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Editorial on the Research Topic 


New insights of immune cells in cardiovascular and metabolic disorders


The prevalence of metabolic disorders has increased gradually during recent decades. Such disorders are potent risk factors for cardiovascular disease, diabetes, and non-alcoholic fatty liver disease. Therefore, how to control cardiovascular and metabolic disorders has become a global target for disease prevention and treatment.

Despite the distinct features of each disease, there is compelling evidence for the critical roles of immune cells in the pathogenesis of cardiovascular and metabolic disorders (1–3). For instance, CD4+ T cells are present in atherosclerotic plaques (1); nevertheless, these cells exist in a variety of subtypes, and the involvement of each in plaque progression has yet to be characterized. Nonetheless, the CANTOS trial of 10,061 patients who had previously experienced myocardial infarction demonstrated that blockade of the NLRP3–IL-1–IL-6 signaling pathway using the IL-1β neutralizing antibody canakinumab significantly reduced the incidence of adverse cardiovascular events when compared with the placebo group (4). An ongoing randomized double-blind placebo-controlled phase I/II clinical trial (LILACS) is evaluating the therapeutic efficacy of low-dose IL-2 for the treatment of patients with stable ischemic heart disease and acute coronary syndromes (5). In addition, the efficacy of Treg adoptive transfers followed by low-dose IL-2 administration is being tested in patients with type 1 diabetes (6).

To gain insight into how the immune system participates in cardiovascular and metabolic disorders, the present Research Topic, entitled “New insights into the roles of immune cells in cardiovascular and metabolic disorders,” represents a collection of original research studies and reviews. Through the immunostaining of autopsy samples of adult hearts with non-ischemic cardiomyopathy, ischemic cardiomyopathy, and controls, Bermea et al. identified abundant naive B cells in the interstitium of human hearts. By analyzing publicly available spatial transcriptomic and single-cell sequencing datasets of myocardial and peripheral blood mononuclear cells, they were also able to show that the function of myocardial B cells is conserved across species. Taking advantage of an IL-10-deficient human-like hamster model, Shi et al. showed that IL-10 deficiency disrupts triglyceride and cholesterol distribution in lipoprotein particles and therefore impairs cholesterol transport and accelerates the progression of atherosclerosis. In addition, by employing laser capture microdissection, they identified epigenetic regulators of endothelial cells and macrophages in patients with diabetes and atherosclerotic plaques. Finally, Huang et al. revealed that histone deacetylase 3 modulates the inflammatory and metabolic properties of macrophages and accelerates the progression of atherosclerosis in diabetes.

Taken together, these articles add to knowledge of the roles of immune cells in cardiovascular and metabolic disorders. Moreover, they highlight avenues for future research and suggest potential future treatment strategies.
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Purpose

To examine the levels of 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero phosphatidylcholine (POVPC) and 1-palmitoyl-2-glutaroyl-sn-glycero-phosphatidylcholine (PGPC) (the oxidized phosphatidylcholines) in HDL during the course of sepsis and to evaluate their prognostic value.



Materials and Methods

This prospective cohort pilot study enrolled 25 septic patients and 10 healthy subjects from 2020 to 2021. The HDLs were extracted from patient plasmas at day 1, 3 and 7 after sepsis onset and from healthy plasmas (total 81 plasma samples). These HDLs were then subjected to examining POVPC and PGPC by using an ultra-high performance liquid chromatography coupled with tandem mass spectrometry (UHPLC-MS/MS) system. We further measured the levels of 38 plasma cytokines by Luminex and evaluated the correlation of HDL-POVPC level with these cytokines. Patients were further stratified into survivors and non-survivors to analyze the association of HDL-POVPC level with 28-day mortality.



Results

Septic patients exhibited significant increase of HDL-POVPC at day 1, 3 and 7 after sepsis onset (POVPC-D1, p=0.0004; POVPC-D3, p=0.033; POVPC-D7, p=0.004, versus controls). HDL-PGPC was detected only in some septic patients (10 of 25) but not in healthy controls. Septic patients showed a significant change of the plasma cytokines profile. The correlation assay showed that IL-15 and IL-18 levels were positively correlated with HDL-POVPC level, while the macrophage-derived chemokine (MDC) level was negatively correlated with HDL-POVPC level. Furthermore, HDL-POVPC level in non-survivors was significantly increased versus survivors at day 1 and 3 (POVPC-D1, p=0.002; POVPC-D3, p=0.003). Area under ROC curves of POVPC-D1 and POVPC-D3 in predicting 28-day mortality were 0.828 and 0.851. POVPC-D1and POVPC-D3 were the independent risk factors for the death of septic patients (p=0.046 and 0.035).



Conclusions

HDL-POVPC was persistently increased in the course of sepsis. POVPC-D1 and POVPC-D3 were significantly correlated with 28-mortality and might be valuable to predict poor prognosis.





Keywords: sepsis, high-density lipoprotein (HDL), oxidized phospholipids, 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-phosphatidylcholine (POVPC), 1-palmitoyl-2glutaroyl-sn-glycero-phosphatidylcholine (PGPC)



Introduction

Sepsis, represented as the dysregulated systemic inflammation syndrome in response to infection, is a common pathway to death in infectious diseases. The tissue injuries and the organ failures during sepsis are involved with complex interactions between microbes, immune cells, coagulation cascade, and endothelium (1, 2). Some clinical treatments, including appropriate antibiotic administration and fluid resuscitation, are suggested to improve outcomes of septic patients, but sepsis remains a high mortality rate (3). The reliable diagnostic and prognostic biomarkers are critical for constraining its mortality through guiding precise and effective therapeutic strategies.

Some clinical markers, such as procalcitonin (PCT) and C-reactive protein (CRP), have predictive value for septic prognosis, but their specificity or sensitivity are significantly limited by the clinical and pathogenetic heterogeneities of sepsis (4). Of note, the increasing lipidomic studies indicate that lipid metabolism remodeling plays roles in septic pathophysiology (5). Given that most alterations in cellular function, inflammatory response and energy imbalance during sepsis could lead to the changes in lipid metabolism, the lipids biomarkers show advantages in prognosis of septic patients (6).

High-density lipoprotein (HDL), as a critical mediator in lipid metabolic homeostasis, has notable anti-inflammatory and anti-oxidation roles in septic response (7). The decrease in plasma level of HDL-cholesterol (HDL-C) is correlated with a poor prognosis in septic patients (8–11). Notably, recent studies indicate an adverse transition of HDL to pro-inflammatory properties, in acute inflammatory disorder diseases including sepsis (8, 12, 13). Our previous study further demonstrates that the HDL from patients with sepsis-induced ARDS significantly promotes endothelial barrier dysfunction, which is associated with the remodeling in HDL constitutes, such as the increases of apoC-III, apoE, and serum amyloid A (SAA) (14). We hypothesized that the constitute changes in apoproteins would cause the alterations in lipid constitute and such lipid remodeling might be involved in adverse HDL transition.

Oxidized phospholipids (Ox-PLs) have significant pro-inflammatory function contributing to the pathogenesis of acute and chronic infection diseases (15). 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphatidylcholine (PAPC) is located in lipoproteins and it is oxidatively truncated in the sn-2 fatty acid residues to oxidized PAPC (Ox-PAPCs), including 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-phosphatidylcholine (POVPC) and 1-palmitoyl-2glutaroyl-sn-glycero-phosphatidylcholine (PGPC) (16). The ox-PAPCs referenced as active principles of Ox-LDL have been involved in pro-inflammatory effects on the endothelial cells and innate immune cells in the pathogenesis of atherosclerosis and acute lung injury (17). Intriguingly, HDL plays a critical role to prevent Ox-LDL formation due to its anti-oxidation property (18). It has been shown that phospholipids in HDL itself are more susceptible to oxidation (19). However, no study has yet examined the changes in the levels of POVPC and PGPC in HDL during inflammatory response such as sepsis.

Herein, we examined the levels of POVPC and PGPC in plasma HDL from healthy controls and the septic patients at Day 1, 3, and 7 from septic diagnosis. We further conducted the correlation analysis of the level of HDL POVPC to clinical outcome. Our results could shed additional light on developing an early-stage biomarker for septic prognosis.



Material and Methods


Study Design and Participants

This study was a prospective cohort pilot study that was conducted at the Department of Pulmonary and Critical Care Medicine and at the emergency department in Beijing Chao-Yang Hospital. All enrolled adult patients with sepsis (ages ≥ 18 years) met the Sepsis-3 criteria: an acute elevation of sequential organ failure assessment (SOFA) scores ≥ 2 points upon suspected or confirmed infections (20). The patients were excluded as follows: patients died within 3 days; patients with diabetes mellitus or hyperthyroidism; patients diagnosed with hypercholesterolemia; patients who received statin drugs; patients who were pregnant. There were 13 patients further excluded because their blood samples were not collected at Day 3 due to clinical conditions. Finally, a total of 25 eligible septic patients and 10 of sex- and age-matched healthy subjects were included, in which 24 of 25 septic patients were infected with bacteria, and only 1 patient was infected with fungi. All the study participants provided informed consent for the study. Our  protocol and procedures were approved by the Ethics Committee of Beijing Chao-Yang Hospital (approval No.: 2021-ke-313).



Primary Endpoints

The primary endpoint of interest was the 28-day mortality from diagnosis and the goal was to explore the correlation of HDL POVPC level to the 28-day mortality in these enrolled septic patients. The enter logistic regression was performed to identify the independent risk factors for the 28-day mortality of sepsis.



Clinical Data Collection

Demographic characteristics, vital signs and comorbidities at admission, laboratory data, SOFA score, acute physiology, and chronic health evaluation II (APACHE II) score at septic diagnosis, treatments during RICU, including vasopressors administration and continuous renal replacement therapy (CRRT) and survival information were collected.



Blood Collection and Cytokines Detection

To track changes of POVPC and PGPC during their pathophysiological processes, whole blood was collected at Day 1 (the day at diagnosis), Day 3, and Day 7 from septic diagnosis as well as from healthy controls at enrollment. At Day 7 of sepsis, only 21 samples were collected due to the death of 4 patients within 7 days. Finally, a total of 81 whole blood samples was collected in the 5-mL EDTA blood collection tubes. The plasmas were obtained after centrifugation at 1800 g for 15 min and immediately stored at -80°C until use. The EDTA plasmas were further subjected into an HDL isolation procedure and the multiplex inflammatory cytokines assays using the 38-cytokine panel MILLIPLEX® MAP (Merck Millipore, HCYTA-60K-PX38).



Isolation of High-Density Lipoprotein

A 500 μL of plasma from each subject was used in the procedure of HDL isolation as previously described (21). Briefly, after pre-staining lipoproteins using Sudan 7b to facilitate visualization, the very low-density lipoprotein (VLDL), low-density lipoprotein (LDL), and HDL fractions were separated using a sequential procedure according to their density differences (HDL, ρ = 1.478 g/ml; LDL, ρ = 1.182 g/ml; VLDL, ρ = 1.006 g/ml). The solutions with different densities adjusted by dissolving different qualities of NaBr and NaCl in MilliQ water, were successively layered on serum samples. The layers were centrifuged at 180,000 g with p65a rotor on cp80wx ultracentrifuge (Hitachi) for 12 h to remove VLDL and LDL, and collected purified HDL finally. The purity of HDL was confirmed by Western blot analysis of apoprotein A-1 (apoA-1) and apoprotein B 100 (apoB100) (Supplementary Figure S1).



Targeted Metabolomics

The POVPC and PGPC lipid standards and the stable isotope-labeled standards were obtained from Sigma-Aldrich (St. Louis, MO). Briefly, the 10 μL of sample was added to 490 μL Calibrator Diluent followed by well vortexed and then 50 μL of the dilution was homogenized with 200 μL of acetonitrile/methanol (1:1) containing internal standards. After centrifuge at 12,000 rpm for 10 min, the supernatant was injected into the LC-MS/MS system. An ultra-high performance liquid chromatography coupled with tandem mass spectrometry (UHPLC-MS/MS) system (UHPLC-QTRAP 6500+) was used to quantitate lipids (Supplementary Figure S2 and Supplementary Table S1). The standard curves for POVPC and PGPC were built by the concentration series of standard solution (Supplementary Figure S3).



Statistical Analysis

Continuous and categorical variables are expressed as interquartile ranges (IQRs) and as numbers and percentages, respectively. For the comparisons between two groups, the Student’s t-test or Mann-Whitney U test was performed for continuous variables, and the Fisher’s exact test was performed for categorical variables. For the comparisons of three groups, the one-way ANOVA (Bonferroni post hoc test) was performed for normally distributed variables and one-way Kruskal–Wallis tests (Dunn’s post hoc test) was performed for non-normally distributed variables. Receiver operating characteristic (ROC) curve was performed for the prediction of 28-day mortality with POVPC, and also compare the sensitivity and specificity with SOFA, C-reactive protein, and lactate; the cutoff value was selected based on the highest Youden’s index in order to maximize both sensitivity and specificity (Youden’s index=sensitivity+specificity-1). The correlation analysis was performed with the Pearson method. Furthermore, enter logistic regression was performed to identify the risk factors for the 28-day mortality (factors with p < 0.05 in univariate logistic regression were in turn subjected to multivariate logistic regression). A 2-sided P < 0.05 was considered statistically significant. SPSS version 24.0 (SPSS, Chicago, IL) statistical software was used in this study.




Results


Comparison Between Septic Patients and Healthy Controls

A total of 25 septic patients and 10 healthy controls were included as indicated by the subject enrollment flowchart (Figure 1). There were 80% of the septic patients with pulmonary infection (20/25) and 20% of patients with abdominal infection (5/25). Moreover, most of the patients (24/25, 96%) had bacterial infection, and only 1 patient had fungal infection. The characteristics of recruited subjects at diagnosis are shown in Table 1. No significant differences between the two groups, in age, sex, and body mass index (BMI), were observed. In laboratory data, septic patients showed significant decreases in the levels of total plasma cholesterol (CHOL, 3.0 vs. 4.7 mmol/L, p = 0.0001), HDL cholesterol (HDL-C, 0.9 vs. 1.5 mmol/L, p = 0.001), and LDL cholesterol (LDL-C, 1.6 vs. 2.7 mmol/L, p = 0.008).




Figure 1 | Flowchart of patient enrollment. This is a study flow chart of septic patients along with healthy controls.




Table 1 | Characteristics of septic patients and healthy controls.



POVPC level in HDL from septic patients was significantly increased at Day 1 (POVPC-D1), Day 3 (POVPC-D3), and Day 7 (POVPC-D7) after septic onset (292.0 vs. 224.9 ng/μL, p = 0.0004; 313.7 vs. 224.9 ng/μL, p = 0.033; 288.7 vs. 224.9 ng/μL, p = 0.004, respectively) (Table 1 and Supplementary Tables S2, S3). We also examined the PGPC in HDL. PGPC was not detected in HDL from all healthy controls, and it was only detected in HDL from part of septic patients (10 of 25, Table 1 and Supplementary Tables S2, S3). Furthermore, there was no significant difference among POVPC-D1, POVPC-D3, and POVPC-D7 of all septic patients (p > 0.99 for all these three groups) (Figure 2).




Figure 2 | The persistent increase of HDL POVPC in septic patients vs. healthy controls. The difference in HDL POVPC between healthy controls and septic patients, and the increased levels were persistent in the course of sepsis. Data were presented in median with interquartile range. N=10 for healthy controls, n=14 for survivors, n=11 for non-survivors (D1 and D3), n=7 for non-survivors (D7); POVPC, 1-palmitoyl-2- (5-oxovaleroyl) -sn-glycero-phosphatidylcholine; D1, Day 1; D3, Day 3; D7, Day 7. *p<0.05; **p<0.01; ***p<0.001; ns, not significant.





The Comparison Between Septic Survivors and Non-Survivors

Patients were subgrouped into survivors and non-survivors according to the 28-day mortality (the primary outcome). The comparisons of clinical characteristics between two groups are shown in Table 2. Non-survivors exhibited higher levels of C reactive protein (CRP), serum lactate, and SOFA score (210.9 vs. 119.1 mg/L, p = 0.025; 5.2 vs. 2.1 mmol/L, p = 0.048; 11 vs. 7.5, p = 0.015, respectively). Non-survivors also displayed a decrease in the level of plasma HDL-C vs. survivors, although the difference failed to achieve the statistical significance (0.8 vs. 1.0 mmol/L, p = 0.067). Of note, non-survivors showed a significantly increased level of POVPC in HDL at Day 1 and Day 3 after septic onset (POVPC-D1: 451 vs. 270 ng/μL, p = 0.002; POVPC-D3: 406.4 vs. 239.5 ng/μL, p = 0.003). There were no significant differences between the septic survivors and non-survivors in ventilator-free days, ICU days, and the complications and treatments (Table 3). Moreover, there is also no significant difference among POVPC-D1, POVPC-D3, and POVPC-D7 in septic survivors or non-survivors (survivors: POVPC-D1 vs. D3, p > 0.99; POVPC-D1 vs. D7, p > 0.99; POVPC-D3 vs. D7, p = 0.46; non-survivors: p > 0.99 for all these three groups) (Figure 3).


Table 2 | Characteristics of septic survivors and septic non-survivors.




Table 3 | Complications and treatments of septic survivors and non-survivors.






Figure 3 | The difference in HDL POVPC of septic survivors and non-survivors at different time points. The difference in HDL POVPC of septic survivors and non-survivors at Day 1, Day 3, and Day 7. POVPC, 1-palmitoyl-2- (5-oxovaleroyl)-sn-glycero-phosphatidylcholine; D1, Day 1; D3, Day 3; D7, Day 7; ns, not significant.





The Correlation of HDL POVPC Level With SOFA Score and Serum CRP and Lactate Levels

To examine if the POVPC level would be correlated with the clinical conditions at the septic onset, we investigated the correlations of POVPC level with SOFA score, CRP, and lactate level. There were no statistical correlations between POVPC-D1 and these indexes (SOFA: r = 0.035, p = 0.868; CRP: r = -0.048, p = 0.818; lactate: r = -0.156, p = 0.458, respectively) (Figures 4A–C). Notably, there was a significant positive correlation between POVPC-D1 and POVPC-D3, suggesting an unreversible remodeling of HDL lipids (r = 0.834, p < 0.0001) (Figure 4D).




Figure 4 | Correlation of HDL POVPC level with SOFA score and CRP and lactate levels. Scatter diagram for (A) correlation analysis between HDL POVPC-D1 and SOFA; (B) correlation analysis between HDL POVPC-D1 and CRP; (C) correlation analysis between HDL POVPC-D1 and lactate; (D) correlation analysis between HDL POVPC-D1 and HDL POVPC-D3. POVPC, 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-phosphatidylcholine; POVPC-D1, POVPC at Day 1; POVPC-D3, POVPC at Day 3; HDL, high-density lipoprotein; SOFA, sequential organ failure assessment; CRP, C reactive protein.





The Correlation of HDL-POVPC Level With Plasma Cytokines During the Course of Sepsis

To examine the correlation between HDL-POVPC level and inflammatory conditions during sepsis, we measured the levels of 38 plasma cytokines by Luminex (Supplementary Tables S4–S6) and further evaluated the correlation of HDL-POVPC level with these cytokines at Day 1 and Day 3 after septic onset (Table 4). The correlation assay only showed that the IL-15 level was positively correlated with the level of POVPC at Day 1 (r = 0.44, p = 0.03). At Day 3, IL-15 and IL-18 levels were positively correlated with HDL-POVPC level (IL-15: r = 0.42, p = 0.04; IL-18: r = 0.53, p = 0.01), while the macrophage-derived chemokine (MDC) level was negatively correlated with HDL-POVPC level (r = -0.62, p = 0.001) (Table 4). In addition, compared with healthy controls, septic patients showed a significant change of the plasma cytokines profile at Day 1 and Day 3, in which the levels of IL-15, IL-18, and MDC were markedly altered at both Day 1 and Day 3 (Supplementary Tables S4, S5). Furthermore, compared to survivors, non-survivors exhibited increased levels in IL-18, MCP-1, M-CSF, PDGF-AA, and PDGF-AB/BB; the IL-6, IL-8, and M-CSF were increased only at Day 3 and RANTES was decreased only at Day 1 (Supplementary Table S6). These results suggested that HDL-POVPC level was not predominantly correlated with inflammatory conditions during the course of sepsis.


Table 4 | Correlation analysis between the level of POVPC in HDL and cytokines.





Predictive Value of HDL POVPC for 28-Day Mortality of Septic Patients

The ROC curves for HDL POVPC-D1 and POVPC-D3, SOFA score, plasma CRP, and lactate levels were plotted to compare the accuracy and specificity for the prediction of 28-day mortality. The area under the curve (AUC) for POVPC-D1 was 0.828 (p = 0.004, 95% CI: 0.677-0.998) (Figure 5A), for POVPC-D3 was 0.851 (p = 0.003, 95% CI: 0.702-1) (Figure 5B), for SOFA score was 0.757 (p = 0.031, 95% CI: 0.565-0.948), for CRP was 0.766 (p = 0.025, 95% CI: 0.578-0.955), and for lactate was 0.734 (p = 0.049, 95% CI: 0.521-0.946) (Figure 5C), suggesting the better predictive values of POVPC-D1/3 vs. other indexes (Figure 5).




Figure 5 | Predictive ability of HDL POVPC for 28-day mortality of septic patients. ROC curve for HDL POVPC-D1 and POVPC-D3 in diagnosis of the sepsis (A, B). ROC curves for POVPC-D1, SOFA score, CRP, and lactate in prediction of the 28-day mortality in septic patients (C), and the Youden’s index in order to maximize both sensitivity and specificity (D). ROC, receiver operating characteristic; AUC, area under the curve; CI, confidence interval; HDL, high-density lipoprotein; SOFA, sequential organ failure assessment; CRP, C-reaction protein; POVPC, 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-phosphatidylcholine; D1, Day 1; D3, Day 3.



We further selected cutoff values based on the highest Youden’s index in order to maximize both sensitivity and specificity (Youden’s index=sensitivity+specificity-1). A POVPC-D1 cutoff value of 397.5 ng/μL had a sensitivity of 72.7% and a specificity of 92.9%. A POVPC-D3 cutoff value of 252.7 ng/μL had a sensitivity of 100.0% and a specificity of 64.3%. Septic patients were regrouped by these cutoff values to validate their prediction efficacy for 28-day mortality, as well as the severity at sepsis onset, including SOFA score, APACHE II score, and serum CRP and lactate levels. The POVPC-D1 and POVPC-D3 displayed a predictive efficacy for 28-day mortality, but not the sepsis onset severity (POVPC-D1: p = 0.002; POVPC-D3, p = 0.001) (Table 5), suggesting unique clinical merits of HDL POVPC as a biomarker for prognosis.


Table 5 | Hospital outcomes by HDL POVPC-D1 and HDL POVPC-D3 cutoff values in septic patients.





Enter Logistic Regression Analysis to Examine the Independent Correlations

Enter logistic regression was performed to identify the risk factors for the 28-day mortality, factors with p<0.05 in univariate logistic regression were in turn subjected to multivariate logistic regression. The univariate logistic regression analysis showed POVPC-D1, POVPC-D3, SOFA, and CRP were significantly associated with 28-day mortality of septic patients (OR: 1.011, 95% CI: 1.002-1.02, p = 0.017; OR: 1.009, 95% CI: 1.001-1.016, p = 0.018; OR: 1.418, 95% CI: 1.035-1.943, p = 0.03; OR: 1.018, 95% CI: 1.001-1.036, p = 0.04). We constructed two multivariate binary regression models, Model I included CRP, SOFA score, and POVPC-D1, Model II included CRP, SOFA score, and POVPC-D3. The goodness-of-fit for these two regression models was evaluated with the Hosmer Lemeshow test. For Model I, the p value of the Hosmer Lemeshow goodness-of-fit test was 0.959; for Model II, the p value was 0.648; both p values were greater than 0.05, which indicated these two models were a good fit. The -2log likelihood value of Model I was 10.06, and the Nagelkerke R Square of Model I was 0.83; for Model II they were 13.38 and 0.76, respectively. These results suggested that our fitted logistic regression models were reliable. Multivariate logistic regression results confirmed both POVPC-D1 and POVPC-D3 were significantly associated with 28-day mortality of septic patients (POVPC-D1: OR=1.018, 95% CI: 1.0-1.036, p = 0.046; POVPC-D3: OR=1.012, 95% CI: 1.001-1.023, p = 0.035) (Table 6).


Table 6 | Univariate and multivariate logistic regression analysis of independent risk factors for 28-day mortality in septic patients.






Discussion

Our study, for the first time, confirmed the marked increase of POVPC level in the HDL particle during the course of sepsis. We further indicated that the HDL-POVPC levels at Day 1 and Day 3 after septic onset were independent risk factors for poor prognosis of septic patients. POVPC-D1: 397.5 ng/μL and POVPC-3: 252.7 ng/μL were significantly correlated with the 28-day mortality of septic patients.

The Ox-PAPCs, including POVPC and PGPC have been involved in the chronic atherosclerotic pathogenesis, for decades, by modulating inflammatory response, endothelial barrier function, thrombosis, and angiogenesis (22, 23). Recently, POVPC was detected in the plasma of septic and ALI patients and the increase in POVPC generation was observed in severe ALI with marked vascular leakage and enhanced inflammation (24–26). In this study, we indicated a sustained increase of POVPC in the HDL particle from septic non-survivors at Day 1 and 3 and the HDL-POVPC levels were positively correlated with some key pro-inflammatory cytokines. The HDL-POVPC level at Day 7 failed to achieve significance, which might be due to the complicated conditions after several days of treatments intervene. Given the importance of HDL in anti-inflammation, these observations for the first time suggested that the Ox-PAPCs in HDL, other than in LDL, likely contribute to deregulated inflammation in sepsis. Moreover, our results exhibited a persistent increase of HDL POVPC from Day 1 to Day 7 during the course of sepsis, implying an unreversible remodeling of HDL lipids. Interestingly, we also detected the POVPC in plasma HDL from healthy controls (Table 1). A previous study showed an age-dependent increase of POVPC production, suggesting an association between oxidative HDL remodeling and aging (26). In our study, the constitute of HDL-POVPC in healthy controls is likely due to their elder ages (71 [59~82.5] years old).

Previous studies have demonstrated the contribution of Ox-PAPC to the deleterious function of oxidized LDL in atherosclerosis and the oxidized LDL has been found to be increased in patients with severe sepsis (27, 28). Of note, the dysfunction of HDL was associated with the increase of oxidized LDL, owing to its essential role in preventing the formation of the LDL-derived oxidized phospholipids as well as inactivating formed oxidized phospholipids by enzymatic and non-enzymatic mechanisms (29, 30). The oxidation degree of HDL itself would be more sensitive than that of LDL in response to septic disorder. Consistently, our results showed the persistent increase of HDL-POVPC in septic patients at Day 1 and 3, which was significantly correlated with pro-inflammatory cytokines and exhibited better predictive abilities for 28-day mortality of septic patients than SOFA, CRP, and lactate. These observations suggested the significant role of HDL-POVPC in sepsis. Thus, we hypothesize that the higher levels of oxidized LDL could be associated with the enhanced HDL-oxidation. These pilot results also imply that HDL-POVPC could be a potential biomarker of sepsis outcome.

The SOFA score, plasma CRP, and lactate levels normally present during the clinical conditions at septic onset include inflammatory stress and organ injuries. Of note, our correlation analyses failed to show significant correlation between HDL-POVPC levels and these indexes, although they were associated with poor prognosis of septic patients. This might be due to that HDL-POVPC represents the dysfunction of HDL including anti-inflammatory and endothelial protection. Our further correlation analysis showed HDL-POVPC levels were significantly correlated with several critical inflammatory cytokines including IL-15, IL-18, and MDC which were dramatically changed in septic patients, although HDL-POVPC was not predominantly correlated with inflammatory conditions. Notably, IL-18 level was dramatically increased in septic non-survivors vs. survivors at both Day 1 and Day 3. This is consistent with previous findings that the increase of plasma IL-18 level has been shown as a biomarker for adverse outcomes of sepsis (31, 32). The positive correlation of HDL-POVPC levels with IL-18 endorsed the prognostic value of HDL-POVPC for sepsis. In addition, MDC, as a CC chemokine involved in dendritic cell and lymphocyte homing, can ameliorate systemic tissue inflammation. The decrease of MDC level is associated with poor outcome of sepsis (33). Herein, our results showed HDL-POVPC was negatively associated with MDC that was significantly decreased in septic patients. These observations suggested the unique contribution of HDL-POVPC in inflammatory disorder, which might be associated with poor prognosis of sepsis.

Sepsis is involved with complex interactions between microbes, immune cells, and endothelium. It has been shown the truncated Ox-PAPCs, including POVPC and PGPC, can induce vascular leaking and exacerbate inflammation, due to their direct pro-inflammatory effects on both endothelial cell and macrophages (24, 34, 35). The deleterious effects of POVPC on endothelial function have been highlighted for decades in cardiovascular diseases (36–38). Therefore, the variety of POVPC function could be an explanation for why HDL POVPC was not significantly correlated with these SOFA scores, plasma CRP, and other pro-inflammatory cytokines enhanced in septic patients. Our finding further suggested the deleterious effects of HDL-POVPC on endothelial barrier should be considered in clinical therapeutic strategy for septic patients, such as respiratory disorders and vascular leaking.

It has been shown that a variety of HDL protective functions (anti-oxidative, anti-inflammatory, and vasoprotective effects) were impaired upon the pathological processes with oxidative stress, especially in acute sepsis (7, 39). The oxidative modification of HDL apoproteins, such as the apoprotein A-I, has been proposed as a key molecular mechanism leading to HDL dysfunction (40). However, recent evidence indicates oxidized phospholipids (Ox-PLs) in HDL can modify apoproteins via direct cross-linking leading to their dysfunction (41). Oxidized phospholipids could be more sensitive than apoprotein modification to represent HDL dysfunction. Consistently, in our study, the HDL-POVPC seemed to be more efficient to predict 28-day mortality than SOFA score and plasma CRP and lactate levels indicated by ROC curve (AUC: POVPC-D1, 0.828 and POVPC-D3, 0.851 vs. SOFA, 0.757, CRP 0.766, and lactate, 0.734). Furthermore, we evaluated the cutoff point of POVPC levels for prognostic prediction in septic patients: POVPC-D1: 397.5 ng/μL with a sensitivity of 72.7% and a specificity of 92.9% and POVPC-D3: 252.7 ng/μL with a sensitivity of 100.0% and a specificity of 64.3%. The validation cohort with larger sample sizes is worthy of a study to evaluate the predictive merits of POVPC for sepsis.

The decrease of HDL-C level has become a poor prognostic factor for sepsis, owing to its dramatic decrease in these patients (42–44). Our septic cohort also showed significantly decreased levels of HDL-C at admission vs. healthy controls (0.9 vs. 1.5 mmol/L, p = 0.001), but there was no significant difference between survivors and non-survivors. This inconsistency might be due to the limited sample size, as indicated by the obvious group variation (survivors: 1.0 (0.8~1.3); non-survivors: 0.8 (0.3~1.0) mmol/L). In contrast, this cohort exhibited significant difference in HDL POVPC levels between survivors and non-survivors, suggesting that the HDL quality remodeling seemed to be more sensitive than quantity change in the course of sepsis.



Conclusion

Our study, for the first time, showed a marked increase of POVPC level in the HDL particle from septic patients and such increase is persistent during the course of sepsis. We further indicated that the POVPC levels at Day 1 and Day 3 after sepsis onset were independent risk factors for poor prognosis of septic patients. POVPC-D1: 397.5 ng/μL and POVPC-3: 252.7 ng/μL were significantly correlated with the 28-day mortality of septic patients. Our finding further endorses the necessity to explore the quality remodeling of HDL in response to septic stress. Future studies embracing larger sample sizes is required to provide solid evidence for the predictive merits of POVPC for sepsis.



Limitations

Several limitations should be considered in our present research. First, our study was carried out at a single center, results cannot be extrapolated. Second, our sample size was relatively small, which may have affected our results. The outcome in regression models for the prognostic value of POVPC levels was rather low, which limited generalizability of our results. Third, our recruited septic patients were predominantly infected with bacteria, thus our results may not be suitable for viral infected septic patients.
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Metabolic disorders (i.e., hyperglycemia, hyperlipidemia, and hyperinsulinemia) cause increased secretion of inflammatory cytokines/chemokines, leading to gradual loss of cardiac resident macrophage population and increased accumulation of inflammatory monocytes/macrophages in the heart. Such self-perpetuating effect may contribute to the development of cardiomyopathy during diabetes. Recent meta-analysis data reveal that lipocalin 10 (Lcn10) is significantly downregulated in cardiac tissue of patients with heart failure but is increased in the blood of septic patients. However, the functional role of Lcn10 in cardiac inflammation triggered by metabolic disorders has never been investigated. In this study, we demonstrate that the expression of Lcn10 in macrophages was significantly decreased under multiple metabolic stress conditions. Furthermore, Lcn10-null macrophages exhibited pro-inflammatory phenotype in response to inflammation stimuli. Next, using a global Lcn10-knockout (KO) mouse model to induce type-2 diabetes (T2D), we observed that loss of Lcn10 promoted more pro-inflammatory macrophage infiltration into the heart, compared to controls, leading to aggravated insulin resistance and impaired cardiac function. Similarly, adoptive transfer of Lcn10-KO bone marrow cells into X-ray irradiated mice displayed higher ratio of pro-/anti-inflammatory macrophages in the heart and worsened cardiac function than those mice received wild-type (WT) bone marrows upon T2D conditions. Mechanistically, RNA-sequencing analysis showed that Nr4a1, a nuclear receptor known to have potent anti-inflammatory effects, is involved in Lcn10-mediated macrophage activation. Indeed, we found that nuclear translocation of Nr4a1 was disrupted in Lcn10-KO macrophages upon stimulation with LPS + IFNγ. Accordingly, treatment with Cytosporone B (CsnB), an agonist of Nr4a1, attenuated the pro-inflammatory response in Lcn10-null macrophages and partially improved cardiac function in Lcn10-KO diabetic mice. Together, these findings indicate that loss of Lcn10 skews macrophage polarization to pro-inflammatory phenotype and aggravates cardiac dysfunction during type-2 diabetes through the disruption of Nr4a1-mediated anti-inflammatory signaling pathway in macrophages. Therefore, reduction of Lcn10 expression observed in diabetic macrophages may be responsible for the pathogenesis of diabetes-induced cardiac dysfunction. It suggests that Lcn10 might be a potential therapeutic factor for diabetic heart failure.
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Introduction

Diabetes mellitus (DM) is characterized by chronic low-grade inflammation in many tissues, including the heart (1, 2). It is well accepted that type 2 diabetes (T2D) is a worldwide epidemic and accounts for 90-95% of all diabetes mellitus cases (3). Diabetes mellitus predisposes affected patients to a significant range of cardiovascular complications, one of the most debilitating forms is heart failure (4). It is also referred to as diabetic cardiomyopathy (DCM) in the absence of other cardiac risk factors such as hypertension, coronary artery disease, or congenital heart diseases (5). Indeed, patients with diabetes have a 2- to 4- fold increased risk of developing heart failure than patients without diabetes and account for one-third of individuals with heart failure in clinical cases (6, 7). Despite extensive research into the pathogenesis and clinical features of diabetes-induced cardiac dysfunction in the past decades (5, 8), there are no effective treatment strategies for this condition to date.

Accumulating evidence has suggested that the impaired function of macrophages may contribute to DCM development (9, 10). Notably, macrophages are the most abundant immune cell population in human and mouse hearts and comprise two populations in general: pro-inflammatory M1-like and anti-inflammatory M2-like, which manifest distinct functions (11–13). While both M1 and M2 can clear dead cells, pro-inflammatory macrophages are crucial for clearing dead cell debris at the early stage of heart injury (14). In contrast, anti-inflammatory macrophages facilitate the resolution of inflammation and boost the repairing of injured cardiac tissue (15). As a matter of fact, recent studies have revealed that pro-inflammatory M1-like polarization is enhanced, whereas anti-inflammatory M2-like response is inhibited in diabetic hearts, resulting in cardiac inflammation and contractile dysfunction (16). Hence, manipulating the macrophage polarization profile may represent a high-yield therapeutic approach for DCM patients. Nonetheless, how to modulate the phenotypic transition of macrophages in the heart remains elusive, particularly in diabetic conditions.

Nr4a1, also known as Nur77, is a nuclear hormone receptor belonging to the NR4A subfamily (17). Unlike other well-featured ligand-activated transcription factors, Nr4a1 has long been considered as an orphan receptor due to lack of endogenous ligand for Nr4a1 identified (18). However, subsequent studies have demonstrated that unsaturated fatty acids and small synthetic molecules can bind to Nr4a1 (19, 20). In human and mouse macrophages, the expression of Nr4a1 is rapidly induced by a variety of inflammatory stimuli, such as lipopolysaccharide (LPS) and saturated fatty acids (palmitate), as well as interferon-gamma (IFN-γ) (21). Nr4a1 modulates the expression of its target genes through its transcriptional activity, which participates in a broad spectrum of biological and pathophysiological processes, including lipid homeostasis, glucose metabolism, and inflammation (19, 22). A growing body of evidence has established that Nr4a1 has potent anti-inflammatory effects (23–26). For example, Nr4a1 has been shown to limit macrophage inflammatory response through various mechanisms such as inhibition of NF-kB signaling or transcriptional reprogramming of mitochondrial metabolism (25, 26). Accordingly, murine models of Nr4a1 deficiency are more vulnerable to inflammation-driven diseases, such as sepsis and atherosclerosis (23–25). However, much less is known about the functional role of Nr4a1 in macrophages under T2D conditions.

Lipocalin 10 (Lcn10), a poorly characterized member of the lipocalin family, was initially identified as an epididymal gene since it was highly expressed in mouse epididymis (27). Subsequently, genome-wide RNA sequencing analysis of human tissues revealed that it was also expressed in other tissues such as the heart, spleen, and thyroid (28). Of note, recent studies implicate that Lcn10 may play a critical role in the pathogenesis of cardiovascular diseases (29, 30). For example, Salvo et al. reported that cardiac Lcn10 is significantly downregulated in patients with heart failure (29). More interestingly, using a quantitative meta-analysis of three cardiac RNA-Seq datasets, Alimadadi et al. reported that Lcn10 is one of the three common differentially expressed genes and is dramatically reduced by 84% in heart tissue from patients with dilated cardiomyopathy (30). Furthermore, Lahue et al. recently showed that Lcn10 is a candidate marker of inflammatory bowel disease, suggesting that Lcn10 may be involved in regulating inflammation (31). However, to our knowledge, the functional role of Lcn10 has never been investigated in macrophages or diabetes. Given the profound effects of macrophages in diabetes-induced cardiac dysfunction, we aimed to determine the role of Lcn10 in macrophages during T2D. Utilizing both in vitro and in vivo approaches, we found that Lcn10 deficiency promotes macrophage polarization toward a pro-inflammatory phenotype by disrupting the Nr4a1 signaling pathway, leading to exacerbated cardiac dysfunction and insulin resistance under T2D conditions.



Materials and Methods


Animal Models and Treatments

The Lcn10 global knockout mouse model in C57Bl/6 background was initially purchased from KOMP Repository at UC Davis (Stock # 048394-UCD). Wild-type (WT) C57BL/6 mice and CD45.1 mice (B6.SJL-Ptprca Pepcb/BoyJ) were purchased from Jackson Laboratory. Mice were housed and bred in specific-pathogen-free and temperature-controlled conditions, with 12-h light-dark cycles at the University of Cincinnati Animal Care Facility. All animal procedures followed the criteria of Care and Use of Laboratory Animals by the National Institutes of Health and approved by the University of Cincinnati Animal Care and Use Committee. To induce Type 2 diabetes, male mice (4–5 weeks old) were initially fed with a high-fat diet (HFD, Cat. # D12492, Research Diet, New Brunswick, NJ) for four weeks, followed by intraperitoneally injected with a single dose of streptozotocin (STZ, 100 µg/g body weight; Sigma-Aldrich, Cat. # S0130). Then, these mice were maintained on HFD feeding throughout the study. The onset of diabetes will be determined by a blood glucose level higher than 250 mg/dl at 48 h after STZ injection. Non-diabetic (ND) control mice were fed with a standard chow diet and received the same volume of citrate buffer injection.



Isolation, Culture, and Treatment of Bone Marrow-Derived Macrophages

Mouse L-929 cell line was initially purchased from ATCC (CCL-1) and maintained in DMEM medium supplemented with 10% FBS, 1% penicillin/streptomycin solution, and 10 mM HEPES buffer at 37°C with 5% CO2, and 95% relative humidity. L-929 cell culture medium was collected after ten days of culture and centrifuged at 500g for 10 min, then passed through a sterile 0.45 µM filter (Millipore, Cat. # S2HVU02RE). Next, the supernatants (enriched in monocyte-colony stimulating factor, M-CSF) were aliquoted in 50 ml tubes and stored at -80 C° until use. Bone marrow-derived macrophages (BMDMs) were prepared as previously described (32, 33). Briefly, WT and Lcn10-KO mice were terminally anesthetized, and bone marrows from femur and tibia bones were flushed out using cold PBS containing 2% FBS. The marrows were filtered through a 70 µm cell strainer, followed by the removal of red blood cells (RBC) in ammonium-chloride-potassium lysis buffer (BioLegend, Cat. # 420302) for 5 min at room temperature (RT). Next, cells were grown in BMDMs complete medium (DMEM supplemented with 10% FBS, 15% L929 cell culture supernatant, 1% penicillin/streptomycin solution, 10mM HEPES buffer) and allowed to differentiate for seven days. On day 3, an additional 10 ml BMDMs complete medium was added to the culture dish. For BMDMs phenotypic polarization, cells were plated in 6-well plates with BMDMs complete medium overnight and then treated with LPS (Sigma, Cat. # L4391), IFN-γ (R&D, Cat. # 485-MI-100), Palmitate (Sigma, Cat. # P9767), oxidized Low-Density Lipoprotein (oxLDL, Invitrogen, Cat. # L34357) or IL-4 (R&D, Cat. # 404-ML-010) at the indicated doses and time points. For Nr4a1 agonist treatment, BMDMs from WT and Lcn10 KO mice were pretreated with Cytosporone B (CsnB, 5 µM) for 30 minutes, followed by LPS (10 ng/ml) + IFN-γ (10 ng/ml) stimulation at indicated time point.



Isolation of Total RNAs for Real-Time Quantitative PCR (qRT-PCR) Analysis

qRT-PCR was conducted as previously described (34). In brief, RNAs from BMDMs or heart macrophages were extracted using miRNeasy Mini Kit (Qiagen, Cat. # 217004). According to the manufacturer’s instructions, 0.5 to 1 µg RNA was converted to complementary DNA (cDNA) using Superscript II Reverse Transcriptase (Invitrogen, Cat. # 18064014). Then the obtained cDNA products were mixed with SYBR Green Hi-ROX Master Mix (Radiant, Cat. # QS2050) and performed in triplicate using the ABI StepOnePlus Real-Time PCR System. Relative mRNA levels were normalized to GAPDH as an internal control for each sample and calculated using the delta-delta CT method (2-ΔΔCt). The primer sequences used for amplification are listed in Supplementary Table S1.



Flow Cytometry Analysis of Macrophage Phenotype

To analyze BMDMs, cells were first incubated with CD16/32 Ab (clone 93) (eBioScience, Cat. # 14-0161-81, 1:100 dilution) to block the nonspecific binding to Fc receptors. After washing twice with FACS buffer (1XPBS without Calcium and Magnesium, 1% BSA, 1 mM EDTA), cells were stained with fluorophore-coupled antibodies for 30 minutes at 4°C. The antibodies were listed in Supplementary Table S2. For analysis of heart macrophages, methods were adopted and modified as previously described (35, 36). In brief, mice were anesthetized with ketamine (90 mg/kg BW) and xylazine (10 mg/kg BW), followed by perfusing with 15 ml of cold PBS via the left ventricle. The heart was thoroughly minced and digested in HBSS with 1 mg/mL Collagenase I (Worthington, Cat. # LS004196), 1 mg/mL Collagenase II (Worthington, Cat. # LS004177), 1 mg/mL Dispase II (Sigma, Cat. # D4693). After 45 minutes of incubation at 37°C with gentle agitation, the digested heart pieces were passed through a 40 µm cell filter to obtain a single-cell suspension, followed by centrifugation at 500g for 5 minutes at 4°C. The resulting cell pellets were resuspended in 1 ml RBC lysis buffer (BioLegend, Cat. # 420302), incubated for 3 minutes at room temperature, and washed with PBS. Following this, samples are blocked with CD16/32 Ab and stained for surface markers. The antibodies were listed in Supplementary Table S2. Flow cytometry was performed on a BD LSRFortessa analyzer (Research Flow Cytometry Core, Cincinnati Children’s Hospital Medical Center). The obtained data were analyzed using FCS Express V7 Software (De Novo, USA).



Isolation of Macrophages From Mouse Hearts

Heart macrophages were isolated using the MagniSort™ Mouse F4/80 Positive Selection Kit (Invitrogen, Cat. # 8802-6863) according to the manual. Briefly, a single-cell suspension of the heart was prepared as described above. Then the cells were incubated with biotinylated F4/80 selection antibodies for 10 minutes at RT, followed by centrifugation at 300g for 5 minutes in a 12 X 75 mm, 5 ml tube. The cell pellets were resuspended in cell separation buffer and incubated with magnetic beads for 10 minutes at RT. The tube containing samples was placed in the magnet for 5 minutes, and the supernatant was discarded. After total three times of positive selections in the magnet and washing with cell separation buffer, cells were collected by centrifugation and ready for further experiments.



Adoptive Transfer of Bone Marrow Cells to X-Ray Irradiated Mice

Bone marrow transplantation was performed with slight modifications (37, 38). CD45.1 male recipient mice (8-10 weeks old) were lethally irradiated with 1000 cGy (split into two doses, 500 cGy/dose, 4 hours apart) in a XenX cabinet X-ray irradiator (Preclinical Imaging Core, University of Cincinnati). Within 24 hours after irradiation, all recipient mice were retro-orbitally injected with freshly isolated bone marrow cells (~ 5 x 106 cells in 150 ul of 2% FBS in PBS) from CD45.2 donor mice (WT and Lcn10-KO male mice, 4-6 weeks old). The bone marrow cells were prepared as described earlier in section 2.2 without RBC lysis. After a 2-week recovery period, during which mice were administered a chow diet (CD), mice were then fed with an HFD for 4 weeks, followed by a single dose of streptozotocin injection. Then these mice were maintained on the HFD-feeding paradigm for the indicated times until sacrifice. All recipient mice were given free access to water supplemented with 0.25 mg/ml enrofloxacin (Alfa Aesar, Cat. # J60023) one week before and four weeks after irradiation.



Immunofluorescence Staining

For BMDMs staining, cells seeded on the coverslip were stimulated with LPS (10 ng/ml) + IFN-γ (10 ng/ml) for 1 hour. After washing with PBS two times, cells were fixed with 4% PFA for 20 minutes, followed by permeabilization in 0.3% Triton X-100 in PBS for 15 minutes at RT. Then cells were blocked with 2% BSA in PBS for 1 hour at RT. Next, samples were stained with primary Nr4a1 antibody at a dilution of 1:50 (Affinity, Cat. # DF7850) overnight at 4°C. After washing, cells were incubated with Alexa Fluor Plus 488 secondary antibody at a dilution of 1:200 (Invitrogen, Cat. # A32723) for 1 hour at RT. Finally, samples were mounted with ProLong Diamond Antifade Mounting medium with DAPI (Invitrogen, Cat. # P36962). Images were acquired on Zeiss LSM710 LIVE Duo Confocal Microscope (Live Microscopy Core, University of Cincinnati).



Measurement of Cardiac Function by Echocardiography

Cardiac function was evaluated in vivo by trans-thoracic echocardiography using Vevo 2100 ultrasound imaging system (VisualSonics, FUJIFILM, Toronto, Canada) with a 40-MHz linear array transducer as previously described (39). Left ventricle (LV) end-systolic inner diameters (LVIDs), LV end-diastolic inner diameter (LVIDd), ejection fraction (EF), and fractional shortening (FS) were analyzed using Vevo 2100 analysis system with a cardiac package, and all measurements were repeated at least three times.



Intraperitoneal Glucose Tolerance Testing (IPGTT) and Insulin Tolerance Testing (IPITT) Assays

For glucose tolerance tests, mice were fasted overnight and administered a 45% glucose solution (0.5 g/kg) intraperitoneally. For insulin tolerance tests, mice were fasted for 6 hours and then intraperitoneally injected with insulin (0.75 U/kg). Blood samples were collected from the tail vein at the indicated time points over a 2-hour period. Blood glucose levels were measured using a Contour Next EZ glucometer combined with Contour Next blood glucose test strips.



Statistical Analysis

All data were analyzed with GraphPad Prism version 8.4 and presented as the mean ± SEM otherwise specified. A two-tailed Student’s t-test was performed when two groups were compared. Differences between more than two groups were determined by one-way or two-way ANOVA. A p value < 0.05 was considered statistically significant.




Results


The Expression of Lcn10 Is Downregulated in Macrophages Under Metabolic Stress Conditions

To testify whether Lcn10 contributes to macrophage function, we first characterized the gene expression of Lcn10 in macrophages in response to multiple stimuli. To mimic T2D conditions in vivo, BMDMs were treated with LPS + IFNγ (pro-inflammatory inducer), palmitate (a saturated fatty acid), and oxLDL (oxidized lipids) for 12 hours. We observed that the expression of Lcn10 was downregulated by 80%, 60%, and 20%, respectively (Figures 1A–C), compared to controls. We also detected the expression levels of Lcn2, another lipocalin family member that is well-characterized for its role in regulating macrophage function (40, 41). Consistent with previous reports (42), the mRNA levels of Lcn2 expression in macrophages were dramatically increased by 6800-fold and 35-fold when challenged with LPS + IFNγ or palmitate, respectively (Figures 1E, F); while no significant change in Lcn2 expression was observed in the oxLDL-treated group compared to the control group (Figure 1G). Similar results were observed in macrophages isolated from the hearts of T2D mice (Figures 1D, H) compared to those from chow-fed non-diabetic (ND) mice. Collectively, these results indicate that Lcn10 may play a critical role in regulating macrophage function upon metabolic challenge.




Figure 1 | Gene expression of Lcn10 and Lcn2 in macrophages. BMDMs were treated with LPS (10 ng/ml) + IFN-γ (10 ng/ml), palmitate (0.5mM) and oxidized Low-Density Lipoprotein (10 µg/ml) for 12 hours, respectively. mRNA levels of Lcn10 (A–C) and Lcn2 (E–G) were measured by qRT-PCR (*P < 0.05, n = 3 samples per group). (D, H) Cardiac macrophages were isolated from the hearts of T2D mice, and gene expression of Lcn10 (D) and Lcn2 (H) were determined through qRT-PCR analysis (*P < 0.05, n = 6 mice per group). All data are presented as mean ± SEM and analyzed by student’s t-test. Ctl, control; L/I, LPS + IFN-γ; Pal, palmitate; oxLDL, oxidized Low-Density Lipoprotein; ND, non-diabetic; T2D, type 2 diabetes; ns, non significant.





Lcn10 Deficiency Aggravates Macrophage Pro-Inflammatory Response Upon Multiple Stress Conditions

We next went on to evaluate the functional role of Lcn10 in the regulation of macrophage polarization under various metabolic stresses. Given that lipocalin featured as a secreted protein (42, 43) and Lcn10 was downregulated as shown above, a global Lcn10-knockout (KO) mouse model was used in our study (Figures 2A, B). First, we isolated BMDMs from WT and Lcn10-KO mice and cultured them for 7 days in vitro. As shown in Figures 2C, D, there was no difference in morphology and differentiation of BMDMs from WT and KO mice. We then treated WT and Lcn10-KO BMDMs with LPS + IFNγ and determined the gene expression of pro-inflammatory markers using qRT-PCR. Notably, loss of Lcn10 did not alter the basal expression levels of these genes (Figures 2E–H and Supplementary Figures S1A–F, S2A–I). However, when treated with LPS + IFNγ, BMDMs from Lcn10-KO groups exhibited significantly higher expression of pro-inflammatory marker genes, including iNOS (Figure 2E), IL-6 (Figure 2F), IL-1β (Figure 2G), TNFα (Figure 2H), and other pro-inflammatory genes (i.e., CXCL1, CXCL9, CXCL10, IL-23) (Supplementary Figures S1A–F), compared to WT groups. Similarly, KO-BMDMs showed a significantly greater inflammatory response to palmitate stimulation, as evidenced by higher mRNA levels of these pro-inflammatory genes, compared to control WT-BMDMs (Supplementary Figures 2A–I). In contrast, when stimulated with IL-4, an inducer of M2-like anti-inflammatory response, loss of Lcn10 impaired expression of anti-inflammatory specific genes, including Arg1 (Figure 2I), Chil3 (Figure 2J), Clec10a (Figure 2K), at 6 h or 12 h time point, whereas Retnla mRNA expression from KO BMDMs was increased at 6 h time point (Figure 2L). Furthermore, we performed flow cytometry analysis and quantified the percentage of pro-inflammatory (M1-like, CD38hiCD206low) (Figure 2M) and anti-inflammatory (M2-like, CD38lowCD206hi) (Figure 2M) macrophages in response to LPS + IFNγ. In line with the gene profiling, we found that Lcn10 deletion shifted BMDMs towards a pro-inflammatory phenotype, as revealed by higher expression levels of CD38 (pro-inflammatory marker) (Figures 2M, N), as well as M1/M2 ratio compared with WT-BMDMs (Figure 2P); although no difference was observed in CD206 expression (anti-inflammatory marker) between the two groups (Figures 2M, O). Taken together, these results suggest that ablation of Lcn10 promotes macrophage pro-inflammatory response while inhibiting the anti-inflammatory response upon multiple stress conditions.




Figure 2 | Lcn10 deficiency skews macrophages towards a pro-inflammatory phenotype. (A, B) Generation of the knockout mouse model of Lcn10. Genetic deletion of Lcn10 (A) and genotyping result (B). (C, D) BMDMs from WT and Lcn10-KO mice were cultured and allowed to differentiate for 7 days in vitro. Representative images of mature BMDMs morphology (C) and flow cytometry plots of mature macrophage markers (D) from WT and Lcn10-KO mice (Scale bar, 10 µm). (E–L) Gene expression levels of pro-inflammatory marker genes (iNOS, IL-6, IL-1β, TNFα) (E–H) or anti-inflammatory marker genes (Arg1, Chil3, Clec10a, Retnla) (I–L) as measured by qRT-PCR in BMDMs from WT and Lcn10-KO mice stimulated with LPS (10 ng/ml) + IFN-γ (10 ng/ml) for 6 hours (E–H) or IL-4 (20 ng/ml) (I–L) for 6 and 12 hours, respectively (*P < 0.05, n = 3 samples per group). (M–P) Representative flow cytometry plots showing M1-like (CD38hiCD206low) and M2-like (CD38lowCD206hi) (M) populations in BMDMs and quantification of M1-like macrophages (N), M2-like macrophages (O), and M1/M2 ratio (P) at 6 hours after LPS (10 ng/ml) +IFN-γ (10 ng/ml) treatment (*P < 0.05, n = 3 samples per group). All data are presented as mean ± SEM and analyzed by two-way ANOVA (E–L) or student’s t-test (N–P) ns, non significant.





Ablation of Lcn10 Leads to Exacerbated Insulin Resistance and Impaired Cardiac Function Under Diabetic Conditions

It is well established that macrophage polarization plays an essential role in metabolic disorders and concomitant cardiac dysfunction (44). We were curious to explore whether Lcn10 is involved in diabetes-induced metabolic stress. To this end, we fed WT and Lcn10-KO mice with an HFD for 12 weeks plus one dose of STZ injection at week 4 post-HFD. Mice fed with a chow diet served as controls (Figure 3A). Compared with chow-fed mice, HFD feeding for 4 weeks resulted in a significant increase in body weight gain in both WT and Lcn10-KO mice (Figure 3B). Consistent with previous reports (45, 46), STZ injection resulted in a moderate weight loss. Accordingly, blood glucose levels in the T2D group increased dramatically after STZ administration when compared to non-diabetic (ND) mice (Figure 3C). Interestingly, compared with WT mice, systemic Lcn10 deletion had no significant effect on body weight gain, fed blood glucose, and glucose tolerance in ND and T2D status (Figures 3B–D). However, KO-T2D mice clearly displayed impaired insulin sensitivity, as revealed by higher blood glucose levels during the insulin tolerance test compared with WT-T2D controls (Figure 3E). Importantly, this effect is independent of body weight gain, indicating that metabolic stress induced by HFD feeding and STZ injection was required for Lcn10 to influence metabolic hemostasis. Lastly, we assessed cardiac function at 8 weeks post-STZ injection using echocardiography. We found that Lcn10-KO mice exhibited normal cardiac function compared with WT controls under chow diet feeding (Figures 3F, G). However, compared to WT-T2D mice, KO-T2D mice showed a reduced cardiac contractile function, as evidenced by a 20% reduction in fractional shortening (Figures 3F, G). Collectively, these data demonstrate that Lcn10 deficiency leads to aggravated insulin resistance and cardiac dysfunction under diabetic conditions.




Figure 3 | Loss of Lcn10 exacerbates insulin resistance and cardiac dysfunction under diabetic conditions. (A) Schematic illustration of T2D experimental design. (B) Body weight gain (n = 7-8 mice per group) and (C) fed blood glucose were determined in ND and T2D mice (n = 14-18 mice per group) (B, C, *P < 0.05, when comparing WT-ND to WT-T2D; #P < 0.05 when comparing KO-ND to KO-T2D). (D, E) Blood glucose level during IPGTT (D) (n = 6-7 mice per group) and IPITT (E) at 8 weeks after STZ injection ($P < 0.05 when comparing WT-T2D to KO-T2D, n=6-8 mice per group). (F, G) Cardiac function was evaluated by echocardiography at 8 weeks after STZ injection (*P < 0.05, n = 6-8 mice per group). All data are presented as mean ± SEM and analyzed by two-way ANOVA. STZ, streptozotocin; LVFS, left ventricular fractional shortening; IPGTT, intraperitoneal glucose tolerance test; IPITT, intraperitoneal insulin tolerance test.





Loss of Lcn10 Promotes Macrophage Pro-Inflammatory M1-Like Phenotype in T2D Hearts

Given that the imbalance of macrophage M1/M2 status may contribute to cardiac injury, we next aimed to determine the phenotypes of cardiac macrophages in T2D mice. At the early stage of diabetes (1 week after STZ administration), the flow cytometry results revealed that macrophages in KO-T2D hearts exhibited a more robust pro-inflammatory signature, as evidenced by a higher ratio of Ly6C+ population to CD206+ population compared to WT-T2Ds (Figures 4A–D). Such increased inflammatory phenotype in KO-T2D macrophages persisted into the late stage of diabetes, similar results of higher Ly6C+ population and lower CD206+ population were observed at 8 weeks after STZ injection (Supplementary Figures S3B–E), which may contribute to the development and progression of cardiac dysfunction under T2D conditions (Figures 3F, G). To further confirm the polarized state of cardiac macrophages, we isolated these cells from KO-T2D mice and WT-T2D control mice via magnetic cell sorting, and total RNA was extracted to conduct qPCR for pro- and anti-inflammatory genes. Consistent with our flow cytometry results, macrophages from KO-T2D hearts displayed increased IL-6 (Figure 4E), IL-1β (Figure 4F), and CCL-2 (Figure 4H) expression than those from WT-T2D controls. Interestingly, the expression of anti-inflammatory genes exerted a discrepancy pattern. The mRNA levels of Arg1 (Figure 4I) in macrophages from KO-T2D hearts were decreased when compared to WT- T2D groups, while the levels of other anti-inflammatory genes, including Mrc1, Clec10a, and Retnla, were comparable in macrophages from WT- T2D and KO-T2D hearts (Figures 4J–L). Altogether, these data suggest that ablation of Lcn10 aggerates macrophage polarization to M1-like phenotype in T2D hearts.




Figure 4 | Lcn10 deficiency promotes macrophage pro-inflammatory M1-like phenotype in T2D hearts. (A–D) Cardiac macrophage phenotypes were determined in the heart of ND and T2D mice at 1-week post-STZ. Representative flow cytometry plots and gating strategy were shown for cardiac macrophages (A), quantification of cardiac pro-inflammatory M1-like macrophages (F4/80+Ly6C+CD206-) (B), anti-inflammatory M2-like macrophages (F4/80+Ly6C-CD206+) (C) and the ratio of M1/M2 (D) (*P < 0.05, n = 5-6 mice per group). (E–L) qRT-PCR analysis of mRNA expression of pro-inflammatory marker genes (IL-6, IL-1β, TNFα, CCL2) (E–H) and anti-inflammatory marker genes (Arg1, Mrc1, Clec10a, Retnla) (I–L) in cardiac macrophages isolated from the heart of WT and Lcn10-KO mice at 1 week post-STZ injection (*P < 0.05, n = 5-6 mice per group). All data are presented as mean ± SEM and analyzed by two-way ANOVA (B–D) or student’s t-test (E–L) ns, non significant.





Adoptive Transfer of Lcn10-KO Bone Marrow Cells Impairs Cardiac Function Mainly Through Augmented Infiltration of Pro-Inflammatory Macrophages in T2D Hearts

Global ablation of Lcn10 might affect the functions of other vital organs such as the pancreas, liver, or kidney, which may contribute to aggravated diabetic complications. Thus, to further clarify whether Lcn10 deficiency-elicited effects in the heart are mediated by hematopoietic cells or other cells, we performed bone marrow cell transplantation experiments. Specifically, recipient mice received whole-body irradiation to eliminate endogenous hematopoietic cell precursors and were transplanted with bone marrow cells from intact WT and Lcn10-KO mice. Then, these mice were subjected to T2D induction by the combination of HFD and STZ injection (Figure 5A). In line with our above results that Lcn10-KO mice displayed exacerbated diabetes-induced cardiac dysfunction, transplantation of Lcn10-deficient bone marrow cells aggravated cardiac dysfunction of recipient mice, evidenced by a 12% decrease in fractional shortening (Figure 5B). In addition, transplantation did not affect the percentage of neutrophils (CD45.2+CD11b+Ly6G+) in both recipient groups (Supplementary Figures S4C, D). However, repopulating recipient mice with Lcn10-KO cells resulted in an increased number of Ly6C+CD206- pro-inflammatory macrophages in the heart (Figures 5C–F). Taken together, these results suggest that Lcn10-KO hematopoietic cells are sufficient to exacerbate diabetes-induced cardiac dysfunction, mainly by triggering more infiltration of pro-inflammatory macrophages in the diabetic heart.




Figure 5 | Transplantation of Lcn10-KO bone marrow cells promotes more infiltration of pro-inflammatory macrophages in T2D hearts and results in worsened cardiac dysfunction. (A) Graphic scheme of bone marrow cell transplantation experiments. (B–F) LVFS (B) and cardiac macrophage phenotype (C–F) were determined 6 weeks after STZ administration (*P < 0.05, n = 5-6 mice per group). All data are presented as mean ± SEM and analyzed by student’s t-test.





Gene Enrichment Analysis of Lcn10-KO BMDMs Reveals the Nr4a1 Signaling Is Involved in Lcn10-Mediated Macrophage Polarization

To gain further insights into how the loss of Lcn10 in macrophages induces M1- like phenotype, we isolated BMDMs from WT and Lcn10-KO mice and performed RNA-sequencing analyses. Importantly, we identified that 569 genes were significantly upregulated, whereas 608 genes were remarkably downregulated in KO macrophages compared to WT counterparts (Figure 6A). Of interest, further analysis revealed that many of the significantly differentially expressed genes (DEGs) are directly or indirectly regulated by the Nr4a1 signaling pathway (Figures 6B, C). More intriguingly, we observed that the gene expression of Nr4a1 itself was significantly decreased in KO macrophages. Notably, it is well appreciated that Nr4a1 acts as a transcriptional activator or repressor depending on post-translational modifications and coregulator protein recruitment (47, 48). In accordance with the RNA-seq data, qRT-PCR analysis further validated the altered expression of Nr4a1-related genes, such as Gdf3, Mid1, Id3, Tgfbi, and Rab4a (Figure 6D). Collectively, these data suggest that loss of Lcn10 could disrupt the Nr4a1 signal in macrophages.




Figure 6 | Gene expression profile in Lcn10 KO BMDMs determined by high-throughput RNA sequencing. (A) Volcano plot of the overall gene expression alteration in BMDMs isolated from WT and Lcn10 KO mice (n = 3 per genotype). (B, C) Heatmap (B) and Volcano plot (C) show many of the most differentially expressed genes are Nr4a1-related genes. (D) The altered expression of Nr4a1-related genes was validated by qRT-PCR (*P < 0.05, n = 4 samples per group). All data are shown as mean ± SEM and analyzed by student’s t-test ns, non significant.





Nr4a1 Agonist Attenuates Pro-Inflammatory Response and Partially Improves Cardiac Function in Lcn10-KO Mice Under T2D Conditions

Given that Nr4a1 may contribute to the Lcn10-elicited polarization in macrophages, we therefore pre-treated Lcn10-KO BMDMs with CsnB, a specific agonist of Nr4a1, 30 minutes before LPS+IFNγ stimulation. Subsequently, the gene expression of pro-inflammatory markers was analyzed. As expected, we observed that treatment of Lcn10-KO macrophages with CsnB significantly inhibited pro-inflammatory response upon LPS+IFNγ stimulation, compared to controls, as measured by mRNA levels of iNOS, IL-6, IL-1β, and CXCL10 (Figures 7A–D). Previous studies have revealed that the Nr4a1-modulated expression of its target genes is primarily ascribed to its transcriptional activity (19, 22). Hence, to dissect the potential mechanism underlying the effect of Lcn10 deficiency in Nr4a1 signaling, we determined the translocation of Nr4a1 in macrophages from WT and KO mice using immunofluorescence staining. Under basal status, Nr4a1 was distributed in cytosol and nucleus, which is similar in WT and KO macrophages (Figure 7E). However, when treated with LPS+IFNγ, WT-BMDMs showed a substantial increase in the nuclear translocation of Nr4a1 when compared with controls (Figure 7E). Notably, such nuclear translocation was attenuated in KO-BMDMs as more Nr4a1 was retained in the cytosol (Figure 7E). Consistently, qRT-PCR analysis validated that such distribution change affected the expression of several Nr4a1-targeted genes in KO-BMDMs treated with LPS+IFNγ: with down-regulation of anti-inflammatory gene (Gdf3, Tgfbi) (Figure 7F), whereas up-regulating pro-inflammatory gene Rab4a (Figure 7F). Accordingly, CsnB treatment partially improved cardiac function in Lcn10-KO mice under T2D conditions, yet to a lesser extent when comparing to WT groups (Figures 7G, H). Taken together, these data indicate that disruption of the Nr4a1 signal may contribute to Lcn10 KO-mediated inflammatory responses in macrophages and subsequent cardiac injury.




Figure 7 | Nr4a1 agonist attenuates pro-inflammatory response and partially improves cardiac function in Lcn10-KO mice under T2D conditions. (A–D) BMDMs were pre-treated with CnsB (5 µM) for 30 minutes, followed by stimulation of LPS (10 ng/ml) +IFN-γ (10 ng/ml) for 6 hours. Gene expression of pro-inflammatory marker genes (iNOS, IL-6, IL-1β, CXCL10) was determined by qRT-PCR (*P < 0.05, n = 3 samples per group). (E) Representative images of immunofluorescence staining for Nr4a1 (green) in WT and Lcn10-KO BMDMs at 1 hour after LPS (10 ng/ml) +IFN-γ (10 ng/ml) treatment (Scale bar, 10 μm). (F) qRT-PCR analysis of Nr4a1-targeted genes in BMDMs after stimulation with LPS (10 ng/ml) +IFN-γ (10 ng/ml) for 3 hours (*P < 0.05, n = 3 samples per group). (G, H) At 1 week before STZ injection, WT and Lcn10-KO mice were injected with CsnB (5 mg/kg of BW, i.p.) every 3 days for total 7 weeks; then, the cardiac function was evaluated by echocardiography (*P < 0.05, n = 4 mice per group). All data are shown as mean ± SEM and analyzed by student’s t-test (A–D, F) or two-way ANOVA (H).






Discussion

In the present study, we have elucidated that Lcn10 plays a critical role in the regulation of macrophage polarization and diabetes-induced cardiac dysfunction. Major findings include: 1) metabolic stress inhibits Lcn10 expression in macrophages; 2) Lcn10 deficiency skews macrophages towards a pro-inflammatory phenotype, exacerbates insulin resistance, and impairs cardiac contractile function during diabetes conditions; 3) the Nr4a1 signaling pathway is disrupted in Lcn10-KO macrophages, leading to augmented inflammation; and 4) treatment with Nr4a1 agonist, CsnB, alleviates pro-inflammatory response in macrophages and partially improves cardiac function when comparing Lcn10-KO mice to WT controls.

The lipocalins are a family of proteins that share several common molecular-recognition properties and exhibit great functional diversity (43). For example, Lcn2, also referred to as neutrophil gelatinase-associated lipocalin (NGAL), has been well-investigated in metabolic disorders, and is characterized as a critical pro-inflammatory mediator during inflammation-associated diseases (40–42, 49–51). It is important to mention here, through sequencing peripheral blood RNA from 129 representative subjects, Tsalik et al. reported that Lcn2 was significantly higher in sepsis non-survivors than sepsis survivors and conversely, Lcn10 was increased dramatically in sepsis survivors than in non-survivor counterparts (52). However, Wang et al. recently showed that patients with sepsis-induced myocardial dysfunction (SIMD) displayed higher serum levels of Lcn10 than healthy donors, suggesting a compensatory mechanism in response to sepsis (53). Collectively, these previous observations implicate that Lcn10 may function as an anti-inflammatory mediator during the process of inflammation. Along this line, we provide a strong evidence in this study showing that Lcn10 is remarkably downregulated in macrophages in response to a variety of inflammatory stimuli (Figures 1A–D). Furthermore, Lcn10 deficiency potentiates pro-inflammatory gene expression in BMDMs upon stimulation with either LPS+IFNγ or palmitate (Figures 2E–H; Supplementary Figures S1A–F, S2A–I), whereas IL-4-induced anti-inflammatory gene expression is greatly suppressed (Figures 2I–L).

As the most abundant immune cells in the heart, macrophages account for 6–8% of non-cardiomyocytes with remarkable plasticity in phenotype and function (54). It has been well appreciated that macrophages play a critical role in cardiac remodeling in diabetes-induced heart dysfunction (5, 8). In the setting of diabetes, several pro-inflammatory factors, including hyperglycemia, hyperlipidemia, and hyperinsulinemia, are upregulated and promote increased secretion of cytokines, chemokines, and exosomes which consequently, contribute to the decline of cardiac resident macrophages and promote the accumulation of pro-inflammatory monocytes/macrophages in the heart, leading to the development of cardiomyopathy (16). Furthermore, these inflammatory cytokines such as IL-6, IL-1β, and TNFα released by macrophages can impair cardiomyocyte contractility, induce cardiac fibrosis and cardiac cell death, resulting in further adverse remodeling (10, 55, 56). In line with these previous findings, our results presented in this study clearly demonstrate a substantial increase of Ly6C+CD206- pro-inflammatory macrophages in the hearts of Lcn10-KO mice under diabetic conditions, which largely contributes to the exacerbated cardiac dysfunction. In addition, Lcn10-KO macrophages exhibit higher expression of cytokines/chemokines (i.e., IL-6, IL-1β, and CCL2) than wild-type controls, which are also major culprits for the development of cardiomyopathy during diabetes. More importantly, adoptive transfer of Lcn10-KO bone marrow cells into X-ray irradiated mice (Figure 5) further validate such critical contributions of pro-inflammatory macrophages and their released cytokines/chemokines to the pathogenesis of diabetic cardiomyopathy.

With respect to how Lcn10 regulates macrophage phenotype, our RNA sequencing analysis reveals that Nr4a1 signaling cascades are dys-regulated in Lcn10-KO macrophages. We further observed that (LPS+IFNγ)-stimulated nuclear translocation of Nr4a1 was disrupted in Lcn10 deficiency macrophages, compared to WT-cells (Figure 7E). Currently, Nr4a1 is well characterized to have robust anti-inflammatory effects though directly targeting gene expression via its nuclear translocation and thereby, function as an either transcriptional activator or repressor (19, 22). Therefore, the mechanism underlying pro-inflammatory phenotype displayed in Lcn10-null macrophages could be associated with the disruption of Nr4a1-mediated anti-inflammatory signaling pathway. This explanation is further strongly supported by our data presented in Figures 7A–D showing that treatment of Lcn10-KO macrophages with Nr4a1 agonist remarkedly suppresses pro-inflammatory response.

As for how loss of Lcn10 impairs Nr4a1 translocation to nuclei in macrophages, it remains unclear in the present study. Considering that multiple molecular recognition properties shared by the lipocalin family proteins include ligand binding, macromolecular complexation, and the binding of cell surface receptors (57, 58), two possibilities could be speculated to explain how Lcn10 affects Nr4a1 trafficking in macrophages. First, Lcn10 may directly interact with Nr4a1 in the cytosol of macrophages where it functions as a chaperon protein and facilitates Nr4a1 translocation to the nuclei upon metabolic stress. Accordingly, Lcn10 deficiency disrupts such nuclear transfer of Nr4a1 and thus, augments inflammatory response to stress stimuli. Second, Lcn10 may have an autocrine effect and acts on the surface receptor of macrophages to activate its downstream signaling that promotes Nr4a1 nuclear translocation. In this regard, the absence of Lcn10 in macrophages would certainly limit Nr4a1 activation upon stress conditions. Future studies using a gain-of-function approach will be needed to shed light on these mechanisms.



Conclusions

This study, using a loss-of-function approach, elucidates a novel mechanism underlying the development of diabetic cardiomyopathy (Figure 8). This is associated with a reduction of Lcn10 expression in macrophages, resulting in: 1) an exacerbated inflammation through disrupting Nr4a1 signal, 2) a high ratio of pro-/anti-inflammatory macrophage population accumulated in the heart during diabetes. As a consequence, cardiac dysfunction is aggravated. Thus, any strategies that elevation of Lcn10 expression/activity in macrophages would possess therapeutic potential of diabetes-induced low-grade inflammation and concomitant cardiomyopathy.




Figure 8 | Scheme depicting that absence or reduction of Lcn10 expression in macrophages impairs Nr4a1 nuclear translocation, leading to increased pro-inflammatory macrophages and decreased anti-inflammatory macrophages accumulated in the heart and consequently, aggravated cardiac inflammation and dysfunction during diabetes.
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Identifying biomarkers for abdominal aortic aneurysms (AAA) is key to understanding their pathogenesis, developing novel targeted therapeutics, and possibly improving patients outcomes and risk of rupture. Here, we identified AAA biomarkers from public databases using single-cell RNA-sequencing, weighted co-expression network (WGCNA), and differential expression analyses. Additionally, we used the multiple machine learning methods to identify biomarkers that differentiated large AAA from small AAA. Biomarkers were validated using GEO datasets. CIBERSORT was used to assess immune cell infiltration into AAA tissues and investigate the relationship between biomarkers and infiltrating immune cells. Therefore, 288 differentially expressed genes (DEGs) were screened for AAA and normal samples. The identified DEGs were mostly related to inflammatory responses, lipids, and atherosclerosis. For the large and small AAA samples, 17 DEGs, mostly related to necroptosis, were screened. As biomarkers for AAA, G0/G1 switch 2 (G0S2) (Area under the curve [AUC] = 0.861, 0.875, and 0.911, in GSE57691, GSE47472, and GSE7284, respectively) and for large AAA, heparinase (HPSE) (AUC = 0.669 and 0.754, in GSE57691 and GSE98278, respectively) were identified and further verified by qRT-PCR. Immune cell infiltration analysis revealed that the AAA process may be mediated by T follicular helper (Tfh) cells and the large AAA process may also be mediated by Tfh cells, M1, and M2 macrophages. Additionally, G0S2 expression was associated with neutrophils, activated and resting mast cells, M0 and M1 macrophages, regulatory T cells (Tregs), resting dendritic cells, and resting CD4 memory T cells. Moreover, HPSE expression was associated with M0 and M1 macrophages, activated and resting mast cells, Tregs, and resting CD4 memory T cells. Additional, G0S2 may be an effective diagnostic biomarker for AAA, whereas HPSE may be used to confer risk of rupture in large AAAs. Immune cells play a role in the onset and progression of AAA, which may improve its diagnosis and treatment.
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Introduction

Abdominal aortic aneurysm (AAA) is a cardiovascular disease defined by aortic dilation exceeding 50% of the normal aortic diameter, which can lead to aortic rupture and bleeding. Until a rupture event occurs, the patient is usually asymptomatic (1). The incidence of AAA has risen dramatically as the age of the world population increases. Sudden mortality from aneurysm rupture occurs in 60–85% cases, posing a major threat to the health of middle-aged and elderly people (2). Aneurysms with a diameter > 5.5 cm, that rapidly dilate over a short period of time and compromise perfusion to distant organs, are candidates for open surgery or endovascular aortic repair. However, only using these measurements as biomarkers is not high accuracy (3). Continuous monitoring of AAA biological activity is important for reducing mortality and morbidity associated with rupture; however, there is no effective predictive biomarker of AAA diameter (4) or treatment that prevents AAA from growing or rupturing (5, 6). Therefore, it is critical that we elucidate the underlying mechanisms of AAA progression to accurately identify appropriate therapeutic targets.

Single-cell sequencing is a ground-breaking approach that permits the clustering of cells to investigate gene expression variances across groups and differences in cell progression (7, 8). AAA permits the accurate investigation of genetic characteristics at the single-cell level, since it contains a wide variety of cells, including monocytes, T cells, mast cells, and B cells (9). Weighted co-expression network analysis (WGCNA) is a method used in systems biology to explore gene interaction patterns across multiple samples (10). It may be used to find highly co-variant gene sets as well as potential biomarker genes or therapeutic targets based on the gene set interconnectivity and association with clinical characteristics (11).

We utilized public databases to conduct AAA single-cell sequencing, WGCNA analysis, and differential expression analysis to investigate gene variants in AAA and discover possible therapeutic and diagnostic targets. We also performed an additional GEO dataset to confirm our findings. With the fast development of gene microarray technology, along with bioinformatics analysis, gene chip technology can provide a novel and effective technique to investigate the molecular mechanisms of many diseases (12). However, few studies have utilized machine learning approaches, such as the least absolute shrinkage and selection operator (LASSO), support vector machine-recursive feature elimination (SVM-RFE), and Random Forest (RF) to uncover large AAA biomarkers. To screen for important variables and establish the optimal classification model, LASSO analysis uses an L1-penalty (lambda) to set the coefficients of less significant variables to zero. It uses supervised machine learning to categorize data points by maximizing the distance between classes in a high-dimensional space (13). RF is a non-parametric classification method (14), which includes decision trees based on divided data sets. It is, therefore, widely used to discover biomarkers and predict models with excellent accuracy and interpretability. In this context, we used a RF classification model to discover characteristics that may distinguish AAA from a normal sample.

Moreover, CIBERSORT was used to compare the tissue immune infiltrates of 22 immune cell subsets between AAA and normal samples, as well as between small and large AAAs. Additionally, the relationships between diagnostic markers and infiltrating immune cells were investigated to acquire a better understanding of the molecular immunological processes underlying AAA development. The findings of this study will enable the identification of novel diagnostic biomarkers and therapeutic targets for AAA and improve our understanding of its pathogenesis.



Materials and Methods


Data Processing

We obtained four AAA RNA chip datasets [GSE7084 (15), GSE47472 (16), GSE57691 (17), and GSE98278 (18)] and one AAA single-cell RNA-sequencing dataset [GSE166676 (8)] from GEO (http://www.ncbi.nlm.nih.gov/geo). Following standardization, samples without clinical information were excluded. Hereby, 15 samples were obtained in GSE7084 (8 normal and 7 AAA samples), 22 samples in GSE47472 (8 normal and 14 AAA samples), 59 samples in GSE57691 [10 normal, 20 small AAA (mean maximum aortic diameter = 54.3 ± 2.3 mm) and 29 large AAA samples (mean maximum aortic diameter = 68.4 ± 14.3 mm)], 31 samples in GSE98278 [15 small AAA (mean maximum aortic diameter ≤ 55 mm)], and 16 large AAA samples (mean maximum aortic diameter > 70 mm). Individual genes in the GSE7084, GSE47472, GSE57691, and GSE98278 datasets were further annotated by respective planforms. GSE7084 was used for further validation and was assessed in comparison with normal and AAA samples. The GSE98278 sample was also used for validation and was evaluated in comparison with small AAA and large AAA samples. The characteristics of the five datasets are shown in Table 1.


Table 1 | Characteristics of the five datasets.





Single-Cell Quality Control and Dimensions Reduction

We identified cells expressing more than 200 genes but no more than 2,500 genes. Meanwhile 10% of mitochondrial genes and 3% of red blood cell genes were set as cut off value to further filtrated. After identifying 3,000 hypervariable genes for analysis, the number of principle components (PCs) was adjusted to 13 to generate cell clusters that were then exhibited and annotated using the “tSNE” diagram. We next selected the top ten different expression genes in each cluster using the “FindAllmarkers” function from Seurat R Package. Then 20 clusters in total were discovered (Supplementary Table 1).



Differential Gene Analysis and Cell Type Annotation

We utilized the R package “SingleR” to annotate our single-cell RNA-seq data automatically. Between the expression profiles of each cell and those of the reference sample, Spearman’s correlation was calculated. We then defined the score for each label as the set quantile of the correlation distribution (0.8 by default). We repeated this approach for all labels, using the label with the highest score as the cell’s annotation.

We utilized the “FindMarkers” method to identify genes that differed significantly between AAA and normal cells. Supplementary Table 2 contains a list of all significant indicators that distinguish AAA from normal cells.



Pseudotime Analysis

After annotating all cells, we extracted all monocyte objects and randomly selected mean expressions > 0.1 & dispersion empirical > 1 * dispersion fit cells for subsequent pseudotime analysis. Subsequently, using the “DDRTree” approach, we reduced the dimension of cells and then determined the kind of cell differentiation state using the “reduceDimension” function. Finally, we employed the “plot cell trajectory” function to visualize the differentiation trajectory of cells.



Weighted Co-Expression Network Analysis in GSE47472

We performed a WGCNA analysis on GSE47472 and then utilized selected genes with a standard deviation of expression > 0 for further analysis, excluding outlier data. The data were divided into distinct modules by setting an optimal soft threshold (Supplementary Table 3) and simultaneously identifying the modules that were most positively associated with AAA.



DEGs Identification in GSE57691

GSE7691 was used for a differential analysis. The “limma” R Package was employed to investigate the differences between the AAA and normal sample groups post normalization. The results were presented as a heat map. After applying a filter (| logFC | > 0.5 and adjusted p < 0.05), we obtained DEGs (Supplementary Table 4) and displayed by volcano graph.

Additionally, we then applied a filter (p < 0.05) to obtain DEGs (Supplementary Table 5) and present the differences between large and small AAA samples as a volcano plot.



Functional and Pathway Enrichment Analysis of DEGs

We conducted functional enrichment analysis of the DEGs from GSE57691. All key terms were clustered according to membership similarity, and the term with the highest degree of enrichment was chosen as the representative. To investigate the functions and pathways of DEGs, we utilized the “clusterProfiler” R Package (v4.0) to perform gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment. Statistical significance was set at p < 0.05.



Screening and Verification of Diagnostic Markers Between Normal and AAA

Three methods were applied to identify novel and key biomarkers for AAA: single-cell differential gene analysis, identification between AAA and normal cells, and WGCNA (19). We then utilized “FindMarkers” to perform single-cell differential gene analysis, “limma” for DEG identification, and “WGCNA” for WGCNA analysis (10). For additional investigation, we chose overlapping genes from three previously described models. The GSE7084 dataset was utilized as a validation set for in-depth assessing the efficacy of important biomarkers. This was performed using a receiver operating characteristic (ROC), and the area under the curve (AUC) was calculated to establish the biomarkers’ predictive ability. Statistical significance was determined using a two-sided P < 0.05.



Screening and Verification of Diagnostic Markers Between Small and Large AAA

Random Forest (RF) (14), LASSO (20), and SVM-RFE (21) were performed to screen for novel large AAA biomarkers. We used the “randomForest” R package for RF and “glmnet” R Package to perform LASSO logistic regression with low lambda. This research used the RF function in the “caret” package to pick prominent genes using ten-fold cross validation. The SVM classifier was created using the R package “e1071”. The three classifiable models’ overlapping genes were then figured out. GSE98278 was used as the validation set for conducting an in-depth evaluation of the effectiveness of significant biomarkers. The validation was performed using ROC analyses, and the algorithm’s prediction ability was measured using AUC. A two-sided P < 0.05 was used to determine statistical significance.



Immune Infiltration Analysis

We analysed the level of immune cell infiltration between AAA and normal samples of GSE57691 (Supplementary Table 6) and small and large AAA samples of GSE57691 (Supplementary Table 7) using the CIBERSORT analysis technique with the parameter “PERM” set to 1000 and a cutoff of p < 0.05. Additionally, the proportion of each type of immune cell in the samples was computed and was shown using a bar plot. The “pheatmap” package was used to create a heat map of the 22 immune cells, and abundance was shown using the “vioplot” package. Using the “corrplot” package, we created a correlation heatmap to visualize the correlation between 22 different infiltrating immune cells.



Infiltrating Immune Cells Interact with Diagnostic Markers

A Spearman’s rank correlation test in R was used to examine the relationship between infiltrating immune cells and finally gained gene biomarkers. Correlations were illustrated using ”ggplot2” package.



Quantitative PCR Analysis

A total of 9 tissue samples (including 3 normal samples and 3 small AAA samples and 3 large AAA samples) were collected from Shanxi Provincial People’s Hospital. The Ethical Committee of Shanxi Provincial People’s Hospital approved this study and the respective patient provided informed consent in a written form. Total RNA was isolated using TRIzol reagent (Invitrogen, USA) following the manufacturer’s protocol, and RNA purity was detected using a NanoDrop 2000 spectrometer (Thermo Fisher Scientific, MA, USA). The quantitative real-time polymerase chain reaction (PCR) was performed Based on SuperReal PreMix Plus (Invitrogen) in a StepOnePlus Real-time PCR Detection System (Applied Biosystems, CA, USA), with the following primers: GAPDH (forward: 5’-GGACCTGACCTGCCGTCTAG-3’, reverse: 5’-GTAGCCCAGGATGCCCTTGA-3), HPSE(forward: 5’-TGCTATCCGACACCTTTGC-3’, reverse: 5’-TTGCCTCATCACCACTTCTAT-3’), G0S2 (forward: 5’-CCTCTTCGGCGTGGTGCTC-3’, reverse: 5’-CTGCTGCTTGCCTTTCTCC–3’) synthesized by shanghai GENE ray Biotech. GAPDH was then handled as an internalreference. The relative expression was calculated using the2^(-△Ct) method. P values <0.05 showed statistical significance.



Statistical Analysis

All statistical analyses were conducted using R. A student’s t-test was used to compare AAA and normal samples, as well as small and large AAA samples. ROC analysis was performed to estimate the discriminatory value of marker genes. Statistical significance was set at p < 0.05, unless otherwise specified.




Results

The flow chart of our study is shown in Figure 1.




Figure 1 | Flow chart of the research process.




Single-Cell Quality Control and Dimension Reduction Clustering

On the single-cell dataset, a quality control procedure was performed. As shown in Figure 2A, we removed certain cells and controlled the fraction of mitochondrial and red blood cell genes to assure the quality of the cell samples used in the research. Thereafter, we identified 3,000 genes with high variability and labeled the 10 most important ones. All hypervariable genes are highlighted in red in Figure 2B. As shown in Figure 2C, the cells were classified into 20 clusters, with the different clusters being roughly classified as B and endothelial cells, fibroblasts, keratinocytes, macrophages, monocytes, mesenchymal stem (MSC), natural killer (NK) cells, and T cells. Clusters 2 and 10 were identified as B cells; clusters 1, 4, 13, 15, and 17 as endothelial cells; cluster 14 as fibroblasts; cluster 8 as macrophages; clusters 3, 7, 11, and 18 as monocytes; and clusters 6 and 16 as mesenchymal stem cells (MSCs). Cluster 12 was identified as a NK cells; T cells were identified in clusters 0, 5, and 9; cluster 19 was identified as keratinocytes. In epidermal keratinocytes, we observed an increased expression of genes involved in HA synthesis, including PTPRC and HAS1. According to the original text of this dataset, low-dose UVB irradiation stimulated hyaluronan synthesis in epidermal keratinocytes by sequential stimulation of hyaluronan synthases Has1-3, which was mediated by p38 and Ca2+/calmodulin-dependent protein kinase II (CaMKII) signaling (22). Finally, we assigned red and blue colors to the AAA and normal samples, respectively.




Figure 2 | Clustering of GSE166676 single cells for quality control and dimension reduction. (A) The proportion of mitochondrial and erythrocyte genes is adjusted to ensure the quality of cell samples. (B) 3,000 highly variable genes are indicated in red, with the 10 most important emphasized. (C) Reduced dimensionality and cluster analysis. The AAA dataset cells may be classified into 20 clusters, which include B cells, endothelial cells, fibroblasts, keratinocytes, macrophages, monocytes, mesenchymal stem (MSC), natural killer (NK) cells, and T cells. AAA, abdominal aortic aneurysm.





Differential Gene Analysis and Pseudotime Analysis

We utilized the “FindMarkers” method to identify genes that differed significantly between AAA and normal cells. We performed a simulation analysis on the cell trajectory differentiation of all monocytes and discovered that the darker the blue, the earlier the cell differentiation, indicating that monocytes differentiate from right to left over time, with the lightest blue representing the most recently differentiated cells (Figure 3A). As shown in Figure 3B, there were three distinct differentiated states of monocytes, each labeled with a different color, with the red one (on the right) being the earliest differentiated type. We subsequently investigated the differentiation process of AAA and normal cells and discovered that AAA monocytes differentiated earlier than normal monocytes (Figure 3C). All cells analyzed were monocytes (Figure 3D).




Figure 3 | Analyses of pseudotime in GSE166676. (A) Timing differences in cell differentiation. Darker blue represents an earlier stage of differentiation, while a lighter blue indicates a later stage of differentiation. This serves as a starting point for subsequent analysis. (B) Three stages of monocyte differentiation. State 1 is the earliest stage of differentiation. (C) Differentiation of AAA monocytes from normal monocytes. (D) All cells analyzed were monocytes. AAA, abdominal aortic aneurysm.





Weighted Co-Expression Network Analysis

First, we identified 15,471 genes with a standard deviation of expression greater than zero. Second, the “flashClust” tool package was used to perform the cluster analysis with a threshold of 70; Cluster 1 had 26 samples, which we retained (Figure 4A). Third, the power parameter range of 1–20 was filtered using the “pickSoftThreshold” function of the “WGCNA” package, and we used a power of β = 19 (scale-free R2 = 9) as the soft threshold to establish a scale-free network (Figures 4B, C). To merge similar modules in cluster 3, we set the threshold to 0.3 (Figure 4D); the minimum number of modules was set to 50. Seven modules were produced, each containing genes with similar co-expression characteristics (Figure 4E). As revealed by module-trait association analyses, multiple modules were associated with AAA (Figure 4E), with the green-yellow module being the most significant, including 1,286 genes.




Figure 4 | Analysis of the weighted co-expression network in GSE47472. (A) Sample clustering of dataset GSE47472. The samples were classified into three clusters that were significantly distinct. All clusters were chosen for further analysis. (B) Selection of optimal thresholds. The threshold is 19. (C) Set the threshold to 0.3 to merge modules that are comparable in the cluster tree. (D) Different modules are produced and shown in different colors by aggregating genes with strong correlations into a same module. Blue modules make up a greater proportion. (E) Analysis of correlations between modules and AAA. The green-yellow module was significantly correlated with AAA (COR = 0.67, P < 0.001) and with normal samples (COR = -0.67, P < 0.001). The WGCNA-hub genes were provided to the genes in the green-yellow module. AAA, abdominal aortic aneurysm.





Differential Gene Analysis in GSE57691

We identified 288 differentially expressed genes (DEGs) between AAA and normal samples in GSE57691, including 111 upregulated and 177 downregulated genes (Figures 5A, B). Additionally, we identified 17 DEGs between the large and small AAA samples in GSE57691, three of which were upregulated and 14 downregulated, (Figures 5C, D). We discovered that the expression of these genes varied significantly between samples, with the deep red hue indicating a greater expression level (Figures 5A, C). In Figures 5B, D, DEGs are shown as a volcano map, with blue and red representing genes that were expressed at low and high levels, respectively, in AAA samples. Additionally, blue and red represent genes with low and high abundance, respectively, in large AAA samples.




Figure 5 | Visualization of the DEG findings in GSE57691. (A) Heatmap clustering of genes with markedly different expression in AAA compared normal samples. |log2Foldchange|>0.5 and adjusted P-value < 0.05 were used to define statistically significant DEGs. AAA: abdominal aortic aneurysm; DEGs, differentially expressed genes. Cyan denotes AAA samples, whereas red-orange denotes normal samples. (B) DEGs volcano map; red denotes upregulated genes, black represents genes with no significant difference, and green represents downregulated genes. (C) Heatmap clustering of genes with substantially different expression levels in large AAA compared small AAA samples. P-value < 0.05 was used to determine statistically significant DEGs. AAA: abdominal aortic aneurysm; DEGs, differentially expressed genes. Cyan indicates large AAA samples, whereas red-orange indicates small samples. (D) DEG volcano map; red denotes upregulated genes, black represents genes with no significant difference, and green represents downregulated genes.





Functional Enrichment Analysis of DEGs

The findings of the GO analysis were classified into three categories: biological processes, cell components, and molecular functions. For AAA and normal samples (Figure 6A), the DEGs were enriched in biological processes, such as regulation of histone phosphorylation and positive regulation of acute inflammatory response; cell components, such as the haptoglobin–hemoglobin and hemoglobin complexes; and molecular functions, such as superoxide-generating NADPH oxidase activator activity, haptoglobin binding, phosphatase binding, and oxygen carrier activity. The KEGG pathway was enriched for viral protein interaction with cytokine and cytokine receptor, cytokine-cytokine receptor interaction, chemokine signaling pathway, rheumatoid arthritis, lipid and atherosclerosis, and Th17 cell differentiation (Figure 6B).




Figure 6 | Analyses of functional enrichment of DEGs in GSE57691. (A) Analysis of DEGs between AAA and normal samples using Gene Ontology (GO) enrichment analysis. The x-axis indicates the number of genes associated with the terms, while the y-axis indicates the pathway terms. Each term’s q-value is colored according to the legend. BP, biological process; CC, cellular component; MF, molecular function; (B) enrichment analysis of DEGs between AAA and normal samples using the Kyoto Encyclopedia of Genes and Genomes (KEGG). Each term’s q-value is colored according to the legend. Different colored bubbles reflect different pathway terms. (C) Enrichment analysis of DEGs between large AAA and small AAA samples using Gene Ontology (GO). The x-axis indicates the number of genes associated with the terms, while the y-axis indicates the pathway terms. Each term’s q-value is colored according to the legend. BP, biological process; CC, cellular component; MF, molecular function; (D) Enrichment analysis of DEGs comparing large AAA and small AAA samples using the Kyoto Encyclopedia of Genes and Genomes (KEGG). Each term’s q-value is colored according to the legend. Different colored bubbles reflect different pathway terms. AAA, abdominal aortic aneurysm.



For large and small AAA samples (Figure 6C), DEGs were enriched in biological processes, such as vascular wound healing and angiogenesis involved in wound healing; cell components, such as specific granules, tertiary granules, and secretory granule membranes; and molecular functions, such as hydrolase activity and hydrolyzing O-glycosyl. The KEGG pathway was enriched for necroptosis, glycosaminoglycan degradation, and SNARE interactions in vesicular transport (Figure 6D).



Identification of G0S2 in AAA

Venn graphs were used to aggregate the DEGs identified through single-cell and WGCNA analyses throughout the dataset (Figure 7A). A key gene, G0S2, was identified at this intersection, suggesting that this gene may be involved in AAA development. Using box plots, we found that G0S2 was highly upregulated in AAA samples from GSE57691 and GSE47472 (Figures 7B, D). Subsequently, we constructed ROC curves of the two chip datasets and discovered that the AUC of datasets GSE57691 (Figure 7C) and GSE47472 (Figure 7E) were 0.861 and 0.875, respectively; thereby suggesting that G0S2 may be an effective diagnostic biomarker of AAA. To confirm previous findings, we created a box plot of GSE7284 and observed that G0S2 was considerably upregulated in AAA samples (Figure 7F). Additionally, ROC analyses were conducted for the GSE7284 dataset and produced an AUC of 0.911 (Figure 7G). Although the small sample size may have influenced the ROC value, the results indicate that this gene has a positive effect on the diagnosis of AAA and normal samples.




Figure 7 | Obtaining the key gene of AAA: G0S2, by single-cell RNA-sequencing analysis, weighted co-expression network analysis, and differential expression analysis. (A) Intersection of single-cell analysis, WGCNA and differential expression analysis was displayed in a Venn diagram. The most significant gene, G0S2, was obtained. (B) G0S2 mRNA expression in AAA compared to normal samples in the GSE57691. (C) ROC curve construction in public data sets to evaluate the diagnostic accuracy of G0S2 of AAA. The AUC of GSE57691 was 0.861. (D) G0S2 mRNA expression in AAA compared to normal samples in the GSE47472. (E) ROC curve construction in public data sets to evaluate the diagnostic accuracy of G0S2 of AAA. The AUC of GSE47472 was 0.875. (F) G0S2 mRNA expression in AAA compared to normal samples in the GSE7284. (G) ROC curve construction in public data sets to evaluate the diagnostic accuracy of G0S2 of AAA. The AUC of GSE7284 was 0.911. The distinction was considered good when the AUC value was between 0.8 and 0.9, and exceptional when the AUC value was > 0.9. ROC, receiver operating characteristic; AUC, area under the ROC curve; AAA, abdominal aortic aneurysm.





Identification of Biomarkers in Dilated-AAA

We used LASSO logistic regression to identify 12 critical biomarkers from the DEGs (Figures 8A, B). The SVM-RFE method identified 17 genes as important biomarkers for DEGs (Figure 8B). In addition, the RF algorithm identified two genes as key indicators (Figures 8C, D). The three methods identified overlapping genes, one upregulated (OSM), one downregulated (HPSE) (Figure 8E). Box plots were used to visualize the data from one chip, and we observed that HPSE was highly upregulated in small AAA samples in GSE98278 (Figures 8F, G) with an AUC of 0.669 in the GSE57691 (Figure 8H) and 0.754 in the GSE98278 dataset (Figure 8I). While the small sample size may have an influence on the AUC values calculated here, the data indicate that this gene is also effective in the differentia diagnosis of small and large AAA samples.




Figure 8 | Diagnostic indicators for large AAA screening and validation. (A) Fine-tuning the least absolute shrinkage and selection operator (LASSO) model’s feature selection. LASSO regression was used to narrow down the DEGs, resulting in the discovery of 12 variables as potential markers for AAA. The ordinate represents the value of the coefficient, the lower abscissa represents log (λ), and the upper abscissa represents the current number of non-zero coefficients in the model. (B) A plot illustrating the process of selecting biomarkers using the support vector machine-recursive feature elimination (SVM-RFE) technique. The SVM-RFE technique was used to identify a subset of 17 characteristics from the DEGs. (C) The effect of the decision tree number on the error rate. The x-axis denotes the number of decision trees, while the y-axis shows the error rate. When approximately 200 decision trees are used, the error rate is generally steady. (D) The Gini coefficient method’s results in a random forest classifier. The x-axis displays the genetic variable, and the y-axis the significance index. (E) Venn diagram showing overlapping markers. (F) OSM mRNA expression in large AAA samples is not statistically significant (P > 0.05) when compared to small AAA samples in the GSE98278. (G) HPSE mRNA expression is significantly higher in large AAA samples than in small AAA samples in the GSE98278 (P < 0.05). ROC curves were constructed using publicly available data to assess the diagnostic accuracy of HPSE for large AAA. (H) GSE57691 has an AUC of 0.669. (I) GSE98278 had an AUC of 0.754. ROC, receiver operating characteristic; AUC, area under the ROC curve; AAA, abdominal aortic aneurysm.





Infiltration of Immune Cells Results

Using the CIBERSORT algorithm, we first summarized the results obtained from 10 normal and 49 AAA samples (Figure 9A). As indicated by the correlation heatmap of the 22 immune cells (Figure 9B) T follicular helper (Tfh) cells and eosinophils (r = 0.24), resting dendritic cells (r = 0.01), gamma delta T cells (r = 0.15), activated NK cells (r = 0.35), activated dendritic cells (r = 0.15), memory B cells (r = 0.25), naïve CD4 T cells (r = 0.49), and naïve B cells (r = 0.38) displayed significant positive correlations. Conversely, significant negative correlations was verified with resting mast cells (r = -0.07), M1 macrophages (r = -0.08), plasma cells (r = -0.12), activated memory CD4 T cells (r = -0.2), M2 macrophages (r = -0.4), resting memory CD4 T cells (r = -0.25), memory B cells (r = -0.05), resting NK cells (r = -0.2), monocytes (r = -0.19), neutrophils (r = -0.26), regulatory T cells (Tregs) (r = -0.03), M0 macrophages (r = -0.18), activated mast cells (r = -0.23). AAA samples generally contained a higher proportion of Tfh cells than normal samples (p < 0.05) (Figure 9C). Additionally, we summarized the results obtained from 20 small and 29 large AAA samples (Figure 9D). As indicated by the correlation heatmap of the 22 immune cells (Figure 9E), M1 macrophages and resting CD4 memory T cells (r = 0.26), resting mast cells (r = 0.29), resting dendritic cells (r = 0.54), gamma delta T cells (r = 0.64), M2 macrophages (r = 0.19), and eosinophils (r = 0.01) displayed significant positive correlations, while significant negative correlations were verified with Tregs (r = -0.31), M0 macrophages (r = -0.01), activated mast cells (r = -0.38), monocytes (r = -0.15), neutrophils (r=-0.33), naïve B cells (r = -0.2), naïve CD4 T cells (r = -0.26), Tfh cells (r = -0.09), activated NK cells (r = -0.02), CD8 T cells (r = -0.12), plasma cells (r = -0.14), activated CD4 memory T cells (r = -0.01), activated dendritic cells (r = -0.38), memory B cells (r = -0.03), and resting NK cells (r = -0.2). M2 macrophages and resting CD4 memory T cells (r = 0.37), M0 macrophages (r = 0.34), activated mast cells (r = 0.04), monocytes (r = 0.09), neutrophils (r = 0.27), NK cells (r = 0.12), and activated CD8 T cells (r = 0.06) displayed significant positive correlations, while significant negative correlations with resting mast cells (r = -0.05), resting dendritic cells (r = -0.2), gamma delta T cells (r = -0.09), Tregs (r=-0.25), naïve B cells (r = -0.34), naïve CD4 T cells (r = -0.38), Tfh cells (r = -0.42), eosinophils (r = -0.22), plasma cells (r = -0.08), activated CD4 memory T cells (r = -0.05), activated dendritic cells (r = -0.32), memory B cells (r = -0.24), resting NK cells (r = -0.09); Tfh cells and resting dendritic cells (r = 0.02), gamma delta T cells (r = 0.16), naïve B cells (r = 0.39), naïve CD4 T cells (r = 0.51), activated NK cells (r = 0.37), eosinophils (r = 0.25), CD8 T cells (r = 0.01), and activated dendritic cells (r = 0.16) displayed significant positive correlations, while significant negative correlations was verified with resting CD4 memory T cells (r = -0.29), resting mast cells (r = -0.13), Tregs (r=-0.02), M0 macrophages (r = -0.16), activated mast cells (r = -0.22), monocytes (r = -0.17), neutrophils (r = -0.23), plasma cells (r = -0.11), activated CD4 memory T cells (r = -0.21), memory B cells (r = -0.04), resting NK cells (r = -0.2). Generally, AAA samples had a higher proportion of Tfh cells (P < 0.05), but relatively lower proportions of M1 and M2 macrophages (P < 0.05) than normal samples did (Figure 9F).




Figure 9 | The composition of immune cells was analyzed and displayed. (A) Heat map of the 22 immune cell subpopulations comparing AAA and normal samples. (B) Heat map showing the correlation between 22 different kinds of immune cells in AAA and normal samples. The size of the colored squares indicates the connection’s strength; red indicates a positive correlation, while blue indicates a negative correlation. The stronger the connection, the redder the hue. (C) Violin diagram illustrating the proportion of 22 different kinds of immune cells in AAA versus normal samples. (Normal samples were denoted by blue color, whereas AAA samples were denoted by red color. AAA, abdominal aortic aneurysm. P-values < 0.05 were considered as statistically significant). (D) Heat map of the 22 immune cell subpopulations comparing large AAA and small AAA samples. (E) Correlation heat map between large AAA and small AAA samples of 22 kinds of immune cells. The size of the colored squares indicates the connection’s strength; red indicates a positive correlation, while blue indicates a negative correlation. The stronger the connection, the redder the hue. (F) Violin diagram illustrating the proportion of 22 different kinds of immune cells in large and small AAA samples. (The small AAA samples were marked with blue color and large AAA samples were marked with red color. AAA, abdominal aortic aneurysm. P-values < 0.05 were considered as statistically significant).





Biomarkers and Immune Cells

Based on the results of the correlation analysis between AAA and normal samples, G0S2 displayed a positive correlation with neutrophils (r = 0.59, P = 0.00018; Supplementary Figure 1A), activated mast cells (r = 0.51, P = 0.0017; Supplementary Figure 1B), M0 macrophages (r = 0.5, P = 0.0023; Supplementary Figure 1C), and Tregs (r = 0.49, P = 0.003; Supplementary Figure 1D), but it showed a negative correlation with resting mast (r = -0.41, P = 0.014; Supplementary Figure 1E) and dendritic cells (-0.41, P = 0.014; Supplementary Figure 1F), resting CD4 memory T cells (r = -0.43, P = 0.0093; Supplementary Figure 1G) and M1 macrophages (r = -0.47, p = 0.0048; Supplementary Figure 1H) (Figure 10A).




Figure 10 | Correlation between diagnostic markers and infiltrating immune cells. (A) Correlation between G0S2 and infiltrating immune cells. (B) Correlation between HPSE and infiltrating immune cells. The size of the dots indicates the degree to which genes and immune cells are correlated. Correlation strength is proportional to the size of the dots. The color of the dots indicates the P-value; a yellower hue indicates a lower P-value, while a greener color indicates a higher P-value. P-value < 0.05 was considered statistically significant.



Between the small and large AAA samples, HPSE showed a positive correlation with M0 macrophages (r = 0.73, P = 0.00016; Supplementary Figure 2A), activated mast cells (r = 0.7, P = 0.00046; Supplementary Figure 2B), and Tregs (r = 0.51, P = 0.017; Supplementary Figure 2C), but it showed a negative correlation with M1 macrophages (r = -0.55, P = 0.01; Supplementary Figure 2D), resting mast cells (r = -0.83, P = 2.9e-06; Supplementary Figure 2E), and resting dendritic cells (r =-0.53, p = 0.013; Supplementary Figure 2F) (Figure 10B).



Verifification of Diagnostic Markers

Figure 11 shows the expression levels of two biomarkers detected by qRT-PCR in 9 tissue samples (3 normal samples, 3 small AAA samples and 3 large AAA samples).  G0S2 showed the signifificant upregulation in AAA tissues (P < 0.001) (Figures 11A), and HPSE showed a signifificant upregulation in small AAA samples (P < 0.01) (Figures 11B), indicating that the results were reproducible and reliable.




Figure 11 | Verifification of G0S2 and HPSE by qRT-PCR. (A) G0S2 showed the signifificant upregulation in AAA tissues. (B) HPSE showed a signifificant upregulation in small AAA samples. **P < 0.01, ***P < 0.001.






Discussion

AAAs have a significant impact on quality of life and create a high financial burden on families. Despite advancements in surgical procedures for AAA therapy, postoperative morbidity and mortality remain prevalent. Therefore, it is critical to better understand the pathophysiology and progression of AAAs, and thereby identify novel diagnostic biomarkers and therapeutic targets.

In this study, we identified a gene, G0S2, that was strongly related to AAA. This was performed using single-cell, weighted co-expression network, and differential expression analyses of an existing AAA dataset. A ROC curve analysis then confirmed that G0S2 was capable of accurately diagnosing AAA and our findings suggest that its increased expression may be associated with Tfh cells. Additionally, the results from the follow-up of patients with AAA in the UK Multicenter Aneurysm Screening Study (MASS) demonstrated that AAA with a diameter > 5.5 cm was dangerous and was linked with a very high incidence of rupture (23). To uncover additional molecular pathways and risk genes associated with AAA progression, we analyzed GSE57691, which included critical clinical data, such as the size of the AAA, and GSE98278, which served as a validation data set. We then used three machine learning algorithms, each possessing unique attributes, to screen for risk genes. Finally, HPSE and OSM were selected, and HPSE was found to be effective for in-depth verification, indicating the feasibility of the integration strategy. Additionally, its upregulation was believed to be associated with Tfh cells and M1 macrophages.

Cell proliferation, apoptosis, inflammation, metabolism, and carcinogenesis are all regulated by the G0/G1 switch gene 2 (G0S2) (24). Initially, Russell et al. found that G0S2 was differentially expressed in lymphocytes during the lectin-induced transition from the G0 to G1 phase of the cell cycle (25). G0S2 encodes a 103-amino acid protein that shares 78% of its sequence with humans; its mRNA is strongly expressed in brown and white adipose tissues and is related to growth arrest in 3T3-L1 fibroblasts (26). Yang et al. (27) described the localization of G0S2 in lipid droplets. It inhibits adipocyte triglyceride lipase (ATGL) and triglyceride hydrolase activity and plays a critical role in controlling lipolysis in adipocytes. Other studies show that it also leads to liver steatosis (28, 29). According to a previous study (30), G0S2 interacts with Bcl-2 and promotes apoptosis in tumor cells. Additionally, Kioka et al. (31) demonstrated that G0S2 prevents ATP depletion in cells and causes hypoxia tolerance. However, its roles and functions in AAA remain unknown. Previously, only one study has reported the role of G0S2 in coronary artery atherosclerosis. Knapp et al. (32) found that coronary atherosclerosis raises only G0S2 and FABP4 transcript levels in the myocardium. Most significantly, adipose triacylglyceride lipase (ATGL), β-HAD, and COX4/1 protein expressions were decreased in the CAD group, which was associated with more than a doubling of the triglycerides content. The production and uptake of fatty acids are stable in the myocardium of patients with coronary artery disease. Additionally, patients with coronary stenosis have a high expression of pro-inflammatory proteins in their myocardium. Here, we found that G0S2 was increased in the perivascular adipose tissue, though FABP-4 protein levels were increased and COX4/1 protein content was decreased. These findings imply that a reduction in ATGL protein expression results in myocardial steatosis in patients with coronary artery disease. As a result, GOS2 may play a role in the development of AAA similar to that in coronary atherosclerotic disease, and future experiments are required to investigate this possibility.Kram et al. (33) demonstrated that transgenic mice overexpressing human HPSE (34) had enhanced trabecular bone mass and bone formation rates. Exogenous HPSE was shown to have a pro-osteogenic effect in vitro, stimulating the osteogenic differentiation of cultivated MC3T3 E1 osteoblastic cells. Manton et al. (35) found that long-term treatment of human mesenchymal stem cell (MSCs) with heparan sulfate (HS)- and chondroitin sulfate (CS)-degrading enzymes increased osteogenic differentiation, which they attributed to altered bone morphogenetic protein (BMP) and Wnt activity resulting from disrupted cell surface proteoglycan expression. Additionally, HPSE has been shown to inhibit osteoblastogenesis and bone formation, implying that this protein may play a significant role in pathological bone remodeling (36). Aldi and colleagues (37) suggested that HSPE may have a dual function in vascular calcification, depending on the stage of the illness and the presence of inflammatory cells. The mineralization and osteogenic differentiation of vascular smooth muscle cells have been shown to be improved by HPSE; however, it has been associated to inflammation-induced osteoclast growth and activity in advanced atherosclerotic plaques. According to the AAA formation theory, alterations in the aortic wall caused by atherosclerosis underlie AAA pathogenesis; therefore, inflammatory pathways that promote atherosclerosis also contribute to AAA (38). Therefore, the mechanism underlying the higher risk of rupture in AAA > 5.5 cm may also be related to previous findings, but additional validation is required. These two genes are involved in the pathophysiology of atherosclerotic disease, confirming the inseparable link between AAA, atherosclerosis, and inflammation. We therefore identified a feasible intervention target for improving the prognosis of AAA.

We used CIBERSORT to compare AAA and normal samples in GSE57691 and discovered that Tfh cells were considerably overexpressed in AAA samples, implying that they play a key role in AAA. Tfh cells, which express the defining transcription factor B cell lymphoma 6 (BCL6), are found in B cell follicles, in which they coexist and maintain and form germinal centers. They are required for antibody isotype switching in germinal center B cells (39) and have been identified as a CD4+ subset that specializes in assisting B cells in secondary lymphoid organ (SLOs) germinal centers. They play a vital role in the pathophysiology of various diseases, including autoimmune disorders, allergies, infectious diseases, and cancers (40–43). Recent studies have shown that Tfh cells play a critical role in arteriosclerosis and are possibly pro-atherogenic. In atherosclerosis-prone mice, the atherogenic environment enhanced the autoimmune responses of CXCR3+ Tfh cells (44). Additionally, inhibiting inducible T-cell co-stimulator and its ligand signaling in Apoe–/–mice reduced the burden of atherosclerosis, as seen by decreased Tfh cell numbers in secondary lymphoid organs. Aging increased the proportion of Tfh cells in Apoe–/– mice, but not in wild-type mice, although aging had no effect on the overall percentage of CD4+ T cells in Apoe–/– animals (45). Interestingly, Tfh cells can be derived from Tregs and their reduction in Apoe–/– mice reduces atherosclerosis (45). Additionally, Wang et al. (46) demonstrated that homocysteine is involved in the imbalance of Tfh and Th17 cells by upregulating AIM2 and NLRP1 inflammasomes, which are related to AAA. Based on these findings, we hypothesized that Tfh cells performed a similar role in atherosclerotic diseases, and thus indirectly contributed to AAA development.

Additionally, Tfh cells may contribute directly to AAA via inflammation-related mechanisms. However, the inflammation-mediated theory of AAA has been demonstrated to encompass a diverse variety of innate and adaptive immune cells and their products within the aortic wall and intraluminal thrombi in human AAA samples (45, 47–49). Quantification of hematopoietic cells from human AAA wall biopsies revealed that approximately 50% were T cells, 40% B cells, 7% NK cells, and 2% monocytes (50), which was similar to the findings of our single-cell analysis, indicating that these large members comprised the AAA immunomodulatory network and contributed to AAA development (50). Thus, our single-cell analysis results more accurately reflected the substantial variations in cellular composition between normal and AAA samples. Recent studies have established the mechanisms of action of T cells (51–54), mast cells (55), B cells (56), monocytes (57), NK cells (58), and macrophages (59).

We used CIBERSORT to examine the differences in immune cell infiltration between small and large AAAs, and we observed that Tfh cells were strongly expressed in large AAAs, whereas M1 and M2 macrophages were strongly expressed in small AAAs. M1 macrophages have been demonstrated to aggravate local inflammation as well as enhance aortic dilatation and vascular remodeling, while M2 macrophages are often produced by Th2 cytokines, such as IL-4 and IL-13 (60, 61). M2 macrophages have the ability to regulate angiogenesis, cell recruitment, and collagen deposition via the mobilization of mast and NK cells (62). Aorta walls become more dominant in M2 macrophages as the disease progresses, suggesting a compensatory mechanism to compensate for the anti-inflammatory and tissue repair actions of M2 macrophages (57). In a study conducted by Cheng et al. (63), Apoe -/- mice with AAA were given notch receptor inhibitors that raised M2 macrophages and decreased M1 macrophages. They discovered that this intervention improved the development of AAA (63). As a result, the counteracting effects of M1 and M2 macrophages in small AAAs make them eligible as therapeutic targets to control inflammation and the destruction of aortic walls and decrease rupture due to AAA expansion.

Thus, we used a combination of single-cell, WGCNA, and differential expression analyses to reveal the genetic variations between AAAs. We identified G0S2 as a highly accurate biomarker for the effective diagnosis of AAA enabling early treatment. Additionally, we identified a link between the risk gene HPSE and large AAAs, which may serve as a therapeutic target for delaying AAA dilatation. We employed additional datasets to confirm the expression of G0S2 and HPSE as well as the ROC curve, but functional studies will be conducted in future works. However, our research has some limitations due to small sample sizes and a lack of informative sample data: (1) disease assessment and prediction accuracy can be improved by increasing the sample size; (2) the potential marker genes and pathways identified in this study need to be further validated to provide actual evidence for clinically targeted therapies; (3) analyses of the marker genes’ protein expression level could provide substantial evidence. However, due to a shortage of appropriate normal abdominal aorta samples in our department, executing the verification experiment is problematic. We intend to collect abdominal aorta tissue in the future in order to further understanding of how G0S2 and HPSE influence AAA.



Conclusion

Through single-cell, WGCNA, differential expression analyses and combining multiple machine learning methods, we identified G0S2 as a novel AAA biomarker and HPSE as a protective biomarker for large AAA. The two biomarkers were verified using additional GEO data. Moreover, immune infiltration analysis revealed that Tfh cells play an important role in AAA progression. Hence, our findings may represent a new reference point for diagnosing and treating AAA and delaying AAA dilatation in patients in the future.
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Supplementary Figure 1 | Visualization of immune cell infiltration and G0S2 correlation analysis results based on GSE57691. (A) Correlation analysis between the expression of G0S2 and neutrophils. (B) Correlation between G0S2 and activated mast cells. (C) Correlation analysis of G0S2 and M0 macrophage expression. (D) Correlation analysis between the expression of G0S2 and regulatory T cells (Tregs). (E) Correlation analysis between the expression of G0S2 and resting mast cells. (F) Correlation analysis in the expression of G0S2 and resting dendritic cells. (G) Correlation analysis of the expression of G0S2 and resting CD4 memory T cells. (H) Correlation between G0S2 and M1 macrophage expression.

Supplementary Figure 2 | Visualization of the results of immune cell infiltration and HSPE correlation analysis based on GSE57691. (A) Correlation analysis of G0S2 and M0 macrophage expression. (B) Correlation analysis in the expression of G0S2 and activated mast cells. (C) Correlation analysis between the expression of G0S2 and regulatory T cells (Tregs). (D) Correlation analysis of the expression of G0S2 and resting memory CD4 T cells. (E) Correlation analysis of G0S2 and M1 macrophage expression. (F) Correlation between G0S2 and resting mast cells.

Supplementary Table 1 | “SingleR” package was used to annotate the cells and produce 20 clusters.

Supplementary Table 2 | The “FindMarkers” method was used to identify genes that differed significantly between AAA and normal cells.


Supplementary Table 3 | All modular genes obtained from WGCNA.


Supplementary Table 4 | DEGs between AAA and normal samples.


Supplementary Table 5 | DEGs between large AAA and small AAA samples.


Supplementary Table 6 | Results of immune cell infiltration between AAA and normal samples.


Supplementary Table 7 | Results of immune cell infiltration between large and small AAA samples.
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In recent years, studies of macrophage polarization in atherosclerosis have become an intense area of research. However, there are few bibliometric analyses regarding this area. In this review, we used CiteSpace 5.8.R3 and VOSviewer 1.6.16 software to perform text mining and knowledge-map analysis. We explored the development process, knowledge structure, research hotspots, and potential trends using a bibliometric and knowledge-map analysis to provide researchers with a macroscopic view of this field. The studies concerning macrophage polarization in atherosclerosis were downloaded from the Web of Science Core Collection. A total of 781 studies were identified and published by 954 institutions from 51 countries/regions. The number of studies of macrophage polarization in atherosclerosis increased over time. Arteriosclerosis Thrombosis and Vascular Biology published the highest number of articles and was the top co-cited journal. De Winther was the most prolific researcher, and Moore had the most co-citations. The author co-occurrence map illustrated that there was active cooperation among researchers. The most productive countries were the United States and China. Amsterdam University, Harvard University, and Maastricht University were the top three productive institutions in the research field. Keyword Co-occurrence, Clusters, and Burst analysis showed that “inflammation,” “monocyte,” “NF kappa B,” “mechanism,” and “foam cell” appeared with the highest frequency in studies. “Oxidative stress,” “coronary heart disease,” and “prevention” were the strongest citation burst keywords from 2019 to 2021.
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Introduction

Atherosclerosis (AS) is a complex chronic inflammatory disease that occurs in the arterial vessel wall, involving large- and medium-sized muscular arteries, and contributes to cardiovascular and cerebrovascular mortality. Plaque growth leads to arterial lumen narrowing and plaques rupture, causing ischemia, necrosis, and hemorrhage in the tissues or organs supplied by the artery. In atherosclerotic lesions, there is intimal thickening, lipid deposition, and infiltration of monocytes and lymphocytes. Smooth muscle cells migrate and proliferate in the intima, secreting extracellular matrix components such as collagen. Macrophages differentiated from monocytes take up oxidized low-density lipoprotein (ox-LDL) to form foam cells (1). Foam cells are aggravated and lead to the formation of a lipid necrotic core, which was covered with a fibrous cap.

Macrophages are the primary inflammatory cells in plaques that promote early plaque formation, fibrous cap dilution, and necrotic core formation and enhance immune response (2). Macrophages undergo phenotypic transformation (i.e., macrophage polarization) under the influence of several factors. M1-type macrophages (also known as classically activated macrophages) can be generated by stimulating inflammatory factors such as lipopolysaccharide, gamma interferon, and granulocyte macrophage colony-stimulating factor. Pro-inflammatory factors tumor necrosis factor-α (TNF-α), interleukin (IL)–6, IL-1β, C-C Motif Chemokine Ligand 5 (CCL-5), and inducible nitric oxide synthase are secreted by M1 cells and participate in inflammatory response initiation and maintenance (3, 4). M2-type macrophages (also known as alternatively activated macrophages) are produced by stimulation with the macrophage colony-stimulating factor, IL-4, and IL-13. They secrete the anti-inflammatory cytokines IL-10, IL-1 receptor antagonist, and CCL18. These macrophages express arginase 1 and Fizz1 (5). M2 macrophages are involved in tissue remodeling (6) and inflammation regression (7). The ratio of M1/M2 determines the development trend and stability of atherosclerotic plaques. Increased M1 macrophages leads to the secretion of inflammatory factors and causes endothelial cell dysfunction, resulting in fibrous cap dilution. Increased M2-type macrophages phagocytose apoptotic M1 cells, prevent plaque rupture, and inhibit AS (8). The concept of macrophage polarization has provided a basis for the study of inflammatory immunity in atherosclerotic plaques, and there are several lines of evidence, suggesting that macrophage polarization participates in plaque formation and its stability. However, macrophage subtypes are not limited to M1 and M2. The origin and characteristics of some macrophages that are closely associated with human disease development remain unclear, including CD169+ macrophages, TCR+ macrophages, and tumor-associated macrophages (9).

We applied the most commonly used bibliometric software packages (CiteSpace and VOSviewer) to analyze and visualize macrophage polarization’s knowledge base and potential trends in AS research. First, we identified the annual outputs, author impacts, cooperation, countries/regions, institutions, and journal-related information to determine the general information in this field. Second, we evaluated the knowledge base on research topics using an analysis of co-cited references. Third, keyword detection (including co-occurrence and cluster analysis) was used to detect hotspots and their evolution from 2001 to 2021. Whereas keywords and co-cited reference burst analysis were used to identify emerging topics.



Methods


Data Acquisition

The scientific studies were downloaded from the Web of Science Core Collection (WoSCC) database on February 15, 2022. Search session Queries: TS = (macrophage polarization) AND ((((((((((((((TS = (Arteriosclerosis)) OR TS = (Atheromatous Plaques)) OR TS = (Atheromatous Plaque)) OR TS = (Fibroatheroma)) OR TS = (Fibroatheromas)) OR TS = (Arterial Fatty Streak)) OR TS = (Arterial Fatty Streaks)) OR TS = (Atherosclerotic Plaques)) OR TS = (Atherosclerotic Plaque)) OR TS = (Atheroma)) OR TS = (Atheromas)) OR TS = (Atheromatous Plaques)) OR TS = (Atheromatous Plaque)) OR TS = (Atherosclerosis)) OR TS = (Arteriosclerosis); Publication date: “2010-01-01” to “2021-12-31”; Document types: articles an review articles. The search results were exported with “Plain Text file” and the record content chose “Full Record and Cited References,” and stored in download_*.txt format.



Data Analysis and Visualization

CiteSpace is a Java application for bibliometric analysis developed by Chen (10). It enables knowledge mining and visualization in bibliographic databases, aiming to explore author, countries and institutional cooperation, knowledge domain, the emergence of subjects, and the future research trends (11). We used CiteSpace 5.8.R3 to detect and visualize the author, countries/regions and institutions collaboration, keywords co-occurrence, cluster and burst, co-cited references, and citation burst. We imported the “download_*.txt” file into CiteSpace 5.8.R3 and selected “Data” to remove duplicated studies. The time span was set as 2001–2021.12 and years per slice; Top N = 50 filtered the top 50 authors, organizations, and keywords with the highest frequency in each time slice. The network pruning was based on the preliminary analysis results to choose Pathfinder Network (PFNET), Minimum Spanning Tree (MST), or no network pruning. In the keyword co-occurrence analysis, we merged the synonyms to an alias list, including “M1 macrophage” and “M1,” and removed nonsense words like “alpha” and “pet.” In the institutions and author analysis, the same institutions and authors with different spellings (e.g., “Washington Univ” and “Univ Washington,” “Stephen Sansom,” and “Stephen N Sansom”) were also merged.

In 2009, Eck and Waltman from Leiden University constructed a program used for developing a scientometrics network and knowledge-map visualization called VOSviewer (12). VOSviewer has an advantage in handling large bibliometric maps and builds co-citation maps for major journals. We used VOSviewer to identify productive journals and co-cited journals. Import studies were retrieved from WoSCC and analyzed with VOSviewer 1.6.16 based on the full counting method, which means each co-citation link or co-occurrence could have the same weight. In productive journal analysis, the minimum number of documents per journal was set at 5; and in co-cited journals analysis, the minimum number of citations per source was set at 20. Annual outputs were managed using Microsoft Office Excel 2019 to show research trends in this area. In addition, the 2020 journal impact factor (IF) and JCR were obtained from the Web of Science.




