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Atherogenesis and arterial remodeling following mechanical injury are driven by inflammation and mononuclear cell infiltration. The binding of immune complexes (ICs) to immunoglobulin (Ig)-Fc gamma receptors (FcγRs) on most innate and adaptive immune cells induces a variety of inflammatory responses that promote atherogenesis. Here, we studied the role of FcγRIII in neointima formation after arterial injury in atherosclerosis-prone mice and compared the outcome and mechanism to that of FcγRIII in diet-induced “chronic” atherosclerosis. FcγrIII–/–/Apoe–/– and control Apoe–/– mice were subjected to wire-induced endothelial denudation of the carotid artery while on high-fat diet (HFD). FcγrIII deficiency mitigated neointimal plaque formation and lesional macrophage accumulation, and enhanced neointimal vascular smooth muscle cell (VSMC) numbers. This went along with a reduced expression of tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1/CCL2), and vascular cell adhesion molecule-1 (VCAM-1) in the neointimal lesions. Interestingly, in a chronic model of diet-induced atherosclerosis, we unraveled a dichotomic role of FcγRIII in an early versus advanced stage of the disease. While FcγrIII deficiency conferred atheroprotection in the early stage, it promoted atherosclerosis in advanced stages. To this end, FcγrIII deficiency attenuated pro-inflammatory responses in early atherosclerosis but promoted these events in advanced stages. Analysis of the mechanism(s) underlying the athero-promoting effect of FcγrIII deficiency in late-stage atherosclerosis revealed increased serum levels of anti-oxidized-LDL immunoglobulins IgG2c and IgG2b. This was paralleled by enhanced lesional accumulation of IgGs without affecting levels of complement-activated products C5a or C5ar1, FcγRII, and FcγRIV. Moreover, FcγrIII-deficient macrophages expressed more FcγrII, Tnf-α, and Il-1β mRNA when exposed to IgG1 or oxLDL-IgG1 ICs in vitro, and peripheral CD4+ and CD8+ T-cell levels were altered. Collectively, our data suggest that deficiency of activating FcγRIII limits neointima formation after arterial injury in atherosclerosis-prone mice as well as early stage chronic atherosclerosis, but augments late-stage atherosclerosis suggesting a dual role of FcγRIII in atherogenic inflammation.
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INTRODUCTION

As a chronic and progressive inflammatory condition of the arterial vessel wall, atherosclerosis is initiated by the recruitment of inflammatory cells and the accumulation of oxidized low density lipoproteins (oxLDL) that jointly drive the progression of atherosclerotic plaque development (Bernhagen et al., 2007; Weber and Noels, 2011; Libby et al., 2013). Previous studies suggest that oxLDL can induce autoimmune responses as evidenced by the presence of anti-oxLDL antibodies in mouse and human atherosclerotic lesions (Salonen et al., 1992; Erkkila et al., 2000). Hence, atherosclerosis has also been viewed as an autoimmune or immune complex disease (Nilsson and Hansson, 2008).

Immunoglobulin-Fc gamma receptors (FcγRs) play an important role in the clearance of immune complexes (ICs) (Nimmerjahn and Ravetch, 2008). Accumulating data also indicate the involvement of FcγRs in inflammatory diseases mediated by ICs (Meyer et al., 1998; Baudino et al., 2008). FcγRs are important cell-surface receptors on hematopoietic cells and are able to specifically bind to immunoglobulin G (IgG). This binding capacity induces a variety of biological responses like inflammatory cell activation, phagocytosis and antibody-dependent cellular cytotoxicity as well as maintenance of immunoglobulin homeostasis (Nimmerjahn and Ravetch, 2008). Four different classes of FcγRs are present in mice: FcγRI, FcγRII, FcγRIII, and FcγRIV. These receptors are classified as “activating” (FcγRI, III, and VI) and “inhibiting” (FcγRII) receptors. In spite of their differences (activating versus inhibiting), FcγRs generally play a crucial role in the clearance of IC-containing oxidized LDL. Serum LDL-IC concentrations in patients with coronary heart disease were found to be higher than those in healthy individuals (Wang et al., 2003), and the cholesterol content of circulating ICs (CICs) correlated with the presence and severity of atherosclerosis (Burut et al., 2010). Furthermore, binding of oxLDL-IC to FcγR on macrophages can activate a variety of pro-inflammatory cell responses. These include the release of inflammatory molecules such as Tnf-α and the complement component C5a, as well as the transformation of macrophages into foam cells, an important hallmark mechanism of atherosclerosis (Kiener et al., 1995).

The complement anaphylatoxin C5a is a well-described pro-inflammatory molecule, whose effect is conveyed by binding to the C5a receptors C5aR1 and C5aR2 that are expressed on immune and vascular cells (Siciliano and Rollins, 1990). Recent studies indicate that C5a may play an important role in the regulation of FcγR-dependent responses as well as in the synergistic regulation of both C5aR1 and FcγRs. IC-induced activation of FcγRIII leads to local formation of C5a, which causes further activation of C5aR1 and up-regulation of FcγRIII (Baumann et al., 2000). These intertwined processes are generally considered necessary for cell activation and inflammatory immune responses. However, the pathogenic significance of activating FcγRIII for local C5a production and its interaction with the C5a/C5aR1-axis as well as co-regulation of C5aR1/FcγR have not been explored in atherosclerosis. Although the functional role of both FcγR common chain and FcγRIII in diet-induced atherosclerotic plaque formation in hyperlipidemic mice has been amply studied (Hernandez-Vargas et al., 2006; Kelly et al., 2010; Ng et al., 2011; Zhu et al., 2014), their specific roles in different stages of atherosclerosis have not been scrutinized. Moreover, the effect of FcγRIII on accelerated atherosclerosis after arterial injury is unexplored.

Therefore, here we studied the role of FcγRIII in neointima formation after mechanical arterial injury in comparison with its role in chronic high-fat diet-induced atherosclerosis, and determined the effects of the cooperative role of FcγRIII/C5aR1 in atherosclerotic vascular inflammation.



MATERIALS AND METHODS


Mice

C57BL/6J FcγrIII-deficient mice (FcγrIII–/–) were crossed with atherosclerosis-prone C57BL/6J Apoe-deficient mice (Apoe–/–) to generate FcγrIII–/–/Apoe–/–. The knockout for both genes was confirmed using genotyping PCR. Eight-week-old female FcγrIII–/–/Apoe–/– and corresponding control Apoe–/– mice received a high-fat diet (HFD; 21% fat, 0.15% cholesterol and 19.5% casein (Sniff, Soest, Germany) for 4 weeks to induce early atherosclerosis or for 12 and 24 weeks to study effects in late-stage atherosclerosis. Wire-induced endothelial-denudation of the carotid artery was performed in mice receiving HFD for 1 week before and 4 weeks after surgery (n = 10 for each group). All animal experiments were approved by local authorities (Landesamt für Natur, Umwelt und Verbraucherschutz (LANUV), Nordrhein-Westfalen, Germany) and complied with the German animal protection law.



Tissue Preparation

Mice were euthanized using an overdose of Ketamine (500 mg/kg)/Xylazine (50 mg/kg) and perfused with sterile phosphate-buffered saline (PBS). For RNA isolation, tissue and organs were snap-frozen in liquid nitrogen and stored at −80°C. For immunohistochemical staining, tissues and organs were either fixed in 4% paraformaldehyde (PFA) and embedded in paraffin or used for cryosectioning. Aortas were placed in 4% PFA overnight, cut longitudinally and the adventitia was removed before en face staining.



Determination of Atherosclerotic Lesions

The extent of atherosclerosis was assessed on aortic roots and on thoracoabdominal aortas by staining for lipid deposition with oil-red-O (ORO) staining (Sigma-Aldrich, Deisenhofen, Germany) and quantified by computerized image analysis (Diskus Software, Hilgers, Königswinter, Germany) and Leica Qwin Imaging software (Leica Ltd., Cambridge, United Kingdom). Briefly, atherosclerotic lesion areas were measured on a constant number of 5-μm transversal sections through the heart and aortic roots. For each aortic root, the average of ORO-stained areas from six sections separated by 50 μm from each other was calculated. The thoracoabdominal aorta was opened longitudinally along the ventral midline, and lesion areas in en face preparations were stained with ORO. The percentage of lipid deposition was calculated by dividing the stained area by the total thoracoabdominal aortic surface. For analysis of carotid arteries, 4-μm transversal serial sections from the paraffin-embedded carotid arteries were collected on glass slides. Within a standardized distance (0–360 μm) from the bifurcation, carotid artery sections (10 sections per mouse; each separated 40 μm apart) were stained using Movat’s pentachrome stain. The areas of lumen, neointima (between lumen and internal elastic lamina), media (between internal and external elastic laminae) and area within the external elastic lamina (aEEL) were measured by planimetry using Diskus Software (Hilgers). For each mouse, data from these 10 sections were averaged to represent neointima formation along this standardized distance.



Histological and Immunohistological Analysis

Serial sections of the aortic roots and carotid arteries were analyzed for their cellular composition by quantitative immunohistochemistry. Immunofluorescence staining was performed using antibodies against CD3 (MCA1477, AbD Serotec, Cologne, Germany), CD45R/B220 (553085, BD Bioscience, Heidelberg, Germany), myeloperoxidase (MPO, RB-373-A, Neomarkers, Freemont, CA, United States), C5aR1 (CD88, ab59390, Abcam, Cambridge, United Kingdom), α-SMA (M0851, Dako, Hamburg, Germany), Mac-2 (CL8942AP, CEDARLANE, Burlington, ON, Canada), VCAM-1, MCP-1/CCL2, and TNF-α (all from Santa Cruz, Santa Cruz, CA, United States), CD19 (clone 6D5, MCA1439, BioRad) and FITC- or Cy3-conjugated secondary antibody (Jackson ImmunoResearch, Ely, United Kingdom). Nuclei were co-stained with 4′, 6-diamidino-2-phenylindol (DAPI). Proliferating cells were determined using the Ki-67 marker (M7249, DakoCytomation) and apoptotic cells using TUNEL-staining Kit (Roche). Immunoglobulins were detected using anti-IgG (AI-9200, Vector Laboratories, Burlingame, CA, United States) and anti-IgM (sc-2075, Santa Cruz) antibodies and visualized by avidin-biotin-complex method. Lipid deposits were stained with Nile Red and Oil-red-O (Sigma-Aldrich). Collagen contents were analyzed using Gomori Trichrome staining. Images were recorded with a Leica DMLB fluorescence microscope and a charge-coupled device camera. Analysis of images was performed using Diskus analysis software (Hilgers) with the exception of Nile Red stainings, which were analyzed using Image J software (National Institute of Health).



RNA Extraction and cDNA Synthesis

Aorta tissues were homogenized in RLT buffer (Qiagen, Hilde, Germany) using Homogenator (Qiagen) and stainless-steel beads (74104, Qiagen). Macrophages were disrupted in RLT buffer + 1% β-mercapto-ethanol. Total RNA was purified using RNeasy spin column kit (Qiagen) and the concentration was determined by measuring the absorbance at 260 nm using a Nanodrop spectrophotometer (GE Healthcare, Freiburg, Germany). Equal concentrations (1 μg) were transcribed into cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Heidelberg, Germany) according to manufacturer’s protocols.



Real-Time PCR

Gene expression was determined by real-time PCR with primers for mouse Tnf-α, Il-1β, Tgf-β, Il-6, Il-10, Il-4 (Sigma) and C5ar1, Fcgr3a, Fcgr2b (Biorad, Munich, Germany) in a thermal cycler 7900HT (Applied Biosystems). The expression of target genes was calculated by the ΔΔCt method and normalized to GAPDH. All RT-PCR reactions were carried out in duplicate. A preparation without template served as a negative control.



ELISA

Plasma was obtained from blood that was centrifuged at 3000 g for 20 min. Immunoglobulin titers against oxidized low-density lipoprotein (oxLDL) and malondialdehyde-oxidized (MDA-LDL) in plasma were measured using sandwich ELISA. 96-well ELISA plates (Nunc, Dreieich, Germany) were coated overnight at 4°C with 10 μg/μl oxidized LDL or MDA-LDL. After washing with PBST, plasma dilutions of 1:100 were added and incubated for 2 h at RT. Detection occurred for 1 h at RT with mouse anti-IgG (sc-2005), anti-IgM (sc-2064), anti-IgA (sc-3791), anti-IgG2a (sc-2061), anti-IgG2b (sc-2062), and anti-IgG3 (sc-2063) antibodies (Santa Cruz) labeled with horseradish peroxidase (HRP). Substrate was added and chemiluminescence was measured at 450 nm using an ELISA reader (Tecan, Männedorf, Switzerland). The C5a plasma titer was determined using a C5a detection Kit (ELM-ccC5a-001, Raybiotech, Peachtree Corners, GA, United States). Total Plasma cholesterol and triglyceride levels were quantified using enzymatic assays (Analyticon, 4046 and 5052, Lichtenfels, Germany) according to the manufacturer’s protocol. Plasma levels of IL-10 (88-7105-8), IL-6 (88-7064-88) and Tnf-α (88-7324-88, Bioscience, Würzburg, Germany) were determined by using ELISA kits.



Flow Cytometry

Cells were isolated from spleen and lymph nodes and a single-cell suspension was prepared and filtered over MACS pre-separation filter (Miltenyi, Bergisch Gladbach, Germany). Thereafter, cells were treated with erythrocyte lysis buffer (0.155 M NH4Cl, 10 mM NaHCO3). Cell suspensions were carefully washed and stained with FACS staining buffer and combinations of antibodies against T and B cells: FITC-anti-CD3, APC-anti-CD4, PE-Cy7-anti-CD8, PE-anti-CD25, Per-CP-Cy5.5-anti-CD19 and APC-Cy7-anti-CD45. For regulatory T cells: PerCP-Cy5.5-anti-CD3, FITC-anti-CD4, PE-anti-CD25, APC-Cy7-anti-CD45 and APC-anti-Foxp3. All antibodies were obtained from eBioscience (Vienna, Austria) and were incubated for 60 min on ice. Mouse regulatory T-cell staining kit (eBioscience) was used for permeabilization and fixation of cells for intracellular staining of Foxp3. At least 100.000 gated cells were acquired, after appropriate fluorescence compensation, and analyzed in a FACSCanto II using FACSDiva software (BD Biosciences). Final analysis was performed using FlowJo software (Tree Star Inc.).



OxLDL and Immune Complex Preparation

To prepare oxLDL, human plasma LDL (437644, Calbiochem, Heidelberg, Germany) was diluted with sterile PBS to a final concentration of 1.5 mg/ml and incubated with copper sulfate (5 μM) at 37°C for 4 h (mild oxidation) or overnight (heavy oxidation). The reaction was stopped using 25 μl EDTA (5 mM), and oxidized LDL (oxLDL) was purified using PD10 desalting columns (GE healthcare). Final elution was done in 3.5 ml sterile PBS and oxLDL preparations stored at 4°C in the dark. The concentration was determined using Bradford assay. Malondialdehyde (MDA)-LDL from human plasma was purchased from Hölzel (Cologne, Germany). ICs were produced by incubating oxLDL (30 μg/ml) and mouse anti-oxLDL-IgG1 (OB40, University of Graz; 100 μg/ml) in sterile PBS at 4°C overnight. The concentration was determined using Lowry assay.



Isolation and Stimulation of Macrophages

Bone marrow-derived macrophages (BMDMs) were isolated from femur and tibia of Apoe–/– and FcγrIII–/–/Apoe–/– mice as already established (Asare et al., 2017). Briefly, bones were isolated, cut open with a sterile scissor and flushed with ice-cold sterile PBS using a syringe with a 27-G needle. The bone marrow was filtered through a 40 μm cell strainer (Greiner) and collected in a 50 ml falcon. The cells were then centrifuged at 1200 rpm for 5 min, resuspended in culture medium (RPMI 1640 + L-Glucose, 10 mM HEPES, 10% FCS, 100 U/ml Gentamycin, 15% LCM) and plated in 15 cm bacterial plastic plates (Greiner). After 7 days of differentiation, the macrophages were used for stimulation experiments. The cells were transferred into 6-well plates (Greiner, Frickenhausen, Germany), cultured overnight without LCM and synchronized for 2 h without FCS. The stimulation of macrophages was done by adding 10 μg/ml and 50 μg/ml oxidized LDL, IgG or ICs for 6 h at 37°C; unstimulated macrophages served as control. RNA was isolated, reverse transcribed and used for RT-PCR.



Statistical Analysis

All statistical analysis was performed using GraphPad Prism 5 (GraphPad software Inc.). All data are given as means ± SEM and were analyzed for normality by the Kolmogorov–Smirnov test or D’Agostino and Pearson omnibus test and then by the 2-tailed Student t test or two-way ANOVA with Bonferroni post-test as appropriate. P < 0.05 was considered statistically significant.



RESULTS


FcγrIII Deficiency Limits Neointima Expansion in Atherosclerosis-Prone Mice

To study the effect of FcγrIII deficiency in neointima formation after arterial injury, FcγrIII–/–/Apoe–/– and control Apoe–/– mice received an HFD 1 week before and 4 weeks after endothelial denudation of the left common carotid artery. FcγrIII deficiency attenuated neointimal plaque formation when compared to control mice, whereas the medial area was unaltered (Figures 1A,B). Analysis of the cellular composition in the neointimal plaques and medial area revealed significantly reduced Mac-2+ macrophages (Figures 1C,D and Supplementary Figure S1A) and an increase in α-SMA+ vascular smooth muscle cell (VSMC) numbers whereas medial VSMC numbers were not affected (Figures 1E,F and Supplementary Figure S1B) in FcγrIII-deficient mice. Also, the neointimal collagen content and IgG area did not differ between control Apoe–/– and FcγrIII-deficient mice (Supplementary Figures S1C,D). Furthermore, injury-induced Tnf-α+ cells were reduced in FcγrIII-deficient neointimal plaques (Figure 1G) and this went along with reduced expression levels of downstream adhesion molecules and chemokines. Specifically, we found significantly lower numbers of cells expressing Mcp-1/Ccl2 and Vcam-1 upon FcγrIII deficiency compared to control mice (Figures 1H–J), consistent with the limited expansion of the neointima observed in FcγrIII-deficient mice. Collectively, these data indicate that FcγRIII promotes pro-inflammatory responses in the vasculature to accelerate neointima formation after arterial injury.
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FIGURE 1. FcγrIII deficiency limits neointima expansion in atherosclerosis-prone mice. (A) Quantification of neointimal and medial area in FcγrIII–/–/Apoe–/– and Apoe–/– mice 4 weeks after wire-induced injury in carotid arteries. (B) Representative images of Movat’s pentachrome staining. Scale bars 200 μm. (C) Quantification of neointimal and medial Mac2+ macrophages and (D) representative immunofluorescence images for Mac-2 (green). (E) Quantification of neointimal and medial α-SMA+ smooth muscle cells and (F) representative α-SMA staining (red). Scale bars 200 μm. Cell nuclei are in blue. (G) Quantification of neointimal Tnf-α+, (H) Mcp-1+, and (I) Vcam-1+ cells. (J) Representative immunofluorescence images for Vcam-1 (green) are shown. Graphs represent the mean ± SEM (n = 6–7 mice per group). 2-tailed t-test, FcγRIII–/–/Apoe–/– vs. Apoe–/– mice. **p < 0.01, ***p < 0.001, ****p < 0.0001.




Dichotomic Role of FcγRIII in Chronic Atherosclerosis

We next compared the observed effect of FcγRIII in neointimal lesion formation with that in a model of early atherosclerosis, i.e., FcγrIII–/–/Apoe–/– versus Apoe–/– mice on a 4-week HFD in the absence of mechanic injury. In line with previous reports (Zhu et al., 2014), FcγrIII deficiency conferred atheroprotection in early stages of the disease and limited the expression of inflammatory cytokines and adhesion molecules (Supplementary Figures S2A–E).

We also studied the role of FcγRIII in intermediate and late-stage atherosclerosis in atherogenic mice receiving an HFD for 12 and 24 weeks, respectively. The analysis revealed an unexpected and previously unrecognized phenotype, in which FcγrIII deficiency promoted atherosclerosis in the aorta at both 12 and 24 weeks of HFD as determined by en face staining (Figures 2A,B). FcγrIII deficiency also led to an atheropromoting effect in aortic root in mice receiving a 12-week HFD regimen, while no effect was seen in aortic root after 24 weeks of HFD (Figures 2C,D). To further explore this unexpected finding, serial sections of the aortic roots were analyzed by quantitative immunohistochemistry to determine the cellular plaque composition. Lesional Mac-2+ macrophages were significantly decreased in FcγrIII–/–/Apoe–/– compared to control Apoe–/– mice after both 12 and 24 weeks of HFD (Figures 2E,F), but this went along with an increased necrotic core size (Supplementary Figure S3). Similarly, α-SMA+ VSMC content was significantly reduced after 12 but not 24 weeks of HFD (Figures 2G,H). Lesional total T lymphocyte (CD3+) and MPO+ neutrophil content as well as Ki-67+ proliferative and TUNEL+ apoptotic cells did not differ between both groups (Supplementary Table S1) and neither did the expression of C5a, C5ar1, FcγRII, and FcγRIV (Supplementary Figures S4A–F). However, while there are technical limitations regarding the reliable quantification of lesional T-cell subsets, FcγrIII deficiency led to altered splenic and lymph node CD4+, CD8+, and FoxP3+ T-cell subset levels as measured by flow cytometry (Supplementary Figures S5A–D). Together, these data indicate that FcγrIII deficiency has a dichotomic role in chronic atherosclerosis of hyperlipidemic atherogenic mice, attenuating early lesion formation but augmenting intermediate-late-stage atherosclerosis.
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FIGURE 2. Dichotomic role of FcγRIII in chronic atherosclerosis. (A–H) FcγrIII–/– Apoe–/–, and Apoe–/– mice received HFD for 12 and 24 weeks. (A) Quantification of lesion size in whole aorta (n = 6–9 mice per group). (B) Representative image of en face stained whole aorta lesions. (C) Quantification of lesion sizes in aortic root (n = 10–12 mice per group). (D) Representative image of Oil-Red-O stained aortic root lesion. Scale bar 500 μm. (E) Quantification of Mac-2 + macrophages (green). (F) Representative Mac-2 immunostaining (green). (G) Quantification of α-SMA smooth muscle cells. (H) Representative α-SMA immunostaining (red). Magnification × 40; scale bar 100 μm; and (n = 10 mice per group). Graphs represent mean ± SEM. 2-tailed t-test, *p < 0.05, **p < 0.01, ***p < 0.001.




FcγrIII Deficiency Enhances the Accumulation of Immunoglobulins in Intermediate-to-Advanced Atherosclerotic Lesions

Fc gamma receptor aggregation mediates inflammatory responses induced by autoantibodies and ICs (Ben Mkaddem et al., 2019) and the progression of atherosclerosis is characterized by the presence of disease-promoting autoantibodies against modified LDL (Shoenfeld et al., 2004). To investigate whether anti-oxidized low-density lipoprotein (oxLDL) and anti-malondialdehyde-oxidized (MDA-LDL) antibodies may explain the observed increased plaque size in FcγrIII–/–/Apoe–/– mice in intermediate-late-stage atherosclerosis, we measured serum levels of anti-oxLDL and anti-MDA-LDL IgM, IgA, and IgG antibody subtypes. At 12 weeks of HFD, the levels of circulating IgG, IgG2a, and IgG2b anti-oxLDL antibodies were significantly increased in FcγrIII–/–/Apoe–/– mice compared to control mice (Figure 3A), whereas only a trend for increased IgG (subtype) levels was noted after 24 weeks of HFD (Figure 3B). IgA and IgM titers showed no significant differences between both groups at both intervals of HFD. Analysis of anti-MDA-LDL antibodies revealed significantly enhanced IgG and IgG1 titer in FcγRIII–/–/Apoe–/– mice after 12 weeks of HFD compared to Apoe–/– mice (Figure 3C). After 24 weeks of HFD, the anti-MDA-LDL IgG1 titer was increased in FcγrIII–/–/Apoe–/– mice compared to Apoe–/– mice. Differences for all other anti-MDA-LDL Ig subtypes did not reach significance at either time interval (Figure 3D). To more directly examine the functional consequences of elevated circulating Ig antibody subtypes following FcγrIII deficiency on atherosclerotic lesion formation, serial sections of aortic roots were analyzed by quantitative immunohistochemistry for an accumulation of IgG and IgM whole fractions. Our analysis revealed significantly increased IgG concentrations in the lesions of FcγrIII–/–/Apoe–/– mice at both time points of HFD (Figures 3E,F), whereas IgM content did not differ between groups (Figures 3G,H). Given that plaque IgG-type antibodies are generally considered to be atherogenic, while IgMs predominantly exhibit atheroprotective activity (Schmitz et al., 2018; Sage et al., 2019), these findings suggest the need of FcγRIII for clearance of pro-atherogenic ICs against modified lipoproteins, and may at least partly explain the exacerbated atherosclerotic lesion formation observed upon FcγrIII deficiency.
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FIGURE 3. FcγrIII deficiency enhances the accumulation of immunoglobulins in intermediate-to-advanced atherosclerotic lesions. (A–H) FcγrIII–/–Apoe–/–, and Apoe–/– mice received HFD for 12- and 24-weeks. (A,B) Quantification of anti-oxLDL IgA, IgM, IgG, and IgG subtypes IgG2a, IgG2b, and IgG3 in plasma from mice fed HFD for 12 weeks (A) and for 24 weeks (B). (C,D) Quantification of plasma levels of anti-MDA-LDL in mice fed HFD for 12 weeks (C) and for 24 weeks (D). (E) Quantification of accumulated IgG antibodies in aortic root lesions. (F) Representative IgG staining. (G) Quantification of accumulated IgM antibodies in aortic root lesions. (H) Representative IgM staining. Scale bar 500 μm. Graphs represent mean ± SEM (n = 6). 2-tailed t-test, *p < 0.05.




FcγrIII Deficiency Induces Pro-inflammatory Profile in Macrophages

Based on the reported role of FcγRIII in regulating the decision between pro- and anti-inflammatory responses by inducing ITAM or inhibitory ITAM (ITAMi) signaling (Aloulou et al., 2012), we determined the phenotype of macrophages in FcγrIII–/–/Apoe–/– mice. BMDMs were stimulated with two different concentrations of oxidized LDL, anti-oxLDL-IgG1, and soluble ICs for 6 h. Analysis of gene expression revealed an increase of Tnf-α, Il-1β, iNOS, and FcγrII upon FcγrIII deficiency, while the expression of Arginase-1, Tgf-β, Il-10, and C5ar1 did not differ in both groups (Figures 4A–D and Supplementary Figures S6A–D). Of note, quantification of pro-inflammatory gene expression in the atherosclerotic lesions showed increased lesional Tnf-α and Il-1β levels in FcγrIII-deficient mice (Figures 4E,F). Collectively, these findings indicate that FcγrIII deficiency enhances pro-inflammatory responses in the bone marrow-derived compartment of the vasculature to promote advanced atherosclerosis.
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FIGURE 4. FcγrIII deficiency induces pro-inflammatory profile in macrophages. (A–D) BMDMs from FcγrIII–/–/Apoe–/–, and Apoe –/– mice were stimulated with varying concentrations of oxidized LDL, IgG1 and oxLDL-IgG1 immune complexes (IC) for 6 h. Quantification of Tnf-α (A), Il-1β (B), iNOS (C), and Arginase-1 (D) mRNA levels. n = 3 independent experiments. (E,F) FcγRIII–/–/Apoe–/–, and Apoe –/– mice received HFD for 12- and 24- weeks. Quantification of lesional Tnf-α (E) and Il-1β (F) in aortic tissues. n = 6 mice per group. Graphs represent the mean ± SEM. two-tailed t-test, FcγrIII–/–/Apoe–/– vs. Apoe–/– mice, *p < 0.05, **p < 0.01, ***p < 0.001.




DISCUSSION

Our study investigated the role of activating FcγRIII in neointima expansion after arterial injury and in diet-induced chronic atherosclerosis in Apolipoprotein E-deficient hypercholesterolemic mice, comparing the phenotype in early versus intermediate-to-late stages. Using a wire injury-based accelerated atherosclerosis model, we demonstrate that FcγrIII deficiency reduces neointimal plaque size and macrophage content and induces a stable plaque phenotype with an increased VSMC compartment, which was paralleled by reductions in proinflammatory cytokine TNF-α, the chemokine MCP-1/CCL2, and the atherogenic adhesion molecule VCAM-1 in the vasculature. The lesion-lowering protective effect of FcγrIII deficiency was mirrored in a model of diet-induced “early” atherogenesis. In contrast, in a diet-induced model of “advanced” atherosclerosis, FcγrIII deficiency exacerbated atherosclerotic plaque formation after 12 and 24 weeks of HFD. This was accompanied by lesional accumulation of IgG-type immunoglobulins and elevated serum autoantibodies against modified-LDL and lipid levels. Of note, these unexpected atheropromoting effects of FcγrIII deficiency were independent of the cooperativity between the C5a/C5aR1 and FcγRIII/FcγRII axis; hence supporting their independent role in the pathogenesis of a different disease context.

Neointima formation after endothelial denudation is driven by intima exposure, platelet adhesion, activation of inflammatory genes, and increased leukocyte trafficking into the injured vessel wall. To restore the integrity of the artery, phenotypically changed VSMCs accumulate in the intimal layer to maintain vascular stability. Likewise, the extent of macrophage infiltration is a strong determinant of neointimal lesion size (Schober and Weber, 2005). Hence, inhibiting genes that regulate leukocyte trafficking including Mac-1, VCAM-1, and MCP-1/CCL2 has generally resulted in reduced neointimal mass, indicating a decisive role of inflammation in neointimal formation (Shah, 2003). Our data indicating a protective role of FcγrIII deficiency in neointima formation after arterial injury is attributable to the reduction of lesional inflammatory cells and VCAM-1, MCP-1/CCL2, and TNF-α levels.

Our findings that FcγrIII deficiency exacerbates intermediate-to-late-stage atherosclerosis at first sight contradicts previously reported data, according to which FcγrIII deficiency attenuated atherosclerotic plaque formation (Kelly et al., 2010; Zhu et al., 2014). In FcγrIII–/–/Ldlr–/– mice, Kelly et al. (2010) observed fewer lesions after 24 weeks of HFD. While it is difficult to reconcile these findings, it is worth noting that Apoe–/– mice on HFD develop extensive late-stage atherosclerosis with different characteristics than the corresponding Ldlr–/– mice receiving HFD for the same duration (Veniant et al., 2001). Notwithstanding their limitations and differences, both models have been instrumental in identifying specific pathways that can be targeted for atheroprotection in humans (Gleissner, 2016). Using 5-week-old FcγrIII–/–/Apoe–/– mice fed an HFD for 10 weeks, Zhu et al. (2014) reported a reduced lesion size accompanied by a decreased foam cell content. These conditions are closer to the conditions used in our 12-week HFD model of intermediate stage atherosclerosis, but differences still apply. In fact, HFD in our intermediate model of FcγrIII–/–/Apoe–/– mice was not started until the age of 8 weeks and the applied diet in our model was 2 weeks longer. The model applied by Zhu et al. (2014) may thus be closer to our 4-week HFD model of early atherosclerosis. Indeed, in this model, we found FcγrIII deficiency to confer atheroprotection in 8-week-old mice. In conjunction, the data by Kelly, Zhu and colleagues and the data in our current study indicate a Janus-faced role of FcγRIII in atherosclerosis, exhibiting a pro-atherogenic role in early atherosclerosis and/or younger mice, whereas this effect appears to be overcompensated by a FcγRIII-mediated athero-protective mechanisms in more advanced stages of the disease. Whether the alterations in splenic and lymph node T cells that we observed in our study upon FcγrIII deficiency contribute to this effect is unclear and clearly needs future scrutiny. The decrease in FoxP3+ Tregs in the 12-week HFD model could support this notion, but Tregs were found to be elevated in FcγrIII–/–/Apoe–/– mice at 24 weeks of HFD, and the analysis of CD4+ and CD8+ subsets provided a complex picture as well.

Autoantibodies are produced against oxidized LDL, but whether the titer of anti-oxLDL autoantibodies serves as a marker for atherosclerosis progression is still a unclear (Shoenfeld et al., 2004). Anti-oxLDL IgGs are known to be pro-atherogenic by forming IC with oxLDL (Mallavia et al., 2013), which bind to FcγR and lead to a pro-inflammatory cell response by macrophage activation. Anti-oxLDL IgM antibodies have been suggested to play a protective role in atherosclerosis (Faria-Neto et al., 2006) and ICs block the oxLDL uptake by macrophages. We found that the IgM anti-oxLDL response remained unchanged in plasma of FcγrIII-deficient mice, whereas the IgG anti-oxLDL antibodies were increased. Further analysis revealed an increase in the IgG2a/b response accompanied by a slight increase in IgG1, suggesting a pro-inflammatory effect of ICs in lesion progression. Additionally, clinical studies have shown that IgG antibodies directed against another form of modified LDL, MDA-LDL, correlate with cardiovascular diseases (Salonen et al., 1992). We observed an increased IgG and IgG1 response in plasma upon FcγrIII deficiency, indicating a role for anti-MDA-LDL antibodies in the progression of lesion formation. Furthermore, autoantibodies against oxLDL have been detected in atherosclerotic lesions (Shoenfeld et al., 2004) and plaques are known to contain large amounts of IgM and IgG (Yla-Herttuala et al., 1994). This could be a result of diffusion as well as deposition of Igs and ICs from the circulation into the intima (Burut et al., 2010). In our current study, we found an increased accumulation of IgG in FcγRIII-deficient lesions, while IgM deposition did not differ between both groups. Hence, indicating that deficiency of FcγrIII is accompanied by a defective clearance of anti-oxLDL ICs leading to lesional accumulation of IgG.

Our study also offers a mechanistic explanation for the observed dichotomy. Monomeric IgG1 and oxLDL-IgG1 IC-triggered cytokine production is enhanced in FcγrIII-deficient macrophages, insinuating an anti-inflammatory role for FcγRIII, at least in this experimental paradigm. Likewise, in a mouse model of obstructed kidney, an anti-inflammatory effect of FcγRIII was seen in IVIg (intravenous immunoglobulin) and 2.4G2 F(ab)2 (anti-FcγRIII/II antibody)-treated mice (Aloulou et al., 2012). On the other hand, a decrease in TNF-α was found after MDA-LDL-IC incubation of CD16 siRNA-transfected macrophages (Zhu et al., 2014) and bone marrow-transplanted Fcrγ-chain-deficient mice (Mallavia et al., 2013). ICs used in these studies consisted of all types of IgG, whereas we used mouse IgG1 which, similar to IVIg, was shown to control the inflammatory response by ITAMi (Aloulou et al., 2012). In addition, FcγRIII is the only activating receptor that is able to bind to IgG1 and small ICs can mimic the response mediated by IVIg (Siragam et al., 2005). Although previous studies have proven that even at high concentrations of IgG1, FcγRIII is the mediating receptor in FcγrII-deficient models (Siragam et al., 2006; Aloulou et al., 2012), we cannot completely exclude possible effects from FcγRII or paired FcγRII/FcγRIII complexes. Moreover, dual activating and inhibitory effects of FcγRIII, depending on the degree of aggregation of its natural ligand IgG, have been described (Pinheiro da Silva et al., 2007).

In summary, we present evidence for a protective effect of FcγrIII deficiency in neointima expansion and in early atherosclerosis. This is attributable to reduced pro-inflammatory responses in the vasculature. However, in advanced atherosclerosis FcγrIII deficiency augments lesion formation, at least in part through enhanced accumulation of Igs in the atherosclerotic lesions. It will be intriguing to identify the triggers of this Ig-mediated response in the future. Gaining a better insight into FcγRIII function in atherosclerosis will provide valuable information for the rational design of anti-atherosclerotic therapeutics.
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Expression of Chitotriosidase in Macrophages Modulates Atherosclerotic Plaque Formation in Hyperlipidemic Mice
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Objective: To determine whether overexpression of the chitin degrading enzyme, chitotriosidase (CHIT1), modulates macrophage function and ameliorates atherosclerosis.

Approach and Results: Using a mouse model that conditionally overexpresses CHIT1 in macrophages (CHIT1-Tg) crossbred with the Ldlr–/– mouse provided us with a means to investigate the effects of CHIT1 overexpression in the context of atherosclerosis. In vitro, CHIT1 overexpression by murine macrophages enhanced protein expression of IL-4, IL-8, and G-CSF by BMDM upon stimulation with a combination of lipopolysaccharide (LPS) and interferon-γ (IFN-γ). Phosphorylation of ERK1/2 and Akt was also down regulated when exposed to the same inflammatory stimuli. Hyperlipidemic, Ldlr–/–-CHIT1-Tg (CHIT1-OE) mice were fed a high-fat diet for 12 weeks in order to study CHIT1 overexpression in atherosclerosis. Although plaque size and lesion area were not affected by CHIT1 overexpression in vivo, the content of hyaluronic acid (HA) and collagen within atherosclerotic plaques of CHIT1-OE mice was significantly greater. Localization of both ECM components was markedly different between groups.

Conclusions: These data demonstrate that CHIT1 alters cytokine expression and signaling pathways of classically activated macrophages. In vivo, CHIT1 modifies ECM distribution and content in atherosclerotic plaques, both of which are important therapeutic targets.

Keywords: atherosclerosis, macrophage, chitotriosidase, hyaluronic acid, collagen


INTRODUCTION

Chitin is among the most abundant biopolymers in nature, second only to cellulose. It is a linear polysaccharide made up of repeating N-acetyl-D-glucosamine (GlcNAC) monomers. Chitin functions as the primary structural component in the exoskeleton of arthropods, and is produced by mollusks, crustaceans, fungi, and nematodes as well (Tharanathan and Kittur, 2003). Endogenous chitin is not present in vertebrates and is, in fact, recognized by macrophage TLRs as a pathogen associated molecular pattern (PAMP). Like most mammalian chitinases, Chitotriosidase (CHIT1) is a member of the glycosyl-hydrolase enzymatic family 18 (GH18). Cleavage of substrate is achieved through hydrolysis of β(1→4) glycosidic bonds. There are two major isoforms of CHIT1 that arise from post-translational modification. In macrophages, CHIT1 is initially synthesized as a 50 kDa protein. This isoform is either secreted in response to an inflammatory stimulus or packaged in lysosomes and lysosome-related organelles (LRO) where the acidic environment within is believed to promote cleavage into a still fully enzymatically active 39 kDa isoform (Renkema et al., 1995, 1997).

Several different reports have described elevated serum CHIT1 activity in atherosclerotic patients and animals (Artieda et al., 2003; Fach et al., 2004; Karadag et al., 2008). Previously published data from our group showed that CHIT1 inhibition using a chitinase inhibitor, allosamidin, promotes atherosclerosis in ApoE–/– mice (Kitamoto et al., 2013). Pretreatment of bone marrow-derived macrophages (BMDM) in vitro with allosamidin and subsequent stimulation with IFN-γ significantly upregulated pro-inflammatory mediators associated with M1 macrophage polarization such as MCP-1, TNF-α, iNOS, IL-6, IL-12, and IL-1β when compared to IFN-γ treatment alone. In vivo, ApoE–/– mice fed a Western diet for 6 weeks and administered allosamidin via a surgically implanted pump, exhibited significantly greater lesion area in the aortic arch compared to vehicle control. Moreover, we found that lesion area was also significantly larger in the aortic sinus, and that macrophage deposition was also significantly greater.

Because we observed an exacerbation of atherosclerosis by inhibiting CHIT1, we sought to examine if overexpression of CHIT1 in macrophages may exhibit possible athero-protective properties. Our findings demonstrate that CHIT1 overexpression in vitro augmented the transcription and expression of cytokines and chemokines associated with atherosclerosis. We also observed differences in plaque morphology between atherosclerotic mice overexpressing CHIT1 compared to littermate controls. Given these findings and given that chitin does not exist in atherosclerotic plaques, further exploration of the non-traditional role of CHIT1 in plaque macrophages may be warranted and may indeed provide novel insight into macrophage behavior and atherosclerotic plaque morphology.



MATERIALS AND METHODS


Mouse Strains

Wild-type C57BL/6 mice and LDLR null mice generated on a C57BL/6 background animal were purchased from Jackson Laboratories (Bar Harbor, Maine). CHIT1-OE mice were developed in cooperation with Kyushu University and Riken research Institute (Saitama, Japan). Briefly, the transgene depicted in Figure 1A was microinjected into fertilized mouse embryos.
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FIGURE 1. (A) The transgene was designed with an EGFP stop sequence (green) that is removed in the presence of Cre recombinase. When Cre recombinase is expressed in lysozyme producing cells, the CHIT1 gene (blue) is constitutively expressed by macrophages. (B) Results from genotyping F0 mice indicate the presence of both primers and confirm transgene insertion. B -globin gene was used as internal control. (C) Transcription of CHIT1 mRNA was quantified using qPCR. cDNA was isolated from control and CHIT1-OE BMDM (P = 0.0059). (D) Western blot imaging of CHIT1 protein expression. Both the 50 kDa and 39–42 kDa isoforms were significantly increased in BMDM from CHIT1-OE mice compared to controls (P = 0.0245 and 0.0168 respectively). (E) Membranes after Western blot were imaged using Licor Odyssey CLx and analyzed with image studio software measurements reflect the fold change in florescence intensity. (F) CHIT1 activity was analyzed in BMDM from control (Cre-) and CHIT1-OE (Cre+). Liberated 4-MU emission was measured with a plate reader to determine enzymatic activity (P = 0.0305. (G) immunoprecipitation was performed on supernatants of BMDM harvested from CHIT1-OE mice and control animals. Coomassie staining of the membrane was used as a total protein control (P = 0.0330). (H) Analysis of Western blot images with image studio software showed a significant increase in CHIT1 protein expression. N = 3; *P<0.05; **P<0.01.


To confirm successful transgene insertion, PCR and gel electrophoresis was used to detect the presence of primer sequences specific to the CHIT1 and EGFP sections of the transgene (Figure 1B). Ldlr–/– mice were crossbred with the CHIT1-Tg mice to produce Ldlr–/–-CHIT1-Tg animals, which overexpress CHIT1 and are prone to atherosclerosis. Given that the EGFP stop sequence is flanked by loxp sites (floxed), we employed a Cre-lox method of overexpression. For our experiments, floxed Ldlr–/–-CHIT1-Tg mice were used as littermate controls. Experimental animals were produced by breeding Ldlr–/–-CHIT1-Tg mice with LysM-CRE mice, in which Cre-recombinase is under transcriptional control of the lysozyme promoter. Because lysozyme is constitutively produced by macrophages, the resultant animals overexpress CHIT1 as the floxed EGFP/β-globin, poly-A stop sequence is excised. Thus, the genetic characterization of our experimental mouse models can be described as follows: ldlr–/–- CHIT1-Tg-LysMCre (CHIT1-OE) Mice between 8 and 12 weeks of age were used for isolation of bone marrow derived macrophages. Male CHIT1-OE mice between 8 and 10 weeks were utilized for the in vivo atherosclerosis study. At 8–10 weeks of age, animal subjects were placed on HFD containing 15.8% (wt/wt) fat and 1.25% cholesterol (wt/wt) (diet 94059; Harlan Teklad Laboratories, Indianapolis, IN, United States) for 12 weeks to induce atherosclerosis. All animal studies and protocols were approved by the University of Hawaii Institutional Animal Care and Use Committee.



Bone Marrow-Derived Macrophage Cell Isolation and in vitro Cell Culture

Experimental and control mice were sacrificed by CO2 asphyxiation at 8–10 weeks of age. 70% EtOH was sprayed on the animals to disinfect the skin. Each femur and tibia was surgically removed under a biosafety hood. Using a 30-gauge needle, the marrow within the exposed bones were flushed out with ice cold PBS into a 50-mL falcon tube while on ice. The isolated bone marrow was broken up by vigorous pipetting with a 10-mL pipette. It was then passed through a 40-μm cell strainer into a 50-mL falcon tube, and centrifuged at 1,300 RPM (≈300 × g) for 5 min to form a pellet. PBS was aspirated and the remaining pellet was resuspended in BMDM differentiation medium (DMEM/F12, [Gibco], 10% FBS, 20% L929 conditioned medium, and 1% pen/strep [Gibco]). Cell viability was determined by staining a 10 μL sample of cells in suspension with trypan blue. Cells were cultured at a density of 1 × 106 cells per mL and plated in 15-cm tissue-culture treated plates (Corning) with 25 mL of medium. 5–10 mL of media was added to the plate every other day for 7 days. Differentiated macrophages adherent to the plate were detached using non-enzymatic Cell Stripper solution (Gibco). The cells were then counted and re-plated as specified in each experiment.



Preparation of Lysates From Cells and Tissues

RIPA buffer (10 mM Tris-Cl [pH 7.6], 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl) and 1X Halt protease and phosphatase inhibitor cocktails (Thermo Fisher) was used in preparation of lysates. Adherent cells in 6-well plates were washed with PBS which was then aspirated from each well before adding 100 μL of ice cold lysis buffer with protease/phosphatase inhibitor cocktails (diluted 1:1,000) (Roche). Plates were kept on ice for 15 min before scraping the wells with a cell scraper and transferring the lysates to 1.5 ml Eppendorf tubes on ice. Samples were then sonicated by pulsing 10 times with a probe sonicator (Thermo Fisher) at power level 2.5, and centrifuged at 400 × g for 5 min at 4°C. Lysates were transferred to a new Eppendorf tube and the pelleted cell debris was discarded. Pierce BCA protein assay kit (Thermo Fisher) was used to determine protein concentrations of lysates in a 1:10 dilution of samples.



Polyacrylamide Gel Electrophoresis and Western Blot Transfer

Precast NuPAGE® Novex® 4–12% Bis-Tris Mini or Midi protein gels (Invitrogen) with 12 or 20-lanes respectively, were used in conjunction with the appropriate mini or midi electrophoresis gel box. 4× SDS loading buffer (0.1 M Tris-HCl pH 6.8, 0.7% SDS, 33% glycerol, 0.01% bromophenol blue, 8% β-mercaptoethanol) was added to 10–20 μg of protein and this mixture was heated and maintained at 95°C for 5 min. Samples were loaded into each lane and 4 μL of Li-cor 1-color protein marker was added as a size reference latter. Gels were run in 1X NuPAGE® MES SDS Running Buffer (Invitrogen) at a constant voltage of 150 V until the loading dye has completely migrated to the bottom of the gel. The gel is removed from its casing and placed on a low florescence PVDF membrane that has been activated in 100% methanol and immersed in 1× EfficientTM Western Transfer Buffer (G-Biosciences® #786-019) with 20% methanol for 5 min. The gel and membrane together were placed between sheets of filter paper soaked in transfer buffer, and compressed tightly within the transfer cassette. The transfer cassette was placed in the transfer chamber along with an ice pack and stir Rod. The chamber was then put on ice. Protein was transferred to the membrane after running for 1 h at 100 V.



Membrane Incubation With Antibodies and Scanning

The membranes were blocked in 1:1 Li-cor blocking buffer and PBS for 1 h with gentle agitation on an orbital shaker. The blocked membranes were incubated with primary antibodies (Table 1) diluted in Li-cor blocking buffer at room temperature for 1 h or at 4°C overnight. Membranes were subsequently washed three times with 0.1% Tween20 in PBS. Secondary antibodies diluted in Li-cor blocking buffer were incubated with membranes at room temperature for 1 h in the dark. After washing three times for 5 min each with 0.1% PBST, membranes were scanned with a Li-cor Odyssey infrared scanner and images were analyzed with Li-cor Image Studio (Li-cor Biosciences).


TABLE 1. List of antibodies used in Western Blot and IHC.
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Reverse Transcriptase Quantitative PCR (RT-qPCR)

Total RNA was extracted by adding 500 μL–1 mL TRIzol reagent (Life Technologies) to each sample in a 1.5 mL Eppendorf tube. The sample was then vortexed until completely dissolved and chloroform was added to TRIzol in a 20% v/v ratio, and inverted vigorously to mix. The samples were centrifuged at 12,400 RPM for 15 min in a pre-cooled centrifuge at 4°C. Once phase separation occurs, the aqueous fraction was carefully pipetted into a separate tube and combined with an equal volume of nuclease-free, 70% ethanol. Samples were mixed thoroughly and put through RNA purification columns provided in the Qiagen RNeasy RNA extraction kit. DNA digest was performed, on-column, for 15 min at room temperature. After the appropriate wash steps, columns were allowed to completely dry. Elution of RNA from the columns was performed using 30–50 μL nuclease-free water. RNA concentration and quality was determined with a NanoDrop 2000. RNA was used immediately for RT-qPCR or stored at −80°C. 1 μg of total RNA per sample would be used to transcribe cDNA using the qScript cDNA synthesis kit (Quanta Biosciences). 80 μL of nuclease-free water was added to each cDNA sample, bringing the total volume to 100 μL. In performing the RT-qPCR, 4 μL of cDNA was added to each well along with a master mix of 12.5 μL SYBR Green 2X master mix containing ROX (Roche), 0.5 μL of both forward and reverse primers (10 μM), and 7 μL of nuclease-free water. 10 μL of the reaction mixture was pipetted in triplicate to a 384-well qPCR plate and analyzed with an Applied Biosystems 7900HT Fast Real-Time PCR System.



Cytokine Array

The Proteome Profiler Array: Mouse Chemokine Array Kit (R&D) was used to determine relative levels of 40 different mouse Cytokines and Chemokines. Cell lysates were prepared by rinsing BMDM cultures with PBS and then adding 100–150 μL of lysis buffer to each well. The cells and lysis buffer are incubated for 30 min before harvesting with a cell scraper. Protein concentration was determined using BCA assay. 2 mL of array buffer 6 (blocking buffer) is added to each well and the pre-blotted, nitrocellulose membranes that were provided in the kit are added to the wells. The membranes were incubated for 1 h at room temperature. 15 μL of reconstituted Mouse Cytokine Array Panel A Detection Antibody Cocktail was added to each sample containing 100 μg total protein. The wells were emptied of Array Buffer 6 and the samples/antibody mixtures were added to the wells and allowed to incubate overnight at 2–8°C on a rocking platform shaker. Each membrane was washed and then 2 mL of IRDye 800CW Streptavidin (LI-COR, Catalog #926-32230) diluted 1:2,000 using the Array Buffer 6 was added to each well of the dish. After incubating for 30 min at room temperature, each membrane was removed and images were collected with an Odyssey CLx imaging system.



Blood Collection and Sacrifice of Study Animals

Blood from each mouse was collected at the start and end point of the study using a submandibular bleeding technique. A portion of the whole blood collected was centrifuged at 1,500 × g for 15 min to achieve plasma separation. Plasma samples were used to measure lipid levels. At the study’s conclusion, animals were euthanized by CO2 asphyxiation and total blood was collected through cardiac puncture of the left ventricle. Each mouse was perfused with ice cold PBS followed by 4% PFA/5% sucrose. The hearts and aortas were removed and analyzed as described below.



Analysis of Serum Cholesterol and Triglyceride Levels

At the end of the atherosclerosis study blood cholesterol and triglyceride measurements were gathered from serum samples of all mice in each group. A fluorometric assay kit (Cayman Chemical) was used to determine total cholesterol. Samples were diluted 1:200 with assay buffer in duplicates prepared in a 96-well plate. Serum samples were also analyzed for triglyceride levels. A colorimetric assay (Cayman Chemical) allowed for the measurement of fluorescence or absorbance using a SpectraMax Microplate Reader. Standard curves were derived from standard solutions provided in the kit.



Analysis of Lesion Area of Whole Aortas and Aortic Root Cryosections

Upon dissection of the animal, adventitial fat was cleared away from aorta and branching arteries. The entire aorta was then cut open longitudinally, excised, and pinned to a wax lined dissecting tray. Oil-Red-O Stock (ORO) solution was prepared with 1 g of ORO powder (Sigma-Aldrich) dissolved in 300 mL of 99% isopropanol. A working solution of the stain was prepared fresh by mixing 180 mL of stock solution with 120 mL Milipore water. The solution was allowed to equilibrate for 1 h before filtration with Whatman filter paper into a clean glass bottle. 60% isopropanol was used to wash the pinned aortas which were then completely submerged in ORO working solution for 15 min. The aortas were washed with 60% isopropanol until the stain was no longer visibly being removed (3–4 washes). Aortas were photographed and the images were analyzed to measure plaque area using the ImageJ software.

Fixed hearts were collected from the study mice and mounted in Optimal Cutting Temperature (OCT) compound (Tissue-Tek) which were then frozen at −80°C. Embedded hearts were sectioned in a sagittal orientation through the aortic valve were all three leaflets are visible. Cryo-sectioning was achieved with a cryostat and serial sections of 10 μm increments were made, and five representative sections were selected from each mouse. These sections would be used to visualize lesion area as represented with ORO staining. Newly prepared cross-sections were incubated in PBS for 5 min and then air dried. They were dipped 10 X in 60% isopropanol and then stained with fresh ORO working solution for 15 min. The staining solution was removed and the slides were again dipped 10 X in isopropanol and washed for 5 min under running tap water. Slides were covered using mounting media (Sigma-Aldrich) and dried overnight. Photos were taken of the sections at 5× zoom and the ORO stained area was quantified using ImageJ and represented as a percentage of total aortic area.



Immunohistochemical Staining of Aortic Root Cryosections

Immunohistochemical (IHC) staining was used to characterize and quantify CHIT1 expression, macrophage populations, necrotic core area, ECM deposition, and collagen formation in WT and CHIT1-OE mouse, aortic cryosections. Slides with mounted cryosections were prepared for IHC by fixing in ice cold, 100% acetone for 1 min and then washed with PBS using dip-style glass chamber. Tissue sections were circled with a PAP pen and then washed with PBS-Tween. Antigen retrieval was carried out using 0.05% trypsin/0.1% calcium chloride solution (trypsin/CA). Slides were incubated with trypsin CA in a humidified chamber at 37°C for 15 min, and allowed to cool at room temperature for 10 min. Antigen retrieval solution was removed and slides were washed three times with PBS-Tween. 0.1% Triton X-100 was then applied for 20 min, removed, and slides were washed again with PBS-Tween.

Hydrogen peroxide block was performed by adding enough 3% hydrogen peroxide to cover each section and incubate until bubbles can no longer be observed emanating from the tissue. Slides were then rinsed with PBS and placed in a dip chamber containing PBS for 2 min. Sections were blocked with 5% donkey serum dissolved in 2% BSA with 1X PBS. Slides were incubated in block solution for 1 h at room temperature.

Primary antibodies (Table 1) for CHIT1 (Santa Cruz Biotechnology) and macrophages (MOMA-2, Abcam) were added to the sections and allowed to incubate overnight at 4°C. Sections were washed with PBS-Tween followed by addition of the horseradish peroxidase (HRP), conjugated secondary antibody. Slides were incubated in a dark humidified chamber for 1 h at room temperature. Sections were washed with PBS-Tween and kept wet until mounted. One drop of reagent a was diluted in 1 mL of distilled water as described in the AEC staining kit instructions (Invitrogen). One drop of reagent be and reagent C were then added and the solution was kept away from light and incubated with the cryosections for 30 min (or until color development is satisfactory). Slides were then rinsed with distilled water. Mayer’s hematoxylin counter stain was applied using a dip chamber for no more than 10 s. The slide was then washed and rinsed under running tap water for 5 min. Next, the slides were put into a dip chamber containing Scott’s Bluing solution for 30 s and dipped once in tap water to wash. Dako fluorescent mounting media was added to the top of each section, which was then covered with a coverslip and stored at 4°C.

Visualization of hyaluronic acid was achieved using biotinylated hyaluronic acid binding protein (BHABP, EMD/Millipore/Calbiochem). After acetone fix, hydrogen peroxide block, and blocking (2% BSA in 1X PBS), streptavidin/biotin blocking was performed according to the instructions provided by the kit (Vector Laboratories): incubate section with Avadin D solution for 15 min at room temperature rinse with PBS-Tween, next incubate section with biotin solution for 15 min at room temperature and rinse again with PBS-Tween. BHABP was diluted 1:100 in blocking solution and applied to sections. These were allowed to incubate at room temperature for 1 h. BHABP was aspirated away and slides were washed 3X with PBS. The streptavidin-conjugated HRP was then applied to the cells for 1 h at room temperature before washing 3X with PBS. AEC chromogen and Mayer’s hematoxylin counter stain was added as described above.

