	 LDL (mmol/L)
	2.3 ± 0.1
	2.5 ± 0.3
	2.2 ± 0.2
	3.4 ± 0.2g
	2.7 ± 0.2
	2.7 ± 0.3
	< 0.01
	2.7 ± 0.7 (N = 14)
	2.4 ± 0.8 (N = 13)
	ns

	Creatinine (μmol/L)
	67 ± 4.2
	76.4 ± 5.4
	72.6 ± 5.2
	77.7 ± 3.7
	79.7 ± 3.4
	75.9 ± 5.0
	ns
	77.9 ± 17.9
	95.6 ± 34.8
	< 0.05

	 Glomerular filtration rate (mL/min/1.73 m2)
	98.1 ± 7.2
	82.2 ± 3.9
	118.5 ± 32.2
	84.1 ± 4.4
	88.4 ± 5.7
	94.5 ± 5.9
	ns
	83.5 ± 25.1
	73.3 ± 21.3
	ns


CAD = coronary artery disease, HDL = High-Density Lipoprotein, LDL = Low-Density Lipoprotein, MVD = macrovascular disease, NA = not available, ns = not significant, PAD = peripheral artery disease
Statistically significant with ANOVA: 
a vs. non-diabetes with CAD, control
b vs. diabetes non-MVD, non-diabetes with CAD, non-diabetes with PAD, Control
c vs. diabetes non-MVD, diabetes with CAD, diabetes with PAD
d vs. control, non-diabetes with PAD
e All diabetes groups vs. non-diabetes groups
f vs. diabetes non-MVD, diabetes with CAD, diabetes with PAD, non-diabetes with CAD
g vs. diabetes non-MVD, diabetes with PAD
h Statistically significant with χ2 test


Table 2Comparison of the total cohort and the TEM subcohort


	 	Total cohort
	TEM subcohort
	p-value*

	Characteristics
	 	 	 
	 Age
	60 ± 8.9 (n = 109)
	61 ± 9.6 (n = 46)
	0.533

	 Male (%)
	56 (n = 111)
	64 (n = 47)
	0.353

	 Body mass index (kg/m2)
	27 ± 5.8 (n = 81)
	28 ± 4.8 (n = 38)
	0.357

	 Diabetes duration (years)
	15 ± 7.0 (n = 50)
	15 ± 7.8 (n = 23)
	0.999

	 Smoking (%)
	34 (n = 111)
	32 (n = 47)
	0.778

	 Glucose (mmol/L)
	5.7 ± 2.6 (n = 59)
	5.8 ± 1.5 (n = 15)
	0.887

	 HbA1c (%)
	6.1 ± 1.3 (n = 95)
	6.0 ± 1.5 (n = 36)
	0.707

	 HbA1c (mmol/mol)
	43 ± 14 (n = 95)
	42 ± 16 (n = 36)
	0.700

	 Cholesterol (mmol/L)
	4.4 ± 1.1 (n = 90)
	4.5 ± 1.1 (n = 38)
	0.639

	 Triglycerides (mmol/L)
	1.6 ± 1.1 (n = 90)
	1.5 ± 0.93 (n = 38)
	0.624

	 HDL (mmol/L)
	1.3 ± 0.60 (n = 89)
	1.2 ± 0.55 (n = 38)
	0.380

	 LDL (mmol/L)
	2.4 ± 0.92 (n = 89)
	2.7 ± 0.83 (n = 38)
	0.086

	 Creatinine (μmol/L)
	75 ± 18 (n = 93)
	79 ± 17 (n = 37)
	0.248

	 Glomerular filtration rate (mL/min/1.73 m2)
	89 ± 66 (n = 92)
	91 ± 22 (n = 36)
	0.859


*Unpaired T-test (nominal variables) and Chi-square (categorical variables)