Results


Annual Trend of Publications

From 2001 to 2021, 781 articles and review articles were published in this field. The annual growth of outputs demonstrated the trends of research. Figure 1 shows that the number of published studies was low from 2001 to 2010.




Figure 1 | Annual output of macrophage polarization in AS research.



From 2011 to 2015, as more scholars focused on AS mechanisms, the annual outputs of macrophage polarization in this area increased rapidly. Articles published in 2015 reached 77. By the end of 2021, research articles reached 104 (2020) and 100 (2021), showing steady growth.



Authors and Co-Cited Authors

In 1997, the metrologists Katz and Martin (13) defined “scientific collaboration” as scholars working together for common scientific objectives. CiteSpace identified 5,144 authors with published studies on macrophage polarization in AS. De Winther published the highest number of studies (n = 17), followed by Staels (n = 10), Fisher (n = 10), Chinetti-Gbaguidi (n = 9), and Daemen (n = 8) (Table 1).


Table 1 | Top 10 authors and co-cited authors of macrophage polarization in AS research.



Betweenness centrality measures critical nodes in bibliometric maps (10). Authors in the co-occurrence map showed low centrality (= 0), indicating that scholars need to engage in further exploration and collaboration on this topic. Figure 2 shows the five most significant connected components (k = 5) of author co-occurrence, containing 5,144 network nodes and 17,004 connections. Network nodes represent authors, and the size of the nodes is proportional to the number of studies posted by them. Link colors vary with the years articles were published, and link clusters represent author cooperation relationships. De Winther, Lutgens, Biessen, Daemen, Gijbels, Neele, and Van den Bossche closely collaborated in macrophage polarization research in AS.




Figure 2 | Author co-occurrence map of macrophage polarization in AS research (K = 5).



Co-cited authors refer to authors cited simultaneously in articles (Figure 3). Of the 853 co-cited authors, 27 were co-cited over 50 times, and only two authors were cited over 200 times. The top five co-cited authors were Mantovani (n = 221), Moore (n = 217), Gordon (n = 196), Martinez (n = 186), and Libby (n = 180) (Table 1).




Figure 3 | Co-cited author co-occurrence map of macrophage polarization in AS research.





Countries/Regions and Institutions Co-Occurrence

There were 781 studies published by 954 institutions from 51 countries/regions. The United States (242, 30.98%) published the most significant number of articles on macrophage polarization in AS, followed by China (227, 29.07%), Germany (154, 8.60%), and Japan (103, 5.75%) (Table 2). As shown in Figure 4, the largest connected components of countries/regions co-occurrence contained 51 nodes and 224 connections with a map density of 0.1757. The nodes colored with purple showed the betweenness centrality of countries/regions higher than 0.10, including the United States (0.53), Germany (0.27), Italy (0.15), and England (0.14), meaning that these countries/regions took “bridge” roles in this field.


Table 2 | The top 10 countries/regions and institutions of macrophage polarization in AS.






Figure 4 | Country co-occurrence map of macrophage polarization in AS research (T ≥ 20).



The top 11 institutions were from China (3/10), the USA (3/10), the Netherlands (2/10), Italy (1/10), and France (1/10). Amsterdam University (21, 2.20%), Harvard University (21, 2.20%), Maastricht University (21, 2.20%), IRCCS (19, 1.99%), and Huazhong University of Science and Technology (18, 1.89%) were the top five productive institutions (Table 2). Figure 5 displays the five largest connected components (k = 5) with pathfinder-pruning institutions co-occurrence, containing 954 network nodes and 2,864 connections (Density = 0.0063); UCL (14, 1.47%) presented the highest centrality (0.22), followed by New York University (0.17), Harvard University (0.14), and Maastricht University (0.11), whose nodes were identified with purple circles. Countries/regions and institutions engaged in frequent collaborations (Figures 4, 5).




Figure 5 | Institution co-occurrence map of macrophage polarization in AS research (K = 5).





Journals and Co-Cited Journals

VOSviewer 1.6.16 was used to construct journal co-citation and co-cited analysis; 781 references concerning macrophage polarization research in AS were published in 317 academic journals, of which 35 journals had an IF over 5. Arteriosclerosis Thrombosis and Vascular Biology published the highest number of studies (41, 5.25%), followed by Atherosclerosis (30, 3.84%), Frontiers in Immunology (26, 3.33%), Plos One (26, 3.33%), and Scientific Reports (21, 2.69%). Circulation Research had the highest IF of 17.367. Among the top 10 journals, 6 (Arteriosclerosis Thrombosis and Vascular Biology, Frontiers in Immunology, Scientific Reports, International Journal of Molecular Sciences, Circulation Research, and Frontiers in Pharmacology) were at the Q1 JCR division, and six had an IF of more than 5 (Table 3).


Table 3 | The top 10 journals of macrophage polarization in AS research.



VOSviewer found 3,087 co-cited journals in the past 20 years. Nineteen journals had citations over 500, and eight journals had over 1000. As is shown in Table 4, Arteriosclerosis Thrombosis and Vascular Biology was the most co-cited journal (2,821), followed by Circulation Research (1,490), Journal of Immunology (1,381), Circulation (1,378), and Journal of Clinical Investigation (1,360). Nature had the highest IF (49.962) among the top 10 co-cited journals, followed by Circulation (29.69). Seven of nine co-cited journals were in the Q1 district of JCR, and the remainder were in Q2.


Table 4 | The top 10 co-cited journals of macrophage polarization in AS research.





Keyword Co-Occurrence, Clusters, and Burst

CiteSpace was used to construct a keyword co-occurrence map (Figure 6). A total of 427 keywords were extracted, of which 72 terms appeared more than 10 times, and 18 appeared more than 50 times. Table 5 shows the top 20 keyword co-occurrence terms. “Inflammation” (223), “monocyte” (94), “NF kappa b” (77), “mechanism” (223), and “foam cell” (50) were core contents of macrophage polarization research in AS. “Cell” (0.15), “mice” (0.12), “mechanism” (0.1), and “LDL” (0.1) shared “bridge” effects in the keyword co-occurrence map.




Figure 6 | Keyword co-occurrence map and cluster of macrophage polarization in AS research.




Table 5 | Top 20 keywords of macrophage polarization in AS research.



Cluster analysis is a statistical method of classifying data according to the degree of similarity, aiming to discover the distribution of research content on particular subjects (14). Modularity (Q-score) and Silhouette (S-score) evaluate the cluster mapping. Q > 0.3 means the structure of the delineated associations is significant; S > 0.5 means that the cluster is reasonable, and S > 0.7 indicates the cluster is efficient and convincing. We clustered the keywords using CiteSpace software. Figure 6 (Q = 0.4334, S = 0.7808) displays the largest connected components with no-pruning keyword co-occurrence and cluster map, containing 427 nodes and 2,864 connections (Density = 0.0316). Fifteen clusters were extracted and labeled by “#” in the cluster map (Figure 6 shows the top 10 clusters). Cluster #0 labeled theme by “m1” contained 85 co-occurrence keywords: activation, cell, differentiation, mechanism, disease, phenotype, proliferation, immune response, apoptosis, and m1 macrophage. The #1 macrophage polarization cluster included 53 keywords: smooth muscle cell, endothelial cell, coronary heart disease, cholesterol efflux, monocyte subset, and macrophage activation. The #2 cluster was related to adipose tissue, which included 52 keywords: inflammation, insulin resistance, obesity, PPAR gamma, adipose tissue macrophage, and metabolic. Cluster #3 focused on the NF kappa b topic and had 43 keywords in the cluster, including atherosclerosis, monocyte, foam cell, dendritic cell, oxidative stress, and shear stress. The #4 scavenger receptor cluster contained 35 keywords, including gene expression, LDL, lipid metabolism, CD36, MAPK, and innate immunity.

The keywords timeline view displays the evolution of high-frequency keywords. Figure 7 shows the research hotspot progression path evolution in macrophage polarization in AS. From 2004 to 2010, research keywords in this area focused on foam cell, inflammation, endothelial cell, obesity, lipid metabolism, phagocytosis, and myocardial infarction. From 2011 to 2021, the primary terms were cardiovascular disease, cholesterol efflux, therapeutic target, fatty acid oxidation, shear stress, autophagy, and nanoparticle.




Figure 7 | Keyword timeline view of macrophage polarization in AS research.



Keywords burst detection identifies sudden increases in frequency within a short period, revealing research hotspots over time and reflecting the trend of hotspot evolution. The top 50 keywords with citation burst are shown in Figure 8. Research hotspots on macrophage polarization in AS evolved from “alternative activation” in 2009 to “oxidative stress” and “coronary heart disease” in 2021.




Figure 8 | Top 50 keywords with citation burst (sorted by the beginning year of the burst).





Co-Cited Reference and Reference Burst

Co-citation is the frequency with which two documents are cited together (15). Table 6 displays the top 10 co-cited references in which co-citation occurred at least 37 times. “Distribution of macrophage polarization markers in human atherosclerosis” (16), authored by Stoger (a member of de Winther’s team) and published in Atherosclerosis was the most co-cited reference in macrophage polarization in AS (26), followed by a review article entitled “Macrophage Phenotype and Function in Different Stages of Atherosclerosis” (27) (18). In total, 7 of the top 10 most highly co-cited papers were review articles, and 3 were experimental studies, including “Human Atherosclerotic Plaque Alternative Macrophages Display Low Cholesterol Handling but High Phagocytosis Because of Distinct Activities of the PPARγ and LXRα Pathways” (28) (25) and “Distribution of macrophage polarization markers in human atherosclerosis” (16),


Table 6 | Top 10 co-cited references for macrophage polarization research in AS.



As shown in Figure 9, CiteSpace detected 25 references with the most substantial citation bursts. The earliest reference with citation bursts was from 2007 to 2012, entitled “PPARγ Activation Primes Human Monocytes into Alternative M2 Macrophages with Anti-inflammatory Properties” by Bouhlel et al. (29) and published in Cell Metabolism and “Macrophage Plasticity in Experimental Atherosclerosis” by Khallou–Laschet (20) et al. and published in Plos One, which had the strongest burstness (strength = 18.63).




Figure 9 | Top 25 references with the citation bursts (sorted by the beginning year of the burst). The blue bars mean the reference had been published; the red bars mean citation burstness.






Discussion


General Information of Main Findings

In 2004, only three articles were published regarding studies of macrophage polarization in AS (30–32). As of 2010, the number of research studies remained low. The year 2011 was a turning point for this subject, as more researchers began focusing on macrophage polarization in AS and published related articles with a rapid upward trend. From 2015 to 2021, annual outputs entered a stable growth phase. AS with macrophage polarization research showed a wave-like uplift trend that is likely to increase in the future.

In the authors and co-cited authors analysis, de Winther, a researcher from the University of Amsterdam and the University of Munich, made the most contributions with 17 published studies, followed by Staels from INSERM and the University of Lille Nord de France with 10 articles. It is important to note that de Winther’s team focused on explaining the mechanisms of macrophages in AS. In recent years, “Epigenetic,” (33), “genome-wide association study” (34), and “single-cell analysis” (35) were the primary directions of their research. After constructing bone marrow of myeloid Kdm6b-deficient mice model, de Winther’s team found that insufficient epigenetic enzyme Kdm6b accelerated AS progression, although the content was similar in all groups. Their latest study found that ATP citrate lyase is an activator of plague vulnerability, and targeting therapy of macrophage metabolism suggests pathways for AS treatment (36). Mantovani was the most co-cited author, and his team had a significant influence in this field (21).

The United States, China, Germany, Netherlands, and Japan were the top five productive countries/regions. The US was the first country to explore macrophage polarization in AS (2004), followed by Italy (2005), Japan (2007), France (2009), and Canada (2009). It is noteworthy that China began studies later (2013); however, China ranked second in output. Among the top 10 countries/regions, the USA, Germany, Italy, and England shared “bridge” roles in research. Although China was the second highest publication country, the relatively low centrality (0.08) suggests that Chinese researchers should broaden their international cooperation to deepen their impact. Amsterdam University (Netherlands), Maastricht University (Netherlands), and Harvard University (USA) published the highest number of papers. Harvard University and Maastricht University have made outstanding contributions in this field.

As shown in Tables 3, 4, Arteriosclerosis Thrombosis and Vascular Biology published the most papers and had the most significant number of co-cited journals over 2000, implying a significant role in the research area. Atherosclerosis, Frontiers in Immunology, and Plos One were also productive journals related to macrophage polarization in AS. Papers published in high IF journals, such as Circulation Research, Journal of Immunology, Circulation, and Nature, had more co-citations and might provide a theoretical basis for future research.



Knowledge Base of Macrophage Polarization in AS

Co-citation analysis is a measure that reveals the intrinsic patterns of a research literature category over some time, and studies with high co-citations are often considered to be the research basis in a field (37). Literature co-citation is a feature function of CiteSpace and was one of the first to be used and theoretically discussed when CiteSpace was developed (38). The top 10 co-cited references are described below.

Maastricht University researcher Stoger collaborated with eight other researchers and published the highest co-cited research in Atherosclerosis in 2012 (16). They applied transcriptomic and immunohistochemistry methods to elucidate the dynamics of macrophage phenotype in successive stages of AS. M1 and M2 macrophages accumulate as plaques progress. M1 cells predominate over M2 polarized cells in the rupture-prone shoulder region of the plaque, whereas the fibrous cap of the lesion does not differ significantly between the subsets. CD163 is associated with hemorrhagic plaques. However, foam cells showed an ambiguous cell convergence that could also detect M1 and M2 markers.

The second most co-cited article was a review article systematically summarizing the subsets and functions of macrophages in AS stages by Tabas in 2016 (17). This review discussed macrophage phenotypic transformation from the perspective of body microenvironment, intracellular lipid metabolism, pro-inflammatory, and pro-lysis mediator balance and suggested a bidirectional relationship between macrophage metabolic state and phenotype.

Moore et al. (18) found that macrophages in plaques were in a dynamic equilibrium stage. Their team discussed recent discoveries in identifying inflammation responses relating to lipid metabolism and potential therapeutic targets of macrophages.

In 2015, Chinetti-Gbaguidi et al. published a review article in Nature Reviews Cardiology (19). They listed the macrophage subtypes contained in plaques, subsets activation conditions, and macrophage phenotype markers in humans and mice and explained the role of macrophage responses to hemorrhage, cytokines, growth factors, and roles in plaque vulnerability.

The fifth most co-cited paper was published by Khallou-Laschet et al. in Plos One 2010 (20). An ApoE knockout mice model was constructed to evaluate macrophage subtypes transformation in AS. M1 and M2 were labeled by arginase (Arg) II and Arg I. The authors found that M2 cell infiltration was predominant in the initial stage of AS, activating smooth muscle cell proliferation, whereas M1 macrophages were predominant in aged-knockout mice. Polarized macrophages still retained their plasticity.

Murray et al. (21) proposed a common macrophage nomenclature framework from three principles for the controversial description of macrophage polarization and made preliminary recommendations for reproducible experiment criteria and the minimum reporting standards. This review attempted to provide a standard for future studies of macrophage polarization in AS. The seventh most co-cited article was also published by Moore et al. (22) in Cell (2011). It discussed the specific pathogenesis of macrophages in AS-related diseases such as stroke, myocardial infarction, and sudden cardiac death and summarized the principles of treating these diseases. Leitinger et al. (23) summarized and analyzed relevant studies before 2013 through phenotypic and functional characteristics of macrophages, aiming to provide the basis for future drug intervention strategies.

Mantovani et al. (24) elucidated the mechanism in AS from the perspective of macrophage homeostasis, on the basis of a summary of studies before 2009. Chinetti-Gbaguidi et al. (25) identified a unique subtype of macrophages, CD68+ mannose receptor (MR)+ M2, in human atherosclerotic plaques, showing low sensitivity to transform to foam cells but with high phagocytic activity.

Among the top 10 co-cited articles, the review and experiment categories reflect the field’s knowledge base, summarizing the basic and clinical research findings over time and providing guidance and evidence for future research.



Identification of Research Hotspots and Emerging Topics

In bibliometrics, keyword co-occurrence analysis reflects an academic subject’s hotspots and research trends; a cluster of keywords analysis shows the knowledge structure, and the timeline view visualizes the keyword hotspot evolution (39). “Inflammation,” “monocyte,” “gene expression,” “NF kappa b,” “disease,” and “foam cell” shared the primary research directions in macrophage polarization in AS.

From the visualization of keywords-cluster analysis, “m1,” “macrophage polarization,” “adipose tissue,” “NF kappa b,” “scavenger receptor,” “activated macrophage,” “mice,” “metabolic reprogramming,” “MAPK,” and “vascular biology” constructed the knowledge structure. Several factors influence macrophage polarization, including lipid metabolism and glycolysis (28, 40). Lipid metabolism is a significant contributor to atherosclerotic plaque progression. Circulating monocytes differentiate into foam cells by taking up lipid and ox-LDL and forming lipid encapsulated bodies (foam cells) (41). Foam cells lead to inflammatory mediator secretion in plaques, accelerating AS progression. Scavenger receptors and CD36 rely on Lyn to internalize ox-LDL to prompt foam macrophage formation and M1 macrophage polarization (41, 42). You et al. (43) found that sorting nexin 10, a regulator of lipid metabolism in macrophages, induced macrophage reprogramming, and promoted AS development through the Lyn-Akt/TFEB pathway.

The keywords foam cell (32), smooth muscle cell, LDL (32), and oxidative stress appeared in 2004, indicating the initial research emphasis. From 2005 to 2010, the keywords inflammation (44), disease (31), nitric oxide, alternative activation, endothelial cell (22, 45), adipose tissue (46), PPAR-gamma, NF kappa b, and immune response enriched the original research topics. In the last 10 years, as scholars explored macrophage polarization in AS, studies related to coronary heart disease (47), metabolism, apoptosis (48), myocardial infarction (49), Toll-like receptor, HDL, pathogenesis, cholesterol efflux (50), therapeutic target, and nanoparticle became the new hotspots. As seen from the timeline analysis, studies expanded from learning the initial mechanisms to exploring therapeutic targets for relevant diseases. Inflammatory responses, foam cell formation, endothelial cell dysfunction, and lipid metabolism have been the core of research contents in this field. Cholesterol efflux, shear stress, fatty acid oxidation, and nanoparticle (51) studies are new frontiers of research.

Citation Burst analysis detects emerging dynamic concepts and potential research questions in a field and is suitable for examining emerging trends and sudden changes in disciplinary development, reflecting active or cutting-edge research nodes (52). In keywords citation burst analysis, keywords of alternative activation, dendritic cell, T cell, smooth muscle cell, and adipose tissue were suddenly increased from 2009 to 2014. From 2015 to 2017, IFN-gamma, recruitment, lipopolysaccharide, tumor necrosis factor-alpha, fatty acid oxidation, rheumatoid arthritis, hypercholesterolemia, in vivo, and tumor-associated macrophage were critical research directions. From 2018 to 2021, the keywords of the research hotspots evolved to adipose tissue macrophage, lipid metabolism, collagen, risk, in vitro, oxidative stress, coronary heart disease, and prevention.

Reference citation burst analysis also characterizes the emerging topics of a subject. The most substantial citation burst article came from a landmark study by Khallou-Laschet et al. (20) in 2011 (18.63, 2011–2015), which experimentally explained the distribution and polarization of M1 and M2 macrophages in plaques. Moore et al. (18) published the second citation burst review in Nat Rev Immunol in 2013 (17.99), whose burst began in 2015 and ended in 2018. In this review, the authors elucidated the roles of macrophages in plaque evolution and inflammatory pathways relating to lipid efflux, guiding future research.

The references with citation bursts in 2007 focused on obesity-related macrophage polarization. PPARγ was positively correlated with anti-inflammatory M2 macrophage expression in human atherosclerotic plaques (29). Odegaard et al. (53) used PPARγ-deficient mice to show that PPARγ was necessary to transform alternative-activated macrophages. Disruption of PPARγ in bone marrow cells impairs alternative macrophage activation, promoting these animals to develop diet-induced obesity, insulin resistance, and glucose intolerance. In an obesity mice model, M2 macrophages polarized to M1 may contribute to insulin resistance (54).

Among the top 25 references with the strongest citation bursts, five are still in the burst phase today. These articles represent the latest emerging topics of macrophage polarization in AS, which suggests future potential research directions. A review article published by Chinetti-Gbaguidi et al. (19) in 2015 had the highest burst strength (13.13), which began from 2017 (2017–2021), providing an overview of macrophage subsets in plaque progression and pathology. A randomized, double-blind trial conducted by Ridker et al. (55) of canakinumab (a monoclonal antibody against IL-1β) treated patients with previous myocardial infarction and high-sensitivity c-reactive protein level of 2 mg or higher per liter. Anti-inflammatory therapy targeting IL-1β at 150 mg every 3 months resulted in a significant reduction in the recurrence of cardiovascular events but not in reducing lipid levels. This study was published in 2017 in The New England Journal of Medicine with the citation burst strength of 11.63; the burst began in 2018 and lasted until this writing. Chistiakov et al. (56) published a review in the International Journal of Cardiology in 2015 (strength = 8.22, 2018–2021). This review discussed the distribution of macrophage phenotypes in atherosclerotic plaques and the role of lipids and transcription factors on macrophage phenotype modifications.

In 2017, Murray et al. (57) published another influential review article (strength = 8.81, 2019–2021) in the Annual Review of Physiology. This article explained the instability and plasticity of macrophage polarization, which integrates research results up to 2017. It summarized the molecular-level mechanisms of macrophage polarization, differences in macrophage polarization between humans and mice, macrophage survival, expression of signature genes, and development of drugs to regulate polarization, including CSF-1 inhibitors.

Rahman et al. (58) found that, in WT, CD68− GFP reporter, Apoe−/−, Ccr5−/−, Ccr2−/−, Cx3cr1−/−, or Stat6−/− mice with aortic arch transplantation, Ly6Chi monocytes were essential for plaque regression and inflammation elimination. The authors also suggested that relevant clinical treatment strategies to enhance M2 polarization in atherosclerotic plaques might serve as methods for plaque regression.

We conclude that the hotspots of macrophage polarization in AS initially focused on its impact on obesity. Studies explored more critical targets in this area, including Nrf2 (59), Kruppel-like factor 4 (60–63), GLP-1/GLP-1R (64), TLR4 (27, 65), and micro RNA (66, 67), related to inflammation process and plaque progression. Cardiovascular disease studies, including the role of macrophage polarization in lipid metabolism, inflammatory immune response in plaques, and cerebrovascular disease, are two diseases involved in this field. Therapeutic method exploration related to these two diseases will emerge as research goals in the future. Clinical trials with anti-inflammatories for atherosclerotic disease treatment have been conducted; however, the evidence from these studies remains insufficient.



Limitations

Data were downloaded from the WoSCC database; therefore, studies not collected in WoSCC were missed. However, WoSCC is the most commonly used database in scientometric analysis and includes most information in related articles. At the beginning of the study, we simultaneously used other strategies such as Medline to search the references and found that the number of related studies was relatively low. Therefore, we finally choose WoSCC to conduct this research. The uneven quality of the data collected in the studies might impair the credibility of knowledge mapping. Bibliometric applications might lead to bias, as reported in other bibliometric studies (26). Nevertheless, the visualization-based literature analysis sets the stage for researchers to understand the hotspots and potential trends in macrophage polarization in AS.




Conclusion

We gathered general information and created a knowledge base of the internal structure, hotspot evolution, and emerging topics in macrophage polarization in AS studies from 2001 to 2021. The studies of macrophage polarization in AS have outstanding research value and application prospects. CiteSpace and VOSviewer bibliometric analysis showed a significant trend in this area. The leading countries concerned with this topic are the United States and China; however, cooperation and communication among countries and institutions need to be strengthened. While focusing on basic research, researchers should pay attention to translating results to clinical work. Inflammation has been a core element throughout the research in this field. The research in this field is focused on the mechanism research, targeted therapy, and biomarkers in cardiovascular and cerebrovascular diseases; these will be critical subjects in future studies.
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Diabetes increases the occurrence and severity of atherosclerosis. When plaques form in brain vessels, cerebral atherosclerosis causes thickness, rigidity, and unstableness of cerebral artery walls, leading to severe complications like stroke and contributing to cognitive impairment. So far, the molecular mechanism underlying cerebral atherosclerosis is not determined. Moreover, effective intervention strategies are lacking. In this study, we showed that polarization of microglia, the resident macrophage in the central nervous system, appeared to play a critical role in the pathological progression of cerebral atherosclerosis. Microglia likely underwent an M2c-like polarization in an environment long exposed to high glucose. Experimental suppression of microglia M2c polarization was achieved through transduction of microglia with an adeno-associated virus (serotype AAV-PHP.B) carrying siRNA for interleukin-10 (IL-10) under the control of a microglia-specific TMEM119 promoter, which significantly attenuated diabetes-associated cerebral atherosclerosis in a mouse model. Thus, our study suggests a novel translational strategy to prevent diabetes-associated cerebral atherosclerosis through in vivo control of microglia polarization.
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Introduction

Atherosclerosis is characterized by lipid accumulation in the arterial vessel wall (1). The formation of atherosclerotic plaques narrows the arterial lumen to increase the risk of myocardial infarction and stroke (2). When the plaques are formed in cerebral vessels, the cerebral atherosclerosis also contributes to development of cognitive impairment (3).

Epidemiological data on cerebral atherosclerosis are currently lacking because of the lack of a standardized and uniform assessing method. Atherosclerosis can lead to various types of stroke, including ischemic and hemorrhagic (4). Atherosclerotic thrombosis is one of the most important causes of ischemic stroke (5). Atherosclerotic populations are at high risk for ischemic stroke. Atherosclerosis mostly occurs in middle-aged people over the age of 40 (6). As the age of the patients increases, the morbidity and mortality also increase accordingly. The male-to-female ratio in all patients is 2:1 (6). However, women are more affected after menopause, when both estrogen and blood high-density lipoprotein (HDL) decrease (6). Europeans and Americans often develop severe cerebral atherosclerosis in the initial segment of the internal carotid artery, while Africans or Asians more commonly develop it in the intracranial artery (6). So far, the molecular mechanism underlying cerebral atherosclerosis has not been determined (7).

Diabetes increases the occurrence and severity of cerebral atherosclerosis (8). Reports have shown that both cervical and cerebral atherosclerosis is more severe in diabetes than that in non-diabetics. In a recent meta-analysis, the 4,019 patients with type 2 diabetes and 1,110 patients with glucose intolerance exhibited greater carotid intima-media thickness than the control patients (9).

Interestingly, as a resident macrophage in the central nerve system, microglia play critical roles in the inflammatory events and act as neuroinflammatory intermediaries between lipid overload and neurodegeneration (10). Moreover, a very recent study showed that diabetic status alters the phenotype of reticular microglia, which contributes to the development of diabetic retinopathy (11). Thus, it may be interesting to assess whether the diabetes-induced polarization of cerebral microglia may affect the pathological progress of cerebral atherosclerosis. This question was thus addressed in the current study.



Materials and methods


Protocol approval

All the experimental protocols including animal work have been approved by the research committee and Institutional Animal Care and Use Committee at Changhai Hospital. A power calculation (p < 0.05) was done to determine the number of animals. Randomization was used for allocation.



Animal, diabetes, and AAV transplantation

ApoE (−/−) mice were purchased from SLAC Laboratory Animal (Shanghai, China) and maintained under standard animal room conditions (20 ± 2°C and 56% humidity). Male and female mice were evenly distributed in each experimental group. Diabetes was induced in 10-week-old ApoE (−/−) mice by single intraperitoneal (i.p.) injection of 120 mg/kg streptozotocin (STZ) in 100 µl normal saline after an overnight fasting. The control mice received 100 µl normal saline. Fasting blood glucose was determined after an overnight fasting. Beta-cell mass was assessed based on percentage of the insulin+ area to the total pancreatic area multiplied by the pancreatic weight. AAVs (1011 in 100 µl) were intravenously (i.v.) injected through the tail vein. Four groups of ApoE (−/−) mice were included in this study: group 1: mice received i.p. saline only; group 2: mice received i.p. STZ; group 3: mice received i.p. STZ and i.v. control AAVs; group 4: mice received i.p. STZ and i.v. experimental AAVs. The analysis was done after 24 weeks.



Measurement of cerebral blood flow

Quantitative cerebral blood flow (CBF; ml/g/min) was assessed with an MRI-based continuous arterial spin labeling technique. Briefly, a horizontal magnet and a BGA12S gradient insert were applied in the measurement. At mouse heart, a circular surface coil and a circular labeling coil were used for continuous arterial spin labeling. CBF was obtained by the affiliated software with the apparatus.



Cell culture and AAV production

Microglia cell line HMC3, macrophage cell line KG-1, neuronal cell line HCN-2, and fibroblast cell line 3T3 were all purchased from the American Type Culture Collection (Rockville, MD, USA) and cultured in RPMI 1640 media supplemented with 7.5% fetal bovine serum (FBS, Invitrogen, CA, Carlsbad, USA) and 1% penicillin/streptomycin (Invitrogen) at 37°C with 5% CO2. Transfection of human embryonic kidney 293-T cells was done using AAV serotype AAV-PHP.B vectors. The TMEM119 promoter was generated according to published sequences. The sequence for the target sites for IL-10 is 5′-GTCTTCTGGAGTTCCGTTT-3’. The sequence for the control scramble sequence is 5’-GCGCCATTTAAAGTAGGCC-3’. The transfection was performed with Lipofectamine 3000 Reagent (Invitrogen).



ELISA

The total protein was extracted from cultured cells and underwent analysis using corresponding mouse enzyme-linked immunosorbent assay (ELISA; R&D Systems, Los Angeles, CA, USA). The microplates were read at 450 nm within 40 min.



Immunocytochemistry and histology

At sacrifice, the dissected pancreas and brain of the mice were fixed in 4% paraformaldehyde (PFA, Invitrogen) for 4 h, followed by an incubation in 30% sucrose for 36 h. The samples were then frozen, embedded, and sectioned at 6 µm. Virus-transduced cells were detected by direct fluorescence of GFP. Immunofluorescent staining for insulin and IL-10 was performed with a guinea pig polyclonal antibody against insulin (Ab7842, Abcam, St. Louis, MO, USA) and a rabbit polyclonal antibody against IL-10 (Ab34843, Abcam), respectively. DAPI (4′,6-diamidino-2-phenylindole) (Sigma-Aldrich, Shanghai, China) was used to stain the nucleus. Atherosclerotic lesions of the aortic root were examined by H&E staining. Quantification of the images was done using NIH ImageJ software (Bethesda, MD, USA).



Flow cytometry

Mouse brain tissue was digested with 0.25% Trypsin (Invitrogen) and 5 mg/ml DNase (Invitrogen) for 35 min, after which the dissociates passed a 70-µm filter and were briefly fixed and penetrated for preparation for flow cytometry-based cell sorting. GFP was used to detect transduced microglia, and neuronal cells were labeled with an Alexa Fluor® 594-conjugated Rabbit monoclonal antibody against NeuN (ab207279, Abcam).



Bioinformatics

A Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) database (GSE139276) was analyzed with R package. Metascape (http://metascape.org) was used for pathway enrichment analyses.



Statistical analysis

Student’s T-test was used to compare two groups. The figures were generated using individual values when possible (GraphPad Software, version 7, Inc., La Jolla, CA, USA). A value of p < 0.05 was considered statistically significant and shown as a *. No significant comparisons were presented as ns.




Results


Diabetes alters gene expression in microglia

In order to assess the alteration in gene expression in microglia under a diabetic status, we first explored the published database at GEO. From the very limited available sources, we found one interesting study, in which the reticular microglia were isolated from diabetic (4 weeks) versus non-diabetic mice (GEO139276). Thus, we performed a bioinformatics analysis on this database. The principal component analysis (PCA) demonstrated similarities among samples in the same group (Figure 1A). Differential genes were shown in a heat map (Figure 1B) or in a volcano plot map (Figure 1C). Interestingly, by pathway analysis, we found that the most different expressing gene clusters between the reticular microglia from diabetic versus non-diabetic mice were innate immune response, inflammatory response, and regulation of inflammatory response, which were all involved in microglia polarization (Figure 1D).




Figure 1 | Diabetes alters gene expression in microglia. Bioinformatic analysis on a study, in which the reticular microglia isolated from diabetic (4 weeks) versus non-diabetic mice were compared (GEO139276). (A) The principal component analysis (PCA) plot. (B, C) Heat map (B) and volcano plot map (C) to show the differentiated genes. (D) Pathway analysis showing that the most different expressing gene clusters between the reticular microglia from diabetic versus non-diabetic mice were innate immune response, inflammatory response, and regulation of inflammatory response (blue arrowheads).





Diabetes alters microglia polarization in a complicated way

Next, we examined the genes that were related to microglia polarization in this database. Macrophages and microglia are typically catalogized into pro-inflammatory M1 and anti-inflammatory M2 phenotype (12). CD163 and CD206 were two markers for anti-inflammatory M2 microglia markers, and they were both increased in microglia from mice that had developed diabetes for 4 weeks (Figures 2A, B). We did not find data for reactive oxygen species (ROS), nitric oxide synthase (iNOS), two key M1 markers, or arginase 1 (ARG1), a M2 marker, in this database. However, when we analyzed three M1 cytokines, IL-1β, IL-12, and IL-6, we found that diabetes microglia had significantly lower levels of IL-1β (Figure 2C), significantly higher levels of IL-12 (Figure 2D) and unaltered levels of IL-6 (Figure 2E). The paradox data suggest that the diabetes may alter microglia polarization in a complicated way, which is not a simple M1/M2 direction. Since M2 microglia could be further sub-catalogized into M2a (traditional M2), M2b (close to M1 with some pro-inflammatory effects), M2c (express high levels of IL-10 and TGFβ to be associated with tissue remodel and fibrosis), and M2d (express high VEGF-A to be associated with angiogenesis) (13), we thus examined the genes related to this subgroup determination. We did not detect significant changes in TGFβ1 between two groups (Figure 2F). However, we detected significant increases in TGFβ2 in diabetic microglia (Figure 2G). Moreover, transforming growth factor-induced protein (TGFBI) also significantly increased in diabetic microglia (Figure 2H), while two TGFβ inhibitors, TG-interacting factor 1 (TGIF1) and TGIF2, significantly decreased in diabetic microglia (Figures 2I, J). Furthermore, another factor (peroxisome proliferator-activated receptor gamma coactivator 1-beta, PPARGC1b) associated with microglia polarization was significantly changed (Figure 2K), but VEGF-A was not altered (Figure 2L). Together, these data suggest that diabetes (4 weeks) may alter microglia polarization toward an M2c and M2b phenotype.




Figure 2 | Diabetes alters microglia polarization in a complicated way. (A–L) The genes related to microglia polarization were examined in this database (GEO139276). Comparisons of expression levels of CD163 (A), CD206 (B), IL-1β (C), IL-12 (D), IL-6 (E), TGFβ1 (F), TGFβ2 (G), TGFBI (H), TGIF1 (I), TGIF2 (J), PPARGC1b (K), and VEGF-A (L). p values were shown.





Hyperglycemia progressively induces microglia polarization likely to M2c

Based on the analysis on a public database, we thus examined the polarization-related genes in microglia cultured in normal glucose (2.8 mmol/l) or high glucose (16.7 mmol/l) in vitro. HMC3 microglia were used and analyzed at start of the culture, 4 weeks’ culture, and 16 weeks’ culture.

We found that high-glucose culture first induced CD163 and CD206 at 4 weeks, but the levels of CD163 and CD206 significantly decreased at 16 weeks (Figures 3A, B). ARG1 levels did not significantly change at 4 weeks but significantly decreased at 16 weeks (Figure 3C). These data suggest that sustained high-glucose exposure may change microglia into a more proinflammatory phenotype. This conclusion was further supported by analysis on M1 markers NOS, iNOS, IL-1β, and IL-12. Although the changes in the levels of these markers differed at 4 weeks, they all significantly increased at 16 weeks (Figures 3D–F, Supplementary Figure 1), suggesting polarization of microglia toward a more proinflammatory phenotype in a long-term high-glucose environment. The analysis on TGFβ1, TGFβ2, TGFBI, TGIF1, and TGIF2 suggested a continuous trend to favor M2c polarization (Figures 3G–K), which was further supported by analysis on an M2c trigger, IL-10 (Figure 3L). Together, these data suggest that long exposure to high glucose may alter microglia polarization toward a consistent M2c and an early M2b/late M1 phenotype.




Figure 3 | Hyperglycemia progressively induces microglia polarization likely to M2c. (A–L) The polarization-related genes were examined in HMC3 microglia cultured in normal glucose (2.8 mmol/l) or high glucose (16.7 mmol/l) in vitro at the start of the culture, 4 weeks’ culture, and 16 weeks’ culture. ELISA comparisons of expression levels of CD163 (A), CD206 (B), ARG1 (C), iNOS (D), IL-1β (E), IL-12 (F), TGFβ1 (G), TGFβ2 (H), TGFBI (I), TGIF1 (J), TGIF2 (K), and IL-10 (L). *p < 0.05. N = 5.





Generation of AAVs that specifically deplete IL-10 in microglia

Since IL-10 is a known M2c trigger, we aimed to see if IL-10 depletion in microglia could prevent or reverse the M2c polarization of diabetes microglia and generate a positive effect on cerebral atherosclerosis. Thus, we generated an AAV carrying siRNA for IL-10 under a microglia-specific TMEM119 promoter, which allows specific depletion of IL-10 in microglia. To allow systemic administration of the AAVs and their penetration into the central nervous system, a specific PHP.B serotype was used. This serotype could pass the blood–brain barrier. A scrambled sequence for si-IL-10 was used as a control (Scr; Figure 4A). To ensure the specificity of the TMEM119 promoter, the Scr virus was used to infect four different cell lines, which were microglia cell line HMC3, macrophage cell line KG-1, neuronal cell line HCN-1, and fibroblast cell line 3T3. Only infected HMC3 cells expressed GFP, confirming the microglia-specific activation of the TMEM119 promoter (Figure 4B). Si-IL-10 and control Scr viruses were thus used to infect HMC3 cells (Figure 4C) and showed significant knockdown of IL-10 by si-IL-10 (Figure 4D).




Figure 4 | Generation of AAVs that specifically deplete IL-10 in microglia. (A) Generation of an AAV PHP.B serotype carrying siRNA for IL-10 (si-IL-10) or control scrambled sequence (Scr) under a microglia-specific TMEM119 promoter, which allows specific depletion of IL-10 in microglia. T2A allowed co-expression of transgenes with a GFP reporter under the same promoter. (B) Scr virus was used to infect four different cell lines, which were microglia cell line HMC3, macrophage cell line KG-1, neuronal cell line HCN-1, and fibroblast cell line 3T3. Bright fields and GFP channel were shown. (C) Si-IL-10 and control Scr viruses were used to infect HMC3 cells. Bright fields and immunocytochemistry for IL-10 were shown. (D) ELISA for IL-10. *p < 0.05. N = 5. Scale bars are 100 µm.





Depletion of IL-10 in microglia does not alter diabetic status in mice

The effects of depletion of IL-10 in diabetic microglia were then assessed in a mouse model for cerebral atherosclerosis, ApoE (−/−) mice that receive STZ to develop diabetes. Four groups of ApoE (−/−) mice were included in this study: group 1—mice received i.p. saline only; group 2—mice received i.p. STZ; group 3—mice received i.p. STZ and i.v. control AAVs; group 4—mice received i.p. STZ and i.v. experimental AAVs. The analysis was done after 24 weeks. STZ induced sustained hyperglycemia in ApoE (−/−) mice, while injection of any AAVs did not alter fasting blood glucose (Figure 5A) or beta-cell mass (Figures 5B, C) at analysis.




Figure 5 | Depletion of IL-10 in microglia does not alter diabetic status in mice. (A–C) The effects of depletion of IL-10 in diabetic microglia were then assessed in a mouse model for cerebral atherosclerosis, ApoE (−/−) mice that receive STZ to develop diabetes. Four groups of ApoE (−/−) mice were included in this study: group 1—mice received i.p. saline only; group 2—mice received i.p. STZ; group 3—mice received i.p. STZ and i.v. control AAVs; group 4—mice received i.p. STZ and i.v. experimental AAVs. The analysis was done after 24 weeks. (A, B) Fasting blood glucose (A) and beta-cell mass (B) at analysis (24 weeks). (C) Representative immunohistochemistry for insulin and DAPI in pancreas. *p < 0.05. ns: non-significant. N = 5. Scale bars are 200 µm.





Depletion of IL-10 in microglia significantly attenuates diabetes-associated cerebral atherosclerosis in mice

Interestingly, we found that depletion of IL-10 in microglia significantly reduced the atherosclerotic lesion size in the aortic arc (Figure 6A) and the weight of the left ventricle (Figure 6B) and significantly increased the cerebral blood flow (Figure 6C). Flow cytometry analysis and sorting of GFP+ cells or NeuN+ cells were thus performed on the mouse brains at analysis (Figure 6D). Significantly less TGFβ1 was detected in GFP+ microglia from mice with IL-10 depletion, suggesting that IL-10 depletion suppressed the M2c differentiation of microglia in diabetes (Figure 6E). Significantly less Caspase 3 (Casp3) was detected in NeuN+ neuronal cells from mice with IL-10 depletion, suggesting that IL-10 depletion reduced apoptosis of the neuronal cells in diabetes (Figure 6F). Hence, depletion of IL-10 in microglia significantly attenuated diabetes-associated cerebral atherosclerosis in mice.




Figure 6 | Depletion of IL-10 in microglia significantly attenuates diabetes-associated cerebral atherosclerosis in mice. (A) Atherosclerotic lesion size in the aortic arc. (B) The weight of left ventricle (LV mass). (C) Cerebral blood flow. (D) Flow cytometry analysis and sorting of GFP+ cells or NeuN+ cells from mouse brains at analysis. (E) ELISA for TGFβ1 in GFP+ microglia. (F) ELISA for Caspase 3 (Casp3) in NeuN+ neuronal cells. *p < 0.05. ns: non-significant. N = 5.






Discussion

Cerebral atherosclerosis is a chronic disease in the brain arterial system characterized by progressive lipid deposition, augmentation in fibrosis, and inflammatory cell infiltration (14). Large and medium-sized elastic and muscular arteries throughout the body could all be involved. Abnormal lipid metabolism is the most recognized risk factor for atherosclerosis (14). The increase of plasma total cholesterol and triglyceride, of which cholesterol plays a key role, and the oxidative modification of low-density lipoprotein (LDL) are key initiating factors for the formation of atherosclerosis (14). Interestingly, some recent single-cell RNA-sequencing studies have defined specified microglial phenotypes with alterations in the expression of genes involved in lipid and lipoprotein metabolism and related diseases (15–17). Moreover, microglia were recently shown to play critical roles in the inflammatory events and act as neuroinflammatory intermediaries between lipid overload and neurodegeneration (10).

Hypertension is another cause of, and is prone to, atherosclerosis and initiates and accelerates atherosclerosis by damaging the vascular endothelium (18). Microglia mediate neuroinflammation and modulate neuronal excitation, both contributing to the progression of hypertension (19). Thus, microglia play roles in the development of cerebral atherosclerosis in many aspects (20).

Diabetes is a metabolic disorder characterized by hyperglycemia and increases the occurrence and severity of cerebral atherosclerosis (8, 9). High insulin levels stimulate endothelial and smooth muscle cell growth, while high blood sugar and insulin resistance can damage endothelial cells (21). The serum of diabetic patients is rich in vascular endothelial cell adhesion molecules, which are involved in and promote the formation of atherosclerosis (21). However, the role of microglia in cerebral atherosclerosis is much less understood. A very recent study showed that diabetic status alters the phenotype of reticular microglia, which contributes to the development of diabetic retinopathy (11). In this study, reticular microglia were isolated from normoglycemic mice and mice that had developed diabetes for 4 weeks. We analyzed data from this study from the public database and found that microglia with a 4-week diabetic status likely developed a complicated phenotype different from the simple M1/M2. Although diabetic microglia significantly increased their expression of CD163 and CD206, two surface markers for anti-inflammatory M2, they also increased the expression of an M1 marker, IL-12. The other two analyzed M1 markers, IL-1β and IL-6, were either just slightly decreased or remained unchanged. These data did not support a typical M2 polarization. Since M2b is closer to M1, with expression of some pro-inflammatory genes, we think that this diabetes-induced polarization may favor an M2b rather than an M1-to-M2 or M2-to-M1. When we analyzed TGFβ-associated genes, we were astonished that several triggers like TGFβ2 and TGFBI were significantly activated by diabetes, while several suppressors like TGIF1 and TGIF2 were significantly deactivated by diabetes. Since TGFβ is one of the most important triggers and markers of M2c, the remodeling and fibrotic microglia phenotype, we think that the diabetes-induced polarization of microglia may be toward M2c more than that of M2b (22).

Since we did not find readouts of some important genes associated with microglia polarization, we performed an in vitro long culture of microglia. The chosen 4-week time point was compared with this published database. We also analyzed a much long time point, 16 weeks, since diabetes or hyperglycemia as a long stimulant may exert further effects on microglia polarization in the long run. We found that although high-glucose culture induced CD163 and CD206 at 4 weeks, the levels of CD163 and CD206 significantly decreased at 16 weeks. A similar finding was obtained from ARG1 levels. On the other hand, M1 markers iNOS, IL-1β and IL-12, all increased at 16 weeks. The loss of M2 markers and obtainment of M1 markers of microglia exposed to high glucose in the long-time culture suggest that although microglia may first adapt to an M2b-like phenotype, they likely turn into M1 in the long run (22). On the other hand, the persistent or even increased expression of TGFβ triggers and the continuous loss of TGFβ suppressors in the long-time culture suggest that the adaption to M2c is likely kept by microglia long exposed to high glucose (22). It is thus clear that high-glucose exposure first polarizes microglia to M2b and M2c and later to M1 and M2c phenotypes.

Due to the tissue remodeling effects of M2c (23–25), we hypothesized it a possible effect of microglia on cerebral atherosclerosis in diabetes. IL-10 is a very potent trigger of M2c and thus inhibited in the interfering experiment, resulting in suppression of features of cerebral atherosclerosis. These functional analyses support our hypothesis that M2c polarization of microglia may be important for diabetes-associated cerebral atherosclerosis. The effects of M2c polarization of microglia on lipid metabolism, hypertension, and neuronal health were not examined in the current study and could be an interesting topic to be explored in the future research.
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Background and purpose

Gadolinium enhancement on high-resolution vessel wall imaging (HR-VWI) is an imaging marker of intracranial atherosclerotic stenosis (ICAS) plaque instability. This study aimed to evaluate the relationships between hematological inflammatory indicators and the enhancement of ICAS plaques and to search for hematological indicators that can predict ICAS plaque instability.



Methods

Consecutive adult patients diagnosed with ICAS from April 2018 to December 2021 were recruited retrospectively, and every patient underwent HR-VWI. Plaque enhancement was measured qualitatively and quantitatively. The plaque-to-pituitary stalk contrast ratio (CR) indicated the degree of plaque enhancement. Clinical and laboratory data, including the lymphocyte-to-monocyte ratio (LMR), neutrophil-to-lymphocyte ratio (NLR), and systemic immune inflammation index (SII), were recorded. The hematological inflammatory indicators were compared between ICAS patients with and without plaque enhancement and between patients with and without symptomatic plaque. The hematological inflammatory indicators and the CR were compared using linear regression. Furthermore, receiver operating characteristic curve analysis was performed to assess the discriminative abilities of the inflammatory indicators to predict plaque instability.



Results

Fifty-nine patients were included. The NLR, SII and LMR were significantly correlated with plaque enhancement. The LMR was independently associated with plaque enhancement, and a linear negative correlation was observed between the LMR and CR (R = 0.716, P < 0.001). The NLR, LMR, plaque enhancement and CR were significantly associated with symptomatic ICAS, and the LMR and plaque enhancement were independent risk factors for symptomatic ICAS. The optimal cutoff value of the admission LMR to distinguish symptomatic plaque from asymptomatic plaque was 4.0 (80.0% sensitivity and 70.6% specificity).



Conclusion

The LMR was independently associated with ICAS plaque enhancement and showed a linear negative correlation with CR. The LMR and plaque enhancement were independent risk factors for symptomatic ICAS. An LMR ≤ 4.0 may predict ICAS plaque instability.





Keywords: intracranial atherosclerotic stenosis, high-resolution vessel wall magnetic resonance imaging, plaque enhancement, lymphocyte-to-monocyte ratio, plaque instability



Introduction

Intracranial atherosclerotic stenosis (ICAS) is a common cause of ischemic stroke worldwide, accounting for 46.6% of all strokes in China (1–3). Inflammation promotes plaque development and progression, and T lymphocytes, macrophages and interleukins in atherosclerotic plaques play important roles in stroke pathogenesis (4–6). Identifying unstable plaques and treating them in a timely manner is of great significance to patients. High-resolution vessel wall magnetic resonance imaging (HR-VWI) allows the detection of ICAS plaques in vivo, and gadolinium plaque enhancement detected by HR-VWI is associated with vulnerable plaques (7, 8). Pathological studies have shown that the macrophage area and microvessel density are independently associated with the gadolinium enhancement of atherosclerotic plaques, indicating enhanced plaque on HR-VWI as local inflammation (9). However, the associations of circulating inflammatory markers with plaque enhancement remains unclear.

The neutrophil-to-lymphocyte ratio (NLR), lymphocyte-to-monocyte ratio (LMR), and systemic immune inflammation index (SII), known as novel circulating inflammatory biomarkers, have been reported to be effective predictors in patients with carotid artery stenosis and coronary atherosclerosis (10–12). The NLR, LMR and SII can predict poor outcomes and prognosis in patients with intracerebral hemorrhage, spontaneous intracerebral hemorrhage, and ischemic stroke (13–18). Moreover, these novel composite inflammatory ratios are more effective and have superior predictive capacities than traditional inflammatory factors (19). Nevertheless, hematological biomarkers that can effectively predict plaque instability are still lacking and worth exploring. We had conducted research before and found that LMR was associated with plaque enhancement of MCA stenosis. This study aimed to evaluate the associations of ICAS plaque enhancement and hematological inflammatory indicators and to search for hematological inflammatory indicators that can predict the instability of ICAS plaques.



Materials and methods


Study population and data collection

One hundred eighty-six patients with ICAS were continuously screened from our hospital database between August 2018 and December 2021. All patients with ICAS identified by MR angiography (MRA) or digital subtraction angiography (DSA) received HR-VWI. The clinical data, including age, sex, hypertension, diabetes, current smoking, and drinking status, were recorded. The selection of the study population is presented as a flow diagram (Figure 1).




Figure 1 | Flow diagram of the selected population.



The inclusion criteria were as follows: (1) the patient was more than 18 years old, (2) the images had no artifacts on HR-VWI, and (3) the patient had digital subtraction angiography (DSA) or MRA that confirmed ICAS. The exclusion criteria were as follows: (1) extracranial artery stenosis of the internal carotid artery and vertebral artery > 50%; (2) nonatherosclerotic vasculopathies such as intracranial arteritis, dissections, and moyamoya disease; (3) coronary heart disease and other heart diseases; (4) previous acute ischemic stroke, intracranial arterial occlusion and intracerebral hemorrhage; (5) acute or chronic infection; (6) cancer; (7) history of autoimmune disease; (8) blood disease or serious systemic disease; (9) kidney dysfunction; (10) surgical history within 6 months; and (11) missing image data and laboratory indicators.



Laboratory measurements

Venous blood samples from the included patients were obtained within 24 hours of admission for complete blood cell count and biochemical analyses. Blood cell analysis was performed by using an automated analytical platform (Sysmex XN9000, Kobe, Japan), which provided the counts of total white blood cells, neutrophils, lymphocytes, monocytes, and platelets. The NLR was calculated as neutrophil counts/lymphocyte counts, the LMR was calculated as lymphocyte counts/monocyte counts, and the SII was calculated as platelets*neutrophils/lymphocytes. Moreover, biochemical analysis was performed using Vitros 5,1 FS (Ortho Clinical Diagnostics), which provided the levels of cholesterol, triglyceride, high-density lipoprotein (HDL), low-density lipoprotein (LDL), apolipoprotein E, and high-sensitivity C-reactive protein (hsCRP).



Imaging protocol


High-resolution vessel wall MR imaging

MR imaging was performed using a 3.0T MR scanner (Achieva TX, Philips Healthcare, Best, the Netherlands) with a 32-channel head coil. Every patient underwent 3D TOF-MRA, DWI, and HR-VWI T1WI (2D/3D) scans. The parameters of the HR-VWI were as follows. On imaging studies performed earlier in the study period, patients underwent 2D T1 HR-VWI (double inversion recovery, DIR) with the following parameters: TR/TE 1000 ms/9 ms; 150 mm× 150 mm field of view; 5 axial/sagittal/coronal slices; resolution 0.45 mm× 0.55 mm in-plane; and 3-mm slice thickness with a scan time of 3 minutes and 45 seconds. Later, in the study, 3D T1 VISTA (motion sensitized driven equilibrium, MSDE) became available in our hospital and was performed with the following parameters: TR/TE 700 ms/35 ms; 200 mm × 251 mm field of view; 171 slices; matrix 252 × 314; 80° flip angle; and resolution 0.8 mm isotropic with an acquisition time of 4 minutes and 55 seconds.



Digital subtraction angiography

DSA was performed on the Philips Allura Xper FD20 machine with a nonionic contrast agent (Visipaque, GE Healthcare, Ireland). The acquired data were transferred to the syngo X workspace for 3D reconstruction, and the best working angle was selected for the measurement of the stenosis site and degree. The degree of stenosis was based on the following formula: [1- (Dstenosis/Dnormal)] × 100% (20).




Image analysis

ICAS plaques were defined by wall thickening on both unenhanced and contrast-enhanced HR-VWI images (21). Plaque enhancement was evaluated according to the pre- and postcontrast HR-VWI T1-weighted sequences. Plaque enhancement was qualitatively and quantitatively measured on precontrast and postcontrast T1-weighted images by two experienced raters who were blinded to the clinical data. T2-weighted sequences were collectively used to distinguish artifacts such as cerebrospinal fluid and veins. The raters had to determine whether plaque enhancement was present or absent and then measure the mean signal intensity (SI) of the plaque and pituitary stalk (SIstalk) on the postcontrast T1-VISTA sequence individually with the Picture Archiving Communication System (PACS). Plaque enhancement was defined as the enhancement of the plaque 5 minutes after the intravenous injection of the gadolinium developing agent and after the signal was highlighted by NMR-enhanced MRI. Disagreements regarding qualitative enhancement were resolved by a third reader. κ values > 0.80 were regarded as excellent for the identification of enhancement (22). The quantitative plaque enhancement was calculated as follows according to previous studies (8, 23): CR = SIplaque/SIstalk

(Supplementary Figure I). The averaged CR measured by two raters was recorded and used for analysis.

Plaque burden was measured on the maximal stenosis site as follows according to previous studies: Plaque burden = (1−lumen area/vessel area)×100% (24, 25).

DWI and fluid-attenuated inversion recovery (FLAIR) sequences were used to determine infarct locations. Lesions were classified as symptomatic and asymptomatic. A plaque was considered symptomatic if it was the only lesion within the ipsilateral territory of the ischemic stroke or it was the most stenotic plaque when multiple plaques were present within the same territory of the ischemic event, transient ischemic attack was not regarded as symptomatic. A plaque was defined as asymptomatic if it was not within the vascular distribution of stoke (26, 27).



Statistical analysis

Continuous variables, including age and BMI, are presented as the mean ± standard deviation, and the NLR, LMR, and SII are presented as medians (min-max). These parameters were compared using Student’s t test or the Mann–Whitney U test. Categorical variables, sex, hypertension, diabetes, current smoking, drinking status and plaque enhancement are expressed as the number of cases and percentages and were compared using Fisher’s exact or chi-square test.

Univariate analyses of clinical, laboratory, and imaging data of ICAS patients with and without plaque enhancement and then between symptomatic ICAS and asymptomatic ICAS were performed to identify factors associated with plaque enhancement and symptomatic plaques. Factors independently associated with ICAS plaque enhancement and symptomatic plaques were determined by multivariate logistic regression analyses after adjusting for variables with P < 0.05 in the univariate comparisons, forward multivariate logistic regression was used to calculated the 95% confidence interval (CI) and odds ratio (OR). Correlation analysis was performed to understand the associations between the CR and inflammatory markers. Furthermore, receiver operating characteristic (ROC) analysis was performed to determine the best cutoff value of the LMR to differentiate symptomatic plaques from asymptomatic plaques. SPSS 23.0 software (SPSS Inc, Chicago, Illinois) was used for the statistical analysis of the data. Two-tailed P values < 0.05 were considered statistically significant.




Results


Characteristics of the patients

A total of 59 adult patients were recruited in the present study; the mean age was 58.4 ± 9.7 years, and 32 patients (54.2%) were male. Six patients underwent 2D scanning, while 53 underwent 3D scanning. All patients received DWI inspection; 34 lesions were symptomatic, and 25 lesions were asymptomatic. The baseline characteristics are presented in Table 1.


Table 1 | Characteristics of ICAS atherosclerotic plaques with and without enhancement.





Negative linear correlation between LMR and CR

Forty-one patients had stenosis lesions with plaque enhancement on HR-VWI, while 18 patients showed no enhancement. The interreader agreement regarding the presence of plaque enhancement was excellent (κ = 0.803). The median CR was 0.55 in 53 patients, and the median CR in patients with symptomatic ICAS was higher than that in patients with asymptomatic ICAS (0.61 vs. 0.50, P = 0.008) (Figure 3A).

To assess whether the association between the LMR and CR was linear, we constructed linear regression models, revealing a linear negative correlation between the LMR and CR (R = 0.716, p < 0.001) (Figure 2).




Figure 2 | The linear associations significantly differed between the LMR and CR in 53 test patients. The linear regression equations and correlation coefficient R values are provided.





A low LMR as an independent predictor of ICAS plaque enhancement

The clinical data of the patients and stenosis sites did not differ between patients with and without plaque enhancement. The levels of neutrophils, NLR, SII and plaque burden (P = 0.004, P = 0.001, P = 0.002, P = 0.034, respectively) were higher, while the LMR (P = 0.005) was lower in patients with plaque enhancement than those without plaque enhancement (Table 1). The levels of total white blood cells, lymphocyte, monocyte, hsCRP, cholesterol, triglycerides, HDL, LDL, and apolipoprotein E did not differ between patients with and without plaque enhancement. Forward multiple logistic regression showed that the LMR (OR: 0.617, 95% CI, 0.428-0.889, P = 0.010) was independently associated with plaque enhancement (Table 2).


Table 2 | Forward multiple logistic regression analysis of ICAS plaque enhancement.





A low LMR as an independent predictor of symptomatic ICAS

The Neutrophil, monocyte, NLR, LMR, plaque enhancement, and CR were associated with symptomatic ICAS (Table 3 and Figure 3A). The multivariate logistic regression analysis revealed that the LMR (OR: 0.625, 95% CI, 0.421-0.928, P = 0.020) and plaque enhancement (OR: 4.074, 95% CI, 1.078-15.392, P = 0.038) were independently associated with symptomatic ICAS (Table 4).


Table 3 | Characteristics of ICAS plaques with and without symptoms.






Figure 3 | (A) The CR of symptomatic ICAS was higher than that of asymptomatic ICAS, * p < 0.05.(B) ROC curve for determining the presence of symptomatic stenosis. The AUC of LMR was 0.765 (95% CI: 0.636-0.894, P = 0.001). The sensitivity was 80.0%, and the specificity was 70.6%. The AUC of plaque enhancement was 0.686 (95% CI: 0.544-0.829, P = 0.015). The sensitivity was 85.3%, and the specificity was 52.0%. The AUC of CR was 0.714 (95% CI: 0.574-0.854, P = 0.008). The sensitivity was 51.7%, and the specificity was 87.5%.




Table 4 | Forward multiple logistic regression analysis of symptomatic stenosis.



The LMR was obviously lower in the patients with symptomatic ICAS than in those with asymptomatic ICAS. The cutoff value of the LMR to differentiate symptomatic ICAS from asymptomatic ICAS on the ROC curve was 4.0, with a 80.0% sensitivity and 70.6% specificity, P = 0.001, and the area under the curve (AUC) was 0.765 (Figure 3B).




Discussion

Our study showed that neutrophils, the NLR, the LMR, the SII and the plaque burden were significantly correlated with ICAS plaque enhancement. The LMR was independently associated with ICAS plaque enhancement and showed a linear negative correlation with the CR. Low LMR was an independent risk factor for symptomatic ICAS. The optimal cutoff value of LMR to distinguish symptomatic ICAS was 4.0.

Atherosclerotic plaque enhancement on HR-VWI indicates local inflammation (9, 28). Whether plaque enhancement is associated with circulating inflammatory indicators remains unclear. This study showed that neutrophils, the NLR, the LMR and the SII were significantly correlated with ICAS plaque enhancement. A previous study showed that the levels of peripheral blood neutrophils were associated with the presence of ICAS (29). The NLR, LMR and SII are sensitive inflammatory markers in peripheral blood that can predict poor outcomes and prognosis for patients with intracerebral hemorrhage, spontaneous intracerebral hemorrhage, and ischemic stroke (13–18). Furthermore, this study indicated that the LMR was independently associated with plaque enhancement and showed a linear negative correlation with the CR, which reflecting the degree of plaque enhancement. The CR is an effective indicator of the degree of plaque enhancement and has a significant correlation with plaque instability (8). Additionally, this study also showed that the mean LMR was 3.8 in ICAS patients with plaque enhancement. A large sample study of 5000 healthy adults in China showed that the mean LMR was 5.0 (30). The mean LMR in the ICAS plaque enhancement group was significantly lower than that in healthy adults. Our results suggested that ICAS plaque enhancement lead to a systemic inflammatory process, and a higher degree of plaque enhancement is correlated with more serious peripheral inflammation.

Several studies have shown that plaque enhancement is a valuable imaging marker of plaque instability (7, 8, 31). A previous study showed that higher plaque burden identified on HR-VWI is independently associated with recurrent ischemic stroke (25). This study showed that higher plaque burden was associated with plaque enhancement, also revealed that higher plaque burden may showed more plaque instability.

This study confirmed that the plaque enhancement and the enhancement degree of plaque was obviously more extensive in patients with symptomatic ICAS than in those with asymptomatic ICAS. We referred previous studies that a plaque was considered symptomatic only when the lesion of DWI was positive, and the previous transient ischemic attack without DWI-positive lesion was not regarded as symptomatic (26, 27).

No hematological indicators showed an ability to predict ICAS plaque instability. This study found that the NLR and SII of symptomatic ICAS were significantly higher and that the LMR was significantly lower than those of asymptomatic ICAS. The LMR was independently associated with symptomatic ICAS, and the ROC curve analysis showed that the cutoff value of the LMR to differentiate symptomatic ICAS from asymptomatic ICAS was 4.0, with a sensitivity of 80.0% and a specificity of 70.6%. The sensitivity and specificity of the LMR to differentiate symptomatic ICAS from a symptomatic was high, which indicates that an LMR ≤ 4.0 suggests a high likelihood of plaque instability. A previous study showed that an LMR ≤ 4.8 could be a predictor of coronary artery disease (CAD) and that the LMR could be used as a marker of the coronary plaque burden in CAD (12). The levels of peripheral blood inflammatory indicators were higher in patients with symptomatic ICAS than in those with asymptomatic ICAS, which may support the idea that inflammation promotes ICAS plaque formation and progression to ischemic events.

Dyslipidemic conditions were not related to plaque enhancement or symptomatic ICAS in our study. A previous study suggested that the presence of ICAS enhancement was significantly associated with dyslipidemic conditions (32). Our results were inconsistent with the previous findings, perhaps due to the incomplete exclusion criteria and to the fact that some patients in this study had been on lipid-lowering therapy for a period of time. In addition, previous studies have shown that higher degrees of stenosis are correlated with more pronounced plaque enhancement, indicating that inflammation promotes plaque progression (33). This study also showed that the stenosis in patients with plaque enhancement was more extensive than that in patients without enhancement.

Several limitations should be considered in this study. First, this was a single-center retrospective study with a relatively small sample size, all cases were from patients admitted to our hospital, which lead to bias for patient selection and statistical analysis. Second, infection at admission may have been somewhat inadequately assessed despite our exclusion criteria due to the retrospective design. Third, although two independent raters were in excellent agreement regarding plaque enhancement, the simultaneous 2D and 3D T1 sequences in different patients and limited HR-VWI spatial resolution may have affected their assessment of plaque enhancement. This study did not evaluate plaque morphology, which may be associated with ischemic stroke due to limited spatial resolution. Fourth, the inflammatory mechanism may have been related to plaque enhancement, and the reason why the LMR reduction was independently associated with plaque enhancement is not clear. In addition, we found that not all inflammatory indicators were associated with plaque enhancement, perhaps due to the different sensitivities of each index to ICAS plaque enhancement and the relatively small sample size of this study. Finally, although the LMR and plaque enhancement were independently associated with symptomatic ICAS, whether they can predict plaque instability requires further studies to dynamically assess.



Conclusion

ICAS plaque enhancement may lead to a systemic manifestation of inflammation, and the LMR is independently associated with plaque enhancement and shows a linear negative correlation with the CR. An LMR ≤ 4.0 may predict plaque instability, which needs further research for confirmation.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by Sun Yat-sen Memorial Hospital. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

A-ML and S-WW contributed to the study design. X-BW and L-XH wrote the main manuscript text. L-XH and Z-RH prepared figures. All authors participated in the interpretation and collection of the data. All authors reviewed the manuscript.



Funding

This study was supported by the National Natural Science Foundation of China (Grant No. 81901339).



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.915126/full#supplementary-material

Supplementary Figure | A 64-year-old woman was diagnosed with moderate basilar artery stenosis. (A) MRA showed eccentric stenosis of the basilar artery; (B) DSA showed stenosis of the basilar artery; (C) No infarction was found on DWI; (D, E) Mean signal value of basilar artery plaque and pituitary stalk on postcontrast T1-weighted.



Abbreviation
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Vascular intimal hyperplasia (VIH) is an important stage of atherosclerosis (AS), in which macrophages not only play a critical role in local inflammation, but also transform into foam cells to participate into plaque formation, where they appear to be heterogeneous. Recently, it was shown that CD11c+ macrophages were more associated with active plaque progression. However, the molecular regulation of phenotypic changes of plaque macrophages during VIH has not been clarified and thus addressed in the current study. Since CD11c- cells were M2a-polarized anti-inflammatory macrophages, while CD11c+ cells were M1/M2b-polarized pro-inflammatory macrophages, we used bioinformatics tools to analyze the CD11c+ versus CD11c- plaque macrophages, aiming to detect the differential genes associated with M1/M2 macrophage polarization. We obtained 122 differential genes that were significantly altered in CD11c+ versus CD11c- plaque macrophages, regardless of CD11b expression. Next, hub genes were predicted in these 122 genes, from which we detected 3 candidates, interleukin 6 (Il6), Decorin (Dcn) and Tissue inhibitor matrix metalloproteinase 1 (Timp1). The effects of these 3 genes on CD11c expression as well as on the macrophage polarization were assessed in vitro, showing that only expression of Il6, but not expression of Dcn or Timp1, induced M1/M2b-like polarization in M2a macrophages. Moreover, only suppression of Il6, but not suppression of either of Dcn or Timp1, induced M2a-like polarization in M1/M2b macrophages. Furthermore, pharmaceutical suppression of Il6 attenuated VIH formation and progression of AS in a mouse model that co-applied apolipoprotein E-knockout and high-fat diet. Together, our data suggest that formation of VIH can be controlled through modulating macrophage polarization, as a promising therapeutic approach for prevent AS.
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Introduction

Atherosclerosis (AS) is a leading cause for heart attack, ischemic stroke and lower extremity arterial sclerosis obstruction disease (1). During the development of AS, macrophages not only play a critical role in the local inflammation, but also transform into foam cells to participate into the plaque formation (2). Vascular Intimal hyperplasia (VIH) is a process in which the vascular intima becomes thickened due to the appearance of unexpected cells and proteoglycan-rich extracellular matrix between the internal elastic lamina of the vessels and vascular endothelia (3). It has been found that VIH increases lipoprotein retention in the vascular intima and accelerated atherosclerosis, and thus becomes an initial pathological process for AS development (4).

Injuries on the vascular wall by hypertension, aging and local and systemic inflammation have all been regarded as important factors to boost formation of VIH (5). Since inflammation is a well-known contributor to VIH, macrophages, as one of the major players in both acute and chronic inflammation, are supposed to play crucial roles during VIH (6). However, the function and regulation of macrophages, in terms of the control of their differentiated status (polarization), are not fully determined (2).

VIH is likely the early stage of plaques. VIH contains cell types including macrophages that could transform into foam cells, which are critical for plaque formation (7). It is known that plaque macrophages are heterogeneous (4). Recently, it was shown that CD11c+ macrophages appeared to be more involved in active plaque progression (8). Moreover, this study also demonstrated that CD11c- cells were M2a-polarized anti-inflammatory macrophages, while CD11c+ cells were M1 and M2b-polarized pro-inflammatory macrophages (8). However, the molecular regulation of phenotypic changes of plaque macrophages during VIH has not been clarified and thus addressed in the current study.



Materials and methods


Ethics

This study was approved by the Animal Care and Use Committee of Shanghai Jiao Tong University. All experimental procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals, published by the US National Institutes of Health.



Animal models

Apolipoprotein E (ApoE)-knockout mice were purchased from Laboratory Animal Center of Peking University Health Science Center (Beijing, China). Twelve-week-old male and female mice were used in the experiments. The animals were randomly grouped as following: normal diet (ND), high-fat diet (HFD, including 21% fat and 0.25% cholesterol), HFD with intraperitoneal injection of control IgG every other day (HFD+IgG), and HFD with intraperitoneal injection of control Siltuximab (10mg/kg, SYLVANT, US) every other day (HFD+ Siltuximab). Each group contained 3 males and 3 females. All animals were maintained for 3 months before analysis.



Atherosclerotic occurrence and severity

The mouse femoral artery was excised under the microscope, after which it was fixed with 4% paraformaldehyde for 6 hours before paraffin processing and sectioning for 4μm-thickness slides. AS lesions were examined by Oil red O staining (Oil red O staining kit, Invitrogen, CA, Carlsbad, USA) followed by hematoxylin counterstaining. The data were obtained from all 6 mice (3 males and 3 females) from each experimental group.



In vitro culture, differentiation and transfection of macrophages

Mouse macrophages were isolated from bone marrow from 12-week-old male ApoE-knockout mice. The bone marrow was flushed out by a 5ml syringe using Iscove’s Modified Dulbecco’s Media (IMDM) containing 8% heat inactivated fetal bovine serum (FBS) into culture with same media containing 10 ng/mL of macrophage colony stimulating factor (M-CSF, Invitrogen) for seven days. M1/M2b differentiation of mouse macrophages were induced by addition of interferon (IFN)-γ (50 ng/ml, Invitrogen), lipopolysaccharides (LPS, 10 ng/ml, Invitrogen) and interleukin (Il)1β (10 ng/ml, Invitrogen). M2a differentiation of mouse macrophages were induced by addition of 20 ng/ml Il4 (Invitrogen). Plasmids expressing Il6, Decorin (Dcn) and Tissue inhibitor matrix metalloproteinase 1 (Timp1) and their siRNAs were generated with their cDNA as templates and corresponding sequences, respectively. Transfection of macrophages was done for 48 hours with Lipofectamine 2000 (Invitrogen).



Flow cytometry

The dissected VIH/plaques from mouse femoral arteries were dissociated with 0.25% Trypsin to obtain a single cell fraction to be double stained with FITC-conjugated F4/80 and PE-cy7-conjugated CD11c antibodies (Becton-Dickinson Biosciences, San Jose, CA, USA) for 15 minutes before analysis and sorting with a FACScan flow cytometer (Becton-Dickinson Biosciences).



RT-qPCR

Total RNA was isolated with RNeasy mini kit (Qiagen, Beijing, China). The cDNA was generated using isolated RNAs as templates (β-actin as housekeeping gene), and then subjected to real-time quantitative PCR (RT-qPCR) with a QuantiTect SYBR Green PCR Kit (Qiagen). All primers were Qiagen commercial ones. Relative expression levels were shown.



Statistical and bioinformatic analyses

Differences between two groups were compared using student’s T test with a GraphPad Prism software (GraphPad Software, Inc. La Jolla, CA, USA) and shown as the individual values in the figures. p < 0.05 was considered significant. No significance was shown as n.s. Bioinformatics on GEO database (number GEO137819) were performed using a combination of R language, a Metascape online pathway tool, an online tool for Veen analysis from Bioinformatics & Evolutionary Genomics, a String online protein interaction analytic tool and Cytoscape online tools.




Result


Using bioinformatic tools to analyze different subtypes of plaque macrophages

Plaque macrophages are heterogeneous and only recently, CD11c+ macrophages were found to be more involved in active plaque progression, compared to CD11c- macrophages (8). In this study, genetic tools [combined transgenic mice to label CD11c yellow fluorescent protein (YFP) and to label CD11b green fluorescent protein (GFP)] were used to separate plaque macrophages into 4 populations, CD11c+CD11b+ (double positive for YFP and GFP, DP) macrophages, CD11c+CD11b- (YFP) macrophages, CD11c-CD11b+ (GFP) macrophages and CD11c-CD11b- (double negative for YFP and GFP, DN) macrophages (8). GFP macrophages were likely M2a-polarized anti-inflammatory macrophages, while YFP macrophages were likely M1/M2b-polarized pro-inflammatory macrophages (8). While GFP cells appeared to be associated with quiescent plaques, YFP and DP cells appeared to be associated with activated plaques (8). However, the molecular regulation of phenotypic changes of these plaque macrophages was not addressed in that study (8). To address this question, we studied the online database (GEO137819) from this study. We did two comparisons, first YFP cells versus GFP cells, and second, DP cells versus GFP cells. The purpose of these comparisons was to figure out the significantly altered genes (differential genes or diff genes) in macrophages that may be associated with the activation of the plaques. The diff genes from two comparisons were obtained by R languages and then shown in heat maps (Figures 1A, B), and in volcano maps (Figures 1C, D). The shared diff genes (568 in total) from the two comparisons were used to analyze for the most affected pathways with Metascape online tools (Figure 1E). Of note, many of highly altered pathways contained diff genes associated with macrophage polarization.




Figure 1 | Using bioinformatic tools to analyze different subtypes of plaque macrophages. We analyzed the online database (GEO137819). In this study, combined transgenic mice to label CD11c yellow fluorescent protein (YFP) and to label CD11b green fluorescent protein (GFP)) were used to separate plaque macrophages into 4 populations, CD11c+CD11b+ (double positive for YFP and GFP, DP) macrophages, CD11c+CD11b- (YFP) macrophages, CD11c-CD11b+ (GFP) macrophages and CD11c-CD11b- (double negative for YFP and GFP, DN) macrophages. (A, B) Heat map showed of diff genes in YFP cells versus GFP cells (A) and diff genes in DP cells versus GFP cells (B). (C, D) Volcano map showed of diff genes in YFP cells versus GFP cells (C) and diff genes in DP cells versus GFP cells (D). (E) The most affected pathways by analysis of the shared diff genes from YFP cells versus GFP cells and from DP cells versus GFP cells (568 in total) with Metascape online tools.





Using bioinformatic tools to identify candidate genes for controlling plaque macrophage polarization

Next, we tried to identify the diff genes that regulate macrophage polarization. We used an online tool from Bioinformatics & Evolutionary Genomics for Veen analysis and found that from the 568 diff genes, there were 122 genes associated with the control of macrophage polarization (Figure 2A). These 122 genes were then put into a protein interaction analysis using a String online protein interaction analytic tool, showing that Il6, Dcn and Timp1 were 3 nodule proteins in the protein interaction network (Figure 2B). Further analysis with Cytoscape online tools further confirmed that these 3 proteins were hub proteins that may be important for the protein interaction among these diff genes (Figure 2C). Moreover, these 3 genes were upregulated in YFP and DP cells, compared to GFP cells, and thus may be associated with M1/M2b polarization of macrophages in activating VIH plaques.




Figure 2 | Using bioinformatic tools to identify candidate genes for controlling plaque macrophage polarization. (A) An online tool from Bioinformatics & Evolutionary Genomics for Veen analysis was applied to find 122 genes from the 568 diff genes associated with the control of macrophage polarization. (B, C) The 122 genes were then put into a protein interaction analysis using a String online protein interaction analytic tool, showing that Il6, Dcn and Timp1 were 3 nodule proteins in the protein interaction network. A blue rectangle region was enlarged to visualize the position of Il6, Dcn and Timp1 (red circled) in the network. (C) A Cytoscape online tool was used to confirm that Il6, Dcn and Timp1 were hub proteins that may be important for the protein interaction among these diff genes. A green rectangle region was enlarged to visualize the position of Il6, Dcn and Timp1 (red circled) in the network.





Expression of Il6 induced M1/M2b-like polarization in M2a macrophages

In order to validate the importance of these 3 genes in the control of CD11c expression as well as in the alteration of macrophage polarization, we used their overexpressing plasmids to treat M2a macrophages, which were induced by Il4. First, overexpressing plasmids were validated by expression of these 3 genes by transfection of M2a macrophages (Figures 3A-C). Interestingly, Il6 and Dcn seemed to induce expression of each other significantly but weakly (Figures 3A, B), while Timp1 did not change expression of Il6 and Dcn (Figure 3C). Next, we found that only Il6 significantly increased the levels of CD11c (Figure 3D). Moreover, only Il6 significantly increased the levels of iNOS (Figure 3E), Il1β (Figure 3F) and TNFα (Figure 3G), which were 3 marker genes for M1/M2b macrophage polarization. In addition, only Il6 significantly decreased the levels of arginase 1 (Figure 3H), CD163 (Figure 3I) and CD206 (Figure 3J), which were 3 marker genes for M2a macrophage polarization. Furthermore, transforming growth factor β1 (TGFβ1) (Figure 3K) and vascular endothelial growth factor A (VEGF-A) (Figure 3L), two key genes for M2c and M2d polarization respectively, were unchanged. Thus, expression of Il6, but not expression of Dcn or Timp1, induced M1/M2b-like polarization in M2a macrophages.




Figure 3 | Expression of Il6 induced M1/M2b-like polarization in M2a macrophages. Overexpressing plasmids for Il6, Dcn and Timp1 and a control scramble plasmid (Scr) were used to treat M2a macrophages, which were induced by Il4. Gene expression was examined by RT-qPCR. (A–L) RT-qPCR for Il6 (A), Dcn (B), Timp1 (C), CD11c (D), iNOS (E), Il1β (F), TNFα (G), arginase 1 (H), CD163 (I), CD206 (J), TGFβ1 (K) and VEGF-A (L). *p < 0.05.





Suppression of Il6 induced M2a-like polarization in M1/M2b macrophages

Nex, we used the siRNA plasmids of the 3 genes to treat M1/M2b macrophages, which were induced by a combination of IFN-γ, LPS and Il1β. First, siRNA plasmids were validated by examining the expression of these 3 genes after transfection with corresponding siRNAs (Figures 4A-C). Then, we found that only si-Il6 significantly decreased the levels of CD11c (Figure 4D). Moreover, only si-Il6 significantly decreased the levels of iNOS (Figure 4E), Il1β (Figure 4F) and TNFα (Figure 4G), which were 3 marker genes for M1/M2b macrophage polarization. In addition, only si-Il6 significantly increased the levels of arginase 1 (Figure 4H), CD163 (Figure 4I) and CD206 (Figure 4J), which were 3 marker genes for M2a macrophage polarization. Furthermore, TGFβ1 (Figure 4K) and VEGF-A (Figure 4L), two key genes for M2c and M2d polarization respectively, were unchanged. Thus, suppression of Il6, but not suppression of either Dcn or Timp1, induced M2a-like polarization in M1/M2b macrophages. Hence, Il6 appeared to be the key gene that is associated with CD11c expression and macrophage polarization in VIH-associated activating plaques.




Figure 4 | Suppression of Il6 induced M2a-like polarization in M1/M2b macrophages. SiRNA plasmids for Il6, Dcn and Timp1 and a control scramble plasmid (Scr) were sued to treat M1/M2b macrophages, which were induced by a combination of IFN-γ, LPS and Il1β. Gene expression was examined by RT-qPCR. (A–L) RT-qPCR for Il6 (A), Dcn (B), Timp1 (C), CD11c (D), iNOS (E), Il1β (F), TNFα (G), arginase 1 (H), CD163 (I), CD206 (J), TGFβ1 (K) and VEGF-A (L). *p < 0.05.





Pharmaceutical suppression of Il6 attenuates VIH formation and progression of AS in a combined ApoE-knockout and HFD mouse model

ApoE is a potent suppressor of AS, while ApoE-knockout mice display elevated inflammatory responses to long term diet-induced hypercholesterolemia (9). A HFD as long as 3 months has been shown to significantly speed up AS development in ApoE-knockout mice (9). Thus, ApoE-knockout mice were treated with either HFD or ND for 12 weeks. Some HFD-treated mice receive either Siltuximab, an FDA-approved monoclonal antibody against both human and mouse Il6, or control IgG. The four groups of mice were compared at 3 months. We found that the incidence of artery plaque formation (Figure 5A), average artery lesion size (Figure 5B), the incidence of detection of lipid in the vascular intima (Figure 5C) and the plaque lipid content (Figure 5D) were all significantly attenuated by Siltuximab administration, compared to control IgG. Macrophages were isolated from the vascular intima, showing that Il6 suppression by Siltuximab significantly reduced CD11c+ macrophages, without changing total macrophage number (Figures 5E, F). Together, our data suggest that formation of VIH can be controlled through modulating macrophage polarization, as a promising therapeutic approach for prevent atherosclerosis.




Figure 5 | Pharmaceutical suppression of Il6 attenuates VIH formation and progression of AS in a combined ApoE-knockout and HFD mouse model. ApoE-knockout mice were treated with either high-fat diet (HFD) or normal diet (ND) for 12 weeks. Some HFD-treated mice receive either Siltuximab (HFD+ Siltuximab), an FDA-approved monoclonal antibody against both human and mouse Il6, or control IgG (HFD+IgG). The four groups of mice were compared at 3 months. (A) Incidence of artery plaque formation. (B) Average artery lesion size. (C) Incidence of detection of lipid in the vascular intima. (D) The plaque lipid content. (E, F) Analysis of CD11c in F4/80+ macrophages isolated from the vascular intima, shown by representative flow charts (E) and by quantification (F). *p < 0.05. ns, no significance.






Discussion

VIH is thought to be the initial pathological event predisposed to development of AS, while cell hyperplasia is likely the early stage of formation of a plaque (1). Since macrophages play a critical role in the development of AS by coordinating local inflammation and by transforming themselves into foam cells (2), it is not surprising that macrophages are also crucial for the process of VIH. Therefore, interfering with VIH and its associated microenvironment may be more effective than treating it at the late stage when AS has already developed.

In the previous study, McArdle et al. nicely showed that plaque macrophages could be separated into CD11c+ versus CD11c- populations (8). Regardless their expression of CD11b, CD11c- macrophages were more likely to be associated with a phenotype close to M2a and were not supporting an acute activating status of plaque formation (8). On the other hand, CD11c+ macrophages were more likely to be associated with a phenotype close to M1 and M2b and were supporting an acute activating status of plaque formation (8). Of note, based on the gene expression profile, it was hard to delicately distinguish M1 polarization from M2b polarization, since macrophages in the plaques are heterogenous and their polarization was spectral rather than uniform (10). Therefore, our finding showing Il6 as a trigger to activate CD11c and the related phenotype may be simply explained as a proinflammatory effect, while our finding showing Il6 suppression to deactivate CD11c and the related M2a-like phenotype may be simply explained as an anti-inflammatory effect (11). The findings on CD11c here are consistent with some previous studies, showing that CD11c was likely expressed in some M1-like macrophages (12, 13) in addition to their traditionally believed expression on dendritic cells (14, 15).

Il6 has been known to play a pivotal role in the early stage of atherosclerotic plaques (16). Il6 could be synthesized and released by many cell types either resident or trapped in the artery wall, e.g. macrophages, vascular smooth muscle and endothelial cells (17). Our in vivo results showing that blocking Il6 in the AS-prone mice alleviated VIH and AS progression could be resulted from the inhibition of Il6 in either cell type or from a combined effect. In the future, the importance of Il6 from these cell types could be further investigated using cell-specific promotor-driven suppression of Il6 rather than a pharmaceutical intervention. However, here, our in vitro data showed that altering Il6 levels in macrophages were sufficient to modulate the CD11c expression and the phenotypic changes in plaque macrophages. Therefore, regardless of the source of Il6, it plays an important role in the phenotypic determination of plaque macrophage and makes macrophages correspondingly polarized and shaped, ready for contributing to the development of VIH and AS.
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Tumor-associated macrophages (TAMs) are involved in the growth of prostate cancer (PrC), while the molecular mechanisms underlying the interactive crosstalk between TAM and PrC cells remain largely unknown. Platelet-derived growth factor (PDGF) is known to promote mesenchymal stromal cell chemotaxis to the tumor microenvironment. Recently, activation of spindle pole body component 25 (SPC25) has been shown to promote PrC cell proliferation and is associated with PrC stemness. Here, the relationship between SPC25 and PDGF in the crosstalk between TAM and PrC was investigated. Significant increases in both PDGF and SPC25 levels were detected in PrC specimens compared to paired adjacent normal prostate tissues. A significant correlation was detected between PDGF and SPC25 levels in PrC specimens and cell lines. SPC25 increased PDGF production and tumor cell growth in cultured PrC cells and in xenotransplantation. Mechanistically, SPC25 appeared to activate PDGF in PrC likely through Early Growth Response 1 (Egr1), while the secreted PDGF signaled to TAM through PDGFR on macrophages and polarized macrophages, which, in turn, induced the growth of PrC cells likely through their production and secretion of transforming growth factor β1 (TGFβ1). Thus, our data suggest that SPC25 triggers the crosstalk between TAM and PrC cells via SPC25/PDGF/PDGFR/TGFβ1 receptor signaling to enhance PrC growth.




Keywords: SPC25, tumor associated macrophage (TAM), prostate cancer, pdgf, crosstalk



Introduction

Prostate cancer (PrC) has the highest incidence among malignancies in aged Chinese male patients (1). The growth of PrCs is regulated by androgen (2). On the other hand, PrC cells may proliferate independently on androgen (3) and metastasize to distant organs. Such cases are castration-resistant prostate cancers (CRPCs) (2).

Kinetochores are complexes with over 100 proteins to connect chromosomal DNA with spindle microtubules, and are essential for accurate chromosome segregation, whose dysfunction will lead to chromosome instability and tumorigenesis (4). Kinetochore–microtubule structure forms in metaphase for chromosomes to align in the middle of spindle, in which process the NDC80 complex is indispensable (4). The NDC80 complex is composed of four components: NDC80, NUF2, spindle pole body component 24 (SPC24), and SPC25. SPC25 is upregulated in lung adenocarcinoma, and plays roles in carcinogenesis, cancer cell proliferation, and metastasis (5). In addition, SPC25 is enriched in cancer stem cells (CSCs) (6), and is required for PrC cell proliferation (7).

Platelet-derived growth factor (PDGF) regulates the growth of many tissues and organs (8). PDGF ligands have several isoforms, from which alpha and beta are the most important PDGF receptor subunits. PDGF signaling plays important roles in the regulation of mesenchymal cell proliferation, differentiation, and migration (8). PDGF signaling is also associated with tumorigenesis (9), and is involved in the functionality of macrophages (10–12). However, it is noteworthy that a regulatory relationship between SPC25 and PDGF has not been reported before.

The first role of macrophages is phagocytosis of dying or dead cells, foreign substances, and microorganisms (13–16). These macrophages are termed M1. Macrophages can actually do much more than phagocytosis, such as participation in the control of inflammation, tissue repair, and regeneration (13–16). These macrophages are termed M2. Highly expressed nitric oxide synthase (iNOS) and high level of reactive oxygen species (ROS) are detected in M1 macrophages. M2 macrophage markers include CD206, CD163, arginase 1, and CD301. In addition, a group of macrophages detected in the tumor microenvironment is named tumor-associated macrophages (TAMs) (17), which share many features with M2 macrophages and promote tumorigenesis.

It was recently reported that M2 macrophages were infiltrated in the injured pancreas to secrete transforming growth factor β1 (TGFβ1) (18). Moreover, transplanting mesenchymal stem cells to the injured heart recruited macrophages, which accelerated the regeneration of cardiac muscles (19). However, the relation between PrC cells and TAM, especially with the involvement of SPC25 and PDGF, has not been investigated before. Thus, the above questions were addressed here.



Methods


Protocol approval


Ethics approval and consent or publication

PrC and paired adjacent normal prostate tissue were collected from 40 patients who had been treated and followed up in the Affiliated People’s Hospital of Jiangsu University. PrC patients were notified of research purposes and procedures, and written approvals were obtained from all patients. Human and animal protocols were approved by the institutional review board in the Affiliated People’s Hospital of Jiangsu University. Nude mice were used to minimize potential confounders. There was no exclusion of animals and data, and no humane endpoints in this research.




PrC cell lines and transduction

Human PrC cell lines (LNCap, PC-3, BPH-1, and DU145), all originally from the American Type Culture Collection (ATCC, Rockville, MD, USA), were cultured in DMEM (Invitrogen, Shanghai, China) with 10% fetal bovine serum (FBS, Sigma-Aldrich, Beijing, China) at 37°C with 5% CO2. Cells were incubated with lentivirus (Applied Viromics, Fremont, CA, USA) with a plenti-CMV-LUC-2A-GFP vector (Clontech, Mountain View, CA, USA) at a multiplicity of infection (MOI) of 80 for 12 h. The transduced cells were isolated based on GFP by flow cytometry and were monitored in vivo based on luciferase expression in a luciferin assay.



Tumor mouse model and bioluminescent surveillance of tumor

We transplanted 107 AAV-transduced/labeled DU145 cells subcutaneously into 10-week-old male nude mice (SLAC Laboratory Animal Co. Ltd, Shanghai, China). In the next 56 days, an IVIS imaging system (Xenogen Corp., Alameda, CA, USA) was used to examine bioluminescence to assess tumor growth in vivo. Luciferin (150 mg/kg, Sigma-Aldrich) was intraperitoneally injected before taking mouse images and a bioluminescent quantification with Living Image software (Xenogen Corp.).



Digesting tumor and characterizing dissociated cells by flow cytometry

Tumors by implanted PrCs were cut out and chopped, and then resuspended and digested with 40 mg/dl collagenase (Sigma-Aldrich) and 0.1% trypsin (Sigma-Aldrich) for 30 min at 37°C. Single cell suspension was incubated with conjugated antibodies against CD31, F4/80, and CD206 (Becton-Dickinson Biosciences, San Jose, CA, USA) before flow cytometric analysis. Data were analyzed by FlowJo software (Flowjo LLC, Ashland, OR, USA).



Isolation of bone marrow-derived macrophages

Firstly, we isolated bones from male C57BL/6 mice at 12 weeks old and used a 26-gauge needle to flush out cells with macrophage-specific culture media. The collected bone marrow was centrifuged at 1,200 RPM for 5 min at 4°C. We re-suspended the pellets and plated them in a 24-well plate at a density of 106 cells/well for culturing and new media was replaced every 2 days.



Transwell co-culture system

DU145 cells (1 × 105) and bone-marrow-derived macrophages (1 × 105) were co-cultured in the system with/without SB431542 (10 µmol/L, Abcam, Cambridge, MA, USA), or with/without recombinant PDGF (150 ng/ml, Sigma-Aldrich, St. Louis, MO, USA), or with/without anti-PDGFR (15 µg/L, R&D Biosystem, Los Angeles, CA, USA) for 2 days. After co-culture, an MTT assay was applied to detect the number of DU145 cells and recorded the number variation. In addition, flow cytometry was applied to assess macrophage subtypes.



MTT assay and determination of DNA content

The experiment was performed according to the brochure of the manufacturer, for observation and evaluation of the condition of growing cells by an MTT Viability assay Kit (Roche, Indianapolis, IN, USA). The next step was extraction of DNA, which was accomplished by a DNA isolation kit (Qiagen, Hilden, Germany). Finally, we used a Nanotrop 2000 machine (Thermo Scientific, Rockford, IL, USA) to assess the content of DNA.



RT-qPCR

Total RNA was extracted from cells with RNeasy mini kit (Qiagen, Shanghai, China). Two micrograms of total RNA was used to reversely transcribe cDNA with Omniscript RT kit (Qiagen, Hilden, Germany). qPCR was performed with a QuantiTect SYBR Green PCR kit (Qiagen). Commercial primers were all bought from Qiagen and data were analyzed by the 2-△△Ct method. We normalized mRNA expression of genes of interest to a housekeeping gene, GAPDH, and experimental controls.



Protein analysis by ELISA, Western blot, and immunocytochemistry

Total cellular protein was extracted using RIPA buffer (Sigma-Aldrich) and quantified with BCA assay (Sigma-Aldrich). SPC25 and PDGF were measured with ELISA kits from MyBiosource and R&D Biosystem, respectively. Western blot was performed with the following antibodies: a rabbit anti-human SPC25 (1:750; Ab236972, Abcam, Dallas, TX, USA), a mouse anti-human Egr-1 (1:2,000; Ab55160, Abcam), a rabbit anti-human PDGF (1:1,000; Ab23914, Abcam), and a mouse anti-human GAPDH antibody (1:1,000; Ab8245, Abcam). All secondary antibodies were from Jackson ImmunoResearch Labs (West Grove, PA, USA). Quantification was done with ImageJ (NIH, Bethesda, MA, USA). Immunocytochemistry was done with a mouse anti-human PDGFR alpha antibody (1:50; Ab96569, Abcam).



Statistics

Statistical analysis was done with GraphPad Prism (La Jolla, CA, USA). Difference between two groups was analyzed with unpaired two-tailed Student’s t-test, and difference between three or more groups was compared by one-way ANOVA with the Tukey posttest. Spearman’s rank correlation coefficient was calculated. Data were shown as mean ± SD, and p < 0.05 was considered statistically significant.




Results


SPC25 increases PDGF levels in PrC

SPC25 protein expression measured by ELISA was significantly higher in PrC compared to paired normal prostate tissues (NT; n = 40) presented as a group (Figure 1A) and as each pair (Figure 1B). PrC samples and NT were then assessed for PDGF beta (from now on simplified as PDGF throughout this article) protein levels by ELISA. PrC specimens expressed significantly higher PDGF than NT shown by mean ± SD (Figure 1C) and by individual values (Figure 1D). Interestingly, a positive correlation between SPC25 and PDGF was detected in PrC specimens (Figure 1E). Next, we used several human PrC cell lines (LNCap, PC-3, BPH-1, and DU145) to verify the regulation of PDGF by SPC25. DU145 is androgen-insensitive without an androgen receptor and had the highest level of SPC25 among the above four cell lines, while LNCap is androgen-sensitive and expressed the lowest level of SPC25 (Figure 1F). Thus, LNCap cells were overexpressed with SPC25, and DU145 cells were transfected with shSPC25 so that SPC25 levels were significantly altered (Figure 1G). Interestingly, increases in SPC25 in LNCap cells significantly increased PDGF levels, while reduction in SPC25 in DU145 cells significantly decreased PDGF levels (Figure 1H). Thus, these data suggest that SPC25 may induce PDGF expression in PrC.




Figure 1 | SPC25 increases PDGF levels in PrC (A, B) ELISA measurement of SPC25 protein level in 40 pairs of prostate cancer (PrC) and normal tissues (NT) as a group (A), and as per pair (B). (C, D) PDGF protein levels measured by ELISA in 40 pairs of PrC and NT, as a group (A), and as per pair (B). (E) Correlation between SPC25 and PDGF in PrC specimens (R = 0.84; p < 0.0001). (F) RT-qPCR for SPC25 in several human PrC cell lines. (G) mRNA level of SPC25 in human PrC cell lines DU145 and LNCap transfected by either shSPC25 or SPC25, compared to cells transfected by scrambled plasmids (scr). (H) ELISA for SPC25 in DU145 and LNCap transfected by either shSPC25 or SPC25, compared to cells transfected by scrambled plasmids (scr). *p < 0.05. n = 40 for clinical studies (A–E) and n = 5 for cell line studies (F, G). Relative values were shown. For (F, G), Scr = 1.





PrC mouse model

To dissect the potential molecular mechanisms underlying the crosstalk between TAM and PrC, we first used a lentivirus vector bearing both luciferase and GFP reporters under a CMV promoter to allow cell tracing and visualization of tumor cells (Figure 2A). A PrC cell line, DU145, which was genetically labeled with both GFP and luciferase, can be sorted with GFP expression by flow cytometry (Figures 2B, C) or traced with luciferase activity (Figure 2D). PrC was formed through subcutaneous grafting of the transduced DU145 cells to immune-deficient nude mice. PrC model establishment was proved by detection of luciferase activity at the transplanted location (Figure 2E).




Figure 2 | Establishment of a mouse PrC model (A) A diagram of a lenti vector carrying a luciferase and a green fluorescent protein (GFP) reporter under a CMV promoter. (B) The lenti-pCMV-LUC-GFP was used to transduce DU145 cells, sorted by flow cytometry as GFP-positive cells. (C) GFP-positive cells show green fluorescence. (D) The lenti-pCMV-LUC-GFP-transduced DU146 cells received luciferin to show the presence of luciferase expression in the cells. (E) LUC-GFP-DU145 cells were subcutaneously injected into nude mice to establish the PrC model and detected by bioluminescence (three left mice). Two control mice that did not receive tumor cell implantation were shown as controls (two right mice). Scale bar is 20 µm.





PrC with high PDGF expression and TAM with high PDGFR expression

PDGFR is the unique receptor for PDGF. Thus, we tested how PDGFR alpha (simplified as PDGFR throughout this article) and PDGF were expressed on PrC cells and the macrophages in the generated tumor in mice. The implanted tumor was digested into single cells for flow cytometry analysis. We found that most of the cells in the tumor expressed with GFP (Figure 3A). The implanted DU145 cells were green, while other cells, such as inflammatory cells, neurons, mesenchymal cells, endocrine cells in tumor block, were non-green. Next, the PDGF levels in GFP+ versus GFP- cell fractions were examined by using RT-qPCR analysis. According to the result, it was the green tumor cells rather than non-tumor cells that expressed high PDGF (Figure 3B). Later, PDGFR was detected exclusively in the non-green cell fraction by flow cytometry (Figure 3C), confirmed by immunocytochemistry for PDGFR on the non-green cell fraction (Figure 3D). CD31 (an endothelial cell marker) and F4/80 (a macrophage marker) were analyzed in PDGFR+ cells, and the results showed that the majority of the PDGFR+ cells were either F4/80+ cells or CD31+ cells (Figures 3C, E). Furthermore, more than 70% of the F4/80+ macrophages are CD206+, which represented an M2 or TAM phenotype (Figures 3C, F).




Figure 3 | PrC cells express a high level of PDGF and TAMs express a high level of PDGFR (A) PrC cells from the mice model were detected by green fluorescence. (B) PDGF mRNA level of GFP-positive cells vs. GFP-negative cells. (C) Analyses of GFP-positive cells and PDGFR-positive cells from the PrC mouse model. PDGFR+ cells were divided into two populations based on CD31 and F4/80 expression. PDGFR+ F4/80+ cells were further analyzed for CD206 expression. The gating strategy for the flow cytometry was shown. (D) Staining with a PDGFR antibody or isotype control on green cells. (E) % of F4/80+, CD31+, and other cells in PDGFR+ cells measured by flow cytometry. (F) % of CD206+, CD206- cells in PDGFR+F4/80+ cells. *p < 0.05. n = 5. Scale bars are 20 µm.





Regulation of macrophage polarization from PrC cells substantializes PrC cell growth

Next, a transwell co-culture experiment including DU145 with bone-marrow-derived macrophages was performed to dissect the crosstalk between PrC and macrophages. Group 1: macrophages alone; Group 2: DU145 cells alone; Group 3: co-culture of macrophages and DU145; Group 4: co-culture of macrophages and DU145-shSPC25; Group 5: co-culture of macrophages and DU145 with presence of an anti-PDGFR antibody; Group 6: macrophages alone with presence of PDGF; Group 7: macrophages alone with presence of PDGF and the anti-PDGFR antibody (Figure 4A). According to the results from an MTT assay, there was a remarkable increase in DU145 cell growth in 2 days, which was induced by macrophages. This increase in DU145 cell growth required PDGF/PDGFR signaling based on the fact that the influences of macrophages on increases of DU145 cells’ growth were abolished by either shSPC25 on DU145 cells or by the anti-PDGFR antibody (Figure 4B). PDGF by itself appeared to increase macrophage growth (Figure 4C). These data were confirmed by analysis of DNA content of the cells (Figures 4D, E). Moreover, the presence of macrophages significantly increased the invasiveness and migration of co-cultured DU145, which were abolished by either shSPC25 on DU145 cells or by the anti-PDGFR antibody (Figure 4F). Finally, increases in M2/TAM macrophages were induced by DU145 cells, which were abolished by either shSPC25 or by anti-PDGFR as well (Figures 4G, H). The influences of DU145 cells on the process of macrophage’s polarization were imitated by recombinant PDGF without need for the DU145 cells (Figures 4G, H). These results indicated that DU145 cells initiate macrophage polarization through SPC25/PDGF signaling, which is also a necessary process in DU145 cells’ growth.




Figure 4 | PrC cells regulate macrophage polarization, which, in turn, mediates PrC cell growth (A) A diagram of a transwell co-culture system for DU145 cells and bone-marrow-derived macrophages (MΦ). Group 1: macrophages alone; Group 2: DU145 cells alone; Group 3: co-culture of macrophages and DU145; Group 4: co-culture of macrophages and DU145-shSPC25; Group 5: co-culture of macrophages and DU145 with presence of an anti-PDGFR antibody; Group 6: macrophages alone with presence of PDGF; Group 7: macrophages alone with presence of PDGF and the anti-PDGFR antibody. Cells were incubated for 2 days. (B, C) An MTT assay was performed in DU145 cells (B) and in macrophages (C). (D, E) DNA content determination on DU145 cells (D) and in macrophages (E). (F) Cell invasion and migration in macrophages. (G, H) Flow cytometry analysis of CD206+ cells in macrophages, shown by quantification (G) and by representative flowcharts (H). *p < 0.05. NS, non-significant. n = 5.





TGFβ1 secreted by polarized TAM promotes PrC cell growth

To determine the molecular signals between polarized TAM and PrC cells, we focused on TGFβ1, which is a highly secreted factor by M2/TAM cells to exert a strong effect on tumor cell growth (20, 21). First, we found that the majority of TGFβ1 was derived from CD206+ M2/TAM but not from CD206- M1 macrophages (Figure 5A). SB431542 (SB), as an additional loss-of-functional control to suppress downstream TGFβ receptor signaling in the macrophage/DU145 cell co-culture system, is a specific inhibitor for TGFβ receptor I (22, 23). Macrophages alone, or macrophages with DU145-shSPC25 in the co-culture, were also applied as an additional control (Figure 5B). We found that the presence of SB to suppress TGFβ receptor signaling failed to alter macrophage polarization (Figures 5C, D), suggesting that TGFβ receptor signaling was not involved in the process of macrophage polarization triggered by PDGF. However, the presence of SB to inhibit TGFβ receptor signaling completely abolished the influences of macrophage polarization on the process of DU145 cells’ growth (Figure 5E).




Figure 5 | Polarized TAMs promote PrC cell growth through TGFβ1 (A) RT-qPCR for TGFβ1 mRNA level in CD206+ versus CD206- macrophages. (B) A transwell co-culture diagram of DU145 cells and bone-marrow-derived macrophages (MΦ). Group 1: MΦ. Group 2: MΦ with inhibitor SB431542 (SB). Group 3: MΦ and DU145 cells. Group 4: MΦ and DU145 cells transduced with shSPC25. Group 5: MΦ and DU145 cells with SB. Cells were incubated for 2 days. (C, D) Flow cytometry analysis of CD206+ cells in macrophages, shown by quantification (C) and by representative flowcharts (D). (E) MTT assay on DU145 cells. *p < 0.05. NS, non-significant. n = 5.





SPC25 activates PDGF through Egr-1

Lastly, we aimed to figure out how SPC25 activates PDGF. By searching public databases and previous publications, we found that SPC25 did not seem to directly activate PDGF transcription or directly interact with PDGF protein. Since Egr-1 has been shown to be a direct activator for PDGF (24), we used mithramycin A (MMA), an antibiotic that prevents binding of Egr1 to target promoters (25), in cultured PrC cells to determine whether the activation of PDGF may activate PDGF through Egr-1. Indeed, MMA-mediated suppression of Egr-1 abolished the activation of PDGF by SPC25, suggesting that SPC25 may activate PDGF through Egr-1 (Figures 6A, B). Together, our findings in this study suggest a molecular interaction between PrC and TAM through PDGF and TGFβ1, which were summarized in a schematic (Figure 6C).




Figure 6 | SPC25 activates PDGF through Egr-1 (A, B) Mithramycin A (MMA) was added at a dose of 0.1 µg/ml into the cultured LNCap cells. (A) Representative Western blots of SPC25, Egr-1, and PDGF, and (B) corresponding quantification. (C) A schematic of the model in this research: SPC25 in PrC cells enhances PDGF production likely through Egr-1 to polarize macrophages towards TAM through their surface expression of PDGFR. Polarized macrophages (TAM) produce TGFβ1 to promote growth of PrC cells. *p < 0.05. NS, non-significant. n = 5.






Discussion

Tumor growth is regulated by a complicated network that involves cancer cells, inflammatory cells, mesenchymal cells, endothelial cells, and other types of cells (26, 27). It was recently demonstrated that TAM plays a pivotal role in transducing signals in the process of tumor formation (28), but it is still uncertain how TAMs become activated in PrC. In this study, we focused on the effects of PrC-PDGF on TAM, likely through a paracrine regulatory pathway.

While it has been well-known that PDGF/PDGFR signaling is important for growth of tumor vessel, here we further showed that it coordinated the crosstalk between TAM and PrC in facilitating tumor growth. It was newly demonstrated by a report that M2 macrophages were infiltrated in the injured pancreas, and these M2 macrophages secreted high levels of TGFβ1, which enhanced beta cell replication (18). A similar process was also reported in cardiac muscle regeneration, in which macrophages were recruited into mesenchymal-stem-cell-transplanted injured heart to secrete BMP7 against the fibrogenic effect of TGFβ1 by macrophages, as well as to work as the catalyzer in enhancing angiogenesis and reviving cardiac muscle (19). We have proved that high TGFβ1 was secreted by M2 macrophages, which confirmed results in the two above-mentioned reports. Therefore, the trophic effects of M2 macrophages on cell growth appear to benefit tissue regeneration after injury but could be detrimental in tumor. The autocrine effects of PDGF have been proved to be important in some tumors (29). However, it seemed not critical in PrC, because little expression of PDGFR was detected in GFP+ tumor cells.

Since Egr-1 has been shown to be a direct activator for PDGF (24), we used MMA (25) in cultured PrC cells and found that MMA-mediated suppression of Egr-1 abolished the activation of PDGF by SPC25. Since both SPC25 and Egr-1 are primarily known as regulators of mitosis, it may be interesting to further study their interaction that regulates cell proliferation under physiological and pathological conditions.

Although here we did not study the crosstalk among TAM, PrC, and endothelial cells, previous studies have proved that TAMs possess significant influences on tumor vascular growth through production and release of a number of pro-angiogenetic factors. Moreover, PDGF has been demonstrated to promote mesenchymal stromal cell chemotaxis to the tumor microenvironment, in which it promotes both growth of tumor cells and tumor-associated endothelial cells. Hence, the PDGF/PDGFR signaling may play a central role in the regulation of tumor angiogenesis as well as tumor growth, through interaction of tumor cells, TAMs, and tumor endothelial cells. This question may be further addressed in future studies.

Here, we show the two stages interceded by PDGF/PDGFR signaling and TGFβ receptor signaling that coordinate the interaction between PrC and TAM. We also showed that the PrC cell growth was enhanced by the TAM, which had been polarized in a process that required TGFβ signaling. To the best of our knowledge, the involvement of this signaling pathway (SPC25/PDGF/TGFβ) in the crosstalk between PrC cells and TAM has not been reported before. Our study should provide novel insights into the intervention of PrC.
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Wound healing is impaired in the diabetic status, largely attributable to diabetes-associated angiopathy. Pericytes play critical roles in the stabilization of the formed vessels. The loss and dysfunction of pericytes have been reported in inflammation during diabetes and associated with the pathology of diabetic angiopathy. However, a practical approach that targets inflammatory pericytes to improve diabetic wound healing is lacking. In the current study, we showed that the inflammatory pericytes from wound skin of diabetic patients were impaired in growth potential and underwent oxidative stress and apoptosis. Expression of antioxidant gene oxidation resistance protein 1 (OXR1) specifically in pericytes through an adenovirus carrying OXR1 under a pericyte-specific neuron glia antigen-2 (NG2) promoter (AV-NG2p-OXR1) relieved the oxidative stress, reduced the apoptosis, and recovered the growth potential in diabetic pericytes. Moreover, expression of OXR1 in diabetic pericytes retrieved their potential of both suppressing the migration of co-cultured HUVECs and inducing cell aggregates at the branching points, indicating a functional recovery. In vivo gene therapy using this AV-NG2p-OXR1 to DB/DB mice, the mouse model for type 2 diabetes, significantly improved wound healing, likely through enhancing blood flow at the wound rather than increasing vessel density. Together, our data suggest that gene therapy targeting inflammatory pericytes may improve diabetes-associated impaired wound healing.
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Introduction

Diabetic angiopathy refers to the dysfunction and impairment of the arteries throughout the body, caused by diabetic status. Diabetic angiopathy affects both microvascular system in feet, fingers, toes, eyes, and kidneys, and macrovascular system in limbs (1).

Pericytes are important perivascular or mural cells that contribute to the proper formation of the microvasculature system. The interaction between pericyte and endothelial cell (EC) plays a pivotal role in the formation and homeostasis of a functional vasculature (2). Pericytes express some specific surface markers, like proteoglycan neuron glial antigen-2 (NG2), platelet-derived growth factor (PDGF) receptor β (PDGFRβ), CD146, or alpha smooth muscle actin (α-SMA) (2). In diabetes, especially in complications associated with vascular disorders, the interaction between pericytes and ECs is disrupted (3). In fact, loss of pericytes has been used as an early hallmark of diabetic retinopathy and nephropathy (4). It is nowadays understood that dysfunctional pericytes promote the progression of diabetic angiopathy through compromised vessel stability, abnormal and inadequate neovascularization, vasoconstriction, and basement membrane thickening (4).

Wound healing is impaired in the diabetic status, largely attributable to the diabetes-associated angiopathy (5). Since pericytes play critical roles in the stabilization of the pre-existing and newly formed vessels, the loss and dysfunction of pericytes in diabetes actively contribute to the impaired wound healing (6). However, so far, a practical approach to improve diabetic wound healing through pericytes is lacking.

Oxidative stress occurs in many cell types under a diabetic status. Oxidation resistance protein 1 (OXR1) is an important protein regulating the sensitivity of cells to oxidative stress and has been shown to have protective effects against oxidation in neural cells (7). In the current study, we showed that the pericytes from wound skin of diabetic patients were impaired in growth potential and underwent oxidative stress and apoptosis. Expression of OXR1 specifically in pericytes through an adenovirus carrying OXR1 under a pericyte-specific NG2 promoter (AV-NG2p-OXR1) relieved the oxidative stress, reduced the apoptosis and recovered the growth potential in diabetic pericytes, and retrieved their potential of supporting vascular stability. In vivo gene therapy using this AV-NG2p-OXR1 to DB/DB mice, the mouse model for type 2 diabetes, significantly improved wound healing, likely through enhancing blood flow at the wound rather than increasing vessel density.



Materials and methods


Ethical approval of research protocols

This study has been approved by the Research Committee and Institutional Animal Care and Use Committee at the Wenzhou Medical University. Patient specimens were obtained from the inpatients at the First Affiliated Hospital of Wenzhou Medical University with prior signed agreement from the patients.



Animals

Diabetes automatically occurred in DB/DB mice (SLAC Laboratory Animal, Shanghai, China). Fasting blood sugar was elevated as early as 4 weeks of age and reached the diagnosed level for diabetes (>350 mg/dl) at 8 weeks of age when the mice received wound formation with/without injection of adenovirus. Male and female mice were evenly distributed in each group. For wound generation, mice underwent a surgery to create a wound of approximately 4 mm in diameter on the dorsal side of the right hindlimb using a biopsy punch. Afterwards, the mice received an orthotopic injection of 150 µl of adenoviral virus of 1012 genome copy particles (GCP)/ml or 150 µl of saline as a control. Blood glucose was measured after 4-h fasting. Vessel density was assessed by the percentage of the positive immunostaining area for CD31. A laser Doppler perfusion imaging system (LDPI, Moor Instruments, Devon, UK) was used for measurement of blood flow at hindlimbs. Data were presented as a ratio of the wound right side versus non-wound left side.



Adenovirus

A backbone plasmid (Ng2 promoter-CRE-IRES-RFP) was purchased from Applied Biological Materials Inc. (000844A, Richmond, BC V6V 2J5, Canada) and then modified. The OXR1 coding sequence was cloned from human fibroblast cDNA. A scramble sequence (SCR) was used as a control for the OXR1 transgene. Transfection was performed with Lipofectamine 3000 reagent (Invitrogen, CA, Carlsbad, USA).



Flow cytometry

The skin tissue obtained from diabetic patients or non-diabetic controls was digested with digesting media containing 0.25% trypsin (Invitrogen) and 10 mg/ml DNase (Invitrogen) for 30–35 min to obtain a single-cell fraction for fluorescence-activated cell sorting (FACS). Pericytes were isolated by FACS based on double-positive immunofluorescence for CD146 (with an FTIC-conjugated anti-CD146 antibody, Becton-Dickinson Biosciences, San Jose, CA, USA) and PDGFRβ (with a cy5-conjugated anti-PDGFRβ antibody). Pericytes from virally infused mice were isolated based on BFP. The flow cytometry data were analyzed and presented by Flowjo (Flowjo LLC, Ashland, OR, USA). Apoptosis was analyzed with an Annexin V-apoptosis analysis kit (Invitrogen).



Quantitative real-time PCR

RNA was extracted with an RNeasy kit (Qiagen, Beijing, China) to prepare cDNA for real-time quantitative PCR (RT-qPCR) using Qiagen pre-designed primers. A 2−ΔΔCt method was applied for quantification, and β-actin was used as a housekeeping gene for normalization of the expression values for the examined genes.



Histology and immunostaining

The pancreas and the wound skin were dissected out and fixed in 10% formalin (Sigma-Aldrich, St. Louis, MO, USA) for 5 and 3 h, respectively. After incubation in 30% sucrose for 48 h, the samples were frozen, embedded, and cut into 5-µm slides. Immunofluorescent staining for insulin and CD31 was performed with a guinea pig polyclonal antibody against insulin (Ab7842, Abcam) and a rat-anti-mouse CD31 antibody (Becton-Dickinson Biosciences), respectively. For immunocytochemistry, the blue fluorescence was detected by direct fluorescence from the adenovirus infection.



Culture, co-culture, cell growth, and migration assay

NOS activity was measured using a nitric oxide synthase assay (Abcam, Los Angeles, CA, USA). Pericytes and HUVECs were co-cultured. Tube formation was quantified by relative number. Branching points were quantified by relative area. Cell aggregates were quantified by relative area containing cell aggregates at branch. Cell growth was determined by a CCK-8 assay (Millipore, Bedford, MA, USA). Cell migration assay was done in an upper chamber (Millipore) that had been seeded with HUVECs and pericytes in serum-free DMEM media, while the lower chamber was filled with DMEM with 7.5% FBS. The migrated cells from the upper chamber to the lower surface were fixed with methanol, and stained with 0.1% crystal violet (Sigma-Aldrich) for quantification after 36-h culture.



Statistical analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) test (GraphPad Software, version 9, Inc. La Jolla, CA, USA). Significance (p < 0.05) was presented as * and no significance (p > 0.05) was presented as “NS”. The number in this experimental group was determined by Power test, and N = 5 was selected.




Results


Pericytes from wound skin of diabetic patients are impaired

The loss and dysfunction of pericytes cause vascular instability in diabetes and may contribute to impaired wound healing. Here, we aimed to generate a practical approach that targets pericytes to improve diabetic wound healing. First, wound tissues obtained from non-diabetic wound skin (NDS) and diabetic wound skin (DS) were digested into single cells that underwent fluorescence-activated cell sorting (FACS) for CD146 and PDGFRβ to isolate CD146+PDGFRβ+ pericytes (Figure 1A). We found that the number of the CD146+PDGFRβ+ pericytes was significantly decreased in DS, compared to NDS (Figure 1B). Moreover, the growth potential of pericytes in DS was compromised compared to that in NDS (Figure 1C), likely resulting from increased apoptosis (Figures 1D–F) and increased NOS activity (Figure 1G). Thus, pericytes from wound skin of diabetic patients are impaired in growth potential and undergo oxidative stress and apoptosis.




Figure 1 | Pericytes from wound skin of diabetic patients are impaired (A, B) Wound tissues obtained from non-diabetic wound skin (NDS) and diabetic wound skin (DS) were digested into single cells that underwent fluorescence-activated cell sorting (FACS) for CD146 and platelet-derived growth factor β (PDGFRβ) to isolate CD146+PDGFRβ+ pericytes, shown by representative flowcharts (A) and by quantification (B). (C) CCK-8 assay for pericytes isolated from NDS (PC-NDS) and NS (PC-NS). (D,E) An annexin V apoptosis assay by representative flowcharts (D) and by quantification (E). (F) RT-qPCR for apoptosis-associated protein Caspase 3, Caspase 9, and Cytochrome 9. (G) NOS activity. *p < 0.05. N = 5.





OXR1 relieves the oxidative stress, reduces the apoptosis, and recovers the growth potential in diabetic pericytes

To assess the effects of relieving oxidative stress on pericytes, we prepared an adenovirus carrying OXR1 under a pericyte-specific neuron glia antigen-2 (NG2) promoter (AV-NG2p-OXR1) and a control adenovirus carrying a scramble sequence (SCR) under the NG2 promoter (AV-NG2p-SCR). Both viruses also carried a blue fluorescent protein (BFP) as a reporter connected with the transgene with an IRES to be controlled together under the NG2 promoter (Figure 2A). Pericytes from DS (PC-DS) were successfully transduced by both viruses (Figure 2B). We found that transduction with AV-NG2p-OXR1 significantly increases the growth of PC-DS, compared to either uninfected PC-DS or PC-DS transduced with AV-NG2p-SCR (Figure 2C). Moreover, transduction with AV-NG2p-OXR1 significantly reduced the apoptosis of PC-DS cells, by representative flowcharts for an Annexin V apoptosis assay (Figure 2D) and its quantification (Figure 2E), and by mRNA levels for apoptosis-associated protein Caspase 3, Caspase 9, and Cytochrome 9 (Figure 2F). Furthermore, the NOS activity in PC-DS was also significantly reduced by transduction with AV-NG2p-OXR1 (Figure 2G). Thus, expression of OXR1 relieves the oxidative stress, reduces the apoptosis and recovers the growth potential in diabetic pericytes.




Figure 2 | OXR1 relieves the oxidative stress, reduces the apoptosis, and recovers the growth potential in diabetic pericytes. (A) Schematic of an adenovirus carrying OXR1 under a pericyte-specific neuron glia antigen-2 (NG2) promoter (AV-NG2p-OXR1) and a control adenovirus carrying a scramble sequence (SCR) under the NG2 promoter (AV-NG2p-SCR). Both viruses also carried a blue fluorescent protein (BFP) as a reporter connected with the transgene with an IRES to be controlled together under the NG2 promoter. (B) Pericytes from DS (PC-DS) transduced by both viruses in culture. (C) CCK-8 assay for PC-NS transduced with either virus. (D, E) An annexin V apoptosis assay by representative flowcharts (D) and by quantification (E). (F) RT-qPCR for apoptosis-associated protein Caspase 3, Caspase 9, and Cytochrome 9. (G) NOS activity. *p < 0.05. NS, no significance. N = 5. Scale bars are 10 µm.





OXR1 expression in diabetic pericytes increases aggregates and reduces branching in endothelial cells

To assess the effects of relieving oxidative stress in pericytes on angiogenesis, we used pericytes from NDS (PC-NDS), uninfected PC-DS, and PC-DS transduced with either AV-NG2p-SCR or AV-NG2p-OXR1 to co-culture with HUVECs in a tube formation assay. HUVECs alone in culture were also added as a control. We did not detect the difference in the levels of tube formation in all these conditions (Figures 3A, B). However, the branching points were significantly reduced in HUVECs co-cultured with PC-NDS compared to HUVECs alone (Figures 3A, C). The number of branching points correlates with the morphological transformation of HUVECs to tube-like structures and their subsequent elongation to generate the vessel-like networks. The branching points in HUVECs co-cultured with PC-DS were significantly increased compared to HUVECs co-cultured with PC-NDS, while this difference was abolished when the co-cultured PC-DS were replaced with PC-DS transduced with AV-NG2p-OXR1 (Figures 3A, C). In addition, the area with cell aggregates were significantly increased in HUVECs co-cultured with PC-NDS compared to HUVECs alone (Figures 3A, D). The cell aggregates are critical for generation of mature and stable tubular structures. The area with cell aggregates in HUVECs co-cultured with PC-DS was significantly decreased compared to HUVECs co-cultured with PC-NDS, while this difference was abolished when the co-cultured PC-DS was replaced with PC-DS transduced with AV-NG2p-OXR1 (Figures 3A, D). Together, these data suggest that OXR1 expression in diabetic pericytes increases aggregates and reduces branching in ECs, restoring the potential of stabilizing vascular structures in diabetic pericytes.




Figure 3 | OXR1 expression in diabetic pericytes increases aggregates and reduces branching in endothelial cells To assess the effects of relieving oxidative stress in pericytes on angiogenesis, we used pericytes from NDS (PC-NDS), uninfected PC-DS, and PC-DS transduced with either AV-NG2p-SCR or AV-NG2p-OXR1 to co-culture with HUVECs in a tube formation assay. HUVECs alone in culture were also added as a control. (A) Representative images. (B) Percent tube formation. (C) Branching points. (D) Percent area with cell aggregates at branching points. *p < 0.05. NS, no significance. N = 5. Scale bars are 50 µm.





OXR1 expression in diabetic pericytes decreases the migratory potential of endothelial cells

The growth of HUVECs in these five conditions [HUVECs alone, or co-cultured with pericytes from NDS (PC-NDS), with uninfected PC-DS, or with PC-DS transduced with either AV-NG2p-SCR or AV-NG2p-OXR1] was also analyzed, showing no difference among all groups (Figure 4A). In a cell migration assay, HUVECs exhibited decreased migratory potential when they were co-cultured with PC-NDS compared to HUVECs alone (Figures 4B, C). The migrated cells in HUVECs co-cultured with PC-DS were significantly increased compared to HUVECs co-cultured with PC-NDS, while this difference was attenuated when the co-cultured PC-DS were replaced with PC-DS transduced with AV-NG2p-OXR1 (Figures 4B, C). Thus, these data suggest that OXR1 expression in diabetic pericytes decreases the migratory potential of ECs, likely contributing to their regulation of vascular stability and angiogenesis.




Figure 4 | OXR1 expression in diabetic pericytes decreases the migratory potential of endothelial cells. The HUVECs were alone or co-cultured with NDS (PC-NDS), uninfected PC-DS, and PC-DS transduced with either AV-NG2p-SCR or AV-NG2p-OXR1. (A) CCK-8 assay. (B, C) A cell migration assay, shown by representative images (B) and by quantification (C). *p < 0.05. NS, no significance. N = 5. Scale bars are 100 µm.





Gene therapy with AV-NG2p-OXR1 does not alter diabetic status in DB/DB mice

Finally, we examined the effects of relieving oxidative stress in pericytes on diabetic wound healing in vivo. DB/DB is a mouse model for type 2 diabetes, in which mice develop high fasting blood glucose as early as 8 weeks old in both genders (Figure 5A). DB/DB mice received injection of control saline or control AV-NG2p-SCR or AV-NG2p-OXR1 at the wound site at 8 weeks old when the wound was generated. Another group of wild-type mice was used as an additional control. Gene therapy with AV-NG2p-OXR1 did not alter the levels of fasting blood glucose in DB/DB mice (Figure 5A) and did not alter beta cell mass at analysis (12 weeks old, or 4 weeks after wound generation with/without saline/virus injections) (Figures 5B, C). Thus, gene therapy with AV-NG2p-OXR1 does not alter diabetic status in DB/DB mice.




Figure 5 | Gene therapy with AV-NG2p-OXR1 does not alter diabetic status in DB/DB mice. DB/DB mice received injection of control saline or control AV-NG2p-SCR or AV-NG2p-OXR1 at the wound site at 8 weeks old when the wound was generated. Another group of wild-type mice was used as an additional control. (A) Fasting blood glucose. (B) Beta cell mass at analysis (12 weeks old, or 4 weeks after wound generation with/without saline/virus injections). (C) Representative immunostaining for insulin. *p < 0.05. NS, no significance. N = 5. Scale bars are 100 µm.





Gene therapy with AV-NG2p-OXR1 improves diabetic wound healing, likely through enhancing blood flow at the wound rather than increasing vessel density

Next, we examined the effects of this gene therapy targeting pericytes on wound healing in mice. We found that the wound was completely cured 4 weeks after ulcer induction in wild-type mice and was hardly recovered in DB/DB mice treated with either saline or AV-NG2p-SCR (Figure 6A). However, a significant improvement in the recovery was detected in DB/DB mice treated with AV-NG2p-OXR1 (Figure 6A). Interestingly, this improvement in diabetic wound healing by AV-NG2p-OXR1 was likely through enhancing blood flow at the wound (Figure 6B) rather than increasing vessel density (Figures 6C, D). BFP+ cells were isolated from the wound and confirmed the increases in OXR1 levels by AV-NG2p-OXR1 (Figure 6E).




Figure 6 | Gene therapy with AV-NG2p-OXR1 improves diabetic wound healing, likely through enhancing blood flow at the wound rather than increasing vessel density. (A) Changes in ulcer area with time. (B) changes in blood flow with time. (C, D) Vessel density at analysis (12 weeks old, or 4 weeks after wound generation with/without saline/virus injections), shown by quantification (C) and by representative fluorescent images (D). (E) RT-qPCR for OXR1 in BFP+ cells isolated from the wound. *p < 0.05. NS, non-significant. N = 5. Scale bars are 100 µm.