Hyaluronidase negative controls sections were prepared in the same way as sample sections. However, no detection stain was added. Instead, cryosections were incubated with hyaluronidase (StemCell Technologies) for 2 h at room temperature.

Picro-Sirius Red staining was used to visualize collagen in the aortic root. Cryosections were acetone fixed and trypsin/CA antigen retrieval was applied. As described in the instruction manual (Abcam), Picro-Sirius red solution was added to completely cover the section, and incubated for 60 min. The slide was rinsed with two changes of acetic acid solution, and then rinsed once in absolute alcohol. The cryosections were then dehydrated into changes of absolute alcohol and the slide was mounted in resinous mounting media.



Statistical Analysis

A minimum of three biological replicates run in duplicate or triplicate were analyzed for in vitro experiments as indicated. All Data are represented as the average of biological replicates ± SEM. Quantification in each cryosection was carried out by acquiring five images from representative regions of the aortic sinus. Images were analyzed using ImageJ. Statistical analysis was performed using GraphPad Prism 8 software. To determine significance, unpaired, two-tailed Welsh’s t-test was performed when comparing experimental and control groups. ∗P < 0.05, ∗∗P < 0.005, ∗∗∗P < 0.0005, ****P < 0.0001.



RESULTS


Validation of CHIT1 Overexpression

Initial experiments were performed to confirm CHIT1 overexpression in BMDM harvested from CHIT1-OE mice. As mentioned above, CHIT1-Tg mice were crossbred with ldlr–/– mice, thereby providing us with an atherosclerotic, CHIT1 overexpressing mouse model. Moreover, CHIT1 overexpression is achieved using the Cre-Lox system whereby the removal of a LoxP-flanked stop sequence allows for conditional overexpression of CHIT1 in lysozyme producing macrophages (Figure 1A). Conditional overexpression with LysMCre is made possible because the Cre recombinase gene is inserted after the promoter of the LysM gene and as lysozyme is constitutively expressed so too is Cre recombinase, and with that CHIT1.



CHIT1 Overexpression in Macrophages

To verify the overexpression of CHIT1 in macrophages, BMDM were harvested from both experimental and littermate control animals. Isolated RNA was analyzed with “quantitative” PCR (qPCR). We found that CHIT1 transcription was not affected in control BMDM as the transcript detected was similar to our internal control, GADPH (Figure 1C). CHIT1 transcription was significantly increased in CHIT1-OE BMDM when compared to control BMDM. Cell lysates were prepared from BMDM and visualized using Western blot analysis. Figures 1D,E show protein expression was enhanced in CHIT1-OE BMDM as evidenced by the presence of one distinct band at 50 kDa and one at 39 kDa (per company’s description of CHIT1 antibody, double bands are a result of disulfide bonds) which are characteristic of the predicted molecular weight of both CHIT1 isoforms. The 39 kDa isoform of CHIT1 is a product of the post-translational modification of the 50 kDa isoform and was only visible in CHIT1-OE BMDM. We determined that CHIT1 enzymatic activity is elevated in both cell lysates and the supernatant of CHIT1-OE BMDM as exhibited by the cleavage of 4-MU-conjugated substrates (Figure 1F). Due to the fact that only the 50 kDa isoform of CHIT1 is secreted while the 39 kDa isoform is sequestered in specialized vesicles, we analyzed the supernatant of macrophage cell cultures for the presence of CHIT1. As expected, we found that the 50 kDa, secreted isoform of CHIT1 was robustly expressed in the supernatant of CHIT1-OE BMDM (Figures 1G,H). N = 3.



Overexpression of CHIT1 Modulates Cytokine Expression in Macrophages

In order to better understand the effects of CHIT1 overexpression on cytokine expression by macrophages, a cytokine antibody array was performed using nitrocellulose membranes spotted with capture antibodies for a variety of cytokines and chemokines. Given that CHIT1 is highly expressed by activated macrophages, the classic combination of IFN-γ and LPS was used to stimulate macrophages by a TLR-2 and TLR-4 respectively. The assay analyzed cell lysates prepared from BMDM, treated with 20 ng/mL IFN-γ + 100 ng/mL LPS (TR). Under these conditions, macrophages are polarized toward an inflammatory phenotype which is reflective of the atherosclerotic plaque environment. Membranes were incubated with cell lysates from both CHIT1-OE BMDM (CRE+) and control BMDM (CRE-) for 8 h prior to application of biotin-labeled detection antibodies. Results in Figures 2A–C showed a significant up regulation of G-CSF, the anti-inflammatory cytokine IL-4, and KC (the murine homolog of IL-8) which is involved in immune cell recruitment, macrophage phagocytosis, parasitic invasion defense, and is expressed during both M1 and M2 inflammatory conditions, N = 3.
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FIGURE 2. Protein expression in CHIT1-OE BMDM and control BMDM was measured with a mouse cytokine array. Cell lysates were prepared from experimental and control BMDM which were untreated or exposed to 20 ng/mL IFN-γ + 100 ng/mL LPS for 8 h To induce pro-inflammatory activation. Between groups, treated BMDM exhibited a significant increase in protein expression between groups of (A) IL-4 (P<0.0001), (B) G-CSF(P = 0.0497), and (C) KC (P = 0.0426). N = 3 biological replicates, each run in duplicate. Values represent fold change in florescence. *P<0.05, ****P<0.0001.




Inflammatory Signaling Pathways Are Inhibited by CHIT1 Overexpression

Phosphorylation is a fundamental component of intracellular signal transduction. To further explore the cell signaling potential of CHIT1, we treated both CHIT1-OE (CRE+) and control BMDM (CRE-) with 20 ng/mL IFN-γ + 100 ng/mL LPS for 0, 0.5, and 1 h. Cell lysates were prepared and analyzed via Western blot for specific phosphorylated signaling molecules: ERK 1/2, Akt, and IκB (Figure 3A). Although not significant between groups or across time points, CHIT1-OE and control BMDM both exhibit increases in pERK 1/2, pAkt, and pIκB at the 0-h time point. This effect, however, was exaggerated in experimental BMDM when compared to controls. pERK1/2 and pAkt was significantly down regulated after 1 and 0.5 h periods, respectively, upon incubation with pro-inflammatory stimuli (Figures 3B,C). Thus, depicting a decrease in phosphorylated signaling in these pathways. This is consistent with diminished transcription of pro-inflammatory cytokines that we observed. Values were quantified from Western blot using densitometric analysis with the Licor Odessey CLx and ImageStudio software. ERK1/2 and β-actin were used as experimental controls, N = 3.
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FIGURE 3. BMDM from CHIT1-OE mice and control animals were treated with 20 ng/mL IFN-γ + 100 ng/mL LPS for 0, 0.5, and 1 h. (A) Cell lysates were incubated with florescent antibodies for phosphorylated signaling molecules and expression of phosphorylated proteins was analyzed by Western blotting. Florescence intensity was measured using the Licor Odyssey cLx. All bars represent fold change in densitometric, florescence intensity between CHIT1-OE BMDM and control BMDM. Florescence signal from Western blot of phosphorylated proteins: pIκB-α, pAkt, and pERK1/2 was normalized to control protein and then compared between groups. (B) Exposure to pro-inflammatory stimuli significantly depressed pERK1 and pERK2 signaling in CHIT1-OE BMDM after 0.5 h (P = 0.0085 and 0.0219 respectively). (C) pAkt signaling was significantly different between groups after 1 h when compared to control BMDM (P = 0.0020). (D) No significant results were obtained in protein expression of pIκB-α. N = 3, *P<0.05, **P<0.01.




Characterization of Mice Before and After HFD

Upon termination of the HFD regimen, blood was collected from all study mice in each group prior to being euthanized. Serum cholesterol and triglyceride levels were subsequently measured with fluorometric and colorimetric analysis (Figures 4A,B). No statistically significant difference in cholesterol or triglycerides was detected between experimental and control groups. Measurement of body weight before and after 12 weeks of HFD was also conducted (Figure 4C) and revealed significant weight gain in both post-HFD groups, although no differences observed between groups, N = 28 (14 per group).
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FIGURE 4. (A,B) Measurements of serum cholesterol and triglyceride were taken after 12 weeks of HFD. Colorimetric and fluorometric analysis revealed no significant difference between control mice and CHIT1-OE mice. (C) Animals were weighed before and after initiation of HFD, which showed significant weight gain within groups over the 12 week period. However, animal weights were not significantly different when compared between CHIT1-OE and control groups (P < 0.0001). N = 24 (12 per group), ****P < 0.0001.




CHIT1 Is Highly Expressed in Atherosclerotic Plaques of CHIT1-OE Mice Post-HFD

Given the importance of macrophages in every stage of atherosclerosis and the fact that CHIT1 is among the most abundantly expressed proteins by activated macrophages, we wished to investigate the presence of CHIT1 in the plaques of our control mice. We also wanted to determine how much more CHIT1 expression was achieved in the lesion of the CHIT1-OE mice compared to the control mice. We stained serial cryosections prepared at a thickness of 10 μm of the aortic sinus with a murine CHIT1 antibody (Figure 5A). Ensuing 24 h of incubation, a secondary HRP conjugated chromogen was applied and CHIT1 was visualized using light microscopy. The staining revealed significantly more robust expression of CHIT1 in the atherosclerotic plaques of CHIT1-OE mice in comparison to littermate controls (Figure 5B). CHIT1 staining was quantified using ImageJ software and expressed as the CHIT1 stained area as a percentage of the total plaque area, N = 7.


[image: image]

FIGURE 5. (A) Cryosections of the aortic sinus from both CHIT1-OE mice and littermate controls after 12 weeks of HFD were stained with biotinylated antibodies against CHIT1. (B) Immunohistological staining for CHIT1 revealed significantly enhanced CHIT1 expression in the atherosclerotic plaques of CHIT1-OE mice when compared to control animals. Quantification represents stained area as a percentage of total plaque area (P = 0.0101). (C) Serial cryosections of the aortic sinuswere also stained with MOMA to determine macrophage content. (D) Analysis of stained area versus % total plaque area. Measurement with ImageJ software showed no significant differences in macrophage content between experimental and control animals (P = 0.1982). N = 7 per group, *P < 0.05.




Macrophage Content in Atherosclerotic Plaques Is Unaffected by CHIT1 Overexpression

Macrophages play multifaceted roles in the development of atherosclerosis. Recruitment and accumulation of macrophages is associated with increased plaque size and weakening of the fibrous cap. We sought to determine whether CHIT1 overexpression in Ldlr–/– mice alters macrophage accumulation in atherosclerotic plaques. To this end, slides were prepared from serial cryosections of the aortic sinus at 10 μm increments. Figure 5C depicts samples from each group that were incubated for 24 h with MOMA primary antibody and then and HRP conjugated chromogen was applied. MOMA is a macrophage specific stain and therefore, it was utilized to determine macrophage content and plaques. No significant difference was observed between groups after analyzing percent MOMA stained area relative to total plaque area (Figure 5D), N = 7.



CHIT1 Overexpression in Atherosclerotic Mice Does Not Affect Plaque Area

Areas of the cardiovascular system that are subject to high flow volumes and shear stress for vulnerable regions for the development of atherosclerotic plaque. The aortic sinus, aortic arch, and abdominal aorta are widely accepted as being indicative of atherosclerosis in vivo. In an effort to determine the effects of CHIT1 overexpression in Ldlr–/– mice, mouse hearts were perfused with 4% PFA/5% sucrose before being removed from the animal. Serial cryosections were prepared at a thickness of 10 μm. Samples from both groups were stained with ORO (Figure 6A). Plaque area was not significantly different in CHIT1-OE mice compared to littermate controls and quantification was performed using ImageJ software and measurements are represented as the percentage of stained area in relation to total sinus area. No significant differences in the area of ORO-stained lesion were observed between the control and the overexpressing mice (Figure 6C), N = 14.
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FIGURE 6. (A) Cryosections of the aortic sinus from both CHIT1-OE (CRE+) mice and littermate controls (CRE-) after 12 weeks of HFD were stained with Oil-Red-O to determine plaque size. (C) Analysis of plaque area is represented as a function of % total area. Measurement with ImageJ software showed no significant differences in plaque size between experimental and control animals (P = 0.5399). (B) Whole aortas were removed from both CHIT1-OE and control mice after 12 weeks of HFD. The specimens were pinned and stained with Oil-Red-O. (D) No difference was observed between groups upon quantification of plaque area as a percentage of total aortic area (P = 0.8731). N = 14 per group.


To further analyze plaque content in vivo we also quantified plaque accumulation in the whole aorta. This was accomplished by cleaning and excision of the entire aorta from the aortic arch to the iliac bifurcation. An incision was made longitudinally along the length of the aorta such that it could be separated, pinned, and stained with ORO for 30 min (Figure 6B). Plaque aggregation was measured with ImageJ software and results are represented as percentage of stained area in relation to total aortic area (Figure 6D). As with the aortic sinus lesions, there were no significant differences in the extent of lesion development on the inner surfaces of the aortas between the 2 groups (Figure 5D), N = 14.



CHIT1 Overexpression Alters ECM Content in the Aortic Sinus of Ldlr–/– Mice

At sacrifice, mice were perfused with PBS followed by 4% PFA/5% sucrose. The hearts were collected and embedded in OCT compound to be frozen and cryosectioned at a thickness of 10 μm. Serial sections were made at the aortic sinus where three valve leaflets were visible. The heart sections were stained for hyaluronic acid (HA) using a biotinylated hyaluronic acid binding protein (BHABP) and collagen using picrosirius red.

Our data show that the pattern of collagen and HA accumulation had observational differences in distribution between CHIT1-OE mice and littermate controls (Figures 7A,C). We found that collagen distribution in plaques from CHIT1-OE mice was most prevalent on the luminal aspect of atherosclerotic plaques and could be found encircling necrotic cores. Picrosirius red staining was significantly more abundant and saturated in CHIT1-OE mice. We also observed necrotic cores being densely surrounded by collagen fibers in aortic sinus sections from CHIT1-OE mice. These characteristics of collagen were not seen in littermate controls. From our in vivo analysis, we also determined that HA expression was generally limited to the periphery of atherosclerotic plaques in control mice, while in CHIT1-OE mice HA staining could be seen within almost all aspects of the plaque. Most notably, HA staining colocalized with necrotic regions of the atherosclerotic plaque in CHIT1-OE mice. Stained cryosections were analyzed using ImageJ software to quantify the area of HA and collagen deposition as a percentage of overall plaque area (Figures 7B,D). Both HA and collagen were significantly more abundant in CHIT1-OE mice. N = 7.
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FIGURE 7. (A) Cryosections of the aortic sinus from both CHIT1-OE mice and littermate controls after 12 weeks of HFD were stained with picrosirius red to visualize type I collagen. While collagen appears unorganized and lightly stained, especially on the luminal aspect of necrotic cores in control sections, collagen observed in CHIT1-OE mice presented a more organized “lattice” appearance and was distributed around necrotic cores and specifically on the luminal aspect. (B) Quantification of picrosirius red as a percentage of total plaque area exhibited significantly more collagen deposition in CHIT1-OE mice compared to littermate controls (P = 0.0289). (C) HA stained with BHABP can be seen localized in the periphery of the aortic sinus in control cryosections, whereas HA appears throughout the plaque and within the necrotic cores of CHIT1-OE. HA is extensively visible in plaques of CHIT1-OE mice. Interestingly, HA appears to accumulate within the acellular necrotic core regions. (D) Analysis of BHABP staining revealed significantly greater HA content in the aortic sinus of CHIT1-OE mice compared to littermate controls (P = 0.0370). *P < 0.05, N = 7 per group.




DISCUSSION

In previously published work, we reported that CHIT1 mRNA was present in atherosclerotic lesions within the descending aorta of cynomolgus monkeys. CHIT1 mRNA expression was also closely correlated with macrophage infiltration in atherosclerotic plaques of abdominal aortas. Our research further demonstrated that inhibition of CHIT1 with allosamidin promoted atherosclerosis in hyperlipidemic mice (Kitamoto et al., 2013). Here we show In vitro evidence using CHIT1-OE macrophages that overexpression of CHIT1 modulates cytokine expression in an anti-inflammatory and migratory manner when subjected to an inflammatory stimulus of IFN-γ with LPS. A non-resolving inflammatory response promotes the development of atherosclerosis through continuous recruitment and activation of immune cells, perhaps most importantly, macrophages. As CHIT1 is abundantly produced by activated macrophages, it is likely that it’s expression contributes to anti-inflammatory cell functions. In developing a Ldl–/–- CHIT1-OE mouse model we were able to conduct an in vivo mouse study to investigate the effects of CHIT1 overexpression in an atherosclerotic animal model. While we were unable to observe significant differences in macrophage content or lesion size, we found significant alterations in plaque morphology. The accumulation and distribution of HA and collagen allude to a possible interaction between CHIT1 and the ECM.

Dysregulation of the innate immune response drives atherogenesis, and the resultant stages of atherosclerosis are largely attributable to the recruitment and infiltration of monocytes into the intimal layer of the vessel wall. Interestingly, we found protein expression of the chemotactic cytokine KC (the murine homolog of IL-8) is significantly upregulated in CHIT1-OE macrophages when treated with inflammatory stimuli. KC and its receptor CXCR2 are secreted by activated macrophages and play a significant role in immune cell trafficking and infiltration of the vessel wall. In an effort to elucidate the mechanism of KC/CXCR2 in atherosclerosis, Boisvert et al. utilized LDLR–/–, atherosclerosis-prone mice with KC/GRO-α–/– and CXCR2–/– mice to demonstrate that overexpression of KC/GRO-α and CXCR2 are essential to macrophage accumulation into atherosclerotic lesions. Results also revealed that KC/GRO-α and CXCR2 do not play a critical role in macrophage recruitment into early atherosclerotic lesions (Boisvert et al., 2006). While it is generally accepted that KC participates in development of atherosclerosis, other studies suggest a putative role of IL-8/KC in smooth muscle cell proliferation and recruitment as well as angiogenesis (Yue et al., 1994; Boisvert et al., 1998; Simonini et al., 2000). IL-8 was shown to be a potent macrophage-derived mediator of angiogenesis. Human recombinant IL-8 was administered in the rat cornea where it induced proliferation and chemotaxis of human umbilical vein endothelial cells. Also, blockade of IL-8 by antibodies decreased angiogenic activity of inflamed human rheumatoid synovial tissue macrophages (Koch et al., 1992). Such findings suggest that IL-8 may be involved in tissue repair and wound healing.

IL-4 is a cytokine associated with alternative macrophage activation which potentiates Th2 inflammatory processes. We have demonstrated that IL-4 protein expression is significantly upregulated in CHIT1-OE BMDM. Experimental evidence demonstrates that IL-4 signaling involves SOCS1 to induce M2 macrophage polarization while inhibiting SOCS3 signaling and negatively regulating M1 polarization (Whyte et al., 2011; Qin et al., 2012). IL-4 activation of alveolar macrophages has been shown to promote wound healing in the long after Helmand invasion or during gut inflammation in mice (Bosurgi et al., 2017). And in the context of atherosclerosis, IL-4 attenuated atherosclerosis in several different mouse models (George et al., 2000; King et al., 2002; Davenport and Tipping, 2003). Given that IL-4 and IL-13 signaling includes a pathway requiring both cytokines, and the putative interactions of CHIT1 with IL-13, it is foreseeable that CHIT1 can participate in IL-4/IL-13 signal transduction.

A definitive role for macrophage-derived granulocyte colony stimulating factor (G-CSF) in atherosclerosis has yet to be established. However, several studies suggest protective roles for G-CSF in atherosclerotic animal models. We observed a significant increase in protein expression of G-CSF in BMDM harvested from CHIT1-OE mice compared to WT controls. Experiments with human peripheral blood mononuclear cells (PBMC) illustrated that G-CSF post-transcriptionally inhibits TNF-α secretion from PBMC. Suppression of TNF-α secretion was accomplished without affecting mRNA expression (Kitabayashi et al., 1995). G-CSF also promotes generation of type-1 regulatory T cells (Treg) that secrete the anti-inflammatory cytokine IL-10, and TGF-β1 which is associated with tissue repair, wound healing, and fibrosis (Rutella et al., 2004). Several studies have described a protective role for G-CSF in atherosclerotic mouse and rabbit models. Daily treatment of ApoE deficient mice with G-CSF for 9 weeks resulted in less atheromatous plaque area and a decrease in macrophage infiltration into atherosclerotic lesions. The authors also observed decreased serum cholesterol and LDL, which is suggestive of lipid-related effects of G-CSF (Sinha et al., 2014). In hyperlipidemic and cholesterol fed rabbit models, G-CSF administration prevented progression of atherosclerotic lesions and vascular stenosis, while encouraging plaque stability and reendothelialization. Moreover, it was shown that an appropriate dosage of G-CSF was required for these protective effects to manifest most efficiently (Hasegawa et al., 2006; Matsumoto et al., 2010).

To extend our understanding of the inflammatory mechanisms affected by CHIT1 overexpression, we investigated inflammatory signaling pathways associated with atherosclerosis. Our data revealed significant decrease in pERK1/2 protein expression in BMDM from CHIT1-OE mice compared to littermate controls when exposed to IFN-γ + LPS after 30 min in vitro. We also observed that Akt signaling was suppressed in CHIT1-OE BMDM after 60 min of treatment with the same inflammatory stimuli in vitro. The ERK1/2 signaling pathway is critical to the expression and secretion of various downstream effectors that mediate inflammation. Experimental evidence demonstrates that LPS stimulation of murine peritoneal macrophages activated ERK1/2 signaling, causing the subsequent induction of TNF-α secretion (Dumitru et al., 2000). IFN-γ stimulation of this pathway in human macrophages induced alterations in the expression of several key genes implicated in the progression of atherosclerosis, such as MCP-1 (Li et al., 2010). Akt signaling has various roles in macrophage function. Deficiency of Akt mediated signal transduction elicits M2 macrophage polarization and negative regulation of the TLR4 signaling pathway (Taganov et al., 2006; Chassin et al., 2010; Li et al., 2015). In relation to atherosclerosis, Zhai et al. (2014) found that inhibition of Akt signaling depressed autophagy in vitro, and atherosclerotic mouse models exhibited enhanced plaque stability as well as diminished inflammatory response was promoted by Akt/mTOR-mediated autophagy. As it pertains to ECM content, both ERK1/2 and Akt signaling are involved in the turnover of HA and collagen. The hyaluronic acid receptor (CD44) is a macrophage cell surface receptor responsible for the recognition and phagocytosis of HA. Activation of ERK1/2 and Akt signaling pathways by CD44 results in degradation of HA by hyaluronidase (Culty et al., 1992; Stern and Jedrzejas, 2006; Vachon et al., 2006). Activation of these pathways has also been shown to enhance collagen degradation by matrix metalloproteinases (Cho et al., 2008).

The ECM is an important component for a wide array of cellular functions. In the cardiovascular system, ECM interactions serve as a cell signaling platform and maintain structural integrity of the heart and vasculature. Changes in ECM content related to atherosclerosis has been implicated in fibrous cap formation and plaque stability. Our results demonstrate a significant increase in key ECM components: hyaluronic acid (HA) and collagen in the plaques CHIT1-OE mice when compared to littermate controls. HA is a large, hydrophilic glycosaminoglycan (GAG) that is integral to wound healing and tissue remodeling (Litwiniuk et al., 2016). HA catabolism is carried out by enzymes known as hyaluronidases (Hyal) which hydrolyze β(1-4) glycosidic bonds between the alternating moieties of D-glucoronic acid and N-acetyl-D-glucosamine. Cleavage of these linkages results in a polydisperse range of HA chain length (Stern and Jedrzejas, 2006). Hyal1 is found in the heart and its expression is dependent on activation of the CD44, cell surface receptor and the subsequent initiation of ERK1/2 and Akt signaling (Gee et al., 2002; Vachon et al., 2006; Harada and Takahashi, 2007; Misra et al., 2015). Degradation of HA by hyaluronidases is upregulated in unstable atherosclerotic plaques, while the formation of a pericellular HA matrix supports smooth muscle cell proliferation and migration possibly enhancing plaque stability (Evanko et al., 1999; Bot et al., 2010). It should be noted that no endogenous substrate for CHIT1 has been identified in vertebrates. However, studies have demonstrated that the DG42 gene in Xenopus and mouse models produces chitin-oligosaccharides as a precursor to HA chains (Meyer and Kreil, 1996; Semino et al., 1996). Also, due to the structural similarity of HA to its native substrate; chitin, the CHIT1 binding domain is capable of interactions with HA (Ujita et al., 2003; Crasson et al., 2017). It may be possible that chitin interactions with HA prevent its degradation, thereby promoting plaque stability.

Like HA, collagen contributes to the mechanical strength of atheromatous plaques. Collagen comprises up to 60% of the total plaque protein and engages a multitude of cell functions. Modulation of macrophage behavior, smooth muscle cell proliferation/migration, and plaque reinforcement exemplify the variety of functions and cell types that collagen can influence (Koyama et al., 1996; Rocnik et al., 1998; Wesley et al., 1998). CHIT1 has also been implicated in collagen production as evidenced by fibrotic diseases in the liver and lungs. Interstitial lung disease with pulmonary fibrosis is representative of pulmonary systemic sclerosis. CHIT1–/– murine models demonstrate reduced fibrosis, and in vitro studies showed that CHIT1 interactions with TGF-β1 augment the expression of both TGF-β 1 and 2 receptors and subsequent TGF-β-induced ERK activation (Lee et al., 2012). Human Kupffer cells were also implemented to investigate the role of CHIT1 in nonalcoholic steatohepatitis. This data highlighted the ability of CHIT1 to activate hepatic stellate cells which, in turn, results in the overproduction of collagen and ultimately hepatic fibrosis (Malaguarnera et al., 2006). Collagen degradation occurs by the action of matrix metalloproteinases (MMP) and several studies have demonstrated the presence and proteolytic activity of MMPs in vulnerable atherosclerotic plaques (Newby, 2008; Newby et al., 2009; Jabłońska-Trypuć et al., 2016).

In our assessment of plaque morphology, despite having no difference in macrophage content or size, collagen and hyaluronic acid deposition was markedly different between experimental and control animals. CHIT1-OE mice displayed hyaluronic acid staining throughout the plaque and around necrotic cores, whereas aortic sections from control mice showed accumulation of hyaluronic acid around the periphery of the vessel. Collagen staining revealed substantial accumulation on the luminal aspect of necrotic cores in CHIT1-OE animals. In contrast, collagen distribution in control animals did not show any particular patterning in atherosclerotic plaques. Taken together, overexpression of CHIT1 by macrophages augments ECM biosynthesis and organization in such a way that enhances plaque stability in ldlr–/– mouse models.

The data presented here suggest a novel, nonenzymatic role for CHIT1 in inflammation and atherosclerosis. Results generated from this work demonstrate that, in vitro, CHIT1 modulates macrophage transcription and protein expression of chemokines and cytokines that are central to inflammation and atherosclerosis. We also provide evidence of alterations in macrophage cells signaling pathways. And lastly, analysis of aortic sinus cryosections exhibit significant differences in prevalence of HA and collagen as well as localized distribution between control mice and CHIT1-OE mice. As mentioned before, various studies have demonstrated nonenzymatic interactions involving CHIT1, inflammation, and tissue repair. Given our results, it is possible that CHIT1 influences macrophage behavior in such a way that is atheroprotective in mitigating inflammation and enhancing plaque stability.



LIMITATIONS

Although we have described a putative role for CHIT1 as it pertains to plaque stability, our experimentation did not include several key aspects that could further validate our findings. For example, future studies should focus on interaction between CHIT1 and HA (both structurally and metabolically), quantifying fibrous cap thickness and smooth muscle cell content, a measure of plaque vulnerability/stability index, and histological examination of other organs that are prone to fibrosis.
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MicroRNAs (miRNAs) are short sequences of non-coding RNA that play an important role in the regulation of gene expression and thereby in many physiological and pathological processes. Furthermore, miRNAs are released in the extracellular space, for example in vesicles, and are detectable in various biological fluids, such as serum, plasma, and urine. Over the last years, it has been shown that miRNAs are crucial in the development of several cardiovascular diseases (CVDs). This review discusses the (patho)physiological implications of miRNAs in CVD, ranging from cardiovascular risk factors (i.e., hypertension, diabetes, dyslipidemia), to atherosclerosis, myocardial infarction, and cardiac remodeling. Moreover, the intriguing possibility of their use as disease-specific diagnostic and prognostic biomarkers for human CVDs will be discussed in detail. Finally, as several approaches have been developed to alter miRNA expression and function (i.e., mimics, antagomirs, and target-site blockers), we will highlight the miRNAs with the most promising therapeutic potential that may represent suitable candidates for therapeutic intervention in future translational studies and ultimately in clinical trials. All in all, this review gives a comprehensive overview of the most relevant miRNAs in CVD and discusses their potential use as biomarkers and even therapeutic targets.
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INTRODUCTION

MicroRNAs (miRNAs) are short sequences (∼22 nucleotides) of endogenous non-coding RNA that emerged as a class of negative post-transcriptional regulators of gene expression. Hundreds of different miRNAs have been identified in humans with many of them showing highly conserved sequences and preferential target transcripts across species (Kozomara and Griffiths-Jones, 2014). The post-transcriptional regulation mediated by miRNAs takes place in the RNA-induced silencing complex (RISC), a macromolecular complex where miRNAs loaded into the protein Argonaute-2 (AGO2) interact with the 3′untranslated region (3′UTR) of target RNAs. This interaction allows the recruitment of multiple additional proteins (e.g., TNRC6, PABPC) which favor decay of target RNAs or inhibition of their translation, hence realizing the negative regulation of gene expression (Bartel, 2018). Additionally, some specific miRNAs (e.g., miR-126-5p) have recently been shown to operate also through uncanonical mechanisms which contribute to their ultimate effects on cellular homeostasis and function (Dragomir et al., 2018; Santovito et al., 2020a). As a class, miRNAs are able to regulate the expression of multiple effectors playing crucial roles in developmental processes as well as in human diseases. Interestingly, miRNAs are also released in the extracellular space, for example in vesicles (i.e., exosomes, microparticles, apoptotic bodies), as also reviewed by Davidson et al. (2019), and can be bound to carrier proteins such as AGO2, or associated to plasma lipoproteins (Arroyo et al., 2011; Vickers et al., 2011; Loyer et al., 2014b). Mechanisms for selective sorting and release of miRNAs (especially in exosomes) are under investigation and involves the raft-like regions in vesicular membranes, the sumoylation of RNA-binding proteins, the secretive autophagy and the LC3-conjugation machinery (Villarroya-Beltri et al., 2013; Janas et al., 2015; Leidal et al., 2020). Extracellular miRNAs can convey messages into recipient cells, thus realizing a paracrine (and possibly endocrine) inter-cellular communication system (Valadi et al., 2007; Zernecke et al., 2009; Zhang et al., 2017). Noteworthy, extracellular miRNAs are detectable in human biological fluids such as serum, plasma, urine, and tears with peculiar changes in their expression associated with multiple diseases and regulated by treatments. The stability of circulating miRNAs and their regulation in pathological conditions raised the intriguing possibility of their use as disease and prognostic biomarkers for human diseases (Zampetaki et al., 2012a; Hayes et al., 2014; Santovito and Weber, 2017; Tielking et al., 2019). The relevance of miRNAs in the cardiovascular system was suggested by evidence that deletion of Dicer, the rate-limiting enzyme for maturation of miRNAs, in mice resulted in embryonic death due to defective angiogenesis and subsequent hemorrhages (Yang et al., 2005). Starting from this early evidence, multiple studies have confirmed the expression of miRNAs in human cardiac and vascular tissues and provided strong evidence on the role of miRNAs in the development and progression of multiple cardiovascular diseases (CVDs). Here, we will discuss the (patho)physiological implication of miRNAs in cardiovascular risk factors, atherosclerosis, cardiac remodeling, and myocardial infarction. Additionally, miRNAs are of course also being studied in other CVDs, such as myocarditis and arrhythmia. However, this review will not focus on these pathologies, as they have already been extensively reviewed elsewhere (Bátkai and Thum, 2012; Tijsen et al., 2012; Kim, 2013; Santulli et al., 2014; Marques and Charchar, 2015; Hijmans et al., 2018). Moreover, we will review the potential application of miRNAs as biomarker and therapeutic targets. As recent years enormous amounts of studies have focused on miRNAs in the discussed topics, we will only highlight the most relevant miRNAs that have been described in multiple studies or seem highly promising for clinical applications.



CARDIOVASCULAR RISK FACTORS

Clinical and pre-clinical studies highlight the influence of miRNAs in the complex pathways underlying medical conditions (i.e., dyslipidemia, diabetes, hypertension) which increase the risk of cardiovascular events (Figure 1).
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FIGURE 1. MicroRNAs in cardiovascular risk factors. The miRNAs involved in the pathogenesis of dyslipidemia, diabetes and hypertension are shown in the inner yellow, green, and red circles, respectively. In the outer circles the miRNAs are listed which have been studied as biomarker. Moreover, the therapeutically targeted miRNAs are shown in blue circles and their initial effect on the cardiovascular risk factors is depicted as a black, stimulatory or inhibitory arrow. The green circles indicate the method of intervention and their effect on the miRNA is visualized as a red, stimulatory or inhibitory arrow.



Pathology

Genome-wide association studies revealed an intriguing association between abnormalities of plasma lipids and 69 miRNAs that regulate the expression of key genes in lipoprotein metabolism (Wagschal et al., 2015). Among them, miR-148a-3p is predominantly expressed in the liver and controls, at post-transcriptional level, the expression and function of low-density lipoprotein (LDL)-receptor and ATP-binding cassette transporter A1 (ABCA1) (Goedeke et al., 2015). Similarly, miR-223-3p regulates both cholesterol synthesis via the repression of 3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1) and methylsterol mono-oxygenase 1 (SC4MOL) as well as cholesterol efflux through regulation of scavenger receptor class B type 1 (SR-B1) and ABCA1 (Vickers et al., 2014). In addition, miR-30c-5p affects de novo lipid biosynthesis in the liver and the release of ApoB-containing lipoproteins, probably through the regulation of expression and function of lysophosphatidylglycerol acyltransferase 1 (LPGAT1) and microsomal triglyceride transfer protein (MTTP), respectively (Soh et al., 2013). Finally, strong evidence on the regulatory role of miRNAs in reverse cholesterol transport and high-density lipoproteins (HDL) metabolism is accumulating, as extensively reviewed elsewhere (Canfran-Duque et al., 2016).

Besides lipid metabolism, miRNAs also regulate glucose metabolism and are thereby involved in the pathophysiology of diabetes. Conditional Dicer knock-out in the pancreas (PdxCreDicerfl/fl) impedes the formation of Langerhans islets and differentiation of insulin-producing β-cells (Lynn et al., 2007). Highly expressed in the β-cell, miR-375-3p controls insulin synthesis under hyperglycemia conditions and prevents its release (Poy et al., 2004; El Ouaamari et al., 2008). Interestingly, higher miR-375-3p expression is observed in β-cells of patients with type 2 diabetes, thereby suggesting its relevance in this human disease (Zhao et al., 2010). Insulin sensitivity is also regulated by miRNAs as for example the let-7 miRNA-family participates in pathways leading to impaired insulin sensitivity in the skeletal muscle. This effect is mediated by targeting insulin receptor substrate (IRS)-2 and insulin-like growth factor (IGF)-1 receptor and antagonizing let-7 by RNA-interference or transgenic overexpression of two negative modulators of let-7 biogenesis (Lin28a and Lin28b) improved insulin sensitivity and glucose homeostasis (Frost and Olson, 2011; Zhu et al., 2011). On the other hand, the miR-103/-107 family is up-regulated in the liver of obese mice and governs hepatic insulin sensitivity. Indeed, overexpression of miR-107 increases hepatic gluconeogenesis, resulting in hyperinsulinemia and hyper-glycemia, while treatment with an antagomir against miR-103-3p improves glycemic tolerance, insulin sensitivity, and decreases both subcutaneous and visceral adipose tissue in mice (Trajkovski et al., 2011).

Finally, miRNAs participate in the regulation of blood pressure and development of hypertension by affecting the renin-angiotensin axis. Indeed, a single-nucleotide-polymorphism (rs5186) disrupts the binding site for miR-155-5p in the type 1 angiotensin II receptor (AGTR1) mRNA and is associated with increased risk for hypertension (Bonnardeaux et al., 1994; Sethupathy et al., 2007). The expression of AGTR1 is higher in young hypertensive patients carrying the mutant allele, directly correlated with arterial blood pressure, and inversely correlated with miR-155-5p expression in blood mononuclear cells (Ceolotto et al., 2011). Being hosted on chromosome 21, miR-155-5p could also contribute to the lower blood pressure in patients with Down syndrome (Sethupathy et al., 2007). Additionally, miR-181a-5p regulates the expression of renin in vitro, it is downregulated in a murine model of neurogenic hypertension and in the renal cortex of hypertensive patients, and inversely correlated with higher renin mRNA expression (Marques et al., 2011; Jackson et al., 2013). Finally, miR-145-5p regulates angiotensin-converting enzyme (ACE) in vascular smooth muscle cells (VSMCs) and in vivo deficiency results in hypotension and impaired vascular reactivity (Boettger et al., 2009). Additionally, changes in miR-145 expression were found in hypertensive patients in blood mononuclear cells and in carotid atherosclerotic plaques (Santovito et al., 2013; Kontaraki et al., 2014). Overall, the role of miRNAs in the regulation of lipid and glucose metabolism and vascular reactivity has been associated with important implications for the development of pathological abnormalities, like hypertension, diabetes and atherosclerosis.



Biomarker

Dyslipidemia and diabetes are diagnosed by routine blood tests. Nonetheless, alterations identified in circulating miRNAs could contribute to a better characterization of the patients and unveil new molecular pathways. For examples, miR-223-3p does not only control hepatic cholesterol and lipoproteins metabolism, but is also loaded into HDL to be released in conditions of hypercholesterolemia as shown in patients with familial hypercholesterolemia (Vickers et al., 2011). However, diabetes is among the most investigated diseases in regards of circulating miRNAs. Among the miRNAs affected in their circulating levels, there are those involved in the above-mentioned mechanisms of insulin release and sensitivity (i.e., miR-375-3p, the let-7 family), those involved in inflammation (e.g., miR-146a-5p), and those influencing endothelial biology such as miR-126-3p (Zampetaki et al., 2010; Kong et al., 2011; Santovito et al., 2014). This finding further supports the existence of profound crosstalk between diabetes, endothelial (dys)function, and atherosclerosis. Finally, anti-diabetic treatment could promote a (partial) reversion of the abnormalities in circulating miRNAs, hence highlighting their possible use to monitor therapeutic efficacy (Ortega et al., 2014; Santovito et al., 2014).

Hypertension has been associated with anomalies of circulating miRNAs. Although not essential for diagnostic purposes, circulating miRNAs may own additive prognostic value. For example, whole blood expression of miR-361-5p could discriminate patients affected by salt-sensitive vs. salt-resistant hypertension, thus possibly supporting the clinical decision of the appropriate anti-hypertensive treatment (Qi et al., 2017). Moreover, higher plasma levels of miR-21-5p positively correlated with carotid intima-media thickness in hypertensive patients, nominating this miRNA as a non-invasive marker of carotid atherosclerosis in these patients (Cengiz et al., 2015). Finally, an intriguing study showed an increase of circulating cmv-miR-UL112, a miRNA encoded by the human cytomegalovirus, in patients with hypertension (together with changes of endogenous miR-296-5p and let-7e-5p), thus proposing a link between cytomegalovirus infection and hypertension that mandate additional experimental proof (Li et al., 2011).



Therapeutic Potential

Therapeutic modulation of miRNAs affects serum lipoproteins in experimental studies. A remarkable evidence is provided by a clinical trial employing anti-sense interference of miR-122-5p (known as Miravirsen). Although this was a phase 2 clinical trial investigating safety and efficacy of miR-122-5p inhibition for Hepatitis C, treatment resulted in a dose-dependent decrease of serum total cholesterol levels (Janssen et al., 2013). The underlying mechanisms are not yet fully elucidated, although experiments in animal models identified 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the key enzyme for intracellular cholesterol biosynthesis, and MTTP, which transfers triglycerides onto ApoB during very low-density lipoprotein (VLDL) biogenesis, as two relevant targets (Esau et al., 2006; Tsai et al., 2012). Therapeutic modulation of other miRNAs to improve lipid and glucose metabolism has also been tested in animal models. For example, inhibition of miR-148a-3p by antisense nucleotides resulted in lower LDL cholesterol and higher HDL cholesterol in serum, reflecting the upregulation of hepatic LDL-receptor and ABCA1 (Goedeke et al., 2015). Moreover, inhibition of miR-103-3p by antagomir resulted in lower plasma glucose and improved insulin resistance in liver and adipose tissue of obese mice (Trajkovski et al., 2011). Similarly, systemic administration of an antisense nucleotide targeting the whole let-7 family prevented impaired glucose tolerance in obese mice by improving hepatic and muscular insulin sensitivity (Frost and Olson, 2011). These data designate miR-103-3p and let-7 as possible therapeutic targets in diabetes.

Finally, miRNAs have been experimentally tested as therapeutic agents in hypertension and related organ damages. Systemic administration of antisense nucleotides against miR-208a-3p blunted cardiac stress and consequent pathological hypertrophy in hypertensive rats (Dickinson et al., 2013). Moreover, treatment with miR-29b-3p after Angiotensin II-induced hypertension improved the progressive impairment of cardiac function and reverted histological markers of hypertensive cardiopathy in mice (Zhang et al., 2014). These studies unveil the therapeutic potential of miRNAs in hypertension and its complications.



ATHEROSCLEROSIS

Atherosclerosis is the main underlying cause of many CVDs. It is a chronic inflammatory disease of the arterial walls that eventually determine vessel stenosis and acute occlusion by atherothrombosis. The pathophysiological mechanisms leading to atherosclerosis progression are numerous and complex as reviewed elsewhere (Weber and Noels, 2011).


Pathology


Endothelial Cells

Several lines of evidence show the involvement of miRNAs in all stages of atherosclerosis (Figure 2). Amongst the most expressed miRNAs in endothelial cells (ECs), especially the miR-126 duplex plays a crucial role in regulating endothelial function. In contrast to most of the miRNAs, the precursor of miR-126 gives rise to two stable mature miRNA strands (miR-126-3p and miR-126-5p) which both coordinate atheroprotective functions. Indeed, miR-126-3p can regulate angiogenesis and reduces inflammatory leukocyte adhesion to ECs by repressing targets such as the vascular cell adhesion molecule-1 (VCAM-1) (Fish et al., 2008; Harris et al., 2008). On the other hand, miR-126-5p not only promotes the proliferative capacity by targeting delta-like 1 (Dlk1), a negative regulator of the NOTCH1 pathway (Schober et al., 2014), but also protects ECs from apoptotic cell death through an uncanonical mechanism. Indeed, high shear stress promotes nuclear localization of miR-126-5p by a pathway involving the activation of autophagy and the RNA-binding protein Mex3a (Dragomir et al., 2018; Santovito et al., 2020a). Nuclear miR-126-5p acts as an aptamer by directly binding to the effector caspase-3, inhibiting its catalytical activity, and protecting ECs from apoptosis (Santovito et al., 2020a). Besides the intracellular role, the guide strand of miR-126 (miR-126-3p) is released via apoptotic bodies and mediates a paracrine signaling regulating CXCL12 release (Zernecke et al., 2009). The relevance of the cell-specific contribution of CXCL12 and its receptor CXCR4 in the progression of atherosclerosis has been extensively proven (van der Vorst et al., 2015; Doring et al., 2017, 2019), thus further linking the miR-126 duplex to atherosclerosis development.
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FIGURE 2. MicroRNAs in atherosclerosis. MiRNAs involved in the pathogenesis of atherosclerosis are grouped per cell type (i.e., endothelial cells, vascular smooth muscle cells, and macrophages and monocytes). The (–), (+), and (–/+) indicate that the miRNA is either atheroprotective, pro-atherogenic or both, respectively. Additionally, circulatory biomarker miRNAs are listed in the red box. Furthermore, the miRNAs that have been studied as therapeutic target are depicted in blue circles and their initial effect on atherosclerosis is shown as a black, stimulatory or inhibitory arrow. The therapeutic intervention is shown in green circles and the effect on the miRNA is depicted as a red, stimulatory or inhibitory arrow.


Besides the miR-126 duplex, other EC-related miRNAs have been demonstrated to play a role in atherosclerosis. Studies involving a murine model of conditional deletion of Dicer in ECs (Cdh5CreDicerfl/fl) revealed a detrimental role for miR-103-3p in atherosclerosis. Indeed, miR-103-3p promotes endothelial inflammation by targeting Kruppel-like factor 4 (KLF4) and inhibits EC proliferation and promotes DNA damage through targeting of lncWDR59 in areas of disturbed shear stress (Hartmann et al., 2016; Natarelli et al., 2018). Silencing of Dicer also associated with higher expression of KLF2, an effect mediated by miR-92a-3p (Wu et al., 2011), a miRNA upregulated in atheroprone vascular areas, to promote endothelial activation and atherosclerosis progression (Loyer et al., 2014a). Furthermore, miR-92a-3p can be released in extracellular vesicles, thereby driving an atheroprone phenotype in recipient macrophages by targeting KLF4 (Chang et al., 2019) and regulating ECs angiogenic ability through a thrombospondin 1 (THBS1)-dependent mechanism (Liu et al., 2019). In contrast, miR-10a-5p is downregulated in atherosusceptible areas to foster IκB/NF-κB-mediated infiammation by repressing MAP3K7 and β-TRC (Fang et al., 2010).



Smooth Muscle Cells

Besides their role in ECs, miRNAs expressed in VSMCs also contribute to atherosclerosis and arterial remodeling. As one of the most enriched, the miR-143/-145 cluster acts as a phenotypical regulator of VSMCs. These miRNAs prevent proliferation and acquisition of a pro-atherosclerotic synthetic phenotype, with the effects being mediated by multiple targets such as KLF4, KLF5, and ACE (Boettger et al., 2009; Cheng et al., 2009; Cordes et al., 2009). Interestingly, this miRNA cluster is involved in an atheroprotective intercellular crosstalk between VSMCs and ECs. While miR-143/-145 produced in ECs favors the acquisition of an atheroprotective phenotype of VSMCs (reduced proliferation and dedifferentiation) upon vesicle-mediated transfer (Hergenreider et al., 2012), miR-143/-145 is also transferred from VSMCs to nearby ECs via tunneling nanotubes and contributes to stabilization of the endothelium (Hergenreider et al., 2012; Climent et al., 2015). Finally, a circular RNA (namely circ_Lrp6) acts as a natural sponge for miR-145-5p dampening its activity (Hall et al., 2019), highlighting a further regulatory layer for miR-145-5p activities. However, the ultimate relevance of miR-145-5p in atherosclerosis requires additional investigations as beneficial effects were observed by local vascular overexpression (Lovren et al., 2012; Hall et al., 2019) as well as by genetic deletion (Xin et al., 2009; Sala et al., 2014). Other miRNAs also contribute to VSMCs phenotype: miR-128-3p regulates methylation of the Myh11 gene (crucial for the contractile phenotype) by targeting KLF4, thus preventing dedifferentiation (Farina et al., 2020); miR-21-5p promotes VSMCs proliferation and neointima formation thought repressing phosphatase and tensin homolog (PTEN) expression (Ji et al., 2007); miR-26a-5p facilitates VSMCs proliferation and migration affecting the TGF-β pathway (Leeper et al., 2011).



Monocytes and Macrophages

Monocytes and macrophages also express miRNAs that are involved in atherosclerosis development. Genetic deletion of Dicer in macrophages (LysMCreDicerfl/fl) exacerbated atherosclerosis by enhancing inflammatory activation and favoring formation of foam cells due to an impaired mitochondrial fatty acid metabolism (Wei et al., 2018). The metabolic effects were reversed by re-expression of miR-10a-5p and let-7b-5p with consequent repression of Lcor (Wei et al., 2018). miR-155-5p, which is enriched in hematopoietic cells, is involved in atherosclerosis featuring opposite roles during early and advanced stages of the disease. Its expression in macrophages increases during atherogenesis and, while it suppresses early lesion formation by inhibiting macrophage proliferation, it promotes inflammatory activation and reduces efferocytosis at advanced stages (Donners et al., 2012; Nazari-Jahantigh et al., 2012; Du et al., 2014; Wei et al., 2015). Moreover, miR-146a-5p induced by inflammatory stimuli participates to resolution of inflammation by restraining inflammatory cytokines expression, reducing oxidized LDL (oxLDL) uptake, and protecting against atherosclerosis (Taganov et al., 2006).

Macrophage cholesterol uptake and efflux is also regulated by miRNAs. The uptake of oxidized lipoprotein is inhibited in vitro by miR-125a-5p and miR-155-5p by down-regulating the scavenger receptors CD68 and LOX1 (Chen et al., 2009; Huang et al., 2010). However, the cholesterol efflux pathways are the most affected by miRNA regulation. Cholesterol efflux first requires conversion of cholesteryl esters (stored in lipid droplets) into free cholesterol mediated by neutral cholesteryl ester hydroxylases or by autophagy. This latter process is repressed by miR-155-5p in macrophages and could contribute to reduced cholesterol efflux upon lipid (over)loading (Du et al., 2014). Free cholesterol is then transferred to apolipoprotein A1 or mature HDL by the synergic action of ABCA1 and ABCG1, respectively. In macrophages, these transporters are strongly regulated by multiple miRNAs such as miR-33-5p, miR-758-3p, and miR-19b-3p (Najafi-Shoushtari et al., 2010; Rayner et al., 2010; Ramirez et al., 2011; Lv et al., 2014). Interestingly, inflammatory stimuli (e.g., lipopolysaccharide) upregulate the expression of miR-33-5p in macrophages which stimulates an inflammatory phenotype (Ouimet et al., 2015), suggesting an additional link between lipid homeostasis and inflammation status. Unlike mice, humans express two miR-33 homologs (miR-33a-5p and miR-33b-5p) that exhibit a different regulation. Indeed, while miR-33a-5p is not affected (or slightly downregulated), miR-33b-5p is upregulated in atherosclerotic plaques from hypercholesterolemic patients and is paralleled by a lower translation rate of the ABCA1 protein (Mandolini et al., 2015). The presence of two miR-33 homologs should be considered while translating murine findings into a human disease.



Biomarker

Atherosclerotic plaque disruption underlies the development of acute ischemic syndromes and identification of vulnerable plaques is an unmet need in medical research. Studies performed on human unstable atherosclerotic plaques revealed peculiar changes in the expression profiles of miRNAs, including miR-100-5p, miR-127-3p, miR-133a-3p, miR-210-3p, miR-221-3p (Cipollone et al., 2011; Maitrias et al., 2015; Eken et al., 2017). These studies allowed the investigation of regulated targets and pathways influencing the mechanisms of plaque destabilization, however miRNAs analysis in atherosclerotic lesions may have limited application in clinical practice. Interestingly, the circulating levels of some of these miRNAs (i.e., miR-100-5p, miR-133a-3p, miR-210-3p, miR-221-3p) are also altered in patients with vulnerable carotid or coronary atherosclerotic plaques (Tsai et al., 2013; Wang et al., 2013; Soeki et al., 2015; Eken et al., 2017), suggesting their role as possible biomarkers to identify patients with vulnerable plaques. However, independent cohorts should be analyzed with standardized analytical procedures to properly validate the findings, assess diagnostic performance, and prove clinical utility.

Circulating miRNAs have also been tested for their ability to predict cardiovascular events. As one of the miRNAs regulated in vulnerable plaques (Cipollone et al., 2011; Maitrias et al., 2015), high plasma miR-133a-3p levels were associated with a higher risk of cardiovascular events in a prospective study in patients with familiar hypercholesterolemia with a follow-up of 8 years (Escate et al., 2020). Furthermore, a prospective population-based survey unveiled the association of miR-126-3p, miR-197-3p, and miR-223-3p with the incidence of myocardial infarction over a 10-year follow-up period (Zampetaki et al., 2012b). Finally, higher miR-19b-3p, miR-132-3p, miR-140-3p, miR-150-5p, miR-186-5p levels were linked to a high degree of cardiovascular deaths in the following 4 years in patients with coronary artery disease (Karakas et al., 2017).


Therapeutic Potential

Systemic and local administration of mimics, antagomirs, and target-site blockers was employed in animal models to explore the therapeutic potential of miRNA modulation in vivo. For example, delivery of miR-126-3p via apoptotic bodies as well as systemic treatment with the miR-126-5p mimic reduced atherosclerotic lesion formation in mice (Zernecke et al., 2009; Schober et al., 2014), hence supporting the beneficial role of the miR-126 duplex in vascular homeostasis. On the other hand, beneficial effects were observed by the inhibition of endothelial miRNAs with detrimental functions. Indeed, inhibition of miR-92a-3p by injection of an antagomir (Loyer et al., 2014a) or disruption of the interactions between miR-103-3p and its proatherogenic targets (Hartmann et al., 2016; Natarelli et al., 2018) reduced atherosclerosis and improved the lesion phenotype.

The inhibition of miR-33-5p was also extensively investigated, as cholesterol efflux and reverse transport represent an intriguing therapeutic opportunity for atherosclerosis regression. In mice, short-term (4 weeks) anti-miR-33 treatment increased cholesterol efflux from lesional macrophages and promotes regression of atherosclerosis (Rayner et al., 2011). However, long-term treatment (14 weeks) was not associated with beneficial effects on atherosclerosis (Marquart et al., 2013). A possible explanation is the concomitant hepatic overexpression of genes regulating fatty acid synthesis (e.g., acetyl-CoA carboxylase) with consequent increased plasma triglyceride levels and liver steatosis (Goedeke et al., 2014). Notably, long-term treatment of non-human primates, which express both miR-33 homologs, did not cause liver toxicity (Rottiers et al., 2013). It is therefore possible that the lack of miR-33b in rodents does not allow the complete evaluation of underlying mechanisms in murine models. In example, lower miR-33b-5p expression in human atherosclerotic plaques is observed after treatment with rosuvastatin (Santovito et al., 2020b), possibly contributing to anti-atherosclerotic properties of this molecule. Therefore, miR-33 represents a promising target for atherosclerosis, although further investigations are required to verify safety and efficacy in primates.



MYOCARDIAL INFARCTION

Myocardial infarction (MI) is characterized by the necrosis of myocytes followed by extracellular matrix (ECM) deposition by activated cardiac fibroblasts and consequent scar formation. This pathology is defined as cardiomyocyte death due to prolonged ischemia mostly caused by coronary artery disease.



PATHOLOGY

Myocardial infarction usually involves different types of cell death including necrosis and apoptosis, which are regulated amongst others by miRNAs (Figure 3; Higashi et al., 2015; Wang J.X. et al., 2015). Both pro- and anti-apoptotic miRNAs have been identified regarding apoptosis, such as miR-93-5p, miR-138-5p, and miR-320-3p. miR-93-5p was found to be anti-apoptotic in cardiomyocytes by targeting PTEN in mice with ischemia/reperfusion (I/R) injury (Ke et al., 2016). Additionally, in an in vitro study miR-138-5p protects cardiac myoblasts against hypoxia-induced apoptosis via the MLK3/JNK/c-jun pathway (He et al., 2013). In contrast, miR-320-3p targets IGF-1 and thereby promotes apoptosis in cardiomyocytes (Song et al., 2016).
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FIGURE 3. MicroRNAs in myocardial infarction. MiRNAs involved in the pathogenesis of myocardial infarction are grouped per cell death type (i.e., apoptosis and necrosis). Moreover, the circulatory miRNAs studies as biomarker are listed in the red box. Furthermore, the therapeutically targeted miRNAs are visualized in blue circles and their initial effect on myocardial infarction is shown as a black, stimulatory or inhibitory arrow. The therapeutic intervention is depicted in green circles and their effect on the targeted miRNA is shown as a red, stimulatory or inhibitory arrow.