For this study, non-fasting venous blood samples were obtained with venepuncture and collected in EDTA Vacutainers. In addition, whole blood differential analysis was performed with a PocH-100i haematology analyser (Sysmex Nederland, Etten-Leur, The Netherlands) and routine laboratory measurements of glucose, HbA1C, lipid levels, and serum creatinine were performed. A more detailed description of subject inclusion and exclusion criteria (including advanced microvascular disease, auto-immune diseases, neoplasm, acute or chronic infections, < 6 months surgery or vascular intervention, age > 80 years, < 6 months myocardial infarction, haemodialysis and use of immunosuppressive medication) can be found elsewhere [36].
Flow cytometry
Fluorescence-activated cell sorting (FACS) staining was performed on whole blood samples. To this end, freshly collected blood was centrifuged (2000 rpm, 10 min, 4 °C), and plasma was aspirated and stored at − 80 °C. Next, samples were washed twice with FACS-buffer (PBS/5% FBS) to remove residual plasma.
After centrifugation, concentrated blood samples were incubated with FcR blocking reagent (Miltenyi Biotech GmbH, Bergisch Gladbach, Germany) to block unspecific Fc receptor-mediated antibody binding. Next, samples were incubated at 4 °C for 30 min with a cocktail of monoclonal antibodies consisting of Peridinin Chlorophyll Protein Complex (PerCP)-conjugated mouse-α-human CD14 (Clone MΦP9, BD Biosciences, Franklin Lakes, NJ, USA), Allophycocyanin (APC)-conjugated mouse-α-human CD16 (Clone 3G8, Biolegend, San Diego, CA, USA) or appropriate fluorochrome-conjugated isotype control antibodies. Because CX3C chemokine receptor 1 (CX3CR1) is a key molecule in monocyte chemotaxis and extravasation in atherosclerosis [38], we additionally quantified the frequency of CX3CR1+ cells and CX3CR1 mean fluorescence intensity (MFI) within the total monocyte population and the CD14/CD16 monocyte subpopulations using Phycoerythrin (PE)-conjugated rat-α-human CX3CR1 (Clone 2A9-1, Biolegend). In a subset of samples, we performed flow cytometry for TEMs using PE-conjugated mouse-α-human TIE2 (Clone 83,715, R&D Systems, McKinley Place NE, MN, USA) in a cocktail with the abovementioned antibodies against CD14 and CD16. After incubation with antibodies, erythrocytes were lysed with FACS lysing solution (BD Biosciences), and samples were washed with FACS-buffer and fixed in buffered 2% paraformaldehyde. Samples were stored overnight at 4 °C, and FACS data were acquired within 24 h on a FACSCalibur cytometer (BD Biosciences). For analysis of CD14/CD16 monocyte subsets, 1 × 105 cytometric events were acquired; for quantification of Tie2+ monocytes 5 × 105 cytometric events were recorded. FACS data analysis was performed with Flowjo (Tree Star Inc., Ashland, OR, USA). Monocytes were gated based on the forward/side scatter profile. Monocyte subsets (based on the expression of CD14 and CD16) were identified within the monocyte gate. CX3CR1 expression was quantified within the CD14/CD16 monocyte subsets. For quantifying Tie2 expression within CD14/CD16 monocyte subsets, fluorescence minus one (FMO, Tie2 antibody replaced with isotype control) samples served as a control for gating.
Ang1 and Ang2 ELISA
Ang1 and Ang2 are ligands for Tie2 and therefore might influence the function of Tie2+ monocytes. Plasma levels of Ang1 and Ang2 were measured in a subgroup of individuals with commercial Enzyme Linked Immunosorbent Assay (ELISA) DuoSet kits (R&D Systems). Frozen plasma samples were thawed overnight on ice at 4 °C and subsequently centrifuged (10,000g, 10 min, 4 °C) to remove contaminating platelets. Plasma samples were diluted 30-fold (Ang1) and threefold (Ang2) in reagent diluent. The assay was performed according to the manufacturer's instructions, and the colour reaction was developed with o-Phenylenediamine dihydrochloride (OPD, Sigma Aldrich, St. Louis, MO, USA) as substrate. All samples and standards were measured in duplicate, and absorbance values were measured at 492 nm with a VarioSkan Microplate Reader (Thermo Scientific, Landsmeer, The Netherlands).
Immunohistochemistry for CD68 and CD34
Sections (3 μm thickness) were cut from 46 paraffin-embedded endarterectomized atherosclerotic carotid plaques from individuals with (N = 24) and without (N = 22) T2DM. Samples were selected from the Athero-Express biobank (University Medical Center Utrecht, Utrecht, The Netherlands) [39] and matched the best possible with the characteristics of the cases used for flowcytometric analysis (as shown in Table 1). Sections were stained for CD68 (macrophage infiltration as a marker of inflammation [7]) and CD34 (microvascular endothelial cells, marker of intraplaque angiogenesis [40]). Sections were mounted on glass slides, deparaffinised in xylene, and rehydrated in a graded ethanol series. For CD68 stainings, heat-induced antigen retrieval was performed by incubation overnight in Tris HCl pH9 at 80 °C. After cooling down, endogenous peroxidase activity was blocked in H2O2 0.03% for 30 min, and sections were then incubated with monoclonal mouse anti-human CD68 (#M0876 clone PMG1, DAKO, 1:1000) in 1% human serum/1%BSA/PBS for 60 min at room temperature. Next, 30 min incubation was performed with polyclonal antibody rabbit anti mouse (RAM)-bio (#E0413, DAKO, 1:100) in AB serum and 1%BSA and then with 30 min incubation with streptavidin alkaline phosphatase (AP) (#D0396, DAKO, 1:100) in AB serum and 1%BSA, both at room temperature. AP activity was visualized by incubation for 30 min with Fast Blue BB chromogen solution (10 mg Naphthol AS-MX in 50 mL 0.1 M Tris–HCl, pH 8.2, 4 drops of 10% MgSO4 and 50 mg Fast Blue BB and 12 mg Levamisol). For CD34, sections were stained using a Ventana Benchmark automatic stainer. Sections were processed following the standard protocol with primary antibody human CD34 (#790-2927, clone QBEnd/10, Ventana), followed by secondary steps: ultraVIEW Universal HRP Multimer (#253-4290, Ventana) and DAB Detection kit (ultraVIEW universal DAB; chromogen, H2O2, and copper, Ventana). After incubation with the chromogen 3,3’-diaminobenzidine, haematoxylin counterstaining was performed. Sections stained for CD68 were covered with non-aqueous Kaiser's glycerol-gelatin (37 °C) and a coverslip, and sections stained for CD34 sections were dehydrated with ethanol and covered with Tissue-Tek Film (Sakura, CoverSlipper). Sections were digitalized with a Nanozoomer S360 (Hamamatsu, Japan) slide scanner. Digitalized sections were analysed with the ImageScope software package (Aperio v12.4.3.5008, Leica Biosystems Imaging, USA). Atherosclerotic plaque surface area was calculated by manually marking the region of interest, i.e., plaque tissue between the vascular lumen and internal elastic lamina. Numbers of CD34+ vessels were counted manually and expressed as number (N) and calculated as N per surface area (N/mm2). For CD68 quantification, the standard algorithm Positive Pixel Count 2004-08-11 (version 8.100) was used. The number of strong positive (NSP) pixels was counted as representation of the number of CD68+ macrophages and data were expressed as a ratio to surface area (NSP/µm2).
Of note, CD68 stainings were performed as double labelling combined with the anti-human Tie2 polyclonal goat antibody (1:20, IgG R&D systems AF313), which was detected using peroxidase-labelled rabbit-anti-goat secondary antibody and visualized with Vector® NovaRED® Substrate kit peroxidase. However, use of the polyclonal antibody resulted in serious nonspecific background staining precluding proper and reliable quantification. It was, therefore, decided only to quantify the amount of CD68 based on the positive Fast Blue BB signal.
Statistics
Means from normally distributed numeric variables between two groups were compared using an unpaired Student's t-test or Mann–Whitney U-test when not normally distributed. Two-sided Fisher's Exact Tests were performed to compare categorical variables (i.e., gender and smoking status). Multiple testing corrections were used for comparisons between three or more groups ANOVA with Bonferroni. The Pearson's χ2 test was used for categorical variables. Differences were considered statistically significant when p-values were < 0.05. All analyses were performed with SPSS (version 20) and GraphPad Prism software (version 9).
Results
Patient characteristics
Characteristics of the study populations are shown in Table 1. Individuals with T2DM and CAD were older (66 yrs ± 1.7) than CAD individuals without T2DM (57.1 yrs ± 2.4) and healthy control individuals (54.6 ± 1.0 yrs, p < 0.001). Individuals with T2DM and PAD (67.1 yrs ± 1.6) were older than individuals with T2DM without MVD (58 yrs ± 2.7) and individuals without T2DM (54.6 yrs ± 1.0, p < 0.001). Healthy control individuals and individuals without T2DM with PAD also had a lower BMI than individuals with T2DM (p < 0.001, as shown in Table 1). HbA1C levels were higher in individuals with T2DM than individuals without T2DM (p < 0.001, as shown in Table 1). Healthy control individuals had the highest total cholesterol and LDL cholesterol levels.
Monocyte subsets
Total white blood cell (WBC) counts, differential analysis, and flow cytometry analysis data are presented in Table 3. Individuals with T2DM and PAD had significantly higher counts of total WBCs (in counts × 106 per mL) compared to healthy control individuals (9.1 ± 0.7 vs 5.9 ± 0.4, p < 0.05). This could be attributed to the significantly increased numbers of granulocytes. Moreover, the absolute number of lymphocytes (× 106 per mL) was significantly higher in individuals without T2DM with PAD (2.7 ± 0.2) compared with individuals with (1.8 ± 0.2) and without T2DM (1.8 ± 0.1) with CAD and healthy control individuals (1.9 ± 0.1, p < 0.01). Using flow cytometry, the monocyte population was identified and gated in the forwards/side scatter dot-plot of red blood cell-depleted whole blood samples (Fig. 1). Within this monocyte population, monocyte subsets were gated based on the expression level of CD14 and CD16. Figure 1a and 1b display representative examples of the gating strategy on samples from a healthy control and a patient with T2DM, respectively. The percentage of monocytes within the total WBC pool was significantly lower in individuals with T2DM with PAD (9.1 × 106 per mL ± 0.7) compared with individuals without T2DM with CAD (6.3 ± 0.4, p < 0.05), which might be attributed to the increased number of granulocytes (Table 3). The absolute number of monocytes per mL was significantly higher in individuals without T2DM with PAD compared to healthy controls (690 ± 62 vs 448 ± 25, p < 0.05), while the absolute number of monocytes was similar between individuals with T2DM and healthy controls. Within the monocyte gate 3 monocyte subsets could be identified based on the level of CD14 and CD16 expression as indicated in Fig. 1a and b.Table 3Whole blood differential and monocyte subset flow cytometry data


	 	Type 2 diabetes mellitus (T2DM)
	Non-diabetes
	p-value

	Without MVD (N = 15)
	With CAD (N = 15)
	With PAD (N = 21)
	Healthy controls (N = 19)
	With CAD (N = 16)
	With PAD (N = 21)

	White blood cell differential (× 106 per mL):
	 	 	 	 	 	 	 
	 Total White Blood Cell
	8.0 ± 1.0
	6.3 ± 0.4
	9.1 ± 0.7a
	5.9 ± 0.4
	6.5 ± 0.6
	8.2 ± 0.5
	p < 0.05

	 Lymphocytes
	2.3 ± 0.3
	1.8 ± 0.2
	2.3 ± 0.2
	1.9 ± 0.1
	1.8 ± 0.1
	2.7 ± 0.2b
	p < 0.01