Discussion

A proper wound healing requires coordination of many biological processes including inflammatory reaction and removal of dead tissue/cells, cell differentiation and proliferation, and angiogenesis. Although proliferation, migration, and structuring of ECs are the most important parts for a proper angiogenesis, it is acknowledged that pericytes play a non-redundant role in the stability of the newly formed vascular structures.

In this study, we showed impaired growth potential and augmented oxidation in diabetic pericytes, consistent with some previous reports (8, 9). Since there is a lack of strategies to target pericytes for a translatable therapy, we generated AV-NG2p-OXR1. OXR1 is a well-known inhibitor of oxidative stress, and its effect on oxidation is through many downstream factors, including ROS (10), apoptosis-associated proteins (10), p53 signaling (11), p21 signaling (12), and histone arginine methylation (13). Therefore, overexpression of OXR1 in diabetic pericytes could have their antioxidant effects through all these pathways, which exactly targeted the impairment of diabetic pericytes in proliferation, control of apoptosis, and oxidative levels found in patients.

Our in vitro experiments using co-culture of genetically modified pericytes and HUVECs did not show a significant effect on the growth and tube formation of HUVECs by altering OXR1 levels in pericytes, but a significant effect on the migratory and branching potential of HUVECs, consistent with the role of pericytes in the maintenance of the vascular stability rather than its outgrowth. The restoration of the vascular stability in the diabetic wound by OXR1 expression in pericytes could facilitate wound healing through improved nutrient delivery and usage by the regenerating tissue in the wound. Moreover, it is possible that the OXR1 expression in pericytes may alter their interaction with inflammatory cells, especially macrophages, to further their effects on wound healing in a diabetic status. Indeed, a recent study showed that macrophages in a diabetic wound lost expression of an angiogenic factor, placental growth factor (PlGF), while re-expression of PlGF in diabetic macrophages significantly improved wound healing (14). Interestingly, pericytes are known to be regulated by PlGF and the vascular endothelial growth factor signaling pathway (15–17). Therefore, part of the effects of OXR1 expression in pericytes on diabetic wound healing may be through macrophages, and this question should be addressed in a future study.

Our in vitro results on the interaction between pericytes and ECs were further confirmed by the in vivo study in diabetic mice. In DB/DB mice at analysis, fasting blood glucose increased with age, and the beta cell mass also increased. Thus, the increase in beta cell number failed to compensate for the increased insulin resistance and beta cell dysfunction. The OXR1 expression in pericytes did not alter vessel density but improved blood flow to promote wound healing. Our work should provide a promising therapeutic strategy for diabetic wound healing through targeting pericytes, which deserves further investigation.
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Diabetic nephropathy (DN) is a chronic, inflammatory disease affecting millions of diabetic patients worldwide. DN is associated with proteinuria and progressive slowing of glomerular filtration, which often leads to end-stage kidney diseases. Due to the complexity of this metabolic disorder and lack of clarity about its pathogenesis, it is often more difficult to diagnose and treat than other kidney diseases. Recent studies have highlighted that the immune system can inadvertently contribute to DN pathogenesis. Cells involved in innate and adaptive immune responses can target the kidney due to increased expression of immune-related localization factors. Immune cells then activate a pro-inflammatory response involving the release of autocrine and paracrine factors, which further amplify inflammation and damage the kidney. Consequently, strategies to treat DN by targeting the immune responses are currently under study. In light of the steady rise in DN incidence, this timely review summarizes the latest findings about the role of the immune system in the pathogenesis of DN and discusses promising preclinical and clinical therapies.
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Introduction

Diabetic nephropathy (DN) occurs in 20-50% of patients with diabetes and is the major risk for end-stage kidney disease (ESKD) (1). In 2019, 2.6 million new cases of DN were reported worldwide, and this incidence is predicted to increase in the future (2). Given the financial burden and lower quality of life associated with DN, understanding its molecular causes is of important for effective intervention and prevention.

DN is a clinical syndrome characterized by persistent albuminuria and a progressive decline in renal function, and it presents a typical pattern of glomerular disease (3). DN involves both changes in renal structure and function (4). Structurally, DN pathological features consist of glomerular mesangial expansion, basement membrane thickening, podocytes loss, nodular glomerulosclerosis and endothelial cells destruction (5). In the early stage of DN, there is tubular hypertrophy, but it is eventually processes to interstitial fibrosis with tubular atrophy. In the advanced stage, the injured kidney is infiltrated by immune cells (6). Functionally, DN shows increased albumin excretion and impaired glomerular filtration rate (7).

Historically, DN has not been considered an immune-mediated disease, but rather a disorder mediated by metabolic and hemodynamic factors (8). The progression of DN is highly unpredictable and it often occurs slowly over many years. In many countries, renal biopsy is rarely performed in patients with diabetes. It is only investigated when there is a significant increase in albuminuria or substantial decrease in renal function, which allow physicians to determine whether there is another kidney problem or comorbidities (1, 2, 9). Consequently, renal biopsies are usually performed in advanced stages of DN. This has severely hindered researchers to elucidate the role of immune system in progression of DN. Nevertheless, studies have been able to uncover a central role for immune-mediated inflammation in DN, involving both the innate and adaptive branches (7, 8, 10–12). Macrophages, as the predominant innate immune cells in DN, are commonly observed in the glomeruli and interstitium in experimental DN models and clinical trials at all stages of DN (13–15). The adaptive immune system mainly comprises T cells and B cells. The progression of DN correlates with activation of T cells in the blood and elevated numbers of CD4+ T cells in the kidney (11, 16, 17).

The immune pathogenic mechanism of DN is complex and involves the interaction of multiple pathways (Figure 1). In a diabetic mellitus, hyperglycemia and high lipid levels, including oxidative stress, reactive oxygen species (ROS), and oxidized lipids, damage kidney cells, leading to the release of damage-associated molecular patterns (DMAPs), and then trigger the pro-inflammatory signaling pathways (18). Besides, glycated proteins, such as advanced glycation end products (AGEs), can directly activate the complement system and trigger pro-inflammatory signaling (19). In response to continuous activation of innate immune injury, renal mesangial cells, endothelial cells and podocytes produce a variety of inflammatory mediators, including cytokines, chemokines, and adhesion molecules. These activate and recruit monocytes and macrophages, leading to further inflammatory cascade responses (7). The sustained chronic inflammation eventually drives the remodeling of renal structure and tubulointerstitial fibrosis (20–23).




Figure 1 | Overview of the pathogenesis of DN. In the diabetic milieu, hyperglycemia, advanced glycation end-products (AGEs), angiotensin II, and oxidative stress activate a variety of signaling cascades driving the recruitment and activation of immune cells to promote the development of inflammation and ultimately leading to a series of pathological changes in DN. AGEs, advanced glycation end products; DAMPs, damage associated molecular patterns; PRRs, pattern recognition receptors; GBM, glomerular basement membrane.



Various subsets of kidney cells in DN overexpress cell adhesion molecules, which are proteins on the cell surface to bind or attach immune cells to ECM. These cell adhesion molecules recruit immune cells to the kidney (24). The immune cells express transcription factors as well as secrete cytokines and chemokines that work together to induce a pro-inflammatory response to exacerbate disease pathology (4). These insights of the involvement of the immune system in DN may lead to more effective treatments than the current strategies of blood glucose control and inhibition of the renin-angiotensin system. In this review, we provide an overview of the contribution by the immune system to DN pathogenesis, and we explore current efforts to treat the disease by targeting immune-related factors.



Immune cells involved in DN pathogenesis


Macrophages

Macrophages are the most important type of infiltrating immune cells in renal biopsies from experimental animal models and clinical patients with DN (25). The accumulation of F4/80- or CD68-positive macrophages detected by immunohistochemical staining or flow cytometry has been a characteristic feature of DN (26, 27). In mice with type 1 or 2 diabetes, macrophages accumulate in kidneys and become activated, which is associated with persistent hyperglycemia, deposition of glomerular immune complex, and increased production of chemokine, ultimately leading to renal injury and fibrosis (14, 15). Although detailed molecular mechanisms of macrophage migration and homing to the kidney have not been fully elucidated, cell adhesion molecules and chemokines/chemokine receptors are involved in this process. The vascular endothelium overexpresses cell adhesion molecules in its surface, such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), which capture circulating macrophage precursors (28, 29). Mesangial cells, podocytes, and tubular epithelial cells are stimulated to secrete monocyte chemoattractant protein-1 (MCP-1) and osteopontin to facilitate migration of macrophages across the vascular endothelium and within the kidney (30–33). Renal parenchymal cells in diabetic mice also produce macrophage colony stimulating factor 1 (CSF-1), which promotes proliferation of kidney macrophages (Figure 2) (15, 25, 34).




Figure 2 | Macrophage recruitment and activation in DN. Hyperglycemia induces increased expression of cell adhesion molecules (ICAM-1/VCAM-1) and chemokines (MCP-1/CSF-1), thereby enhancing the recruitment of monocytes to the kidney. Chemokines also promote transendothelial migration. Monocytes mature into macrophages and subsequently release inflammatory cytokines, leading to the progression of DN.



Several factors promote the homing of macrophages to the kidney in the diabetic environment. Hyperglycemia and AGEs stimulate renal tubular cells expressing ICAM-1 and MCP-1 in the diabetic milieu, which promotes the recruitment of macrophages (32, 35). Once macrophages recruit to the diabetic kidney, local high glucose levels, AGEs and oxidized low-density lipoprotein (Ox-LDL) stimulate macrophages to release inflammatory cytokines (24). Other factors by which macrophages promote DN progression include production of ROS and proteases (24). These processes will aggravate tissue injury and ultimately lead to renal fibrosis.

Macrophages are plastic, pluripotent cells whose functions can change dramatically according to the microenvironment. Macrophages are classified as being “classically activated” (type M1) or “alternatively activated” (type M2) (36, 37). M1 macrophages perform immune surveillance function by secreting pro-inflammatory cytokines and chemokines and presenting antigen on their surface in order to stimulate other immune cells. M2 macrophages play an important role in immune regulation by secreting inhibitory cytokines and down-regulating immune response; they are inefficient at presenting antigens (38). Macrophages at sites of diabetic kidney injury are mainly of the M1 type (14, 15, 39).

Studies have shown that increased numbers of M1 macrophages are associated with severe DN lesions in mice lacking cyclooxygenase-2 (COX-2), an enzyme involved in metabolic processes preceding inflammation (40). The “triggering receptor expressed on myeloid cells”-1 (TREM-1) is an activating receptor of the immunoglobulin superfamily present on human myeloid cells. It can polarize macrophages toward the M2 type, thus reducing renal inflammation in vitro and in vivo (41). Mesenchymal stem cells (MSCs) also polarize macrophages towards the M2 phenotype and prevent renal injury in mouse models of DN. Interestingly, these effects are abolished in DN mouse models that have been treated with clodronate liposomes to deplete macrophages, suggesting that M2-type macrophages are necessary for renal protection. The ability of MSCs to polarize macrophages towards M2 appears to involve the activity of transcription factor EB (TFEB), which restores intracellular lysosomal function and autophagy activity, helping MSCs suppress the inflammatory response and alleviate renal injuries (42).



T cells

T cells, which recruit to the diabetic kidney accompanying by the recruitment of macrophages, also contributes to the progression of DN. Although several previous studies have shown that the number of CD4+ T cells in renal interstitium correlates with the albuminuria level in DN animal models (17, 43, 44), the mechanism by which T cells home to the kidney in diabetes is poorly understood. Adhesion molecules and chemokines are reported to be involved in T cell recruitment (24). Leukocyte function-associated antigen 1 (LFA-1), which is expressed on T cells, could combine with ICAM-1 expressed on renal endothelial cells, tubular epithelial cells, and mesangial cells to promote T cell migration to kidney (45). CD4+ T cells were increased in the glomeruli of db/db diabetic mice, but this increase was abolished in the kidneys of ICAM-1 knockout db/db mice (35), suggesting that the interaction of LFA-1 with ICAM-1 plays a significant role in the recruitment of T cells to kidney. Activated T cells will secrete inflammatory cytokines such as interferon gamma (IFN-γ) and TNF-α (17). These inflammatory cytokines directly damage the kidney through cytotoxic effects and indirectly promote the homing and activation of macrophages (16). In addition, AGEs can bind to the AGE receptor expressed on T cells, which in turn stimulates T cells to secrete IFN-γ, leading to kidney inflammation (46).

T cells can be divided into many subsets according to their function and specific markers. Flow cytometry, immunohistochemistry, and immunofluorescence staining techniques are generally used to distinguish different T cell subtypes (11, 39). It is well-known that CD4+ T cells can differentiate into T-helper (Th) 1 cells, Th2 cells, Th17 cells, and Treg cells, which mainly produce IFN-γ, interleukin (IL)-4, IL-17 and Foxp3, respectively (47, 48). As the many subsets of T cells indicates, their roles are varied when the adaptive immune response is activated in DN pathogenesis (49, 50). The Th1 cell response precedes and accompanies type 1 diabetes (51). Increased levels of ICAM-1, P-selectin, IFN-γ and migration inhibitory factor in the kidney of mice with diabetes mellitus are associated with the homing of effector Th1 cells to the glomerulus (16, 52). Similarly, T-helper 17 cells secret IL-17 to elicit a strong pro-inflammatory response (53). Neutralization of IL-17A blocks NF-kB activation and the subsequent upregulation of proinflammatory genes, which in turn inhibits infiltration of the kidney by inflammatory cells (54). In contrast, Th2 cells produce IL-4 to promote humoral immunity, inhibit Th1 activation, and inhibit inflammation and fibrosis, providing an overall immunosuppressive effect (55). Furthermore, transfer of CD4+-Foxp3+ Treg cells improves insulin resistance and ameliorates DN pathogenesis in mice by tipping the balance toward anti-inflammation and suppressing CD8+ T cells infiltration in the kidneys and adipose tissue (47, 56, 57). CD8+ T cells are predominantly cytotoxic and damage the kidney by direct cell-cell signaling via surface molecules and indirect signaling via cytokines (58).



B cells

There are limited literature about the role of B cells in the pathogenesis of DN. IgG+ B cells shown modestly increased in glomeruli of non-obese diabetic mice (59). After depletion B cells in these mice, the re-emerging B cells exhibit an immunosuppressive phenotype and inhibit the onset of diabetes (60). Studies have shown that CD20+ B cells were observed in the renal interstitium of patients with type 1 or 2 diabetes mellitus, suggesting the possibility of B cell participation in DN progression (61).

In the diabetic milieu, hyperglycemia and AGEs stimulate NF-κB signaling, which plays an important role in the development and function of B cells. It has been reported that the hyperglycemic environment might directly increase the number of both antibody- and cytokine-producing B cells, and contribute to the development of DN (59). Currently, the mechanism of B cells regulating DN is poorly understood. The role of B cells contributing to DN is most likely due to the antibodies produced by B cells. These antibodies can direct against antigens such as oxLDL and AGEs and lead to the formation of immune complexes, triggering inflammation and glomerulonephritis (59). Further studies are urgently needed to uncover the function and regulatory mechanism of B cells in DN pathogenesis.



Mast cells

Mast cells are multipotent bone marrow-derived cells rich in growth factors and inflammatory mediators (62). Regarding the production of tryptase and chymase, mast cells were divided into MCT subtype and MCTC subtype in humans. MCT subtype only produces tryptase, whereas MCTC subtype produces both tryptase and chymase (63). In the experimental animal model of DN, there is evidence that mast cells infiltrate the kidney (64). In patients with DN, the number of mast cells increased with the progression of DN (62). Increased mast cell numbers and degranulation levels were significantly associated with tubulointerstitial injury, suggesting the mast cells are involved in development of DN (65).

Mast cells can be activated in several ways, including the well-known classical pathway, IgE-FcϵR cross-linking, and alternative pathways, such as the complement pathway and toll-like receptors pathway (65). C3a complement, the most potent activator of mast cells, has been reported to increase in DN (19). Thus, research suggests that the increased complement activation in diabetic mellitus may contribute to the recruitment and activation of mast cells. Once mass cells infiltrate into the kidney, they contribute to the pathogenesis of DN by releasing TGF-β, chymase, tryptase, renin, histamine, and inflammatory cytokines (4, 64). Specifically, mast cells may aggravate tubular interstitial fibrosis by synthesizing and releasing TGF-β and reninto initiate and promote tubular inflammation through releasing TGF-β and TNF-α (64). Further studies are needed to confirm the possible involvement of mediators by which mast cells affect the complex pathogenesis of DN.




Immunomodulators involved in DN pathogenesis


Soluble pro-inflammatory factors

Cytokines are a group of low-molecular-weight peptides with pharmacological activities. They have characteristic functions in autocrine and paracrine signaling, and they are important effectors of the immune system (Table 1).


Table 1 | Cytokines involved in DN pathogenesis.




ILs

IL-1 can be induced by almost all nucleated cell types, but it is mainly produced by activated macrophages and is a potent mediator of inflammation (67). In an experimental model of DN, renal IL-1 expression was found to be elevated, which was followed by expression of chemokines and adhesion molecules (66, 67). IL-1 helps drive mesangial cell proliferation and matrix synthesis, it increases vascular endothelial permeability, and it is linked to hemodynamic abnormalities within the glomerulus (83). It also upregulates ICAM-1 in certain subsets of kidney cells, such as mesangial cells, endothelial cells, and renal tubular epithelial cells (34).

Renal biopsies from DN patients show infiltration of the mesangium, stroma, and tubules by cells expressing IL-6 (67). In addition, a positive relationship was found between the severity of diabetic glomerular lesions (mesangial dilatation) and IL-6 mRNA levels in glomerular mesangial cells and podocytes, indicating that IL-6 may positively influence the dynamics of the ECM accumulation in the kidney (70). Interestingly, one study found that IL-6 regulates the differentiation of M1 macrophages into M2 macrophages through IL-4-STAT6 signaling. This finding identifies IL-6 signaling as an important determinant of macrophage activation, conferring on IL-6 an unexpected homeostatic role in limiting inflammation (71).

Among those cytokines involved in DN, IL-18 seems to be the most important one to DN pathogenesis. Elevated IL-18 levels in serum and urine have been reported in DN patients, and urinary excretion of β-2 microglobulin, a marker of tubular interstitial injury, positively correlates with serum levels of IL-18 (75, 76). Increased levels of IL-18 were found in the renal biopsies of diabetic patients in proximal tubules and epithelial cells. Serum IL-18 levels were also greater in DN patients than in healthy subjects. IL-18 is closely related to many pathogenic molecular mechanisms involved in DN. As a potent inflammatory cytokine, IL-18 promotes the production of other inflammatory cytokines, such as IL-1 and TNF-α (73). IL‐18 can also upregulate the expression of ICAM‐1, VCAM‐1, and IFN-γ in endothelial cells (74). IL-18-dependent apoptosis may play a critical role in apoptosis-induced injury in DN. Besides, IL-18 activation may lead to increased free radical production and oxidative damage (84, 85). Thus, IL-18-induced oxidative stress may be an additional mechanism by which IL-18 contributes to DN progression. Considering the vital l role of IL-18 in DN, it may become a novel therapeutic target for the prevention and therapy of DN.



Tumor necrosis factor alpha (TNF-α)

TNF-α, a pleiotropic inflammatory cytokine, is mainly produced by monocytes, macrophages, and T cells (66). Renal cells such as mesangial cells, glomerular cells, endothelial cells, and renal tubular cells can also secrete TNF-α in response to hyperglycemia and AGEs (86–88). The role of TNF-α in DN is supported by the detection of increased levels of the cytokine in urine from diabetic patients, and by the correlations between those levels and clinical markers of DN and disease progression (76, 77). TNF-α participates in DN progression through multiple mechanisms. TNF-α is cytotoxic to kidney cells and can induce cell apoptosis and production of ROS, as well as alter hemodynamic balance between vasoconstriction and vasodilatation (68). TNF-α increases ROS production and vice versa, which amplifies the inflammatory response (78). In rats with streptozotocin-induced diabetes, elevated TNF-α increases oxidative stress, leading to urinary albumin excretion, a marker of kidney injury (83). Other studies have shown that TNF-α significantly promotes the development of renal hypertrophy and sodium retention, both of which are characteristic alterations during early DN (34, 77, 89).



TGF-β

TGF-β is a major regulator of ECM production and accumulation in the diabetic kidney (90). It forwards the two milestones of DN progression, which are renal cell hypertrophy and ECM accumulation (91). Many factors of diabetic mellitus stimulate TGF-β production in the kidney. Hyperglycemia, angiotensin II, mitogen-activated protein kinase, and PKC have been shown to regulate TGF-β expression (92–95). A few studies have proven that ROS in diabetic conditions can directly or indirectly promote the production of TGF-β. Once TGF-β is activated in kidneys, it induces the production of fibronectin and collagen types I, III, and IV (79); it restrains matrix metalloproteinases, such as plasminogen activator, collagenase, elastase, and stromelysin; and it activates proteases inhibitors, such as tissue inhibitors of metalloproteinases and plasminogen activator inhibitor 1, which blocks ECM degradation (80). TGF-β positively regulates its own expression while also stimulating the deposition of ECM, thus amplifying the fibrosis response (79–81). A high glucose environment induces TGF-β expression and activation, thus pushing podocytes into the apoptosis process, which impairs filtration barrier and renal function (96). Therefore, studies targeting TGF-β signaling disruption, such as knockout of the type 2 TGF-β receptor or the downstream signaling molecular Smad3, and administration of anti-TGF-β antibodies, suspend mesangial matrix expansion and deterioration of renal function in mice (97, 98).




Adhesion molecules


ICAM-1

ICAM-1 is an adhesion molecule (Table 2) expressed in endothelial, mesangial and epithelial cells and has been directly associated with kidney injury and DN progression in a rat model (99, 100). ICAM-1 can bind to integrins on the surface of leukocytes to promote their adhesion to endothelial cells and transmigration (68). ICAM-1 expression is upregulated in response to pro-inflammatory factors, especially TNF-α (105). Altered hemodynamic conditions resulting from TGF-β-induced ECM accumulation are also one of the factors contributing to ICAM-1 up-regulation. In addition, oxidative stress can also promote ICAM-1 expression (106). In renal mesangial and endothelial cells, AGEs induce the production of ROS, which activates NF-κB and promotes the release of pro-inflammatory cytokines and adhesion molecules (107). ICAM-1 plays a critical role in the leukocytes migration, especially T cells to the kidney (101). Deleting ICAM-1 in diabetic mice ameliorated symptoms of DN, such as glomerular hypertrophy, mesangial matrix expansion, and proteinuria (101).


Table 2 | The type and function of adhesion molecules.





VCAM-1

Similar to ICAM-1, VCAM-1 also involved in the leukocyte-endothelial adhesion that helps recruit leukocytes to the kidney during inflammation. In kidney interstitium of diabetic KKAy mice, VCAM-1 is upregulated on the endothelial cells of venules, and it is expressed in infiltrating cells (103). In DN patients, VCAM-1 is upregulated in kidney and as a soluble form in plasma (29). VACM-1 levels correlate with the number of infiltrating immune cells in kidney and are associated with severity and progression of albuminuria (22, 24, 104).




Chemokines


MCP-1

Previous in vivo and in vitro studies have shown that differential expression of chemokines and their receptors precisely orchestrate molecular mechanisms that lead to immune cell migration in DN progression. Among them, MCP-1, also known as CC chemokine ligand 2 (CCL2), has been proposed as marker of the degree of tubular injury and renal inflammation in DN (108). In mice model of diabetes-induced renal injury, MCP-1 levels progressively increase in the kidney. Furthermore, in vitro studies indicate that MCP-1 expression increases in the presence of high amounts of glucose (109), and animal models of type 1 and 2 diabetes show reduced renal damage after knockout of MCP-1 (4, 15, 31). In the clinic, urinary MCP-1 levels are obviously higher in patients with microalbuminuria or albuminuria diabetes than in patients with normoalbuminuria diabetes or in healthy controls. Moreover, urinary MCP-1 levels increase as DN progresses, and they are significantly associated with other risk factors for DN (110).

Several factors were associated with the expression of MCP-1, such as hyperglycemia, TGF-β, NF-κB, PKC, ROS, and AGEs (34). There is evidence that angiotensin II also promotes MCP-1 expression. Blocking renin-angiotensin system with angiotensin converting enzyme inhibitors or angiotensin II receptor blockers significantly down-regulated the MCP-1 level in kidney cells. MCP-1 promotes the transmigration of macrophages across endothelial cells to kidney, which is the main process in the homing of macrophages in DN (111, 112). It also promotes the migration of T cells and dendritic cells to the diabetic kidney (113, 114).




Transcription factors

Previous studies have thoroughly reviewed transcription factors involved in DN, including NF- kB, Janus kinase-signal transducer and activator of transcription (JAK-STAT), upstream stimulatory factors 1 and 2, activator protein 1, cAMP-response-element-binding protein, nuclear factor of activated T cells, and stimulating protein 1 (115). In this review, we will briefly discuss the two most vital transcription factors, NF-κB and JAK/STAT, and their roles in DN.


NF-κB

NF-κB is believed to be a master switch in the control of inflammation and is involved in the transcription of numerous genes involved in the pathogenesis of DN (Figure 3) (116), such as those giving rise to angiotensinogen, cytokines, and adhesion molecules (117–119). In diabetic rat models, NF-κB activation upregulates the levels of pro-inflammatory cytokines TNF-α and IL-1β (116). Upregulation of NF-κB has been indicated in monocytes of peripheral blood from patients with diabetes, and the extent of upregulation correlates with DN severity (120). Activation of NF-κB and transcription of certain pro-inflammatory chemokines in tubular epithelial cells are markers of progressive DN. Albuminuria may be one of the major pro-inflammatory phenotypes resulting from NF-κB activation (121).




Figure 3 | NF-κB signaling pathway in DN. NF-κB is a transcriptional regulator expressed in the cytoplasm of almost all cell types, and its activity is controlled by the IκB regulatory protein family. Activation of NF-κB involves the inhibitory protein IκB kinase being phosphorylated by specific IκB and subsequently degraded by proteolysis. Free NF-κB translocates to the nucleus, binds to promoter and enhancer sites, and activates transcription. NF-κB signaling pathway leads to increased transcription of target genes encoding inflammatory cytokines and other target genes associated with this complication, resulting in renal inflammation.





JAK-STAT

The JAK-STAT signaling pathway includes a family of intracellular signaling molecules that initiate activation of target genes encoding growth factors, hormones, and cytokines (Figure 4) (122). Studies have shown that high glucose can activate the JAK-STAT signaling in rat renal mesangial cells and in mice renal cortex at early stages of DN (123, 124). Genome-wide transcriptome analysis of DN patients showed upregulation of JAK1/2 and STAT1/3 (125). In diabetic mice, the JAK-STAT signaling is over-expressed, as is its downstream target gene encoding “suppressor of cytokine signaling (SOCS) 3”, and its upstream regulatory gene SIRT1 (126).




Figure 4 | Activation and inhibition of JAK-STAT signaling pathways. Black arrows indicate the activation process and the red dotted arrows indicated inhibition process.



Hyperglycemia-induced JAK-STAT activation is a vital mechanism of renal injury in DN (127). Hyperglycemia can increase the production of angiotensin II, which in turn induces JAK2 through enhanced oxidative stress. ROS has been suggested as a mediator of hyperglycemia to regulate JAK protein activation (127). In diabetic environment, AEGs and MAPK activation can promote the acetylation and phosphorylation of STAT3 in mice and human diabetic kidneys, leading to enhanced STAT3 transcriptional activity (128–130). Transgenic mice with reduced STAT3 activation ability are protected from inflammation and injury in the diabetic kidney (131). Overexpression of SOCS-1 and SOCS-3, which are negative regulators of JAK-STAT signaling, reduce macrophage infiltrations, levels of pro-inflammatory cytokines, renal injury in rodents with DN (126). The current researches mainly focus on JAK1/2 and STAT3. Therefore, future studies on the role of other JAKs and STATs may aid in revealing novel regulatory mechanisms of DN.




Other immune processes


Complement system

The complement system is an essential part of the innate immune systems, which can enhance the ability of antibodies and phagocytes to clear microbes and damaged cells (8). The complement system also promotes inflammation (23). Growing evidence has shown that complement system is involved in the progression of DN (19). According to transcriptome and immunohistochemical analysis of renal biopsies, 50-60% of DN patients have glomerular deposition of complement component C3, and such deposition is associated with severity of glomerulosclerosis (125). The glomerular deposition of complement C3 is also a characteristic of DN animal models associated with type 1 or 2 diabetes, and such deposition has been linked to glomerular deposition of immunoglobulin G (IgG), which induces inflammation and damages the kidney tissue by producing chemokines (4, 132, 133).



Nucleotide-binding oligomerization domain-like receptor pyrin domain containing 3 (NLRP3) inflammasome

The inflammasome assembles during DN immune responses in a way that drives the pathology of kidney diseases. NLRP3 is by far the best characterized inflammasome in the kidney (21, 134). The activation of NLRP3 inflammasome in immune cells generally requires two steps: priming and activation. The priming step is stimulated by the binding of pathogen-associated molecular patterns (PAMPs) and/or DAMPs to toll-like receptors and/or cytokine receptors. This step often involves the activation of NF-κB signaling and regulation of downstream genes that increase the expression of inflammasome-associated genes and substrates (10, 21). Following priming, the activation step involves NLRP3 oligomerization and the assembly of inflammasome components into a complex. By cleaving pro-caspase-1 into caspase-1, the resulting complex promotes the maturation and secretion of IL-1β and IL-18, further leading to the accumulation of mesangial cells, podocyte damage, and albuminuria (10, 134).

The expression of NLRP3 is elevated in the glomerulus of mouse DN models. Thus, NLRP3-knockout animal models are necessary to reveal the vital role of NLRP3 inflammasome in DN. Indeed, one study demonstrated that level of IL-1β in podocytes was significantly upregulated in STZ-induced diabetic mice, which was reversed in NLRP3 knockout mice (135). Deleting NLRP3 significantly prevented the accumulation of glomerular neutral lipid and cholesterol in diabetic mice (136).

These studies make clear that the immune system plays an essential role in the progression of DN. Below, we review promising therapeutic targets in DN as well as therapeutic agents already under development.





Clinical and pre-clinical therapies targeting the immune system for treatment of DN


Inhibition of soluble pro-inflammatory mediators


TNF-α

Among the inflammatory mediators associated with DN, TNF-α has perhaps been best studied for its therapeutic potential: several studies have examined how its inhibition can slow DN progression (137). Infliximab is a chimeric immunoglobulin G1κ murine/human monoclonal antibody developed as a therapeutic agent against rheumatoid arthritis and Crohn’s disease (138, 139). Infliximab reduced the expression of TNF-α and improved DN symptoms in diabetic mice (140). The TNF-α inhibitor SKF86002 markedly decreased glomerulus TNF-α level and improved kidney function in patients with DN (141). Pentoxifylline (PTX), originally created to treat intermittent claudication caused by peripheral vascular diseases (142–144), has shown potential for mitigating proteinuria and restoring glomerular filtration in the context of diabetic kidney disease. PTX inhibits TNF-α expression as well as the activity of other inflammatory mediators, such as IL-1, IL-6, IFN-γ, VCAM-1 and ICAM-1 (145–147). Future studies are needed to clarify whether PTX can improve renal outcomes in DN.



TGF-β

Direct inhibitors of TGF-β can efficiently block the progression of DN (148). But indirect inhibition has also shown benefit (149, 150). Melatonin, a hormone secreted by the pineal gland, may improve kidney inflammation and interstitial fibrosis in DN by inhibiting the TLR4 and TGF-β/Smad3 signaling pathways (150). Given that melatonin is also capable of reducing urinary excretion and protecting podocytes (151), it may prove a promising therapeutic in DN. Sitagliptin is a dipeptidyl peptidase-4 (DPP-4) inhibitor best known for its hypoglycemic properties (152). In diabetic mice, sitagliptin improved renal function by inhibiting the TGF-β/Smad signaling pathway (153). Dencichine is a non-protein amino acid, originally extracted from Panax notoginseng (154), that may treat DN by reducing hyperglycemia, restoring metabolic disorder, reducing ECM deposition, increasing the activity of enzymes that degrade the ECM, and down-regulating TGF-β/Smad signalling in DN glomeruli (155).



MCP-1

Breviscapine and triptolide act as MCP-1 receptor antagonists in animal models of DN, reducing downstream signaling pathways that induce ROS production and inflammation (156). Breviscapine, extracted from the Chinese herb Erigeron breviscapus, may indirectly mitigate DN by reducing albuminuria (156). In contrast, triptolide regulates the proportion of Th1/Th2 cells, reduces MCP-1 expression, and inhibits macrophage infiltration as well as expression of related inflammatory factors in the kidney (157–160). Other inhibitors, such as the CCR2 inhibitor CCX140-B and the MCP-1/CCL2 inhibitor NOX-E36, are currently in pre-clinical studies or clinical trials (161–164). In a murine model of DN, NOX-E36 significantly reduced glomerulosclerosis and improved glomerular filtration rate (163), while CCX140-B significantly reduced proteinuria in DN patients (161).




Inhibition of transcription factors


NF-κB signaling inhibitors

Inhibitors of NF-κB have been used to mitigate DN and inflammatory injury of the kidney, as well as improve kidney function (165). Thiazolidinediones, agonists of peroxisome proliferator-activated receptor (PPAR)-γ, are widely used as insulin sensitizer in diabetes therapy (166, 167). These ligands repress renal injury in an experimental rat DN model by inhibiting NF-κB activity (168). Cultured renal tubular epithelial cells pretreatment with15a, a derivative of salviadione, prevented high glucose induced NF-κB activation and expression of inflammatory cytokines (169). In mice with streptozotocin-induced diabetes, the antioxidant tocotrienol suppressed NF-κB activation, reduced TNF-α and TGF-β levels and reversed renal dysfunction (4, 170). Treating these animal model with BAY-110782, an inhibitor of IκB, or pyrrolidine dithiocarbamate, an inhibitor of NF-κB, reduced NF-κB activation, renal macrophage infiltration and production of the inflammatory cytokines MCP-1, TNF-α, IL-1β and IL-6 (171, 172).



JAK-STAT signaling inhibitors

Various drugs and compounds may show anti-inflammatory effects in DN by inhibiting JAK-STAT signaling (131). Paeoniflorin, a monoterpene glycoside extracted from the dried root of P.lactiflora Pall, downregulates the phosphorylation of JAK2 and STAT3 in diabetic kidney (173). Baricitinib, a selective inhibitor of JAK1 and JAK2, reduced albuminuria in patients with DN associated with type 2 diabetes in phase 2 randomized clinical trials (174, 175). Others inhibitors of various JAK proteins, such as ruxolitinib and tofacitinib, have already been approved for clinical use by the US Food and Drug Administration (175, 176).




Inhibition of other immune processes


Inhibitors of the complement system

To date, only a few studies have reported the efficacy of blocking complement system in DN (19, 23). The lectin-like domain of thrombomodulin constrained glucose-induced complement activation on podocytes an endothelial cells and ameliorated albuminuria and glomerular damage in mice (177). Treatment with receptors of the complement fragments C3a/C5a may ameliorate DN by partially blocking the endothelial-myofibroblast transition and fibrosis through inhibition of the Wnt/β-catenin signaling pathway (178). Similarly, in a diabetic rat model, administration of C3a receptor improved DN pathogenesis by inhibiting IκBα phosphorylation and TGF-β/Smad3 signaling, which reduced the cytokine release and ECM accumulation (179).

Abnormal regulation of the complement cascade leads to immune and non-immune types of kidney damage (19). This insight into the pathological mechanisms related to complement and regulators will aid the development of new therapies. Monoclonal humanized antibody eculizumab, that binds C5 and prevents assembly of the membrane attack complex (C5b-9), is already in clinical use (180). Complement-targeting therapy is expected to exert a more important role in the treatment of DN in the future.



NLRP3 inflammasome inhibitors

MCC950, a small molecule inhibitor of NLRP3, can specifically and potently inhibits NLRP3 inflammasome activation (181). MCC950 is reported to improve podocyte injury in DN by inhibiting lipid accumulation, ROS production and p65 activation (135). CY-09 is another NLRP3-specific inhibitor, and it blocks oligomerization of the NLRP3 inflammasome (182). Furthermore, it downregulates blood glucose and insulin level, improves glucose tolerance and decreases hepatic steatosis in diabetic mice, suggesting that it may exert therapeutic effects against type 2 diabetes. In fact, CY-09 reduces the levels of IL-1β in the serum, liver and adipose tissue of diabetic mice, without affecting metabolic parameters in control mice (183). Oridonin is a the main ingredient of the traditional Chinese herb R.rubescens that significantly attenuates diabetes-induced renal injury by dampening inflammatory responses, based on studies in vitro and in vivo (183). Oridonin appears to prevent NF-κB from binding DNA and turning genes on (184). Tranilast is a cell membrane stabilizer that has been widely used in the treatment of inflammatory diseases because it inhibits the release of histamine and other chemical mediators (185). Tranilast prevents NLRP3 assembly by inhibiting interactions of NLRP3 with other NLRP3 molecules or with apoptosis-associated speck-like protein containing a C-terminal caspase activation and recruitment domain. Tranilast blocks the ability of a high fat diet to upregulate IL-1β in the serum, liver, or adipose tissues of diabetic mice. Tranilast also suppresses caspase-1 cleavage in diabetic mice, suggesting that the drug can inhibit metabolic stress-induced inflammasome activation (186).




Hyperglycemia therapies that dampen immune responses


Sodium‐glucose cotransporter‐2 (SGLT2) inhibitors

SGLT2 inhibitors, which alleviate hyperglycemia by stimulating the excretion of glucose into urine, have been approved for the treatment of type 2 diabetes (187). Since persistent hyperglycemia is a central cause of DN progression, SGLT2 may also be effective against that renal complication (188). SGLT2 blocks glucose reabsorption at the proximal tubule, leading to glucosuria and lowering of blood glucose levels, which is independent of insulin (189). Treating diabetic animals with empagliflozin or ipragliflozin reduces their hyperglycemia and reduces levels of pro-inflammatory cytokines and chemokines, NF-κB and C-reactive protein in kidney or plasma (190–192). Dagagliazine mitigates hyperglycemia and diabetic tubulointerstitial injury by suppressing inflammatory markers and oxidative stress in the renal tissues of diabetic mice (193). Similarly, dapagliflozin blocks oxidative stress, inflammation and apoptosis induced by high glucose, and it promotes renal function and angiogenesis by upregulating vascular endothelial growth factor (194). Canagliflozin decreases plasma levels of IL-6, matrix metalloproteinase-7, TNF receptor 1, and fibronectin 1 in human, suggesting that it may mitigate inflammation, ECM deposition and fibrosis in DN (195).




Promising novel therapy directions


MicroRNAs

MicroRNAs are important mediators of the post-transcriptional feedback control mechanism and participate in metabolism and inflammation regulation. Pioneering work with microRNAs has provided a new outlook on molecules and signaling pathways involved in DN pathogenesis (Table 3). MicroRNAs are non-coding RNAs that regulate gene expression through epigenetic mechanisms and may therefore allow design of drugs that could prevent DN before it appears (222–224). Both miR-192 and miR-21 have been implicated in renal fibrosis, albeit through different mechanisms (196, 225). Of note, miR-192 is involved in a negative feedback loop with TGF-β signaling (226). Thus, these miRNAs deserve further investigation as targets in the treatment of DN. Indeed, knockdown of miR-21 in the kidneys of diabetic db/db mice improved renal function and inhibited renal fibrosis and inflammation during DN associated with type 2 diabetes (197). Induction of renal protective miRNAs and silencing of injury-induced miRNAs in patients with DN have been shown to restore renal function (222). Currently, several miRNAs-based preparations have entered clinical trials, such as Miravirsen, an inhibitor of miR-122 for hepatitis C treatment (227), and MRX24, a liposome-based miR-34 mimic for the treatment of cancer (228). We believe that microRNAs-based preparations may also apply to the treatment of DN in the future.


Table 3 | The miRNAs involved in regulating the immune mechanism of DN.





Stem cells and stem cells-derived exosomes

Stem cells are a class of cells that have the ability to renew themselves indefinitely and differentiate into multiple cell lineages (229). Stem cells can be classified according to their differentiation capability: (1) pluripotent stem cells; (2) multipotent stem cells; (3) unipotent stem cells (230). Mesenchymal stem cells (MSCs) are one of the most widely studied pluripotent stem cells in DN (231). Among these stem cells, MSCs have several advantages to apply in DN therapy, such as easy harvesting, multi-lineage differentiation potential, strong immunosuppression, and no immune rejection (232). MSCs come from a wide range of sources, including bone marrow, adipose tissue, umbilical cord blood, peripheral blood, and amniotic fluid, among which bone marrow is the most abundant source (233–237). MSCs can differentiate into glomerular mesangial cells, tubular epithelial cells, endothelial cells, and podocytes (238–240). In STZ-induced rat DN model, MSCs injection can upregulate anti-inflammatory factors such as IL-10 and EGF, downregulate pro-inflammatory factors, and inhibit macrophage activation (241). In addition, administration of MSCs reduced pathological damage, collagen deposition, and fibrosis in the kidney (242). Although the safety and efficacy of MSCs therapy have been evaluated in clinical trials for kidney transplantation, liver fibrosis, and Crohn’s disease, the clinical trials of MSCs in DN are still ongoing (229, 243–245).

Recently, microvesicles secreted by MSCs, known as exosomes, have been widely studied in animal experiments and have demonstrated their roles in DN therapy (246–248). Exosomes containing functional proteins and RNA (microRNA and mRNA) can be detected in the MSCs medium supernatant, which contributes to cell-to-cell communication in paracrine manners (248). Therefore, many studies have focused on the role of exosomes as a key factor in the paracrine action of MSCs in DN (246, 247, 249, 250). Exosomes isolated from MSCs conditioned medium by ultrafiltration-combined purification method were administrated to STZ-induced DN rat model. The result showed significantly reduced mTOR pathway expression and fibrosis markers in renal tissue (249). Intravenously administration of MSC-conditioned medium to high-fat diet (HFD) and STZ-induced diabetic mice showed decreased proteinuria and proinflammatory cytokines expression, and significantly ameliorated tubulointerstitial fibrosis (247). Research in the coming years will focus on this secretion as a possible treatment option without significant side effects. Future studies are needed to clarify the molecular mechanism of mesenchymal-derived exosomes in improving DN.



Nanomedicines

Due to impaired glomerular filtration and tubular secretion function in DN, drugs can hardly reach the injured kidneys efficiently. Therefore, the treatment of kidney diseases requires high doses of the drug, which are usually associated with serious adverse effects. In recent years, the application of nanomedicines is gradually emerging in the treatment of renal diseases. Owing to the superior targetability and improved pharmacokinetic properties of nanomedicine, kidney-targeted nanomedicine carrying drug candidates can help to address the challenges associated with DN pharmacotherapy (251).

Numerous nanomedicine-based drug delivery systems have been developed to deliver therapeutic agents specifically to the kidney (252). For example, drug nanocomplexes containing low-molecular-weight chitosan bind the megalin-cubilin receptor in proximal tubules (251). Albumin nanoparticles with specific size target mesangial cells. Wu et al. reported that albumin-methylprednisolone nanoconjugates with a size of about 10 nm can specifically target the podocytes (253). These nanoconjugates avoid the side effects of glucocorticoids in patients with DN. Another investigation developed a nanoconjugate of baicalin and lysozyme with good renal targetability. This conjugate successfully ameliorated renal fibrosis and inflammation via NF-κB, TGF-β1/Smad3, and IGF-1/p38 MAPK signaling pathways. Manna et al. developed and studied the effect of pomegranate peel extract-stabilized gold nanoparticles (PPE-AuNPs) on the STZ-induced DN mice model (254). In DN mice, PPE-AuNPs significantly improved renal fibrosis and glomerular sclerosis. Specifically, it alleviated renal inflammation by modulating the MAPK/NF-kB/STAT3/cytokine axis.

As evidenced by the large number of nanoparticle formulations already on the market and many more in clinical trials, nanomedicines will surely take a large market share soon. Novel strategies to develop nanomedicine-based platforms with superior efficacy and safety for DN-targeted drug delivery hold great promising for the treatment of DN in the future.





Conclusion

The global burden of diabetes seems certain to increase dramatically in the future, coinciding with the rise in obesity. This implies a corresponding increase in the incidence of DN. Despite the efficacy of hypoglycemic drugs, they will be insufficient to halt disease onset and progression as the number of new cases. Therefore, new strategies and targets against DN are urgently needed. Emerging knowledge about immune responses and inflammation as bridges in the pathogenesis between abnormal metabolism and DN offers new promising for targeted therapies. Already under investigation are therapies focusing on the regulation of inflammatory pathways and, involving targets such as immune cells, pro-inflammatory cytokines, adhesion molecules, chemokines, JAK-STAT signaling, or NF-κB signaling. Additional promising targets may be the complement system, microRNAs and downstream targets of specific inflammatory signaling pathways. It is clear that the role of the immune response in DN pathogenesis is quite complex and multi-faceted, which highlights the need to explore combination therapies.
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Impaired immune responses have been observed in patients with type-2 diabetes mellitus (T2DM), which increases susceptibility to tuberculosis infection. However, the effect of the tuberculosis infection on the immunological and metabolic features of T2DM is largely unknown. To investigate this question, age- and sex-matched patients with pulmonary tuberculosis (PTB), T2DM, or T2DM combined with PTB were recruited from the Infectious Disease Hospital of Heilongjiang Province between January and September 2020. Healthy subjects were used as controls. Cytokines and chemokines in fasting serum samples were determined using the Quantibody Inflammation Array. Compared with T2DM alone, patients with T2DM combined with PTB have higher fasting blood glucose levels and monocyte counts in circulation. Among the four groups, circulating IL-10 levels peaked in patients with T2DM and PTB (p<0.05). Univariate linear analysis showed that serum IL-10 levels were positively associated with myeloid cells but negatively correlated with lymphocyte counts in these patients (p<0.05). Serum IL-6 levels were 1.6-fold higher in patients with T2DM plus PTB than in those with T2DM alone. In conclusion, PTB infection in patients with T2DM had distinct inflammatory profiles and sustained hyperglycaemia compared with PTB or T2DM alone. IL-10 levels and elevated monocyte counts could be hallmarks of patients with T2DM infected with PTB.
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Introduction

The prevalence of type-2 diabetes (T2DM) has increased annually and has become a global burden. According to the latest diabetes epidemiologic report in 2020, there were a total of 130 million patients with diabetic, and the prevalence rate of adult diabetes was up to 12.8% in China (1). Similarly, there are approximately 10 million patients with pulmonary tuberculosis (PTB) worldwide, 8.4% of whom are residents of China (2). Notably, the risk of PTB infection in diabetic patients is 1-3 times higher than that in non-diabetic subjects (3). Clinical data have revealed that patients with diabetes and PTB are characterized by sustained hyperglycaemia and prolonged pulmonary infection compared with patients with PTB only, all of which adversely affect the effect of drug treatment and lead to a significant increase in recurrence rate and mortality (4). Therefore, it is essential to understand the mechanisms by which diabetes drives PTB progression for therapeutic purposes.

Physically, lung-resident macrophages serve as innate immune cells that protect against infection. The clearance in the lungs is mainly mediated through phagocytosis and inflammatory cytokines. Pathogen-associated molecular patterns (PAMPs) on PTB enable the recognition of foreign pathogens by receptors expressed on resident macrophages. Nucleotide oligomerization domain-like receptors (NLRs) are cytosolic pattern recognition receptors that recognize PTB PAMPs following phagocytosis, leading to the activation of inflammasome formation. In parallel, PTB expresses Toll-like receptor (TLR) ligands. Among all TLR ligands, TLR-2, TLR-4, and TLR-9 are known to be involved in the recognition. Downstream of the TLR signaling pathways, the innate immune response is further propagated. For instance, interleukin (IL) is one of the main cytokines which plays a key role in anti-tuberculosis immunity regulation (5, 6). Accumulating evidence illustrates the central role of resident macrophages in PTB clearance. However, PTB can modify macrophage maturation and reduce its antibacterial capacity. In this study, we explored the deleterious effects of PTB infection on glucose and lipid metabolism, as well as inflammation features in patients with T2DM.

To investigate this question, patients with T2DM alone, PTB alone, and PTB co-morbidity with T2DM were enrolled in the study. Healthy individuals were used as controls. The fasted plasma samples were subjected to panels of cytokine/chemokine measurements using the Quantibody Human Inflammation Array. The relationship between the cytokines of interest and the features of the diseases was investigated.



Materials and methods


Study patients

Patients with T2DM (n=12), PTB (n=14), or PTB combined with T2DM (n=12) admitted to the Infectious Disease Hospital of Heilongjiang Province between January and September 2020 were recruited for this study. Twelve healthy participants were used as controls. All study subjects were age- and sex-matched. Basic information was collected, including medical records, sex, age, body weight, and height. Body mass index (BMI) was calculated as the weight in kilograms divided by the square of height in meters. Hypertension was defined as a systolic blood pressure of at least 140 mmHg, diastolic blood pressure of at least 90 mmHg, or use of antihypertensive drugs.

The study was reviewed and approved by the institutional review board of Heilongjiang Provincial Hospital. All participants provided written informed consent before enrolment in the study.



Inclusion and exclusion criteria

The inclusion criteria were as follows. They were from the Han population. Patients with T2DM were diagnosed with a fasting blood glucose level of at least 7.0 mmol/L or blood glucose levels exceeded 11.0 mmol/L or more after 2 h of oral administration of 75-g glucose. PTB was diagnosed when any of the following three conditions were met on sputum samples prepared by direct smear: (1) two sputum samples were acid-fast bacilli positive under microscopic examination; (2) one sputum sample was acid-fast bacilli positive on microscopic examination, and signs of active pulmonary tuberculosis were found on pulmonary imaging examination; (3) one sputum sample was acid-fast bacilli positive on microscopic examination, and another sputum sample was Mycobacterium tuberculosis positive after cultivation (7). The healthy control group had no history of diabetes or tuberculosis, and routine blood and urine examination, biochemistry, and other examinations were normal.

Patients infected with HIV, hepatitis virus, or syphilis or those with tumors were excluded from the study.



Biochemical measurements

White blood cell and differential white blood cell counts were obtained. Lipid data comprising serum total cholesterol, triglyceride, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol levels were measured in the central laboratory of the hospital. Venous blood samples were analyzed for plasma glucose, creatinine, glutamyl transpeptidase, uric acid, total bilirubin, and bile acids. The glomerular filtration rate (eGFR) was derived from serum creatinine levels using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (8). Low-density lipoprotein (LDL) cholesterol was computed from serum total and HDL-cholesterol, and serum triglycerides using the Friedewald equation (9).



Serum sample collection and storage

Fasting peripheral blood samples were collected from all patients. Serum was collected after centrifugation at 3000 rpm for 10 min, and the supernatant was stored at -80°C.



ELISA assay

Equal Fried Ewald amounts of plasma samples were subjected to cytokine/chemokine measurements according to the manufacturer’s instructions (Quantibody Human Inflammation Array, RayBiotech Inc, Guangzhou, China). Chip drying, gradient dilution of the cytokine standard, serum sample dilution, chip sample addition, cleaning, detection of antibody mixture incubation, and other steps were performed. The cytokines measured were GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, IL-17, IL-17F, IL-21, IL-22, IL-23, IL-28A, MIP-3a, TGF-β1, TNF-α, and TNF-β.



Statistical analysis

R software was used for statistical analysis. The measurement data were normally distributed, and were expressed as “mean ± standard deviation”. A variance analysis was performed for inter-group comparisons. Least significant difference (LSD) test was used for further pairwise comparisons. The χ2 test was used to compare the sex distribution in the basic information of the study population. P < 0.05 was considered statistically significant.




Results


General characteristics of the study objects

The general characteristics of the patients in this study are presented in Table 1. Compared with healthy controls, patients with PTB had higher blood monocyte counts, platelet counts, and serum triglyceride levels but lower total cholesterol and HDL-c levels (Figure 1A). A similar pattern was observed for T2DM alone and in combination with PTB. In addition, fasting blood glucose levels were 1.3-fold higher in T2DM patients with PTB than T2DM alone (Figure 1B). Serum levels of lactate dehydrogenase were higher in the patients with T2DM with PTB than those of the other groups, indicating more severe damage in the former group (Table 1; Figure 1C). With regard to the lipid profile, serum triglyceride levels were 1.4-fold higher in PTB patients than in healthy participants, but were comparable in patients with T2DM with or without PTB (Figure 1D). Moreover, total cholesterol and HDL-c levels were both 1.3-fold higher in patients with PTB than in healthy controls (Figures 1E, F). Likewise, total cholesterol levels were 1.2- and 1.1-fold higher in patients with T2DM with PTB than those in patients with T2DM alone. These data indicate that PTB infection affects lipid and glucose metabolism in patients with T2DM.


Table 1 | General characteristics of the study subject.






Figure 1 | General features of the study subjects. (A) blood monocyte count; (B) fasting blood glucose; (C) serum lactate dehydrogenase; (D) serum triglyceride levels; (E) serum cholesterol levels; (F) HDL-cholesterol levels.





Ratio of myeloid cells versus lymphocytes peaked in T2DM patients with PTB

A body of evidence has shown an increased ratio of myeloid cells to lymphocyte counts in patients with T2DM compared to non-diabetic participants (10). We performed a head-to-head comparison of the ratios among all groups. When considering the ratio of neutrophils to lymphocyte count in healthy participants as the reference, the ratio was elevated 1.57-, 1.05-, and 1.97-fold in PTB alone, T2DM alone, or T2DM combined with PTB, respectively (Figure 2A). In parallel, the ratio of monocyte number to lymphocyte count was 2.0-, 1.2-, and 2.4-fold higher in PTB alone, T2DM alone, or T2DM combined with PTB, respectively, compared with the control group (Figure 2B).




Figure 2 | (A) The ratio of neutrophils to lymphocyte count in the study subjects; (B) The ratio of monocyte number to lymphocyte count in the study subjects.





Comparison of cytokine levels in the study groups

Twenty inflammatory cytokines were identified. The PCA plot illustrates the distribution of each patient (Figure 3A). Serum levels of these cytokines are shown in Table 2. The relationships among all cytokines measured are shown in Table 3. Serum levels of IL-10 were 2.0-fold higher in the PTB group than in healthy controls. However, IL-10 levels were 1.9- and 2.0-fold higher in patients with T2DM combined with PTB than in PTB or T2DM alone, respectively (p<0.05) (Figure 3B). Similarly, an increase in the levels of IL-6, IL-17, and IFN-γ was observed between PTB and healthy controls, although the difference was not significant (p≥0.26). Nevertheless, they were all significantly higher in patients with T2DM with PTB than in T2DM patients alone (p<0.05) (Figure 3C–E).




Figure 3 | Serum levels of IL-10, IL-6, IL-17 and IFN-gamma among all groups. (A) PCA plot. (B–E) serum levels of IL-10, IFN-γ, IL-6 and IL-17 in the study subjects. CTRL, healthy controls; PTB, pulmonary tuberculosis; T2DM, type 2 diabetes mellitus; PTB+T2DM, pulmonary tuberculosis combined with type 2 diabetes mellitus.




Table 2 | Immunity and inflammation characteristics of study objects in four groups .




Table 3 | Correlation matrix.





Relationship between cytokines and blood monocyte count

We detected differential expression of serum IL-10 among all the groups. Finally, we examined the relationship between IL-10 levels, white blood cell counts, and biochemical parameters. Univariate analysis showed that serum IL-10 was positively associated with the proportions of monocytes, neutrophils, eosinophils, basophils, fasting blood glucose, and triglycerides, but negatively correlated to lymphocyte proportion, platelet count, and total cholesterol (p<0.05) (Table 4). Except for serum IL-17 levels, which were positively correlated with total triglyceride levels, no significant association was observed between IL-17 and the parameters mentioned above (TG). Moreover, neither IL-6 nor IFN-γ levels were associated with these parameters (p≥0.16). Considering that all subjects were age- and sex-matched among groups, multivariate-adjusted analysis was not further processed.


Table 4 | Univariate correlation analysis in related to IL-10 levels.






Discussion

The main findings of the study are summarized as follows: (1) compared to healthy controls, patients with PTB had low BMI and skewed myelopoiesis, as evidenced by increased myeloid cell number but reduced lymphocyte count. In addition, serum triglyceride levels were higher, but both total cholesterol and HDL-c levels were lower in patients with PTB than in healthy controls. (2) To some extent, when combined with T2DM, patients with PTB experienced increased myelopoiesis and reduced total cholesterol and HDL-c levels compared with T2DM alone. More strikingly, T2DM comorbid with PTB suffered from greater hyperglycaemia and liver dysfunction than T2DM alone, as shown in Table 1; and (3) Serum IL-10 levels peaked in patients with T2DM combined with PTB among all groups. Taken together, these data indicate that the presence of PTB attenuates T cell-mediated immune responses but reinforces the progression of skewed myelopoiesis and metabolic disorders in patients with T2DM.

Patients with T2DM manifested with obesity, lipid disorders, and low-grade chronic inflammation. Accumulating evidence suggests that immune cells are the main driver of metabolic disorders and inflammation, leading to adverse vascular outcomes. Data from patients and mice with diabetes have consistently demonstrated an increased ratio of myeloid cells to lymphocytes, which further increases with disease progression (11, 12). In addition, intracellular levels of GM-CSF and IL-6 were higher in the bone marrow cells of db/db mice than in age-matched wild-type controls (12), indicating the pathological basis of skewed myelopoiesis. In line with this, under sustained inflammatory conditions, infiltrating macrophages produce cytokines, such as IL-1β which promotes β cell dysfunction (13). In contrast, inhibition of macrophage recruitment by clodronate liposomes improves β-cell function and glucose tolerance in db/db mice (13). Advanced and active plaques with enriched macrophages, T lymphocytes, and larger necrotic cores have been observed in the coronary arteries of patients with diabetes than in non-diabetic individuals, which poses vulnerability to plaque rupture and a high risk of adverse cardiovascular outcomes in these patients (14).

Upon PTB infection, they replicate in alveolar macrophages and then spread to macrophages, myeloid dendritic cells, and neutrophils that are recruited from the periphery to further promote phagocytosis. The activation of complementary component C3 enhances the adherence and uptake of M. tuberculosis to facilitate mononuclear phagocytes and B-lymphocyte activation for antibody production. Activated by antigen-presenting cells, antigen-specific T-cell clones are expanding and home-to-lung for pathogen clearance. Taken together, innate and adaptive immune systems are well-coordinated to fight PTB (15–17). Nevertheless, the immune system is dysfunctional in patients with diabetes, making them highly susceptible to PTB infection. For instance, reduced production of IFN-γ, IL-1β, IL-12, and IL-18 was detected in alveolar macrophages from db/db mice that were infected with PTB compared to non-diabetic cells (15). Therefore, it is of great importance to explore whether and how PTB affects patients with diabetes for therapeutic purposes.

Consistent with other reports (18, 19), fasting blood glucose levels in patients with T2DM combined with PTB were higher than those of other groups in our study, indicating that more effort is required to achieve glucose homeostasis in these patients. Monocyte numbers peaked in patients with T2DM with PTB infection compared to the other groups. The monocyte-to-lymphocyte ratio seems to be a stronger hallmark in patients with T2DM with PTB than the neutrophil-to-lymphocyte ratio (Figure 2). Peripheral blood monocytes aggregate in the alveoli, where they develop into macrophages (20–22) after infection with M. tuberculosis. As a result, interleukins are produced, which play a role in the protective immune response of the body (22–25).

IL-10 is an important inflammatory immunosuppressive cytokine during tuberculosis immunity that can inhibit the formation of phagosomes in macrophages and weaken the antigen-presenting effect of macrophages, thereby reducing the clearance effect of the immune system against M. tuberculosis (26, 27). In our study, serum IL-10 levels were significantly increased (28) in patients with T2DM and PTB compared to those in other groups. IL-10 can be secreted by a variety of cells in the body, and can effectively regulate the function of monocytes/macrophages, as a negative regulator of cell-mediated immune response, and can inhibit the production of pro-inflammatory factors by monocytes and macrophages. IL-10 has a two-way immunomodulatory effect, that can be suppressed by antigen-presenting cells (APCs) and is negatively regulated by T cells. It negatively regulates immune responses in the tumor environment. In addition, IL-10 can stimulate T and B lymphocytes, and IL-10 can also stimulate T and B lymphocytes in patients with tumor. Some studies have shown that an increase in cellular IL-10 secretion is related to the susceptibility to PTB (29). The serum level of IL-10 in patients with PTB is higher than that in healthy controls, which inhibits the production of pro-inflammatory factors by monocytes and macrophages, weakens the antigen presentation of macrophages, and reduces the clearance of M. tuberculosis by the immune system. IL-10 is associated with an inflammatory response and insulin resistance in T2DM (30), but it is not clear whether higher IL-10 levels inhibit the occurrence of T2DM by reducing the production of pro-inflammatory cytokines, or whether increased IL-10 levels in patients with T2DM lead to a compensatory response to increased pro-inflammatory mediators (mainly tumor necrosis factor-α and IL-6) (31).

The proliferation and differentiation of immune cells can be promoted by IL-6, thereby improving their ability to secrete antibodies and enhance immune activity. Meanwhile, IL-6 can promote the release of relevant provocative mediators participating in immunopathological processes (28). However, IL-6 mainly plays a role in the early stages of the inflammatory reaction (32). Likewise, the serum IL-6 levels in the T2DM plus PTB group were significantly higher than those in the T2DM group, indicating the presence of a PTB-reinforced inflammatory response in these patients.

The limitations of this study are as follows: First, although the study participants were age- and sex-matched, the sample size of each group was relatively small. Second, it was not feasible to isolate and culture T cells from patients with PTB to evaluate the effect of IL-10 on T cell expansion and activation. Third, neither fasting insulin nor C-peptide levels were determined in patients with T2DM combined with PTB.

In conclusion, the presence of a PTB infection maintained greater hyperglycaemia and monocyte numbers in patients with T2DM than in with only T2DM. Treatment of T2DM becomes more complicated and challenging when patients are infected with PTB. Better precision medicine-based therapies are required to control hyperglycaemia and inflammation in patients with T2DM combined with PTB.
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Interleukin-10 (IL-10) is a widely recognized immunosuppressive factor. Although the concept that IL-10 executes an anti-inflammatory role is accepted, the relationship between IL-10 and atherosclerosis is still unclear, thus limiting the application of IL-10-based therapies for this disease. Emerging evidence suggests that IL-10 also plays a key role in energy metabolism and regulation of gut microbiota; however, whether IL-10 can affect atherosclerotic lesion development by integrating lipid and tissue homeostasis has not been investigated. In the present study, we developed a human-like hamster model deficient in IL-10 using CRISPR/Cas9 technology. Our results showed that loss of IL-10 changed the gut microbiota in hamsters on chow diet, leading to an increase in lipopolysaccharide (LPS) production and elevated concentration of LPS in plasma. These changes were associated with systemic inflammation, lipodystrophy, and dyslipidemia. Upon high cholesterol/high fat diet feeding, IL-10-deficient hamsters exhibited abnormal distribution of triglyceride and cholesterol in lipoprotein particles, impaired lipid transport in macrophages and aggravated atherosclerosis. These findings show that silencing IL-10 signaling in hamsters promotes atherosclerosis by affecting lipid and tissue homeostasis through a gut microbiota/adipose tissue/liver axis.
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GRAPHICAL ABSTRACT





Introduction

Inflammation and excess cholesterol accumulation in the vascular wall are important contributors to atherosclerosis. Increased low-density lipoprotein cholesterol (LDL-C) in the circulation enters the subendothelial space of the blood vessel wall through receptor-mediated pathways (1). After oxidative or other modifications, it promotes the infiltration and activation of inflammatory cells. Activated macrophages engulf cholesterol-rich lipoprotein particles to form foam cells, leading to a release of inflammatory cytokines, which in turn further accelerates intracellular cholesterol accumulation (2). It has been well documented that lowering blood cholesterol levels, especially LDL-C, through dietary intervention or medication such as statins, reduces the incidence of atherosclerosis (3). The existence of local inflammation is considered a potential risk factor for cardiovascular diseases (CVD), but the molecular mechanisms by which local inflammation promotes atherogenesis are not yet completely understood.

Interleukin-10, an important immunosuppressive factor, is mainly secreted by immune cells, including macrophages, NK-cells, B cells, and T cells. IL-10 inhibits the synthesis and secretion of proinflammatory cytokines in its target cells (4). However, the relationship between IL-10 and atherosclerosis is still under debate due to contradictory results from clinical and experimental studies. To our knowledge, mutations of IL-10 or its receptor in humans are primarily associated with inflammatory bowel disease (IBD) (5). Although it has been reported that IBD is closely related to the pathogenesis of atherosclerosis-related CVD (ASCVD) in some cases (6, 7), whether the link between IBD and CVD is attributable to the mutations of IL-10 or its receptor has not been carefully explored. Thus it has been difficult to define a protective effect of IL-10 on atherosclerosis and this has limited the potential application of IL-10 as a therapeutic approach for the treatment of ASCVD in clinical trials. Additionally, studies in different atherosclerosis-prone mouse models have also generated conflicting results (8–13), indicating that the net effects of IL-10 signaling on atherosclerosis remain to be fully clarified.

Recently evidence suggested that IL-10 is associated with the homeostasis of gut microbiota (14, 15). IL-10 synthesized and secreted by T or B cells upon the stimulation of microbiota has been reported to maintain the tissue homeostasis by regulating the steady state of microbiota. Moreover, a causal link between dysfunctional gut microbiota and lipid metabolism disorders has been reported independently (16, 17). These findings imply that IL-10 on atherosclerosis in both human and experimental mouse studies may not be solely due to effect of IL10 on inflammation. The molecular mechanisms by which IL-10 may modulate lipid metabolism to influence the development of atherosclerosis are largely unknown.

Given that Syrian golden hamsters possess metabolic features similar to humans (18–20), we generated an IL-10-deficient hamster model using CRISPR/Cas9 editing to investigate the role of IL-10 in lipid metabolism and atherosclerosis. Our results provide insight into the relationship between IL-10 and atherosclerosis and have potential therapeutic implications for the treatment of atherosclerosis.



Materials and methods


Animals

Wild type (WT) Syrian golden hamsters were purchased from vital river laboratory (Beijing, China). IL-10 mutant Syrian golden hamster model was generated by CRISPR/Cas9 gene editing technology in our laboratory. WT and mutant hamsters were maintained on a 14h light/10h dark cycle at 24°C. All the animals were fed a chow diet (CD) (20% protein and 4% fat; Beijing Ke’ao Company, Beijing, China) or a high-fat diet (HFD) containing 1% cholesterol and 15% fat with water ad libitum. At the endpoint of the experiments, animals were anesthetized with 3% pentobarbital sodium (45 mg/kg by intraperitoneal injection). All experiments were performed under the principle of experimental animal health (NIH released no.85Y231996 Revision) and approved by the laboratory animal ethics committee of Peking University (LA2010-059; 15 March 2010).



Generation of IL-10 mutant (IL-10MUT/MUT) hamster model

The sgRNA was designed to target the exon 2 of IL-10 gene (NW_004801698) using Optimized CRISPR Design (http://crispr.mit.edu/). The specificity of the sgRNA target sites (TGAGTAGTATGTTGTCCAGCTGG) was analyzed according to the basic local alignment search tool (BLAST) applied to the Syrian golden hamster genome. The DNA template of sgRNA was amplified by PCR, and then transcribed to sgRNA by T7 polymerase (Megascript T7 Kit, Ambion, AMB13345) in vitro. The plasmid PXT7 carrying the humanized cas9 cDNA was linearized with XbaI digestion, which was used as Cas9 DNA template. Cas9 mRNA was transcribed with mMESSAGE mMACHINE T7 kit (Ambion, AM1344) in vitro. Cas9 mRNA and sgRNA were purified by phenol/chloroform extraction followed by isopropanol precipitation, which concentrations were adjusted to 500 ng/ul and 100 ng/ul with RNase-free water, respectively, and stored at -80°C for further experiments. Both microinjection and zygote treatment were performed under the condition of red light. M2 medium (Sigma, M7167) covered by mineral oil (Sigma, M5904) was used for injection. Cas9 mRNA (50  ng/μL) and sgRNA (20  ng/μL) were co-injected into the cytoplasm of zygotes. Afterward, zygotes were cultured with HECM-10 medium and 10% CO2 at 37.5°C for 30  min. Injected zygotes with normal morphology were transferred into surrogate hamsters that were naturally mated with males 1  day before (approximate 15–20 zygotes per oviduct). For genotyping, the genomic DNA extracted from the toes of the founder and his offspring was analyzed by PCR (IL-10 F: GCTTTCAGTGAAGTTTCCGTAT, IL-10 R: AAGTAACCCTAGAGGCAAGAAT).



Analysis of plasma lipids and (apo)lipoproteins

Plasma was collected from WT and IL-10 mutant hamsters after 12h fasting. Total cholesterol (TC) and triglyceride (TG) levels were determined using the commercially enzymatic kits (Biosino Bio Technology & Science, Beijing, China). HDL-C level was measured with TC kit after precipitating ApoB-containing lipoprotein by 20% polyethylene glycol (PEG).

Plasma ApoA1, ApoB and ApoE were detected by Western blots. Briefly, 1ul of fresh plasma was mixed with buffer containing sodium dodecyl sulfate (SDS) and dithiothreitol (DTT), heated at 95°C for 10 min, and then subjected to 6% or 12% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) gels for ApoB or ApoA1/ApoE, respectively. The following antibodies were used for immunoblotting: ApoA-I (NBP2-15429, Novus, USA, rabbit polyclonal IgG, 1:5000), ApoE (178479, Millipore, goat polyclonal IgG, 1:5000), and ApoB (178467, Millipore, goat polyclonal IgG, 1:5000).



RNA isolation and quantitative real time PCR

Total RNA was extracted from different tissues by Trizol reagent (Transgen Biotech, China) and first-strand cDNA was generated by using a RT kit (Transgen Biotech, China). Quantitative real time PCR was performed using primers listed in Table S2. The reactions were performed using the Mx3000 Multiplex Quantitative PCR System for 40 cycles with denaturation at 94°C for 30s, annealing at 60°C for 45s, and extension at 72°C for 45s. Beta actin was used as internal control and all the data of gene expression were normalized to WT group.



Fast protein liquid chromatography (FPLC)

Plasma lipoprotein profiles were analyzed by FPLC. The pooled plasma of each group (150 μL from 5-6 animals/group) was subjected to Tricorn high-performance Superose S-6 10/300GL column (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK), followed by an elution with PBS at a constant flow rate of 0.8 mL/min. The TC and TG levels in each fraction (500 μL) were determined using the same commercial kits for TC and TG.

Three continuous fractions were mixed together with the buffer containing SDS and DTT, and heated at 95°C for 10 min. The contents of ApoA1, ApoB and ApoE were detected by immunoblotting according to the method described above.



Plasma lipoprotein lipase (LPL) activity

Post-heparin plasma was collected 30 min after intraperitoneal injection of heparin (2000u/kg BW). A commercial LPL activity kit (ab204721, Abcam, USA) containing fluorescence labeled substrates and LPL activator was used to analyze plasma LPL activity. Briefly, 10  μL of post-heparin plasma from CD-fed WT or IL-10MUT/MUT hamsters was incubated with 40 μL of phosphate buffer and 50 μL of diluted substrate at 37°C for 1h protected from light. The output at Ex/Em = 482/515 nm was measured every 10 min. LPL activity was present by FFA release (pmol/ml/min).



Measurement of plasma lipopolysaccharide (LPS) and 8-isoprostane content

The level of plasma LPS were determined by commercial ELISA kit (LPS: E065061, 3AChem, China). 10  μL of fresh plasma was added to the pre-coated plate with primary antibody against LPS. The mixture was incubated at 37°C for 1h and then HRP-labeled anti-LPS antibody was applied to detect the level of LPS. The plate was washed extensively using washing buffer and the absorbance was measured at 450 nm. For the measurement of plasma 8-isoprostane, the commercial kit (No. 516351, Cayman Chemical, USA) was used. 50 μL of fresh plasma and 50 μL of Tracer was added to the pre-coated plate with primary antibody against 8-isoprostane. The plate was incubated at 4°C for 18h, and then was washed extensively using washing buffer and the absorbance was measured at 420 nm. The level of plasma 8-isoprostane could be calculated by the absorbance at 420 nm.



Determination of plasma malondialdehyde (MDA) concentration

The plasma MDA concentration was measured with a commercial test kit (E2009, Applygen, China). Briefly, 100 μL of fresh plasma sample or serially diluted standard samples were mixed thoroughly with 300 μL of buffer containing sodium dodecyl sulfate and thiobarbituric. The mixture was incubated at 95°C for 30 min and then placed on ice for 5 min, followed by a centrifugation at 10, 000g for 10 min. 200 μL of supernatant was collected for fluorometric measurement using ex535 nm/em553 nm, which was converted to the concentrations according to the standard curve.



Hepatic lipid measurements

100 mg of liver tissue was homogenized in 1ml cold phosphate buffer solution (PBS), and then 4 ml of chloroform/methanol (v:v  =  2:1) was added. The mixture was vortexed for 2 min, and then allowed to stand for 20 min. After a centrifugation at 3000 rpm for 30 min, the chloroform layer was transferred to a new glass tube using a glass syringe and dried under nitrogen stream. Lipids were dissolved with 500 μL of 3% triton X-100, and the contents of cholesterol and triglyceride were measured according to the method described above.



Glucose tolerance test (GTT)

After fasting for 12h, plasma from indicated groups on CD feeding was collected, which represented a sample at 0 min. Animals were then intraperitoneally injected with glucose solution (2g glucose/kg body weight), and blood samples were collected at 15, 30, 60, and 120 min after injection. Glucose levels were measured for each indicated time point.



Insulin tolerance test (ITT)

After fasting for 12h, plasma from indicated groups on CD feeding was collected, which represented a sample at 0 min. Animals were then intraperitoneally injected with insulin (0.75U insulin/kg body weight), and blood samples were collected at 15, 30, 60, and 120 min after injection. Glucose levels were measured for each indicated time point.



Very low density lipoprotein (VLDL) secretion assay

After fasting for 12h, plasma from indicated groups on CD feeding was collected, which represented a sample at 0 min. Animals were then intraperitoneally injected with 407 (CAS 9003-11-6, Sigma, Germany) at 1500mg/kg, and blood samples were collected at 30, 60, 120, 180 and 240 min after injection. TG concentration was measured for each time point. The slope represented VLDL secretion rate after linear regression.



Test of blood biochemical parameters

20 μL of fresh blood samples were used for the measurement of the following biochemical parameters: the counts of WBC, MO, GR, LY, RBC, HCT, HGB, RDW, PLT, PCT, MPV and PDW.



Pathological analysis

Hamsters at the indicated time points under different conditions were sacrificed and perfused with 20 ml of 0.01M PBS through the left ventricle. Liver, intestines, spleen, white fat, brown fat, brain, heart, and aorta were harvested and then fixed in 4% paraformaldehyde (PFA) overnight, followed by a transfer to 20% sucrose solution for dehydration. Then liver, intestines, spleen and heart were embedded in SAKURA Tissue-Tek® O.C.T. Compound (Sakura Finetek USA, Inc., USA), and cryo-sectioned ​​after snap frozen with liquid nitrogen. The sections were stained with hematoxylin/eosin (HE) for morphological analysis, or oil red O (ORO) to analyze lipid deposition. White and brown fat were embedded in paraffin and sliced for HE staining.

To measure the expression of specific proteins in tissues, the following antibodies were used for immunohistochemical or immunofluorescence staining: LPS (1:200 rabbit polyclonal IgG, PAB526Ge01, Clond-Clone, China), CD68 (1:400 rabbit polyclonal IgG, BM3639, BOSTER, China). Sections were incubated with the blocking solution (PBS containing 10% goat serum) for 1 h at 37°C after antigen retrieval, and then incubated with the primary antibody overnight at 4°C. Then for immunohistochemical staining, sections were incubated with the appropriate biotinylated secondary antibodies (1:200, ABC Vectastain; Vector Laboratories, Burlingame, CA, USA) and visualized using 3.3′-diaminobenzidine (DAB; Vectastain, Vector Laboratories). For immunofluorescence staining, sections were incubated with biotinylated secondary anti-mice and anti-rabbit IgG (1:1000, E032220-01 and E032410-01, EarthOx, USA) and fluorescent mounting medium with DAPI (ZLI-9557, ZSGB-BIO, China) under dark conditions. Then the sections were observed and imaged by confocal microscopy (Leica SP8, Germany).



Microbiota analysis

Fresh feces of 3-month old WT and IL-10MUT/MUT hamsters on CD were collected and the total genome DNA was extracted. DNA concentration and purity were monitored on 1% agarose gels. 16S rRNA was amplified used specific primer. Sequencing libraries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) and index codes were added. The library was sequenced on an Illumina NovaSeq platform and 250 bp paired-end reads were generated. Sequence analysis was performed by Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/). Sequences with ≥97% similarity were assigned to the same OTUs QIIME software (Version 1.9.1) was used to evaluate the differences of samples in species complexity, including MetaStat, LEfSe, analysis of similarities (ANOSIM) and principal coordinates analysis (PCoA). The results were displayed by R software (Version 2.15.3).



Statistical analysis

All data were presented as means ± SEM. Statistical analysis was performed using the Student’s t-test for the comparison between two groups) or two-way ANOVA for the comparison among multiple groups. p value <0.05 was considered a statistical significance.




Results


Generation of IL-10 mutant (IL-10MUT/MUT) hamster model

In order to construct an IL-10 mutant hamster model, we designed sgRNA targeting exon 2 of the hamster IL-10 gene (Figure 1A). Zygotes microinjected with the designed sgRNA and Cas9 mRNA were transplanted into the fallopian tube of surrogate hamsters. Genomic DNA from the founders was extracted and sequenced. The sequencing data showed that one hamster pup (F1) displayed a 9 nt-deletion of IL-10 gene (Figure 1B), without any potential off-target sites (Table S1). Next, we genotyped the animals with F2 generation to determine whether this mutation of IL-10 gene was inheritable to offspring. PCR genotyping confirmed the presence of 112bp in wild-type (WT) and 103bp in homozygous mutant hamsters (IL10MUT/MUT) respectively, while heterozygous animals (IL10WT/MUT) showed two bands (Figure 1C). Protein analysis by Western blot revealed that plasma IL-10 levels of IL10MUT/MUT hamsters were lower than in the WT group (Figure 1D). In addition, we found that the mRNA expression levels of IL-10 and the downstream targets of the IL-10 signaling pathway in macrophages (Figure 1E) and spleen (Figure 1F) were also markedly reduced. These findings validate our generation of an IL-10-mutant hamster model with impaired IL-10 signaling by CRISPR/Cas9 editing.




Figure 1 | Generation and characterization of IL-10 mutant hamster model using CRISPR/Cas9 gene editing system. (A) Schematic of targeting the exon 2 of hamster IL-10 gene. The sgRNA and PAM sequences (TGG) are highlighted with orange and blue background, respectively. Mismatched nucleotide bases and amino acids are marked in red. (B) Sequencing of CRISPR/Cas9-edited IL-10 locus in Founder. Double peaks appeared at the mutation site. (C) Genotyping of F2 generations from wild type (WT), heterozygous (IL-10WT/MUT), and homozygous (IL-10MUT/MUT) IL-10 mutant hamsters. (D) Representative Western blot of plasma IL-10 from 3-month-old male WT and IL-10MUT/MUT hamsters on chow diet. (E and F) mRNA expression levels of genes involved in IL-10 signaling pathway in macrophages (E) and spleen (F) were determined by real-time PCR (n=4~7/group). All data were expressed as means ± SEM, *p<0.05; **p<0.01.





Loss of IL-10 causes severe spontaneous systemic inflammation in hamsters

Considering that IL-10 is a major anti-inflammatory factor, we first investigated systemic inflammation IL10MUT/MUT hamsters. 3-month-old male IL10MUT/MUT hamsters maintained on chow diet (CD) showed obvious changes in external appearance compared to WT hamsters, including oral ulceration, abdominal hair loss, limb edema and reduced body weight (Figure 2A). H&E staining confirmed that hamsters with IL-10 deficiency developed spontaneous inflammatory skin lesions on the back and abdominal areas with inflammatory cell infiltration (Figure 2B). Complete blood tests revealed that compared to control group, the number of white blood cells (WBC), monocytes (MO) and granulocytes (GR) of IL10MUT/MUT hamsters was increased; however, the counts of lymphocytes (LY) were largely decreased in mutant animals. These findings suggest a severe systemic inflammatory response in IL10MUT/MUT hamsters (Figure 2C). In addition, red blood cell count (RBC), hematocrit (HCT) and hemoglobin levels (HGB) were reduced in IL10MUT/MUT hamsters, and there was an increase in red blood cell volume distribution width (RDW), platelet count (PLT) and plateletocrit (PCT) (Figure 2D), and a reduction in mean platelet volume (MPV) and platelet distribution width (PDW) (Figure 2E).




Figure 2 | IL-10MUT/MUT hamsters on a regular chow diet exhibited severe spontaneous systemic inflammation. (A) Representative images of 3-months old male WT and IL-10MUT/MUT hamsters on chow diet. (B) Skin at the Back and abdominal areas of WT and IL-10MUT/MUT hamsters was stained with HE. Bars: 100  μm; arrows indicate immune cell infiltration. (C, D and E) The blood biochemical characteristics of WT and IL-10MUT/MUT hamsters (n=6/group). (F) Body temperature of WT and IL-10MUT/MUT hamsters (n=6/group). (G) Body temperature curve of WT and IL-10MUT/MUT hamsters exposed to different stimuli (n=6/group). (H) Expression levels of proinflammatory markers in spleen were determined by real-time PCR (n=6/group). (I) Representative images of colon tissue from WT and IL-10MUT/MUT hamsters. Bars: 5 cm. (J) Morphological analysis of colons stained with HE for WT and IL-10MUT/MUT hamsters. Bars: 500  μm; arrows indicate immune cell infiltration (K) Immunohistochemistry of CD68 in the colons from WT and IL-10MUT/MUT hamsters. Bars: 50  μm; arrows indicate positive staining. All data were expressed as means ± SEM, *p<0.05; **p<0.01.



Previous studies have shown a close relationship between inflammation and body temperature. Since an abnormal rise in body temperature can be an indicator of inflammation, we measured the body temperature of WT and IL10MUT/MUT hamsters. As shown in Figure 2F, the body temperature of IL10MUT/MUT hamsters was higher than WT hamsters. Upon cold stimulation followed by a switch to room temperature, the two genotypes showed no difference in body temperature under cold condition; however, the body temperature of IL10MUT/MUT hamsters was still higher than WT hamsters after switching to room temperature (Figure 2G). These findings indicate that IL10MUT/MUT hamsters had greater heat production than WT hamsters. To further confirm the inflammatory phenotype caused by IL-10 deficiency in hamsters, we determined the mRNA expression of proinflammatory markers in spleen, including IL-1β, IL-6, NFκB and TNFα. These proinflammatory cytokines were upregulated in IL10MUT/MUT hamsters compared to WT hamsters (Figure 2H).

Since loss of function of IL-10 or its receptor leads to IBD in patients and mice, we explored whether IL10MUT/MUT hamsters displayed the traits of IBD. We found that the colon length of IL10MUT/MUT hamsters was shorter than that of WT hamsters, consistent with the presence of IBD (Figure 2I). Pathological analysis revealed an increase in the colon glands and the infiltration of inflammatory cells and macrophages (Figures 2J and K). Thus, IL10MUT/MUT hamsters replicated the spontaneous IBD was observed in patients with dysfunctional mutations in IL-10 or its receptor.



IL-10 deficiency causes severe white adipose tissue (WAT) loss in hamsters

IL10MUT/MUT hamsters showed decreased body weight and reduced fat mass compared to WT hamsters on CD (Figures 3A, B). The mass of multiple different subtypes of WAT, including subcutaneous WAT (sWAT), inguinal WAT (iWAT), epididymal WAT (eWAT), mesenteric WAT (mWAT) and retroperitoneal WAT (rWAT) was reduced in IL10MUT/MUT hamsters, while the weight of brown adipose tissue (BAT) did not change (Figures 3C, D). Further analysis by H&E staining revealed that the size of adipocytes in WAT of IL10MUT/MUT hamsters was reduced by ~50% (Figure 3E). Given the higher body temperature observed IL10MUT/MUT hamsters, we determined the mRNA expression of genes regulating thermogenesis in adipose tissue, and found that the expression levels of CIDEA and UCP-1 in BAT were upregulated in IL10MUT/MUT hamsters, but there was no difference in WAT gene expression between the two groups (Figure 3F). These observations suggest that activated thermogenesis in BAT might contribute to increased heat production in IL10MUT/MUT hamsters.




Figure 3 | IL-10 deficiency caused severe white adipose tissue (WAT) dystrophy in chow-fed hamsters. (A) Body weight curve of WT and IL-10MUT/MUT hamsters on chow diet (n=6/group). (B) Representative MRI images and total fat mass analyzed by MRI of 3-month-old male WT and IL-10MUT/MUT hamsters (n=6/group). (C) Representative images of iWAT, eWAT and rWAT from WT and IL-10MUT/MUT hamsters. Arrows indicate WAT. (D) Analysis of the ratio of fat weight and body weight for different types of adipose tissues from 3-months old WT and IL-10MUT/MUT hamsters (n=6~8/group). (E) Representative images of iWAT (left) and quantification of adipocyte area (right) (n=6/group). (F) Expression levels of genes regulating thermogenesis in BAT (left) and iWAT (right) were determined by real-time PCR (n=5~7/group). (G) Expression levels of genes involved in inflammation and apoptosis in iWAT were determined by real-time PCR (n=5~7/group). (H) Immunohistochemistry of CD68 in the iWAT from WT and IL-10MUT/MUT hamsters. Bars: 50  μm; arrows indicate positive staining. (I) TUNEL staining (green) in the iWAT from WT (top) and IL-10MUT/MUT (bottom) hamsters. Nuclei were stained with DAPI (blue). Bars: 100  μm; white arrows indicate positive staining.All date were expressed as means ± SEM, *p<0.05; **p<0.01.



It has been reported that inflammation plays an important role in the determination of fat cell size (21). We therefore analyzed the status of inflammation in WAT. In IL10MUT/MUT hamsters, the mRNA expression level of proinflammatory factors was upregulated. Levels of genes involved in apoptosis, such as BAX, MLKL and MYD88, were also upregulated, but the level of BCL2, an anti-apoptotic gene, was decreased (Figure 3G). Immunohistochemical staining demonstrated an increase in CD68 protein and apoptosis stained by TUNEL in WAT of IL10MUT/MUT hamsters (Figures 3H, I). These findings indicate that inflammation and apoptosis likely contribute to the reduced size of WAT in IL-10 mutant hamsters.



IL-10 deficiency alters microbiome homeostasis and enhances LPS production

LPS is a potent pro-inflammatory signal harbored by many gut microbes. We hypothesized that silencing IL-10 might disturb the homeostasis of gut microbiota, thus promoting the synthesis and secretion of LPS, and eventually leading to systemic inflammation. To verify this hypothesis, we first assayed LPS content in the WAT with overt morphological changes. Immunohistochemical staining confirmed that LPS levels were higher in IL-10MUT/MUT hamsters than WT hamsters (Figure 4A). Immunofluorescence demonstrated that LPS in the WAT of IL10MUT/MUT hamsters co-localized with the macrophage marker CD68 (Figure 4B), indicating that LPS was delivered to WAT from gut through macrophage-mediated transport. Similarly, we found that circulating LPS levels in IL10MUT/MUT hamsters were markedly increased (Figure 4C), suggesting that gut function might be impaired due to IL-10 deficiency.




Figure 4 | Loss of IL-10 disrupted the profile and products of gut microbiota in IL-10MUT/MUT hamsters on chow diet. (A) Immunohistochemistry of LPS in the iWAT from WT and IL-10MUT/MUT hamsters. Bars: 50  μm; arrows indicate positive staining. (B) Cryo-sections of iWAT from WT (top) and IL-10MUT/MUT (bottom) hamsters were double-stained with CD68 (green) and LPS (red) antibodies. Nuclei were stained with DAPI (blue). Bars: 100  μm; white arrows indicate positive staining. (C) Plasma LPS levels were determined from WT and IL-10MUT/MUT hamsters (n=5/group). (D) Analysis of the total number of OTUs present in WT hamsters (bule), IL-10MUT/MUT hamsters (red) or overlap in both groups (Cyan). (E) Boxplots depicting differences in gut microbiota diversity in WT hamsters, IL-10MUT/MUT hamsters and both the two groups. (F) Weighted Unifrac distance based analysis of PCoA. WT group was shown in blue, while the IL-10MUT/MUT group was indicated in red. (G) Analysis of Rank abundance curves in WT and IL-10MUT/MUT hamsters. The x-axis indicates the order number ranked by the OTUs abundance and Y-axis shows the relative abundance of OTUs. (H) The relative abundance of top 4 species at the levels of phylum in WT and IL-10MUT/MUT hamsters. (I) LEfSe comparison of the gut microbiota between WT (bule) and IL-10MUT/MUT (red) hamsters. LDA score >3 are shown. The length of the bar represents the LDA score. (J) LEfSe analysis of cladogram of significant changes at all taxonomic levels in WT and IL-10MUT/MUT hamsters. The diameter of each circle is proportional to its abundance. (K) Immunohistochemistry of LPS in the colon from WT (left) and IL-10MUT/MUT (right) hamsters. Bars: 50  μm; arrows indicate positive staining. (L) Expression levels of LBP and CD14 in liver were determined by real-time PCR (n=5/group). (M) Expression levels of TLR4, MYD88 and MLKL in iWAT were determined by real-time PCR (n=5/group). All date were expressed as means ± SEM, *p<0.05; **p<0.01.



Next, when assessing gut function, we found that there were 191 OTUs shared in the gut microbiota of the two genotypes, while there were 200 and 118 unique OTUs in WT and IL10MUT/MUT hamsters, respectively (Figure 4D), with a significant difference between the two groups when analyzed by Anoism (R=0.3687 and P=0.037, Figure 4E). Meanwhile, we found a separation between the genotypes using Weighted Unifrac distance-based PCoA analysis (Figure 4F) and a reduction in the species richness in IL10MUT/MUT hamsters relative to control animals (Figure 4G). Furthermore, IL10MUT/MUT hamsters had a greatly increased content of proteobacteria in the gut, while the counts of firmicutes and bacteroidetes, two types of beneficial bacteria, were reduced (Figure 4H). As expected, LefSe analysis showed that IL10MUT/MUT hamsters exhibited an increase in several types of pathogenic bacteria, such as helicobacter and staphylococcus, but a decrease in the probiotic bacteria that exert protective effects on the gut barrier, such as lactobacillus, allobaculum, erypelotrichia (Figures 4I, J). These changes likely contribute to the destruction of the gut barrier and the increased secretion of gut-derived LPS into plasma. To verify this point, we determined the signaling pathways related to LPS responses in various tissues. Immunohistochemical staining of the colon showed an increase in LPS levels in IL10MUT/MUT hamsters (Figure 4K). Hepatic mRNA expression of LBP and CD14 was upregulated in IL10MUT/MUT hamsters (Figure 4L), indicating that the pathway regulating LPS transport was activated. Moreover, we found that the mRNA expression levels of TLR4, MYD88 and MLKL in WAT were markedly increased, (Figure 4M), suggesting that LPS signaling was activated in WAT. These findings support enhanced transport of LPS to WAT to activate the TLR4-mediated apoptotic pathway, thus triggering abnormal apoptosis in the WAT.



Loss of IL-10 signaling elicits abnormal lipid and glucose metabolism in hamsters on chow diet

Considerable evidence supports a link between inflammation and the metabolic syndrome; however, the influence of IL-10 deficiency on lipid and glucose homeostasis is incompletely understood. We analyzed the plasma lipids in CD-fed animals at 3 months of age. We found that IL10MUT/MUT hamsters displayed reduced TG and HDL-C levels without changes in TC concentration when compared to control animals (Figures 5A–C). Western blots showed that plasma ApoB100, ApoB48 levels were increased, but ApoA1 levels were reduced, in IL10MUT/MUT hamsters. Levels of ApoE were not different (Figure 5D). FPLC analysis revealed that the peak of LDL-C was markedly increased, whereas HDL-C fractions were decreased in IL10MUT/MUT hamsters (Figure 5E). There was a reduction in TG carried on VLDL particles (Figure 5F), consistent with the findings of apolipoprotein distribution (Figures 5G–I). In addition, although the loss of IL-10 signaling did not influence the expression of cholesterol synthesis-related genes in the liver, the expression of key genes involved in reverse cholesterol transport (RCT) such, as LCAT and ABCA1 were reduced (Figure S1A). There was also as well as a reduction in genes regulating TG synthesis in IL10-deficient animals (Figure S1B).




Figure 5 | Chow-fed IL-10MUT/MUT hamsters displayed abnormal lipid metabolism. (A, B and C) Determination of plasma TC (A), TG (B) and HDL-C (C) from 3-month old WT and IL-10MUT/MUT hamsters on chow diet after overnight fasting (n=6~7/group). (D) Representative Western blots of plasma ApoB, ApoE and ApoA1 from WT and IL-10MUT/MUT hamsters. (E, F) Pooled plasma from the two groups were analyzed by FPLC. Triglyceride (E) and cholesterol (F) contents in different fractions of pooled plasma from WT and IL-10MUT/MUT hamsters were measured (n = 6/group). (G) Representative Western blots of ApoB, ApoE and ApoA1 in different fractions of pooled plasma from WT and IL-10MUT/MUT hamsters as described in Figures 5E, F. (H) Cryo-sectionings of liver tissues were stained with oil red O. Bars: 50  μm. (I) Hepatic TC and TG contents were measured and normalized to liver weight (n=6~7/group). (J, K) VLDL secretion was analyzed in hamsters after intraperitoneal injection P-407 (1500 mg/kg, n=6/group). (L) HE and Oil red O stainings of intestinal tissues of WT and IL-10MUT/MUT hamsters 4 h after oral gavage of olive oil (10 ml/kg body weight). (M) Measurement of plasma LPL activities were in WT and IL-10MUT/MUT hamsters. (N) Expression levels of LPL and GPIHBP1 in BAT were determined by real-time PCR (n=5/group). (O, P) Expression levels of genes involved in lipolysis in WAT (O) and BAT (P) were determined by real-time PCR (n=5/group). (Q) Immunohistochemistry of LPS in the liver from WT (top) and IL-10MUT/MUT (bottom) hamsters. Bars: 50  μm; arrows indicate positive staining. (R) Expression levels of TLR4, MYD88 and MLKL in liver were determined by real-time PCR (n=6~7/group). (S) Expression levels of inflammatory factors in liver were determined by real-time PCR (n=6/group). (T) Immunohistochemistry of CD68 in the liver from WT (top) and IL-10MUT/MUT (bottom) hamsters. Bars: 50  μm; arrows indicate positive staining. All date were expressed as means ± SEM, *p<0.05; **p<0.01.



To explore the potential mechanisms by which lack of IL-10 caused reduced TG levels in IL10MUT/MUT hamsters, we injected P407, an LPL inhibitor, to examine hepatic VLDL secretion. IL10MUT/MUT hamsters exhibited a higher VLDL secretion rate (Figures 5J, K). We observed no difference in lipid content of intestinal epithelial cells after oral fat load (Figure 5L); however, plasma LPL activity was greatly increased (Figure 5M), indicating that the reduction in TG may be attributable to enhanced LPL-mediated lipolysis of TG-rich lipoproteins in IL10MUT/MUT hamsters. We measured expression of genes regulating TG metabolism in both BAT and WAT and found that the mRNA expression of both LPL and GPIHBP1 was upregulated in BAT (Figure 5N). The expression of genes required for TG lipolysis in BAT such as ABHD5, ATGL, HSL and PLIN1 were also upregulated (Figures 5O, P).

Recently, the gut-liver axis has been shown to play an important role in the regulation of lipid metabolism. We investigated whether gut-derived LPS might contribute to abnormal VLDL secretion by the liver in the absence of IL-10. Immunohistochemical staining showed that IL10MUT/MUT hamsters exhibited more LPS in the liver compared to WT (Figure 5Q), and the expression of TLR4 and its downstream genes in the liver was increased (Figures 5R, S). We also found obvious macrophage infiltration (Figure 5T).

A previous study reported a relationship between IL-10 and insulin sensitivity in mice, indicating that IL-10 might regulate glucose metabolism. We found that the fasting blood glucose levels of IL10MUT/MUT hamsters on CD were lower than WT hamsters (Figure S2A), but that glucose tolerance (Figure S2B) and insulin tolerance (Figure S2C) were reduced. Western blot analysis showed that the protein levels of both AKT and pAKT in the liver of IL10MUT/MUT hamsters were increased (Figure S2D), accompanied by upregulated expression of genes involved in hepatic gluconeogenesis, such as G6PC, GCK, PFKM and SDHA (Figure S2E). These finding suggest that IL-10 deficiency resulted in abnormal glucose metabolism in hamsters.



High-fat diet aggravated abnormal plasma lipid profiles in IL10MUT/MUT hamsters

To investigate whether high-fat diet (HFD) further aggravated abnormal lipid metabolism in the setting of inflammation caused by IL-10 deficiency, WT and IL10MUT/MUT hamsters were fed a HFD containing 1.5% cholesterol and 15% fat for 16 weeks. Similar to what we observed in the animals on CD feeding, IL10MUT/MUT hamsters on HFD showed less weight gain (Figure 6A) and higher body temperature (Figure 6B). Compared with WT hamsters, plasma HDL-C levels were still lower without a change in TC levels (Figures 6C, D), but the concentration of plasma TG of IL10MUT/MUT hamsters was unexpectedly increased (Figure 6E). Western blots showed that plasma ApoB48 and ApoE levels were markedly increased, but APOA1 was reduced in IL10MUT/MUT hamsters, with no obvious changes in ApoB100 (Figure 6F). Lipid profiles analyzed by FPLC demonstrated that cholesterol content was increased in the VLDL fraction and reduced in the HDL fractions in IL10MUT/MUT hamsters (Figure 6G). Moreover, the TG concentration in the VLDL fraction was increased in mutant animals (Figure 6H). Consistent with the observations from plasma samples, Western blots of FPLC fractions revealed that the amount of ApoE carried on TG-rich lipoproteins was increased and the ApoA1 in HDL fractions was reduced in IL10MUT/MUT hamsters (Figure 6I). Additionally, we found that the plasma levels of MDA (Figure 6J) and 8-isoprostane (Figure 6K) in IL10MUT/MUT hamsters were increased, indicating accelerated lipid peroxidation.




Figure 6 | Dyslipidemia was aggravated in IL-10MUT/MUT hamsters on HFD. (A) Body weight curve of WT and IL-10MUT/MUT hamsters on HFD for 12 weeks (n=5/group). (B) Body temperature of WT and IL-10MUT/MUT hamsters on HFD (n=5/group). (C, D and E) Plasma TC (C), TG (D) and HDL-C (E) from WT and IL-10MUT/MUT hamsters on HFD (n=5/group). (F) Representative Western blots of plasma ApoB, ApoE and ApoA1 from WT and IL-10MUT/MUT hamsters on HFD. (G, H) Pooled plasma from the two groups were analyzed by FPLC. Triglyceride (E) and cholesterol (F) contents in different fractions of pooled plasma from WT and IL-10MUT/MUT hamsters on HFD (n = 6/group). (I) Representative Western blots of ApoB (top), ApoE (middle) and ApoA1 (bottom) in different fractions. (J, K) Plasma MDA (J) and 8-isoprostane (K) concentration from WT and IL-10MUT/MUT hamsters on HFD (n=5/group). (L) Oil red O stainings of liver tissue of WT and IL-10MUT/MUT hamsters on HFD. Bars: 50  μm. Arrows indicate lipid accumulation. (M) Hepatic TC and TG contents were measured in HFD-fed animals. (n=6~7/group). (N) Plasma LPS levels from WT and IL-10MUT/MUT hamsters on HFD (n=5/group). All values are means ± SEM, **, p<0.01. (O) Immunohistochemistry of CD68 in the liver from WT (left) and IL-10MUT/MUT (right) hamsters on HFD. Bars: 50  μm; arrows indicate positive stainings. (P) Cryo-sections of liver from WT (top) and IL-10MUT/MUT (bottom) hamsters on HFD were double-stained with CD68 (green) and LPS (red) antibodies. Nuclei were stained with DAPI (blue). Bars: 100  μm; white arrows indicate positive stainings. (Q) TUNEL staining (green) in the iWAT from WT (top) and IL-10MUT/MUT (bottom) hamsters on HFD. Nuclei were stained with DAPI (blue). Bars: 100  μm; white arrows indicate positive stainings. (R) Expression levels of inflammatory factors in liver were determined by real-time PCR (n=5/group). All values are means ± SEM, **p<0.01. All date were expressed as means ± SEM, *p<0.05; **p<0.01.



Since dyslipidemia is associated with liver disease, we analyzed the lipid content of the liver in HFD-fed hamsters. There was increased TG content in liver of IL10MUT/MUT hamsters, and there were more areas degeneration (Figure 6L), showing more, but not cholesterol (Figure 6M).

To study the effects of HFD on LPS production and transport through gut-liver axis, we investigated the levels of LPS in plasma and liver tissue and found that LPS levels were increased in both plasma and liver (Figures 6N–P). Furthermore, TUNEL staining and PCR analysis showed that apoptotic signals and inflammation were increased in the liver of IL10MUT/MUT hamsters (Figures 6Q, R).



IL-10 deficiency accelerates the development of atherosclerosis on HFD

Since dyslipidemia can lead to atherosclerosis, we performed oil red O (ORO) staining to analyze atherosclerotic plaques. Atherosclerotic lesion area in both whole aorta (Figure 7A) and the aortic root (Figure 7B) was increased in IL10MUT/MUT hamsters with accumulated CD68 (Figure 7C) and LPS (Figure 7D) after 16-week HFD feeding. To better understand the mechanism by which macrophages contributed to the atherosclerotic plaques in IL10MUT/MUT hamsters, we incubated peritoneal macrophages isolated from WT and IL10MUT/MUT hamsters with oxLDL. ORO staining showed that the intracellular lipid accumulation in macrophages of IL10MUT/MUT hamsters was higher than WT hamsters (Figure 7E). Since LRP1 has been shown to integrate macrophage inflammation and cholesterol homeostasis (21), we investigated whether IL-10 deficiency led to an impairment of the LRP1 signaling pathway in our model. The mRNA expression of genes involved in cholesterol efflux regulated by LRP1 were reduced in macrophages of IL10MUT/MUT hamsters, including SHC1, LXRα, ABCA1, and ABCG1. The expression of CD36, which is involved in lipid uptake, was increased (Figure 7F). These findings suggest that loss of IL-10 increased lipid uptake and impaired reverse cholesterol transport (RCT), leading to lipid accumulation and accelerated atherosclerosis.




Figure 7 | IL-10 deficiency accelerated atherosclerotic development in HFD-fed hamsters. (A, B) Analysis of atherosclerotic lesions in whole aorta (A) and sectioned aortic roots (B). Representative images were shown in left panel and quantification was analyzed in right panel (n=5/group). Arrows indicate ORO-positive lesions. (C, D) Immunohistochemistry of CD68 (C) and LPS (D) in aortic roots from WT and IL-10MUT/MUT hamsters on HFD. Bars: 500 μm (top) and 50  μm (bottom). (E) Representative photomicrographs of macrophages stained with ORO. Bars: 50  μm. Arrows indicate ORO positive cells. (F) Expression levels of genes involved in lipid uptake and RCT were determined by real-time PCR (n=5/group). All date were expressed as means ± SEM, *p<0.05; **p<0.01.





Recombinant IL-10 alleviates the phenotype of IL10MUT/MUT hamsters

We postulated that restoring IL-10 levels by replacement therapy should correct the phenotypes observed in IL10MUT/MUT hamsters. To verify this hypothesis, we administered 8-week-old IL10MUT/MUT hamsters 1 μg/kg human recombinant IL-10 (rhIL-10) daily for 3 weeks. Skin inflammation in IL10MUT/MUT hamsters receiving rhIL-10 was obviously reduced compared with saline controls (Figure 8A). The body weight of the rhIL-10 group was also increased (Figure 8B) and the body temperature of rhIL-10 group was normalized (Figure 8C). Complete blood tests confirmed that IL-10 replacement completely corrected the inflammatory status and the number of WBC, GR, MO and LY in rhIL-10 hamsters (Figure 8D). Although the platelet-related indexes of rhIL-10 group were lower than the saline-treated group, (Figure 8E), there was no effect on RBC or HGB levels (Figure 8F). Finally, we assessed the effects of rhIL-10 therapy on lipid metabolism and found increased plasma TG and HDL-C levels (Figures 8G, H). rhIL-10 also normalized plasma LPS (Figure 8I).




Figure 8 | Short-term injection of rhIL-10 corrected the abnormal phenotypes of IL-10MUT/MUT hamsters on chow diet. (A) Representative images of WT hamsters injected with saline (WT + saline), IL-10MUT/MUT hamsters injected with saline (IL-10MUT/MUT + saline) and IL-10MUT/MUT hamsters intraperitoneally injected with rhIL-10 for 21 days (1 μg/kg/day, IL-10MUT/MUT + IL-10). (B) Body weight curve of WT + saline, IL-10MUT/MUT + saline and IL-10MUT/MUT + IL-10 hamsters (n=5/group). (C) Body temperature of WT + saline, IL-10MUT/MUT + saline and IL-10MUT/MUT + IL-10 hamsters on day 21 after injection (n=5/group). (D, E and F) The blood biochemical characteristics of WT + saline, IL-10MUT/MUT + saline and IL-10MUT/MUT + IL-10 hamsters on day 21 after rhIL-10 injection (n=5/group). (G, H) Plasma TG (G) and HDL-C (H) from WT + saline, IL-10MUT/MUT + saline and IL-10MUT/MUT + IL-10 hamsters on day 21 after injection (n=5/group). (I) Plasma LPS level from WT + saline, IL-10MUT/MUT + saline and IL-10MUT/MUT + IL-10 hamsters on day 21 after injection (n=5/group). All date were expressed as means ± SEM, *p<0.05; **p<0.01.






Discussion

Although the anti-inflammatory role of IL-10 is well documented, the relationship between IL-10, inflammation and lipid metabolism is still not completely understood. In particular, conflicting results have been reported on the influence of IL-10 on atherosclerosis in experimental mouse models. In the present study we developed a mutant hamster model lacking IL-10 using CRISPR/Cas9 gene editing. Our results showed that loss of IL-10 signaling impaired the homeostasis of gut microbiota, leading to release of LPS into the circulation. LPS in turn caused dystrophy of WAT by increasing LPL-mediated lipolysis and apoptosis of adipocytes, and abnormal lipid metabolism. IL10MUT/MUT hamsters showed increased VLDL secretion by the liver, reduced hepatic　expression of LCAT and ABCA1, and blockade of LRP1-mediated cholesterol efflux from macrophages. Ultimately, all of these changes were associated with accelerated atherosclerotic development on a lipid-rich diet.

Unlike mice with IL-10 deficiency generated by gene target using homologous recombination (22), we constructed an IL-10 mutant hamster model using CRISPR/Cas9 gene editing due to an unsolved issue of embryonic cell culture in vitro (23). Although mRNA expression levels of IL-10 were reduced by 60% in IL10MUT/MUT hamsters, IL-10 protein was largely absent in circulation, indicating that the mutant IL-10 protein produced was not stable. Previous interspecies studies reported that amino acids GLN-LEU-ASP-ASN at positions 42 to 45 are conserved among human, mouse, hamster and other species. These residues are localized at the junctions of helices A and B and required for proper protein folding and maturation (24). Moreover, GLN42 and ASP44 have been identified as essential for the binding of IL-10 to IL-10RA (25, 26). Thus, CRISPR/Cas9-based targeting IL-10 at positions at 42-45 generated a dysfunctional mutant IL-10 protein, effectively silencing IL-10 signaling and causing systemic inflammation.

Patients carrying loss-of-function IL-10 or IL-10R mutations are at a high risk of Ulcerative colitis (UC) and Crohn’s disease (CD), IBD syndromes which involve chronic inflammation of the gut. IBD is characterized by diarrhea, rectal bleeding, abdominal pain, fatigue and weight loss, depending on the severity of inflammation (27). We showed that the lack of IL-10 in hamsters caused an overt reduction in body weight and reduction in WAT mass, similar to that reported in mice (28); however, unlike IL-10 knockout (KO) mice with only mild inflammation, IL-10 mutant hamsters displayed severe systemic inflammation and swelling, suggesting that hamsters were predisposed to active IBD caused by IL-10 deficiency.

Interestingly, Rajbhandari and colleagues reported that loss of IL-10 in mice increased adipose thermogenesis, browning of WAT and improved insulin sensitivity (28). However, the IL-10 KO mice used by Rajbhandari et al. did not exhibit IBD or systemic inflammation. In our hamster model, the expression of thermogenic genes was increased in BAT but not WAT. Histological analysis revealed macrophage accumulation and increased cell death in WAT in IL10MUT/MUT hamsters. These findings suggest that inflammation-mediated induction of apoptosis plays key role in WAT dystrophy in our model. Furthermore, in contrast to the improved insulin sensitivity reported in IL-10 KO mice, we observed impaired glucose and insulin tolerance consistent with the expected consequences of increased systemic inflammation in our model. The basis for the differences in gut and systemic inflammation between IL-10-deficient mice and hamsters not yet clear.

LPS, derived from Gram-negative bacteria in gut (29), is a potent inducer of inflammation. Patients with IBD have been reported to show abnormal gut microbiota profiles (30). We hypothesized that homeostasis of gut microbiota was impaired in IL10MUT/MUT hamsters. Our multi-analysis of microbiota from feces showed an increase in the contents of Proteobacteria species and a reduction in Firmicutes species, as well as reduced concentration of probiotics such as lactobacillus and allobaculum in IL10MUT/MUT hamsters. We propose that this impairment of gut microbial homeostasis leads to destruction of gut barrier and enhanced delivery of LPS to the circulation and systemic inflammation (31). Interestingly, our data revealed that although the concentration of LPS in plasma, WAT and liver was elevated in IL-10MUT/MUT hamsters, the co-localization of LPS and macrophages was only seen in WAT, suggesting differential mechanisms regulating the trafficking of LPS. Previously, Hersoug et al. showed that LPS was incorporated into lipoproteins after entering circulation and then internalized by macrophages in WAT (32), whereas LPS/lipoprotein complexes were cleared by the liver through a lipoprotein receptor-mediated pathway (33). Our findings in the hamster model are consistent with these observations.

Lipoproteins play an important role in LPS metabolism (31). Syrian golden hamsters exhibit metabolic traits similar to humans, with cholesterol carried predominant on LDL, ApoB editing only in the intestine, and CETP expression (18). Thus hamsters are an ideal model to better understand the influence of IL-10 on lipoprotein metabolism and atherosclerosis. In hamsters, lack of IL-10 caused reduced TG levels without affecting TC concentration; however, lipoprotein fractionation by FPLC demonstrated that the peak of ApoB-containing LDL was increased, whereas ApoA1-containing HDL was decreased. In IL10MUT/MUT hamsters, we speculate that LPL-mediated lipolysis was activated to release free fatty acids (FFAs), which were delivered to liver for TG synthesis. Enhanced VLDL secretion then led to reduced hepatic TG concentrations.

Given that we observed no changes in plasma or hepatic TC or in expression of genes involved in cholesterol synthesis in mutant hamsters, it is possible that more VLDL was converted to LDL in the setting of inflammation-stimulated lipolysis. Our finding that levels of hepatic LCAT and ABCA1, two key genes required for RCT, were reduced may account for the reduction in HDL levels. Of note, LPS preferably binds to ApoB-containing lipoproteins such as LDL and VLDL (34). In the setting of inflammation caused by IL-10 deficiency, LPS and LDL might form complexes that would be delivered to adipose and liver through the pathways described above.

Dietary lipids have been shown to interact with inflammation to worsen dyslidemia. When challenged with HFD, IL10MUT/MUT hamsters developed an unexpected lipoprotein profile with increased TG and reduced HDL-C, but no changes in TC or LDL-C. In contrast to the reduced TG level seen in CD-fed IL10MUT/MUT hamsters, TG was increased in IL10MUT/MUT hamsters under the HFD condition. This finding may result from dystrophic WAT not being able to properly store dietary lipids. The difference in plasma LDL-C and ApoB levels seen on CD may have been masked by diet-induced cholesterol overload with HFD.

Recently, Johansen and colleagues found in the Copenhagen General Population Study that TG-rich VLDL is more atherogenic than LDL per-particle, implying a higher risk of myocardial infarction (35). These finding suggest that VLDL with more TG and cholesterol in IL10MUT/MUT hamsters was more atherogenic, even though the levels of TC and LDL-C did not change. Interestingly, when analyzing the components of atherosclerotic plaques, we found accumulation of macrophages with LPS, indicating that LDL also participated in the process of disease. LDL has been reported to have a prolonged retention time in the subendothelial space compared to VLDL (35). Our in vitro studies revealed that CD36, a molecule responsible for lipid uptake, was increased and LRP1-mediated cholesterol efflux was restrained, ultimately leading to LDL accumulation in IL10MUT/MUT peritoneal macrophages. Therefore, we speculate that VLDL and LDL coordinated with inflammation to accelerate atherosclerosis in IL10MUT/MUT hamsters. Future studies will be needed to clarify the detailed molecular mechanisms by which IL-10 deficiency impairs the LRP1-mediated RCT pathway to promote atherosclerosis.

Direct supplementation of rhIL-10 protein has been shown to alleviate the symptoms of IBD in both IL-10 KO mice and patients with Crohn’s disease (36, 37). In line with these results, we found that administration of rhIL10 for 3 weeks ameliorated inflammation and improved body weight and dyslipidemia in IL10MUT/MUT hamsters. However, because half-life of IL-10 in circulation is only 4.5 hours, daily repeated injections were required to maintain IL-10 at a physiological level in these experiments. Patients with IBD receiving purified IL-10 have adverse effects such as hemoglobin reduction or thrombocytopenia, limiting its therapeutic utility. Emerging data have demonstrated that the adeno-associated virus (AAV) is a promising approach to deliver gene therapy for human disease (38). It will be of interest to use AAV-mediated gene transfer to treat IL10MUT/MUT hamsters as a prelude to considering IL-10 gene therapy for IBD.

In conclusion, we report an IL-10 mutant hamster model and characterize the phenotypes caused by IL-10 deficiency. Our findings clearly demonstrate a role for IL-10 in maintaining lipid and tissue homeostasis, and in preventing atherosclerotic lesion development. These results confirm the causal relationship between IL-10 and atherosclerosis and providing new insight into IL-10 as a potential therapeutic for the prevention or treatment of atherosclerosis.
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Background

In primary biliary cholangitis (PBC), the levels of serum IL-2 were involved in liver inflammation and immune changes. This study aimed to investigate the prognostic significance of serum IL-2 combined with total bilirubin (TBIL) in liver failure and cytokine changes during the disease.



Methods

A total of 160 PBC patients treated with UDCA were included. Parameters at admission were collected, and the COX regression model was used to predict independent risk factors associated with PBC disease progression. We identified the optimal cut-off values and prognosis effects of serum IL-2 and TBIL based on the time-dependent receiver operating characteristic (ROC) curve. We also analyzed the incidence of liver failure with Kaplan-Meier survival analysis. In addition, the changes of cytokines (mainly IL-2) in liver tissues and blood samples from 11 patients with end-stage PBC liver failure and five healthy controls were examined.



Results

Age, IL-2, ALB, γ-GT, ALP, TBIL, Hb, TBA, WBC, and PLT, as well as anti-Sp100, were found to be independent risk factors in PBC patients with liver failure. Patients with decreased serum IL-2 levels and increased TBIL levels have a significantly higher incidence of liver failure and a worse prognosis. Patients with advanced PBC liver failure after liver transplantation exhibited a significant decrease in levels of serum IL-2 and a relatively immunosuppressed status.



Conclusions

The combination of serum IL-2 and TBIL can be a predictor of the progression of liver failure in patients with primary biliary cholangitis, and it is likely to be related to the expression of GM-CSF and G-CSF.
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Introduction

Primary biliary cholangitis (PBC) is a specific immunoreactive liver disease characterized by positive anti-mitochondrial antibodies (AMA). In recent years, the incidence of PBC in the Asia-Pacific region has gradually increased, with the prevalence rate reaching 118.75 cases per million (1). The prognosis of PBC has always been a hot issue of clinical concern (2). Total bilirubin (TBIL) levels were used to predict prognosis from an early stage in PBC patients. However, due to poor prognosis of PBC patients, TBIL lacks early warning and intervention values (3).

Multiple elements influence the occurrence and development of PBC. In the early stages of the disease, various factors, including genes and environment, disrupt liver immune tolerance, resulting in abnormal immune system activation in patients with PBC (4), which further cause the damage of intrahepatic bile duct epithelial cells (BECs). When a number of exogenous antigens (such as bacteria, etc.) are absorbed through the portal vein circulation and contact the small bile ducts, BEC actively binds to external antigens through its surface receptors, then secreting cytokines such as IL-2 (5) to promote its apoptosis. In the process of BEC apoptosis, the E2 component of the pyruvate dehydrogenase complex(PDC-E2) antigen epitope is exposed, triggering immune cells to attack adjacent BECs one after another (6), causing continuous damage and disappearance of the small bile ducts, which in turn leads to liver fibrosis (7, 8).

As the disease progresses, cytokine levels consequently change. Studies have confirmed that the level of Th1 cells in peripheral blood was higher in patients with early-stage PBC than in late-stage when staging is performed by pathological liver biopsy. Advanced intrahepatic Th1 and its secretion of IL-2 levels were low (9–11), which promotes the development of the liver toward fibrosis. The level of IL-2 may be related to the prognosis of patients with PBC. Therefore, by collecting clinical indicators and cytokine detection in patients with PBC, this study explores the change of IL-2 levels in patients with PBC during liver failure and analyzes whether IL-2 in combination with TBIL improves the predictive capacity. In addition, we examined cytokines in patients with PBC liver failure after liver transplantation to observe the changes in cytokine levels (mainly IL-2) in the early stages of PBC onset and end-stage liver failure.



Materials and methods


Study subjects

The present study enrolled 160 PBC patients treated with UDCA at Beijing You ‘an Hospital affiliated with Capital Medical University from January 1, 2010, to July 16, 2018. And Qingdao Liver Transplant Institute (Remaining specimens trimmed from a liver transplant donor) provided donor and preoperative serum of 11 PBC liver transplant patients and five healthy controls.

The diagnosis of PBC was referred to the 2017 guidelines for PBC diagnosis issued by the European Society of Hepatology (12) and the American Association for Research on Liver Disease (13) and met any two or three of the following criteria: (i) Biochemical evidence of cholestasis, mainly characterized by elevated serum alkaline phosphatase (ALP) levels, excluding extrahepatic biliary obstruction; (ii) serum antimitochondrial antibody (AMA) positive; (iii) liver wear histological examination showing nonsuppurative destructive cholangitis with interlobular bile duct destruction. Exclusion criteria included (i) incorporation of autoimmune hepatitis or extrahepatic autoimmune diseases; (ii) infection with hepatitis A, B, C, D, and E; EB virus, cytomegalovirus, or human immunodeficiency virus; (iii) incorporation of other liver diseases such as alcoholic liver disease, drug liver injury, and (iv) the utilize of corticosteroids or immunosuppressive drugs for more than two weeks. Hepatic failure in this study was defined as coagulation dysfunction [prothrombin activity (PTA) <40% or International Standardized Ratio (INR) ≥1.5] and jaundice [total serum bilirubin (TBIL) ≥171μmol/L or daily elevation≥17.1μmol/L].

The study was conducted according to the 1975 Declaration of Helsinki. All the participating institutional research committees approved the protocol under local regulations.



Data collection

The data from 160 patients were collected at the time of initial patient admission. Mainly included demographic data [age, sex], Multi-cytokine detection [interleukin-10 (IL-10), interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-6 (IL-6), interferon-γ(INF-γ), granulocyte-macrophage colony-stimulating factor (GM-CSF)], laboratory examination indicators (alanine transaminase (ALT), aspartate transaminase (AST), γ-glutamyl transpeptidase (γ-GT) and alkaline phosphatase (ALP), total bile acid (ALB), total bilirubin (TBIL), albumin (ALB), International standardized ratio (INR), immunoglobulin triple [immunoglobulin A (IgA), immunoglobulin (IgG), immunoglobulin G, immunoglobulin M (IgM), and associated autoantibody examination [anti-nuclear antibody (ANA), antimitochondrial antibody (AMA), anti-Sp100 antibody, anti-gp210 antibody].et.

In addition, we collected serum and liver tissue specimens from 11 patients with liver failure and five healthy controls and stored them in a refrigerator at -80°C.



Cytokine assay

100mg of liver tissue was ground and lysed in Lysis Buffer on ice for 30min. After a 30-minute-centrifuge at 14000g, the supernatant was collected. The tissue lysate supernatant and serum samples were subjected to cytokine detection using the Human Cytokine/Chemokine Panel I (Merck, HCYTA-60K) kit, and the MILLIPLEX liquid phase mass spectrometry was used for detection.



Statistical analysis

All data were analyzed with SPSS26.0 software (IBM Corporation, Armonk, NY, USA). Continuous variables were expressed as mean ± standard deviation (SD), and an independent sample t-test was used to compare groups. Categorical variables were described in frequency and percentage, and the chi-square test compared groups. Univariate and multivariate Cox regression analysis models were performed to identify independent risk factors associated with disease progression. The Kaplan-Meier method was applied to observe the progression of the disease. The cut-off value was determined based on the ROC curve and the Youden index. P<0.05 was considered statistically significant.




Results


Baseline characteristics and laboratory examination of PBC patients

Of the 160 patients with PBC, 23 (14.4%) were men, and 137 (85.6%) were women. The mean age was 51 years (20 – 84 years) and the median follow-up time was 56 months (1 – 140 months) (Table 1).


Table 1 | Baseline information and laboratory parameters of PBC patients.



As of January 1, 2021, 18 patients (11.3%) have developed liver failure (Table 2). The levels of cytokines, such as IL-10, IL-2, IL-4, IL-6, IFN-γ, and GM-CSF in PBC patients who developed liver failure, were significantly reduced, and the difference in IL-2 between the two groups was statistically significant (P=0.028). Among the liver function biochemical indicators, the levels of ALT, AST, TBA, and TBIL were increased, and the difference in TBA between the two groups was statistically considerable (P <0.05). For autoantibody detection, anti-Sp100, anti-gp210, and ANA were statistically meaningful between the two groups (P <0.01).


Table 2 | Comparison of baseline clinical and laboratory parameters levels at entry between patients with and without liver failure.





Prognostic factors associated with liver failure

Univariate analysis revealed that the incidence of liver failure was remarkably associated with age, IL-2, γ-GT, TBIL, WBC, and anti-Sp100. Moreover, multivariate analysis showed that age(P=0.023), IL-2(P=0.023), TBIL(P=0.001), and anti-SP100(P=0.001) were independent predictors of the development of liver failure (Table 3).


Table 3 | Cox regression analysis of risk factors for liver failure in primary biliary cirrhosis.





Correlation of the serum IL-2 and the clinical indicators

Serum IL-2 was negatively correlated with TBIL (r=-203) and TBA (r=-161) (Figures 1A, B), while IgM (r=0.246) and IgG (r=0.207) showed a positive correlation with serum IL-2(Figures 1C, D).




Figure 1 | Correlation coefficient and P -value between serum IL-2 level and various parameters of patients with PBC. (A) Serum IL-2 was negatively correlated with TBIL (r=-203). (B) Serum IL-2 was negatively correlated with TBA (r=-161). (C) Serum IL-2 was positively correlated with IgM (r=0.246). (D) Serum IL-2 was positively correlated with IgG(r=0.207).





Serum IL-2 in combination with TBIL

Based on the time-dependent ROC curves and Youden’s index, the cut-off values for the serum IL-2 level and TBIL were 0.54pg/ml and 115.21μmol/L, respectively. The time-dependent ROC curves and areas under the curves (AUCs) showed that (Figure 2C) the level of IL-2 combined TBIL (AUC=0.781, P=0.000) was superior to IL-2 (AUC=0.687, P=0.000) (Figure 2A) and TBIL levels alone (AUC=0.664, P=0.001) (Figure 2B). According to Kaplan-Meier analysis (Figures 2D, E), the incidence of liver failure was markedly increased when IL-2 levels were ≤ below 0.54 pg/ml or TBIL ≥ 115.21 μmol/ml. Conversely, when IL-2 level ≥ 0.54pg/ml or TBIL <115.21μmol/ml, the incidence of liver failure in patients decreased dramatically.




Figure 2 | ROC curve and Kaplan-Meier survival curve of IL-2 combined with TBIL. (A) ROC curves for IL-2. (B) ROC curves for TBIL. (C) ROC curve of IL-2 combined with TBIL. (D, E) Cumulative survival of PBC patients were analyzed by the Kaplan-Meier method, using the baseline IL-2 and TBIL levels. (F) Subgroup studies were stratified for the incidence of liver failure in patients by the Kaplan-Meier method based on the levels of baseline IL-2 and TBIL.



Subgroup analysis of the incidence of liver failure based on the cut-off values of IL-2 and TBIL was divided into three groups (Figure 2F). Group A (IL-2≥0.54 pg/ml and TBIL ≤ 115.21μmol/ml), Group B (IL-2≥0.54 pg/ml and TBIL>115.21umol/L or IL-2 <0.54 pg/ml and TBIL ≤ 115.21μmol/ml), and Group C (IL-2 <0.54 pg/ml and TBIL≥115.21μmol/ml). The Kaplan-Meier analysis indicated a slowly escalating prevalence of liver failure in Group A patients, while the rate was substantially higher in group C patients. The difference between the groups was notable (P <0.001).



IL-2 depletion in peripheral blood due to recruitment of IL-2 by GM-CSF in the liver and altered immune status in the patient’s blood

To verify the above results and explore the primary mechanism, we further detected the serum cytokine levels of PBC liver failure after liver transplantation. The outcomes demonstrated that serum IL-2 levels in patients with advanced PBC liver failure after liver transplantation were lower than in healthy controls (Figure 3A). In addition, we performed blood cell count statistics and observed that patients with PBC-LF had lower leukocytes and reduced lymphocyte rates than healthy controls (Figure 3B). Furthermore, several common T lymphocytes secreted cytokines were further tested, showing that, except for a slight increase in serum IL-6 levels and an obvious increment in the acute pro-inflammatory factor IL-8, a large number of classic pro-inflammatory cytokines showed a state of being equal to or even decreasing compared to the control. For example, the serum levels of IL-4, IL-1β, and IL-17A decreased, and the serum levels of pro-inflammatory cytokines TNF-α, IL-15, and IL-17 were close to healthy controls. Moreover, the classic anti-inflammatory cytokine IL-10 increased visibly (Figure 3C), which was inconsistent with the high immune state in PBC patients, presenting a relatively immunosuppressive state.