Additionally, miRNAs like miR-103a-3p, miR-107, miR-155-5p, and miR-30b-5p are either anti- or pro-necrotic in cardiac disorders (Liu et al., 2011; Wang K. et al., 2015,b). For example, miR-103a-3p and miR-107 induce necrosis in cardiomyocytes by targeting Fas-associated protein with death domain (FADD) (Wang J.X. et al., 2015). In contrast, miR-30b-5p inhibits necrosis through targeting cyclophilin D, which usually promotes necrosis. Interestingly, enhanced expression of miR-30b-5p in the heart reduced necrosis and MI size following I/R injury (Wang K. et al., 2015). Likewise, overexpression of miR-155-5p in cardiomyocyte progenitor cells attenuates necrosis by targeting receptor interacting protein 1 (RIP1) (Liu et al., 2011).


Biomarker

In MI, cardiac troponins are used as the golden standard diagnostic biomarkers. Although the measurement of troponin levels is a sensitive test, it is not specific for MI as for example myocarditis can also alter troponin levels (Halushka et al., 2019). Therefore, the opportunity for miRNAs as biomarker lies in its potential to discriminate true MI from other diseases, which have similar classical biomarker profiles as MI. A number of miRNAs have been explored in the context of MI, such as miR-1a-3p, miR-133a-3p, and miR-499a-5p. miR-1a-3p, miR-133a-3p, and miR-499a-5p levels were all elevated in MI patients, but were not more specific as compared to troponin (Ai et al., 2010; Wang et al., 2010). In contrast, it was found that 93% of 510 patients suffering from MI were tested positive for miR-499a-5p, while only 88% tested positive for troponin (Devaux et al., 2012). Therefore, it seems that miRNAs still have some additional value on top of troponins.



Therapeutic Potential

The inability of cardiomyocytes to replicate and regenerate the lost contractile tissue raises the need for novel therapies, as the current ones fail to restore this replication-potential. Interestingly, one very recent study investigated the therapeutic potential of miR-199a-5p in pigs. This miRNA was administered in pigs through an adeno-associated viral vector directly after MI was induced, which resulted in improved contractility, increased muscle mass and reduced scar formation one month after MI and miR-199a-5p delivery. However, despite these improvements a longer, uncontrolled expression of this miRNA resulted in sudden death of 7 out of 10 pigs indicating that the dosage of this potential treatment has to be tightly controlled (Gabisonia et al., 2019). Furthermore, miR-92a-3p inhibition on MI recovery in mice was investigated. The mice were injected with an antagomir at 0, 2, 4, 7, and 9 days after MI was induced, after which cardiac function was determined at day 14. Improved heart function and reduced infarction size could be observed in antagomir injected mice compared to the control injected mice (Bonauer et al., 2009).



CARDIAC REMODELING

Cardiac remodeling is generally defined as molecular and cellular changes clinically manifested as changes in heart shape, size and function caused by cardiac load or injury (Cohn et al., 2000). Cardiac hypertrophy and fibrosis are part of this pathology. In cardiac hypertrophy, myocyte death increases the contractile load on neighboring myocytes, which leads to increased myocyte size. As a maladaptive response to the impaired heart performance, cardiac myofibroblasts deposit an excessive amount of excessive ECM in the interstitium, thereby further enhancing cardiac stiffness and dysfunction (Westermann et al., 2011).


Pathology

miR-133a-3p, miR-1a-3p, miR-27b-3p, and miR-208a-3p are one of the many miRNAs involved in hypertrophy (Figure 4). miR-133a-3p levels in cardiomyocytes significantly decrease in animal models of hypertrophy and in patients with hypertrophic cardiomyopathy as compared to healthy controls. Moreover, overexpression of this miRNA resulted in preserved cardiac function, whilst inhibition resulted in increased hypertrophy, further associating and even causally linking miR-133a-3p to hypertrophy (Carè et al., 2007). Just like miR-133a-3p, miR-1a-3p has a high abundance in cardiomyocytes and has a lower expression in heart failure patients (Elia et al., 2009). More interestingly, restoration of miR-1a-3p gene expression seems to reverse pressure-induced cardiac hypertrophy in rats (Karakikes et al., 2013). miR-27b-3p has also been shown to be involved in hypertrophy development. In vivo silencing of this miRNA with an antagomiR resulted in attenuation of cardiac hypertrophy and dysfunction in mice with heart failure, suggesting that miR-27b-3p promotes cardiac hypertrophy and dysfunction (Wang et al., 2012). miR-208a-3p is also expressed in high levels in healthy cardiomyocytes, where it regulates the balance between the two myosin heavy chains (MHC) isotypes, i.e., α- and β-MHC. This miRNA induces a shift towards the β-MHC isotype, which reduces contractility and is known to be a maladaptive response to cardiac stress (Krenz and Robbins, 2004; Callis et al., 2009).


[image: image]

FIGURE 4. MicroRNAs in cardiac remodeling. The miRNAs involved in the pathogenesis of cardiac fibrosis and hypertrophy are visualized in the inner green and yellow circles, respectively. The miRNAs which have been studied as biomarker are listed in the outer circles. Additionally, the miRNAs studied as therapeutic are shown in blue circles and their initial effect on the pathologies is visualized as a black, stimulatory or inhibitory arrow. The method of intervention is depicted in the green circles and their effect on the miRNA target is shown as a red, stimulatory or inhibitory arrow.


Several miRNAs have been studied regarding cardiac fibrosis, including miR-21-5p, miR-378-5p, and miR-223-3p. miR-21-5p levels are elevated in cardiac fibroblasts of fibrotic mouse hearts and in heart failure patients (van Rooij et al., 2006). This miRNA also stimulates ECM deposition in mice with increased afterload and myocardial ischemia, which are some of the underlying causes of cardiac remodeling (Thum et al., 2008; Roy et al., 2009). Furthermore, miR-378-5p has been shown to be secreted by cardiomyocytes as a consequence of mechanical stress and it inhibits excessive cardiac fibrosis in an extracellular vesicles-dependent secretory manner (Yuan et al., 2018). Lastly, overexpression of miR-223-3p leads to increased proliferation, differentiation and migration of cardiac fibroblasts and in vivo inhibition leads to alleviated cardiac fibrosis (Liu et al., 2018).



Biomarker

MiRNAs might serve as new serological biomarkers for a precise detection of cardiac remodeling. miR-27b-3p serum levels were measured through stem-loop RT-PCR in 200 hypertensive patients with left ventricular hypertrophy (LVH), 100 hypertensive patients without LVH, and 100 healthy volunteers. Results showed that miR-27b-3p serum levels were significantly higher in the patients with LVH compared to both the hypertensive and healthy subjects without LVH (Wang et al., 2017).

Although cardiac tissue biopsy analysis has been the golden standard for the diagnosis of cardiac fibrosis, circulating biomarkers have been studied to develop a more non-invasive approach (Richards, 2017). Biomarker potential of miRNAs have been well established in myocardial fibrosis, including miR-21-5p, miR-29a-5p, miR-30d-5p, and miR-133a-3p. These were measured in the plasma of left ventricular non-compaction (LVNC) patients both with and without myocardial fibrosis diagnosed with cardiac magnetic resonance with late gadolinium enhancement (LGE), where LGE positivity reflects the presence of fibrosis. Four miRNAs were significantly upregulated in LVNC patient with fibrosis as compared to LVNC patients without fibrosis, suggesting that these miRNAs could be used as biomarkers for detecting fibrosis in the clinic (Szemraj-Rogucka et al., 2019).



Therapeutic Potential

Cardiac remodeling evokes downregulation of specific miRNAs in the heart; overexpression of these miRNAs is sufficient to induce hypertrophy (van Rooij et al., 2006), creating the opportunity to identify novel targets for miRNA-based therapies. A first in vivo study regarding miRNA-based therapies implanted osmotic minipumps in mice for a continues delivery of an antagomir targeting miR-133a-3p. This inhibition of miR-133a-3p resulted in marked and sustained hypertrophy compared to saline infused mice, suggesting an artificial overexpression of miR-133a-3p might have therapeutic value for hypertrophy (Carè et al., 2007). Another study used an antagomir targeting miR-21-5p into mice that underwent a transverse aortic constriction (TAC) operation to induce pressure overload of the left ventricle or into sham operated mice. Silencing miR-21-5p in TAC operated mice resulted in reduced interstitial fibrosis in the heart and attenuated cardiac dysfunction as compared to their controls (Thum et al., 2008). Moreover, in vivo inhibition of miR-199b-5p in mice and miR-208a-3p in rats inhibited cardiac remodeling and improved heart function (da Costa Martins et al., 2010; Montgomery Rusty et al., 2011).



THE ROAD TOWARD CLINICAL APPLICATION: CURRENT LIMITATIONS AND FUTURE CHALLENGES

As described in the previous chapters, circulating miRNAs hold promising diagnostic and prognostic potential in CVDs. Yet, further work is necessary to address some aspects that currently limit their use in clinical routine. A large core of evidence derives from monocentric case-control studies, and external validation in large prospective cohorts is often missing. Moreover, anomalies of circulating miRNAs also associate with several non-CVDs (e.g., cancer, inflammatory diseases) as well as concomitant treatments (Hayes et al., 2014; Tielking et al., 2019). However, it is particularly complex to take all these variables into account in studies on circulating miRNAs and appropriate multivariate analyses are sometimes missing or inconclusive, especially in small cohorts. Importantly, there is a relevant lack of standardization in methods and analytical workflows. The most commonly used technique for measuring circulating miRNAs is qPCR with its inherent limitations raised by the lack of unequivocally accepted normalization strategies. Several approaches have been pursued ranging from the use of a synthetic spike-in (e.g., cel-miR-39), to the identification of sets of endogenous miRNAs with the lowest variance among samples, to applying an average of cycle thresholds (Zampetaki et al., 2012a; Halushka et al., 2019). Other techniques have also been applied such as droplet digital PCR, chip-based digital PCR, and RNA-sequencing. However, the disparities in methods and analytical workflows make it difficult to merge results from multiple studies (e.g., meta-analyses). Therefore, all these aspects warrant an urgent need for a consensus. This represents a keystone for proceeding with validation of diagnostic and prognostic performances in multicentric prospective cohorts with the final aim to establish their role in improving risk stratification of patients with CVDs.

Finally, in the light of their pathophysiological relevance, it was a logical consequence to imagine miRNAs as novel therapeutic entities for clinical application. To date, clinical trials (phase 1 and 2) provided proof-of-principle evidence that modulation of miRNAs is feasible in humans (e.g., miravirsen, a miR-122-5p inhibitor) (Janssen et al., 2013). On the other hand, the premature halt of some trials on other miRNA-based therapeutics (i.e., miR-34 mimics) reflects the existence of limiting aspects to overcome. In particular, a single miRNA could target multiple genes and those genes are expressed and regulated in a cell- and tissue-dependent manner, thus evolving the notion of “off-target effects” to an unprecedented complexity, compared to standard drugs. Therefore, tissue-specific delivery is crucial to minimize side effects due to off-targeting of transcripts in other cells types (as in the case of anti-miR-33, see section “Therapeutic Potential”). Although systemic administration can easily reach therapeutic concentrations of miRNAs in organs such as liver and kidney, the delivery in other tissues (e.g., arteries) requires carefully engineered carriers. They include nanoparticles coated with appropriate antigens recognized by receptors unambiguously expressed on targeted cells. However, nanoparticles display low efficiencies in cell internalization and in the release of miRNAs inhibitors in the cytoplasm (1–2%) (Gilleron et al., 2013) thus fostering research to develop new and more effective strategies. In this context, bacterially derived minicells coupled with antibodies against cell-specific markers has been effectively employed for tissue-specific delivery of miR-16 mimics in patients with mesothelioma (van Zandwijk et al., 2017) and may extend the portfolio of cell-specific delivery systems. Another relevant aspect is the influence of chemical modifications of nucleotides on the efficacy and safety of the miRNA-based compounds. Indeed, specific chemistries (e.g., 2′O-methyl nucleotides, Locked Nucleic Acids) are applied to anti-miRNA oligonucleotides to enhance the resistance to serum nucleases, the affinity to their targets, and the pharmacokinetic profile. However, some modifications might influence both the strength of miRNA inhibition and the efficacy of cellular uptake. Moreover, these changes could induce sequence-independent toxicity mainly observed for high doses of oligonucleotides which include inhibition of the coagulation, activation of the complement cascade and activation of immune response by triggering both innate and adaptive arms (Li and Rana, 2014). These findings demand for additional efforts to improve the pharmacodynamic and pharmacokinetic profiles that, together with advanced delivery system, would increase the therapeutic windows of miRNA-based therapeutics. These and other limitations are extensively discussed elsewhere (van Rooij et al., 2012; Li and Rana, 2014; Zhou et al., 2018) and represent exciting challenges for future research to hopefully move this new class of drug from bench to bedside.



CONCLUDING REMARKS

Overall, miRNAs play an important role in several cardiovascular risk factors and in the pathophysiology of atherosclerosis, cardiac remodeling and MI. These molecules also showed great potential as both biomarkers and therapeutic targets in all of these pathologies, although further research and especially clinical validation is still required. MiRNAs can be a valuable addition to the currently used biomarkers, to further fine-tune diagnostics and come one step closer to the optimal scenario being personalized medicine. In order to use miRNAs in the clinic it is essential that the most promising candidates are further validated in a clinical setting and in different patient cohorts. The use of miRNA targeting as therapeutic strategy is still in its infancy. Pre-clinical studies show very promising results, although most studies are only performed in rodent models so far. It will be very interesting to further study this therapeutic approach in a more translatable setting in order to perform more clinical trials studying the efficacy and safety of these treatments. All in all, it has been extensively demonstrated that miRNAs play an important role in several cardiovascular pathologies and initial studies show great promise for the use of miRNA as biomarkers and even therapeutic targets in the future.
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Tussilagone is a sesquiterpenoid extracted from Tussilago farfara and is used as an oriental medicine for asthma and bronchitis. Although previous studies have shown that tussilagone has an inhibitory effect on platelet aggregation, no studies have been performed to investigate its precise effect on platelets, and the underlying mechanism remains unclear. In the present study, we showed that tussilagone inhibited platelet aggregation induced by collagen, thrombin and ADP, as well as platelet release induced by collagen and thrombin, in mice. Tussilagone decreased P-selectin expression and αIIbβ3 activation (JON/A binding) in activated platelets, which indicated that tussilagone inhibited platelet activation. Moreover, tussilagone suppressed platelet spreading on fibrinogen and clot retraction. The levels of phosphorylated Syk, PLCγ2, Akt, GSK3β, and MAPK (ERK1/2 and P38) and molecules associated with GPVI downstream signaling were downregulated in the presence of tussilagone. In addition, tussilagone prolonged the occlusion time in a mouse model of FeCl3-induced carotid artery thrombosis and had no effect on mouse tail bleeding time. These results indicate that tussilagone inhibits platelet function in vitro and in vivo and that the underlying mechanism involves the Syk/PLCγ2-PKC/MAPK and PI3K-Akt-GSK3β signaling pathways downstream of GPVI. This research suggests that tussilagone is a potential candidate antiplatelet drug for the prevention of thrombosis.

Keywords: tussilagone, sesquiterpenoid, antiplatelet, thrombosis, glycoprotein VI pathway


INTRODUCTION

Platelets play important roles in hemostasis, thrombosis, inflammation, immunity, tumor metastasis and cardiovascular diseases, such as heart failure, ischemic stroke, and acute coronary syndrome (1–6). Platelets are activated by a variety of receptor-mediated stimulants, such as collagen, thrombin, ADP and thromboxane A2 (TxA2), which promotes a signaling cascade within platelets, resulting in platelet deformation, release of granular substances, and synthesis of thromboxane to promote the formation of thrombus (2). Antiplatelet therapy is still paramount to the management of these diseases.

Recent studies highlighted the importance of platelet glycoprotein (GP) VI receptor, widely known as the major receptor for collagen, and also binds to laminins, immobilized fibrinogen and fibrin (7, 8). Binding of GPVI to collagen induces tyrosine phosphorylation of the immune-receptor tyrosine-based activation motif (ITAM) in the cytoplasmic tail of the FcRγ chain, leading to a tyrosine phosphorylation-regulated cascade that involves Syk and PLCγ2 (9). Platelet GPVI represents an attractive new target because it is only expressed on platelets and megakaryocytes. In addition, GPVI blockade has been demonstrated to have efficient antithrombotic potential and show beneficial effects in other diseases (10).

At present, antiplatelet therapy mainly targets signaling pathways in platelets, such as TXA2 synthesis, adenosine diphosphate (ADP)-mediated signaling, cAMP, and integrin αIIbβ3-mediated signaling pathways (11). Although current antiplatelet agents are commonly used in clinical practice, their limitations still need to be addressed. The main severe and relatively common side effect of antiplatelet therapy is a higher risk of hemorrhage, for example, gastrointestinal bleeding and intracranial and intracerebral hemorrhage (12, 13). Another limitation affecting the efficiency of many antiplatelet drugs is genetic differences in the ability to metabolize prodrugs, such as clopidogrel, acquired anaphylaxis (heparin and aspirin) and drug resistance (aspirin) (14, 15). Thus, there is a need to develop novel platelet inhibitors with better efficacy and safety.

A multitude of traditional Chinese medicines (TCMs) are thought to promote blood circulation and remove blood stasis (16–18). Sesquiterpenoids extracted from the rhizomes of Curcuma zedoaria have been reported to have antiplatelet effects (19). Tussilagone, a sesquiterpene, can be extracted from the flower buds of the TCM Tussilago farfara L. (T. farfara) and used as an index of chemical extraction of T. farfara. Recent studies have shown that tussilagone has anti-inflammatory activity (20–22), inhibits dendritic cell function (23), suppresses the production and gene expression of MUC5AC mucin (24), and suppresses angiogenesis (25). Tussilagone has also been previously reported to have an inhibitory effect on rabbit platelet aggregation (26). However, to date, there have been no other reports on the effects of tussilagone on platelets. In this study, we investigated the effects of tussilagone on platelet function and arterial thrombosis and elucidated the possible underlying mechanism of these effects.



MATERIALS AND METHODS


Reagents and Chemicals

Tussilagone (Figure 1) was obtained from Chengdu Preferred Bio-tech Co., Ltd. (Sichuan, China). Dimethylsulfoxide (DMSO), ethylenediamine tetraacetic acid (EDTA), bovine serum albumin (BSA), adenosine diphosphate (ADP), thrombin, prostaglandin E1 (PGE1), and phalloidin tetramethylrhodamine isothiocyanate (phalloidin-TRITC) were purchased from Sigma Chemicals (St. Louis, MO, USA). Collagen (Type I, from equine tendons suspended in an isotonic glucose solution of pH 2.7) and luciferin-luciferase were purchased from Chrono-Log Corp. (Havertown, PA, USA). Antibodies against phospho-Akt (Ser473), phospho-GSK3β (Ser9), phospho-p38 (Thr180/Tyr182), phospho-ERK1/2 (Tyr202/204), and phospho-PLCγ2 (Tyr1217) were purchased from Cell Signaling (Beverly, MA, USA). Antibodies against phospho-Syk (Tyr525/526) were purchased from ABclonal Technology (Wuhan, Hubei, China). Anti-AKT, anti-GSK3β, anti-Syk, anti-p38, anti-ERK1/2, anti-PLCγ2, anti-GAPDH and HRP-conjugated goat anti–rabbit IgG antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). A FITC-conjugated anti-CD62P antibody was obtained from BD Biosciences (San Jose, CA, USA). A PE-conjugated anti-αIIbβ3 antibody (JON/A) (M023-2) was obtained from Emfret Analytics (Eibelstadt, Germany). Protease and phosphatase inhibitor cocktails were purchased from EMD Millipore Chemicals (Billerica, MA, USA). The ECL Western blotting detection reagent was purchased from Pierce Chemical Co. (Rockford, IL, USA).


[image: Figure 1]
FIGURE 1. Chemical structure of tussilagone.




Animals

Male ICR mice (weight, 18–25 g; age, 8 weeks) purchased from Hubei Experimental Animal Research Center (Wuhan, Hubei, China) were housed in a specific pathogen-free environment under standard laboratory conditions: relative humidity of 55–65%, temperature of 22–24°C, 12-h dark/light cycle (lights on at 7:00; lights off at 19:00). The mice were provided free access to food and water and acclimated for at least 1 week before the experiment. All experimental protocols and animal care procedures were carried out according to the relevant guidelines and were approved by the Ethics Committee for Experimental Animals at Zhumadian Central Hospital.

To investigate the effect of tussilagone on platelets in vivo, mice were separated into two groups (n = 8 per group). The tussilagone mice were orally administered tussilagone (10 mg/kg) daily (25), while the control mice received the same dose of corn oil. After 7 days, the mice were used for ferric chloride-induced carotid injury experiments, a tail bleeding time assay and an ex vivo platelet aggregation test.



Mouse Platelet Isolation and Preparation

Washed mouse platelets and platelet-rich plasma (PRP) were prepared as described previously (27). Briefly, after mice were anesthetized with urethane by intraperitoneal injection, whole blood was drawn from the inferior vena cava into a syringe containing 3.8% sodium citrate (9:1, v/v). PRP was obtained by removing red blood cells after centrifuging the whole blood for 15 min at 150 × g. By centrifuging blood samples that contained almost no platelets at 800 × g for 15 min, the supernatant was obtained as the platelet-poor plasma (PPP) fraction. The PPP was used as a reference solution and diluent in the aggregation assay. Blood (2–3 mL) was diluted with Tyrode's buffer (137 mM NaCl, 13.8 mM NaHCO3, 5.5 mM glucose, 2.5 mM KCl, 20 mM HEPES, and 0.36 mM NaH2PO4, pH 7.4) containing 1 μM PGE1 and centrifuged at 160 × g for 15 min at room temperature to obtain platelets. The platelets were washed twice softly with Tyrode's buffer containing 1 μM PGE1 and 1 mM EDTA. The pelleted platelets were resuspended in Tyrode's buffer (3.0 × 108/mL) and incubated for 30 min at 37°C prior to stimulation.



Platelet Aggregation and ATP Release Assays

Platelet aggregation and ATP release assays were performed as described previously (28) by using an aggregometer (Chrono-Log Corp., Havertown, PA, USA). Briefly, washed platelet suspensions or PRP (3 × 108/mL) was placed in siliconized glass cuvettes at 37°C with a stir speed of 1,000 rev/min in the aggregometer. Before stimulation with different agonists, the washed platelets and PRP were preincubated with 0.4% DMSO (vehicle) or different concentrations of tussilagone (10, 20, or 40 μM) for 5 min at 37°C. CaCl2 (final concentration of 1 mM) was added prior to agonist stimulation. When the platelets were stimulated with agonist, platelet ATP release was measured using luciferin-luciferase reagent. The aggregation and ATP release results were recorded by Aggregolink software. The data are presented as actual traces, and the aggregation and ATP release of untreated platelets (vehicle) were set as 100%. Aggregation was assessed turbidimetrically and expressed as the percent change in light transmission.



Clot Retraction

A total of 500 μL of washed platelet suspension (3.0 × 108/mL) containing 400 μg/mL fibrinogen and 1 mM CaCl2 was stimulated with 5 μL of thrombin (20 U/mL) to initiate clot retraction at 37°C. Clot retraction was monitored by taking photographs at the indicated time points using a digital camera (Nikon D90, Japan).



Platelet Spreading

Washed platelets (3.0 × 107/mL) were incubated with different concentrations of Tussilagone (10, 20, or 40 μM) or vehicle (0.4% DMSO) for 5 min and permitted to spread on coverglasses coated with fibrinogen (25 μg/mL) or BSA for 45 min at 37°C in 24-well plates. Then, PBS was used to wash the coverglasses twice after the platelet suspension was removed. The adherent platelets were fixed with 2% paraformaldehyde, permeabilized with 0.1% Triton, and stained with fluorescein-labeled phalloidin. A fluorescence microscope (Nikon TE-2000S, Japan) was used to obtain images, and ImageJ software (NIH, USA) was used to calculate the platelet spreading area.



Flow Cytometry Analysis

A FITC-conjugated anti-CD62P antibody or PE-labeled anti-αIIbβ3 antibody (JON/A) was added to washed platelets (5.0 × 107/mL) pretreated with different concentrations of Tussilagone (10, 20, or 40 μM) or vehicle (0.4% DMSO) for 5 min at 37°C, and the platelets were incubated for 15 min at room temperature in the dark. Then, the samples were analyzed by flow cytometry (BD Biosciences, CA).



Western Blotting

Resting washed platelets (3.0 × 108/mL) or platelets stimulated with the agonist after being preincubated with tussilagone or vehicle for 5 min were lysed with the same volume of 2× lysis buffer (300 mM NaCl, 20 mM EGTA, 2% Triton X-100, 30 mM HEPES, 0.2 mM MgCl2, 2× protease inhibitor cocktail and 2× phosphatase inhibitor cocktail). The protein concentration was quantified by a BCA assay. We subjected the samples to electrophoresis on a 10% SDS polyacrylamide gel (SDS-PAGE) and transferred them to polyvinylidene difuoride (PVDF) membranes. The membranes were blocked with 5% skim milk for 1 h at room temperature before incubated with the corresponding antibodies. Then, the membranes were incubated with appropriate HRP-conjugated secondary antibodies for 1 h at room temperature. The blots were developed using a chemical luminescence imaging system (DNR Bio-imaging Systems) and analyzed by ImageJ.



Ferric Chloride-Induced (FeCl3) Carotid Injury

A carotid thrombosis model was established as previously described (28). After anesthetization by intraperitoneal injection of urethane, the left common carotid artery was exposed. Blood flow was continuously monitored using a perivascular flow probe (Transonic, UK) connected to a TS420 flow meter (Transonic, UK). A 2-mm strip of filter paper saturated with 12% FeCl3 was applied to the carotid artery surface for 3 min. Blood flow was monitored for 30 min or until the absence of blood for 1 min after removal of the filter paper. Occlusion was defined as the time required for > 90% loss of the initial blood volume.



Tail Bleeding Assay

The mice were anesthetized, and a 3-mm segment of the tail tip was amputated with a scalpel. Tail bleeding was monitored by gently absorbing the blood with filter paper at 30-s intervals without touching the wound site. The bleeding time was defined as the time required for bleeding to stop for more than 1 min or 30 min.



Statistical Analysis

We analyzed the data using GraphPad Software 6.0 (Graph Pad, USA). All data were normally distributed and expressed as the means ± standard errors of the mean (SEMs). Data were analyzed by Two-tailed unpaired Student's t-test or one-way ANOVA followed by Tukey's multiple comparison test. P < 0.05 were considered statistically significant.




RESULTS


Tussilagone Inhibits Platelet Aggregation

Incubation of washed platelets or PRP with tussilagone (10, 20, or 40 μM) for 5 min led to a concentration-dependent inhibitory effect on platelet aggregation induced by collagen (0.8 μg/mL) (55.7 ± 1.5, 47.3 ± 4.7, and 18.7 ± 1.3%, respectively), thrombin (0.08 U/mL) (62.3 ± 3.8, 47.7 ± 5.5, and 18.0 ± 1.2%, respectively) and ADP (8 μM) (44.0 ± 1.5, 20.7 ± 2.2, and 11.0 ± 1.2%, respectively) (Figure 2).


[image: Figure 2]
FIGURE 2. Inhibitory effect of tussilagone on platelet aggregation induced by different agonists. Preincubated with different concentrations of tussilagone (10, 20, or 40 μM) or vehicle for 5 min, platelet aggregation of washed platelets induced by (A) collagen (0.8 μg/mL) or (B) thrombin (0.08 U/mL) and platelet aggregation of PRP (3.0 × 108/mL) induced by (C) ADP (8 μM). (D) The aggregation (%) were quantified. One-way ANOVA was used for analysis. The data are presented as the mean ± SEM (n = 4). ***p < 0.001, vs. vehicle.




Tussilagone Inhibits Platelet Granule Secretion and Platelet Activation

To investigate whether tussilagone has an effect on platelet granule secretion, washed platelets were preincubated with different concentrations of tussilagone and then stimulated with collagen (0.8 μg/mL) or thrombin (0.08 U/mL). The results showed that tussilagone (10, 20, or 40 μM) had a significant inhibitory effect on platelet ATP release induced by collagen (61.2 ± 2.3, 44.0 ± 4.5, and 24.7 ± 2.3%, respectively) and thrombin (60.0 ± 2.9, 41.7 ± 2.0, and 27.3 ± 1.8%, respectively) (Figures 3A,B). Then, we examined the effect of tussilagone on platelet activation. Washed platelets were preincubated with tussilagone before stimulation with thrombin (0.2 U/mL) and P-selectin expression and αIIbβ3 activation (JON/A binding) were detected by flow cytometry. We found that tussilagone also inhibited platelet P-selectin expression and JON/A binding (Figures 3C,D).


[image: Figure 3]
FIGURE 3. Tussilagone inhibits platelet ATP release, P-selectin expression and αIIbβ3 activation. (A) Representative traces of platelet ATP release induced by collagen (0.8 μg/mL) or thrombin (0.08 U/mL) were recorded. (B) Quantification of ATP release. (C) Platelet P-selectin expression and (D) αIIbβ3 activation (JON/A binding) were detected by flow cytometry after platelet activation. Washed platelets (5.0 × 107/mL) were preincubated with different concentrations of tussilagone (10 μM, 20 μM, or 40 μM) or vehicle for 5 min at 37°C and stimulated with thrombin (0.2 U/mL) in the presence of a FITC-conjugated anti-CD62P antibody or a PE-conjugated JON/A antibody. The data are presented as the mean ± SEM (n = 4). One-way ANOVA was used for data analysis. *p < 0.05 and ***p < 0.001 vs. vehicle.




Tussilagone Suppresses Platelet Spreading on Fibrinogen and Clot Retraction

Platelet spreading on fibrinogen was investigated after preincubation with tussilagone (10, 20, or 40 μM). Compared to that in the vehicle group, the formation of filopodia and lamellipodia by platelets, as well as the area of single adherent platelets and relative surface coverage area were reduced in the tussilagone-treated group in a dose-dependent manner (Figures 4A,B). In addition, in the presence of tussilagone, especially at the high dose, clot retraction was also significantly suppressed (Figures 4C,D).


[image: Figure 4]
FIGURE 4. Tussilagone suppresses platelet spreading on fibrinogen-coated surfaces and clot retraction. (A) Representative images of platelet spreading on BSA- or fibrinogen-coated surfaces. Washed platelets (2.0 × 107/mL) were preincubated with vehicle or different concentrations of tussilagone (10, 20, or 40 μM) for 5 min at 37°C before being allowed to spread on coated glass. (B) The area covered by single adherent platelets (left) and the relative average coverage area of spreading platelets (the values were normalized to vehicle, which was set as 100%) (right) were quantified. (C) Representative images of clot retraction were taken 15 min later. (D) Summary data of clot retraction were presented. The data are presented as the mean ± SEM (n = 4). One-way ANOVA was used for data analysis. **p < 0.01, ***p < 0.001, NS, not significant, vs. vehicle. TSL, tussilagone.




Tussilagone Negatively Affects Collagen-Induced Intracellular Signaling in Platelets

To investigate how tussilagone inhibits platelet function, we examined signaling molecules in platelets after collagen stimulation. Western blotting results showed that the levels of Syk, PLCγ2, Akt, and GSK3β, as well as the phosphorylation of mitogen-activated protein kinase (MAPK) family members (ERK1/2 and P38), were decreased by tussilagone (40 μM) (Figure 5). These findings indicate that tussilagone negatively regulates GPVI signaling in platelets.


[image: Figure 5]
FIGURE 5. Tussilagone inhibits collagen-induced intracellular signaling in platelets. Washed platelets (3.0 × 108/mL) were preincubated with vehicle or tussilagone (40 μM) for 5 min at 37°C before being stimulated with collagen (0.8 μg/mL) with stirring at 1,000 rpm in an aggregometer at 37°C and then lysed to analyze signaling molecules by Western blotting. Representative blots are shown, and the levels of PLCγ2, Syk, Akt, GSK3β, p38, and ERK1/2 phosphorylation were determined. The data are presented as the mean ± SEM (n = 4). One-way ANOVA was used for data analysis. *p < 0.05 and **p < 0.01 vs. vehicle. TSL, tussilagone.




Tussilagone Inhibits Platelet Function and Thrombosis in vivo

To determine the inhibitory effect of tussilagone on platelets in vivo, mice were given tussilagone orally for 7 days, while the control mice were given corn oil. The occlusion time of the carotid artery and tail bleeding time were measured. Compared with control FeCl3-induced carotid injury model mice, FeCl3-induced carotid injury model mice treated with tussilagone (10 mg/kg) exhibited prolonged thrombotic occlusion time (Figure 6A). The tail bleeding time assay showed that compared to control, tussilagone had no effect on tail bleeding time (Figure 6B). In addition, compared to those from control mice, washed platelets from tussilagone-treated mice showed decreased aggregation induced by collagen (Figures 6C,D). These results indicate that tussilagone inhibits platelet function in vivo without affecting bleeding time.


[image: Figure 6]
FIGURE 6. Tussilagone inhibits thrombosis in vivo. (A) Vascular occlusion times were compared between vehicle- and tussilagone-treated mice after FeCl3-induced injury of the carotid artery. The occlusion time represents the amount of time required to form an occlusive thrombus as described in the Materials and Methods. (B) The effect of tussilagone on bleeding time. The bleeding time from tail transection to complete cessation of bleeding was recorded. There were eight mice per group for (A,B). (C) Representative traces of platelet aggregation induced by collagen (0.8 μg/mL) in control mice and tussilagone-treated mice. (D) The aggregation (%) was quantified, and the aggregation of control mice was taken as 100% (n = 4). The data are presented as the mean ± SEM. Two-tailed unpaired Student's t-test was used for data analysis. *p < 0.05, **p < 0.01, NS, not significant, vs. control. TSL, tussilagone.





DISCUSSION

Tussilagone is a component extracted from the flower buds of Tussilago farfara L. (Kuan dong hua) and is used as a traditional oriental medicine for asthma and bronchitis. Tussilagone was shown to have an effect on hemodynamics and platelet aggregation as early as 1987 (26, 29). However, to date, no further studies on the effects of tussilagone on platelets have been conducted. In the present study, we found that tussilagone at concentrations of 10, 20, and 40 μM inhibited platelet aggregation induced by collagen, thrombin and ADP; platelet ATP release induced by collagen, thrombin; P-selectin expression and αIIbβ3 activation in activated platelets; platelet spreading; and clot retraction. In addition, tussilagone reduced the formation of thrombus in a carotid artery model induced by FeCl3 and did not affect tail bleeding time. Mechanistically, tussilagone decreased the phosphorylation of molecules involved in the Syk/PLCγ2-PKC/MAPK and PI3K-Akt-GSK3β signaling pathways downstream of GPVI.

Platelet aggregation contributes to thrombosis and growth. When the endothelial cell monolayer is breached, collagen fibrils within the vessel wall become exposed to the circulation to form a complex with von Willebrand factor (vWF). Platelets are captured when the glycoprotein (GP) Ibα on the platelet surface binds to vWF, which is essential for platelet activation (30). Platelet aggregate formation is dependent on the local generation or release of soluble agonists, such as ADP, α-thrombin and thromboxane A2 (TXA2), which are of particular importance in the process that converts αIIbβ3 into a high-affinity receptor for soluble adhesive proteins (31). Tussilagone had a strong inhibitory effect on collagen-, thrombin- and ADP-induced platelet aggregation in a concentration-dependent manner (Figure 1). These results led us to further investigate the effect of tussilagone on platelets.

Molecules stored in specific granules are released when platelets are activated, and this is an important step for hemostasis, thrombosis, and other pathophysiological processes (32). There are three main granules: α-granules, dense granules and lysosomes contained in platelets (33). α-Granules are unique to platelets, and they are the most abundant platelet granules and contain many proteins, such as P-selectin, fibrinogen, and vWF. Dense granules are rich in ADP, ATP and 5-HT (34). When platelet activation occurs, ATP is released from dense granules, intracellular P-selectin is released from α-granules and exposed to the platelet membrane and conformational changes in integrin αIIbβ3 occur (35). Tussilagone not only inhibited platelet ATP release induced by collagen and thrombin (Figures 3A,B) but also suppressed platelet P-selectin expression and αIIbβ3 activation (JON/A binding) stimulated by thrombin (Figures 3C,D). These results suggest that tussilagone has an inhibitory effect on platelet activation.

Integrin αIIbβ3, as a platelet-abundant specific adhesive receptor, initiates outside-in signaling and plays a complex pivotal role in platelet physiology, such as spreading, adhesion, aggregation, clot formation and clot retraction (36). All these processes accelerate stable thrombus formation (37). Tussilagone also had an inhibitory effect on platelet spreading (Figures 4A,B) and clot retraction (Figures 4C,D). This indicates that tussilagone can inhibit outside-in signaling in platelets.

To study the underlying molecular mechanism of the antiplatelet function of tussilagone, we focused on GPVI signaling stimulated by collagen. Collagen binds to GPVI, leading to the Src kinase-dependent phosphorylation of the two conserved tyrosines, the binding of the tandem SH2 domains of Syk and the initiation of a signaling cascade that activates PLCγ2. Activated PLCγ2 induces the formation of the second messengers inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol (DAG), resulting in the mobilization of intracellular Ca2+ stores and the activation of PKC/MAPK (ERK1/2, P38, JNK), respectively (38). Furthermore, MAPK ERK1/2, p38, and JNK1 in platelets are also activated by other stimuli, such as thrombin, vWF and ADP, and contribute to hemostasis and thrombosis (39). In addition, the stimulation of the PI3K/Akt pathway by GPVI-mediated platelet activation and integrin engagement play important roles in thrombus formation and stabilization (40). Moreover, GSK3β has been found in platelets and acts as an Akt effector to regulate platelet activation (41). The phosphorylation of GSK3β by Akt is related to decreased GSK3β activity, which leads to negative regulation of platelet function and thrombosis (42). Our data showed that tussilagone decreased the phosphorylation of Syk, PLCγ2, MAPK (P38 and ERK1/2), Akt and its substrate GSK3β downstream of collagen-induced GPVI signaling (Figure 5).

To further explore the inhibitory effect of tussilagone on platelets in vivo, mice were orally administered tussilagone for 7 days to evaluate acute thrombus formation following FeCl3-induced injury of the carotid artery. Our study showed that tussilagone markedly prolonged the occlusion time (Figure 6A). In addition, collagen-induced platelet aggregation was reduced in tussilagone-treated mice compared to control mice (Figures 6C,D), which was consistent with the inhibitory effect of tussilagone on platelet aggregation in vitro. In view of the multitarget and multilevel characteristics of traditional Chinese medicines, antiplatelet effects have been widely explored (43). However, certain ingredients with antiplatelet effects, such as atractylodes lactone compounds (44) and miltirone (28), have been reported to cause side effects associated with bleeding. Therefore, it is important to find safe and effective antiplatelet agents. Fortunately, we found that tussilagone had no effect on tail bleeding time in mice (Figure 6B). These results indicate that tussilagone inhibits platelet function in vivo without affecting bleeding.

In conclusion, our results showed that tussilagone inhibited platelet aggregation, granule release, αIIbβ3 activation, platelet spreading on fibrinogen and clot retraction. In addition, tussilagone also inhibited thrombosis in a FeCl3-induced carotid artery model and had no effect on bleeding time. These results illustrate that tussilagone has a potent inhibitory effect on platelet function in vitro and in vivo. The underlying mechanism is possibly the inhibition of the Syk-PLCγ2-PKC/MAPK and PI3K-Akt-GSK3β pathways downstream of GPVI signaling cascades. The research suggests that tussilagone has the potential to be developed as a new antiplatelet candidate for the prevention of thrombotic disorders.
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Von Willebrand factor (VWF) is a mechano-sensitive protein with crucial functions in normal hemostasis, which are strongly dependant on the shear-stress mediated defolding and multimerization of VWF in the blood stream. Apart from bleeding disorders, higher plasma levels of VWF are often associated with a higher risk of cardiovascular diseases. Herein, the disease symptoms are attributed to the inflammatory response of the activated endothelium and share high similarities to the reaction of the host vasculature to systemic infections caused by pathogenic bacteria such as Staphylococcus aureus and Streptococcus pneumoniae. The bacteria recruit circulating VWF, and by binding to immobilized VWF on activated endothelial cells in blood flow, they interfere with the physiological functions of VWF, including platelet recruitment and coagulation. Several bacterial VWF binding proteins have been identified and further characterized by biochemical analyses. Moreover, the development of a combination of sophisticated cell culture systems simulating shear stress levels of the blood flow with microscopic visualization also provided valuable insights into the interaction mechanism between bacteria and VWF-strings. In vivo studies using mouse models of bacterial infection and zebrafish larvae provided evidence that the interaction between bacteria and VWF promotes bacterial attachment, coagulation, and thrombus formation, and thereby contributes to the pathophysiology of severe infectious diseases such as infective endocarditis and bacterial sepsis. This mini-review summarizes the current knowledge of the interaction between bacteria and the mechano-responsive VWF, and corresponding pathophysiological disease symptoms.
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INTRODUCTION

Vascular hemostasis is a live-saving mechanism, which balances coagulation, thrombogenesis, and fibrinolysis in response to vascular injuries and inflammatory processes. Key element of the hemostasis are the Weibel Palade bodies (WPBs), which represent defense vesicles, constitutively produced by the endothelium of the vessel walls. The vesicles are filled with vasoactive substances, immune defense modulators, and proteins involved in coagulation (1, 2). In addition to megakaryocytes, endothelial WPBs are the main source of Von Willebrand factor (VWF). This glycoprotein mediates platelet activation, anchorage of thrombocytes to the subendothelial collagen, and induction of plasma haemostasis via factor VIII (3, 4). Moreover, VWF promotes cell migration in angiogenesis via interaction with different cell surface receptors and induction of signaling pathways (5). The high importance of VWF for balanced hemostasis is conveyed by the appearance of bleeding disorders such as the von Willebrand disease caused by an inherited quantitative or functional VWF deficiency (3).

VWF constantly circulates in the bloodstream at concentrations between 8 and 14.0 μg/mL (3, 6). But, vasoactive hormones such as epinephrine and vasopressin as well as the plasma proteins thrombin, histamine, and numerous other mediators of inflammation and/or thrombosis induce the release of VWF in response to vascular injury or inflammatory stimuli. The released VWF increases the plasma levels of this protein, and some proportion of VWF is temporarily retained on the cell surface and binds to collagen of the exposed subendothelial matrix (7, 8). This subendothelial immobilization is also significantly strengthened by the endothelial glycocalyx in a heparanase-sensitive manner (9). VWF is a mechano-sensitive protein, which responds to shear stress-mediated forces by conformational changes.

Shear stress is defined as the force exerted by the blood flow on blood vessel walls. This stress generates a response in the vascular wall, characterized by release of endothelial mediators, which in turn stimulate structural remodeling through activation of gene expression and protein synthesis (10). The shear stress-derived conformational changes of VWF are crucial for the biological function of VWF in hemostasis. Upon exposition to the shear forces in the bloodstream, the immobilized VWF unfolds to large protein strings, thereby exposing further functionally important binding sites (7, 11, 12). In particular, the defolded A1 binding site mediates adhesion of platelets and recruits them via binding to the platelet glycoprotein GP?bα (11, 13, 14). This VWF-platelet interaction finally results in a factor VIII-induced fibrin-incorporation and in stabilization of generated thrombi.

Elevated VWF-levels are directly associated with cardiovascular diseases (CD) of high-risk groups such as the elderly and diabetes patients (15). Alongside with tissue plasminogen activator (t-PA), and D-dimer of fibrinogen, VWF is characterized as one out of three biomarkers directly associated with atherosclerotic lesions and coronary heart disease (16, 17). This unveils the thrombus-generating activity of elevated VWF-concentrations as one of the dominant causative factors for coronary heart disease (18).

In addition to the role of VWF in CD, VWF serves as a ligand binding site for bacteria, which cause live-threatening local and systemic infection diseases, such as Staphylococcus aureus and Streptococcus pneumoniae (19, 20). S. aureus is a human pathogenic bacterium causing, among others, infective endocarditis and heart valve prosthetic infection (21, 22). In this respect, shear-force-mediated adhesion of staphylococci to VWF is directly associated with coagulation and typical disease symptoms (23, 24). Similarly, S. pneumoniae, a commensal colonizing the upper respiratory epithelium and a major cause of community-acquired pneumoniae in elderly and immunocompromised patients (25, 26), has also been recurringly isolated from heart valve endocardium of patients suffering from subacute endocarditis (27, 28). Furthermore, an increasing amount of clinical case studies report that up to one-third of patients suffer from major adverse cardiac effects (MACE) and vascular impairments within months and even years after recovering from severe pneumococcal infections such as pneumoniae and septicemiae (29–31). The observation of similarities between the association of CD with VWF-release, and symptoms induced by bacterial infections initiated an increasing need to develop infection models and sophisticated visualization techniques in the last decade. With these models, the pathomechanistical function of some crucial bacterial virulence factors in VWF-mediated disease progression could be deciphered.



BACTERIAL BINDING TO VWF UNDER SHEAR FLOW

The release of VWF from endothelial WPBs is induced by host-derived hormones such as epinephrine and histamine and other plasma factors and is also triggered by pathogenic bacteria (32). For example, in 1991, Sporn et al. were the first to observe that the intracellular pathogen Rickettsia rickettsii, the main cause of the Rocky Mountain spotted fever, induces the release of VWF out of WPB of cultured endothelial cells [(33), Table 1]. Moreover, in our previous studies, we demonstrated that luminal VWF secretion from WPB of human lung endothelial cells is significantly increased in response to pneumococcal adherence and the cytotoxic effects of the pneumococcus toxin pneumolysin (45). These results strongly suggest that in vivo, the interaction between circulating bacteria in the bloodstream and the endothelial vasculature might directly lead to elevated VWF plasma levels.


Table 1. Bacterial VWF-binding proteins and function in adhesion and infectious diseases.
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In this respect, the scientific question was raised whether the released VWF is directly subverted by the bacteria for their own benefit, i.e., as a binding site at the host endothelium, for platelet aggregation, or interference with the host coagulation. Indeed, Herrmann et al. were the first to demonstrate the binding of S. aureus bacteria to VWF coated surfaces and VWF in suspension (46). A short time later, a heparin-sensitive bacterial binding to soluble VWF was also reported for coagulase-negative Staphylococcus species, often associated with infections of prosthetic devices [(40), Table 1].

Bacterial adhesion to the vascular endothelium is of high importance for the pathology of blood-born infections, since this promotes bacterial settlement, induces inflammatory responses, and facilitates bacterial transmigration and dissemination into deeper tissue sites. It became obvious that blood-flow induced conformational changes of the VWF molecule, which are crucial for the physiological function of VWF in the bloodstream, might also be of high relevance for VWF-mediated bacterial adhesion. For a long time, it remained a technically challenging task to unreveal details of the bacterial interaction with the mechano-sensitive VWF under shear stress condition. But meanwhile, a variety of model systems have been established that enable the simulation of different physiological shear stress situations including sophisticated visualization techniques [for review, please refer to Bergmann and Steinert (47)]. The first experimental studies on the binding of multimerized VWF to platelets were performed with “Cone-and-Plate” viscometers in combination with flow cytometric quantifications (48). Viscometer-generated shear stress application was also combined with ristocetin-incubation of VWF. Ristocetin is an antibiotic produced by Amycolatopsis lurida, and is still used as the Gold standard in diagnostics of von Willebrand-disease (49). Ristocetin binds to VWF in a shear-stress-independent manner, thereby inducing the exposure of the VWF-mediated platelet binding site for thrombocyte recruitment and aggregation (49). Following the objective to quantitatively analyse the specific protein ligand-interaction with VWF under a defined medium flow, several surface-coating technologies have been established that create so-called “functionalized surfaces.” For example, Mascari and Ross have quantified the detachment of staphylococci from collagen in real–time using a parallel plate flow chamber combined with phase-contrast video–microscopy and digital image processing (50). The results provided evidence that staphylococci adhere directly to multimerized VWF strings and attach to collagen of the exposed subendothelium in blood-borne infections (34).

In addition to the biochemical interaction studies, several in vivo mouse infection models employing vwf gene-deficient mice and platelet-depleted mice enable evaluation and monitoring of systemic consequences associated with hemostatic processes. The in vivo analyses revealed that S. aureus bacteria directly attach to cell-bound VWF of the endothelial vasculature (23, 51). Moreover, visualization of bacterial mouse infection via intravital microscopy confirmed that bacteria, which attached to VWF strings, resist shear stress-mediated clearance by the blood flow [(19), Figure 1]. Deeper insight into the pathophysiological consequences of the pneumococcus interaction with VWF was also provided by infection analyses using zebrafish larvae. Danio rerio serves as a suitable in vivo model, sharing high morphologic and functional similarity to the human endothelial tissue and both, intrinsic and extrinsic coagulation pathways (52–54). Microscopic real-time visualization of larval infection confirmed the recruitment of endothelial-derived VWF to circulating pneumococci and VWF-mediated attachment to the endothelial vessel walls (20).


[image: Figure 1]
FIGURE 1. Schematic illustration of bacterial vascular infections and diseases associated with VWF-mediated adhesion of S. aureus and S. pneumoniae to activated endothelium. The section at the upper left represents a magnification of the heart pulmonary arerty with the artrioventricular valve. (A) An infective endocarditis is associated with VWF-mediated bacterial attachment to the activated valve endocard leading to the formation of inflammation-inducing bacterial vegetations containing platelets and fibrin. (B) During sepsis, bacterial adhesion to the inflamed vasculature is promoted via elongated VWF strings and induces the formation thrombi, which might lead to occlusions of the microvasculature. (C) Severe systemic bacterial infections are accompanied with recurring endothel activation leading to a longterm dysbalanced hemostasis, which increases the risk of cardiovascular complications such as major adverse cardiac effects. The figure was generated using bioRender Software.




BACTERIAL VWF BINDING PROTEINS AND BINDING MECHANISMS

The bacterial interaction with components of the hemostasis in vivo augurs the presence of specific bacterial surface proteins, which mediate binding to VWF. The protein A (SPA) of S. aureus was identified as a bacterial VWF-binding protein. SPA elicits binding activities to both, the soluble and the surface-immobilized VWF [(35), Table 1]. Six years later, the VWF binding sites of protein A were narrowed down to the IgG-binding domain (55). Using single-molecule atomic force microscopy (AFM), Viela et al. further demonstrated that VWF binds very tightly to SPA via a force-sensitive catch bond mechanism, which involves force-induced structural changes in the SPA domains (36, 56). Meanwhile, protein similarities led to the assumption that several bacterial virulence factors may use this binding mechanism to resist clearance by high shear stress during infections (57).

In addition to SPA, a second staphylococcal VWF binding protein (VWbp) with coagulase activity was identified from a phage display-library screen in 2002 [(37, 38), Table 1]. Studies using functionalized surface-technology revealed that in contrast to SPA, VWbp appears to be of significant relevance for VWF recruitment rather than under static conditions (58). Likewise, pneumococci bind VWF under static conditions, and also recruit globular circulating VWF via the surface-exposed enolase [(20), Table 1]. This protein also mediates binding of pneumococci to plasminogen and to extracellular nucleic acids, which both promotes bacterial attachment to epithelial and endothelial cells (59). Moreover, similar to the staphylococcal VWbp, the VWF binding site for the pneumococcal enolase is located within the defolded A1 domain of VWF (19, 20, 60). All bacterial VWF-binding proteins identified so far are listed in Table 1.

In addition to the analyses of perfused VWF protein-coated, functionalized surfaces, the group of Schneider et al. established an air pressure-driven, unidirectional, and continuous pump system manufactured by the company ibidi® (19). In contrast to the formerly described flow systems that are employed to analyse protein-protein-interactions under shear stress conditions, the ibidi® pump technology enables sterile long term cultivation of VWF-producing endothelial cells, which can be incubated with bacteria and microscopically analyzed in real-time. As a result, this air-driven microfluidic pump device enabled the analyses of staphylococcal interaction with VWF on endothelial cell surfaces under shear stress conditions (19) and was also used to establish a pneumococcus cell culture infection model of primary endothelial cells in flow (20, 61). With this system, the attachment of pneumococci to multimerized VWF strings on the endothelial cell surface was successfully visualized and quantitatively evaluated. In accordance with the VWF binding characteristics of S. aureus, VWF binding to pneumococci is heparin-sensitive and depends on the amount of polysaccharide capsule expression (20). It is of note that pneumococcal attachment to VWF strings is also characterized by remarkable bond stability for longer time periods even at high shear flow parameters, which might be promoted by a concerted action of several additional, yet unidentified VWF-binding proteins (20). In addition, results of surface plasmon resonance binding studies and cell culture infections studies in flow revealed that the pneumococcus enolase interacts with both, globular circulating VWF and with VWF strings with comparable avidity. Based on the observation that multi adhesive proteins such as the bacterial enolase are already detected on the surface of various bacterial species, it can be assumed that the bacterial interaction with VWF is part of a general mechanism with pivotal relevance for pathophysiology.



EFFECT OF STAPHYLOCOCCAL AND STREPTOCOCCAL INTERACTION WITH VWF ON COAGULATION AND VASCULAR DISEASES

As summarized in Table 1, VWF binding to bacteria has only been studied to detail for staphylococci and streptococci. Taking clinical symptoms into account, different functional aspects of the bacterial interaction with VWF can be directly or indirectly correlated with at least three severe infection diseases: infective endocarditis, bacterial sepsis, and cardiovascular complications.

Infective endocarditis is regarded as a paradigm of bacterial diseases associated with vascular inflammation and VWF-interaction (24). Most of the acute infective endocarditis are caused by S. aureus and are associated with up to 100% mortality rate if left untreated (21, 22). Compared to that, infective endocarditis caused by S. pneumoniae is rare but no less severe (27, 28). Infection of the heart valves is initiated by the attachment of circulating bacteria to the endocardium and the formation of bacterial vegetations, which are embedded in fibrin and platelets (Figure 1A). During disease progress, the vegetations induce further inflammatory processes, which result in ulceration, rupture, and necrosis of the valve cusps (62, 63). Experimental shear stress determination using native porcine aortic valve models revealed that even in a healthy human vasculature, the systolic shear stress at the heart valve leaflet can reach up to 21.3 dyn/cm2 at the aortic site and up to 92 dyn/cm2 at the ventricular site (64, 65). Similar to the activation of specific proinflammatory and procoagulant protein expression patterns of endothelial cells, the hemodynamic forces also promote the activation of endocardial Notch-dependent signaling pathways in the endocardial cells of the atrio-ventricular valve (66). The observed magnitude of shear stress is sensed by the mechano-responsive VWF and induces stretching and multimerization of VWF proteins. Thereby, VWF displays crucial binding sites for bacterial surface adhesins and mediates bacterial attachment to the heart valve. In line with this, visualization of staphylococcal mouse infection via 3D confocal microscopy confirmed the adhesion of fluorescent S. aureus to murine aortic valves (23). The mouse infection studies further demonstrated that following valve damage, VWF and fibrin are both deposited on the damaged valve endocardium and serve as attachment sites for S. aureus [(23, 51), Figure 1A]. Moreover, endothelial cell culture infections and intravital microscopy of bacterial mouse infection confirmed that staphylococci and pneumococci resist shear stress-mediated clearance by the blood flow by binding to VWF strings at the endothelial vessel walls (19, 20, 51). Following disease progress, the VWF-mediated bacterial attachment also promotes the recruitment of large amounts of platelets, capturing S. aureus to the valve surface [(23, 24, 67, 68), Figures 1A,B]. The observation that among the staphylococci, only S. aureus and S. lugdunensis are able to bind VWF might, in part, explain why these bacteria are more effective in causing endocarditis than other staphylococci (41).