	 Mononuclear cells
	0.7 ± 0.1
	0.6 ± 0.04
	0.8 ± 0.1
	0.6 ± 0.04
	0.7 ± 0.1
	0.7 ± 0.1
	ns

	 Granulocytes
	4.8 ± 0.9
	3.9 ± 0.3
	6.0 ± 0.6a
	3.5 ± 0.3
	4.0 ± 0.4
	4.4 ± 0.4
	p < 0.05

	Flow cytometry monocytes
	 	 	 	 	 	 	 
	 Total monocytes (% of White Blood Cell)
	7.0 ± 0.6
	8.1 ± 1.0
	6.7 ± 0.6c
	8.1 ± 0.6
	9.6 ± 0.4
	7.7 ± 0.5
	p < 0.05

	 Total monocytes (per mL)
	563 ± 96
	504 ± 45
	603 ± 60
	448 ± 25
	618 ± 46
	690 ± 62a
	p < 0.05

	 Monocyte subset (% of Monocytes)
	 	 	 	 	 	 	 
	  CD16+ (% of CD14+)
	10.0 ± 1.0
	13.5 ± 1.5
	10.4 ± 1.0
	12.1 ± 0.9
	14.2 ± 1.6
	13.2 ± 1.4
	ns

	  CD14++CD16− (classical)
	72.2 ± 2.7
	70.8 ± 1.9
	68.8 ± 2.8
	68.9 ± 2.3
	74.0 ± 2.3
	65.9 ± 2.1
	ns

	  CD14++CD16+ (intermediate)
	4.7 ± 0.6
	6.4 ± 0.9
	5.0 ± 0.6
	4.4 ± 0.4
	6.8 ± 1.3
	6.1 ± 0.7
	ns

	  CD14+CD16++ (non-classical)
	5.2 ± 0.5d
	7.1 ± 0.9
	5.5 ± 0.6d
	7.7 ± 0.7
	7.5 ± 0.8
	7.1 ± 0.9
	p < 0.01


CAD: coronary artery disease; MVD: macrovascular disease, ns: not significant; PAD: peripheral artery disease
Statistically significant with ANOVA compared to:
aHealthy controls
bDiabetes with CAD, non-diabetes with CAD and healthy control
cNon-diabetes with CAD
dDiabetes with CAD, non-diabetes with CAD or PAD, and healthy control


[image: ]
Fig. 1Monocyte subset gating and quantification. Representative fluorescence-activated cell sorting plots and gating strategy for the quantification of monocyte subsets in healthy control individuals (a) and individuals with type 2 diabetes mellitus (T2DM) without macrovascular disease (MVD) (b). Left panel: Side Scatter (SSC) versus Forward Scatter (FSC) dot plots were used to gate the monocyte population. Right panel: Within the monocyte population, 3 monocyte subsets were gated based on CD14 and CD16 expression. No difference in the percentage of classical monocytes (+±) (c) and intermediate monocytes (++/+) between individuals with T2DM and healthy controls was observed (d). The percentage of non-classical monocytes (+/++) was 1.3-fold lower in individuals with T2DM compared to healthy controls (e). The ratio of non-classical/intermediate monocytes was 1.5-fold lower in individuals with diabetes compared to healthy controls (f). In individuals without diabetes, the ratio of non-classical/intermediate monocytes was 1.6-fold lower in individuals with PAD compared to healthy controls (g). Within individuals with T2DM, no difference in the ratio of non-classical/intermediate monocytes between individuals with or without MVD was observed (h)


The frequency of CD14+CD16++ non-classical monocytes is decreased in individuals with T2DM
The main population consisted of classical monocytes (CD14++CD16−). Furthermore, intermediate monocytes (CD14++CD16+) and non-classical monocytes (CD14+CD16++) could be distinguished. The percentage of total CD16+ cells (intermediate and non-classical monocytes) within the total CD14+ monocyte pool was not different among all groups.
When comparing healthy control individuals with individuals with T2DM (with and without MVD pooled), no significant differences in the proportion of classical (Fig. 1c) and intermediate monocytes (Fig. 1d) were observed. However, individuals with T2DM were characterized by a significantly (p < 0.05) reduced percentage of non-classical monocytes compared to healthy control individuals (Fig. 1e). This difference could be attributed to primarily the individuals with T2DM without MVD or with PAD (Table 3).
In order to visualize the skewing of CD16+ subsets within the CD16+ monocyte fraction, the ratio between non-classical and intermediate monocytes was calculated. As shown in Fig. 1f, this ratio was significantly (p < 0.001) decreased in individuals with T2DM compared to healthy control individuals, indicating a relative increase in intermediate monocytes within the CD16+ monocyte fraction in these individuals. In individuals without T2DM, this ratio was significantly (p < 0.05) lower in individuals with PAD compared to healthy control individuals (Fig. 1g). In contrast, in individuals with T2DM, no differences in this ratio were observed between individuals with or without MVD (Fig. 1h).
All monocytes showed expression of CX3CR1 to some extent, and therefore no differences were found in the percentage of CX3CR1+ monocytes between study groups. CX3CR1 expression levels were significantly different (p < 0.0001) among the monocyte subsets, with classical monocytes having the lowest CX3CR1 MFI (342.0 ± 12.0), intermediate monocytes having intermediate CX3CR1 MFI (839.2 ± 25.6), and non-classical monocytes having the highest CX3CR1 MFI (1359 ± 28.0) (pooled data from individuals with and without T2DM). However, no significant differences in CX3CR1 expression levels were found between individuals with and without T2DM with or without MVD (data not shown). Taken together, these results show that monocyte phenotype is skewed towards a relative increase in intermediate monocytes in individuals with T2DM and individuals with MVD, while CX3CR1 expression was not affected.
The population of Tie2+ intermediate monocytes is increased in individuals with T2DM
Within a subgroup of individuals (8 healthy control individuals, 13 individuals with T2DM without MVD, 7 individuals with T2DM with CAD, and 5 individuals with T2DM with PAD), the percentage of Tie2+ monocytes within the total monocyte population and the various CD14/CD16 monocyte subsets was quantified. Figure 2 shows representative examples of the gating strategy used to quantify Tie2+ monocytes in healthy control individuals (a) and individuals with T2DM (b) within the 3 monocyte subsets.[image: ]
Fig. 2Tie2+ monocyte gating and quantification. Representative fluorescence-activated cell sorting plots and gating strategy for the quantification of Tie2+ monocytes in healthy control individuals (a) and individuals with type 2 diabetes mellitus (T2DM) (b). Left 4 panels: Gating of Tie2+ monocytes within each monocyte subset, based on isotype controls. Right panel: Graph of Tie2+ monocyte frequency within the respective monocyte subset. No differences in Tie2+ monocyte frequency within subsets were observed in healthy control individuals. Within individuals with T2DM, the percentage of Tie2+ cells was significantly higher within the intermediate monocyte subset compared to the other monocyte populations. The percentage of Tie2+ monocytes within the classical monocyte population was similar between healthy individuals and individuals with T2DM (c). The percentage of Tie2+ cells within in the intermediate monocyte population was 1.9-fold higher in individuals with T2DM compared to healthy control individuals (d). The percentage of Tie2+ monocytes within in the non-classical monocyte population in individuals with T2DM was increased compared to healthy control individuals, however, without reaching the level of statistical significance (p = 0.056) (e)