Figure 3 | Cytokine changes in patients transplanted with advanced PBC liver failure after liver transplantation. (A) IL-2 levels in patients with advanced PBC liver failure after liver transplantation. (B) Changes in the proportion of leukocytes and lymphocytes in liver transplant patients compared to healthy controls (C) Treatment of cytokine changes in liver transplant patients’ blood compared to healthy controls (D) Changes in colony-stimulating factors and chemokines in liver transplant patients’ blood compared to healthy controls (E) Expression of IL-2, GM-CSF, and G-CSF in liver transplant patients’ liver tissues compared to healthy controls (F) Changes in various cytokines in liver transplant patients’ liver tissue compared to healthy controls. (G) PBC immune cell type changes. *P < 0.05; **P < 0.01; ***P < 0.001. NS is the abbreviation of Normal Saline, which stands for the control group.



To further validate this phenomenon, we also examined other cytokines in which the colony-stimulating factors GM-CSF and G-CSF were lower than normal control levels, chemokine CCL2 and CCL5 were higher in the peripheral blood than in healthy controls, and CCL4 showed an upward trend but insignificant (Figure 3D). Additionally, the pro-inflammatory cytokine IL-1alpha was noticeably diminished and IL-15 and IL-17 converged to normal levels compared to healthy controls. We further examined liver cytokine levels in PBC liver patients using the remaining donor tissue as a control to support this conclusion. The results revealed that the majority of the cytokines in the tissue are close to normal and healthy controls (Figure 3F). Among them, GM-CSF and G-CSF were increased, and IL-2 was marginally raised (Figure 3E).

In conclusion, patients with PBC liver failure might have a relatively immunosuppressed state (Figure 3G), predominantly caused by lymphocytopenia, which was probably related to the intervention of IL-2 on CD4 cell differentiation. This phenomenon was likely influenced by GM- CSF, and G-CSF.




Discussion

PBC, formerly known as primary biliary cirrhosis, is an autoimmune disease characterized by progressive damage to the small intrahepatic bile ducts. If left untreated, it can eventually progress to cirrhosis or even liver failure (14, 15). Currently, UDCA is the first-line therapeutic drug for patients with PBC (16). However, due to limited treatment methods, the disease often progresses rapidly (17). Therefore, it is critical to identify the factors that affect the patient’s overall condition to further improve the prognosis.

The level of serum TBIL principally, reflecting the degree of bile duct destruction and cholestasis in PBC patients, is a powerful predictor of clinical endpoint events, having great values for the prognostic assessment (18). Under normal circumstances, the TBIL of patients was unchanged but increased to varying degrees as the disease progresses. Moreover, it has been reported that serum bilirubin levels and Mayo risk score have good value for determining PBC prognosis (19). The Mayo risk score majorly includes bilirubin, albumin, age, prothrombin time, and edema degree (20), where both elevated total bilirubin and prolonged prothrombin time are linked to liver failure. In our study, we demonstrated that TBIL correlated with prognostic survival in patients with PBC, which was consistent with the previous reports. Despite the availability of appropriate treatment, the condition of the patient will still advance very rapidly, when the disease reaches the stage of liver failure.

The pathogenesis of PBC may be related to abnormal immune regulation (21). In the early stage of PBC, there are many Th1 cells infiltrated in the liver tissues of patients (22, 23). The effectors secreted by Th1 cells can antagonize or promote each other, forming a complex network of cytokines to regulate the immune response. IL-2 is a potent mitogen and growth regulator for T cells. After binding to the corresponding receptors on the surface of T lymphocytes, IL-2 can immediately activate JAK1 and JAK3 coupled to the receptors (24, 25), and then promptly cause the tyrosine phosphorylation of STAT3 and STAT5. The over-activated STAT3 and STAT5 could initiate a series of downstream effects (26). To some extent, the level of IL-2 reflects the state of cellular immunity of the body and plays a crucial role in the pathogenesis of various immune diseases (27). Malek constructed a mouse model with IL-2R and concluded that normal development of Treg in the thymus and regular expression of CD25 and Foxp3 are inseparable from IL-2R signaling that could help to maintain CD4 + CD25 + CD 25 + Foxp3 + Treg in the periphery. And the loss of IL-2R signaling can cause autoimmune diseases (28).In our study, we found that IL-2 is an independent risk factor for disease progression(P<0.005), patients with decreased serum IL-2 levels and increased TBIL levels have a remarkable higher incidence of liver failure and poorer prognosis, which was verified by the ROC curve of IL-2 combined with TBIL, with an AUC of 0.781.

Recent studies have taken IL-2’s signaling pathways that control the differentiation and homeostasis of pro-inflammatory and anti-inflammatory T cells as the basis of immunomodulatory molecules, which is a crucial regulator of T cell metabolism (29). Moreover, IL-2 is essential for the development of Tregs in the thymus and the regulation and proliferation of Tregs in peripheral tissues, especially for the transcription program required to maintain Treg function. Our experiment found that the reduction of serum IL-2 levels in patients with advanced PBC liver failure will lead to a decrease in Th1 type cells (serum TNF-α level in the blood approaches the normal value). We also observed a decrease in Th2 cells (lower serum IL-4 levels compared to the control group), an inconsequential increase in Th17 cells (decreased serum IL-17A level and reduced serum IL-1β level as compared to the control group), and an accumulation of Treg cells (marked rise in serum IL-10).

Granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-2 are the most potent cytokines for the induction of tumor-specific systemic immune responses. GM-CSF performs multiple immunomodulatory activities, including promoting the differentiation of granulocytes, macrophages, and eosinophil precursor cells, stimulating and recruiting DCs (30, 31), and enhancing the expression of IL-2 receptors on the T cell surface (32). The present study suggested that using the fusion protein IL2-GMCSF to augment the levels of IL-2 and GM-CSF remarkably facilitates the cellular activity of DCs, involving phagocytosis, proliferation, and cytokine secretion (33). Another study revealed that GM-CSF is a gateway for lymphocytes and inflammatory cells to invade tissues. By binding to heterodimeric receptors, GM-CSF activates JAK2/STAT5 and Ras/Raf/MAPK pathways and initiates downstream reactions, which could activate macrophages, causing a lot of tissue damage (31). In this study, with massive hepatocyte damage in the advanced stage of PBC, the serum IL-2, GM-CSF, and G-CSF levels were relatively increased and macrophages were activated, with massive hepatocyte damage. These changes may be attributed to the regulation of T cell surface receptors by GM-CSF and G-CSF affecting serum IL-2 levels. The different mechanism has vital research value.

IL-2 is a potent mitogen and growth regulator of T cells, whose expression could determine the composition of CD4(+) T cells and has a decisive influence on the homeostasis and development of T cell subsets (including Th1, Th2, Th17, Tfh). IL-2 can promote the differentiation of CD4(+) T cells into Th1 and Th2 cells and inhibit the differentiation of Th17 and Tfh cells, thus making IL-2 an essential regulator of T cell lineage commitment. In addition, IL-2 signaling pathways, which control the differentiation and homeostasis of pro- and anti-inflammatory T cells, are the basis of immunomodulatory molecules. Therefore, signaling stimulation by IL-2 is essential for the maintenance of regulatory T (T-reg) cells and CD4(+) T cells, as well as for the differentiation of CD8(+) T cells into effector T cells after activation (1). Also, it is crucial for the development of Tregs in the thymus and the regulation, proliferation, and maintenance of Tregs in peripheral tissues. These findings are congruent with our experimental results which found that the reduction of IL-2 in patients with PBC liver failure will lead to the decrease of Th1 type cells (TNF-alpha in the blood is close to the normal value), the Th2 type cells (the decrease of IL-4 in blood compared with the normal control), and the Th17 type cells. The increase of cells was not obvious (the IL-17A in the blood was lower than normal, and the IL-1beta was decreased), and the Treg cells were increased (the IL-10 in the blood was significantly increased).

In our study, 18 patients developed liver failure and all of them exhibited a trend of elevated TBIL. We demonstrated that the combination of IL-2 and TBIL could better predict the outcome of PBC. By examining the correlation of IL-2 with clinical data, we found that reduced IL-2 levels may reflect poor liver function. This study also provides the first evidence for the predictive efficacy of serum IL-2 combined with TBIL in PBC patients with liver failure.

Meanwhile, IL-2 in combination with TBIL can predict the outcome of PBC patients treated with UDCA, which may be related to the expression of GM-CSF and G-CSF. And the fusion protein IL2-GMCSF has been studied to enhance IL-2 and GM-CSF levels to interfere with tumor immune response. This study hopes to provide a new way of predicting the disease development process in PBC patients through our exploration. Moreover, further validation is expected to explore a mechanism to achieve molecular intervention for the prognosis of PBC patients.

There are also some limitations of our study. First of all, this was a single-center retrospective study, which needs to be further verified in multiple centers. Secondly, the clinical sample size of this study is relatively small, and the conclusions need to be validated in a larger range of sample sizes. Then, plasma cytokine levels were tested only once and could not be measured a second time later, making it impossible to assess changes in plasma cytokine levels based on specific outcomes (e.g., improvement/worsening of liver failure). In addition, according to available data, this study determined that serum IL-2 could regulate the immune mechanism of hepatocytes but lacked the exploration of immune mechanism which would be verified in our future experiments by Vivo and Vitro experiments, such as cytokine detection, flow immune cell population analysis and so on.



Conclusions

Our study, for the first time, demonstrated the prognostic significance of serum IL-2 combined with TBIL and is likely to be related to the expression of GM-CSF and G-CSF in liver failure in PBC patients.
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Acute kidney injury (AKI) is associated with high risk of mortality, post-disease renal fibrosis, kidney dysfunction and renal failure. Renal macrophages play a key role in the pathogenesis (M1 subpopulation), healing and remodeling (M2 subpopulation) in AKI and, thus, have been a promising target for clinical treatment of AKI. Here, in a mouse renal ischemia/reperfusion injury (IRI) model for AKI, we showed that renal macrophages could be further classified into Clec7a+ M1 macrophages, Clec7a- M1 macrophages, Clec7a+ M2 macrophages and Clec7a- M2 macrophages, representing distinct macrophage populations with different functionality. Interestingly, Clec7a+ M1 macrophages exhibited potent pro-inflammatory and phagocytic effects compared to Clec7a- M1 macrophages, while Clec7a- M2 macrophages exhibited better proliferating and migrating potential, which is critical for their role in tissue repairing after injury. These data from mice were further strengthened by bioinformatics analyses using published database. In vivo, combined expression of Clec7a in M1 macrophages and depletion of Clec7a in M2 macrophages significantly improved the renal function after IRI-AKI. Together, our data suggest that Clec7a is crucial for the fine regulation of macrophage phenotype during AKI and could be a novel target for boosting clinical therapy.




Keywords: acute kidney injury (AKI), ischemia/reperfusion injury (IRI), macrophages, Clec7a, M1 macrophages, M2 macrophages



Introduction

Acute kidney injury (AKI) is characterized with a rapid renal dysfunction, post-disease renal fibrosis and renal failure (1). Ischemia/reperfusion injury (IRI) is one of the major causes of AKI (2–5). The high mortality rate of AKI is largely due to the lack of early diagnosis methods and the lack of specific treatments (6). IRI induces innate immune responses, activate complement and innate immune cells, and release a large number of damage-related molecules, cytokines, chemokines and inflammatory mediators, which in turn recruit and activate immune inflammatory cells such as macrophages into the microenvironment of renal injury, causing renal tubular damage, the necrosis and apoptosis of tubular epithelial cells (TECs) (7). Phagocytic classic macrophages (M1 macrophages) and phagocytic TECs that synergistically phagocytose the surrounding Injured cells are the key innate immune cells regulating injury, repair, or fibrotic renal tissue remodeling (8). At the time of inflammation clearance, tissue regeneration and repair involving alternatively activated macrophages (M2 macrophages) are also initiated and progressed (9).

Since renal macrophages play a key role in the pathogenesis (M1 subpopulation), healing and remodeling (M2 subpopulation) in AKI and, thus, have been a promising target for clinical treatment of AKI (10). Lipopolysaccharide (LPS) is the major components of the cell wall of bacteria (11). The LPS-induced macrophages are M1-polarized and have irregular cell morphology (11). On the other hand, macrophages undergo M2-type polarization upon stimulation with interleukin (IL)-4/13 (11). IL-4 is a multifunctional cytokine that reduces the production of pro-inflammatory cytokines and plays a key role in regulating immune and inflammatory responses (11). Both M1 and M2 macrophages as well as their transition are critical for AKI (12). However, the exact molecular phenotypic regulation of renal macrophages is not known.

C-type lectin domain family 7 member A (Clec7a, or Dectin-1) is a transmembrane protein containing an intracellular immunoreceptor tyrosine-based activation (ITAM)-like motif and an extracellular C-type lectin-like domain for recognition (13). Clec7a is expressed by macrophages and some other immune cells and is believed to control the innate immune responses to pathogens and the phagocytotic properties (14–16), through regulating phagocytosis and production of reactive oxygen species (ROS) (17). Moreover, a recent study has shown that Clec7a is critical for macrophage polarization during renal interstitial fibrosis (18). However, the expression pattern of Clec7a in macrophages, as well as its relation to AKI, has not been studied before and thus addressed in the current study.



Materials and methods


Ethical approval of research protocols

This study including the animal protocols has been approved by Fudan University Research Ethic Committee and Fudan University Animal Care and Use Committee.



Animal experiments

C57/Bl6 mice (SLAC Laboratory Animal, Shanghai, China) were kept on a 12-hour light/12-hour dark cycle in a strictly temperature-controlled room, allowed for ad libitum access to water and food. The male and female mice were randomly and equally divided into experimental groups of 6 each (3 males and 3 females): 1) Group 1: Sham, 2) Group 2: IRI, 3) Group 3: IRI and in situ administration of adeno-associated virus (AAV) serotype 2 carrying pCD86-Scramble (Scr) and AAV serotype 2 carrying pCD163-Scr, 4) Group 4: IRI and in situ administration of AAV serotype 2 carrying pCD86-Clec7a and AAV serotype 2 carrying pCD163-Scr, 5) Group 5: IRI and in situ administration of AAV serotype 2 carrying pCD86-Scr and AAV serotype 2 carrying pCD163-siRNA for Clec7a (si-Clec7a), 6) Group 6: IRI and in situ administration of AAV serotype 2 carrying pCD86-Clec7a and AAV serotype 2 carrying pCD163-si-Clec7a. For IRI model, mice received a 12 hours’ fasting and then anesthetized with 2.5% chloral hydrate. A 12-mm longitudinal incision was made along both the left and right sides of the spine to squeeze out the kidneys and separate the renal pedicles to be clamped for 40 minutes. Reperfusion was done by removal of the clamps and kept for 24 hours. The virus was injected (1011 viral particles per injection) locally at the time of the end of the ischemia treatment.



Measurement of renal function

At the end of the reperfusion (24 hours), blood samples were taken immediately by a heart puncture. The serum fraction was obtained after a 5 minutes’ centrifugation at 4,000 × g. The levels of serum creatinine and blood urea nitrogen were determined using corresponding diagnostic kits (ab65340, Abcam, Cambridge, MA, USA; EIABUN, BUN Colorimetric Detection Kit, ThermoFisher Scientific, Rockford, IL, USA).



Isolation and differentiation of BMDMs

Bone marrow-derived macrophages (BMDMs) were isolated from 10-week-old male C57/Bl6 mice. The mouse bone marrow was withdrawn from the exposed marrow cavity with a 5ml syringe into an Iscove’s Modified Dulbecco’s Media (IMDM) containing 11% Fetal Bovine Serum (FBS), 8 units/ml penicillin and 80 mg/mL streptomycin. BMDMs were obtained after culturing in IMDM containing 11% FBS, 8 units/ml penicillin, 80 mg/mL streptomycin and 10 ng/ml macrophage colony stimulating factor (M-CSF) for 7 days at 37℃ and 5% CO2. M1 macrophages were induced by 100 ng/ml LPS and 20 ng/ml interferon gamma (IFN-ɣ) for 24 hours, while M2 macrophages were induced by 20 ng/ml IL-4 (19).



Measurement of macrophage phagocytosis

Phagocytosis was measured by a specific assay (ab211156, Abcam). Differentiated M1 mouse macrophages were seeded at 20,000 cells/well overnight in a 96-well plate, after which 1,000,000 Zymosan particles were added for a 30 minutes’ phagocytosis process. Zymosan intake by macrophages was measured according to the protocol.



Plasmids and adeno-associated virus

Mouse CD86 and CD163 promoters were cloned using mouse genomic DNA as templates, with information from UniProtKB/Swiss-prot. Complete coding sequence for Clec7a was obtained from the cDNA generated from mouse macrophages. Si-RNA for Clec7a was purchased from Santa Cruz (sc-63277). A scramble sequence (SCR) was used as a control for the transgenes. Lipofectamine 3000 (Invitrogen, CA, Carlsbad, USA) was used for generating AAVs (serotype 2, Vector Biolabs, Malvern, PA, USA).



Flow cytometry

The mouse kidney tissue was digested with PBS with 0.2% trypsin (Invitrogen) and 5mg/ml DNase (Invitrogen) for 25 minutes to obtain a single cell fraction for fluorescence activated cell sorting (FACS). Macrophages were isolated based on double positive immunofluorescence for CD68 (with a FTIC-conjugated anti-CD68 antibody, #562117, Becton-Dickinson Biosciences, San Jose, CA, USA) and CD11b (with an Cy5-conjugated anti-CD11b antibody, #553311, Becton-Dickinson Biosciences). CD68+CD11b+ macrophages were further separated by their positivity for CD163 (with an Cy5-conjugated anti-CD163 antibody, #563887, Becton-Dickinson Biosciences) and Clec7a (with an BV421-conjugated anti-Clec7a antibody, #749795, Becton-Dickinson Biosciences). The flow cytometry data were analyzed and presented by Flowjo (Flowjo LLC, Ashland, OR, USA).



EILISA

Protein values were determined by the corresponding ELISA kits for iNOS, TNFα, IL-1β, ARG1, TGFβ1, VEGF-A and IL-4 (R&D Biosystem, Beijing, China).



Measurement of cell growth, invasion and migration

Cell growth was determined by a CCK-8 assay (Millipore, Bedford, MA, USA). Cell invasion and migration were done after 28 hours’ culture using xCELLigence RTCA DP Cell Invasion and Migration (CIM) Assay kits. For measurement of cell migration, CIM-Plate 16 was assembled, equilibrated in 37°C incubator for 1 hour. Afterwards, cells were added to the CIM-Plate 16 for 1 hour to allow attached. Afterwards, the CIM-Plate 16 was loaded into an xCELLigence RTCA DP instrument for 28 hours. Next, the data acquisition was stopped and the migrated cells on the underside of the membrane were stained and measured. For measurement of cell invasion, the upper chamber was coated with Matrigel and placed in a 37°C incubator for 6 hours. CIM-Plate 16 was then assembled, equilibrated in 37°C incubator for 1 hour. Afterwards, cells were added to the CIM-Plate 16 for 1 hour to allow attached. Afterwards, the CIM-Plate 16 was loaded into an xCELLigence RTCA DP instrument for 28 hours. Next, the data acquisition was stopped and the invaded cells were stained and measured.



Statistical analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) test (GraphPad Software, version 9, Inc. La Jolla, CA, USA). “*” represents significance (p<0.05), while “ns” represents no significance (p>0.05). The group number (n) was determined by Power test, and n=4~6 was used. Individual values were shown in the figures.




Results


Bioinformatics show significant increases in Clec7a in renal macrophages after IRI-AKI

The role of macrophages in AKI have been recently acknowledged. In a very nice study by Lever et al. (9), renal macrophages at development, quiescent status and during AKI were separated and analyzed in mice. We re-investigated the data that were published at the GEO database GSE121410. To our interest, we found that CD163, a M2 macrophage marker, was highly expressed in the developing kidney, but greatly leveled down in the quiescent adult kidney, suggesting that M2-polarized macrophages may play roles in the organogenesis of kidney (Figure 1A). The levels of CD163 in renal macrophages after AKI were, however, significantly increased in both resident macrophages (AKI-KRM) and circulating monocytes -derived macrophages (AKI-mono), suggesting that M2-polarized macrophages may play roles in the pathological progression of AKI (Figure 1A). Next, we analyzed the levels of vascular endothelial growth factor A (VEGF-A) in different macrophage populations. We found that VEGF-A was highly expressed in the developing kidney, but greatly leveled down in the quiescent adult kidney, suggesting that VEGF-A in macrophages may play roles in the vascular formation of the developing kidney (Figure 1B). The levels of VEGF-A in renal macrophages after AKI were, however, significantly increased in both AKI-KRM and AKI-mono, exceeding the levels of VEGF-A in the renal macrophages from the developing kidney, suggesting that macrophage-derived VEGF-A may play critical roles in the tissue repair and angiogenesis after AKI (Figure 1B). Interestingly, transforming growth factor β 1 (TGFβ1), a key pro-fibrotic factor, was even lower in AKI-KRM and AKI-mono, compared to the renal macrophages at quiescence, suggesting that macrophages may not the major source of the pro-fibrotic factors after AKI (Figure 1C). Lastly, we found that Clec7a, a factor associated with innate immune responses to pathogens and the phagocytotic properties, were significantly increased in the AKI-KRM and AKI-mono, compared to the renal macrophages at quiescence, suggesting its involvement in the regulation of post-AKI tissue response and repair by macrophages (Figure 1D).




Figure 1 | Bioinformatics show significant increases in Clec7a in renal macrophages after IRI-AKI. (A–D) Data were obtained from GEO database GSE121410, which recorded the analysis on mouse renal macrophages at development (Dev), quiescent status (Qui) and during AKI. AKI-macrophages were further separated as resident macrophages (AKI-KRM) and circulating monocytes -derived macrophages (AKI-mono). Transcript reads for CD163 (A), VEGF-A (B), TGFβ1 (C) and Clec7a (D) were shown. *p<0.05. ns, no significant.





Differential expression of Clec7a in renal macrophages at quiescence and during AKI

Next, we used a renal ischemia/reperfusion injury (IRI), a mouse model for AKI, to study the importance of Clec7a in macrophages. First, we digested the kidney from mice with/without AKI, and sorted renal macrophages based on their double positivity for CD68 and CD11b (upper panels in Figure 2A). Next, the CD68+CD11b+ macrophages were further separated based on their positivity for CD163 and Clec7a (lower panels, Figure 2A). We found that renal macrophages could be further classified into Clec7a+CD163- M1 macrophages, Clec7a-CD163- M1 macrophages, Clec7a+CD163+ M2 macrophages and Clec7a-CD163+ M2 macrophages, representing distinct macrophage populations (Figure 2A). The percentage of CD68+CD11b+ macrophages in the kidney was slightly but significantly higher after AKI (Figures 2A, B). Moreover, the percentage of Clec7a-CD163- M1 macrophages in the kidney was significantly reduced after AKI (Figures 2A, C), while the percentage of Clec7a+CD163- M1 macrophages, Clec7a+CD163+ M2 macrophages and Clec7a-CD163+ M2 macrophages in the kidney were all significantly increased after AKI (Figures 2A, C). In order to understand the difference and functionality of these 4 renal macrophage subpopulations, we analyzed some key genes associated with macrophage polarization and function by ELISA. We detected significant higher levels of inducible nitric oxide synthase (iNOS), tumor necrosis factor alpha (TNFα) and IL-1β in the Clec7a+CD163- M1 macrophages compared to the Clec7a-CD163- M1 macrophages, suggesting that Clec7a may increase the M1-associated phenotype and cytokine production in M1 macrophages (Figure 2C). On the other hand, we detected significant lower levels of arginase 1 (ARG1), TGFβ1 and VEGF-A in the Clec7a+CD163+ M2 macrophages compared to the Clec7a-CD163+ M2 macrophages, suggesting that Clec7a may reduce the M2-associated phenotype and cytokine production in M2 macrophages (Figure 2C).




Figure 2 | Differential expression of Clec7a in renal macrophages at quiescence and during AKI. (A–C) In a mouse renal ischemia/reperfusion injury (IRI) model for AKI, we isolated renal macrophages based on their double positivity for CD68 and CD11b, and then further separated them based on their positivity for CD163 and Clec7a to obtain 4 populations: Clec7a+CD163- M1 macrophages, Clec7a-CD163- M1 macrophages, Clec7a+CD163+ M2 macrophages and Clec7a-CD163+ M2 macrophages, shown by representative flow charts (A), and by quantification for the percentage of CD68+CD11b+ macrophages (B) and of 4 different subpopulations (C). (D) ELISA for some genes associated with macrophage polarization and function. *p<0.05.





Clec7a does not alter polarization of M1 or M2 macrophages

Next, we examined whether Clec7a may alter polarization status of M1 or M2 macrophages. We generated plasmids carrying Clec7a or si-Clec7a under a cytomegalovirus (CMV) promoter (Figure 3A). Transfection of mouse macrophages by Clec7a significantly increased Clec7a levels, while transfection of mouse macrophages by si-Clec7a significantly decreased Clec7a levels by ELISA (Figure 3B). Of note, Transfection of mouse macrophages by Clec7a significantly increased levels of TNFα and IL-1β, and significantly decreased levels of TGFβ1 and VEGF-A, while transfection of mouse macrophages by si-Clec7a significantly decreased levels of TNFα and IL-1β, and significantly increased levels of TGFβ1 and VEGF-A (Figure 3C). However, the levels of iNOS, CD163 and ARG1 were unchanged by Clec7a modifications (Figure 3C), suggesting that Clec7a does not alter polarization status of M1 or M2 macrophages.




Figure 3 | Clec7a does not alter polarization of M1 or M2 macrophages. (A) Schematic of generating plasmids carrying Clec7a or si-Clec7a or scramble control under a cytomegalovirus (CMV) promoter. (B) ELISA for Clec7a levels. (C) ELISA for iNOS, TNFα, IL-1β, CD163, ARG1, TGFβ1 and VEGF-A. *p<0.05. ns, no significant.





Clec7a increases phagocytic potential of M1 macrophages

Since our data showed that Clec7a+CD163- M1 macrophages expressed higher iNOS, TNFα and IL-1β (Figure 2D), and since Clec7a increased TNFα and IL-1β in mouse macrophages (Figure 3C), we hypothesized that Clec7a may alter the phagocytosis of M1 macrophages. To prove it, we did a phagocytosis assay using Clec7a or si-Clec7a transfected LPS/IFN-ɣ-primed M1 macrophages. We found that transfection of mouse M1 macrophages by Clec7a significantly increased their phagocytosis, while transfection of mouse M1 macrophages by si-Clec7a significantly decreased their phagocytosis (Figure 4). Thus, Clec7a increases phagocytic potential of M1 macrophages.




Figure 4 | Clec7a increases phagocytic potential of M1 macrophages. A phagocytosis assay using Clec7a or si-Clec7a transfected LPS/IFN-ɣ-primed M1 macrophages. *p<0.05.





Clec7a depletion in M2 macrophages increases cell proliferation and migration

Since our data showed that Clec7a-CD163+ M2 macrophages expressed higher ARG1, TGFβ1 and VEGF-A (Figure 2D), and since Clec7a decreased TGFβ1 and VEGF-A in mouse macrophages (Figure 3C), we hypothesized that Clec7a may reduce the repairing potential of M2 macrophages. To prove it, we measured the growth and invasion/migration potential of Clec7a or si-Clec7a transfected IL-4-primed M2 macrophages. We found that transfection of mouse M2 macrophages by Clec7a significantly decreased their growth (Figure 5A), invasion and migration (Figures 5B, C), while transfection of mouse M2 macrophages by si-Clec7a significantly increased their growth (Figure 5A), invasion and migration (Figures 5B, C). Thus, Clec7a depletion in M2 macrophages increases macrophage proliferation and migration.




Figure 5 | Clec7a depletion in M2 macrophages increases cell proliferation and migration. Cell growth, invasion and migration were measured in Clec7a or si-Clec7a transfected IL-4-primed M2 macrophages. (A) CCK-8 assay. (B, C) Cell invasion and migration assay, shown by quantification (B) and by representative images (C). *p<0.05. Scale bars are 150µm.





Combined expression of Clec7a in M1 macrophages and depletion of Clec7a in M2 macrophages significantly improve renal function after IRI-AKI

Since our in vitro suggests that expression of Clec7a in M1 macrophages may increase their phagocytosis, while depletion of Clec7a in M2 macrophages may increase their repairing potential, we assessed the effects of these two approaches on the recovery of renal function after IRI-AKI in mice. To allow specific expression of Clec7a in M1 macrophages and specific expression of si-Clec7a in M2 macrophages, we generated AAVs carrying Clec7a under a M1-specific CD86 promoter (pCD86-Clec7a) and AAVs carrying si-Clec7a under a M2-specific CD163 promoter (pCD163-si-Clec7a). Corresponding Scr controls were also generated (Figure 6A). We found that pCD86-Clec7a significantly increased Clec7a levels in M1 macrophages, but not in M2 macrophages, while pCD1163-si-Clec7a significantly decreased Clec7a levels in M2 macrophages, but not in M1 macrophages, confirming the quality and specificity of these AAVs (Figure 6B). Next, mice were allotted into 6 groups. 1) Group 1: Sham, 2) Group 2: IRI, 3) Group 3: IRI and in situ administration of AAVs carrying pCD86-Scr and AAVs carrying pCD163-Scr, 4) Group 4: IRI and in situ administration of AAVs carrying pCD86-Clec7a and AAVs carrying pCD163-Scr, 5) Group 5: IRI and in situ administration of AAVs carrying pCD86-Scr and AAVs carrying pCD163-si-Clec7a, 6) Group 6: IRI and in situ administration of AAVs carrying pCD86-Clec7a and AAVs carrying pCD163-si-Clec7a. Renal levels of some cytokines associated with macrophages were determined, showing alterations by the corresponding treatments (Figure 6C). Renal function was measured 24 hours after IRI, showing significant improvement in serum creatinine (Figure 6D) and blood urea nitrogen (Figure 6E) by either expression of Clec7a in M1 macrophages or depletion of Clec7a in M2 macrophages, but the combined usage of two approaches generated significantly better outcome (Figures 6D, E). Together, Combined expression of Clec7a in M1 macrophages and depletion of Clec7a in M2 macrophages significantly improve renal function after IRI-AKI.




Figure 6 | Combined expression of Clec7a in M1 macrophages and depletion of Clec7a in M2 macrophages significantly improve renal function after IRI-AKI. (A) Schematic to show generation of AAVs carrying Clec7a under a M1-specific CD86 promoter (pCD86-Clec7a) and AAVs carrying si-Clec7a under a M2-specific CD163 promoter (pCD163-si-Clec7a). Corresponding Scr controls were also generated. (B) ELISA for Clec7a levels in M1/M2 macrophages. (C–E) Mice were allotted into 6 groups. 1) Group 1: Sham, 2) Group 2: IRI, 3) Group 3: IRI and in situ administration of AAVs carrying pCD86-Scr and AAVs carrying pCD163-Scr, 4) Group 4: IRI and in situ administration of AAVs carrying pCD86-Clec7a and AAVs carrying pCD163-Scr, 5) Group 5: IRI and in situ administration of AAVs carrying pCD86-Scr and AAVs carrying pCD163-si-Clec7a, 6) Group 6: IRI and in situ administration of AAVs carrying pCD86-Clec7a and AAVs carrying pCD163-si-Clec7a. (C) ELISA for macrophage-derived cytokines, IL-1β and IL-4. (D, E) Renal function was measured 24 hours after IRI, by serum creatinine (D) and by blood urea nitrogen (E). *p<0.05. ns, no significant.






Discussion

Repair after IRI mainly includes two processes: the solution of the local inflammation and the tissue regeneration mainly through TECs (20). Infiltrating inflammatory cells, in particular macrophages, play an important role in AKI initiation and repair-associated cell proliferation (21). Macrophages not only induces the apoptosis of TECs by secreting inflammatory cytokines and participates in the early injury during IRI, but also participates in the repair of renal tubules after IRI by regulating the inflammatory immune response (22). IRI can induce apoptosis or necrosis of TECs, resulting in decreased tubular integrity and interstitial inflammatory cell infiltration (23). At beginning, pro-inflammatory M1 macrophages was recruited to the kidney, and anti-inflammatory M2 macrophages predominated later on (24). Our model does not allow lineage tracing of resident macrophages versus circulation-derived monocytes/macrophages. Use of some markers to distinguish these two populations is not reliable, since macrophages alter their phenotypes in the progression of IRI, and during their infiltration to kidney from circulation. Thus, the contribution of Clec7a+ cells from different origins to the solution of IRI is not clear, which could be addressed in the future studies.

Clec7a is a specifically expressed in innate immune cells, is believed to be involved in the innate immune responses to pathogens and the phagocytotic properties (14–16). Therefore, it is expected to be involved in the early phase of AKI to help removal of pathogens and dead cells. In this stage, M1 macrophages play more important roles and compromised functionality of M1 macrophages could result in suboptimal clearance of the debris, which is harmful for the cell/tissue regeneration and functional recovery at later phase (25). Thus, it is not surprising that increased Clec7a levels in M1 macrophages improves the outcome of functional recovery of the kidney after AKI. In the animal model, we used CD86 as a specific promoter for M1 macrophage. However, CD86 is low expressed in some non-macrophages, such as dendritic cells and lymphocytes, which is a limitation of the current study.

On the other hand, our data also showed that expression of Clec7a in M2 macrophages may compromise their repairing potential, which is likely due to its suppression on angiogenic factor VEGF-A and tissue remodeling factor TGFβ1. Although Clec7a did not obviously alter the polarization status of a macrophage, its fine regulation of genes associated with the function of macrophages could have effects on the progression of the pathological events occurring during AKI (20). Indeed, a time-sensitive phenotypic alteration in renal macrophages may exert a critical influence on the outcome of AKI (26). Here, we provide a novel strategy to boost clinical therapy for AKI.
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Graphical Abstract | This study investigated the value of preoperative inflammatory biomarkers NLR, MLR, PLR, SII, and SIRI in predicting aorta-related adverse events
(AAEs) after thoracic endovascular aortic repair (TEVAR) for type B aortic dissection. The increased SIRI and age were independently associated
with postoperative AAEs after TEVAR. Preoperative SIRI serves as an effective prognostic risk factor in patients with type B aortic dissection.







Introduction

As we enter a new epoch of minimally invasive therapy, thoracic endovascular aortic repair (TEVAR) has become the first choice for complicated type B aortic dissection (TBAD) (1). However, a satisfactory aortic remodeling was limited to a subset of patients due to the postoperative adverse events following TEVAR.

The past decades have witnessed a growing number of biomarkers investigated to refine stratification of patients for diagnosis and prognosis prediction. While previous studies concerning the risk factors of postoperative complications after TEVAR focused mainly on anatomic and morphologic features and their changes during the follow-up based on imaging methods (2–5).

Although the pathogenesis of aortic dissection (AD) is not yet clear, accumulating clinical evidence indicate that an increased systemic inflammatory status is a crucial determinant of post-interventional outcomes after TEVAR for patients with AD (6–10). Several inflammation and immune-based prognostic scores were established to monitor the state of systemic inflammatory response, such as neutrophil-to-lymphocyte ratio (NLR), monocyte-to-lymphocyte ratio (MLR), and platelet-to-lymphocyte ratio (PLR), and were consequently proven to effectively predict the prognosis of various tumors (11–18) and cardiovascular diseases (19–22). In addition, the systemic immune-inflammation index (SII), which might more comprehensively reflect the balance of host inflammatory and immune status, was a promising independent predictive factor for prognosis of patients with hepatocellular carcinoma after surgery (23). The systemic inflammation response index (SIRI), firstly reported for its ability to predict the survival of patients with pancreatic adenocarcinoma after chemotherapy, was an amalgamated predictor to reflect innate and adaptive immunity in response to cancer (24).

Nonetheless, the risk stratification model of AD is yet to include inflammatory markers, of which the individual and combined impact on prediction of adverse events after TEVAR in TBAD remain unclear. This study aimed to elucidate the association between the preoperative inflammatory biomarkers (namely NLR, MLR, PLR, SII, and SIRI) and long-term clinical outcomes after TEVAR for TBAD.



Materials and methods


Study population

This study was approved by the Ethics Committee of Zhongshan Hospital of Fudan University (IRB number B2019-231R; December 18th, 2019). Informed consent was obtained from all the participants. We retrospectively collected and analyzed the clinical data of patients with type B aortic dissection who underwent surgery in the Zhongshan Hospital of Fudan University between November 2016 and November 2020. Patients were included if they were diagnosed with type B aortic dissection, which was confirmed through computed tomography angiography (CTA) and had signed informed consent for TEVAR, which was approved by institutional review board. Patients were excluded if they met any of the following criteria: (1) patients who had received open surgery due to Marfan syndrome or bicuspid aortic valve malformation; (2) patients had other conditions that affect the count of inflammatory cells such as active malignant tumors, acute infections, anti-inflammatory medication within the previous three months, hemopoietic system disorders, or autoimmune diseases; (3) patients whose preoperative laboratory data from primary or secondary centers were unavailable for review at the time of data collection; and (4) patients who were lost to follow-up postoperatively or not followed up to one year. Baseline clinical features, imaging results, surgical records, and clinical outcomes of the participants were obtained from their medical records.



Exposure definition

The neutrophil-to-lymphocyte ratio (NLR) was defined as the number of neutrophils divided by the number of lymphocytes. The monocyte-to-lymphocyte ratio (MLR) was defined as the number of monocytes divided by the number of lymphocytes. The platelet-to-lymphocyte ratio (PLR) was defined as the number of platelets divided by the number of lymphocytes. The systemic immune-inflammation index (SII) was defined as the platelet count multiplied by the NLR. The systemic inflammation response index (SIRI) was defined as the monocyte count multiplied by the NLR. The first preoperative venous blood specimens, usually drawn within five days of surgery, were used.



Outcome ascertainment

The endpoint of this study was the occurrence of postoperative AAEs after TEVAR during follow-up, which was diagnosed through computed tomography angiography and intraoperative digital subtraction angiography (DSA), including endoleak, distal stent-induced new entry (dSINE), retrograde type A AD (RTAD), distal aortic expansion, branch artery occlusion or stenosis, aortic rupture, and death. Two authors independently collected and reviewed the laboratory and clinical data and were blinded to the outcomes.



Potential confounders

Overall, we considered potential confounders assessed before or at cohort entry; these variables included demographic characteristics, comorbidities, prescriptions, and aortic dissection-related variables. We included the following comorbidities measured at any time before cohort entry: hypertension, smoking and drinking histories, diabetes, angina pectoris, myocardial infarction, stroke (ischemic or hemorrhagic) or transient ischemic attack, chronic kidney disease, heart failure, peripheral artery disease. We also considered use of the following prescription drugs measured in the year before cohort entry: antihypertensive drugs, antiplatelets, anticoagulants, and statins. Last, the model included the following aortic dissection-related variables measured between the diagnosis date and cohort entry: intervention phase (acute, subacute, and chronic), the location of primary tear (Z3 or Z4), proximal landing zone, adjunctive procedure.



Statistical analysis

We determined that a sample of 201 patients (75 in AAE group and 126 in non-AAE group) would provide a power of 95.2% to detect a difference in the proportion of patients with the primary endpoint at a two-sided significance level of 0.05. Continuous variables are presented as means with standard deviations (SDs) or as medians with interquartile ranges (IQRs). Comparisons between groups were made using the Student’s t-test or the Mann-Whitney U test for continuous variables and Pearson’s chi-square test or Fisher’s exact test for categorical variables. Normality was tested using the Kolmogorov-Smirnov test. Odds ratios (ORs) with 95% confidence intervals (CIs) were calculated through logistic regression. The receiver operating characteristic (ROC) curve was used to determine the optimal cut-off values of quantitative variables NLR, MLR, PLR, SII, and SIRI that predicted the occurrence of AAEs. Survival analysis was performed using Kaplan-Meier curves with the log-rank test to assess the differences in time-to-event endpoints. Univariable regression analysis was used to preliminarily analyze the risk factors for the occurrence of AAEs. Statistically significant variables (p <.2) on univariable Cox analysis were included in the multivariable Cox regression analysis to identify independent risk factors. Multiple imputation was used to account for the missing data (because of incomplete patient interviews, study dropouts, and deaths). Statistical significance was set at P <.05. Data analysis and visualization were performed using SPSS (IBM Corp., Armonk, NY, USA), GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA), and R (R Foundation for Statistical Computing, Vienna, Austria).



Sensitivity analysis

We conducted two sensitivity analyses to assess the robustness of our findings. First, we restricted the study population to patients with acute aortic dissection to minimize the potential difference between acute and chronic dissection. Second, we assessed the effect of variables with missing information (ie, intervention phase and the location of primary tear) by conducting multiple imputation with 10 imputations performed (Supplementary Tables 3, 4).

This study was conducted in accordance with the STROBE guidelines and the principles of the Declaration of Helsinki.




Results


Demographic and baseline characteristics

A flowchart concerning patients included and excluded is shown (Figure 1). During the study period, 201 patients with aortic dissection remained after exclusions, of whom 80.0% were male, with a mean age of 59.1 ± 6.3 years. The median follow-up period was 31 months. A total of 75 patients developed AAEs after TEVAR, including 22 cases of endoleak (Ia, Ib, III), six of dSINE, one of RTAD, six of visceral artery stenosis or occlusion, four of left subclavian artery expansion or stenosis along with subclavian steal syndrome, two of thoracic aortic expansion, 33 distal aortic expansion resulting in distal aneurysm or dissection, and one death during hospitalization. The incidence of AAEs during the follow-up at six months, one year, three years and five years were 0.05%, 12.9%, 29.1%, and 39.8%, respectively.




Figure 1 | Flow diagram according to the Preferred Reporting Items.



The baseline characteristics of the AAE and non-AAE groups are shown in Table 1. Patients who developed AAEs after TEVAR had a mean age of 62.0 ± 4.4 years, which was higher than that of those without AAEs (p <.001). There were no statistically significant differences between male and female patients (p = .625). A history of hypertension, which was the most common risk factor for AD (75.1%), diabetes mellitus, coronary artery disease, acute myocardial infarction, stroke, chronic kidney disease, smoking, drinking, lipid-lowering drugs (such as statins), antiplatelet or anticoagulant drugs did not differ significantly between the AAE and non-AAE groups (p >.05). Similarly, intervention phase, the location of primary tear, proximal landing zone (to the left subclavian artery), and adjunctive procedure (such as in situ fenestration and chimney) showed no significant differences between the AAE and non-AAE groups (p >.05).


Table 1 | Demographic and baseline characteristics.



Compared to the non-AAE group, the AAE group exhibited a significant increase in neutrophil and monocyte counts, but a lower lymphocyte count and platelet count (P = .001,.002,.001,.004, respectively). Nonetheless, no significant difference was observed between the two groups in terms of white leukocyte, albumin, LDL, HDL, cholesterol, triglycerides, and serum creatinine (P = .549,.055,.714,.084,.537,.068, and.987, respectively).

The preoperative NLR, PLR, SII and SIRI were significantly different between the AAE and non-AAE groups (p <.001,.001,.001, and.001, respectively), while MLR did not differ significantly between both groups (p = .163).



Preoperative inflammatory biomarkers and AAEs

A ROC curve was used to explore the relationship and determine the optimal cut-off value between preoperative inflammatory biomarkers and AAEs after TEVAR (Figure 2). The area under the ROC curve of NLR, MLR, PLR, SII, and SIRI were.746,.782,.534,.625, and.807, respectively (Table 2). The ROC analysis showed that SII had the highest sensitivity of 89.3%, while MLR had the highest specificity of 86.5%.




Figure 2 | A receiver operating characteristic curve (ROC) to explore the value of pre-operative inflammatory biomarkers to identify aorta-related adverse events (AAEs) after thoracic endovascular repair. The area under the ROC curve of neutrophil-to-lymphocyte ratio, monocyte-to-lymphocyte ratio, platelet-to-lymphocyte ratio, systemic immune inflammation index and systemic inflammatory response index were 0.746, 0.782, 0.534, 0.625, and 0.807, respectively.




Table 2 | Receiver operating characteristic curve analysis.



Univariable logistic regression analysis showed that age, monocyte, lymphocyte, MLR, SII, and SIRI were associated with AAEs (Supplementary Table 1). Since we were more concerned about the relationship between inflammatory factors and the prognosis of type B AD, we also included NLR and PLR in the multivariable regression model. The results showed that age, MLR, and SIRI were independent risk factors for AAEs (OR 6.067, p <.001; OR 3.519, p <.001; OR 6.583, p <.001, respectively) (Supplementary Table 2).

Univariable and multivariable Cox proportional hazard regression analyses are illustrated in Table 3. Patients aged ≥ 55, with NLR ≥ 5.105, SII ≥ 127.985, SIRI ≥ 3.990 and underwent intervention in acute phase were associated with AAEs on univariable Cox regression. The multivariable Cox proportional hazard regression analysis finally showed that age and SIRI ≥ 3.990 were independent risk factors for AAEs (HR 3.264, p <.001; and HR 4.281, p <.001, respectively).


Table 3 | Cox regression analysis.



Kaplan–Meier AAE-free survival (AFS) curves for SIRI are shown in Figure 3. The median survival for the preoperative SIRI ≥ 4 group was 21.9 ± 14.5 months, and the median survival for the preoperative SIRI < 4 group was 29.8 ± 15.9 months. Survival analysis revealed significantly lower six-month, one-year, three-year and five-year AFS in patients with a preoperative SIRI ≥ 4 than in those with a SIRI < 4 (log-rank test, p <.001).




Figure 3 | Kaplan–Meier aorta-related adverse events-free survival (AFS) curves after thoracic endovascular repair with systemic inflammatory response index (SIRI) of > 4 versus < 4. Dashed lines indicate the upper and lower limit for 95% CI.






Discussion

In this cohort of patients with type B AD, a novel prognostic score, SIRI, constructed based on neutrophil, monocyte, and lymphocyte counts was found as an independent risk factor for AAEs after TEVAR with a prediction accuracy of 0.80. The risk of patients with a SIRI greater than 4 of developing adverse events after TEVAR was approximately increased by a factor of 4.3 in comparison to patients with a SIRI below 4.

A majority of studies have confirmed that NLR was elevated in patients with more advanced or aggressive cancer with an independent prognostic value in unselected cohorts, as evidenced by increased tumor stage, nodal stage, and metastatic lesions (25). A retrospective single-center analysis of 682 patients revealed NLR > 3.5 and MLR > 0.2 can be regarded as significant predictors of all-cause long-term mortality after Off-Pump coronary artery bypass grafting revascularization (26). The NLR combined with PLR can predict the prognosis of patients with acute myocardial infarction (27). Moreover, the NLR was proven to independently predict major adverse cardiovascular events risk and all-cause mortality, which was reduced by interleukin-1β blockade with canakinumab in five randomized trials (28). Likewise, the NLR was demonstrated to predict in-hospital mortality in patients with acute type A aortic dissection (TAAD), however, with discrepant cut-off values of 8.51 (29), 8.78 (30), and 6.0 (31) reported in different studies.

Although as an easily available and widely acceptable inflammatory biomarker, the NLR exhibits a strong ability to identify patients with a higher risk of poor outcomes, representing both innate and adaptive immune responses to the pathogenesis of AD, the role of monocytes and macrophages, a fundamental component of non-specific immunity, cannot be underappreciated or neglected. Most of the evidence points to an important contribution of monocyte­derived macrophages to the predominant infiltration and accumulation of macrophages in regions of medial disruption toward the adventitial side (32–34). Macrophages play a role in striking the balance between the promotion and resolution of the inflammatory response, and the activities of matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases, resulting in extracellular matrix remodeling and reparative tissue healing (35–37). Therefore, the SIRI represented an integrated indicator that comprehensively reflect the status of the systemic inflammation and immune response. Firstly reported by Qi et al. for its ability to predict the survival of patients with pancreatic adenocarcinoma after gemcitabine-based chemotherapy (24), the SIRI could also be a novel promising inflammatory biomarker for predicting all-cause mortality in elderly patients with heart failure (38).

The current treatment strategy of AD often utilizes the one-size-fits-most approach, where many patients would probably be prescribed the same as anyone else, without taking into account family history, age, sex, anatomical and morphological features of aorta, systemic and local inflammatory status. While the SIRI may change the pattern for its ability to assist preoperative risk stratification by identifying patients at higher risk of developing AAEs. When facing a patient with elevated SIRI before surgery, a strengthened perioperative management and a more stringent follow-up strategy for high-risk patients are recommended, such as including inflammatory markers tests into routine follow-up, shorten follow up interval and extending follow-up term.

Increasing evidence in mouse models, supported by human data, has corroborated the importance of systemic and local inflammation, and the efficacy of anti-inflammatory treatment during the remission of AD. Targeting the nucleotide-binding oligomerization domain–like receptor pyrin domain containing 3 (NLRP3)–caspase-1 inflammasome cascade with its inhibitor was verified to prevent AD through mitigating smooth muscle cell contractile protein degradation and extracellular matrix destruction (39, 40). In addition, the downstream effector of inflammasome, interleukin-1β was elevated in aortic tissue of AD, while interleukin-1β blocking could delay the progression through inhibiting the expression of MMP-2 and MMP-9 and the breakage of elastin fibers (41, 42).

The proof of concept that targeting inflammation reduces cardiovascular events has highlighted the need to develop new immunotherapy to treat patients with atherosclerotic cardiovascular disease (43). Likewise, considering the prognostic value of inflammatory biomarkers established based on clinical evidence, and the potential benefit of anti-inflammatory therapy for patients with AD as indicated in animal experiments, identifying novel strategies that harness anti-inflammatory treatment or immunotherapy in all candidate patients or to be tailored to specific groups of patients with AD may be necessary, to some extent, urgent in the clinical practice.

As with all observational studies, ours had some limitations. First, problems inherent in a single-center study may enable the results and the value possibly skewed, which therefore, warrants further evaluation of external validity in a large multi-center prospective cohort study. Second, determining the pathogenic mechanism by which increased SIRI levels indicate a poor outcome is beyond the scope of this study, and intervention study may provide further insight.



Conclusion

An elevated preoperative systemic inflammatory response index (SIRI) and age are independent risk factors for aorta-related adverse events after thoracic endovascular aortic repair in type B aortic dissection. The SIRI, an easily measured inflammation and immune-based score, was introduced in prognosis evaluation of type B aortic dissection, beyond which the risk of aorta-related adverse events more than quadrupled.
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Introduction

Cardiac immunology studies in murine models have identified a sizeable population of myocardial B-cells and have shown that its modulation represents a promising strategy to develop novel therapies for heart failure. However, scarce data on B-cells in the human heart leaves unclear whether findings in rodents are relevant to human biology.



Methods

We performed immunohistochemical stains to characterize the amount and distribution of B-cells in human hearts, analyzing both fresh and post-mortem tissue. To gain insight into the biology of human myocardial B-cells we analyzed publicly-available spatial transcriptomics and single-cell sequencing datasets of myocardial and peripheral blood mononuclear cells (PBMCs). We validated these findings on primary B-cells sorted from the heart and peripheral blood of left ventricular assistive device recipients. To identify biological pathways upregulated in myocardial B-cells across species, we compared differential gene expression in myocardial vs peripheral blood B-cells across the studied human datasets and published rodent datasets.



Results

In healthy human heart samples, we found B-cells at a ratio of 1:8 compared to T-cells (2.41 ± 0.45 vs 19.36 ± 4.43, p-value <0.001). Myocardial B-cells were more abundant in the interstitium compared with the intravascular space (p-value=0.011), and also more abundant in the myocardium vs. epicardium (p-value=0.048). Single-cell gene expression analysis showed that the human myocardium harbored mostly naive B-cells with a gene expression profile distinct from that of PBMC B-cells. Cross-comparison of differentially-expressed genes in myocardial vs. PBMC B-cells across human and rodent datasets identified 703 genes with consistent differential gene expression across species (binomial p-value=2.9e-48). KEGG pathway analysis highlighted “B-cell receptor signaling pathway,” “Antigen processing and presentation,” and “Cytokine-cytokine receptor interaction” among the top pathways upregulated in cardiac B-cells (FDR <0.001) conserved between species.



Conclusions

Like the murine heart, the human heart harbors naive B-cells that are both intravascular and extravascular. Human myocardial B-cells are fewer and more evenly distributed between these two compartments than rodent myocardial B-cells. However, analysis of single-gene expression data indicates that the biological function of myocardial B-cells is conserved across species.
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Introduction

A growing body of evidence from preclinical models indicates that B lymphocytes have an intimate relationship with the heart. Flow cytometry studies on the digested heart have shown that B-cells are one of the most prevalent immune cells in the mouse heart, at least as prevalent as T-cells (1–4). Parabiosis studies, adoptive transfer studies, and intravital microscopy studies have shown that murine myocardial B-cells are part of a population of recirculating B-cells that transiently adhere to the endothelium (1). Accordingly, the histological analysis found that murine myocardial B-cells are mostly intravascular, with a small contingent of myocardial B-cells found in the interstitium (1, 4). Single-cell transcriptomics analysis has shown that B-cells in the adult murine heart are mostly naive transitional B-cells (1, 4).

Many of the basic aspects of myocardial B-cell biology remain unclear but the available evidence indicates that B-cells play an important role in both myocardial physiology and pathology. In fact, mice with congenital B-cell deficiency were found to have smaller hearts than WT syngeneic controls (1) and B-cells were found to modulate the expression of MHC-II on myocardial resident macrophages (5). In the context of pathology, B-cells were found to be important modulators of myocardial adaptation to injury. B-cell-deficient mice were found to have smaller infarcts and less cardiac dysfunction after permanent coronary ligation (6, 7), small molecule-mediated modulation of B-cell activation was found to improve cardiac function in response to several types of cardiac injury (8), and B-cell depletion was found to improve cardiac function in a model of cardiac hypertrophy/fibrosis (9).

These and other observations have led to the appreciation that B-cells might play an important role in cardiomyopathy and heart failure (10) and might be an important therapeutic target to develop new therapies for these diseases (10–12). However, currently, there is almost no data on B-cells in the human heart. To start addressing this knowledge gap, we used histology and transcriptomics to perform a focused analysis of human myocardial B-cells.



Methods


Histologic staining


Case selection

Adult autopsy cases for non-ischemic cardiomyopathy (NICM), ischemic cardiomyopathy (ICM), and controls were identified and selected from the archival pathology database at Washington University in St. Louis Department of Anatomic and Molecular Pathology dated between 2018-2020. After reviewing the history and histological findings to confirm the diagnoses, 18 cases of ICM, 7 cases of NICM, and 12 controls were identified. Control cases were selected among decedents with no known cardiac history and for whom the anatomic cause of death was ruled un-related to a cardiac etiology.

Surgical cases for NICM and ICM were identified and selected from the archival pathology database at Washington University in St. Louis Department of Anatomic and Molecular Pathology dated between 2016-2018 for adult left ventricular assist device (LVAD) core material with IRB approval. After reviewing the history and histological findings to confirm the diagnoses, 8 cases of ICM and 15 cases of NICM were identified.



Immunohistochemistry of B-cell, T-cell population, and endothelial cells

Immunohistochemistry stains for CD3 (2GV6 clone, Ventana/Roche, Indianapolis, IN), CD20 (L26 clone, Ventana/Roche, Indianapolis, IN), and CD31 (JC70 clone, Ventana/Roche, Indianapolis, IN) were performed on a Ventana BenchMark ULTRA (Ventana/Roche, Indianapolis, IN) per manufacturer protocol in a Clinical Laboratory Improvement Amendments (CLIA) accredited clinical laboratory, with appropriate positive and negative controls. Counts were performed on 10 high-powered fields (10X eyepiece and 40X objective) by evaluating hot-spot locations. All counting was performed by the same pathologist (NK) blinded to the diagnoses. The location of lymphocytes as intravascular vs. extravascular was determined based on morphological features and was confirmed through analysis of adjacent tissue sections stained for CD31 to identify the location of blood vessels.




Peripheral vs. myocardial B-cells gene expression


Data sources

Cardiac single-cell data from the human-Heart Cell Atlas (HCA) project (13) was merged with publicly available data from 20k single-cell peripheral blood cells produced by 10X Genomics (14). For validation of the analysis, we used primary single-cell sequencing data of myocardial and peripheral blood B-cells collected from 2 patients (one with ischemic cardiomyopathy and one with non-ischemic cardiomyopathy) undergoing LVAD implant at Washington University in St Louis, with IRB approval. The left ventricular tissue extracted at the time of LVAD implant was immediately processed via fine mincing and digestion with DNAse (MilliporeSigma), hyaluronidase (MilliporeSigma), and collagenase II (MilliporeSigma). A digestion of 500 mg of tissue was performed in 3 ml of RPMI medium with 120 U of DNAse, 180 U of hyaluronidase, and 1350 U of collagenase. The volume was scaled as necessary to digest all the available tissue. Digestion took place in a shaker incubator, shaking at 300 RPM and 37C for 60’. The digested material was filtered through 40-μm filters and pelleted by centrifugation (250 g for 3 minutes at 4°C). RBCs were lysed by resuspension in an ACK lysis buffer (Invitrogen) for 5 minutes at room temperature. The remaining cells were pelleted, resuspended in 60% RPMI, 20% FBS, 20% DMSO, and frozen at -80°C at a concentration of about 1 gm of tissue per ml of freezing media. For peripheral blood mononuclear cell (PBMCs) isolation, 4 ml of peripheral blood was collected from the patient during the LVAD surgery and processed in parallel with the cardiac tissue samples. PBMCs was isolated using a BD Vacutainer CPT tube. To address the possible confounding effect of tissue digestion on the comparison between myocardial and circulating B-cells, PBMCs were digested with the same enzymes used to digest the myocardium, side by side with myocardial tissue. Immediately after isolation, PBMCs were resuspended in 60% RPMI, 20% FBS, 20% DMSO and frozen at -80°C. After collection and processing of heart and blood samples from 2 patients, digested tissue and PBMCs were thawed on ice. Digested tissue and PBMCs from the two patients were combined. Cells were stained with CD45 (clone 2D1), CD19 (clone H1B19), and propidium iodide for FACS sorting of live CD19+ cells. Digested tissue was also stained with Hashtag antibody 1 (Biolegend, Catalogue #394661) at 1:100, and PBMCs were stained with Hashtag antibody 2 (Biolegend, Catalogue #394663) at 1:100. A total of about 3000 myocardial B-cells and 3000 PBMC-derived B-cells were sorted into RPMI with 1% FCS. Cells were processed with Chromium 5’ Single Cell Kit according to the manufacturer’s instruction and sequenced at a depth of 50K reads per cell. Sample demultiplexing, barcode processing, and single-cell 5′ counting were performed using the Cell Ranger Single-Cell Software Suite (10x Genomics). This dataset is available on the European Nucleotide Archive with accession number PRJEB54024.

To identify the gene expression signature of myocardial B-cells conserved across species we integrated the analysis of previously published single-cell sequencing data from murine myocardial and peripheral blood B-cells (1), human and mouse genes were matched to their orthologous gene using the gene symbol as reference. Approximately 1% of the genes did not show a human orthologous gene.



Data analysis

The comparison between the number of B- and T-cells and the comparison between B-cell numbers in various compartments was made using a Poisson test. Observation points that were ±2 standard deviations from the mean were excluded from the statistical analysis. This statistical analysis was performed using standard statistical methods within R software.

For single-cell differential gene expression analysis, a comparison between cell cluster groups of interest was performed in Partek Flow software (version 10.0) using ANOVA. Initially, the data from the HCA and the 10X PBMCs were loaded into Partek Flow, and annotations were added to identify each data source. The HCA data set contains cardiac immune cells previously classified using semi-supervised adversarial neural network for single cell classification (15). Based on the UMAP previously created for the HCA data, B-cells were identified by selecting the clusters with high levels of expression of MS4A1 (CD20), and T-cells clusters were selected using CD3G. Data were normalized by counts per million, using add 1.0 and log 2.0, and features with a value of 0 in 99% of the samples were excluded. The top 20 principal components contributing to data variance were used for principal component analysis. For the generation of UMAP plots, the local neighborhood size was set at 15 with a minimal distance of 0.1, with random initialization. Differentially expressed genes (DEGs) between cell clusters of interest were identified using Gene Set ANOVA using Partek Flow, filtering by the lowest average coverage of 1.0. Pathway enrichment analysis of DEGs was done using DAVID (16). For the 2 validation patients, data were imported into Partek Flow, data were normalized with the settings of add 1.0 and log 2.0. Features where the value was <= 1.0 in at least 90.0% of the cells, were excluded, PCA was made with 20 principal components, and the variance was set as the features contribute. For the UMAP the local neighborhood size was set at 15, a minimal distance of 0.1, distance metric was set as Euclidean, 0 iterations, random generator seed 0, the initialize output values Random, and the number of principal components was set as 20. For validation of gene expression differences between myocardial and peripheral blood B-cells in publicly available datasets and the primary cells analyzed in-house, genes with p-value < 0.05 were selected and a comparison of fold change direction was done using a binomial test (binomial.test() function from R stats package). Pathway analysis was done in the set of genes obtained with fold-change direction match across data sets. Additionally, an Ingenuity Pathway Analysis was done to explore the interactions between the DEGs as well as potential upstream regulators.

Identification of B-cell subtypes: B-cell clusters from the HCA were subjected to biomarker profiling (compute biomarker function) using Partek Flow with a fold-change threshold of 1.5, the low-filter value was set as lowest average coverage of 1.0. Biomarkers were analyzed using the data browser tool MyGeneset provided by ImmGen (17). With this tool, a comparison of gene expression patterns with a database of each B-cell subtype was made to characterize the nature of the cells. ImmGen ULI RNA-seq and Microarray V1 data sets were matched with the top 20 identified biomarkers.





Results


Histologic evaluation

Immunohistochemistry for CD3, CD20, and CD31 was performed in 12 post-mortem cardiac biopsies obtained during the autopsy of individuals without any cardiac pathology, to investigate the amount of myocardial CD3+ T-cells and CD20+ B-cells, and to annotate whether B-cells were present in the intravascular or interstitial compartments. We found B-cells in both the extravascular/interstitial space (Figure 1A), and the intravascular space (Figure 1B). B-cells were present both throughout the myocardium and in the epicardium (Figure 1C). T-cells had a similar distribution (Supplemental Figure 1 A, B). Endothelial cells were present throughout (Supplemental Figure 1C). Staining with the endothelial marker CD31 was used to confirm the location of blood vessels in contiguous sections and thus confirm the intravascular vs. extravascular location of lymphocytes.




Figure 1 | Immunohistochemical analysis of B-cells in human heart sections. (A–C) Representative images from CD20 immunohistochemical stains of histological sections of hearts collected post-mortem from decedents without known cardiac pathology. B-cells were found in the interstitial/extravascular space (A), in the intravascular space (B), and the epicardium (C). Blue arrows mark the location of B-cells. (D–F) quantification of the number of cells per 10 high power fields. (D) The total number of T-cells identified in the myocardial histological sections was about eight times higher than the total number of B-cells (p-value=7.47E-26). (E) The total number of B-cells per high power field observed in the epicardium was similar to the total number of cells per high power field observed in the myocardium (p-value=0.048). (F) In the myocardium, B-cells were unevenly distributed between interstitial space and intravascular space, with a preference for the interstitium (p-value=0.011). (G) In the epicardium, B-cells were evenly distributed between interstitial space and intravascular space, (p-value=0.76). p-values were calculated with a Poisson test. The bars represent average and the error bars represent the SEM. *p-value<0.05; ***p-value<0.001.



We first assessed the total number of B-cells and T-cells per high-power field. We found 2.41 ± 0.45 CD20+ B-cells per high-power field. The number of CD3+ T-cells was almost 8 times higher (19.36 ± 4.43, p-value=7.47E-26, Figure 1D). We then focused on the spatial distribution of B-cells. We first compared the myocardium and epicardium. We found that B-cells were for the most part evenly distributed between the myocardium and epicardium, with a possible slight preference for the myocardium (p-value=0.048, Figure 1E). We then assessed B-cell distribution between the interstitial and intravascular space. B-cells appeared to have a prevalence for the interstitial compartment in the myocardium (p-value=0.011, Figure 1F) but not in the epicardium (p-value=1, Figure 1G).

To rule out the bias introduced from the analysis of post-mortem tissue, we analyzed tissue from 18 autopsy cases of ICM, 7 autopsy cases of NICM, and tissue collected at the time of LVAD placement from 8 cases of ICM and 15 cases of NICM. There was no statistically significant difference in the number and distribution of myocardial B-cells between the autopsy and surgical cases in both NICM and ICM (ICM autopsy vs. surgery in myocardium p-value=0.11 and NICM autopsy vs. surgery in myocardium p-value=1, Supplemental Figure 2 A, C). However, statistically significant differences were found in the epicardial distribution of B-cells (ICM autopsy vs. surgery in epicardium p-value=6.82E-08, NICM autopsy vs. surgery in epicardium p-value=4.61E-13, Supplemental Figures 2 B, D).

Of note, a small subset of patients (1 NICM and 1 ICM case in autopsy specimens, and 3 NICM and 1 ICM cases in surgical specimens) demonstrated epicardial lymphoid aggregates. These were composed predominantly of T-cells, with a small subset showing a significant B-cell population (Supplemental Figure 3). No epicardial lymphoid aggregates were identified in controls.



Spatial and single-cell gene expression analysis

To corroborate and expand on the findings from the histological analysis we turned to genomic analysis. First, we analyzed a spatial transcriptomics dataset of a 10 µm section of fresh frozen human hearts made available by 10X Genomics (13). Analysis of gene expression measured on a section of human myocardium confirmed the presence of B-cells in a lower number than T-cells. In this tissue section, we observed 16 areas with gene expression consistent with the presence of T-cells and 5 areas with gene expression consistent with the presence of B-cells (Figure 2A). We then analyzed single-cell sequencing data from the human Heart Cell Atlas (13). Analysis of CD45+ B-cells from the Atlas confirmed that the human heart contains significantly more T-cells than B-cells (24% vs. 3%, Figure 2B). Myocardial B-cells were distributed in 2 separate clusters of different sizes (Figure 2B). To investigate the biological identity of these two cell clusters we identified the top 20 DEGs in each cluster and compared them to the ImmGen database of gene expression in immune cells (17). Figure 2C shows that the larger B-cell cluster showed the highest degree of similarity with T1 naive transitional B-cells, similarity given by the comparison of the gene set used as input in comparison with the mean expression of each gene for all the B-cell selected populations found at the ImmGen database. Figure 2D shows that the smaller B-cell cluster showed the highest degree of similarity with plasma cells. Supplemental Table 1 shows a full list of biomarkers for each B-cell cluster.




Figure 2 | Spatial transcriptomics and single cell-based analysis of human myocardial B-cells. (A) Distribution of B-cells, and T-cells in myocardial tissue analyzed with 10X Visium spatial transcriptomics technology. Blue dots represent tissue regions where expression of the B-cell marker MS4A1 is identified. Green dots represent tissue regions where expression of T-cell gene expression marker CD3G is identified. (B) UMAP plot of single-cell gene expression analysis of myocardial immune cells from the human Heart CEll Atlas. B-cells are highlighted in blue and T-cells are highlighted in red. B-cells represent 3% of all immune cells (1,196 of 40,868) while T-cells represent 24% of the same population (10,297 of 40,868). (C) ImmGen MyGeneSet analysis of the genes with the highest differential expression between the larger B-cell cluster and the rest of the immune cells analyzed. The analysis suggests that this B-cell population is most similar to T1 (transitional) B-cells. (D) ImmGen MyGeneSet analysis of the genes with the highest differential expression between the smaller B-cell cluster and the rest of the immune cells analyzed. The analysis suggests that this B-cell population is most similar to plasma cells.






Studies in murine models indicate that myocardial B-cells have a gene expression signature distinct from that of peripheral blood B-cells. We therefore decided to expand our analysis to assess the gene expression signature of human myocardial B-cells as compared to human peripheral blood B-cells. To this end, we combined B-cells from the human Heart Cell Atlas with B-cells from a publicly available dataset of human peripheral blood (14). Figure 3A shows that human myocardial B-cells had a gene expression profile distinct from that of peripheral blood B-cells. Pathway enrichment analysis of DEGs between heart and peripheral blood B-cells revealed “Antigen processing and presentation”, “B-cell receptor signaling pathway”, and “Leukocyte transendothelial migration”, among the top enriched pathways (Table 1).




Figure 3 | Differential gene expression analysis of myocardial and peripheral blood B-cells reveals characteristics of myocardial B-cells conserved across species. (A) UMAP plot of single-cell gene expression of myocardial B-cells from the human Heart Cell Atlas (blue) and 20k peripheral blood mononuclear cells from 10X Genomics (red). Data were merged using Partek Flow. Cells from both sources show important differences in gene expression, however, a small number of peripheral blood B-cells share characteristics with cardiac B-cells and vice versa. (B) UMAP plot of single-cell gene expression of myocardial and peripheral blood B-cells collected from the same patients and analyzed within the same gene expression library using Hashtag antibodies. Also, in this “validation” sample myocardial and peripheral blood B-cells have distinct gene expression profiles. (C) Logistic regression of the relationship between p-value for a specific gene expression difference vs. the “probability of fold change direction match” observed in differential gene expression analysis of human myocardial vs. peripheral blood B-cells from the publicly available dataset and the dataset collected and analyzed in our laboratory. The dashed line represents the probability of fold change match by random chance (0.25). The lowest the p-value for a gene expression difference between heart and blood B-cells, the higher the chance of concordance between the compared datasets. The solid line represents the observed probability. The greater the incline of the observed probability line, the stronger the match between the two datasets. We observed a very strong match. The probability of obtaining this slope (and therefore this level of matching) between the two datasets just by chance was 2.9 e-59. (D) Venn diagram showing the number of DEGs in heart B-cells vs. peripheral blood B-cells in mice (blue), publicly available datasets of human B-cells (green), and the human myocardial and land peripheral blood B-cells analyzed in our laboratory (red). Overlap of 1713 DEGs were seen with 703 following the same fold change direction; binomial test p-value=2.939621e-48.






Table 1 | Pathway analysis of the DEGs between human myocardial B-cells and human peripheral blood B-cells from publicly available datasets.




In this analysis, we compared two datasets collected at different time points (human Heart Cell Atlas and PBMCs from 10X Genomics). This can introduce bias through several mechanisms, including “batch effect” and the fact that myocardial B-cells were collected through the digestion of tissue while peripheral blood B-cells were not. To validate our findings, we therefore FACS sorted B-cells from human hearts collected at the time of LVAD implant and peripheral blood from the same patients. The peripheral blood mononuclear cells were subjected to the same digestion reaction as the heart tissue and processed in the same single-cell analysis reaction using Hashtag antibodies. Figure 3B shows that through this process we observed again that human myocardial B-cells had a distinct gene expression profile from peripheral blood B-cells. The number of cells recovered and analyzed was too small to perform a robust pathway analysis in this sample. However, a comparison of the differential gene expression between myocardial and peripheral blood B-cells between the publicly available datasets and the dataset that we generated showed remarkable concordance. This was assessed through a binomial test of the relationship between concordance in the direction of differential gene expression and the p-value for the gene expression difference (p-value=8.425028e-59, Figure 3C). To further investigate the potential bias induced by batch effects, we combined the 4 human datasets (Supplemental Figure 4A) and ran the batch effect correction algorithm Harmony (18) (Supplemental Figure 4B). Supplemental Figure 4A shows that before batch effect correction the myocardial B-cells and peripheral blood B-cells from different sources did not overlap. However, after batch effect correction with Harmony, myocardial B-cells from the human Heart Cell Atlas overlapped with myocardial B-cells from our patients, and peripheral blood B-cells from the publicly available datasets and peripheral blood B-cells from our patients overlapped. Importantly, even after batch effect correction, myocardial and peripheral blood B-cells coalesced in two close but different clusters (Supplemental Figure 4B), with a distance qualitatively similar to that, observed in batch effect corrected-comparisons of myocardial and peripheral blood murine B-cells (4).




Figure 4 | Model of myocardial B-cell behavior/function in the healthy myocardium. Diagram depicting a model of B-cells tissue migration in the myocardial interstitial space. Based on the analysis of the genes specifically upregulated in myocardial B-cells as compared to circulating peripheral blood B-cells we hypothesize that B-cells extravasate, degrade the extracellular matrix (ECM) and crawl through the interstitial space where they communicate with other cells such as fibroblasts. The list of genes involved in matrix degradation and diapedesis was generated using Ingenuity Pathway Analysis.



To get further validation of this observation and gain insight into a possible gene expression signature of myocardial B-cells conserved across species, we performed a Venn diagram-based analysis of DEGs between myocardial and peripheral blood B-cells in 1) publicly available datasets (i.e. human heart atlas B-cells vs 10X genomics PBMCs); 2) in our data set of B-cells collected from the heart and peripheral blood of patients receiving LVAD; and 3) a previously published dataset of murine and peripheral blood B-cells processed in parallel (1). Figure 3D shows that 1713 genes were differentially expressed between myocardial and peripheral blood B-cells in all the studied datasets. Supplemental Figure 5 shows the ranking of these 1713 differentially expressed genes across the 3 datasets. 703 of these genes had matched fold changes across all the 3 datasets recorded (Supplementary Table 2). Pathway analysis of the top 200 genes within this group showed that across species myocardial B-cells are characterized by dysregulation of specific immune pathways including “B-cell receptor signaling pathway”, “antigen processing and presentation”, “cytokine-cytokine receptor interaction” (Table 2). To further correct for the potential interference of tissue digestion, we performed an additional pathway analysis after removing genes differentially expressed in enzymatically dissociated tissue (19). As shown in Supplemental Tables 3, 4, the removal of genes modulated by tissue digestion did not significantly modify the findings.



Table 2 | Pathway analysis of the 200 genes with the lowest p-value among the 703 genes with concordant fold change across murine cells, human Heart Cell Atlas data, and primary sorted cells in myocardial vs. peripheral blood B-cell comparisons.







Proteases, integrins, and cytoskeleton genes as potential drivers of B-cells patrolling

After a review of the above-mentioned functional pathways, we critically reviewed the list of 703 genes within the identified myocardial B-cells gene expression signature conserved across species. Among these genes are TGFβ1, IL10, and MYD88 which are known to participate in cardiac disease. In addition, myocardial B-cells are characterized by increased expression of APOE, which is involved in lipid presentation (20). Moreover, the transcripts for the proteases ADAMTS1, ADAM9, and ADAM15 were markedly upregulated in myocardial B-cells. Moreover, the integrins ITGA4, ITGA6, ITGA9, and ITGAV were expressed by cardiac B-cells together with other genes such as BAIAP2, and CORO1A that are involved in cytoskeleton reorganization and cell motility (21, 22). Based on this, we hypothesize that in response to cytokine-mediated signaling, cardiac B-cells extravasate into the myocardial interstitium to perform immune patrolling functions. We hypothesize that they “open their way” using proteases, reorganize their cytoskeleton to move through the tissue, and use integrins to connect with the surrounding extracellular matrix until an external signal triggers B-cell receptor-mediated signaling and/or antigen presentation (Figure 4). The full list of the 703 genes that showed matched fold change direction across the 3 data sets can be found in the Supplemental Table 4.




Discussion

We report the first systematic analysis of human myocardial B-cells. Using histology, spatial transcriptomics, and single-cell analysis data, we found that the human myocardium harbors a small population of B-cells that is significantly smaller than the pool of myocardial T-cells (Figure 1). Through the analysis of histological sections, we found that myocardial-associated B-cells are mostly located in the interstitial space (Figure 1). Using single-cell sequencing we found that human myocardial B-cells are naive transitional B-cells, with a small component of plasma cells (Figure 2). Comparing the single-cell gene expression signature of human and murine myocardial B-cells we identified a gene expression signature of myocardial B-cells conserved across species (Figure 3, Table 2). These findings broaden current knowledge of B-cells in peripheral, non-lymphoid tissues (23), inform research on myocardium-B-cell interactions in preclinical models, and contribute to a growing body of knowledge that suggests that the current model of B-cell recirculation might need revision.

We found that the prevalence and distribution of myocardial-associated B-cells in the human heart are markedly different than what has been previously described in the murine heart. Murine studies have identified B-cells as one of the most prevalent myocardial immune cells, with a representation comparable if not superior to that of T-cells (1, 8). Here, we report that the human heart has significantly fewer B-cells than T-cells. The ratio between T-cells and B-cells was about 8:1 in the histological analysis (Figure 1D), 3:1 in the spatial transcriptomics analysis (Figure 2A), and 8:1 in the single-cell analysis (Figure 2 B). The difference in the ratio observed is likely the result of differences in the 3 experimental techniques. The data collected through histology is likely the most accurate. Single-cell sequencing data can be biased by the inefficiency of tissue digestion, and spatial transcriptomics analysis is limited to the analysis of a single tissue section and by “supra cellular” resolution. Histology can be biased by the source of the tissue analyzed, fresh vs. post-mortem, but we verified that the source of tissue did not introduce significant bias in our analysis of the myocardium (Supplemental Figure 2). We found a difference between post-mortem and fresh tissue in epicardial B cell prevalence. We speculate that this difference might result from the fact that all fresh tissue analyzed were left ventricular cores, which therefore included epicardial tissue from the left ventricular apex, while the anatomical origin of the epicardial post-mortem tissue varied. Importantly, all techniques we used pointed to a significantly higher prevalence of T-cells than B-cells.

In terms of distribution, studies in murine models found that myocardial B-cells are mostly intravascular, in close association with the endothelium (1, 4), with a ratio of intravascular vs. interstitial B-cells of 10-20:1 (1). We found that instead human myocardial B-cells have a preference for the interstitial space. We analyzed the intravascular vs. interstitial location of B-cells by integrating the assessment of a trained pathologist on slides stained for a B-cell marker with nuclear counterstain with staining for the endothelial marker CD31 in adjacent sections. This method is not as accurate as co-staining in the same slide, and therefore a small percentage of B-cells might have been inaccurately assigned to either of the two spaces. However, our findings clearly show that the distribution of B-cells between the intravascular and interstitial space in the human myocardium is different than in mice (1, 24). We speculate that the different number and distribution of B-cells between rodents and humans might reflect the marked difference in the number of circulating B-cells between the two species. While in humans B-cells account for approximately 5-10% of lymphocytes in peripheral blood (25, 26) and they are only approximately 150-300 per microliter (25), in mice, B-cells account for close to 50% of lymphocytes in peripheral blood and they are approximately 2-4,000 per microliter (27).

We found two important similarities between murine and human myocardial B-cells in terms of identity and gene expression signature. First, we found that human myocardial-associated B-cells are naive transitional B-cells. This is in line with what has been previously described for murine myocardial B-cells (1). Second, differential gene expression analysis of human myocardial associated B-cells and peripheral blood B-cells highlighted that myocardial B-cells have a distinct gene expression signature that is enriched in specific immune pathways such as “B-cell receptor signaling”, “antigen processing and presentation”, and “leukocyte transendothelial migration”. These findings are remarkably similar to those obtained through differential gene expression analysis of murine myocardial and peripheral blood B-cells (1), with 4 of the top 10 enriched pathways being the same. We corroborated this finding, produced through the analysis of publicly available datasets, with the analysis of human myocardial and peripheral blood B-cells collected from two patients. The analysis of publicly available datasets is limited by the potential interference of “batch effects” and our analysis of primary B-cells is limited by the fact that we were able to successfully sequence only a very small number of cells. However, the remarkable level of concordance (p-value < 0.0001) in the binomial test of fold change direction between the myocardial vs. peripheral blood gene expression analysis of the two datasets provided the corroboration we were seeking.


The observation that DEGs between myocardial and peripheral blood B-cells are similar in humans and mice is probably the most important observation in this study, as it suggests that the biological function of myocardial B-cells might be conserved across species. To strengthen this observation, we performed a Venn diagram-based analysis to identify a gene expression signature of myocardial B-cells conserved across species. In this analysis, we used the differential gene expression analysis of myocardial vs. peripheral blood B-cells from publicly available human datasets and the differential gene expression analysis from myocardial and peripheral blood B-cells analyzed in our laboratory as independent datasets. Since the primary dataset we generated has a small number of cells, this choice reduced our statistical power but, at the same time, biased us toward highlighting the strongest biological signature of myocardial B-cells. Remarkably, this analysis highlighted again the “B-cell receptor signaling” pathway and the “antigen processing and presentation pathway”, which were identified as a hallmark of myocardial B-cells in the first studies in murine models (Table 2).

Seminal studies from Gowan and collaborators (28, 29) from the 1960s informed the current model of B lymphocyte recirculation which states that B lymphocytes continuously recirculate between primary and secondary lymphoid organs through blood and lymph (30). This model has been challenged by reports of naive B-cells in the murine lung (4), heart (1), and other tissues (23). Naive B-cells in the peripheral tissue were shown to be, at least for the most part, in the intravascular space (1, 4, 5, 31). This suggested that the “dogma of B-cell recirculation” might need some revision because naive B-cells can adhere to the endothelium and pause during their recirculation. Adhesion of naive circulating B-cells to the endothelium was indeed observed with intravital microscopy in the heart (1), lung (4), and kidney (32). Our transcriptomics analysis further supports the need for this revision of the current model of B-cell recirculation, but it goes a step further suggesting that naive B-cells might also exit the vasculature and enter the uninjured heart tissue. Further targeted studies will be needed to confirm our observation. However, based on our analysis we propose that a sub-population of naive circulating B-cells might exit the circulation to perform immune patrolling in tissues (Figure 4).

Our focused analysis of B-cells from the human Heart Cell Atlas highlighted the presence of a small subset of plasma cells in the heart. Plasma cells can migrate to chronically inflamed tissue (33) and they have been previously described in transplanted hearts with allograft vasculopathy (34). However, we are not aware of prior studies reporting the presence of plasma cells in healthy hearts. The number of plasma cells identified is too small to draw any conclusions. However, it raises the intriguing possibility that the heart might harbor a previously unappreciated rare population of tissue plasma cells.

Our histological analysis highlighted occasional B- and T-cell clusters in the epicardium of patients with cardiomyopathy. Endocardial lymphoid aggregates with admixed B- and T-cells are frequently encountered in transplanted hearts and are typically considered a benign finding (35, 36). To the best of our knowledge, large lymphoid aggregates have not been described before in the epicardium of native hearts with cardiomyopathy. We speculate that these lymphoid aggregates might constitute tertiary lymphoid organs that are produced in response to chronic myocardial inflammation. However, further studies focused on the epicardium will be needed to understand the potential biological significance of this observation.



Conclusion

In conclusion, through the first focused analysis of human myocardial B-cells, we found that the human heart hosts a small population of naive B-cells that are divided between the intravascular space and the interstitial space, with a slight preference for the interstitium. While this is significantly different from what has been observed in murine models, we found that myocardial B-cells in both humans and rodents are characterized by a dysregulation of pathways related to “B-cell receptor signaling”, “antigen processing and presentation”, and “cytokine-cytokine interactions”. This suggests that myocardial B-cells might have a conserved function across species and that findings on B-cells-myocardial interactions from pre-clinical models might be relevant to humans. Further studies will be needed to characterize the functional role of B-cells in the human heart.
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Heart failure (HF) is one of the leading causes of death worldwide. HF results not only in cardiovascular dysfunction, but also numerous pathologies in the oral cavity and salivary glands. The present study is the first to evaluate whether salivary inflammatory and anti-inflammatory factors may be related with the occurrence of hyposalivation in HF patients. We also evaluated the potential of salivary biomarkers in the diagnostics of HF. The study included 30 women with HF and 30 sex- and age-matched healthy controls. We demonstrated significantly higher levels of pro-inflammatory cytokines, anti-inflammatory cytokines, Th1, Th2, Th17, chemokines and growth factors in unstimulated saliva of HF patients compared to controls. However, the results do not indicate dominance of either branch of the immune response. The concentration of selected biomarkers is significantly higher in patients with HF and salivary gland dysfunction compared to patients with normal saliva secretion and healthy subjects (IL-1β, TNF-α, IL-7, IL-13, INF-γ, IL-12, IL-15, IL-5, IL-6, IL-9, IL-17, MCP-1/CCL-2, EOTAXIN/CCL11, RANTES/CCL5, GM-CSF, VEGF, FGF basic, PDFG-BB). Multivariate regression analysis showed that the content of salivary cytokines, chemokines and growth factors is highly dependent on salivary gland function, i.e. salivary flow rate, total protein content and amylase activity. Using receiver operating characteristic (ROC) analysis, we showed that salivary TNF-α, INF-γ, IL-12 and EOTAXIN/CCL11 differentiated patients with HF and hyposalivation with the highest sensitivity and specificity compared to patients with normal salivary secretion and controls. Interestingly, the content of some pro- and anti-inflammatory mediators in saliva significantly exceeds their concentration in plasma. In addition, salivary biomarker levels do not reflect their plasma content, which may suggest a different nature/severity of inflammatory changes at the central (blood) and local (salivary) levels. Although our study was purely observational, the significantly higher concentration of inflammatory parameters in saliva compared to plasma, as well as the lack of saliva-blood correlation, may suggest increased production/secretion of these compounds in salivary cells of HF patients. ROC analysis did not confirm the diagnostic utility of salivary cytokines and chemokines in the differential diagnosis of HF patients.
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Introduction

Despite enormous medical advances, chronic heart failure (HF) remains a huge social and clinical problem. It is connected with continuously aging of the population and the resulting increased incidence of cardiovascular diseases (1). HF is the most common and the most expensive cause of hospitalization of people over 65 years of age and is connected with the highest risk of death. The risk of HF increases with age, from about 1% in people younger than 55 to over 10% in people who are over 70 years old (2–4). Heart failure occurs when the cardiac muscle loses its ability to pump blood efficiently because the ventricles cannot contract and relax properly, causing insufficient blood supply to strategically important organs. Although the basis of HF therapy is pharmacological treatment, it is a major clinical challenge in older patients. Indeed, comorbidities require the use of numerous additional drugs, which exacerbates the risk of interactions and side effects (5–8). Many of the side effects of cardiovascular medicines occur within the oral cavity, which significantly aggravates the symptoms of the underlying disease. These drugs include, among others, anticoagulants (9). Patients with HF present decreased saliva production (hyposalivation), impaired salivary protein secretion and a subjective sensation of dry mouth (xerostomia) (10). Hyposalivation is accompanied by difficulties in the formation and swallowing of food bites, impaired taste perception and problems with phonation. Other frequent symptoms related to salivary gland dysfunction include painful lesions in the tongue periphery, atrophy and dryness of the oral mucosa, and increased incidence of caries and periodontal disease, particularly in the cervical region of teeth (11–16). It is suggested that an inflammatory process may be responsible for salivary gland dysfunction. Previous studies have demonstrated a key role of oxidative stress in salivary gland secretory dysfunction in HF patients (17, 18). Indeed, patients with HF experience accumulation of protein, lipid and DNA oxidation products in the salivary-gland parenchyma, which impairs unstimulated and stimulated saliva production. In addition, activation of RAGE receptors (receptors for advanced glycation end products (AGEs)) can result in increased secretion of TNF-α (tumor necrosis factor alpha), IL-1 (interleukin-1) and IL-6 (interleukin-6), as well as the growth factors: IGF-1 (insulin-like growth factor 1) and TGF-β (transforming growth factor beta) which activate cells of the immune system. These conditions lead to overexpression of NADPH oxidase (NOX), which is a source of not only reactive oxygen species (ROS) but also numerous pro-inflammatory factors (19, 20). It is assumed that assessment of the inflammatory profile in saliva and gingival crevicular fluid (GCF) may have great diagnostic potential in terms of early detection of oral and systemic diseases (21, 22). Recent studies indicate that salivary endothelin may be a local indicator of inflammation in patients with coronary heart disease and periodontal disease (15). However, the levels of cytokines, chemokines and growth factors in the saliva of HF patients have yet to be determined.

This study is the first to evaluate whether salivary inflammatory and anti-inflammatory factors may be connected with the occurrence of hyposalivation in HF patients. Subjects qualified for the study were patients with HF who had undergone a comprehensive dental and sialometric examination, and then divided into groups with normal and reduced saliva secretion. Thus, our study may contribute to better understanding of the causes of salivary gland dysfunction that significantly impairs the quality of life of HF patients. In the future, it may contribute to the development of new therapeutic strategies for hyposalivation treatment in patients with HF. Bearing in mind that salivary biomarkers are used in the diagnosis of a number of systemic diseases, an additional aim of our study was to determine whether the assessment of levels of salivary cytokines, chemokines and growth factors may have diagnostic value in patients with HF.



Materials and methods


Ethical issues

The study was approved by the Bioethics Committee of the Medical University of Bialystok, Poland (permission number R-I-002/75/2016). All subjects gave their written consent to participate in the experiment after a thorough explanation of the purpose of the study and possible risks related to it.



Patients

The criteria for inclusion and exclusion from the study are presented in Table 1. It should be noted that subjects with systemic, autoimmune and oral diseases were eliminated from the study, allowing an objective assessment of the salivary inflammatory profile.


Table 1 | Inclusion and exclusion criteria of HF patients and the control group.



The study group consisted of 30 women with chronic heart failure, treated at the Department of Cardiology with the Intensive Cardiac Care Unit of the Medical University of Bialystok Clinical Hospital in Bialystok. All patients were qualified for the study by an experienced cardiologist (M. K.) based on the inclusion and exclusion criteria. Material for the study was collected before implantation of an automatic cardioverter-defibrillator or a cardiac resynchronization system.

The control group, matched in terms of gender and age to the study group, consisted of 30 generally healthy patients attending follow-up appointments at the Outpatient Clinic for Restorative Dentistry of the Specialized Dental Department of the Medical University of Bialystok.



Saliva collection

The study material consisted of unstimulated whole saliva collected from patients via the spitting method. In order to minimize the effect of diurnal rhythm on saliva secretion, samples were collected in the morning, between 7 and 9 a.m., under conditions that eliminated stimuli. On the day of the study, prior to saliva collection, subjects from the study/control group did not have any meals (last meal at least 10 hours earlier) or beverages (excluding clean water) and refrained from performing oral hygiene procedures. They also had not taken any medications at least 8 hours before saliva collection. After rinsing the mouth twice with room-temperature distilled water, patients spat out saliva accumulated at the bottom of the mouth, for 15 minutes, into a sterile centrifuge tube placed in a container with ice (23). The volume of saliva was measured with a single-channel pipette with accuracy of 100 μL and was the basis for calculating the salivary flow rate (SFR; mL/min). The collected saliva was immediately centrifuged (3000 x g, 20 minutes, +4°C). Butylated hydroxytoluene (BHT) (5 μl of 0.5 M BHT in acetonitrile per 0.5 mL of salivary supernatant fluid) was added to the obtained supernatants to protect them against oxidation processes. The samples were stored at -80°C for no longer than six months.



Sialochemistry

Hyposalivation was defined as saliva flow rate (SFR) below 0.2 mL/min (23–26). Based on SFR, patients with HF were divided into two groups: a group with normal salivation (NS) and one with reduced saliva secretion (hyposalivation, HS). All control patients had SFR above 0.2 mL/min.

In addition to SFR, total protein (TP) content and salivary amylase activity were assessed to evaluate salivary gland function. TP content was determined colorimetrically with a commercial Thermo Scientific PIERCE BCA Protein Assay kit (Rockford, IL, USA) using the bicinchoninic method. Bicinchoninic acid (BCA) forms a stable complex with copper (2+) ions, which demonstrates an absorption maximum at 562 nm wavelength. Total protein concentration was expressed in μg/mL. Salivary amylase (SA, EC 3.2.1.1) activity was determined colorimetrically at 540 nm wavelength using 3’,5’-dinitrosalicylic acid (DNS). Absorbance changes accompanying the increase in the concentration of reducing sugars released during starch hydrolysis catalyzed by salivary amylase were also measured (27, 28). Salivary amylase activity was determined in duplicate samples and expressed in μg/mg of total protein.



Dental examination

The dental examination of every patient was performed immediately after saliva collection by the same dentist (A. K.), according to the criteria of the World Health Organization – in artificial lighting, using a mirror, an explorer and a periodontal probe (29). DMFT (decayed, missing, filled teeth), PBI (Papilla Bleeding Index), GI (Gingival Index) were determined. The DMFT index is the sum of teeth with caries (D), teeth extracted because of caries (M), and teeth filled because of caries (F). The PBI showed the intensity of bleeding from the gingival papilla after probing (30, 31). Criteria connected with GI included qualitative changes in the gingiva (32). Moreover, inter-rater agreements were assessed in 15 patients. The reliability coefficient for DMFT was r = 0.95; for PBI it was r = 0.96; and for GI: r = 0.97.



Blood collection

Venous blood (10 ml) was collected from subjects upon fasting and after an overnight rest, using the S-Monovette® K3 EDTA blood collection system (Sarstedt). Blood samples were centrifuged (1500 x g, 10 minutes, +4°C; MPW 351, MPW Med. Instruments, Warsaw, Poland), and plasma was collected for assays. The antioxidant butylated hydroxytoluene (BHT) was added to the samples (23). Samples were stored at -80°C for no longer than six months.



Bio-plex multiplex assay

The concentration of salivary and plasma cytokines: inflammatory (IL-1β: interleukin 1β; TNF-α: tumor necrosis factor α; IL-7: interleukin 7), anti-inflammatory (IL-10: interleukin 10; IL-1ra: interleukin 1RA; IL-13: interleukin 13), Th1 (INF-γ: interferon γ; IL-12: interleukin 12; IL-2: interleukin 2; IL-15: interleukin 15), Th2 (IL-4: interleukin 4; IL-5: interleukin 5; IL-6: interleukin 6; IL-9: interleukin 9) and Th17 (IL-17: interleukin 17), as well as chemokines (IP-10/CXCL10: chemokine (C-X-C motif) ligand 10/interferon gamma-induced protein 10; MCP-1/CCL2: monocyte chemoattractant protein-1; MIP-1α/CCL3: chemokine ligands 3/macrophage inflammatory protein 1α; MIP-1β/CCL4: chemokine ligands 4/macrophage inflammatory protein 1β; CCL11/eotaxin: chemokine ligand 11/eotaxin; CCL5/RANTES: chemokine ligand 5/regulated on activation, normal T cell expressed and secreted; IL-8/CXCL8: interleukin 8) and growth factors (G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-macrophage colony-stimulating factor; VEGF: vascular endothelial growth factor; FGF basic: fibroblast growth factor; PDFG-BB: platelet-derived growth factor) were determined using the Bio-Plex Pro Human Cytokine 27-plex Assay commercial diagnostic kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Bio-Plex technology is a multiplex-type ELISA test based on magnetic beads. Captured antibodies directed against a specific biomarker are covalently bound to magnetic beads. The coupled beads then react with a sample containing the selected biomarker. A series of rinses is performed to remove the unbound protein, and then a biotinylated detection antibody is added to form a sandwich compound. The final complex is formed by adding streptavidin-phycoerythrin (SA-PE) conjugate. The reading is performed using a specialized plate reader (Bio-Plex 200), and this method’s performance can be compared to a typical ELISA test.



Statistical analysis

Statistical analysis of the results was performed using GraphPad Prism 8.4.3. for MacOS (GraphPad Software, La Jolla, USA). The D’Agostino-Pearson test and Shapiro-Wilk test were used to assess normality of distribution, and homogeneity of variance was evaluated by means of the Levene’s test. The results are presented in box-and-whisker plots as median (minimum-maximum). For comparisons between the two groups, the Whitney U-Mann test was used. Kruskal-Wallis ANOVA analysis of variance along with Dunn’s post hoc test was applied for comparisons between the multiple groups. Correlations between biomarkers and salivary gland secretory function were assessed using Spearman’s rho correlation coefficient.

Multivariate analysis of simultaneous impact of many independent variables (SFR, TP, SA) on one quantitative dependent variable was performed by means of linear regression. Confidence intervals of 95% were reported along with regression parameters. Analysis of the diagnostic utility of biomarkers was measured using the receiver operating characteristic (ROC) analysis. A p value of less than 0.05 was considered statistically significant.

The number of patients was determined a priori based on the previously conducted pilot study, and the power of the test was assumed to be 0.9. Salivary TNF-α, IL-13, INF-γ and MCP-1/CCL-2 were used for the calculation. The minimum number of patients in one group was 21; thus, 30 patients were qualified for the study.




Results


Clinical data

The clinical data of the patients are presented in Table 2. In general, HF patients with hyposalivation or normal saliva secretion did not differ from the control group in terms of blood count, biochemical tests, RR, comorbidities or medications taken.


Table 2 | Clinical characteristics of HF patients and the control group.





Sialochemistry and dental examination

The results of the sialochemistry and dental examination are presented in Table 3. We observed significantly lower SFR in HF patients with HS compared to controls and HF patients with normal salivary secretion (in all cases p < 0.001). In addition to SFR, total protein content and salivary amylase activity were assessed to evaluate salivary gland function. Total protein content and salivary amylase activity were significantly lower in the saliva of HS patients compared to controls (p = 0.0296, p = 0.0003, respectively). However, patients in the study group and the control did not differ in terms of oral hygiene, caries and periodontal status (Table 3).


Table 3 | Sialochemistry and dental examination of HF patients and control subjects.





Salivary inflammatory and anti-inflammatory profile in patients with heart failure compared to the controls


Pro-inflammatory cytokines

The concentration of pro-inflammatory cytokines (IL-1β, TNF-α, IL-7) in the saliva of study group subjects was significantly higher compared to the control group (↑189%, p = 0.0002; ↑ 606%, p < 0.0001; ↑145%, p < 0.0001, respectively). A similar trend in plasma was observed only for TNF-α levels in the plasma of patients from the study group (↑141%, p = 0.0003). In addition, the concentration of IL-1β and TNF-α in saliva correlated positively with their plasma levels in both the control and study groups (Figure 1; Table S1).




Figure 1 | Salivary pro-inflammatory and anti-inflammatory profile in patients with heart failure (n = 30) compared to the control (n = 30). The results are presented in box-and-whisker plots as median (minimum-maximum). For comparisons between the two groups, the Whitney U-Mann test was used. *p< 0.05, **p< 0.01, ***p< 0.001, and ****p< 0.0001. NS, non significance.





Anti-inflammatory cytokines

The concentration of anti-inflammatory cytokines (IL-1ra, IL-13) in the saliva of study group subjects was statistically significantly higher compared to the control group (↑40%, p = 0.0081; ↑163%, p < 0.0001, respectively). In contrast, the serum level of IL-10 in the study group was significantly lower compared to the controls (↓ 75%, p < 0.0001). Moreover, the concentration of IL-10 and IL-1ra in the saliva of control subjects correlated positively with plasma levels of these cytokines (Figure 1; Table S1).



Th1 cytokines

The concentration of Th1 cytokines (INF-γ, IL-12, IL-2, IL-15) in the saliva of study group subjects was significantly higher than in the control group (↑332, p < 0.0001; ↑70%, p < 0.0001; ↑46%, p = 0.007; ↑531, p < 0.0001, respectively), while in plasma only INF-γ and IL-12 concentrations were higher in the study group compared to the controls (↑121%, p = 0.0003; ↑121, p < 0.0001, respectively). In addition, salivary INF-γ level correlated negatively with its plasma content in patients from the study group (Figure 1; Table S1).



Th2 cytokines

The content of Th2 cytokines in the case of determinations of IL-5, IL-6, IL-9 in the saliva of study group patients was significantly higher compared to the control group (↑1920%, p < 0.0001; ↑195%, p < 0.0001; ↑131%, p < 0.0001, respectively), while the concentration of IL-4 was significantly lower (↓76%, p = 0.0202). In terms of plasma determinations, only the levels of IL-5 and IL-6 were considerably higher in the study group than in the control group (↑286%, p < 0.0001; ↑4004%, p < 0.0001, respectively), while IL-4 and IL-9 concentrations were significantly lower (↓91%, p < 0.0001; ↓51%, p = 0.0022, respectively). In the control group, the salivary content of IL-4, IL-6 and IL-9 correlated positively with their plasma level, while the concentration of IL-5 correlated negatively. Moreover, IL-5 level in saliva was positively correlated with its plasma content in the study group (Figure 1; Table S1).



Th17 cytokines

The concentration of Th17 cytokines in the saliva of study group patients was significantly higher compared to the control group (↑591%, p < 0.0001) (Figure 1; Table S1).



Chemokines

The concentration of chemokines (MCP-1/CCL-2, IP-1α/CCL3, MIP-1β/CCL4, EOTAXIN/CCL11, RANTES/CCL5, IL-8/CXCL8) in the saliva of study group subjects was significantly higher compared to the control group (↑1329%, p < 0.0001; ↑100%, p = 0.0209; ↑33%, p = 0.0238; ↑159%, p < 0.0001; ↑477%, p < 0.0001; ↑76%, p = 0.0068, respectively), while in plasma only the levels of MIP-1β/CCL4 and RANTES/CCL5 (↑178%, p = 0.0022 and ↑139%, p = 0.0016, respectively) were higher in the study group vs. the controls. In the plasma of patients from the study group, the content of IP-10/CXCL10, MCP-1/CCL-2 and IL-8/CXCL8 was significantly lower compared to the control group (↓57%, p = 0.0015; ↓61%, p = 0.0003; ↓63%, p = 0.0025, respectively). In the control group, salivary concentration of MIP-1β/CCL4 and IL-8/CXCL8 correlated positively with their plasma levels, while the level of RANTES/CCL5 correlated negatively (Figure 2; Table S1).




Figure 2 | Salivary chemokines and growth factors in patients with heart failure (n = 30) compared to the control (n = 30). The results are presented in box-and-whisker plots as median (minimum-maximum). For comparisons between the two groups, the Whitney U-Mann test was used. *p< 0.05, **p< 0.01, ***p< 0.001, and ****p< 0.0001. NS, non significance.





Growth factors

The concentration of growth factors (GM-CSF, VEGF, FGF basic, PDFG-BB) in the saliva of study group patients was significantly higher compared to the control group (↑200%, ↑170%, ↑687%, ↑325%, respectively, p < 0.0001 in all cases), while in plasma only the levels of G-CSF and GM-CSF (↑40%, p = 0.0061; ↑140%, p < 0.0001, respectively) were higher in the study group vs. the controls. In the control group, salivary G-CSF and VEGF levels correlated positively with their plasma levels (Figure 2; Table S1).




Inflammatory and anti-inflammatory profile in the saliva of patients with heart failure and hyposalivation compared to those with heart failure and normal saliva secretion and controls


Pro-inflammatory cytokines

The levels of TNF-α and IL-7 were significantly higher in the saliva of patients with heart failure and normal saliva secretion compared to the controls, as was the content of IL-1β, TNF-α and IL-7 in the saliva of patients in the study group with hyposalivation compared to the control group (Table S2).



Anti-inflammatory cytokines

Concentrations of IL-1ra, IL-13 were statistically significantly higher in the saliva of subjects with hyposalivation, and HF compared to the control group, while in the study group with HS, such a dependency was observed only for IL-13 level (Table S2).



Th1 cytokines

The levels of INF-γ, IL-12 and IL-15 were significantly higher in the saliva of heart failure subjects with both NS and HS compared to the control group (Table S2).



Th2 cytokines

The concentrations of IL-5, IL-6 and IL-9 were significantly higher in the saliva of heart failure patients with both NS and HS compared to the control group, while IL-4 level was significantly higher only in heart failure patients with HS (Table S2).



Th17 cytokines

Moreover, IL-17 level was significantly higher in the saliva of heart failure patients with both NS and HS compared to the controls (Table S2).



Chemokines

Concentrations of MCP-1/CCL-2, EOTAXIN/CCL11 and RANTES/CCL5 were significantly higher in the saliva of heart failure subjects with both NS and HS compared to the controls, while IL-8/CXCL8 level was considerably higher only in heart failure patients with NS (Table S2).



Growth factors

The levels of GM-CSF, VEGF, FGF basic and PDFG-BB were significantly higher in the saliva of heart failure patients with both NS and HS compared to the controls (Table S2).




Correlations


Pro-inflammatory cytokines

Salivary concentrations of IL-1β and TNF-α were negatively correlated with salivary minute flow, protein content and salivary amylase activity in subjects from the study group; no such correlations were found in the control group (Table S3).



Th1 cytokines

The concentration of INF-γ and IL-12 correlated negatively with salivary minute flow, protein content and salivary amylase activity in the study group patients, while IL-12 content was additionally correlated negatively with salivary amylase activity in control subjects (Table S3).



Th2 cytokines

The concentration of IL-6 correlated positively with protein content in subjects in the study group. In contrast, IL-4 level correlated negatively with salivary amylase activity in the control subjects (Table S3).



Growth factors

The concentration of FGF basic was positively correlated with salivary amylase activity in control subjects (Table S3).



Regression analysis

Multivariate linear regression analysis enabled us to determine whether the content of salivary cytokines, chemokines and growth factors depend on the secretory activity of salivary glands. It was demonstrated that salivary IL-1β and TNF-α concentrations depend inversely on the minute flow, salivary protein content and salivary amylase activity, while INF-γ and IL-15 concentrations depend negatively on SFR and SA. The content of salivary IL-7 depends inversely on SA, while IL-5 depends on SFR, and PDFG-BB depends on SA (Table 4).


Table 4 | Multivariate linear regression analysis. Salivary flow rate (SFR), total protein (TP) and salivary amylase (SA) were used as independent variables.






ROC analysis

ROC analysis is a useful method for assessing the predictive accuracy of a model by plotting the sensitivity against 1-specificity of a classification test. In our study, we showed that salivary TNF-α, INF-γ, IL-12 and EOTAXIN/CCL11 differentiated patients with HF and hyposalivation with the highest sensitivity and specificity compared to patients with normal salivary secretion and controls. Of particular note is salivary TNF-α, which has the greatest diagnostic utility (study NS vs. control: AUC = 0.95, sensitivity = 86.67, specificity = 86.96; study HS vs. control: AUC = 1, sensitivity = 100, specificity = 100; study HS vs. study NS: AUC = 0.85, sensitivity = 63.64, specificity = 66.67) (Figure 3; Table S4).




Figure 3 | Diagnostic significance of salivary TNF-α for evaluating salivary gland inflammation in patients heart failure and hyposalivation (HS) compared to patients with heart failure (n = 13) and normal saliva secretion (n = 17) (NS) and to the control (n = 30). ***p< 0.001, ****p< 0.0001, ns, non significance.



The results are presented in box-and-whisker plots as median (minimum-maximum). Kruskal-Wallis ANOVA analysis of variance along with Dunn’s post hoc test were applied for comparisons between the multiple groups. Analysis of the diagnostic utility of biomarkers was measured using the receiver operating characteristic (ROC) analysis.

The assessed salivary inflammatory and anti-inflammatory biomarkers do not differentiate HF patients by NYHA classes (NYHA III vs. NYHA II), and thus cannot be used in differential diagnosis of heart function (Table S4). The exception is salivary TNF-α, which, with an AUC close to unity (AUC = 0.99; sensitivity = 90. 92%, specificity = 93.3%), differentiates HF patients by severity of heart failure symptoms according to the New York Heart Association classification (Figure 4; Table S5).




Figure 4 | Diagnostic significance of salivary TNF-α for evaluating severity of heart failure symptoms according to the New York Heart Association classification (NYHA II vs. NYHA III). The results are presented in box-and-whisker plots as median (minimum-maximum). Kruskal-Wallis ANOVA analysis of variance along with Dunn’s post hoc test was applied for comparisons between the multiple groups. Analysis of the diagnostic utility of biomarkers was measured using the receiver operating characteristic (ROC) analysis. ****p< 0.0001.






Discussion

The present study is the first to evaluate whether salivary inflammatory and anti-inflammatory factors may be related with the occurrence of hyposalivation in HF patients. We demonstrated significantly higher levels of pro-inflammatory cytokines, anti-inflammatory cytokines, Th1, Th2, Th17, chemokines and growth factors in unstimulated saliva of HF patients compared to controls. Multivariate regression analysis showed that the content of salivary cytokines, chemokines and growth factors is highly dependent on salivary gland function.

Heart failure ranks among the leading causes of death worldwide, which may be due to the multifactorial etiology of the disease. Factors that trigger heart failure (i.e., genetic conditions, infections, atherosclerosis, hypertension, diabetes, alcoholism) as well as processes that have already started in HF patients (e.g., neurohormonal activation, extracellular matrix remodeling, oxidative stress) ultimately lead to increased production and secretion of inflammatory mediators (33, 34). They play a role not only in the initiation but also in the progression of HF (35). Several studies have shown increased expression of cytokines such as TNF-α, IL-1, -6, -18, cardiotrophin-1 (CT-1) and Fas ligand (type II transmembrane protein [homotrimer] which is a cytokine of the TNF family), as well as numerous chemokines (e.g., monocyte chemoattractant (MCP)-1/CCL2, IL-8/CXCL8 and macrophage inflammatory protein-1α/CCL3) in patients with HF (34–36). Interestingly, elevated plasma levels of inflammatory cytokines and chemokines correlate with deterioration in the functional class (the New York Heart Association classification – NYHA) and cardiac function (left ventricular ejection fraction – LVEF). It is not surprising that in patients with HF, the effect of inflammation has been increasingly postulated not only in relation to myocardial and vascular damage, but also to salivary hypofunction. In HF patients, salivary gland dysfunction is manifested as a reduction in SFR, a decrease in salivary protein secretion or a decrease in salivary amylase activity (18, 37). Unfortunately, the causes of salivary hypofunction in patients with HF are still not well understood.

Saliva is mainly produced by three large paired salivary glands (parotid, sublingual and submandibular) and, to a lesser extent, by numerous small glands located in the oral mucosa. Under physiological conditions, the total volume of saliva per day varies from 0.5 to 1 liter in an adult, and about 80% of this volume depends on the stimulation associated with food intake. The parasympathetic nervous system is dominant in saliva secretion, stimulating the secretion of a large volume of watery saliva with a relatively low TP. Acetylcholine acts on M1 and M3 receptors in the acinar cells causing the release of calcium ions from intracellular stores and the opening of Ca2+-dependent chloride and potassium channels. Stimulation of the sympathetic nervous system has little effect on saliva volume, with its main role being to modify saliva composition. Norepinephrine acting on α1 receptors stimulates the secretion of watery saliva, and stimulation of β1 receptors results in increased secretion of proteins into saliva (38–40). It should also be noted that salivary glands are very well vascularized, ensuring the efficient passage of many compounds into saliva. Reduced saliva secretion leads to a number of health consequences. Patients with hyposalivation experience symptoms of dry mouth, difficulty speaking and swallowing food and taste perception disorders (with a predominance of bitter and salty taste) or a complete lack of taste sensations. Moreover, hyposalivation leads to mechanical damage and a change in the color of the oral epithelium and is accompanied by an annoying and unpleasant odor from the mouth. In a more advanced stage of the disease, we can observe cases of severe and chronic candidiasis (infection caused by fungi of the genus Candida), ulceration of tissues, chronic infections caused by bacteria of the genus Streptococcus and Lactobacillus, which eventually leads to acute forms of circular caries and the formation of tooth cervical defects (41–43).

This study is the first to evaluate the salivary inflammatory profile in patients with HF. We demonstrated significantly higher levels of pro-inflammatory cytokines (IL-1β, TNF-α, IL-7), anti-inflammatory cytokines (IL-1ra, IL-13), Th1 (INF-γ, IL-12, IL-2, IL-15), Th2 (IL-5, IL-6, IL-9), Th17 (IL-17), chemokines (MCP-1/CCL-2, MIP-1α/CCL3, MIP-1β/CCL4, EOTAXIN/CCL11, RANTES/CCL5, IL-8/CXCL8) and growth factors (GM-CSF, VEGF, FGF basic, PDFG-BB) in unstimulated saliva of HF patients compared to the controls. Interestingly, the content of some pro- and anti-inflammatory mediators in saliva significantly exceeds their plasma levels (control: IL-1β, TNF-α, IL-7, IL-1ra, INF-γ, IL-12, IL-4, IL-6, MCP-1/CCL-2, IL-8/CXCL8, GM-CSF, VEGF; HF: IL-1β, TNF-α, IL-7, IL-10, IL-1RA, IL-13, INF-γ, IL-12, IL-4, IL-9, IP-10/CXCL10, MCP-1/CCL-2, IL-8/CXCL8, GM-CSF, VEGF, FGF basic, PDFG-BB), which may confirm previous reports on the production of cytokines, chemokines and growth factors within the salivary glands (25, 44, 45). Indeed, compounds found in saliva can be transported into the oral cavity from plasma via intracellular (passive or specific transport) or extracellular (diffusion or ultrafiltration) routes. They can also be synthesized in the salivary glands (mainly parotid and submandibular) (46). It is well known that most cytokines are not stored but produced in cells and released in response to a stimulus. In our previous studies, we confirmed the key contribution of oxidative stress to salivary-gland hypofunction in HF patients (17, 18). These patients demonstrate the accumulation of oxidation/glycation products in the parenchyma of the salivary glands, which may lead to morphological changes in glandular tissue, thus impairing saliva secretion and disrupting salivary protein biosynthesis. A significant role in this process may be played by AGEs which, by binding to a specific receptor (RAGE), not only enhance the production of free radicals, but also activate the pro-inflammatory cascade (19, 20, 47). However, it is interesting to note the lack of correlation between salivary and plasma concentrations of the biomarkers assessed in patients with HF. This may suggest a different nature/severity of inflammatory changes at the central (blood) and local (salivary glands) level. In contrast, in the control group, the content of assessed biomarkers generally correlated positively with their plasma levels (IL-1β, TNF-α, IL-10, IL-1ra, IL-4, IL-5, IL-6, IL-9, MIP-1β/CCL4, RANTES/CCL5, IL-8/CXCL8, G-CSF, VEGF). This confirms previous reports on the use of saliva to assess the systemic inflammatory profile. Collecting saliva as a diagnostic material does not require incurring high costs, and is non-invasive, painless and convenient for young children as well as the elderly and patients still active on the labor market (46). However, ROC analysis did not confirm the diagnostic utility of salivary cytokines and chemokines in the differential diagnosis of HF patients. The assessed salivary biomarkers do not indicate the severity of heart failure (NYHA III vs. NYHA II). Indeed, previous studies and the present one point to the limited clinical utility of salivary biomarkers in patients with systemic diseases and concomitant salivary gland hypofunction (25, 48).

Hyposalivation belongs to quantitative disorders of saliva secretion. It can be objectively diagnosed via measuring the sialometry when the SFR falls below 0.2 ml/min (24–26). Therefore, we examined how the salivary inflammatory profile changes in HF patients with hyposalivation compared to HF patients with normal salivary secretion and the controls. We showed that the levels of selected biomarkers are significantly higher in HF patients with salivary gland dysfunction compared to those with normosalivation and healthy subjects (IL-1β, TNF-α, IL-7, IL-13, INF-γ, IL-12, IL-15, IL-5, IL-6, IL-9, IL-17, MCP-1/CCL-2, EOTAXIN/CCL11, RANTES/CCL5, GM-CSF, VEGF, FGF basic, PDFG-BB). Increased levels of pro-inflammatory cytokines, anti-inflammatory cytokines, Th1, Th2, Th17, chemokines and growth factors in HF patients with hyposalivation may indicate a multidirectional inflammatory process within the salivary glands. However, the obtained results do not indicate a dominance of either branch of the immune response. Since hyposalivation is also accompanied by impaired salivary protein biosynthesis, we investigated the relationship between the saliva inflammatory profile, total protein content and activity of salivary amylase, the main salivary protein which is also the most important biomarker of the salivary-gland secretory dysfunction. Salivary concentrations of IL-1β and TNF-α were negatively correlated with salivary minute flow, protein content and salivary amylase activity in subjects from the study group; no such correlations were found in the control group. The multivariate linear regression analysis demonstrated that the content of salivary cytokines, chemokines and growth factors significantly depends on the secretory activity of the salivary glands. Salivary IL-1β and TNF-α concentrations depend inversely on SFR, TP and SA, INF-γ and IL-15 – on SFR and SA, and IL-12 levels – on SFR. The exclusion of Sjögren’s syndrome, other systemic diseases and oral inflammation may suggest that the abnormalities observed by us are due to salivary gland dysfunction in the course of HF. Hyposalivation significantly disrupts the homeostasis of the oral ecosystem. Lower concentrations of salivary defense proteins (immunoglobulins) increase the risk of fungal and bacterial infections, while limited dilution of sugars and removal of food from the tooth surface contribute to a significant increase in the risk of caries and periodontitis (49, 50). Hyposalivation also predisposes the oral cavity to more frequent mechanical damage, which may result in the development of erosions and premalignant and/or neoplastic conditions of the oral cavity (51, 52). Using ROC analysis, we showed that salivary TNF-α, INF-γ, IL-12 and EOTAXIN/CCL11 differentiated patients with HF and hyposalivation with the highest sensitivity and specificity compared to HF patients with normal salivary secretion and controls. However, salivary TNF-α appears to have the greatest diagnostic utility for assessing the degree of salivary gland failure in patients with HF. This biomarker is the most dependent on SFR, salivary protein content and amylase activity, and its salivary concentration does not correlate with blood levels.

The salivary inflammatory profile has not been evaluated before in patients with HF. Similarly, little is known about the role of inflammation in disrupting the salivary gland function in the course of systemic diseases. However, according to previous studies, INF-γ decreases the production of mucins in acinar cells of patients with Sjögren’s syndrome (53). Mucins belong to a group of the most important oral proteins. In unstimulated saliva, they account for as much as 20–30% of total content of proteins. These compounds determine the rheological properties of saliva, enabling it to coat and moisten the oral tissues and reduce frictional forces. They also participate in the processes of agglutination and colonization of bacteria. In addition, INF-γ can enhance salivary gland remodeling by increasing the activity of matrix metalloproteinases (MMPs) (54). These belong to a group of proteolytic enzymes that digest components of the extracellular matrix and basement membrane of the salivary glands. Thus, MMPs disrupt salivary-gland secretory function. Similar to TNF-α, IL-6 and IL-12, INF-γ also activates intrinsic apoptosis pathways (55–57). It has been suggested that overproduction of salivary INF-γ, IL-1α, IL-1β, IL-1ra and IL-12 may originate from inflammatory cells that infiltrate the salivary glands. It is well known that these cytokines are released by stimulated monocytes, macrophages and vascular endothelial cells. Indeed, the site of inflammation is a place of accumulation of numerous immunocompetent cells necessary for a full immune response to occur. The activated antigen-presenting cell secretes pro-inflammatory cytokines, the anti-inflammatory interleukin IL-10, and chemokines. The presenting cells have receptors of these molecules on their surface, which autocrinically increases their activation. Elevated levels of salivary IL-6 have been shown to correlate significantly with the degree of lymphocytic infiltration in the labial salivary glands of patients with Sjögren’s syndrome (58, 59). IL-6 significantly boosts the local inflammatory process, inducing T-lymphocyte proliferation and B-lymphocyte differentiation, and decreasing the number of Treg lymphocytes (60, 61). In addition, increased secretion and concentration of INF-γ, IL-1 and TNF-α in the inflammatory microenvironment of the salivary glands can inhibit acetylcholine release, resulting in attenuated acinar cell responses and decreased saliva secretion (62).

In conclusion, in HF patients we can observe an abnormal salivary inflammatory profile (Figure 5). Although our study was purely observational, the considerably higher concentration of inflammatory parameters in saliva compared to plasma, as well as the lack of saliva-blood correlation, may suggest enhanced production/secretion of these compounds in salivary gland cells of HF patients. Salivary TNF-α, INF-γ, IL-12 and EOTAXIN/CCL11 can be helpful in assessing the progression of inflammation in the salivary glands of HF patients. However, ROC analysis did not confirm the diagnostic utility of salivary cytokines and chemokines in the differential diagnosis of HF patients (NYHA III vs. NYHA II). Thus, our study demonstrates the limited clinical utility of salivary biomarkers in HF patients with concomitant salivary gland hypofunction. The exception is salivary TNF-α, which, with an AUC close to unity, differentiates HF patients by severity of heart failure symptoms according to the New York Heart Association classification. However, these results should be interpreted with great caution due to the small number of patients with HF. Further studies are needed to evaluate inflammatory changes at the molecular level in the salivary glands of patients with HF.




Figure 5 | Graphical conclusions from the study.



A limitation of our study is the low number of patients with HF. However, we would like to underline that according to the sample size calculation such a number of subjects is sufficient for performing an analysis. It is also noteworthy that this is a group of patients selected in a very particular manner: they had healthy periodontium, no oral inflammatory diseases, and no other general diseases (including autoimmune ones). This is of crucial importance, since saliva composition depends on the local condition of the oral cavity and the patient’s overall health status. Therefore, in order to reliably assess salivary gland function in the course of HF, researchers should select patients very rigorously, although the consequence of which may be a small group size. We also realize that saliva secretion is strongly influenced by cardiovascular drugs (63). However, patients in the study group and controls were treated with similar medications to limit the effect of pharmacotherapy on the quantitative and qualitative composition of saliva. In addition, due to ethical constraints, we were not able to collect salivary glands for analysis and only evaluated changes of circulating inflammatory biomarkers. Nevertheless, we have analyzed them closely with biological functions (i.e., secretory activity of salivary glands).
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Diabetic nephropathy (DN) is the most common chronic kidney disease. Accumulation of glucose and metabolites activates resident macrophages in kidneys. Resident macrophages play diverse roles on diabetic kidney injuries by releasing cytokines/chemokines, recruiting peripheral monocytes/macrophages, enhancing renal cell injuries (podocytes, mesangial cells, endothelial cells and tubular epithelial cells), and macrophage-myofibroblast transition. The differentiation and cross-talks of macrophages ultimately result renal inflammation and fibrosis in DN. Emerging evidence shows that targeting macrophages by suppressing macrophage activation/transition, and macrophages-cell interactions may be a promising approach to attenuate DN. In the review, we summarized the diverse roles of macrophages and the cross-talks to other cells in DN, and highlighted the therapeutic potentials by targeting macrophages.
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1 Introduction

Diabetic nephropathy (DN) is a common microvascular complication of diabetes and a leading cause of chronic kidney disease (CKD) worldwide with high morbidity and disability (1, 2). 30%-40% of patients with diabetes develop DN, of which 5%-10% eventually progress to end-stage renal disease (ESRD). DN accounts for almost a third of the CKD caused disability-adjusted life-years globally (3).

DN is characterized by the over deposition of extracellular matrix (ECM) which leads to thickness of basement membrane, glomerular mesangial expansion and tubulointerstitial fibrosis (4, 5). Pathologically, glucose and metabolites (e.g., reactive oxygen species and advanced glycation end products) lead to podocyte loss, mesangial expansion, and endothelial injuries in glomeruli, and epithelial damage or transition in renal tubules, eventually, result cellular inflammation, glomerulosclerosis and tubulointerstitial fibrosis (5, 6). Macrophages (Mφ), as main immune cells, are involved into the pathogenesis of DN (7). High glucose and advanced glycation end products (AGEs) promote expressions of adhesion molecules, cytokines and chemokines in podocytes, mesangial cells and epithelial cells in kidney, which recruit and activate macrophages (8, 9). Activation of resident macrophages and infiltrating macrophages in diabetic kidney promote renal inflammation and fibrosis in glomeruli and tubulointerstitium (10, 11).

This review describes roles of macrophages in patients with DN as well as in animal models. We summarized the multiple roles of macrophages, including the communication between macrophages and other renal cells in DN, and the regulation of macrophages on metabolism and inflammation in DN. We also involved the new therapeutic strategies/findings targeting macrophages to prevent and treat DN.



2 Dynamic changes of macrophages in DN

Macrophages have dynamic changes in DN, e.g. macrophage infiltration and macrophage polarization. We summarized these findings from DN patients and animal models to preliminarily explore the roles of macrophages in the progression of DN.


2.1 In human

Renal biopsies from patients reveal that macrophages present in the interstitium and glomeruli at all stages of DN (11, 12). In patients with type 2 diabetes, kidney biopsy studies indicated that the number of macrophages in the glomeruli transiently increases in the stage of moderate glomerulosclerosis, but remains low at mild and advanced stages (13). The ratio of M1/M2 macrophages is dynamically changing during the progression of DN at different stages (14, 15). These macrophages traditionally classified into inflammatory M1 macrophages (CD68+/iNOS+) and M2 macrophages (CD68+/Arg-1+) (12, 14, 15). Findings from kidney biopsies showed that M1 macrophages are recruited to the kidney during the early stages of DN (Stages I and IIa). The ratio of M1 to M2 macrophages is highest at the early stages. M2 macrophages predominate at the later time point (Stage III) and the M1/M2 macrophage ratio reaches to the lowest level (14). CD163+ glomerular macrophages are positively associated with DN severity, interstitial fibrosis and tubular atrophy, and glomerulosclerosis while CD68+ interstitial macrophages are associated with decreased glomerular filtration rate and increased proteinuria (11). Studies also indicated that macrophage infiltration in tubulointerstitium is associated with the progression of renal impairment over the subsequent 5 years and macrophage accumulation in kidney is a prognostic factor for DN (11, 16). However, it is difficult to determine the dynamic changes of renal macrophages population/subpopulation due to the limited availability of human kidney biopsies in a time course of DN, especially at the early stages of DN. In addition, the onset time of the disease cannot be definitively determined and a biopsy is seldom collected at early stage as it may not be clinically appropriate (16).



2.2 In animals

In streptozotocin (STZ) induced type 1 diabetes mellitus (T1DM) mouse model, CD45+ and CD68+ macrophages are the most abundant leukocytes accumulating in glomerular and interstitial tissues of kidneys (17). The number of macrophages in glomeruli and tubulointerstitium is increased at 2-week after receiving STZ, and reach to a 3-fold increase at 18-week (17). Both glomerular macrophages and interstitial macrophages have been associated with hypertrophy, hypercellularity, and extracelluar matrix (ECM) deposition in glomeruli and interstitial tissues (17, 18). Consisently, macrophages accumulate in kidneys of insulin-2 Akita mutant mice, the spontaneous diabetic mice (19).

Db/db and ob/ob mice develop obesity and insulin resistance due to mutations of leptin receptors and defects of leptin production respectively. These animals are commonly used to study the pathogenesis of type 2 diabetes mellitus (T2DM) (20). In db/db mice with C57BL/6 background, glomerular and interstitial CD68+ macrophages gradually increase 10-fold at 8-month old compared to age-matched normal mice (21). These macrophages account for 90% of infiltrating leukocytes in kidneys, which are associated with blood glucose, albuminuria, and histology (21). Db/db mice with C57BLKS background at 3-month-old have a 2-fold increase of CD68+ glomerular macrophages in kidney, which are associated with the development of proteinuria (22). In an accelerated DN model by the uninephrectomy of C57BLKS db/db mice, there is an sustained increase of glomerular macrophages at 6- to 24-week old (23). In another accelerated DN model, db/db mice crossing with endothelial NOS-deficient mice, there is a 6-fold increase in glomerular CD68+ macrophages and a 5-fold increase in interstitial CD68+ macrophages at 16-week old compared with conventional db/db (24). In BTBR ob/ob mice, macrophages activation and infiltration are found in glomerulus and tubulointerstitium of kidney (25, 26). Depletion of macrophages by intraperitoneal injection of clodronate liposomes improves proteinuria and renal function in db/db mice (12).