Bacterial VWF binding is also involved in the formation of large platelet aggregates within the blood circulation. In this respect, the formation of bacterial-induced platelet aggregates and the depletion of clotting factors from blood represents a crucial pathomechanism, which is directly attributed to disease symptoms typical for bacterial sepsis. For example, staphylococcal sepsis is associated with an increase in coagulation activity and an enhanced thrombosis (Figure 1B; Table 1). It is assumed that the Staphylococcus-induced dysregulated activation of systemic thrombosis leads to thrombotic microangiopathy, which is associated with an accelerated fibrinolysis and bleeding tendency, referred to as disseminated intravascular coagulation [DIC, (69)]. Moreover, this bacterial mechanism is also assumed to directly induce the formation of abscesses [(39, 70–73), Figure 1B]. A similar formation of blood clots, reaching up to 10 μm in diameter, was observed in pneumococcus infection of Danio rerio larvae (20). Based on these data, we suppose that the VWF-mediated bacterial aggregate formation in the blood circulation of the zebrafish cause a partial or complete occlusion of the larval microvasculature. Thus, in severe cases of staphylococcal and pneumococcal septicaemiae, the vascular occlusion of small blood vessels throughout the body represents a life-threatening disease symptom, which might lead to multi-organ failure, resulting in high mortality rates of up to 50% [(74–77), Figure 1B]. Bacterial aggregate formation in sepsis and infective endocarditis, in particular, are also prime examples of the strong connection between the hemostatic system and innate immunity, which is referred to as immune thrombosis (78). It is coincidently proposed that the infection-induced coagulase activity mediates bacterial capture within a fibrin meshwork, which enables this pathogen to disseminate via thromboembolic lesions and to resist opsonophagocytic clearance by host immune cells (73). On the other hand, platelets are the crucial mediators of the innate defense against staphylococci by releasing microbicidal proteins from alpha granules that kill the bacteria (79). On the first view, it appears to be contradictory that bacteria induce a clotting mechanism, which is originally developed as an anti-bacterial immune defense mechanism of the host. However, the biochemical and physiological attributes of the fibrin meshwork formed by staphylocoagulases are thought to be distinct and less solid than those generated by thrombin (80). Therefore, instead of containing the infection, immune thrombosis might rather create the optimal environment for bacteria to survive and to evade the immune defense of the host (24).

It is supposed that the bacterial infection mechanism leading to vascular dysfunction and enhanced activation of inflammation might also be implicated in developing cardiovascular complications (Figure 1C). An increasing number of clinical studies solidify the observation that pneumococci induce vascular inflammation of the endothelial vessel wall, including the aorta (81), and that severe pneumococcal infections such as pneumoniae and septicemiae lead to a higher risk for major adverse cardiac effects (MACE) such as myocardial infarction, ischemic stroke, and arterial thrombosis (29–31).

Since elevated VWF plasma levels are known to be associated with an increased risk for MACE (15), the endothelial VWF release induced by pneumococcal attachment and by pneumolysin activity might be partially responsible for the pathologic effects on the cardio vasculature (45). As further explanation, functional variants of VWF have been identified, which elicit differences in the protein conformation and shear sensitivity. These variants are associated with increased platelet aggregate size and the occurrence of these VWF variants correlates with a higher risk of thromboembolisms including myocardial infarction and stroke (82). In line with these observations, it can be assumed that bacterial interaction with VWF might effect the hemostatic function in various ways, i.e., by sterical hindrance of the platelet binding site, by alteration of the VWF conformation, and by inhibition of dimerization and multimerization activities, thereby increasing the risk for cardiovascular complications.



CONCLUSIONS

VWF is a live-saving key component of coagulation and immune thrombosis in response to vascular injury and inflammation. Bacterial interaction with VWF is of high medical and scientific importance since this interaction is directly associated with specific clinical manifestations and long-term complications of infectious diseases. It has been demonstrated that binding of S. aureus and S. pneumoniae to VWF strings is controlled by hydrodynamic flow conditions. So far, at least three bacterial pathomechanisms involving host-derived VWF can be named: (i) binding to multimerized VWF strings mediates bacterial attachment to endothelial surfaces in blood flow–a major prerequisite of bacterial colonization, inflammation, and dissemination. (ii) VWF recruitment facilitates bacterial capture within clotted blood, thereby preventing bacterial clearance via immunothrombosis; (iii) recruitment of intravascular VWF induces bacterial aggregate formation, which leads to occlusion of microcapillaries and impaired blood supply. Although several sophisticated technologies such as microfluidic systems and binding force determinations already provided most valuable insights into the cell biological and biochemical details, the multifactorial complexity of the bacterial interaction with VWF still remains a challenging subject of ongoing scientific research.
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The vascular endothelial cell layer forms the inner lining of all blood vessels to maintain proper functioning of the vascular system. However, dysfunction of the endothelium depicts a major issue in context of vascular pathologies, such as atherosclerosis or thrombosis that cause several million deaths per year worldwide. In recent years, the endothelial extracellular endonuclease Ribonuclease 1 (RNase1) was described as a key player in regulation of vascular homeostasis by protecting endothelial cells from detrimental effects of the damage-associated molecular pattern extracellular RNA upon acute inflammation. Despite this protective function, massive dysregulation of RNase1 was observed during prolonged endothelial cell inflammation resulting in progression of several vascular diseases. For the first time, this review article outlines the current knowledge on endothelial RNase1 and its role in function and dysfunction of the endothelium, thereby focusing on the intensive research from recent years: Uncovering the underlying mechanisms of RNase1 function and regulation in response to acute as well as long-term inflammation, the role of RNase1 in context of vascular, inflammatory and infectious diseases and the potential to develop novel therapeutic options to treat these pathologies against the background of RNase1 function in endothelial cells.
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INTRODUCTION

Endothelial cells (ECs) form the inner lining of all blood vessels and act as anatomical and active physiological barrier to separate the blood from the surrounding tissue (Baldwin and Thurston, 2001; Michiels, 2003). Thereby, these cells highly contribute to control and maintenance of vascular homeostasis and integrity (Pober and Sessa, 2007; Rajendran et al., 2013). Under physiological conditions, the endothelium is the central component of vessel permeability and participates in the regulation of coagulation as well as the communication with band recruitment of circulating leukocytes from the blood stream (Arnout et al., 2006; Ley and Reutershan, 2006; Minshall and Malik, 2006; Pober and Sessa, 2007). In this regard, ECs sequester leukocyte interactive proteins, such as chemokines or adhesion molecules within their storage vesicles, the Weibel-Palade Bodies (WPBs), and additionally repress the transcription of membrane bound adhesion molecules or proinflammatory cytokines (De Caterina et al., 1995; Rondaij et al., 2006; Pober and Sessa, 2007; Rajendran et al., 2013). Upon inflammation, ECs get rapidly activated, which goes along with decisive changes in gene expression, e.g., cytokines and adhesion molecules, WPB exocytosis to promote the release proinflammatory agents into the extracellular space, and exposure of adhesion molecules at the cell surface. Consequently, these processes support recruitment and interaction with circulating leukocytes, finally resulting in infiltration of inflammatory cells into the underlying tissue and secretion of proinflammatory mediators such as tumor necrosis factor alpha (TNF-α) or interleukin (IL)-1β into the blood stream. Altogether, these processes act in concert to eradicate the triggering inflammatory stimulus and restore vascular and tissue integrity (Pober and Sessa, 2007). However, persistent vascular inflammation can drastically affect the homeostatic function of the endothelium, followed by EC dysfunction and progression of vascular diseases, such as atherosclerosis, thrombosis, or consequential disorders like myocardial infarction or cerebral ischemia (Poredos, 2002; Sitia et al., 2010; Zernecke and Preissner, 2016). Such vascular diseases depict one of the leading causes of death worldwide with approximately 18 million deaths per year1. In recent decades, investigation of the underlying mechanisms of EC dysfunction in inflammation-associated vascular diseases and the development of novel therapeutic approaches to treat these pathologies was of great importance. In this context, Ribonuclease (RNase) 1 has been newly recognized as a vessel-protective factor in EC inflammation that is tightly associated to inflammation induced vascular dysfunction and subsequent pathologies (Zernecke and Preissner, 2016).

This review article summarizes the current knowledge of endothelial RNase1 and its regulation and function in vascular ECs under physiological and inflammatory conditions. Moreover, we outline the impact of RNase1 regulation in progression of diverse vascular diseases, as well as other inflammation-associated disorders, and the resulting potential to develop novel therapeutic strategies to treat pathological EC inflammation by preserving RNase1 function.



ENDOTHELIAL RNase1

RNase1 belongs to the Ribonuclease A superfamily, consisting of in total 13 described enzymes (Sorrentino, 2010; Koczera et al., 2016). The biological function of this enzyme family varies from host defense and immune cell regulation [e.g., RNase2, RNase5, RNase7; (Hooper et al., 2003; Yang et al., 2004; Bedoya et al., 2006; Huang et al., 2007)] to tissue repair and remodeling, such as angiogenesis [e.g., RNase4, RNase5, RNase7; (Fett et al., 1985; Li et al., 2013; Schwartz et al., 2018)], as well as RNA cleavage [e.g., RNase5; (Lee and Vallee, 1989; Russo et al., 1994)]. Nevertheless, the precise physiological functions of the diverse members of the Ribonuclease A superfamily need to be further investigated (Koczera et al., 2016). The RNase1 endonuclease is described as one of eight secreteable and enzymatically active members of this protein family, also known as canonical RNases (Koczera et al., 2016). Thermostable RNase1 depicts the most prevalent human homolog of the well-described bovine pancreatic RNase A and was shown to be produced in numerous tissues of the whole body, such as pancreas, testis, ovary, and brain (Beintema et al., 1988; Futami et al., 1997; Landre et al., 2002; Sorrentino, 2010; Koczera et al., 2016). Moreover, human RNase1 mRNA and protein expression data from high-throughput analysis provided by the “proteinatlas” platform2 is summarized in Table 1. Thereby, high levels of active RNase1 can be detected in different body fluids, e.g., plasma or serum, with concentrations up to 0.5 μg/ml, suggesting an endothelial origin of this enzyme (Weickmann et al., 1984; Morita et al., 1986; Futami et al., 1997; Petrova et al., 2002; Su et al., 2004). Indeed, RNase1 expression and release is predominantly observed in various types of vascular ECs for instance in primary human ECs from pulmonary arteries, cerebral microvasculature, or especially human umbilical vein ECs (HUVEC), that secrete highest amounts of RNase1 (Landre et al., 2002; Fischer et al., 2011). Thereby, these cells offer an ideal model system to study RNase1 function and regulation in human ECs and are widely used for further investigations.


TABLE 1. RNase1 mRNA and protein expression in human tissue https://www.proteinatlas.org/ENSG00000129538-RNASE1/tissue.
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RNase1 Glycosylation and Its Storage in WPBs

Secreted RNase1 molecules vary in size from approximately 18–26 kDa, depending on its glycosylation pattern (Landre et al., 2002; Koczera et al., 2016; Ressler and Raines, 2019). Investigation of RNase1 isolates from human serum identified exclusively three different N-glycosylation sites at secreted proteins with varying abundance and differential expression depending on tissue and cell type: Asparagine (Asn) 34, Asn76 and Asn88, with Asn34 presumably being the most important glycosylation sites resulting in significantly improved overall protein stability and robust catalytic activity (Beintema et al., 1988; Ribo et al., 1994; Barrabes et al., 2007; Ressler and Raines, 2019). Despite the function of RNase1 protein glycosylation in respect to stability and catalytic activity, further consequences of RNase1 glycosylation are still unknown (Ressler and Raines, 2019). In general, glycosylation is already intensively studied, for instance in context of protein stability, dictation of immune cell movement, or discrimination between self and non-self (Marth and Grewal, 2008; Reily et al., 2019; Ressler and Raines, 2019). Since, studies of the Ribonuclease A superfamily members RNase2 and RNase3 indicated a crucial role of their N-glycosylation in host-defense (Sorrentino, 2010; Lu et al., 2018), a comparable feature for RNase1 glycosylation in this context can be suggested. As protein glycosylation is a common co-translational modification originated from the endoplasmatic reticulum and the Golgi apparatus, it is hardly surprising that secreted RNase1 is partially stored and released from WPBs (Marth and Grewal, 2008; Fischer et al., 2011; Reily et al., 2019). WPBs are small storage granules of vascular ECs and are known to be the “first aid kit” of the endothelial cell layer. These granules consist of several proinflammatory mediators such as adhesion molecules (e.g., P-selectin) or chemo - and cytokines (e.g., IL-8, monocyte chemoattractant protein 1) as well as the potent coagulation factor von Willebrand factor, which guides manufacturing and loading of mature WPBs at the trans-Golgi network (Valentijn et al., 2011; Schillemans et al., 2019). In respect to RNase1, Fischer and colleagues demonstrated that constitutively expressed endothelial RNase1 can be stored, and released from WPBs, where it co-localizes with factors like von Willebrand factor or P-selectin (Fischer et al., 2011; Koczera et al., 2016). Although the knowledge about WPB-assembly and loading has considerably increased in the past years, the exact mechanism by which RNase1 enters these vesicles is still unclear. Nevertheless, once packed with cargo, WPBs travel to the cell periphery and can release their content, including RNase1, to the extracellular space under physiological as well as inflammatory conditions (Fischer et al., 2011; Valentijn et al., 2011; Schillemans et al., 2019).



RNase1 Ribonuclease Function and Inhibition

According to its secretory phenotype, RNase1 comprises the ability to act in many body fluids, which is tightly associated to its neutral pH optimum to provide enhanced capacity to cleave single- as well as double-stranded RNA species in the extracellular space (Sorrentino et al., 2003; Koczera et al., 2016; Lomax et al., 2017). The catalytic mechanism is based on the interaction of cationic enzymatic residues with the anionic phosphoryl groups of RNA substrates and the formation of disulfide bonds (Klink et al., 2000; Ressler and Raines, 2019).

Thereby, RNase1 can act as an RNA scavenger to modulate and remove the heterogeneous content of extracellular RNA (eRNA) that is highly associated to vascular inflammation (Koczera et al., 2016; Zernecke and Preissner, 2016; Lu et al., 2018). With respect to the high affinity of RNase1 to diverse RNA species, it is necessary to prevent intracellular self-RNA degradation, as well as excessive degradation of damage-associated RNA species in the extracellular space to maintain cellular responsibility. Intracellularly, RNases, including RNase1, can be efficiently bound by the human RNase inhibitor to prevent cytotoxicity by blocking the catalytic activity of the RNase via formation of a tight RNase-inhibitor complex. Thereby, the 50 kDa, cytosolic and anionic RNase inhibitor effectively binds the cationic surface of the enzyme via formation of several intermolecular hydrogen bonds to provide an extremely stable complex and protect intracellular RNA species from degradation (Dickson et al., 2005; Johnson et al., 2007). In terms of RNase1 clearance from the extracellular space, RNases can be taken up and removed from the extracellular space via the endocytic pathway by neighboring cells, however, the precise mechanisms need to be further investigated (Chao and Raines, 2011; Lomax et al., 2017).




RNase1 REGULATION UPON EC INFLAMMATION

The release of glycosylated RNase1 from WPBs of vascular ECs, its high secretory levels into body-fluids, and its catalytic activity to diverse eRNA species pointed toward a regulatory impact of RNase1 on maintenance and integrity of vascular homeostasis (Landre et al., 2002; Sorrentino et al., 2003; Kannemeier et al., 2007; Fischer et al., 2011; Lomax et al., 2017). Accordingly, in 2014, Gansler and colleagues analyzed the regulation of RNase1 in context of acute and long-term EC inflammation, thereby revealing its importance as regulator of vascular function (Gansler et al., 2014).


The RNase1-eRNA System in ECs

In response to inflammation, infection or tissue injury, ECs get activated and initiate the release of leukocyte interactive molecules as well as large amounts of free damage-associated molecular patterns such as eRNA, e.g., via apoptosis or necrosis (Pober and Sessa, 2007; Fischer and Preissner, 2013; Fischer et al., 2013; Zernecke and Preissner, 2016). Once released to the extracellular space, free eRNA can act as potent inducer of the immune response, for instance via signaling through pattern-recognition receptors such as endosomal Toll-like receptors (reviewed by Fischer and Preissner, 2013; Fischer et al., 2014; Zernecke and Preissner, 2016; Lu et al., 2019), and the secretion of WPB-content from the EC layer (Fischer et al., 2013, 2014; Gansler et al., 2014; Zernecke and Preissner, 2016). These processes subsequently result in the release of the proinflammatory content of WPBs, including RNase1. Here, RNase1 protects the endothelium from an overwhelming eRNA-mediated inflammatory response by acting as natural counterpart to eRNA via degradation and generation of eRNA cleavage-products that are unable to disturb the EC-barrier function (Fischer et al., 2007, 2014; Cabrera-Fuentes et al., 2014; Gansler et al., 2014). However, upon prolonged EC inflammation, the balance of the RNase1-eRNA system is compromised due to accumulation of eRNA in the extracellular space. Thereby, eRNA facilitates various processes affecting the integrity of the endothelium: eRNA exposure of several types of vascular ECs increased vessel permeability via disorganization of cell-junctional proteins, like occludin or vascular endothelial cadherin. These processes are mediated via enhanced activation of vascular endothelial growth factor and vascular endothelial growth factor receptor two signaling (Fischer et al., 2007, 2009; Gansler et al., 2014). Additionally, augmented secretion of proinflammatory cytokines by circulating immune cells (e.g., monocytes, macrophages) is induced via eRNA-mediated signaling through pattern recognition receptors or cytokine shedding (Fischer and Preissner, 2013; Fischer et al., 2013, 2014; Gansler et al., 2014; Zernecke and Preissner, 2016; Lu et al., 2019), phospholipase C function, and intracellular Ca2+ release (Fischer et al., 2009). All these processes culminate in a highly proinflammatory state of the endothelium that is associated to a vast increase in cytokine levels in the extracellular space, especially TNF-α or IL-β. These cytokines further act on ECs via massive repression of RNase1 expression, as demonstrated by Gansler and colleagues in HUVEC (Gansler et al., 2014). Consequently, RNase1 protein generation, storage, and release from WPBs, as well as its eRNA-degrading function is impaired, followed by additional eRNA accumulation in the extracellular space and subsequent EC dysfunction (Gansler et al., 2014).



Molecular Mechanisms of Proinflammatory RNase1 Repression

In recent years, the identification of the molecular mechanisms of inflammation-mediated RNase1 regulation was intensively studied, yielding in a substantial increase in knowledge. In 2014, Gansler and colleagues implicated a regulatory mechanism for RNase1 repression, dependent on histone deacetylases (HDACs) rather than Nuclear factor κ B-mediated signaling by using specific pharmaceutical inhibitors (Gansler et al., 2014). Based on these findings, we further investigated the precise molecular mechanisms of RNase1 regulation: The promoter region of RNASE1 was identified to examine the HDAC-mediated changes of RNASE1 at chromatin level (Bedenbender et al., 2019). Thereby, proinflammatory stimulation of HUVEC resulted in the loss of different markers associated to active transcription, specific deacetylation of the RNASE1 promoter at histone 4 and histone 3 lysine 27, along with the loss of RNA polymerase II transcription machinery binding (Kouzarides, 2007; Wang et al., 2008; Bedenbender et al., 2019). Additionally, administration of the specific HDAC inhibitor MS275, targeting the class I HDACs HDAC1–3, successfully recovered RNase1 mRNA expression upon inflammation (via TNF-α) as consequence of restored histone acetylation and RNA polymerase II recruitment (Bedenbender et al., 2019). The HDAC enzyme responsible for this regulatory process was further identified as HDAC2, demonstrated by its accumulation and deacetylation of the RNASE1 promoter upon proinflammatory stimulation. However, the results also implicated that the highly similar class I family member HDAC1 might act redundantly to HDAC2 in this context (Sengupta and Seto, 2004; Yang and Seto, 2008; Bedenbender et al., 2019). In respect to the underlying signaling cascade, only little is known from literature. It was demonstrated that Nuclear factor kappa B-mediated signaling did not directly influence RNase1 expression upon proinflammatory stimulation (Gansler et al., 2014). However, it is worth to mention that the described proinflammatory agents have the potential to induce an inflammatory loop of cytokine production via Nuclear factor kappa B signaling (Wajant and Scheurich, 2011), which in turn might increase the negative impact of proinflammatory conditions on RNase1. Nevertheless, several intermediate steps in the RNase1 regulatory signaling cascade in human ECs can be speculated: RNase1 regulation in HUVEC was identified as a specific proinflammatory reaction mediated via e.g., TNF-α, IL-1β or polyinosinic polycytidylic acid (poly I:C) signaling (Gansler et al., 2014; Bedenbender et al., 2019). These results assume a regulatory mechanism by common signaling cascade(s) that is independent from Nuclear factor kappa B. Here, TNF-α, IL-1β, or poly I:C are described as potent regulators of the inflammatory response via activation of the mitogen activated protein kinase pathways, for instance via c-Jun N-terminal kinase or p38 (Kawai and Akira, 2006; Weber et al., 2010; Brenner et al., 2015). These findings support the hypothesis of a mitogen activated protein kinase-dependent RNase1 regulation in human ECs. Despite the signaling cascade, it is still unclear how HDAC2 is recruited to the RNASE1 promoter to conduct its deacetylase function. Based on the literature HDAC2 activity might be regulated by casein kinase two via phosphorylation (Tsai and Seto, 2002; Litchfield, 2003; Brandl et al., 2009; Segre and Chiocca, 2011). This further supports HDAC2 association into multiprotein co-repressor complexes (e.g., REST co-repressor complex, SIN3 complex and Nucleosome Remodeling and Deacetylase complex) and recruitment to the RNASE1 promoter (Zhang et al., 1997; Tong et al., 1998; You et al., 2001; Sengupta and Seto, 2004; Sun et al., 2007; Yang and Seto, 2008). An overview of the current knowledge of RNase1 regulation, also including potential intermediate steps, in EC inflammation is depicted in Figure 1.


[image: image]

FIGURE 1. Endothelial RNase1 regulation. Schematic overview of RNase1 regulation under (A) physiological conditions, (B), short-term, or (C) long-term inflammation of ECs. (A) Under physiological conditions, RNase1 expression might be facilitated through MAPK signaling, RNASE1 promoter H4ac and H3K27ac along with polymerase II transcription machinery binding. RNase1 protein and other proinflammatory/prothrombotic agents are stored in WPBs that are generated at the ER-Golgi network and located at the cell membrane. (B) Upon short-term inflammation, ECs get activated resulting in eRNA release to induce the immune response. eRNA initiates exocytosis of WPBs, releasing their content, including RNase1, into the extracellular space. RNase1 acts as counterpart to eRNA by degradation to protect the cells from detrimental eRNA-mediated effects. (C) Upon long-term inflammation, eRNA accumulates in the extracellular space, recruiting inflammatory cells (e.g., monocytes, macrophages) that secrete high amounts of proinflammatory agents like TNF-α or IL-1β. These cytokines act on RNase1 expression presumably via activation MAPK signaling and CK2-mediated signaling, mounting HDAC2 binding to so far unknown co-repressor complex(es), accumulation at the RNASE1 promoter, H4 and H3K27 deacetylation and subsequent gene repression. CK2: casein kinase two, EC: endothelial cell, ER: endoplasmatic reticulum, eRNA: extracellular RNA, HDAC2: histone deacetylase 2, H4ac: histone four acetylation, H3K27ac: histone three lysine 27 acetylation, IL-1β: interleukin 1 beta, MAPK: mitogen-activated protein kinase, RNase1: Ribonuclease 1, TNF-α: tumor necrosis factor alpha, WPBs: Weibel-Palade Bodies. Gray writing depicts presumably involved molecules. This figure was created with the help of smart Servier Medical Art https://smart.servier.com/.




Other RNase1 Regulating Factors

Although the current literature mainly focuses on proinflammatory agents like TNF-α or IL-1β, it is worth mentioned that also other stimuli were investigated in respect to RNase1 regulation. The aforementioned proinflammatory stimuli as well as the double-stranded RNA analog poly I:C or prothrombotic factors like eRNA, thrombin or vasopressin, initiated RNase1 release from WPBs upon short term stimulation (Fischer et al., 2011; Gansler et al., 2014). However, upon long-term treatment, thrombin as well as a ligand for the endosomal Toll-like receptor-3, poly I:C, significantly mediated RNase1 repression in HUVEC, like TNF-α or IL-1β (Akira and Takeda, 2004; Gansler et al., 2014; Bedenbender et al., 2019). Compared to that, other proinflammatory agents like the Toll-like receptor-4 ligand lipopolysaccharide or IL-13 failed to do so, indicating a specific proinflammatory regulation of endothelial RNase1 upon certain treatments (Akira and Takeda, 2004; Bedenbender et al., 2019). Additionally, there is also indication that treatment of HUVEC with interferon gamma comprises the ability to promote RNase1 expression (Bedenbender et al., 2019). Based on these findings, it will be of future interest to not only investigate RNase1 repressive mechanisms but also RNase1 promoting factors that might offer potential new strategies to promote RNase1 restoration during resolution phase of inflammation and protect vascular integrity upon inflammation.




PROTECTIVE RNase1 FUNCTION IN DISEASES


RNase1 Function in Cardiovascular Pathologies

In recent years, researchers provided strong evidence that imbalance of the RNase1-eRNA system and accumulation of nucleic acids species like eRNA contribute to development and progression of several vascular pathologies such as atherosclerosis or thrombosis. Thereby, eRNA acts not only as inducer of defense reactions by functioning as novel danger signal, but also acts as potent cofactor in context of vascular inflammation, finally counteracting RNase1 function and therewith misbalancing the RNase1-eRNA system (Zernecke and Preissner, 2016). In this context, previous studies demonstrated a protective role of RNase1 in diverse vascular as well as inflammatory disorders, focusing on the means of RNase1 administration as new therapeutic strategy to prevent disease progression.


Atherosclerosis and Thrombosis

Atherosclerosis is characterized by the formation of fibrous, fatty plaques in vascular walls, resulting in limited blood flow and tissue ischemia. These atherosclerotic lesions can further disrupt to provoke thrombus formation (Libby et al., 2019). Healthy ECs contribute to the regulation of coagulation and thrombus formation to maintain vascular homeostasis by secretion of both pro- and antithrombotic factors (Bochenek and Schafer, 2019). However, prolonged vessel injury and inflammation result in EC dysfunction, causing a pathological outcome of this process by complete vessel occlusion and development of consequential pathologies like myocardial infarction (MI) or stroke (Bochenek and Schafer, 2019; Libby et al., 2019). In this context, eRNA was identified to be enriched at sites of vascular injury, acting as a prothrombotic and proinflammatory factor (Zernecke and Preissner, 2016). Here, eRNA acts as a cofactor for contact phase proteins to induce the intrinsic blood coagulation cascade via factor XII/XI and promotes thrombus formation (Kannemeier et al., 2007; Fischer and Preissner, 2013). Therefore, several studies investigated the vessel protective function of RNase1 administration as a new potential therapeutic option to prevent plaque formation and vessel occlusion. Simsekyilmaz and colleagues described the accumulation of eRNA and proinflammatory mediators in atherosclerotic lesions or plasma of low-density lipoprotein receptor or Apolipoprotein E deficient mice that promote disease progression and reduction of RNase1 activity. Interestingly, administration of RNase1 decreased eRNA levels, inflammatory cell recruitment, proinflammatory mediators, and plaque formation in these animals (Simsekyilmaz et al., 2014). Additionally, prothrombotic eRNA was also associated to fibrin-rich thrombi in an arterial thrombosis mouse model and pretreatment of mice with RNase1 considerably reduced eRNA containing thrombi and delayed vessel occlusion (Kannemeier et al., 2007). These findings are in line with the phenotype of recently described RNase1 deficient mice that showed increased eRNA plasma levels and more rapid blood clotting, indicating a crucial role for RNase1 in regulation of blood coagulation (Garnett et al., 2019).



Myocardial Infarction and I/R Injury

As consequential disorders of atherosclerosis and thrombosis, MI and ischemia/reperfusion (I/R) injury are of great importance. In MI, damaged cardiac tissue was shown to release proinflammatory and prothrombotic mediators, like TNF-α or eRNA, contributing to I/R injury (Cabrera-Fuentes et al., 2014; Chen et al., 2014). Several in vivo models implicated an important function of RNase1 administration in prevention and severity reduction of MI and I/R injury. Increased release of eRNA from injured cardiomyocytes was associated to a robust cytokine response in coronary artery occlusion mouse models followed by I/R. Here, eRNA levels, myocardial cytokines, leukocyte infiltration and myocyte apoptosis were diminished upon RNase1 administration, resulting in cardiac protection (Chen et al., 2014). Moreover, similar results were obtained in mice or isolated I/R Langendorff-perfused rat heart models. eRNA and TNF-α-induced cardiomyocyte death was prevented by RNase1 administration, resulting in reduced MI size and recovery of cardiac tissue (Cabrera-Fuentes et al., 2014). Additionally, RNase1 application also reduced eRNA-mediated myocardial edema formation, infarction size, improved artery perfusion, and conclusively increased survival rates of tested animals (Stieger et al., 2017). Finally, these findings have been utilized to study the RNase1-eRNA system in context of cardiac remote ischemic preconditioning in humans to prevent acute I/R injury during cardiac surgery. These findings revealed that remote ischemic preconditioning prior to surgery increased endogenous plasma RNase1 levels to reduce circulating eRNA and TNF-α and improve surgery outcome (Cabrera-Fuentes et al., 2015).



Hepatic Ischemia

Besides the heart, also other organs can be affected by thrombosis and I/R injury, e.g., the liver (Ma et al., 2017). In a mouse model of hepatic ischemia reperfusion, Ma and colleagues revealed increased serum and hippocampus proinflammatory cytokines (e.g., IL-1β, IL-6) and eRNA levels, along with cognitive impairment of treated animals in a liver ischemia reperfusion model. Interestingly, also these processes were markedly decreased by RNase1 administration (Ma et al., 2017).



Cerebral Edema and Stroke

Additionally, thrombus formation often results in progression of cerebral edema and stroke. In this context, different RNA species e.g., eRNA, poly I:C or single-stranded RNA, have been found to be associated to impaired blood-brain-barrier function (Fischer et al., 2007; Walberer et al., 2009). In vivo rodent animal models of sinus saggitalis thrombosis or middle cerebral artery occlusion to induce stroke and edema formation revealed that RNase1 administration considerably diminished vessel occlusion, infarct size, and edema formation (Fischer et al., 2007; Walberer et al., 2009).




RNase1 Function in Infectious and Inflammatory Disorders

Although studies addressing RNase1-eRNA related pathologies mainly focused on vascular diseases, there is also indication for an important function of RNase1 in several other disorders. For instance, RNase1 participated in recruitment of immune cells, in particular dendritic cells (Yang et al., 2004). These findings also suggested an important role for RNase1 in context of inflammatory or infectious diseases, thereby expanding the vessel-protective function of RNase1 beyond classical cardiovascular disorders.


Infectious Diseases

Human RNases are tightly associated to infectious diseases as already described for several members of the RNase A superfamily, e.g., the antiviral RNase2 (Koczera et al., 2016; Lu et al., 2018). Although less is known in this field about RNase1, there are a few publications addressing the function of RNase1 on different pathogens. In this context Bedoya as well as Rugeles and colleagues revealed an HIV inhibitory effect of RNase1 in infected lymphocytes (Rugeles et al., 2003; Bedoya et al., 2006). Additionally, the induction of RNase1 by interferon gamma (Bedenbender et al., 2019) also points toward a potential antiviral function of this enzyme that might be comparable to another RNase A superfamily member, RNaseL (also known as RNase4), that acts as an essential component of the interferon-mediated antiviral immune response (Li et al., 1998; Liang et al., 2006). Moreover, RNase1 was demonstrated to be involved in fighting Streptococcus pneumoniae infection of alveolar epithelial cells. Here, eRNA increased S. pneumoniae invasion of alveolar epithelial cells through its bacterial cell wall binding properties, while RNase1 treatment prevented this eRNA-pneumococcal interaction and subsequent infection (Zakrzewicz et al., 2016). Finally, RNase1expression was suppressed in context of other bacterial infections like Francisella tularensis or Mycobacterium tuberculosis, indicating RNase1 administration as potential therapeutic option to fight such pathogens (Lu et al., 2018). Thus, it can be speculated that RNase1 administration might be beneficial in diverse infectious contexts and should be in focus of future investigations.



Sepsis

Sepsis can induce dangerous organ dysfunctions and tissue injury that is associated with high levels of damage-associated molecular patterns, such as diverse types of eRNA that signal via pattern-recognition receptors, as well as severe dysregulation of cytokine production (“cytokine storm”), including TNF-α (Bianchi, 2007; Chan et al., 2012; Zechendorf et al., 2020). In context of septic cardiomyopathy, RNase1-counteracting molecules like eRNA were demonstrated to be significantly increased during sepsis and associated to cardiomyocyte apoptosis. Recent findings demonstrated that administration of RNase1 to septic mice considerably attenuated cardiac apoptosis, cytokine secretion and finally cardiomyopathy (Zechendorf et al., 2020).



Rheumatoid Arthritis

Chronic inflammatory rheumatoid arthritis (RA) is associated with chronic inflammation, synovial hyperplasia, and local hypoxia, resulting in synovial cell activation and massive tissue damage (Neumann et al., 2018). Within this context, activated RA synovial fibroblasts secreted high amounts of proinflammatory agents as well as eRNA, which was associated to RA fibroblast invasion into cartilage and tissue destruction (Zimmermann-Geller et al., 2016; Neumann et al., 2018). In an in vivo RA mouse model system, RNase1 application successfully prevented synovial fibroblast invasion, indicating that the RNase1-eRNA system contributes to RA pathophysiology (Zimmermann-Geller et al., 2016).



Cancer

The function of Ribonucleases as potential cancer therapy is already widely studied, due to their RNA-degrading ability and the associated potential to block protein biosynthesis, as well as the release of circulating eRNA species by tumor cells (Kopreski et al., 2001; Ardelt et al., 2009). Since, RNases are subsequently bound by RNase inhibitor upon entering the cytoplasm to prevent cytotoxicity, ongoing research focuses on development of artificial RNase variants to target cancer cells as chemotherapeutic options by increasing their cytotoxic potential (Lomax et al., 2017). Thereby, artificial RNase1 variants were designed that evade cytosolic RNase inhibitor binding to evoke cytotoxic effects (Psarras et al., 1998; Yagi et al., 2006). For instance, genetic insertion of human basic fibroblast growth factor into the RNase inhibitor binding site of RNase1 resulted in in vivo growth inhibition of squamous cell carcinoma in mice (Yagi et al., 2006). Additionally, previous research by Fischer and colleagues indicated a substantial role of eRNA in tumor cell migration through human cerebral microvascular ECs, including TNF-α secretion from tumor-infiltrating immune cells. Here, tumor volume and weight can be diminished by RNase1 treatment in a human subcutaneous xenograft cancer model (Fischer et al., 2013). These findings further demonstrate the potential of RNase1 as anti-cancer treatment. Besides the described ability to act as an anti-cancer drug, RNase1 is also suggested to operate as a tumor marker for pancreatic cancer, since tumor cells and cancer-associated ECs secreted a differently glycosylated form of RNase1 compared to healthy cells (Peracaula et al., 2003; Barrabes et al., 2007).





TARGETING RNase1 REPRESSION AS NOVEL THERAPEUTIC STRATEGY IN DISEASES

Endothelial RNase1 was demonstrated as promising target for the development of novel treatment strategies in context of diverse pathologies, ranging from cardiovascular diseases over inflammatory and infectious pathologies to cancer. The current literature already describes several approaches that clearly define the protective function of RNase1 administration in different in vitro and in vivo models, also including at least one clinical approach in humans. However, these studies mainly focus on recovering RNase1 levels by enzyme addition instead of targeting the responsible repressive signaling cascades and molecules. Recent work revealed many aspects of the RNase1 repressive signaling pathway that is initiated by eRNA and high proinflammatory cytokine levels, like TNF-α or IL-1β. Unraveling these signaling pathways provides several potential access points for therapy. These targets might include mitogen-activated protein kinases like p38, casein kinase two, as well as HDAC2 and responsible co-repressor complex(es), which directly bind the RNASE1 promoter to repress gene expression by chromatin remodeling. In this regard, several studies already focused on the usage of distinct pharmaceutical substances to block the function of these molecules in diverse pathologies. For instance, mitogen-activated protein kinase p38 as well as casein kinase two inhibitors have been applied in studies analyzing atherosclerosis, MI and I/R injury, or stroke (Barone et al., 2001; Zhao et al., 2002; Kaiser et al., 2004, 2005; Harvey et al., 2007), and both are used in clinical trials for diverse cancers and inflammatory disorders, e.g., RA (Kumar et al., 2003; Lee and Dominguez, 2005; Buontempo et al., 2018). Additionally, universal as well as specific HDAC inhibitors are already under clinical investigation or used for cancer therapy, by directly targeting the chromatin remodeling function of these enzymes (Yoon and Eom, 2016). Moreover, HDAC inhibitors were also described to be beneficial in context of cardiovascular diseases, like atherosclerosis or MI (Mann et al., 2007; Granger et al., 2008; Findeisen et al., 2011; Yoon and Eom, 2016). Based on these findings, further investigation of alternative strategies to prevent RNase1 repression is of great importance. Additionally, future investigations to develop novel therapeutic approaches should also include the analysis of physiological and RNase1 promoting signaling cascades and factors, such as interferon γ, to further expand and improve novel therapeutic options to preserve the vessel protective function of RNase1 in context of vascular inflammation.



CLOSING REMARKS AND FUTURE PERSPECTIVES

Endothelial RNase1 acts as potent vessel protective factor in context of vascular inflammation by counteracting damage-associated eRNA that is released upon vascular injury. However, long-term inflammation represses RNase1 expression and function by a mechanism where eRNA and high pro-inflammatory cytokine levels induce a molecular signaling cascade presumably via mitogen-activated protein kinase(s), casein kinase two and HDAC2-containing co-repressor complex(es) that finally ends up in histone deacetylation and transcriptional repression of RNase1. Although a large part of the RNase1 repressive signaling cascade as well as RNase1 structure and function have already been described extensively, several aspects remain unknown. Thus, it is of great importance to further define the molecular mechanism of RNase1 regulation (e.g., involved signaling pathways, HDAC2 activation, co-repressor complex(es), transcription factors, or RNase1 promoting factors), the precise function of RNase1 glycosylation (e.g., in respect to vessel protection or infectious diseases), the uptake of RNase1 by neighboring cells via endocytosis, and also include the opportunity to use RNase1 knockout mice in prospective studies. Consequently, these future perspectives in concert with the current knowledge about RNase1 might improve and expand the development of potential therapeutic options to preserve RNase1 function and vascular integrity in context of pathologic EC inflammation.
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p38 and Casein Kinase 2 Mediate Ribonuclease 1 Repression in Inflamed Human Endothelial Cells via Promoter Remodeling Through Nucleosome Remodeling and Deacetylase Complex
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Vascular pathologies, such as thrombosis or atherosclerosis, are leading causes of death worldwide and are strongly associated with the dysfunction of vascular endothelial cells. In this context, the extracellular endonuclease Ribonuclease 1 (RNase1) acts as an essential protective factor in regulation and maintenance of vascular homeostasis. However, long-term inflammation causes strong repression of RNase1 expression, thereby promoting endothelial cell dysfunction. This inflammation-mediated downregulation of RNase1 in human endothelial cells is facilitated via histone deacetylase (HDAC) 2, although the underlying molecular mechanisms are still unknown. Here, we report that inhibition of c-Jun N-terminal kinase by small chemical compounds in primary human endothelial cells decreased physiological RNase1 mRNA abundance, while p38 kinase inhibition restored repressed RNase1 expression upon proinflammatory stimulation with tumor necrosis factor alpha (TNF-α) and poly I:C. Moreover, blocking of the p38 kinase- and HDAC2-associated kinase casein kinase 2 (CK2) by inhibitor as well as small interfering RNA (siRNA)-knockdown restored RNase1 expression upon inflammation of human endothelial cells. Further downstream, siRNA-knockdown of chromodomain helicase DNA binding protein (CHD) 3 and 4 of the nucleosome remodeling and deacetylase (NuRD) complex restored RNase1 repression in TNF-α treated endothelial cells implicating its role in the HDAC2-containing repressor complex involved in RNase1 repression. Finally, chromatin immunoprecipitation in primary human endothelial cells confirmed recruitment of the CHD4-containing NuRD complex and subsequent promoter remodeling via histone deacetylation at the RNASE1 promoter in a p38-dependent manner upon human endothelial cell inflammation. Altogether, our results suggest that endothelial RNase1 repression in chronic vascular inflammation is regulated by a p38 kinase-, CK2-, and NuRD complex-dependent pathway resulting in complex recruitment to the RNASE1 promoter and subsequent promoter remodeling.

Keywords: ribonuclease 1, endothelium, inflammation, p38 kinase, casein kinase 2, nucleosome remodeling and deacetylase complex, histone deacetylation, CHD4


INTRODUCTION

Endothelial cells (ECs) significantly participate in regulation and control of vascular homeostasis and are rapidly activated upon inflammation to support the immune system. Thereby, ECs promote the inflammatory response via interaction with circulating leukocytes that infiltrate into the underlying tissue to secrete high amounts of proinflammatory compounds (Pober and Sessa, 2007). Despite the necessity of these processes to ensure a sufficient immune response, prolonged inflammation may also destruct the homeostatic functions of the endothelium. This further promotes progression of vascular diseases, like thrombosis or atherosclerosis (Poredos, 2002; Sitia et al., 2010; Zernecke and Preissner, 2016). In context of vascular inflammation, the endothelial extracellular RNA (eRNA)–Ribonuclease 1 (RNase1) system is known as a major key player to induce the immune response and likewise protect the EC layer (Zernecke and Preissner, 2016). Upon acute inflammation, ECs release eRNA as danger signal to initiate the immune response at the site of vascular injury. Simultaneously, vessel-protective RNase1 is released by vascular ECs to protect the endothelium from an overwhelming inflammatory response via degradation of eRNA (Landre et al., 2002; Cabrera-Fuentes et al., 2014; Gansler et al., 2014). However, upon long-term inflammation, accumulating eRNA enhances immune cell recruitment to the vascular wall and secretion of proinflammatory cytokines like tumor necrosis factor (TNF)-α or interleukin (IL)-1β. These cytokines further act on the EC layer via recruitment of histone deacetylase (HDAC) 2 to the RNASE1 promoter, resulting in massive RNase1 repression (Gansler et al., 2014; Bedenbender et al., 2019). Here, HDAC2 specifically reduces acetylation (ac) of the transcriptional activation markers histone 4 (H4) and histone 3 lysine 27 (H3K27) to induce chromatin remodeling and subsequent gene repression (Kouzarides, 2007; Wang et al., 2008; Bedenbender et al., 2019). However, the precise molecular mechanism by which HDAC2 is recruited to the RNASE1 promoter in inflamed human ECs remains unknown. This study aims to investigate the underlying signaling cascade involved in RNase1 regulation via analysis of responsible signaling pathway(s), modulators of HDAC2 activity, and chromatin remodeling complexes upon EC inflammation.

Inflammation-mediated RNase1 repression is assumed to be a specific inflammatory reaction in human ECs, mediated via stimulation with the proinflammatory cytokines TNF-α and IL-1β, as well as the toll-like receptor 3 ligand polyinosinic polycytidylic acid (poly I:C) (Gansler et al., 2014; Bedenbender et al., 2019). Thus, RNase1 regulation by common signaling pathway(s) activated by the afore-mentioned stimuli is suggested. TNF-α, IL-1β, and poly I:C are potent regulators of gene expression, tightly associated to inflammation-mediated cellular responses. Thereby, they conduct their functions primarily via two distinct signaling cascades through nuclear factor kappa B (NF-κB) or mitogen-activated protein kinase (MAPK) signaling, such as c-Jun N-terminal kinase (JNK) or p38 MAPK (Kawai and Akira, 2006; Weber et al., 2010; Brenner et al., 2015). Gansler et al. (2014) already demonstrated an NF-κB-independent signaling mechanism for inflammation-mediated RNase1 repression, supporting the hypothesis of a MAPK-dependent RNase1 regulation.

Apart from signaling cascade(s), it is still unclear how HDAC2 is recruited to the RNASE1 promoter. Enzymatic activity of class I HDACs, including HDAC2, is regulated through three different stages, subcellular localization, association with multiprotein complexes and post-translational modifications, e.g., serine phosphorylation (Segre and Chiocca, 2011). Especially, phosphorylation of HDAC2 is associated with its enzymatic activity and conducted by the highly conserved, constitutively active serine/threonine kinase casein kinase 2 (CK2) (Tsai and Seto, 2002; Litchfield, 2003; Brandl et al., 2009). Thereby, CK2 comprises the ability to regulate several hundred target proteins and is therewith involved in diverse cellular processes, including inflammation (Litchfield, 2003; Singh and Ramji, 2008). Additionally, CK2-mediated HDAC2 phosphorylation is also described to support its association with several multiprotein complexes (Segre and Chiocca, 2011). A prerequisite for sufficient enzymatic function and recruitment to the chromatin, as HDACs do not comprise any DNA-binding ability (Sengupta and Seto, 2004). The most abundant HDAC2-associated repressor complexes are the REST co-repressor (CoREST) complex, the SIN3 complex and the nucleosome remodeling and deacetylase (NuRD) complex, which in part also coexist together with CK2 (Zhang et al., 1997; Tong et al., 1998; You et al., 2001; Sengupta and Seto, 2004; Sun et al., 2007; Yang and Seto, 2008).

In this study, we investigated the underlying signaling cascade of inflammation-mediated RNase1 regulation in human ECs: First, we addressed the impact of common signaling pathways involved in RNase1 regulation. Second, we investigated how HDAC2 can be regulated during EC inflammation, and third, which co-repressor complex is involved in chromatin remodeling of the RNASE1 promoter. Our findings provide evidence that RNase1 expression is mediated via JNK signaling under physiological conditions, while its reduction during prolonged EC inflammation is regulated via p38 MAPK. We further provide evidence that the HDAC2-regulating kinase CK2, as well as the NuRD co-repressor complex acted as crucial regulators of inflammation-mediated RNase1 repression, on mRNA as well as chromatin level, respectively. Thereby, the NuRD complex component chromodomain helicase DNA binding protein (CHD) 4 accumulates at the RNASE1 promoter along with reduction of H4ac and H3K27ac in a p38-dependent manner. These findings indicate a complex regulatory network involved in endothelial RNase1 regulation.



MATERIALS AND METHODS


Ethics Statement

All umbilical cords were donated from healthy individuals who were fully informed and consented to donation. Donated tissue was handled in accordance with the local ethics regulations of the Philipps-University Marburg (permit number: AZ 20/16).



Cell Culture

Cells used in this study were cultivated in a humidified incubator at 37°C with 5% CO2. Human umbilical vein endothelial cells (HUVEC) were isolated and cultured in EC growth medium from PromoCell (Heidelberg, BW, Germany) supplemented with 1% penicillin and streptomycin (Thermo Fisher Scientific, Waltham, MA, United States) as described previously (Bedenbender et al., 2019) and cultured up to passage 4 for all indicated experiments. For stimulation experiments 3.8 × 104 cells/cm2 were seeded overnight. Cells were stimulated with human recombinant TNF-α [10 ng/ml] (R&D Systems, Inc., Minneapolis, MN, United States) or poly I:C [10 μg/ml] (InvivoGen, San Diego, CA, United States) as indicated. For inhibitor assays, HUVEC were pretreated for 1 h with the NF-κB inhibitor BAY11-7082 [1 μM, 5 μM], the JNK inhibitor JNK inhibitor II [10 μM, 30 μM], the p38 inhibitor SB202190 [10 μM, 20 μM] (Merck KGaA, Sigma Aldrich, Darmstadt, HE, Germany) prior to indicated stimulation for 24 h. Dimethyl sulfoxide (DMSO) (Carl Roth GmbH & Co., KG, Karlsruhe, BW, Germany) was used as solvent control. For chromatin immunoprecipitation (ChIP) assays, HUVEC were stimulated with 10 ng/ml TNF-α (R&D Systems, Inc.) for 10 min. For p38 inhibitor ChIP assays, HUVEC were treated for 2 h with 20 μM p38 inhibitor SB202190 (Sigma Aldrich) or DMSO (Carl Roth GmbH & Co., KG) as solvent control prior to 10 ng/ml TNF-α treatment (R&D Systems, Inc.) for 10 min.

The hybrid EC line EA.hy926 (American Type Culture Collection (ATCC), Manassas, VA, United States) was cultured in Dulbecco’s Modified Eagle’s Medium with high glucose (DMEM) supplemented with 10% fetal calf serum (GibcoTM, Thermo Fisher Scientific) for stimulation experiments. Cells were cultured up to passage 25 for all indicated experiments. Cells were seeded with 3.8 × 104 cells/cm2 overnight followed by indicated treatments: For casein kinase 2 (CK2) inhibitor assays, EA.hy926 were pretreated for 30 min with 10 μM CK2 inhibitor TBB (4,5,6,7-Tetrabromobenzotriazole, Merck KGaA) or DMSO (Carl Roth GmbH & Co., KG) as solvent control prior to 24 h TNF-α [10 ng/ml] (R&D Systems, Inc.) or poly I:C [10 μg/ml] (InvivoGen) stimulation.



siRNA Knockdown

EA.hy926 (3.8 × 104 cells/cm2) were seeded overnight and transfected for 24 h with ON-TARGETplus small interfering (si) RNA SMARTpools (DharmaconTM, Horizon Discovery Group Company, Lafayette, CO, United States) against CK2 alpha subunit 1 (CSNK2A1), CK2 alpha subunit 2 (CSNK2A2), CK2 beta subunit (CSNK2B), REST co-repressor 1 (RCOR1), SIN3 transcription regulator family member (SIN3) A, SIN3B, CHD3, CHD4 or an ON-TARGETplus Non-targeting Control Pool (siCTRL) as transfection control (50 pmol for single- or 25 pmol for double-transfection) using LipofectamineTM RNAiMAX (InvitrogenTM, Thermo Fisher Scientific) in Opti-MEMTM I reduced serum medium and DMEM with 10% fetal calf serum (GibcoTM, Thermo Fisher Scientific). After transfection, fresh medium was added, and cells were stimulated for additional 24 h with 10 ng/ml TNF-α (R&D Systems, Inc.) or left untreated as control.



RNA-Isolation and Quantitative Reverse Transcription PCR

Total RNA was isolated from HUVEC or EA.hy926 and cDNA was generated as described previously (Bedenbender et al., 2019). Transcript expression of RNase1, IL-8, cyclo-oxygenase 2 (COX-2), CSNK2A1, CSNK2A2, CSNK2B, RCOR1, SIN3A, SIN3B, CHD3, CHD4, and RPS18 as internal control was analyzed by quantitative reverse transcription PCR (qRT-PCR) with respective primer pairs (Table 1, metabion international AG Planegg/Steinkirchen, BY, Germany), using LUNA® Universal quantitative PCR (qPCR) Master Mix (New England Biolabs, Ipswich, MA, United States) and the QuantStudioTM System and QuantStudioTM Design and Analysis Software v1.3.1 (Thermo Fisher Scientific) according to manufacturer’s instructions. The fold-induction was calculated using the 2–ΔΔct method and qRT-PCR results were normalized to the corresponding control cells (Livak and Schmittgen, 2001).


TABLE 1. Primer sequences.
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Chromatin Immunoprecipitation

Chemicals used for ChIP were purchased from Carl Roth GmbH & Co., KG, unless otherwise stated. Confluent cells were stimulated as indicated and ChIP assay was performed as described previously (Bedenbender et al., 2019). In brief, cells were fixed for 5 min with 1 % formaldehyde (methanol-free; Polysciences, Inc., Warrington, PA, United States) at room temperature. Fixation was stopped with glycine (0.125 M) for 5 min at room temperature. Cells were washed and scraped with ice cold 1× PBS (without magnesium and calcium; HyCloneTM, GE Healthcare, Solingen, NW, Germany) and centrifuged at 300 × g for 10 min at 4°C. Scraping and washing was repeated twice. Chemical lysis was performed using lysis buffer I [20 min at 4°C; 5 mM piperazine-N,N′-bis-(2 ethane sulfonic acid) pH 8, 85 mM potassium chloride, 0.5% Nonidet P40 (AppliChem GmbH, Darmstadt, HE, Germany)] and II [10 min at 4°C; 10 mM Tris–hydrochloride pH 7.5, 150 mM sodium chloride, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Nonidet P40 (AppliChem GmbH)]. Chromatin was sheared by sonication, 20 cycles, each 30 s on/off using Bioruptor Plus (Diagenode SA, Seraing, LG, Belgium). Sepharose A (GE Healthcare) beads were blocked overnight at 4°C with 1 mg/ml bovine serum albumin (BSA) (Carl Roth GmbH & Co., KG) and 400 μg sonicated salmon sperm DNA (AppliChem GmbH). Sonicated chromatin was pre-cleared by incubation with blocked beads, and 10–20 μg pre-cleared chromatin were used for immunoprecipitation overnight at 4°C, using the following protein specific antibodies: anti-H4ac that recognizes acetylated histone 4 at lysine 5, 8, 12, and 16 as indicated by the manufacturer (06-598, Merck KGaA), anti-H3K27ac (ab4729), anti-CHD4 (ab72418), and anti-Rabbit IgG (ab171870; Abcam, Cambridge, United Kingdom) as indicated. Fresh beads were added to each IP for 2 h followed by diverse washing steps using washing buffer I-III (I: 20 mM Tris–hydrochloride pH 8.0, 150 mM sodium chloride, 2 mM Ethylenediaminetetraacetic acid (EDTA), 0.1% sodium dodecyl sulfate, 1% Triton X100; II: 20 mM Tris–hydrochloride pH 8.0, 500 mM sodium chloride, 2 mM EDTA, 0.1% sodium dodecyl sulfate, 1% Triton X100; III: 10 mM Tris–hydrochloride pH 8.0, 1% Nonidet P40, 1% sodium deoxycholate, 1 mM EDTA, 0.25 M Lithium chloride) and 1× Tris–EDTA buffer (10 mM Tris pH8.0, 1 mM EDTA). Chromatin-antibody complexes were chemically eluted (1% SDS, 0.1 M sodium hydrogen carbonate) and reversion of crosslinking was conducted over night by Proteinase K digestion (AppliChem GmbH) prior to DNA purification using the QIAquick PCR purification kit (QIAGEN GmbH) according to manufacturer’s instructions. Purified chromatin was eluted in H2O and analyzed by qPCR using indicated ChIP-primers (Table 1, metabion international AG) for human RNASE1 promoter regions Region A, Region B, Region C. Results of ChIP experiments were normalized to the input control (depicted as % of input) and the respective CTRL samples with the specific antibody (CTRL or CTRL DMSO) were set to 1.



Statistical Analyses

Statistical analyses were performed using GraphPad Prism Version 6.05 (GraphPad Software, La Jolla, CA, United States). Results are expressed as mean ± standard deviation (SD) of linear data. Statistical analyses of mRNA data were conducted on log2-transformed data. One-way or two-way ANOVA and subsequent multiple comparison using Sidak post-test or Holm-Sidak post-test, respectively, were performed as indicated. Results were considered significant at p < 0.05.