Within healthy control individuals no differences in the frequency of Tie2+ cells among the different monocyte subsets were observed (Fig. 2a, right graph). However, within individuals with T2DM, the frequency of Tie2+ monocytes was significantly (p < 0.0001) higher within the intermediate monocyte subset compared with classical and non-classical monocytes (Fig. 2b, right graph).
When comparing the proportion of Tie2+ monocytes between healthy control individuals and individuals with T2DM, no significant differences were observed in the percentage of Tie2+ monocytes within the total monocyte population (not shown) as well as in the proportion of Tie2+ monocytes within the classical monocyte subpopulation (Fig. 2c). However, we observed that the percentage of Tie2+ monocytes was significantly increased (p < 0.05) in the intermediate monocyte subset in individuals with T2DM with and without MVD (57.5 ± 5.8% Tie2+ cells) compared to healthy controls (30.2 ± 9.8% Tie2+ cells, Fig. 2d). In addition, a trend was observed towards increased percentages of Tie2+ monocytes in the non-classical monocyte population in individuals with T2DM (p = 0.056, Fig. 2e). Within individuals with T2DM, no differences were detected between individuals with or without MVD with regard to the percentage of Tie2+ monocytes within the different CD14/CD16 monocyte subsets (not shown). These results indicate that the percentage of Tie2+ monocytes is increased within the intermediate monocyte population in individuals with T2DM regardless of the presence or absence of MVD.
Circulating Ang1 and Ang2 levels are increased in individuals with T2DM
To investigate if Ang1 and Ang2 levels were affected by the presence of diabetes, we determined plasma Ang1 and Ang2 levels in healthy control individuals and individuals with T2DM with and without MVD (Fig. 3). Ang1 levels were higher in individuals with T2DM compared to healthy control individuals (20.9 vs. 15.6 ng/mL respectively, p < 0.05, Fig. 3a). When subdividing individuals with T2DM according to their cardiovascular disease state (non-MVD, CAD and PAD), similar levels of Ang1 among these groups were found (Fig. 3b).[image: ]
Fig. 3Ang1 and Ang2 plasma concentrations. Ang1 plasma levels were elevated in individuals with T2DM with and without MVD compared to healthy control individuals (1.3-fold increase) (a). Within individuals with type 2 diabetes mellitus (T2DM), there was no difference in Ang1 levels between individuals with and without macrovascular disease (MVD) (b). Circulating Ang2 levels were 3.2-fold higher in individuals with T2DM compared to healthy controls (c). When subdividing individuals with T2DM in individuals with and without MVD, increased Ang2 plasma concentrations were detected in individuals with coronary artery disease (CAD) or peripheral artery disease (PAD) compared with individuals with T2DM without MVD (d)


Alike Ang1, also Ang2 plasma concentrations were significantly higher in individuals with T2DM compared to healthy controls (1.6 vs. 0.5 ng/mL respectively, p < 0.001, Fig. 3c). Furthermore, within individuals with T2DM Ang2 levels (in ng/mL) were significantly higher in individuals with CAD (1.69 vs 0.820, p = 0.049) and PAD (2.060 vs 0.820, p = 0.0013) compared to individuals with T2DM without MVD (Fig. 3d). Ang1 and Ang2 levels did not correlate with the frequency of TEMs within the total monocyte pool and the different monocyte subsets. These data show that increased Ang2 levels are associated with vascular disease while circulating Ang1 levels are elevated in diabetes regardless of the presence of MVD.
Intraplaque CD68+ macrophages and CD34+ microvessels do not differ between atherosclerotic plaques from diabetic and non-diabetic individuals
Endarterectomised carotid plaques from 24 individuals with T2DM and 22 non-diabetic individuals were analysed for the presence of CD68+ macrophages and CD34+ vessels. Plaque size did not differ between plaques obtained from individuals with and without T2DM (28 [22–36] mm2 and 29 [19–37] mm2, respectively (expressed as median [IQR] surface area, p = 0.836)).
Median [IQR] NSP CD68+ macrophages/µm2 were 0.087 [0.036–0.16] for plaques from individuals with T2DM vs. 0.063 [0.031–0.098] for plaques from individuals without diabetes (p = 0.219), as shown in Fig. 4a. Absolute numbers of CD34+ microvessels did not differ between plaques from individuals with and without T2DM: 127 [80–178] in plaques from individuals with T2DM vs. 109 [56–151] in plaques from individuals without diabetes (p = 0.503, expressed as N median [IQR]). Also, when expressed per surface area, no differences were observed; 4.6 [2.1–7.7] in plaques from individuals with T2DM vs. 4.0 [2.9–6.0] in plaques from individuals without diabetes vs. (p = 0.764, expressed as N/mm2, Fig. 4b).[image: ]
Fig. 4Intraplaque macrophage influx and microvessel formation did not differ between individuals with and without diabetes. The CD68+ macrophage number of strong positive pixels (NSP, purple blue coloured) per µm2 surface area as a marker of intraplaque inflammation in carotid plaques of individuals without and with type 2 diabetes mellitus (T2DM) (a). CD34+ microvessel (dark brown coloured) number per mm2 surface area as a marker of intraplaque angiogenesis in carotid plaques obtained from individuals without and with T2DM (b)