Studies in human and animal models have shown that macrophages accumulate in diabetic kidneys and this accumulation correlates with renal injury in DN.




3 Origins and phenotypes of macrophages

Renal macrophages include resident macrophages and infiltrating macrophages. Renal resident macrophages include yolk sac-derived erythro-myeloid progenitors (EMPs) derived macrophages, fetal liver EMP-derived macrophages and Hematopoietic stem cells (HSCs)-derived macrophages. Some HSCs migrate into the bone marrow and spleen and are then released into the blood as circulating monocytes that can contribute to tissue-resident macrophages populations (27, 28). At the initial stage of diabetic nephropathy, resident macrophages, acting as gatekeepers to initiate or suppress immune responses, are rapidly activated by stimuli in kidney (28–30). High glucose induces high expression of adhesion molecules including intercellular adhesion molecule-1 (ICAM-1) (31) and vascular cell adhesion molecule-1 (VCAM-1) (32, 33) in vascular endothelial cells. High glucose and AGEs also promote expression of ICAM-1 in podocytes, mesangial cells and epithelial cells (34–36). They can adhere to circulating monocytes (34). ICAM-1 appears to be a key molecule promoting renal macrophage recruitment in DN (34). Meanwhile, activated resident macrophages and renal parenchymal cells such as glomerular podocytes, mesangial cells and tubular epithelial cells in DN secrete chemokines such as C-C Motif Chemokine Ligands 2 &5 (CCL2, CCL5) (37) and macrophage colony-stimulating factor 1 (CSF-1) (38), which induce circulating monocytes (Ly6Chigh monocytes and Ly6Clow monocytes) to form the infiltrating macrophages in kidney and finally contribute to pathogenesis of kidney diseases (28).

M1 and M2 plays the opposite role in renal inflammation. At the early stage of kidney injury, macrophages are activated by pathogen-associated molecular patterns (PAMPs), danger-associated molecular patterns (DAMPs), interferon-gamma (IFN-γ) and pro-inflammatory cytokines to differentiate into proinflammatory M1 macrophages which are in response to infection or cellular damage (39). Simultaneously circulating monocytes (CD11b+Ly6Chigh) are recruited to the kidney to differentiate into pro-inflammatory M1 macrophages (40, 41). M1 macrophages have inflammatory effects with high expression of inducible nitric oxide synthase (iNOS).M1 macrophages secrete pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) and promote tissue inflammation and damage (42). M2 macrophages are normally induced by interleukin 4 (IL-4) and interleukin 13 (IL-13), which suppress inflammation and promote wound repair and fibrosis (28). M2 macrophages have immunomodulatory, pro-fibrotic and repairing effects with high expression of CD206, CD163, arginase-1 (Arg-1) and mannose receptor (MR) (42). Alternative M2 macrophages secrete anti-inflammatory (IL-10) and pro-fibrotic cytokines (TGF-β) that promote tissue repair and fibrosis (42). Consistently, circulating Ly6Clow monocytes are recruited to the kidney to differentiate macrophages and play anti-inflammatory and pro-fibrotic roles (28). The origins and phenotypes of macrophages in the kidney are shown in Figure 1.




Figure 1 | Origins and phenotypes of macrophages. Renal macrophages (Mφ) are consisting of resident macrophages and infiltrating macrophages. Resident macrophages mainly have three sources including yolk sac-derived erythro-myeloid progenitors (EMPs)-derived Mφ, fetal liver EMP-derived Mφ, and hematopoietic stem cell (HSC)-derived Mφ. During the initial stages of kidney injury, resident macrophages act as gatekeepers to initiate or suppress immune responses. Actived resigent Mφ and kidney cells release chemokines/cytokines to recruit circulating monocytes to kidney tissuse (called infiltrating macrophages). Macrophages are generally classified into classic M1 and alternative M2 macrophages. M1 macrophages (CD68/iNOS) express and secrete inflammatory cytokines (TNF-α, IL-1β, IL-6) and promote tissue inflammation. M2 macrophages (CD206/CD163/Arg-1/MR) secrete anti-inflammatory (IL-10) and pro-fibrotic cytokines (TGF-β) that promote tissue repair and fibrosis. Arg-1, Arginase-1; EMPs, Erythro-myeloid progenitors; CCL2, C-C Motif chemokine ligand 2; HSC, Hematopoietic stem cell; ICAM-1, Intercellular adhesion molecule-1; MR, Mannose receptor; Mφ, Macrophages; VCAM-1, Vascular cell adhesion molecule-1; VECs, Vascular endothelial cell.



Majority of phenotype studies on DN focus on M1 and M2 macrophages. The key receptor that regulates macrophages transition from M1 to M2 is CD163. Clearance of hemoglobin:haptoglobin (Hb : Hp) complex by CD163 promotes nuclear translocation of nuclear factor erythroid 2-related factor 2 (Nrf2), increases the expression of heme oxygenase (HO)-1 and enhances release of IL-10 (43). Nrf2/HO-1, ac as therapeutic regulator, promotes the switch of M1 to M2 and improves renal function in patients (43). Hyperglycemia promotes glomerular injury by reducing the expression of renal proximal tubule AT1 receptor-associated protein (ATARP), which finally reduces accumulation of tubulointerstitial M2 macrophages in diabetic kidney (44).

The subtype classification of macrophages are more complicated than the traditional M1/M2 classification. Recent single-cell sequencing studies have shown that different macrophage populations can be more precisely described according to their gene expression patterns (45–47). Several single cell RNA-sequencing (scRNA-seq) studies have investigated the roles of macrophage subpoplulations on the pathogenesis of DN. Increased number of immune cells is shown in the glomeruli of STZ-treated mice and proved that macrophages are the predominant immune cells by assessing canonical C1qa, Cd74 and Adgre1 expression (47). The roles of different phenotype macrophages in diabetic nephropathy remain further elucidation by using more precise research methodology.



4 Crosstalks among macrophages and renal cells in DN

Interactions among macrophages and other renal cells (podocytes, renal tubular epithelial cells, endothelial cells, and mesangial cells) contribute to DN.


4.1 Macrophages and podocytes

Podocytes are important parenchymal cells of the kidney. In DN, macrophages promote podocyte injury and apoptosis. Loss of podocytes leads to proteinuria in DN. As podocytes have limited regenerative capacity, podocyte injury is an important prognostic marker for determining the severity of DN (48, 49).

In DN, high glucose (HG) activates reactive oxygen species (ROS)-p38 mitogen-activated protein kinase (MAPK) pathway in macrophages to release TNF-α and promote podocytes apoptosis (50). Macrophage depletion attenuates tubular necrosis and injury, which in turn reduces renal inflammation and fibrosis in STZ-induced diabetic rats (50). Increased T cell immunoglobulin domain and mucin domain-3 (Tim-3) activates nuclear factor κB (NF-κB)/TNF-α signaling in macrophages, which promotes podocytes injury in STZ-induced diabetic mice and db/db mice (51). Furthermore, polarization of macrophages also plays a role in podocytes. In the rat model of DN, NAD-dependent protein deacetylase sirtuin-6 (SIRT6) is decreased in macrophages under high glucose conditions. Overexpression of SIRT6 inhibits apoptosis-related genes in podocytes by activating M2 macrophages and protects podocytes from injuries in vitro (52). Vitamin D not only reduces macrophages infiltration and inhibits M1 macrophages activation, but also enhances M2 macrophages phenotype to prevent podocyte damage (41, 53).

In microenvironment, exosomes, as the novel communication media between cells, have been recently studied. In diabetic nephropathy, miR-21-5p in macrophages-derived exosomes promotes podocyte injury by enhancing pyroptosis through the tumor necrosis factor alpha-induced protein 3 (A20) (54). When promoting the switch of macrophages to M2 subtype, M2 macrophages can ameliorate high glucose-induced podocyte injury by inhibiting dual specificity protein phosphatase 1 (DUSP1) expression and activating autophagy by secreting exosomal miR-25-3p (55). Meanwhile, exosomes secreted by M2 macrophages attenuate LPS-induced podocyte apoptosis by regulating the miR-93-5p/toll-like receptor 4 (TLR4) axis (56).



4.2 Macrophages and renal tubular epithelial cells

Crosstalk between Notch and NF-κB signalings in macrophages contributes to the polarization of macrophages and the release of inflammatory cytokines/chemokines in DN. Among them, TNF-α activates renal tubular cells to undergo necroptosis. At the same time, high glucose stimulation is accompanied by the production of chemokines in renal tissue, which further increases the infiltration of macrophages (12). In addition, tubular epithelial cell-to-macrophage communication could form a negative feedback loop by extracellular vesicle (EV) to induce renal inflammation and apoptosis in DN (57). Leucine-rich α-2-glycoprotein 1(LRG1)-enriched extracellular vesicles derived from lipotoxic tubular epithelial cells activate M1 macrophages, which might be via a TGFβ receptor 1 (TGFβR1)-dependent manner (57). Macrophages-derived extracellular vesicles containing tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) lead to renal tubular epithelial cell apoptosis in a TRAIL-Death receptor 5 (DR5)-dependent manner (57).



4.3 Macrophages and mesangial cells

Inflammatory cytokines released by the infiltrating macrophages promote mesangial cells to produce extracellular matrix in kidney and aggravate renal injury in DN (12). When exposed to high glucose, macrophages and mesangial cells can interact to promote the secretion of inflammatory cytokines and extracellular matrix. TGF-β activated kinase-1 (TAK1) inhibitor, 5Z-7-oxozaeenol, reduces the number of infiltrated macrophages and extracellular matrix secretion from mesangial cells when mesangial cells are co-cultured with high glucose-treated macrophages. The mechanism may be related to the inhibition of NF-κB p65 nuclear translocation, which reduces the inflammatory response and the production of extracellular matrix (58). Exosomes also function as the important communication media between macrophages and mesangial cells. Exosomes derived from high glucose-treated macrophages induce the activation and proliferation of mesangial cells, which causes mesangial expansion, and inflammatory cytokines secretion. Mechanistically, the high expression of TGF-β1 in secreted exosomes from the macrophages activates mesangial cells to produce extracellular matrix deposition via TGF-β1/Smad3 signaling pathway in vivo and in vitro (59).



4.4 Macrophages and endothelial cells

High glucose condition induces upregulation of hypoxia-inducible factor-1α (HIF-1α)/Notch1 pathway in endothelial cells, which in turn promotes the recruitment of M1 macrophages to the kidney, and mediates renal injury in db/db mice (60). The inhibition of HIF-1α/Notch1 by and peroxisome proliferator-activated receptor alpha (PPAR-α) agonist, fenofibrate, reduces M1 macrophages recruitment to prevent DN (60).



4.5 Macrophages-macrophages interaction

Macrophages have interactions with each other. Cytokines, chemokines and exosomes released from activated macrophages further recruit peripheral macrophages and activate macrophages. In addition, macrophage-secreted exosomes may participate the interactions. RAW 264.7 is a macrophage cell line from a tumor in a male mouse induced with the Abelson murine leukemia virus. High glucose induces exosome secretion in RAW264.7 cells (61). The study also showed that exosomes from high glucose-treated RAW264.7 cells activate macrophages in vivo (61).



4.6 Macrophage-myofibroblast transition

Recently, macrophages are identified as the major source of myofibroblasts when macrophages are stimulated with adenosine and/or TGF-β (62). The newly discovered phenomenon is firstly named as macrophage-myofibroblast transition (MMT) in 2016 (63, 64). Persistent chronic inflammation leads to progressive fibrosis of the kidneys by MMT (65). It has been proved that MMT has vital role in renal fibrosis and tumors (66, 67). Increased Adenosine level contributed to DN via the adenosine receptors (68). Intraglomerular monocytes/macrophages infiltration and MMT are regulated by A2B adenosine receptors (A2BAR) in STZ-induced DN rats (62). A2BAR antagonist, MRS1754, attenuates symptoms of renal function decline, glomerular fibrosis and glomerulosclerosis in DN rats by reducing intraglomerular macrophage infiltration and inhibiting MMT (62). The finding gives a hint for the treatment of diabetic nephropathy.

In conclusion, studies have shown that macrophages have multiple interactions with macrophages and renal cells to enhance renal inflammation and fibrosis (Figure 2). Therapy targeting macrophages could attenuate kidney injury and improve renal function in DN.




Figure 2 | Cross-talks among macrophages and other cells in DN. Macrophages promote injuries or deaths of renal cells (podocytes, mesangial cells tubular epithelial cells, endothelial cells) by various mechanisms. Mesenchymal setem cells could promote macrophages transdifferentiated into myofibroblast and contribute to tissue fibrosis. A2BAR, A2B adenosine receptor; DR5, Death receptor 5; DN, Diabetic nephropathy;DUSP1, Dual specificity protein phosphatase 1; EV, Extracellular vesicles; HIF-1α, Hypoxia-inducible factor-1α; LRG1, Leucine-rich α-2-glycoprotein 1; MAPK, Mitogen-activated protein kinase; MMT, Macrophage-myofibroblast transition; PGC-1α, Peroxisome proliferator-activated receptor-gamma coactivator-1α; ROS, Reactive oxygen species; SIRT6, Sirtuin-6; TFEB, transcription factor EB; TGFβR1, TGFβ receptor 1; Tim3, T cell immunoglobulin domain and mucin domain-3; TLR4, Toll-like receptor 4; TRAIL, Tumor necrosis factor-related apoptosis-inducing ligand.






5 Pathogenic roles of macrophages in DN

The major pathogenesis of diabetic nephropathy includes abnormal metabolic reprogramming as well as inflammation and fibrosis. Hyperglycemia and abnormal metabolites exacerbate renal damage. Roles of macrophages in specific pathological processes are summarized below and shown in Figure 3.




Figure 3 | Roles of macrophages in DN progression. Macrophages contribute progression of DN via glucotoxicity and lipotoxicity-induced injuries, inflammation and fibrosis in kidney. DN, Diabetic nephropathy; ERK, Extracellular signal-regulated kinase; FTO, Fat mass and obesity-associated; HIF-1α, Hypoxia-inducible factor-1α; HK1, Hexokinase-1; LDHA, Lactate dehydrogenase A; LDL, Low-density lipoprotein; LncRNAs, Long noncoding RNAs; LXRs, Liver X receptors; MMT, Macrophage-myofibroblast transition; MRP8, Myeloid-associated protein 8; PDGF, Platelet-derived growth factor; PFKFB3, 6-phosphofructo-2-kinase/fructose-2, 6-biphosphatase 3; TAB1, Transforming growth factor beta-activated kinase 1-binding protein 1; TAK1, Transforming growth factor beta-activated kinase 1; TLR4, Toll-like receptor 4.




5.1 Metabolites-mediated macrophage reprogramming in DN


5.1.1 Glucotoxicity and macrophages

In the state of diabetes, accumulation of metabolites causes damages of organs/tissues, such as kidney, liver, eyes, and nerves. During gluconeogenesis, approximately 50% of the body’s glucose is produced, of which 50% is produced in the kidneys (69). It reduces the occurrence of ketoacidosis and the risk of hyperosmolar coma but also increases the glucose load on the kidneys (70).

High glucose increases expression of glycolytic enzymes such as hexokinase-1 (HK1), 6-phosphofructo-2-kinase/fructose-2, 6-biphosphatase 3 (PFKFB3) and lactate dehydrogenase A (LDHA) which promote inflammatory responses, for example, the activation of NF-κB p65 (71). Transforming growth factor beta-activated kinase 1-binding protein 1 (TAB1) interacting with TAK1 activate NF-κB in high glucose-induced bone marrow-derived macrophages (BMDMs) and regulate macrophages activation (72, 73). Activation of NF-κB signaling pathway upregulates HIF-1α activity and promotes glycolytic metabolism (74). Downregulation of TAB1 inhibits macrophages glycolysis, polarization and inflammation through TAB1/NF-κB/HIF-1α, and further reduces albuminuria, tubulointerstitial injury, and mesangial expansion in STZ-induced DN mice (71).



5.1.2 Lipotoxicity and macrophages

Under physiological conditions, lipids are responsible for maintaining intracellular metabolism, cellular communication, and membrane structural integrity. In DN, fatty acids cause cellular stress and lipotoxicity once fatty acid uptake and synthesis exceed celluar demand (75). Lipotoxicity aggravates kidney injury by activating inflammation, oxidative stress, mitochondrial dysfunction, and cell death (76). Lipid deposition in patients with DN is associated with dysregulation of lipid metabolism genes, including downregulation of fatty acid β-oxidation pathways, such as PPAR-α, carnitine palmitoyltransferase 1, acyl-CoA oxidase, and L-type fatty acid binding protein (L-FABP) (77). Lipid accumulation in renal cells promotes macrophages recruitment (78). In addition, lipotoxicity also directly activates macrophages, leading to their trans-differentiation (79). Excessive and chronic uptake of lipids by macrophages is an aggravating factor involved in glomerular injury in patients with chronic kidney disease (80).

Accumulation of lipid droplets is positively associated with renal damage in DN. Overexpression or activation of liver X receptors (LXRs) in macrophages significantly inhibits glycated or acetylated low-density lipoprotein (LDL) to induce cytokines and ROS, thereby improving renal function (81). In diabetic nephropathy, pro-inflammatory M1 macrophages participate in the development of lymphangiogenesis by stimulating vascular endothelial growth factor-C (VEGF-C) and transdifferentiate into lymphatic endothelial cells (82). Attenuated lymphoproliferation ameliorates diabetic nephropathy and high-fat diet-induced nephrolipotoxicity, suggesting a causal relationship between lipotoxicity and lymphoproliferation and a link to macrophages activation to DN (82). Carbamylated-modified serum albumin impairs macrophages cholesterol efflux in kidneys of T2DM, which results in renal damage by promoting lipid accumulation in macrophages and impairment of reverse cholesterol transport (83). Myeloid-associated protein 8 (MRP8 or S100A8) is elevated in glomeruli of T1DM and T2DM mice (84). Macrophages are the major source of MRP8 in glomeruli. Hyperlipidemia activates circulating macrophages through TLR4-mediated upregulation of MRP8, especially under hyperglycemic conditions. The synergistic effects on MRP8 production in macrophages may be mediated by fetuin A and transcription factors AP-1 and CEBP/β. Positive feedback mediated by the MRP8/TLR4 interaction in an autocrine manner enhances macrophages activation. Glomerular-intrinsic cells such as podocytes, mesangial cells, and endothelial cells can be activated through MRP8/TLR4 by resident and infiltrated macrophages. The activated cells contribute mesangial expansion and podocytes damage, further result in glomerulosclerosis, fibrosis, and proteinuria (85). Activation of MRP8/TLR4 signaling promotes macrophages-mediated glucolipotoxicity which is a novel mechanism in the pathophysiology of DN.




5.2 Inflammation and macrophages in DN

The release of various cytokines and chemokines from macrophages, lymphocytes and kidney cells activates inflammatory signaling pathways in macrophages which contributes to the pathogenesis and progression of DN (8, 86). Macrophages secrete a number of cytokines, including M1-related pro-inflammatory cytokines (including TNF-α, IL-1β, IL-6, IL-12, IL-15, IL-18, and IL-23), chemokines (such as MCP1/CCL2). M2 macrophages release distinct cytokine profiles including anti-inflammatory cytokines (such as IL-10), profibrotic cytokines (such as TGF-β) and chemokines (CCL17, CCL18, and CCL22) (87). Myeloid dendritic cells and CD68+ macrophages act as CCL18-producing cells (88). Among M2 macrophages-related factors, in addition to previous marker CD163, CCL18 is a recently novel cytokine and a potential biomarker to predict progression of chronic kidney disease (89). Mouse CCL8 (mCCL8) as an analog of human CCL18 shares a functional receptor with CCR8 (90). Evaluation of the M1/M2 cytokine profile suggests that renal mCCL8 expression is associated with downregulation of M1 cytokines and overexpression of M2 cytokines, thus contributing to the maintenance of chronic inflammation and renal fibrosis (87). Depletion of macrophages in DN significantly reduces the level of mCCL8 in renal tissue (12). The mechanism remains to be explored. CCL2/CC receptor 2 (CCR2) signaling plays a crucial role in the recruitment of macrophages to kidney in DN (91). In db/db mice, treatment with the CCR2 antagonist RS504393 significantly reduced infiltrating macrophages, improved insulin resistance and urinary albumin excretion and attenuated renal injury (92). Macrophages with the depletion of cyclooxygenase (COX) 2 present M1 phenotype, which enhances the infiltration of immune cells and the activation of renal macrophages, finally promotes the development of DN (93).

Multiple innate immune pathways are involved into the pathogenesis and progression of diabetic kidney disease (8, 86). Macrophages are the main phagocytic cells of the innate immune system. TLRs are activated by endogenous DAMPs during diabetes and induce tubulointerstitial inflammatory response via NF-κB signaling pathway (94). Tubular TLR4-high expression in renal biopsy of T2DM patients is positively correlated with interstitial macrophages infiltration and the level of HbA1c, and negatively correlated with renal function (95). Blockades of TLR2, TLR4, and TLR6 signaling by GIT27, a novel immunomodulator that targets macrophages, alleviates proteinuric effects when administered to db/db mice (96). Nod-like receptor protein (NLRP)-3-mediated inflammasome regulates inflammation via the cleavage of proinflammatory cytokines including pro-IL-1β and pro-IL-18 into mature forms (97). Macrophages exhibit sustained inflammasome activity in diabetic mice (98). Bruton’s tyrosine kinase (BTK) is activated in the kidneys of DN patients. Knockout of BTK attenuates macrophages−induced inflammation by inhibiting NLRP3 inflammasome activity in diabetic mice (99). Inflammatory response regulated by macrophages is related with activating NF-κB signaling pathway, which in turn increases secretion of the chemokine CCR2 (100), inflammatory cells infiltration, and M1 macrophages transformation. The β2-adrenergic receptor (β2AR) agonists including metaproterenol and terbutaline hemisulfate enhance β-arrestin2 and its interaction with IκBα, resulting in downregulation of NF-κB in macrophages of diabetic rats. β2AR agonists attenuate monocytes activation and proinflammatory and profibrotic responses in diabetic kidney and heart (101). Triggering receptor expressed on myeloid cells 1 (TREM-1) modulates macrophages phenotype towards M1 under high glucose in vitro, and consistently, TREM-1 expression in the renal interstitium is significantly associated with DN progression in human kidney biopsies (14).



5.3 Fibrosis and macrophages in DN

The continuous stimulation of high glucose or inflammatory cytokines/chemokines that primarily promoting tissue repair results excessive deposition of extracellular matrix and renal fibrosis (102). Accumulation of macrophages in diabetic kidneys was strongly correlated with interstitial myofibroblast accumulation and interstitial fibrosis (10, 37, 103). MMT derived myofibroblast may play major role on renal fibrosis. MMT cells have predominat M2 phenotype in both human and mouse kidney fibrosis (63, 64). M1 to M2 polarization is a key mechanism contributing to renal fibrosis in DN. M1 macrophages promote inflammation and injury, and M2 macrophages are anti-inflammatory and promote fibrosis by producing IL-10, TGF-β, etc. (104).



5.4 Mitophagy and macrophages in DN

High glucose plays an important role in macrophage adhesion and migration by regulating autophagic activity in diabetic nephropathy (105). Mitophagy is downregulated in macrophages in STZ-induced diabetic rats. Macrophages treated with mitochondrial inhibitor (3-MA) impair mitophagy and tend to switch to M1 phenotype (iNOS+ and TNF-α+), but macrophages treated by the mitochondrial activator (rapamycin) have less high glucose-induced M1 transition and more M2 phenotype (MR+ and Arg-1+) (106). These results suggest that mitochondria-regulated autophagy is involved in the regulation of M1/M2 macrophages switch in diabetic nephropathy.



5.5 Epigenetic modification of macrophages in DN

Epigenetics include DNA methylation, RNA methylation, and non-coding RNAs, etc, affecting the stability and expression of target genes, and then regulating related pathways and disease progression (86). In DN, ERK regulates M1 macrophage activation and alters exosomal miRNA expression (including miR-193a-3p, miR-1260b and miR-3175) of the macrophage through the NF-κB/JAK-STAT pathway (107). Increased long noncoding RNA LINC00323 promotes M1 macrophage polarization through PI3K/AKT signaling in DN (108). Recently, RNA methylation, especially m6A, has been found to contribute to the pathogenesis of DN. The m6A methylation modification plays a crucial role in the occurrence and development of metabolic diseases such as obesity and T2DM by regulating glucose and lipid metabolism and immune inflammation (109). Analysis of m6A-modified lncRNA expression in DN reveales that M1 macrophage polarization-related lncRNAs (LINC00342, LINC00667, and LNC00963) are indirectly associated with the downstream demethylase fat mass and obesity-associated (FTO) during m6A methylation recognition and transfer. Meanwhile, m6A and RNA binding motif protein 15 (RBM15) are involved in the immune regulation of M1 macrophages, and there may be a potential interaction between RBM15 and WTAP to regulate lncRNA methylation in M1 macrophages. It suggests that m6A methylation transfer enzymes RBM15 and WTAP and m6A demethylase FTO affect M1 macrophages polarization and lncRNA methylation in M1 macrophages in DN (110).




6 Therapeutic potentials of macrophages in DN

Current clinical treatments for diabetic nephropathy are to control symptoms (e.g., hyperglycemia, hyperlipidemia, and hypertension). These regimens include the use of insulin or insulin sensitizers (eg, PPAR-agonists), insulin release stimulators (eg, gliclazide), cholesterol-lowering statins, and inhibitors of the renin-angiotensin-aldosterone system (RAAS) (111). These therapies have direct effects on macrophages activity and indirectly inhibit renal macrophages recruitment to slow the development and progression of DN.

Immune regulation plays indisputable roles in the development and progression of DN, such as infiltration of immune cells, release of proinflammatory cytokines and chemokines, and formation of immune complexes in kidney (112, 113). The blockade of macrophages infiltration as well as the inhibition of MCP-1 and CCR2 have beneficial effects in clinical trials and experimental models of DN (37, 114). The suppression of M1 polarization or induction of M2 polarization could reduce diabetic kidney injury (115). The inhibition of wasted exosomes or metabolites from macrophages could also improve renal function (77)

Several compounds have been evaluated for treating diabetic nephropathy pre-clinically. Sarpogrelate hydrochloride, a 5-hydroxytryptamine (5-HT2A) receptor antagonist, alleviates DN in db/db mice by inhibiting macrophage activity and related inflammatory responses (116). Fasudil, a potent Rho-kinase inhibitor, ameliorates DN both in db/db mice and rat DKD model by the induction of M2 macrophage polarization and the reduction of M1 macrophage polarization (117). 

Studies also show that natural compounds have therapeutic potential to regulate macrophage and beneficial for DN. Loganin, an iridoid monoterpenoid, ameliorates kidney injury by inhibiting macrophages infiltration and activation through MCP-1/CCR2 signaling pathway in DN (118). Schisandrin C, a dibenzocyclooctadiene lignan from Schisandra chinensis (Turcz.) Baill, protects against DN by promoting M1 to M2 polarization of macrophages via the polarization-dependent Swiprosin-1/IFN-γ-Rβ signaling pathway (119). Paeoniflorin, a monoterpene glycoside from Paeonia lactiflora, prevents macrophages activation by inhibiting TLR2/4 signaling in diabetic kidney (120). Hypericin, a naphthodianthrone from Hypericum (Saint John’s wort), or quercetin-3-O-galactoside ameliorates mouse DN by promoting the polarization of macrophages from M1 to M2 phenotype and the differentiation of CD4+ T cells into Th2 and Treg populations (121).

Preclinical studies have shown the promising effects that targeting macrophages could attenuate diabetic kidney injury. However, the effects have to be warranted by rigorous clinical trials.

In addition, mesenchymal stem cells (MSCs) treatment has been shown to improve DN by reducing proteinuria and attenuating glomerular damage in vivo. Early intervention of MSCs protects against renal injury by restoring homeostasis of immune microenvironment and preventing renal dysfunction and glomerulosclerosis (122). In DN mice, MSCs could mediate the activation of transcription factor EB (TFEB) via peroxisome proliferator-activated receptor-gamma coactivator-1α (PGC-1α) pathway, and subsequently restore lysosomal function and autophagy activity in macrophages, which induces anti-inflammatory M2 macrophage phenotype and ameliorates renal injury (123, 124). Meanwhile, MMT is newly identified phenomena in several diseases and inhibition of MMT is potential to suppress the fibrosis (62, 65). It remains unclear whether MMT contributes to DN. Macrophages stabilized by neutrophil gelatinase-associated lipocalin (NGAL) retain them in M2 phenotype which increases anti-inflammatory IL-10 secretion and attenuates podocyte loss (115). The clinical effect of NGAL on DN remains unexplored. Cell therapy targeting macrophages is also a potential trend in the treatment of DN which needs to be further determined by clinical studies.



7 Summary

Human and animal studies suggest that macrophages play multiple roles in the development and progression of diabetic nephropathy (20, 125). Metabolic abnormalities (76, 77) and immune-inflammatory responses (10) are key links in the pathogenesis of DN. Both renal inflammation and systemic inflammation in DN are attributed to macrophages, and their mutual influence is indistinguishable, which needs to be explored in the future. In DN, DAMPs, PAMPs, lipotoxic or glucotoxic signals from the microenvironment of diabetic kidney trigger macrophages activation or polarization, leading to the release of inflammatory cytokines and chemokines, and intracellular metabolic reprogramming in kidney (38). The released cytokines or exosomes promote communication between macrophages and renal cells (including podocytes, mesangial cells, endothelial cells), and further accelerate the injury of these cells. Meanwhile, chemokines and inflammatory cytokines enhance recruitment of monocytes into kidney and differentiation into infiltrating macrophages (37). In addition, metabolic reprogramming in macrophages disturbs glycolysis and lipid synthesis, resulting in renal inflammation and fibrosis, and even glomerulosclerosis in DN.

Past studies have demonstrated the multiple roles and strong plasticity of macrophages in DN. The treatments using different strategies of targeting macrophages could suppress activation of macrophages by reducing inflammation and metabolite wastes, and regulate intercellular communication, finally attenuate diabetic kidney injury. Findings from these studies have therapeutic potential and need to be warranted by clinical trials.



Author contributions

HC and X-MM conceived, revised and edited the manuscript. H-DL and Y-KY collected studies and drafted the manuscript. B-YS and W-FW revised the manuscript. Y-FW and J-BG assisted in data extraction. All authors approved the final version of the manuscript for publication.



Funding

The study was supported by Shenzhen Science & Innovation Fund (JCYJ20180306173745092, JCYJ20210324114604013); HKSAR General Research Fund (17109019, 17113416); Seed Fund for Basic Research (202011159210, 202111159235); Research Start-up Foundation of Shenzhen University (SZU) and Natural Science Foundation of Shenzhen University General Hospital (SUGH2020QD011, SUGH2020QD021), and Science Technology and Innovation Committee of Shenzhen Municipality (JCYJ20210324094804013).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Fox, CS, Matsushita, K, Woodward, M, Bilo, HJ, Chalmers, J, Heerspink, HJ, et al. Associations of kidney disease measures with mortality and end-stage renal disease in individuals with and without diabetes: a meta-analysis. Lancet (2012) 380(9854):1662–73. doi: 10.1016/S0140-6736(12)61350-6

2. Hadjadj, S, Cariou, B, Fumeron, F, Gand, E, Charpentier, G, Roussel, R, et al. Death, end-stage renal disease and renal function decline in patients with diabetic nephropathy in French cohorts of type 1 and type 2 diabetes. Diabetologia (2016) 59(1):208–16. doi: 10.1007/s00125-015-3785-3

3. GBD Chronic Kidney Disease Collaboration. Global, regional, and national burden of chronic kidney disease, 1990-2017: A systematic analysis for the global burden of disease study 2017. Lancet (2020) 395(10225):709–33. doi: 10.1016/S0140-6736(20)30045-3

4. Najafian, B, Alpers, CE, and Fogo, AB. Pathology of human diabetic nephropathy. Contrib Nephrol (2011) 170:36–47. doi: 10.1159/000324942

5. Barrera-Chimal, J, and Jaisser, F. Pathophysiologic mechanisms in diabetic kidney disease: A focus on current and future therapeutic targets. Diabetes Obes Metab (2020) 22 Suppl:1, 16–31. doi: 10.1111/dom.13969

6. Kikkawa, R, Koya, D, and Haneda, M. Progression of diabetic nephropathy. Am J Kidney Dis (2003) 41(3 Suppl 1):S19–21. doi: 10.1053/ajkd.2003.50077

7. Tervaert, TW, Mooyaart, AL, Amann, K, Cohen, AH, Cook, HT, Drachenberg, CB, et al. Pathologic classification of diabetic nephropathy. J Am Soc Nephrol (2010) 21(4):556–63. doi: 10.1681/ASN.2010010010

8. Tang, SCW, and Yiu, WH. Innate immunity in diabetic kidney disease. Nat Rev Nephrol (2020) 16(4):206–22. doi: 10.1038/s41581-019-0234-4

9. Wada, J, and Makino, H. Inflammation and the pathogenesis of diabetic nephropathy. Clin Sci (Lond) (2013) 124(3):139–52. doi: 10.1042/CS20120198

10. Tang, PMK, Nikolic-Paterson, DJ, and Lan, HY. Macrophages: versatile players in renal inflammation and fibrosis. Nat Rev Nephrol (2019) 15(3):144–58. doi: 10.1038/s41581-019-0110-2

11. Klessens, CQF, Zandbergen, M, Wolterbeek, R, Bruijn, JA, Rabelink, TJ, Bajema, IM, et al. Macrophages in diabetic nephropathy in patients with type 2 diabetes. Nephrol Dialysis Transplant (2017) 32(8):1322–9. doi: 10.1093/ndt/gfw260

12. Ma, T, Li, X, Zhu, Y, Yu, S, Liu, T, Zhang, X, et al. Excessive activation of notch signaling in macrophages promote kidney inflammation, fibrosis, and necroptosis. Front Immunol (2022) 13:835879. doi: 10.3389/fimmu.2022.835879

13. Furuta, T, Saito, T, Ootaka, T, Soma, J, Obara, K, Abe, K, et al. The role of macrophages in diabetic glomerulosclerosis. Am J Kidney Dis (1993) 21(5):480–5. doi: 10.1016/S0272-6386(12)80393-3

14. Zhang, X, Yang, Y, and Zhao, Y. Macrophage phenotype and its relationship with renal function in human diabetic nephropathy. PloS One (2019) 14(9):e0221991. doi: 10.1371/journal.pone.0221991

15. Zhou, W, Liu, Y, Hu, Q, Zhou, J, and Lin, H. The landscape of immune cell infiltration in the glomerulus of diabetic nephropathy: evidence based on bioinformatics. BMC Nephrol (2022) 23(1):303. doi: 10.1186/s12882-022-02906-4

16. Nguyen, D, Ping, F, Mu, W, Hill, P, Atkins, RC, and Chadban, SJ. Macrophage accumulation in human progressive diabetic nephropathy. Nephrology (2006) 11(3):226–31. doi: 10.1111/j.1440-1797.2006.00576.x

17. Chow, FY, Nikolic-Paterson, DJ, Atkins, RC, and Tesch, GH. Macrophages in streptozotocin-induced diabetic nephropathy: potential role in renal fibrosis. Nephrol Dialysis Transplant (2004) 19(12):2987–96. doi: 10.1093/ndt/gfh441

18. Chow, FY, Nikolic-Paterson, DJ, Ozols, E, Atkins, RC, Rollin, BJ, and Tesch, GH. Monocyte chemoattractant protein-1 promotes the development of diabetic renal injury in streptozotocin-treated mice. Kidney Int (2006) 69(1):73–80. doi: 10.1038/sj.ki.5000014

19. Fujita, H, Fujishima, H, Chida, S, Takahashi, K, Qi, ZH, Kanetsuna, Y, et al. Reduction of renal superoxide dismutase in progressive diabetic nephropathy. J Am Soc Nephrol (2009) 20(6):1303–13. doi: 10.1681/Asn.2008080844

20. Azushima, K, Gurley, SB, and Coffman, TM. Modelling diabetic nephropathy in mice. Nat Rev Nephrol (2018) 14(1):48–56. doi: 10.1038/nrneph.2017.142

21. Chow, F, Ozols, E, Nikolic-Paterson, DJ, Atkins, RC, and Tesch, GH. Macrophages in mouse type 2 diabetic nephropathy: Correlation with diabetic state and progressive renal injury. Kidney Int (2004) 65(1):116–28. doi: 10.1111/j.1523-1755.2004.00367.x

22. Lim, AKH, Ma, FY, Nikolic-Paterson, DJ, Thomas, MC, Hurst, LA, and Tesch, GH. Antibody blockade of c-fms suppresses the progression of inflammation and injury in early diabetic nephropathy in obese db/db mice. Diabetologia (2009) 52(8):1669–79. doi: 10.1007/s00125-009-1399-3

23. Ninichuk, V, Kulkarni, O, Clauss, S, and Anders, HJ. Tubular atrophy, interstitial fibrosis, and inflammation in type 2 diabetic db/db mice. an accelerated model of advanced diabetic nephropathy. Eur J Med Res (2007) 12(8):351–5.

24. Mohan, S, Reddick, RL, Musi, N, Horn, DA, Yan, B, Prihoda, TJ, et al. Diabetic eNOS knockout mice develop distinct macro- and microvascular complications. Lab Invest (2008) 88(5):515–28. doi: 10.1038/labinvest.2008.23

25. Sugahara, M, Tanaka, S, Tanaka, T, Saito, H, Ishimoto, Y, Wakashima, T, et al. Prolyl hydroxylase domain inhibitor protects against metabolic disorders and associated kidney disease in obese type 2 diabetic mice. J Am Soc Nephrol (2020) 31(3):560–77. doi: 10.1681/ASN.2019060582

26. Lavoz, C, Matus, YS, Orejudo, M, Carpio, JD, Droguett, A, Egido, J, et al. Interleukin-17A blockade reduces albuminuria and kidney injury in an accelerated model of diabetic nephropathy. Kidney Int (2019) 95(6):1418–32. doi: 10.1016/j.kint.2018.12.031

27. Munro, DAD, and Hughes, J. The origins and functions of tissue-resident macrophages in kidney development. Front Physiol (2017) 8:837. doi: 10.3389/fphys.2017.00837

28. Wen, Y, Yan, HR, Wang, B, and Liu, BC. Macrophage heterogeneity in kidney injury and fibrosis. Front Immunol (2021) 12:681748. doi: 10.3389/fimmu.2021.681748

29. Epelman, S, Lavine, KJ, Beaudin, AE, Sojka, DK, Carrero, JA, Calderon, B, et al. Embryonic and adult-derived resident cardiac macrophages are maintained through distinct mechanisms at steady state and during inflammation. Immunity (2014) 40(1):91–104. doi: 10.1016/j.immuni.2013.11.019

30. Sheng, JP, Ruedl, C, and Karjalainen, K. Most tissue-resident macrophages except microglia are derived from fetal hematopoietic stem cells. Immunity (2015) 43(2):382–93. doi: 10.1016/j.immuni.2015.07.016

31. Sugimoto, H, Shikata, K, Hirata, K, Akiyama, K, Matsuda, M, Kushiro, M, et al. Increased expression of intercellular adhesion molecule-1 (ICAM-1) in diabetic rat glomeruli: glomerular hyperfiltration is a potential mechanism of ICAM-1 upregulation. Diabetes (1997) 46(12):2075–81. doi: 10.2337/diab.46.12.2075

32. Seron, D, Cameron, JS, and Haskard, DO. Expression of VCAM-1 in the normal and diseased kidney. Nephrol Dial Transplant (1991) 6(12):917–22. doi: 10.1093/ndt/6.12.917

33. Bilen, A, Calik, I, Yayla, M, Dincer, B, Tavaci, T, Cinar, I, et al. Does daily fasting shielding kidney on hyperglycemia-related inflammatory cytokine via TNF-alpha, NLRP3, TGF-beta1 and VCAM-1 mRNA expression. Int J Biol Macromol (2021) 190:911–8. doi: 10.1016/j.ijbiomac.2021.08.216

34. Chow, FY, Nikolic-Paterson, DJ, Ozols, E, Atkins, RC, and Tesch, GH. Intercellular adhesion molecule-1 deficiency is protective against nephropathy in type 2 diabetic db/db mice. J Am Soc Nephrol (2005) 16(6):1711–22. doi: 10.1681/ASN.2004070612

35. Park, CW, Kim, JH, Lee, JH, Kim, YS, Ahn, HJ, Shin, YS, et al. High glucose-induced intercellular adhesion molecule-1 (ICAM-1) expression through an osmotic effect in rat mesangial cells is PKC-NF-kappa b-dependent. Diabetologia (2000) 43(12):1544–53. doi: 10.1007/s001250051567

36. Coers, W, Brouwer, E, Vos, JT, Chand, A, Huitema, S, Heeringa, P, et al. Podocyte expression of MHC class I and II and intercellular adhesion molecule-1 (ICAM-1) in experimental pauci-immune crescentic glomerulonephritis. Clin Exp Immunol (1994) 98(2):279–86. doi: 10.1111/j.1365-2249.1994.tb06138.x

37. Awad, AS, Kinsey, GR, Khutsishvili, K, Gao, T, Bolton, WK, and Okusa, MD. Monocyte/macrophage chemokine receptor CCR2 mediates diabetic renal injury. Am J Physiology-Renal Physiol (2011) 301(6):F1358–66. doi: 10.1152/ajprenal.00332.2011

38. Navarro-Gonzalez, JF, Mora-Fernandez, C, Muros de Fuentes, M, and Garcia-Perez, J. Inflammatory molecules and pathways in the pathogenesis of diabetic nephropathy. Nat Rev Nephrol (2011) 7(6):327–40. doi: 10.1038/nrneph.2011.51

39. Lv, LL, Tang, PMK, Li, CJ, You, YK, Li, JH, Huang, XR, et al. The pattern recognition receptor, mincle, is essential for maintaining the M1 macrophage phenotype in acute renal inflammation. Kidney Int (2017) 91(3):587–602. doi: 10.1016/j.kint.2016.10.020

40. Meng, XM, Tang, PMK, Li, J, and Lan, HY. Macrophage phenotype in kidney injury and repair. Kidney Dis (2015) 1(2):138–46. doi: 10.1159/000431214

41. Zhang, XL, Guo, YF, Song, ZX, and Zhou, M. Vitamin d prevents podocyte injury via regulation of macrophage M1/M2 phenotype in diabetic nephropathy rats. Endocrinology (2014) 155(12):4939–50. doi: 10.1210/en.2014-1020

42. Lee, S, Huen, S, Nishio, H, Nishio, S, Lee, HK, Choi, BS, et al. Distinct macrophage phenotypes contribute to kidney injury and repair. J Am Soc Nephrol (2011) 22(2):317–26. doi: 10.1681/Asn.2009060615

43. Landis, RC, Quimby, KR, and Greenidge, AR. M1/M2 macrophages in diabetic nephropathy: Nrf2/HO-1 as therapeutic targets. Curr Pharm Design (2018) 24(20):2241–9. doi: 10.2174/1381612824666180716163845

44. Haruhara, K, Suzuki, T, Wakui, H, Azushima, K, Kurotaki, D, Kawase, W, et al. Deficiency of the kidney tubular angiotensin II type1 receptor-associated protein ATRAP exacerbates streptozotocin-induced diabetic glomerular injury via reducing protective macrophage polarization. Kidney Int (2022) 101(5):912–28. doi: 10.1016/j.kint.2022.01.031

45. Kaur, H, and Advani, A. The study of single cells in diabetic kidney disease. J Nephrol (2021) 34(6):1925–39. doi: 10.1007/s40620-020-00964-1

46. Wilson, PC, Wu, HJ, Kirita, Y, Uchimura, K, Ledru, N, Rennke, HG, et al. The single-cell transcriptomic landscape of early human diabetic nephropathy. Proc Natl Acad Sci United States America (2019) 116(39):19619–25. doi: 10.1073/pnas.1908706116

47. Fu, J, Akat, KM, Sun, ZG, Zhang, WJ, Schlondorff, D, Liu, ZH, et al. Single-cell RNA profiling of glomerular cells shows dynamic changes in experimental diabetic kidney disease. J Am Soc Nephrol (2019) 30(4):533–45. doi: 10.1681/Asn.2018090896

48. Chan, GCW, and Tang, SCW. Proteinuria reaffirmed as a risk modifier in diabetic chronic kidney disease. Nephrol Dial Transplant (2018) 33(11):1873–4. doi: 10.1093/ndt/gfy208

49. Mathieson, PW. The podocyte as a target for therapies–new and old. Nat Rev Nephrol (2011) 8(1):52–6. doi: 10.1038/nrneph.2011.171

50. Guo, Y, Song, Z, Zhou, M, Yang, Y, Zhao, Y, Liu, B, et al. Infiltrating macrophages in diabetic nephropathy promote podocytes apoptosis via TNF-alpha-ROS-p38MAPK pathway. Oncotarget (2017) 8(32):53276–87. doi: 10.18632/oncotarget.18394

51. Yang, H, Xie, T, Li, D, Du, X, Wang, T, Li, C, et al. Tim-3 aggravates podocyte injury in diabetic nephropathy by promoting macrophage activation via the NF-kappaB/TNF-alpha pathway. Mol Metab (2019) 23:24–36. doi: 10.1016/j.molmet.2019.02.007

52. Ji, L, Chen, Y, Wang, H, Zhang, W, He, L, Wu, J, et al. Overexpression of Sirt6 promotes M2 macrophage transformation, alleviating renal injury in diabetic nephropathy. Int J Oncol (2019) 55(1):103–15. doi: 10.3892/ijo.2019.4800

53. Zhang, X, Zhao, Y, Zhu, X, Guo, Y, Yang, Y, Jiang, Y, et al. Active vitamin d regulates macrophage M1/M2 phenotypes via the STAT-1-TREM-1 pathway in diabetic nephropathy. J Cell Physiol (2019) 234(5):6917–26. doi: 10.1002/jcp.27450

54. Ding, X, Jing, N, Shen, A, Guo, F, Song, Y, Pan, M, et al. MiR-21-5p in macrophage-derived extracellular vesicles affects podocyte pyroptosis in diabetic nephropathy by regulating A20. J Endocrinol Invest (2021) 44(6):1175–84. doi: 10.1007/s40618-020-01401-7

55. Huang, H, Liu, H, Tang, J, Xu, W, Gan, H, Fan, Q, et al. M2 macrophage-derived exosomal miR-25-3p improves high glucose-induced podocytes injury through activation autophagy via inhibiting DUSP1 expression. IUBMB Life (2020) 72(12):2651–62. doi: 10.1002/iub.2393

56. Wang, Z, Sun, W, Li, R, and Liu, Y. miRNA-93-5p in exosomes derived from M2 macrophages improves lipopolysaccharide-induced podocyte apoptosis by targeting toll-like receptor 4. Bioengineered (2022) 13(3):7683–96. doi: 10.1080/21655979.2021.2023794

57. Jiang, WJ, Xu, CT, Du, CL, Dong, JH, Xu, SB, Hu, BF, et al. Tubular epithelial cell-to-macrophage communication forms a negative feedback loop via extracellular vesicle transfer to promote renal inflammation and apoptosis in diabetic nephropathy. Theranostics (2022) 12(1):324–39. doi: 10.7150/thno.63735

58. Fan, Z, Xu, X, Qi, X, and Wu, Y. Role of TGF-beta activated kinase-1 inhibitor on the interaction between macrophages and mesangial cells on the condition of high glucose. Immunol Invest (2018) 47(3):303–14. doi: 10.1080/08820139.2018.1428199

59. Zhu, QJ, Zhu, M, Xu, XX, Meng, XM, and Wu, YG. Exosomes from high glucose-treated macrophages activate glomerular mesangial cells via TGF-beta1/Smad3 pathway in vivo and in vitro. FASEB J (2019) 33(8):9279–90. doi: 10.1096/fj.201802427RRR

60. Feng, X, Gao, X, Wang, S, Huang, M, Sun, Z, Dong, H, et al. PPAR-alpha agonist fenofibrate prevented diabetic nephropathy by inhibiting M1 macrophages via improving endothelial cell function in db/db mice. Front Med (Lausanne) (2021) 8:652558. doi: 10.3389/fmed.2021.652558

61. Zhu, M, Sun, X, Qi, X, Xia, L, and Wu, Y. Exosomes from high glucose-treated macrophages activate macrophages andinduce inflammatory responses via NF-kappaB signaling pathway in vitro and in vivo. Int Immunopharmacol (2020) 84:106551. doi: 10.1016/j.intimp.2020.106551

62. Torres, A, Munoz, K, Nahuelpan, Y, R Saez, AP, Mendoza, P, Jara, C, et al. Intraglomerular Monocyte/Macrophage infiltration and macrophage-myofibroblast transition during diabetic nephropathy is regulated by the A2B adenosine receptor. Cells (2020) 9(4):1051. doi: 10.3390/cells9041051

63. Wang, S, Meng, XM, Ng, YY, Ma, FY, Zhou, S, Zhang, Y, et al. TGF-beta/Smad3 signalling regulates the transition of bone marrow-derived macrophages into myofibroblasts during tissue fibrosis. Oncotarget (2016) 7(8):8809–22. doi: 10.18632/oncotarget.6604

64. Meng, XM, Wang, S, Huang, XR, Yang, C, Xiao, J, Zhang, Y, et al. Inflammatory macrophages can transdifferentiate into myofibroblasts during renal fibrosis. Cell Death Dis (2016) 7(12):e2495. doi: 10.1038/cddis.2016.402

65. Tang, PM, Zhou, S, Li, CJ, Liao, J, Xiao, J, Wang, QM, et al. The proto-oncogene tyrosine protein kinase src is essential for macrophage-myofibroblast transition during renal scarring. Kidney Int (2018) 93(1):173–87. doi: 10.1016/j.kint.2017.07.026

66. Tang, PC, Chung, JY, Xue, VW, Xiao, J, Meng, XM, Huang, XR, et al. Smad3 promotes cancer-associated fibroblasts generation via macrophage-myofibroblast transition. Adv Sci (Weinh) (2022) 9(1):e2101235. doi: 10.1002/advs.202101235

67. Tang, PM, Zhang, YY, Xiao, J, Tang, PC, Chung, JY, Li, J, et al. Neural transcription factor Pou4f1 promotes renal fibrosis via macrophage-myofibroblast transition. Proc Natl Acad Sci U.S.A. (2020) 117(34):20741–52. doi: 10.1073/pnas.1917663117

68. Oyarzun, C, Garrido, W, Alarcon, S, Yanez, A, Sobrevia, L, Quezada, C, et al. Adenosine contribution to normal renal physiology and chronic kidney disease. Mol Aspects Med (2017) 55:75–89. doi: 10.1016/j.mam.2017.01.004

69. Fernandes, R. The controversial role of glucose in the diabetic kidney. Porto BioMed J (2021) 6(1):e113. doi: 10.1097/j.pbj.0000000000000113

70. Alsahli, M, and Gerich, JE. Renal glucose metabolism in normal physiological conditions and in diabetes. Diabetes Res Clin Pract (2017) 133:1–9. doi: 10.1016/j.diabres.2017.07.033

71. Zeng, H, Qi, X, Xu, X, and Wu, Y. TAB1 regulates glycolysis and activation of macrophages in diabetic nephropathy. Inflammation Res (2020) 69(12):1215–34. doi: 10.1007/s00011-020-01411-4

72. Xu, X, Qi, X, Shao, Y, Li, Y, Fu, X, Feng, S, et al. High glucose induced-macrophage activation through TGF-beta-activated kinase 1 signaling pathway. Inflammation Res (2016) 65(8):655–64. doi: 10.1007/s00011-016-0948-8

73. Gao, L, Zhong, X, Jin, J, Li, J, and Meng, XM. Potential targeted therapy and diagnosis based on novel insight into growth factors, receptors, and downstream effectors in acute kidney injury and acute kidney injury-chronic kidney disease progression. Signal Transduct Target Ther (2020) 5(1):9. doi: 10.1038/s41392-020-0106-1

74. Remels, AH, Gosker, HR, Verhees, KJ, Langen, RC, and Schols, AM. TNF-alpha-induced NF-kappaB activation stimulates skeletal muscle glycolytic metabolism through activation of HIF-1alpha. Endocrinology (2015) 156(5):1770–81. doi: 10.1210/en.2014-1591

75. Nishi, H, Higashihara, T, and Inagi, R. Lipotoxicity in kidney, heart, and skeletal muscle dysfunction. Nutrients (2019) 11(7):1664. doi: 10.3390/nu11071664

76. Opazo-Rios, L, Mas, S, Marin-Royo, G, Mezzano, S, Gomez-Guerrero, C, Moreno, JA, et al. Lipotoxicity and diabetic nephropathy: Novel mechanistic insights and therapeutic opportunities. Int J Mol Sci (2020) 21(7):2632. doi: 10.3390/ijms21072632

77. Herman-Edelstein, M, Scherzer, P, Tobar, A, Levi, M, and Gafter, U. Altered renal lipid metabolism and renal lipid accumulation in human diabetic nephropathy. J Lipid Res (2014) 55(3):561–72. doi: 10.1194/jlr.P040501

78. Glass, CK, and Olefsky, JM. Inflammation and lipid signaling in the etiology of insulin resistance. Cell Metab (2012) 15(5):635–45. doi: 10.1016/j.cmet.2012.04.001

79. Tanaka, M, Suzuki, Y, Shirato, I, Takahara, H, Shibata, T, Sugaya, T, et al. Tubular epithelial cells have the capacity to transdifferentiate into CD68-positive macrophage-like cells by oxidative stress. Inflammation Res (2008) 57(12):593–600. doi: 10.1007/s00011-008-7171-1

80. Prieur, X, Roszer, T, and Ricote, M. Lipotoxicity in macrophages: evidence from diseases associated with the metabolic syndrome. Biochim Biophys Acta (2010) 1801(3):327–37. doi: 10.1016/j.bbalip.2009.09.017

81. Kiss, E, Kranzlin, B, Wagenblabeta, K, Bonrouhi, M, Thiery, J, Grone, E, et al. Lipid droplet accumulation is associated with an increase in hyperglycemia-induced renal damage: prevention by liver X receptors. Am J Pathol (2013) 182(3):727–41. doi: 10.1016/j.ajpath.2012.11.033

82. Kim, Y, Hwang, SD, Lim, JH, Kim, MY, Kim, EN, Choi, BS, et al. Attenuated lymphatic proliferation ameliorates diabetic nephropathy and high-fat diet-induced renal lipotoxicity. Sci Rep (2019) 9(1):1994. doi: 10.1038/s41598-018-38250-7

83. de Araujo Lira, AL, de Fatima Mello Santana, M, de Souza Pinto, R, Minanni, CA, Iborra, RT, de Lima, AMS, et al. Serum albumin modified by carbamoylation impairs macrophage cholesterol efflux in diabetic kidney disease. J Diabetes Complications (2021) 35(9):107969. doi: 10.1016/j.jdiacomp.2021.107969

84. Kuwabara, T, Mori, K, Mukoyama, M, Kasahara, M, Yokoi, H, Saito, Y, et al. Exacerbation of diabetic nephropathy by hyperlipidaemia is mediated by toll-like receptor 4 in mice. Diabetologia (2012) 55(8):2256–66. doi: 10.1007/s00125-012-2578-1

85. Kuwabara, T, Mori, K, Mukoyama, M, Kasahara, M, Yokoi, H, and Nakao, K. Macrophage-mediated glucolipotoxicity via myeloid-related protein 8/toll-like receptor 4 signaling in diabetic nephropathy. Clin Exp Nephrol (2014) 18(4):584–92. doi: 10.1007/s10157-013-0922-5

86. Shao, BY, Zhang, SF, Li, HD, Meng, XM, and Chen, HY. Epigenetics and inflammation in diabetic nephropathy. Front Physiol (2021) 12:649587. doi: 10.3389/fphys.2021.649587

87. Cantero-Navarro, E, Rayego-Mateos, S, Orejudo, M, Tejedor-Santamaria, L, Tejera-Munoz, A, Sanz, AB, et al. Role of macrophages and related cytokines in kidney disease. Front Med (Lausanne) (2021) 8:688060. doi: 10.3389/fmed.2021.688060

88. Brix, SR, Stege, G, Disteldorf, E, Hoxha, E, Krebs, C, Krohn, S, et al. CC chemokine ligand 18 in ANCA-associated crescentic GN. J Am Soc Nephrol (2015) 26(9):2105–17. doi: 10.1681/ASN.2014040407

89. Bellon, T, Martinez, V, Lucendo, B, del Peso, G, Castro, MJ, Aroeira, LS, et al. Alternative activation of macrophages in human peritoneum: implications for peritoneal fibrosis. Nephrol Dial Transplant (2011) 26(9):2995–3005. doi: 10.1093/ndt/gfq771

90. Islam, SA, Ling, MF, Leung, J, Shreffler, WG, and Luster, AD. Identification of human CCR8 as a CCL18 receptor. J Exp Med (2013) 210(10):1889–98. doi: 10.1084/jem.20130240

91. Giunti, S, Barutta, F, Perin, PC, and Gruden, G. Targeting the MCP-1/CCR2 system in diabetic kidney disease. Curr Vasc Pharmacol (2010) 8(6):849–60. doi: 10.2174/157016110793563816

92. Kang, YS, Lee, MH, Song, HK, Ko, GJ, Kwon, OS, Lim, TK, et al. CCR2 antagonism improves insulin resistance, lipid metabolism, and diabetic nephropathy in type 2 diabetic mice. Kidney Int (2010) 78(9):883–94. doi: 10.1038/ki.2010.263

93. Wang, X, Yao, B, Wang, Y, Fan, X, Wang, S, Niu, A, et al. Macrophage cyclooxygenase-2 protects against development of diabetic nephropathy. Diabetes (2017) 66(2):494–504. doi: 10.2337/db16-0773

94. Koc, M, Toprak, A, Arikan, H, Odabasi, Z, Elbir, Y, Tulunay, A, et al. Toll-like receptor expression in monocytes in patients with chronic kidney disease and haemodialysis: relation with inflammation. Nephrol Dial Transplant (2011) 26(3):955–63. doi: 10.1093/ndt/gfq500

95. Lin, M, Yiu, WH, Wu, HJ, Chan, LY, Leung, JC, Au, WS, et al. Toll-like receptor 4 promotes tubular inflammation in diabetic nephropathy. J Am Soc Nephrol (2012) 23(1):86–102. doi: 10.1681/ASN.2010111210

96. Cha, JJ, Hyun, YY, Lee, MH, Kim, JE, Nam, DH, Song, HK, et al. Renal protective effects of toll-like receptor 4 signaling blockade in type 2 diabetic mice. Endocrinology (2013) 154(6):2144–55. doi: 10.1210/en.2012-2080

97. Anders, HJ. Of inflammasomes and alarmins: IL-1beta and IL-1alpha in kidney disease. J Am Soc Nephrol (2016) 27(9):2564–75. doi: 10.1681/ASN.2016020177

98. Mirza, RE, Fang, MM, Weinheimer-Haus, EM, Ennis, WJ, and Koh, TJ. Sustained inflammasome activity in macrophages impairs wound healing in type 2 diabetic humans and mice. Diabetes (2014) 63(3):1103–14. doi: 10.2337/db13-0927

99. Zhao, J, Chen, J, Li, YY, Xia, LL, and Wu, YG. Bruton's tyrosine kinase regulates macrophageinduced inflammation in the diabetic kidney via NLRP3 inflammasome activation. Int J Mol Med (2021) 48(3):177. doi: 10.3892/ijmm.2021.5010

100. Ito, S, Nakashima, H, Ishikiriyama, T, Nakashima, M, Yamagata, A, Imakiire, T, et al. Effects of a CCR2 antagonist on macrophages and toll-like receptor 9 expression in a mouse model of diabetic nephropathy. Am J Physiol Renal Physiol (2021) 321(6):F757–70. doi: 10.1152/ajprenal.00191.2021

101. Noh, H, Yu, MR, Kim, HJ, Lee, JH, Park, BW, Wu, IH, et al. Beta 2-adrenergic receptor agonists are novel regulators of macrophage activation in diabetic renal and cardiovascular complications. Kidney Int (2017) 92(1):101–13. doi: 10.1016/j.kint.2017.02.013

102. Djudjaj, S, and Boor, P. Cellular and molecular mechanisms of kidney fibrosis. Mol Aspects Med (2019) 65:16–36. doi: 10.1016/j.mam.2018.06.002

103. Nguyen, TQ, Tarnow, L, Andersen, S, Hovind, P, Parving, HH, Goldschmeding, R, et al. Urinary connective tissue growth factor excretion correlates with clinical markers of renal disease in a large population of type 1 diabetic patients with diabetic nephropathy. Diabetes Care (2006) 29(1):83–8. doi: 10.2337/diacare.29.1.83

104. Calle, P, and Hotter, G. Macrophage phenotype and fibrosis in diabetic nephropathy. Int J Mol Sci (2020) 21(8):2806. doi: 10.3390/ijms21082806

105. Jiang, Y, Zhao, Y, Zhu, X, Liu, Y, Wu, B, Guo, Y, et al. Effects of autophagy on macrophage adhesion and migration in diabetic nephropathy. Ren Fail (2019) 41(1):682–90. doi: 10.1080/0886022X.2019.1632209

106. Zhao, Y, Guo, Y, Jiang, Y, Zhu, X, Liu, Y, and Zhang, X. Mitophagy regulates macrophage phenotype in diabetic nephropathy rats. Biochem Biophys Res Commun (2017) 494(1-2):42–50. doi: 10.1016/j.bbrc.2017.10.088

107. Shen, S, Huang, J, Xu, C, Shen, Y, Jiang, S, Li, Y, et al. ERK modulates macrophage polarization and alters exosome miRNA expression in diabetic nephropathy. Clin Lab (2021) 67(12). doi: 10.7754/Clin.Lab.2021.210314

108. Li, K, and Li, Q. LINC00323 mediates the role of M1 macrophage polarization in diabetic nephropathy through PI3K/AKT signaling pathway. Hum Immunol (2021) 82(12):960–7. doi: 10.1016/j.humimm.2021.08.010

109. Zhong, H, Tang, HF, and Kai, Y. N6-methyladenine RNA modification (m(6)A): An emerging regulator of metabolic diseases. Curr Drug Targets (2020) 21(11):1056–67. doi: 10.2174/1389450121666200210125247

110. Li, C, Su, F, Liang, Z, Zhang, L, Liu, F, Fan, W, et al. Macrophage M1 regulatory diabetic nephropathy is mediated by m6A methylation modification of lncRNA expression. Mol Immunol (2022) 144:16–25. doi: 10.1016/j.molimm.2022.02.008

111. Samsu, N. Diabetic nephropathy: Challenges in pathogenesis, diagnosis, and treatment. BioMed Res Int (2021) 2021:1497449. doi: 10.1155/2021/1497449

112. Kong, L, Andrikopoulos, S, MacIsaac, RJ, Mackay, LK, Nikolic-Paterson, DJ, Torkamani, N, et al. Role of the adaptive immune system in diabetic kidney disease. J Diabetes Investig (2022) 13(2):213–26. doi: 10.1111/jdi.13725

113. Hickey, FB, and Martin, F. Role of the immune system in diabetic kidney disease. Curr Diabetes Rep (2018) 18(4):20. doi: 10.1007/s11892-018-0984-6

114. Boels, MGS, Koudijs, A, Avramut, MC, Sol, W, Wang, G, van Oeveren-Rietdijk, AM, et al. Systemic monocyte chemotactic protein-1 inhibition modifies renal macrophages and restores glomerular endothelial glycocalyx and barrier function in diabetic nephropathy. Am J Pathol (2017) 187(11):2430–40. doi: 10.1016/j.ajpath.2017.07.020

115. Guiteras, R, Sola, A, Flaquer, M, Manonelles, A, Hotter, G, and Cruzado, JM. Exploring macrophage cell therapy on diabetic kidney disease. J Cell Mol Med (2019) 23(2):841–51. doi: 10.1111/jcmm.13983

116. Lee, ES, Lee, MY, Kwon, MH, Kim, HM, Kang, JS, Kim, YM, et al. Sarpogrelate hydrochloride ameliorates diabetic nephropathy associated with inhibition of macrophage activity and inflammatory reaction in db/db mice. PloS One (2017) 12(6):e0179221. doi: 10.1371/journal.pone.0179221

117. Xie, F, Lei, J, Ran, M, Li, Y, Deng, L, Feng, J, et al. Attenuation of diabetic nephropathy in diabetic mice by fasudil through regulation of macrophage polarization. J Diabetes Res (2020) 2020:4126913. doi: 10.1155/2020/4126913

118. Du, Q, Fu, YX, Shu, AM, Lv, X, Chen, YP, Gao, YY, et al. Loganin alleviates macrophage infiltration and activation by inhibiting the MCP-1/CCR2 axis in diabetic nephropathy. Life Sci (2021) 272:118808. doi: 10.1016/j.lfs.2020.118808

119. Wang, Y, Cui, J, Liu, M, Shao, Y, and Dong, X. Schisandrin c attenuates renal damage in diabetic nephropathy by regulating macrophage polarization. Am J Transl Res (2021) 13(1):210–22.

120. Zhang, T, Zhu, Q, Shao, Y, Wang, K, and Wu, Y. Paeoniflorin prevents TLR2/4-mediated inflammation in type 2 diabetic nephropathy. Biosci Trends (2017) 11(3):308–18. doi: 10.5582/bst.2017.01104

121. Liu, J, Zhang, Y, Sheng, H, Liang, C, Liu, H, Moran Guerrero, JA, et al. Hyperoside suppresses renal inflammation by regulating macrophage polarization in mice with type 2 diabetes mellitus. Front Immunol (2021) 12:733808. doi: 10.3389/fimmu.2021.733808

122. Li, Y, Liu, J, Liao, G, Zhang, J, Chen, Y, Li, L, et al. Early intervention with mesenchymal stem cells prevents nephropathy in diabetic rats by ameliorating the inflammatory microenvironment. Int J Mol Med (2018) 41(5):2629–39. doi: 10.3892/ijmm.2018.3501

123. Yuan, Y, Yuan, L, Li, L, Liu, F, Liu, J, Chen, Y, et al. Mitochondrial transfer from mesenchymal stem cells to macrophages restricts inflammation and alleviates kidney injury in diabetic nephropathy mice via PGC-1alpha activation. Stem Cells (2021) 39(7):913–28. doi: 10.1002/stem.3375

124. Yuan, Y, Li, L, Zhu, L, Liu, F, Tang, X, Liao, G, et al. Mesenchymal stem cells elicit macrophages into M2 phenotype via improving transcription factor EB-mediated autophagy to alleviate diabetic nephropathy. Stem Cells (2020) 38(5):639–52. doi: 10.1002/stem.3144

125. Kitada, M, Ogura, Y, and Koya, D. Rodent models of diabetic nephropathy: their utility and limitations. Int J Nephrol Renovasc Dis (2016) 9:279–90. doi: 10.2147/IJNRD.S103784



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Li, You, Shao, Wu, Wang, Guo, Meng and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 03 November 2022

doi: 10.3389/fimmu.2022.1057746

[image: image2]


NLRP3+ macrophages aggravate inflammatory cystitis in diabetes


Yubing Peng 1* and Yan Gao 2


1 Department of Urology, RenJi Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China, 2 Department of Infectious Diseases, HuaShan Hospital, Fudan University, Shanghai, China




Edited by: 

Xiangwei Xiao, University of Pittsburgh, United States

Reviewed by: 

Yinan Jiang, University of Pittsburgh, United States

Lingyan Zhu, The First Affiliated Hospital of Nanchang University, China

*Correspondence: 

Yubing Peng
 pybkzt@163.com

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 30 September 2022

Accepted: 18 October 2022

Published: 03 November 2022

Citation:
Peng Y and Gao Y (2022) NLRP3+ macrophages aggravate inflammatory cystitis in diabetes. Front. Immunol. 13:1057746. doi: 10.3389/fimmu.2022.1057746



Inflammatory macrophages play a pivotal role in the progression of inflammatory cystitis. Formation of NOD-, LRR- and PYD domains-containing protein 3 (NLRP3) inflammasome triggers the activation of caspase-1/IL-1β signaling cascades to mediate inflammatory response. However, it is not known whether NLRP3 activation in macrophages during cystitis may differ in normal or diabetic setting as well as the importance of it. In this study, we found that NLRP3 levels significantly increased in bladder macrophages in diabetic mice that underwent cystitis. Moreover, bladder macrophages from diabetic mice appeared to have increased their potential of growth, migration and phagocytosis. Furthermore, specific depletion of NLRP3 in macrophages alleviated the severity of cystitis in diabetic mice, but not in non-diabetic mice. Together, our data suggest that NLRP3 depletion in macrophages may be a promising strategy for treating diabetic cystitis.




Keywords: inflammatory cystitis, diabetes, macrophages, inflammation, NOD-, LRR-and PYD domains-containing protein 3 (NLRP3)



Introduction

Interstitial cystitis (IC) and bladder pain syndrome (BPS) are clinical syndromes manifested with frequent urgency, urination, accompanied with discomfort in the suprapubic bladder area (1). The majority of IC/PBS patients are women, with a male-to-female ratio of about 1:10 (2). In 2011, Berry et al. found that the prevalence of IC/BPS was about 2.7% to 6.5% based on large epidemiological data of the adult female population in the United States (3). IC/BPS seriously affects the quality of life of patients. Chronic pain, avoidance of sex, and poor sleep quality directly affect work and life (4). The etiology of IC/PBS is unknown, although interstitial cystitis has been regarded as a chronic inflammatory disorder.

To improve our current understanding of the pathophysiology of IC/BPS, many animal models have been used (5). So far, cyclophosphamide (CYP)-induced urinary bladder disorder is one of the best experimental models for IC/BPS (6). Of note, CYP-induced cystitis model causes a local inflammation associated with most symptoms detected in IC/BPS in human patients (7). Therefore, the CYP-induced cystitis model appears to be widely used in rodents to study the mechanisms underlying the pathological changes in cystitis (8).

Diabetic patients are prone to getting IC/BPS, and they are often suffered from other bladder issues such as frequent urinary tract infection (UTI) and neurogenic bladder, for which the patients lose the control of their bladder due to issues from the brain, spinal cord, or nerves (9). However, the mechanism remains largely unknown. Very recently, it is recognized that inflammatory macrophages play a pivotal role in the pathological progression of cystitis (10). This finding brought a breakthrough for understanding the effects of diabetes on IC/BPS, since diabetes is well-known metabolic disease associated with dysfunction in immunological regulation of the body (11).

The display of macrophage phenotype to exhibit either a pro-inflammatory phenotype, which is called “M1”, or an anti-inflammatory phenotype, which is called “M2”, is known as “polarization of a macrophage” (12). The newly generated macrophages with any polarization are naïve macrophages (M0) (13). Interleukin 1β (IL-1β) is a key cytokine that regulate inflammation (14). The effects of IL-1β on inflammation are complex and context-sensitive. Inflammasomes are known regulators for IL-1β activation (15). The most important inflammasome is NOD-, LRR- and PYD domains-containing protein 3 (NLRP3), which promotes the dimerization of caspase-1 to catalyze the pro-IL-1β into IL-1β to be active (16). However, it is not known whether NLRP3 activation in macrophages during IC may differ in normal or a diabetic setting as well as the importance of it. This question was hence addressed in the current study.



Materials and methods


Ethic approval

All the experiments including animal work have been approved by and performed according to the guideline by institutional Animal Research Ethics Council from Shanghai Jiao Tong University School of Medicine. This study did not involve human specimens.



Animals

Mice with macrophage-depletion of NLRP3 were generated using Lysosome2 (Lys2)-Cre (Strain #:018956; The Jackson Laboratory, Bar Harbor, ME, USA) and NLRP3(fx/fx) (Strain #:017970; The Jackson Laboratory). The NLRP3(fx/fx) mice without Lys-Cre were used as controls. C57/Bl6 mice were used as wildtype mice. In all experiments, both male and female mice at age of 10 weeks were used and evenly distributed in the experimental groups. After an overnight fasting that exceeds 16 hours (D0), one intraperitoneal (i.p) injection of 110 mg/kg streptozotocin (STZ) in 150µl normal saline was performed in mice to induce diabetes. An equal volume of normal saline was given i.p. to control mice. An overnight fasting was required for both fasting blood glucose measurement and intraperitoneal glucose tolerance testing (IPGTT). For IPGTT, 2mg glucose was challenged to the mice, after which glucose levels were determined at different time points. Cystitis was induced by i.p. injection of CYP (70 mg/kg, Fisher-Scientific, Pittsburgh, PA, USA) 4 times on D6, 8, 10 and 12. Control animals received saline of equal volume. Von Frey test was done at D13 according to published protocols. Briefly, mice were put on a raised wire mesh floor to allow at least 30 minutes’ acclimatization before starting the test. Nociceptive response was evaluated after the mouse abdomen close to urinary bladder were challenged with several von Frey filaments of increasing forces. The scoring of nociceptive response was as 0 for no response, as 1 for detection of some reaction, as 2 for detection of mouse reaction and position changing, and as 3 for detection of licking or vocalizing of stimulated area in addition to those for 2. Nociceptive score was presented as a relative value. Beta-cell mass was assessed at sacrifice (D16) by calculating the product of the percentage of the area positive for insulin staining (Abcam, San Jose, CA, USA) to the total pancreatic area with the pancreatic weight. For the first experiment, 4 groups of C57/Bl6 mice of 6 of each were used. Group 1: mice received i.p. saline (control for STZ) at D0 and i.p. saline (control for CYP) at D6, 8, 10 and 12 (saline+saline); Group 2: mice received i.p. STZ at D0 and i.p. saline (control for CYP) at D6, 8, 10 and 12 (STZ+saline); Group 3: mice received i.p. saline (control for STZ) at D0 and i.p. CYP at D6, 8, 10 and 12 (saline+CYP); Group 4: mice received i.p. STZ at D0 and i.p. CYP at D6, 8, 10 and 12 (STZ+CYP). For the second experiment, 4 groups of Lys2-Cre; NLRP3(fx/fx) or NLRP3(fx/fx) mice of 6 of each were used. Group 1: NLRP3(fx/fx) mice received i.p. saline (control for STZ) at D0 and i.p. CYP at D6, 8, 10 and 12 (saline+CYP/N); Group 2: Lys2-Cre; NLRP3(fx/fx) mice received i.p. saline (control for STZ) at D0 and i.p. CYP at D6, 8, 10 and 12 (saline+CYP/LN); Group 3: NLRP3(fx/fx) mice received i.p. STZ at D0 and i.p. CYP at D6, 8, 10 and 12 (STZ+CYP/N); Group 4: Lys2-Cre; NLRP3(fx/fx) mice received i.p. STZ at D0 and i.p. CYP at D6, 8, 10 and 12 (STZ+CYP/LN).



Assessment of bladder weight, edema and vascular permeability inflammation

At sacrifice (D16), mouse bladders were immediately collected and measured for bladder weight, edema and vascular permeability Inflammation. Edema score was obtained as 0 for no edema, 1 for mild edema, 2 for moderate edema and 3 for severe edema. Vesical vascular permeability was evaluated by the Evans blue extravasation technique on the sectioned bladder slides. Briefly, Evans blue (20 mg/kg) was injected from tail vein 30 minutes before post-perfusion sacrifice and then measured by tissue absorbance at 620 nm.



Flow cytometry

For flow cytometry analysis, mouse bladder was dissected out and dissociated into a single cell population with 40 minutes’ treatment with 0.25% Trypsin (Invitrogen) at 37°C. The cells were then labeled with PE-cy5-conjugated F4/80 and FITC-conjugated CD163 antibodies (Becton-Dickinson Biosciences, Shanghai, China). Flow cytometry data were analyzed and presented by FlowJo software (Flowjo LLC, Ashland, OR, USA).



ELISA

Total protein was extracted from FACS-isolated cells to be used for ELISA analysis with specific kits for mouse NLRP3 (ab279417; Abcam, Cambridge, MA, USA), nitric oxide synthase (iNOS, ab253219; Abcam), tumor necrosis factor alpha (TNFα, ab208348; Abcam), interferon gamma (IFNγ, ab282874; Abcam), CD163 (ab272204; Abcam) and proliferating cell nuclear antigen (PCNA, ab196270; Abcam).



Cell proliferation and migration assay

Cell growth was determined by viable cell number with a Cell Counting Kit-8 assay (CCK-8, Sigma-Aldrich). Cell migration was determined by a transwell cell migration assay, as reported (17). Briefly, cells were plated at 5X103 cells/cm2 in the corresponding culture vessel using RPMI1640 culture medium (Invitrogen), after which the cell culture inserts were put into the wells of the 24-well plate with 750μL medium with 10% FBS to the outer compartment. The transmigration was performed in a humidified incubator (37°C, 5% CO2) for 4 hours, followed by cell fixation and staining of the migrated cells with Crystal Violet (V5265, Sigma-Aldrich) for 20 minutes at room temperature.



Analysis of phagocytosis

Phagocytosis was assessed based on 30 minutes’ zymosan intake by macrophages using a zymosan-based phagocytotic kit (ab211156, Abcam), or based on intake of GFP+ bacteria with a flow cytometry-based method as described (18).



Statistics and bioinformatics

A GEO database GSE183698 was used to analyzed gene profile from mouse macrophages with or without NLRP3 depletion. R software was used to analyze differentiated genes, while String online tools were used to analyze gene interaction network. All data were statistically analyzed with GraphPad Prism 7 (GraphPad, Chicago, IL, USA). One-way ANOVA method was applied for determining the significance (p<0.05) or no significance (ns, p<0.05). Individual values, the mean and standard deviation (SD) were all shown in the figures.




Results


Diabetes aggravates CYP-induced cystitis

In order to study the molecular mechanisms underlying the diabetic cystitis, we applied a most commonly used rodent model for cystitis. STZ was used at D0 to develop diabetes in mice. After 6 days when diabetes was confirmed, experimental cystitis was induced by 4 i.p. injection of CYP on D6, 8, 10 and 12. Von Frey test was done at D13, and mice were sacrificed at D16 for end assessments (Figure 1A). Four groups of mice were used. Group 1: mice received i.p. saline (control for STZ) at D0 and i.p. saline (control for CYP) at D6, 8, 10 and 12 (saline+saline); Group 2: mice received i.p. STZ at D0 and i.p. saline (control for CYP) at D6, 8, 10 and 12 (STZ+saline); Group 3: mice received i.p. saline (control for STZ) at D0 and i.p. CYP at D6, 8, 10 and 12 (saline+CYP); Group 4: mice received i.p. STZ at D0 and i.p. CYP at D6, 8, 10 and 12 (STZ+CYP). In saline-treated group (control of CYP), diabetes did not alter the nociceptive score of the mice at Von Frey test, while in CYP-treated group, diabetes significantly worsened the nociceptive score of the mice at Von Frey test (Figure 1B). Moreover, in saline-treated group (control of CYP), diabetes did not cause the changes in body weight, while in CYP-treated group, diabetes caused significantly more loss of the body weight (Figure 1C). At sacrifice, we found that in saline-treated group (control of CYP), diabetes did not alter the bladder weight (Figure 1D), edema score of the bladder (Figure 1E) or the vesical vascular permeability in bladder (Figure 1F), while in CYP-treated group, diabetes significantly increased bladder weight (Figure 1D), edema score of the bladder (Figure 1E) or the vesical vascular permeability in bladder (Figure 1F). Together, these data suggest that diabetes aggravates CYP-induced cystitis.




Figure 1 | Diabetes aggravates CYP-induced cystitis. (A) Schematic of experiment: STZ was used at D0 to develop diabetes in mice. After 6 days when diabetes was confirmed, experimental cystitis was induced by 4 i.p. injection of CYP on D6, 8, 10 and 12. Von Frey test was done at D13, and mice were sacrificed at D16 for end assessments. (B-F) Four groups of mice were used. Group 1: mice received i.p. saline (control for STZ) at D0 and i.p. saline (control for CYP) at D6, 8, 10 and 12 (saline+saline); Group 2: mice received i.p. STZ at D0 and i.p. saline (control for CYP) at D6, 8, 10 and 12 (STZ+saline); Group 3: mice received i.p. saline (control for STZ) at D0 and i.p. CYP at D6, 8, 10 and 12 (saline+CYP); Group 4: mice received i.p. STZ at D0 and i.p. CYP at D6, 8, 10 and 12 (STZ+CYP). (B) Nociceptive score of the mice at Von Frey test at D13. (C) Changes in body weight. (D) Bladder weight at D16. (E) Edema score of the bladder at D16. (F) Vesical vascular permeability in bladder at D16. *p<0.05 (STZ+CYP vs saline+CYP). #p<0.05 (saline+CYP vs saline+saline or STZ+saline).





CYP-induced cystitis does not affect diabetic status in mice

To exclude a possibility that the CYP treatment may affect the diabetic status in mice, we monitored the changes in fasting blood glucose, and examined the end point glucose response of mice as well as beta cell mass. We found that CYP-treatment did not alter fasting blood glucose (Figure 2A), the end point glucose response of mice (Figure 2B), as well as beta cell mass (Figures 2C, D). These data suggest that CYP-induced cystitis does not affect diabetic status in mice.




Figure 2 | CYP-induced cystitis does not affect diabetic status in mice. (A) Fasting blood glucose. (B) IPGTT at D16. (C) Beta cell mass at D16. (D) Representative insulin staining in mouse pancreas. *p<0.05 (STZ+CYP vs saline+CYP or STZ+saline vs saline+saline). Scale bars are 100µm.





NLRP3 significantly increases in bladder macrophages in diabetic mice that undergo cystitis

Next, we aimed to figure out whether bladder macrophages could be affected by diabetes and then play a role in the aggravation of the cystitis. Thus, we digested mouse bladders and analyzed and sorted bladder macrophages based on positivity for F4/80, and further distinguished M1 (CD163-) and M2 (CD163+) subtypes among all F4/80+ macrophages. We did not detect significant changes in the total macrophage numbers or M1/M2 distributions in all 4 groups (Figures 3A, B). However, when the sorted bladder macrophages were analyzed for some critical genes for macrophage phenotype and functionality, we found that diabetic status of the mice caused increases in iNOS, TNFα and IFNγ, 3 factors associated with proinflammatory function and phagocytosis of macrophage, increases in PCNA, a cell proliferation marker, and a dramatic increase in NLRP3, without changing CD163, a M2 macrophage marker (Figures 3C). These data suggest that although diabetes did not cause a major shift of macrophage polarity, it appeared to significantly alter the function of macrophages.




Figure 3 | NLRP3 significantly increases in bladder macrophages in diabetic mice that undergo cystitis. (A, B) Mouse bladders were sorted for bladder macrophages based on positivity for F4/80, and further for M1 (CD163-) and M2 (CD163+) subtypes among all F4/80+ macrophages, shown by representative flow charts (A) and by quantification (B). (C) ELISA for some critical factors for macrophage phenotype and functionality. *p<0.05. ns: no significance.





NLRP3 depletion in macrophages alters genes associated with macrophage phenotype

In order to determine whether NLRP3 may be responsible for the phenotypic changes in macrophages under diabetes, a GEO database GSE183698 was used to analyzed gene profile from mouse macrophages with or without NLRP3 depletion (NLRP3KO, WT). In this database, in all significantly upregulated and significantly downregulated genes (p<0.05; logFC>1 or logFC<-1), there were 120 genes associated with fine determination of macrophage phenotype (Figure 4A) analyzed by String online tool. However, although NLRP3 depletion (Figure 4B) resulted in alteration in 120 genes associated with macrophage polarization, none of the key M1/M2 markers [iNOS, TNFα, IFNγ, arginase 1 (ARG1), CD163 and IL-10] were significantly altered (Figure 4C), suggesting that depletion of NLRP3 may result in some delicate changes in the characteristics of macrophages, but not result in a major M1/M2 shift.




Figure 4 | NLRP3 depletion in macrophages alters genes associated with macrophage phenotype. (A-C) A GEO database GSE183698 was used to analyzed gene profile from mouse macrophages with or without NLRP3 depletion (NLRP3KO, WT). (A) Genes associated with fine determination of macrophage phenotype analyzed by String online tool. (B, C) Gene reads from NLRP3 and some key factors associated with macrophage phenotype and functionality. *p<0.05.





Diabetes increases growth and migration potential of macrophages from inflammatory bladder

Next, bladder macrophages from 4 groups of the mice were subjected to analysis on cell growth and migration. We found that diabetes increased the growth of bladder macrophages from CYP-treated mice, but not in bladder macrophages from mice without cystitis (Figures 5A, B). Similarly, diabetes increased the migration of bladder macrophages from CYP-treated mice, but not in bladder macrophages from mice without cystitis (Figures 5C, D). These data were consistent with analysis on the key factors in macrophages (Figures 3C), suggesting that diabetes increases growth and migration potential of macrophages from inflammatory bladder.




Figure 5 | Diabetes increases growth and migration potential of macrophages from inflammatory bladder. (A, B) Bladder macrophages from 4 groups of the mice were analyzed for cell growth in a CCK-8 assay (A) and in assay to determine DNA (B). (C, D) Bladder macrophages from 4 groups of the mice were analyzed for migration, shown by quantification (C) and by representative images (D). *p<0.05. ns: no significance. Scale bars are 100µm.





Diabetes increases phagocytosis of macrophages from inflammatory bladder

Phagocytosis is a major function of macrophages and is related to levels of inflammatory responses and resolution. We thus analyzed the phagocytosis of bladder macrophages from 4 groups of the mice. First, we used a phagocytosis assay that analyzes 30 minutes’ zymosan intake, which showed that diabetes significantly increased the phagocytosis of bladder macrophages from CYP-treated mice, but not in bladder macrophages from mice without cystitis (Figures 6A, B). Next, we analyzed the intake of GFP+ bacteria by the bladder macrophages from 4 groups, showing that diabetes significantly increased the mean cellular GFP density from CYP-treated mice, but not in bladder macrophages from mice without cystitis (Figure 6C), suggesting that diabetes increases phagocytosis of macrophages from inflammatory bladder, also consistent with analysis on the key factors in macrophages (Figure 3C).




Figure 6 | Diabetes increases phagocytosis of macrophages from inflammatory bladder. (A) A phagocytosis assay that analyzes 30 minutes’ zymosan intake. (B, C) Analysis of the intake of GFP+ bacteria, shown by representative images (B), by the mean cellular GFP density of macrophages (C). *p<0.05. Scale bars are 15µm. ns, no significance.





Specific depletion of NLRP3 in macrophages alleviates the severity of cystitis in diabetic mice

Finally, we wanted to understand whether the over-activation of NLRP3 in macrophages during diabetic cystitis may be important to the increased severity of the disease. For this reason, we generated mice with macrophage-depletion of NLRP3, Lys2-Cre; NLRP3(fx/fx) and control NLRP3(fx/fx). Macrophages were isolated with the bladders of these mice (Figure 7A) and confirmed for specific depletion of NLRP3 in macrophages from Lys2-Cre; NLRP3(fx/fx) mice (Figure 7B). Next, we applied the CYP model to these mice. Again, STZ was used at D0 to develop diabetes in mice. After 6 days when diabetes was confirmed, experimental cystitis was induced by 4 i.p. injection of CYP on D6, 8, 10 and 12. Von Frey test was done at D13, and mice were sacrificed at D16 for end assessments. Group 1: NLRP3(fx/fx) mice received i.p. saline (control for STZ) at D0 and i.p. CYP at D6, 8, 10 and 12 (saline+CYP/N); Group 2: Lys2-Cre; NLRP3(fx/fx) mice received i.p. saline (control for STZ) at D0 and i.p. CYP at D6, 8, 10 and 12 (saline+CYP/LN); Group 3: NLRP3(fx/fx) mice received i.p. STZ at D0 and i.p. CYP at D6, 8, 10 and 12 (STZ+CYP/N); Group 4: Lys2-Cre; NLRP3(fx/fx) mice received i.p. STZ at D0 and i.p. CYP at D6, 8, 10 and 12 (STZ+CYP/LN). We found that macrophage-depletion of NLRP3 did not alter the nociceptive score of the mice at Von Frey test in non-diabetic mice, but significantly increased the nociceptive score of the mice at Von Frey test in non-diabetic mice (Figure 7C). Moreover, macrophage-depletion of NLRP3 did not cause the changes in body weight of non-diabetic mice, but significantly decreased the body weight of diabetic mice (Figure 7D). At sacrifice, we found that macrophage-depletion of NLRP3 did not alter the bladder weight (Figure 7E), edema score of the bladder (Figure 7F) or the vesical vascular permeability in bladder (Figure 7G) of non-diabetic mice, but significantly increased bladder weight (Figure 7E), edema score of the bladder (Figure 7F) or the vesical vascular permeability in bladder (Figure 7G) of diabetic mice. Together, these data suggest that specific depletion of NLRP3 in macrophages alleviates the severity of cystitis in diabetic mice.




Figure 7 | Specific depletion of NLRP3 in macrophages alleviates the severity of cystitis in diabetic mice. We generated mice with macrophage-depletion of NLRP3, Lys2-Cre; NLRP3(fx/fx) and control NLRP3(fx/fx). (A) Flow cytometry showing isolation of macrophages from the bladders of these mice. (B) ELISA for NLRP3 in macrophages nor non-macrophages from the mouse bladder. (C) STZ was used at D0 to develop diabetes in mice. After 6 days when diabetes was confirmed, experimental cystitis was induced by 4 i.p. injection of CYP on D6, 8, 10 and 12. Von Frey test was done at D13, and mice were sacrificed at D16 for end assessments. Group 1: NLRP3(fx/fx) mice received i.p. saline (control for STZ) at D0 and i.p. CYP at D6, 8, 10 and 12 (saline+CYP/N); Group 2: Lys2-Cre; NLRP3(fx/fx) mice received i.p. saline (control for STZ) at D0 and i.p. CYP at D6, 8, 10 and 12 (saline+CYP/LN); Group 3: NLRP3(fx/fx) mice received i.p. STZ at D0 and i.p. CYP at D6, 8, 10 and 12 (STZ+CYP/N); Group 4: Lys2-Cre; NLRP3(fx/fx) mice received i.p. STZ at D0 and i.p. CYP at D6, 8, 10 and 12 (STZ+CYP/LN). (C) Nociceptive score of the mice at Von Frey test at D13. (D) Changes in body weight. (E) Bladder weight at D16. (F) Edema score of the bladder at D16. (G) Vesical vascular permeability in bladder at D16. *p<0.05. ns: no significance.






Discussion

Diabetes increases the incidence and severity of IC/BPS (19). The recognition of the importance of local inflammation to the development of cystitis highlights the importance of studies of the major player for innate immunity, bladder macrophages (20). A recent study has demonstrated a 6-fold increase in bladder monocytes/macrophages in IC/BPS patients compared to healthy controls (21). However, the exact molecular signaling that underlies the effects of innate immunity on cystitis is complex and not fully determined. It is known that the phenotypic adaptations of macrophages during the interaction are dynamic and involve not only changes in major functionality (M1 versus M2), but also some delicate changes in certain function such as phagocytotic, regenerative or immune resolution (22).

Here in this study, we found that diabetes likely affected the phenotype of macrophages in such a delicate manner, since diabetes seemed to alter the levels of markers for macrophage functionality, iNOS, TNFα and IFNγ, and the levels of PCNA, a cell proliferation marker (23–25). Interestingly, the effects of diabetes on cystitis are at least partially contributable to the increases in NLRP3, a regulator for IL-1β. It was supported by our in vivo experiment clearly showing a loss of aggravated cystitis in diabetes by macrophage-depletion of NLRP3.

The NLRP3 inflammasome has been found activated by many different stimuli, such as the increased extracellular glucose level in a diabetic setting (26). However, the exact molecular regulation of NLRP3 activation appeared to be complex and controlled by multiple factors (27, 28). It has been reported that NLRP3 is activated in different types of diabetes, while NLRP3 depletion seemed to have a protective effect against diabetes (29, 30).

Based on our findings in the current study, the increased proliferation, migration and the phagocytosis of bladder macrophages in a diabetic status appeared to be harmful to individuals baring cystitis (31, 32). It is believed that exaggerated inflammation could have an adverse effect on the normal immune reaction and its resolution (33). Apparently, diabetes can be such a condition that causes hyperreaction of the immune cells and the worsening of the disease.

To summarize, our data suggest that macrophage-depletion of NLRP3 attenuates the severity of cystitis in a diabetic status. Further exploration of the molecular mechanisms may improve our knowledge on the pathological and molecular events happening during cystitis to allow development of novel therapies.
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Background

Circular RNAs (circRNAs) may involve the formation and rupture of intracranial aneurysms (IA). Inflammation plays a vital role in the development and progression of IA, which can be reflected by aneurysm wall enhancement (AWE) on high-resolution vessel wall magnetic resonance imaging (HR-VWI). This study aims to evaluate the role of circRNAs as the blood inflammatory biomarker for unruptured IA (UIA) patients with AWE on HR-VWI.



Methods

We analyzed the circRNA expression profiles in the peripheral blood samples among subjects from saccular UIA with AWE, UIA without AWE, and healthy controls by the circRNA microarray. The differential expression of hsa_circ_0007990 was assessed. We constructed the hsa_circ_0007990-microRNA-mRNA network and the regulatory axis of hub genes associated with the AWE in UIA.



Results

Eighteen patients harboring saccular UIAs with HR VWI and five healthy controls were included. We found 412 differentially expressed circRNAs between UIA patients and healthy controls by circRNA microarray. Two hundred thirty-one circRNAs were significantly differentially expressed in UIA patients with AWE compared with those without AWE. Twelve upregulated circRNAs were associated with AWE of UIA, including hsa_circ_0007990, hsa_circ_0114507, hsa_circ_0020460, hsa_circ_0053944, hsa_circ_0000758, hsa_circ_0000034, hsa_circ_0009127, hsa_circ_0052793, hsa_circ_0000301 and hsa_circ_0000729. The expression of hsa_circ_0007990 was increased gradually in the healthy control, UIA without AWE, and UIA with AWE confirmed by RT-PCR (P<0.001). We predicted 4 RNA binding proteins (Ago2, DGCR8, EIF4A3, PTB) and period circadian regulator 1 as an encoding protein with hsa_circ_0007990. The hsa_circ_0007990-microRNA-mRNA network containing five microRNAs (miR-4717-5p, miR-1275, miR-150-3p, miR-18a-5p, miR-18b-5p), and 97 mRNAs was constructed. The five hub genes (hypoxia-inducible factor 1 subunit alpha, estrogen receptor 1, forkhead box O1, insulin-like growth factor 1, CREB binding protein) were involved in the inflammatory response.



Conclusion

Differentially expressed blood circRNAs associated with AWE on HR-VWI may be the novel inflammatory biomarkers for assessing UIA patients. The mechanism of hsa_circRNA_0007990 for UIA progression needs to investigate further.
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Introduction

Unruptured intracranial aneurysms (UIA) cause subarachnoid hemorrhage once bleeding, resulting in severe poor clinical outcomes. The risk of rupture in UIA significantly decreases after receiving endovascular treatment or surgical clipping in cases of aneurysm growth (1, 2). Inflammation plays a vital role in the development and progression of intracranial aneurysms (IA), which can be reflected by aneurysm wall enhancement (AWE) on high-resolution vessel wall magnetic resonance imaging (HR-VWI) (3–8). Recent studies suggest the association of inflammatory blood biomarkers in the aneurysm sac and peripheral blood with AWE on HR-VWI in patients with UIA (9–13).

Recent evidence shows that circular RNAs (circRNAs), one type of non-coding RNA, involve the formation and rupture of IA (14–19). CircRNAs regulate vascular smooth muscle cells phenotype involving the pathological process of IA (14–16). Differentially expressed circRNAs in the peripheral blood are associated with the aneurysm rupture status in patients with IA and may be used as potential clinical diagnostic biomarkers (20–22). However, the association of circRNAs in the peripheral blood with AWE on HR-VWI for IA remains unclear. In this study, we aim to evaluate the role of circRNAs as the blood inflammatory biomarker for UIA patients with AWE on HR-VWI.



Materials and methods


Patients selection

The institutional review board approved this study at Sun Yat-sen Memorial Hospital, Sun Yat-sen University. All participants signed their written informed consent to participate in this study. Patients with UIA for initial endovascular and surgical treatment from our HR-VWI aneurysm database were selected for this study between March 2018 and March 2021. Patients were older than 18 years old. Saccular UIA was confirmed by digital subtraction angiography and can be identified on MR angiography. Patients had images of HR-VWI without artifacts. We excluded patients with aneurysms in the extracranial or cavernous sinus of the internal carotid artery and with a size less than 3mm. Healthy adults were recruited for this study and had brain MR angiography examinations to exclude the presence of UIA and other intracranial lesions. All participants had no history of pneumonia, heart disease, cancer, autoimmune disease, hematological disease, chronic liver disease, kidney disease, or recent brain surgery. We recorded the data on medical history, laboratory examination, and clinical and radiological characteristics.



HR-VWI study

Patients with UIA underwent brain MR for HR-VWI on a 3.0T MRI scanner. We divided the pattern of AWE into none, focal, and circumferential AWE according to the precontrast and postcontrast HR-VWI T1-weighted sequences described in our previous study. The aneurysm-to-pituitary stalk contrast ratio (CRstalk) was calculated using the maximal signal intensity value of the aneurysm wall (SIwall) and the pituitary stalk (SIstalk) on the 3D postcontrast HR-VWI T1-weighted sequence as CRstalk = SIwall/SIstalk. CRstalk was used as an optimal quantitative analysis of AWE in UIA (8, 12).



Peripheral blood sample and RNA extraction

Before any antiplatelet drug administration or treatment, 2 ml peripheral venous blood was collected in the early morning after overnight fasting from all participants. We extracted total RNA from each peripheral whole blood sample using TRI Reagent BD as described in the manufacturer’s brochure (Molecular Research Center, Cincinnati, OH, United States) (23). RNA quality was assessed by the NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States), and RNA with an OD260/OD280 ratio between 1.8 and 2.1 was considered good quality. Agarose gel electrophoresis was used to assess RNA integrity.



RNA labeling and hybridization

The RNase R (Epicentre, Inc.) was used to remove linear RNAs to enrich the circular RNAs. Circular RNAs were amplified, transcribed into cRNA, and purified using an RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocols. The purified cRNA was labeled using Quick Amp Labeling Kit (Agilent) at 40°C for 2 hours. The NanoDrop ND-1000 was used to determine the yield and specific activity of the labeled cRNAs. Then, cDNA samples were hybridized onto the Human circRNA Arrays (V2.0, Arraystar Inc). Hybridization was performed at 65°C for 17 hours in an Agilent Hybridization Oven. Hybridized arrays were washed, fixed, and scanned with a G2505C Agilent Microarray Scanner.



circRNA microarray analysis

We obtained the original data by Agilent Feature Extraction software (version 11.0.1.1). The data were normalized and processed using the R software limma package. The expression level of circRNA was analyzed and compared among groups. False discovery rate (FDR) was calculated to account for multiple testing using R (version 3.6.7; R Foundation for Statistical Computing) (24). The difference in circRNAs expression was considered significant with Fold change (FC) ≥ 1.3 and an FDR-adjusted P value < 0.05.



Quantitative real-time PCR

qRT-PCR was utilized to assess the significantly differentially expressed circRNAs screened from microarray analysis. Total RNA was extracted and used as a template for reverse transcription to first-strand cDNA with SYBR Premix Ex Taq II (Tli RNaseH Plus; TaKaRa, Osaka, Japan). qRT-PCR with a total 10μl reaction volume was performed on the Quanstudio DX (ABI) machine using GAPDH as an endogenous reference for normalization (25). The primer sequences for circRNAs are listed in Supplementary Table 1. Each sample was tested three times. The 2−ΔΔCt method was applied to obtain the relative circRNA expression.



GO and KEGG pathway analysis

We used the circBank database to search microRNAs having a binding site with our target circRNA. Then, we predicted the simultaneous target mRNAs of the circRNA-targeted microRNAs by both TargetScan and miRDB databases. We performed the GO enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis to reveal the biological function of target genes predicted by the circRNA-binding microRNAs using the David (https://david.ncifcrf.gov). The GO enrichment analysis included the biological process, cellular component, and molecular function. Furthermore, the RNA binding proteins with target circRNA were searched by the CircInteractome database. The open reading frame of target circRNA and their potential encoding proteins were also analyzed using the online database.



Construction circRNA-microRNA-mRNA network with hub gene prediction

We identified the crucial circRNA and its targeted microRNAs and genes to construct the circRNA-microRNA-mRNA network using Cytoscape software (version 3.9.1) for visualization. Then, predicted genes from the top ten enriched KEGG pathways from the target circRNA-microRNAs were selected to construct the protein-protein interaction network by the Search Tool for the Retrieval of Interacting Genes (STRING, version 11.5; https://cn.string-db.org/cgi/input). After obtaining gene interaction for those target genes, the top ten hub genes were defined from the calculation by the maximal clique centrality algorithm in the CytoHubba plugin. Finally, we obtained the circRNA-microRNA-mRNA network containing ten key regulatory axes using the Cytoscape.



Statistical analysis

Continuous and categorical variables were analyzed by Student t-test, Mann-Whitney U test, Fisher’s exact, or chi-square test. A P-value less than 0.05 was considered significant for the results. Statistical analyses were performed using SPSS 22.0 software.




Results


CircRNA expression profiles in peripheral blood from UIA

We identified twenty-three subjects in this study, including 18 patients with UIAs and five healthy normal controls. The characteristics of all participants are shown in Table 1. We analyzed the circRNA expression profile of peripheral blood in six samples from UIA with AWE group, three from UIA without AWE, and three from normal controls by circRNA microarray. A total of 13 615 circRNAs were detected in the three groups using the Arraystar human circRNA Microarray V2.0. The differentially expressed peripheral blood circRNAs were generated and assessed by hierarchical clustering, scatter plots, and volcano plots between the UIA group and healthy control group (Figure 1A-C) and between UIA with AWE and UIA without AWE (Figure 1D-F).


Table 1 | Clinical characteristics of participants with unruptured intracranial aneurysm and healthy control.






Figure 1 | Differentially expressed circRNAs in peripheral blood identified by circRNAs microarray. (A) The hierarchical clustering of differentially expressed circRNAs between the unruptured intracranial aneurysm (UIA) and healthy control groups. Group A represented healthy control; group B represented the UIA group. (B) The scatterplot is used to assess the circRNA expression variation between the UIA and healthy control group of samples. The circRNAs above the top green line and below the green bottom line indicate more than a 1.3-fold change of circRNAs between the two compared samples. (C) Volcano Plots are used to visualize differential expression between the UIA and healthy control groups. The red point in the plot represents the differentially expressed circRNAs with statistical significance. (D) The hierarchical clustering of differentially expressed circRNAs between the UIA with aneurysm wall enhancement (AWE) and UIA without AWE. Group B1 represented UIA with AWE of samples; group B2 represented UIA without AWE of samples. (E) The scatterplot is used for assessing the circRNA expression variation between the UIA with AWE and UIA without AWE. The circRNAs above the top green line and below the green bottom line indicate more than a 1.3-fold change of circRNAs between the two compared samples. (F) Volcano Plots are used for visualizing differential expression between the UIA with AWE and UIA without AWE. The red point in the plot represents the differentially expressed circRNAs with statistical significance. (G) The genomic origin of the differentially expressed circRNAs among three groups of samples (UIA with AWE, UIA without AWE, and healthy controls). (H) A total of 12 significantly differentially expressed peripheral blood circRNAs among the three compared groups (UIA with AWE, UIA without AWE, and healthy controls) were identified by circRNA microarray.



We found 412 circRNAs significantly differentially expressed in the UIA group compared with the healthy control group (fold change ≥1.3, p-value <0.05). Among the differentially expressed circRNAs, 320 were upregulated while 92 were downregulated. We identified 231 circRNAs significantly differentially expressed in the UIA with AWE compared with the UIA without AWE. These included 154 upregulated circRNAs and 77 downregulated circRNAs. Differentially expressed circRNAs were classified into exonic, intronic, antisense, sense overlapping, and intergenic. The genomic origin of the differentially expressed circRNAs among three groups is shown in Figure 1G. Among the 412 differentially expressed circRNAs between the UIA and healthy control groups, 332 (80.58%) circRNAs are from exons. Among the 231 differentially expressed circRNAs between UIA with AWE and UIA without AWE, 183 (79.22%) circRNAs are from exons.



Differentially expressed CircRNAs in UIA with AWE

We found a total of 12 significantly differentially expressed peripheral blood circRNAs among the three compared groups identified by circRNA microarray (Figure 1H). Among these 12 upregulated circRNAs in UIA with AWE, 10 (83.33%) have been identified in circBase, including hsa_circ_0007990, hsa_circ_0114507, hsa_circ_0020460, hsa_circ_0053944, hsa_circ_0000758, hsa_circ_0000034, hsa_circ_0009127, hsa_circ_0052793, hsa_circ_0000301, hsa_circ_0000729. In addition, 9 (75%) of 12 differentially expressed circRNAs consist of exons (Table 2).


Table 2 | A total of 12 significantly differentially expressed peripheral blood circRNAs associated with aneurysm wall enhancement in UIA.





Upregulation of hsa_circ_0007990 in peripheral blood of UIA with AWE

We selected hsa_circ_0007990 to compare the expression levels among the three groups by qRT-PCR because hsa_circ_0007990 has the most remarkable fold change among the differentially expressed exonic circRNA associated with UIA with AWE. The expression of peripheral blood hsa_circ_0007990 was significantly increased in turn among the group of healthy control, UIA without AWE, and UIA with AWE (P<0.001; Figure 2). The level of hsa_circ_0007990 was higher in the UIA group than in the healthy control group (3.38 vs. 1.00, P=0.005). The level of hsa_circ_0007990 was significantly higher in the UIA with AWE than those without AWE (4.19 vs. 1.78, P=0.001).




Figure 2 | Upregulated expression of hsa_circ_0007990 associated with aneurysm wall enhancement confirmed by RT-PCR. The data are the mean ± SD, **p < 0.01, ***p < 0.001.





Characteristics and functions of hsa_circ_0007990

Hsa_circRNA_0007990 is derived from exon 8, exon 9, and exon 10 of the PGAP3 gene (NM_033419) located on homo sapiens chromosome 17 with a sequence length of 251 bp, and its circBank ID is hsa_circPGAP3_003, which contains the open reading frame (ORF), microRNA binding sites, and the ability of RNA binding protein (Figure 3). One function of circRNA is as microRNA sponges to control gene transcription by binding with microRNAs. A total of 29 microRNAs having at least two binding sites with hsa_circRNA_0007990 were predicted by the circBank database (Supplementary Table 2). The top ten predicted microRNAs are as follows, including miR-4717-5p, miR-1275, miR-150-3p, miR-18a-5p, miR-18b-5p, miR-3914, miR-3934-5p, miR-4254, miR-433-5p. Furthermore, four RNA binding proteins with hsa_circRNA_0007990 (argonaute-2 [Ago2], DiGeorge syndrome critical region 8 [DGCR8], eukaryotic initiation factor 4A-III [EIF4A3], polypyrimidine tract binding [PTB] protein) were found from the CircInteractome database (Figure 4).




Figure 3 | Schematic diagram of hsa_circ_0007990. The red bar represents the microRNA binding sites, the blue bar represents proteins binding with hsa_circRNA_0007990, and the light green bar represents the open reading frame.






Figure 4 | RNA binding proteins with hsa_circ_0007990. According to the CircInteractome database, the 3′start flanking intron upstream of hsa_circRNA_0007990 has a potential binding region with DGCR8 protein, and the 3′start flanking intron downstream of hsa_circRNA_0007990 has a potential binding region with Ago2, EIF4A3, and PTB protein.



We had the nucleotide sequence of hsa_circRNA_0007990 from the CircBase database, and then four ORFs were detected by the online database ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder). Among the four ORFs (Table 3), only the ORF2 has a function of encoding protein named as the period circadian regulator 1 (PER1) superfamily searched from the online database of Conserved Domains (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).


Table 3 | Open reading frames detected from hsa_circ_0007990.





Gene oncology and KEGG pathway analysis of hsa_circ_0007990

We selected the top five predicted microRNAs binding on hsa_circRNA_0007990 through the CircBank database and searched the target mRNAs of these five microRNAs by both TargetScan and miRDB databases simultaneously (Supplementary Table 3). Then, we performed the GO and KEGG enrichment analysis to analyze the biological function of 961 target genes predicted by hsa_circRNA_0007990. The top ten enriched pathways from KEGG pathways analysis were found as follows: transcriptional misregulation in cancer, prostate cancer, Hippo signaling pathway, signaling pathways regulating pluripotency of stem cells, FoxO signaling pathway, Ras signaling pathway, fluid shear stress and atherosclerosis, focal adhesion, renal cell carcinoma, pathways in cancer (Figure 5A). The top ten enriched terms of biological process, cellular component, and molecular function of GO are shown in Figure 5B-D.




Figure 5 | Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology (GO) functional enrichment analysis of the predicted target genes from has_circRNA_0007990. (A) KEGG. (B) GO-molecular functions. (C) GO-biological processes. (D) GO-cell components.





CircRNA–microRNA–mRNA network construction

Ninety-seven targeted genes from the top ten enriched KEGG pathways were selected to construct the protein-protein interaction network by the STRING online tool (Figure 6A and Supplementary Table 4). Then the top ten hub genes were calculated by the MCC method in the CytoHubba plugin, including hypoxia-inducible factor 1 subunit alpha (HIF1A), estrogen receptor 1 (ESR1), forkhead box O1 (FOXO1), insulin-like growth factor 1 (IGF1), CREB binding protein (CREBBP), SMAD family member 2 (SMAD2), Kruppel like factor 4 (KLF4), ATM serine/threonine kinase (ATM), platelet-derived growth factor receptor beta (PDGFRB), protein tyrosine kinase 2 (PTK2) (Figure 6B and Supplementary Table 5). Finally, we obtained the hsa_circRNA_0007990-microRNA-mRNA network using the Cytoscape 3.9.1 software, including five microRNAs and 93 mRNAs containing ten key circRNA-microRNA-mRNA regulatory axes (Figure 6C). The top ten hub genes in the hsa_circRNA_0007990 ceRNA network were associated with inflammation by searching the previous studies (Supplementary Table 6).




Figure 6 | The circRNA-miRNA-mRNA regulatory network of hsa_circRNA_0007990. (A) Protein-protein interaction network obtained on STRING website. (B) Relationship network diagram of hub genes from protein-protein interaction network. (C) The reconstructed circRNA-microRNA-hub genes network.






Discussion

Our study showed 412 differentially expressed circRNAs in the peripheral blood between UIA patients and healthy controls by circRNA microarray. Twelve differentially expressed circRNAs were associated with AWE on HR-VMI in UIA patients. Hsa_circ_0007990 had the most remarkable fold change among the differentially expressed exonic circRNAs. The expression of hsa_circ_0007990 was increased gradually in the healthy control, UIA without AWE, and UIA with AWE. We predicted Ago2, DGCR8, EIF4A3, and PTB as the RNA binding proteins and period circadian regulator 1 as an encoding protein with hsa_circ_0007990. The hsa_circ_0007990-microRNA-mRNA network containing five microRNAs (miR-4717-5p, miR-1275, miR-150-3p, miR-18a-5p, miR-18b-5p), and 97 mRNAs was constructed. The ten hub genes, including HIF1A, ESR1, FOXO1, IGF1, CREBBP, SMAD2, KLF4, ATM, PDGFRB, and PTK2, were all associated with the inflammatory response. These results suggest that hsa_circ_0007990 may be a novel inflammatory blood biomarker for assessing UIA patients.

AWE on HR-VWI has been used as an imaging marker for vessel wall inflammation and aneurysm instability in patients with UIA. Recent studies showed the association of inflammatory blood biomarkers with AWE on HR-VWI in UIA patients (9–13). The plasma concentration of anti-inflammatory cytokine interleukin (IL)-10 in the aneurysm sac decreased in UIA with AWE (10). Our previous study showed that the neutrophil-lymphocyte ratio as an inflammatory peripheral blood biomarker was associated with AWE on HR-VWI in UIA patients (12). The up-regulated proinflammatory IL-1β and down-regulated anti-inflammatory IL-1RA in the serum were associated with AWE on HR-VWI in 34 patients with UIA. There was histological inflammation infiltration in aneurysm tissues with AWE. The serum IL-1β, IL-1RA, and IL-1RA/IL-1β ratio were associated with the inflammation-related proteins in aneurysm tissues (13). These results suggested that systematic inflammatory cytokines in the peripheral blood correlated with inflammatory factors in aneurysm tissues with AWE on HR-VWI, which may be a potential biomarker for aneurysm instability in UIA. In this study, we assessed the relationship of blood circRNAs as an inflammatory biomarker with AWE on HR-VWI in UIA patients.

CircRNAs play a key role in forming and rupturing IA. CircRNAs modulated phenotype, proliferation, migration, invasion, and apoptosis of vascular smooth muscle cells in aneurysm tissues (14–16). Inflammation is a vital pathological mechanism in IA rupture. Differentially expressed circRNAs related to IA have been shown to involve the inflammatory pathways and regulate the inflammatory gene expression through the circRNA-microRNA-mRNA axis (17–19). CircRNA_0079586 and circRNA_RanGAP1 in the endothelial cell of IA tissues were involved in the inflammatory response and IA rupture via miR-183-5p/myeloperoxidase and miR-877-3p/myeloperoxidase, respectively (17). CircLIFR in the IA tissues regulated the proliferation, migration, invasion, and apoptosis of vascular smooth muscle cells via the axis of miR-1299 and kinase insert domain receptor (18).

CircRNA hsa_circ_0007990 as a peripheral blood biomarker was associated with vessel wall inflammation on HR-VWI in this study. The ten hub genes in the predicted hsa_circ_0007990-microRNA-mRNA network were all involved in the inflammatory response (Supplementary Table 6). Recent studies suggested that circRNA may be used as a peripheral inflammatory blood biomarker for assessing IA instability. CircRNA expression profile of the peripheral blood in patients with multiple IA has been identified. The predicted dysregulated genes were mainly involved in the inflammatory response (21). Two hundred thirty-five differentially expressed circRNAs were shown in patients between ruptured IA and UIA by a circRNA microarray analysis of the peripheral blood. The mammalian target of rapamycin signaling pathway was one of the most significant pathways predicted by the targeted genes (22). Several differentially expressed circRNAs in IA tissues regulated inflammatory pathways. In the peripheral blood, two of these circRNAs (hsa_circ_0008433 and hsa_circ_0001946) were risk factors for IA rupture (19, 20).

In this study, the hsa_circ_0007990-microRNA-mRNA regulatory network consisted of five microRNAs and 97 mRNAs. CircRNAs play their functional effects via microRNA sponge activity to regulate gene transcription. Functional analysis indicated the top five predicted microRNAs (miR-18a-5p, miR-18b-5p, miR-150-3p, miR-1275, miR-4717-5p) binding on hsa_circRNA_0007990 through the CircBank database. MiR-18b-5p was shown as one of the significantly downregulated plasma microRNA biomarkers in ruptured IA, and its target genes were involved in inflammatory signaling pathways (26). Macrophage-derived miR-18a-5p was a potential urinary marker of early acute kidney injury following renal transplantation, and its several targets were involved in the cell cycle (27). MiR-150-3p was reported to involve in cyclophosphamide-induced lung inflammation and fibrosis via NF-κB and MAPK signaling pathways (28). In addition, five hub genes (HIF1A, ESR1, FOXO1, IGF1, and CREBBP) were identified in the hsa_circ_0007990-microRNA-mRNA regulatory network. HIF1A was upregulated in ruptured IAs and played an essential role in the PI3K-Akt signaling pathway (29, 30). FOXO1 increased in IA tissues and blocked myeloid cell leukemia sequence 1 transcription to involve the proliferation, apoptosis, and inflammation of vascular smooth muscle cells. MiR-124-5p downregulated FoxO1 expression to inhibit the migration and invasion of endothelial cells and inflammatory response (31, 32). IGF-1 alleviated the neuroinflammation and microglial activation induced by aneurysmal subarachnoid hemorrhage (33).

This study has some limitations. The sample size in this study was small with a single center data. The inflammatory response may promote intracranial aneurysm formation, progression, and rupture. In this study, the aneurysm size was significantly larger in patients with AWE than those without AWE (6.15 mm vs. 4.15 mm, P=0.025). Circ_0007990 expression was significantly higher in the UIA with AWE, which also tended to be associated with a larger size of the aneurysm. In one study, hsa_circ_0021001 expression in peripheral blood was not significantly associated with the size of the aneurysm (34). The relationship of differentially expressed circRNAs with a larger size of UIA needs to assess during aneurysm progression induced by inflammation. Three differentially expressed circRNAs (hsa_circ_0008433, hsa_circ_0001946, and hsa_circ_0021001) may be used as the diagnostic blood biomarkers for IA and the risk factors for aneurysms rupture (20, 34). The potential diagnostic value of 12 differentially expressed circRNAs identified from our study for IA diagnosis needs further assessment. The expression of predicted key microRNAs, hub mRNAs, and RNA binding proteins with hsa_circ_0007990 needs further confirmation in larger UIA samples. The exact mechanism of hsa_circ_0007990 involved in the inflammation pathway is still needed for further in vitro and in vivo study.



Conclusions

Differentially expressed blood circRNAs associated with AWE on HR-VWI can be used as novel inflammatory biomarkers for assessing UIA patients. The mechanism of hsa_circRNA_0007990 for UIA progression needs to investigate further.
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Introduction

Activated microglia play a critical role in the development of lumbar disc degeneration (LDD), which is a severe disease that causes neuropathic pain in affected people. Interleukin 1β (IL-1β) is a proinflammatory cytokine produced and secreted by activated microglia to induce the inflammation and the subsequent degradation of the disease discs. Recent findings suggest that activation of IL-1β in cells usually requires the involvement of NACHT, LRR and PYD domains-containing protein 3 (NLRP3)-induced formation of inflammasome. However, the importance of NLRP3 in spinal microglia in LDD is not known and thus addressed in the current study.



Methods

NLRP3 expression was examined in the spinal discs. Correlation of NLRP3 levels in microglia with the pain score of the LDD patients or Thompson classification of the degeneration level of the patients was determined. The effects of persistent expression or depletion of NLRP3 on phagocytosis potential and production of proinflammatory cytokines in microglia were tested in vitro, while their effects on the severity of LDD and LDD-associated neuropathic pain were assessed in a mouse model for LDD.



Results

NLRP3 was exclusively expressed in microglia in the spinal discs. NLRP3 levels in microglia strongly correlated with the pain score of the LDD patients, and modestly correlated with the Thompson classification of the degeneration level of the patients. Persistent NLRP3 expression in microglia increased both their phagocytosis potential and production of proinflammatory cytokines, while NLRP3-depleted microglia decreased both their phagocytosis potential and production of proinflammatory cytokines. In a mouse model for LDD, persistent NLRP3 activation in microglia significantly increased the severity of LDD and LDD-associated neuropathic pain, while specific depletion of NLRP3 in microglia significantly attenuated the severity of LDD and reduced the LDD-associated neuropathic pain.



Conclusions

Persistent activation of NLRP3 in spinal microglia promotes development of LDD, while suppression of NLRP3 in microglia could be a promising strategy for LDD therapy.





Keywords: lumbar disc degeneration (LDD), microglia, inflammation, PYD domains-containing protein 3 (NLRP3), neuropathic pain



Introduction

Intervertebral disc degeneration (IVD) is the main cause of spinal degenerative diseases, and it causes a huge economic burden to the society due to the associated pain (1). The molecular mechanism of intervertebral disc degeneration has become the focus of research in recent years, as it is critical for understanding the whole process of IVD (2). During IVD, alterations in the extracellular matrix, inflammatory factors, and degrading enzymes in the intervertebral disc consisting of an outer layer of annulus fibrosus (AF), a middle layer of cartilage end plates and an inner layer of nucleus pulposus (NP) will trigger a cascade reaction, resulting in a pathological change to exhibit in morphology (3). Moreover, vascularization and innervation in the avascular discs occur, which leads to pain development (4). The methods for the treatment of intervertebral disc degeneration include ablation, surgical disc replacement and fusion. However, there is no effective treatment that can reverse the degeneration of the intervertebral disc nowadays (5).

Local neuroinflammation has been found to play a pivotal role in the initiation and progression of LDD (6). It is also believed that activated microglia and their production of pro-inflammatory cytokines are crucial for the neuroinflammation (7, 8). Previous studies have shown that conditioned media from degenerated discs activate microglia to a large extent to increase chemotaxis, migration, and release of pro-inflammatory mediators compared to normal discs (9, 10). However, the exact changes in microglia phenotype as well as any genes as key players during the process are not known.

Microglia are resident macrophages in the neural system. Like macrophages, microglia can either exhibit a pro-inflammatory phenotype, which is called “M1”, or an anti-inflammatory phenotype, which is called “M2”, is known as “polarization” (11). Interleukin 1β (IL-1β) is a cytokine that regulate both the progression and the severity of the inflammation. Moreover, IL-1β also regulate the phenotypic adaption and the function of antigen-presenting cells and immune cells such as neutrophils, macrophages and lymphocytes (12). Inflammasomes are the well-known activators for IL-1β (13). The most important inflammasome is PYD domains-containing protein 3 (NLRP3), which promotes the dimerization of caspase-1 to catalyze the pro-IL-1β into IL-1β to be active (14). However, a role of NLRP3 in microglia as well as its association with LDD has not been reported so far and thus addressed in the current study.



Materials and methods


Ethic approval

All the experiments including animal work and human studies have been approved by institutional Research Ethics Council from Shanghai Jiao Tong University School of Medicine. Previous written agreement was obtained from human participants who provided disc specimens.



Animals

Several mouse strains were used to generate mice with microglia-specific depletion of NLRP3 or persistent activation of NLRP3 in the current study. A mouse with CreERT2 knock-in under the microglia-specific Tmem119 promoter (Tmem119p-CreERT2; #031820, Jax Mice, Bar Harbor, ME, USA) (15) was bred to a mouse with its NLRP3 exon 4 flanked by loxP sites (NLRP3 (fx/fx); #12935, Taconic Biosciences, Rensselaer, NY, USA) that allow constitutive knockout of NLRP3 in microglia after Cre-induced recombination (Tmem119p-CreERT2; NLRP3 (fx/fx)) induced by tamoxifen. A Tmem119p-CreERT2 mouse was also bred to a mouse with an insertion of a loxP-flanked neomycin resistance (neo) cassette in reverse orientation to the intron 2 of NLRP3 gene together with a missense mutation at exon 3, A350V, which corresponds to human amino acid 352 (NLRP3mut; #017969, Jax Mice) to generate a mouse with persistent activation of NLRP3 (due to the mutant NLRP3) in microglia (Tmem119p-CreERT2; NLRP3mut) after tamoxifen challenge. To induce occurrence of the Cre recombination, 1mg tamoxifen (Sigma-Aldrich, Shanghai, China) was daily and intraperitoneally injected to the mice for a consecutive 5 days. LDD was induced in 15-week-old mice by surgical removal of the spinal muscles, ligaments from supraspine and intraspine and posterolateral halves of the bilateral zygapophysial joints (16). Male and female mice were evenly distributed in all experimental groups. Group 1, NLRP3 (fx/fx) mice received sham operation (Sham); Group 2: NLRP3 (fx/fx) mice received LDD induction (LDD); Group 3: NLRP3mut mice received sham operation; Group 4: NLRP3mut mice received LDD induction; Group 5, Tmem119p-CreERT2; NLRP3 (fx/fx) mice received sham operation; Group 6: Tmem119p-CreERT2; NLRP3 (fx/fx) mice received LDD induction; Group 7: Tmem119p-CreERT2; NLRP3mut mice received sham operation; Group 8: Tmem119p-CreERT2; NLRP3mut mice received LDD induction. Mice were analyzed 8 weeks after LDD, or at age of 23-week-old. A von Frey filament test was performed as described before (16). Briefly, the mice were placed in a test box, from where Von Frey microfilaments were used to press the hind paw on the side of the mice to cause motionless withdrawal of its hind leg. Histological determination of LDD degrees was done using the method by Melgoza et al. (17).



ELISA and immunostaining

Total protein was extracted from isolated cells or disc tissue, and then subjected to ELISA using specific kit for human NLRP3 (ab274401; Abcam, Cambridge, MA, USA) or mouse NLRP3 (ab279417; Abcam), IL-1β (ab197742; Abcam); tumor necrosis factor alpha (TNFα, ab208348; Abcam), interferon gamma (IFNɣ, ab282874; Abcam), arginase 1 (ARG1, ab269541; Abcam) and CD163 (ab272204; Abcam). Immunostaining for NLRP3 was done using a Rabbit specific HRP/DAB (ABC) Detection IHC Kit (ab64261; Abcam) with a rabbit anti-mouse NLRP3 antibody (ab272702; 1:75; Abcam).



Flow cytometry

Spine discs from the mice were dissected out and dissociated into a single cell population with 45 minutes’ incubation with 0.25% Trypsin (Invitrogen, Carlsbad, CA, USA) at 37°C. The cells were then labeled with PE-cy5-conjugated CD68 and FTIC-conjugated Tmem119 antibodies (Becton-Dickinson Biosciences, Shanghai, China). Flow cytometry data were analyzed and were shown using FlowJo software (Flowjo LLC, Ashland, OR, USA).



Analysis of phagocytosis

Phagocytosis was assessed based on 30 minutes’ zymosan intake by macrophages using a zymosan-based phagocytotic kit (ab211156, Abcam).



Statistics and bioinformatics

For bioinformatics, single cell data from mouse spinal cords were obtained from an online public database, Panglaodb (www.panglaodb.se). Database numbers (SRS3059941: an adult sample, SRS3060017: a non-adult sample, SRS3059988: a non-adult sample, SRS3059989: a non-adult sample, SRS3059990: a non-adult sample, SRS3059991: a non-adult sample) from dataset (SRA667466) were used for this study. All data in this study were analyzed with GraphPad Prism 7 (GraphPad, Chicago, IL, USA) using one-way ANOVA with a Bonferroni correction for p value correction, after which a Tukey method was applied for comparison between two subgroups, since the sample number in each subgroup was equal. The individual values together with the mean and the standard deviation (SD) were shown in the figures. A p<0.05 was regarded as significance. P>0.05 was noted as non-significant (ns).