RESULTS


p38 MAPK Signaling Mediates RNase1 mRNA Repression in Inflamed Human ECs

To investigate the underlying molecular mechanisms of RNase1 regulation in inflamed human ECs, we first aimed to identify relevant signaling pathways for this process. Besides TNF-α or IL-1β stimulation of primary human ECs, treatment with the toll-like receptor 3 ligand poly I:C for 24 h also resulted in downregulation of RNase1 mRNA (Bedenbender et al., 2019). Here, poly I:C stimulation kinetics in HUVEC from 0.5 to 24 h resulted in a significant downregulation of RNase1 mRNA abundance after 9 h of treatment that further intensified over time until 24 h (Supplementary Figure 1A). These findings are comparable to the previously observed RNase1 regulation in TNF-α or IL-1β stimulation kinetics (Bedenbender et al., 2019). Based on these findings, common signaling cascades induced upon all three RNase1 repressive stimuli were investigated: NF-κB signaling or MAPK signaling via JNK and p38 kinases (Kawai and Akira, 2006; Weber et al., 2010; Brenner et al., 2015). HUVEC were pre-stimulated for 1 h with indicated concentrations of the signaling pathway inhibitors BAY11-7082 (NF-κB inhibitor) as negative control (Gansler et al., 2014), JNK inhibitor II (JNK MAPK inhibitor), SB202190 (p38 MAPK inhibitor) or DMSO as solvent control prior to 24 h TNF-α (white bars; Figure 1A) or poly I:C (gray bars; Figure 1B) stimulation, or left untreated as control (CTRL; black bars). In accordance with previous reports (Gansler et al., 2014), RNase1 mRNA expression was not affected by NF-κB inhibitor treatment in CTRL as well as TNF-α stimulated cells, compared to the DMSO control (Figure 1A, left panel). In respect to JNK inhibitor treatment, significantly diminished RNase1 mRNA expression was detected in CTRL cells compared to DMSO in a dose-dependent manner, while TNF-α-mediated RNase1 repression was even stronger after JNK inhibition (Figure 1A, middle panel). In contrast to these results, pretreatment of HUVEC with the p38 inhibitor slightly increased RNase1 mRNA abundance in CTRL cells compared to DMSO treatment. Moreover, TNF-α-mediated downregulation of RNase1 compared to the solvent control was completely restored dose-dependently by p38 inhibition (Figure 1A, right panel). In addition, comparable results to TNF-α treatment were obtained for RNase1 mRNA abundance by stimulation with the toll-like receptor 3 ligand poly I:C following NF-κB, JNK and p38 inhibitor stimulation compared to the solvent control DMSO as well as CTRL treated cells (Figure 1B). However, NF-κB inhibitor treatment slightly increased RNase1 expression in CTRL treated cells, compared to DMSO (Figure 1B, left panel). To validate the obtained results with the p38 inhibitor, we also investigated the expression of the p38-dependent gene COX-2, which is known to be upregulated upon proinflammatory stimulation of HUVEC (Viemann et al., 2004). Here, COX-2 was significantly upregulated upon TNF-α as well as poly I:C stimulation in DMSO treated samples, while p38 inhibition considerably blocked COX-2 induction upon proinflammatory treatment (Supplementary Figure 1B, left panel). Accordingly, physiological RNase1 expression seemed to be regulated via JNK signaling pathway, while inflammation-mediated RNase1 repression was mediated in a p38 MAPK-dependent manner in human ECs.
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FIGURE 1. p38 inhibitor treatment restores RNase1 mRNA expression in inflamed human ECs. HUVEC were pretreated for 1 h with indicated signaling pathway inhibitors or DMSO as solvent control prior to (A) TNF-α [10 ng/ml] (white bars) or (B) poly I:C [10 μg/ml] (gray bars) stimulation for 24 h or left untreated as control (black bars). Expression of RNase1 mRNA was analyzed by qRT-PCR. Results were normalized to RPS18 and the respective CTRL samples; n = 3–4; mean ± standard deviation (SD); Statistics were performed on log2-transformed data. Two-way ANOVA was performed using Holm-Sidak post-test. *CTRL vs. stimulus: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; #DMSO vs. inhibitor (inh.): #p < 0.05, ##p < 0.01, ####p < 0.0001.




Inflammation-Mediated Repression of RNase1 in Human ECs Is Conducted by CK2 Kinase

Ribonuclease 1 repression upon EC inflammation is mainly attributed to the function of HDAC2, however, it is still unknown how HDAC2 activity is regulated in this context (Bedenbender et al., 2019). HDAC2 activity highly depends on its phosphorylation state and the association with multiprotein complexes, both described to be regulated by CK2 kinase (Tsai and Seto, 2002; Brandl et al., 2009). Thus, we investigated whether CK2 functions as intermediate step in the TNF-α-mediated signaling cascade to facilitate RNase1 repression. The human EC line EA.hy926 was pretreated for 30 min with 10 μM CK2 inhibitor TBB (white bars) or DMSO (black bars) as solvent control, followed by 24 h control (CTRL), TNF-α or poly I:C stimulation (Figures 2A,B). The experimental setup was validated by mRNA expression analysis of the proinflammatory marker IL-8 (for TNF-α) or CXCL10 (for poly I:C) that have been described to be partially regulated via CK2 signaling, respectively (Du et al., 2015; Li et al., 2019). IL-8 and CXCL10 mRNA were significantly upregulated in TNF-α (Figure 2A, left panel) or poly I:C (Figure 2A, right panel) treated EA.hy926 in DMSO pre-stimulated cells. Consistent with the literature, this effect was significantly reduced for IL-8 mRNA by TBB treatment upon TNF-α stimulation (Figure 2A, left panel), while CXCL10 expression upon poly I:C stimulation was further increased by TBB pretreatment (Figure 2A, right panel), both compared to the solvent control. Vice versa, RNase1 mRNA abundance was significantly elevated by TBB pretreatment in CTRL cells compared to the solvent control, and TNF-α-mediated reduction of RNase1 was completely recovered by TBB in contrast to DMSO (Figure 2B, left panel). Similar results were obtained for TBB and poly I:C stimulation compared to DMSO, also considerably recovering RNase1 mRNA upon inflammation (Figure 2B, right panel).
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FIGURE 2. CK2 function is required for RNase1 repression in inflamed human ECs. (A,B) EA.hy926 were pretreated for 30 min with CK2 inhibitor TBB [10 μM] (white bars) or DMSO as solvent control (black bars), prior to TNF-α [10 ng/ml] or poly I:C [10 μg/ml] stimulation for 24 h or left untreated as control (CTRL). (C) EA.hy926 were transfected with siRNA pools against both CSNK2A1 and CSNK2A2 (each 25 pmol; siCSNK2A1/A2; white bars) or 50 pmol scrambled siRNA control pool (siCTRL; black bars) for 24 h followed by additional 24 h stimulation with 10 ng/ml TNF-α or left untreated as control (CTRL). mRNA expression of (A) IL-8 (left panel) or CXCL10 (right panel), (B) RNase1, (C) CSNK2A1 (left panel), CSNK2A2 (middle panel) or RNase1 (right panel) was analyzed by qRT-PCR. Results were normalized to endogenous RPS18 and respective CTRL samples. n = 3–4; mean ± SD; Statistics were performed on log2-transformed data. Two-way ANOVA was performed using Holm-Sidak post-test. *effect of TNF-α or poly I:C: *p < 0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001; #effect of TBB or siRNA: #p < 0.05, ###p < 0.001, ####p < 0.0001.


To confirm the obtained results, the influence of small interfering RNA (siRNA)-mediated CK2 knockdown on RNase1 mRNA expression was investigated. CK2 is described as an tetrameric complex of two identical or non-identical catalytic subunits (CSNK2A1/A2) and two identical regulatory subunits (CSNK2B) in humans (Litchfield, 2003). EA.hy926 were transfected for 24 h with siRNA pools against both CSNK2A1 and A2 (Figure 2B; white bars), CSNK2B (Supplementary Figures 2A,B) or an unspecific siRNA control pool (siCTRL; black bars), prior to 24 h control (CTRL) or TNF-α stimulation. Knockdown was validated by significant downregulation of respective mRNAs of CSNK2A1 (Figure 2B, left panel) and CSNK2A2 (middle panel) upon specific siRNA treatment in both control and TNF-α stimulated cells. Interestingly, double-knockdown of the catalytic subunits CSNK2A1 and A2 slightly increased RNase1 expression in unstimulated cells, compared to siCTRL. Additionally, RNase1 mRNA was significantly repressed upon TNF-α treatment in control transfected cells, while CSNK2A1/2 double-knockdown considerably recovered RNase1 expression (Figure 2B, right panel). In respect to the regulatory subunit CSNK2B, successful knockdown was validated by significant downregulation of CSNK2B mRNA (Supplementary Figure 2A) upon specific siRNA treatment in both control and TNF-α stimulated cells. In contrast to CSNK2A1/A2 double-knockdown, significant downregulation of RNase1 was obtained upon TNF-α treatment compared to CTRL, for both, siCTRL and CSNK2B transfected cells (Supplementary Figure 2B). Altogether, TBB inhibitor treatment and CSNK2A1/A2 double-knockdown indicated an important role of CK2 kinase in TNF-α-mediated RNase1 repression in inflamed human ECs.



NuRD Co-repressor Complex Components CHD3 and 4 Are Required for RNase1 Repression in Inflamed Human ECs

HDAC2 enzymatic activity requires the association with multiprotein co-repressor complexes to get access to the chromatin (Tsai and Seto, 2002; Segre and Chiocca, 2011). To identify such complexes involved in RNase1 regulation, siRNA knockdown of crucial protein components of the most abundant HDAC-associated repressor complexes was performed in EA.hy926 (Zhang et al., 1997; Tong et al., 1998; You et al., 2001; Sengupta and Seto, 2004; Yang and Seto, 2008). siRNA pools against RCOR1 (CoREST complex), SIN3A and B (double-knockdown, SIN3 complex), CHD3 and 4 (double-knockdown, NuRD complex; white bars) or an unspecific siRNA control pool (siCTRL, black bars) were transfected in EA.hy926 for 24 h, followed by additional 24 h TNF-α stimulation or left untreated as control (CTRL; Figure 3). Knockdown of distinct complex components was validated by respective mRNA analysis, resulting in significant downregulation of RCOR1 (Figure 3A, left panel), SIN3A/B (Figure 3B, left and middle panel) and CHD3/4 (Figure 3C, left and middle panel) compared to siCTRL transfection upon the tested stimuli. In respect to RNase1, no effect of RCOR1 knockdown was detected upon both treatments (Figure 3A, right panel), while SIN3A/B double-knockdown increased RNase1 mRNA levels in unstimulated cells compared to siCTRL, but rather augmented the repressive effect of TNF-α on RNase1 mRNA (Figure 3B, right panel). Remarkably, double-knockdown of the NuRD co-repressor components CHD3 and 4 significantly increased RNase1 expression in control cells as well as considerably recovered TNF-α-mediated RNase1 repression compared to siCTRL (Figure 3C, right panel). Both CHD3 and 4, alone or in combination can associate in the NuRD complex to achieve either equal or individual functions (Denslow and Wade, 2007; Hoffmeister et al., 2017). To investigate whether only one of these proteins or both are essential for the RNase1 recovering effect, we performed single-knockdown of CHD3 (Supplementary Figures 2C,D) and CHD4 (Supplementary Figures 2E,F). In respect to knockdown efficiency, comparable results were obtained by single knockdown of CHD3 or 4 as for the double-knockdown (Supplementary Figures 2C–E), as well as for RNase1 recovery (Supplementary Figures 2D–F). In conclusion, these findings suggest an essential role for both, the CHD3- and the CHD4-containing NuRD co-repressor complex in RNase1 repression upon EC inflammation, presumably promoting HDAC2 recruitment to the RNASE1 promoter.
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FIGURE 3. Co-repressor complex NuRD is crucial for RNase1 downregulation upon human EC inflammation. EA.hy926 were transfected with siRNA pools (50 pmol for single- or 25 pmol each for double-transfection) against (A) RCOR1 (siRCOR1; CoREST complex), (B) a combination of SIN3A and SIN3B (siSIN3A/B; SIN3 complex), (C) CHD3 and CHD4 (siCHD3/4; NuRD complex; white bars) or scrambled siRNA control pool (siCTRL; black bars) for 24 h followed by additional 24 h stimulation with 10 ng/ml TNF-α or left untreated as control (CTRL). mRNA expression of (A) RCOR1, (B) SIN3A and SIN3B, (C) CHD3 and CHD4 as well as (A–C) RNase1 was analyzed by qRT-PCR. Results were normalized to endogenous RPS18 and CTRL treated siCTRL samples. n = 3–4; mean ± SD; Statistics were performed on log2-transformed data; Two-way ANOVA was performed using Holm-Sidak post-test. *effect of TNF-α: *p < 0.05, ***p < 0.001, ****p < 0.0001; #effect of siRNA: #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001.




CHD4 Accumulates at the RNASE1 Promoter Along With Histone Deacetylation Upon Proinflammatory Stimulation of Human ECs

To confirm the participation of the CHD3/4 containing NuRD complex in RNase1 repression, we investigated RNASE1 promoter remodeling by histone deacetylation and recruitment of NuRD complex in inflamed human ECs by analyzing the acetylation state of H4 and H3K27 as well as accumulation of the NuRD component CHD4. ChIP was performed with HUVEC stimulated for 10 min with TNF-α (+), the time of HDAC2 promoter accumulation (Bedenbender et al., 2019), or left untreated as control (−). The histone acetylation state as well as CHD4 recruitment to the previously described RNASE1 promoter regions, Region A (the core promoter) and the more upstream regions Region B (the proximal promoter) and Region C (the distal promoter) (Bedenbender et al., 2019), were analyzed by qPCR. In unstimulated cells, H4 as well as H3K27 were acetylated at promoter Region A of RNASE1, while 10 min TNF-α stimulation resulted in significant deacetylation of H4 and H3K27 at the same site (Figure 4A, left and middle panel). Along with these findings, CHD4 accumulation was significantly elevated at Region A upon TNF-α treatment compared to untreated cells (Figure 4A, right panel). In respect to Region B (Figure 4B) and C (Figure 4C), similar results were obtained for H4ac (left panels) and H3K27ac (middle panels), while almost no or equal CHD4 accumulation was detected in control and TNF-α treated cells (Figures 4B,C, right panels). Consequently, RNASE1 promoter Region A–C is markedly deacetylated after 10 min of TNF-α stimulation. This effect went along with specific recruitment of CHD4 to Region A of RNASE1, indicating a role of the CHD4 containing NuRD complex in RNASE1 regulation in inflamed human ECs.
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FIGURE 4. Proinflammatory stimulation of human ECs induces RNASE1 promoter deacetylation in concert with CHD4 recruitment. HUVEC were stimulated with 10 ng/ml TNF-α for 10 min (+) or left untreated as control (–). Immunoprecipitation using specific antibodies against histone 4 acetylation (H4ac; left panels), histone 3 lysine 27 acetylation (H3K27ac; middle panels), chromodomain helicase DNA binding protein 4 (CHD4; right panels) or an unspecific IgG control was performed. (A) Region A, (B) Region B, (C) Region C of the RNASE1 promoter were pulled down by the respective antibodies and analyzed by qPCR using respective primers. Results were depicted as % input and the respective control sample with the specific antibody was set to 1. n = 3–4; mean ± SD; One-way ANOVA was performed using Sidak post-test, *IgG vs. specific (spec.) antibody (AB): *p < 0.05, ***p < 0.001, ****p < 0.0001; #CTRL vs. TNF-α: #p < 0.05, ####p < 0.0001.




Inhibition of p38 MAPK Signaling Restores Histone Acetylation at the RNASE1 Promoter and Prevents CHD4 Accumulation

To investigate whether the described RNASE1 promoter remodeling and CHD4 accumulation depend on p38 MAPK signaling, ChIP assays with p38 inhibition were performed. Therefore, HUVEC were pretreated for 2 h with 20 μM p38 inhibitor SB202190 (+) or DMSO (−) as solvent control, followed by 10 min stimulation with 10 ng/ml TNF-α (white bars) or left untreated as control (CTRL; black bars). Acetylation of H4 or H3K27, and the recruitment of NuRD co-repressor complex component CHD4 (right panels) were investigated by immunoprecipitation and analyzed by qPCR using respective promoter primers. Compared to inhibitor and DMSO treatment in CTRL cells, TNF-α stimulation resulted in significant deacetylation of H4 in DMSO treated samples at Region A of the RNASE1 promoter. This effect was considerably restored by p38 inhibition upon TNF-α stimulation, resulting in comparable H4 acetylation as in untreated cells (Figure 5A, left panel). Similar effects were obtained for H4ac in Region B and C of the RNASE1 promoter, although not significantly (Figures 5B,C, left panel). With respect to H3K27, reduced acetylation at Region A–C was observed after proinflammatory stimulation of HUVEC compared to DMSO treated CTRL cells. Although no significant recovery of H3K27ac by p38 inhibition was detected after 10 min TNF-α stimulation, an increasing trend toward restoration of acetylation was observed in Region A–C (Figures 5A-C, middle panel). In context of CHD4, TNF-α treatment tented to increase recruitment to the RNASE1 promoter Region A compared to the DMSO treated CTRL, while p38 inhibition inclined to reverse this effect to only basal CHD4 levels (Figure 5A, right panel). At the upstream promoter Region B, a similar trend can be observed for CHD4 upon TNF-α stimulation, indicated by an increase in CHD4 accumulation in solvent control treated cells and its prevention upon p38 inhibition (Figure 5B, right panel). Compared to that, CHD4 was almost absent from Region C upon all indicated treatments (Figure 5C, right panel). These findings provide evidence that proinflammatory stimulation of HUVEC with TNF-α induced deacetylation of H4 and H3K27 at the RNASE1 promoter as well as recruitment of the NuRD/CHD4 co-repressor complex. Interestingly, these effects can be reversed by p38 inhibition, underlining the importance of p38 signaling in RNASE1 promoter remodeling and repression.
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FIGURE 5. p38 inhibitor treatment reverses RNASE1 promoter deacetylation and CHD4 recruitment in inflamed human ECs. HUVEC were pretreated with 20 μM p38 inhibitor (inh.) SB202190 (+) or DMSO as solvent control (–) for 2 h, followed by 10 min TNF-α stimulation [10 ng/ml] (white bars) or left untreated as control (CTRL; black bars). Immunoprecipitation using specific antibodies against histone 4 acetylation (H4ac; left panels), histone 3 lysine 27 acetylation (H3K27ac; middle panels), chromodomain helicase DNA binding protein 4 (CHD4; right panels) or an unspecific IgG control was performed. (A) Region A, (B) Region B, (C) Region C of the RNASE1 promoter were pulled down by the respective antibodies and analyzed by qPCR using respective primers. Results were depicted as % input and the respective control sample with the specific antibody was set to 1. n = 3–4; mean ± SD; Two-way ANOVA was performed using Holm-Sidak post-test. *IgG vs. specific (spec.) antibody (AB): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; #CTRL vs. TNF-α: #p < 0.05; §DMSO vs. p38 inh.: §§p < 0.01.




DISCUSSION

Cardiovascular disease, such as atherosclerosis, thrombosis, or myocardial infarction, that are associated with endothelial dysfunction represent a global health issue, causing approximately 18 million deaths per year worldwide1. Thereby, disease development and progression tightly associate to the loss of vascular function, homeostasis, and integrity in consequence to inflammation, infection, or injury of the endothelium (Poredos, 2002; Sitia et al., 2010; Zernecke and Preissner, 2016). Thus, investigation of the underlying mechanisms of endothelial dysfunction upon vascular inflammation is an important need. In this study, we investigated the underlying mechanisms of repression of vasoprotective RNase1 in context of vascular inflammation (Gansler et al., 2014; Zernecke and Preissner, 2016). We identified a regulatory mechanism by which proinflammatory stimulation, such as TNF-α or poly I:C, activated p38 MAPK, CK2 kinase, and subsequent recruitment of the HDAC2 containing NuRD/CHD4 co-repressor complex to the RNASE1 promoter. This resulted in chromatin remodeling via histone deacetylation and subsequent RNase1 repression. In recent years, the RNase1-eRNA system was identified as crucial factor in diverse pathologies, ranging from cardiovascular diseases, such as thrombosis, atherosclerosis or myocardial infarction, to inflammatory and infectious disorders like sepsis or bacterial infections (Kannemeier et al., 2007; Cabrera-Fuentes et al., 2014; Simsekyilmaz et al., 2014; Zakrzewicz et al., 2016; Zernecke and Preissner, 2016; Zechendorf et al., 2020). In this context, RNase1 has been demonstrated as potent regulator and protective factor of vascular homeostasis by counteracting the danger-associated molecule eRNA to compensate changes in the eRNA-RNase1 system (Zernecke and Preissner, 2016). Thereby, RNase1 protects the endothelium from overwhelming inflammation by e.g., decreasing myocardial infarction size or thrombus formation, mainly via reduction of circulating eRNA levels, inflammatory cells and cytokines to recover physiological organ functions (Fischer et al., 2007; Kannemeier et al., 2007; Cabrera-Fuentes et al., 2014, 2015; Chen et al., 2014). However, RNase1 function is significantly impaired upon long-term vascular inflammation due to increased extracellular eRNA levels that further result in loss of vascular integrity (Gansler et al., 2014). These processes were shown to be mainly regulated by an HDAC-dependent mechanism by which HDAC2 is recruited to the RNASE1 promoter region to conduct histone deacetylation, resulting in a condensed chromatin structure, loss of Polymerase II transcription machinery binding and subsequent gene repression (Bedenbender et al., 2019). Therefore, unraveling the underlying molecular mechanisms of RNase1 repression in inflamed human ECs is of great importance, to offer new therapeutic options and treatment strategies to preserve RNase1 function upon vascular inflammation.

In this study, we identified the well-known MAPK phosphorylation cascades via JNK and p38 as potent regulators of RNase1 expression in human ECs under physiological as well as proinflammatory conditions. MAPK signaling via JNK and p38 is directly associated to the RNase1 repressive proinflammatory stimuli TNF-α, IL-1β, and poly I:C (Ashwell, 2006; Kawai and Akira, 2006; Weber et al., 2010; Brenner et al., 2015; Bedenbender et al., 2019). As blocking of JNK signaling strongly repressed RNase1 expression in untreated ECs, this signaling cascade seems to be essential for physiological RNase1 expression. These findings are supported by publications, demonstrating JNK as potent regulator of EC gene expression not only upon inflammation, for instance during thrombin induced intercellular adhesion molecule 1 expression (Miho et al., 2005), but also under physiological conditions, e.g., in context of EC motility (Shin et al., 2001). However, our findings indicate that JNK inhibition upon TNF-α and poly I:C treatment potentiates the negative effect of these stimuli on RNase1 mRNA. Thus, it can be speculated that the JNK cascade might still conduct residual RNase1 mRNA expression even upon inflammation. In addition, our results confirmed an p38-dependent regulatory mechanism for RNase1 repression upon inflammation of human ECs, as demonstrated by clear recovery of RNase1 expression after TNF-α and poly I:C treatment by p38 inhibition. These findings are comparable to previous results using the HDAC1-3 inhibitor MS275 that also fully recovered RNase1 expression upon inflammation (Bedenbender et al., 2019). p38 MAPK is generally associated to inflammatory events, as it was firstly described in context of proinflammatory cytokine synthesis in endotoxin stimulated macrophages (Lee et al., 1994). Besides its crucial role in induction of proinflammatory mediators, e.g., reduced IL-6 production in p38α-deficient embryonic stem cells, or p38-dependent COX-2 expression in TNF-α stimulated HUVEC (Allen et al., 2000; Viemann et al., 2004), also repressive functions of p38 signaling, such as the reduction of certain myogenic genes during muscle differentiation in myeloid cells, are described (Suelves et al., 2004). These findings support our results that inflammation-mediated RNase1 repression is primarily associated to p38 MAPK-dependent signaling in human ECs.

To unravel further intermediated steps in the RNase1 repression cascade upon EC inflammation, we analyzed the regulation of HDAC2 activity in this context. Previous findings by our group indicated that HDAC2 activity might be regulated independent of HDAC2 mRNA or protein levels (Bedenbender et al., 2019 and unpublished data), suggesting an alternative regulatory mechanism. Class I HDAC activity, including HDAC2, can be regulated through subcellular localization, association in protein complexes and post-translational modifications. Since HDAC2 is mainly located in the nucleus due to its nuclear localization sequence and the missing export sequence (Micelli and Rastelli, 2015), we focused on its post-translational modification and association into multiprotein co-repressor complexes. Both processes can be regulated via phosphorylation of HDAC2 C-terminal serine residues by the highly conserved and constitutively active protein kinase CK2 (Tsai and Seto, 2002; Litchfield, 2003; Segre and Chiocca, 2011). CK2 function is directly associated with TNF-α and p38 signaling to mediate inflammatory processes as demonstrated in context of stress-induced human cervical carcinoma cells and diabetic retinopathy in retinal ECs (Sayed et al., 2000; Litchfield, 2003; Meggio and Pinna, 2003; Zhang and Steinle, 2014). Here, we investigated the impact of CK2 on RNase1 expression by CK2 inhibition and siRNA knockdown in the human EC line EA.hy926. Blocking of CK2 function by the inhibitor TBB as well as knockdown of the two catalytic subunits CSNK2A1/A2 significantly recovered RNase1 mRNA abundance upon TNF-α (or poly I:C) treatment, demonstrating an important role of CK2 kinase in the inflammation-mediated repression of RNase1. These findings are further supported by previously described functions of CK2 in context of inflammation, e.g., regulation of leukocyte interactive proteins, like endothelial selectin upon TNF-α-mediated EC activation or HDAC2 phosphorylation in hypoxia-associated tumors (Pluemsampant et al., 2008; Ampofo et al., 2015). To further test for a direct impact of CK2 on HDAC2 phosphorylation in inflamed ECs we performed Western Blot analysis upon CK2 inhibitor (TBB) treatment and proinflammatory stimulation of human ECs (data not shown). Although we found high HDAC2 phosphorylation levels in general, we did not observe any significant regulation. This suggests that HDAC2 activity might not be regulated exclusively by CK2-mediated phosphorylation but rather includes additional mechanisms like assembly of co-repressor complexes or cross-talk between post-translational modifications, as demonstrated for acetylation or ubiquitination. Within such complexes, HDAC2 activity has been shown to be influenced by formation of HDAC1:HDAC2 heterodimers, in which acetylated HDAC1 can control HDAC2 activity, or by combinations of HDAC2 modifications like phospho-acetylation (Adenuga and Rahman, 2010; Segre and Chiocca, 2011). In respect to a potential HDAC1:2 heterodimer formation and a possible functional redundancy of these enzymes, we already analyzed the impact of HDAC1 on RNase1 regulation in our previous publication (Bedenbender et al., 2019). Although, only HDAC2 accumulated at the RNASE1 promoter, only siRNA double knockdown of both HDAC1 and HDAC2 recovers RNase1 mRNA expression. These findings implicate that HDAC2 is the most relevant enzyme in inflammation-mediated RNase1 regulation, however, HDAC1 might take over its function redundantly, once HDAC2 is missing (Bedenbender et al., 2019). Based on the literature, both enzymes, HDAC1 and HDAC2, can be regulated by CK2, while HDAC1 can also be regulated by other kinases (e.g., cAMP-dependent protein kinase; Tsai and Seto, 2002; Khan et al., 2013). In conclusion, our findings provide evidence that CK2 kinase is involved in regulation of RNase1 upon EC inflammation, presumably via regulation of HDAC2 activity. The interaction between CK2 and HDACs for RNASE1 promoter remodeling remains to be clarified in detail.

As mentioned before, HDAC2 function and recruitment to promoter sites are associated with the formation of multiprotein co-repressor complexes, which in turn might also co-localize with CK2 (Grozinger and Schreiber, 2002; De Ruijter et al., 2003; Sengupta and Seto, 2004; Sun et al., 2007). Therefore, we investigated the impact of the three major HDAC2-associated repressor complexes on RNase1 mRNA expression upon EC inflammation via siRNA-mediated knockdown of essential co-repressor complex components: RCOR1 for CoREST, SIN3A/B for SIN3 and CHD3/4 (also known as Mi2α/β) for NuRD (Zhang et al., 1997; Tong et al., 1998; Humphrey et al., 2001; You et al., 2001). Only single- or double-knockdown of the NuRD repressor complex components CHD3 and 4 significantly restored RNase1 mRNA abundance upon TNF-α treatment in our experimental setting. Hence, our findings imply an important involvement of NuRD-associated CHD3 and CHD4 in RNase1 repression in inflamed human ECs. These findings are supported by the essential roles of NuRD in context of inflammation, e.g., in regulation of T- and B-cell development or macrophage immune responses (Fujita et al., 2004; Shimizu-Hirota et al., 2012; Shen et al., 2018). The great impact of NuRD co-repressor complex in RNase1 regulation is further confirmed by recruitment of CHD4 to the RNASE1 promoter Region A upon 10 min TNF-α treatment. Additionally, this recruitment goes along with deacetylation of H4 and H3K27, two well-known markers of actively transcribed chromatin, that are already associated to regulation of RNASE1 (Kouzarides, 2007; Wang et al., 2008; Bedenbender et al., 2019). Among the diverse types of co-repressor complexes, the NuRD chromatin-remodeling complex is unique due to the combination of chromatin-remodeling enzymes, like the DNA helicase-like ATPases CHD3 and CHD4, and histone modifying subunits, such as HDAC2 (Tong et al., 1998; Denslow and Wade, 2007). Hence, the obtained results for CHD4 are in accordance with the previously described accumulation of HDAC2 at the RNASE1 promoter Region A after 10 min of TNF-α treatment (Bedenbender et al., 2019). Although HDAC2 also accumulated at Region B of the RNASE1 promoter in previous experiments (Bedenbender et al., 2019), CHD4 seemed to be absent in this region under the same conditions. In this context, however, we are aware that ChIP analysis using primary ECs can be highly susceptible to donor variances of self-isolated primary cells. These effects might yield in high standard deviations and therewith potentially masking small differences in CHD4 recruitment to this region. Despite these small discrepancies, our current data indicate that HDAC2 recruitment to the RNASE1 promoter is mainly mediated via the CHD3/4 containing NuRD complex upon inflammation of human ECs. To further strengthen these findings, the impact of NuRD knockdown or inhibition on HDAC2 recruitment and subsequent chromatin remodeling at the RNASE1 promoter should be considered for future investigations. Although there are only few publications regarding NuRD functions in vascular ECs, the impact of this complex in context of vascular integrity seems to be crucial. Ingram et al. (2013) demonstrated a preventive function of NuRD/CHD4 on excessive extracellular matrix proteolysis, while Colijn et al. (2020) observed protection of vascular integrity by NuRD/CHD4-mediated histone deacetylation and gene repression upon hypoxia in embryonic ECs. Altogether, the presented data and previous findings of our group suggest that simultaneous recruitment of HDAC2 and CHD4 within the NuRD complex induces chromatin remodeling like deacetylation of H4 and H3K27 that finally result in a condensed chromatin structure, loss of polymerase transcription machinery binding and subsequent RNASE1 repression in inflamed human ECs (Bedenbender et al., 2019).

Since p38 inhibition in HUVEC illustrated the involvement of this signaling cascade in inflammation-mediated RNase1 repression, we wondered whether p38 inhibition was also able to reverse RNASE1 chromatin remodeling with respect to histone acetylation and CHD4 recruitment. Using ChIP analysis in primary human ECs, we found that H4ac was restored by p38 inhibitor treatment at the RNASE1 promoter despite TNF-α stimulation. With respect to H3K27ac, a trend toward recovery of acetylation was also induced upon p38 inhibition. However, the weak effect on H3K27ac could be due to kinetics, as H4 acetylation might be recovered prior to H3K27ac. These findings are in line with previous studies from our group that demonstrated that inhibition of HDAC1, HDAC2 and HDAC3 with the class I HDAC inhibitor MS275 significantly recovered histone acetylation after 30 min of TNF-α treatment (Bedenbender et al., 2019). Comparing the current findings with our previous work, stronger effects in respect to histone acetylation upon p38 inhibitor treatment might be obtained after 30 min of TNF-α stimulation. In general, these findings illustrate the role of p38 inhibition for the recovery of histone acetylation at the RNASE1 promoter, especially at H4, and presumably also at H3K27. Additionally, p38 inhibition reduced inflammation-induced accumulation of CHD4 at RNASE1 promoter Region A and Region B. Compared to the presented data from Figure 4, these findings also suggest accumulation of CHD4 at the upstream promoter Region B which would correspond to the recruitment of HDAC2 at the same site (Bedenbender et al., 2019). Thus, CHD4 as part of the NuRD co-repressor complex was recruited to the RNASE1 promoter in a p38-dependent manner. MAPK signaling cascades are known to be highly involved in chromatin remodeling and subsequent gene regulation, for instance via phosphorylation of transcription factors that further influence recruitment of the polymerase II transcription machinery, histone acetyl transferase complexes, as well as chromatin remodeling and HDAC complexes (Suganuma and Workman, 2011). In this context, TNF-α-induced p38 signaling was shown to promote the interaction of transcription factor YY1 and the polycomb repressive complex 2 to induce repressive chromatin structures at target gene promoters (Palacios et al., 2010), while tumor suppressor SALL1 induces p38-dependent NuRD recruitment to promote cancer cell senescence (Ma et al., 2018). Although transcription factors involved in RNase1 repression are still unknown, these findings are in line with the presented observations that TNF-α-induced p38 signaling is critical for recruitment of the NuRD/CHD4 complex to the RNASE1 promoter to conduct H4 and H3K27 deacetylation and RNASE1 repression.

Finally, with respect to RNase1 recovery by inhibition of CK2 and p38, our study may pave the way to new strategies to maintain vascular homeostasis in context of vascular pathologies by preserving the protective factor RNase1. Previous studies already indicated an essential role of both CK and p38 in context of vascular diseases that can be also related to studies addressing RNase1 function in the same context. For instance, both CK2 and p38 kinase have been implicated in the regulation of foam cell formation during atherosclerosis, which can be blocked by either CK2 or p38 inhibition (Zhao et al., 2002; Harvey et al., 2007). Interestingly, the macrophage content in atherosclerotic lesions can be also associated to accumulating eRNA, which can be blocked by RNase1 administration (Simsekyilmaz et al., 2014). Additionally, p38 inhibition also protects cardiomyocytes from cellular injury upon myocardial ischemia and reperfusion, or reduces excessive inflammatory cytokine expression (e.g., TNF-α) and infarct size during stroke (Barone et al., 2001; Kaiser et al., 2004, 2005). Remarkably, RNase1 administration reduces myocardial as well as cerebral infarction size and preserves cellular function in the same pathological context (Walberer et al., 2009; Cabrera-Fuentes et al., 2014, 2015). Based on these findings, a close association between p38 signaling, CK2, TNF-α, eRNA and reduced RNase1 levels is likely in diverse vascular pathologies. In this context CK2, as well as p38 inhibitors are already used in clinical trials for treatment of hematological and solid cancers or chronic inflammatory diseases, like rheumatoid arthritis or diabetes mellitus, respectively (Kumar et al., 2003; Lee and Dominguez, 2005; Buontempo et al., 2018), indicating their use as promising targets also for treatment of vascular diseases.

In conclusion, we found evidence for a regulatory mechanism of RNase1 repression in inflamed human ECs by which proinflammatory stimulation induces p38 signaling to activate CK2 kinase which further promotes HDAC2 activation and association into the NuRD co-repressor complex. Consequently, NuRD/CHD4 as well as HDAC2 are recruited to the RNASE1 promoter to facilitate chromatin remodeling via histone deacetylation, followed by chromatin condensation and transcriptional repression. Hence, identification of associated molecules in inflammation-mediated repression of the vessel-protective factor RNase1 may provide new potential targets, such as p38 MAPK, CK2 kinase, or the NuRD/CHD4 repressor complex, for treatment of cardiovascular pathologies.
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Background: RNase A (the bovine equivalent to human RNase 1) and RNase 5 (angiogenin) are two closely related ribonucleases. RNase 5 is described as a powerful angiogenic factor. Whether RNase A shares the same angiogenic characteristic, or interferes with vessel growth as demonstrated for arteriogenesis, has never been investigated and is the topic of this present study.

Methods and Results: To investigate whether RNase A shows a pro‐ or anti-angiogenic effect, we employed a murine hindlimb model, in which femoral artery ligation (FAL) results in arteriogenesis in the upper leg, and, due to provoked ischemia, in angiogenesis in the lower leg. C57BL/6J male mice underwent unilateral FAL, whereas the contralateral leg was sham operated. Two and seven days after the surgery and intravenous injection of RNase A (50 μg/kg dissolved in saline) or saline (control), the gastrocnemius muscles of mice were isolated from the lower legs for (immuno-) histological analyses. Hematoxylin and Eosin staining evidenced that RNase A treatment resulted in a higher degree of ischemic tissue damage. This was, however, associated with reduced angiogenesis, as evidenced by a reduced capillary/muscle fiber ratio. Moreover, RNase A treatment was associated with a significant reduction in leukocyte infiltration as shown by CD45+ (pan-leukocyte marker), Ly6G+ or MPO+ (neutrophils), MPO+/CitH3+ [neutrophil extracellular traps (NETs)], and CD68+ (macrophages) staining. CD68/MRC1 double staining revealed that RNase A treated mice showed a reduced percentage of M1-like polarized (CD68+/MRC1−) macrophages whereas the percentage of M2-like polarized (CD68+/MRC1+) macrophages was increased.

Conclusion: In contrast to RNase 5, RNase A interferes with angiogenesis, which is linked to reduced leukocyte infiltration and NET formation.

Keywords: angiogenesis, capillary sprouting, RNase A, RNase 5, extracellular RNA, leukocyte recruitment, ischemia, neutrophil extracellular traps


INTRODUCTION

The human superfamily of ribonucleases (RNases) consists of eight members of secreted proteins, which share the ability to degrade RNA (Koczera et al., 2016). RNase A (the bovine equivalent to the human RNase 1) is one of the best-characterized mammalian proteins (Raines, 1998). According to their structural and biological or catalytic characteristics, the RNases have been grouped into four RNase types, whereby RNase 1, 4, and 5 have been grouped together (Sorrentino, 2010). RNase 5 shows high similarities to RNase A in its crystal structure and contains several identical catalytic residues, although its ribonucleolytic activity is much lower (Acharya et al., 1994; Leonidas et al., 1999; Leland et al., 2002).

Studies on their molecular evolution indicated that ancestral RNases were involved in host defense (zebrafish) or angiogenesis-related processes (birds and mammals; Sorrentino, 2010; Koczera et al., 2016). Interestingly, RNase 1 has been suggested to be involved in the regulation of vascular homeostasis (Landre et al., 2002; Fischer et al., 2011) and has been demonstrated to negatively influence coagulation and vascular permeability (Fischer et al., 2007; Kannemeier et al., 2007). Both, RNase 1 and RNase 5 are expressed and released from various types of endothelial cells (from arteries, veins, and capillaries; Landre et al., 2002; Fischer et al., 2011), and RNase 5, also termed angiogenin, is well described for its angiogenic activity (Fett et al., 1985; Strydom et al., 1985) as reviewed in detail by Gao and Xu (2008) as well as Sorrentino (2010). By complex formation with the cell surface protein actin, RNase 5 promotes basement membrane and extracellular matrix degradation, thus enabling endothelial cells to penetrate and migrate into the perivascular tissue (Soncin, 1992). Following translocation to the nucleus, the nuclear fraction of RNase 5 binds to the promoter of ribosomal RNA (rRNA), thereby enhancing its transcription and promoting endothelial cell proliferation (Kishimoto et al., 2005). In addition to its function to enhance angiogenesis, RNase 5 has also been reported to cleave transfer RNA (tRNA) to tRNA-derived small RNAs (tiRNAs) under conditions of stress, causing protein synthesis arrest, thus conserving energy for repair of damaged tissue (Fu et al., 2009; Yamasaki et al., 2009).

Angiogenesis is a complex process resulting in increased capillarity. This is either mediated by splitting of pre-existing capillaries (Egginton et al., 2001) or by sprouting of capillaries from pre-existing vasculature involving endothelial cell proliferation and migration (Carmeliet, 2000). Hypoxia and ischemia are well described as driving force for sprouting angiogenesis, however, there are also data available pointing to shear stress as stimulus for splitting angiogenesis (Egginton et al., 2001). In general, angiogenesis is designed to locally satisfy the oxygen and nutrient demand of tissue under various (patho-)physiological conditions (Adams and Alitalo, 2007; Potente and Carmeliet, 2017) such as embryonic development (Carmeliet, 2005), tumor growth (Folkman, 1995), wound healing (Tonnesen et al., 2000), or skeletal or cardiac muscle hypertrophy (Hudlicka et al., 1992). However, in damaged ischemic tissue, it is also engaged in removal of cell debris (Weckbach et al., 2018).

Vascular endothelial growth factor (VEGF) is one of the strongest and best characterized angiogenetic factors (Folkman, 1971; Folkman et al., 1971; Ferrara and Henzel, 1989; Neufeld et al., 1999). It has been demonstrated that administration of VEGF is a powerful tool to promote sprouting angiogenesis in vivo and even results in angioma formation (Isner et al., 1996; Tsurumi et al., 1997; Schwarz et al., 2000). Arteriogenesis, the growth of a natural bypass from pre-existing arteriolar connections (Deindl and Schaper, 2005), however, could hardly if at all be promoted by VEGF administration (Jazwa et al., 2016). On the other hand, blocking the tyrosine kinase (TK) VEGF receptor 2 (VEGFR2) strongly interfered with both, the process of angiogenesis and arteriogenesis (Jazwa et al., 2016). In both types of vessel growth, VEGF is supplied by leukocytes, i.e., neutrophils and monocytes (Deindl et al., 2001; Scapini et al., 2004; Morrison et al., 2014; Lautz et al., 2018; Zhang et al., 2020). But in contrast to angiogenesis, in arteriogenesis, an amplified and sustained local activation of VEGFR2 is necessary to promote endothelial cell proliferation by high levels of ERK activation (Kofler and Simons, 2015). The sustained activation of VEGFR2 is mediated by the non-TK VEGF receptor neuropilin 1 (NRP1; Koch et al., 2011; Lanahan et al., 2013; Kofler and Simons, 2015). Recently, it was demonstrated by Fischer et al. (2009) in vitro that the interaction of VEGF with VEGFR2 and NRP1 is mediated by extracellular RNA. For angiogenesis, it is described that the interaction of VEGF with VEGFR2 and NRP1 is essential for tip cell formation to allow a sprouting of endothelial cells (Kofler and Simons, 2015).

RNA, which is mainly composed of rRNA is released under various conditions, such as tissue damage, stress, and accordingly also increased shear stress from (endothelial-) cells (Lasch et al., 2019a). Recently, we demonstrated that arteriogenesis, which is triggered by increased shear stress (Pipp et al., 2004; Lasch et al., 2019b), is initiated by extracellular RNA, which is released from endothelial cells due to increased shear stress (Lasch et al., 2019a). In arteriogenesis, extracellular RNA induces a sustained activation of VEGFR2 provoking the release of von Willebrand factor (vWF) from endothelial cells. This initiates a cascade of signaling events, which involves an activation of platelets and mast cells. As a result, neutrophils and monocytes are recruited, which promote vessel growth by supplying growth factor and cytokines (Chandraratne et al., 2015; Chillo et al., 2016; Kluever et al., 2019; Lasch et al., 2019a). Interestingly, administration of bovine RNase A as well as recombinant human RNase 1 significantly interfered with the process of arteriogenesis and leukocyte recruitment, whereas the administration of inactive human recombinant RNase or DNase had no effect pointing to the relevance of extracellular RNA in arteriogenesis (Lasch et al., 2019a).

RNase A and RNase 5 are two closely related ribonucleases (Gao and Xu, 2008; Sorrentino, 2010). Accordingly, we were interested to investigate whether RNase A shows a similar pro-angiogenic effect as previously described for RNase 5 (Gao and Xu, 2008), or whether it interferes with the process of angiogenesis as demonstrated for arteriogenesis (Lasch et al., 2019a). For our purpose, we used the same mouse model, which we employed to investigate the effect of RNase A treatment on arteriogenesis (Lasch et al., 2019a). In that model, femoral artery ligation (FAL) results due to increased shear stress in arteriogenesis in the upper leg and due to ischemia in angiogenesis in the lower leg (Figure 1). Whether shear stress is also involved in promoting angiogenesis in that particular animal model has never been investigated but cannot be excluded.
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FIGURE 1. Arteriogenesis in the thigh protects the gastrocnemius muscle from serve ischemic damage. (A) Arterial blood vessels have the function to supply organs and muscle tissue with oxygen and nutrients. In the murine hindlimb, the femoral artery supplies blood to the lower leg. (B) Upon arterial obstruction due to stenosis or artificial femoral artery ligation (FAL), muscles of the lower leg, such as the gastrocnemius muscle, suffer from ischemia, which leads to tissue damage and capillary sprouting (angiogenesis). (C) Effective collateral artery growth (arteriogenesis) in the thigh compensating the occluded (femoral) artery prevents severe ischemic tissue damage in the lower leg and makes capillary sprouting redundant.




MATERIALS AND METHODS


Animals and Treatments

All experimental procedures were permitted by the Bavarian Animal Care and Use Committee (ethical approval code: ROB-55.2Vet-2532.Vet_02-17-99) and were done in strict accordance with the German animal legislation guidelines. To degrade extracellular RNA, wild type C57BL/6J mice (Charles River Laboratories, Sulzfeld, Germany) were injected i.v. with bovine RNase A (Thermo Fisher Scientific, Waltham, MA, United States) with a dose of 50 μg/kg dissolved in saline starting 30 min before the surgical procedure and followed every other day until tissue sampling. The control group received saline alone.



Femoral Artery Ligation and Tissue Sampling

To induce angiogenesis, 8–10 weeks old mice were initially anesthetized with a combination of fentanyl (0.05 mg/kg, CuraMED Pharma, Karlsruhe, Germany), midazolam (5.0 mg/kg, Ratiopharm GmbH, Ulm, Germany), and medetomidine (0.5 mg/kg, Pfister Pharma, Berlin, Germany). Once anesthetized, the mice were submitted to an unilateral FAL of the right hindlimb, while the left hindlimb was sham operated as previously described (Limbourg et al., 2009; Lasch et al., 2019b). For tissue sampling 2 or 7 days after the surgical procedure, mice were anesthetized as described above and were perfused with adenosine buffer [1% adenosine (Sigma-Aldrich, St. Louis, MO, United States), 5% bovine serum albumin (BSA, Sigma-Aldrich), dissolved in phosphate buffered saline (PBS, PAN Biotech, Aidenbach, Germany, pH 7.4)] followed by a perfusion with 3% paraformaldehyde (PFA, Merck, Darmstadt, Germany; for cryopreservation), or 4% PFA (for paraffin embedding) in PBS, pH 7.4. After the perfusion, the gastrocnemius muscles were carefully isolated and stored for further processing.



Histology and Immunohistology

Mice (n ≥ 3 per group) were injected (i.p.) daily with BrdU (Sigma-Aldrich; 1.25 mg dissolved in 100 μl PBS) starting directly after FAL. BrdU-treated tissue isolated at day 7 after the surgical procedure was cut in 8–10 μm thick cryosections and was processed with 1 N HCl for 30 min at 37°C, blocked with 10% goat serum in 1x PBS/0.1% Tween-20 for 1 h at room temperature (RT), followed by an overnight incubation with an anti-BrdU antibody (Abcam, ab6326; dilution 1:50 in 10% goat serum in 1x PBS/0.1% Tween-20) at 4°C. Secondary staining was performed with a goat anti-rat Alexa Fluor®-546 antibody or an Alexa Fluor®-647 antibody (both Invitrogen, Thermo Fisher Scientific, dilution 1:100) for 1 h at RT. Further, the tissues were stained with an anti-CD31-Alexa Fluor®-647 antibody (1:50; clone MEC13.3, Biolegend, 102,516) or an anti-CD45-Alexa Fluor®-488 antibody (clone 30-F11, BioLegend, 11-0451-85; dilution 1:100, both in 1x PBS/0.1% Tween-20) for 3 h at RT to stain endothelial cells and leukocytes, respectively. Pericytes were stained with an anti-ACTA2-Alexa Fluor®-488 antibody (Sigma-Aldrich, F3777) 1:400 dilution in 1x PBS/0.1% Tween-20. For neutrophil labeling, a rat anti-Ly6G antibody (Abcam, ab25377; 1:100) was added overnight at 4°C and a secondary Alexa Fluor®-488 goat anti-rat antibody (Invitrogen, Thermo Fisher Scientific) 1:200 in 1x PBS for 1 h. We have also followed this staining with an anti-Ly6G-PE antibody (eBioscience, 12-9668-82, Thermo Fisher Scientific) to eliminate any unspecific labeling. Macrophages were labeled with an anti-CD68-Alexa Fluor®-488 antibody (Abcam ab201844; dilution 1:50) together with an anti-MRC1 antibody (Abcam, ab64693; dilution 1:50) overnight 4°C, followed by the secondary antibodies: Alexa Fluor®-488 goat anti-rat and Alexa-Fluor®-594 goat anti-rabbit, respectively (both Invitrogen, Thermo Fisher Scientific). Neutrophil extracellular traps (NETs) of day 2 post-FAL tissues were labeled with an anti-myeloperoxidase (MPO) antibody (R and D Systems, AF3667) and an anti-citrullinated histone H3 antibody [Cit-H3; polyclonal rabbit anti-Histone H3 antibody (citrulline R2 + R8 + R17), Abcam, ab5103] by an overnight incubation at 4°C. This was followed by a secondary donkey anti-goat Alexa Fluor®-594 antibody (1:100) and Alexa Fluor®-488 antibody (1:200; both Invitrogen, Thermo Fisher Scientific) for 1 h at RT. Additionally, to label nucleic DNA, tissues were incubated with 1 μg/ml Hoechst 33342 (Invitrogen) for 15 min at RT. For mounting the samples, an antifade mounting medium (Dako) was used. Tissue muscle sections from saline and RNase A treated mice (3x saline treated non-ischemic, 3x saline treated ischemic, 3x RNase A treated non-ischemic, and 3x RNaseA treated ischemic) were stained for different leukocyte populations (neutrophils and macrophages) and NETs. We counted cells, muscle fibers, and NETs in 10 defined fields of view with a 20x objective (415 × 415 μm), resulting in a total area of 172,225 mm2. To investigate angiogenesis (Figure 2C), the capillary to muscle fiber ratio for each group was calculated as previously described (Olfert et al., 2016), whereby CD31+/ACTA2− were considered as endothelial cells. The images were acquired with a confocal laser scanning microscope LSM 880 from (Carl Zeiss AG) and analyzed by ZEN Blue software (Carl Zeiss AG).

[image: Figure 2]

FIGURE 2. RNase A treatment results in decreased angiogenesis and increased tissue damage. (A) The scatter plot shows the percentage of tissue damage in the gastrocnemius muscle of mice treated with RNase A or saline (control group) 7 days after FAL. Data are means ± S.E.M., n = 5 per group, the whole cross-sectional area of the gastrocnemius muscle was analyzed per mouse. *p < 0.05 (RNase A vs. saline treated group) by unpaired student’s t-test. (B) Representative pictures of analyzed H and E stained gastrocnemius muscle of saline‐ (upper picture) or RNase A (lower picture) treated mice 7 days after FAL. After treatment with bovine RNase A, significant increased tissue damage can be seen becoming evident e.g., by skeletal muscle cells showing centralized nuclei (small magnifications right bottom). Scale bars 100 μm. (C) The scatter plot shows the CD31+/ACTA2− cells per muscle fiber (ischemic vs. non-ischemic tissue ratio, respectively) in the gastrocnemius muscle of RNase A or saline treated mice 7 days after the surgical procedure. Data are means ± S.E.M., n = 3 per group, 10 cross-sectional areas (450 μm × 450 μm each) of the gastrocnemius muscle were analyzed per mouse per leg. *p < 0.05 (RNase A vs. saline treated group) by unpaired student’s t-test. (D) Representative immunofluorescence pictures of analyzed gastrocnemius muscle tissue of saline‐ (upper picture) or RNase A treatment (lower picture) 7 days after FAL. Endothelial cells were labeled with anti-CD31 (gray), with anti-BrdU 546 (red), and Hoechst (blue). Pericytes, in addition, were labeled with anti-ACTA2 (green, and indicated by green arrowheads). Scale bars 20 μm.


Hematoxylin and Eosin (H and E) staining on slices of 5 μm thick paraffin embedded gastrocnemius muscles isolated from RNase A and saline treated mice (n = 5) at day 7 after surgery was done according to standard procedures. The necrotic area (%) of the whole tissue slices was analyzed using an Axioscope 40 (Carl Zeiss AG) with the AxioVision software (Carl Zeiss AG).



Statistical Analyses

Statistical analyses were carried out using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, United States). Data are means ± standard error of the mean (S.E.M.). Statistical analyses were performed as indicated in the figure legends and considered as statistically significant at p < 0.05.




RESULTS

In order to investigate the impact of RNase A on angiogenesis, we used a murine hindlimb model, in which FAL results in arteriogenesis in the upper leg (adductor muscle) and due to provoked ischemia in angiogenesis in the lower leg (gastrocnemius muscle; Figure 1; Lasch et al., 2019a). Mice were treated intravenously before and then after the surgical procedure every other day with RNase A or saline (control). At day 2 and 7 after the surgical procedure, the gastrocnemius muscles of femoral artery ligated and contralateral sham operated legs were isolated for (immuno-) histological analyses.

Hematoxylin and Eosin staining demonstrated ischemic damage in gastrocnemius muscles of RNase A and of saline treated mice at day 7 after FAL. However, compared to the saline-treated controls, the ischemic tissue damage in gastrocnemius muscles was significantly increased in RNase A treated mice (Figures 2A,B and Supplementary Table 1).

To investigate whether RNase A treatment has an impact on angiogenesis, we performed immunofluorescence staining using an anti-CD31 antibody as a marker for endothelial cells, in combination with an antibody against ACTA2 to exclude CD31+ pericytes. Calculating the capillary/muscle fiber ratio as index for angiogenesis, we found a significant reduction of the capillary/muscle fiber ratio in gastrocnemius muscles of RNase A treated mice at day 7 after the surgical intervention when compared to saline treated control mice (Figures 2C,D and Supplementary Table 2). The number of proliferating endothelial cells per muscle fiber was also strongly reduced in RNase A treated mice as shown by CD31+/BrdU+/ACTA2−/Hoechst+ quadruple staining (Figure 2D; Supplementary Figure 1 and Supplementary Table 2).

Leukocytes, such as neutrophils and macrophages, are well described for their relevance to remove cell debris and to promote angiogenesis by supplying growth factors, and particularly VEGF (Scapini et al., 2004; Zhang et al., 2020). To investigate the influence of RNase A treatment on leukocyte recruitment, we performed CD45 (pan-leukocyte marker) staining. Our results demonstrated that RNase A treated mice have a significant decreased number of CD45+ cells in ischemic tissue compared to saline treated control mice at day 7 after the surgical intervention (Figures 3A,B and Supplementary Table 2). In both treatments, only minor numbers of CD45+/BrdU+ double positive cells were found (Supplementary Figure 2).

[image: Figure 3]

FIGURE 3. RNase A treatment interferes with leukocyte recruitment. The scatter plots show the ratio of (A) total CD45+ cells or (C) total Ly6G+ cells (neutrophils; FAL vs. sham operation or ischemic vs. non-ischemic tissue, respectively) in the gastrocnemius muscle of RNase A or saline treated mice 7 days after the surgery. Data are means ± S.E.M., n = 3 per group, 10 cross-sectional areas (450 μm × 450 μm each) of the gastrocnemius muscle were analyzed per mouse per leg. *p < 0.05 (RNase A vs. saline treated group) by unpaired student’s t-test. (B,D) Representative immunofluorescence pictures of analyzed gastrocnemius tissue of saline‐ (upper picture) or RNase A (lower picture) treated mice 7 days after FAL. Leukocytes were labeled with (B) anti-CD45 (pan-leukocyte marker) or (D) anti-Ly6G (marker for neutrophils; both green) and Hoechst (blue). Scale bars 20 μm.


Ly6G stain used to identify neutrophils and CD68 to identify macrophages showed moreover that both subsets of leukocytes were significantly decreased in ischemic muscle tissue of mice treated with RNase A compared to saline treated control mice at day 7 after the surgery (Figures 3C,D, 4A and Supplementary Table 2).
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FIGURE 4. The effect of bovine RNase A on macrophage recruitment and polarization. The scatter plots show the ratio (ischemic vs. non-ischemic tissue) of (A) total CD68+ cells and the percentage of (B) CD68+/MRC1− and of (C) CD68+/MRC1+ cells of all CD68+ cells in the gastrocnemius muscle of RNase A or saline treated mice 7 days after the surgical procedure. Data are means ± S.E.M., n = 3 per group, 10 cross-sectional areas (450 μm × 450 μm each) of the gastrocnemius muscle were analyzed per mouse per leg. *p < 0.05 (RNase A vs. saline treated group) by unpaired student’s t-test. (D) Representative immunofluorescence pictures of analyzed gastrocnemius tissue of saline‐ (upper picture) or RNase A (lower picture) treated mice 7 days after FAL. Scale bars 100 μm.