Discussion
In this study, we demonstrated that in individuals with T2DM with PAD and without MVD the percentage of CD14+CD16++ non-classical monocytes is decreased. The proportion of Tie2+ cells is increased within the CD14++CD16+ intermediate monocyte subpopulation, and this is accompanied by increased plasma levels of the Tie2 ligands Ang1 and Ang2. Since various exclusion criteria were applied (e.g. presence of microvascular disease), it is as yet unknown if the reported data apply to all individuals with T2DM. Intraplaque macrophage influx and angiogenesis did not differ in carotid plaques obtained from individuals with and without T2DM. 
Previous investigations into the association between monocyte subsets and cardiovascular disease have yielded inconclusive results. Monocyte heterogeneity may play a role in this, since monocytes are able to acquire inflammatory effector functions, but, in contrast, can also have protective effects in relation to tissue repair [41, 42]. The total pool of CD16+ monocytes has consistently been shown to be expanded in inflammatory diseases such as sepsis, rheumatoid arthritis, and infection [9, 43–45]. In addition, the total CD16+ monocyte population is increased in individuals with CAD [46]. However, results on the association of different CD16+ monocyte subsets and CVD are inconclusive. In individuals with chronic kidney disease, increased numbers of CD14++CD16+ intermediate monocytes were associated with higher cardiovascular mortality suggesting a detrimental role for these cells [17]. Moreover, this subset was shown to independently predict cardiovascular events in a cohort of individuals with suspected coronary artery disease referred for coronary angiography [18]. In contrast, high CD14++CD16+ intermediate monocyte levels were related to better outcomes following individuals with symptomatic ischemic heart failure [19]. The intermediate monocytes have been linked to a high cardiovascular risk profile [35] and reduced frequency of intermediate monocytes was linked to a reduction of subclinical atherosclerosis in morbidly obese individuals undergoing weight loss, including individuals with diabetes [47]. This suggests a positive correlation between circulating intermediate monocyte levels and the progression of atherosclerosis. However, levels of this monocyte subtype were inversely related to mortality in stroke individuals suggesting a protective role for these cells [20]. It was shown that the percentage of CD14+CD16++ non-classical monocytes was decreased in individuals with stable CAD and five or more cardiovascular risk factors, suggesting that this subset might be protective for CVD development [35]. Recently, it was demonstrated that the classical monocyte subset includes four subpopulations and within the non-classical monocyte subset also three subpopulations can be identified [48]. Investigation of these subsets might result in valuable information about monocytes and their relation with MVD, but this is beyond the scope of the current work. These results underscore the complexity of the potential role (protective vs. detrimental) of monocyte heterogeneity in atherogenesis, let alone in the presence of diabetes [49].
The proportion of CD16+ monocytes of the total CD14+ monocyte pool was found to be reduced in individuals with T2DM with vascular complications [50]. We did not observe a reduction in the percentage of total CD16+ monocytes in individuals with T2DM with MVD. However, in the abovementioned study, diabetes duration was longer than in our study (19.5 ± 1.1 vs. 14.0 ± 1.0 years respectively, p < 0.001). Moreover, individuals with both microvascular and macrovascular complications were compared to individuals with T2DM without complications, while in the present study, only individuals with T2DM with and without macrovascular complications were included. In addition, Fadini et al. reported no difference in the percentage of monocyte subsets between individuals with T2DM and healthy controls [51], whereas in our study, the percentage of non-classical monocytes was significantly reduced in individuals with T2DM. These clear differences in the study populations might have contributed to the different results obtained.
We subdivided the CD16+ monocyte population in CD14++CD16+ intermediate monocytes and CD14+CD16++ non-classical monocytes [13]. The percentage of CD14+CD16++ non-classical monocytes was decreased in individuals with T2DM with PAD or diabetic individuals without MVD, leading to a skewed ratio of non-classical/intermediate monocyte subsets in favour of CD14++CD16+ intermediate monocytes. Of note, this ratio was also significantly altered in individuals with T2DM without prevalent MVD, suggesting that diabetes itself rather than MVD affects CD16+ monocyte heterogeneity in these individuals. This shift is possibly caused by underlying changes in metabolism and the chronic inflammatory state in individuals with T2DM, which could affect monocyte phenotype [52]. In line with this, it was shown that hyperglycaemia shifts the differentiation of bone marrow-derived myeloid endothelial progenitor cells (EPCs) to a proinflammatory phenotype [53]. EPCs are a subset of monocytes known to be reduced in T2DM, as we demonstrated previously [36]. Also in a previous study in which samples from the Athero-Express biobank were analysed, the association between monocyte subsets and plaque vulnerability was studied [54]. Similar to current study, no differences in absolute numbers of different monocyte subsets were observed between individuals with diabetes and non-diabetic individuals. These data indicate that the observed differences in current study primarily originate from relative differences between subsets rather than absolute cell numbers. It has been suggested that monocyte heterogeneity represents a differentiation pathway from circulating classical to intermediate to non-classical monocytes, rather than the existence of discrete monocyte subsets [13, 15]. Therefore, a potential mechanism for the observed reduction in the percentage of non-classical monocytes in individuals with T2DM is the impairment of differentiation of intermediate monocytes into non-classical monocytes.
It has been shown that the presence of TEMs in tumour tissue is associated with tumour angiogenesis [23, 29]. Based on these data, as well as due to their proangiogenic phenotype and the potential detrimental role of plaque angiogenesis in the progression of atherosclerosis and plaque vulnerability [55], we hypothesized that proangiogenic TEMs are increased in individuals with T2DM. Our data indeed indicate that the frequency of Tie2+ cells within the CD14++CD16+ intermediate monocyte subset is markedly increased in individuals with T2DM with and without MVD compared to healthy controls. Only a few studies have been published in which TEMs have been studied in relation to CVD. In individuals with critical limb ischemia, TEM numbers were increased in the ischemic muscle in contrast to normoxic muscles from the same patient [56], which underlines the concept that hypoxia stimulates angiogenesis [3]. In line with this, HIF-1alpha expression, as marker of hypoxia, was detected in atherosclerotic plaques and was associated with VEGF expression and plaque inflammation [57]. In a pilot evaluation of venous blood in individuals with diabetes, TEMs were significantly increased in individuals with diabetes without ischemia in contrast to those with ischemia and healthy controls [33]. The authors of this study pointed out that they were less successful in extracting Tie2+ monocytes in individuals with diabetes and critical ischemia, which possibly affects the reliability of the results of the latter group. The study of Uçkay et al. is the only study describing TEMs in diabetes until now, in which it is suggested that neoangiogenesis, stimulated by TEMs, requires further investigation in those high-risk individuals. While limb ischemia is a result of PAD, in the current study, we did not find a selective increase of TEMs in individuals with T2DM and PAD but rather an increase in T2DM in general. In contrast to their study, in which TEMs were suggested to have protective effects, we propose that TEMs may act as a double-edged sword and contribute to accelerated atherosclerosis development in individuals with T2DM, potentially by aggravating intraplaque angiogenesis. 
The increase in CD14++CD16+Tie2+ monocytes in individuals with T2DM was accompanied by increased plasma levels of Tie2 ligands Ang1 and Ang2 in individuals with T2DM. Elevated levels of Ang2 in individuals with T2DM with and without CVD and in individuals with T2DM with retinopathy have been reported before [58, 59]. In line with this, also in our study Ang2 levels were overall increased in individuals with T2DM, however with a significant additional increase in individuals with T2DM and MVD. This additional increase might result from increased endothelial dysfunction and damage in individuals with MVD. Ang2 acts as a chemoattractant for Tie2+ monocytes and enhances the proangiogenic function of these cells [27, 30]. Therefore, exposure of already elevated numbers of Tie2+ monocytes in individuals with T2DM and MVD to these additionally increased levels of circulating Ang2 might further exacerbate the contribution of these cells to plaque instability and rupture. A potential limitation of the TEM analysis is that the staining could be performed on only a subset of the individuals because of availability. However, when looking at the patient characteristics of only the subjects used for the TEM analyses it appeared that these were comparable to the total cohort indicating that this was a representative subcohort.
In contrast to our hypothesis, an increased influx of macrophages and the number of intraplaque vessels was not found in endarterectomized carotid plaques obtained from individuals with T2DM compared to those without diabetes. Although it was previously shown that absolute numbers of circulating monocyte subsets were not associated with vulnerable plaque characteristics [54], a direct comparison of characteristics of plaques from individuals with or without T2DM could not be made in this study. Since we did not observe increased macrophage influx in the plaques from individuals with T2DM, it is unlikely that non-classical monocytes selectively migrated into plaques under diabetic conditions. The presence of a similar degree of macrophage influx and neovascularisation in current study might be explained by the stage of disease (i.e., degree of stenosis) of the included plaques. In this study, only advanced carotid plaques from individuals who underwent a surgical endarterectomy procedure were included, which is, for symptomatic or progressive asymptomatic atherosclerosis, indicated when diameter stenosis is 70–99% [39]. The monocyte subsets in general and differences between diabetic and non-diabetic circulating monocyte subsets possibly affect earlier stages and kinetics of arterial disease whereas endarterectomised plaques instead reflect an end-stage situation with a similar symptomatic plaque phenotype. Furthermore, in current study total macrophage influx was analysed using CD68 immunohistochemistry and no subdivision was made in different macrophage subsets. It was previously shown that pro-inflammatory M1 macrophages dominate the rupture-prone regions while vascular adventitial tissue shows an activated M2 profile. This suggests that macrophage-mediated inflammation is indeed associated with plaque vulnerability [60]. This dichotomous subdivision might be oversimplified since a recent follow-up study using single cell RNA sequencing identified five myeloid subsets in atherosclerotic plaques among which three different macrophage populations [61]. The exact role of these subsets in the pathogenesis of atherosclerosis remains to be elucidated. A post-mortem study investigated coronary lesions and demonstrated that lesions of individuals with T2DM included more intimal macrophages and T-cells [62]. This post-mortem study also found that the coronary plaque burden is increased in individuals with T2DM. Since we did not find differences in plaque surface area between plaques from diabetic and non-diabetic individuals, this underlines that the stage of arterial disease may play an important role in the intraplaque inflammation. Next to that, our immune phenotyping was performed in the blood of a non-corresponding, but similar high CVD risk cohort and did, therefore, not directly correspond to the included carotid plaques in this study.
Conclusions
In conclusion, this study demonstrates that the percentage of non-classical monocytes is reduced and TEMs are increased in a substantial part of the individuals with T2DM. This suggests that the diabetic state alters monocyte heterogeneity, with potential implications for the development of MVD. Whether these monocytes stimulate atherogenesis in T2DM needs to be established.
Acknowledgements
The authors would like to thank Petra J. Ottens (Surgical Research Laboratory, UMCG) for providing the Ang1 and Ang2 ELISA kits.