Results


Disc NLRP3 levels correlate with the pain and disc degeneration level in LDD patients

Microglia have been shown to play a critical role in the development of LDD. While the molecular regulation of microglia in the LDD setting is largely unknown. To address this question, we analyzed disc specimens from 24 participants who had different levels of Thompson classification of the degeneration and scores for pain (Table 1). We analyzed several candidate factors that are associated with regulation of microglia phenotype. Among these factors, we found that NLRP3, a regulator for conversion of pro-IL-1β into IL-1β, was very strongly correlated with patients’ pain score (ɣ2 = 0.85; p<0.0001; Figure 1A) and was modestly correlated with patients’ Thompson classification of the degeneration level (ɣ2 = 0.59; p=0.003; Figure 1B). These data suggest that NLRP3 may play a role in the LDD-associated pain.


Table 1 | Demographic information of Intervertebral disc donors.






Figure 1 | Disc NLRP3 levels correlate with the pain and disc degeneration level in LDD patients. Disc specimens from 24 participants who had different levels of Thompson classification of the degeneration and scores for pain were analyzed. (A, B) The NLRP3 protein levels in disc tissue were quantified by ELISA in all 24 specimens. Reads of NLRP3 OD values at 450nm were presented. The correlation between NLRP3 protein levels and pain score (A, r2 = 0.85, p<0.0001) or Thompson classification of the degeneration level (B, p=0.003) was assessed.





NLRP3 is exclusively expressed in disc microglia

To assess the representativeness of NLRP3 in the total disc tissue compared to those in disc microglia, we obtained single cell expression profile for mouse spinal cord (Panglaodb), and examined the NLRP3 expression in different cell types in the disc. In all analyzed 6 samples, we found that NLRP3 was exclusively expressed in disc microglia clusters (Figures 2A–F). These data suggest that the patients’ data showing correlation between tissual NLRP3 and the pain or degeneration score was actually the correlation between disc microglia NLRP3 and the pain or degeneration score of the patients. Thus, NLRP3 levels in disc microglia correlate with the pain and disc degeneration level in LDD patients.




Figure 2 | NLRP3 is exclusively expressed in disc microglia. Single cell expression profile for mouse spinal cord was obtained from Panglaodb. (A–F) In all analyzed 6 mouse spinal cord samples, NLRP3 (blue rectangle) was exclusively expressed in disc microglia clusters (red rectangle).





Generation of microglia-specific NLRP3-KO or NLRP3-overexpressing mice

To assess the role of NLRP3 in microglia in LDD, we generated mice with microglia-specific depletion of NLRP3 (Tmem119p-CreERT2; NLRP3 (fx/fx)) and their control NLRP3(fx/fx) mice. We also generated mice with microglia-specific persistent expression of NLRP3 (Tmem119p-CreERT2; NLRP3mut) and their control NLRP3mut mice. At tamoxifen challenge, Tmem119p-CreERT2; NLRP3 (fx/fx) and Tmem119p-CreERT2; NLRP3mut mice developed microglia-specific NLRP3-KO or NLRP3-overexpressing. NLRP3 (fx/fx) and NLRP3mut mice at 15 weeks-old of age were used as wildtype controls (Figure 3A). NLRP3 staining was done in tamoxifen-challenged mice, showing loss of NLRP3 in discs from Tmem119p-CreERT2; NLRP3 (fx/fx) mice and increase in NLRP3 levels in discs from Tmem119p-CreERT2; NLRP3mut mice (Figure 3B). CD68+Tmem119+ cells (microglia) were sorted from spinal discs of the mice, confirming the expected alterations in NLRP3 levels in disc microglia (Figures 3C, D).




Figure 3 | Generation of microglia-specific NLRP3-KO or NLRP3-overexpressing mice. (A) Illustration of mice with microglia-specific depletion of NLRP3 (Tmem119p-CreERT2; NLRP3 (fx/fx)) and their control NLRP3(fx/fx) mice, as well as mice with microglia-specific persistent expression of NLRP3 (Tmem119p-CreERT2; NLRP3mut) and their control NLRP3mut mice. (B) NLRP3 staining was done in spinal discs from tamoxifen-challenged mice. (C, D) Dissociated cells from spinal discs of the mice were FAC sorted for CD68+Tmem119+ microglia, the NLRP3 levels of which were checked by ELISA. (C) The relative levels to those from NLRP3(fx/fx) (=1) were shown. (D) The presentative flow charts of FACS sorting CD68+Tmem119+ microglia. *p<0.05. ns, non-significant. Scale bars are 100µm.





NLRP3 depletion in microglia reduces phagocytosis potential and release of pro-inflammatory cytokines

Phagocytosis is a major function of macrophages/microglia and is important for the neuroinflammation and subsequent disc degeneration. Thus, we examined phagocytosis in these mice with microglia-specific alteration in NLRP3 expression. A 0.5 hour’ zymosan intake showed significantly decreases in the phagocytosis of disc microglia from Tmem119p-CreERT2; NLRP3 (fx/fx) mice and significantly increases in the phagocytosis of disc microglia from Tmem119p-CreERT2; NLRP3mut mice (Figure 4A). Next, we analyzed some key factors related to microglia polarization and function. We detected significant reduction in IL-1β, TNFα and IFNɣ in disc microglia from Tmem119p-CreERT2; NLRP3 (fx/fx) mice and significantly increases in IL-1β, TNFα and IFNɣ in disc microglia from Tmem119p-CreERT2; NLRP3mut mice (Figure 4B). These factors are associated with pro-inflammatory functions. However, we did not detect any significant changes in two M2-microglia markers, ARG1 and CD163 (Figure 4B), suggesting that NLRP3 may regulate some functions of microglia but may not induce a complete polarization of microglia.




Figure 4 | NLRP3 depletion in microglia reduces phagocytosis potential and release of pro-inflammatory cytokines. (A) Phagocytosis for zymosan was assessed in sorted disc microglia from mice with microglia-specific alteration in NLRP3 expression. (B) ELISA for IL-1β, TNFα, IFNɣ, ARG1 and CD163 in sorted disc microglia from mice with microglia-specific alteration in NLRP3 expression. The relative levels to those from NLRP3mut (=1) were shown. *p<0.05. ns, non-significant.





NLRP3 depletion in microglia reduces disc degeneration and associated pain

The effects of altering NLRP3 levels in microglia on disc degeneration and associated pain were examined in a mouse model for LDD. A total of 8 groups of mice were included in this experiment. Group 1, NLRP3 (fx/fx) mice received sham operation (Sham); Group 2: NLRP3 (fx/fx) mice received LDD induction (LDD); Group 3: NLRP3mut mice received sham operation; Group 4: NLRP3mut mice received LDD induction; Group 5, Tmem119p-CreERT2; NLRP3 (fx/fx) mice received sham operation; Group 6: Tmem119p-CreERT2; NLRP3 (fx/fx) mice received LDD induction; Group 7: Tmem119p-CreERT2; NLRP3mut mice received sham operation; Group 8: Tmem119p-CreERT2; NLRP3mut mice received LDD induction. Mice were analyzed 8 weeks after LDD or at age of 23-week-old. Surgical induction of LDD and the quantification of disc degeneration were performed, showing significant decreases in disc degeneration from Tmem119p-CreERT2; NLRP3 (fx/fx) mice and significant increases in disc degeneration from Tmem119p-CreERT2; NLRP3mut mice (Figures 5A, B). A Von Frey filament test was performed for pain assessment, showing significant improvement in mechanical induction in withdrawal threshold and significant improvement in thermal induction in withdrawal latency of the paw in Tmem119p-CreERT2; NLRP3 (fx/fx) mice as well as significant aggravation in mechanical induction in withdrawal threshold and significant aggravation in thermal induction in withdrawal latency of the paw in Tmem119p-CreERT2; NLRP3mut mice (Figure 5C). Together, these data suggest that NLRP3 depletion in microglia reduces disc degeneration and associated pain.




Figure 5 | NLRP3 depletion in microglia reduces disc degeneration and associated pain. The effects of altering NLRP3 levels in microglia on disc degeneration and associated pain were examined in a mouse model for LDD. A total of 8 groups of mice were included in this experiment. Group 1, NLRP3 (fx/fx) mice received sham operation (Sham); Group 2: NLRP3 (fx/fx) mice received LDD induction (LDD); Group 3: NLRP3mut mice received sham operation; Group 4: NLRP3mut mice received LDD induction; Group 5, Tmem119p-CreERT2; NLRP3 (fx/fx) mice received sham operation; Group 6: Tmem119p-CreERT2; NLRP3 (fx/fx) mice received LDD induction; Group 7: Tmem119p-CreERT2; NLRP3mut mice received sham operation; Group 8: Tmem119p-CreERT2; NLRP3mut mice received LDD induction. Mice were analyzed 8 weeks after LDD or at age of 23-week-old. (A, B) Surgical induction of LDD and the quantification of disc degeneration were performed, shown by representative images (A) and by quantification for degenerative scores (B). (C) A Von Frey filament test for pain evaluation, shown by the relative mechanically induced withdrawal threshold and by thermally induced withdrawal latency of the paw (normalized to those from NLRP3mut (=1)). *p<0.05. ns: no significance.





Reduction in disc degeneration and associated pain by NLRP3 depletion in microglia may result from an alleviation of neuroinflammation

Finally, the mechanism was explored. We analyzed levels of NLRP3 and several key pro-inflammatory factors in the mouse discs. First, we detected significant decreases in disc NLRP3 levels from Tmem119p-CreERT2; NLRP3 (fx/fx) mice and significant increases in disc NLRP3 levels from Tmem119p-CreERT2; NLRP3mut mice (Figure 6A), again validating the transgenic mice. Next, we detected significant decreases in disc IL-1β, TNFα and IFNɣ levels from Tmem119p-CreERT2; NLRP3 (fx/fx) mice and significant increases in disc IL-1β, TNFα and IFNɣ levels from Tmem119p-CreERT2; NLRP3mut mice (Figure 6B–D). These data suggest that reduction in disc degeneration and associated pain by NLRP3 depletion in microglia may result from an alleviation of neuroinflammation.




Figure 6 | Reduction in disc degeneration and associated pain by NLRP3 depletion in microglia may result from an alleviation of neuroinflammation. (A–D) ELISA for NLRP3 (A), IL-1β (B), TNFα (C) and IFNɣ (D) levels in disc tissue sham/LDD-treated mice. The relative levels to those from NLRP3mut (=1) were shown. *p<0.05. ns, no significance.






Discussion

Activated microglia play a critical role in the development of LDD, which is a severe disease that causes neuropathic pain in affected people (2). IL-1β is a proinflammatory cytokine produced and secreted by activated microglia to induce the inflammation and the subsequent degradation of the disease discs (2). Recent findings suggest that cellular activation of IL-1β in cells typically needs the regulation by NLRP3-induced formation of inflammasome (14). However, the importance of NLRP3 in spinal microglia in LDD is not known and thus addressed in the current study.

It is known that the phenotypic adaptations of microglia during the initiation and progression of LDD are dynamic and involve not only changes in major functionality (M1 versus M2), but also some delicate changes in certain function such as phagocytotic, fibrotic, regenerative or else (18). Here in this study, we found that NLRP3 likely affects the polarization of microglia in such a delicate manner, since depletion of NLRP3 did not result in the upregulation of M2 marker ARG1 and CD163 (19), although it indeed alters the expression of some genes associated with the pro-inflammatory function of microglia. Importantly, the alteration in NLRP3 also resulted in altered phagocytosis of microglia. Since both exaggerated phagocytosis of microglia and augmentation of pro-inflammatory cytokines may induce severe inflammation and tissue damage (20), it is understandable that attenuation of these effects by NLRP3 KO could improve resolution of the inflammation and prevent LDD, while aggravation of these effects by permanent NLRP3 expression could increase the severity of the inflammation and promote LDD.

In the current study, we did not study the effects of altering NLRP3 in microglia on other immune cells, like macrophages or lymphocytes (21). Since a previous study has nicely shown that NLRP3 signaling in macrophages may regulate T cell differentiation and phenotypic changes from T helper type 1 cell to T helper type 2 cell (22). Future study may address the crosstalk between microglia and T cells through NLRP3 signaling in LDD.

To summarize, our data suggest that microglia-depletion of NLRP3 attenuates disc degeneration and reduces LDD-associated pain, while permanent activation of NLRP3 in microglia promotes disc degeneration and increases LDD-associated pain. Suppression of NLRP3 in microglia could be a promising strategy for LDD therapy.
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The contribution of bone-marrow derived cells (BMCs) to a newly formed beta-cell population in adults is controversial. Previous studies have only used models of bone marrow transplantation from sex-mismatched donors (or other models of genetic labeling) into recipient animals that had undergone irradiation. This approach suffers from the significant shortcoming of the off-target effects of irradiation. Partial pancreatic duct ligation (PDL) is a mouse model of acute pancreatitis with a modest increase in beta-cell number. However, the possibility that recruited BMCs in the inflamed pancreas may convert into beta-cells has not been examined. Here, we used an irradiation-free model to track the fate of the BMCs from the donor mice. A ROSA-mTmG red fluorescent mouse was surgically joined to an INS1Cre knock-in mouse by parabiosis to establish a mixed circulation. PDL was then performed in the INS1Cre mice 2 weeks after parabiosis, which was one week after establishment of the stable blood chimera. The contribution of red cells from ROSA-mTmG mice to beta-cells in INS1Cre mouse was evaluated based on red fluorescence, while cell fusion was evaluated by the presence of green fluorescence in beta-cells. We did not detect any red or green insulin+ cells in the INS1Cre mice, suggesting that there was no contribution of BMCs to the newly formed beta-cells, either by direct differentiation, or by cell fusion. Thus, the contribution of BMCs to beta-cells in the inflamed pancreas should be minimal, if any.




Keywords: acute pancreatitis, parabiosis, pancreatic duct ligation, pancreatic resident macrophages, bone marrow derived cells, inflammation



Introduction

Postnatal beta-cell growth primarily results from beta-cell proliferation (1–3), while the contribution of stem/progenitor cells, especially bone-marrow derived cells (BMCs) including hematopoietic stem cells, mesenchymal stem cells, circulating endothelial progenitor cells and other cell types, to the newly formed pool of adult beta-cells is controversial (4–7). Previous studies have only used models of bone marrow transplantation from sex-mismatched donors (or other modes of genetic labeling) into recipient animals that had undergone irradiation (8). The fate of the grafted cells was then followed, taking advantage of either presence of Y chromosome or other tracible genetic labels from the donor cells (8). This approach suffers from the significant shortcoming of the off-target effects of irradiation that may affect not only the physiological homeostasis of the cells in the body, but also the microenvironment that controls the phenotype of the cells (9).

Partial pancreatic duct ligation (PDL) is a mouse model of acute pancreatitis, characterized by a robust infiltration of inflammatory cells into the ligated tail part of the pancreas. This model leads to a modest increase in beta-cell proliferation at early stages (10), and an epithelial-mesenchymal transdifferentiation-induced beta-cell loss in the long run (11), while the non-ligated head part of the pancreas remains largely unaffected (3, 12–14). The newly formed beta-cells in the inflamed tail of the pancreas have been suggested to partially derive from pancreatic duct cells (12), while other studies showed that the contribution of duct cells to newly formed beta-cells is small or none (15). Since many BMCs are recruited to the inflamed tail part of the pancreas (16), we thus wanted to assess whether those BMCs may contribute directly to newly-formed beta-cells.

Here, we used an irradiation-free parabiosis model to track the fate of the BMCs from the donor mice. Parabiosis is a surgical approach to generate a union of two organisms to develop a shared physiological circulating system. In this model, blood chimerism is formed from both animals to allow examination of the contribution of the circulating cells from one animal to cellular processes in the other (17). A ROSA-mTmG red fluorescent mouse was joined to an INS1Cre knock-in mouse by parabiosis to establish a chimeric circulating. Red fluorescent white blood cells from ROSA-mTmG mice reached about 50% in both animals by 1 week after the surgery. PDL was then performed in the INS1Cre mice 2 weeks after parabiosis surgery. The contribution of red cells from ROSA-mTmG mice to beta-cells in the INS1Cre mouse was evaluated based on red fluorescence, while cell fusion was evaluated by presence of green fluorescence in beta-cells, which could occur when an existing beta-cell from the INS1Cre mice fuses with a BMC-derived cell from the ROSA-mTmG mice. Our data suggest no contribution of BMCs to the newly formed beta-cells, either by direct differentiation or by cell fusion. Moreover, most inflammatory cells in the PDL-pancreas were macrophages derived from the circulation, so presumably not resident tissue macrophages.



Methods


Mouse manipulation

All mouse experiments were approved by the Animal Research and Care Committee at the Children’s Hospital of Pittsburgh and the University of Pittsburgh IACUC. C57/BL6, INS1Cre knock-in (18) and ROSA-mTmG mice (19) were all purchased from the Jackson Lab (Bar Harbor, MA, USA). Since male mice are aggressive, only female mice were used in the current study for parabiosis. PDL was done as previously described (16). Briefly, after a midline incision was made in the upper abdominal quadrant, the mouse pancreatic main duct at pancreatic neck region was located under a stereoscopic microscope with the help of a sterile swab. Here the pancreatic duct was ligated with 6-G suture at the left side of the portal vein between the gastro-duodenal and splenic lobes. The inferior pancreaticoduodenal artery, superior pancreaticoduodenal artery and pancreatic part of the splenic artery should be minimally affected by the ligation. Parabiosis was done as previously described (17). Briefly, two mice were surgically joined first through their joints at elbow and knee with 4-G suture and then attached of their skin to allowing a firm connection without skin strain. Fasting blood sugar was measured as previously described (20).



Pancreatic digestion and FACS

The digestion of the pancreas was performed as described previously (3). Briefly, pancreatic duct perfusion was performed, after which the pancreas was subsequently digested with 0.25 mg/ml collagenase (Sigma-Aldrich, Pittsburgh, PA, USA) for 30 minutes and with 10 μg/ml trypsin and 10 μg/ml DNase for approximately 20 minutes to obtain a single pancreatic cell population. Flow cytometry was done based on direct fluorescence for mT and CD45 or F4/80, using a pre-incubation with PE-cy7-conjugated anti-CD45 or anti-F4/80 (Becton-Dickinson Biosciences, San Jose, CA, USA), respectively.



Immunohistochemistry

Immunohistochemistry for insulin (21) and CD45 (10) was done as previously described. Briefly, mouse pancreas underwent fixation in 4% formalin for 4 hours, followed by cryo-protection in 30% sucrose for 36 hours. The cryo-sectioning was performed at 6μm thickness of the tissue. Primary antibodies for immunostaining were rat polyclonal anti-CD45 (Becton-Dickinson Biosciences) and guinea pig anti-insulin (Dako, Carpinteria, CA, USA). Indirect fluorescent staining was obtained with either Cy2- or Cy3- conjugated secondary antibodies (Jackson ImmunoResearch Labs, West Grove, PA, USA). Nuclear staining was done with Hoechst 33342 solution (Invitrogen, Carlsbad, CA, USA).



Data analysis

For in vivo experiments, 5 mouse pairs were used for each condition. Additional controls that were used for parabiosis ROSA-mTmG: INS1Cre mice were INS1Cre: INS1Cre mice and INS1Cre: INS1CremTmG mice. Quantifications were done in at least 6 slides with a distance of 100µm from each other per mouse pancreas or at least 5000 cells per sample. All data were statistically analyzed by one-way ANOVA with a Bonferroni correction. All error bars represent S.D. (standard deviation). Significance was presented as * when p<0.05. No significance was presented as NS. N values are either shown by individual data or by indicated in the figure legends.




Results


Establishment of an irradiation-free parabiosis model to track the fate of the BMCs in the PDL pancreas

A ROSA-mTmG red fluorescent mouse was joined to an INS1Cre knock-in mouse by parabiosis to establish a chimeric circulation. In this model, the red mT+ circulating cells from ROSA-mTmG mice gradually formed chimeric blood with the paired non-fluorescent INS1Cre knock-in mice. After the chimeric circulation was established, PDL was performed on the INS1Cre knock-in mice. Afterwards, the contribution of red cells derived from ROSA-mTmG mice to new beta-cells in the PDL-INS1Cre knock-in mice was assessed (Figure 1A). This approach not only allowed for detection of direct conversion of circulation-derived cells into beta-cells, but also allowed for detection of cell fusion. In the event of cell fusion, the Cre recombinase from the beta-cells would activate the mG from the ROSA-mTmG locus. Thus, overall, insulin immunostaining and analysis of direct fluorescence (mT or mG) would determine potential contribution of BMCs to beta-cells in the PDL-treated inflamed pancreas (Figure 1B). The pre-existing beta-cells will stain positive for insulin, but negative for green mG or red mT fluorescence. If red cells from ROSA-mTmG mice do not stain positive for insulin, they did not directly contribute to beta-cells, but were merely present in the pancreas. If cells from the ROSA-mTmG mice stain positive for insulin, but remain red and do not become green fluorescent, they directly contributed to beta-cells and are not green because they do not have cre recombinase. If cells from ROSA-mTmG mice stain positive for insulin, but lose their red fluorescent and become green, they must have fused with pre-existing beta-cells (Figure 1B).




Figure 1 | Establishment of an irradiation-free parabiosis model to track the fate of the BMCs in PDL pancreas. (A) Schematic to show parabiosis of a ROSA-mTmG red fluorescent mouse to an INS1Cre knock-in mouse to establish a chimeric circulation. once the chimerism was established, PDL was performed on the INS1Cre knock-in mice. Afterwards, the contribution of mT red cells derived from ROSA-mTmG mice to the beta-cell population in the PDL-INS1Cre knock-in mice was assessed. (B) This system also allows detection of cell fusion, the occurrence of which could result in recombination of the loxp locus of ROSA-mTmG mice by the activated Cre recombinase in beta-cells from the INS1Cre knock-in mice. The examination of insulin immunostaining along with detection of the mT red or mG green fluorescence of the cells together allows for the determination of the contribution of BMCs to beta-cells in the PDL-treated inflamed pancreas. The pre-existing beta-cells will stain positive for insulin, but negative for green mG or red mT fluorescence. If red cells from ROSA-mTmG mice do not stain positive for insulin, they do not directly contribute to beta-cells. If cells from ROSA-mTmG mice stain positive for insulin, but remain red and do not become green fluorescent, they directly contributed to beta-cells. If cells from ROSA-mTmG mice stain positive for insulin, but lose red fluorescent and become green, they must have fused with pre-existing beta-cells.





A stable chimeric circulation is established by 7 days after parabiosis surgery

We analyzed the length of time required to generate a stable chimeric circulation in mice after parabiosis surgery (Figure 2A). For this analysis, blood was taken from each mouse of the pair at serial time points to determine the degree of chimerism. We did not detect red cells in INS1Cre knock-in mice before parabiosis. Moreover, as early as day 3 after parabiosis, significant blood exchange was already detected in both animals (Figures 2B, C). At day 7 after parabiosis, the chimerism rate reached about 50% and became stable (Figures 2B, C). Thus, stable blood chimera is established within 7 days after parabiosis surgery. To ensure that the PDL was performed at a time when the circulation was fully chimeric, we performed the PDL 2 weeks after parabiosis.




Figure 2 | Stable blood chimerism is established as early as 7 days after parabiosis. (A) A gross image showing a ROSA-mTmG mouse and PDL-INS1Cre knock-in mouse after parabiosis. (B, C) Blood was taken from both mice at serial time points after parabiosis to analyze the degree of chimerism. mT was analyzed by flow cytometry, shown by representative flow charts (B) and by quantification (C). *p <0.05. NS: non-significant. N=5 repeats.





PDL does not alter blood glucose in either mouse after parabiosis

We and others have previously shown that PDL does not alter blood glucose levels since half of the pancreas (head part of the pancreas) remains unaffected (3, 12–14). Here, we also followed the blood glucose levels up to 4 weeks after PDL. We did not detect alterations in blood glucose levels, suggesting that parabiosis itself does not have effects on the glycemia of PDL-mice (Figure 3A). CD45 immunostaining was performed on the INS1Cre knock-in mice at different time points after PDL, showing similar inflammatory infiltration and histological alterations in these mice (Figure 3B), compared to PDL-pancreas without parabiosis (10, 16).




Figure 3 | PDL does not alter blood glucose in either mouse after parabiosis. (A) Fasting blood glucose levels in both mice after parabiosis/PDL. (B) Representative immunohistochemical images for CD45 staining. Head control, a control of non-ligated PDL-head from the INS1Cre knock-in mouse (PDL 1week). Others are from the ligated PDL-tail from the INS1Cre knock-in mouse at different time points. Yellow line separated head (left) from tail (right) part of the pancreas. Scale bars are 100 µm.





mT red inflammatory cells are detected in the inflamed PDL pancreas

No mT red fluorescent cells were detected in the control INS1Cre knock-in mice that were joined with another INS1Cre knock-in mice in a parabiosis either before or after PDL (image 1 week after PDL is shown in Figure 4A). Only rare mT red fluorescent cells were detected before PDL in INS1Cre knock-in mice that were joined to the ROSA-mTmG mice by parabiosis. However, many mT red cells were detected in the PDL-pancreas starting from 3 days after PDL (Figure 4A).




Figure 4 | No red/green beta-cells are detected in the inflamed PDL pancreas. (A) Representative immunohistochemical images for mT, mG and insulin. Besides the ligated PDL-tail from the INS1Cre knock-in mouse at different time points, two controls were shown. The first control was the PDL-tail from a control parabiosis by joining two INS1Cre knock-in mice together, and one of the mice received PDL at the same time point as the experimental groups. This was the negative control for red fluorescence. The other control was the PDL-tail from another control parabiosis by joining an INS1CremTmG mouse with an INS1Cre knock-in mice together, and the INS1CremTmG mouse received PDL at the same time point as the experimental groups. This was the positive control for green fluorescence to detect cell fusion. (B) Quantification of the mT red (B) or mG green (C) beta-cells in the inflamed pancreas at different time points after PDL in INS1Cre knock-in mice that were joined to the ROSA-mTmG mice by parabiosis. NS: non-significant. N=5 repeats. Scale bars are 100 µm.





No red/green beta-cells are detected in the inflamed PDL pancreas

We looked for mT red (Figure 4B) or mG (Figure 4C) beta-cells in the inflamed pancreas at different time points after PDL in INS1Cre knock-in mice that were joined to the ROSA-mTmG mice by parabiosis, but we did not detect any. These data suggest that there is no direct contribution of BMCs to beta-cells in the PDL-pancreas.



Inflammatory cells in the PDL pancreas are mainly recruited from the circulation

Pancreatic macrophages have two origins, one is residential macrophages, and the other is circulation-derived macrophages. This parabiosis model allows examination of the contribution of these two populations to pancreatic inflammation. We assessed the pancreatic inflammatory cells by flow cytometry. First, the digested PDL-pancreas was analyzed at different time points for a pan-leukocyte marker CD45 and red fluorescence. Only rare CD45+ inflammatory cells were detected before PDL, but then CD45+ inflammatory cell numbers dramatically increased as early as day 3 after PDL, peaked at 1 week after PDL, and went down at 4 weeks after PDL (Figures 5A, B). Moreover, red CD45+ cells were just slightly less than half of total CD45+ cells (Figures 5A, B). Since the circulation is 50% derived from each mouse, these data suggest that most of the CD45+ cells in the inflamed pancreas were recruited from circulation, consistent with a previous study (22). Similar results were obtained using a macrophage-specific marker F4/80 instead of CD45 (Figures 5C, D), while the total percentage of F4/80+ cells was slightly lower than CD45+ cells (Figures 5B, C). These data suggest that the majority of inflammatory cells in the PDL-pancreas were recruited macrophages from the circulation.




Figure 5 | Inflammatory cells in the PDL pancreas are mainly recruited from the circulation. (A, B) Flow cytometry analysis of red fluorescent and CD45+ cells in the digested pancreas, shown by representative flow charts (A) and by quantification of (red) CD45+ cells in all PDL-pancreatic cells (B). (C, D) Flow cytometry analysis of red fluorescent and F4/80+ cells in the digested pancreas, shown by quantification of (red) F4/80+ cells in all PDL-pancreatic cells (C) and by representative flow charts (D). *p<0.05. N=5 repeats.






Discussion

Transplantation of BMCs offers the advantage of autologous transplantation, which has been claimed by some to promote (partial) recovery from hyperglycemia (4, 5). In contrast, others did not report beneficial effects of transplantation of BMCs in diabetic mice (6, 7, 23, 24). Moreover, the mechanism by which these cells potentially support beta-cell neogenesis and regeneration has been poorly addressed and various inconsistent hypotheses have been proposed. Some groups reported that adult BMCs can differentiate at variable efficiency into insulin-expressing cells when injected into irradiated normoglycemic (25) or diabetic mice (5, 23). On the other hand, it has been documented that some of these cells express endothelial markers following transplantation in diabetic mice, resulting in no (6, 7, 23, 24) or only marginal (5) improvement in hyperglycemia. Others reported the differentiation of engrafted BMCs towards CD45+ cells (4, 24). Of note, none of these studies have used a radiation-free method to avoid off-target effects, and the examined models did not involve a severe pancreatic inflammation. Here, our approach addressed both of these issues. First, parabiosis is a model that allows a gradual formation of blood and bone marrow chimera without the need for irradiation, thus avoiding off-target effects to the maximum. Second, PDL is a model with an increase in beta-cell numbers over a relatively short period (7-30 days) (3, 12), and it is an inflammatory model mainly involving BMC-derived immune cells (16, 26).

Interestingly, we found a large number of mT red cells infiltrated in the inflamed pancreas after PDL, starting as early as day 3. Most of those cells were also found to be CD45+, mainly consisting of F4/80+ macrophages. Some CD45- red cells could be derived from mesenchymal stem cells or circulating endothelial precursor cells, which were known to express little CD45 (27). All red cells were certainly derived from the chimeric circulation, not from the local pancreatic resident cells, since the resident cells should be non-fluorescent. Past studies have shown a diverse role of resident macrophages versus circulating monocytes/macrophages in different organs and under different situations (28). Moreover, we and others have shown the dynamic changes in macrophage M1/M2 phenotypes after PDL (10, 22). Since PDL is a harsh and acute insult to the pancreas, it is understandable that the resident macrophages do not have time to respond adequately and thus the circulating cells are committed to assist this urgent request from the pancreas and participate in the response. On the other hand, pancreatic resident macrophages have been shown to play a more important role in other circumstances like obesity (29). It may be interesting to determine the exact molecular signaling that controls the resident macrophages and circulating monocytes/macrophages under different circumstances in a future study. Moreover, the normoglycemia in PDL model does not allow examination of BMC-to-beta-cell conversion under a hyperglycemic condition, which is a limitation of the current study and could be addressed later in an approach that applies toxin-induced diabetes into the current model.

Given the lack of radiation in this model that involves an extensive presence of BMCs, our finding of little or no contribution of BMCs to beta-cells creates a strong argument against the possibility of significant differentiation of BMCs into insulin-producing beta-cells in the adult.
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Myocardial infarction (MI) is a cardiovascular disease (CVD) with high morbidity and mortality worldwide, often leading to adverse cardiac remodeling and heart failure, which is a serious threat to human life and health. The immune system makes an important contribution to the maintenance of normal cardiac function. In the disease process of MI, necrotic cardiomyocytes release signals that activate nonspecific immunity and trigger the action of specific immunity. Complex immune cells play an important role in all stages of MI progression by removing necrotic cardiomyocytes and tissue and promoting the healing of damaged tissue cells. With the development of biomaterials, cardiac patches have become an emerging method of repairing MI, and the development of engineered cardiac patches through the construction of multiple animal models of MI can help treat MI. This review introduces immune cells involved in the development of MI, summarizes the commonly used animal models of MI and the newly developed cardiac patch, so as to provide scientific reference for the accurate diagnosis and effective treatment of MI.
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1 Introduction

Myocardial infarction (MI) is a major cardiovascular disease that may lead to death (1). MI is permanent damage to the myocardium caused by prolonged ischemia, which mainly occurs in the left ventricle, and will lead to diffuse discomfort from the chest to all parts of the body (2, 3). MI mainly includes spontaneous MI caused by primary coronary events, secondary MI caused by decreased oxygen supply or increased oxygen demand to the myocardium, and unexpected sudden cardiac death such as cardiac arrest (3). MI can be detected in several ways, the electrocardiogram shows the appearance of Q waves and dynamic changes in the ST-T segment waves, and damaged cardiomyocytes release substances such as myoglobin, lactate dehydrogenase, and creatine kinase (2).

The immune system is an inherent health defense system of animals, an interactive network of lymphoid organs, immune cells, and immunoreactive substances (4). The entire progression of the heart is regulated by the body’s immune system, which plays an important role in healing and remodeling after MI (5). Immune cells are the essential elements that support the immune system in its immune role. Immunity is divided into nonspecific and specific immunity (6). Nonspecific immunity is a natural immune defense developed during the long-term evolution of organisms, providing immediate and conservative host defense that may damage normal tissues because of its nonspecific nature (6). Specific immunity is a kind of acquired and precise immunity that mediates cellular and humoral immunity through T and B cells respectively (7).

After MI occurs, myocardial cells die and necrosis occurs in the tissue of the infarcted region, activating an inflammatory response. Immune cells can both promote cardiomyocyte death and inflammation, and facilitate the regeneration of damaged heart muscle (8). Animal model is an important part of disease research, and the construction of animal models that match the phenotype of human MI is essential for the in-depth study of the mechanism of immune cells and therapeutic approaches (9). The development of biological materials provides a new platform for the treatment of MI and is one of the important methods to achieve repair of the damaged heart (10). Engineered heart patches have been the focus of research in recent years for the development of materials that enable the damaged heart to self-renew (11). This review will be useful in elucidating the immune cells, animal models, and materials associated with MI.



2 Immune cell

Heart healing after MI goes through three successive stages of development: inflammation, hyperplasia, and maturation (12) (Supplementary Figure 1). Different immune cells infiltrate at different stages of development in response to MI (Figure 1). In the early stages of MI, necrotic myocytes release damage-associated molecular patterns, cytokines, and autoantigens (13). After the onset of MI, an inflammatory outbreak first activates the immune response of nonspecific immune cells, causing rapid entry of monocytes, neutrophils, and dendritic cells from the peripheral vasculature into the infarcted area (14, 15). Subsequently, the infarcted myocardium continues to recruit macrophages that polarize into anti-inflammatory macrophages, which activate the repair of MI by secreting anti-inflammatory cytokines, promoting the formation of granulation tissue, and eliminating dead myocardial cells (16). After the inflammatory phase, a specific immune response initiates the repair of myocardial injury, the extracellular matrix begins to reconstitute, and T and B lymphocytes infiltrate the infarcted area in large numbers (17, 18). T cells are activated by dendritic cells, and regulatory T cells produce cytokines to induce macrophages to polarize and promote myocardial healing (13). Insight into immune cells in MI contributes to the identification of effective therapeutic targets.




Figure 1 | Immune cells in MI. The part with pink background on the left is immune cells differentiated to a pro-inflammatory phenotype after MI, and the part with green background on the right is immune cells differentiated to an anti-inflammatory phenotype after MI.




2.1 Role of the mononuclear phagocytic system in MI

The mononuclear phagocytic system is generated by bone marrow progenitor cells and includes monocytes, macrophages, and dendritic cells (DCs) (19). Monocytes and macrophages are emerging therapeutic targets in cardiovascular disease and are involved in immune response and inflammatory injury after MI (20, 21). Monocytes/macrophages dominate cellular infiltration during the first 2 weeks after MI and are involved in infarct wound healing (22). In the early stages of MI, injury to the heart causes monocytes to infiltrate the area of infarction and then differentiate into macrophages (23). Macrophages are heterogeneous in their differentiation and function, with M1 macrophages secreting proinflammatory factors and M2 macrophages secreting anti-inflammatory factors (24). Studies have shown that healing after MI involves inflammatory Ly-6Chigh and reparative Ly-6Clow biphasic accumulation of monocytes/macrophages (20, 25). Ly-6Chigh monocytes are most abundant on day three of MI and decline on day seven, engulfing necrotic and apoptotic cardiomyocytes and reducing the size of the infarct (25, 26). Ly-6Clow macrophages promote scar formation, increase interleukin (IL) -21 receptor expression and prevent early infarct expansion (27). Studies have shown that treatment of myocardial infarcted mice with the CXC-motif receptor 4 (CXCR4) blocker AMD3100 significantly reduces the content of neutrophils and Ly-6Chigh monocytes, which contributes to the acceleration of the inflammatory phase and promotes the healing of myocardial infarcts (28). At 4-7 days of MI, Ly-6Clow monocytes are recruited to the infarct region via C-X3-C Motif Chemokine Receptor 1(CX3CR1) and promote the repair process (20). C-C Motif Chemokine Receptor 2(CCR2)- and CCR2+ macrophages coordinate monocyte recruitment after myocardial injury (29, 30). Mesenchymal stromal cells (MSCs) have anti-inflammatory effects and cardioprotective functions. In a mouse model of MI, MSCs mediated the transformation from a proinflammatory phenotype to an anti-inflammatory phenotype of macrophages in the infarcted region via IL-10, reducing apoptosis of cardiomyocytes and improving cardiac function (31). Treatment of a mouse model of MI with CCR2 antagonists resulted in increased survival of MSCs in the infarcted region and reduced cardiomyocyte death (32). Targeting the recruitment and differentiation of monocytes and macrophages at different stages of MI is an effective strategy for the treatment of MI. DCs can control monocyte/macrophage homeostasis during post-infarction healing, with DCs levels peaking on day 7 of MI. Studies have shown that mice exhibit left ventricular function deterioration and remodeling 7 days after DCs ablation, and MI disrupted by DCs enhances monocyte/macrophage recruitment (33). Decreased DCs numbers and increased macrophage infiltration play a protective role in post-infarction inflammation and subsequent healing, improving cardiac function and preventing adverse cardiac remodeling (34). Interleukin-37 (IL-37), an inhibitor of innate and adaptive immunity, enabled DCs to acquire the characteristics of tolerogenic DCs (tDCs). IL-37 also can induced regulatory T cells, attenuated inflammatory cell infiltration in the infarcted heart, reduced myocardial fibrosis and improved cardiac function, suggesting that modulation of DCs could be a therapeutic strategy for MI (35, 36).



2.2 Role of granulocytes in MI

Granulocytes are mainly divided into neutrophils, eosinophils, and basophils (37). Neutrophils include the proinflammatory N1 subgroup and the anti-inflammatory N2 subgroup. The initial MI contained more N1 neutrophils, and N2 expression was elevated during subsequent anti-inflammatory repair (38). Studies have shown that neutrophil deficiency leads to a decrease in Ly-6Chigh monocytes in mice with macrophage polarization to the M2 phenotype, promoting cardiac repair in MI (39). Reducing neutrophils during inflammation is an effective therapeutic strategy in mice with MI. Blockade of the proinflammatory factor S100A9 secreted by neutrophils reduces the number of neutrophils and monocytes/macrophages, providing an anti-inflammatory environment in the infarcted region and significantly improving cardiac function (40). Studies showed that immature CD10neg neutrophils promote the immune response to inflammation in MI by enhancing Interferon-gamma (IFN-γ) production in CD4 T cells (41). Additional studies have shown that gasdermin D (GSDMD) deficiency in the infarcted heart reduces neutrophil and monocyte content, decreases the extent of MI, and improves cardiac function (42). It is suggested that upstream gene regulation of neutrophils and monocytes is an effective way to treat MI. Eosinophils (EOS) are toxic effector cells that are significantly increased in the blood and heart of myocardial infarcted mice compared to normal mice in the infarcted region. Besides, EOS reduces cardiomyocyte death by secreting substances such as Th2 cytokines, reduces the accumulation of pro-inflammatory cells, enhances neutrophil adhesion, and has a cardioprotective function (43). Additionally, studies have shown that in ST-segment elevation MI in patients and mice, activated eosinophils are recruited to the infarct zone, resulting in a decrease in the number of eosinophils in the blood, attenuating the polarization of anti-inflammatory macrophages and promoting the inflammatory phenotype of MI (44). Crucially, interleukin (IL)-5 secreted by macrophages and CD127+ cells mediate eosinophil development in peripheral blood and infarcted myocardium, promoting recovery from cardiac dysfunction after MI (45). Basophil levels are highest between 3 and 7 days after MI (46). Basophils promote healing and proper scar formation and regulate cardiac remodeling in the late phase of MI by enhancing levels of reparative macrophages and basophil-derived cardiac IL-4 and IL-13 in the infarcted heart (46, 47).



2.3 Role of lymphocytes in MI

Specific immune responses are critical for wound healing after MI, and after the onset of MI, a large number of T and B cells are recruited in the area of cardiac injury (17). T cells exert immune functions through lymphatic and blood circulation and are mainly divided into CD4+ T cells, CD4+ T cells are mainly divided into Helper T cells (Th), Regulatory T cells (Tregs), and CD8+ T cells (Tc) (48, 49). The cells have multiple phenotypes and play an immune role by activating other immune cells involved in the regulation of MI (50–53). Tregs cells have an immunosuppressive capacity and are enriched in myocardial infarcted mice, inhibiting the proliferation of CD4 and CD8 T cells and their IFN-γ production, promoting infarct repair (54–56). After MI, T cell activation is driven by recognition of the heart’s antigens, and CD4+ T cells promote the healing of myocardial infarct wounds (57, 58). Studies have shown that CD4+ T cell-specific ablation promotes macrophage polarization and contributes to reducing cardiac fibrosis and increasing cardiomyocyte proliferation in young mice (59). After acute MI in mice, CD8 T lymphocytes are recruited and activated in ischemic heart tissue and release granzyme B, leading to apoptosis, adverse ventricular remodeling, and deterioration of myocardial function (60). Infarcted hearts with infiltration of CD4(+)Foxp3(+)CD73(+) regulatory T cell help prevent adverse ventricular remodeling and improve cardiac function after MI by inhibiting inflammation and directly protecting cardiomyocytes (54, 61). In addition, studies have shown that Treg cells reduce the recruitment of IL-17+γδT cell and increase survival in mice with MI (62). CXCR4 antagonist POL5551 attenuated inflammatory gene expression in monocytes and macrophages by enhancing the action of Treg cells and attenuated left ventricular remodeling and systolic dysfunction, suggesting that enhancing Treg cell expression is important for restoring myocardial function (63, 64).

B cells can influence inflammation and remodeling after MI, and the recruitment of pro-inflammatory monocytes into the heart by mature B lymphocytes leads to increased infarct size and worsening cardiac function and can be a promising target for MI therapy (50). Studies have shown that depletion of mature B lymphocytes in mice with MI effectively inhibits C-C Motif Chemokine Ligand 7(CCL7)production and Ly6Chigh monocyte recruitment, improving cardiac function and treating myocardial injury (65). Rituximab is a monoclonal anti-CD20 antibody targeting human B cells (66). MI patients with peak depletion of B cells by rituximab injection on the sixth day after infarction significantly improved myocardial injury and promoted recovery of cardiac function (67). Regulatory B cells (Bregs) have therapeutic potential in a mouse MI model by reducing CCR2-mediated Ly-6Chigh monocyte infiltration, inhibiting cardiac recruitment of proinflammatory monocytes, and improving cardiac function (68). Bone marrow B-cell proliferation ceases within 24 hours of MI, and increasing the level of B cells from bone marrow significantly improves cardiac function and reduces infarct size after MI (69). The complexity of the role of lymphocytes in MI brings difficulties to the treatment. It is necessary to accurately detect the time point of MI in order to determine the role of lymphocytes in targeted and effective therapy.




3 Animals model of MI

In cardiovascular disease research, animal models are widely used in the exploration of pathogenesis and drug development. The establishment of experimental animal models of MI is important for the in-depth study of the pathology and treatment-related mechanisms of MI (9). The study of animal models that are highly consistent with the phenotype of human MI can provide a more comprehensive understanding of the progression of immune responses and the function of immune cells in MI and contribute to the therapeutic research of MI (70). Currently, the animals commonly used to make models of MI are mice, rats, rabbits, pigs, and monkeys (9, 71–73). Coronary artery ligation is the most commonly used method for modeling MI (Figure 2A) (9, 71, 73). The coronary artery stenosis or occlusion caused by ligation leads to ischemia and necrosis of the coronary artery feeding myocardium, which leads to MI in animal models, and produces the same pathological process and immune response as human MI. Real-time monitoring and evaluation of the modeling process through an electrocardiogram, pathology, and serum enzymology can achieve better clinical application (9, 71, 73).




Figure 2 | Overview of modeling and uses of animal models of MI. (A) The modeling method of the MI model was characterized using mice as an example. First, the mouse was anesthetized and fixed, exposed the heart, and ligated the anterior descending branch of the cardiac coronary artery using sutures to obtain the MI mouse model. Myocardial infarct mice had necrosis of cardiomyocytes and blocked blood vessels. (B) Mice, rats and rabbits have small hearts and cannot be used for human heart transplantation. They can be used to prepare models of MI for research such as drug development. The hearts of monkeys and pigs are highly similar to humans, and gene editing techniques can be used to reduce or avoid immune rejection in human organ transplants.



Most studies have used mice for coronary artery ligation to construct animal models of MI (73). Studies have generally used 8-12-week-old female BALB/c mice (74), male C57BL/6 mice (75), and C57BL/6J mice to induce MI (65). Other studies have used 9-13-week-old adult male C57BL/6J mice (76) or female 10-12-week-old NOD-SCID IL2Rgamma (null) mice (31) to construct the MI models. It was shown that unlike male C57BL/6 mice in the same experiment, female MI mice did not exhibit the corresponding EOS deficient phenotype (43). Therefore, it is necessary to distinguish between male and female animals when selecting animals. For rat MI models, studies have generally used 7-10-week-old female Wistar-Kyoto (WKY) rats (70), adult female Wistar rats (72), 5-7-week-old female Sprague-Dawley (SD) rats (77), male SD rats (78), and male SD rats (79). Moreover, most models of MI in rabbits have been performed on New Zealand White rabbits using coronary artery ligation (80). Studies have also been performed in New Zealand White rabbits using thrombogenic coils placed in circumflex arteries to induce closed thoracic MI, describing post-infarction remodeling in small animal models for the first time in which the pericardium remains intact after coronary artery occlusion, providing a more physiologically and clinically consistent in a vivo detection system for left ventricular dysfunction after MI (71).

Rodent models have physiological features similar to human cardiac anatomy but are smaller in size (81). The cardiac anatomy and physiology of pigs are more similar to humans, especially the structure, size, and distribution of the coronary arteries, and can accurately mimic the phenotype of human MI (82, 83). In some studies, female and male crossbreed Landrace X Large White pigs were used to induce MI by double ligation of the first marginal branch of the left circumrotation artery 1.5 cm distal to the atrioventricular sulcus after left thoracotomy (84). In addition, studies on adult female Yucatan mini-pigs (70) or Mangalica pigs (85) in which MI was induced by balloon catheter occlusion of the coronary arteries for 90 minutes. There are also studies in which MI models were constructed in female Yorkshire pigs by open-heart surgery and LAD ligation of the distal second diagonal branch (77). Rhesus monkeys are genetically and physiologically similar to humans (86). The distribution of the heart and coronary arteries in rhesus monkeys is highly similar to humans, making them one of the best choices for preparing models of MI (87, 88). Studies generally construct MI models by ligating the left anterior descending coronary artery in 2-3 year old rhesus monkeys (88, 89). One study has used the gene-edited pig heart and xenotransplant it into a baboon, managing the severe immune rejection that occurs with xenotransplants and keeping the baboon alive for more than two years (90). Rodent models of MI can be used for research on biopharmaceuticals, monkeys can be used for research in translational medicine, and pigs have the potential to be used for heart xenotransplantation. Furthermore, the application of gene editing technology to MI mapping and allogeneic organ transplantation in heart can effectively control the occurrence of immune rejection (Figure 2B). In the studies of the mechanisms and pathways of MI, the selection of appropriate animals for modeling according to different research purposes and practical situations can help to explore the research methods of MI.



4 Biomaterials for MI repair

Cardiac tissue engineering and related biomaterials are emerging tools in the treatment of myocardial infarction (Supplementary Table 1) (91, 92). Basic cardiac tissue engineering involves the inoculation of cardiomyocytes or stem cells onto synthetic or natural biocompatible materials in vitro and transplantation into infarcted areas of the heart to promote repair of myocardial damage, with the scaffold degrading as the cells integrate with the organism’s tissue (91, 93). As an emerging strategy in tissue engineering, cardiac patches are a focus of research in myocardial tissue repair engineering (94). Cardiac patches are artificial materials that deliver regenerable cells or bioactive molecules to the site of MI for cardiac repair such as myocardial regeneration and can be used as a novel delivery system for cellular therapies and MI repair factors, with almost no immune rejection when implanted in vivo (95). Studies have embedded therapeutic synthetic cardiac stromal cells (synCSC) into the decellularized myocardial extracellular matrix (myoECM) to generate an artificial cardiac patch (artCP) with therapeutic characteristics of stem cells. The artCPs significantly reduced fibrosis and infarct size, increased surviving myocardial tissue, and improved cardiac function in rat and pig models of MI, overcoming the limitations of using live stem cells and representing a very promising therapeutic strategy (77). Electrical conduction abnormalities in infarcted myocardium induce adverse myocardial remodeling, causes almost no immune rejection, and limit the action of cardiac regenerative drugs (96). A study has developed a combination of electrospinning of gelatin methacryloyl (GelMA) electrospinning and choline-based bio-ionic liquid (Bio-IL) to construct the cardiac patch, GelMA/Bio-IL, which has a mechanical and electrical conductivity similar to that of native myocardium (97). GelMA/Bio-IL is tightly coupled to mouse myocardium to provide stable mechanical properties to the damaged myocardium and restore electromechanical coupling at the site of MI, reducing cardiac remodeling and maintaining normal function (97). Besides, another study developed an electroactive engineered cardiac patch, silk fibroin, and polypyrrole engineered cardiac patch (SP50 ECP), which significantly expressed cardiac marker proteins with good contractility and electrocoupling properties. SP50 ECP can effectively improve left ventricular remodeling in MI, restore ejection function (EF) and other cardiac functions, promote synchronous contraction of CM in the normal scar area of the myocardium, and effectively reduce the susceptibility to the arrhythmia in the rats with MI (98). During MI episodes, ischemia and hypoxia lead to myocardial cell damage and necrosis, inducing an increase in reactive oxygen species (ROS) that exacerbate tissue damage and cardiac remodeling (99). ROS-responsive biomaterials are considered promising antioxidant candidates for MI therapy, and attenuating oxidative stress in MI is beneficial for reducing inflammation and protecting cardiac tissue. Some studies have designed PFTU/gelatin (PFTU/Gt) fibrous patches with excellent antioxidant activity and ROS-responsive degradability to effectively attenuate oxidative stress in the unfavorable tissue microenvironment in vivo after MI in rats, and PFTU/Gt also can inhibit apoptosis, reduce the expression of proinflammatory-related genes, improve cardiac function and angiogenesis, and attenuate poor left ventricular remodeling (100). Currently, microneedle patch is a novel MI treatment that attenuates left ventricle remodeling by mechanical support and is compatible with minimally invasive implantation. Some studies have developed microneedle patches inspired by honeybee venom stings with unidirectional posterior barbs that firmly self-lock on the heart to provide mechanical support to the myocardium of infarcted rats and pigs, significantly reducing wall stress and strain in the infarcted region and maintaining cardiac function and left ventricular morphology (101). Studies of cardiac patches have avoided the harm to the organism from immune rejection, broadened the boundaries of MI therapy, opened up the new direction of subsequent research.



5 Discussion

MI has a complex inflammatory response and damage to cardiomyocytes, and immune cells play a very crucial role in the infarcted area. After the onset of MI, monocytes, macrophages, and other cells accumulate in the infarcted region activate and polarize at different times, produce pro- or anti-inflammatory factors, regulate cardiomyocyte proliferation and apoptosis, and influence cardiac remodeling and healing (102). T lymphocytes and B lymphocytes are recruited to the infarcted region after the onset of the nonspecific immune response and participate in the clearance and repair of damaged cells and tissues (59, 65). The anatomical structure of the rodent cardiac model is significantly different from that of the human hearts in size, but the structure of pigs and rhesus monkeys’ hearts is basically the same as that of the human heart. The MI model constructed from pigs and rhesus monkeys can be effectively used for the development of clinical treatment (81–83, 88). With the progress of gene editing technology, studies have already been done to genetically edit pigs to make them resistant to human antibodies and immune cell killing, almost completely avoiding immune rejection from allogeneic organ transplants (90, 103). The pigs breeding cost is far lower than the monkeys, therefore, pig hearts hold the potential for use in allogeneic organ transplants in humans suffering from severe MI. In the development of biomaterials, artificially prepared engineered cardiac patches offer promising new approaches for the treatment and prognosis of MI (101). By optimizing cardiac patch materials loaded with self-proliferating cells or biologic factors with therapeutic benefits, immune rejection is minimized, repair of the infarct site is improved, and integration of the patch with host heart survival and function is promoted, providing damaged regeneration of the heart with mechanical support (95). Targeted modulation of immune cells in MI is a promising strategy, and based on the dual role of many immune cells, there is a need to explore the mechanism of action of immune cells in MI using suitable animal models, and combine bioengineering tools such as cardiac patches to investigate in depth the treatment and repair of human MI.



6 Conclusion

In this review, we summarize the recruitment and differentiation of major immune cells in nonspecific and specific immunity in MI and elucidate that immune cells of different typologies have different functions in various periods of MI. Additionally, this review also summarizes the current technologically mature animal models of MI and the potential clinical applications of the emerging cardiac patch in the treatment of MI. The in-depth exploration of immune cells provides effective approaches for the treatment of MI.
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  The high incidence of heart failure secondary to myocardial infarction (MI) has been difficult to effectively address. MI causes strong aseptic inflammation, and infiltration of different immune cells and changes in the local inflammatory microenvironment play a key regulatory role in ventricular remodeling. Therefore, the possibility of improving the prognosis of MI through targeted immunity has been of interest and importance in MI. However, previously developed immune-targeted therapies have not achieved significant success in clinical trials. Here, we propose that the search for therapeutic targets from different immune cells may be more precise and lead to better clinical translation. Specifically, this review summarizes the role and potential therapeutic targets of various immune cells in ventricular remodeling after MI, especially monocytes/macrophages and neutrophils, as a way to demonstrate the importance and potential of immunomodulatory therapies for MI. In addition, we analyze the reasons for the failure of previous immunomodulatory therapies and the issues that need to be addressed, as well as the prospects and targeting strategies of using immune cells to drive novel immunomodulatory therapies, hoping to advance the development of immunomodulatory therapies by providing evidence and new ideas.
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  1. Introduction.

In adult mammals, the substantial loss of cardiomyocytes after MI cannot be compensated by their limited regenerative capacity, ultimately leading to scar formation (1). However, poor ventricular remodeling frequently occurs after MI, which drives the development of heart failure (2). The degree of ventricular remodeling is associated with various pathophysiological processes, but the main determinants are thought to be the initial infarct size and the adequacy of late repair (3). Although in current clinical practice, timely reperfusion can significantly improve infarct size and the effects of the renin-angiotensin-aldosterone system (RAAS) can be blocked by drugs (4), there are still surviving cardiomyocytes that will apoptosis after early reperfusion due to excessive inflammation and the late repair process relies mainly on the body itself to complete the transition from the inflammatory response to the repair response, which is difficult to effective interventions to treat. Therefore, the management of MI may need to focus more on regulating the early inflammatory and late cardiac repair processes.

Cardiac repair after MI can be divided into three phases: the acute inflammatory phase, the fibrous repair phase, and the stabilization phase (5). Early aseptic inflammation contributes to the removal of necrotic tissue and damaged extracellular matrix (ECM), whereas late and timely suppression of inflammation contributes to tissue repair. Thus, dysregulation of various immune pathways, such as excessive early inflammation, inadequate suppression of inflammation during the repair phase, or excessive fibrosis, can lead to poor ventricular remodeling (6, 7).

Various inflammatory factors often directly mediate injurious events, also after MI. However, many previous immunomodulatory therapies targeting inflammatory factors or their corresponding receptors have failed to achieve significant results, suggesting that we need to reconsider the applicability of these targets. Immune cells play the most central role in regulating the balance between inflammation and repair levels during ventricular remodeling, and exploring the role of various immune cells in ventricular remodeling to find more precise targets promises to be a new way to achieve immunomodulatory therapies.

In this review, we focus on the role of monocytes/macrophages, neutrophils, dendritic cells (DCs), and lymphocytes in ventricular remodeling and their potential therapeutic targets, and analyze the current status of immunomodulatory therapies and the prospects and targeting strategies of immune cells as new protagonists of immunomodulatory therapies, aiming to provide evidence for the feasibility and clinical translation of immunomodulatory therapies in MI and new ideas.


 2. Pathophysiological processes after MI.

Necrotic cells and damaged ECM after MI can release damage-associated molecular patterns (DAMPs), including High Mobility Group Protein B1 (HMGB1), S100A8/A9, low-molecular-weight hyaluronic acid, heat shock protein (HSP), ATP, double-stranded DNA, IL-1α, and IL-1β (7, 8). Surviving parenchymal cells and infiltrating various immune cells in the heart express pattern recognition receptors (PRRs) that bind to DAMPs and activate proinflammatory pathways, mainly NF-κB and MAPK pathways, to amplify the inflammatory response through two main processes: (I) promoting the secretion of proinflammatory factors, including TNF-α, IL-1β, IL-6, and IL-18, to further amplify the initial inflammatory response. (II) secretion of CXC- and CC-type chemokines and adhesion molecules, with CXC-type chemokines acting primarily as chemokines for neutrophils in early stages, while CC-type chemokines act primarily as chemokines for monocytes in early stages and also attract T lymphocytes, and adhesion molecules such as VCAM, ICAM, and selectins promote infiltration of circulating leukocytes (9, 10). In addition, there is evidence that mitochondria-rich subcellular membrane components from necrotic cardiomyocytes can trigger complement cascade responses, which can also promote upregulation of chemokine levels after MI (11, 12). Thus, the release of DAMPs can mediate the dynamic recruitment of immune cells, leading to a massive recruitment of monocytes and neutrophils during the inflammatory phase. A fraction of monocytes infiltrating the injury site can differentiate into macrophages according to the microenvironment, and all three together phagocytose necrotic cells and damaged ECM, amplifying the inflammatory response (7).

Thereafter, timely suppression of inflammation and clearance of apoptotic neutrophils can facilitate the onset of the repair response and enter the fibrous repair phase (5, 13). During this period, DCs and lymphocyte infiltration increases and the monocyte/macrophage phenotype changes to a repair phenotype, secreting cytokines such as TGF-β, VEGF, and IL-10, which support inflammation regression, vascular regeneration, and scar formation (14–16).

The stabilization phase mainly occurs with extracellular matrix cross-linking, repair cell inactivation or apoptosis, and myocardial fibroblast quiescence in the infarct area, leading to the maturation and stabilization of scar tissue and marking the end of the MI repair process in vivo (7, 17) ( Figure 1 ).

 

Figure 1 | Immune cascade after MI. early post-MI necrotic cells release DAMPs which bind to surviving parenchymal cells releasing pro-inflammatory and chemokines and recruiting immune cells to infiltrate. The inflammatory phase is dominated by infiltration of Ly-6Chi monocytes, M1 macrophages and neutrophils. All three work together to degrade the ECM, phagocytose necrotic cells, and amplify the inflammatory response to recruit more pro-inflammatory immune cells. The repair phase focuses on resolution of inflammation and cardiac repair, with Ly-6Clow monocytes, M2 macrophages, and Tregs infiltrating predominantly. All three work together to suppress inflammation, promote fibroblast activation involved in scar formation, and promote vascular regeneration, ultimately preventing further injury and improving ventricular remodeling in time. 



Thus, various immune cells play an extremely important and complex role in ventricular remodeling and play a key regulatory role in the smooth transition from early inflammation to late repair, as we will describe in detail below.


 3. Powerful modulation of ventricular remodeling by immune cells.

Here, we summarize the regulatory mechanisms and some potential targets played by monocytes/macrophages, neutrophils, DCs, T cells, B cells, myeloid-derived suppressor cells (MDSCs), and natural killer cells (NK cells) on ventricular remodeling ( Figure 2  and  Table 1 ).

 

Figure 2 | Regulatory mechanisms of various immune cells in ventricular remodeling. The involvement of immune cells in ventricular remodeling is often bidirectional, with various immune cells secreting different cytokines to perform different functions depending on their phenotype during different stages of ventricular remodeling. 



 Table 1 | Characteristics, functions, and potential targets of various immune cells involved in post-myocardial infarction. 



 3.1. Monocytes/macrophages.

The role of monocytes and macrophages after MI has been the most extensively studied to date, and a large body of evidence suggests that monocytes/macrophages play a central role in the regulation of inflammation after MI.

The adult mouse heart contains two major populations of resident macrophages: CCR2- MHC-IIlow and CCR2- MHC-IIhi, which account for approximately 7-8% of all non-cardiomyocytes, are predominantly derived from the yolk sac or fetal liver, and provide immune monitoring and regulation of cardiac function (18). In the physiological state, resident macrophage populations may proliferate to maintain relative stability in number and function, but they are rapidly depleted after MI and thereafter rely primarily on recruitment of circulating monocytes that then differentiate into macrophages to regulate the development and resolution of inflammation (18, 19).

Significant monocyte mobilization occurs early after MI, and even though recruitment starts first from the vascular pool, the main provider remains the spleen (20, 21). During the inflammatory phase, CCL-2/MCP-1 recruits Ly-6Chi CCR2+ CX3CR1low monocytes, also known as classical monocytes, by binding CCR2, which have distinct pro-inflammatory properties and can differentiate into M1-type macrophages (CD11b+ CD45+ F4/80+ CD80+ CD86+); in contrast, during the repair phase, Ly-6Clow CCR2- CX3CR1hi monocytes, also known as non-classical monocytes, rely mainly on CXC3R1 recruitment, have anti-inflammatory properties and can differentiate into M2-type macrophages (CD11b+ CD45+ F4/80+ CD163+ CD206+) (22, 23).

The role of monocytes and macrophages after MI is bidirectional. It has been demonstrated that the inflammatory phase is characterized by the infiltration of large numbers of Ly-6Chi monocytes and M1-type macrophages into the heart, with their numbers peaking on day 5 (24). They cooperate with recruited neutrophils to secrete inflammatory substances such as IL-1β, IL-6 and TNF-α in response to increased DAMPs, exacerbating the proinflammatory environment, and secrete large amounts of matrix metalloproteinases (MMPs), especially MMP-2 and MMP-9, which are particularly important for degrading the damaged ECM and setting the stage for later repair processes (25, 26). In contrast, Ly-6Clow monocytes and M2-type macrophages infiltrate mainly during the repair phase and they are considered as anti-inflammatory cells, both peaking at day 7 post-infarction (24), secreting mainly TGF-β, IL-10 and VEGF, mediating collagen production, myofibroblast activation and vascular regeneration (27, 28). Thus, M2-type macrophages mainly mediate the transition from inflammation to fibrosis during the repair phase. Under the influence of M2-type macrophages, myocardial fibroblasts can activate, proliferate, and migrate to the infarct zone to produce collagen I and collagen III that are involved in scar formation (14, 29). Furthermore, surprisingly, recent evidence suggests that macrophages have the ability to transition to a fibroblast phenotype, which brings new ideas to regulate the degree of fibrosis after MI (30).

In conclusion, the regulatory role of monocytes/macrophages is present throughout the process of ventricular remodeling, so therapeutic approaches targeting monocytes/macrophages have great potential. However, previous studies have shown that a large increase in macrophage numbers after infarction leads to excessive inflammation and impairment of cardiac function, while depletion of infiltrating macrophages significantly impairs wound healing and increases poor ventricular remodeling and mortality (31, 32). These results suggest that achieving a balance between inflammation and fibrosis via monocytes/macrophages requires finding more precise targets.

Therefore, in recent years, monocyte/macrophage-based research has focused more on two directions: (I) Searching for targets that inhibit inflammation during the inflammatory phase or promote the repair response during the repair phase. Tang et al. demonstrated that inhibition of the Ep3 receptor in mice blocked the recruitment of Ly-6Clow monocytes by the PGE2/Ep3 axis and also inhibited TGF-β1 signaling and VEGF secretion, which was detrimental to vascular regeneration and scar formation, suggesting that Ep3 plays a role in promoting cardiac repair has an important role (33). Huang et al. found that cardiac function and cardiac remodeling were significantly improved in macrophage-specific Lgr4 knockout mice, and that Lgr4 deletion reduced infiltration of Ly-6Chi monocytes and M1 macrophages, thereby reducing the inflammatory response in infarcted myocardial tissue (34). Fan et al. found that macrophage-specific Dectin-1 deletion resulted in reduced CXCL1 and G-CSF expression and therefore reduced infiltration of Ly-6Chi monocytes and neutrophils, leading to a significant improvement in cardiac function and reduced apoptosis of cardiomyocytes (35). (II) Searching for targets that regulate macrophage polarization. It was shown that Nuclear Receptor Subfamily 4 Group A Member 1 (NR4A1) plays an important role in the polarization of macrophages to the M2 phenotype, and the deficiency of NR4A1 leads to overexpression of IL-6, TNF-α, IL-6, IL-1, and MMP-9, which inhibits the conversion of macrophages to the M2 phenotype and leads to poor cardiac healing (36). Another study showed that if interferon regulatory factor-5 (IRF5) was silenced in vivo, it could reduce the polarization of M1 macrophages after MI, resulting in more efficient resolution of inflammation and less adverse ventricular remodeling (37).

In addition, it is worth mentioning that exosomes have received much attention in recent years as an important mode of intercellular communication. Recent evidence suggests that the regulation of inflammation by macrophages after MI is also associated with exosomes. M1 macrophage-derived exosomes (M1-exos) highly express various pro-inflammatory miRNAs that impair endothelial cell angiogenesis and increase cardiac rupture and inflammatory responses (38). More importantly, miR-155 delivered by M1-exos not only exacerbated the inflammatory response but also inhibited fibroblast activity, thereby exacerbating the risk of cardiac rupture, a result that suggests the therapeutic potential of our targeted inhibition of miR-155 (39). In contrast, M2 macrophage-derived exosomes (M2-exos) delivered miR-1271-5p, miR-148a, and miR-24-3p to cardiomyocytes to attenuate inflammation and cardiomyocyte apoptosis, thereby protecting cardiac function (40–42). These results suggest that macrophage-derived exosomes are extensively involved in the pathophysiological process of ventricular remodeling and the regulation of cellular communication networks between macrophages and other cells. Focusing on the communication between macrophages and other cells, especially through exosomes to identify key communication cargoes for targeted therapies, is also a feasible approach (43).

In conclusion, monocytes/macrophages play a central role in the regulation of inflammation in ventricular remodeling, and how to balance the level of inflammation in monocytes/macrophages is important to prevent adverse ventricular remodeling. Therefore, future studies targeting monocytes/macrophages could be combined with gene sequencing to screen for differentially expressed genes after MI and further explore more precise targets. Furthermore, although differentiating macrophages by M1 and M2 facilitates our studies and interventions, this does not fully reflect the variability between different macrophages, and more detailed transcriptomic and metabolomic analyses of macrophages should be performed at the single-cell level to further refine macrophage subpopulation and function.


 3.2. Neutrophils.

Neutrophils are usually defined as CD11b+ CD45+ Ly-6G+, and in MI, neutrophils have been shown to be the first cell lineage to be recruited to the heart (24). CXCL1/2-CXCR2 signaling activation is the main pathway for neutrophil recruitment (44), and in addition, HMGB1 can form a heterodimer with CXCL12 and binding to CXCR4 can also induce neutrophil recruitment and migration (45).

As previously described, neutrophils recognize DAMPs and chemokines and release large amounts of pro-inflammatory factors to amplify the local inflammatory response. In addition, activated neutrophils release large amounts of ROS, proteases, and neutrophil extracellular traps (NETs), creating a continuous pro-inflammatory environment (46, 47). The major proteases released by neutrophils include myeloperoxidase (MPO), neutrophil elastase (NE), MMP-8 and MMP-9, which are the main substances for neutrophils to perform their functions.

MPO is the main functional protein of neutrophils (48). Studies have shown that MPO knockdown attenuates pathological cardiac remodeling and that inhibition of MPO also reduces inflammation and decreases left ventricular dilation and dysfunction (49, 50). NE is a serine protease, and plasma NE concentrations are significantly elevated in patients with MI (51). NE degrades collagen and fibrinogen and impairs myocardial contractility after MI (52). Interestingly, in the hearts of NE knockout mice, insulin receptor 1 expression levels and Akt phosphorylation were significantly upregulated, suggesting that NE deficiency may improve ventricular remodeling by upregulating insulin/Akt signaling (53). the MMP family primarily mediates ECM degradation, and activated MMP-8 effectively degrades collagen, which may be associated with poor ventricular remodeling early after MI. However, a study showed that upregulation of MMP-8 levels in patients with advanced MI positively correlated with LV function, suggesting that the role of MMP-8 may be bidirectional (54). MMP-9 is one of the most widely studied members of the MMP family, and neutrophils are the most prominent early source of MMP-9 in MI (55). MMP-9 knockdown enhances the expression of multiple anti-inflammatory genes to promote polarization of M2 macrophages (56). Furthermore, in ischemia-reperfusion injury, left ventricular infarct size was reduced by 35.4% in MMP-9 knockout mice (57). Thus, the current evidence suggests that inhibition of MMP-9 expression attenuates the inflammatory response and improves ventricular remodeling. NETs consist of depolymerized chromatin and intracellular granule proteins and are produced by activated neutrophils through a new form of death called NETosis, which is distinct from apoptosis and cell necrosis (58). In addition, NETosis allows neutrophils to abundantly release of S100A8/A9 proteins and induce the recruitment of more neutrophils (59). NETs can activate macrophage NLRP3 to produce IL-1β and IL-18, thus exerting powerful proinflammatory effects, where IL-18 in turn can promote an increase in circulating NETs, creating a vicious cycle that further amplifies inflammation (60, 61). Here, notably, patients with common LNK loss-of-function activate oxidized phospholipid (OxPL)-dependent platelet-neutrophil aggregation in vivo, promoting NETosis (62), and it has been demonstrated that inactivation of OxPL by antibodies after MI in mice protects cardiomyocyte viability and reduces infarct size (63). Therefore, the role of OxPL in the development of cardiovascular disease deserves further investigation and neutrophils may play an important role as mediators. Furthermore, some studies focusing on neutrophil-derived extracellular vesicles have found that they enhance endothelial microvascular permeability under inflammatory conditions and can promote endothelial cell production of inflammatory factors, exacerbating inflammation (64).

Thus, it was previously thought that neutrophils primarily mediate destructive effects. In fact, neutrophil recruitment is necessary to allow a shift from an inflammatory to a reparative response after MI. Studies have shown that apoptotic neutrophils inhibit continued neutrophil recruitment, stimulate macrophages to engulf apoptotic neutrophils, and cause macrophage polarization to the M2 phenotype by secreting annexin A1, lipocalin, lactoferrin, and apoptotic vesicles (65). Furthermore, another study showed that neutrophils induce upregulation of TGF-β1 expression in fibroblasts, thereby promoting the resolution of inflammation, which is essential for late scar formation, again demonstrating the need for the presence of neutrophils (66). More importantly, today’s evidence allows the division of neutrophils into two subpopulations: N1 type and N2 type. N1 type neutrophils are defined as Ly-6G+ CD206- and N2 type neutrophils are defined as Ly-6G+ CD206+, similar to M1 and M2 macrophages (67). IL-10, TGF-β and lipid mediators from N2 type neutrophils have been shown to exert anti-inflammatory effects, again suggesting a regulatory role of neutrophils on fibroblasts (13). In addition, histamine from neutrophils reduces microcirculatory thrombosis and vascular inflammation in MI hearts, and also improves cardiac function and fibrosis by reducing ROS and NETs in vivo (68, 69). In conclusion, there is growing evidence that neutrophils may produce different outcomes due to phenotypic alterations, a finding that could explain why clinical trials of neutrophil inhibition have not been successful (70, 71) ( Table 2 ).

 Table 2 | Results of several major clinical studies based on immunomodulatory protection against myocardial ischemia. 



As the beneficial functions of neutrophils are gradually being tapped, more attention has been paid to how to target neutrophils to promote the resolution of inflammation. Interestingly, scholars have developed engineered neutrophil apoptotic bodies that mimic the role of apoptotic neutrophils in promoting the polarization of M2 macrophages, showing high efficacy in a rat MI model (81). Similarly, in another study, neutrophil-mimetic liposomes (Neu-LPs) were created by fusing neutrophil membranes with liposomes, which inherit neutrophil surface antigens but without neutrophil activity. Neu-LPs target the infarcted heart, neutralize pro-inflammatory cytokines, thereby suppressing intense inflammation and modulating the immune microenvironment (82). Furthermore, in a mouse MI model, administration of PF-1355 (MPO inhibitor) for 7 days reduced inflammatory cell infiltration and attenuated left ventricular dilation, and MPO inhibition has been shown to improve ischemia-related cardiac remodeling in animal experiments (50).

In conclusion, the studies prompting a balance between pro- and anti-inflammatory neutrophils remain imperfect, and in the future, how to target the shift in neutrophil phenotype may be more beneficial than treatment with anti-inflammatory strategies alone.


 3.3. DCs.

DCs are the most powerful antigen-presenting cells, activating T lymphocytes and secreting various cytokines to maintain immune homeostasis. DCs are usually divided into 2 subpopulations. Conventional DCs (cDCs) and plasmacytoid DCs (pDCs). cDCs can be further divided into cDC1 (CD11c+ CD103+ XCR1+) and cDC2 (CD11c+ CD11b+ CD172a+). pDCs are defined as CD11c+ CD123+ BDCA2+ and their main function is to secrete IFN-1 to inhibit viruses and bacteria (83). Previous studies have shown that bone marrow-derived DCs peak on the seventh day post-infarction (24).

Anzac et al. found that the absence of CD11c+ DCs in the bone marrow of mice increased the expression of pro-inflammatory factors after MI and promoted the infiltration of Ly-6Chi monocytes and M1 macrophages, leading to poor ventricular remodeling (84). Another study found that a decrease in the number of DCs in human infarcted myocardial tissue was also associated with an increase in macrophage infiltration, leading to poor cardiac repair (85). Furthermore, DC-derived exosomes (DEXs) have been shown to promote the entry of CD4+ T cells into the infarct zone and the delivery of miR-494-3p to endothelial cells to promote vascular regeneration, thereby protecting cardiac function (86, 87). These results suggest that DCs can attenuate the inflammatory response and poor ventricular remodeling in MI. However, studies on different subtypes of DCs reported different results. Lee et al. found that depletion of CD11b+ and CD103+ cDCs in mice attenuated the inflammatory response after MI and thus improved cardiac function, whereas specific elimination of pDCs in mice had no significant effect on cardiac function (88). However, in a myocardial ischemia-reperfusion model, IFN-1 secreted by pDCs instead exacerbated reperfusion injury, whereas removal of pDCs led to a reduction in infarct size (89). These results suggest that cDCs may also have different effects depending on phenotypic differences, and the role of pDCs on MI needs further elucidation.

Available evidence is more supportive of the overall beneficial effects of DCs on ventricular remodeling, and several preclinical studies targeting DCs have shown some therapeutic potential. Maekawa et al. reported that deletion of IL-1 receptor-associated kinase 4 (IRAK-4) attenuated the mobilization of deleterious DCs to attenuate the inflammatory process (90). Another study showed that miR-181a and miR-150 could protect cardiomyocytes by attenuating the immune inflammatory response of DCs through JAK1-STAT1/c-Fos signaling (91). Interestingly, a study combining DEXs with alginate hydrogels to form DEXs-Gel found that DEXs-Gel maintained the release of DEXs and prolonged the retention of DEXs without adverse effects on migration in vivo. In addition, DEXs-Gel better activated regulatory T cells and shifted macrophages to M2 macrophages (92). However, while rejoicing in these results, we must be aware that the immune mechanisms of DCs after MI remain unclear, which may limit the development of clinical trials, and continued in-depth exploration of the functions of different subpopulations of DCs remains to be addressed.


 3.4. T cells.

T cells are usually divided into cytotoxic T cells (CD8+) and helper T cells (CD4+). In addition, there are two specific subsets of T cells, one called regulatory T cells (Tregs), which highly express the Forkhead box protein P3 (Foxp3) and suppress inflammatory responses, and the other called γδ T cells, whose TCRs are composed of γ and δ chains and secrete a variety of cytokines and chemokines that are involved in immune regulation (93).

It has been demonstrated that all four of these T cell subsets are involved in the ventricular remodeling process, with numbers all peaking at day 7 post-MI (24). It was shown that RAG1 knockout mice had a smaller infarct size after MI due to the lack of T cells (94). However, for CD4+ T cells, Hofmann et al. found that the lack of CD4+ T cells increased the infiltration of Ly-6Chi monocytes in the infarct area, which exacerbated the inflammatory response and led to poor cardiac healing (95). In addition, a decrease in Th2 lymphocytes was associated with MI patients with a high risk of adverse cardiovascular events (96). These results suggest that CD4+ T cells may play a protective role after MI. For CD8+ T cells, a study showed that mice lacking CD8+ T cells had improved cardiac function and lower mortality in the early post-MI period, but in the later period resulted in poor scar formation and an increased risk of cardiac rupture (97). Corroborating this, circulating CD8+ T cell levels in MI patients were positively correlated with cardiovascular mortality in the short term (98). However, in the later period, Curato et al. reported that AT2R+ CD8+ T cells significantly accumulate on day 7 after MI and are able to produce IL-10 in response to angiotensin II stimulation, promoting scar formation. Furthermore, unlike classical AT2R- CD8+ T cells, transplantation of AT2R+ CD8+ T cells into the heart significantly reduced infarct volume (99). Thus, CD8+ T cells may cause cardiac injury in the early stages but exert a reparative effect at a later stage due to AT2R expression. In conclusion, these results reflect the complexity of the role of T cells after MI; however, most importantly, it is now established that the most important implementers of the protective effect of T cells on MI are Tregs.

It was shown that Tregs were highly enriched after myocardial injury, mainly from the thymus, with a smaller contribution from conventional CD4+ T cell differentiation. Furthermore, RNA sequencing showed that Tregs infiltrating after myocardial injury had a large number of differentially expressed transcripts compared with normal conditions, exhibiting a repair-promoting phenotype, with a highly expressed secreted protein acidic and rich in cysteine (Sparc) increasing collagen production and potentially acting as a key target for cardioprotection (100). Corroborating this, in mice lacking Tregs, the inflammatory response after MI was exacerbated, whereas transplantation of Tregs significantly reduced inflammation and prevented adverse ventricular remodeling, one reason being that Tregs promote M2 macrophage polarization (101–103). Interestingly, the paracrine role of Tregs also plays a protective role, starting with Treg-derived exosomes that also promote M2 macrophage polarization and secondly Tregs secretes six major factors (Cst7, Tnfsf11, Il33, Fgl2, Matn2 and Igf2) to stimulate cardiomyocyte proliferation (104, 105). In conclusion, these results respond to the importance of Tregs for myocardial injury repair.

For γδ T cells, Yan et al. found that IL-23 secreted by M1 macrophages and neutrophils after MI drove cardiac γδ T cells to produce IL-17a, which in turn exacerbated cardiomyocyte injury by promoting infiltration of neutrophils and macrophages, creating a vicious cycle. Furthermore, lack of IL-23, IL-17a or γδ T cells improved cardiac function and survival after MI in mice (106). These results suggest that γδ T cells play a predominantly pro-inflammatory role after MI.

Therapies targeting T cells currently focus on Tregs, as they exert a powerful pro-repair capacity. Yang et al. demonstrated that activation of mTORC1 promotes Tregs activation to suppress macrophage inflammation, suggesting that targeting the mTORC1 signaling pathway to Tregs has therapeutic implications (107). Feng et al. found that CCL17 competitively inhibits CCL22-stimulated ARRB signaling and Tregs migration, impairing the cardioprotective effects of Tregs, suggesting that inhibition of CCL17 may be an effective strategy to promote Tregs recruitment and suppress myocardial inflammation (108). Notably, chimeric antigen receptor (CAR) -T cell therapies were first used to treat cardiac fibrosis in mice by Aghajanian et al. with significant results (109). However, they can be off-target and have organ-specific toxicity, and minimizing off-target effects is a problem to be solved.


 3.5. B cells.

The main function of B cells is to produce antibodies and participate in the humoral immune response. b cells can be divided into type B1, type B2 and regulatory B cells (Bregs). type B1 cells highly express CD19 and CD22, type B2 cells highly express CD20 and Bregs cells highly express CD5 (110). After MI, the number of B cells infiltrating the infarcted heart continues to increase, reaching a peak at day 7 (24).

Previous studies have shown that specific depletion of B cells by CD20 monoclonal antibodies or knockdown of B-cell activating factor (BAFF) can improve cardiac function by reducing infarct size and inflammatory response. Importantly, one mechanism is that B cells can secrete CCL7 and exacerbate myocardial injury by recruiting Ly-6Chi monocytes through the CCL7/CCR2 axis (111). This is supported by a recent study in which Sun et al. suggested that B cells recruited after MI can exacerbate myocardial injury by mediating CCL7 secretion through the miR-21/HIF-1α pathway and that B cell-specific deletion of miR-21 and HIF-1α improves cardiac function (112). In addition, blockade of IgM significantly reduced myocardial ischemia-reperfusion injury, suggesting that antibodies produced by B cells may also mediate the effects of myocardial injury after MI (113).

However, B cells also have beneficial effects on ventricular remodeling. intra-myocardial injection of B cells after MI has been shown to reduce apoptosis and improve cardiac function, although this effect may be achieved mainly through the paracrine pathway (114, 115). In addition, a recent study showed that post-MI transplantation of Bregs reduced infiltration of Ly-6Chi monocytes, thereby reducing myocardial injury. Interestingly, the mechanism involved is that Bregs reduce monocyte CCR2 expression by secreting IL-10, whereas IL-10 antibody treatment eliminates this protective effect (116). However, previous studies of Bregs have shown that in addition to IL-10, Bregs function is dependent on TGF-β and IL-35 (117), and IL-35 has been shown to be beneficial for ventricular remodeling after MI (118), yet whether Bregs acts through TGF-β and IL-35 after MI needs to be further explored.


 3.6. Myeloid-derived suppressor cells.

In mice, MDSCs are usually labelled as CD11b+ Gr-1+. More precisely, MDSCs can be further classified as M-MDSC (CD11b+ CD14- CD15+ HLA-DR- CD33+) and PMN-MDSC (CD11b+ CD14+ CD15- HLA-DRlow CD33+) (119).

MDSCs were previously thought to play an important tumor-protective role in the tumor microenvironment (120), but our previous study found that splenic-derived MDSCs were heavily recruited and exacerbated myocardial injury within 24 hours after MI, and blockade of the A adenosine receptor (AAR) inhibited MDSCs mobilization, thereby improving cardiac systolic function (121). Thus, AAR-mediated mobilization of MDSCs may be a potential therapeutic target after MI, however, the exact mechanism remains to be elucidated. Interestingly, MDSCs have also been shown to play a cardioprotective role; Zhou et al. reported that MDSCs could exert anti-inflammatory effects on cardiomyocytes through secretion of IL-10 and NO, thereby alleviating heart failure (122). Another study showed that exercise training stimulated macrophages to induce MDSCs proliferation through IL-10/STAT3/S100A9 signaling pathway, and the increase in MDSCs significantly improved heart failure symptoms (123).

In conclusion, the role of MDSCs in MI remains controversial, which may not be surprising given the complexity of the MDSC phenotype, and it should be determined first which phenotype mediates the damaging or protective effect exerted by MDSCs.


 3.7. Natural killer cell.

Human mature NK cells express the transcription factor T-bet and produce IFN-γ, perforin and granzyme B and can be divided into two subpopulations: CD3- CD56dim and CD3- CD56hi (124). The number of NK cells infiltrating the heart continues to increase after MI and reaches a peak on day 7 (24).

It was shown that patients with MI have an upregulated proportion of circulating NK cells and produce large amounts of TNF-α and IFN-γ (125), in addition, patients with acute coronary syndrome have fewer NK cells in the peripheral blood compared to patients with stable angina (126), implying that NK cells may intervene early in the acute inflammatory response.

Current preclinical studies of NK cells have not clearly elucidated the role they play after MI. It has been reported that NK cell-derived IFN-γ promotes the differentiation of mouse monocytes towards inflammatory DCs and M1 macrophages, and that activated DCs and macrophages co-secrete IL-12 and IL-18, which promote NK cell proliferation, creating a vicious cycle that amplifies the inflammatory response (127). However, it has also been reported that NK cell deficiency reduces apoptosis in cardiac myocytes and that NK cells can inhibit collagen production by cardiac fibroblasts and limit cardiac fibrosis (128, 129).

The contrary results presented so far suggest that NK cells in MI may intervene early in the inflammatory response and continue to function, and may play a beneficial role in ventricular remodeling at a later stage, however more mechanisms remain to be explored.



 4. Immunomodulatory therapy for MI.

As the powerful regulatory roles played by various inflammatory factors and immune cells in ventricular remodeling continue to be elucidated, the development of new targets from the immune inflammatory process after MI to improve ventricular remodeling and to drive the birth of immunomodulatory therapies for MI are promising avenues for clinical translation. For MI, immunomodulatory therapies targeting the control of the degree of inflammation and fibrosis during ventricular remodeling are important for the prevention of adverse ventricular remodeling and distant heart failure, and deserve our attention and consideration.

However, based on the results of existing preclinical trials, clinical studies conducted in recent years have focused more on some inflammatory factors and related receptors, and have not achieved satisfactory results. Here, we summarize the results of several major clinical trials for illustrative purposes ( Table 2 ).

 4.1. Targeting inflammatory factors and related receptors.

Inflammatory factors and related receptors are easier to target, and as mentioned earlier, TNF-α, IL-1β, and IL-6 mediate strong inflammatory and degrading effects early and are detrimental to late ventricular remodeling; however, early blockade has not achieved significant results.

For TNF-α, Eugene et al. conducted a clinical trial with infliximab (a chimeric monoclonal antibody to TNF-α) in patients with heart failure and found that short-term application of infliximab did not improve clinical symptoms and that high doses were detrimental to the long-term prognosis of patients (72).

For IL-1β, the results from a clinical trial of recombinant IL-1R antagonist (anakinra) found lower rates of final mortality or hospitalisation for heart failure in STEMI patients taking anakinra compared with placebo, with no significant difference in the rate of serious infections. However, the small sample size of this trial led to results that require further validation (73). For NSTEMI patients, anakinra led to an overall increase in major adverse cardiovascular events (MACE) in patients with NSTEMI, despite a significant reduction in high-sensitivity C-reactive protein (hsCRP) (74). In another trial, specific blockade of IL-1β with canakinumab prevented MACE over a median of 3.7 years. however, canakinumab caused a significantly increased probability of fatal infection compared with the placebo group and was not suitable for clinical practice (75).

For IL-6, a recent clinical trial of blocking the effects of IL-6 by intravenous infusion of tocilizumab (humanised anti-IL-6R antibody) found that it reduced the number of PCI-treated peri-procedural myocardial injury in patients with NSTEMI, but whether this treatment is beneficial in patients with STEMI treated with PCI needs to be validated (76).


 4.2. Targeting complement systems and adhesion molecules.

For the complement system, clinical trials investigating pexelizumab (an anti-C5 complement antibody) did not find any clinical benefit in STEMI patients treated with PCI and CABG (77, 78). In addition, although intravenous C1 inhibitor treatment reduced myocardial injury in STEMI patients treated with CABG, the study sample size was small and the effect on STEMI patients treated with PCI needs to be validated (79). Interestingly, another study of 322 patients with NSTEMI found that treatment with Inclacumab (a recombinant P-selectin monoclonal antibody) before PCI successfully reduced myocardial injury. However, it is unclear whether this treatment is effective in STEMI patients undergoing PCI (80).

In summary, it is clear that immunotherapies developed for MI are currently immature.



 5. Driving new immunomodulatory therapies by immune cells.

It is important to think about the reasons for the failure of clinical translation for various inflammatory factors. First, there are some general issues here that are difficult to address: (I) Rodents such as mice have a larger and more resilient inflammatory response than other species (130), and applying results from animal experiments to humans will inevitably result in differences. (II) Current animal model preparations for MI still perform coronary artery ligation, and most patients with clinical MI have an atherosclerotic pathological process and may have comorbidities such as diabetes, hypertension, and obesity disease, so the models are not a perfect match. (III) Subjects taking concurrent drugs such as statins and beta-blockers also increase individual differences, which cannot be completely eliminated prior to the trial. (IV) Effective doses suitable for clinical application are difficult to obtain from preclinical studies, and the timing of dosing is very important for patients, and application at different times is likely to lead to widely varying results.

However, of relatively greater importance is that targeting various inflammatory factors or DAMPs may not be appropriate. This is because their effects may also be bidirectional but unarticulated and their effects are too broad in scope. In other words, these targets are not precise enough. Therefore, finding more precise targets to redesign targeting strategies may be more beneficial to achieve immunomodulatory therapies for MI.

As previously described, each of the immune cells infiltrating after MI plays an important role in ventricular remodeling, particularly monocytes/macrophages, throughout the process of ventricular remodeling. The fact that most immune cells are functionally bidirectional, while reflecting the difficulty of elucidating the post-MI immune process, also suggests that immune cells themselves have a large number of available targets. By finding and modulating more precise targets associated with immune cells, such as surface receptors or self-expressed functional proteins, leading to alterations in immune cell phenotype or function, or even by altering intercellular communication, the post-MI microenvironment may be improved, leading to a more modest ventricular remodeling outcome.

We believe that immune cells have the potential to become the protagonists of novel immunomodulatory therapies, as they allow for more precise targeted therapies. Although many potential targets have been proposed in animal experiments with various immune cells, the failure of previous clinical trials in suppressing neutrophils suggests that future research must focus on a balanced strategy to suppress the deleterious effects of inflammation while maintaining and promoting anti-inflammatory processes, and achieving balance also requires better precision in the first place.


 6. Targeting strategies worth considering for novel immunomodulatory therapies.

 6.1. Direct targeting of antibodies.

For surface receptors on immune cells that have been tapped in preclinical experiments, such as Lgr4 on the surface of macrophages as described above, monoclonal antibodies specific for Lgr4 can be designed to directly target and block the corresponding pathway. However, this approach may be limited to the extracellular and may have relatively more side effects due to the extensive nature of gene expression ( Figure 3A ).

 

Figure 3 | Targeting strategies for the development of new immunomodulatory therapies with immune cells. Monocytes/macrophages are used as an example for illustration, we propose three targeting strategies. (A) Extracellular specific blockade of surface receptors based on preclinical studies to modulate relevant signaling pathways to modify the inflammatory response and improve ventricular remodeling. (B) Liposomes and exosomes as drug carriers can effectively target macrophages and be phagocytosed by macrophages to release the drug. siRNAs designed to target and inhibit relevant target proteins can enter macrophages via liposomes or exosomes to knock down the expression of pro-inflammatory target proteins, thereby altering the inflammatory microenvironment to improve ventricular remodeling. (C) AAV has been developed rapidly in recent years, with low toxicity and strong targeting. Designing anti-inflammatory target protein sequences to be loaded by AAV to target and increase the expression of anti-inflammatory target proteins in target cells, thereby inhibiting inflammation and improving ventricular remodeling. 




 6.2. Targeted knockdown of target protein expression by small interfering RNA-conjugated drug vectors.

The development of drug carriers is of great significance for clinical translation, and exosomes and liposomes have shown great potential. First, they have a phospholipid bilayer surface that facilitates phagocytosis by target cells; second, they are structurally stable and have some targeting ability; more importantly, they are highly plastic and can be modified to enhance immune evasion and targeting, making them well suited as drug delivery vehicles (131, 132). Excitingly, recently, Li et al. demonstrated that platelet membrane-modified exosomes have a significant ability to target monocytes/macrophages that move with Ly-6Chi monocytes to the cardiac ischemic zone after MI and are later phagocytosed by differentiated M1 macrophages, a study that provides important evidence for drug carrier targeting of immunomodulatory therapies (133). In the case of IRF-5 described above, siRNAs targeting IRF-5 were designed to be loaded into engineered and modified exosomes or liposomes to target and inhibit macrophage to express IRF-5, thereby promoting M2 macrophage polarization ( Figure 3B ). This approach has a great range of applications, but it relies on well-established drug delivery systems. Current research on exosome and liposome engineering is developing rapidly and reflects good promise for application, but it will take some time to develop a mature system.


 6.3. Promoting target protein expression using adeno-associated viral vector carrying target protein sequences.

The research on AAV is relatively the most mature, and relevant drugs have been applied clinically in the U.S (134).. AAV can carry single-stranded DNA sequences of target proteins, which do not integrate into chromosomes after entering the target cells, but can still exist independently in the cytoplasm and undergo prolonged transcription and translation to overexpress the target proteins in the target cells. Therefore, this targeting strategy is well suited to target cardiomyocytes, a class of cells with poor replication capacity, and have an important role in driving clinical translation of cardiomyocyte regeneration (134). Furthermore, similar to exosomes and liposomes, AAV itself has few side effects, high targeting capacity, and is malleable and can likewise be engineered to obtain higher or more unique targeting capacity (135). Thus using AAV for immunomodulation is a way to consider, for example, the aforementioned Ep3 receptor, where the single-stranded sequence of Ep3 is delivered to monocytes via AAV to promote Ep3 overexpression, thus better attenuating inflammation and promoting repair ( Figure 3C ).



 7. Future perspectives.

Achieving good translational medicine requires that good precision medicine be accomplished first. The wide range of roles played by various immune cells after MI and the targets that have been identified reflect their future therapeutic potential, and we believe it is only a matter of time before we continue to explore this path and discover more precise and effective targeting strategies to drive new immunomodulatory therapies into the clinic.

Based on the results available, future research directions can be focused on the following areas: (I) Combining transcriptomics and metabolomics to distinguish various immune cell subpopulations in more detail and assess differences in recruitment characteristics and function of different subpopulations to provide evidence for achieving more precise targeted therapies. (II) Based on gene sequencing technologies, analyze differentially expressed genes in post-MI immune cells, screen and continue to refine preclinical studies, paying particular attention to distinguishing whether these targets primarily regulate inflammatory or reparative responses, which is critical for assessing the timing of drug administration. (III) Mining the communication networks between immune cells after MI, such as extracellular vesicles that are extensively involved in the MI repair process, from which more potential targets can be explored, especially the various miRNAs delivered by exosomes. (IV) Targeting only pro-inflammatory targets may have limitations. This approach may not lead to significant alterations in other pathophysiological processes, particularly vascular regeneration and fibroblast activation during the repair phase. Assessing the feasibility of multi-target combinatorial targeting is also a direction worth considering.

Furthermore, in order to better facilitate the clinical translation of immunomodulation, we believe that the following aspects need to be refined: (I) Preclinical experiments using animals with higher clinical relevance to humans. Although it is difficult to mimic human MI secondary to atherosclerosis, we should ensure that the target under study adequately influences the immune cascade response following MI. (II) Dosing should be timed to coincide as much as possible with the functional properties of the target; for example, targets that act in a pro-inflammatory manner may be more appropriate for early use. (III) Patient heterogeneity in clinical trials cannot be completely avoided, but major influencing factors should be excluded as much as possible. Notably, due to the current widespread use of interventional techniques, ischemic time may also have an impact on trial results; patients with shorter ischemic time have less myocardial cell death and may benefit more from reperfusion, so care should be taken to control for the degree of initial preoperative injury in subjects, which may make the trial results more convincing. (IV) Patient genetic factors, co-morbidities, and age may have an impact on inflammation levels (136). Some patients exhibit more severe inflammation after infarction, and these patients may benefit from interventions targeting early inflammation control. Conversely, the main problem in certain patients after infarction is the development of significant myocardial hypertrophy and fibrosis, which is particularly common in patients with comorbid diabetes mellitus, and such patients may be better suited to interventions targeting fibrosis and remodeling during the repair phase (137). Therefore, it is worth thinking about the need to group patients according to different disease characteristics and to design more effective clinical trials or treatment protocols.


 8. Conclusion.

Ventricular remodeling after MI is the result of multiple factors, and immunomodulatory therapies have emerged based on the critical role of various inflammatory factors and immune cells in this process. However, the clinical trials we conducted did not produce effective results. Therefore, we believe that new immunotherapies should target more precise targets. Focusing on different immune cells and tapping into more precise targets, rather than simply and generically suppressing the inflammatory response by inhibiting a certain inflammatory factor, may improve the results of clinical trials. In conclusion, the field of immunomodulatory therapies for MI is still in its infancy, and the parallel development of drug delivery vehicles will drive clinical translation, while the use of immune cells to drive more precise therapies is expected to lead to new breakthroughs.
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Introduction

The interaction between endometrial cancer (EMC) cells and intratumoral macrophages plays a significant role in the development of the disease. PYD domains-containing protein 3 (NLRP3) inflammasome formation triggers caspase-1/IL-1β signaling pathways and produces reactive oxygen species (ROS) in macrophages. However, the role of NLRP3-regulated ROS production in macrophage polarization and the subsequent growth and metastasis of EMC remains unknown.





Methods

We conducted bioinformatic analysis to compare NLRP3 levels in intratumoral macrophages from EMC and normal endometrium. In vitro experiments involved knocking out NLRP3 in macrophages to shift the polarization from an anti-inflammatory M1-like phenotype to a proinflammatory M2-like phenotype and reduce ROS production. The impact of NLRP3 depletion on the growth, invasion, and metastasis of co-cultured EMC cells was assessed. We also evaluated the effect of NLRP3 depletion in macrophages on the growth and metastasis of implanted EMC cells in mice.





Results

Our bioinformatic analysis showed significantly lower NLRP3 levels in intratumoral macrophages from EMC than those from normal endometrium. Knocking out NLRP3 in macrophages shifted their polarization to a proinflammatory M2-like phenotype and significantly reduced ROS production. NLRP3 depletion in M2-polarized macrophages increased the growth, invasion, and metastasis of co-cultured EMC cells. NLRP3 depletion in M1-polarized macrophages reduced phagocytic potential, which resulted in weakened immune defense against EMC. Additionally, NLRP3 depletion in macrophages significantly increased the growth and metastasis of implanted EMC cells in mice, likely due to compromised phagocytosis by macrophages and a reduction in cytotoxic CD8+ T cells.





Discussion

Our results suggest that NLRP3 plays a significant role in regulating macrophage polarization, oxidative stress, and immune response against EMC. NLRP3 depletion alters the polarization of intratumoral macrophages, leading to weakened immune defense against EMC cells. The reduction in ROS production by the loss of NLRP3 may have implications for the development of novel treatment strategies for EMC.
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Introduction

Endometrial cancer (EMC) is a common form of epithelial cancer that affects the endometrium in women approaching or past menopause (1). It is one of the most prevalent tumors in the female reproductive system, with approximately 200,000 new cases reported annually, and is the third deadliest gynecological cancer after cervical and ovarian cancer (2). In North America and Europe, endometrial cancer ranks as the fourth most common type of cancer after breast, lung, and colorectal cancer and is the most diagnosed cancer in the female reproductive system (3). EMC occurrence can be affected by lifestyle, since obesity, some metabolic syndromes, and tamoxifen and estrogen treatment all increase the risk of EMC (4).

Recent studies have shed light on the importance of the cancer microenvironment to the tumorigenesis of EMC. Intratumor macrophages or tumor-associated macrophages (TAMs) play critical roles in the initiation, progression, invasion, and migration of EMC cells (5, 6). The regulation in the EMC microenvironment involves the differentiation and polarization of TAMs in response to the signaling of EMC cells and the morphologic alteration and molecular changes in EMC cells in response to the cytokines, chemokines, and trophic factors produced and secreted by TAMs (7, 8). Macrophage polarization refers to the display of a macrophage’s phenotype as either a pro-inflammatory type, labeled “M1,” or an anti-inflammatory type, designated “M2” (9). Newly created macrophages are referred to as “naive macrophages” or “M0” (10). TAMs are a heterogeneous group of intratumoral macrophages that exhibit varying levels of polarization. Macrophages closer to an M2-like phenotype tend to be anti-tumoral, whereas those more like an M1-like phenotype tend to be pro-tumoral. This highlights the dynamic nature of TAMs and their ability to influence the tumor microenvironment in different ways, making them an important area of study in cancer biology. Understanding the relationship between TAM polarization and tumor behavior could lead to the development of new and more effective cancer therapies. In vitro polarization of bone marrow-derived macrophages (BMDMs) is a widely used method for study. BMDMs are first obtained from bone marrow as naive (M0) macrophages (11). To induce M1 polarization, M0 macrophages are treated with 20 ng/ml macrophage colony-stimulating factor (M-CSF) and 30 ng/ml lipopolysaccharides (LPS). To induce M2 polarization, M0 macrophages are treated with 20 ng/ml IL-4 and 20 ng/ml IL-13 (12). This approach allows researchers to study the different functions and behaviors of M1 and M2 macrophages and provides insight into the role of macrophage polarization in various biological processes.

The molecular regulation of the polarization of TAMs in EMC is not fully understood. Interleukin-1β (IL-1β) is a cytokine that plays a key role in regulating both the inflammatory response to tumors and the immune response to tumor cells. IL-1β is produced by a variety of immune cells, including macrophages, neutrophils, and lymphocytes, as well as antigen-presenting cells. By influencing the behavior of these cells, IL-1β helps to shape the overall immune response to the tumor, making it an important player in the complex interplay between the immune system and cancer (13). Inflammasomes, like the NOD-like receptor family, pyrin domain-containing 3 (NLRP3), are critical regulators for IL-1β activation through catalyzing the conversion of pro-IL-1β into its active form (14). The NLRP3 inflammasome can be activated by oxidative stress and, in turn, increase the production of reactive oxygen species (ROS), particularly in macrophages (15). ROS are highly reactive molecules that can cause oxidative stress, leading to significant damage to cellular components (16). Additionally, ROS can activate signaling pathways that regulate cellular processes, such as cell cycle progression, survival, and migration (16). The accumulation of ROS within cells can have a range of detrimental effects, including cellular damage, cellular dysfunction, and even cell death (16). However, under normal physiological conditions, ROS levels are tightly regulated and serve as important signaling molecules that play a role in various cellular processes (16). Hence, regulation of ROS production by the NLRP3 inflammasome can be either anti-tumorigenic by triggering cellular stress responses and apoptosis or pro-tumorigenic by promoting angiogenesis, inflammation, and immune suppression (17, 18). Thus, the regulation of ROS production by the NLRP3 inflammasome is complex and context-dependent, and further research is needed to fully understand the role of the NLRP3 inflammasome in intratumor macrophages in the regulation of ROS production and macrophage polarization as well as its impact on tumorigenesis.





Materials and methods




Ethical approval

All experiments, including animal work, were conducted in accordance with the guidelines set by the Institutional Animal Research Ethics Council of Shanghai Jiao Tong University School of Medicine. Approval was obtained for these experiments prior to their initiation. It should be noted that this study did not involve the use of human specimens.





Animals

The role of macrophage-derived NLRP3 in EMC was studied by transplanting a human EMC cell line (HEC-1A) subcutaneously into mice with macrophage depletion of NLRP3 [Lysosome2 (Lys2)-Cre; NLRP3 (fx/fx)] or control NLRP3 (fx/fx) mice. A total of 107 EMC cells were used in the transplantation procedure, and the formation of tumors and metastasis was evaluated over a period of 90 days. The HEC-1A cell line was obtained from the American Type Culture Collection (ATCC, HTB-112, Rockville, MD, USA). The Lys2-Cre and NLRP3 (fx/fx) strains were obtained from Jax mice (Strain Nos. 018956 and 017970).





EMC cell line and modulation of -rimary macrophages

A human EMC cell line (HEC-1A, a subclone of HEC-1B (HTB-113, ATCC)) that was isolated from endometrial adenocarcinoma of a 71-year-old patient (19). The HEC-1A cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 7.5% fetal bovine serum (FBS, sourced from Invitrogen in Carlsbad, CA, USA) in a 37°C incubator with 5% CO2 atmospheric conditions to maintain a moist environment. To allow in vivo tracing of grafted HEC-1A cells, they were transduced with lentiviral luciferase (LVR-1048, Cellomics Technology, LLC, Halethorpe, MD, USA). The tumor mass was evaluated based on bioluminescence with a luciferin assay.

Bone marrow was obtained from mice and transferred to six-well plates filled with 3 ml/well DMEM at a density of 2.5 x 106 cells/ml. Only attached cells were maintained (naive macrophages; M0) by washing them every 3 h with DMEM containing 8% FBS and 20 ng/ml M-CSF for 8 days. M0 macrophages were induced to become M1 by 20 ng/ml M-CSF and 30 ng/ml LPS or to become M2 by 20 ng/ml IL-4 and 20 ng/ml IL-13.





ELISA

The total protein was extracted from both the cultured cells and the isolated cells from mouse tissue and then subjected to an enzyme-linked immunosorbent assay (ELISA) using specific kits designed for mouse NLRP3 (ab279417; Abcam, Cambridge, MA, USA), mouse IL-1β (ab197742; Abcam), mouse tumor necrosis factor alpha (TNFα, ab208348; Abcam), mouse interferon gamma (IFNγ, ab282874; Abcam), mouse CD163 (ab272204; Abcam), and mouse arginase 1 (ARG1, ab269541; Abcam).





Cell proliferation, invasion, and migration assay

Cell proliferation was measured by counting the number of live cells using the Cell Counting Kit-8 (CCK-8) assay (CCK-8, Sigma-Aldrich). The Transwell cell invasion assay was used to measure the ability of cancer cells to invade through a porous membrane into the underlying matrix, for which cancer cells were placed on top of a porous membrane in a Transwell insert while serum-free media was added in the lower chamber. After 24 h, the migrated cells were fixed, stained, and counted. The Transwell cell migration assay was used to measure the ability of cells to migrate through a porous membrane into the lower chamber filled with serum-free media. After 24 h, the migrated cells were fixed, stained, and counted.





Flow cytometry

For flow cytometry analysis, the tumor was carefully dissected, after which single cells were obtained through a digestion process using 0.25% trypsin (Invitrogen) for 45 min. These cells were then labeled with PE-cy7-conjugated CD3 and BV421-conjugated CD8 antibodies (Becton-Dickinson Biosciences, Shanghai, China). The flow cytometry results were displayed using FlowJo software (FlowJo LLC, Ashland, OR, USA).





ROS assay

A cellular reactive oxygen species detection assay kit (ab186027, Abcam) used the dichlorodihydrofluorescein diacetate (DCF-DA) method to measure the levels of ROS in macrophages. Briefly, DCF-DA was added to cultured cells and then taken up and converted into the fluorescent molecule dichlorodihydrofluorescein (DCF) by intracellular esterases. ROS in the cells oxidized DCF, resulting in an increase in fluorescence. The relative fluorescence (RFU) was then measured using a fluorimeter, serving as an indirect quantification of cellular ROS.





Analysis of phagocytosis

Phagocytosis, the process by which cells engulf and internalize foreign particles, was evaluated using two different methods. The first method involved using a zymosan-based phagocytic kit (ab211156, Abcam) to assess the uptake of zymosan particles by macrophages after a 30-minute incubation period. The second method used to assess phagocytosis involved counting the number of green fluorescent protein (GFP)-labeled bacteria that were internalized by the cells by flow cytometry (20). The GFP-labeled bacteria were prepared by transforming bacteria with a GFP-containing plasmid through electroporation. The GFP-labeled bacteria were used to visualize the process of phagocytosis.





Statistics and bioinformatics

The data collected from the experiments was analyzed using the statistical software GraphPad Prism 7 (GraphPad, Chicago, IL, USA). The analysis was performed using an unpaired student T-test to compare the individual values, and the mean and standard deviation (SD) were calculated. The results were considered statistically significant if the p-value was less than 0.05. In addition to statistical analysis, bioinformatics techniques were also used here. A GEO database (GSE117970) was utilized to compare the gene expression between macrophages isolated from EMC and those isolated from normal endometrium (NEM). The R software was used to identify differentially expressed genes, while the Metascape (https://metascape.org/gp/index.html#/main/step1) and String (https://string-db.org/) online tools were employed to analyze the pathway expression and gene network. These bioinformatics tools provide a comprehensive understanding of the genetic information and the biological pathways involved in the process under investigation.






Results




NLRP3 levels are significantly reduced in macrophages from EMC compared to NEM

To investigate the role of NLRP3 in macrophages in the interaction between macrophages and EMC, we analyzed the expression of NLRP3 in macrophages from EMC and NEM using a GEO database (GSE117970). The results showed a distinct pattern of gene expression in EMC-macrophages compared to NEM-macrophages, as revealed by the principal component analysis (PCA) plot (Figure 1A). Further analysis identified NLRP3 as a differentially expressed gene that was significantly downregulated in EMC-macrophages (Figure 1B). Additionally, the expression of many signaling pathways related to macrophage differentiation, polarization, and immune responses was altered in EMC-macrophages compared to NEM-macrophages (Figure 1C). Interestingly, not only was the expression of NLRP3 significantly decreased in EMC-macrophages compared to NEM-macrophages (Figure 1D), but also the expression of IL-1β, a downstream effector of NLRP3, was significantly reduced in EMC-macrophages compared to NEM-macrophages (Figure 1E). These findings suggest that NLRP3 levels are significantly reduced in macrophages from EMC compared to NEM.




Figure 1 | NLRP3 levels are significantly reduced in macrophages from EMC compared to NEM. The expression of NLRP3 was examined in macrophages from EMC and NEM, using a GEO database GSE117970. (A) PCA plot. (B) A volcano map to show significant downregulation of NLRP3 in EMC-macrophages. (C) Pathway analysis of differentially expressed genes by Metascape. (D, E) Array reads for NLRP3 (D) and IL-1β (E) in macrophages from EMC and NEM. *p <0.05.







NLRP3 depletion in macrophages reduces ROS production and M2-like macrophage polarization

Next, we assessed the effects of NLRP3 depletion on macrophages. First, we generated mice with macrophage-specific depletion of NLRP3, Lys2-Cre; NLRP3(fx/fx), and control NLRP3(fx/fx). BMDMs were extracted from Lys2-Cre; NLRP3(fx/fx) mice, untreated as M0 phenotypes. These M0 macrophages were further differentiated into either M1 or M2 macrophages, with M1 macrophages being induced through treatment with IPS and IFNγ and M2 macrophages being generated with treatment with IL-4 and IL-13. The NLRP3 depletion was confirmed in all M0, M1, and M2 macrophages from the Lys2-Cre; NLRP3(fx/fx) mice by ELISA (Figure 2A). Moreover, NLRP3 depletion significantly reduced ROS production in all M0, M1, and M2 macrophages on the ROS assay (Figure 2B). Furthermore, NLRP3 depletion significantly reduced the total number of M1 or M2 macrophages in 72-h culture but did not alter the total number of M0 macrophages (Figure 2C), suggesting that NLRP3 may play a role in the growth of differentiated macrophages rather than naïve macrophages. The M1/M2 markers were examined in these macrophages by ELISA, showing that NLRP3 depletion significantly reduced the levels of M1 markers/proinflammatory factors IL-1β, IFNγ, and TNFα and significantly increased the levels of M2 markers/anti-inflammatory factors CD163 and arginase 1 (ARG1) (Figure 2D). These data suggest that NLRP3 depletion in macrophages reduces ROS production and M2-like macrophage polarization, which could contribute to tumorigenesis and progression. The alteration in these M1/M2 markers was likely more pronounced in M0 macrophages than M1 or M2 macrophages, which may be due to the relative ease with which naïve macrophages can be polarized by NLRP3 modification compared to the repolarization of differentiated macrophages.




Figure 2 | NLRP3 depletion in macrophages reduces ROS production and M2-like macrophage polarization. We generated mice with macrophage-specific depletion of NLRP3, Lys2-Cre; NLRP3(fx/fx) mice and control NLRP3(fx/fx) mice. BMDMs were isolated from Lys2-Cre; NLRP3(fx/fx) mice as M0, which were further differentiated into M1 macrophages by treatment with IPS and IFNγ or differentiated into M2 macrophages by treatment with IL-4 and IL-13. (A) The NLRP3 depletion was confirmed in all M0, M1, and M2 macrophages from Lys2-Cre; NLRP3(fx/fx) mice by ELISA. (B) Measurement of ROS production in all NLRP3-depleted or control M0, M1, and M2 macrophages by ROS assay. (C) CCK-8 assay for 72 h to measure the number of total macrophages. (D) ELISA for IL-1β, IFNγ, TNFα, CD163, and arginase 1 (ARG1) in macrophages. ns, non-significant. *p <0.05. N = 5.







NLRP3-depletion in M2-polarized macrophages increases growth, invasion, and migration potential of co-cultured EMC cells

Next, M0, M1, or M2 macrophages were co-cultured with HEC-1A. We found that NLRP3-depletion in M2-polarized macrophages, but not in M0- or M1-polarized macrophages, significantly increased the growth of co-cultured HEC-1A cells (Figure 3A). Moreover, NLRP3-depletion in M2-polarized macrophages but not in M0- or M1-polarized macrophages significantly increased the invasion of co-cultured HEC-1A cells (Figures 3B, C). Furthermore, NLRP3-depletion in M2-polarized macrophages but not in M0- or M1-polarized macrophages significantly increased the migration potential of co-cultured HEC-1A cells (Figures 3D, E). Thus, our data suggest that NLRP3-depletion in M2-polarized macrophages increases the growth, invasion, and migration potential of co-cultured EMC cells. We discovered that the depletion of NLRP3 in M2-polarized macrophages, but not in M0- or M1-polarized macrophages, resulted in a significant increase in the growth of co-cultured HEC-1A cells (Figure 3A). Moreover, our findings showed that NLRP3-depletion in M2-polarized macrophages also significantly enhanced the invasiveness (Figures 3B, C) and the migratory capacity (Figures 3D, E) of the co-cultured HEC-1A cells. Therefore, our study suggests that the depletion of NLRP3 in M2-polarized macrophages leads to a significant increase in the growth, invasiveness, and migratory capacity of the co-cultured EMC cells.




Figure 3 | NLRP3-depletion in macrophages increases the growth, invasion, and migration potential of co-cultured EMC cells. BMDMs were isolated from Lys2-Cre; NLRP3(fx/fx) mice as M0, which were further differentiated into M1 macrophages by treatment with IPS and IFNγ or differentiated into M2 macrophages by treatment with IL-4 and IL-13. (A–E) M0, M1, or M2 macrophages were co-cultured with HEC-1A. (A) CCK-8 assay for growth of HEC-1A cells. (B, C) Invasion of HEC-1A cells, shown by quantification (B) and by representative images (C). (D, E) Migration potential of HEC-1A cells, shown by quantification (D) and by representative images (E). *p <0.05. N = 5. Scale bars are 100 µm.







NLRP3 depletion in M1-polarized macrophages results in reduced phagocytosis

The function of phagocytosis is crucial to the anti-tumor properties of M1 macrophages. To examine the impact of NLRP3 depletion in M1-polarized macrophages on phagocytosis, we conducted two different assessments. First, we used a phagocytosis assay that analyzed the zymosan intake over a period of 30 min and observed a significant reduction in the phagocytosis capability of M1-polarized macrophages from Lys2-Cre and NLRP3(fx/fx) mice (Figure 4A). Additionally, using flow cytometry to measure the intake of GFP+ bacteria by M1-polarized macrophages, we found that there was a significant decrease in the percentage of GFP+ macrophages, as shown by quantification (Figure 4B) and by representative flow charts (Figure 4C). This evidence suggests that NLRP3 depletion in M1-polarized macrophages results in a decrease in phagocytic activity.




Figure 4 | NLRP3 depletion in M1-polarized macrophages results in reduced phagocytosis. (A) A phagocytosis assay that analyzes 30 min zymosan intake. (B, C) A flow cytometry assay to analyze the intake of GFP+ bacteria, shown by the percentage of the GFP+ macrophages (B) and by representative flow charts (C). *p <0.05. N = 5.







NLRP3 depletion promotes growth and metastasis of EMC in vivo

The effect of macrophage-mediated depletion of NLRP3 on tumor growth and metastasis was tested in vivo. Luciferase-transduced HEC-1A cells were subcutaneously transplanted into mice with macrophage-depletion of NLRP3, Lys2-Cre; NLRP3(fx/fx), and control NLRP3(fx/fx). The tumor formation and metastasis were tested after 90 days. We found that NLRP3 depletion in macrophages significantly increased the growth (Figures 5A, B) and metastasis (Figures 5C, D) of the implanted EMC cells in mice.




Figure 5 | NLRP3 depletion promotes growth and metastasis of EMC in vivo. Luciferase-transduced HEC-1A cells were subcutaneously transplanted into mice with macrophage-depletion of NLRP3, Lys2-Cre; NLRP3(fx/fx) and control NLRP3(fx/fx). The tumor formation and metastasis were tested after 90 days. (A, B) Bioluminescence in a luciferin assay, shown by representative images (A) and by quantification (B). (C) Incidence of lung metastasis. (D) Flow cytometry analysis for cytotoxic CD3+CD8+ T cells in tumors. Arrows pointed to lung tissue, and arrowheads pointed to a metastatic tumor in the lung. *p <0.05. N = 10 in each group. Scale bars are 100 µm.







NLRP3-depletion induced M2 macrophage polarization reduces cytotoxic T cells in vivo

Finally, we investigated the underlying mechanisms. We found that tumor implantation into macrophagic NLRP3-depleted mice significantly reduced CD163-CD68+ M1 macrophages and significantly increased CD163+CD68+ M2 macrophages compared to tumor implantation into control mice (Figures 6A, B). Moreover, the shift in macrophage polarization in macrophagic NLRP3-depleted mice resulted in a significant reduction in CD3+CD8+ cytotoxic T cells, the main cancer killer cells (Figures 6C, D). Together, our data suggest that reduced oxidative stress caused by the loss of NLRP3 polarizes intratumor macrophages to attenuate the immune attack on EMC (Figure 6E).




Figure 6 | NLRP3-depletion-induced M2 macrophage polarization reduces cytotoxic T cells in vivo. The tumor was digested and subjected to flow cytometry analysis. (A, B) FACS for CD68 and CD163, shown by quantification (A) and by representative flow charts (B). (C, D) FACS for CD3 and CD8, shown by quantification (C) and by representative flow charts (D). (E) Schematic of the study, showing that loss of NLRP3 polarizes intratumor macrophages to attenuate the immune attack on EMC both directly and indirectly through regulating cytotoxic T cells. *p <0.05. N = 5.








Discussion

Crosstalk between TAMs and EMC cells orchestrates the tumorigenesis, growth, invasion, and metastasis of EMC (5, 6). However, the molecular signaling underlying this interactive regulation is known to be a complicated and dynamic process but is not well described (21). Importantly, the alteration in the altered genes associated with macrophage polarization resulted in reduced phagocytosis of M1 macrophages and enhanced supportive effects of M2 macrophages on tumor cell growth and metastasis (10). Since both effects are detrimental to the control of EMC, our data suggest that increasing expression of NLRP3 in macrophages may help to suppress the growth and metastasis of EMC.

Controlled by sex steroids, IL-1α is known to play a pivotal role in the carcinogenesis of EMC (22). Here, the reduction in NLRP3 and IL-1β in EMC indicates a possible interaction between IL-1α and IL-1β in EMC since they share the same receptor (IL-1R1) on the endometrium (22). Moreover, as the affinity for IL-1R1 of IL-1α and IL-1β is different, their competition for binding IL-1R1 may result in a change in downstream signaling, which affects the tumorigenesis of EMC (23).

The oxidation of tumor cells, also known as oxidative stress, can have a significant impact on tumor growth and invasion (24), and was found here to be regulated by NLRP3 in intratumoral macrophages. Additionally, oxidative stress can also activate signaling pathways that regulate cell proliferation, survival, and migration (25), all of which are key processes in tumor-associated angiogenesis, tumor growth and invasion. Since here we found that NLRP3-controlled oxidative stress regulated macrophage polarization, it suggests that NLRP3 expression in TAMs may affect the behavior of immune cells to regulate the tumor microenvironment, promoting inflammation and immune suppression, both of which can contribute to tumor growth, and invasion (26). On the other hand, it is also worth mentioning that oxidative stress can trigger cellular stress responses and apoptosis, leading to the death of damaged or mutated cells and inhibiting tumor growth and invasion (26). Thus, the impact of oxidative stress on tumor growth and invasion is complex and can have both promoting and inhibiting effects, depending on the specific context and type of tumor. ROS and MPO (myeloperoxidase) are two biologically important molecules that are related in the context of inflammation and oxidative stress (27). ROS are highly reactive, short-lived molecules that are produced because of cellular metabolism and exposure to environmental stressors (27). MPO is an enzyme that is expressed and produced by immune cells such as neutrophils and monocytes and is involved in the generation of ROS (27). In the context of inflammation and oxidative stress, MPO can convert hydrogen peroxide (H2O2) into highly reactive and toxic molecules such as hypochlorite (ClO−) and chloramines, which contribute to tissue damage and oxidative stress (27). This process can lead to the production of additional ROS, amplifying the oxidative stress response (27). Since we found that ROS expression is reduced in NLRP3-depleted macrophages, it may be interesting to examine the changes in MPO in a future study.

The Toll-like receptor 4 (TLR4) and nuclear factor kappa B (NF-kB) pathways play a crucial role in the innate immune response to bacterial LPS (28). This pathway is activated when TLR4 recognizes LPS and triggers NF-kB, which then regulates the expression of pro-inflammatory cytokines and other genes involved in the immune response, likely through the NLRP3 protein (28). In the absence of NLRP3, the activation of the TLR4/NF-kB pathway in macrophages may be diminished or altered, leading to changes in the expression of pro-inflammatory cytokines and other immune response genes (28). This could be one of the molecular mechanisms underlying the impact of NLRP3 depletion on macrophages and its effect on cancer biology, as observed in this study.

Interestingly, here we also found that macrophage-depletion of NLRP3 significantly reduced cytotoxic T cells in the EMC tumor, likely due to the altered interaction between TAMs and lymphocytes (29), which is consistent with a previous study that demonstrated a role of macrophagic NLRP3 signaling in regulation of T-cell differentiation and a phenotypic shift between tumor-suppressing type 1 T helper cells and tumor-promoting type 2 T helper cells (30). Indeed, T cells play a critical role in the immune response to cancer. Moreover, CD4+ T cells can differentiate into various subpopulations with distinct functions, including Th17 cells and regulatory T cells (Tregs). Th17 cells promote inflammation and stimulate the immune system to attack cancer cells, while Tregs suppress immune responses and promote immune tolerance. The balance between Th17 and Treg cells in the tumor microenvironment can impact the outcome of cancer development and progression through their crosstalk with macrophages. Understanding the dynamics and modulation of these T-cell subpopulations and their interaction with macrophages is important for the development of immunotherapeutic strategies against cancer. A future study may address the crosstalk between macrophages and T cells through NLRP3 signaling in EMC to fully understand the role of oxidative stress in tumorigenesis and to develop new strategies for targeting oxidative stress in the treatment of EMC.
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Background

Cardiac arrhythmia is a common disease associated with high mortality and morbidity. Circulating leukocyte counts, which serve as a biomarker for assessing systemic immune status, have been linked to arrhythmias in observational studies. However, observational studies are plagued by confounding factors and reverse causality, whether alterations in circulating leukocyte components are causally associated with arrhythmias remains uncertain. The present study explored this question based on genetic evidence.





Methods and findings

We performed Mendelian randomization (MR) analysis to evaluate whether alterations in leukocyte counts affect aggregated risk of all types of arrhythmia or risk of five specific types of arrhythmia. Single-nucleotide polymorphisms serving as proxies for leukocyte differential counts were retrieved from the Blood Cell Consortium, and statistical data on arrhythmias were obtained from the UK Biobank), FinnGenand a meta-analysis of genome-wide association studies for atrial fibrillation. We applied inverse variance-weighted method as the primary analysis, complemented by a series of sensitivity analyses. Bidirectional analyses were conducted to assess reverse causality. Finally, multivariable MR was performed to study the joint effects of multiple risk factors. We found that genetically predicted differential leukocyte counts were not significantly associated with aggregated occurrence of all types of arrhythmia. In contrast, each 1-standard deviation increase in lymphocyte count was associated with 46% higher risk of atrioventricular block (OR 1.46, 95% CI 1.11–1.93, p=0.0065). A similar effect size was observed across all MR sensitivity analyses, with no evidence of horizontal pleiotropy. Reverse MR analysis suggested that atrioventricular block was unlikely to cause changes in lymphocyte count. Primary MR analysis based on the inverse-variance weighted method suggested that changes in neutrophil count alter risk of right bundle branch block, and changes in basophil count alter risk of atrial fibrillation. However, these causal relationships were not robust in sensitivity analyses. We found no compelling evidence that neutrophil or lymphocyte counts cause atrial fibrillation.





Conclusion

Our data support higher lymphocyte count as a causal risk factor for atrioventricular block. These results highlight the importance of immune cells in the pathogenesis of specific cardiac conduction disorders.





Keywords: leukocyte, lymphocyte, arrhythmia, atrioventricular block, Mendelian randomization




1 Introduction

Cardiac arrhythmia, a condition in which the heartbeat is irregular, too fast or too slow, is a relatively common heart disease. Some arrhythmias are brief and asymptomatic, while others are persistent and can lead to hemodynamic instability, thromboembolic events, and even cardiac sudden death, imposing a significant burden on healthcare systems. However, evidence on how to effectively prevent and treat arrhythmias, thus far, has been limited.

Although how exactly leukocytes participate in arrhythmogenesis is not fully understood, it is generally accepted that leukocytes might contribute to arrhythmia either directly through coupling to cardiomyocytes, or indirectly by producing cytokines and antibodies (1). Neutrophils, which are rarely found in the healthy myocardium, are rapidly recruited to the heart in response to stress signals, and they exert the arrhythmogenic effect by releasing myeloperoxidase (2) and lipocalin (3), promoting oxidative stress and interstitial fibrosis. Monocytes/macrophages are the most numerous leukocytes in the heart, and can effectively clear dysfunctional mitochondria, apoptotic cells and debris, thus preventing ventricular tachycardia and fibrillation after myocardial infarction (3). However, macrophages can also secrete cytokines like IL-1β, which then prolong the action potential duration of cardiomyocytes and induces arrhythmias (4). Recent research has uncovered a non-canonical leukocyte function for macrophages in cardiac electrical conduction, demonstrating that they can directly couple to conducting cardiomyocytes via gap junctions containing Cx43, altering their electrical properties (5). T lymphocytes elicit cell-mediated immunity, and subsets of T lymphocytes may produce cytokines like IFN-γ, IL-2 or IL-17, exacerbating the neutrophilic inflammation, then promote micro-scar formation among myocardial tissue, leading to insulating fibrosis (6). B lymphocytes can promote cardiac arrhythmias by means of autoantibodies targeting specific calcium, potassium, or sodium channels on the surface of cardiomyocytes (7). Last, less is known about the function of basophils and eosinophils in arrhythmias, but recent experimental data highlight that basophil-derived IL-14 plays an essential role in the heart, by balancing macrophage polarization. While eosinophils may play an anti-inflammatory and cardioprotective role after myocardial infarction, reducing cardiomyocyte death and inflammatory cell accumulation (8, 9). Due to these pioneering works, researchers have attempted to integrate electrophysiology and immunology, and a new terminology “immuno-cardiac electrophysiology” was introduced to highlight the emerging essential role of immune cells in arrhythmias (1, 10, 11).