To investigate whether RNase A treatment influences macrophage activation in ischemic tissue in terms of M1-like and M2-like polarization, we performed CD68/MRC1 double staining. Our immuno-histological analyses showed that the percentage of classically activated inflammatory CD68+/MRC1− macrophages (M1-like) in gastrocnemius muscles of RNase A treated mice was significantly decreased, while the percentage of alternatively activated regenerative CD68+/MRC1+ macrophages (M2-like) was significantly increased compared to saline treated control mice (Figures 4B–D and Supplementary Table 2).

In gastrocnemius muscle samples isolated at day 2 after the surgery and RNase A or saline treatment, we have used MPO staining for neutrophil identification combined with CitH3 for NETs. As a criteria for NETs, we have considered three aspects: (i) the presence of extracellular DNA filamentary structure, (ii) the DNA should originate from MPO positive cells, and (iii) these filamentary structures have to be decorated with a marker for neutrophil granule proteins like Cit-H3 (Figures 5C,D). As shown in Figure 5, the numbers of neutrophils (MPO+ cells) and NETs (MPO+/CitH3+/Hoechst+ cells) are reduced in ischemic gastrocnemius muscles from RNase A treated mice compared to saline treated mice (Figures 5A,B and Supplementary Table 2).

[image: Figure 5]

FIGURE 5. RNase A treatment results in reduced numbers of neutrophil extracellular traps (NETs). (A,B) The scatter plots show the ratio (ischemic vs. non-ischemic tissue) of NETs expression (A) or total MPO+ (myeloperoxidase) cells (B) of RNase A or saline treated mice 2 days after surgery. Data are means ± S.E.M., n = 3 per group, 10 cross-sectional areas (450 μm × 450 μm each) of the gastrocnemius muscle were analyzed per mouse per leg. *p < 0.05 (RNase A vs. saline treated group) by unpaired student’s t-test. (C) Representative immunofluorescence pictures of analyzed gastrocnemius muscle tissue of saline‐ (upper picture) or RNase A (lower picture) treated mice 2 days after the surgery. NETs were stained with anti-MPO (red) and anti-CitH3 (green) and Hoechst (blue) for DNA staining. Scale bars 50 μm. (D) Representative immunofluorescence 3D reconstruction of a neutrophil with NET formation [magnification of white rectangle in (C)] of saline‐ (upper picture) or RNase A (lower picture) treated mice 2 days after FAL. Scale bars 4 μm.




DISCUSSION

In the current study, we investigated the impact of RNase A, an enzyme closely related to RNase 5, on angiogenesis. Our results demonstrate that RNase A, in contrast to RNase 5, shows anti-angiogenic effects, which is related to reduced leukocyte recruitment and NET formation.

RNase A, like its human counterpart RNase 1 as well as RNase 5 belongs to the RNase A superfamily (Beintema, 1998). RNase 5 shows about 35% homology to the human RNase 1 with conserved amino acid residues relevant for the RNase activity (Kurachi et al., 1985). However, the ribonucleic activity of RNase 5 is about 105–106 lower than that of the pancreatic RNase A (Gao and Xu, 2008). It has previously been shown that RNase 5, also known as angiogenin, is a potent angiogenic factor (Kurachi et al., 1985). Whether RNase A shows similar functions in terms of promoting angiogenesis as RNase 5, or whether it interferes with vessel growth as we have recently demonstrated for the process of arteriogenesis (Lasch et al., 2019a), has never been investigated.

To analyze the impact of RNase A on angiogenesis, we employed the same murine hindlimb model, in which we have previously demonstrated that the administration of RNase A interferes with arteriogenesis by degrading extracellular RNA. Extracellular RNA is a ribonucleic acid, which is essential for initiating the process of natural bypass growth (Lasch et al., 2019a). As depicted in Figure 1, ligation of the femoral artery results in reduced blood supply and consequently causes tissue fibrosis and gangrene formation in the lower leg. This is associated with angiogenesis and a pronounced infiltration of leukocytes (Scapini et al., 2004; Jaipersad et al., 2014; Chillo et al., 2016; Zhang et al., 2020). In case of effective collateral artery growth, creating a natural bypass, a less severe ischemic tissue damage is observed in muscle tissue of the lower leg. However, in the case of impaired arteriogenesis, as shown before as an effect of RNase A (Lasch et al., 2019a), ischemic tissue damage is expected to increase. This was confirmed by our present histological studies, which demonstrate increased ischemic damage in the gastrocnemius muscle of mice treated with RNase A. Pancreatic RNase 1 has no cytotoxic side-effects (Gaur et al., 2001), and, although no receptors for RNases have been identified up to now (Schirrmann et al., 2009), these enzymes may indeed enter cells by endocytosis (Haigis and Raines, 2003). RNases, however, are quickly inactivated by the cytosolic RNase Inhibitor (Leland et al., 1998; Haigis et al., 2003), which binds extremely tightly to mammalian RNases and, thereby, blocks their catalytic activity (Leland et al., 1998; Leland and Raines, 2001; Haigis et al., 2003; Arnold and Ulbrich-Hofmann, 2006; Schirrmann et al., 2009). Moreover, we have recently demonstrated that RNase A application is not associated with any toxic side effects, even when 20-fold overdosed (Kleinert et al., 2016).

Increased ischemic damage is expected to be associated with increased angiogenesis (Chillo et al., 2016). However, our immuno-histological analyses showed that ischemic tissue damage in RNase A treated mice is associated with reduced angiogenesis along with reduced endothelial cell proliferation. Leukocytes, particularly neutrophils and monocytes, which are recruited to ischemic tissue, are an important source of VEGF, which is one of the most powerful angiogenic factors (Gong and Koh, 2010; Seignez and Phillipson, 2017; Zhang et al., 2020). In our study, we found a high number of leukocytes in ischemic damaged tissue, however, the number of BrdU positive and thus proliferating leukocytes was very low in saline as well as RNase A treated mice. This is in accordance with a recent study in a murine hindlimb model showing that not resident, proliferating leukocytes, but recruited leukocytes are responsible for increased numbers of immune cells in ischemic muscle tissue (Zhang et al., 2020). We show that in RNase A treated mice the number of leukocytes was significantly reduced in ischemic tissue when compared to saline treated mice indicating that RNase A treatment interferes with leukocyte recruitment to ischemic tissue, and thus may affect VEGF bioavailability.

Using a murine cremaster model of inflammation, we have recently shown by means of intravital microscopy analyses that extracellular RNA acts as pro-inflammatory factor by promoting leukocyte recruitment (Fischer et al., 2012). In the same model as well as in the murine hindlimb model of arteriogenesis, which we used for our current study on angiogenesis, we have demonstrated that extracellular RNA mediated leukocyte recruitment is dependent on VEGFR2 activation (Lasch et al., 2019a). In detail, extracellular RNA promotes the interaction of VEGF with NRP1 and VEGFR2, thus inducing a sustained local activation of VEGFR2, which results in vWF release from endothelial cells (Fischer et al., 2009; Lasch et al., 2019a). Subsequent platelet-neutrophil aggregate (PNA) formation promotes mast cell activation, which in turn results in neutrophil and monocyte recruitment (Chillo et al., 2016; Lasch et al., 2019a). Treatment of mice with RNase A, the natural counterpart of extracellular RNA, however, significantly interfered with leukocyte recruitment (Lasch et al., 2019a). In the current study, we found that RNase A treatment also impaired neutrophil and monocyte recruitment strongly suggesting that this was due to the degradation of extracellular RNA, which is released from cells due to ischemic tissue damage. Whether extracellular RNA mediated leukocyte recruitment in angiogenesis is dependent on the axis of VEGFR2-PNA mediated mast cell activation, or due to the previously described function of extracellular RNA to induce tumor necrosis factor (TNF)α release from monocytic cells involving TNF-α-converting enzyme (TACE) activation (Fischer et al., 2012), remains to be elucidated. However, the idea that extracellular RNA might activate mast cells via the VEGFR2 pathway in angiogenesis is intriguing, since mast cells are not only relevant for leukocyte recruitment but are also local sources of the angiogenic factors VEGF and RNase 5 (Hiromatsu and Toda, 2003; Kulka et al., 2009). Interestingly, it has recently been published that mast cells are important players in angiogenesis in vivo, as shown in a murine hindlimb model of ischemia (Bot et al., 2020).

The reduced accumulation of leukocytes in ischemic tissue of RNase A treated mice may, however, not only be a function of reduced leukocyte recruitment but also of reduced leukocyte extravasation. The expression of intracellular adhesion molecule 1 (ICAM1) on endothelial cells of post-capillary veins, which is a prerequisite for leukocyte transmigration and extravasation (Ley et al., 2007), is also a function of the VEGF/VEGFR2 system and thus might be dependent on the availability of extracellular RNA (Kluever et al., 2019).

Whether extracellular RNA might also be involved in VEGF induced NRP1-VEGFR2 mediated tip cell formation, thereby controlling capillary sprouting (Kofler and Simons, 2015) is another open question and remains to be addressed in further studies.

In a recent study, it has been shown that extracellular RNA is abundant in NETs in psoriatic skin and promotes in complex with LL37 further NET formation (Herster et al., 2020). In our study, we found that RNase A treatment was associated with reduced NET formation in ischemic tissue samples. However, this seems to be a direct consequence of reduced neutrophil infiltration, and not due to degradation of neutrophil-derived and LL37 complexed extracellular RNA, as LL37 protects extracellular RNA from degradation by RNase A (Tepekoylu et al., 2017; Herster et al., 2020). Interestingly, it has been demonstrated by another study that NETs promote capillary sprouting in vitro and in vivo (Aldabbous et al., 2016) and are relevant for reparative vascular regeneration in ischemic retina in vivo (Binet et al., 2020). Accordingly, RNase A treatment might interfere with angiogenesis by reducing the number of NETs.

Tissue ischemia is associated with an infiltration of monocytes, which mature to macrophages. Classically activated inflammatory M1-like (CD68+/MRC1−) macrophages are present in the beginning inflammatory phase and are involved in phagocytosis and further leukocyte recruitment. After the removal of necrotic tissue, M1-like macrophages repolarize toward alternatively activated regenerative M2-like (CD68+/MRC1+) macrophages and participate in tissue remodeling (Dort et al., 2019; Zhang et al., 2020). Our immuno-histochemical analyses evidenced that the percentage of regenerative M2 polarized macrophages in relation to the total number of macrophages was much higher in RNase A than in saline treated control mice. Saline treated mice on the other hand showed a very high percentage of inflammatory M1-like macrophages. In vitro studies have demonstrated that bone marrow-derived macrophages upon treatment with extracellular RNA are skewed toward M1-like macrophages and express increased levels of inflammatory cytokines such as TNFα and interleukin 6 (IL-6; Cabrera-Fuentes et al., 2015). Accordingly, RNase A treatment should interfere with the polarization of macrophages toward the M1-like phenotype and favor the switch toward M2-like polarization, as observed in the current study. In our study on arteriogenesis, using the same animal model, however, we found reduced numbers of CD68+/MRC1− as well as CD68+/MRC1+ macrophages around growing collateral arteries in RNase A treated mice when compared to saline treated controls (Lasch et al., 2019a). Together, these data indicate that not only extracellular RNA but further micro-environmental conditions and factors control macrophage polarization. Interestingly, a recent study on a murine hindlimb model showed that lactate, a metabolite which is not found in increased amounts in tissue harboring growing collaterals (Deindl et al., 2001), is a major determinant of M2-like polarization of macrophages in ischemic muscle tissue (Zhang et al., 2020).

In summary, we show that RNase A counteracts angiogenesis, which might be due to reduced NRP1-VEGFR2 mediated tip cell formation, or reduced leukocyte recruitment along with reduced growth factor supply and NET formation. As RNase A shows no signs of toxicity, but a high ribonucleolytic activity, it is reasonable to deduce that RNase A interferes with angiogenesis by degrading extracellular RNA. Together, this implicates a yet unrecognized role for extracellular RNA in angiogenesis. However, further studies are necessary to confirm this assumption as well as the proposed molecular mechanisms.
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Neutrophil Extracellular Traps Induce MCP-1 at the Culprit Site in ST-Segment Elevation Myocardial Infarction
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Background: Leukocyte-mediated inflammation is crucial in ST-segment elevation myocardial infarction (STEMI). We recently observed that neutrophil extracellular traps (NETs) are increased at the culprit site, promoting activation and differentiation of fibrocytes, cells with mesenchymal and leukocytic properties. Fibrocyte migration is mediated by monocyte chemoattractant protein (MCP)-1 and C-C chemokine receptor type 2 (CCR2). We investigated the interplay between NETs, fibrocyte function, and MCP-1 in STEMI.

Methods: Culprit site and peripheral blood samples of STEMI patients were drawn during primary percutaneous coronary intervention. MCP-1 and the NET marker citrullinated histone H3 (citH3) were measured by ELISA while double-stranded DNA was stained with a fluorescent dye. The influence of MCP-1 on NET formation in vitro was assessed using isolated healthy donor neutrophils. Human coronary artery endothelial cells (hCAECs) were stimulated with isolated NETs, and MCP-1 gene expression was measured by ELISA and qPCR. CCR2 expression of culprit site and peripheral blood fibrocytes was characterized by flow cytometry. Healthy donor fibrocyte receptor expression and chemotaxis were investigated in response to stimulation with MCP-1 and NETs in vitro.

Results: NETs and concentrations of MCP-1 were increased at the culprit site of 50 consecutive STEMI patients. NET stimulation of hCAECs induced transcription of ICAM-1, IL-6, and MCP-1, and secretion of MCP-1. MCP-1 promoted NET formation of healthy donor neutrophils in vitro. An increasing MCP-1 gradient correlated with fibrocyte accumulation at the culprit site. Locally increased MCP-1 levels were negatively correlated with CCR2 expression on fibrocytes. MCP-1 and NETs induced CCR2 downregulation on fibrocytes in vitro. NETs did not function as a chemotactic stimulus for fibrocytes or monocytes and could block migration in response to MCP-1 for both cell populations.

Conclusion: NETs function as signaling scaffolds at the culprit site of STEMI. NETs assist MCP-1 and ICAM-1 release from culprit site coronary artery endothelial cells. MCP-1 facilitates further NETosis. Monocytes enter the culprit site along an MCP-1 gradient, to transdifferentiate into fibrocytes in the presence of NETs.

Keywords: neutrophil extracellular traps, monocyte chemoattractant protein-1, fibrocytes, CCR2, ST-segment elevation myocardial infarction


INTRODUCTION

ST-segment elevation myocardial infarction (STEMI) accounts for substantial health burden (Hartley et al., 2016; Ibanez et al., 2018) and is a consequence of thrombotic occlusion of coronary arteries (Libby, 2013). The mainstay of treatment today is primary percutaneous coronary intervention to open the coronary vessel and re-establish blood flow to the ischemic myocardium (Ibanez et al., 2018). The target for intervention is fresh thrombus on the surface of atherosclerotic plaques and erosions (Libby et al., 2011). Pathomechanisms of vascular occlusion remain incompletely elucidated. Several immune cell types and subpopulations contribute to coronary thrombosis and amplify ischemia/reperfusion injury and left ventricular remodeling (Maier et al., 2005; Libby et al., 2011; Libby, 2013).

Previously, we have shown accumulation of neutrophils at the culprit site, which was associated with local complement activation (Distelmaier et al., 2009) and could predict mortality (Distelmaier et al., 2014). Neutrophils have the ability to form so-called neutrophil extracellular traps (NETs) in a process different from apoptosis or necrosis, termed NETosis. Several stimulants of NETosis have been described such as Ca2+ ionophores, phorbol myristate acetate, IL-8, activated endothelium (Remijsen et al., 2011), oxidized epitopes (Awasthi et al., 2016), and bacteria (Brinkmann et al., 2004). While precise mechanisms are not yet fully understood, however, NET formation seems to be dependent on the presence of reactive oxygen species (ROS) (Fuchs et al., 2007), myeloperoxidase and neutrophil elastase (Metzler et al., 2014), and the calcium-dependent enzyme peptidyl arginine deiminase 4 (PAD-4) (Martinod et al., 2013). Decondensation of nuclear DNA is driven by PAD-4 citrullinating histones (Wang et al., 2004) in synergism with histone degradation by myeloperoxidase and neutrophil elastase (Metzler et al., 2014). The breakdown of intracellular membranes results in adsorption of granular proteins to chromatin before expulsion (Brinkmann et al., 2004). This meshwork of DNA and associated proteins was identified as a major constituent of coronary thrombi (de Boer et al., 2013; Mangold et al., 2015). NET burden was associated with microvascular obstruction, myocardial salvage index, and left ventricular ejection fraction in STEMI patients (Helseth et al., 2019).

Recently, we have reported an impact of NETs on monocytes and fibrocytes at the culprit site, possibly influencing outcome (Hofbauer et al., 2019; Mangold et al., 2019). Fibrocytes are bone marrow-derived cells with properties of mesenchymal cells and leukocytes (Bucala et al., 1994) that can differentiate from monocytes (Keeley et al., 2012). It was proposed that fibrocytes are involved in the pathogenesis of hypertensive (Keeley et al., 2011) and coronary (Medbury et al., 2008) heart disease, including myocardial infarction (Fang et al., 2012). We demonstrated that fibrocytes accumulate and are highly activated at the culprit site in STEMI (Hofbauer et al., 2019), which might be mediated by increased expression of cell adhesion markers and presence of chemoattractants such as monocyte chemoattractant protein (MCP)-1. MCP-1 is recognized by C-C chemokine receptor type 2 (CCR2) expressed on fibrocytes and monocytes and stimulates fibrocyte proliferation, migration, and collagen deposition (Ekert et al., 2011). Elevated MCP-1 was shown to predict all-cause mortality in patients after myocardial infarction (de Lemos et al., 2007). A mutation in the mcp-1 gene resulting in elevated protein levels in response to inflammatory stimuli (Rovin et al., 1999) was associated with increased susceptibility to ischemic heart disease in a meta-analysis of 22 studies (Cai et al., 2015). Ischemia-triggered release of MCP-1 was reported as a key mechanism of left ventricular remodeling (Frangogiannis et al., 2007). MCP-1 deficiency reduced recruitment of monocytes and fibroblasts and attenuated remodeling, but prolonged the inflammatory phase (Dewald et al., 2005).

In this study, we investigated the role of NETs at the culprit site of STEMI.



MATERIALS AND METHODS

Detailed information on used reagents is provided in Supplementary Table S3.


Sample Collection From Patients and Healthy Controls

We recruited 50 patients with STEMI undergoing primary percutaneous intervention as previously described (Hofbauer et al., 2019). Blood from the culprit site and the arterial sheath was collected. Twenty-one healthy probands served as controls. Blood was immediately processed for flow cytometry and centrifuged at 2000 × g for 10 min to receive platelet-poor plasma. Plasma was frozen in aliquots at −80°C for subsequent analysis. This study was approved by the Ethics Committee of the Medical University of Vienna, Austria (approval reference numbers 303/2005, 581/2006, 151/2008, and 114/2011). All participants gave informed written consent. All procedures were performed according to ethical standards of the Declaration of Helsinki 2013.



Enzymatic Infarct Size

Creatinine phosphokinase isoform MB (CK-MB) area under the curve (AUC) as a measure of enzymatic infarct size was calculated using the trapezoidal formula as previously described (Crimi et al., 2013). CK-MB AUC is indicated as arbitrary units.



Detection of MCP-1 in Plasma and Cell Culture Supernatants

MCP-1 concentration was measured using the human MCP-1 DuoSet enzyme-linked immunosorbent assay (ELISA, R&D Systems) according to the manufacturer’s instructions. All samples were measured in duplicate. The lower detection limit was 15.6 pg/ml.



Measurement of NET Surrogate Markers

dsDNA was measured using Sytox® Green Nucleic Acid Stain (1 μM, Invitrogen) in plasma diluted 1:20 in phosphate-buffered saline (PBS) containing 5 mM ethylenediaminetetraacetic acid (EDTA) and 0.1% bovine serum albumin (BSA). Citrullinated histone H3 (citH3) was measured using an ELISA as previously described (Thalin et al., 2017; Hofbauer et al., 2019) by assaying undiluted samples in duplicates.



Flow Cytometry-Based Quantification of citH3-Positive Neutrophils

Blood collected into K3EDTA-coated tubes was mixed 3:10:5 with anticoagulant buffer (15 nM EDTA, 1% BSA in PBS) and 6% Hetastarch (B| Braun), respectively, and incubated for 40 min at 37°C to allow sedimentation of erythrocytes. The supernatant containing leukocytes was transferred to a new tube filled with PBS and centrifuged at 524 × g for 5 min. The pellet was resuspended in 2 ml of RPMI 1640 (Gibco) per 150 μl of blood used in the beginning. Two milliliters was used for stimulation in polystyrene round-bottom tubes. Cells were treated with recombinant human MCP-1 (BioLegend, 500 pg/ml) or left untreated for 2:30 h at 37°C. Tubes were gently vortexed before fixation with 1% formaldehyde. Two thirds of the suspension was transferred to a new tube and mixed with 500 μl of FC buffer (2% BSA in PBS) before centrifugation at 3200 × g for 15 min at 4°C. The pellet was resuspended in red blood cell lysis buffer (154 mM ammonium chloride, 10 mM potassium bicarbonate, and 0.1 mM disodium EDTA, pH 7.3) and incubated for 15 min. After centrifugation, unspecific binding sites were blocked with FC buffer. All antibodies were diluted in FC buffer and washing between incubations was done by centrifugation at 3200 × g for 15 min at 4°C. The primary antibody directed against citH3 (Abcam) was added for 20 min at a concentration of 5.5 μg/ml. Thereafter, the secondary antibody (goat anti-rabbit-Alexa Fluor 647, 1:10,000, Invitrogen) and CD66b-PacificBlue (BioLegend, 1:40) were added for 20 min. Cells were resuspended in FC buffer. Acquisition and analysis of 50,000 events was performed using the Attune NxT Flow cytometer (Life Technologies) and accompanying software. Neutrophils were defined as cells positive for CD66b. CitH3-positive neutrophils were gated with respect to unspecific binding of the secondary antibody and are given as percentage of total neutrophils.



Isolation of Neutrophils

Neutrophils were isolated as previously described (Brinkmann et al., 2010). 6 ml of whole blood was layered carefully on top of 6 ml of Histopaque 1119 (Sigma) and centrifuged at 800 × g, 20 min, brakes off. After harvesting the neutrophil layer, cells were washed once with sterile PBS. The neutrophil pellet was resuspended in PBS and layered on top of a Percoll gradient (Sigma). Therefore, 18 ml of Percoll was mixed with 2 ml of PBS (10 ×) and density gradients of 85, 80, 75, 70, and 65% were prepared with PBS (1 ×). The gradients were layered with decreasing density before resuspended cells were added on top and centrifuged as above. Purified neutrophils were harvested and washed with PBS, and resuspended in Hank’s balanced salt solution (HBSS) without phenol red (Lonza) containing 1.26 mM CaCl2. The purity of neutrophils was assessed using a XN-350 Hematology Analyzer (Sysmex) and was consistently above 95%.



DNA Release Assay to Detect NET Formation

NET formation of isolated healthy donor neutrophils was measured using Sytox® Green Nucleic Acid Stain (Invitrogen), which is cell-impermeable and exclusively stains extracellular DNA as previously described (Vong et al., 2013). Isolated neutrophils (1 × 105) were seeded in duplicates into a 96-well flat-bottom culture plate. As a positive control, a final concentration of 0.33% Triton X-100 was added to one duplicate leading to maximum release of DNA. After incubation with recombinant human MCP-1 (BioLegend, 125, 250, and 500 pg/ml) or vehicle control for 20 min, NET formation was induced with 1.3 μM ionomycin (Sigma) for 2:45 h at 37°C, 5% CO2. Sytox Green (Invitrogen) was added to a final concentration of 5 μM for 15 min, and fluorescence was measured on a Promega GloMax Discover microplate reader (excitation 485 nm, emission 520 nm) to assess release of dsDNA into the supernatant.



Intracellular Calcium Mobilization by MCP-1

Intracellular calcium mobilization was monitored using the Fluo-8 No Wash Calcium Assay Kit (Abcam) according to the manufacturer’s instructions for non-adherent cells. Healthy donor neutrophils isolated as described above were resuspended in equal amounts of HBSS supplemented with 1.26 mM CaCl2 and 20 mM HEPES and Fluo-8 dye-loading solution. A total of 105 cells/well/100 μl were seeded into sterile, black, flat-bottom 96-well plates and incubated for 30 min. Pre-warmed HBSS supplemented with 1.26 mM CaCl2 was added to a final assay volume of 270 μl. The plate was transferred into a fluorescence plate reader with a dual injector function (Varioskan Flash, Thermo Scientific) and monitored at 37°C for 85 min reading fluorescence at an excitation wavelength of 490 nm and an emission wavelength of 525 nm. After baseline recording, MCP-1 was injected at medium speed (BioLegend, 0.5 ng/ml final concentration) and fluorescence was measured per well immediately afterward. The plate was scanned every minute for 20 min. Then, ionomycin was injected at medium speed (Sigma, 1.3 μM final concentration) and fluorescence was again measured per well immediately afterward. Calcium mobilization was monitored for 15 min every minute and then for 50 min every 5 min. Results are presented as fold change to baseline.



Intracellular Formation of ROS by MCP-1

Intracellular formation of ROS was monitored using the DCFDA Cellular ROS Detection Assay Kit (Abcam) according to the manufacturer’s instructions for non-adherent cells. Healthy donor neutrophils isolated as described above were resuspended in 1 × assay buffer containing 20 μM DCFDA. A total of 105 cells/well/100 μl were seeded into sterile, black, flat-bottom 96-well plates and incubated for 30 min. Pre-warmed HBSS supplemented with 1.26 mM CaCl2 was added to a final assay volume of 270 μl. The plate was transferred into a fluorescence plate reader with a dual injector function (Varioskan Flash, Thermo Scientific) and monitored at 37°C for 85 min reading fluorescence at an excitation wavelength of 490 nm and an emission wavelength of 525 nm. After baseline recording, MCP-1 was injected at medium speed (BioLegend, 0.5 ng/ml final concentration) and fluorescence was measured per well immediately afterward. The plate was scanned every minute for 20 min. Then, ionomycin was injected at medium speed (Sigma, 1.3 μM final concentration) and fluorescence was again measured per well immediately afterward. ROS formation was monitored for 15 min every minute and then for 50 min every 5 min. Results are presented as fold change to baseline.



NETs Generation and Harvest

NETs were isolated as previously described (Hofbauer et al., 2019), with modifications. Briefly, 5 × 106/ml neutrophils isolated from healthy donors as described above were seeded into 6-well flat-bottom cell culture plates in RPMI supplemented with 3% fetal calf serum (FCS) and stimulated with 500 nM phorbol myristate acetate (Sigma) for 4 h at 37°C, 5% CO2. After discarding supernatant, generated NETs were incubated with PBS containing 10 U/ml of the restriction enzyme AluI (Roche) for 30 min. The supernatant was collected and centrifuged at 300 × g for 5 min to remove cellular debris. Supernatant was again collected, and double-stranded DNA concentration was measured using the Quant-iT PicoGreen kit (Thermo Fisher) as previously described (Hofbauer et al., 2019).



Stimulation of Human Coronary Artery Endothelial Cells

Human coronary artery endothelial cells (hCAECs, Lonza) were seeded into flat-bottom 12-well plates at a concentration of 4 × 104/ml in M199 medium (Sigma) supplemented with 20% FCS (Merck), 25 mM HEPES (gibco), 2 mM L-glutamine (Lonza), 1% MEM non-essential amino acids (Sigma), 100 U/ml penicillin, 100 U/ml streptomycin, 2.5 ng/ml amphotericin B (Lonza), and endothelial cell growth supplement (bovine thalamus homogenate supplemented with sodium chloride, streptomycin, ammonium phosphate, and sodium phosphate). After reaching confluence, cells were stimulated using 500 ng/ml isolated NETs, 1 IE/ml deoxyribonuclease (DNase) 1 (Pulmozyme®, Roche), 250 ng/ml citH3 (Cayman Chemical), and 250 ng/ml lambda DNA (ThermoTM Fisher) for 6 and 24 h. The supernatant was collected, centrifuged for 10 min at 10,000 × g to remove cellular debris, and stored at −80°C for subsequent analysis. Cells were lysed using 500 μl of TRIzol reagent (ThermoFisher) and stored at −80°C.



Isolation of RNA

RNA was isolated from cell lysates using the ReliaPrepTM RNA Cell Miniprep System (Promega) with modifications. Samples were incubated 5:1 in chloroform for 3 min and centrifuged for 15 min, 12,000 × g at 4°C. The aqueous, RNA-containing phase was transferred to a minicolumn and centrifuged for 1 min, 14,000 × g at 21°C. After washing with RNA washing solution, aqueous phase was incubated with Yellow Core Buffer containing DNase 1 and MnCl2 (both 1:10) for 15 min. After three further washing steps, isolated RNA was eluted in nuclease-free water. RNA concentration was assessed using a NanoDrop® ND-1000 Spectrophotometer (Peqlab).



cDNA Synthesis

cDNA was synthesized from RNA isolates using the GoScript® Reverse Transcription System (Promega) according to the manufacturer’s instructions. The mix contained oligo(dT)15 as well as random primers. Five hundred nanograms of RNA was transcribed into cDNA in a volume of 20 μl, incubating the samples for 5 min at 25°C, 60 min at 42°C, and 15 min at 70°C followed by a cool down to 4°C in an Eppendorf Mastercycler ep Gradient S.



Real-Time Quantitative PCR Analysis

Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) analyses were performed using a GoTaq Probe 2-step RT-qPCR System (Promega) according to the manufacturer’s instructions. All measurements were made on an ABI PRISM 7000 Sequence Detector (Applied Biosystems). Efficiency of primer probe pairs was measured by assaying a six-point 1:2 serial dilution of pooled hCAEC cDNAs, using the same instrument settings as for all other experiments. Amplification efficiency (E) was calculated using the formula E = 2–1/–y, where y is the slope of the standard curve resulting from plotting Cq values against dilution (Supplementary Figure S1). Suitable endogenous controls were identified by analyzing expression of actin beta (ACTB), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and hypoxanthine phosphoribosyl transferase 1 (HPRT1) of one exemplary stimulation experiment according to published recommendations (Chervoneva et al., 2010; Kozera and Rapacz, 2013), using the same instrument settings as for all other experiments. ACTB and HPRT1 were identified to be adequate endogenous controls due to similarity of amplification curves with experimental assays and lack of gene regulation by experimental conditions. Representative plots are given in Supplementary Figure S2. Relative expression levels were calculated using the Pfaffl method (Pfaffl, 2001). The following primers (all ThermoFisher) were used: ACTB (Hs99999903), GAPDH (Hs99999905), HPRT1 (Hs99999909), intercellular adhesion molecule-1 (ICAM-1, Hs00164932), interleukin-6 (IL-6, Hs00174131), and MCP-1 (Hs00234140).



Identification of Circulating Fibrocytes by Flow Cytometry

Fibrocytes were analyzed using flow cytometry as previously described (Hofbauer et al., 2019). EDTA whole blood samples were incubated with fluorochrome-labeled primary antibodies against collagen-I (1:200, Merck-Millipore), CD34 (1:40, BioLegend), CD45 (1:40, BioLegend), and CCR2 (1:40, BioLegend) for 15 min. After red blood cell lysis (BD), cells were washed twice with PBS and analyzed on a BD FACSCanto II and FACSDiva Software (BD). Debris was excluded using forward and side scatter. Fibrocytes were identified as cells triple-positive for the leukocyte marker CD45, the hematopoietic stem cell marker CD34, and collagen-I (Pilling et al., 2009). Expression levels are given as mean fluorescence intensity (MFI).



Isolation of Peripheral Blood Mononuclear Cells

For isolation of peripheral blood mononuclear cells (PBMCs), 20 ml of healthy control whole blood was mixed with 10 ml of PBS, layered onto 15 ml of Lymphocyte Separation Medium (PromoCell), and centrifuged for 30 min, 800 × g at 21°C, with brakes off. The PBMC layer was harvested and washed with PBS. The remaining red blood cells were lysed using 154 mM ammonium chloride, 10 mM potassium hydrogen carbonate, and 0.1 mM EDTA (pH 7.3); washed twice; and resuspended in RPMI-1640 medium (Sigma). PBMC purity was assessed using an XN-350 Hematology Analyzer (Sysmex).



In vitro Stimulation of Fibrocytes

Isolated PBMCs were resuspended at a concentration of 1 × 106 cells/ml in RPMI-1640 (Sigma), seeded into polystyrene tubes, and stimulated with recombinant MCP-1 (BioLegend, 0.125, 0.250, 0.500, and 5 ng/ml), isolated NETs of four healthy donors (500 ng/ml dsDNA content), and corresponding control supernatant of unstimulated neutrophils for 6 h at 37°C, 5% CO2. Afterward, cells were washed twice with PBS and unspecific binding sites were blocked with Fc fragments (BD Biosciences). Samples were incubated with fluorochrome-labeled primary antibodies against collagen-I (1:100, Merck-Millipore), CD34 (1:100, BioLegend), CD45 (1:240, BioLegend), and CCR2 (1:50, BioLegend) for 15 min. Cells were fixed with BD FACS lysis (BD), washed twice with PBS, and analyzed with an Attune NxT flow cytometer (Life Technologies). Debris was excluded using forward and side scatter. Fibrocytes were identified as described above. CCR2 expression levels are given as MFI relative to baseline.



Cell Migration Experiments

Chemotaxis assays were carried out in 24-well plates with cell culture inserts separating the upper and lower compartment by a membrane of 8-μm pore size (Greiner Bio-One). Chemotactic stimuli were added to the wells in RPMI supplemented with 0.3% BSA (Sigma). FCS (20%) served as assay positive control of migration. Recombinant MCP-1 (BioLegend, 0.500 ng/ml), isolated NETs of four healthy donors (500 ng/ml dsDNA content), and corresponding volume of control supernatant of unstimulated neutrophils were used to stimulate chemotaxis. The PBMC suspension (2 × 106 cells) isolated from 10 corresponding donors was added to inserts with or without NETs and control supernatant. After 6 h at 37°C, the remaining cells were aspirated from the inner side of the insert and discarded, while cells from the lower chamber and the bottom side of the membrane were harvested using Trypsin EDTA for analysis by flow cytometry. Cells were washed twice with PBS and unspecific binding sites were blocked with Fc fragments (BD Biosciences). Samples were incubated with fluorochrome-labeled primary antibodies against collagen-I (1:100, Merck-Millipore), CD34 (1:100, BioLegend), CD45 (1:240, BioLegend), and CD14 (1:50, BioLegend) for 15 min. Cells were washed two times with PBS and analyzed with an Attune NxT flow cytometer (Life Technologies). Debris was excluded using forward and side scatter. Fibrocytes were identified as described above. Cells not characterized as fibrocytes and positive for CD45 and CD14 were identified as monocytes. Cell counts per microliter were recorded.



Statistics

Normality of data was analyzed via histograms and the Kolmogorov-Smirnov test (data not shown). In case of normal distribution, demographical data are presented as mean ± standard deviation (SD); otherwise, median and interquartile range (IQR) are given. Two groups were compared with respect to matching, normality, and variance, and multiple testing was corrected using the Bonferroni–Holm method. For patient data, all comparisons, uncorrected and corrected p values, as well as the specific tests employed are reported in Supplementary Tables S1, S2. Comparison of more groups was done with one-way ANOVA considering normality and repeated measures, if applicable, followed by Tukey’s or Dunn’s multiple comparisons test. Correlations were calculated using Spearman’s rank correlation. Statistical tests used are specified in the respective figure legends. To identify determinants of enzymatic infarct size, we computed a multivariable linear regression model. Normality of residuals was verified using histograms and P–P and Q–Q plots. Heteroscedasticity was excluded by plotting the model residuals versus predicted values. Autocorrelation of residuals was assessed by Durbin–Watson statistics, which was inconclusive (1.812). Multicollinearity between predictors was excluded. Statistical analyses were performed using IBM SPSS 26.0 and GraphPad Prism 8.0 for Windows. Boxplots display the 25th and 75th percentile; whiskers are defined according to Tukey.



RESULTS


Culprit Site Milieu as Determinant of Enzymatic Infarct Size

We studied 50 patients presenting with STEMI. Patient characteristics are shown in Table 1.


TABLE 1. Patient characteristics.

[image: Table 1]Plasma MCP-1 levels were significantly elevated at the culprit site compared to the concentration at the peripheral femoral site (Figure 1A). Concentrations declined over the following 72 h but were still significantly higher than levels measured in samples from healthy controls. To assess the influence of MCP-1 levels on infarct size, a multiple linear regression model with CK-MB AUC as outcome variable was calculated (n = 26). The R2 for the overall model was 0.667 (adjusted 0.538), which illustrates a high goodness of fit (Table 2). The model predicted enzymatic infarct size [F(7,18) = 5.157, p = 0.002] and culprit MCP-1 levels were significantly added to enzymatic infarct size, with a standardized β coefficient of 0.647. Culprit site MCP-1 correlated with local levels of the NET markers dsDNA (Figure 1B, rs = 0.437, p = 0.002) and citH3 (Figure 1C, rs = 0.319, p = 0.029).
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FIGURE 1. MCP-1 and NETs are elevated at the culprit site in STEMI patients. (A) MCP-1 levels were measured in samples from culprit site (n = 47), peripheral site (n = 47), peripheral blood 72 h follow-up (n = 19), and healthy controls (n = 15) by ELISA. Statistical tests for respective pairwise comparisons and corrected and uncorrected p values are provided in Supplementary Table S1. Data are presented as boxplots with whiskers defined according to Tukey. Culprit site MCP-1 concentrations were positively correlated with (B) local dsDNA (Spearman signed-rank test, rs = 0.437, n = 46) and (C) citH3 levels (Spearman signed-rank test, rs = 0.319, n = 47). *p < 0.05, **p < 0.01, ***p < 0.001.



TABLE 2. Determinants of enzymatic infarct size.
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NETs Induce a Pro-inflammatory Phenotype in Human Coronary Endothelial Cells

To assess the pro-inflammatory effect of NETs in vitro, hCAECs were cultured and stimulated with NETs from healthy donors. Relative quantification by qPCR revealed that NETs (50-fold) and dsDNA (10-fold) induced MCP-1 expression on an mRNA level (Figure 2A) and led to significantly elevated protein levels in cell culture supernatants, as measured by ELISA (Figure 2B). Furthermore, NETs led to a more than 100-fold upregulation of the adhesion marker ICAM-1 in response to NETs (Supplementary Figure S3A), which was accompanied by an 8-fold increase of IL-6 mRNA (Supplementary Figure S3B). Expression of both markers was lower using dsDNA as a stimulant, but still led to a 20-fold increase of ICAM-1 and a 5-fold elevation of IL-6 mRNA, respectively. The addition of DNase did not antagonize the effects of NETs for any of the analyzed targets (data not shown), and citH3 alone did not confer any changes (Figures 2A,B and Supplementary Figures S3A,B).
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FIGURE 2. Stimulation of human coronary artery endothelial cells with NETs. hCAECs were stimulated with isolated NETs, dsDNA, and citH3 for 6 and 24 h. MCP-1 gene expression was assessed (A) on mRNA levels by qPCR after 6 h and is presented as fold change over an unstimulated control after normalization to the mean of two endogenous controls. (B) Release of MCP-1 was measured in cell supernatants by ELISA after 24 h of stimulation. Data are presented as mean ± SD. Experiments were repeated five times and analyzed using one-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01.




MCP-1 Primes Neutrophils for NET Formation

To test whether MCP-1 primes neutrophils to undergo NETosis in vitro, we measured citH3 by flow cytometry. Stimulation with MCP-1 led to an increase in the percentage of citH3 positive neutrophils compared to untreated controls (Figure 3A). This observation did not directly translate into release of NETs as measured by dsDNA (Supplementary Figure S4A). We then assessed whether pre-treatment of isolated neutrophils with MCP-1 would modulate NET formation in response to a second stimulus. Release of dsDNA in vitro using ionomycin was significantly promoted by MCP-1 (Figure 3B). The highest level of NET formation occurred after pre-treatment with 250 pg/ml MCP-1, corresponding to levels measured at the culprit site in STEMI patients. Intracellular mobilization of Ca2+ and formation of ROS were not affected by MCP-1 in our setting (Supplementary Figures S4B,C).
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FIGURE 3. MCP-1 primes neutrophils for NET formation. (A) Leukocytes of healthy donors (n = 8) were treated with 500 pg/ml of MCP-1 for 2:30 h and analyzed by flow cytometry. Data are presented as percentage of CD66b-positive cells staining for citH3. Groups were compared by Wilcoxon matched-pairs signed rank test. (B) Neutrophils of healthy donors (n = 12) were pre-treated with 125, 250, and 500 pg/ml MCP-1 and then stimulated with 1.3 μM ionomycin (IM) to induce formation of NETs. Data are provided in percent of positive control and are presented as mean ± SD. Experiments were analyzed by repeated measures ANOVA followed by Dunnett’s multiple comparisons test using the group treated with 1.3 μM IM as single comparator. *p < 0.05, ***p < 0.001, ****p < 0.0001.




Fibrocyte Influx Is Dependent on MCP-1 Gradient and CCR2 Trafficking

To evaluate the extent of the MCP-1 gradient between culprit site and peripheral site, the fold change between both sites was calculated. An increasing MCP-1 ratio was indicative of relative fibrocyte accumulation at the site of occlusion (Figure 4A, rs = 0.361, p = 0.013). The MCP-1 receptor CCR2 was proportionally less detectable on culprit site fibrocytes as shown by a negative correlation with the MCP-1 gradient (Figure 4B, rs = −0.443, p = 0.030). However, the relative increase of culprit site dsDNA and citH3 was not associated with fibrocyte counts or their CCR2 expression (Supplementary Figure S5). Peripheral fibrocytes expressed significantly more CCR2 than culprit site fibrocytes (Figure 4C). Peripheral intensity of CCR2 expression remained stable over 72 h and was overall elevated compared to healthy controls (Figure 4C). CCR2 receptor expression at the culprit site was at median levels of about 60% of peripheral control (Figure 5A). PBMCs incubated with culprit site concentrations of MCP-1 in vitro showed minimal downregulation of the receptor CCR2 and only an increase of the dose far above physiological levels matched the extent observed in vivo (Figure 5B). To investigate a potential role of NETs in CCR2 receptor downregulation on fibrocytes, PBMCs were incubated with NETs and analyzed by flow cytometry. Culprit site levels of NETs significantly decreased CCR2 on fibrocytes compared to control supernatant to a degree observed for high MCP-1 dosages (Figure 5C). Addition of MCP-1 and NETs was even more potent than NETs alone (Figure 5C).
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FIGURE 4. Effect of MCP-1 on accumulation of fibrocytes and fibrocyte CCR2 expression at the culprit site. Fibrocyte counts in culprit and peripheral site blood, presented as influx ratio at the culprit site, and mean fluorescence intensity (MFI) of CCR2 expression were determined by flow cytometry; MCP-1 was measured by ELISA and presented as fold increase at the culprit site. (A) Correlation of relative fibrocyte count at the culprit site with MCP-1 fold increase (Spearman signed-rank test, rs = 0.361, n = 47). (B) Correlation of fibrocyte CCR2 expression at the culprit site with MCP-1 fold increase (Spearman signed-rank test, rs = –0.443, n = 26). (C) CCR2 receptor expression on fibrocytes of culprit site (n = 26), peripheral site (n = 26), 72 h follow-up (n = 14), and healthy control blood (n = 18). Statistical tests for respective pairwise comparisons, and corrected and uncorrected p values are provided in Supplementary Table S2. Data are presented as boxplots with whiskers defined according to Tukey. *p < 0.05, **p < 0.01.
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FIGURE 5. Effect of MCP-1 and NET stimulation on fibrocyte CCR2 expression in vivo and in vitro. (A) Culprit site CCR2 expression on fibrocytes is presented relative to peripheral CCR2 expression. (B) PBMCs of healthy donors were stimulated for 6 h with 0.125, 0.250, 0.500, and 5 ng/ml recombinant MCP-1 and analyzed for CCR2 expression by flow cytometry. Data are presented relative to the unstimulated control as mean ± SD. (C) PBMCs of healthy donors were stimulated for 6 h with NETs (500 ng/ml dsDNA content), MCP-1 (5 ng/ml), NETs and MCP-1, and neutrophil control supernatant (PMN-SN) to investigate the effect on CCR2 expression as mean fluorescence intensity (MFI). Data are presented as mean ± SD. Experiments were repeated with four different donors and analyzed by repeated measures one-way ANOVA followed by Tukey’s multiple comparisons test. **p < 0.01, ***p < 0.001, ****p < 0.0001.




In vitro Fibrocyte Migration Is Dependent on an MCP-1 Gradient

As NETs interfered with CCR2 receptor expression, we tested their influence on cell migration in vitro using cell culture inserts separating cells from the chemotactic stimulus by a porous membrane (Figure 6A). NETs did not act as a chemotactic stimulus for monocytes (Figure 6B) and were significantly less potent chemoattractants for fibrocytes (Figure 6C) than MCP-1. Control supernatant of unstimulated neutrophils did not exhibit significantly enhanced chemotactic properties when compared to NETs. Next, NETs were tested as inhibitors of MCP-1-mediated chemotaxis (Figure 6D). While monocytes could still migrate in response to MCP-1 when incubated with neutrophil control supernatant, presence of NETs in the cell suspension abolished any directed chemotaxis (Figure 6E). Fibrocyte migration was significantly reduced by NETs, but not by neutrophil control supernatant (Figure 6F).
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FIGURE 6. Influence of MCP-1 and NETs on monocyte and fibrocyte migration in vitro. (A) PBMCs were subjected to chemotaxis assays using cell culture inserts. MCP-1 (500 pg/ml), NETs (500 ng/ml dsDNA content), and neutrophil control supernatant (PMN-SN) were compared as chemoattractants (well). Chemotaxis was assessed by flow cytometry recording of (B) monocyte and (C) fibrocyte cell counts/μl. (D) NETs (500 ng/ml dsDNA content) and neutrophil control supernatant were investigated as inhibitors of MCP-1-mediated migration. Migrated cells were stained and counted by flow cytometry recording (E) monocytes and (F) fibrocytes/μl. Experiments were repeated with PBMCs and NETs of 10 healthy donors. Monocyte counts of graphs (B,E) were compared with Friedman test followed by Dunn’s multiple comparisons test, and fibrocyte counts of graphs (C,D) were analyzed by repeated measures ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




DISCUSSION

In this study, we investigated pro-inflammatory effects of NETs at the culprit site of STEMI patients. We observed a marked local increase of the chemoattractant MCP-1 and the NET surrogate markers dsDNA and citH3 at the culprit site. MCP-1 promoted NET formation in vitro and NETs prompted a pro-inflammatory phenotype in hCAECs, inducing MCP-1 transcription and release as well as elevation of ICAM-1 and IL-6 mRNA expression. MCP-1 and NETs downregulated CCR2 receptor expression on fibrocytes in vitro and in vivo. NETs did not act as a chemotactic stimulus in vitro and seem to even suppress MCP-1-mediated migration. A graphical abstract is provided as Figure 7.
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FIGURE 7. Graphical abstract. NETs as signaling scaffolds at the culprit site of STEMI. MCP-1 and ICAM-1 are expressed by endothelial cells. MCP-1 stimulates further NETosis. Monocytes enter the culprit site along an MCP-1 gradient, to transdifferentiate into fibrocytes in the presence of NETs.


NETs dominate the acute inflammatory setting of STEMI (Mangold et al., 2015; Helseth et al., 2019). We reported that besides their cytotoxic (Saffarzadeh et al., 2012) and pro-thrombotic (Fuchs et al., 2012) properties, the presence of NETs affects other cell types such as fibrocytes (Hofbauer et al., 2019) and monocytes (Mangold et al., 2019) that are recruited to the culprit site and the ischemic myocardium. An important chemotactic molecule orchestrating immune cell recruitment in STEMI is MCP-1 (Prabhu and Frangogiannis, 2016).

Marked elevations of systemic MCP-1 levels in STEMI (Benson et al., 2013), NSTEMI, and patients with unstable angina (Wang et al., 2007) compared to healthy controls have been reported. Adding to these observations, we found MCP-1 to be highly increased at the culprit site, exceeding peripheral levels in STEMI. The time course of inflammation is reflected by a decline of MCP-1 in serial blood draws 72 h after STEMI in our study, which were still significantly higher than in healthy controls. Moreover, we could show that culprit site MCP-1 levels were significantly associated with infarct size in a multiple linear regression model complementing previous data on MCP-1 levels and patient survival after STEMI (de Lemos et al., 2007).

We found MCP-1 levels to be positively correlated with the NET markers dsDNA and citH3 at the culprit site; therefore, it was of interest to investigate potential causal relationships in vitro. MCP-1 is released by a variety of cell types such as smooth muscle cells, monocytes, and endothelial cells (Deshmane et al., 2009). As endothelium can be activated by neutrophil granule proteins (Soehnlein et al., 2009), we hypothesized that coronary artery endothelial cells would mount an inflammatory response in reaction to culprit site NETs. Indeed, we observed a potent manifold increase of MCP-1 mRNA and protein release by hCAECs when stimulated with culprit site levels of NETs. This effect seemed to be primarily mediated by neutrophil granule proteins attached to NETs, as we only observed an inferior impact of dsDNA and no effect by citH3. Moreover, treatment with human recombinant DNase 1 did not block MCP-1 release. In high concentrations, histones are cytotoxic for endothelial cells (Saffarzadeh et al., 2012). However, it is possible that signaling may require DNA and histones together as recently shown in monocytes (Tsourouktsoglou et al., 2020).

Our data suggest that MCP-1 is a component of the inflammatory cycle by enhancing and priming NET formation. As indicated by our in vitro data, MCP-1 promoted citrullination of histones and NET release upon a second stimulus. However, we were not able to link these observations to enhanced intracellular Ca2+ mobilization or ROS production in healthy donor neutrophils.

A mutual induction of NETs and MCP-1 is bound to attract other immune cells to the culprit site. Apart from previous reports on infarct-triggered infiltration of monocytes and macrophages (Dewald et al., 2005), we have recently shown accumulation of fibrocytes at the culprit site of STEMI with implications for ventricular dysfunction (Hofbauer et al., 2019). In this study, we report that relative fibrocyte influx seems dependent on the MCP-1 gradient between peripheral and culprit site. As MCP-1 is recognized by the chemokine receptor CCR2 (Luster, 1998), we measured CCR2 on fibrocytes to investigate fibrocyte trafficking in STEMI. CCR2 receptor expression was decreased on culprit site fibrocytes compared to the peripheral control. Furthermore, excessive increases of MCP-1 at the culprit site were associated with decreased CCR2 expression levels. To enable effective chemotaxis, leukocytes adapt receptor expression levels by uncoupling or internalization of receptors in response to ligand binding (Franci et al., 1996). Therefore, we hypothesized that fibrocyte CCR2 was downregulated at the culprit site in response to high MCP-1 concentrations, a process already described in monocytes (Handel et al., 2008;Volpe et al., 2012). Indeed, fibrocytes dose-dependently downregulated CCR2 in vitro when stimulated with MCP-1, however, the extent observed in vivo could not be achieved with physiological doses. Accordingly, we also investigated the effect of NETs on CCR2 expression. Incubation with culprit site concentrations of NETs led to a marked decrease of CCR2 on fibrocytes. To investigate whether NETs would also influence monocyte or fibrocyte chemotaxis, we performed in vitro migration experiments. NETs did not exhibit significant chemotactic properties in comparison to MCP-1 for fibrocytes or their progenitors, monocytes. Migration toward MCP-1 was even repressed by NETs added to the cell suspension. Chemotaxis by CCR2 signaling was inhibited in monocytes and fibrocytes. This is especially interesting as macrophages were recently reported to digest and then engulf NETs via macropinocytosis as mechanism of clearing (Haider et al., 2020). Cardiac repair demands a timely transition from early inflammation to wound healing without disproportionally prolonged or excessively unbalanced immune responses (Prabhu and Frangogiannis, 2016). We speculate that blockade by NETs could limit MCP-1-mediated accumulation to a certain degree but at the same time ensures extravasation of inflammatory cells into inflamed tissue. In support of this theory, addition of isolated NETs to hCAECs in vitro led to increased transcription of the adhesion molecule ICAM-1, an effect described in response to CAP37, an anti-microbial neutrophil protein, on human umbilical vein endothelial cells (Lee et al., 2003). Expression of CAMs is expected to facilitate extravasation of cells for subsequent clearance of dead cells in infarcted tissue enabling tissue repair (Prabhu and Frangogiannis, 2016). Furthermore, we have previously reported that NETs also enhanced the adhesion marker CD11b on fibrocytes (Hofbauer et al., 2019). CD11b facilitates leukocyte adhesion to the endothelium (Diamond et al., 1990). Consequently, fibrocytes were found increased in infarcted sections compared to healthy myocardium (Hofbauer et al., 2019), raising the possibility that accumulated fibrocytes contribute to adverse remodeling and scar formation by production of extracellular matrix in cardiac tissue.

Unfortunately, in vitro studies of NETs and their effects on receptors and signaling cascades are subject to certain limitations. Proteomic analysis of NETs formed spontaneously compared with in response to ionomycin, phorbol myristate acetate, and LPS exhibited only 22% protein homology (Petretto et al., 2019). Attached granule proteins and chemokines and thus the inflammatory setting possibly differ between diseases (Bruschi et al., 2019). However, our protocol for NET preparation using phorbol myristate acetate was associated with proteins of the immune response, interleukin signaling, degranulation, and cytoskeleton organization (Petretto et al., 2019). Detection of NETs in the circulation typically relies on markers that are not specific for NETs. dsDNA, for example, is a general marker of cell death (Pisetsky, 2016). The exception is citH3, which is firmly established as a specific marker for NETs (Savchenko et al., 2014; Warnatsch et al., 2015; Laridan et al., 2017; Thalin et al., 2017, 2019).

Mutual induction of MCP-1 and NETs shapes the inflammatory milieu of the culprit site in STEMI. Both mediators contribute to the early phase of inflammation and synergistically transition to fibrocytes for vascular healing and scar formation.
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Endothelial dysfunction plays an important role in promoting the progression of disease genesis such as atherosclerosis and abdominal aortic aneurysm (AAA). The physiological unbalance of endothelial cells is a major pathological basis. In this present study, we investigated Brahma-related gene 1 (BRG1), a chromatin remodeling protein, was in mouse models of diabetic atherosclerosis and AAA, focusing on its role in endothelial dysfunction. We report that compared with their wild-type (WT, ApoE–/–; BRG1fl/fl) littermates, endothelium conditional BRG1 knockout mice (CKO, ApoE–/–; BRG1fl/fl; CDH5-cre) exhibited an alleviated phenotype of diabetic atherosclerosis. Immunohistochemically staining and real-time PCR analysis demonstrated fewer macrophages recruitment with a reduction of vascular inflammatory in CKO mice compared with WT mice. Further research in the Ang-II induced AAA model revealed that BRG1 deficiency had the protective effects on endothelium conditional BRG1 deletion, evidenced by the downregulation of pro-inflammatory mediators [interleukin (IL)-1β and IL-6, not tumor necrosis factor-α (TNF-α)] in the vessels of CKO mice compared with WT mice. In Ea.hy926 cell lines, anti-BRG1 small interfering RNA and PFI-3 treatment obviously alleviated tumor necrosis factor-α-induced IL-6 and CCL2 expression, and further research demonstrated that the BRG1 inhibition in endothelial cells not only decreased c-Fos expression but also blocked the c-Fos translocation into nuclei. In conclusion, our results suggest that endothelial BRG1 deficiency may protect the mice from diabetic atherosclerosis and AAA via inhibiting inflammatory response in vessels.