Author contributions
JvA was responsible for the conception and design of the study, researched data, and wrote the manuscript. MR researched data and wrote the manuscript. CPHL, ICCvdH and CJZ coordinated the inclusion of individuals with CAD and PAD and reviewed/edited the manuscript. HvG interpreted data, contributed to discussion and reviewed/edited the manuscript. LMV and MEL researched data and reviewed/edited the manuscript. SCAdJ and GP were responsible for providing samples from the Athero-Express biobank and clinical data from endarterectomy individuals and reviewing/editing the manuscript. BHRW coordinated the inclusion of individuals with T2DM and reviewed/edited the manuscript. JLH was responsible for the conception and design of the study, researched data, contributed to discussion, and reviewed/edited the manuscript. All authors revised the paper critically for important intellectual content and gave final approval of the version to be published. All authors read and approved the final manuscript.

Funding
This study was supported by the Dutch Diabetes Foundation (Grant 2006.01.007). M.R. was supported by the MD/PhD program of the Graduate School of Medical Sciences (GSMS), UMCG. J.v.A. and M.R. were associated members and J.L.H. was PI of the Deutsche Forschungsgemeinschaft IRTG 1874 DIAMICOM.

Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
The study was conducted in accordance with the guidelines of the 1975 Declaration of Helsinki. All individuals provided written informed consent, and the medical ethics committee approved the study of the University Medical Center Groningen (METc number: 2008/335).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Orasanu G, Plutzky J. The pathologic continuum of diabetic vascular disease. J Am Coll Cardiol. 2009;53(5 Suppl):35.

	2.
Beckman JA, Creager MA, Libby P. Diabetes and atherosclerosis: epidemiology, pathophysiology, and management. JAMA. 2002;287(19):2570–81.PubMed

	3.
Jaipersad AS, Lip GY, Silverman S, Shantsila E. The role of monocytes in angiogenesis and atherosclerosis. J Am Coll Cardiol. 2014;63(1):1–11.PubMed

	4.
Virmani R, Kolodgie FD, Burke AP, Finn AV, Gold HK, Tulenko TN, Wrenn SP, Narula J. Atherosclerotic plaque progression and vulnerability to rupture: angiogenesis as a source of intraplaque hemorrhage. Arterioscler Thromb Vasc Biol. 2005;25(10):2054–61.PubMed

	5.
Michel JB, Martin-Ventura JL, Nicoletti A, Ho-Tin-Noé B. Pathology of human plaque vulnerability: mechanisms and consequences of intraplaque haemorrhages. Atherosclerosis. 2014;234(2):311–9.PubMed

	6.
Italiani P, Boraschi D. From monocytes to M1/M2 macrophages: phenotypical vs. functional differentiation. Front Immunol. 2014;5:514.

	7.
Flynn MC, Pernes G, Lee MKS, Nagareddy PR, Murphy AJ. Monocytes, macrophages, and metabolic disease in atherosclerosis. Front Pharmacol. 2019;10:666.PubMedPubMedCentral

	8.
Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis. Circulation. 2002;105(9):1135–43.PubMed

	9.
Ziegler-Heitbrock L. The CD14+ CD16+ blood monocytes: their role in infection and inflammation. J Leukoc Biol. 2007;81(3):584–92.PubMed

	10.
Wong KL, Yeap WH, Tai JJ, Ong SM, Dang TM, Wong SC. The three human monocyte subsets: implications for health and disease. Immunol Res. 2012;53(1–3):41–57.PubMed

	11.
Ross R. Atherosclerosis–an inflammatory disease. N Engl J Med. 1999;340(2):115–26.PubMed

	12.
Pardali E, Waltenberger J. Monocyte function and trafficking in cardiovascular disease. Thromb Haemost. 2012;108(5):804–11.PubMed

	13.
Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, Leenen PJ, Liu YJ, MacPherson G, Randolph GJ, Scherberich J, Schmitz J, Shortman K, Sozzani S, Strobl H, Zembala M, Austyn JM, Lutz MB. Nomenclature of monocytes and dendritic cells in blood. Blood. 2010;116(16):74.

	14.
Shantsila E, Wrigley B, Tapp L, Apostolakis S, Montoro-Garcia S, Drayson MT, Lip GY. Immunophenotypic characterization of human monocyte subsets: possible implications for cardiovascular disease pathophysiology. J Thromb Haemost. 2011;9(5):1056–66.PubMed

	15.
Ancuta P, Liu KY, Misra V, Wacleche VS, Gosselin A, Zhou X, Gabuzda D. Transcriptional profiling reveals developmental relationship and distinct biological functions of CD16+ and CD16- monocyte subsets. BMC Genomics. 2009;10:403–403.PubMedPubMedCentral

	16.
Gratchev A, Sobenin I, Orekhov A, Kzhyshkowska J. Monocytes as a diagnostic marker of cardiovascular diseases. Immunobiology. 2012;217(5):476–82.PubMed

	17.
Rogacev KS, Seiler S, Zawada AM, Reichart B, Herath E, Roth D, Ulrich C, Fliser D, Heine GH. CD14++CD16+ monocytes and cardiovascular outcome in patients with chronic kidney disease. Eur Heart J. 2011;32(1):84–92.PubMed

	18.
Rogacev KS, Cremers B, Zawada AM, Seiler S, Binder N, Ege P, Große-Dunker G, Heisel I, Hornof F, Jeken J, Rebling NM, Ulrich C, Scheller B, Böhm M, Fliser D, Heine GH. CD14++CD16+ monocytes independently predict cardiovascular events: a cohort study of 951 patients referred for elective coronary angiography. J Am Coll Cardiol. 2012;60(16):1512–20.PubMed

	19.
Wrigley BJ, Shantsila E, Tapp LD, Lip GY. CD14++CD16+ monocytes in patients with acute ischaemic heart failure. Eur J Clin Invest. 2013;43(2):121–30.PubMed

	20.
Urra X, Villamor N, Amaro S, Gómez-Choco M, Obach V, Oleaga L, Planas AM, Chamorro A. Monocyte subtypes predict clinical course and prognosis in human stroke. J Cereb Blood Flow Metab. 2009;29(5):994–1002.PubMed

	21.
SahBandar IN, Ndhlovu LC, Saiki K, Kohorn LB, Peterson MM, D’Antoni ML, Shiramizu B, Shikuma CM, Chow DC. Relationship between circulating inflammatory monocytes and cardiovascular disease measures of carotid intimal thickness. J Atheroscler Thromb. 2020;27(5):441–8.PubMedPubMedCentral

	22.
Oh ES, Na M, Rogers CJ. The association between monocyte subsets and cardiometabolic disorders/cardiovascular disease: a systematic review and meta-analysis. Front Cardiovasc Med. 2021;8:640124.PubMedPubMedCentral

	23.
De Palma M, Venneri MA, Galli R, Sergi Sergi L, Politi LS, Sampaolesi M, Naldini L. Tie2 identifies a hematopoietic lineage of proangiogenic monocytes required for tumor vessel formation and a mesenchymal population of pericyte progenitors. Cancer Cell. 2005;8(3):211–26.PubMed

	24.
Loughna S, Sato TN. Angiopoietin and Tie signaling pathways in vascular development. Matrix Biol. 2001;20(5–6):319–25.PubMed

	25.
Suri C, Jones PF, Patan S, Bartunkova S, Maisonpierre PC, Davis S, Sato TN, Yancopoulos GD. Requisite role of angiopoietin-1, a ligand for the TIE2 receptor, during embryonic angiogenesis. Cell. 1996;87(7):1171–80.PubMed

	26.
Tekari A, Chan SCW, Sakai D, Grad S, Gantenbein B. Angiopoietin-1 receptor Tie2 distinguishes multipotent differentiation capability in bovine coccygeal nucleus pulposus cells. Stem Cell Res Ther. 2016;7(1):75–9.PubMedPubMedCentral