Circulating leukocytes are crude markers of the systemic immunological status of individuals, and they can modulate local inflammatory responses. Cellular numbers are the most critical parameter for homeostasis of circulating immune cells. So far, some cross-sectional clinical surveys have linked circulating leukocyte counts to incidence of cardiac arrhythmias. In the CALIBER study of 775,231 individuals, high neutrophil count (12), low eosinophil count, and low lymphocyte count (13) were associated with ventricular arrhythmia. In the Framingham Heart Study, white blood cell counts correlated with risk of atrial fibrillation (14). Other studies have linked risk of atrial fibrillation to eosinophil count (15) and proportion of monocyte subsets (16). However, that literature does not definitively establish a role for leukocyte counts in the pathogenesis of arrhythmias because observational studies are prone to residual unmeasured confounding and reverse causation. Of particular concern is the potential for reverse causation. Atrial fibrillation itself might promote systemic inflammation during atrial remodeling and induce a spurious inverse association. In addition, observational studies have come to conflicting conclusions about the association of leukocyte counts with supraventricular tachycardia (17, 18). Therefore, evidence from observational studies alone is insufficient. The causal effect of leukocyte counts on the risk of arrhythmias remains unknown. And additional studies are needed to characterize the role of each immune cell subtype in different types of arrhythmias. Addressing these causal questions can accelerate the discovery of mechanisms underlying disease and open new prevention and treatment avenues.

Mendelian randomization (MR) is an epidemiologic approach that strives to address some key limitations of observational studies, such as confounding and reverse causation (19). It uses genetic variants, usually single-nucleotide polymorphisms (SNPs), as proxies for clinical interventions (as a result of exposure) in order to assess whether the genetic variants are associated with the outcome. In this way, MR supports inferences about causality (20), placing it at the interface between traditional observational epidemiology and interventional trials (21). MR should be robust to confounders, given that alleles are randomly distributed at conception, and it should be robust to reverse causation, since an individual’s genetic code is fixed at birth, before the outcome of interest. In the present study, two-sample MR was used to estimate whether leukocyte counts cause changes in arrhythmia risk, based on summary data in genome-wide association studies (GWAS).




2 Methods



2.1 Study design

For the current study, we conducted two-sample MR analysis of circulating leukocyte counts on arrhythmias using data from publicly available GWAS. The five subtypes of leukocytes were considered: neutrophils, eosinophils, basophils, monocytes, and lymphocytes. Arrythmia was defined as all types in aggregate or as one of the following five specific types: atrial fibrillation, atrioventricular block, left bundle branch block (LBBB), right bundle branch block (RBBB), and paroxysmal tachycardia.

All study procedures were performed in accordance with the World Medical Association Declaration of Helsinki ethical principles for medical research. Ethics approval was considered unnecessary for the present study because the included GWAS reported appropriate ethical approval from their respective institutions, and the present analyses were performed only on summary-level data.




2.2 Selection of genetic instruments for circulating leukocyte counts

We extracted summary statistics from the largest meta-analyzed GWAS data provided by the Blood Cell Consortium (22). The Blood Cell Consortium Phase 2 includes 563,946 European participants from 26 GWAS cohorts, after excluding patients with blood cancer, acute medical/surgical illness, myelodysplastic syndrome, bone marrow transplant, congenital/hereditary anemia, HIV, end-stage kidney disease, splenectomy, cirrhosis or extreme blood cell counts. An overview of the data sources is provided in Supplementary Table S1, and more detail is available in the original article (23).

SNPs associated with the counts of the five leukocyte counts were selected at the genome-wide significance level (P<5×10–8) and defined as genetic instruments. To ensure that SNPs were independent, a clumping procedure was performed, and the SNPs were pruned at a stringent linkage disequilibrium (LD) of R2 < 0.001 within a 10,000-kb window.

The proportions of variance in respective leukocyte counts explained by the selected SNPs were estimated (Supplementary Table S2), and F-statistics were calculated as measures of instrument strength (24). The F value for all genetic instruments was > 10, ensuring that weak bias would be <10% at least 95% of the time (Supplementary Table S2).




2.3 Data sources for arrhythmia

To more thoroughly evaluate the association of leukocyte counts and the risk of arrhythmias, we aimed to include all eligible GWAS of arrhythmias by extensively searching the public Integrative Epidemiology Unit (IEU) GWAS database (https://gwas.mrcieu.ac.uk/). We selected GWAS with the largest samples, leading to seven GWAS whose summary statistics for different types of arrhythmias were used in the present study.

Genetic association estimates for the outcome of all types of arrhythmia were obtained from the UK Biobank (UK Biobank field ID 20002, value 1077), based on the UKB GWAS pipeline set up for the MRC IEU. We restricted the analytical cohort to individuals of European descent. Individuals with cardiac arrhythmia were identified via self-report during a face-to-face interview with a trained nurse. The GWAS dataset on atrial fibrillation was obtained from a meta-analysis comprising 1,030,836 participants of European ancestry (25). Cases of atrial fibrillation were defined as those patients with paroxysmal atrial fibrillation, permanent atrial fibrillation, or atrial flutter. Summary data for the other four types of arrhythmias (atrioventricular block, LBBB, RBBB, and paroxysmal tachycardia) were retrieved from the FinnGen project (release 2), where cases were defined as those assigned the corresponding ICD-10 diagnosis codes. Specifically, cases of atrioventricular block were defined as patients with first degree (ICD10:I440), second degree (I441), third degree atrioventricular block (I442) or other unspecified atrioventricular block (I443). LBBB included left anterior fascicular block (I444), left posterior fascicular block(I445), other fascicular block (I446) and unspecified LBBB (I447). While RBBB inlcuded right fascicular block (I450) and other RBBB (I451). And the term paroxysmal tachycardia referred to re-entry ventricular, supraventricular, ventricular tachycardia and unspecified paroxysmal tachycardia (I47). The FinnGen project included 102,739 Finnish participants and combined genetic data from Finnish biobanks and health records from Finnish health registries. Further details on data sources are included in Supplementary Table S1.

Prior to the MR analyses, we harmonized the SNPs identified from exposure GWAS with SNPs in outcome GWAS in order to align alleles on the same strand.




2.4 Statistical analyses

We used the inverse-variance weighted (IVW) method as the primary analysis. Then we applied a range of sensitivity analyses to assess the robustness of the IVW findings against potential violations, including MR-Egger, weighted median, MR-PRESSO and multivariable MR (MVMR) analyses. Although these methods have relatively low statistical efficiency on their own, they have different theoretical properties to control for different types of biases, and they are robust to certain assumption violations.

The IVW method (random effects model) can provide the greatest statistical power (26), assuming all genetic instruments are valid. This method is equivalent to a weighted linear regression of the SNP-exposure effects against the SNP-outcome effects, with the intercept constrained to zero. Owing to this constraint, it can lead to a relatively high rate of false positives in the presence of horizontal pleiotropy. Cochran’s Q statistic (27) from IVW analysis was used for global heterogeneity testing. Based on the notion that pleiotropy is one of the main sources of heterogeneity, low heterogeneity (Cochran’s Q p > 0.05) implies the minor possibility of pleiotropy.

MR-Egger regression is performed similarly as IVW, except the intercept is not fixed to zero (28). Therefore, the slope coefficient of MR-Egger regression gives an adjusted causal estimate, even when pleiotropy is present. The intercept of MR-Egger regression is an indicator of average pleiotropic effect across the genetic variants. An intercept of zero associated with P > 0.05 was considered evidence for absence of pleiotropic bias.

The weighted median method (29) is a consensus approach that takes the median of the ratio estimate distribution as the overall causal estimate. It has the advantage that it provides unbiased estimates when more than 50% of the weight comes from valid variants. It is less affected when a few genetic variants have pleiotropic effects, and it can be viewed as an implicit outlier removal approach.

The MR-PRESSO (30), a newly proposed MR method, is a variation on the IVW method. MR-PRESSO global test is used to assess the presence of overall horizontal pleiotropy. If pleiotropy is detected, the MR-PRESSO outlier test allows the detection of individual pleiotropic outliers through calculation of the residual sum of squares. Finally, the causal estimate is obtained by applying the IVW method to the genetic variants remaining after exclusion of outliers.

Steiger filtering (31), which computes the amount of variance each SNP explains in the exposure and in the outcome variable, identifies variant instruments that are likely to reflect reverse causation.

When significant horizontal pleiotropy was detected, we also used Cook’s distance to identify outliers. Cook’s distance identifies SNPs that exert disproportionate influences on the overall estimates as outliers.

MVMR, an extension of the standard MR approach, considers multiple correlated exposures within a single model, allowing the disentanglement of independent associations of each exposure with the outcome. This method was performed while considering associations of SNPs with diabetes mellitus (DM), hypertension, and coronary artery disease (CAD) as covariates in order to estimate the direct effects of leukocyte counts independently of risk factors known to influence risk of arrhythmia. Given the strong correlations between leukocyte subtypes, we also performed MVMR to determine the effect of each of the five leukocyte subtypes separately on arrhythmia, after adjusting for the effects of the other four subtypes.

We performed reverse-direction MR analysis to evaluate whether there is genetic evidence for the possibility that arrhythmia alters circulating leukocyte counts. Because we detected few genome-wide significant SNPs for arrhythmias (defined as p < 5×10–8), we used a less stringent statistical threshold (p<1×10–5) to select genetic instruments (32). In fact, we were unable to detect eligible SNPs associated with the aggregated occurrence of all types of arrhythmia, even at the suggestive level of p < 1×10–5, so this outcome was not included in the analysis. In this reverse-direction analysis, IVW, MR-Egger and weighted median analyses were performed as described above.

All statistical analyses were conducted using the TwoSampleMR, MendelianRandomization, and MR-PRESSO packages in R (version 4.0.3). Effect estimates for dichotomous outcomes were reported as odds ratios (ORs) with corresponding 95% confidence intervals (CIs).




2.5 Interpretation of results

Normally, Bonferroni-corrected p values are used to adjust for multiple testing. However, given the large number of arrhythmia outcomes and leukocyte counts in the study, we judged this correction procedure to be unnecessarily conservative (33). Therefore, we applied the conventional p value threshold of 0.05, and we interpreted p values near 0.05 with caution.

We considered casual associations to be strongly supported if the following four criteria were satisfied. (1) Primary IVW analysis gave a statistically significant causal estimate (p < 0.05). (2) All sensitivity analyses yielded concordant estimates, despite making different assumptions. (3) No evidence of unbalanced horizontal pleiotropy was observed, defined as p >0.05 for Cochran’s Q statistic, MR–Egger intercept test and MR-PRESSO global pleiotropy test. (4) No evidence of reverse causation from arrhythmias to leukocyte differential counts was observed, defined as p > 0.05 in the IVW, MR-Egger, and weighted median analyses in reverse MR analysis.





3 Results



3.1 Circulating leukocyte counts and heart arrhythmias: Primary results

First, we investigated the causal effect of each leukocyte subtype count on arrhythmias using IVW methods with multiplicative random effects. The IVW approach is recommended as the primary method in MR analysis because it is optimally efficient when all genetic variants are valid (34). The results of IVW analysis are presented in Figure 1.




Figure 1 | Mendelian randomization (MR) estimates derived from the inverse-variance weighted (IVW) method to assess the causal effect of genetically predicted differential leukocyte counts on arrhythmias. Statistical significance was defined as p<0.05. LBBB, left bundle-branch block; RBBB, right bundle-branch block; OR, odds ratio; CI, confidence interval.



We did not find clear evidence supporting causal effects of any leukocyte subtype counts on the overall occurrence of all-type arrhythmia (Figure 1). Nevertheless, there was evidence that different leukocyte subtype counts causally affected three specific types of arrhythmias. A genetically estimated 1-standard deviation increase in lymphocyte count was associated with 46% higher risk of atrioventricular block (OR 1.46, 95% CI 1.11–1.93, p=0.0065). We also found moderate evidence for causal effects of basophil count on atrial fibrillation (OR 1.08, 95% CI 1.01–1.58, p=0.0237), and neutrophil count on RBBB (OR 2.32, 95% CI 1.11–4.86, p=0.0259). No significant associations were observed for the other outcomes.




3.2 Sensitivity analyses of positive results

We assessed the robustness of the significant causal estimates from the above IVW analysis using sensitivity analyses. These sensitivity analyses are generally considered less powerful than the conventional IVW approach, but robust to different forms of biases (see Methods). Therefore we conducted MR-Egger, MR-PRESSO, weighted median, Steiger filtering and multivariable MR analyses on the following three combinations of exposure and outcome: (1) lymphocyte count and atrioventricular block, (2) neutrophil count and RBBB, and (3) basophil count and atrial fibrillation.



3.2.1 Lymphocyte count and atrioventricular block

Sensitivity analyses supported the causal link between lymphocyte count and atrioventricular block (Figure 2): the MR-Egger approach indicated an OR 1.95 (95% CI 1.12-3.39; p=0.019), and the weighted median approach indicated an OR 1.76 (95% CI 1.20-2.78; p=0.015). With respect to pleiotropy detection, Cochran’s Q test gave a p value of 0.586, suggesting no evidence of heterogeneity between genetic instruments and therefore no pleiotropy. Similarly, bias due to pleiotropy was not detectable in the IVW analyses, based on a p value of 0.249 for the MR-Egger intercept test and p value of 0.566 for MR-PRESSO global pleiotropy test. Additionally, the absence of outliers detected through the Steiger filtering reinforced this conclusion (Supplementary Table S3).




Figure 2 | Sensitivity analyses of the causal association between lymphocyte count and risk of atrioventricular block using MR-Egger, weighted median, MR-PRESSO and multivariable MR (MVMR) analyses. *No outlier was detected. Statistical significance was defined as p<0.05.



Using MVMR analysis, we confirmed this causal relationship after adjusting for risk factors of arrhythmia (CAD, DM and hypertension) and for effects from the other four subtypes of leukocytes (Figure 2).




3.2.2 Neutrophil count and RBBB

The weighted median method (OR 3.40, 95% CI 1.02–11.28; p=0.049) and MR-Egger method (OR 3.13, 95% CI 0.64–15.32; p=0.158) produced results similar with those of the primary IVW analysis (Figure 3). But these CIs were wide and the p values near 0.05 or above 0.05, likely due to lack of statistical power. There was no indication of heterogeneity or pleiotropy in the corresponding Cochran’s Q test (p =0.200), MR-Egger intercept test (p=0. 674) or MR-PRESSO global pleiotropy test (p=0.209). And Steiger filtering did not detect any outliers (Supplementary Table S3). In MVMR analysis, accounting for counts of lymphocytes and eosinophils abolished the direct effect of neutrophil count on RBBB (Figure 2). Together, these analyses suggest no direct, independent effect of neutrophil counts on the risk of RBBB.




Figure 3 | Sensitivity analyses of the causal association between neutrophil count and risk of RBBB using MR-Egger, weighted median, MR-PRESSO and MVMR analyses. *No outlier was detected. Statistical significance was defined as p<0.05.






3.2.3 Basophil count and atrial fibrillation

For basophil count and atrial fibrillation, the issue of horizontal pleiotropy is a particular concern (Figure 4). Although the intercept estimated from the MR-Egger regression was centered around zero (−0.0004, p=0.801), and Steiger filtering did not identify any outliers (Supplementary Table S3), we determined the presence of overall horizontal pleiotropy among all genetic instruments using MR-PRESSO (global pleiotropy p<0.001). After removing five outlier SNPs, the causal estimate of basophil count on atrial fibrillation no longer achieved statistical significance (MR-PRESSO outlier correction p=0.106). Similarly, effect estimates from MR-Egger and weighted median analyses were not significant. In conclusion, these analyses suggest that the estimate from IVW analysis may be strongly affected by pleiotropy, and that no compelling evidence exists in support of a causal association between basophil count and atrial fibrillation.




Figure 4 | Sensitivity MR analyses of the causal association between basophil count and risk of atrial fibrillation using MR-Egger, weighted median, MR-PRESSO and MVMR analyses. Statistical significance was defined as p<0.05.







3.3 Sensitivity analyses of negative results

To reduce the incidence of false negative findings, sensitivity analyses (MR-Egger, weighted median, Steiger filtering, MR-PRESSO) were also performed to assess the validity of negative results. Empirically, we focused on the causal relationships of lymphocyte count or neutrophil count with atrial fibrillation.

For lymphocyte count and atrial fibrillation, both MR-Egger and MR-PRESSO methods gave negative, non-significant estimates similar to those of the IVW analysis (Table 1). Only weighted median analysis showed a significant, albeit small, effect. Steiger filtering identified one outlier SNP, but the results of above analysis remained essentially unchanged after removing the outlier (Supplementary Table S3). The finding from weighted median analysis alone is insufficient evidence. Overall, we conclude the absence of strong evidence for a causal association between lymphocyte count and risk of atrial fibrillation.


Table 1 | Sensitivity MR analyses evaluating the causal effects of neutrophil and lymphocyte counts on atrial fibrillation.



For neutrophil count and atrial fibrillation, the MR-Egger and weighted median analyses showed a statistically significant causal estimate, which was inconsistent with the IVW analysis (Table 1). These two methods are perceived as methods that have natural robustness to pleiotropy. Meanwhile, we found evidence of pleiotropy based on the p values for the MR-Egger intercept test (p=0.013) and MR-PRESSO global pleiotropy test(p<0.001), as well as evidence of substantial heterogeneity based on the p value for Cochran’s Q statistic (p<0.001). We suspect that pleiotropy biased the effect estimate towards null in the IVW analysis, even if pleiotropy more often biases estimates away from null. To remove potential pleiotropy as much as possible, we applied two additional different methods(MR-PRESSO outlier test and Cook’s distance) to further determine and exclude potential outliers. Using MR-PRESSO and Cook’s distance, we identified 9 and 19 outliers, respectively. After removing the outlier SNPs, the causal estimates still did not reach statistical significance (Table 1). In fact, the estimates were even smaller than before. Taken together, our analyses indicate no compelling evidence for a causal effect of neutrophil count on atrial fibrillation.

Sensitivity analyses of the other 29 exposure-outcome combinations yielded negative findings similar to those of the IVW analyses (Supplementary Table S4).




3.4 Reverse MR analysis to assess the effect of arrhythmias on leukocyte counts

To examine the possibility that reverse causation could be driving our findings, we performed extensive reverse MR analysis in which the risk of arrhythmia was the exposure and counts of the five leukocyte subtypes were the outcome. Although the IVW analysis showed that atrial fibrillation, paroxysmal tachycardia, LBBB and RBBB all had effects on the differential leukocyte counts, the effect sizes were so small that their practical significance is highly questionable (Supplementary Table S5). Moreover, these causal effects did not achieve statistical significance in either MR-Egger or weighted median analysis (Supplementary Table S5). Therefore, we did not found any robust evidence of reverse associations. In particular, we did not observe causal effects of atrioventricular block on lymphocyte count in IVW method (OR 1.001, 95% CI 0.998–1.004; Pp=0.44) (Supplementary Table S5). Similar results were observed in MR-Egger and weighted median analyses (Supplementary Table S5).





4 Discussion

In this study, using large publicly available genomic datasets, we conducted MR analyses to investigate the causal effects of leukocyte counts on different types of arrhythmias. Our principal findings are that genetically determined high lymphocyte count increases risk of atrioventricular block. In contrast, we did not detect a significant causal effect of either neutrophil or lymphocyte count on risk of atrial fibrillation. Although sparse observational studies have reported relationships between leukocyte counts and some types of arrhythmias, the unique contribution of the present study is that we precisely investigated the association of each differential leukocyte count with five specific types of arrhythmias. In addition, we used MR methods, which help to minimize bias due to confounding factors and reverse causation, allowing us to draw conclusions about causal relationships, not merely associations.

Diversity is an intrinsic characteristic of the immune system, which exerts an important influence on an individual’s risk of developing immune mediated diseases. Although the abundance of circulating immune cells is particularly prone to change in the context of infection or injury, it has been demonstrated to be highly variable even among “healthy” individuals (35). Moreover, evidence has suggested that immune cell composition is associated with risks of cancer (36) and cardiovascular disease (12) among healthy people without prior corresponding diseases, although the exact causal relationship between immune cell composition changes and disease remains unclear. The analyses in the present study were carried out on data in the Blood Cell Consortium, for which mean leukocyte counts were within the normal range (22). Thus, our results may support the potential of leukocyte counts for predicting assessing arrhythmia risk in disease-free individuals.

High-degree atrioventricular block is the leading reason for pacemaker implantation. First-degree atrioventricular block, previously thought to be associated with a favorable prognosis, may actually be linked to adverse cardiovascular outcomes and increased mortality (37). However, due to the unknown mechanism of atrioventricular block, prevention and non-invasive treatment strategies are largely lacking in clinical practice. In particular, whether changes in circulating leukocyte components affect the risk of developing atrioventricular block remains unclear, as is the question of which types of leukocyte exert greater influence on atrioventricular block. Macrophages have been implicated in the disorder: they are abundant at the atrioventricular node and affect its physiological function though electrical coupling with cardiomyocytes (5). However, the current study did not find evidence supporting a causal effect of circulating monocyte count on atrioventricular block. We assume that this discrepancy stems from the fact that most cardiac macrophages, especially those resident in the atrioventricular node, populate the heart during embryogenesis and self-maintain locally with minimal exchange with the population of circulating monocytes (5, 38). On the other hand, our results revealed that genetically determined high lymphocyte count increases the risk of atrioventricular block. To the best of our knowledge, data on the impact of lymphocyte on atrioventricular block are scarce. The etiology of atrioventricular block is related to fibrosis of the conduction system (39), electrical remodeling of atrioventricular node myocytes (40, 41), and elevated vagal tone (42). Depending on the types of cells involved, it is speculated that lymphocytes may affect atrioventricular conduction in various ways. For instance, by secreting cytokines, lymphocytes can regulate monocyte/macrophage recruitment and differentiation (43). As previously mentioned, macrophages can directly affect the action potential of cardiomyocytes through gap junctions (5). Additionally, lymphocytes can promote fibroblast activation by secreting inflammatory mediators (44), leading to fibrosis in the atrioventricular node area and subsequent electrical isolation. Moreover, it may be possible that during cardiac injury, endogenous antigens in the conduction system are exposed, triggering the proliferation of autoreactive T and B cells and subsequent damage to atrioventricular node myocytes. Finally, it is worth investigating whether lymphocytes can directly couple to cardiomyocytes or produce autoantibodies that cross-react with ion channels in cardiomyocytes and ultimately affect their action potential. In conclusion, our results justify detailed studies into the role of lymphocytes in the pathogenesis of atrioventricular block, as well as their utility as a biomarker in disease risk assessment. Atrial fibrillation is the most common arrhythmia, and it increases the risk of stroke, heart failure and mortality (45). Previous observational studies have reported links between the disorder and high ratios of circulating neutrophils to lymphocytes (46, 47). Animal studies further support that atrial fibrillation involves atrial infiltration by neutrophils (48). However, we did not find any significant association between genetically predicted neutrophil or lymphocyte counts and atrial fibrillation. In particular, although our effect estimates for neutrophil counts were directionally concordant with the results from observational studies, the effect sizes were small and the CIs wide. These findings, coupled with inconsistent estimates from our various sensitivity analyses, lead us to conclude that genetically determined neutrophil counts do not substantially influence risk of atrial fibrillation. One potential reason for the differences between our work and previous epidemiological studies is that our MR analysis evaluated how lifelong exposure to increased leukocyte counts affected risk of atrial fibrillation (21). In contrast, observational studies typically have limited follow-up and may focus on short-term effects of leukocyte counts on the risk of postoperative atrial fibrillation (49). This study has limitations worth considering. First, it was restricted to a population of European descent for the sake of genetic homogeneity, so its generalizability to other ethnic groups is unclear. Second, lymphocytes are a diverse population of cells that have distinct phenotypic and functional properties. The aggregated count of all lymphocytes is far from fully representing the heterogeneous changes of lymphocyte subpopulations. Future studies should examine specific subsets of circulating lymphocytes, such as through fluorescence-activated cell sorting. Third, we were unable to distinguish different subtype of each kind of arrhythmias in our analysis, due to the lack of detailed original GWAS data. Fourth, no MR analysis can entirely exclude the influence of pleiotropic effects. Nevertheless, the observed consistency of effect estimates across multiple sensitivity analyses implies minimal confounding and bias. Fifth, this study did not encompass ventricular tachycardia or ventricular fibrillation, as large-scale population-based GWAS summary statistics on ventricular arrhythmias are currently unavailable. Recruiting patients with ventricular fibrillation in the setting of acute myocardial infarction is challenging when compared to the ease of recruitment of atrial fibrillation patients (50). Existing GWAS primarily focus on electrophysiological parameters that highly correlated with ventricular tachyarrhythmia, such as PR interval (51), QT interval (50, 52), or specific diseases like Brugada syndrome (53) or long QT syndrome (54), which are predominantly characterized by ventricular arrhythmias. Sixth, the “all types of arrhythmias” analyzed in the study represent a collection of phenotypes. It may introduce composition bias. This is because the proportion of each arrhythmia in the dataset is unknown, and changes in the proportion can significantly impact the causal effects, thereby reducing reproducibility. Furthermore, if the causal effects of leukocytes are opposite on different types of arrhythmias, they may mutually cancel out, resulting in inaccurate findings.




5 Conclusion

In conclusion, our study provides strong evidence of a causal effect of genetically high lymphocyte count on the risk of atrioventricular block. We failed to find evidence supporting a causal effect of lymphocyte or neutrophil count on atrial fibrillation. Our results provide insights into the role of systemic immune changes in the pathogenesis of arrhythmias.
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Introduction

Lung metastasis occurs in parts of the bladder carcinoma (BC) patients but represents the highest severity and a poor outcome of the disease. The molecular mechanism underlying lung metastasis of BC is not fully understood. Fibroblast growth factor receptor 2 (FGFR2) signaling plays a substantial role in the BC cell growth and invasion. In this study, we assessed the regulation of the alternative splicing of FGFR2 by epithelial splicing regulatory proteins (ESRPs) in lung metastasis of BC.





Methods

Gene profile of BC in comparison with adjacent non-tumor bladder tissue was obtained from GEO public database to analyze the levels of differentiated genes and pathways. Moreover, the association of ESRP1 or ESRP2 with lung metastasis of BC was analyzed on our own clinic samples. The effects of altered expression of ESRP1 or ESRP2 on alternative splicing of FGFR2 IIIb and IIIc, which represents epithelial and mesenchymal-like splicing, were analyzed on BC cell lines T24 and RT4. The in vivo effects of ESRP1 or ESRP2 on lung metastasis of BC were assessed in mice subcutaneously grafted with ESRP1/2-modified BC labeled with fluorescent and luciferase reporters.





Results

We detected significant reduction of ESRP1 and ESRP2 in BC in public database of BC specimens. Moreover, analysis on our own specimens also showed strong downregulation of ESRP1 or ESRP2 in BC, and the latter was more pronounced in cases with lung metastasis. In vitro, altered levels of ESRP1 or ESRP2 caused a switch of FGFR2 splicing between FGFR2-IIIb and FGFR2-IIIc, resulting in changes in tumor cell growth and metastatic potential. In vivo, re-expression of ESRP1 or ESRP2 in BC cells not only inhibited the growth of the xenografted tumor formation in nude mice, but also reduced the occurrence of lung metastasis, partially through altering polarization of tumor-associated macrophages.





Conclusion

Our data thus suggest that reduction in ESRP1 or ESRP2 promotes lung metastasis of BC through altering FGFR2 splicing and macrophage polarization.
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Introduction

Among all common noncutaneous malignancies, bladder carcinoma (BC) is the fourth prevalent one in all patients from the United States, and a subset of BC can progress to a severe muscle invasive form, leading to distal metastasis to other organs, including liver, lung, bone and mediastinum (1). BC with lung metastasis typically have poor outcome and 5-year survival of the patients. Specifically, lung metastasis of BC occurs in parts of the patients but represents the highest severity of the disease (2). Epithelial-to-mesenchymal transition (EMT) allows the epithelial cells to increase their migratory and invasive potential to become mesenchymal cells through losing cellular polarity and cell-cell adhesion (3). EMT is the key step in the initiation of cancer metastasis, and it allows the tumor cells to detach from the mass, invade peripheral tissue and even move to distal organs, like lung (4). However, the molecular mechanism underlying lung metastasis of BC is not fully understood (5–7).

Fibroblast growth factor receptor 2 (FGFR2) signaling plays a substantial role in the BC cell growth and invasion (8). Alternative splicing is a process that mediates differential insert of exons into a mature mRNA transcript to allow generation of different mRNAs from a single gene and to result in producing distinct protein isoforms (9). There are two major splicing isoforms of FGFR2, known as FGFR2IIIb and FGFR2IIIc, that differ in their extracellular domains (9). The FGFR2IIIb isoform is primarily expressed in epithelial cells, while FGFR2IIIc is more common in mesenchymal cells (9). Alternative splicing of the FGFR2 gene produces various isoforms that exhibit distinct properties in terms of ligand binding and downstream signaling (9). Recently, epithelial splicing regulatory proteins (ESRPs) have been shown to regulate the alternative splicing of FGFR2 to affect EMT-associated cancer cell metastasis in pancreatic cancer (10), non-small cell carcinoma (11, 12) and colorectal carcinoma (13). However, a role of ESRPs in BC-associated lung metastasis has not been studied. Moreover, the mechanism was unknown.

The alternative splicing of FGFR2 has been implicated in affecting macrophage polarization, which refers to the process by which macrophages can switch between different functional states in response to signals in their microenvironment (14). Macrophages are a type of immune cell that can adopt either a pro-inflammatory or anti-inflammatory phenotype, depending on the signals they receive (15). Pro-inflammatory macrophages (also known as M1 macrophages) are activated in response to infectious agents or tissue damage and play a role in the clearance of pathogens and promotion of tissue repair (16). Anti-inflammatory macrophages (also known as M2 macrophages) are activated in response to signals such as cytokines, growth factors, and metabolic changes, and are thought to play a role in tissue remodeling, angiogenesis, and suppression of immune responses (17). TAMs are more M2-like macrophages (17). Studies have shown that alternative splicing of FGFR2 can impact the polarization of macrophages, by altering the expression and activity of the receptor (14).

Tumor-associated macrophages (TAMs) are a type of immune cell that are commonly found in the microenvironment of many types of solid tumors (18). TAMs are thought to play a complex role in the progression of cancer, with some studies suggesting that they can both promote and suppress tumor growth (19). TAMs can be activated by cytokines and growth factors produced in the tumor microenvironment (18). Once activated, TAMs can secrete various cytokines and growth factors that can promote angiogenesis, immune suppression, and other processes that contribute to tumor growth and progression (18). TAMs have been implicated in promoting tumor metastasis through several mechanisms. These include promoting angiogenesis, creating an immune-suppressive microenvironment, breaking down the extracellular matrix, and providing direct support to cancer cells by promoting their migration and invasion into surrounding tissues. TAMs secrete cytokines and growth factors that can promote the growth of new blood vessels, which helps create a supportive microenvironment that allows tumor growth and spread. They can also suppress the immune response to tumors and secrete enzymes that break down the extracellular matrix, making it easier for cancer cells to spread. Finally, TAMs physically interact with cancer cells to promote their migration and invasion (18).

In the current study, we detected strong downregulation of ESRP1 and ESRP2 in BC in public database of BC specimens. Moreover, analysis on our own specimens also showed strong downregulation of ESRP1 and ESRP2 in BC, and this downregulation was more pronounced in cases with lung metastasis. In vitro, altered ESRP1 or ESRP2 levels caused a switch of alternative splicing of FGFR2 between FGFR2-IIIb and FGFR2-IIIc, resulting in changes in tumor cell growth and metastatic potential. In vivo, increased ESRP1 or ESRP2 levels in BC cells not only inhibited the growth of the xenografted tumor formation in nude mice, but also reduced the occurrence of lung metastasis, partially through altering polarization of tumor-associated macrophages.





Material and methods




Protocols, patient specimens and experimental design

This study received the official approval from the Ethics Committee of the Shanghai General Hospital. Informed consent was obtained from the patients involved in this study. The BC tissues and normal bladder tissues (NT) were taken from cystectomy. The legitimacy of the observed effects was guaranteed by conducting power calculations (with a significance level of p<0.05) for each experiment to determine the appropriate number of animals to include. To ensure random assignment of experimental units to either the control or treatment group, an allocation concealment technique was employed. By using inbred littermate mice in a specific experiment, the potential for confounding factors was reduced. No animals or experimental units were eliminated during the experiment and all data was included in the analysis.





Cell culture and transfection

Human BC cell lines T24 and RT4 were both purchased from ATCC (American Type Culture Collection, Manassas, VA, USA). T24 originated from an 81-year-old female Caucasian (20), and RT4 was generated from a 65-year-old male Caucasian (21). Both lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen, Shanghai, China), supplemented with 10% fetal bovine serum (FBS, Invitrogen) and 1% penicillin/streptomycin (Invitrogen). The plasmids used in this study were obtained from Origene (Beijing, China) and were transfected into cells using Lipofectamine 2000 (Invitrogen). The amount of plasmid used was 1 µg, which had been previously optimized for our experimental conditions. Cells with a confluency of 70% to 80% were selected for transfection, and successful transfection was confirmed by the expression of the GFP reporter in over 90% of the cells.





In vivo transplantation of BC cells and bioluminescence imaging

After subcutaneous injection of 106 cells into nude mice, tumor growth was monitored and quantified over a period of one month using luminescence levels. The luminescence measurements were obtained using the IVIS imaging system (Xenogen Corp., Alameda, CA, USA), which is capable of non-invasive imaging of biological processes in live animals. In addition to monitoring tumor growth, bioluminescence imaging was also utilized to assess the occurrence of lung metastasis. The resulting images were analyzed and quantified using the Living Image software from Xenogen Corp., which allows for accurate measurement of bioluminescence signal intensity. This approach provided a sensitive and non-invasive means of detecting lung metastasis in the experimental animals.





RNA extraction and quantitative real-time polymerase chain reaction

RNA extraction and RT-qPCR were performed as follows: RNA was extracted using a RNeasy Kit from Qiagen in Shanghai, China. RT-qPCR was done using a SYBR Green PCR Kit from Qiagen and commercially designed primers, also from Qiagen. The RT-qPCR reactions were repeated twice. Gene expression levels were quantified using the 2-△△Ct method, with results presented as relative values after normalization with reference to GAPDH and experimental controls.





Measurement of cell growth and invasion

Cell growth was assessed with a CCK-8 assay (Roche, Indianapolis, IN, USA). Cell migration was measured by a transwell cell migration assay, a commonly used laboratory technique to study the ability of cells to move through a porous membrane. This assay was typically performed to assess the migratory properties of cells, such as their capacity to invade surrounding tissues, or their response to various stimuli. Briefly, cells were seeded in the top chamber of a transwell insert which was separated from the bottom chamber by a porous membrane. The cells migrated to the bottom chamber containing a chemoattractant that promoted cell migration. After 12 hours, the cells that had migrated to the bottom side of the membrane were fixed, stained with crystal violet. The number of invasive cells was quantified by counting the number of cells that had penetrated through the Matrigel-coated membrane and stained with crystal violet. The relative number of invasive cells was determined by comparing the number of invasive cells in experimental samples with control samples.





Flow cytometry

For quantification of GFP+ cells in circulation, mouse blood was withdrawn from the tail and subjected to flow cytometry analysis based on direct fluorescent GFP in Becton flow cytometry machine (BD Biosciences, Shanghai, China). The number of the positive cells was automatically obtained by machine counting. For isolation of macrophages in the tumor, dissected tumor was digested with 0.25% Trypsin (Roche) for 30 minutes before all dissociated cells were incubated with PE-conjugated anti-F4/80 antibody (BD Biosciences) for 15 minutes to label all macrophages for sorting.





Immunostaining

Immunocytochemistry and immunohistochemistry were done with primary antibodies including rabbit anti-ESRP1 and anti-ESRP2 (1:100; Abnova, Taiwan). The secondary antibody used a either cy3- or HRP-conjugated anti-rabbit antibody (1:500; Jackson ImmunoResearch Labs, West Grove, PA, USA). For immunocytochemistry, cultured cells were fixed with 4% paraformaldehyde and then incubated with the ESRP1/ESRP2-specific primary antibody followed by a secondary antibody conjugated with a fluorescent tag, cy3, and observed under a fluorescence microscope. DAPI was used to stain nuclei. DAB staining used a specific kit (Vector Laboratories, Inc. Burlingame, CA, USA).





Analysis on FGFR2 splicing

The analysis of FGFR2 splice variants was carried out through an RT-PCR protocol that involved the use of AvaI or HincII enzymes to specifically digest exon IIIb- and exon IIIc-containing products. This protocol has been previously described (22). Undigested PCR products were labeled as “Un”. The percentage of exon IIIb inclusion was determined by calculating the ratio of the exon IIIb product to the total of both exon IIIb and exon IIIc products.





Bioinformatics and statistical analysis

In this study, the public database GSE133624 from the Gene Expression Omnibus (GEO) was utilized (23). To identify differentially expressed genes (DEGs), the GEO2R online tool was employed and the P-value, adjusted P-value, and logFC were calculated. The DEGs underwent pathway enrichment analysis through Metascape (24). Statistical analysis was performed using GraphPad Prism 6 (GraphPad, Chicago, IL, USA) with one-way ANOVA to compare different groups. Post-hoc tests were performed following one-way ANOVA to determine which specific groups differ significantly from one another. Results were expressed as the mean ± standard deviation (SD) and considered significant when p<0.05.






Results




Analysis on public database shows downregulation of ESRP1 and ESRP2 in BC

ESRPs have been shown to regulate the alternative splicing of FGFR2 to affect EMT-associated cancer cell metastasis in some types of cancers. To assess whether ESRP1/2 may also play a role in the carcinogenesis and lung metastasis in BC, which was not previously studied, we used online tool GEO2R to analyze data from public database on BC. A database GSE133624 was selected, since it was a very new database that has provided a decent analysis on the differentially expressed genes (DEGs) between BC and the normal bladder tissue (NT) from the patients. Pathway enrichment analysis by Metascape online tool was applied to identify altered signaling pathway (Figure 1A). Among all DEGs, ESRP1 and ESRP2 were found significantly downregulated, shown in a volcano map (Figure 1B). The ESRP1 and ESRP2 levels were significantly lower in BC, compared to NT (p<0.0001, Figures 1C, D). These data suggest a possible role of ESRP1 and ESRP2 in the carcinogenesis of BC.




Figure 1 | Analysis on public database shows downregulation of ESRP1 and ESRP2 in BC (A, C) BC Data from public database GSE133624 were analyzed by an online tool GEO2R. (A) Pathway enrichment analysis were assessed by a Metascape online tool (B) A volcano map to show that both ESRP1 and ESRP2 were downregulated in BC, compared to NT. (C, D) The individual mRNA values for ESRP1 (C) and ESRP2 (D). N=33.







BC with lung metastasis express lower levels of ESRP1 and ESRP2 compared to BC without lung metastasis

Next, we studied whether ESRP1/2 may also play a role in the lung metastasis in BC. Since there is lack of available data from public database, we analyzed it on the specimens from our own clinic cases. The specimens were catalogized into 3 groups: the specimens from NT (N=50), the specimens from BC without lung metastasis (N=40) and the specimens from BC with lung metastasis (N=12). We found that the levels of ESRP1 and ESRP2 were significantly lower in specimens from BC without lung metastasis, compared to NT. Moreover, the levels of ESRP1 and ESRP2 were significantly lower in the specimens from BC with lung metastasis, compared to the specimens from BC without lung metastasis (Figures 2A, B). The expression of ESRP1 and ESRP2 was also shown in the representative immunofluorescent images from 3 groups (Figures 2C, D). Together, these data suggest that BC with lung metastasis express lower levels of ESRP1 and ESRP2 compared to BC without lung metastasis.




Figure 2 | BC with lung metastasis express lower mRNA levels of ESRP1 and ESRP2 compared to BC without lung metastasis. The clinic specimens were catalogized into 3 groups: the specimens from NT (N=50), the specimens from BC without lung metastasis (N=40) and the specimens from BC with lung metastasis (N=12). (A, B) RT-qPCR for ESRP1 (A) and ESRP2 (B) in 3 groups. (C, D) Representative immunofluorescent images for ESRP1 (C) and ESRP2 (D) in tissue from 3 groups. Scale bars are 20µm.







Alteration in ESRP1/2 levels in BC cells changes BC cell growth and migration

Next, we used BC cells to assess the effects of ESRP1/2 on their growth potential as well as on their migration that is related to lung metastasis. We selected two commonly used BC cell lines, RT4 and T24. While RT4 is a non-invasive benign cell line, T24 is an invasive malignant cell line. Consistent with our findings in patients’ specimens and public database, we found that RT4 expressed significantly higher levels of ESRP1 and ESRP2, compared to T24, by RT-qPCR (Figure 3A) and by representative immunofluorescent images of the cultured cells (Figure 3B). Thus, we prepared several plasmids that alter the expression levels of ESRP1 and ESRP2. These plasmids were siRNA for ESRP1 (si-ESRP1), siRNA for ESRP2 (si-ESRP2), complete coding sequence for ESRP1, complete coding sequence for ESRP2 and a control scrambled sequence (scrambled). These transgenes were under control of a CMV promoter. Two reporters, luciferase and GFP, were co-expressed in order to trace transfected cells in vivo by luciferase assay and by fluorescence, respectively (Figure 3C). We found that transfection with si-ESRP1 significantly decreased the levels of ESRP1 without altering ESRP2 levels in RT4 cells, while transfection with si-ESRP2 significantly decreased the levels of ESRP2 without altering ESRP1 levels in RT4 cells. Moreover, no synergic effects were detected on the ESRP1 and ESRP2 levels in RT4 cells co-transfected with si-ESRP1 and si-ESRP2 (Figure 3D). These data confirmed the quality and specificity of the prepared plasmids. Furthermore, either transfection with si-ESRP1 or transfection with si-ESRP2 significantly increased the growth potential of RT4 cells in a CCK-8 assay, while combined transfection with both si-ESRP1 and si-ESRP2 exhibited a further increase in RT4 cell growth (Figure 3E). In a parallel experiment with T24 cells, we found that transfection with ESRP1 significantly increased the levels of ESRP1 without altering ESRP2 levels, while transfection with ESRP2 significantly increased the levels of ESRP2 without altering ESRP1 levels. Moreover, no synergic effects were detected on the ESRP1 and ESRP2 levels in T24 cells, when the cells were co-transfected with ESRP1 and ESRP2 (Figure 3F). These data confirmed the quality and specificity of the prepared plasmids. Furthermore, either transfection with ESRP1 or transfection with ESRP2 significantly decreased the growth potential of T24 cells in a CCK-8 assay, while the effects of ESRP1 appeared to be more pronounced than ESRP2, and a combined transfection with both ESRP1 and ESRP2 did not further decrease the T24 cell growth (Figure 3G). The effects of alterations in ESRP1 and ESRP2 levels on cell migration were examined in a transwell cell migration assay. We found that either transfection with si-ESRP1 or transfection with si-ESRP2 significantly increased the migratory RT4 cells, while combined transfection with both si-ESRP1 and si-ESRP2 exhibited a further increase in migratory RT4 cells (Figure 3H). On the other hand, either transfection with ESRP1 or transfection with ESRP2 significantly decreased the migratory T24 cells, while combined transfection with both ESRP1 and ESRP2 exhibited a further decrease in migratory T24 cells (Figure 3I). Together, these data suggest that alteration in ESRP1/2 levels in BC cells changes BC cell growth and migration, which implies a relationship between ESRP1/2 and lung metastasis.




Figure 3 | Alteration in ESRP1/2 levels in BC cells changes BC cell growth and migration. (A, B) RT-qPCR (A) and immunocytochemistry (B) for ESRP1 and ESRP2 in RT4 and T24 cells. (C) Several plasmids that alter the expression levels of ESRP1 and ESRP2 were prepared. These plasmids were siRNA for ESRP1 (si-ESRP1), siRNA for ESRP2 (si-ESRP2), complete coding sequence for ESRP1 (ESRP1), complete coding sequence for ESRP2 (ESRP2) and a control scrambled sequence (scrambled). These transgenes were under control of a CMV promoter. Two reporters, luciferase and GFP were co-expressed, in order to trace transfected cells in vivo by luciferase assay and by fluorescence, respectively. (D) RT-qPCR for ESRP1 and ESRP2 in transfected RT4 cells. (E) A CCK-8 assay for transfected RT4 cells. (F) RT-qPCR for ESRP1 and ESRP2 in transfected T24 cells. (G) A CCK-8 assay for transfected T24 cells. (H, I) Cell migration was examined in a transwell cell migration assay in transfected RT4 (H) and T24 (I) cells. *p<0.05. NS, non-significant. N=5. Scale bars are 100µm.







Regulation of BC cell invasiveness by ESRP1/2 may be through shifting the epithelial splice form of FGFR2 IIIb to the mesenchymal splice form of FGFR2 IIIc

A previous study has shown that ESRP1/2 induces the shift from the epithelial splice form of FGFR2 IIIb to the mesenchymal splice form of FGFR2 IIIc, which is important for cancer cell invasion and metastasis (22). To investigate whether this mechanism may also be functional in BC, we analyzed the levels of FGFR2 IIIb and FGFR2 IIIc in Aval and HincII-digested PCR product for FGFR2 in transfected RT4 cells and T24 cells. The ratio of FGFR2 IIIb to the combined FGFR2 IIIb and FGFR2 IIIc was used for quantification of the levels of the epithelial versus mesenchymal splicing of FGFR2. We found that either transfection with si-ESRP1 or transfection with si-ESRP2 significantly decreased the ratio of FGFR2 IIIb versus combined FGFR2 IIIb and FGFR2 IIIc, suggesting a mesenchymal lineage splicing, shown by representative gel (Figure 4A), and by quantification (Figure 4B). On the other hand, either transfection with ESRP1 or transfection with ESRP2 significantly increased the ratio of FGFR2 IIIb versus combined FGFR2 IIIb and FGFR2 IIIc, suggesting an epithelial lineage splicing, shown by quantification (Figure 4C), and by representative gel (Figure 4D). Thus, the regulation of BC cell invasiveness by ESRP1/2 may be through shifting the epithelial splice form of FGFR2 IIIb to the mesenchymal splice form of FGFR2 IIIc.




Figure 4 | Regulation of BC cell invasiveness by ESRP1/2 may be through shifting the epithelial splice form of FGFR2 IIIb to the mesenchymal splice form of FGFR2 IIIc. (A, B) The levels of FGFR2 IIIb and FGFR2 IIIc mRNA in Aval and HincII-digested PCR product for FGFR2 in transfected RT4 cells, shown by representative gel (A), and by quantification of the ratio of FGFR2 IIIb to the combined FGFR2 IIIb and FGFR2 IIIc as the levels of the epithelial versus mesenchymal splicing of FGFR2 (B). (C, D) The levels of FGFR2 IIIb and FGFR2 IIIc mRNA in Aval and HincII-digested PCR product for FGFR2 in transfected T24 cells, shown by quantification of the ratio of FGFR2 IIIb to the combined FGFR2 IIIb and FGFR2 IIIc (C), and by representative gel (D). *p<0.05. NS: non-significant. N=3.







ESRP1/2 reduces growth and lung metastasis of xeno-transplanted BC cells in nude mice

Finally, equal amounts of ESRP1, ESRP2, a combination of ESRP1/2 and scrambled controls plasmids were transfected into T24 cells. These transfected cells were then subcutaneously transplanted above the lower abdomen of nude mice. After one month, tumor formation was assessed using bioluminescence imaging, which utilized the luciferase expression in the transfected T24 cells that had been transplanted to the nude mice. Significantly smaller tumors were observed in mice grafted with either ESRP1 or ESRP2, compared to scrambled-grafted mice, while the reduction in tumor was even more pronounced in mice grafted with T24 cells transfected with combined ESRP1/2, shown by quantification (Figure 5A), and by representative images (Figure 5B). Moreover, we also examined GFP+ tumor cells in the circulation and the capability of their circulated tumor cells to develop metastatic lung tumor at 4 weeks after transplantation. The presence of GFP+ cells in circulation was examined by flow cytometry, showing significant reduction in circulating GFP+ cells in mice grafted with ESRP2-transfected T24 cells, compared to those grafted with scrambled-transfected T24 cells. Also, these was a significant reduction in circulating GFP+ cells in mice grafted with ESRP1-transfected T24 cells, compared to those grafted with ESRP2-transfected T24 cells, and a significant reduction in circulating GFP+ cells in mice grafted with ESRP1/2-transfected T24 cells, compared to those grafted with ESRP1-transfected T24 cells (Figure 5C). Also, the frequency for the forming metastatic lung tumors was reduced by ESRP1, ESRP2 and ESRP1/2 (Figure 5D). Together, these data suggest that ESRP1/2 reduces growth and lung metastasis of xeno-transplanted BC cells in nude mice.




Figure 5 | ESRP1/2 reduces growth and lung metastasis of xeno-transplanted BC cells in nude mice. (A-D) Equal number of ESRP1, ESRP2, combined ESRP1/2 and scrambled transfected T24 cells were subcutaneously transplanted into the location above the lower abdomen of the nude mice. On month after transplantation, tumor formation in 5 mice was assessed by bioluminescence, shown by quantification (A), and by representative images (B). (C) Quantification of GFP+ tumor cells in mouse circulation at 1 month after transplantation. (D) The frequency for forming metastatic lung tumors in 20 mice per group. *p<0.05. NS, non-significant.







ESRP1/2 re-expression polarizes TAMs to an anti-tumor phenotype

Since ESRPs-mediated FGFR2 alternative splicing has been shown to alter macrophage polarization in non-tumor models, we thus examined whether the phenotype of TAMs in these ESRPs-treated mice could be altered. F4/80+ macrophages were thus isolated from the ESRPs-tumors (Figure 6A). We detected significantly higher proinflammatory macrophage-associated genes (iNOS, TNFα and IFNγ) in purified macrophages from tumors, while significantly lower anti-inflammatory macrophage-associated genes (Arginase, CD163, VEGF-A) in purified macrophages from tumors (Figure 6B). These data suggest that ESRP1/2 re-expression polarizes TAMs to an anti-tumor phenotype, which could partially contribute to the anti-metastatic effect of ESRP1/2 in BC in vivo.




Figure 6 | ESRP1/2 re-expression polarizes TAMs to an anti-tumor phenotype. (A) F4/80+ macrophages were isolated from the ESRPs-tumors by flow cytometry. (B). RT-qPCR for proinflammatory macrophage-associated genes (iNOS, TNFα and IFNγ) and anti-inflammatory macrophage-associated genes (Arginase, CD163, VEGF-A) in purified macrophages from tumors. *p<0.05. NS, non-significant. N=5.








Discussion

Previous studies have demonstrated the need of regulatory alternative splicing factors in normal development and a variety of physiological and pathological events (22, 25). Specifically, the alternative splicing of FGFR2 has been shown to be required for a proper regulation of epithelial versus mesenchymal cells. In this process, the expression of FGFR2 pre-mRNA is distinct between epithelial and mesenchymal cells, as it results in the expression of either the FGFR2-IIIb or FGFR2-IIIc isoform, respectively (26, 27). Intriguingly, this unique expression of the FGFR2-IIIb and FGFR2-IIIc isoforms in epithelial versus mesenchymal cells likely represents a specific mechanism that regulates the EMT process, which is the key step for cancer outgrowth and metastasis (14).

The lung metastasis is a severe and relatively rare situation in the muscle-invasive BC, which represent about 30% of all diagnosed cases of BC in the past. However, there are also cases of lung metastasis not stemmed from muscle-invasive BC (28). Since here we showed importance of suppression of ESRP1 and ESRP2 on the BC invasiveness and metastasis, it may be interesting to do a retrospective investigation on these cases to see whether ESRP1 and ESRP2 levels were greatly decreased.

Previous studies have shown the dynamic changes in the alterative splicing of FGFR2-IIIb/IIIc in the cellular transformation during EMT, and its importance in carcinogenesis and tumor metastasis in a variety of cancers (10–13). Nevertheless, this question has not been addressed in BC previously. Here we showed that the depletion of ESRP1 and ESRP2 in a non-invasive BC cell line RT4 rendered the cells from epithelial-like to mesenchymal-like, increased cell growth potential and increased cell invasiveness, likely through a substantial switch of the FGFR2 pre-mRNA from the epithelial IIIb form to the mesenchymal IIIc isoform. On the other hand, the re-expression of ESRP1 and ESRP2 in an invasive BC cell line T24 rendered the cells from mesenchymal-like to epithelial-like, decreased cell growth potential and decreased cell invasiveness, also likely through a substantial switch of the FGFR2 pre-mRNA from the mesenchymal IIIc isoform to the epithelial IIIb isoform. These findings are consistent with the previous reports on the effects of ESRP1 and ESRP2 on EMT (22, 25). Most importantly, the re-expression of ESRP1 and ESRP2 in the invasive T24 BC cells significantly decreased the presence of circulating tumor cells and the occurrence of the lung metastasis.

It is also noteworthy that although we focused on the alternative splicing of FGFR2 pre-mRNA by ESRP1 and ESRP2, the ESRPs do have other targets that may be also involved in the process of EMT related to lung metastasis of BC. However, previous studies have shown that these ESRP targets are enriched for genes that determine the epithelial cell properties, e.g. cytoskeletal reforming, control of cell motility, buildup of cell-cell junctions, and the pathways that regulate EMT (22, 25). These reports suggest that ESRP-regulated alternative splicing may regulate a number of factors to coordinate the control of EMT during lung metastasis of BC. Our study indicates ESRP1/2 as promising novel targets to suppress BC invasiveness and malignant metastasis in the therapy.

The effects of ESRP1/2 on FGFR2 splicing may not only occur in BC cells, but also occur in TAMs, since TAMs are known to express very high levels of FGFR1 and FGFR2 (17). The clinic samples did not distinguish tumor cells from intratumor non-tumor cells, such as macrophages. Thus, it is highly possible that this regulatory axis (ESRP1/2-FGFR2) may also regulate TAM functionality and phenotypic adaption, which was supported by the data from the current study. It may be interesting to further assess it in tumor cells and TAMs separately and interactively to further our knowledge of its role in BC metastasis.
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Introduction

Acute and chronic otitis media (AOM and COM) are common middle ear infections that can lead to hearing loss and other complications. Recent research has shown that both macrophages and nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway are involved in the immune response to and the resolution of otitis media. However, the specific effects of Nrf2 on macrophages in the transition of AOM to COM are not well understood, and a practical approach to prevent this transition by targeting Nrf2/macrophages has not been established.





Methods

In an AOM mouse model using lipopolysaccharide (LPS) injection into the middle ear, middle ear effusion (OME)-macrophages were isolated and analyzed for Nrf2 expression. M2-like polarization of macrophages was induced by Nrf2 activation and its effects on inflammatory resolution were studied by examining inflammatory neutrophils and macrophages, proinflammatory cytokines, and oxidative levels. The survival of human middle ear epithelial cells (HMMECs) co-cultured with Nrf2-modified macrophages was also evaluated. Furthermore, restoration of Nrf2 in macrophages with adeno-associated virus (AAV) vectors was performed to determine the effect on the transition of AOM to COM in experimental mice.





Results

Reduced Nrf2 in OME-macrophages during the recovery phase was associated with uncured AOM or its development into COM, demonstrated by persistent increases in inflammatory neutrophils and macrophages, proinflammatory cytokines, and oxidative levels. Nrf2 activation induced M2-like polarization of macrophages, which improved the survival of co-cultured HMMECs treated with LPS in vitro. Restoration of Nrf2 in OME-derived low-Nrf2-expressing macrophages with AAV vectors significantly inhibited the transition of AOM to COM in experimental mice.





Discussion

Nrf2 in macrophages plays a critical role in the immune response to and resolution of otitis media Restoration of Nrf2 expression in OME-macrophages could be a promising therapeutic approach to prevent the development of COM in AOM patients. 
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Introduction

Acute and chronic otitis media (AOM and COM) are common ear infections, especially in children (1). AOM commonly occurs in children under the age of 5, and is characterized by the rapid onset of symptoms, including ear pain, fever, and hearing loss (2). COM is defined as an ear infection that persists for more than 6 weeks, and can lead to more severe complications, including hearing loss, vertigo, and even facial paralysis (2). COM is more common in adults, particularly in those with underlying conditions that affect the immune system, such as diabetes (2). The major pathological changes in otitis media include inflammation, fluid buildup, and damage to the middle ear structures (3).

Macrophages are a type of inflammatory cells that participate in both innate and adaptive immune responses to infection (4). Depending on the signals they receive from the surrounding tissue microenvironment, macrophages can adopt different activation states or phenotypes, which are generally classified as proinflammatory M1 and anti-inflammatory M2 macrophages (4). M1 macrophages are classically activated by pro-inflammatory cytokines and microbial products such as lipopolysaccharide (LPS). They produce pro-inflammatory cytokines and chemokines, and have enhanced microbicidal activity, making them important for the clearance of infections. M2 macrophages are alternatively activated by anti-inflammatory cytokines, growth factors, and apoptotic cells (5). They produce anti-inflammatory growth factors and cytokines for a proper tissue repair and remodeling. In AOM, macrophages are typically activated to an M1 phenotype, which is characterized by the production of proinflammatory chemokines and cytokines for recruiting other immune cells to the site of infection (6). M1 macrophages also have enhanced microbicidal activity, which helps to clear the infection. In COM, however, macrophages may shift to an M2 phenotype to produce anti-inflammatory growth factors and cytokines to promote tissue healing. On the other hand, M2 macrophages may also contribute to persistent inflammation and tissue damage if the infection is not cleared (6). In addition, M2 macrophages are less effective at killing bacteria and other pathogens, which can further contribute to disease progression (7). However, distinction between M1 and M2 macrophages is rather artificial. In fact, macrophages can exhibit a range of activation states in response to the inflammatory tissue microenvironment (7). The timely differentiation and polarization of macrophages in AOM may be critical for disease control and prevention of its progression to COM (7).

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a critical mediator of cellular defense against inflammation and oxidative stress (8). In response to oxidative stress, activation and subsequent nuclear translocation of Nrf2 occur, followed by its binding to antioxidant response element (ARE) sequences in the target gene promoter to initiate transcription of antioxidant enzymes, detoxification enzymes, and other proteins involved in cellular defense mechanisms (9). The NRF2 signaling pathway has been shown to regulate inflammation in AOM and COM (10). However, it is not known whether this regulation is mainly through macrophages. Moreover, a practical approach to prevent the transition from AOM to COM by targeting Nrf2/macrophages has not been established. These questions were addressed in the current study (11).





Materials and methods




Ethics

The animal experiments were conducted following the guidelines for laboratory animal care and use approved by Shanghai Children’s Hospital. Male C57BL/6 mice, aged 10 weeks and weighing between 18-22g, were procured from the Shanghai Laboratory Animal Research Center in China.





Cell culture and co-culture

Human middle ear epithelial cells (HMMECs) were purchased from ScienCell (#2460) and cultured in collagen-coated culture flasks in a humidified incubator at 37°C with 5% CO2. The media was 1:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F12 medium, supplemented with transferrin, insulin, hydrocortisone, epidermal growth factor (EGF) and cholera toxin. To ensure optimal growth and viability, HMMECs were passaged before reaching confluency and sub-cultured every 3-4 days using trypsin. 3T3 cell line was cultured in DMEM with 5% FBS. The extraction of mouse bone marrow-derived macrophages (BMDMs) involved utilizing a 25-gauge needle and DMEM medium to flush the bone marrow out of the bone. The bone marrow cells were collected in a sterile tube to be centrifuged at 300g for 5 minutes to pellet the cells. The cells were then resuspended in DMEM medium containing 10% FBS and 1% penicillin-streptomycin to be cultured at 37°C and 5% CO2 for 3 days, with the addition of L929 cell (American Type Culture Collection, ATCC, Rockville, MD, USA)-conditioned media to DMEM by 1:10 on the first day to stimulate differentiation into macrophages. L929 cell-conditioned media are commonly used to induce macrophage differentiation in bone marrow-derived cells. L929 cells produce macrophage colony-stimulating factor (M-CSF), which stimulates the differentiation of bone marrow cells into macrophages. To prepare L929-conditioned media for macrophage differentiation, culture L929 cells until 80-90% confluency, then incubate them in fresh complete growth medium for 7-10 days. Collect, filter, and store the L929-conditioned medium containing M-CSF. Finally, culture bone marrow-derived cells in a mixture of L929-conditioned medium and fresh complete growth medium to induce macrophage differentiation over 5-7 days, refreshing the medium every 2-3 days. On the third day, BMDMs were harvested. An CCK-8 assay (Millipore) was applied to assess viable cells. Co-culture was performed in a transwell.





Generation of macrophage-specific Nrf2-correcting vectors

A complete coding sequence for mouse Nrf2 cloned from total cDNA of mouse BMDMs and a backbone plasmid containing a CD11b promoter purchased from Addgene (#26168; 5′ cloning site: HindIII, 3′ cloning site: SmaI) (12) were used for generating macrophage-specific Nrf2-correcting vectors: overexpressing construct, pCD11b-Nrf2; control construct, pCD11b-scramble. These constructs were used to generate an adeno-associated virus (AAV, serotype 6) carrying Nrf2 under a macrophage-specific CD11b promoter (AAV-pCD11b-Nrf2) and a control AAV carrying a scramble sequence (Scr) under the CD11b promoter (AAV-pCD11b-Scr) with transfection using Lipofectamine 3000 reagent (Invitrogen). Both viruses also carried a green fluorescent protein (GFP) as a reporter connected with Nrf2 or Scr with a p2A construct to allow expression of both Nrf2/Scr and GFP controlled by the CD11b promoter.





Animal work

The mice were housed in a controlled environment at a constant temperature of 20 ± 3°C and relative humidity of 45%, with 12-hour light/dark cycles. To induce AOM, the mice received an injection of LPS (1.0 mg/ml, Sigma, USA) into the middle ear of the right ear. For assessing the LPS-induced AOM, mice were divided into 2 groups. In control group, mice received saline injection. In experimental group, mice received LPS. For assessing the effects of AAV-pCD11b-Nrf2 on macrophages and AOM solution, mice were selected from those had low-Nrf2-expressing (otitis media with effusion, a collection of fluid in the middle ear space) OME-macrophages at day7. These mice were evenly divided into 2 groups, with one group of the mice receiving LPS injection at day 0 and AAV-pCD11b-Scr injection at day 7, and another group of the mice receiving LPS injection at day 0 and AAV-pCD11b-Nrf2 injection at day 7. OME extraction and viral injection (1010 in 10µl) were both assisted by myringotomy. Blood serum samples were obtained from mouse tail vein. At sacrifice, mouse middle ear tissue was obtained.





ROS measurement

A DCFH-DA assay (2044-85-1, Sigma-Aldrich) was used to measure reactive oxygen species (ROS) levels. In short, this test used a dye called DCFH-DA that can enter cells and turn into a fluorescent compound (DCF) when interacting with ROS. The relative intensity of DCF fluorescence in DCFH-DA-treated cells was measured by fluorescence spectroscopy to represent the ROS levels in the samples.





MDA measurement

The thiobarbituric acid reactive substances (TBARS) assay (ab118970, Abcam) was used to measure levels of Malondialdehyde (MDA), a marker of lipid peroxidation that is produced when free radicals attack and degrade cell membrane lipids. Briefly, the sample was homogenized in a buffer to release the lipid components. To a known volume of sample, a solution of trichloroacetic acid (TCA) and thiobarbituric acid (TBA) was added to react with MDA to form a colored compound. After heating, the sample was cooled and centrifuged to remove any precipitate that has formed. The intensity of the colored compound was measured using a spectrophotometer. The absorbance is proportional to the MDA concentration in the sample.





SOD measurement

Superoxide dismutase (SOD) is an enzyme to converse superoxide anion to hydrogen peroxide, which can then be further broken down by other enzymes or antioxidants. A nitroblue tetrazolium (NBT) assay (N6495, ThermoFisher Scientific) was used to measure SOD levels. The sample was homogenized to release the enzyme, afterwards a reaction mixture containing xanthine oxidase (XO), which generates superoxide anions that react with NBT to produce a blue formazan product, was added. The sample was incubated at 37°C for 20 minutes and then stopped by adding ethanol that solubilized the formazan product and stopped the enzymatic reaction. The intensity of the blue color was measured using a spectrophotometer. The absorbance is proportional to the amount of superoxide anions produced in the reaction, which is inversely proportional to the SOD activity in the sample.





GSH measurement

Glutathione (GSH) is a tripeptide antioxidant that scavenges ROS to affect redox reactions. The GSH levels was measured based on production of a yellow compound in the reaction of GSH with Ellman’s reagent (5,5’-dithiobis-(2-nitrobenzoic acid); DTNB). Briefly, the homogenized sample was added with Ellman’s reagent, which reacts with GSH to produce a yellow compound called 5-thio-2-nitrobenzoic acid (TNB). The sample was incubated for 10 minutes at room temperature, and then stopped by adding trichloroacetic acid that stabilized the TNB product and prevented further reaction. The intensity of the yellow color was measured using a spectrophotometer. The absorbance is proportional to the GSH concentration in the sample.





Arginase activity

Arginase catalyzes the conversion of arginine to ornithine and urea. In order to measure arginase activity, 10-20 µL of lysate or homogenate was mixed with 50 mM Tris-HCl buffer (pH 7.5) containing 10 mM MnCl2 and incubate at 37°C for 10 minutes. Afterwards, 0.5 M HCl was added to stop the reaction and transfer the reaction mixture to a clean microcentrifuge tube. Next, 25% (w/v) trichloroacetic acid was added to the reaction mixture and centrifuge at 13,000 rpm for 10 minutes at 4°C to remove any protein precipitates. The supernatant was then mixed with an equal volume of 0.5 M α-isonitrosopropiophenone in ethanol and incubate at 90°C for 45 minutes to form a colored product. Absorbance at 540 nm was measured using a spectrophotometer. Finally, the amount of produced urea was measured using a standard urea solution and normalized to the protein concentration of the lysate or homogenate.





Counting neutrophils using a hemocytometer

The cell suspension was collected, mixed thoroughly and then transferred a small volume of the sample to a clean 1.5 ml microcentrifuge tube. Dilute the sample with PBS to avoid overcrowding of cells on the hemocytometer. Add 0.4% trypan blue to the diluted cell suspension to stain dead cells. Load the hemocytometer with the diluted cell suspension using a pipette, being careful to avoid air bubbles. Place the loaded hemocytometer under the microscope and focus the lens on the grid lines. Starting from one corner of the hemocytometer, count the number of cells within the grid lines under 40x magnification. Repeat the counting process for each of the 4 corner squares of the hemocytometer. Calculate the total number of cells in the 4 squares and multiply by the dilution factor to obtain the total number of cells in the original sample. For Counting neutrophils were visualized with a segmented nucleus and cytoplasmic granules. Record the number of neutrophils counted. Divide the number of neutrophils counted by the total number of cells and multiply by 100 to obtain the percentage of neutrophils in the sample.





Flow cytometry

Mouse middle ear tissue was digested with 0.25% trypsin (Invitrogen) and 5mg/ml DNase (Invitrogen) for 20 minutes to generate a single cell fraction. Macrophages were isolated from this single cell preparation by fluorescence activated cell sorting (FACS) based on F4/80 positivity. CD163 was used to distinguish M1 (negative) from M2 (positive) macrophages. All fluorescence-conjugated antibodies were purchased from Becton-Dickinson Biosciences. Apoptosis was assessed using an Annexin V-apoptosis analysis kit (Invitrogen). The flow cytometry data were analyzed and presented by Flowjo (Flowjo LLC, Ashland, OR, USA).





Quantitative real-time PCR (RT-qPCR)

To prepare cDNA for RT-qPCR, RNA was extracted using an RNeasy kit (Qiagen, Beijing, China) with Qiagen pre-designed primers. The expression values for the examined genes were normalized using β-actin as a housekeeping gene, and quantification was performed using a 2-△△Ct method.





ELISA and immunostaining

Total protein was extracted to be used in ELISA assays for mouse Nrf2 (MBS7612500, MyBioSource), IL-1β (ab197742; Abcam), iNOS (MAB9502, R&D Systems), tumor necrosis factor alpha (TNFα, ab208348; Abcam), IL-6 (ab222503, Abcam), arginase 1 (ARG1, ab269541; Abcam), interferon gamma (IFNɣ, ab282874; Abcam), and CD163 (ab272204; Abcam). Immunocytochemistry for cleaved caspase 3 and caspase 9 was done using rabbit anti-mouse antibodies (Abcam).





Statistical analysis

Analysis of multiple groups was performed using one-way ANOVA. If a significant difference was detected, a post-hoc Bonferroni test was used to identify the specific pairs of groups with significant differences between their means. Correlation analysis was performed using Pearson correlation coefficient analysis. Individual values were presented in the Graphs generated by GraphPad Software, version 7 (Inc. La Jolla, CA, USA). The statistical significance level was set at p<0.05, which was indicated by an asterisk (*).






Results




LPS injection into middle ear induces AOM in mice

A well-established model for AOM was applied, for which a single high dose LPS (1.0 mg/ml) was given into the middle ear of the right ear of the mice. In this model, AOM is induced as early as 4 hours after LPS and lasts about 7 days before resolution of inflammation or progression into COM in a few mice (Figure 1A). The model was validated by examining the acute inflammatory response in the middle ear on day 3 and day 7 after LPS administration. OME was collected using myringotomy and the recruitment of inflammatory cells was analyzed. The results showed a significant increase in neutrophils and macrophages on day 3, followed by a significant reduction on day 7, as analyzed by manual counting and by flow cytometry, respectively (Figure 1B). Furthermore, most of the OME-macrophages on day 3 were CD163-negative M1 macrophages, while most of the OME-macrophages on day 7 were CD163-positive M2 macrophages (Figures 1C, D). In addition, the levels of major pro-inflammatory cytokines such as IL-1β, IL-6, TNFα, and IFNɣ significantly increased in mouse serum and OME on day 3 in LPS-treated mice, but these values significantly reduced on day 7 (Figures 1E–H). The levels of ROS, MDA, GSH, and SOD were also measured in the middle ear mucosae tissue to assess oxidation, showing a significant increase in ROS and MDA, and significant decreases in SOD and GSH on day 3. However, all these values returned to normal on day 7 (Figures 1I–L). These data demonstrate that LPS injection into the middle ear induces AOM in mice, which is resolved in most of the LPS-treated mice on day 7, although some variations in the examined values imply some cases of unsuccessful resolution of AOM.




Figure 1 | LPS injection into middle ear induces AOM in mice. (A) Schematic of the AOM model. A single high dose LPS (1.0 mg/ml) was given into the middle ear of the right ear of the mice. In this model, AOM is induced as early as 4 hours after LPS and lasts about 7 days before resolution of inflammation or progression into COM in a few mice. (B–D) OME was collected using myringotomy at day 3 and day 7 after LPS administration. (B) Neutrophils were manually counted. (C) F4/80+ macrophages were counted by flow cytometry. (D) Representative flow charts for analysis of macrophages (F4/80) and their polarization (CD163) by flow cytometry. (E–H) ELISA for IL-1β (E), IL-6 (F), TNFα (G), and IFNɣ (H) in mouse serum and OME on saline-treated, and day 3 and day 7 LPS-treated mice. (I–L) The levels of ROS (I), MDA (J), SOD (K) and GSH (L) in the middle ear mucosae tissue. *p<0.05.







Reduced Nrf2 in macrophages leads to uncured AOM or development of COM

After confirming the induction of AOM by injecting a high dose of LPS, we treated 30 mice with LPS and extracted OME at day 7 through myringotomy. Macrophages were then sorted from OME by flow cytometry. The levels of Nrf2 in the OME-macrophages were examined using ELISA (Figure 2A). The mice were kept for an additional 3 weeks (4 weeks after LPS) and examined for the recruitment of inflammatory cells and macrophage polarization in OME, the levels of major pro-inflammatory cytokines IL-1β, IL-6, TNFα and IFNɣ in mouse OME, as well as the levels of ROS, MDA, GSH and SOD in the middle ear mucosae tissue. The correlation between the Nrf2 levels in OME-macrophages at day 7 and these parameters associated with AOM resolution was examined. Our data showed that lower Nrf2 levels in OME-macrophages at day 7 were significantly associated with more neutrophils in OME (p<0.0001, Figure 2B), more macrophages in OME (p<0.0001, Figure 2C), less percentage of M2 polarization of macrophages (p=0.0002, Figure 2D), higher levels of IL-1β (p=0.009, Figure 2E), IL-6 (p=0.001, Figure 2F), TNFα (p=0.004, Figure 2G) and IFNɣ (p=0.003, Figure 2H) in OME, higher levels of ROS (p=0.004, Figure 2I) and MDA (p=0.007, Figure 2J), and low levels of SOD (p=0.003, Figure 2K) and GSH (p<0.0001, Figure 2L) in the middle ear mucosae tissue at 4 weeks after LPS, indicating that reduced Nrf2 in OME-macrophages may lead to uncured AOM or the development of COM.




Figure 2 | Reduced Nrf2 in macrophages leads to uncured AOM or development of COM. (A) Macrophages were sorted from OME at day 7 after LPS treatment in 30 mice by flow cytometry. ELISA for Nrf2 in the OME-macrophages were examined, shown as individual values. The maximum expression level of Nrf2 in macrophages was set as the reference point (=1). The expression levels of other samples were normalized to this reference value, allowing for a comparison of relative expression levels across samples. (B–L) The mice were kept for an additional 3 weeks (4 weeks after LPS) and examined for the recruitment of inflammatory cells and macrophage polarization in OME, the levels of major pro-inflammatory cytokines IL-1β, IL-6, TNFα and IFNɣ in mouse OME, as well as the levels of ROS, MDA, GSH and SOD in the middle ear mucosae tissue. Correlations of OME-macrophages at day 7 with neutrophil number in OME at 4 weeks after LPS (B), macrophage number in OME at 4 weeks after LPS (C), percentage of M2 macrophages in OME at 4 weeks after LPS (D), OME-IL-1β levels at 4 weeks after LPS (E), OME-IL-6 levels at 4 weeks after LPS (F), OME-TNFα levels at 4 weeks after LPS (G) and OME-IFNɣ levels at 4 weeks after LPS (H), and levels of ROS (I), MDA (J), SOD (K) and GSH (L) in the middle ear mucosae tissue at 4 weeks after LPS.







Generation of macrophage-specific Nrf2-expressing vectors

To investigate the effects of Nrf2 on macrophages and its role in AOM solution, we generated an adeno-associated virus (serotype 6) containing Nrf2 under the macrophage-specific CD11b promoter (AAV-pCD11b-Nrf2) and a control AAV containing a scramble sequence (Scr) under the CD11b promoter (AAV-pCD11b-Scr). Both viruses also carried a GFP reporter linked with the transgene through a p2A construct (Figure 3A). We successfully transduced BMDMs but not a fibroblast cell line 3T3 with both viruses (Figure 3B), validating the specificity of the CD11b promoter. Transduction with AAV-pCD11b-Nrf2 significantly increased the levels of Nrf2 in BMDMs, as determined by both RT-qPCR (Figure 3C) and ELISA (Figure 3D).




Figure 3 | Generation of macrophage-specific Nrf2-expressing vectors. (A) Schematic of an AAV (serotype 6) containing Nrf2 under the macrophage-specific CD11b promoter (AAV-pCD11b-Nrf2) and a control AAV containing a scramble sequence (Scr) under the CD11b promoter (AAV-pCD11b-Scr). Both viruses also carried a green fluorescent protein (GFP) as a reporter linked with the transgene through a p2A construct, allowing for expression of both transgenes controlled by the CD11b promoter. (B) Transduced BMDMs and 3T3 cells in vitro shown by fluorescent and bright field channels. BMDMs, but not the 3T3 fibroblast cell line, displayed green fluorescence when transduced with both viruses, thus confirming the specificity of the CD11b promoter. (C, D) Quantification of levels of Nrf2 in transduced BMDMs, by RT-qPCR (C) and ELISA (D). In panel D, the relative Nrf2 levels in BMDMs transduced with AAV-pCD11b-Scr were used as the reference point (=1), and the relative Nrf2 levels in BMDMs transduced with AAV-pCD11b-Nrf2 were calculated in comparison to this reference. *p<0.05. Scale bars were 70µm.







Nrf2 induces M2-like polarization of macrophages

Next, we examined the effects of Nrf2 expression in BMDMs on macrophage polarization. AAV-pCD11b-Nrf2 was transduced into BMDMs, resulting in a significant increase in CD163+ BMDMs as shown by representative flow charts (Figure 4A) and quantification (Figure 4B). The expression of iNOS, IL-1β, IL-6, TNFα, and IFNɣ was significantly decreased, while the expression of arginase 1 and CD163 was significantly increased in BMDMs transduced with AAV-pCD11b-Nrf2 (Figure 4C). Additionally, transduction with AAV-pCD11b-Nrf2 resulted in a significant increase in arginase activity (Figure 4D) and a significant decrease in ROS production (Figure 4E) in BMDMs. Together, these data suggest that Nrf2 induces M2-like polarization of macrophages.




Figure 4 | Nrf2 induces M2-like polarization of macrophages. BMDMs were transduced with AAV-pCD11b-Nrf2 or control AAV-pCD11b-Scr. (A, B) Flow cytometry for CD163 expression of transduced BMDMs, shown by representative flow charts (A) and by quantification (B). (C) ELISA for iNOS, IL-1β, IL-6, TNFα, IFNɣ, arginase 1 and CD163 in transduced BMDMs. (D) Arginase activity. (E) ROS production. *p<0.05.







Nrf2-macrophages improve survival of LPS-treated HMMECs

Human middle ear epithelial cells (HMMECs) are the primary cells that line the middle ear and play a vital role in the normal function of the ear. HMMECs were treated with LPS, and then co-cultured with AAV-pCD11b-Nrf2-transduced or control AAV-pCD11b-Scr-transduced BMDMs. Our data showed that co-culture with AAV-pCD11b-Nrf2-transduced BMDMs significantly increased the survival of LPS-treated HMMECs (Figure 5A), likely due to a reduction in apoptosis. This was shown by representative flow charts for an Annexin V apoptosis assay (Figure 5B) and by quantification (Figure 5C), as well as by mRNA levels and immunocytochemistry for apoptosis-associated proteins cleaved caspase 3 and caspase 9 (Figures 5D, E). Therefore, Nrf2-expressing macrophages improved the survival of LPS-treated HMMECs.




Figure 5 | Nrf2-macrophages improve survival of LPS-treated HMMECs. HMMECs were treated with LPS, and then co-cultured with AAV-pCD11b-Nrf2-transduced or control AAV-pCD11b-Scr-transduced BMDMs. (A) CCK-8 assay for LPS-treated HMMECs co-culture with AAV-pCD11b-Nrf2-transduced or AAV-pCD11b-Scr-transuced BMDMs. (B, C) Annexin V assay for HMMECs, shown by representative flow charts (B) and by quantification (C). (D) RT-qPCR for cleaved caspase 3 and caspase 9 in BMDMs. (E) Immunocytochemistry for cleaved caspase 3 and caspase 9 in BMDMs. *p<0.05. Scale bars were 50µm.







Correction of Nrf2 expression in macrophages prevents transition from AOM to COM

Finally, we performed immediate myringotomy-assisted injection of AAV-pCD11b-Nrf2 or control AAV-pCD11b-Scr into the middle ear cavity of selective LPS-treated mice with low Nrf2 levels in OME-macrophages at day 7 after LPS administration. The group setup was randomized, and the relatively high or low values of Nrf2 were evenly distributed between the two groups. Afterwards, the mice were maintained for another 3 weeks (4 weeks after LPS) and examined again for the inflammatory cell recruitment and macrophage polarization in OME, the levels of major pro-inflammatory cytokines IL-1β, IL-6, TNFα, and IFNɣ in OME, and the levels of ROS, MDA, GSH, and SOD in the middle ear mucosae tissue. At 4 weeks, OME-macrophages were extracted for analysis to confirm the increase in Nrf2 levels by AAV-pCD11b-Nrf2 (Figures 6A, B). We found that re-expression of Nrf2 in OME-macrophages at day 7 significantly reduced inflammatory cells in OME (Figures 6A, C), increased M2 polarization of macrophages (Figures 6A, D), reduced the levels of IL-1β, IL-6, TNFα, and IFNɣ in OME (Figures 6E–H), reduced the levels of ROS and MDA (Figures 6I, J), and increased the levels of SOD and GSH (Figures 6K, L) in the middle ear mucosae tissue at 4 weeks. These findings suggest that correcting Nrf2 expression in macrophages prevents uncured AOM or development of AOM into COM.




Figure 6 | Correction of Nrf2 expression in macrophages prevents transition from AOM to COM. Immediate myringotomy-assisted injection of AAV-pCD11b-Nrf2 or control AAV-pCD11b-Scr into the middle ear cavity of selective LPS-treated mice with low Nrf2 levels in OME-macrophages at day 7 after LPS administration was performed. Afterwards, the mice were maintained for another 3 weeks (4 weeks after LPS) and examined again for the recruitment of inflammatory cells and macrophage polarization in OME, the levels of major pro-inflammatory cytokines IL-1β, IL-6, TNFα, and IFNɣ in OME, and the levels of ROS, MDA, GSH, and SOD in the middle ear mucosae tissue. Analysis was done at 4 weeks after LPS or 3 weeks after viral intervention. OME was collected using myringotomy. (A) F4/80+ macrophages were analyzed by flow cytometry, shown by representative flow charts. (B) ELISA for Nrf2 in OME-macrophages. The relative Nrf2 levels in OME-macrophages from mice transduced with AAV-pCD11b-Scr were used as the reference point (=1), and the relative Nrf2 levels in OME-macrophages from mice transduced with AAV-pCD11b-Nrf2 were calculated in comparison to this reference. (C) Number of neutrophils and macrophages in OME. (D) Quantification of macrophage polarization (CD163) by flow cytometry. (E–H) ELISA for IL-1β (E), IL-6 (F), TNFα (G), and IFNɣ (H) in OME. (I–L) The levels of ROS (I), MDA (J), SOD (K) and GSH (L) in the middle ear mucosae tissue. *p<0.05.








Discussion

The aim of the current study was to investigate the role of the Nrf2 signaling pathway in macrophage polarization and its effect on inflammatory resolution in AOM. We used an AOM model by injecting LPS into the middle ear cavity of the mice to determine the correlation between Nrf2 levels in OME-macrophages at the inflammatory resolution time point and the final inflammatory resolution. Our findings revealed that lower levels of Nrf2 in OME-macrophages at the inflammatory resolution time point were associated with poor inflammatory resolution and progression of AOM into COM. Indeed, the impaired resolution of inflammation was evidenced by the sustained presence of a high number of inflammatory neutrophils and macrophages, a continuous predominance of pro-inflammatory M1 macrophages, low transition to anti-inflammatory M2 macrophages, consistently elevated levels of pro-inflammatory cytokines such as IL-1β, IL-6, TNFα, and IFNɣ, as well as persistently high levels of tissue oxidation. Notably, the abnormal expression of Nrf2 was observed in patients with otitis media, suggesting a potential role of Nrf2 in the transition of AOM to COM (10). Our study further suggested that abnormal expression of Nrf2 may be attributable to macrophages, and play a significant role in the transition of AOM to COM.

Our study found that Nrf2 induced M2-like polarization of macrophages, which could be conducted through several signaling pathways. First, Nrf2 activates antioxidants by binding to ARE and subsequent activation of downstream target genes that promote M2 macrophage polarization (13). Second, Nrf2 interacts with toll-like receptor 4 (TLR4) signaling during inflammation (14). TLR4 is a TLR family member critical for innate immune response to infection (15). The TLR4 signaling pathway begins with the recognition of its ligand, which leads to the recruitment of adaptor proteins, such as MyD88 and TRIF, to the TLR4 complex (15). These adaptors, in turn, activate downstream kinases, such as IRAK and TBK1, which phosphorylate and activate transcription factors, such as NF-κB and IRF3, respectively (15). Activation of NF-κB leads to the expression of a wide range of pro-inflammatory cytokines, including TNFα, IL-1β, and IL-6, as well as chemokines, adhesion molecules, and other immune effector molecules (16). These factors promote the recruitment of immune cells such as neutrophils and macrophages to the site of infection or injury, where they undergo phenotypic changes such as M1 macrophage polarization for clearance of the pathogen (16). TLR4 and Nrf2 signaling pathways are interconnected and influence each other’s activity (17). Nrf2 inhibits NF-κB signaling by promoting the degradation of p65, inhibiting the phosphorylation and subsequent degradation of IκB, and competing with NF-κB for binding to CBP (18). In addition, Nrf2 also inhibits TLR4 signaling by blocking the production of pro-inflammatory cytokines and chemokines, contributing to the polarization of macrophages to M2 (18). Nrf2 can activate the PI3K/Akt pathway, which enhances the expression of anti-inflammatory cytokines and growth factors to promote M2 macrophage polarization (19).

Our study also found that Nrf2-mediated M2-polarization of macrophages improved the survival of co-cultured HMMECs treated with LPS in vitro. This improved survival resulted from the decrease in apoptosis of the LPS-injured HMMECs. M2 macrophages have been shown for their production and secretion of a variety of growth factors and cytokines that improve antiapoptotic cell survival in the microenvironment, including basic fibroblast growth factor (bFGF), IL-10, transforming growth factor-beta (TGF-β), IL-13, IL-4, EGF, platelet-derived growth factor (PDGF), hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF-1) and macrophage-colony stimulating factor (M-CSF) (20). Hence, M2 macrophages may improve antiapoptotic cell survival in the microenvironment through these growth factors and cytokines (21).

In conclusion, our study demonstrates that restoration of Nrf2 in OME-derived low-Nrf2-expressing macrophages through a macrophage-specific gene targeting method can significantly inhibit the transition of AOM to COM in experimental mice. This approach could be a promising translational strategy to prevent the development of COM in AOM-patients.
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Objectives

We investigated the role and molecular mechanisms of RNA-binding proteins (RBPs) and their regulated alternative splicing events (RASEs) in the pathogenesis of mitral valve prolapse (MVP). 





Methods

For RNA extraction, we obtained peripheral blood mononuclear cells (PBMCs) from five patients with MVP, with or without chordae tendineae rupture, and five healthy individuals. High-throughput sequencing was used for RNA sequencing (RNA-seq). Differentially expressed genes (DEGs) analysis, alternative splicing (AS) analysis, functional enrichment analysis, co-expression of RBPs, and alternative splicing events (ASEs) analysis were conducted.





Results

The MVP patients exhibited 306 up-regulated genes and 198 down-regulated genes.  All down- and up-regulated genes were enriched in both Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Furthermore, MVP was closely associated with the top 10 enriched terms and pathways. In MVP patients, 2,288 RASEs were found to be significantly different, and four suitable RASEs (CARD11 A3ss, RBM5 ES, NCF1 A5SS, and DAXX A3ss) were tested. We identified 13 RNA-binding proteins (RBPs) from the DEGs and screened out four RBPs (ZFP36, HSPA1A, TRIM21, and P2RX7). We selected four RASEs based on the co-expression analyses of RBPs and RASEs, including exon skipping (ES) of DEDD2, alternative 3′ splice site (A3SS) of ETV6, mutually exclusive 3′UTRs (3pMXE) of TNFAIP8L2, and A3SS of HLA-B. Furthermore, the selected four RBPs and four RASEs were validated by reverse transcription–quantitative polymerase chain reaction (RT-qPCR) and showed high consistency with RNA sequencing (RNA-seq).





Conclusion

Dysregulated RBPs and their associated RASEs may play regulatory roles in MVP development and may therefore be used as therapeutic targets in the future.





Keywords: mitral valve prolapse, RNA sequencing, RNA-binding protein, alternative splicing, genome-wide analysis





Introduction

Degenerative mitral valve disease is one of the most common degenerative heart diseases. This disease has become one of the leading causes of cardiovascular morbidity and mortality in developed nations, with morbidity ranging from 2% to 3% (1). Degenerative mitral valve disease is characterized by lengthening or rupture of the chordae tendineae, resulting in mitral valve prolapse (MVP). Most individuals with MVP have chest tightness, and investigations have shown that this disease is associated with catastrophic outcomes such as heart failure, atrial fibrillation, arterial thrombosis, lethal ventricular arrhythmia, and even sudden cardiac death (2).

Mitral valve repair has grown increasingly popular in recent years, as it improves left ventricle (LV) function (1). However, despite the decreased surgical mortality (3) and improved long-term survival rate (4) associated with mitral valve repair, it has been found that approximately one-third of patients who receive mitral valve surgery develop moderate to severe mitral regurgitation (5). Icardo (6) discovered that the normal chordae of MVP patients exhibited pathological alterations in their microstructures. In addition, mitral valve repair cannot halt the progression of MVP (7), and therefore some researchers believe that mitral valve replacement may be required (6). However, the limitations of mitral valve replacement, which include the short lifespan of the bioprosthetic valve and anticoagulation of the mechanical valve, make patients, particularly young people, reluctant to undergo this procedure As a result, understanding the etiology of MVP is critical. Very little research on the mechanisms of MVP’ has been carried out.

RNA-binding proteins (RBPs), by binding to target RNA via an RNA recognition domain (8), can regulate the alternative splicing (AS) of pre-mRNA, and they also contain domains that enable them to bind with other proteins, allowing RBPs to perform their regulatory functions (9). RBPs and mRNA alternative splicing events (ASEs) have been identified as effectors and regulators in cardiovascular disorders, respectively (10). However, no data on the relationship between RBPs and MVPs have been documented yet.

As a result, in this study, high-throughput sequencing was employed for RNA sequencing (RNA-seq) in MVP patients, and genome-wide analysis of the co-expression of RBPs and ASEs was performed to evaluate the potential pathogenic components in the circulatory systems of MVP patients.





Materials and methods




Human blood

Patients with MVP who were admitted to Jiangsu Provincial Hospital for mitral valve surgery between February and August 2022 were chosen, and comparably healthy examinees were selected as the control group. The following were the inclusion criteria for the study group (1): the patient was diagnosed with MVP with or without chordae tendineae rupture by echocardiography and had no severe aortic or tricuspid valve dysfunction (2); the patient had moderate to severe mitral regurgitation and required surgical intervention; and (3) coronary angiography ruled out coronary heart disease. The control group’s inclusion criterion was that echocardiography was used to exclude cardiac valve disorders. The patient’s blood was drawn shortly after admission to the hospital, and peripheral blood mononuclear cells (PBMCs) were taken for RNA extraction.





RNA extraction and sequencing

Trizol was used to extract total RNA (Ambion, 15596-018). Total RNA was treated with RQ1 DNase (Promega) to remove DNA. A SmartSpec Plus™ spectrophotometer (Bio-Rad) was used to determine the quality and quantity of RNA by measuring the absorbance at 260 nm/280 nm (A260/A280). Electrophoresis with a 1.5% agarose gel was used to confirm RNA integrity.

RNA-seq libraries were created for each sample using 1 μg of total RNA. mRNAs were captured using VAHTS mRNA capture Beads (Vazyme, N401). The purified RNA was treated with RQ1 DNase (Promega) for the removal of DNA before being utilized for the directional RNA-seq library created using the KAPA Stranded mRNA-Seq Kit for Illumina® Platforms (KK8544). Polyadenylated mRNAs were purified and fragmented. Fragmented mRNAs were then converted into double-stranded cDNA. Following end repair and A tailing, the DNAs were ligated to a Diluted Roche Adaptor (KK8726). After purification of the ligation product and size fractioning to 300–500 bp, the ligated products were amplified, purified, quantified, and stored at –80°C before sequencing. The strand marked with dUTP (i.e., the second cDNA strand) is not usually amplified, allowing for strand-specific sequencing.

The manufacturer’s instructions were followed for high-throughput sequencing and an Illumina NovaSeq 6000 system was used for 150 nt paired-end sequencing of the cDNA libraries.





RNA-seq raw data clean and alignment

Raw reads containing more than 2N bases were initially discarded. A FASTX-Toolkit (version 0.0.13) was used to trim adaptors and low-quality bases. Short reads of fewer than 16 nt were discarded. Subsequently, clean reads were aligned to the GRCh38 genome using HISAT2 (11), with four mismatches allowed. Uniquely mapped reads were used to quantify the numbers of gene reads and calculate the fragments per kilobase of transcript per million fragments mapped (FPKM) (12).





Analysis of differentially expressed genes

Differentially expressed genes (DEGs) were identified using the R Bioconductor program DESeq2 (13). The cut-off parameters for detecting DEGs were fold change (FC) > 1.5 or < 0.67 and a p-value of < 0.01.





AS analysis

The ASEs and regulated ASEs between the samples were identified and quantified by using the ABLas pipeline in accordance with the method described in previous studies (14, 15). In brief, ABLas detection of 10 types of ASEs was based on the splice junction reads, including exon skipping (ES), alternative 5′ splice site (A5SS), alternative 3′ splice site (A3SS), mutually exclusive exons (MXEs), mutually exclusive 5′UTRs (5pMXE), mutually exclusive 3′UTRs (3pMXE), cassette exon, A3SS&ES, and A5SS&ES.





Functional enrichment analysis

A KOBAS 2.0 server (16) was used to identify Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways so that DEGs could be categorized into functional groups. To determine the enrichment of each term, a hypergeometric test and the Benjamini–Hochberg false discovery rate (FDR) controlling process were utilized.





Co-expression analysis

Co-expression analysis was performed for every differentially expressed RBP (DERBP) and regulated alternative splicing event (RASE). The Pearson correlation coefficient between DERBP and RASE was determined, and DERBP–RASE relationship pairs achieving an absolute correlation coefficient of ≥ 0.8 and p-value ≤ 0.01 were screened.





Protein–protein interaction network construction analysis

The Search Tool for the Retrieval of Interacting Genes (STRING) (http://www.string-db.org) was used to investigate the relationship between DEGs and RBPs. The minimum required interaction score was set to 0.4, and protein nodes that had no interaction with others were eliminated.





Validation of important RBPs and regulated alternative splicing genes in clinical samples

The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as a control gene to analyze the relative expression of specific genes. Standard cDNA synthesis techniques were followed, and RT-qPCR was performed on a Bio-Rad S1000 with Hieff qPCR SYBR® Green Master Mix (Low Rox Plus; YEASEN, China). Primer data are available in Supplementary File 1. The concentration of each transcript was then normalized to GAPDH mRNA level using the 2–ΔΔCT method (17).

A list of the primers that were used for the detection of pre-mRNA splicing, and subsequently for the quantitative evaluation of the two distinct splicing isoforms of a given ASE using the quantitative polymerase chain reaction (qPCR) technique, is given in Supplementary File 1. To precisely amplify each of these two isoforms, primers complementary to the splice junction of the constitutive exon and alternative exon were designed. Standard cDNA synthesis protocols were followed, and RT-qPCR was conducted using a Bio-Rad S1000 with Hieff qPCR SYBR® Green Master Mix (Low Rox Plus; YEASEN, China). The 2–ΔΔCT technique was used to quantify PCR amplifications.





Other statistical analysis

Principal component analysis (PCA) was performed using the R package factoextra (https://cloud.r-project.org/package=factoextra/) to illustrate the clustering of data with the first two components. After normalizing the reads in samples by tags per million (TPM), in-house software (Sogen) was used to visualize next-generation sequence data and genomic annotations. In addition, the pheatmap package (https://cran.r-project.org/web/packages/pheatmap/index.html/) in R was used to perform the clustering based on Euclidean distance. For comparisons between the two groups, a Student’s t-test and a Fisher’s precision probability test were employed, and the results were presented as means ± standard deviation (SD).





Availability of data and materials

The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.






Results




Quality control of sequencing data

The sequencing data were subjected to quality control to exclude low-quality bases and reads, and therefore the sequences that were preserved were of high quality. The project’s clean ratio was greater than 97%, while the basic quality of clean reads (Q20) was greater than 97% (p < 0.01). Q30 (p < 0.001) was greater than 93%. (Table S1). Q20 and Q30 are the probabilities of error detection of bases; Q20 is 0.01.





DEGs in the MVP patient and healthy individual groups

This study enrolled five MVP patients and five age- and gender-matched healthy individuals. All MVP patients had significant mitral regurgitation and required mitral valve surgery, but none of them developed heart failure. One MVP patient had undergone a cholecystectomy 1 year prior. Table 1 compares the characteristics of the two groups. Blood was drawn from 10 participants, and PBMCs were taken for RNA extraction.


Table 1 | 



High-throughput sequencing was used for RNA-seq. First, sample correlation analysis was performed to evaluate the transcript expression values for all samples and to reveal the comparability of each sample (Figure 1A). A total of 504 DEGs were detected in the MVP patient and healthy individual groups. Compared with the healthy individual group, the MVP patient group exhibited 306 up-regulated genes and 198 down-regulated genes. All DEGs identified in the samples of MVP patients and healthy individuals are shown in the form of a volcano plot (Figure 1B) and a hierarchical clustering heat map (Figure 1C). All DEGs and RASEs are listed in Tables 4, 5, 6 In The Supplementary Files.




Figure 1 | DEGs in the MVP patient and healthy individual groups. (A) shows an inter-sample clustering analysis of sample correlation. The 306 up-regulated genes and 198 down-regulated genes are shown in (B) A heat map of 504 DEGs is shown in (C) DEGs, differentially expressed genes; MVP, mitral valve prolapse.







Functional enrichment analysis of DEGs between MVP group and healthy group

Gene Ontology terms consist of cellular components, molecular functions, and biological processes. The down- and up-regulated DEGs were enriched in the three components of GO terms, and the top 10 most enriched terms are shown in Figures 2A–F. The down-regulated DEGs were remarkably enriched in the terms neutrophil degranulation, immune response, and immune response regulation, whereas up-regulated DEGs were enriched in the terms cell adhesion, positive regulation of fibroblast proliferation, extracellular matrix organization, wound healing, extracellular matrix structural constituents, and collagen-containing extracellular matrix.




Figure 2 | Functional enrichment analysis of DEGs in the MVP patient and healthy individual groups. The down-regulated DEGs that were enriched in GO terms are shown in panels (A–C), and up-regulated DEGs that were enriched in GO terms are shown in panels (D–F). The down- and up-regulated DEGs that were enriched in KEGG pathways are shown in (G, H), respectively. DEG, differentially expressed gene; GO, Gene Ontology; MVP, mitral valve prolapse.



The top 10 most enriched KEGG pathways are shown in Figures 2G, H. The down-regulated DEGs were largely abundant in antigen processing and presentation and cell adhesion molecules, whereas up-regulated DEGs were associated with the terms bladder cancer, melanoma, complement and coagulation cascades, and PI3K-Akt signaling pathways.





The AS analysis of peripheral blood in MVP patients

In MVP patients, 2,288 RASEs were shown to be significantly different, with 995 RASEs being down-regulated and 1,293 being up-regulated. PCA of two groups of samples based on normalized non-intron retention regulated (NIR) splicing ratio revealed a high degree of similarity between the two groups (Figure 3A). The distribution of AS events in nine AS types indicated that the RASEs were concentrated mainly on A5SS, A3SS, and cassette exons (Figure 3B). The expression levels of all RASEs were displayed on a hierarchical clustering heat map, as shown in Figure 3C. All regulated alternative splicing genes (RASGs) were enriched in biological process GO terms (Figure 3D). The apoptosis-related terms were among the top 10 enriched terms. As a result, four suitable RASEs in the apoptosis-related terms were screened based on their p-values: CARD11 A3ss, RBM5 ES, NCF1 A5SS, and DAXX A3ss. CARD11 A3ss, RBM5 ES, and NCF1 A5SS were significantly expressed in the MVP group, whereas DAXX A3ss was low in the MVP group compared with the healthy group (Figure 3E).




Figure 3 | The AS analysis of peripheral blood in MVP patients. (A) Principal component analysis of two sample groups of samples based on normalized NIR splicing ratio. (B) The bar chart shows the distribution of AS events in nine AS types. X-axis: the different types of AS events. Y-axis: RASE number. (C) Hierarchical clustering heat map showing expression levels of all RASEs. (D) Bubble diagram exhibiting the most enriched GO biological process results of the regulated alternative splicing genes (RASGs). (E) Bar plot showing the expression pattern and statistical difference of RASE. AS, alternative splicing; GO, Gene Ontology; MVP, mitral valve prolapse; RASE, regulated alternative splicing event. * means p<0.05, ** means p<0.01.







Analysis of differential expression of RBPs and co-expression network between RBPs and RASGs associated MVP patients

Thirteen genes associated with DEGs and RBPs were found to intersect, i.e., were found in both groups, of which four were down-regulated and nine were up-regulated (Figure 4A). In a hierarchical clustering heat map, the expression levels of 13 RBPs were compared between the two groups (Figure 4B). ZFP36 interacted with SBDS, FN1, CDKN2 A, CALD1, and C4BPA in a protein–protein interaction (PPI) comprising 13 RBPs (Figure S1A).




Figure 4 | Analysis of differential expression of RBPs in MVP patients (A) Venn diagram showing the overlap in the number of genes of RBPs and DEGs. (B) Hierarchical clustering heat map showing the expression levels of overlapping RBPs. (C) The scatterplot shows the RBPs and the number of co-expressed RASGs. (D) Bubble diagram exhibiting the most enriched GO biological process results of the RBPs co-expressed RASGs. (E) Bar plot showing the expression pattern and statistical difference of RBPs. DEG, differentially expressed gene; GO, Gene Ontology; MVP, mitral valve prolapse; RASG, regulated alternative splicing gene; RBP, RNA-binding protein. ** means p<0.01, *** means p<0.001.



The network diagram of co-expressed RASGs and RBPs revealed that 13 RBPs and 1,291 RASEs were co-expressed (Figure S1B). The 13 RBPs and the number of co-expressed RASGs are shown in Figure 4C. Co-expressed RASGs and RBPs were enriched in GO biological process terms, and the most enriched terms were neutrophil degranulation, positive regulation of intrinsic apoptotic signaling pathway, mRNA splicing via spliceosome, RNA splicing, mRNA processing, cristae formation, regulation of the apoptotic process, RNA processing, viral process, and type I interferon signaling pathway (Figure 4D). Following a literature review, we chose four RBPs (HSPA1A, ZFP36, TRIM21, and P2RX7) that play important roles in the development of cardiovascular diseases (18–26) for further co-expression analysis (Figure 4E).

The four RBPs (HSPA1A, ZFP36, TRIM21, and P2RX7) co-expressed with 629 RASEs, and 276 RASGs. We selected four RASEs (DEDD2 ES, ETV6 A3SS, TNFAIP8L2 3pMEX, and HLA-B A3SS) among 629 RASEs based on their expression levels, the significance of difference (the p-value), and the literature study (Figure 5C) (27–30). Figure 5 shows the co-expression of four RASGs (DEDD2, ETV6, TNFAIP8L2, and HLA-B) with four RBPs (HSPA1A, ZFP36, TRIM21, and P2RX7) as well the highest enriched GO biological process terms. [Positive regulation of intrinsic apoptotic signaling pathway, neutrophil degranulation, cristae formation, mRNA splicing via spliceosome, RNA processing, phospholipid biosynthetic process, regulation of the apoptotic process, RNA splicing, mRNA processing, and protein localization (Figure 5B)].




Figure 5 | Co-expression network between DE RBPs and RASGs associated MVP patients. (A) The network diagram shows co-expression between RASGs with ZFP36, HSPA1A, TRIM21, and P2RX7. (B) Bubble diagram exhibiting the most enriched GO biological process results of the four RBPs co-expressed with RASGs. (C) Bar plot showing the expression pattern and statistical difference of RASEs. DEG, differentially expressed gene; GO, Gene Ontology; MVP, mitral valve prolapse; RASG, regulated alternative splicing gene; RBP, RNA-binding protein; DE RBPs, differentially expressed RBPs. * means p<0.05, ** means p<0.01.







Validation of clinically important RBPs and RASGs

P2RX7 gene expression was dramatically increased in the MVP patient group compared with the control group, whereas ZFP36, TRIM21, and HSPA1A gene expressions were significantly decreased.

Furthermore, there were considerably more ASEs in the DEDD2 and ETV6 genes in the MVP patient group than in the group of healthy individuals; however, the numbers of ASEs in the HLA-B and TNFAIP8L2 genes were not significantly different between the two groups (Figure 6).




Figure 6 | Validation of important RBPs and RASGs in clinical samples. Results of the qPCR of the gene expression of four RPBs and four AS events of RASGs. AS, alternative splicing; RAS, regulated alternative splicing gene; RBP, RNA-binding protein; qPCR, quantitative polymerase chain reaction.








Discussion

Because of the use of 3D echocardiography and cardiac magnetic resonance imaging (MRI), a consensus in the areas of diagnosis and therapy of MVP has been reached. However, questions related to the genetics and mechanisms of MVP remain unresolved. Consequently, we used RNA-seq to investigate the probable pathogenesis in the MVP circulatory system. We identified four suitable RBPs and four RASGs that could be implicated in the development of MVP after thoroughly analyzing the RNA-seq results.

Transforming growth factor β (TGF-β) was the most clearly identified pathogenic factor for MVP in previous studies (31–33). It can stimulate collagen secretion and result in the remodeling of the extracellular matrix (ECM) (33). In our study, we found that the most enriched GO terms of DEGs were extracellular matrix organization, extracellular matrix structural constituent, and collagen-containing extracellular matrix. This agrees with previous findings. Thus, changes in the ECM were the key manifestation of MVP. Further investigation is needed to determine which factors cause ECM modifications and how these changes contribute to MVP. In addition, as shown in Figure 2C, neutrophil degranulation was the most enriched term. In our study, we enriched 25 DEGs into neutrophil degranulation terms. Among these 25 DEGS, CXCR1 has been shown to mediate neutrophil degranulation in an in vivo experiment (34). It was also found to be a surface marker of monocytes (35) in cardiovascular diseases. Thus, neutrophil degranulation may play an important role in MVP progression.

A previous study linked FBN1, PKD1, DCHS1, and DZIP1 to MVP (1). However, these genes were all linked to familial MVP or MVP as part of a syndrome of connective tissue disorders (CTDs) such as Marfan syndrome, adult polycystic kidney disease, or Ehlers–Danlos syndrome (1). Our study focused on sporadic MVP, and our results indicated that the expression levels of these four genes did not change significantly.

TGF-β plays an integral role in regulating immune responses (36) and has intricate relationships with the immune system (37). In our study, DEGs were also significantly enriched in the immune response terms in GO enrichment analysis, and the four RBPs identified were all associated with immune-inflammatory responses.

ZFP36 is a well-known anti-inflammatory modulator that can both reduce the production of pro-inflammatory cytokines and control various immune responses (38). ZFP36 has been linked to a variety of autoimmune diseases such as rheumatoid arthritis, psoriasis, multiple sclerosis, and juvenile idiopathic arthritis (39). The P2X7 receptor (P2RX7) is mainly expressed in immune cells and serves as an essential regulator of inflammation, immunity, and cellular death (21, 40). P2RX7 is associated with several cardiovascular diseases, including hypertension, atherosclerosis, ischemia/reperfusion injury, and heart failure (21). This is due to its role in promoting endothelial dysfunction and inflammation. HSPA1A is a heat shock protein with anti-apoptotic and antithrombotic properties. It has been shown that HSPA1A can protect against atherosclerosis because of its anti-inflammatory and antithrombotic characteristics (41). TRIM21 is critical to defense against invading viruses (42). A study by Bolland (43) found that a lack of Ro52/Trim21 can exacerbate injury-induced systemic autoimmune illness via the IL-23–Th17 pathway. Anti-TRIM21 antibodies have also been identified in a variety of autoimmune disorders (44, 45).

In summary, three RBPs (ZFP36, HSPA1A, and TRIM21) with anti-inflammatory functions were decreased in the MVP patient group, whereas P2RX7, which can enhance the inflammatory response, was increased in the MVP patient group compared with the healthy individual group. We, therefore, concluded that immune-inflammatory responses may play a crucial role in the development and progression of MVP. Further research is needed to determine if the four RBPs tested are linked with TGF-β and how they contribute to the advancement of MVP.

In addition, HSPA1A has been linked to a lower incidence of pulmonary fibrosis (46). Research has found that fibrosis and matrix remodeling of the mitral valve are major manifestations of MVP (32). Thus, HSPA1A may protect against MVP by decreasing the deposition of collagen in the ECM of the mitral valve.

The complexity of the proteome is increased by alternative pre-mRNA splicing. A dysfunctional splicing process has been identified in several diseases (47), which may suggest possible treatment targets for these diseases (48). Previous research has linked AS to atherosclerosis, heart failure, and dilatative cardiomyopathy (49). However, no studies have found a link between the AS of mRNA and MVP.

We discovered significant changes in the ASEs of four RASGs (DEDD2, ETV6, TNFAIP8L2, and HLA-B). The ASEs of the DEDD2, ETV6, and TNFAIP8L2 genes were considerably increased in the MVP group and were associated with apoptosis (28, 50–52). HLA-B ASEs, which inhibited apoptosis and cell invasion while reducing cell proliferation (53), were significantly reduced in the MVP group. Furthermore, three of the top 10 most enriched terms in the RASGs GO enrichment analysis (Figure 3D) were associated with apoptosis.

Until now, few studies have focused on the apoptosis of mitral valve cells in MVP. Thus, our findings provided a breakthrough point for the study of MVP mechanism.




Limitations

There are several drawbacks to this study. Firstly, the sample size of this study is quite small and therefore larger sample size studies ought to be conducted in future. Secondly, since the sample for this study was peripheral blood, the RNA-seq results may have been influenced by other factors, such as hypertension, diabetes, and heart function. Thirdly, because this study only used clinical samples, in vitro and animal investigations are required to validate the pathogenicities of the four RBPs and four RASGs to MVP.






Conclusion

Immune-inflammatory responses may contribute to the development and progression of MVP by accelerating the apoptosis of mitral valve cells. ZFP36, HSPA1A, TRIM21, and P2RX7 may be involved in the regulation of the AS of DEDD2, ETV6, TNFAIP8L2, and HLA-B, and hence play an important role in the development of MVP.
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Background

Atherosclerosis (AS) risk is elevated in diabetic patients, but the underlying mechanism such as involvement of epigenetic control of foam macrophages remains unclear. We have previously shown the importance of immune regulation on endothelial cells to AS development in diabetes. In this study, we examined the hypothesis that diabetes may promote AS through modification of the epigenetic status of macrophages.





Methods

We employed the Laser Capture Microdissection (LCM) method to evaluate the expression levels of key epigenetic regulators in both endothelial cells and macrophages at the AS lesions of patients. We then assessed the correlation between the significantly altered epigenetic regulator and serum levels of low-density Lipoprotein (LDL), triglycerides (TRIG) and high-density Lipoprotein (HDL) in patients. In vitro, the effects of high glucose on glucose utilization, lactate production, succinate levels, oxygen consumption and polarization in either undifferentiated or differentiated bone marrow-derived macrophages (BMDMs) were analyzed. The effects of depleting this significantly altered epigenetic regulator in macrophages on AS development were assessed in AS-prone diabetic mice.





Results

Histone deacetylase 3 (HDAC3) was identified as the most significantly altered epigenetic regulator in macrophages from the AS lesions in human diabetic patients. The levels of HDAC3 positively correlated with high serum LDL and TRIG, as well as low serum HDL. High glucose significantly increased glucose utilization, lactate production, succinate levels and oxygen consumption in cultured macrophages, and induced proinflammatory M1-like polarization. Macrophage depletion of HDAC3 significantly attenuated AS severity in AS-prone diabetic mice.





Conclusion

Epigenetically altered macrophages promote development of diabetes-associated AS, which could be prevented through HDAC3 depletion.
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Introduction

Diabetes and atherosclerosis (AS) are two closely related conditions that significantly impact global health (1). AS, characterized by the progressive accumulation of inflammatory cells, lipids, and fibrous elements in the arterial wall, is a leading cause of cardiovascular disease (CVD) (2). CVD remains the primary cause of morbidity and mortality in diabetic patients (3). Apolipoprotein E (ApoE) is a potent suppressor of AS. ApoE-knockout (ApoE-KO) mice have been commonly used in research of AS, due to their development of AS features such as hypercholesterolemia in response to a high-fat diet (HFD) (4).

Recent research has emphasized the role of diabetes as a significant risk factor for the development and progression of atherosclerotic lesions (5). The complex crosstalk between foam macrophages and endothelial cells is known to play a crucial role in plaque formation, a hallmark of AS (6–8). The effects of diabetes on AS primarily stem from chronic hyperglycemia, which creates a sustained inflammatory microenvironment that promotes AS development (9). In this microenvironment, macrophages play a vital role, as they not only contribute to plaque formation as foam cells but also actively interact with other cells, such as endothelial cells, mesenchymal cells, fibroblasts, and other immune cells (10). During these interactions, macrophages can change their phenotype or polarization in response to hyperglycemia (11).

Epigenetic changes occur in macrophages and other cell types in diabetes (12). These changes refer to modifications in gene expression without altering the underlying DNA sequence (12), such as histone methyltransferases (HMTs), histone deacetylases (HDACs) and DNA methyltransferases (DNMTs) (13). These enzymes modulate the expression of pro-inflammatory genes, lipid metabolism genes, and cellular adhesion molecules, contributing to the development and progression of atherosclerotic lesions (13). Understanding the specific roles of these epigenetic regulators in diabetes-associated atherosclerosis could help identify novel therapeutic targets for prevention and treatment. Additionally, the interplay between different epigenetic regulators and other factors, such as oxidative stress and advanced glycation end products (AGEs), in the context of diabetes-associated atherosclerosis has been investigated (14).

During the development of AS in diabetes, macrophages undergo epigenetic alterations such as DNA methylation and histone modifications that influence their activation, polarization, and function (12). For example, the promoter region of specific pro-inflammatory genes may exhibit reduced DNA methylation, leading to enhanced expression and contributing to a pro-atherogenic environment (12). Additionally, different post-translational modification may occur to histone proteins that alter chromatin structure and accessibility to affect gene expression (12). In the context of diabetes-associated AS, macrophages may exhibit altered histone modification patterns on genes involved in inflammation, lipid metabolism, and cellular adhesion (15). Increased histone acetylation or methylation on pro-inflammatory genes may promote the expression of these genes, further exacerbating AS (16).

Epigenetic alterations in macrophages have been studied in AS, but not yet in a diabetic setting (12). In this study, we addressed this question by assessing patients’ specimens and examining animal models. Through these approaches, we aimed to uncover the unique epigenetic changes in macrophages that contribute to diabetes-associated AS, providing valuable insights for future research and potential therapeutic interventions.





Materials and methods




Study ethics

The study protocol received approval from the Animal Care and Use Committee at Zhongshan Hospital of Fudan University. All experimental procedures followed the guidelines for the Care and Use of Laboratory Animals. Human aortic arch specimens were collected from organ donors or patients who underwent cardiovascular surgery at our institute between 2014 and 2019, with prior consent obtained from the deceased person’s family.





Animal models

Mice expressing Cre recombinase under the control of the lysosome promoter (pLys-Cre; #004781), histone deacetylase 3 (HDAC3) floxed mice (HDAC3floxed; #024119), and ApoE-KO mice (#002052) were all acquired from the Jackson Laboratory (Bar Harbor, ME, USA) and housed under sterile conditions. In pLys-Cre mice, a nuclear-localized Cre recombinase was inserted at the first coding ATG of the lysozyme 2 gene, thereby abolishing endogenous lysozyme 2 gene function and allowing Cre expression to be controlled by the endogenous lysozyme 2 promoter/enhancer elements (17). In HDAC3floxed mice, loxP sites were positioned flanking exons 4-7 of the HDAC3 gene. Mice homozygous for this allele are viable and fertile. When bred with mice expressing tissue-specific Cre recombinase, the resulting offspring exhibit deletion of exons 4-7 in the Cre-expressing cells (18). The pLys-Cre and HDAC3floxed mice were first crossbred to generate macrophage-specific HDAC3 knockout mice, and then crossbred with ApoE-KO mice to produce ApoE-KO/pLys-Cre/HDAC3floxed mice. ApoE-KO mice (ApoE-KO) (19) were used as controls without macrophage depletion of HDAC3 in ApoE-KO/pLys-Cre/HDAC3floxed mice. Both female and male mice were randomly and equally assigned to each experimental group. AS was induced in ApoE-KO mice by feeding them at age of 8 weeks a high-fat diet (HFD) for 12 weeks to accelerate plaque formation in the arterial wall. The recipe for the HFD contained 21% butter-derived fat by weight and 0.15% cholesterol along with standard rodent chow ingredients. In contrast, control mice are fed a normal diet (ND) that contains 4.5% plant-based fat by weight along with standard rodent chow ingredients. Mice at 20 weeks of age were analyzed for AS development. Four groups of mice were included in the study: ApoE-KO mice with ND, ApoE-KO mice with HFD, ApoE-KO/pLys-Cre/HDAC3floxed mice with ND and ApoE-KO/pLys-Cre/HDAC3floxed mice with HFD.





Laser capture microdissection

LCM was used to isolate CD31+ endothelial cells and CD68+ macrophages from human aortic arch specimens. Briefly, after collection and processing of the aortic arch tissue, which involved fixation, embedding, and sectioning to generate thin tissue slices, the sections were then mounted on the specialized glass slides for LCM and stained with either rabbit anti-CD31 antibody (Ab28364, Abcam, Shanghai, China) for endothelial cells or rabbit anti-CD68 antibody (Ab213363, Abcam) for macrophages, to visualize and identify the target cell populations. Fibronectin staining (Ab2413, Abcam) was performed to help visualization of the tissue. Before performing LCM, the stained tissue sections were dehydrated through a series of alcohol and xylene washes to remove any residual water and to ensure compatibility with the LCM process. The tissue sections were then placed under the LCM microscope, where the regions containing CD31+ endothelial cells or CD68+ macrophages were carefully identified based on fluorescence. Using an ultraviolet laser, the selected regions are microdissected and captured onto a thermoplastic cap to be transferred to a collection tube for protein extraction and ELISA analysis.





Quantification of mouse atherosclerotic lesions

The mouse aortic arch dissection and subsequent histological analysis involved several executed steps. First, the aortic arch was carefully removed, ensuring that the tissue remained intact during the process. Following dissection, the aortic arch was fixed in a 4% paraformaldehyde solution for 4 hours to preserve the tissue structure and morphology. After fixation, the tissue was dehydrated through a series of graded alcohol solutions and then embedded in paraffin wax to provide support and protection. Once the tissue was thoroughly infiltrated with paraffin, it was positioned in a mold and allowed to solidify. The paraffin-embedded aortic arch was then sectioned at a thickness of 5 micrometers using a microtome, and the resulting tissue sections were mounted on glass slides for further processing and analysis. To evaluate the presence and extent of atherosclerotic lesions, a Hematoxylin and eosin (H&E) staining was employed. The stained sections were examined under a light microscope. The atherosclerotic lesions were visible as areas of cellular accumulation and extracellular matrix deposition within the intimal layer of the artery wall. The high-resolution images of the stained sections were captured using a microscope equipped with a camera attachment. The atherosclerotic lesion area in each section was outlined with ImageJ analysis software, and the total lesion area was calculated. The lesion area between different treatment groups or experimental conditions was compared to assess the extent of AS.





Measurement of lipid content of the plaque

To measure the lipid content of an atherosclerotic plaque, we used an Oil Red O staining. First, the aortic arch segments containing atherosclerotic plaques were dissected and then fixed in 4% paraformaldehyde. The fixed tissue was embedded and sectioned into slices of 5μm-thickness, using a cryostat. The sections were fixed in cold acetone for 10 minutes. After that, the slides were stained with freshly prepared Oil Red O solution for 15 minutes. The stained slides were then rinsed with distilled water and counterstained with hematoxylin to visualize nuclei. This staining method selectively stained neutral lipids, such as triglycerides and cholesterol esters, enabling the visualization and quantification of lipid-rich areas within the aortic arch tissue sections. Upon completion of the staining procedures, the slides were examined under a light microscope to assess the presence, distribution, and severity of atherosclerotic lesions in the mouse aortic arch samples.





Isolation, culture and differentiation of mouse BMDMs

To isolate, culture, and differentiate mouse bone marrow-derived macrophages (BMDMs) into M1 or M2 macrophages, we followed the protocol outlined below. Begin by euthanizing the mice according to institutional guidelines. Spray the hind limbs with 70% ethanol and dissect the femurs and tibias. Remove any attached muscle tissue and transfer the bones to a sterile Petri dish containing phosphate-buffered saline (PBS, Sigma-Aldrich). Cut the ends of the bones using sterile scissors, and flush the bone marrow out with a syringe filled with cold PBS supplemented with 2% fetal bovine serum (FBS). Collect the flushed bone marrow cells in a sterile 50 mL tube. Gently pipette the bone marrow suspension up and down to break up any clumps. Pass the cell suspension through a 70μm cell strainer to remove any debris and obtain a single-cell suspension. Centrifuge the cell suspension at 300 x g for 5 minutes and discard the supernatant. Resuspend the cell pellet in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich, Shanghai, China) supplemented with 10% FBS, 1% penicillin-streptomycin, and 25 ng/mL macrophage colony-stimulating factor (M-CSF, Sigma-Aldrich). Count the cells using a hemocytometer and seed them at a density of 106 cells per 10 cm dish or appropriate cell culture plate. Incubate the cells in a humidified 37°C, 5% CO2 incubator for 6 days to allow the differentiation of bone marrow cells into macrophages. Replace the culture medium containing M-CSF every 3 days. After the differentiation period, harvest the macrophages using a cell scraper and replate them in new cell culture plates at the desired density. To polarize the macrophages into M1 or M2 phenotypes, treat them with specific stimuli. For M1 polarization, add 100 ng/mL lipopolysaccharide (LPS, Sigma-Aldrich) and 20 ng/mL interferon-gamma (IFN-γ, Sigma-Aldrich) to the culture medium and incubate the cells for 48 hours. For M2 polarization, add 20 ng/mL interleukin-4 (IL-4, Sigma-Aldrich) to the culture medium and incubate the cells for 48 hours.





Macrophage metabolism

The measurement of macrophage metabolism, including glucose utilization, lactate production, succinate levels, and oxygen consumption rate, was done as following. The undifferentiated or differentiated macrophages were treated with or without experimental stimuli for a specific duration, after which the conditioned media were collected. For glucose utilization, glucose levels were measured with a glucose assay kit according to the manufacturer’s instructions (Ab102517, Abcam). The glucose levels in the media before and after the incubation period were compared to determine glucose utilization by the macrophages. For lactate production, the conditioned media were used to measure lactate levels with a lactate assay kit following the manufacturer’s protocol (Ab65331, Abcam). The amount of lactate produced by the macrophages was used as an indicator of glycolytic activity. For succinate levels, macrophage cell pellets were collected and extracted metabolites using cold methanol as an extraction buffer. The samples were then centrifuged, and the supernatants were collected for quantification of succinate levels using a succinate assay kit, following the manufacturer’s instructions (Ab204718, Abcam). For measuring oxygen consumption rate (OCR) to evaluate the mitochondrial function and oxidative phosphorylation in macrophages, a Seahorse XF Analyzer was used (Aligent, Beijing, China). Seed macrophages in an appropriate cell culture microplate and equilibrate them in a CO2-free incubator for 1 hour before analysis, following the manufacturer’s protocol.





ELISA

RIPA buffer was used to lyse cells to collect proteins. ELISA for human HDAC3 (LS-F55924, LSBio, Seattle, WA, USA), human enhancer of zeste homolog 2 (EZH2; LS-F7278, LSBio), human DNA Methyltransferase 1 (DNMT1; LS-F7340, LSBio), human sirtuin 1 (SIRT1; LS-F12606, LSBio), human jumonji domain containing 3 (JMJD3; LS-F74347, LSBio), mouse IL-6 (Ab100713, Abcam), mouse IL-1β (Ab197742, Abcam), mouse tumor necrosis factor alpha (TNFα; Ab208348, Abcam), mouse interferon gamma (IFNγ; Ab282874, Abcam), mouse arginase 1 (ARG1; Ab269541, Abcam), mouse CD163 (Ab272204, Abcam), mouse α-smooth muscle actin (α-SMA; NBP2-66429, Novus Biologicals, Shanghai, China), Vimentin (LS-F7624, LSBio, Seattle, WA, USA) and mouse Collagen IV (LS-F20750, LSBio) were utilized as per the manufacturer’s instructions.





Statistical analyses

In this study, the data were presented as individual values along with the mean and standard deviation (SD). The statistical analysis was performed using one-way ANOVA, followed by a Bonferroni post-hoc correction to adjust for multiple comparisons (GraphPad Prism, GraphPad Software, Inc., La Jolla, CA, USA). A p-value less than 0.05 was considered statistically significant. The term “NS” was used to denote instances where there was no significant difference between the groups. Additionally, correlation analyses were conducted using Pearson’s correlation coefficient to assess the strength and direction of the relationships between the variables under investigation.






Result




Plaque macrophages in diabetic patients express significantly high HDAC3

In this study, we utilized the LCM technique to assess the expression levels of key epigenetic regulators in both CD31+ endothelial cells and CD68+ macrophages within atherosclerotic lesions of human patients (Figure 1A; Supplementary Table). Patient specimens were categorized into non-diabetic and diabetic groups based on their serum HbA1C percentages (Figure 1B). We evaluated the expression of five major epigenetic regulators, namely HDAC3, EZH2, DNMT1, SIRT1, and JMJD3, in CD31+ endothelial cells and CD68+ macrophages from the plaques of both non-diabetic and diabetic cases using ELISA (Figures 1C–G). While no significant differences were observed in the expression levels of all five epigenetic regulators in CD31+ endothelial cells or in the expression of four of these regulators (EZH2, DNMT1, SIRT1, and JMJD3) in CD68+ macrophages between non-diabetic and diabetic cases (Figures 1C–G), we detected a notable increase in HDAC3 levels in macrophages from diabetic patients compared to those from non-diabetic individuals (Figure 1C). Thus, plaque macrophages in diabetic patients exhibit significantly elevated HDAC3 expression.