Keywords: BRG1, endothelium, diabetic atherosclerosis, abdominal aortic aneurysms, inflammation


INTRODUCTION

Endothelium, a continuous monolayer of endothelial cells, separates the circulation and the vascular basal lamina under physiological conditions (Kruger-Genge et al., 2019). Endothelial injury, also called endothelial dysfunction, is a prominent feature in many cases and directly causes vascular injury. Endothelial injury is key to the initiation and progression of severe vascular diseases, including atherosclerosis and aneurysms (Czubryt, 2015). In these diseases, injured endothelial cells mediate the inflammatory response, which further inducing recruitment of macrophages, proliferation and migration of smooth muscle cells, and expressing adhesion molecules, finally promoting the progression of the disease (Li H. et al., 2018; Maguire et al., 2019).

Diabetes mellitus affects more than 180 million people worldwide. Diabetic patients exhibit significantly higher risk for cardiovascular disease (CVD) (Boyle et al., 2001). Diabetes is often accompanied by synergistic risk factors such as hypertension, obesity, systemic inflammation, hypercoagulability, and dyslipidemia, which further increase CVD death rates (Stamler et al., 1993). For instance, there is a growth of evidence that also showed a higher prevalence of arteriosclerosis in people with diabetes. In addition, numerous observational studies have found increased levels of the mediators of inflammation, such as C-reactive protein, interleukin-6 (IL-6), and plasminogen activator inhibitor 1, to name only a few, as major associative findings between diabetes and atherosclerosis (La Sala et al., 2019). Insulin resistance, a prominent feature of type 2 diabetes mellitus, has been demonstrated as an important risk factor for inducing atherosclerosis among the patients diagnosed with diabetes even in the absence of hyperglycemia (DeFronzo, 2010). Interestingly, previous research also found the insulin receptors in vascular endothelial cells, which indicates the role of insulin in the regulation of vascular endothelial cells (Han et al., 2011; Pansuria et al., 2012). Further studies also proved that hyperglycemia induced excessive endothelial inflammatory response. It has been considered as the main reason for the endothelial injury, which further promotes diabetes mellitus-associated CVDs (Fadini et al., 2016). For instance, recent research proposed that inflammatory response induced by Nod-like receptor family pyrin domain containing 3 inflammasome or excessive reactive oxygen species (ROS) levels could induce endothelial injuries to promote atherosclerosis (Wang R. et al., 2017; Wan et al., 2019), a chronic inflammatory disease that can give rise to various CVDs. In this case, inflammatory cells and activated endothelial cells in atherosclerotic plaques upregulate adhesion molecules and release inflammatory cytokines such as tumor necrosis factor-α (TNF-α), IL-6, and IL-1β, promoting the progression of atherosclerosis (Siti et al., 2015). Statin therapy, traditional clinical therapeutic strategies for diabetes related atherosclerosis, was statistically significantly associated with reductions in the incidence of atherosclerotic CVD-caused mortality in the presence of diabetes. This effect decreased after age 85 years and disappeared in nonagenarians (Ramos et al., 2018). However, as the most frequently used drugs for atherosclerosis treatment, statin therapy may cause such adverse effects such as myopathy (Collins et al., 2016). Recently, preclinical research that suggested anti-inflammatory strategies such as metformin, berberine, or raising apolipoprotein AI levels were effective in atherosclerosis treatment for animal models (Barrett et al., 2019; Tang et al., 2019), which proved the effect of diabetic atherosclerosis treatment for anti-inflammatory strategy.

Pathologically, the features of abdominal aortic aneurysm (AAA) are complicated, including transmural inflammatory infiltration, noticeable breakdown of elastic lamellae, smooth muscle cell loss, and endothelial cell death and detachment (Moxon et al., 2010; Qin et al., 2013). The pathological changes of endothelial cells or endothelial dysfunction are possibly earlier than those of media and adventitia in the process of AAA formation. Heterogeneous research has shown that endothelial dysfunction promoted AAA pathogenesis via different factors, among which aberrant inflammation plays a key role (Dale et al., 2015). For example, ample evidence supports endothelial dysfunction, which enhanced the recruitment of circulating macrophages, finally leads to augment production and release of matrix metalloproteinases (MMPs), which in turn degrade elastin and disintegrate the medial layer (Samadzadeh et al., 2014). Inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, have been reported to be significantly upregulated in patients with AAA (Lamblin et al., 2010; Golledge, 2019). These inflammatory mediators stimulate the expression of MMP-2 and MMP-9 in vessels, which lead to the damage of vascular wall integrity through inducing extracellular matrix degradation (Samadzadeh et al., 2014; Mallat, 2017). Anti-inflammatory treatment such as inhibition of the mammalian target of rapamycin pathway or genetic ablation of microRNA-33 attenuates inflammation and AAA (Li et al., 2017; Nakao et al., 2017), indicating that anti-inflammatory treatment should be the promising strategy for AAA treatment.

In the present investigation, we sought to determine the role of endothelial Brahma-related gene I (BRG1) in vascular inflammation in animal models of diabetes-related atherosclerosis or AAA. BRG1 is the catalytic subunit of the SWI/SNF chromatin remodeling complex and regulates gene expression via adenosine triphosphate hydrolysis-driven chromatin remodeling (Xu and Fang, 2012). Recent studies have found that BRG1 regulates heart muscle development in mice (Xiao et al., 2016). BRG1 can also regulate myocardial ischemia–reperfusion injury via inhibiting the inflammatory response and ROS production (Li Z. et al., 2018). Previous research demonstrated that endothelial-specific BRG1 knockout in mice could ameliorate the progression of atherosclerosis and AAA formation (Fang et al., 2013; Zhang et al., 2018a). However, the mechanism of BRG1 in regulating diabetes-related macrovascular cardiovascular atherosclerosis and Ang II induced AAA formation under ApoE gene knockout condition remain not to be proved. Here, we report that BRG1 deletion in endothelial cells blocked the progression of diabetes mellitus-related atherosclerosis and Ang II-induced AAA model under the ApoE gene knockout condition via inhibiting c-Fos expression as well as blocking c-Fos nucleic translocation, which further inhibits inflammatory response in endothelial cells. Our data hopefully may extend the current knowledge regarding the BRG1 function in CVDs.



MATERIALS AND METHODS


Ethics

The studies involving animals were reviewed and approved by the intramural Committee on Ethical Conduct of Animal Studies of Nanjing Medical University.



Reagents

Oil-red O powder was purchased from Sigma Aldrich (St. Louis, MO, United States, O0625). All the real-time polymerase chain reaction (PCR) primers were purchased from Sangon (Shanghai, China). Hematoxylin–eosin (H&E) stain kit was purchased from Beyotime Biotechnology Co. (Beijing, China, C0105). RNA extraction kit and real-time PCR kit were purchased from Vazyme Biotech Co., Ltd. (Nanjing, China, Q311). Streptozotocin (STZ) was purchased from Selleck Co. (Shanghai, China, S1312).



Animal Feeding

Homozygous apolipoprotein E-deficient mice (ApoE–/–) were obtained from the Jackson Laboratory. According to the latest report, BRG1fl/fl; CDH5-cre mice crossed by Brahma related gene 1-loxp (BRG1fl/fl) mice and CDH5-cre mice were obtained from Nanjing Biomedical Research Institute of Nanjing University. ApoE–/– and BRG1fl/fl; CDH5-cre mice were crossed to obtain ApoE–/–; BRG1fl/fl; CDH5-cre mice. The F1 progeny of this mating (ApoE±; BRG1fl/+; CDH5–cre) was crossed to obtain ApoE–/–; BRG1fl/fl; CDH5-cre [conditional knockout (CKO)] mice and their littermate control ApoE–/–; BRG1fl/fl [wild-type (WT)] mice. All offspring were genotyped by PCR techniques and lived in specific pathogen-free conditions in accordance with the guidelines from the National Institutes of Health Guide for the Care and Use of Laboratory Animals in China.



Animal Model Construction

To induce diabetes-accelerated atherosclerosis, 8 weeks old male CKO and WT mice were intraperitoneally injected STZ for 5 days, then high-fat diets containing 40 kcal% fat, 1.25% cholesterol, 0.5% cholic acid (Research Diets, United States, D12109) bred for last 4 weeks. Ang II was utilized to induce mice AAA models; 8 weeks old male CKO and WT mice were randomly allocated to Ang II infusion or control, and mini-osmotic pumps (Alzet, Cupertino, CA) containing Ang II (1,000 ng/min per kg mice, Sigma, A9525) or saline were used by infusing Ang II or saline for 28 days using published protocols. Before killing, vessel diameter was determined by ultrasonography using a Vevo 660 imaging system (VisualSonics). Two-dimensional images (B mode) of the short-axis scan were acquired to determine the maximal diameters of suprarenal aortas. The abdominal aorta was immediately excised, photographed, and analyzed histologically.



Survival Rate, Body Weight, and Postprandial Blood Glucose Detection

The data of survival rate were collected after feeding up with high-fat diet. Before collecting mice tissue samples, we collected the data of mice’s body weight, and postprandial blood glucose was measured directly from the tail tip with a glucometer.



Isolate Vascular Ring Function Experiment

Mice were killed using an overdose of ethyl ether and perfused with phosphate-buffered saline (PBS). The thoracic/abdominal aortas were separated from fat or other tissues. Then, the aortas were put into DMT 620M. Vasorelaxation of isolated aortic ring segments was determined in the oxygenated Krebs’ solution. After an equilibration period of 60 min, aortic rings were stimulated to contract with contracted norepinephrine (10–7 M). Endothelium-dependent or independent relaxation was then assessed in response to a cumulation of acetylcholine (10–9–10–5 M) or sodium nitroprusside (SNP, 10–9–10–5 M). Relaxation at each concentration was measured and expressed as the percentage of force generated in response to norepinephrine.



Histology Staining

Mice abdominal artery were embedded in paraffin after fixed in 4% phosphate-buffered formalin, then achieved 4 μm thick tissue sections. For histological analysis, sections were stained with H&E or Verhoeff–Van Gieson.



Measurement of Atherosclerotic Lesions

Mice were killed using an overdose of ethyl ether and perfused with PBS. To assess the development of atherosclerosis, the thoracic/abdominal aortas separated from fat or other tissues were stained with Oil Red O (Sangon, Shanghai, China) for 90 min; aortic roots frozen sections by optimal cutting temperature embedding were stained with Oil Red O for 30 min. Imaging software (Image Pro Plus 6.0) was used to measure aortic lesions using the “en face” method, as previously described (Zheng et al., 2016).



Immunohistochemistry

For immunohistochemistry, dewaxed aortic root sections were fixed with cold acetone for 10 min, then incubated with mouse anti-CD68 (1:100, Abcam) at 4°C overnight. After washing three times with PBS, sections were incubated with goat anti-mouse secondary antibodies (Santa Cruz Biotechnology, United States) at 37°C for at least 1 h. Protein expression was visualized using 3,3′-diaminobenzidine (Vector Laboratories, CA) for 1.5 min, and hematoxylin was used to stain the nuclei.

For immunohistochemistry staining of aortic sections by anti-CD68 and α-smooth muscle actin (α-SMA), dewaxed aortic sections were boiled in 10 mM citrate (pH 6.0) for antigen retrieval, then incubated with mouse anti-CD68 (1:100, Abcam, Ab31630) and mouse anti-α-SMA antibody (1:200, Sigma, A2547) at 4°C overnight. After washing three times with PBS, sections were incubated with goat anti-mouse secondary antibodies (Santa Cruz Biotechnology, United States) at 37°C for at least 1 h. Protein expression was visualized using 3,3′-diaminobenzidine (Vector laboratories, CA) for 1.5 min, and hematoxylin was used to stain the nuclei.



RNA Extraction and Real-Time Polymerase Chain Reaction

RNA was extracted from mice aorta using an RNA extraction kit (HiScript II 1st strand cDNA Synthesis Kit) purchased from Vazyme Biotech Co., Ltd., according to the manufacturer’s recommended protocol (Weng et al., 2019). A reverse transcription kit (Vazyme, ChamQ SYBR qPCR Master Mix) was used for reverse transcription. Complementary DNA was amplified and measured using a StepOnePlus system (Applied Biosystems). Quantitative qPCR primer sequences were as follows: IL-6, forward 5′-TAGTCCTTCCTACCCCAATTTCC-3′ and reverse 5′-TTGGTCCTTAGCCACTCCTTC-3′; IL-1β forward 5′-TTAA AAACCTGGATCGGAACCAA-3′ and reverse 5′-GCATTAGCT TCAGATTTACGGGT-3′; TNF-α, forward 5′-ATGGGCTGTGA TCGGAACTG-3′ and reverse 5′-GTCTTCCCAATAAGCATGT CTCC-3′. Ccl2 forward 5′-TTAAAAACCTGGATCGGAACC AA-3′ and reverse 5′-GCATTAGCTTCAGATTTACGGGT-3′; Ccl5 forward 5′-GCTGCTTTGCCTACCTCTCC-3′ and reverse 5′-TCGAGTGACAAACACGACTGC-3′; Ccl9 forward 5′-CCCT CTCCTTCCTCATTCTTACA-3′ and reverse 5′-AGTCTTGAA AGCCCATGTGAAA-3′; 18s rRNA forward 5′-CATTCGAACG TCTGCCCTATC-3′ and reverse 5′-CCTGCTGCCTTCCTTG GA-3′. Collagen I forward 5′-GCTCCTCTTAGGGGCCACT-3′ and reverse 5′-CCACGTCTCACCATTGGGG-3′; Collagen III forward 5′-CTGTAACATGGAAACTGGGGAAA-3′ and reverse 5′-CCATAGCTGAACTGAAAACCACC-3′. All PCR primers were purchased from Sangon. Quantitative measurements were obtained using the ΔCt method, using 18s rRNA as an internal control.



Cell Culture

Human endothelial cell line Ea.hy926 was cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum at 37°C in a 5% carbon dioxide incubator. Small interfering RNAs were purchased from Dharmacon. Transient transfection was performed with Lipofectamine 2000 (Invitrogen, United States, 11668019). Cells were harvested 48 h after transfection. TNF-α was purchased from Peprotech (United States, 300-01A-50). PFI-3 was purchased from Selleck (Shanghai, China, S7315). Ea.hy926 was seeded at 1 × 105 cells/p35 culture dish and starved in serum-free DMEM overnight. TNF-α (10 μg/L) was added the next day for another 12 or 24 h. In certain experiments, PFI-3 (2 μM) was added together with TNF-α.



Western Blot Technology

For Western blot, the total protein was extracted from Ea.hy926 cells receiving different treatments with radioimmunoprecipitation assay lysis (Beyotime, Shanghai, China) according to the recommended protocol (Li et al., 2020). Thirty micrograms of protein samples were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose filter membranes (Merck Millipore, Canada). After being blocked with 5% non-fat milk for 1 h at room temperature, the membranes were incubated with anti-TBP antibody (1:2,000 dilution, YIFEIXUE BIO TECH, A0055), anti-Poly II antibody (1:2,000 dilution, Proteintech, 20655-I-AP), anti-BRG1 antibody (1:2,000 dilution, Abcam, Ab110641), and anti-c-Jun and anti-c-Fos antibody (1:500 dilution, Santa Cruz, sc-1694 or sc-52) overnight at 4°C. The Anti-Poly II antibody or anti-TBP antibody was used as a standard internal protein for normalizing. Horseradish peroxidase-conjugated immunoglobulin G (YIFEIXUE BIO TECH, China) was used to amplify the signal. After treatment with the chemiluminescence kit (Thermo Fisher Scientific, United States), protein signals were detected by ChemiDoc RXC + (Bio-Rad, United States).



Immunofluorescence Staining

Briefly, cells were plated at a density of 2 × 104 cells per dish. After treatment with TNF-α, the cells were washed with PBS three times, fixed by 1% paraformaldehyde for 10 min, and stained with a c-Fos antibody (Sigma, United States A7811, 1:200) overnight at 4°C. The next day, the cells were incubated with AF488-labeled secondary antibody (Jackson ImmunoResearch) for 1 h. The nuclei were counterstained with 4’,6-diamidino-2-phenylindole (Sigma, United States). Immunofluorescence was visualized on a confocal microscope (LSM 710, Zeiss).



Electrophoretic Mobility Shift Assay

Nuclear proteins for electrophoretic mobility shift assay (EMSA) were achieved according to the manufacturer’s instruction. The nuclear proteins (5 μg) of each group were incubated with 1 × binding buffer (LightShift Chemiluminescent EMSA Kit, Pierce) in the presence of 50 ng/μl poly (dI/dC), 0.05% non-idet P-40, 5 mM MgCl2, and 2.5% glycerol for 10 min and then incubated at room temperature for additional 20 min with 1 pmol of biotin-labeled Ap-1 oligonucleotide (Sangon Biotech Co., Ltd.). The reaction mixture was subjected to a 6% non-denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis at 100 v for 50 min, transferred to polarity nylon hybridization transfer membrane (Beyotime, China) and DNA cross-linked for 2 min, and probed with peroxidase-conjugated streptavidin antibodies (1:1,500 dilution, Bytotime, China), then visualized with enhanced chemiluminescence and detected by ChemiDoc RXC + (Bio-Rad, United States). The sequences of Ap1 probe and mutant probe are listed: probe forward 5′-ATTTGTTCGGGGCGGGGCGAGC-3′; probe reverse 3′-TAAACAAGCCCCGCCCCGCTCG-5′.



Luciferase Report Assay

293T cells were transfected using Lipofectamine 2000 (Invitrogen, United States) in serum-free DMEM media with MCP-1-Luc plasmid (0.2 μg) and transfected with BRG1 overexpression adenoviruses. Six hours after transfection, the cells were culture in DMEM containing 10% fetal bovine serum for 24 h; the cells were lysed, and luciferase activity was determined by using the luciferase assay system according to the manufacturer’s instruction (Promega Corp., United States). The MCP-1-Luc plasmid promoter fragments span the 2,000(−2,000) bp by region upstream of the transcription site. For controlling for differences in transfection efficiency, a plasmid that contained green fluorescent protein fluorescence was included in each transfection and used for normalization.



Statistical Analysis

Significant differences between the two groups were analyzed by unpaired Student’s t-test (GraphPad Prism software, version 5.0; GraphPad Prism, United States). All experiments were performed with similar results, at least in triplicate repeat. Data are expressed as the mean ± SD. Statistical significance was set to P < 0.05.



RESULTS


Specific Deletion of Brahma-Related Gene 1 in Endothelial Cells Alleviated Diabetes Mellitus-Related Atherosclerosis

Diabetic atherosclerosis was induced in ApoE–/–; BRG1fl/fl; CDH5-cre mice (CKO) and their littermate control ApoE–/–; BRG1fl/fl (WT) mice to evaluate the effects of endothelial-specific BRG1 deletion in vivo. As shown in Figure 1A, there was a significant mortality rate reduction in the ApoE–/–; BRG1fl/fl; CDH5-cre group compared with their littermate control group (p < 0.001), despite body weight and postprandial blood glucose did not obviously hang between the two groups. In vitro vascular tone experiment showed that endothelial BRG1 deletion ameliorated the vasodilation defect after acetylcholine treatment (Figure 1B, P < 0.001); vascular tone for SNP treatment were used as the positive control, and there was no difference of aortic relaxation in response to the nitric oxide donor SNP in the two groups. H&E staining of the aortic arteries showed that endothelial BRG1 deletion mitigated the atherosclerotic injuries in mice (Figure 1C). Meanwhile, Oil Red O staining, which allows the visualization of lipids, indicated over 30% reduction of atherosclerotic lesions (p = 0.0263) in the aortic trees (Figures 1D,E) and about 50% reduction (p = 0.0453) in the aortic roots (Figures 1D,F) in CKO mice compared to WT mice. These combined results suggest that endothelial-specific BRG1 deficiency may counteract the progression of diabetic atherosclerosis in mice.


[image: image]

FIGURE 1. Endothelial cell-specific deletion of BRG1 alleviated diabetes mellitus-related atherosclerosis. (A) Survival rate, body weight, and postprandial blood glucose for STZ and Western diet-induced mice diabetic atherosclerosis (n = 20). (B) Vascular tone experiment to detect the vasodilation effect of aortic after acetylcholine or SNP treatment. (C) H&E staining for abdominal aortic. (D) Oil-red O staining for aortic trees and aortic roots. (E,F) Statistics for Oil-Red O staining (scale bar: 200 μm, *P < 0.05 and ***P < 0.001).




Brahma-Related Gene 1 Deletion in Endothelial Cells Reduced Plaque Inflammatory Levels and Oxidative Stress in Diabetic Mice

Macrophage recruitment is one of the key characteristics during the development of atherosclerosis. As shown in Figures 2A,B, weaker CD68 immunohistochemistry staining was observed in the CKO plaques than in the WT plaques. Meanwhile, real-time quantitative PCR assay demonstrated that expression levels of a panel of pro-inflammatory mediators, including TNF-α (Figure 2C), IL-1β (Figure 2D), IL-6 (Figure 2E), CCL2 (Figure 2F), CCL5 (Figure 2G), and CCL9 (Figure 2H), were downregulated in the CKO mice compared with the WT mice. These data suggest that endothelial BRG1 may contribute to diabetic atherosclerosis by modulating vascular inflammation.


[image: image]

FIGURE 2. BRG1 deletion in endothelial cells reduced plaque inflammatory levels and oxidative stress in diabetic mice. (A) CD68 immunohistochemistry staining for aortic roots and (B) statistics. (C) TNF-α, (D) IL-1β and (E) IL-6 mRNA levels detected by real-time PCR in abdominal/thoracic aortic. (F–H) Real-time PCR results for CCL2, CCL5, and CCL9 in abdominal/thoracic aortic (Scale bar: 200 μm, *P < 0.05, **P < 0.01, and ***P < 0.001).




Endothelial Deletion of Brahma-Related Gene 1 Ameliorates Ang II-Induced Abdominal Aortic Aneurysm Progression in Mice

We next determined the role of endothelial BRG1 in Ang II-induced AAA model in CKO mice and WT mice. Of interest, 4 weeks after the Ang-II infusion, the gross anatomical evaluation revealed that the abdominal aortas in WT mice became overtly enlarged, indicative of AAA development (Figure 3A); by comparison, mice with endothelial conditional Brg1 knockout (CKO) exhibited an appreciable reduction in aortic enlargement. The ultrasonographic examination confirmed that Brg1 deficiency in endothelial cells led to an approximately 10% reduction in aortic diameter (Figure 3B). The incidence of AAA found on autopsy was 8/10 in the Ang II infusion WT group compared with 9/16 in the Ang II infusion KO group (Figure 3B). Morphometric analyses by Verhoeff–Van Gieson elastic staining showed significant dilation or breakage of the external and internal aortic walls in ApoE–/–; BRG1fl/fl mice induced by Ang II (Figure 3C). α-SMA immunohistochemistry staining indicated an alleviation of elastin fragmentation in ApoE–/–; BRG1fl/fl; CDH5-cre mice treated by Ang II (Figure 3C). Meanwhile, CD68 immunohistochemistry staining also cues less macrophage recruitment in Ang II-infused CKO mice (Figure 3C). Further detection proved the significant upregulation of α-SMA (Figure 3D), collagen I (Figure 3E), and collagen III (Figure 3F) in the ApoE–/–; BRG1fl/fl; CDH5-cre mice, suggesting that endothelial cell deletion of BRG1 could ameliorate Ang II induced AAA progression in mice.
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FIGURE 3. Endothelial cell deletion of BRG1 ameliorates angiotensin II-induced AAA progression in mice. (A) Gross anatomy of abdominal aortas at 4 weeks. (B) Echocardiographic analysis of vessel diameters at 4 weeks. (C) Verhoeff–Van Gieson elastic staining, α-SMA staining, and CD68 staining in AAA, (D) α-SMA, (E) collagen-I, and (F) collagen-III mRNA levels in abdominal aortic. (G) IL-1β mRNA levels detected by real-time PCR in abdominal/thoracic aortic. (H) IL-6 mRNA levels detected by real-time PCR in abdominal/thoracic aortic. (I) TNF-α mRNA levels detected by real-time PCR in abdominal/thoracic aortic (Scale bar: 200 μm, *P < 0.05, **P < 0.01, and ***P < 0.001).


Pro-inflammatory factors participate in many important processes of AAA progression. To further determine the role of endothelial BRG1 in an aneurysm, pro-inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, were measured by real-time qPCR. The data shown in Figure 3 indicated that IL-1β and IL-6 messenger RNA (mRNA) levels significantly decreased in the ApoE–/–; BRG1fl/fl; CDH5-cre mice group (Figures 3G,H). However, there seemed to be no significant alteration of TNF-α (Figure 3I) between the two groups, indicating that endothelial BRG1 deletion could alleviate AAA progression via regulating IL-1β and IL-6 levels.



Inhibition of Brahma-Related Gene 1 Reduced Inflammatory Response and c-Fos Expression in Endothelial Cells

Regarding an inflammatory factor, TNF-α would increase inflammatory response in endothelial cells in vitro. In this work, exposure of Ea.hy926 cells to TNF-α increases the mild but obvious BRG1 upregulation. Interestingly, BRG1 inhibition significantly reduced BRG1 expression, which downregulates together with IL-1β and CCL2 in Ea.hy926 cells after anti-SiBRG1 RNAi treatment (Figure 4A). Despite not altering BRG1 mRNA levels, a molecular inhibitor of BRG1, PFI-3 treatment significantly decreased IL-1β and CCL2 expression after TNF-α treatment (Figure 4B). Transcription factor AP-1 is a menagerie of dimeric basic region leucine zipper proteins, consisting of homodimers of Jun or heterodimers of c-Fos and c-Jun. To explore the potential involvement of AP-1 in decreasing inflammatory factors by BRG1 inhibition, Figures 4C,D show significantly decreased c-Fos protein levels by anti-SiBRG1 RNAi or PFI-3 treatment in TNF-α-inducing endothelial cells in vitro. These data strongly suggest that blocked BRG1 functions obviously alleviated TNF-α-induced inflammatory response.
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FIGURE 4. Inhibition of BRG1 reduced inflammatory response and c-Fos expression in endothelial cells. (A) Ea.hy926 cells were transfected with siRNA targeting BRG1 or scrambled siRNA (SCR) followed by treatment with TNF-α (10 μg/L) for 24 h. Gene expression was examined by qPCR. (B) Ea.hy926 cells were transfected with PFI-3, followed by treatment with TNF-α (10 μg/L) for 24 h. Gene expression was examined by qPCR. (C) Ea.hy926 cells were transfected with siRNA targeting BRG1 or scrambled siRNA (SCR), followed by treatment with TNF-α (10 μg/L) for 24 h. Gene expression was examined by Western. (D) Ea.hy926 cells were transfected with PFI-3, followed by treatment with TNF-α (10 μg/L) for 24 h. Gene expression was examined by Western (*P < 0.05, **P < 0.01, and ***P < 0.001).




Inhibition of Brahma-Related Gene 1 Blocked c-Fos Translocation in Endothelial Cells

We measured the effect of c-Fos translocation into nuclear by Western blot, as shown in Figures 5A,B. c-Fos translocation into nuclear was significantly reduced by TNF-α induction after anti-SiBRG1 RNAi or PFI-3 treatment. In accordance, immunofluorescent staining of c-Fos showed that both siRNA-mediated depletion of BRG1 and PFI-3-mediated inhibition of BRG1 (Figure 5C) reduced TNF-α-induced c-Fos nucleic translocation of EA.Hy926 cells. AP-1 activation is also involved in increased DNA binding activity. We performed EMSA using a biotin-labeled double-strand robe corresponding to AP-1 and its flanking sequence. The DNA-AP-1 complex formation was induced obviously by TNF-α treatment, and the complex induced by TNF-α was significantly reduced when the cells were treated with anti-SiBRG1 RNAi or PFI-3 (Figures 5D,E). Luciferase report assay results in Figure 5F proved that the effect of MCP-1 promoter activation was induced by BRG1 overexpression in 293T cells. In Figure 5F, the induction of luciferase activity of MCP-1 also increased after BRG1 overexpression adenovirus transfection.
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FIGURE 5. BRG1 inhibition blocked c-Fos translocation in endothelial cells. (A) Ea.hy926 cells were transfected with siRNA targeting BRG1 or scrambled siRNA (SCR), followed by treatment with TNF-α (10 μg/L) for 24 h. C-Fos translocation levels were examined by Western. (B) Ea.hy926 cells were transfected with PFI-3, followed by treatment with TNF-α (10 μg/L) for 24 h. C-Fos translocation levels were examined by Western. (C) Immunofluorescence staining was performed with anti-c-Fos antibody. (D) Ea.hy926 cells were transfected with siRNA targeting BRG1 or scrambled siRNA (SCR), followed by treatment with TNF-α (10 μg/L) for 24 h. Alternatively, (E) Ea.hy926 cells were treated with TNF-α (10 μg/L) and PFI-3 for 24 h. Nuclear lysates were extracted, and EMSA was performed as described in section “Materials and Methods.” (F) 293T cells were co-transfected with plasmid containing MCP-1-promoter-luc and overexpression Sp1 adenoviruses. Luciferase report assay was performed as described in section “Materials and Methods.” (*P < 0.05 and **P < 0.01).




DISCUSSION

BRG1, encoded by the SMARCA4 gene, is a member of the SWI/SNF family and shares significant homology with the Drosophila Brahma protein. BRG1 possesses an intrinsic ATPase activity and participates in regulating gene transcription by altering the chromatin structure. Recent research indicates that genetic interference of BRG1 expression in the adult mouse may bring beneficial effects in the models of CVD. For instance, it has been reported that BRG1 interference protected the mice against cardiac ischemia–reperfusion (Li Z. et al., 2018; Zhang et al., 2018b) and atherosclerosis (Fang et al., 2013). In contrast, endothelial cell-specific deletion of BRG1, achieved by lentivirus-mediated delivery of short hairpin RNA, resulted in anti-inflammatory effects via inhibiting inflammatory factors such as TNF-α in mice, which further ameliorated atherosclerosis in mice models (Fang et al., 2013). In the present study, we aimed to explore the role of endothelial BRG1 in diabetic atherosclerosis and AAA, and the results demonstrated the deletion of BRG1 in endothelial cells, which contributed to improved survival rate and amelioration of vascular function in a model of diabetic atherosclerosis. In addition, endothelial cell conditional BRG1 deletion also blocked the progression of AAA in mice.

Among the diabetic complications, vascular damage contributes to the major burden of morbidity and mortality associated with diabetes. In this research, we reported the deletion of endothelial BRG1 that ameliorated the survival rate in a model of diabetic-related atherosclerosis. Hyperglycemia is a risk factor for atherosclerotic disease. In this model, STZ has been utilized to induce mice hyperglycemia. According to previous studies, mice containing atherogenic mutations in ApoE–/– mice develop either spontaneous or high fat diet-induced coronary artery atherosclerosis, myocardial infarction, and dramatically reduced survival. This reduced survival of these mice seems to be associated with myocardial infarction and resulting cardiac conduction and functional abnormalities (Nakatsu et al., 2017; Wang Q. et al., 2017; Gonzalez et al., 2018). However, these associations still need to be further investigated. In many instances, the underlying pathology of diabetic atherosclerosis is observed in diabetic patients with myocardial infarction or thromboembolic stroke (Tillquist and Maddox, 2012). Along with heart failure and coronary artery disease, endothelial dysfunction has been considered as a key etiological factor for the progression of diabetic-induced atherosclerosis (Kovacic et al., 2014). Recent studies have suggested that attenuation of inflammation-related endothelial dysfunction could be considered as a reasonable therapeutic approach for diabetic atherosclerosis treatment. For instance, it is well known that inhibiting inflammatory factors such as IL-1β and IL-6 secreted by injured endothelium could protect atherosclerotic lesions (Alfaidi et al., 2018). Interestingly, dampened expression of C-C motif chemokine ligands helps diabetes-associated atherosclerosis (Cao et al., 2014; Xuan et al., 2017; Lin et al., 2018). BRG1 has been reported to participate in the regulation of inflammatory progression in many diseases progression. For instance, hepatocyte-specific Brg1 deletion alleviated the progression of steatohepatitis via regulating SREBP activity-related inflammatory response (Li N. et al., 2018). In cardiac ischemia–reperfusion injury mouse models, endothelial conditional Brg1 deficiency plays a protective role in ameliorating heart function through blocked neutrophil recruitment (Zhang et al., 2018b). This research indicated the promising effect of anti-inflammatory treatment by BRG1 deletion. The present study explores the anti-inflammatory effect of endothelial conditional BRG1 deletion in a diabetic atherosclerosis model in mice. We found that BRG1 deletion in endothelial cells reduced atherosclerotic plaques in thoracic/abdominal aortic and aortic roots in mice. Meanwhile, the deletion of BRG1 in endothelial cells reduced macrophage recruitment in plaques. Further research proved a reduction in IL-1β, IL-6, CCL2, CCL5, and CCL9 mRNA levels in BRG1 CKO mice. These findings provide novel insights that BRG1 is linked to diabetic atherosclerosis via a regulated inflammatory response in endothelial cells.

AAA is one of the most deadly cardiovascular pathologies. Although it is typically regarded as being a distinct entity, vascular inflammation also acts as a common pathogenic factor for AAA. Recent research indicated that a dysfunctional endothelium could increase ROS levels or secretion of chemokines and cytokines, which finally influence the progression of AAA (Siasos et al., 2015). Ameliorating endothelium function has been considered as a promising target for AAA treatment. The current report indicated that statins still seem very promising in animal AAA models via improving endothelial function (de Sotomayor et al., 2005). In addition to their lipid-lowering capacity, statin can improve endothelial function via increasing endothelial nitric oxide synthase expression and BH4 bioavailability (Kosmidou et al., 2007; Wenzel et al., 2008). In contrast, statin treatment can also diminish IL-6 and MCP1 levels in AAA models (Kowalska et al., 2018). In this study, we focused on the protective effects of endothelium-specific BRG1 deletion in AAA, and our results demonstrated that BRG1 deletion in endothelial cells significantly inhibited Ang II-induced AAA development. Deletion of BRG1 in endothelial cells also augmented collagen I, collagen III, and α-SMA levels in mice. These findings collectively argue that BRG1 in endothelial cells could promote AAA pathological progression. Further studies showed a significant reduction of IL-1β and IL-6 but not TNF-α expression in mice, which indicated BRG1 might promote AAA by stimulating endothelial-derived pro-inflammatory mediators. Alternatively, the changes in expression levels of pro-inflammatory mediators could be secondary to a reduction in the recruitment of immune cells (e.g., macrophages).

Previous research reported endothelial-specific BRG1 knockout attenuated the progression of CVDs. For example, Weng et al. (2015) demonstrated endothelial-specific knockdown BRG1 ameliorating cardiac hypertrophy both in vitro and in vivo. Meanwhile, endothelial-specific BRG1 knockout had also been proved to ameliorate the CaCl2-induced mice AAA progression via trans-activates endothelium-derived colony-stimulating factor (Zhang et al., 2018a). However, the mechanism of BRG1 in regulating Ang-II-induced AAA formation under ApoE gene knockout condition remains not to be proven. In this research, we reported endothelial-specific BRG1 knockout reduced AAA progression in mice Ang-II-induced AAA models.

We further reported that BRG1 regulated c-Fos expression and nucleic translocation in endothelial cells. In EA.hy926 cells, it obviously decreased c-Fos expression and blocked c-Fos translocation after anti-SiBRG1 RNAi or PFI-3 treatment. Protein c-Fos belongs to transcription factor AP-1, a menagerie of dimeric basic region−leucine zipper proteins, consisting of homodimers of Jun or heterodimers of Fos and Jun (Shaulian and Karin, 2001, 2002). Recent research reported the effects of regulating inflammatory-related gene expression by AP-1. A binding site of AP-1 in IL-1β and CCL2 promoter region has been identified in a variety of cell types, and AP-1 is an important transcription factor regulating inflammatory-related gene expression (Morse et al., 2003; Sutcliffe et al., 2009). AP-1 is a mediator of inflammatory responses and activated by TNF-α in endothelial cells, and TNF-α-induced endothelial inflammatory response is dependent on AP-1 activation (Morse et al., 2003; Hong et al., 2016). Together, these pieces of evidence suggest that activation of AP-1 enhances inflammatory response in endothelial cells under TNF-α treatment conditions. In this research, we further demonstrated endothelial conditional BRG1 knockout could not alter the c-Jun expression. Among these studies, we inched that the mechanism of BRG1 regulated inflammatory factors expression via mediated by c-Fos nucleic translocation, which could finally block the progression of diabetes-related atherosclerosis and Ang-II-induced mice AAA progression.

Adding to the understanding of the endothelial protective activity of PFI-3 in endothelial cells, we presented pieces of evidence that blocked the function of BRG1-inhibited IL-1β and CCL2 expression and decreasing BRG1 function also inhibiting the activity of AP-1 in endothelial cells. We showed that treatment with PFI-3 blocked the regulation of IL-1β and CCL2 by TNF-α through inhibition of the IL-1β and CCL2 gene promoter. Accompanying the suppression of c−Fos translocation, decreasing the BRG1 function also inhibited the DNA binding activity of AP-1 demonstrated by EMSA assays. Because the IL-1β and CCL2 promoter contains an AP-1−binding site (Morse et al., 2003; Sutcliffe et al., 2009), it is highly likely that the effect of PFI-3 on blocking TNF-α, which lead to induced IL-1β and CCL2 expression, is through the regulation of c-Fos promoter activity.

In summary, our results reveal a previously unrecognized protective role of endothelial cell-specific BRG1 deletion in alleviating diabetic atherosclerosis and Ang II-induced AAA progression via inhibiting the inflammatory responses. These findings indicated that BRG1 could be targeted to alleviate endothelial dysfunction, which helps diabetic atherosclerosis and AAA treatment.
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This article reviews the pathogenetic role of the complement system in myocardial infarction reperfusion injury. The complement activation pathways involved in myocardial tissue injury are identified, as are the complement-derived effector molecules. The results of past anti-complement therapies are reviewed; as the more recent therapeutic concept of complement depletion with humanized CVF described.
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INTRODUCTION


The Complement System

The complement system is an important component of the immune system, with multiple roles in both the innate and adaptive immune response. The complement system is made up of approximately 20 plasma proteins and numerous receptors and regulatory proteins in the cell membranes of host cells. There are three pathways through which activation of the complement system can occur, referred to as classical pathway, lectin pathway, and alternative pathway, all of which share the same molecular architecture: an initial recognition event is amplified by a succession of proteolytic enzymes in a cascade-like fashion, merging at the step of C3 activation and resulting in the generation of multiple biologically active complement activation products (Figure 1).
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FIGURE 1. Schematic drawing showing the molecular organization of the three complement activation pathways (lectin, classical, alternative). Please note that all three pathways merge at the stage of C3 activation and, after forming a C5 convertase, initiate the formation of the C5b-9 complex (MAC).




The Three Pathways of Complement Activation

The activation of the classical pathway usually involves binding of an antibody to its antigen with subsequent recognition by C1q. The alternative pathway is continuously activated in plasma at a slow rate. Activation is usually restricted by regulatory mechanisms, but activation can proceed on certain cell surfaces. Mostly, the alternative pathway activation loop enhances complement activation by the classical and lectin pathways. The lectin pathway is typically activated by mannose binding lectin (MBL) which recognizes certain carbohydrate structures rarely present on normal cells, but frequently present on pathogens and dying host cells.



Complement Activation-Derived Effector Molecules

Complement activation by any of the three activation pathways leads to the generation of complement-derived effector molecules. Foremost, there are the two anaphylatoxins C3a and C5a. They are potent biologically active peptides released by the cleavage of C3 and C5, respectively, during complement activation through any of the three pathways. Both exhibit chemotaxis for important pro-inflammatory cells, and activate, in particular the strongly pro-inflammatory C5a, macrophages, eosinophils, and neutrophils. Carboxypeptidase N is the major regulator of anaphylatoxin activity, removing the C-terminal arginine residue from C3a to C5a. Both anaphylatoxins are rapidly inactivated by the removal of the C-terminal arginine residue. The resulting peptide after removal of the C-terminal arginine from C5a is referred to as C5a-des-arg. However, C5a-des-Arg still exhibits activity for neutrophils, making C5a a particularly powerful pro-inflammatory peptide.

Another important complement-derived effector is the macromolecular C5b-9 complex, also referred to as the membrane attack complex (MAC). It is generated by the cleavage of C5, with the activation product C5b serving as the nucleus for the assembly of the high molecular weight MAC, consisting of the complement proteins C5b, C6, C7, C8, and several C9. The MAC inserts itself into target membranes, leading to impairment of membrane function, physical destruction of targets cells, and ultimately cell death.

Another potent complement activation product is C3b. As the enzyme that cleaves C3 into C3a and C3b is typically located on a surface, nascent C3b can attach itself covalently to that surface through transesterification. The process of covalently binding of C3b molecules to a target (e.g., an immune complex, a microorganism, a cell), referred to as opsonization, has several biological consequences. C3b is recognized by the C3b receptor (CR1, CD35) on neutrophils, leading to cellular influx, nucleophile activation, inflammation, as well as ingestion and killing of target cells. Secondly, continuing deposition of C3b causes the creation of C5 convertases, leading to C5a generation and enhanced inflammation as well C5b generation and MAC formation as described above. Lastly, the covalently bound C3b is degraded in a step-wise fashion by Factor I to iC3b, C3dg, and eventually to C3d. The degradation products remain bound to their target surface. B cells express complement receptor 2 (CR2, CD21) which recognizes C3d. C3d bound to its antigen also binds to CR2 on follicular dendritic cells, eventually leading to antigen-specific IgG production.

This short overview of the complement system summarizes its important roles in host defense and immune response. Multiple excellent reviews of the complement system have been published (Walport, 2001a,b; Merle et al., 2015a,b).



Complement, a Pathogenetic Factor in Many Diseases

Inappropriate complement activation leads damage of host cells and tissues. Accordingly, the complement system is also an important pathogenetic factor in numerous diseases including, but not limited to, rheumatoid arthritis, lupus erythematosus, myasthenia gravis, age-related macular degeneration (AMD), ischemia reperfusion injury, transplant rejection, paroxysmal nocturnal hemoglobinuria, (PNH), bullous pemphigoid, asthma, anti-phospholipid syndrome, autoimmune hemolytic anemia, and atypical hemolytic uremic syndrome (Vogel and Fritzinger, 2010; Vogel et al., 2014).



THE ROLE OF COMPLEMENT IN MYOCARDIAL REPERFUSION INJURY

Complement activation has long been known to be an important factor for inflammation and injury of ischemic and infarcted myocardial tissue. The first report implicating the complement system demonstrated the generation of a C3-derived chemotactic activity resulting in intense accumulation of neutrophils in ischemic rat heart tissue (Hill and Ward, 1971) that could be suppressed by complement depletion with cobra venom factor (CVF) (Hill and Ward, 1971). Multiple authors demonstrated complement activation products such as C3d and C5b-9 in ischemic heart tissue (Mathey et al., 1994; Nijmeijer et al., 2004).

Reperfusion of infarcted myocardial tissue resulted, paradoxically, in significantly increased myocardial tissue damage of 50% or more (Ferreira, 2010), a phenomenon referred to as reperfusion injury. Several investigators demonstrated the significant role of complement activation in reperfusion injury of myocardial tissue in rats (MacLean et al., 1978), dogs (Maroko et al., 1978), and baboons (Pinckard et al., 1980). Complement depletion with CVF resulted in greatly reduced myocardial tissue damage and preservation of large areas of normal ventricular myocardium. The effect of complement depletion was demonstrated histologically, and by increased creatine phosphokinase (CPK) activity. There was also greatly reduced infiltration with neutrophils, and a virtual absence of deposited C3 in infarcted areas in CVF-treated animals. The extent of C3 and C5b-9 deposition is significantly increased in the myocardial tissue of humans after reperfusion (Nijmeijer et al., 2004).


Complement Pathways Activated in Myocardial Reperfusion Injury

Of the three complement pathways, the most important one for inducing tissue damage in myocardial reperfusion injury is the lectin pathway (Jordan et al., 2001; Walsh et al., 2005; Panagiotou et al., 2018). Mice lacking MBL, and therefore a functional lectin pathway, do not develop cardiac reperfusion injury (Walsh et al., 2005); and an anti-MBL monoclonal antibody greatly reduced infarct size, C3 deposition, and neutrophil infiltration. There is also a role for the alternative pathway. Although there is no evidence that the alternative pathway is activated on altered surfaces in the myocardial tissue after ischemic damage, the alternative pathway has been shown to significantly contribute to the tissue damage by lectin pathway activation, as Factor B knock-out mice exhibited significantly reduced necrosis and diminished deposition of C3 (Chun et al., 2017). There has been some question about the role of the classical pathway in myocardial reperfusion injury (McMullen et al., 2006; Gorsuch et al., 2012). In other organ systems such as intestinal reperfusion, a role of the classical pathway has been described (Williams et al., 1999). In myocardial reperfusion injury, it has been shown that both MBL and natural IgM are required for complement activation (Busche et al., 2009). IgM appears to bind MBL, and leads to lectin pathway activation without involvement of C1q (Gorsuch et al., 2012). Mice deficient in B-cells, and therefore natural IgM, are protected from myocardial reperfusion injury (Zhang et al., 2006; Linfert et al., 2009). However, activation of the classical pathway by natural IgM antibodies to neoepitopes in injured heart tissue after ischemia cannot be excluded, as has been shown in other tissues(Narang et al., 2017).



Complement Effector Molecules in Myocardial Reperfusion Injury

All complement-derived effector molecules as described above are involved in producing the inflammation, tissue injury, and necrosis of the heart tissue during reperfusion. C3 activation leads to covalent attachment of C3b to myocardial tissue. The concomitant release of the C3a anaphylatoxin causes influx and activation of neutrophils. C3b and its subsequent degradation products iC3b, C3dg, and C3d become covalently bound and durable signals of tissue inflammation. They are readily detected in infarcted tissue (Pinckard et al., 1980; Jordan et al., 2001; Stahl et al., 2003; Gorsuch et al., 2009). As a matter of fact, soluble radioactively labeled CR2 receptor (complement receptor type 2), recognizing the covalently bound C3d, was used to quantify the severity of myocardial tissue reperfusion injury (Sharif-Paghaleh et al., 2017).

Continued C3b deposition leads to the formation of C5 convertase activity. C5 activation leads to the release of the C5a anaphylatoxin with its strong pro-inflammatory activity for neutrophils. Moreover, C5 activation generates C5b and the subsequent formation of the membrane attack complex which can be detected in the injured myocardial tissue (Weisman et al., 1990; Mathey et al., 1994; Nijmeijer et al., 2004).

Activated neutrophils are important for myocardial inflammation and injury through release of reactive oxygen species (ROS) and pro-inflammatory cytokines. Activated neutrophils have also been shown to induce tissue damage in myocardial reperfusion injury through the formation of neutrophil extracellular traps (NETs) (Savchenko et al., 2014; Ge et al., 2015; Papayannopoulos, 2018). Whereas these neutrophil-derived cytotoxic activities are important mechanisms in myocardial reperfusion injury, they are only indirect consequences of complement activation.



ANTI-COMPLEMENT THERAPY IN MYOCARDIAL REPERFUSION


Soluble Complement Receptor Type 1 (CR1)

Several studies using anti-complement therapeutics have been reported in animal models of myocardial reperfusion injury as well as in patients. In a rat model of myocardial reperfusion, treatment with a soluble form of complement receptor type 1 (CR1), a cofactor for C3b inactivation by Factor I, reduced the infarct size by 44% (Weisman et al., 1990). Similarly, a membrane-targeted version of soluble CR1 decreased infarct size and myocardial apoptosis, and resulted in an improved ejection fraction in pigs (Banz et al., 2007). However, clinical trials with soluble CR1 in cardiopulmonary bypass failed to meet clinical endpoints (Lazar et al., 2004; Li et al., 2004). Surprisingly, there was some therapeutic benefit seen in male patients, but not in female patients (Lazar et al., 2004).



C1 Esterase Inhibitor

Another complement inhibitor that has been used in myocardial reperfusion injury is the C1 esterase inhibitor (C1INH). C1INH inhibits both the classical and lectin pathways of complement. Use of C1INH has shown beneficial effects in multiple animal models of myocardial reperfusion injury (Panagiotou et al., 2018). There have been a few studies in patients, well over a decade ago, with no impressive results (Panagiotou et al., 2018); and C1INH is currently not used in the treatment of myocardial reperfusion injury.



Anti-C5 Antibodies

Antibodies to C5 have been employed in the therapy of myocardial reperfusion injury, based on the rationale that inhibition at the stage of C5 activation will prevent the generation of the pro-inflammatory C5a anaphylatoxin as well as the formation of the cytotoxic C5b-9 complex. Studies in animals (Vakeva et al., 1998; Pischke et al., 2017) and patients (Fitch et al., 1999; Granger et al., 2003; Armstrong et al., 2006) usually demonstrated beneficial effects, but failed to meet endpoints; and anti-C5 therapy is currently not in use to treat myocardial reperfusion injury. As appropriately pointed out, it is important to inhibit complement activation as far upstream as possible (Panagiotou et al., 2018).



Complement Depletion With Humanized CVF (hCVF)

Cobra venom factor (CVF) is a structural and functional analog of complement component C3 (Fritzinger et al., 2009; Vogel and Fritzinger, 2010, 2017; Vogel et al., 2020). CVF forms a bimolecular enzyme with Factor B that is resistant to inactivation, leading to continuous C3 cleavage and complement depletion. As mentioned above, CVF was instrumental 40 years ago demonstrating the important role of complement in myocardial infarction reperfusion injury (MacLean et al., 1978; Maroko et al., 1978; Pinckard et al., 1980). Similarly, CVF had been used in animals, from mice to baboons, for over 50 years to demonstrate the role of complement in many diseases. CVF was never used in patients because CVF is immunogenic, and cobra venom is obviously an impractical source for a therapeutic agent. But we know that CVF depletes humans of their complement just like other mammals. Studies in cobra bite victims demonstrated complement depletion mirroring depletion in animals with CVF, with no indication of depletion-related toxicity (Warrell et al., 1976; Vogel and Fritzinger, 2017). Although recombinant CVF became available (Kock et al., 2004; Vogel et al., 2004), its immunogenicity prevented clinical application.

Given the high degree of structural homology between human C3 and CVF, humanized CVF was created by exchanging about 10% at the C-terminal end of human C3 with the homologous sequences from CVF. And even in this C-terminal end, approximately 43% of amino acid residues are identical to human C3. Accordingly, these humanized CVF molecules are human C3 derivatives in which only less than 6% of all amino acid residues differ from human C3. Moreover, the three-dimensional structure at the C-terminal end of humanized CVF is essentially indistinguishable from human C3 (Vogel et al., 2014; Vogel and Fritzinger, 2017). Humanized CVF exhibits complement depletion activity just like CVF in serum from multiple species, including human. Its complement depletion activity has also been shown in vivo in multiple species, from mouse to non-human primates (Vogel and Fritzinger, 2010). Moreover, for reasons not understood, humanized CVF only leads to C3 activation but not C5 activation, thereby not releasing the pro-inflammatory C5a anaphylatoxin.

Humanized CVF was able to greatly reduce the tissue damage in multiple murine models of disease with complement pathology (Vogel et al., 2014). Significantly, no toxicity has been observed with complement depletion with humanized CVF, including non-human primates (Vogel and Fritzinger, 2010, 2017). Moreover, humanized CVF does not induce a neutralizing antibody response, allowing for repeated administration (Ing et al., 2018).


Complement Depletion With Humanized CVF in a Murine Model of Myocardial Infarction Reperfusion Injury

In a mouse model of myocardial infarction reperfusion injury, the mice were intubated, ventilated, and anesthesia was maintained with isoflurane. A suture was placed around the left anterior descending artery. After 30 min of ischemia, the ligation was loosened, and the myocardium reperfused for 4 h (Gorsuch et al., 2009). Both infarct size and area at risk were subsequently determined histologically with Evans Blue and triphenyl-tetrazolium chloride (TTC) (Walsh et al., 2005), demonstrating an approximately 75% reduction in size by treatment with humanized CVF (Figure 2; Gorsuch et al., 2009). C3 deposition was determined using an anti-mouse C3 antibody. The low extent of C3 deposition in animals depleted with humanized CVF reflects remaining C3. The ejection fraction was determined by transthoracic echocardiography (Gorsuch et al., 2009). Both parameters were dramatically improved by complement depletion with humanized CVF (Figure 2; Gorsuch et al., 2009). Collectively, these data demonstrate a significant reduction of myocardial injury by pathology, immunohistochemistry, and function.


[image: image]

FIGURE 2. Effect of complement depletion with humanized CVF in a murine model of myocardial ischemia reperfusion injury. The upper panel shows immunohistochemical staining for C3 deposition. The lower left panel shows the size of the infarcted area as a percentage of the area at risk. The lower right panel shows the ejection fraction as a measure of left ventricular function (Gorsuch et al., 2009).


In summary, complement depletion with humanized CVF appears to be a promising therapeutic approach for preventing or reducing myocardial ischemia reperfusion injury.
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Vascular endothelial cell (EC) junctions are key structures controlling tissue homeostasis in physiology. In the last three decades, excellent studies have addressed many aspects of this complex and highly dynamic regulation, including cell signaling, remodeling processes of the proteins of tight junctions, adherens junctions, and gap junctions, the cytoskeleton, and post-transcriptional modifications, transcriptional activation, and gene silencing. In this dynamic process, vascular endothelial cadherin (VE-cadherin) provides the core structure of EC junctions mediating the physical adhesion of cells as well as the control of barrier function and monolayer integrity via remodeling processes, regulation of protein expression and post-translational modifications. In recent years, research teams have documented locally restricted dynamics of EC junctions in which actin-driven protrusions in plasma membranes play a central role. In this regard, our research group showed that the dynamics of VE-cadherin is driven by small (1–5 μm) actin-mediated protrusions in plasma membranes that, due to this specific function, were named “junction-associated intermittent lamellipodia” (JAIL). JAIL form at overlapping, adjacent cells, and exactly at this site new VE-cadherin interactions occur, leading to new VE-cadherin adhesion sites, a process that restores weak or lost VE-cadherin adhesion. Mechanistically, JAIL formation occurs locally restricted (1–5 μm) and underlies autoregulation in which the local VE-cadherin concentration is an important parameter. A decrease in the local concentration of VE-cadherin stimulates JAIL formation, whereas an increase in the concentration of VE-cadherin blocks it. JAIL mediated VE-cadherin remodeling at the subjunctional level have been shown to be of crucial importance in angiogenesis, wound healing, and changes in permeability during inflammation. The concept of subjunctional regulation of EC junctions is strongly supported by permeability assays, which can be employed to quantify actin-driven subjunctional changes. In this brief review, we summarize and discuss the current knowledge and concepts of subjunctional regulation in the endothelium.
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INTRODUCTION

The inner surface of blood vessels is covered by a thin monolayer of endothelial cells (ECs) whose total area in the human body is estimated to be 4000–7000 m2 (Aird, 2007). The vascular endothelium features organ- and vascular segment-specific phenotypes as verified in the pioneering work of Simionescu et al. (1975, 1976b). A central task of the endothelium is, apart from regulating blood pressure and organ perfusion, the control of exchange of water, gas, and solutes between the blood and the interstitium (regulated permeability). These functions are essential for the maintenance of tissue homeostasis and physiological adaptation processes. Control of permeability occurs by two mechanisms: a transcellular pathway controlled by transporters, transcytosis, or channels, and a paracellular pathway regulated by the dynamic opening and closing of cell junctions. Importantly, endothelial cell junctions have a key function during remodeling processes such as in the control of inflammatory responses, angiogenesis, wound healing, and tumor extravasation (Lampugnani et al., 2017; Duong and Vestweber, 2020). Tens of thousands of papers have been published on the vascular endothelium over the last few decades that have contributed to a fundamental understanding of the structure and regulation of endothelial cells and the endothelial cell junctions. However, most studies were performed on cell collectives that do not take into account locally restricted cell junction regulation and dynamics, both of which seems to be important for adaptational or remodeling processes of the junctions whose underlying mechanisms are not yet understood. The locally restricted transmigration of leukocytes and the relative movement of cells within a cell monolayer or in sheet migration are examples of the requirement for locally restricted dynamic junction regulation, as the overall monolayer integrity remains intact (see below). Those local phenomena cannot be adequately explained by general cell signaling mechanisms targeting the entire junctions. However, subcellular control of cell junctions and cell junction dynamics has remained an unsolved problem in cell biology for a long time, which was mostly due to inappropriate experimental and analytical techniques.