	27.
Murdoch C, Tazzyman S, Webster S, Lewis CE. Expression of Tie-2 by human monocytes and their responses to angiopoietin-2. J Immunol. 2007;178(11):7405–11.PubMed

	28.
De Palma M, Naldini L. Tie2-expressing monocytes (TEMs): novel targets and vehicles of anticancer therapy? Biochim Biophys Acta. 2009;1796(1):5–10.PubMed

	29.
Venneri MA, De Palma M, Ponzoni M, Pucci F, Scielzo C, Zonari E, Mazzieri R, Doglioni C, Naldini L. Identification of proangiogenic TIE2-expressing monocytes (TEMs) in human peripheral blood and cancer. Blood. 2007;109(12):5276–85.PubMed

	30.
Coffelt SB, Tal AO, Scholz A, De Palma M, Patel S, Urbich C, Biswas SK, Murdoch C, Plate KH, Reiss Y, Lewis CE. Angiopoietin-2 regulates gene expression in TIE2-expressing monocytes and augments their inherent proangiogenic functions. Cancer Res. 2010;70(13):5270–80.PubMed

	31.
Capobianco A, Monno A, Cottone L, Venneri MA, Biziato D, Di Puppo F, Ferrari S, De Palma M, Manfredi AA, Rovere-Querini P. Proangiogenic Tie2(+) macrophages infiltrate human and murine endometriotic lesions and dictate their growth in a mouse model of the disease. Am J Pathol. 2011;179(5):2651–9.PubMedPubMedCentral

	32.
Isidori AM, Venneri MA, Fiore D. Angiopoietin-1 and Angiopoietin-2 in metabolic disorders: therapeutic strategies to restore the highs and lows of angiogenesis in diabetes. J Endocrinol Invest. 2016;39(11):1235–46.PubMed

	33.
Uçkay I, Imhof BA, Kressmann B, Lew D, Lipsky BA, Sidibe A. Characterization of proangiogenic monocytes from blood in patients with chronic ischemic diabetic foot ulcers and controls. Stem Cells Dev. 2020;29(14):911–8.PubMed

	34.
Venneri MA, Barbagallo F, Fiore D, De Gaetano R, Giannetta E, Sbardella E, Pozza C, Campolo F, Naro F, Lenzi A, Isidori AM. PDE5 Inhibition stimulates Tie2-expressing monocytes and angiopoietin-1 restoring angiogenic homeostasis in diabetes. J Clin Endocrinol Metab. 2019;104(7):2623–36.PubMed

	35.
Hristov M, Leyendecker T, Schuhmann C, von Hundelshausen P, Heussen N, Kehmeier E, Krötz F, Sohn HY, Klauss V, Weber C. Circulating monocyte subsets and cardiovascular risk factors in coronary artery disease. Thromb Haemost. 2010;104(2):412–4.PubMed

	36.
van Ark J, Moser J, Lexis CP, Bekkema F, Pop I, van der Horst IC, Zeebregts CJ, van Goor H, Wolffenbuttel BH, Hillebrands JL. Type 2 diabetes mellitus is associated with an imbalance in circulating endothelial and smooth muscle progenitor cell numbers. Diabetologia. 2012;55(9):2501–12.PubMedPubMedCentral

	37.
World Health Organization Definition and diagnosis of diabetes mellitus and intermediate hyperglycemia. 2006.

	38.
Cybulsky MI, Hegele RA. The fractalkine receptor CX3CR1 is a key mediator of atherogenesis. J Clin Invest. 2003;111(8):1118–20.PubMedPubMedCentral

	39.
Verhoeven BA, Velema E, Schoneveld AH, de Vries JP, de Bruin P, Seldenrijk CA, de Kleijn DP, Busser E, van der Graaf Y, Moll F, Pasterkamp G. Athero-express: differential atherosclerotic plaque expression of mRNA and protein in relation to cardiovascular events and patient characteristics. Rationale and design. Eur J Epidemiol. 2004;19(12):1127–33.PubMed

	40.
Sluimer JC, Kolodgie FD, Bijnens AP, Maxfield K, Pacheco E, Kutys B, Duimel H, Frederik PM, van Hinsbergh VW, Virmani R, Daemen MJ. Thin-walled microvessels in human coronary atherosclerotic plaques show incomplete endothelial junctions relevance of compromised structural integrity for intraplaque microvascular leakage. J Am Coll Cardiol. 2009;53(17):1517–27.PubMedPubMedCentral

	41.
Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat Rev Immunol. 2005;5(12):953–64.PubMed

	42.
Guilliams M, Mildner A, Yona S. Developmental and functional heterogeneity of monocytes. Immunity. 2018;49(4):595–613.PubMed

	43.
Fingerle G, Pforte A, Passlick B, Blumenstein M, Ströbel M, Ziegler-Heitbrock HW. The novel subset of CD14+/CD16+ blood monocytes is expanded in sepsis patients. Blood. 1993;82(10):3170–6.PubMed

	44.
Grip O, Bredberg A, Lindgren S, Henriksson G. Increased subpopulations of CD16(+) and CD56(+) blood monocytes in patients with active Crohn’s disease. Inflamm Bowel Dis. 2007;13(5):566–72.PubMed

	45.
Kawanaka N, Yamamura M, Aita T, Morita Y, Okamoto A, Kawashima M, Iwahashi M, Ueno A, Ohmoto Y, Makino H. CD14+, CD16+ blood monocytes and joint inflammation in rheumatoid arthritis. Arthritis Rheum. 2002;46(10):2578–86.PubMed

	46.
Schlitt A, Heine GH, Blankenberg S, Espinola-Klein C, Dopheide JF, Bickel C, Lackner KJ, Iz M, Meyer J, Darius H, Rupprecht HJ. CD14+CD16+ monocytes in coronary artery disease and their relationship to serum TNF-alpha levels. Thromb Haemost. 2004;92(2):419–24.PubMed

	47.
Poitou C, Dalmas E, Renovato M, Benhamo V, Hajduch F, Abdennour M, Kahn JF, Veyrie N, Rizkalla S, Fridman WH, Sautès-Fridman C, Clément K, Cremer I. CD14dimCD16+ and CD14+CD16+ monocytes in obesity and during weight loss: relationships with fat mass and subclinical atherosclerosis. Arterioscler Thromb Vasc Biol. 2011;31(10):2322–30.PubMed

	48.
Hamers AAJ, Dinh HQ, Thomas GD, Marcovecchio P, Blatchley A, Nakao CS, Kim C, McSkimming C, Taylor AM, Nguyen AT, McNamara CA, Hedrick CC. Human monocyte heterogeneity as revealed by high-dimensional mass cytometry. Arterioscler Thromb Vasc Biol. 2019;39(1):25–36.PubMedPubMedCentral

	49.
Hristov M, Weber C. Differential role of monocyte subsets in atherosclerosis. Thromb Haemost. 2011;106(5):757–62.PubMed

	50.
Min D, Brooks B, Wong J, Salomon R, Bao W, Harrisberg B, Twigg SM, Yue DK, McLennan SV. Alterations in monocyte CD16 in association with diabetes complications. Mediat Inflamm. 2012;2012:649083.

	51.
Fadini GP, de Kreutzenberg SV, Boscaro E, Albiero M, Cappellari R, Kränkel N, Landmesser U, Toniolo A, Bolego C, Cignarella A, Seeger F, Dimmeler S, Zeiher A, Agostini C, Avogaro A. An unbalanced monocyte polarisation in peripheral blood and bone marrow of patients with type 2 diabetes has an impact on microangiopathy. Diabetologia. 2013;56(8):1856–66.PubMed

	52.
Cipolletta C, Ryan KE, Hanna EV, Trimble ER. Activation of peripheral blood CD14+ monocytes occurs in diabetes. Diabetes. 2005;54(9):2779–86.PubMed

	53.
Loomans CJ, van Haperen R, Duijs JM, Verseyden C, de Crom R, Leenen PJ, Drexhage HA, de Boer HC, de Koning EJ, Rabelink TJ, Staal FJ, van Zonneveld AJ. Differentiation of bone marrow-derived endothelial progenitor cells is shifted into a proinflammatory phenotype by hyperglycemia. Mol Med. 2009;15(5–6):152–9.PubMedPubMedCentral

	54.
Meeuwsen JAL, de Vries JJ, van Duijvenvoorde A, van der Velden S, van der Laan SW, van Koeverden ID, van de Weg SM, de Borst GJ, de Winther MPJ, Kuiper J, Pasterkamp G, Hoefer IE, de Jager SCA. Queen of Hearts Consortium: Circulating CD14(+)CD16(-) classical monocytes do not associate with a vulnerable plaque phenotype, and do not predict secondary events in severe atherosclerotic patients. J Mol Cell Cardiol. 2019;127:260–9.PubMed

	55.
Hayden MR, Tyagi SC. Vasa vasorum in plaque angiogenesis, metabolic syndrome, type 2 diabetes mellitus, and atheroscleropathy: a malignant transformation. Cardiovasc Diabetol. 2004;3:1–1.PubMedPubMedCentral

	56.
Patel AS, Smith A, Nucera S, Biziato D, Saha P, Attia RQ, Humphries J, Mattock K, Grover SP, Lyons OT, Guidotti LG, Siow R, Ivetic A, Egginton S, Waltham M, Naldini L, De Palma M, Modarai B. TIE2-expressing monocytes/macrophages regulate revascularization of the ischemic limb. EMBO Mol Med. 2013;5(6):858–69.PubMedPubMedCentral

	57.
Vink A, Schoneveld AH, Lamers D, Houben AJ, van der Groep P, van Diest PJ, Pasterkamp G. HIF-1 alpha expression is associated with an atheromatous inflammatory plaque phenotype and upregulated in activated macrophages. Atherosclerosis. 2007;195(2):69.

	58.
Lim HS, Blann AD, Chong AY, Freestone B, Lip GY. Plasma vascular endothelial growth factor, angiopoietin-1, and angiopoietin-2 in diabetes: implications for cardiovascular risk and effects of multifactorial intervention. Diabetes Care. 2004;27(12):2918–24.PubMed

	59.
Lip PL, Chatterjee S, Caine GJ, Hope-Ross M, Gibson J, Blann AD, Lip GY. Plasma vascular endothelial growth factor, angiopoietin-2, and soluble angiopoietin receptor tie-2 in diabetic retinopathy: effects of laser photocoagulation and angiotensin receptor blockade. Br J Ophthalmol. 2004;88(12):1543–6.PubMedPubMedCentral

	60.
Stöger JL, Gijbels MJ, van der Velden S, Manca M, van der Loos CM, Biessen EA, Daemen MJ, Lutgens E, de Winther MP. Distribution of macrophage polarization markers in human atherosclerosis. Atherosclerosis. 2012;225(2):461–8.PubMed

	61.
Depuydt MAC, Prange KHM, Slenders L, Örd T, Elbersen D, Boltjes A, de Jager SCA, Asselbergs FW, de Borst GJ, Aavik E, Lönnberg T, Lutgens E, Glass CK, den Ruijter HM, Kaikkonen MU, Bot I, Slütter B, van der Laan SW, Yla-Herttuala S, Mokry M, Kuiper J, de Winther MPJ, Pasterkamp G. Microanatomy of the human atherosclerotic plaque by single-cell transcriptomics. Circ Res. 2020;127(11):1437–55.PubMedPubMedCentral

	62.
Burke AP, Kolodgie FD, Zieske A, Fowler DR, Weber DK, Varghese PJ, Farb A, Virmani R. Morphologic findings of coronary atherosclerotic plaques in diabetics: a postmortem study. Arterioscler Thromb Vasc Biol. 2004;24(7):1266–71.PubMed



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Increased frequency of proangiogenic tunica intima endothelial kinase 2 (Tie2) expressing monocytes in individuals with type 2 diabetes mellitus


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12933_2022_1497_Fig4_HTML.png
Q

CD68 (macrophages)

(on

CD34 (endothelium)

NSP CD68*/um?

o
FS
1

e
w
]

o
N
1

p=0.219

AA






OEBPS/css/envelope.png





OEBPS/images/12933_2022_1497_Fig1_HTML.png
ratio

non-classical/intermediate
e o
o0 o
e
E%”‘ g

0 200 400

FSC

C Classical monocytes

100 p=0.458
e
g 60 o:o
E A

40.

"6 A
] 20
0 . '
Q ]
N &
?® °

e A A
AL AMA A
()} st
9
S &
& 2
¥ L

ratio

d Intermediate monocytes

20 p=0.187
v
Q 15-
E- A
2
gl "
A
S e o M:M
4 e
X3 Aok
0 : .
& &
& &
o\
£ No diabetes
2 =0.0072
£ ° p=00050
2 4 ' p=0.21 =0.36 '
£ p=0. p=0.
= 1
£ 3
S
S 2 . ®
Sedrgel
T 4 o33
& & &
Q‘Q

ratio

e

Non-classical monocytes

204 p=0.030
g 15 .
g *e
2 . A
B0 s i
"5 A
R 51 R v A N
at
0 T :
& &
NS &
Y
® &&
h Diabetes
g 3 p=0.955
B A
E s n
] 21 Y A
"é : A " A - A
> A
S a
[ 14 Iy AAA,
% A A A Alra
5 A
S 0 : " :
O
(s

b Diabetes
++/- ++/+ "] o ++/- ++/[+
3.0% 500 | 6.1%
© 00
(2
m -
6.5% N 4.0%)|
e+ +/++
600 800 1K T N M 0 i o w0? o 10
CD16-APC CD16-APC





OEBPS/images/12933_2022_1497_Fig2_HTML.png
Healthy

CD14*CD16*
- 20.4%
& T
3 = 100 =0.091
a = . P
N 4 80
S — E
TS e % 60
CD16-APC TIE2-PE ’m
F a0 .
CD14**CD16" CD14*CD16** *® . .
20
l 9.2% 14.4%
T - o—= + o
= (g © © &
= S <5 S
w o"” > K
0 S & &
“ TIE2-PE " mE2-PE

C Within CD14+CD16" subset

d Within CD14**CD16" subset
15

100 p=0.383 p=0.027
. % N B
E 60: : +3 100 L[] : A A a
+
o “» o .t
w . E
i . R 50 e
e AL
2 . 1—:&— ‘3; il
ol 0% W o - A4
Q <]
q}&\ é"é’ 'b\@ oé&
R °.<$° W ®

b Diabetes
CD14+CD16*
o 70.5%
= ‘
& I
3 =
o, p
8 &
| ‘cote-apc " TIE2-PE
CD14*CD16- CD14*CD16*
9.2%
T T
o T
“ TIE2.PE " TIE2-PE’

€ Within CD14*CD16** subset

100 p=0.056
80 A
2 ad
@ A
C 60 y
~N
w
;:e 40
L] A AA
20 aui
o s oS - T
0 T :
& P
& &

150 p<0.0001
p=0.1580
| oy |
<00001__p<0.0001
| p— | —
100 a
fo,ad
a A e
B ala 4a
50 “ e 7
r
by YRS,
A A A AAAM
6 é 4
.
& 3
» »
& & &





OEBPS/css/sidebar.gif





OEBPS/images/12933_2022_1497_Fig3_HTML.png
ng/mL
ng/mL

Angl Diabetes

ng/mL

p=0.439
A
AdA
A
A A A
A A A A A,

A A_ﬁl — A
1ap o A
A AA AAA

A
& & &

Ang2 Diabetes
p=0.0013 P=0.0017
I p=0.049 p=0.803 |

>

>
<
s
> >

33:
X

»>>