A significant improvement in live-cell microscopy techniques, the establishment of viral vectors for gene transduction in endothelial cells, and appropriate analytical software programs have contributed to a significant gain in knowledge with respect to cell junction dynamics, its local regulation, and the functional consequences for permeability. At this point the term subjunctional should be introduced: adjective refers to small, locally restricted areas of a few microns in length at the cell junction that can be locally opened or closed or undergo dynamic remodeling. It is therefore reasonable to assume that restricted local molecular interactions and signals at the cell contacts control this process. Indeed, work in recent years has revealed the first dynamic subjunctional structure, which were termed junction-associated intermittent lamellipodia (JAIL). JAIL are small, actin-driven plasma membrane protrusions of 1–5 μm in size that, in turn, directly drive the dynamics and remodeling of vascular endothelial cell adhesion molecules (VE-cadherin) via repeated formation of new VE-cadherin adhesions. A critical parameter controlling JAIL formation is the relative local VE-cadherin concentration (see below, under section “Subjunctional Regulation by JAIL Allows Multitasking Control of Endothelial Cell Junctions”). A local decrease in VE-cadherin facilitates JAIL formation while increasing amounts has inhibitory effects (Abu Taha et al., 2014; Cao et al., 2017). Since many different JAIL are constantly formed at the cell junctions, which also occur temporarily and at irregular intervals in time and space, we have postulated an autoregulatory mechanism for this phenomenon. Shortly, the discovery of this mechanism provides an extended concept of endothelial cell junction regulation that is able to explain subjunctional regulations required for inflammation, wound healing, angiogenesis, and shear stress adaptation. The functional impact of JAIL and the underlying mechanistic aspects are discussed in the following overview together with novel permeability assays that are able to detect local small differences in barrier function along endothelial cell junctions.



ADHERENS JUNCTIONS IN VASCULAR ENDOTHELIUM

In contrast to the apicobasal order of tight, adherens, and gap junctions in the epithelium (Takeichi, 2014; Yonemura, 2017), the respective cell junctions in the endothelium are interwoven (Simionescu et al., 1976a). Regardless of the organ-specific diversity of endothelial cells and their cell contacts, adherens junctions are common to all endothelial phenotypes. They are characterized by the presence of endothelium-specific VE-cadherin (Suzuki et al., 1991; Lampugnani et al., 1995) and also by their close structural and functional association with the actin filament cytoskeleton via linker proteins such as catenins and others, as numerous studies on the physiology and pathophysiology of the endothelium have shown (Marcos-Ramiro et al., 2014; Schnittler et al., 2014; Taha and Schnittler, 2014; Garcia-Ponce et al., 2015; Schnoor, 2015; Zankov and Ogita, 2015; Alon and van Buul, 2017; Schnoor et al., 2017; Belvitch et al., 2018). VE-cadherin is a type-II calcium-dependent (Brasch et al., 2011) adhesion molecule that forms the backbone of adherens junctions and is thus expressed in all endothelial cells (Aird, 2006, 2007). The critical influence of VE-cadherin in endothelial cell biology has been demonstrated by studies in mice using blocking antibodies and genetic ablation of VE-cadherin that observed as a consequence an increase in vascular permeability and leukocyte transmigration but also an organ-specific heterogeneity (Corada et al., 2001; Frye et al., 2015). Furthermore, knockout of VE-cadherin expression in mice is lethal, which further underlines the important role of VE-cadherin in vascular development and homeostasis (Vittet et al., 1997; Carmeliet et al., 1999).

Vascular endothelial-cadherin is a single-spanning transmembrane protein with five extracellular repeats (EC1–EC5) at the amino terminus and a short cytosolic carboxy terminus that has binding sites for β-catenin associated with α-catenin. The extracellular domain of VE-cadherin connects adjacent cells by a homophilic, calcium ion-dependent interaction via the EC1/EC2 domains (Brasch et al., 2011), whereas the juxtamembrane region of the VE-cadherin-carboxy terminus binds p120 catenin, which is essential for the stabilization, internalization, and turnover of VE-cadherin (Reynolds, 2007; Vaughan et al., 2007; Komarova et al., 2017). The supramolecular organization of VE-cadherin at endothelial cell junctions has been sparsely studied. Investigations employing Stimulated Emission Depletion (STED) microscopy, however, showed clear evidence of a cluster-like structure. The VE-cadherin clusters were detected in several sizes and in two arrangements at the endothelial cell contacts: a linear arrangement of the clusters and a more planar arrangement, which was particularly visible at the overlapping cell junction areas. The size and number of clusters changed in response to external stimulation such as shear stress, which was accompanied by a functional modulation of the barrier function (Seebach et al., 2007).

There is a general consensus that the interdependent interaction between VE-cadherin and actin filaments is key in controlling endothelial permeability, barrier function, cell migration, and monolayer integrity, which are of critical importance in angiogenesis, inflammation, and wound healing. Either the β-catenin/α-catenin complex (Dejana and Vestweber, 2013) or, alternatively, the β-catenin/α-catenin/EPLIN complex are directly involved in connecting VE-cadherin to actin filaments. EPLIN (epithelial protein lost in neoplasm), which is an actin- and α-catenin-binding protein (Maul and Chang, 1999), has been shown to link actin filaments to adherens junctions in both epithelium and endothelium. In endothelium, EPLIN isoforms were shown to control actin dynamics in an isotype-specific manner, which directly impacts adherens junction dynamics and function (Abe and Takeichi, 2008; Chervin-Pétinot et al., 2012; Taha et al., 2019). It should also be mentioned that VE-cadherin is further associated with vimentin intermediary filaments via association with plakoglobin (γ-catenin); however, the functional role γ-catenin plays in this association is not completely understood. The few available studies on intermediate filaments and γ-catenin in endothelium indicate a role in junction stability, particularly during mechanical challenge by fluid shear stress of blood flow and leukocyte transmigration (Schnittler et al., 1997; Nottebaum et al., 2008; Muramatsu et al., 2017).



JUNCTION ASSOCIATED INTERMITTENT LAMELLIPODIA (JAIL)

As outlined above, current issue in research into the regulation of EC junctions concerns the observation that the maintenance and restoration of monolayer integrity requires cellular junction dynamics that are limited to subjunctional, small cell contact areas of 1–5 μm rather than a central signal that triggers a uniform junction response (Cao and Schnittler, 2019). The currently best-understood subjunctional dynamics relate to actin-driven plasma membrane protrusions (comparable to classical lamellipodia) at EC junctions, which have been described independently by different authors (Doggett and Breslin, 2011; Hoelzle and Svitkina, 2012; Martinelli et al., 2013; Abu Taha et al., 2014; Adderley et al., 2015). The importance of these small (1–5 μm), actin-driven plasma membrane protrusions for the barrier function and monolayer integrity of ECs was elucidated by our research team. We showed that these transiently occurring membrane protrusions, which we named “junction-associated intermittent lamellipodia” (JAIL), led directly to new VE-cadherin adhesion sites (Abu Taha et al., 2014; Cao and Schnittler, 2019). There is evidence that JAIL-mediated VE-cadherin dynamics is autoregulated, which allows “multitasking activity” for recovery at different subjunctional sites at the same time.

Investigation of such a sophisticated dynamic mechanism requires advanced methodologies. In this case, we combined virus-mediated gene transfer of fluorescence-tagged proteins and fluorescence spinning-disk microscopy for time-lapse recordings and utilized divers software packages for the analyses. By expression of actin-binding and cell junction molecules such as VE-cadherin-mCherry or -EGFP, subunits of the ARP2/3 complex (EGFP-p20) or LifeAct-EGFP in ECs, our research team documented that the actin-driven protrusions lead directly to new VE-cadherin adhesions. This process occurs at a junction size between 1 and 5 μm in time frames of 5 min (Abu Taha et al., 2014; Seebach et al., 2015; Cao et al., 2017; Taha et al., 2019). Since JAIL formation is a continuous process that leads to new VE-cadherin adhesions, VE-cadherin dynamics is also subject to permanent remodeling. This process is the reason for the different VE-cadherin patterns observed along the endothelial cell junctions. Significant insight into this VE-cadherin remodeling by JAIL was also gained by studying and correlating cell density dependent cell motility/migration with JAIL-mediated VE-cadherin dynamics. Growing endothelial cultures show a very heterogeneous VE-cadherin pattern that is caused by the extended cell junction length. The different VE-cadherin patterns, which can be described as interrupted, linear or reticular, show different local concentrations of VE-cadherin. Accordingly, JAIL occur at sites where the Rel-VEcad-C is low, which is common in growing cultures with long cell contacts. Increasing cell density of up to 105 cells/cm2 decreases the cell junction length and thus increases the number of areas with high Rel-VEcad-C. This leads to a decrease in JAIL frequency, JAIL size, and VE-cadherin dynamics occurs (Abu Taha et al., 2014). This shows that the JAIL activity depends on the local VE-cadherin pattern and the local VE-cadherin concentration, which is directly related to the length of the cell boundaries. The actin driven VE-cadherin dynamics showing this relationship is shown in the video annotated taken from Abu Taha et al. (2014) (herein Supplementary Movie 8). Documentation and interpretation of this mechanism is difficult using snapshots of fixed and immune-labeled cells, since the rapid spatiotemporal dynamics permanently changes the observed protein pattern. The best setup for investigating cellular dynamics is time-lapse recording setups using fluorescence and phase-contrast microscopy, since it allows visualization of rapidly occurring events. For time-lapse recordings the image acquisition frequency and the timeframe should be carefully selected. The reader is encouraged to view the accompanying video of JAIL-dependent VE-cadherin dynamics, taken from Cao et al. (2017) (herein Supplementary Movie 4).



SUBJUNCTIONAL REGULATION BY JAIL ALLOWS MULTITASKING CONTROL OF ENDOTHELIAL CELL JUNCTIONS

One of the first examples of subjunctional regulation was described for leukocyte transmigration by actin-driven protrusions in plasma membranes, denoted “lateral lamellipodia.” Those lamellipodia have also been indicated to seal pores upon transcellular leukocytes transmigration. This occurs in a Rac- and actin-related protein (ARP)2/3 complex-dependent manner (Martinelli et al., 2013) and appears to be dependent on actin/myosin-mediated contractility (Heemskerk et al., 2016). While leukocyte transmigration is restricted to one subjunctional site, a more complex problem is related to subjunctional activity during cell growth and sheet migration. In particular, in a monolayer-forming cell sheet, each individual cell of the monolayer is surrounded by several adjacent cells and accordingly requires at least the same number of bilateral cell interconnections. In growing cell cultures, each of the individual cells within the monolayer displays an individual cell migration path, leading to displacement of cells relative to each other. Relative cell displacements and migration become more complex during endothelial sheet migration, as occurs in angiogenesis and wound healing. Under these conditions, some cells even migrate in opposite directions (Cao et al., 2017; Taha et al., 2019); however, the entire monolayer remains intact. In particular, the interaction of two adjacent cells in a monolayer, might appear to occur at a length of several dozen microns. Therefore, it becomes obvious that a further reduction of junction remodeling is required to allow a relative cell displacement. The high resolution of phase-contrast microscopy with time-lapse recording reveals that a cell monolayer remains almost intact irrespective of the dynamics, which is obviously due to high membrane activities at the cell borders. Protrusions corresponding to JAIL occur simultaneously or with different time delays at different cell junction locations of the same cell. The presence of JAIL at EC junctions was also confirmed by other authors in mammalian ECs (Neto et al., 2018; Chrifi et al., 2019; Gomez-Escudero et al., 2019). Structures with dynamics comparable to that of JAIL were demonstrated in the developing vasculature of fish and were described as “junction-based lamellipodia” (Paatero et al., 2018). Mechanistically, the subjunctional decrease in the amount of VE-cadherin at distinct junction sites (e.g., by gap formation or change in cell shape) leads to activation of the Rac/Wave/WASP/ARP2/3 complex. This activation causes the formation of branched actin filaments that promote locally restricted protrusions of the plasma membrane (Abu Taha et al., 2014). These JAIL overlap adjacent cells and it is only in this area that interactions of VE-cadherin molecules can occur, which diffuse freely in the plasma membrane and form a structure known as a “VE-cadherin plaque (Figure 1).” Subsequently, after actin filaments have been depolymerized at the protrusion front [e.g., by EPLIN-a-mediated blockade of the ARP2/3 complex (Taha et al., 2019)], JAIL retract and VE-cadherin molecules of the plaques cluster together and become incorporated into junctions, thereby closing gaps or restoring insufficient/weak areas of cell junctions (Abu Taha et al., 2014).
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FIGURE 1. JAIL are subjunctional structures forming new VE-cadherin adhesion sites in the vascular endothelium. HUVEC cultures were treated with phalloidin-TRITC to label actin filaments and with anti-VE-cadherin to label cell junctions. JAIL of different sizes (1, 2, 3) are visible at EC junctions. Actin-driven JAIL induce VE-cadherin plaques directly, visible in the JAIL area that overlaps adjacent cells (merged). JAIL-mediated VE-cadherin dynamics occurs continuously and leads directly to new VE-cadherin adhesions. JAIL are formed at junctions where a local decrease in VE-cadherin-mediated adhesion appears, which may be spontaneous or caused by stimuli. The decrease in VE-cadherin is then a direct stimulus for JAIL formation to compensate for weak or absent VE-cadherin adhesion due to an increase in JAIL frequency and, thus, VE-cadherin-mediated cell adhesion. This interdependence is most likely of an autoregulatory nature. This mechanism also allows individual migration of cells within a cell monolayer while maintaining monolayer integrity. The dynamics of JAIL formation can be followed in the two movies.


Numerous JAIL arise simultaneously or form with overlapping timeframes, so knowing which regulatory principles underlie the formation of an individual JAIL is important. There is strong evidence that subjunctional JAIL-mediated VE-cadherin dynamics follow an autoregulatory mechanism, which, for the first time, demonstrates the possibility that endothelial contacts are controlled at different sites independently. Local formation of JAIL is dependent upon the subjunctional concentration of VE-cadherin, whereby a low level increases and a high level blocks JAIL formation, as demonstrated by overexpression of VE-cadherin in EC cultures (Abu Taha et al., 2014; Cao et al., 2017). For quantitative analyses of local JAIL formation, it is helpful to calculate the relative VE-cadherin concentration (Rel-VEcad-C), which is defined as the ratio between the local concentration of VE-cadherin (e.g., measured fluorescence intensity) along a given cell border and the corresponding length of the cell junction (Cao and Schnittler, 2019). This is where the cell shape comes into play. After application of vascular endothelial growth factor (VEGF) to confluent cell cultures, or under wound-healing conditions, or during angiogenesis in the developing retina, ECs change shape, which leads to an increase in cell-cell contact length within sheets of ECs. VE-cadherin expression in these cells remains unchanged, so cell elongation dilutes the given amount of VE-cadherin and leads to a decrease in Rel-VEcad-C at cell contacts. A decrease in the VE-cadherin concentration stimulates JAIL formation, which increases both cell junction and overall dynamics of the cells.

The mechanism of JAIL-induced VE-cadherin dynamics has been shown to be essential in randomized and polarized cell migration and to be observed in growing cell cultures, angiogenesis, wound healing, and during shear stress-induced morphologic adaptation of ECs (Cao et al., 2017; Taha et al., 2019). These studies showed that, during directed polarized cell migration, large JAIL occur at the migration front, whereas only small JAIL develop at the lateral borders to neighboring cells. Analyses of VE-cadherin dynamics by spinning-disk live-cell imaging in cultured ECs revealed the intermittent appearance of an interrupted VE-cadherin alternating with large JAIL-mediated VE-cadherin plaques, whereas the overall appearance of VE-cadherin at lateral junctions was faint but linear, which explained the formation of small JAIL at this site. Functionally, large JAIL developing at the leading cell pole direct and drive polarized cell migration whereas JAIL at the lateral junctions allow relative displacement of adjacent cells. This observation suggests that asymmetric JAIL dynamics are also involved in establishing cell polarity, although the underlying mechanisms of JAIL polarization are incompletely understood.

As shown for actin-mediated closure of micro-wounds (Martinelli et al., 2013), JAIL-mediated VE-cadherin dynamics close mediator-induced or spontaneously appearing intercellular gaps (Abu Taha et al., 2014; Seebach et al., 2015; Neto et al., 2018; Gomez-Escudero et al., 2019). This feature is relevant to maintaining overall endothelial integrity under resting conditions as well as during inflammation with increased permeability and leukocyte transmigration (Martinelli et al., 2013; Breslin et al., 2015; Seebach et al., 2015; Heemskerk et al., 2016). Junction remodeling under physiologic and pathologic conditions has been shown to involve several mechanisms, including activation of Rho-GTPases, PI 3-kinase, Src, PKC, actin/myosin contractility, myosin light-chain kinases and phosphatases, and the vascular endothelial phosphotyrosine phosphatase (VE-PTP) (Kuppers et al., 2014; Komarova et al., 2017; Duong and Vestweber, 2020).

The concept of junction control by subjunctional dynamics is in accordance with work that revealed N-WASP as an important regulator in the recovery of barrier function after thrombin stimulation (Rajput et al., 2013; Abu Taha et al., 2014; Seebach et al., 2015; Belvitch et al., 2017; Cao et al., 2017). N-WASP is a nucleation-promoting factor that activates ARP2/3 and controls actin dynamics (Schnoor, 2015; Pollard, 2016; Steffen et al., 2017; Svitkina, 2018). Dynamic structures comparable to JAIL were later demonstrated in developing vessels of the zebrafish (Paatero et al., 2018), and as local lamellipodia in cell culture (Breslin et al., 2015). These structures, together with the immunofluorescence microscopic identification of JAIL in the developing retina and in the yolk sack of the mouse (Cao et al., 2017), strongly suggest a general subjunctional regulation of endothelial cell contacts in cultured endothelial cells and in vivo. Since the paracellular transendothelial migration (TEM) of leukocytes is accompanied by a local opening of cell junctions and most likely a restricted loss of VE-cadherin-mediated adhesion, it would be challenging to find out whether local inhibition of JAIL might play a role in TEM, as was demonstrated for the increase in permeability induced by thrombin (Breslin et al., 2015; Seebach et al., 2015). The dissociation of VE-cadherin during TEM, however, has been shown to include targeted trafficking of the so-called lateral border recycling compartment (LBRC), a reticulum of interconnecting vesicle-like structures along the endothelial cell border that contains a pool of PECAM-1 necessary for effective TEM (Mamdouh et al., 2003; Gonzalez et al., 2016). Intriguingly, the recruitment of the LBRC depends on kinesin and the microtubule cytoskeleton for independent regulation of actin-dependent VE-cadherin adhesion between neighboring endothelial cells on the one hand and PECAM-1-mediated adhesion between endothelial cells and the transmigrating leukocyte on the other hand. Since the dissociation of VE-cadherin occurs downstream of the trafficking event, it is intriguing to speculate that the LBRC might be associated with local JAIL activity. A link between YAP/TAZ signaling and JAIL has been reported, further indicating the critical impact of this mechanism in angiogenesis (Neto et al., 2018). In summary, these data strongly support our hypothesis on subjunctional cell-contact dynamics and further underline the functional importance of JAIL. However, there are still many questions to be answered regarding the coordination between actin-driven protrusions such as JAIL, dynamics of actin filaments, VE-cadherin remodeling, and cell adhesion.



SUBJUNCTIONAL CONTROL OF ENDOTHELIAL BARRIER FUNCTIONS

Quantifying the organ- and vascular bed-specific characteristics of the endothelial barrier allows mechanistic insights into physiologic and pathologic regulation. In recent decades, several in vitro and in vivo methods have been developed. The most frequently used and common parameters to describe the integrity of the endothelial barrier in vitro are the permeability to: (i) tracer molecules described by the permeability coefficient (PE); (ii) ions expressed as the transendothelial electrical resistance (TEER or TER); (iii) water quantified by the hydraulic conductivity (LP) (Wegener and Seebach, 2014). These assays have contributed significantly to the understanding of the mechanisms governing the function of the endothelial barrier. However, immunofluorescence microscopy using VE-cadherin antibodies of ECs treated with permeability-enhancing agents such as histamine, tumor necrosis factor-α, or thrombin show a heterogeneous distribution of VE-cadherin clusters at cell junctions described variously as “interrupted,” “linear,” “reticular,” and “invaginated” [(Cao and Schnittler, 2019), and references therein]. These data, together with results of fluorescence-based live-cell microscopic studies, led to the hypothesis that endothelial barrier function is related to dynamic changes at a subjunctional level (Cao and Schnittler, 2019). Knowledge about the dynamic reorganization of junctional proteins has benefited largely from the rapid development of innovative live-cell imaging methods in recent decades. However, knowledge about the resulting effects on local barrier function at cellular and subjunctional levels is still limited. The ability to determine local permeability, particularly in sheet-forming cell layers, would further enlighten many phenomena accompanying the transient loss of intercellular junctions as observed in cell division, apoptosis, or regenerative and repair processes. Indeed, permeability assays have been developed that can be used to obtain spatial resolution at the cellular (and even subjunctional) level, as smmarized in Table 1 and describd in more detail below.


TABLE 1. Assays for the detection of local permeability in sheet-forming cell layers.
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ASSAYS USED TO DETECT LOCAL PERMEABILITY ALONG CELL JUNCTIONS

For investigation of local permeability in cell layers, Frömter and Diamond established in the early 1970s a test of ionic conductivity based on microelectrodes that were used to scan the cell layer with a resolution of ∼1.5 μm. Improvements of these methods then provided the possibility to determine permeability kinetics after single-cell defects caused by, for example, apoptosis or mechanical manipulation (Gitter et al., 2000; Florian et al., 2002). These studies were the first to describe local changes in permeability in EC layers. In recent decades, fluorescence-labeled macromolecules of different sizes have been used as tracers to determine quantitatively local permeability in epithelial and EC layers by various methods. In particular, Phelps and DePaola (2000) established an assay for the quantification of local flow-induced permeability at EC monolayers. For this assay, cells are cultured on a filter membrane and transferred to an agarose layer. Fluorescein isothiocyanate (FITC)-dextran molecules passing through the cell layer accumulate topically in the agarose layer and can be measured quantitatively. Even though this assay recognizes permeability of cell collectives in a lateral resolution of 1 mm, it is able to detect local differences in endothelial barrier function in response to disturbed flow profiles.

Development of the XPerT assay offered a significant increase in spatial resolution (Dubrovskyi et al., 2013). In this assay, ECs are grown on biotin-labeled solid substrates. FITC-labeled avidin is used as a tracer, which binds with high affinity to the immobilized biotin. After washing and fixing the samples, local differences in permeability are detected by fluorescence microscopy with a resolution of a few micrometers. Application of this assay revealed subjunctional changes in permeability triggered by mechanical stimulation or pro-inflammatory agonists (Dubrovskyi et al., 2013). This assay is based on endpoint measurement, so analyses of dynamics are not possible. Other assays also use fluorescence-coupled molecules as tracers which, after passing through a cell layer, accumulate in a macroporous silicon chip composed of circular pores of diameter 1.3 μm (Michaelis et al., 2012). Pores are arranged so close together that one cell covers many pores, which determines the local resolution. Thus, paracellular permeability and transcellular transport through the cell body can be detected. In addition to determination of local paracellular permeability, the method is very well suited for characterization of the basic transport routes of substances through a cell monolayer provided that the transport substance is fluorescence labeled.

With the discovery of subjunctional dynamics, we aimed to establish a permeability assay that could detect permeability dynamics at the subjunctional level in the vascular endothelium. Therefore, the Seebach research team at the Institute of Anatomy and Vascular Biology (Münster, Germany) developed the “dynamic measurement of local endothelial barrier function in living endothelial cells” (DyMEB) assay. Fluorescence-tagged tracers of different molecular weight pass an EC layer at particular subjunctional sites and are detected by total internal reflection fluorescence (TIRF) microscopy. In TIRF mode, an evanescent field of ≤100 nm in the z-plane is established and fluorescence can be detected in this field only. The assay achieves a subjunctional lateral resolution of ∼15 μm with a high temporal resolution of 1 min (Klusmeier et al., 2019). More details of the DyMEB assay are illustrated in Figure 2.
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FIGURE 2. The DyMEB assay was designed to analyze the dynamics of barrier function at the subjunctional level in cultures of confluent endothelial cells. (A) Endothelial cells were cultured on glass-bottomed dishes suitable for TIRF microscopy, and a fluorescence-labeled marker molecule (e.g., Atto565-Dextran) was added to the culture medium. Due to the small volume of the basal compartment, an equal distribution between apical and basal sides of the cell is reached within a few minutes, even in confluent cell layers. (B) Due to TIRF illumination, fluorescence-labeled molecules are bleached at the glass/medium interface due to the high power of the laser. This generates a concentration gradient of fluorescent-labeled molecules between the apical and basal compartment, which continues the diffusion (dotted arrows). (C) The diffusion rate and the bleaching rate reach a steady state in which regions with higher permeability show a greater fluorescence intensity than regions with lesser permeability. (D) Illustration of the measuring cycles to avoid phototoxic effects. Furthermore antioxidants are added to the medium and the measurements are carried out at intervals of ∼2 min so that the reactive oxygen species formed by the TIRF illumination can be inactivated or degraded. During this interval other microscopic techniques (DIC, phase contrast, LSM) can be applied to analyze structural parameters of the cells. For further detailed information, see Klusmeier et al. (2019).


Application of this assay has already shown the extraordinary heterogeneity and dynamics of subjunctional permeability in cultures of resting confluent ECs. Furthermore, evaluation of subjunctional changes in permeability due to the proinflammatory agonist histamine (Moy et al., 1993; Di Lorenzo et al., 2009; Wessel et al., 2014) indeed displayed heterogeneous subjunctional permeability between different cells and, remarkably, even along the junctions of one EC (Figure 3). Close evaluation revealed that some subjunctional sections remained unaffected, whereas other areas displayed rapidly increased fluorescence in the TIRF mode (Figure 3). This subjunctional activity was consistent with studies showing subjunctional RhoA activity (Szulcek et al., 2013), and regulation of gap closure has also been proposed for Rac1 (Martinelli et al., 2013; Timmerman et al., 2015; Cao et al., 2017). Furthermore, histamine induced a change in barrier function that was suggested to be dependent upon activation of Rac1 and RhoA (Wojciak-Stothard et al., 2001).


[image: image]

FIGURE 3. Heterogeneous and dynamic change in barrier function at the subjunctional level as shown upon histamine application to confluent endothelial cell cultures. Histamine is a proinflammatory product of mast cells and basophils known to increase endothelial permeability. Here, human umbilical vein endothelial cells (HUVEC) were treated with histamine to determine changes in endothelial permeability. (A) Time-lapse recording using the DyMEB assay combined with DIC images (not shown) taken alternately with TIRF microscopy allow an estimation of cell junctions (white lines). (Upper 3 left-hand images) Prior to histamine application, background fluorescence was low. Application of histamine (100 μM) increased the detectable fluorescence in a transient and heterogeneous pattern corresponding to the indicated cell junctions as a result of a heterogeneous increase in permeability. Scale bar, 10 μm. (B) Line plots taken from images shown in (A) at different time points as indicated by the red circle and orange line. (C) Line plots of junction-related fluorescence intensity at different time points for locations j1 to j5 in (A). The different levels of brightness document the heterogeneous local permeability.


In summary, the spatiotemporal heterogeneity of endothelial permeability at rest and under stimulation strongly support the concept of subjunctional dynamics of cell junction proteins, as demonstrated for JAIL-mediated VE-cadherin. In addition, dynamic measurements of subjunctional permeability combined with differential interference contrast microscopy time-lapse imaging can be used to analyze cellular morphodynamics. Laser scanning live-cell microscopy of fluorescence-labeled molecules can be used to visualize protein dynamics. Application of both of these methods allows analysis and correlation of structural and functional changes at cell contacts. The mechanistic concept of subjunctional regulation of cell junctions opens up the possibility of “fine tuning” and autoregulating permeability during dynamic remodeling of a cell layer.



CONCLUSION AND FUTURE PERSPECTIVES

The discovery of the subjunctional control of EC contacts explains several phenomena that were difficult to understand previously. One of the challenging questions relates to migration of individual cells within a confluent cell layer, such as that occurring in angiogenesis and in wound healing where, surprisingly, monolayer integrity remains largely intact. This phenomenon cannot be explained exclusively by the classical models of signaling mechanisms and pathways. The extended model of subjunctional autoregulatory control of cell contacts within the range of 1–5 μm has been demonstrated convincingly in recent years, at least for ECs. This model meets all requirements to explain migration of individual cells within a cell layer while maintaining monolayer integrity, and it also provides a concept for the mechanism of opening and closing of cell junctions due to transmigration of leukocytes or tumor cells. For dynamic analyses, combined application of morphologic methods involving optogenetic tools (Gautier et al., 2014; Karunarathne et al., 2015), such as light-sensitive kinases or GTPases (Guglielmi et al., 2016; Leopold et al., 2018), together with a permeability assay to analyze subjunctional dynamics opens further possibilities to investigate mechanisms of local regulation of the function of endothelial barriers. Challenging work in the future will be to determine how classical signaling mechanisms can interfere and target particular cell-junction sites to control the permeability of cell monolayers.
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Background: Subarachnoid hemorrhage (SAH) caused by rupture of an intracranial aneurysm, is a life-threatening emergency that is associated with substantial morbidity and mortality. Emerging evidence suggests involvement of the innate immune response in secondary brain injury, and a potential role of neutrophil extracellular traps (NETs) for SAH-associated neuroinflammation. In this study, we investigated the spatiotemporal patterns of NETs in SAH and the potential role of the RNase A (the bovine equivalent to human RNase 1) application on NET burden.

Methods: A total number of n=81 male C57Bl/6 mice were operated utilizing a filament perforation model to induce SAH, and Sham operation was performed for the corresponding control groups. To confirm the bleeding and exclude stroke and intracerebral hemorrhage, the animals received MRI after 24h. Mice were treated with intravenous injection of RNase A (42μg/kg body weight) or saline solution for the control groups, respectively. Quadruple-immunofluorescence (IF) staining for cell nuclei (DAPI), F-actin (phalloidin), citrullinated H3, and neurons (NeuN) was analyzed by confocal imaging and used to quantify NET abundance in the subarachnoid space (SAS) and brain parenchyma. To quantify NETs in human SAH patients, cerebrospinal spinal fluid (CSF) and blood samples from day 1, 2, 7, and 14 after bleeding onset were analyzed for double-stranded DNA (dsDNA) via Sytox Green.

Results: Neutrophil extracellular traps are released upon subarachnoid hemorrhage in the SAS on the ipsilateral bleeding site 24h after ictus. Over time, NETs showed progressive increase in the parenchyma on both ipsi- and contralateral site, peaking on day 14 in periventricular localization. In CSF and blood samples of patients with aneurysmal SAH, NETs also increased gradually over time with a peak on day 7. RNase application significantly reduced NET accumulation in basal, cortical, and periventricular areas.

Conclusion: Neutrophil extracellular trap formation following SAH originates in the ipsilateral SAS of the bleeding site and spreads gradually over time to basal, cortical, and periventricular areas in the parenchyma within 14days. Intravenous RNase application abrogates NET burden significantly in the brain parenchyma, underpinning a potential role in modulation of the innate immune activation after SAH.

Keywords: neutrophil extracellular traps, neutrophils, subarachnoid hemorrhage, hemorrhagic stroke, neuroinflammation, innate immune response, innate immune reaction


INTRODUCTION

Subarachnoid hemorrhage (SAH) caused by rupture of an intracranial aneurysm, is a life-threatening emergency that is associated with substantial morbidity and mortality (Lawton and Vates, 2017; Van Lieshout et al., 2018). Approximately 5% of all strokes are caused by SAH and the incidence is estimated to be nine per 100.000 person years (Etminan et al., 2019). Women are about 1.24 times more likely to be affected by the disease, and the incidence of SAH increases from the age>50years and is higher in Japan and Finland compared to other industrialized countries (Macdonald and Schweizer, 2017). Around one-third of SAH patients die within the first 30days after the initial bleeding event (Schertz et al., 2016). Among survivors, secondary brain injury is described as the main cause of morbidity (Macdonald, 2014). Thereby, emerging evidence points toward involvement of inflammatory processes (Gris et al., 2019), particularly of innate immune cells (Schneider et al., 2015; Lucke-Wold et al., 2016; Zhang et al., 2020).

Among these immune reactions, recent studies suggest that neutrophils play a particular role in SAH induced inflammation (Atangana et al., 2017). Neutrophil granulocytes are the first line of the innate immune system to fight pathogens (Borregaard, 2010). During infectious processes, they exit blood vessel systems, migrate to the site of infection and accumulate in high numbers (Niemiec et al., 2015). Neutrophil infiltration into damaged brain tissues has been shown after SAH, stroke, and traumatic brain injury (Liu et al., 2018; García-Culebras et al., 2019; Zeng et al., 2021). Upon stimulation, neutrophils release DNA, granule proteins, and histones (Brinkmann et al., 2004). These fibril matrixes are coined as neutrophil extracellular traps (NETs). NETs are involved in various immune reactions and the pathophysiology of diverse diseases (Papayannopoulos, 2018), including central nervous system pathologies (Zhang et al., 2020). The impact of NET formation in SAH has not yet been studied extensively, but recent evidence suggests that they may promote aneurysm rupture, and pharmacological removal of NETs can reduce the rate of aneurysm rupture (Korai et al., 2021). Moreover, there is growing evidence that NETs aggravate the inflammatory events after SAH, and impair revascularization and increase blood brain barrier (BBB) damage after stroke (Kang et al., 2020).

Next to extracellular DNA, other alarmins or so-called danger-associated molecular pattern (DAMP) signals such as extracellular RNA (exRNA) have been described as a key player in the involvement of central system pathologies, including hemorrhagic stroke (Tielking et al., 2019). In this context, RNase is a natural enzyme involved in the regulation of vascular homeostasis that can counteract exRNA when applied exogenously (Fischer et al., 2011; Lasch et al., 2020; Preissner et al., 2020). Recent studies have shown that NET-associated RNA is a relevant NET component and its formation can occur also independently of DNA, which opened the hypothetical avenue that RNase A (the bovine equivalent to human RNAse1) may also modify NET formation in vivo SAH models (Herster et al., 2020). Moreover, preliminary data from our laboratory show that RNase A modulates exRNA accumulation in SAH and the microglia-specific immune reaction after SAH.

In this study, with regard to the migratory characteristics of neutrophils, we investigated the spatial and temporal pattern of NET formation in an in vivo model of SAH. We report that NET accumulation begins in the ipsilateral side of bleeding, and spreads over time to the parenchyma on both hemispheres, peaking on day 14 after SAH. To confirm these findings in the human system, we also measured NET burden in cerebrospinal spinal fluid (CSF) and blood samples in SAH patients and show that NET accumulation occurs in both compartments significantly. Furthermore, we report that RNase significantly reduces NET formation in the parenchyma, thus being an attractive mediator for evaluation in subsequent studies.



MATERIALS AND METHODS


Study Approval

The analysis on human samples was approved by the local ethics committee of Charité University Hospital (ethical approval number: EA2/134/18). All patients or their authorized individuals gave written consent to the collection of blood and CSF samples. All animal experiments were approved by the Regional Office for Health and Social Affairs (Landesamt für Gesundheit und Soziales; approval number: TVA 0063/18) and were performed in conformity with the German law of animal protection and the National Institute of Health Guidelines for care and use of laboratory animals.



Human Data


Measurement of NET Surrogate Markers in CSF and Peripheral Blood in SAH Patients

Peripheral blood and CSF samples were collected from patients with aneurysmal SAH on day 1, 2, 7, and 14 after SAH onset. For each time point, 2ml peripheral blood was drawn using Ethylene Diaminetetraacetic acid (EDTA) tubes, and 2ml CSF was collected from the initial placement of an extraventricular drain (EVD) at onset of SAH, and then further collected from the existing EVD. Some patients also had additional lumbar drainage, but in this study only ventricular CSF was used. Blood and CSF samples were immediately placed on ice and spun down twice at 4°C at 500g for 5min, and supernatant was frozen at −80°C before further analysis. Double-stranded DNA (dsDNA) was quantified in CSF and plasma samples as previously published (Ondracek et al., 2020). In detail, samples were incubated with Sytox Green (Thermo Fisher), a fluorescent dsDNA-binding dye, in a concentration of 1μM for 5min. Fluorescence intensities (excitation 480nm, emission 520nm) were measured in 96-well microplates using a Tecan Infinite M200 reader. Values were normalized to a standard curve of dsDNA (Lambda DNA, Thermo Fisher).




Animal Experiments

Male C57BL/6-mice were kept at the animal facility at the Neuroscience Research Center at Charité University (NWFZ, Berlin). Their age ranged from 8 to 12weeks and with a weight range of 18–28g. Animals underwent SAH operation, and sham operation (as the control condition), and were sacrificed at three different time points (1, 7, and 14days) after operation. A total number of n=81 mice were included in this study.


Mouse Model of Subarachnoid Hemorrhage

Subarachnoid hemorrhage was induced with a filament perforation model as described previously (Schneider et al., 2015). Briefly, mice were anesthetized with an intraperitoneal ketamine/xylazine (70mg resp. 16mg/kg body weight) injection and placed in supine position. Starting with a midline neck incision, the carotid artery was exposed and a 5–0 non-absorbable monofilament polypropylene suture inserted into the external carotid artery in a retrograde manner and advanced into the common carotid artery. In a next step, the filament invaginated into the internal carotid artery (ICA) and pushed forward to perforate the intracranial arterial bifurcation. Mice were perfused intracardially with PBS.



MRI

All SAH mice received an MRI 24h after surgery to confirm the bleeding and animals who had a stroke or intracranial hemorrhage (ICH) were excluded from the experiments (Figure 1A). The 1H magnetic resonance imaging was performed on a PharmaScan 70/16U (Bruker Corporation) with a field strength of 7Tesla by using the software Paravision 5.1 (Bruker Corporation). During the scans, mice received an O2/N2O+isoflurane gas anesthesia. The animals’ respiration was observed with Small Animal Monitoring System (SA Instruments, Inc.), while their temperature was maintained via controlled warming blankets. The presence of SAH was validated from T2 weighted image. Here, SAH volume was estimated based on the formula [image: image], by which An corresponds to the bleeding area on each coronal MRI and d corresponds to the MRI slide thickness.
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FIGURE 1. Neutrophil extracellular traps (NETs) are increased in subarachnoid hemorrhage (SAH). (A) The filament perforation model was utilized to induce SAH in C57BL/6 mice. MRI was done 24h after SAH onset to verify bleeding and exclude stroke or intracerebral hemorrhage, and NETs were quantified via immunofluorescence in relation to anatomical localization on three different time points (day 1, 7, and 14). (B) Cumulative data of NETs accumulation in SAH condition over time. (C,D) Quantification of NETs in subarachnoid space (SAS) with representative immunofluorescence staining of extracellular citH3 (exCitH3), F-actin, NeuN, and DAPI. Sham, n=3 for each time point; SAH, n=5 for each time point. (E–J) Quantification of NETs in basal, cortical, and periventricular parenchyma with representative immunofluorescence staining of citH3 (citrullinated H3), F-actin, NeuN, and DAPI on day 1, 7, and 14. Sham, n=3 for each time point; SAH, n=3 for each time point. contralat., contralateral; ipsilat., ipsilateral. Scale bar=50μm. *
p<0.05, **
p<0.01, ***
p<0.001, and ****
p<0.0001.




RNase Treatment

Both groups (Sham and SAH animals) received treatment with RNase A (Thermoscientific EN0531), which was administered intravenously (42μg/kg body weight) and intravenous application of saline solution was used as a control, as described previously (Walberer et al., 2009). The first injection was administered perioperatively to ensure penetration to the CNS due to breakdown of the BBB after SAH surgery. Due to anesthesia of mice during operation as well their supine positioning, the first injection was applied via the sublingual vein. The further injections were repeated every 3days in the tail vein until scarification as previously reported (Fischer et al., 2013). The total volume of injection was 100μl at a flow rate of 20μl/s.



Preparation of the Subarachnoid Space for Immunohistochemistry

To preserve the SAS, whole skulls were harvested and kept in an ascending concentration series of sucrose for proper dehydration (4days at 20%, 4days at 30%, and 4days at 40%) at 4°C and then snap frozen with isopentane. The skulls were then embedded in Tissue-Tek O.C.T. Compound (4583, Sakura Finetek) and carefully cut into 10μm thin slices with Microm Sec35 blades (Termo APD Consumables) using a cryostat (Thermo Fisher Scientific Inc. Microm HM 560).




Immunofluorescence

Brain sections were blocked for 30min with 5% bovine serum albumin (BSA) in Tris-Buffered Saline with 0.05% Tween (TBST) at room temperature. After that, primary antibodies against citrullinated H3 (rabbit, 1:30, ab5103, Abcam), NeuN (rabbit, 1:200, ABN78, Millipore), and F-actin (Alexa Fluor 488 Phalloidin, 1:200, A12379, Thermo Fisher Scientific) diluted in 5% BSA/TBST were added for incubation at 4°C over night. The next day, sections were washed three times in 5% BSA/TBST for 10min, followed by 1.5 h of incubation with the secondary antibodies Rhodamine Red-X-conjugated Donkey IgG anti-Mouse (1:200, 715-295-151, Dianova) and Alexa Fluor 647-conjugated Donkey IgG anti-Rabbit IgG (1:200, 711-605-152, Dianova), diluted in 5% BSA/TBST. After secondary antibody incubation, specimens were washed three times in PBS for 5min and mounted with DAPI Mounting Medium (SCR-038448, Dianova). The sections were then imaged with confocal microscopy (Leica DM 6000/SP5) and analyzed with ImageJ. Amount of NETs was determined by calculating the ratio area covered by citH3 over total area covered by phalloidin, NeuN, and DAPI (Supplementary Figure S1).



Statistical Analysis and Figures

Data were analyzed using GraphPad Prism for statistical analyses (Graphpad Software, Version 6.0). ANOVA analyses were used to compare multiple, unpaired t-tests for the comparison of two groups. The values are displayed as means±SEs and values of p<0.05 were considered statistically significant. Elements of Figures 1A, 2A,B, 3A were composed with BioRender.com.
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FIGURE 2. RNase A treatment reduces accumulation of NETs. (A) Experimental setup for RNase treatment: during operative induction of SAH, mice were treated with RNase A (42μg/kg body weight) or sodium chloride (NaCl) as a control condition, and MRI to confirm bleeding. RNase A treatment was repeated every 3days. (B) Representative images of triple immunofluorescence staining with citH3, F-actin, and DAPI subarachnoid space of the four subgroups (Sham, n=3; Sham+RNase, n=3; SAH, n=3; and SAH+RNase, n=3) on day 1, scale bar=50μm. (C) Representative images of quadruple immunofluorescence staining with citH3, NeuN, F-actin, and DAPI of the corresponding four subgroups in cortical area on day 14, scale bar=50μm. (D–G) Quantification of NETs after RNase A treatment in relation to localization (subarachnoid space, basal, cortical, and periventricular parenchyma) and time course (day 1, 7, and 14). SAS, subarachnoid space. *
p<0.05 and **
p<0.01.


[image: Figure 3]

FIGURE 3. Neutrophil extracellular traps are increased in human cerebrospinal spinal fluid (CSF) and peripheral blood after aneurysmal SAH. (A) Study protocol for collection of CSF and Ethylene Diaminetetraacetic acid (EDTA) blood; patients with aneurysmal SAH received either microsurgical clipping or endovascular intervention (coiling) with placement of an extraventricular drain (EVD). In the course of 14days, CSF and peripheral blood were collected in a prospective manner. (B) Overview of patient characteristics. (C) Illustrative cases of SAH. CT imaging shows hyperdense blood collection in subarachnoid space and in the right sylvian fissure of a 55-year old patient who experienced SAH from a right-sided MCA aneurysm who underwent microsurgical clipping (left). 3D reconstruction of angiogram showing an ACom aneurysm of a 59-year old patient who was further treated via coiling. (D) Double-stranded DNA (dsDNA) concentration in CSF and peripheral blood of control patients and SAH patients shows peak on day 7 after bleeding onset. Acom, anterior communicating artery; BNI score, barrow neurological institute score; CSF, cerebrospinal fluid; ICA, internal carotid artery; MCA, middle cerebral artery; mRs, modified Rankin score; and Pcom, posterior communicating artery. *
p<0.05 and **
p<0.01.





RESULTS


NETs Are Released After Onset of Subarachnoid Bleeding in an in vivo Mouse Model of Subarachnoid Hemorrhage

To determine whether NETs are released upon subarachnoid hemorrhage in vivo, we utilized a filament perforation model to induce subarachnoid hemorrhage in C57BL/6 mice, while Sham operation was performed as a control condition. MRI was conducted 24h after bleeding to verify SAH and exclude other pathologies such as stroke or intracerebral hemorrhage (Figure 1A), and NETs quantified via immunofluorescence staining using citrullinated Histone (citH3), a known specific marker for NET remnants (Wang et al., 2009). Indeed, increased levels of NET formation were found in SAH with the highest amount in the SAS on the ipsilateral side (where bleeding was induced) on day 1 (Figures 1C,D), while after this time point they were essentially not detectable anymore in both control and SAH conditions (Figure 1C). In contrast, in the parenchyma, the NETs showed a gradual increase over time with the highest density on day 14 in all localizations (Figures 1E–J). Interestingly, NET accumulation followed a spreading pattern within the parenchyma from basal to cortical over time, with the most significant increase in periventricular localization (Figure 1B).



Pharmacological Modulation With RNase A Reduces NET Formation

Since recent evidence suggests that NET-associated RNA is a physiologically relevant NET component and its formation can occur also independently of the canonical NET component DNA (Herster et al., 2020), we questioned whether RNase A application can modify NET burden in SAH in vivo. RNase A seemed a feasible therapeutic approach since previous studies in our group showed that RNase A can modulate other DAMPs including exRNA, and influence the microglia-specific immune reaction after SAH. Hence, we treated mice with intravenous application of RNase A and quantified NETs in both SAS and parenchyma (Figure 2A). In SAS, RNase A decreased NET accumulation on day 1, but this was not statistically significant. In contrast, in the parenchyma, RNase A reduced NET accumulation significantly, specifically on day 14, where accumulation of citH3 peaked in all localizations (Figures 2B–G).



NETs Are Increased in Both CSF and Blood of SAH Patients

Next, we questioned whether this observed NET accumulation after SAH is also relevant in the human system. To investigate this, CSF and blood samples were collected within the scope of a prospective observational study in aneurysmal SAH patients (Figure 3A), and NETs were measured via quantification of dsDNA via Sytox Green. Figure 3B shows the baseline characteristics of the SAH patients included in the study. Figure 3C illustrates imaging from two exemplary cases of SAH patients: on the left side, a CT scan of a 55-year old female patient is shown with SAH (Hunt&Hess grade II) with a ruptured right-sided middle cerebral artery (MCA) aneurysm who underwent microsurgical clipping; on the right side, a three-dimensional reconstruction of a ruptured anterior communicating artery (ACom) aneurysm of a 59-year old female (Hunt & Hess grade II) is shown who was further treated with aneurysm coiling. The control patients comprised of patients in which lumbar puncture was done to rule out meningitis or SAH without evidence of any intracranial pathology. Interestingly, dsDNA was significantly increased in both CSF and peripheral blood of SAH patients compared to the control group, with a gradual increase over time, peaking in both compartments on day 7 (Figure 3D).




DISCUSSION

Aneurysmal SAH remains a devastating pathology with high morbidity and mortality, and attempts to reduce secondary brain damage have been made for decades, yet the exact pathomechanism contributing to the long-term damage is unclear (Black, 1986; Peterson et al., 1990; Mathiesen et al., 1997; Sheehan et al., 1999). Recent data suggests involvement of the immune system attributable to secondary brain damage, specifically through an outside-in activation of neutrophil recruitment to endothelium, contributing to microglia activation and neuronal apoptosis (Schneider et al., 2015; Atangana et al., 2017). Among the classical immune defense mechanisms of neutrophils, consisting of engulfment of microbes and secretion of anti-microbials, recent data pinpoints to a novel function of neutrophils as part of the innate immune response – the formation of NETs to kill extracellular pathogens (Brinkmann et al., 2004).

In this study, we sought to investigate the potential role of NET formation in SAH and describe the spatiotemporal patterns of NET accumulation after SAH. We demonstrate that in the acute setting, a direct flood of NET formation occurs in the ipsilateral subarachnoid space (SAS), while in the parenchyma, NET levels increase gradually over time in basal, cortical, and periventricular compartments distant to the region of bleeding. These findings are supported by a recent study reporting NET accumulation after SAH as well as their involvement in neuroinflammatory events, albeit the time point of the peak of NETs differed to some degree (Zeng et al., 2021). Interestingly, in the study by Zeng et al. (2021), inhibition of NET formation via the PAD4 antagonist GSK484 as well as DNase I inhibited NET-associated neuroinflammation. Our data show that the quantitatively most relevant NET formation occurred 14days after SAH specifically in periventricular localizations. This is intriguing as it raises the question whether NETs may also be involved in CSF hydrodynamics after aneurysmal SAH, especially since post-hemorrhagic hydrocephalus is a common complication after SAH (Germanwala et al., 2010).

Moreover, while a direct inhibition of NETs via DNase has been postulated as a potential mechanistic treatment strategy to reduce NET burden (Ondracek et al., 2020; Korai et al., 2021), there is mounting evidence that NET-associated RNA is a relevant component of NET formation and can occur independently of DNA (Herster et al., 2020). Based on this finding and previously published data on the dampening effects of RNase A on immune cells (Lasch et al., 2020), we questioned whether RNase A also modifies NET formation. Indeed, our data show that RNase A significantly reduces NET formation in all compartments of the brain. This specific effect on the CNS may be explained by the blood brain barrier breakdown after SAH with permeability to also bigger proteins such as Evans Blue (70kDa; Blecharz-Lang et al., 2018). In our experiments, we used a 13.7kDa pancreatic RNase A for pre- and postoperative intravenous injections. These finding are particular compelling since RNAse therapeutics have already been used to some degree in clinical trials (Mikulski et al., 2002; Ardelt et al., 2007; Chang et al., 2010; Squiquera et al., 2017). Therefore, it is tempting to speculate that RNAse may be an accessible interesting potential therapeutic strategy for treatment of the underlying immune reaction after SAH. However, the influence of i.v. application of RNAse on physiological processes such as regulation of cerebral blood flow was not investigated in this study and should be addressed in further studies.

The exact molecular mechanisms of NET formation are not fully understood. SAH promotes generation of reactive oxygen species (ROS; Ayer and Zhang, 2008), that have also been described as triggers of NET formation (Erpenbeck and Schön, 2017). Therefore, one may pose the hypothesis that ROS-activation in the setting of SAH contributes NET accumulation, which then may promote microglial activation leading to the activation of neuroinflammatory cascades. Furthermore, recent studies have described that NET formation in the context of SAH increases levels of cytokines such as IL-1β, IL-6, and TNF-α (Zeng et al., 2021).

Furthermore, in order to investigate whether NET burden is also relevant in the human system, we measured circulating NET abundance via the surrogate marker dsDNA and show that increased levels are found in both CSF and peripheral blood of SAH patients. Here, we observed a peak of dsDNA 7days after the bleeding event, supporting the in vivo data from our SAH mouse model. Our findings are in line a recent study of Zeng et al. (2021) showed that a significant increase of citH3 in patients suffering SAH after 24h of the bleeding event, which correlated with the clinical Hunt and Hess score. Additionally, we showed for the first time the further temporal dynamics of NETs and their involvement in CSF in humans. The postponed peak of NET burden potentially indicates a therapeutic window after the bleeding event to attenuate secondary brain damage after SAH. The accumulation of NETs in the brain parenchyma also raises intriguing questions of its origin. Increasing levels of neutrophils in the CSF after SAH have also been associated with development of vasospasms (Provencio et al., 2010). Therefore, neutrophils may migrate in the brain parenchyma after SAH and produce NETs in situ as already described in other studies in a model of ischemic stroke (Kang et al., 2020).

Our study is limited by a small sample size, investigations on the association of NET burden and clinical characteristics, and exploratory studies on cell-specific mechanism by which NETs may affect further inflammatory events in SAH. Albeit the range of the SAH patients in our small study cohort varies between 29 and 70, the median age of our study group in the patients is 58, which is fairly representative of typical age of aneurysm rupture in large cohorts (Rinkel et al., 1998; Shea et al., 2007; Jordan et al., 2009). In order to investigate potential aging effects, further subgroup analyses on young and old mice with larger study numbers are necessary. As we analyzed exclusively male mice, sex-related effects in the animal experiments cannot be excluded. This study also did not investigate the impact of RNAse treatment on humans. As potential neuroprotective effects of RNase in SAH patients are of pressing interest, a clinical study on the effect of RNase treatment in hemorrhagic stroke patients are planned for the future.

In summary, our data reveal the spatiotemporal dynamics of NET accumulation after SAH in vivo with evidence for a gradual increase of NET formation over time, both in a SAH mouse model as well as in patients suffering aneurysmal SAH. Intriguingly, intravenous RNase A application abrogates NET burden in the parenchyma, underpinning a potential role in of RNase in the innate immune response after SAH. Further studies are needed to fully elucidate the exact nature of NET formation and related immune cell-specific changes of RNase application after SAH.
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Patient characteristics
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Male sex, n (%)
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History of hypertension, n (%)
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CK-MB AUC

CRP, nmol/L (< 4.8)

TnT, pg/L (0-0.03)
Creatinine, wmol/L (50-100)
Cholesterol, mmol/L (< 5.2)
LDL, mmol/L (< 4.1)

HDL, mmol/L (> 1.5)
Triglycerides, mmol/L (< 1.7)
Culprit site dsDNA, ng/ml
Peripheral dsDNA, ng/ml
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n=50

61+ 12
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0.05 [0.02-0.11]
86.16 £ 29.74
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1.22 +£0.34
161 +1.12
529.8 [428.9-739.8]
403.7 [349.2-562.7]
331.6 [122.6-810.5]
235.3 [112.8-434.3]

Characteristics of patients with STEMI are indicated with respective units and
reference values in parentheses thereafter. Data are presented as mean + standard
deviation (SD), median [interquartile range (IQR)], or number (percent) of patients.
Culprit site and peripheral NET markers differ significantly (dsDNA, p < 0.0001;
CitH3, p = 0.0027; Wilcoxon matched-pairs signed rank test). ASA, acetylsalicylic
acid; BMI, body mass index; CAD, coronary artery disease; CK-MB AUC, area
under the curve of creatinine kinase isoform MB; CRP, C-reactive protein;, CX;
circumflex; HDL, high-density lipoprotein; LAD, left anterior descending; LDL, low-
density lipoprotein; MI, myocardial infarction; RCA, right coronary artery; STEMI,
ST-segment elevation myocardial infarction; TnT, troponin T; VD, vessel disease.
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B coefficient [95% CI]  Standardized g p-value

Age 186.2 [1.237; 371.1] 0.317 0.049
Female sex —1842 [-7458; 3773] —0.100 0.499
BMI —847.7 [-1541; —153.7] —0.358 0.019
Smoker 4796 [—306.4; 9898] 0.278 0.064
Anterior infarction 5272 [—186; 10732] 0.285 0.058
Symptom to balloontime ~ 9.634 [2.685; 16.58] 0.424 0.009
Culprit lesion MCP-1 36.13 [18.74; 563.51] 0.647 <0.001

MCP-1 levels significantly add to enzymatic infarct size. A multiple linear regres-
sion model with CK-MB AUC as outcome variable was calculated (n = 26).
The R? for the overall model was 0.667 (adjusted 0.538), which is indicative of
a high goodness of fit. The model significantly predicts enzymatic infarct size
F(7, 18) = 5.157, p = 0.002. CK-MB AUC, creatinine kinase isoform MB area
under the curve.
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