Figure 1 | Plaque macrophages in diabetic patients express significantly high HDAC3. (A) Representative images for LCM technique to extract either CD31+ endothelial cells or CD68+ macrophages within atherosclerotic lesions of human patients. (B) Serum HbA1C percentages in non-diabetic and diabetic groups. (C–G) ELISA for HDAC3 (C), EZH2 (D), DNMT1 (E), SIRT1 (F), and JMJD3 (G) in CD31+ endothelial cells and CD68+ macrophages from the plaques of both non-diabetic and diabetic cases. *p<0.05. Scale bars were 50µm.







Macrophage HDAC3 levels correlate with lipid metabolism and glucose levels in patients

We subsequently evaluated the correlation between macrophage HDAC3 expression levels and lipid metabolic parameters, such as serum Low-density Lipoprotein (LDL), High-density Lipoprotein (HDL), Triglycerides (TRIG), as well as glucose levels (HbA1C%) in patients (Supplementary Table). Our findings revealed a negative correlation between macrophage HDAC3 levels and serum HDL (Figure 2A), while a positive correlation was observed with serum LDL (Figure 2B) and TRIG (Figure 2C). Additionally, a positive correlation was found between macrophage HDAC3 levels and patients’ blood glucose levels (Figure 2D). These results, demonstrating a correlation between macrophage HDAC3 expression and lipid metabolism as well as glucose levels in patients, suggest that HDAC3-mediated epigenetic alterations in macrophages may contribute to the metabolic changes associated with AS in diabetes.




Figure 2 | Macrophage HDAC3 levels correlate with lipid metabolism and glucose levels in patients. (A–D) The correlation between macrophage HDAC3 expression levels and serum Low-density Lipoprotein (LDL; A), High-density Lipoprotein (HDL; B), Triglycerides (TRIG; C) and HbA1C% (D) in patients.







High glucose increases macrophage metabolism

In vitro, we investigated the impact of high glucose on glucose utilization, lactate production, succinate levels, oxygen consumption, and polarization in both undifferentiated and differentiated mouse BMDMs. Our findings demonstrated that high glucose significantly enhanced glucose utilization (Figure 3A), lactate production (Figure 3B), succinate levels (Figure 3C), and oxygen consumption (Figure 3D) in undifferentiated BMDMs as well as in differentiated BMDMs (M1 by LPS and IFNγ; M2 by IL-4). These results indicate that elevated glucose levels boost macrophage metabolism, which may contribute to their activation and involvement in plaque formation.




Figure 3 | High glucose increases macrophage metabolism. Measurement of the impact of high glucose on glucose utilization, lactate production, succinate levels and oxygen consumption in both undifferentiated and differentiated mouse BMDMs. (A) Glucose utilization assay (B) Lactate production assay (C) Succinate levels (D) Oxygen consumption rate (OCR) in undifferentiated BMDMs as well as in differentiated BMDMs (M1 by LPS and IFNγ; M2 by IL-4). *p<0.05.







High glucose induces proinflammatory polarization of macrophages

We proceeded to examine the effects of high glucose on macrophage polarization by evaluating the expression levels of several critical M1/M2 macrophage markers. Our findings revealed that high glucose significantly upregulated M1 markers, such as IL-6 (Figure 4A), IL-1β (Figure 4B), TNFα (Figure 4C), and IFNγ (Figure 4D), while it notably downregulated M2 markers, including Arg1 (Figure 4E) and CD163 (Figure 4F), in undifferentiated BMDMs. These observations suggest that elevated glucose levels promote proinflammatory polarization of macrophages, which may contribute to their transformation into foam cells and subsequent plaque formation.




Figure 4 | High glucose induces proinflammatory polarization of macrophages. The effects of high glucose on mouse macrophage polarization were assessed by evaluating the expression levels of several critical M1/M2 macrophage markers using ELISA. (A) ELISA for IL-6 (B) ELISA for IL-1β (C) ELISA for TNFα (D) ELISA for IFNγ (E) ELISA for Arg1 (F) ELISA for CD163. *p<0.05.







Generation of macrophage HDAC3 knockout mice in ApoE-KO background

To investigate whether increased HDAC3 expression in macrophages might contribute to the development of AS in vivo, we generated macrophage HDAC3 knockout mice in an ApoE-KO background. In pLys-Cre mice, the promoter of the macrophage-specific endogenous lysozyme 2 gene was utilized to drive Cre recombinase expression (17). In HDAC3floxed mice, loxP sites were placed flanking exons 4-7 of the HDAC3 gene to facilitate Cre-mediated HDAC3 depletion (18). We first crossbred pLys-Cre and HDAC3floxed mice to generate macrophage-specific HDAC3 knockout mice and then crossed them with ApoE-KO mice to produce ApoE-KO/pLys-Cre/HDAC3floxed mice. ApoE-KO mice were used as controls without macrophage depletion of HDAC3 in ApoE-KO/pLys-Cre/HDAC3floxed mice. Both strains of mice were fed either a high-fat diet (HFD) or a normal diet (ND), resulting in four experimental groups: ApoE-KO mice with ND, ApoE-KO mice with HFD, ApoE-KO/pLys-Cre/HDAC3floxed mice with ND, and ApoE-KO/pLys-Cre/HDAC3floxed mice with HFD (Figure 5A). After 12 weeks of ND/HFD treatment, we observed that ND did not lead to changes in body weights between ApoE-KO and ApoE-KO/pLys-Cre/HDAC3floxed mice, while HFD resulted in significantly higher body weights in ApoE-KO/pLys-Cre/HDAC3floxed mice compared to ApoE-KO mice (Figure 5B). Furthermore, no differences were found in fasting blood sugar (Figure 5C) or glucose responses (Figure 5D) between the two strains when treated with either ND or HFD. Subsequently, these mice were analyzed for the development and severity of AS.




Figure 5 | Generation of macrophage HDAC3 knockout mice in ApoE-KO background. (A) Illustration of generating macrophage HDAC3 knockout mice in an ApoE-KO background. In pLys-Cre mice, the promoter of the macrophage-specific endogenous lysozyme 2 gene was utilized to drive Cre recombinase expression. In HDAC3floxed mice, loxP sites were placed flanking exons 4-7 of the HDAC3 gene to facilitate Cre-mediated HDAC3 depletion. We first crossbred pLys-Cre and HDAC3floxed mice to generate macrophage-specific HDAC3 knockout mice and then crossed them with ApoE-KO mice to produce ApoE-KO/pLys-Cre/HDAC3floxed mice. ApoE-KO mice were used as controls without macrophage depletion of HDAC3 in ApoE-KO/pLys-Cre/HDAC3floxed mice. Both strains of mice were fed either a high-fat diet (HFD) or a normal diet (ND), resulting in four experimental groups: ApoE-KO mice with ND, ApoE-KO mice with HFD, ApoE-KO/pLys-Cre/HDAC3floxed mice with ND, and ApoE-KO/pLys-Cre/HDAC3floxed mice with HFD. (B–D) Body weights (B), fasting blood sugar (C) and IPGTT (D) after 12 weeks of ND/HFD treatment. *p<0.05. NS: no significance.







Macrophagic depletion of HDAC3 attenuates severity of AS in HFD-treated ApoE-KO mice

We assessed the impact of HDAC3 depletion in macrophages on the development of AS in these diabetes-prone, AS-susceptible mice. We observed a significant increase in aortic lesion size in the aortic sinus of HFD-treated mice compared to ND-treated mice in both strains (Figure 6A). However, macrophage-specific HDAC3 depletion significantly reduced the aortic lesion size in HFD-treated mice (Figure 6A). Additionally, the aortic sinus exhibited a significant increase in plaque lipid content in HFD-treated mice compared to ND-treated mice in both strains (Figures 6B, C). Nevertheless, macrophage-specific HDAC3 depletion substantially reduced plaque lipid content in HFD-treated mice (Figures 6B, C). We then isolated the aortic arch to measure the levels of mesenchymal markers α-SMA, Vimentin, and Collagen IV using ELISA. We detected significantly elevated levels of α-SMA, Vimentin, and Collagen IV in HFD-treated mice in both strains. However, these increases in all mesenchymal markers were significantly attenuated in HFD-treated ApoE-KO/pLys-Cre/HDAC3floxed mice compared to ApoE-KO mice (Figure 6D). Collectively, these findings suggest that macrophage-specific HDAC3 depletion significantly ameliorates AS severity in diabetes-prone, AS-susceptible mice.




Figure 6 | Macrophagic depletion of HDAC3 attenuates severity of AS in HFD-treated ApoE-KO mice. (A) Quantification of aortic lesion size in the aortic sinus of HFD-treated mice compared to ND-treated mice in both strains. (B, C) Oil Red O staining to assess the plaque lipid content in HFD-treated mice compared to ND-treated mice in both strains, shown by representative images (B) and by quantification (C). (D) ELISA for mesenchymal markers α-SMA, Vimentin, and Collagen IV of plaque tissue. *p<0.05.








Discussion

Epigenetic alterations in macrophages during the development of AS in diabetes contribute to the overall disease pathogenesis by modulating macrophage function, promoting inflammation, and facilitating plaque formation and progression (12). Understanding more deeply of these specific epigenetic changes and their functional consequences may offer novel therapeutic targets for preventing and treating diabetes-associated AS (12).

In fact, the crosstalk between foam macrophages and endothelial cells constitutes a central component of plaque formation (20). Hyperglycemia, a primary characteristic of diabetes, contributes to endothelial dysfunction, which is considered an early and crucial event in AS pathogenesis (21–25). Endothelial dysfunction increases endothelial monolayer permeability, enabling the infiltration of LDL particles into the arterial intima (26). Once inside the intima, LDL particles become susceptible to oxidative modifications, generating pro-inflammatory and pro-atherogenic oxidized LDL (oxLDL) (27). Hyperglycemia-induced endothelial dysfunction, along with the pro-inflammatory and pro-atherogenic effects of oxLDL and advanced glycation end products (AGEs), drives the recruitment, activation, and transformation of macrophages into foam cells within the arterial wall (28). Our study showed that the relationship between diabetes and AS may be partially mediated by epigenetic modifications of macrophages. Macrophages respond to high blood glucose levels, altering their epigenetic status and impacting the microenvironment to facilitate AS development.

The interaction between foam macrophages and endothelial cells in the context of diabetes has also been shown to be influenced by AGEs, which form through non-enzymatic reactions between glucose and proteins, lipids, or nucleic acids (29). AGEs can bind to their receptor (RAGE) on both endothelial cells and macrophages, activating intracellular signaling pathways that promote inflammation, oxidative stress, and vascular remodeling, thereby exacerbating AS development (29). In this study, we found that hyperglycemia-induced epigenetic alterations in macrophages were likely mediated by HDAC3, which modifies macrophage metabolism and polarization, contributing to AS. It would be interesting for future research to examine the effects of epigenetic changes in macrophages on AGE expression and functionality and on the molecular pathways downstream of HDAC3 that are involved in macrophage polarization, metabolism, and function in the context of diabetes-associated atherosclerosis, such as NK-kB signaling (30), peroxisome proliferator-activated receptor gamma (PPARγ) signaling (31), STAT signaling (32), or mTor signaling (33). For example, a previous study has shown that sustained high expression of HDAC3 can inhibit the expression of PPARγ, which could contribute to the HDAC3-induced M1 macrophage polarization (31).

Here, the molecular mechanism underlying increased lactate production, succinate levels, and OCR in M1 BMDMs stimulated with LPS and IFN-γ involved shifting of their metabolic profile towards glycolysis and exhibition of augmented activity of the tricarboxylic acid (TCA) cycle (34). Increased lactate production should result from the upregulation of glycolytic enzymes, including hexokinase, phosphofructokinase, and pyruvate kinase, which accelerate glycolysis. The upregulation of lactate dehydrogenase (LDH) promotes the conversion of pyruvate to lactate, leading to increased lactate secretion (34). The accumulation of succinate, an intermediate of the TCA cycle, was a result of the increased activity of enzymes like succinate dehydrogenase (SDH), which converts succinate to fumarate (34). Increased OCR in M1 macrophages reflects the higher metabolic demands of these cells, which exhibit increased mitochondrial respiration, partially fueled by the breakdown of fatty acids through β-oxidation (34). Thus, the molecular mechanisms underlying the metabolic changes in LPS+IFN-γ-induced M1 BMDMs involve the upregulation of glycolysis, an altered TCA cycle with the accumulation of succinate, and increased mitochondrial respiration, which together support the pro-inflammatory function of M1 macrophages.

The depletion of HDAC3 in macrophages can have significant effects on macrophage function, including alterations in macrophage polarization, metabolism, and key metabolic parameters such as lactate production, succinate levels, OCR, and glucose consumption (35). First, HDAC3 plays a crucial role in regulating gene expression through histone deacetylation. Depletion of HDAC3 may lead to changes in the expression of genes involved in macrophage polarization. This could result in a shift in macrophage phenotype, potentially promoting an anti-inflammatory M2 phenotype over a pro-inflammatory M1 phenotype (35). Moreover, HDAC3 regulates metabolic pathways in macrophages, and its depletion could alter the balance between glycolysis and oxidative phosphorylation, the accumulation of TCA cycle intermediates, such as succinate, and the mitochondrial respiration and oxidative phosphorylation (35). All these effects may lead to changes in the macrophage’s metabolic profile and impact its ability to respond to inflammatory stimuli or perform tissue repair functions (35). Thus, the depletion of HDAC3 in macrophages may influence the macrophage’s capacity to mount an appropriate immune response and contribute to the progression or resolution of inflammation and associated pathologies.

Besides high glucose, insulin resistance and dyslipidemia are also key factors in diabetes that significantly impact macrophage function and AS progression (36). Insulin resistance impairs glucose uptake, leading to chronic hyperglycemia, which creates a pro-inflammatory environment that exacerbates macrophage activation and polarization toward the M1 pro-inflammatory phenotype (37). Dyslipidemia, characterized by elevated levels of LDL and decreased levels of HDL, promotes the accumulation of lipids in macrophages, forming foam cells that contribute to plaque development (38). The interaction between insulin resistance and dyslipidemia synergistically promotes inflammation, oxidative stress, and endothelial dysfunction, further driving macrophage activation and AS progression in diabetes (39). Figure studies may investigate the impact of insulin resistance and dyslipidemia in the setting of this study.

While the ApoE-KO mouse model is widely used in AS research, it does not fully recapitulate all pathological changes observed in human AS (40). Since each animal model has its advantages and disadvantages, future work should utilize additional animal models to validate the findings of this study before translating them to clinical research. Moreover, the findings in this study could be strengthened by examining the potential therapeutic effects of pharmacological inhibition or modulation of HDAC3 activity in preclinical models of diabetes-associated atherosclerosis.

In summary, our study identified a specific role for macrophage HDAC3 in regulating AS development through epigenetic modification of macrophages and may offer new insights for the development of innovative AS therapies.
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Background

Myocardial infarction (MI) is a common cardiac condition with a high incidence of morbidity and mortality. Despite extensive medical treatment for MI, the development and outcomes of post-MI heart failure (HF) continue to be major factors contributing to poor post-MI prognosis. Currently, there are few predictors of post-MI heart failure.





Methods

In this study, we re-examined single-cell RNA sequencing and bulk RNA sequencing datasets derived from the peripheral blood samples of patients with myocardial infarction, including patients who developed heart failure and those who did not develop heart failure after myocardial infarction. Using marker genes of the relevant cell subtypes, a signature was generated and validated using relevant bulk datasets and human blood samples.





Results

We identified a subtype of immune-activated B cells that distinguished post-MI HF patients from non-HF patients. Polymerase chain reaction was used to confirm these findings in independent cohorts. By combining the specific marker genes of B cell subtypes, we developed a prediction model of 13 markers that can predict the risk of HF in patients after myocardial infarction, providing new ideas and tools for clinical diagnosis and treatment.





Conclusion

Sub-cluster B cells may play a significant role in post-MI HF. We found that the STING1, HSPB1, CCL5, ACTN1, and ITGB2 genes in patients with post-MI HF showed the same trend of increase as those without post-MI HF.





Keywords: myocardial infarction (MI), heart failure (HF), B cells, risk prediction model, single cell RNA-seq




1 Introduction

Myocardial infarction (MI), the result of the rupture or erosion of a vulnerable, lipid-filled, chronic atherosclerotic coronary plaque leading to the acute disruption of myocardial blood flow and ischemic myocardial necrosis, remains a common cardiac emergency with high morbidity and mortality worldwide (1, 2). Despite significant advances in the treatment of coronary artery disease and acute MI over the past two decades, heart failure (HF) due to MI and the development of post-MI HF remain among the most common causes of cardiovascular death (3, 4). Acute inflammation caused by plaque rupture in acute coronary syndrome and MI triggers a subsequent response that may lead to long-term cardiac injury. There are differences in the degree of inflammatory recovery after coronary interventions for stenting or thrombolytic reperfusion, which have prognostic value in the development of ischemic HF (5).

Numerous studies have analyzed circulating biomarkers in the blood of post-MI patients, which reflect different inflammatory traits, coagulation activity, endothelial dysfunction, atherogenesis, myocardial dysfunction and injury, apoptosis, renal function, glucose, and lipid metabolism, to explore factors that can predict poor outcomes after MI (6–8). Although several genes, such as natriuretic peptides, galactose lectin-3, and soluble tumorigenic suppressor-2 have been reported as biomarkers for HF, their reliability remains controversial (9, 10). These studies indicate that elevated levels of circulating pro-inflammatory biomarkers in patients with HF correlate with disease severity and prognosis. Experimental studies have shown that the activation of cardiac immune response mechanisms triggers adverse cardiac remodeling and leads to left ventricular dysfunction (11). Therefore, the development of novel powerful immune-related biomarkers with predictive potential to screen for the incidence of ischemic pretreatment and MI and the development of HF after MI remains a key goal for scientific advances in cardiovascular disease.

Inflammatory cells in the peripheral blood of MI patients may play a significant role (12). After MI, myeloid cells and T lymphocytes in the blood display distinct disparities in abundance (13, 14). Following MI, classical and non-classical blood monocytes comprise the majority of inflammatory cell types, with NK and B cells being crucial in the activation of inflammatory cells and the promotion of chemokine synthesis in plaque rupture (15). Notably, this distinction between the immune cells of patients who experienced HF after MI and those who did not was significant (16). Currently, there are no immune-inflammatory biomarkers that can be used to clinically predict the risk of post-MI HF.

In recent years, researchers have advanced our understanding of microenvironmental alterations in tissues with different HF etiologies through single cell RNA sequencing (scRNA-seq) analysis and other experimental approaches (17–19). However, most studies have focused on the analysis of altered cell types and pathological pathways within cardiac tissues, and few have explored the prognosis of cardiac disease through alterations in immune cells in the blood. In this study, we reanalyzed published single-cell and bulk RNA-seq data from HF patients with post-MI HF to construct a prediction model. We found that a group of immune-activated B cells in blood may play an important role in disease progression. Based on these findings, we developed an effective post-MI HF risk-prediction signature using 13 genes. Through further analysis, the five genes with the highest diagnostic value: STING1, HSPB1, CCL5, ACTN1, and ITGB2 were identified and further validated by polymerase chain reaction. These findings extend our understanding of the factors associated with the development of HF after MI and provide a potentially reliable predictive model for the development of HF after MI.




2 Materials and methods



2.1 Collection of bulk RNA-seq and scRNA-seq datasets

To investigate immunocyte subtypes and characteristics that are highly predictive of HF after MI, we obtained and re-examined a previously published heart failure after MI scRNA-seq dataset (17), and validated the results in multiple MI bulk RNA-seq datasets, and an HF after MI bulk RNA-seq (12, 16). The single-cell dataset (17) consisted of blood samples from patients with HF after MI and healthy subjects for single-cell sequencing analysis. The processing, clustering, and cell-type determination procedures of the scRNA-seq datasets, as well as the extensive clinicopathological data for every patient in the dataset, were thoroughly discussed in their original studies.

We used two bulk MI datasets, one comprising blood from 14 MI patients and 10 normal subjects, and another dataset containing blood from 17 MI patients and seven normal subjects. Samples containing post-MI HF and post-MI non-HF in GSE59867 (16) were then used for further screening, which included eight patients with post-MI HF and nine post-MI non-HF patients. Blood samples from each patient in this dataset were selected for analysis at four time points: admission, discharge, 1 month post-MI and 6 months post-MI. The Hallmark, Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology Biological Process (GOBP), and Reactome gene sets were retrieved for Gene Set Enrichment Analysis from the Molecular Signatures Database (MSigDB) (http://www.gsea-msigdb.org/gsea/index.jsp), which was the database used in our investigation.




2.2 Study design

We extracted 6 cell types from the GSE145154 (17) scRNA-seq dataset. Due to the small number of hematopoietic stem cells, we targeted only the remaining five immune cells in subsequent analyses. We used the scCODE (20) v1.0.0.0 R package provided by Zou et al. to determine the differentially expressed (DE) genes between normal and post-MI HF patients for each of the aforementioned five cell types. The reliability of the single-cell DE analysis was improved by scCODE’s ability to examine the chosen DE genes using a range of testing methods. Therefore, we obtained a list of five DE genes. We used the Investigate Gene Sets tool (http://www.gsea-msigdb.org/gsea/msigdb/annotate.jsp) to compute the enriched gene sets between our gene lists and the gene sets in MSigDB. For each of the five DE gene lists identified by scCODE (20), we sorted them according to the absolute value of the logFC of each DE gene from largest to smallest and submitted the top 500 genes of each DE gene list to Investigate Gene Sets tool (all genes were submitted if less than 500). Each DE gene list can obtain several gene sets enriched in GOBP, Hallmark, KEGG, and Reactome using the default parameters of the tool (display the top 10 genes and false discovery rate (FDR) q-value less than 0.05). Using the Cancerclass (21) v1.34.0 R program, the prediction power of these enriched gene sets was evaluated. Using the same program, we evaluated the capacity of the following gene sets to predict post-MI outcomes of GSE59867 (16) (n.patients: HF = 8, non-HF = 9, total of 32 HF samples and 36 non-HF samples). The prediction sensitivity and specificity were evaluated in terms of the receiver operating characteristic (ROC) curve and matching area under the curve (AUC). The Cancerclass R package was used to create and validate the high-dimensional molecular data categorization tests. Feature selection and nearest centroid classification were performed sequentially. To obtain continuous prediction scores, multiple random validation methodology was used to verify the categorization results. The success of the classifier’s classification results was indicated by the p-value of the ROC curve, which was obtained using Welch’s t-test included in the Cancerclass R package. Each gene set was evaluated independently using a classifier.




2.3 Single-cell RNA sequencing data processing

We extracted and defined cell types from the post-MI HF single-cell dataset GSE145154 (17). We used the Seurat v4.0.4 R package (22) to identify cell types and subtypes. The extracted dataset was first combined across the samples. Prior to this, the expression of each gene was scaled to a scale factor of 10,000, converted logarithmically (Seurat’s default method), and normalized to the total expression in the associated cell. FindVariableFeatures was used to identify the top 2000 variable features, which were then used in further studies. The mutual nearest-neighbor approach was then used to correct for batch effects (23), and the percentage of mitochondrial transcripts was regressed using ScaleData. The integrated assay was only used for dimension reduction and clustering, and raw log-normalized expression data were used for all DE and gene-level analyses. Principal component analysis was performed on the integrated assay using RunPCA. Cell clustering was performed using the first 20 main components, with a resolution parameter of 0.5. Finally, visualization was performed in two-dimensional space through unified manifold approximation and projection (Dims = 1:20).




2.4 Marker gene analysis

Marker gene analysis was performed for all clusters using FindAllMarkers included in the Seurat package (22), with the parameters min.pct = 0.1 and logfc.threshold = 0.25. Genes with p.adjust < 0.05 were selected as cluster-specific marker genes.




2.5 Gene enrichment and gene set variation analysis

We used the GSVA method with default settings to assign specific gene signature activity scores to individual cells or samples using the GSVA (v1.38.2) R package (24). Using FindMarkers built into the Seurat package (22), we compared all gene expression fold changes in disease and normal C4 subclusters of B cells to obtain a list of DE genes for gene enrichment analysis by setting the parameter logfc.threshold = -Inf, min.pct = -Inf, min.diff.pct = -Inf. Gene enrichment was performed on DE gene lists based on pre-downloaded Hallmark, KEGG, GOBP, and Reactome gene sets using the default parameters of the clusterProfiler v3.18.1 R package. This R package can also be used to examine whether a particular gene set is enriched at the top or bottom of a preordered gene list. The Benjamini-Hochberg method was used to compare two sets, and gene sets with FDR-adjusted p-values < 0.05 were deemed significantly enriched in one set.




2.6 Development of a gene signature associated with HF after MI

Using the Cancerclass v1.34.0 R package, we created gene signatures based on the cluster-specific genes of the C4 of B cell subtype. Specifically, using Cancerclass, the p-values of the ROC curves for the enriched GOBP gene sets in B cells were generated. They were adjusted for FDR using the Benjamini-Hochberg method. We combined all gene sets with p.adjust < 0.05, to create a total of 115 genes (the selected gene signature is referred to as HF.Sig in this study). The cyclic algorithm is shown in Supplementary Figure 2. In each cycle, 114 gene combinations were selected randomly from the signature. Cancerclass was then used to estimate the AUC in the GSE59867 (16) cohort and examine the prediction accuracy of each of these combinations. Of these 115 combinations, gene combinations with the highest AUC (genelistmaxAUC) were retained and applied to the following cycle. This cycle was repeated until no more than three distinct gene combinations remained. Finally, the highest AUC values for gene panels in all loops were selected. A combination of appropriate gene numbers was selected as the new HF.Sig for subsequent analyses.




2.7 Heatmap of DE genes and protein-protein interactions

Generalized linear model approach of Limma v3.46.0 (25). package was used to calculate the fold-changes in gene expression between post-MI HF and non-HF patients. To plot the protein interaction nodes in accordance with the protein-protein interaction network map, we first took the overlapping genes from MI-related cell cluster markers from a single-cell dataset and differential genes from the GSE59867 (16) bulk dataset, uploaded them to the STRING database website (https://cn.string-db.org), set a medium confidence interval (CI) (medium confidence = 0.4), exported the tab-separated values files, and then used the circlize package for drawing.




2.8 Real-time polymerase chain reaction analysis

Quantitative real-time polymerase chain reaction was used to analyze the relative expression of target genes. Following the manufacturer’s instructions, RNA was isolated from human blood mononuclear cells using the RNeasy Fibrous Tissue Mini Kit (QIAGEN, Hilden, Germany), and complementary DNA was synthesized using the High-Capacity complementary DNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA). One microliter of complementary DNA, two microliters of forward and reverse primers, ten microliters of Fast SYBR Green Master Mix (Thermo Fisher Scientific), and eight microliters of nuclease-free water were added to a 20-microliter reaction mixture, which was then run through a real-time polymerase chain reaction system (Applied Biosystems, Foster City, CA) to quantify target genes by fluorescence. The primers used in quantitative real-time polymerase chain reaction were as follows: ITGB2, F 5’-ATGCTGGGCCTGCGCCC-3’, R 5’-GATGGTGTCACACTCGCAGTA-3’. STING1, F:5’- ATGCCCCACTCCAGCCTG -3’, R:5’- TCAAGCTGCCCACAGTAACCT -3’. ACTN1, F:5’-ATGGACCATTATGATTCTCAGCAAA-3’, R:5’-TTAGAGGTCACTCTCGCCGTA -3’. CCL5, F:5’-ATGAAGGTCTCCGCGGCAG-3’, R:5’-TCAAGGAGCGGGTGGGGTA-3’. HSPB1, F:5’- AGGAGTGGTCGCAGTGGTTAGG-3’, R:5’- CAGGGGACAGGGAGGAGGAAAC-3’. GAPDH, F:5’-ATCCCATCACCATCTTCC-3’ and R:5’-GAGTCCTTCCACGATACCA-3’.




2.9 Statistical analysis

We assessed the performance of each classifier in predicting post-MI HF outcomes by plotting their ROC curves, calculating their AUCs, and estimating their sensitivity and specificity using the Cancerclass framework. The p-value from the ROC curve was used to rank the classifiers in terms of reliability. We calculated 95% CIs for sensitivity and specificity using Wilson’s method implemented in Cancerclass and used Welch’s t-test to determine significance. Except where otherwise stated, all p-values were adjusted using the Benjamini-Hochberg procedure, and a corrected p-value of less than 0.05 was considered statistically significant. Wilcoxon’s test was used to determine how the variables were grouped. Binomial 95% CIs were used for all reported CIs. R v3.5.3 was used for all statistical analyses that were performed using this study.





3 Results



3.1 B cells, NK cells and monocytes are associated with the myocardial infarction

We re-analyzed publicly available heart failure scRNA-seq datasets from the blood of post-MI HF patients and healthy human controls. Multiple sets of MI bulk RNA-seq datasets and one set of post-MI HF bulk RNA-seq datasets were used for the validation. The workflow of this study is summarized in Figure 1. We carefully reprocessed the single-cell data based on the grouping of different individuals and whether it was a disease group and divided the cells into 27 sub-clusters (Supplementary Figure 1).




Figure 1 | The framework of this research. Bulk RNA sequencing data can be found in GSE60993, GSE61144, and GSE59867, while single cell RNA sequencing data can be found in GSE145154. Myocardial infarction (MI), protein-protein interaction, differentially expressed genes, and heart failure all refer to gene sets that have been enriched in a specific way.



There were 6 cell types in the scRNA-seq dataset: CD4+ T cells, CD8+ T cells, NK cells, B cells, hematopoietic stem cells, and monocytes. Supplementary Figure 2 shows the results of the visualization of the 6 immune cell types in two dimensions using uniform flow form approximation and projection. The locations of the characteristic genes for each cell type are shown in Supplementary Figure 3.

According to the workflow in Figure 1, we used scCODE on each individual cell type to identify the DE genes by comparing the post-MI HF and normal groups and obtained a total of 5 DE gene lists (due to the low number of hematopoietic stem cells, this group of cells was excluded from subsequent analyses). Only the DE genes that were upregulated in the disease group were used. From MSigDB, 5 DE genes from the disease group were found to be enriched in 200 gene sets. The calculation of these 200 gene sets is described in detail in the study design section.

In comparison to Hallmark, KEGG, and Reactome, we discovered that the GOBP gene collection had a greater overall prediction capability (Supplementary Figures 4A–D, Supplementary Figures 5A–D). We explored the enriched GOBP gene sets (gene enrichment) with ROC p-values < 0.05 in each DE gene list to identify cell types with strong prediction potential. A DE gene list was considered significant if not less than half of the enriched gene sets had a ROC FDR < 0.05. We screened four relevant cells in the GSE60993 (12) bulk dataset: NK cells, CD8T cells, monocytes, and B cells. We screened three relevant cell types in the GSE61144 (12) bulk dataset: NK cells, monocytes, and B cells. By combining the results of the analysis of the two aforementioned datasets, we screened three cell types that may be associated with MI. These were NK cells, monocytes, and B cells (Figure 2).




Figure 2 | Genes from genomes enriched in nine significant differentially expressed genes using GSE60993, GSE61144 and their adjusted p-values for receiver operating characteristic curves. The Benjamini-Hochberg method was used to correct the p-values for the false discovery rate.






3.2 B cells are associated with post-MI HF

We performed a subcluster analysis of the three cells mentioned above. First, B cells were divided into 5 subclusters using Seurat (22) (Figure 3A), and Figure 3B showed a scatter plot of the distribution of cells between the HF and normal groups. Following the discovery of cluster-specific marker genes using FindAllMarkers (Seurat) (22), Figure 3C presents an expression heatmap of the top 10 marker genes. Classical marker genes of B cells were highly expressed in all subclusters (Supplementary Figure 6A).




Figure 3 | Examination of B cells in the MI dataset (A) Uniform Manifold Approximation and Projection plot of B cells in the dataset of GSE145154, with the sample divided into five subgroups. (B) Two subgroups were divided according to disease status. The bars show the proportion of cells grouped by cluster (left) and disease status (right). (C) Heatmap of scale-normalized expression of the top 10 specific marker genes for the B cell subclusters in GSE145154, identified by a two-sided Wilcoxon rank sum test with false discovery rate correction (p < 0.05). (D) MI prediction-related B subtype was identified by locating the effective predictive gene set expression via gene set variation analysis (GSVA). (E) Identification of MI prediction-associated B cell subclusters by GSVA to locate validly (receiver operating characteristic p.adjust < 0.05) predicted gene set expression. (F) violin plot of expression levels of marker genes specifically expressed in the B cell subclusters of GSE145154. A two-sided Wilcoxon test was used to determine the significance between the subclusters of interest and other subclusters. p < 0.0001.



Seven gene sets of the DE genes of B cells with ROC p.adjust < 0.05. We used GSVA (24) to evaluate the expression of these gene sets in different B cell subclusters and discovered that they were substantially expressed in subcluster 4 (Figure 3D, Supplementary Figure 6B). Gene enrichment analysis of marker genes suggested that B cell-associated markers were enriched in graft rejection, immune interactions between lymphocytes and non-lymphoid cells, and NK cell cycle (Figure 3E). The violin plot lists the genes specifically expressed in the C4 cluster for further investigation of the B cell sub-cluster (Figure 3F, Supplementary Figure 6C). These genes, which are specifically expressed in the C4 sub-cluster of B cells, are associated with immune cell activation and development.

First, we performed gene enrichment analysis of marker genes in the C4 cluster of B cells and found that these marker genes in the C4 cluster were significantly predictive of the development of HF after MI (p < 0.05) (Supplementary Figure 6D). We also demonstrated that this gene signature (HF.Sig) is a good predictor of MI (Supplementary Figure 6E, Supplementary Figure 6F). The GSVA scores of HF.Sig were significantly higher than those of other subclusters of B cells (Figure 4A). Figure 4B shows the GSVA scores of HF.Sig in different B cell C4 subclusters in the disease and normal groups in different cells. These genes were enriched in patients (Figure 4C) and had significantly higher GSVA scores (Figure 4D). The gene sets were composed of B cell C4 cluster markers, and 115 genes were obtained from these gene sets. ROC curves for the 115 genes demonstrated a significant predictive power of the gene signature for the development of HF after MI, AUC = 0.9 (95% CI: 0.86–0.94. p = 0.0034) (Figure 5A).




Figure 4 | GSVA analysis of B cells and examination of HF.Sig (A) Feature map of the HF.Sig GSVA score showing that it can specifically characterize B cell C4 subcluster. (B) Boxplot found and validated significantly higher heart failure (HF) scores than normal scores in HF.Sig GSVA scores. Cohorts of B cells and (C) Gene set enrichment analysis found that HF.Sig was enriched in B_C4 was enriched in HF and normal. The p-value was false discovery rate-adjusted by the Benjamini-Hochberg method. (D) GSE59867 were verified by GSVA analysis to have significantly higher GSVA scores for HF than non-HF, center line, median, box limits, upper and lower quartiles. whiskers, 1.5 interquartile range. points beyond whiskers, outliers. A two-sided Wilcoxon test was used to determine significance.






Figure 5 | HF signatures are effective in predicting clinical outcomes in patients with MI. The bulk RNA-seq dataset GSE59867 was analyzed. (A) Univariate logistic regression model of HF.Sig in predicting MI outcomes. (B) Bar graph showing the area under the curve of gene combinations, maximum area under the curve per cycle (different gene-number combinations). Dashed line: 13-gene combination (C) The 13-gene combination had a significantly high predictive value for the outcome of whether HF occurred after MI in the GSE59867 cohort. (D) Evaluation of the above 13 genes using the GSVA score identified four genes that were found to be genes with increased expression for heart failure occurring after MI compared to HF not occurring after MI.






3.3 Post-MI HF prediction model construction and validation

To construct a more effective predictive model for post-MI HF, we used a loop algorithm (Supplementary Figure S7) and calculated the AUCs for different numbers of genes. An AUC peak appeared for a combination of 13 genes (CCL5, B2M, CD3D, CD6, CD79B, DGKZ, STING1, LYAR, KLRG1, PRKCA, HSPB1, ACTN1, and MYL12A) (Figure 5B). HF.Sig consisting of 13 new genes could accurately distinguish between HF and non-HF in the GSE59867 (16) cohort, with an AUC of 1 (p = 7.2e-07, 95% CI:1-1) (Figure 5C).

Gene enrichment analysis was performed using the HFSig. Gene enrichment analysis showed that the first 20 pathways were mainly related to immune responses such as immune cell activation (26, 27) (Supplement Figure 8A). We performed ROC curve validation for the first 10 pathways and demonstrated good predictive performance for these pathways, with AUCs between 0.89 and 0.78 (Supplementary Figure 8B).

GSVA scoring of the above 13 gene signatures in GSE59867 (16) (n.patients: HF = 8, non-HF = 9, total of 32 HF samples, 36 non-HF samples) showed that eight of these genes were upregulated in HF relative to the non-HF sample for expression and found that four genes: HSPB1, ACTN1, STING1, and CCL5, were significant (Figure 5D, Supplementary Figure 8C). Supplementary Figure 8D shows the GSVA scores of four genes (KLRG1, LYAR, CD6, and DGKZ) in GSE59867 (16), which exhibited a similar trend. In addition, we considered the overlap between all DE genes from the dataset GSE59867 (16) and 115 genes from the B_C4 marker genes for the analysis. We obtained a total of 84 genes. We used these 84 genes for protein interaction network analysis using the STRING online tool. Among them, the upregulated gene with p < 0.05 and multiple linker proteins greater than 10 was ITGB2, which may play an important role in HF patients after MI (Figure 6).




Figure 6 | Heatmap made using the original HF.Sig of genes differentially expressed in cohort GSE59867, protein-protein interaction analysis and performance of the corresponding enriched Top10 pathway.



Using the above algorithm, we demonstrated that the C4 subcluster of B cells could be used as a cell subcluster to predict the occurrence of HF after MI. However, monocyte and NK cell counts failed to accurately predict that HF will occur after MI. Monocytes were divided into five sub-clusters (Supplementary Figure 9A). However, monocytes were not able to localize to an exact sub-cluster, which can accurately predict MI (Supplementary Figure 9D). NK cells were divided into three sub-clusters (Supplementary Figure 10A). Supplementary Figure 10B shows a scatter plot of the distribution of cells between the disease and normal groups. Supplementary Figure 10C presents an expression heatmap of the top ten marker genes. We analyzed the expression of NK gene sets in the MI dataset using GSVA and found that they were highly expressed in NK C1 (Supplementary Figure 10D). The performance of five DE gene list-enriched gene sets was assessed for predicting post-MI HF in MI-related cell types. The C1 cell subclusters showed good predictive performance (Supplementary Figure 11A). However, these gene sets failed to accurately reflect enrichment in post-MI HF (p = 0.2933, p.adjust = 0.2933) (Supplementary Figure 11B). The feature plot of the HF.Sig GSVA score showed that it could not specifically describe the NK.Sig (Supplementary Figure 11C). We performed GSVA of the gene sets in C1 NK cells (Supplementary Figure 11D) (Wilcoxon rank-sum test p = 0.92707). The GSVA scores for these gene sets failed to meet the requirement for distinguishing between the two groups of samples.




3.4 Expression of CCL5, STING, HSPB1, ACTN1 and ITGB2 genes in blood samples from post-MI HF patients and post-MI non-HF patients

We compared the mRNA expression of CCL5, STING, HSPB1, ACTN1, and ITGB2 in post-MI HF patients with that in post-MI non-HF patients using quantitative real-time polymerase chain reaction. CCL5, ACTN1, and ITGB2 expression increased sharply in post-MI HF and non-HF blood samples, as predicted (P < 0.05) (Figure 7). When comparing patients with post-MI HF and patients without HF, both STING and HSPB1 showed a significantly higher trend in the HF group than in the non-HF group, despite having p-values greater than 0.05 after the Wilcoxon rank-sum test (Figure 7).




Figure 7 | Validation of CCL5, STING1, HSPB1, ACTN1 and ITGB2 in human blood samples (non-HF: n = 7 biologically independent samples, HF: n = 7 biologically independent samples). Expression status of CCL5, ACTN1 and ITGB2 in the blood of post-MI patients. Expression status of STING1 and HSPB1 in the blood of post-MI patients. Wilcoxon rank-sum test, **p < 0.01, ***p < 0.001. ns, not statistically significant.







4 Discussion

We reanalyzed a publicly available HF scRNA-seq dataset to explore the subtypes and characteristics of immune cells in the blood after MI to predict the risk of HF. We found that B cell subtype B_C4 is important for predicting whether HF will occur after MI. We used genetic markers associated with B_C4 to develop a signature, HF.Sig, consisting of 13 genes. Through gene enrichment analysis, we found that B_C4 was mainly associated with the activation of NK immune cells and the interaction between immune cells. The predictive ability of HF.Sig was systematically evaluated. A post-MI HF prediction model was developed using HF.Sig. By analyzing GSVA and differential gene expression, we further screened five genes (STING1, HSPB1, CCL5, ACTN1, and ITGB2) that were highly expressed in patients with post-MI HF. Through the verification of blood samples from clinical patients, the validity (significant differences in the identified genes between the HF and non-HF groups) of the genes we found was examined. We developed a predictive model for the prognosis of post-MI patients by combining scRNA-seq and bulk RNA-seq analyses. Given the ease of blood testing in the clinic, our HF signature is a powerful diagnostic tool for practical clinical applications to determine whether HF will occur after MI.

Our predictive model can predict the onset of post-MI HF and has important clinical implications for its prevention and treatment. For patients who are at risk of HF after MI, early diagnosis and treatment and early intervention in HF can greatly reduce mortality in patients who develop HF after MI. Strong evidence and practice guidelines suggest that interventional and pharmacological treatments primarily benefit high-risk patients (28, 29). Despite this guidance, identifying patients at high risk of cardiac ischemic events remains challenging (30, 31). Therefore, the prediction of post-infarction HF at the molecular level is particularly important.

The data in the scRNA dataset are from patients with post-MI HF compared to normal samples. The genes we get from the single cells may be related to MI and/or HF, so we use the MI data to verify the MI-related genes first, and then further identify the post-MI HF-related genes to establish a model gene for the diagnosis of post-MI HF. In summary, two-steps strategy guarantees the identification of post-MI HF-associated genes.

Immunoinflammatory pathways have a significant impact on the recovery of patients with HF and MI (32). B lymphocytes infiltrate the infarcted myocardium starting on day 1 and continue to do so until the healing period, according to earlier research using animal models of MI (day 7) (33). Reduced post-MI inflammation and improved functional cardiac outcomes in mice have been linked to B cell depletion using CD20-specific antibodies (34). The production of chemokines by B cells to draw in monocytes and create pathogenic antibodies has been demonstrated to aggravate the unfavorable remodeling of the myocardium; however, the exact processes by which B cells alter myocardial function are still poorly understood (34). In a model of chronic HF, transgenic mice unable to secrete immunoglobulin B cells displayed less cardiac remodeling and diminished cardiac function than normal mice (35, 36).

The activation of autophagy by STING has been demonstrated to occur through a mechanism involving TBK1 activation and interferon induction (37), which serves as a steward for specific cytoplasmic protein breakdown and organelle recycling, both of which are essential for harmful cardiac remodeling (37). After MI, inhibition of the specific small molecule STING1 may enhance the wound healing response and pathological remodeling, thereby lowering the occurrence of ischemic HF (38). Rech et al. demonstrated that inhibition of the specific small molecule STING1 after MI may enhance the wound healing response and pathological remodeling, thereby lowering the occurrence of ischemic HF (38). HSPB1 is a negative regulator of the cardiomyocyte inflammatory response and is essential for repairing injured heart tissue following myocardial infarction. The action of HSPB1 is partially attributed to nuclear factor NF-κB-dependent regulation of leukocyte recruitment and subsequent inflammation (39). Another indicator of poor prognosis in patients with chronic HF is HSPB1 upregulation (40). CCL5 has been shown to be highly expressed in the peripheral circulation after MI, and blocking CCL5 lowers serum levels of neutrophil and monocyte chemo-attractants during chronic myocardial ischemia while anti-CCL5 monoclonal antibody therapy improves post-MI “clinical” outcomes, such as survival and cardiac function (41). ITGB2 is a transmembrane adhesion and signaling receptor expressed only in leukocytes and extracellular vesicles. It promotes an inflammatory reaction and assists leukocytes in adhering to tissues and to move around (42, 43). Liu et al. demonstrated that suppressing the expression of ITGB2 in macrophages in a mouse model of HF decreased the infiltration of myocardial immune inflammatory cells and cardiac hypertrophy (44). The inflammatory response after cardiac injury on the one hand provides protection against short-term adaptation of the heart. Nonetheless, this inflammatory response can also lead to left ventricular dysfunction and myocardial remodeling (45). Although Jia et al. identified multiple genes linked to myocardial contraction, cardiac hypertrophy, cardiac fibrosis, and myocardial damage, including ACTN1, the function of ACTN1 in the pathogenesis of HF after MI has not yet been established (46). Several studies have used ACTN1 as a marker of cardiogenesis (47, 48).

In conclusion, our study provides a valid predictive model for prognosis after MI using blood markers and explores the link between immune cells in the blood and outcomes. Given the ease with which blood specimens can be used in clinical practice, this study offers a powerful tool for the clinical use of MI. However, this study has some limitations. First, we only had one set of single-cell RNA-seq data and one set of bulk RNA-seq data related to HF after MI for analysis. Second, there were no clinical features other than disease information in the dataset used. We described the relationship between B cells in the blood and the presence of HF after MI but did not clarify the mechanism of their association. Future experiments with larger sample sizes and more rigorous designs are needed to explore the mechanisms between disease and cells to consolidate the findings of this study.

By analyzing both the single-cell and bulk datasets, we determined that B cells are reliable predictors of post-MI HF and identified their enrichment in several immune-related pathways. In this study, we established a diagnostic model for post-MI HF risk prediction consisting of 13 genes, of which, five genes were confirmed to be differentially expressed in the HF cohort using multiple methods. We proposed a highly effective method for predicting recovery after MI. We were only able to use one single-cell sequencing dataset and three infarct-related datasets. Therefore, this study has the limitation that there were fewer sequencing data that met our study’s requirements. However, by validating the polymerase chain reaction in clinical specimens, we identified multiple genes that are important to this model. In conclusion, we present a highly effective clinical diagnostic model that may offer a new perspective for the clinical diagnosis and treatment of MI.
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Introduction

In-stent restenosis (ISR) is a major challenge in interventional cardiology. Both ISR and excessive skin healing are aberrant hyperplasic responses, which may be functionally related. However, the cellular component underlying ISR remains unclear, especially regarding vascular homeostasis. Recent evidence suggest that novel immune cell populations may be involved in vascular repair and damage, but their role in ISR has not been explored. The aims of this study is to analyze (i) the association between ISR and skin healing outcomes, and (ii) the alterations in vascular homeostasis mediators in ISR in univariate and integrative analyses.





Methods

30 patients with ≥1 previous stent implantation with restenosis and 30 patients with ≥1 stent without restenosis both confirmed in a second angiogram were recruited. Cellular mediators were quantified in peripheral blood by flow cytometry. Skin healing outcomes were analyzed after two consecutive biopsies.





Results

Hypertrophic skin healing was more frequent in ISR patients (36.7%) compared to those ISR-free (16.7%). Patients with ISR were more likely to develop hypertrophic skin healing patterns (OR 4.334 [95% CI 1.044–18.073], p=0.033), even after correcting for confounders. ISR was associated with decreased circulating angiogenic T-cells (p=0.005) and endothelial progenitor cells (p<0.001), whereas CD4+CD28null and detached endothelial cells counts were higher (p<0.0001 and p=0.006, respectively) compared to their ISR-free counterparts. No differences in the frequency of monocyte subsets were found, although Angiotensin-Converting Enzyme expression was increased (non-classical: p<0.001; and intermediate: p<0.0001) in ISR. Despite no differences were noted in Low-Density Granulocytes, a relative increase in the CD16- compartment was observed in ISR (p=0.004). An unsupervised cluster analysis revealed the presence of three profiles with different clinical severity, unrelated to stent types or traditional risk factors.





Conclusion

ISR is linked to excessive skin healing and profound alterations in cellular populations related to vascular repair and endothelial damage. Distinct cellular profiles can be distinguished within ISR, suggesting that different alterations may uncover different ISR clinical phenotypes.
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Introduction

In-stent restenosis (ISR) and stent thrombosis represent the main challenges in percutaneous coronary intervention (PCI) (1). ISR results from neointimal hyperplasia (2, 3) or from a delayed process of neoatherosclerosis. Although the development of drug-eluting stents (DES) has dramatically changed the incidence of ISR, there is still a significant proportion of patients developing ISR and requiring repeated revascularization (4, 5). Despite stent-, patient- and procedure-related factors have been postulated to explain the ISR risk, these fail to solely account for the risk of ISR and cannot fully predict ISR occurrence, thus suggesting the participation of additional factors (6).

Functional similarities between ISR and other biological processes, such as skin healing, have been proposed (7). Both ISR and hypertrophic/proliferative scars may be considered as excessive responses against an initial lesion, hallmarked by fibroblast and smooth muscle cell overactivation and proliferation (8). Although the participation of shared mechanisms in ISR and skin healing has been speculated, how this crosstalk is orchestrated is ill-defined. Several authors have postulated that inflammation may play a role in this scenario (9, 10), as it has been associated to excessive skin healing as well as to an enhanced neointimal proliferation at the coronary level. However, the exact mediators under the umbrella term of ‘inflammation’ are yet to be identified. Recent data have shed new light into the pathophysiology of the ISR from lipidomics and proteomics approaches (11, 12), although the cellular immune compartment has been largely unexplored.

Recent advances in the field of atherosclerosis and immune-mediated diseases led to the identification of novel immune populations related to the maintenance of vascular homeostasis. On the one hand, endothelial progenitor cells (EPC) have been described to migrate from the bone marrow pool in response to endothelia injury (13, 14). Similarly, angiogenic T-cells (Tang) are known to carry out vascular repair and neovascularization in adults (15). On the other hand, immunosenescence has been linked to increased endothelial damage (16). Furthermore, monocyte (17) and low-density granulocytes (LDG) (18–20) have been related to a number of vascular outcomes. However, within myeloid populations, an enormous heterogeneity has been described (21–23), including both inflammatory and anti-inflammatory or regulatory populations. Unfortunately, no studies have focused on immunosenescence or myeloid populations in the context of ISR, and only very limited evidence on EPC is available, whereas other reparative populations remain unexplored.

The identification of mediators underlying ISR may reveal potential therapeutic targets as well as novel tools (biological or inflammation-related) to explain and predict ISR occurrence, thus improving patient risk stratification and management. Taking into account the similarities between the neo-atherosclerotic pattern observed in ISR and the skin healing and atherosclerosis (24, 25), it may be hypothesized that ISR could be associated with aberrant skin healing as well as with altered levels of cell populations related to vascular homeostasis. The main aims of the present study are (i) to evaluate the association between ISR and skin healing outcomes and (ii) to evaluate whether ISR may be associated to immune cell subsets (either individual or cell signatures) related to vascular homeostasis.





Materials and methods




Study participants

This study was performed in the framework of the Restenosis in Coronary Stents And Cutaneous HEaLing [RACHEL] trial (ClinicalTrials.gov registered with accession number NCT04915391). Coronary angiographies performed in our catheterization laboratory (Hospital Universitario de Cabueñes) from 2011 to 2017 were reviewed in order to identify patients who had undergone previous stent implantation and had a catheterization date ≥ 6 months after the index procedure. Most of the angiographies (92%) were performed due to clinical criteria, while the remaining were performed as part of the routine angiographic follow-up of multicenter RCTs running in our institution. Patients were entered in the study according to the following inclusion and exclusion criteria. Inclusion criteria were (i) an age between 18 and 75 years old, (ii) having a prior stent implantation and underwent an angiogram ≥ 6 months after the index procedure, and (iii) having ISR according to Mehran classification (for the ISR group), or absence of ISR (for the ISR-free group). Life expectancy lower than one year, chronic immunomodulatory treatments (including corticosteroids), previous or current history of malignancy or inflammatory conditions, or recent infections or surgery were exclusion criteria (see registered protocol at ClinicalTrials.gov). Then, patients fulfilling with ISR type II-III or IV Mehran classification were considered as having ISR, whereas those without ISR in the second angiogram were considered as ISR-free (both ISR and ISR-free groups were confirmed by a second angiogram).

Clinical data of the patient’s profile at baseline, the characteristics of the initial PCI, including the type (BMS or DES), length and diameter of the stent and the angiographic variables of the follow-up angiography, were recorded from the database of the catheterization laboratory or from the patient’s medical records. Events at follow-up (after PCI) were also retrieved from clinical records.

Fasting blood samples were obtained from all study participants by venipuncture. Automated serum biochemical parameters, lipid analysis and complete blood counts were performed on all the participants at the Department of laboratory medicine (Hospital Universitario Central de Asturias) by means of routine laboratory methods.





Skin biopsies and analyses

A 6-mm-diameter baseline biopsy was performed on the shoulder on healthy skin after the blood sample was taken. The second biopsy (4 mm of diameter), object of analysis of the study, was obtained at 6 weeks by the same procedure and sent to the Department of Pathology Anatomy for an assessment of the healing outcomes (26). Biopsies were analyzed in a microscope Olympus BX43 (Olympus, Germany) equipped with a camera Olympus DP74. Images were acquired under the software Olympus cellSens Entry version 1.7. Under normal conditions, after 6 weeks, the scar produced by the first biopsy should be in a healing phase in which, by hematoxylin-eosin staining, myofibroblasts/fibroblasts appear in a horizontal orientation in relation to the epidermis and, using immunohistochemical techniques, it should be positive for vimentin, with smooth muscle actin and desmin being negative. Furthermore, in this phase the synthesized collagen should be predominantly type III. Alternatively, if a perpendicular orientation of the myofibroblasts/fibroblasts as well as positivity for smooth muscle actin and/or predominance of type I collagen were observed, the healing outcome would be classified as the exudative-productive phase, which would entail a delay in healing. Pathological/proliferative scarring in the form of a hypertrophic scar, with a swirling orientation of the collagen fibers and the presence of coarse collagen bundles, was also assessed (27, 28). Therefore, differences across the three healing patterns (healing, exudative or hypertrophic) or depending on the presence of proliferative scars (hypertrophic vs. healing+exudative) were analyzed (Figure 1).




Figure 1 | Histological analysis of skin healing patterns. The occurrence of healing patterns (healing, exudative or hypertrophic) was assessed in a second biopsy by performing skin histological preparations with Hematoxylin-Eosin staining and immunohistochemistry (IHQ) for collagen I and collagen III fibers. Healing pattern was hallmarked by myofibroblasts/fibroblast with horizontal orientation relative to epidermis and higher abundance of collagen III over collagen I. Exudative pattern was defined as showing vertical orientation of myofibroblasts/fibroblasts, with a collagen I predomination over collagen III. Hypertrophic pattern was characterized by having coarse collagen, bundle-like deposition, with higher collagen I over collagen III expression. Representative images of each pattern per staining are showed.







Analysis of cellular populations

Blood samples were immediately transported to the laboratory and processed. For all flow cytometry analyses, specific compensations and panel design were implemented according to good laboratory practice. EPC were analyzed by flow cytometry following EUSTAR recommendations (29) with few modifications as previously described (30). After preincubation with FcR blocking reagent (Miltenyi Biotech) to prevent unspecific antibody binding, whole blood was stained with anti-CD34-FITC (BD Pharmigen, Germany), anti-VEGFR2-PE (R&D, Germany) and anti-CD133-APC (Miltenyi Biotech, Germany) or identical isotype antibodies (BD Pharmigen) for 30 minutes at 4°C. Red blood cells were then lysed and washed. After gating the lymphocyte population, CD34-positive events were selected and CD34/VEGFR2/CD133 triple-positive were considered as EPC. VEGFR2-positive events within the lymphocyte gate and lacking CD34/CD133 expression were considered as detached, mature endothelial cells (EC) (30).

In parallel, peripheral blood mononuclear cells (PBMCs) were obtained by centrifugation on density gradient (18, 31). Then, PBMCs were incubated with CD14-FITC (Immunostep, Spain), CD16-APC-Cy7 (BioLegend, Germany) and ACE-APC (Miltenyi Biotech); or CD3-PerCP-Cy-5,5 (Tonbo Biosciences, Belgium), CD184-PE-Cy7 (BD Biosciences, Germany), CD31-FITC (BD Biosciences), CD4-PE (Immunostep) and CD28 APC-Cy7 (Thermo Fisher, Germany); or CD14-FITC (Immunostep), CD15-PE-Cy7 (Miltenyi Biotech), CD16-APC-Cy7 (BioLegend); or corresponding isotype antibodies for 30 minutes at 4°C protected from light. Next, cells were washed twice with PBS and analyzed by flow cytometry (FACS Canto II (BD Biosciences) with FACS Diva 6.5 software).

Then, a ‘live gate’ excluding debris and subcellular events was designed. Lymphocytes, monocytes and granulocyte regions were defined according to their FSC/SSC features and gating strategies were follow as previously described by our group (18, 31) for the identification of Tang (CD3+CD31+CD184+), CD4+Tang and CD8+Tang subpopulations, senescent T-cells (CD4+CD28null), monocyte subsets (classical (CD14+CD16-), intermediate (CD14+CD16+) and non-classical (CD14lowCD16+) monocytes), ACE expression, total LDG (CD15+LDG) and LDG subsets (CD14-CD16-CD15+ and CD14lowCD16+CD15+). The frequency of each population was referred to the parental gates unless otherwise stated.





Statistical analyses

Continuous variables were expressed as median (interquartile range) or mean ± standard deviation, according to the distribution of the variables. Categorical variables were summarized as n (%). Differences between groups were assessed by Mann Whitney U, Kruskal-Wallis or chi-squared tests, as appropriate. Logistic regression models, either univariate or multivariate adjusted by confounders, were used to evaluate the association between ISR and skin healing outcomes. Odds ratios (OR) and 95% confidence intervals (CI) were computed. Unsupervised cluster analysis was performed with variables showing associations at p<0.100 using squared euclidean distances and Ward’s Minimum Variance Method, in order to identify clusters minimizing the loss of information. R package heatmap.2 was used to generate the heatmap for visualization purposes. A p-value<0.050 was considered as statistically significant. Statistical analyses were performed with SPSS 27.0 and GraphPad Prism 8.0 for Windows.





Ethics statement

Approval for the study was obtained from the Institutional Review Board (Comité de Ética de la Investigación con Medicamentos del Principado de Asturias, reference 90/16), in compliance with the Declaration of Helsinki. All participants gave a written informed consent prior to their inclusion in the study.






Results




ISR is associated with excessive skin healing response

Coronary angiograms (n=9236) were reviewed and a total of 285 patients were found to meet inclusion criteria, from which 60 were selected and divided into (i) a group of cases exhibiting ≥1 previous stent implantation (15 with BMS and 15 with DES) with ISR confirmed in a second angiogram (presenting with clear type II-IV restenosis grades, and absence of diffuse disease), and (ii) a control group made up of 30 patients with ≥1 previous BMS stent implantation who had not suffered ISR at follow-up (ISR-free) (selected among those with a total absence of intrastent hyperplasia) (Table 1). All patients had confirmed their ISR or ISR-free status in a second angiogram. These groups did not differ in the frequency of traditional risk factors (hypertension: p=0.426, diabetes: p=0.273, dyslipidemia, p=0.278, and smoking p=0.271). Time between the index interventional procedure and the angiographic follow-up was 30 (91) months and 39 (46) months between the angiographic follow-up and the blood sample. The interval between the index procedure and the blood sample was 87 (range 3 - 220) months.


Table 1 | Description of study population.



After 6 weeks, study participants undergone a second biopsy, and pattern analyses (Figure 1) revealed that normal healing pattern was found in 29 (48.3%) individuals, whereas hypertrophic and exudative patterns were observed in 16 (26.6%) and 15 (25.0%) participants, respectively. Hypertrophic outcome was more frequent among patients with ISR compared to those ISR-free (11(36.6%) vs 5(16.6%)), although statistical significance was not reached (p=0.077). However, multivariate analysis revealed that skin hypertrophic pattern was an independent predictor of ISR occurrence after adjusting for clinical features and risk factors (diabetes, smoking, hypertension, dyslipidemia, stent length and stent diameter) (Table 2). Equivalent results were obtained in an extended cohort (n=80) as per our initial protocol (data not shown).


Table 2 | Association between ISR and excessive skin healing (hypertrophic pattern).



These results reinforce the independent association between ISR and skin healing patterns, patients with ISR being more likely to exhibit hypertrophic skin outcomes.





ISR is associated with altered levels of several cell populations linked to endothelial damage and vascular repair

Next, the blood levels of a number of cellular populations involved in endothelial damage and vascular repair processes were evaluated by flow cytometry (Figure 2).




Figure 2 | Flow cytometry analysis of cellular populations. Gating strategy for the identification and quantification of Tang (A), CD4+CD28null (B), EPC and EC (C), LDG (D), and monocyte subsets (E) by flow cytometry. Dot-plots from a representative patient are shown.



Patients with ISR exhibited lower circulating levels of Tang and EPC populations compared to those without ISR (Figures 3A–C). No differences in the frequency of CD4 (ISR: 46.81(14.19)% vs ISR-free: 46.95(18.66)%, p=0.595) or CD8 (41.46(11.92) vs 38.22(11.62)%, respectively, p=0.228) usage within the Tang pool were observed between groups. Then, both CD4+Tang and CD8+Tang subsets were reduced to the same extent in ISR (Figure 3B). On the contrary, EC counts were found to be increased linked to ISR (Figure 3D). Similarly, senescent T-cells (CD4+CD28null) were shown to be elevated in patients with ISR compared to their ISR-free counterparts (Figure 3E). Of note, no differences in the total number of leukocytes (p=0.074) or lymphocytes (p=0.196) were observed between groups. Consequently, equivalent results were observed when absolute levels of those populations were computed (Tang: p=0.015; EPC: p=0.029; EC: p=0.009; and CD4+CD28null: p=0.003).




Figure 3 | Analysis of circulating endothelial cell subsets and T-cell subpopulations in ISR. The Tang (A), CD4+ and CD8+ Tang subsets (B), EPC (C), EC (D) and CD4+CD28null (E) subsets were evaluated by flow cytometry and levels were compared between patients with ISR (black dots) and ISR-free patients (open dots). Each dot represents one individual. Upper and lower bars represent 75th and 25th percentiles and medium bars correspond to the median values. Differences between groups were assessed by Mann-Withney U tests.



Next, whether differences were observed within the monocyte pool was evaluated. No differences were observed in the frequency of monocyte subsets according to ISR status (Figure 4A). However, the proportion of ACE-expressing non-classical and intermediate monocytes was higher in ISR-free patients compared with their ISR counterparts, although no differences were found in the classical subset (Figure 4B). No differences were noticed in the total counts of monocytes between both groups (p=0.091). Equivalent results were obtained when absolute counts were computed for monocyte subsets (all p>>0.050).




Figure 4 | Analysis of myeloid subsets in ISR. The monocyte subsets (non-classical, intermediate and classical) were identified by means of their CD14/CD16 expression. Their frequency (A) and ACE expression (B) were compared between patients with ISR (black dots) and ISR-free patients (open dots). (C) The circulating levels of total LDG and (D) their subtypes based on CD14/CD16 expression were also compared between patients with ISR (black dots) and ISR-free patients (open dots). Each dot represents one individual. Upper and lower bars represent 75th and 25th percentiles and medium bars correspond to the median values. Differences between groups were assessed by Mann-Withney U tests.



Finally, although no differences were noted in the number of total LDG (CD15+LDG) (Figure 4C), diverging patterns were retrieved when the LDG subsets were analyzed. ISR was associated with an expansion of the CD14-CD16-CD15+ compartment at the expense of a reduction in that of CD14lowCD16+CD15+ (Figure 4D). These differences were maintained when evaluated within the total live gate region (CD14-CD16-CD15+: p=0.010; CD14lowCD16+CD15+: p=0.009).

Of note, no changes were observed for any cell population when compared on the occurrence of skin hypertrophic scars (Supplementary Table 1), hence strengthening the notion that the alterations observed were ISR-driven. Moreover, none of these populations were related to the intervals between the index procedure and the second catheterization or the recruitment (Supplementary Table 2). The fact that the ISR-free group was enriched in patients with BMS suggest that those findings were related to genuine mechanisms of ISR protection (as BMS are more likely to lead to ISR), without potential external confounders being involved. Finally, within the ISR group, no differences in the frequency of any cell population were observed in relation to stent types (BMS vs DES) (all p>0.050, data not shown).

Taken together, all these findings suggest that ISR was associated with specific alterations in cellular populations indicative of impaired vascular repair and enhanced endothelial damage. These changes were observed in the lymphoid and myeloid lineages, thus suggesting a broad involvement of the systemic cellular compartment in the setting of ISR.





Distinct cellular clusters with clinical relevance can be distinguished within ISR

In addition to evaluate univariate differences across ISR status, we aimed to evaluate whether patterns of differences can be detected in association with clinical features within ISR. Then, populations found to exhibit associations with ISR were entered into an unsupervised cluster analysis.

A total of three groups were detected in our analysis (Figure 5): group I (hallmarked by the relative highest level of vascular repair populations, low immunosenescence, high ACE expression and a CD16+-shifted LDG pool), group II (characterized by profound alterations in vascular repair populations and endothelial damage, high immunosenescence and decreased ACE expression on monocytes) and group III (hallmarked by a strong decrease in Tang but mild alterations in EPC and LDG profile, enhanced immunosenescence, and high ACE expression) (Supplementary Figure 1). Furthermore, these groups underlie differences at the clinical level. Patients using group II were found to exhibit a higher number of diseased vessels and implanted stents, in addition to higher rates of ISR and previous PCI as well as more likely to develop events at follow up, compared to groups I and III (Table 3). A non-significant, slightly higher occurrence of proliferative skin healing was noted, whereas a distinct distribution of skin healing patterns was detected. Furthermore, group III was found to be associated with a different, less severe clinical vascular presentation. Therefore, group II could be related to a more severe clinical risk profile, despite no differences in demographics, traditional cardiovascular risk factors and type of stent.




Figure 5 | Cluster analysis of cellular subsets. Heatmap showing the dendrogram classification of the clusters based on the cellular populations exhibiting alterations in ISR. Upper bar denotes RS status (green: ISR-free, red: ISR). Left dendogram showed the grouping patterns of the variables. Each column represents an individual, and each row represents one variable. The three clusters identified are indicated with colored rectangles over the dendogram (top). Tiles are colored based on frequencies, red and blue indicating low or high levels, respectively (see legend at the right).




Table 3 | Association between clusters and clinical features.



Altogether, these results suggest that differences in circulating cellular populations may inform distinct profiles within ISR. Hence, different alterations at the cellular level may uncover different ISR phenotypes at the clinical level, in terms of clinical severity, risk and extension, independently of traditional risk factors and stent types.






Discussion

The global burden of ISR remains a significant challenge for human health in terms of poor clinical outcomes, quality of life, and medical costs and services. Despite the latest advances on stent technology and management, there is still significant room for improvement (6). Gaining understanding towards ISR etiopathogenesis, especially at the cellular level, may shed new light into novel clinical procedures and disease targets to guide personalized medicine approaches. The results herein reported align two-fold with this goal. First, our results point to a connection between ISR and excessive skin healing outcomes. Moreover, ISR was found to be related to profound alterations in several cellular mediators of vascular homeostasis. These alterations informed different clinically-relevant clusters of patients (Figure 6). To the best of our knowledge, this is the first study to present a comprehensive characterization of cellular subsets in ISR, including the assessment of the Tang population in this scenario, as well as to prospectively evaluate the association between ISR and skin healing.




Figure 6 | Global overview of the present study. Project phases and results obtained in this study are depicted.



Our findings uncover an association between ISR and skin healing. A hypertrophic outcome upon provoked skin healing was found to be a significant predictor for ISR status. In line with our results, Odzol and coworkers had found a higher prevalence of restenosis among patients with proliferative scars upon previous open-heart surgery (7). Interestingly, stent length, diabetes and proliferative scars were independent predictors of ISR occurrence in their retrospective analysis (7). This association may suggest that both ISR and skin healing are functionally connected, probably due, at least in part, by shared mechanisms. The results of our study offer validation to the connection between both processes independently of traditional risk factors in a prospective design after provoking skin healing in a selected, matched groups of patients. Moreover, it also provides a step forward in this field by shedding new light into the role of inflammation and immune circuits which may be involved in both excessive responses.

Although systemic inflammation and immunity have been described to contribute to cardiovascular outcomes in several contexts, from basic studies to large clinical trials (such as CANTOS or LoDoCo2) (32, 33), the exact links in the setting of ISR remain poorly characterized. Moreover, current inflammatory biomarkers are limited by their lack of specificity and poor reflection of the underlying processes (34–37). Our results suggest that multiple cell populations, belonging to different lineages, show alterations in ISR. This finding aligns with the complexity of ISR by suggesting a multifaceted pathogenesis at the cellular level. One of the most remarkable results of our work was the analysis of cellular populations involved in vascular repair. EPC had been described to be altered in frequency and/or functionally impaired in ISR patients (38), although results have been controversial (39, 40), probably due to technical limitations, misleading phenotypical characterization and lack of assay harmonization (40). Our results, using specific international validated guidelines for EPC quantification, support a strong EPC depletion in ISR, in accordance with other vascular disorders [reviewed in (41)]. On the other hand, our findings revealed a similar picture for the Tang subset in this scenario. Importantly, an equivalent reduction in CD4+ and CD8+ subsets was observed, hence pointing to a global effect on the Tang population rather than on their specific compartments. This is in line with previous results in other, non-autoimmune conditions (18). Tang cells are known to participate in adult vasculogenesis and vascular repair, and Tang depletion has been linked to cardiovascular outcomes in several immune-mediated and chronic conditions (42–47). However, their role in ISR had not been explored. Therefore, our findings reinforce the notion that reparative mechanisms are profoundly impaired in ISR and expand the knowledge about the role of Tang in vascular homeostasis to a broader range of human diseases. Functional studies to evaluate the impact of Tang activity on the vascular repair in the setting of ISR, as well as their cooperative effects with other cellular subsets involved in vascular homeostasis are warranted.

Furthermore, these results may be of application for the clinical setting. Although improvements in stent technology have led a dramatic decrease of ISR occurrence, a plateau seems to have been reached. Our findings may open a new therapeutic avenue to act on inflammation at the lesion level through stent re-formulations. EPC-capturing stents have been largely proposed to reduce ISR burden by neointimal hyperplasia inhibition (48). However, trial results have been suboptimal, and potential limitations to efficiently capture EPC have been proposed (49–51). Moreover, an insufficient autologous EPC pool, impaired mobilization and/or the need of in vitro expansion for subsequent EPC infusions add important layers of complexity to this intervention. Therefore, the use of dual EPC- and Tang-capturing stents may represent a potential alternative. Higher frequency of Tang, better phenotypical characterization and established knowledge on T-cell proliferation and expansion protocols may be important advantages in this regard.

On the contrary, other cell subsets such as EC and senescent T-cells were found to be increased in ISR. CD4+CD28null expansions have been related to severe clinical cardiovascular outcomes (52), but their involvement in ISR was unexplored. These results underline the potential contribution of T-cell exhaustion in ISR, thus warrantying an analysis of immune-senescence and inflammaging in this context from a basic perspective. Whether rejuvenating, counteracting interventions may be beneficial in ISR remains plausible. Concerning the myeloid compartment, although no major differences in monocyte subsets were retrieved, reduced ACE expression was associated with ISR. This may be in line with the lack of positive effects of ACE inhibitors on neointimal progression (53), thus suggesting that certain ACE activity (or some isoforms, or ectopic expression) may be protective in ISR. Also within the myeloid lineage, although no major differences were observed in the total pool of LDG populations, qualitative alterations were found. Interestingly, a CD16-LDG shifted profile was linked to ISR, in line with other chronic conditions (18). These cell mediators have been demonstrated to exhibit a more immature phenotype, probably related to an excessive stimulation of bone marrow reservoir, also linked to vascular outcomes (54–56). A selective enrichment of CD16+LDG was observed in the ISR-free group, which may suggest a protective effect of this population. In fact, suppressive or regulatory functions have been described for this cell subset in a number of contexts (23, 57). Taken together, these findings add to the functional and phenotypical heterogeneity of LDG in human disease and support the idea that the myeloid pool is more complex than initially considered. Importantly, our findings overall strengthen the notion that vascular outcomes should not be regarded as the consequence of a passive accumulation of endothelial damage stimuli, as reparative mechanisms were demonstrated to be impaired as well. Therefore, the results herein reported reinforce the need of a paradigm change towards an (im) balance of vascular homeostasis, with both damage and reparative processes being implicated.

A strong point from our research was the integrative approach, which had not been explored in ISR until date. Single biomarkers or mediators are unlikely to inform on complex scenarios and, unavoidably, always provide limited knowledge. A fundamental critique to the contemporary literature in ISR is that the focus is made on individual cell populations or biomarkers, thus lacking information on the context and the global picture of interactions and cellular networks. However, in a complex scenario such as ISR, this conventional approach is suboptimal and overly simplistic. Our study has pioneered the use of an unsupervised clustering approach together with a comprehensive assessment of cell populations involved in vascular homeostasis, hence providing a global, integrative picture, overcoming the limitation of lacking mechanistical insights, and adding incremental value over conventional clinical features. Our approach revealed that although differences in individual mediators occur in ISR, not all are present in the same individuals, neither to the same extent, and certain associations can be found among particular cell mediators. As a consequence, groups of cellular traits can define clusters of patients with different clinical characteristics, that is, different clinical ISR phenotypes. Our approach revealed the existence of three cellular clusters that cover the whole spectrum of vascular homeostasis status: from a complete impairment of repair mechanisms, qualitatively altered monocyte subsets, high immunosenescence and a CD16–shifted LDG pool, indicative of central haematopoietic traits (group II); to a partial vascular repair impairment, high immunosenescene and a mildly skewed LDG profile, indicative of a partial loss of homeostasis (group III); and to a relative-normal vascular repair, with no immunosenescence and no major signs of endothelial damage (group I). Clinical features parallel this spectrum, from a high-risk situation with higher and larger lesions (II), to lower but higher number of lesions (III), and less severe lesions and risk profiles (I), respectively. Of note, these clinical phenotypes were independent of traditional risk factors, thus providing an incremental value for the clinical setting that cannot be obtained from existing clinical instruments or single candidate biomarkers. Moreover, none of cellular populations were related to time vintages from index procedure, thus suggesting that those alterations and composite clusters are rather stable along ISR course. Therefore, the observation of these clinical clusters may be of assistance to resolve clinical heterogeneity and to guide individualized care in ISR, a major unmet need in this area (6). With an increasing number of therapeutic options and pharmacological armamentarium, the identification of these profiles may be key for a targeted management. Finally, these findings allow to gain understanding towards the cellular architecture of ISR pathogenesis by identifying not only novel mediators, but also potential connections among them. Our analysis has helped us to unveil associations among groups of mediators, by relating the CD16-LDG expansion to endothelial damage and immunosenescence features, as previously suggested for other disorders (52), as well as showing a closer association among reparative populations, ACE expression and the CD16+LDG enrichment. Functional studies are warranted to deepen into these concepts.

This study has a number of limitations that must be remarked, such as the reduced sample size, the case-control design, angiographic vs causal definition of ISR, and the high variability in stent types and in the periods between the initial PCI and the control angiography, as well as between the initial PCI and patients’ entry in the study or second catheterization. Importantly, skin biopsies were obtained long after stent implantation. Although this facilitates study methodology and ensure a proper ISR classification, this retrospective design may limit the interpretation of the findings since pathogenic mechanisms occur at different time points. However, neither stent status nor those intervals were related to any of the immune cell subsets analyzed, hence ruling out a major effect of time vintages in the present study. Importantly, the groups of patients recruited are representative or real-world ISR populations, covering the whole spectrum from early to late phases upon stent implantation. Additionally, although BMS/DES head-to-head comparative studies may be needed for validation, it must be noted that the former are no longer used, which challenges the appraisal of such limitation. However, it must be noted that no effect was observed in our analysis. Furthermore, studies characterizing these populations in relation to causes of restenosis are warranted. Nevertheless, it must be noted that the latter apply to the local tissue features, whereas this study is focused on the systemic compartments, and distinct subsets/endotypes may be expected. Finally, no functional characterization of the cellular populations analyzed was performed, so mechanistic insights of this study are limited.

In conclusion, ISR was associated with excessive healing outcomes at the skin level, as well as with profound alterations in immune populations related to repair and endothelial injury at the systemic level. Distinct cellular signatures can be distinguished within ISR, thus suggesting that different cellular alterations may uncover different ISR clinical phenotypes, with clinical added value beyond traditional risk factors. This may lay the foundation for individualized approaches in the clinical setting, hence opening an innovative horizon for research and practice in interventional cardiology. Larger studies, with longer follow-up periods and simultaneous skin biopsies and stent deployment are needed to confirm these findings and provide clinical validation.
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Introduction

The current approaches that are used to treat ischemic stroke suffer from poor targeting, lack of effectiveness, and potential off-target effects, necessitating the development of new therapeutic strategies to enhance neuronal cell survival and regeneration. This study aimed to investigate the role of microglial Netrin-1 in ischemic stroke, a topic that has not been fully understood.





Methods

Netrin-1 levels and its primary receptor expressions were investigated in cerebral microglia from acute ischemic stroke patients and age-matched control subjects. A public database (GEO148350), which supplied RNAseq results for rat cerebral microglia in a middle cerebral artery occlusion (MCAO) model, was analyzed to assess the expression of Netrin-1, its major receptors, and genes related to macrophage function. A microglia-specific gene targeting approach and a delivery system allowing for crossing the blood-brain barrier were applied in a mouse model for ischemic stroke to investigate the role of microglial Netrin-1. Netrin-1 receptor signaling in microglia was observed and the effects on microglial phenotype, apoptosis, and migration were analyzed.





Results

Across human patients, rat and mouse models, activation of Netrin-1 receptor signaling was mainly conducted via its receptor UNC5a in microglia, which resulted in a shift in microglial phenotype towards an anti-inflammatory or M2-like state, leading to a reduction in apoptosis and migration of microglia. Netrin-1-induced phenotypic change in microglia exerted protective effects on neuronal cells in vivo during ischemic stroke.





Conclusion

Our study highlights the potential of targeting Netrin-1 and its receptors as a promising therapeutic strategy for promoting post-ischemic survival and functional recovery.
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Introduction

Ischemic stroke is a prevalent type of stroke that causes death and disability on a global scale (1). Although recombinant tissue plasminogen activator (rtPA) is the most common drug used for treating ischemic stroke, its effectiveness on thrombolysis and neuroprotection is limited due to a narrow time window and potential risks (2). Despite extensive research, many neuroprotective drugs have failed in clinical trials due to poor targeting, a lack of effectiveness and potential off-target effects (3). Therefore, new therapeutic strategies are required to enhance neuronal cell survival and regeneration following ischemic stroke.

Microglia function as sensor cells in the central nervous system’s immune system (4). Together with infiltrating macrophages, microglia play a crucial role in regulating the brain’s immune and inflammatory response after ischemic injury (5). Studies indicate that microglia and macrophages display distinct functions and phenotypes during ischemic brain injury and can modify their phenotype and function in response to changes in their microenvironment (6, 7). Two known phenotypes are the classical activation phenotype (M1), which is proinflammatory, and the alternative activation phenotype (M2), which is anti-inflammatory. The M2 phenotype promotes tissue repair and regeneration after cerebral ischemia, while the M1 phenotype releases proinflammatory cytokines that aggravate tissue injury. It is very important for microglia to be effectively polarized towards the M2-like phenotype in order to reduce inflammatory damage after a stroke (8).

In the developing nervous system, the guidance of migrating cells and axons to their targets is mediated with different proteins, including Netrin-1 that works as either a chemoattractant or chemorepellent (9). Several receptors for netrin-1 have been identified (9), including Depleted in Colorectal Cancer (DCC), Unc-5 netrin receptor A (UNC5a), UNC5b and UNC5c (10).

Neuronal Netrin-1 and its receptors have been shown to play a crucial role in post-ischemic survival (11). Acting as an axon guidance molecule, Netrin-1 is able to regulate nervous system development and repair (11). Moreover, Netrin-1 has neuroprotective effects in the ischemic brain, through binding to its receptors to activate various signaling pathways that regulate cell survival and death (12). To this end, Netrin-1 promotes cell survival, reduces neuronal death, and improves functional recovery after ischemic injury (11). While the role of neuronal Netrin-1 in brain development and post-ischemic survival is well-established, the specific function of microglial Netrin-1 in ischemic stroke is not yet clear and thus addressed in the current study.





Materials and methods




Ethic issues

The experiments in this study were applied according to the approved protocols by the Institutional Animal Care and Use Committee situated in Shanghai Ninth People’s Hospital. Human specimens of acute ischemic brain tissue and normal brain tissue were collected from deceased patients with the approval of the Ethic department at the Shanghai Ninth People’s Hospital. The study was conducted in compliance with all relevant ethical guidelines and regulations. Patients or their family members provided written approval for the use of their tissue samples in research. The collection of brain tissue was performed postmortem, and the tissue samples were immediately stored at -80°C until use. All measurements and studies were conducted in a blinded and randomized manner.





Animal work

The C57/Bl6 mice from Charles River Laboratories were housed individually in a climate-controlled environment. Only male mice were used in the experiments. Prior to each experiment, power calculations were conducted to determine the appropriate number of animals required to achieve a statistical significance of P<0.05. Assurance of randomization of mouse grouping was made through an allocation concealment method. To minimize the potential confounding effects of genetic variability, inbred littermate mice were used in each specified experiment. During the analysis, no data were excluded. To generate ischemic stroke, middle cerebral artery occlusion (MCAO) was performed on mice under 1.2% isoflurane anesthesia. The anesthetized mouse was positioned in a stereotaxic frame and a surgical procedure was performed. The procedure includes clamping of the common carotid artery to halt blood flow and insertion of a nylon filament via the external carotid artery into the internal carotid artery, ultimately reaching the middle cerebral artery. The filament was left in place for 60 minutes to induce the ischemic insult, and then removed to restore blood flow.





Behavioral tests

The Neurological Severity Score (mNSS) was used for the assessment of neurological function in mice following MCAO surgery. The mNSS test was composed of several individual tests evaluating different neurological functions, including motor function, sensory function, and reflexes. Briefly, mice were placed on a flat surface and examined for their ability to move their forelimbs and hindlimbs as an indicator for motor function. The mice were given a score from 0-6, with 0 representing normal motor function and 6 representing no movement. Next, the mouse forelimbs and hindlimbs were touched with a soft brush and examined for their response as an indicator for sensory function. The mice were given a score from 0-2, with 0 representing normal sensory function and 2 representing no response. Finally, the mouse forelimbs and hindlimbs were tapped and examined for their response as an indicator for reflexes. The mice were given a score from 0-2, with 0 representing normal reflexes and 2 representing no response. The scores from each of these tests were then added together to give a total mNSS score for each mouse. Higher scores indicate greater neurological deficits, while lower scores indicate better neurological function.





Infarct size assessment

After inducing ischemic stroke in mice, the brain was dissected three days later and sliced into coronal sections that were 2-mm thick. These sections were then stained with a 2% solution of 2,3,5-triphenyltetrazolium chloride (TTC) and incubated at 37°C for 25 minutes. TTC staining distinguishes infarcted tissue, which appears white due to the loss of mitochondrial dehydrogenase activity, from viable tissue, which appears red. The infarct area was then measured on each slice using ImageJ and the infarct volume was calculated by integrating the areas of all slices.





Cell lines

To conduct the current research, various cell lines were procured from the American Type Culture Collection (ATCC). These cell lines comprised HMC3, a microglia cell line from mice, RAW264.7, a mouse macrophage cell line, and HCN-2, a mouse neuronal cell line. All the cell lines were cultured in a 5% CO2 atmosphere at 37°C using Dulbecco’s modified Eagle medium (DMEM) supplemented with 8-10% fetal bovine serum (FBS, Sigma-Aldrich).





Plasmids and adeno-associated virus

A plasmid pUCmini-iCAP-PHP.eB (#103005) was purchased from Addgene, and another microglia-specific TMEM119 promoter (#34837) was purchased from GeneCopoeia. Both plasmids were utilized for production of an adeno-associated virus (AAV) serotype PHP.B vector for the experiment. To allow for controlled expression under the TMEM119 promoter, a green fluorescent protein (GFP) reporter was linked to the Netrin-1 or scramble sequence (Scr) via a f2A sequence. Transfection to generate AAVs was performed using Lipofectamine 3000 reagent (Invitrogen) as per the manufacturer’s instructions. For tail vein injection, a single dose of 5X1012 viral particles in 100 µL total volume was administered through the mouse tail.





Quantitative reverse transcription polymerase chain reaction

The expression level of specific genes in sorted microglia from ischemic hemispheres of mice after cerebral ischemia was measured using quantitative reverse transcription polymerase chain reaction (RT-qPCR). Prior to RT-qPCR analysis, total RNAs were extracted and reverse transcribed into cDNA using the high-capacity RNA-to-cDNA kit from ThermoScientific. Qiagen, a reputable supplier of high-quality qPCR reagents, provided the primers for the RT-qPCR analysis. To ensure accurate quantification of gene expression levels, the obtained values were normalized sequentially against β-actin, a widely used reference gene, and experimental controls. Real-time detection of the amount of double-stranded DNA synthesized during PCR was achieved using the SYBR Green method, which takes advantage of its ability to bind to double-stranded DNA and fluoresce when excited by light. This allowed for precise monitoring of the PCR amplification in real-time.





Flow cytometry

Microglia were sorted from the ipsilateral hemisphere of mice 3 days after cerebral ischemia. The tissue pieces were cut into small fragments and incubated at 37°C for 15 minutes with a pre-warmed enzyme mix (Neural Tissue Dissociation Kit, Miltenyi Biotec). The single cells were labeled with FITC-conjugated anti-TMEM119 and APC-conjugated anti-CD45 antibodies (Becton-Dickinson Biosciences) and analyzed using FACS sorting. The microglia population (CD11b positive and CD45 intermediate positive) was sorted and analyzed using the FlowJo software (Flowjo LLC). For analyzing apoptosis by flow cytometry, cells were resuspended in a buffer containing Annexin V conjugated with GFP and propidium iodide (PI). Annexin V binds to phosphatidylserine (PS) that translocates to the outer leaflet of the plasma membrane during apoptosis, while PI enters cells with compromised cell membranes such as necrotic cells. Afterward, flow cytometry was employed to assess the proportion of cells that were either in the early apoptotic phase (Annexin V positive, PI negative) or in the late apoptotic or necrotic stage (Annexin V positive, PI positive). Controls were also included for unstained cells and those that were separately stained with Annexin V and PI.





TUNEL staining

The terminal deoxynucleotidyl transferase dUTP Nick-End Labeling (TUNEL) protocol utilizes the In Situ Cell Death Detection Kit to detect DNA fragmentation in apoptotic cells (Invitrogen). Fixed and permeabilized tissue sections are incubated with a reaction mixture containing terminal deoxynucleotidyl transferase (TdT) and labeled nucleotides from the kit. TdT incorporates the labeled nucleotides at the fragmented DNA ends. Subsequently, the labeled DNA is visualized using fluorescence or chromogenic detection methods provided in the kit, allowing for the identification of apoptotic cells.





Enzyme-linked immunosorbent assay, histology, and immunohistochemistry

The mouse brain tissues were fixed with formalin and embedded in paraffin. The counterstaining of hematoxylin was conducted. The standard method of peroxidase-conjugated streptavidin and the substrate 3,3’-diaminobenzidine (DAB) were used sequentially. Immunostaining was carried out with rabbit anti-Netrin-1 antibody (Abcam) or rabbit anti-PHF1 antibody (Abcam) or rabbit anti-TMEM119 (Abcam). PHF-1 positive neuronal cells were quantified for assessing neuronal cell loss. Enzyme-linked immunosorbent assay (ELISA) was performed to measure the levels of mouse Netrin-1 (ELM-NTN1; RayBiotech), mouse DCC (ELM-DCC; RayBiotech), mouse UNC5a (abx552620, Abbexa Ltd, Cambridge, UK), mouse UNC5b (abx552623, Abbexa Ltd), mouse UNC5c (abx520698, Abbexa Ltd), mouse IL-1β (ab197742; Abcam), mouse A2B adenosine receptor (A2B; STJE0006946, St John’s Laboratory, London, UK), mouse IL-6 (M6000B; R&D System), mouse tumor necrosis factor alpha (TNFα, ab208348; Abcam), mouse interferon gamma (IFNɣ, ab282874; Abcam), mouse IL-10 (M1000B; R&D System), and mouse arginase 1 (ARG1, ab269541; Abcam). Specific kits were utilized as per the manufacturer’s instructions.





Cell viability and scratch cell migration assays

To assess cell proliferation, viable cell counts were measured using the Cell Counting Kit-8 (CCK-8) assay (CCK-8, Sigma-Aldrich). For scratch cell migration assay, a confluent layer of microglia was first grown on a culture dish. A scratch was then created on the cell layer using a pipette tip. The dish was then washed to remove any detached cells and fresh media was added. The cells were then allowed to migrate into the scratch area and the degree of closure or filling of the scratch was measured at 24 hours to quantify the migratory potential of the cells. The migration was measured in the presence or absence of recombinant rat UNC5a-Fc (6767-UN-050; R&D Systems) or whole IgG as control (Jackson Lab).





Bioinformatics

We examined published databases on rodent ischemic stroke studies and selected the GEO148350 database, which provided RNAseq results for rat cerebral microglia in an MCAO model, for the current study. Data analysis was performed using the GEO2R online bioinformatics tools with R language coding to obtain individual values. Quality control measures included a boxplot representing gene expression data distribution, and a uniform manifold approximation and projection (UMAP) plot to evaluate variable distribution across compared groups. A mean-difference plot was generated to display average gene expression levels between the two groups, with the difference shown on the Y-axis based on a predetermined statistical threshold. Lastly, we generated a volcano plot to identify differentially expressed genes between the groups, displaying the log2 fold change in gene expression levels on the X-axis and the corresponding -log10 p-value on the Y-axis.





Statistics

All experiments were statistically analyzed using GraphPad Prism 7 software. One-way analysis of variance (ANOVA) was applied to the obtained data, and Bonferroni correction was employed. Where required, Fisher’s exact test was utilized. At least five independent observations were conducted, and data are presented as individual values together with mean ± standard deviation (SD). Statistic significance was considered when P < 0.05.






Results




Acute ischemic stroke patients exhibit increased cerebral microglia expressing high Netrin-1 and UNC5a

While the role of neuronal Netrin-1 in brain development and post-ischemic survival is well-established, the specific function of microglial Netrin-1 in ischemic stroke is not yet clear. In order to investigate this question, we used immunostaining to detect microglia-specific marker TMEM119 in brain tissue from patients who had died from acute ischemic stroke (AIS), as well as from age-matched normal cases (NC). We found a significantly greater number of TMEM119-positive microglia in the AIS tissue compared to the NC tissue (Figures 1A, B). Next, microglia were isolated from AIS and NC brain tissue using a flow cytometry-based strategy, for which microglia were determined and sorted out based on their co-expression for TMEM119 and CD45, a marker for microglia and a marker for leukocytes, respectively (Figure 1C). Neurons and other non-inflammatory cells lack expression of CD45. On the other hand, granulocytes, macrophages, lymphocytes, and dendritic cells express high levels of CD45 but not TMEM119. Our results showed significantly more microglia in the AIS compared to NC (Figure 1D), consistent with our immunostaining data (Figures 1A, B). Next, we examined the expression of Netrin-1 and its main receptors, which include DCC, UNC5a, UNC5b, UNC5d and A2B adenosine receptor (A2B), in isolated microglia. Our results revealed a significant increase in the expression of Netrin-1 and UNC5a, but not DCC, UNC5b, UNC5d, and A2B in microglia from the brains of AIS compared to those from the brains of NC (Figures 1E, F). These findings indicate that cerebral microglia from patients with ischemic stroke exhibit elevated expression of Netrin-1 and its receptor UNC5a.




Figure 1 | Acute ischemic stroke patients exhibit increased cerebral microglia expressing high Netrin-1 and UNC5a. (A) Immunostaining for TMEM119 in brain tissue from patients who had died from acute ischemic stroke (AIS), as well as from age-matched normal cases (NC). (B) Quantification of the number of TMEM119-postive microglia in the brain. (C–F) Microglia were isolated from AIS and NC brain tissue using flow cytometry, for which microglia were determined and sorted out based on their co-expression for TMEM119 and CD45, shown by representative flow charts (C), and by quantification (D). (E, F) RT-qPCR (E) and ELISA (F) for Netrin-1 and its main receptors, which include DCC, UNC5a, UNC5b, UNC5d and A2B, in isolated microglia. *p<0.05. Scale bars were 100µm.







Rodent study demonstrates upregulation of Netrin-1 and its receptor UNC5a in microglia after ischemic stroke

Then, we searched published databases on rodent studies of ischemic stroke and found a database (GEO148350) that provided RNAseq results on rat cerebral microglia in an MCAO model. We analyzed these data using GEO2R online bioinformatics tools with R language coding to extract individual values. We utilized data from microglia isolated from young rats (3 months old) at day 3 post-ischemia induction and sham treatment, as it passed quality control measures including not only a boxplot displaying gene expression data distribution for each group (Figure 2A), but also a UMAP plot to assess variable distribution across the compared groups (Figure 2B). Then, we generated a mean-difference plot to display the average gene expression levels for the sham and day 3 groups, with the difference between the two groups shown on the Y-axis (Figure 2C). Finally, we generated a volcano plot to identify genes that were significantly up- or down-regulated in the day 3 group compared to the sham group (Figure 2D). Next, we first looked at genes associated with macrophage polarization. Notably, in rat microglia following D3 AIS induction, the M2-related markers CD163, CD206, CD301, and arginase 1 exhibited significant increases, while the M2-related factor IL10 did not show a significant change. Among the M1 markers, IL6 significantly decreased, while the others either did not change such as TNFα and IFNɣ, or even increased such as IL1β (Figure 2E). These results suggest that microglia in AIS may undergo an incomplete phenotypic switch to M2 polarization. Subsequently, we compared the expression levels of Netrin-1 and its primary receptors, DCC, UNC5a, UNC5b, UNC5d and A2B, in microglia from the two groups. We detected a significant upregulation of Netrin-1 and UNC5a, but not other Netrin-1 receptors, in microglia at day 3 after ischemia induction compared to those from sham treatment (Figure 2E), consistent with our observations in clinical specimens. Therefore, our results suggest that cerebral microglia from experimental rodents with ischemic stroke exhibit an increased expression of Netrin-1 and its receptor UNC5a.




Figure 2 | Rodent study demonstrates upregulation of Netrin-1 and its receptor UNC5a in microglia after ischemic stroke. A published database (GEO148350) provided RNAseq results on rat cerebral microglia in an MCAO model. We analyzed these data using GEO2R online bioinformatics tools with R language coding to extract individual values. We focused on microglia isolated from young rats (3 months of age) at day 3 after induction of ischemia and from sham treatment, which were most relevant to our study. (A) A boxplot. (B) A UMAP plot. (C) A mean-difference plot. (D) A volcano plot. (E) Array reads for genes related to microglia polarization and Netrin-1 receptor signaling. *p<0.05. NS, no significance.







Generation of plasmids expressing Netrin-1 specifically in microglia

To investigate the effects of Netrin-1 on microglia, we designed a plasmid that utilized a microglia-specific TMEM119 promoter to drive the Netrin-1 transgene or a scramble sequence (Scr) (13). Both plasmids included a green fluorescent protein (GFP), also controlled by the TMEM119 promoter and linked to the transgene by an f2A sequence (Figure 3A). The TMEM119 promoter was chosen due to the potential application of these constructs for the specific targeting of microglia in vivo. The plasmids were transfected into a mouse microglia cell line (HMC3), a mouse macrophage cell line (RAW264.7), and a mouse neuronal cell line (HCN-2). The specificity of the TMEM119 promoter for microglia was confirmed by the observation that only HMC3 cells were green fluorescent after transfection (Figure 3B). Additionally, the transfection of RAW264.7 or HCN-2 cells with either plasmid did not result in a significant alteration of Netrin-1 mRNA (Figure 3C) or protein (Figure 3D) levels, while the transfection of HMC3 with pTMEM119-Netrin-1 significantly increased Netrin-1 mRNA (Figure 3C) and protein (Figure 3D) levels, thus validating the efficacy of the microglia-specific Netrin-1-modifying plasmids.




Figure 3 | Generation of plasmids expressing Netrin-1 specifically in microglia. (A) Schematic of a designed plasmid that utilized a microglia-specific TMEM119 promoter to drive the Netrin-1 transgene or a scramble sequence (Scr). Both plasmids included a green fluorescent protein (GFP), also controlled by the TMEM119 promoter and linked to the transgene by an f2A sequence. (B–D) The plasmids were transfected into a mouse microglia cell line (HMC3), a mouse macrophage cell line (RAW264.7), and a mouse neuronal cell line (HCN-2). (B) GFP and bright field channels for the transfected cells in culture. (C, D) RT-qPCR (C) and ELISA for Netrin-1 in transfected cells. *p<0.05. NS, no significance. Scale bars were 50µm.







Netrin-1 increases M2-like polarization of microglia in vitro through UNC5a

To examine the effect of Netrin-1 on the M1/M2 polarization of microglia, we transfected HMC3 cells with pTMEM119-Netrin-1 and pTMEM119-Scr plasmids in vitro. Based on our clinic data and bioinformatic analysis of a public database, which suggested that microglial Netrin-1 may influence ischemic stroke through UNC5a, we also included an experimental condition in which UNC5a-Fc was added to block the Netrin-1 signaling through the UNC5a receptor in the transfected cells. Flow cytometry was performed to examine the M2 marker CD163 in the transfected cells, revealing that pTMEM119-Netrin-1 transfection significantly increased the CD163-positive cells (Figures 4A, B). Furthermore, transfection with pTMEM119-Netrin-1 significantly reduced the proinflammatory factors IL-1β, IL-6, IFNɣ and TNFα, and significantly increasing the levels of anti-inflammatory factors IL-10 and arginase 1 (ARG1) (Figure 4C) and the arginase activity of microglia (Figure 4D). Notably, all these effects were significantly attenuated in the presence of UNC5a-Fc (Figures 4A–D), indicating that Netrin-1 reduces the M2-like polarization of microglia in vitro through UNC5a.




Figure 4 | Netrin-1 increases M2-like polarization of microglia in vitro through UNC5a. HMC3 cells were transfected with pTMEM119-Netrin-1 and pTMEM119-Scr plasmids in vitro. An experimental condition was included for which UNC5a-Fc was also added to block the Netrin-1 signaling through the UNC5a receptor in the transfected cells. (A) Representative flow charts for CD163 in the transfected cells. (B) Quantification of CD163-postive cell percentage. (C) ELISA for IL-1β, IL-6, IFNɣ, TNFα, IL-10 and arginase 1 (ARG1) in the transfected cells. (D) Arginase assay. *p<0.05.







Netrin-1 reduces apoptosis and invasiveness of microglia in vitro through UNC5a

The survival of pTMEM119-Netrin-1- and pTMEM119-Scr- transfected microglia was examined in hypoxia condition. We found that transfection with pTMEM119-Netrin-1 significantly increased their viability (Figure 5A), likely through reduction in their apoptotic cell death (Figures 5B–D), and significantly reduced their invasion and migration (Figures 5E, F). Notably, all these effects were significantly attenuated in the presence of UNC5a-Fc (Figures 5A–F), indicating that Netrin-1 reduces apoptosis and invasiveness of microglia in vitro through UNC5a.




Figure 5 | Netrin-1 reduces apoptosis and invasiveness of microglia in vitro through UNC5a. (A) CCK-8 assay to assess the viable cells of pTMEM119-Netrin-1- and pTMEM119-Scr- transfected microglia in hypoxia condition, with/without presence of UNC5a-Fc. (B) Analysis of apoptotic cell death by Annexin V assay, shown by quantification (B) and by representative flow charts (C). (D) TUNEL staining shown by quantification and representative images. (E, F) Scratch cell migration assay, shown by representative images (E) and by quantification (F). *p<0.05. Scale bars were 50µm.







AAVPHP.B-pTMEM119-Netrin-1 alleviates experimental ischemic stroke in mice

We created two AAV vectors AAVPHP.B-pTMEM119-Netrin-1 and AAVPHP.B-pTMEM119-Scr that specifically express Netrin-1 or Scr in microglia in vivo using our microglia-targeting plasmids. To ensure that the AAVs could cross the blood-brain barrier, we chose a specific serotype, PHP.B (14–16), and administered the AAVs via the tail vein of mice. GFP mRNAs were detected exclusively in the mouse brain and bone marrow, but not in other organs, including the heart, lungs, stomach, liver, intestines, skeletal muscle, and kidneys, confirming both the ability of the AAV serotype PHP.B to cross the blood-brain barrier and the specificity of the TMEM119 promoter for microglia (Figure 6A). Afterwards, we investigated whether administering AAVPHP.B-pTMEM119-Netrin-1 to mice could improve their survival and protect against neuron loss following ischemic stroke. Mice were given AAVPHP.B-pTMEM119-Netrin-1 or AAVPHP.B-pTMEM119-Scr three days before inducing ischemic stroke by MCAO, and after reperfusion for 72 hours, the mice were analyzed. Firstly, we found that AAVPHP.B-pTMEM119-Netrin-1 significantly increased the survival of mice after MCAO (Figure 6B). At 72 hours after reperfusion, AAVPHP.B-pTMEM119-Netrin-1-treated mice exhibited significantly better neurological function as assessed by mNSS (Figure 6C) and significantly smaller infarct volume in the brain (Figure 6D). The neuronal content in mouse brain was quantified at sacrifice, showing a significant reduction in the loss of neurons in AAVPHP.B-pTMEM119-Netrin-1-treated mice compared to AAVPHP.B-pTMEM119-Scr mice (Figure 6E). Microglia were isolated from the mouse brain, showing significant increases in M2 polarization of microglia (Figures 6F, G) and the levels of microglial Netrin-1 (Figure 6H). Taken together, these data suggest that AAVPHP.B-pTMEM119-Netrin-1 can alleviate experimental ischemic stroke in mice, likely by modulating microglial phenotype.




Figure 6 | AAVPHP.B-pTMEM119-Netrin-1 alleviates experimental ischemic stroke in mice. Two AAV vectors AAVPHP.B-pTMEM119-Netrin-1 and AAVPHP.B-pTMEM119-Scr were created to allow specifically express Netrin-1 or Scr in microglia in vivo during a gene therapy approach. (A) To ensure that the AAVs could cross the blood-brain barrier, we chose a specific serotype, PHP.B (14–16), and administered the AAVs via the tail vein of mice. RT-qPCR for GFP in mouse tissue, including brain, bone marrow, heart, lungs, stomach, liver, intestines, skeletal muscle and kidneys. “+” is the HMC3 transfected with GFP plasmids as a positive control, while “-” is negative control of innocent mouse brain tissue. (B) The 72 hours’ survival curve of mice after MCAO. Each group had 20 mice. (C) At 72 hours after reperfusion, mouse neurological function was assessed by mNSS. (D) Quantification of the infarct volume and representative images in the brain. (E) The neuronal content in mouse brain. (F) Microglia were isolated from the mouse brain by flow cytometry, shown by representative flow charts (F) and by quantification (G). (H) ELISA for microglial Netrin-1. *p<0.05. ***p<0.001. Scale bars were 2mm.








Discussion

Netrin-1 is known to signal through its receptors UNC5H (UNC5a, UNC5b, UNC5d) and DCC, but their specific signaling mechanisms are unclear. DCC has been suggested to function as a dependence receptor, which induces apoptosis when unoccupied by ligand (17). However, this potential of inducing apoptosis is abolished in the presence of ligand (17). Conversely, all UNC5a, UNC5b, UNC5d display a death domain, and their expression induces apoptosis while the presence of netrin-1 blocks this effect, indicating that they may also function as dependence receptors (18). UNC5H proteins are also caspase substrates, and its caspase-mediated cleavage causes apoptotic cell death (18). Netrin-1 and its receptor signaling play a critical role during nervous system development (19). In our study, the role of microglial Netrin-1 in ischemic stroke was investigated, and we found that Netrin-1 improved the survival of microglia in hypoxia, possibly due to its binding to UNC5H, with UNC5a being the most important, which subsequently blocked the function of the freely released death domains of UNC5H.

Our study revealed a similar M2-like phenotypic adaptation in human and mouse microglia during ischemic stroke. However, the data from a rat study in a public database suggested that the polarization may be incomplete (20), which could be attributed to species differences and the limited number of repeats in the rat microglial array data (20). To overcome off-target effects of most current drug therapies, we employed a microglia-specific gene targeting approach and a delivery system that allowed crossing the blood-brain barrier in a mouse model (21). This method has been validated in in vitro and in vivo studies and holds great promise for clinical applications (21).

Here, activation of Netrin-1 receptor signaling in microglia, mainly through its receptor UNC5a, has been found to result in various effects on microglia that ultimately exert protective effects on neuronal cells in vivo. This protective effect may be due to several factors. Firstly, the M2-like polarized microglia may reduce the production and release of proinflammatory cytokines, thereby reducing damage to neurons (22). Secondly, the reduced migratory potential of microglia may contribute to the resolution of immune responses in the microenvironment (23). Lastly, the improved survival of microglia could attenuate the infiltration of inflammatory cells from circulation, ultimately promoting the termination of inflammation.

Previous studies have suggested that M2-like macrophages increase their motility and migration (24), which was not observed in Netrin-1-expressing microglia. This may be due to the comparison of M2-polarized microglia expressing Netrin-1 to M1-like microglia rather than M0 quiescent microglia (25), since M1 microglia are known to have high motility and migratory potential due to the expression of CCR2 and CXCR3 (26–28). Additionally, macrophages/microglia are a heterogeneous group of cells that can exhibit different phenotypes based on their environment, and measuring their exact motility and migration can be challenging due to a lack of standardized degree of their polarization (29).

Together, our study suggests that Netrin-1 and its receptors could be potential therapeutic targets for promoting post-ischemic survival and functional recovery. Further research is needed to elucidate the specific signaling mechanisms of Netrin-1 through its receptors and to explore the potential of targeting Netrin-1 in the treatment of ischemic stroke.
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Introduction

Chronic spinal compression is a common complication of spinal cord injury (SCI), which can lead to spinal stenosis or herniated discs. The ensuing neuropathic pain is often associated with the activation of microglia. In this investigation, our objective was to explore whether modifying the levels of chemokine (C-C motif) ligand 2 (Ccl2) in microglia could alleviate neuropathic pain resulting from chronic spinal compression.





Methods

We used a public database to look for major altered gene associated in a SCI model established in rats. We then employed adeno-associated virus (AAV) vectors, expressing siRNA for the identified significantly altered gene under a microglia-specific TMEM119 promoter. We also tested the impact of this treatment in microglia in vivo on the severity of chronic spinal compression and associated pain using a ttw mouse model for progressive spinal compression.





Results

We identified chemokine (C-C motif) ligand 2 (Ccl2) as the primary gene altered in microglia within a rat SCI model, utilizing a public database. Microglial Ccl2 levels were then found to be significantly elevated in disc specimens from SCI patients diagnosed with chronic spinal compression and strongly correlated with the Thompson classification of the degeneration level and pain score. Depletion of Ccl2 in microglia-specific TMEM119 promoter were developed to transfect mouse microglia in vitro, resulting in a proinflammatory to anti-inflammatory phenotypic adaption. In vivo depletion of Ccl2 in microglia mitigated the severity of chronic spinal compression and related pain in ttw mice, likely due to significant changes in pain-associated cytokines and factors.





Conclusion

Disc microglia expressing high levels of Ccl2 may contribute to chronic spinal compression and SCI-associated pain. Therapeutically targeting Ccl2 in microglia could offer a potential avenue for treating chronic spinal compression and SCI-associated pain.





Keywords: microglial Ccl2 regulates CPC-pain chronic spinal compression, microglia, Ccl2, pain, inflammation





Introduction

Chronic spinal compression is a prevalent disease worldwide, affecting up to 20% of the adult population (1). The incidence of chronic spinal compression is more common in men and increases with age, leading to significant morbidity, decreased quality of life, and increased healthcare costs (1). The severity of symptoms depends on the location and degree of compression and can range from mild to severe. Common symptoms include back pain, neck pain, numbness or tingling in the arms or legs, weakness in the arms or legs, and difficulty walking (2). If left untreated, chronic spinal compression can result in permanent nerve damage and paralysis (3).

There are various causes of chronic spinal compression, including degenerative changes in the spine, such as herniated discs, bone spurs, or spinal stenosis; trauma, such as spinal cord injury or fractures; tumors or cancer that affect the spine; inflammatory conditions, such as rheumatoid arthritis or ankylosing spondylitis; infections or abscesses in the spinal cord or vertebrae; and congenital conditions, such as spinal cord defects or abnormalities in the spinal canal (4).

Neuropathic pain is a common consequence of chronic spinal compression, which can be caused by various mechanisms. The compression of the spinal cord can cause damage to the nerves and disrupt their normal function, leading to the release of inflammatory mediators and activation of glial cells (5). Moreover, chronic spinal compression can lead to changes in the expression of neurotransmitters and receptors involved in pain signaling (6). These changes can result in increased sensitivity to painful stimuli and the development of chronic pain.

One of the crucial mechanisms underlying the formation of neuropathic pain by chronic spinal compression involves the activation of glial cells, particularly microglia (7). Microglia are resident immune cells of the central nervous system that are activated in response to injury or damage to nervous tissue (8). In chronic spinal compression, microglia are present in and around the compressed area and contribute to the development and progression of the condition (9). Polarized microglia exhibit different phenotypes with different functions (10). The M1 phenotype is pro-inflammatory and contributes to tissue damage, while the M2 phenotype is anti-inflammatory and promotes tissue repair and regeneration (11). In chronic spinal compression, microglia are polarized towards the M1 phenotype, which leads to the production of pro-inflammatory cytokines and chemokines that contribute to the development and progression of the condition (12). Modulating the polarization of microglia towards the M2 phenotype has been shown to alleviate the severity of chronic spinal compression and associated neuropathic pain in animal models (13). Microglia also contribute to the amplification of pain signals and the establishment of a persistent pain state (14). Therefore, microglial activation is considered a potential target for the treatment of neuropathic pain resulting from chronic spinal compression (15). However, there is currently a deficiency in in vivo methods that specifically target microglia and a lack of knowledge on the specific target factors in microglia that regulate their phenotype and affect the pathogenesis and pain associated with chronic spinal compression (13). The current study aimed to address these questions.





Materials and methods




Protocol approval and animal work

Approval for this study was obtained from the Research and Animal Ethics Association at Renji Hospital. For human specimens, healthy disc controls were collected from deceased donors who had no history of spinal disease or injury and had died from non-spine-related causes, such as head trauma. Discs from SCI patients were selected from those diagnosed with chronic spinal compression after SCI. Written consent forms were obtained prior to including the cases in the study. For mouse study, the wildtype and ttw mice (16) (Animal Laboratory of the Academy of Medical Sciences, Beijing, China) received viruses at 8 weeks of age, and analyzed at 24 weeks of age when they exhibit histological spinal compression, disc degeneration and spinal stenosis. Male mice were used in 4 experimental groups of 5 each. Group 1, wildtype mice of comparable age and gender (wildtype); Group 2: ttw mice (ttw); Group 3: ttw mice that had received orthotopic injection of AAVs carrying pTMEM119-Scr at 8 weeks of age; Group 4: ttw mice that had received orthotopic injection of AAVs carrying pTMEM119-si-Ccl2 at 8 weeks of age.





Von Frey filament test

The Von Frey filament test, also known as the hind paw withdrawal test, was performed in accordance with previously established methods (17). In summary, mice were placed in a designated testing chamber, allowing them to acclimate and move freely. Next, the experimenter gently applied pressure to one hind paw using a series of calibrated Von Frey microfilaments, increasing the force progressively. The test aimed to determine the minimum force required to elicit a clear, unambiguous withdrawal response of the hind leg. This withdrawal response, characterized by the mouse swiftly retracting its hind paw, is indicative of the sensitivity to the applied mechanical stimulus. The test was repeated multiple times, and the results were recorded and analyzed to assess the animals’ nociceptive thresholds.





Griess assay

The Griess assay is a widely used protocol for the detection of nitric oxide (NO) production in biological samples. The assay is based on the reaction between NO and sulfanilamide, which forms a diazonium ion that then reacts with N-(1-naphthyl) ethylenediamine to produce a chromophore that can be detected by spectrophotometry. The general steps for the Griess assay include the collection and preparation of the biological sample, the addition of Griess reagent (a mixture of sulfanilamide and N-(1-naphthyl) ethylenediamine), and measurement of the absorbance of the resulting chromophore at a wavelength of 540 nm. The concentration of NO in the sample can then be determined by comparing the absorbance to a standard curve generated from known concentrations of a NO donor or NO-containing compound.





Capsaicin behavior test

The evaluation of capsaicin behavior involved measuring the duration of licking behavior within a 5-minute period after injecting the hind paw of the mouse with capsaicin (3μg in 10μl). The capsaicin solution was prepared by dissolving it in a mixture of 5% ethanol, 5% Tween-80, and 90% saline, which was obtained from Sigma-Aldrich.





Cells, plasmids and AAVs

A mouse microglia cell line (EOC2), a mouse macrophage cell line (J774a.1) and a mouse fibroblast cell line (3T3) were all purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). EOC2 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS, Sigma-Aldrich, Beijing, China) and 1% penicillin-streptomycin (PS, Sigma-Aldrich) in a humidified atmosphere of 5% CO2 at 37°C. J774a.1 cells were cultured in high glucose DMEM containing 10% FBS and 1% PS in a humidified atmosphere of 5% CO2 at 37°C. 3T3 cells were grown in DMEM supplemented with 10% FBS, 2 mM L-glutamine (Sigma-Aldrich), 100 U/mL penicillin and 100 µg/mL streptomycin in a humidified atmosphere of 5% CO2 at 37°C. The culture medium was replaced every 2-3 days, and the cells were passaged when they reached approximately 80% confluence using 0.25% trypsin-EDTA (Sigma-Aldrich). The TMEM119 promoter was purchased from GeneCopoeia (#34837). The sequence for mouse si-Ccl2 was 5’-UUCUGAUCUUCUUCCAUCCTT-3’ and the scrambled sequence (Scr) was 5’-ACGUGACACGUUCGGAGAATT-3’. Transfection to generate adeno-associated viruses (AAVs) was performed using Lipofectamine 3000 reagent (Invitrogen) as per the manufacturer’s instructions. Human embryonic kidney 293 cells were transfected with prepared plasmids to generate AAV of serotype 6. Microglia were transduced in vitro using a multiplicity of infection (MOI) of 100. The orthotopic injection of AAVs was done with a single dose of 3x1011 viral particles in 100 µL total volume.





DCF assay

The DCF assay was used for detecting the levels of reactive oxygen species (ROS) in microglia. To perform the assay, cells were first plated onto a 96-well plate, and then transfected with prepared plasmids. After 48 hours, the cells were incubated with a solution of 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA), which was taken up by the cells and converted into a highly fluorescent product, dichlorofluorescein (DCF). Afterwards, phosphate-buffered saline (PBS) was used to wash away excess dye before measurement of the fluorescence intensity with a plate reader. The levels of ROS were quantified by comparing the fluorescence intensity of the experimental samples to that of control samples.





Arginase activity

Measuring arginase activity in microglia involved a protocol that starts with cell lysis, followed by centrifugation to remove debris. The supernatant was then collected and mixed with a reaction buffer containing substrate (L-arginine). After incubation at 37°C, the reaction was stopped by the addition of 0.1M HCl, and the product (urea) was measured using a colorimetric assay. The activity of arginase was calculated by measuring the amount of urea produced over a specific time period, and normalizing it to the protein concentration of the sample.





Flow cytometry

To perform flow cytometry analysis, the digested single cell fractions were incubated with a PE-conjugated TMEM119 antibody obtained from Becton-Dickinson Biosciences, located in Shanghai, China. To detect the expression of GFP, direct fluorescence using the FITC channel was used. The flow cytometry data was analyzed and presented with FlowJo software developed by Flowjo LLC, a company based in Ashland, Oregon, USA. The analysis included the determination of the expression levels of TMEM119 and GFP in the single cell fractions from the disc specimens of healthy donors and SCI patients and from experimental mice.





Immunocytochemistry, H&E staining and ELISA

In cultured cells, GFP was detected by direct fluorescence. The mouse spine tissue was fixed with formalin and embedded in paraffin. Thin sections of the tissue were then cut using a microtome and placed onto glass slides. The sections are then deparaffinized and rehydrated using a series of alcohol solutions. The sections are then stained with hematoxylin, which stains the nuclei of the cells blue, and eosin, which stains the cytoplasm and extracellular matrix pink. The slides are then dehydrated again and coverslipped. Enzyme-linked immunosorbent assay (ELISA) was performed to measure the levels of mouse Ccl2 (ab208979; Abcam, Hangzhou, China), mouse Il1β (ab197742; Abcam), mouse tumor necrosis factor alpha (TNFα, ab208348; Abcam), mouse interferon gamma (IFNɣ, ab282874; Abcam), mouse Il6 (ab100712, Abcam), mouse Il17 (ab100702; Abcam), mouse arginase 1 (ARG1, ab269541; Abcam), mouse CD163 (ab272204, Abcam), mouse transforming growth factor β1 (TGFβ1, ab119557, Abcam) and mouse Il10 (ab108870, Abcam) in cell lysis. Specific kits were utilized as per the manufacturer’s instructions.





Real-time quantitative polymerase chain reaction

Qiagen bioproducts were used for RNA extraction, cDNA synthesis and RT-qPCR experiments. Primers for mouse Ccl2: Forward: AGGTCCCTGTCATGCTTCTG, Reverse: AAGGCATCACAGTCCGAGTC. Primers for mouse GAPDH: Forward: ACTCCACTCACGGCAAATTC, Reverse: TCTCCATGGTGGTGAAGACA. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was determined to be consistent among samples and was therefore utilized as a reference gene to standardize the expression levels of the genes under examination.





Bioinformatics

To use GEO2R online tool for gene expression analysis, the first step was to select the dataset of our interest from the GEO database (GSE45006) and make multiple groups of samples for comparison. Then, the appropriate options for analysis were selected. The online tool performed statistical analysis and identified differentially expressed genes between the two or more groups and showed downloadable results. Next, for single-cell RNAseq data analysis, panglaodb.se was used. First, select the dataset of interest and choose the tissue type of interest (“spine” in this study). Then, search for genes of interest and visualize the expression patterns in different cell types using t-SNE co-layout.





Statistical analysis

The statistical analyses were conducted using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA). The analysis involved the use of one-way ANOVA with a Bonferroni correction. Post-hoc tests were applied for determining difference between two groups. The results were presented as mean ± standard deviation (SD), and p values less than 0.05 were considered statistically significant. Conversely, p values greater than 0.05 were considered as not statistically significant (ns).






Results




Microglia are the major sources for the upregulated Ccl2 after SCI

Spinal cord injury (SCI) is a significant contributing factor to chronic spinal compression, as patients with SCI are at an increased risk of developing conditions such as spinal stenosis or herniated discs. To investigate the underlying mechanisms of chronic spinal compression caused by SCI, we searched for appropriate SCI models in public databases and identified a GEO database (GSE45006). In this research, a SCI model was developed in rats by employing an aneurysm clip impact-compression injury at the thoracic spinal cord (T7) level. Following the injury, RNA was extracted from the epicenter region of the injured spinal cord and analyzed using Affymetrix GeneChip arrays. Samples from sham-operated rats served as controls, and these were compared to SCI samples collected at various time points, including 1 day, 3 days, 1 week, 2 weeks, and 8 weeks post-injury. This comprehensive time-course analysis allowed for the examination of gene expression changes and their potential implications in the spinal cord injury response and recovery process. To identify the major altered genes associated with microglia, we first conducted a set of quality controls, including a principal component analysis (PCA) to reduce the dimensionality of the data by transforming the original variables into new ones linear with original variable combinations (Figure 1A), a Uniform Manifold Approximation and Projection (UMAP) plot to use machine learning technique for dimensionality reduction and data visualization (Figure 1B), and an expression density analysis as a graphical method to represent gene expression data for visualizing the distribution of gene expression values within multiple samples (Figure 1C). Our results demonstrated that the data were suitable for analysis (Figures 1A-C). We then used an adjusted p value lower than 0.05 and at least a 2-fold change to select the significantly differed genes, which were shown in a volcano map (Figure 1D). From the list of highly altered genes after SCI, we identified those with at least a 100-fold change (Figure 1E). Among these genes, we found that only Ccl2 was predominantly expressed in microglia with the aid of co-analysis with single-cell RNAseq data from SRA667466: SRS3059941 (Figures 1F, G). On the other hand, other highly altered genes such as interleukin 33 (Il33, Figure 1H) and regulating synaptic membrane exocytosis 1 (Rims1, Figure 1I) were mainly expressed by other cells. These findings suggest that microglia are the primary source of the upregulated Ccl2 following SCI.




Figure 1 | Microglia are the major sources for the upregulated Ccl2 after SCI. The quality control measurements taken to analyze altered genes associated with microglia following spinal cord injury (SCI). The data was obtained from the GEO database GSE45006. (A–E) GEO database GSE45006. (A) Principal component analysis (PCA). (B) Uniform Manifold Approximation and Projection (UMAP) plot. (C) Expression density analysis. (D) Volcano map displaying genes with significant differences, characterized by an adjusted p-value lower than 0.05 and a minimum 2-fold change. (E) List of highly altered genes after SCI with at least a 100-fold change. Arrow pointed to Ccl2. (F–I) Co-analysis with single-cell RNAseq data from SRA667466: SRS3059941. (F) tSNE layout of the cell clusters, noting that microglia were put in a red rectangle. (G–I) Co-analysis with Ccl2 (G), interleukin 33 (Il33, H) and regulating synaptic membrane exocytosis 1 (Rims1, I). Arrows pointed to major cell clusters expressing co-analyzed genes.







Microglial Ccl2 levels positively correlate with Thompson classification of the degeneration level and pain score in SCI patients

To investigate the role of microglial Ccl2 in chronic spinal compression/SCI-associated pain, we examined disc specimens from 30 healthy donors (CTL) and 30 SCI patients diagnosed with chronic spinal compression (Table 1). We collected the Thompson classification of the degeneration levels and pain scores from the SCI patients and analyzed the disc specimens by digesting them into a single-cell fraction and subjecting them to fluorescence-activated cell sorting (FACS) for TMEM119, a specific marker for microglia (Figure 2A). By performing ELISA analysis for Ccl2, we found that the microglial Ccl2 levels in SCI patients were significantly higher compared to those from CTL (Figure 2B). Next, we assessed the correlation between microglial Ccl2 protein levels and the Thompson classification of the degeneration levels or pain scores in SCI patients, which showed a strong positive correlation in both (Figures 2C, D). Our findings suggest that disc microglia expressing high Ccl2 levels may play a role in chronic spinal compression/SCI-associated pain.


Table 1 | Demographic details of Intervertebral disc donors.






Figure 2 | Microglial Ccl2 levels positively correlate with Thompson classification of the degeneration level and pain score in SCI patients. Disc specimens from 30 healthy donors (CTL) and 30 SCI patients diagnosed with chronic spinal compression were examined. (A) Microglia were isolated from the disc specimens by digesting them into a single-cell fraction and subjecting them to fluorescence-activated cell sorting (FACS) for TMEM119, a specific marker for microglia. Representative flow charts were shown. (B) ELISA for Ccl2 on isolated spinal microglia. (C, D) The correlation between microglial Ccl2 protein and Thompson classification of the degeneration level (C, ɣ2 = 0.53, p<0.0001) or pain score (D, ɣ2 = 0.60, p<0.0001) was assessed. **p<0.01.







Generation and validation of AAVs specifically targeting microglia and depleting Ccl2

In order to explore the possibility of decreasing Ccl2 levels in microglia and its impact on chronic spinal compression or SCI-related pain, we designed plasmids that expressed either a Ccl2-targeting siRNA (si-Ccl2) or a scrambled sequence (Scr) as a control. These plasmids were driven by a microglia-specific TMEM119 promoter. (pTMEM119-si-Ccl2; pTMEM119-si-Scr). The plasmids also contained a GFP reporter co-controlled by the TMEM119 promoter through a f2A linker (Figure 3A). Both plasmids were used to transfect a mouse microglia cell line (EOC2), a mouse macrophage cell line (J774a.1), and a mouse fibroblast cell line (3T3). The specificity of the TMEM119 promoter for microglia was confirmed as only the transfected EOC2 cells appeared to be green fluorescent in culture (Figure 3B). Furthermore, transfecting EOC2 cells with pTMEM119-si-Ccl2 significantly reduced Ccl2 mRNA (Figure 3C) and protein (Figure 3D) levels, confirming the efficacy of the pTMEM119-si-Ccl2 plasmid.




Figure 3 | Generation and validation of AAVs specifically targeting microglia and depleting Ccl2. (A) Development of plasmids expressing either a siRNA for Ccl2 (si-Ccl2) or a control scrambled sequence (Scr) under a microglia-specific TMEM119 promoter (pTMEM119-si-Ccl2; pTMEM119-si-Scr). The plasmids also contained a GFP reporter co-controlled by the TMEM119 promoter through a f2A linker. (B) Both plasmids were used to transfect a mouse microglia cell line (EOC2), a mouse macrophage cell line (J774a.1), and a mouse fibroblast cell line (3T3). The specificity of the TMEM119 promoter for microglia was confirmed as only the transfected EOC2 cells appeared to be green fluorescent in culture. (C, D) RT-qPCR for Ccl2 mRNA (C) and ELISA for Ccl2 protein (D) levels. *p<0.05. Scale bars were 100µm.







Depletion of Ccl2 in microglia induces a proinflammatory to anti-inflammatory phenotypic adaption

To assess the effects of microglial Ccl2 on microglia properties, first we assessed the growth of microglia transfected with either pTMEM119-si-Ccl2 or pTMEM119-Scr by a CCK-8 assay. We found that depletion of Ccl2 in microglia did not significantly alter the growth or proliferation of microglia (Figure 4A). Next, the invasiveness and migratory potential of the transfected microglia were assessed, showing decreases in both by Ccl2 depletion (Figures 4B, C). ROS and NO are important properties of proinflammatory microglia, and were found both significantly reduced by a DCF assay (Figure 4D) and a Griess assay (Figure 4E), respectively. Arginase activity represents the anti-inflammatory function of microglia and showed significantly increased by Ccl2 depletion (Figure 4F). Together, these data suggest that depletion of Ccl2 in microglia reduces their invasion, migration and production of ROS and NOS, but increase their arginase activity, suggesting a proinflammatory to anti-inflammatory phenotypic adaption.




Figure 4 | Depletion of Ccl2 in microglia induces a proinflammatory to anti-inflammatory phenotypic adaption. (A) Assessment of growth of microglia transfected with either pTMEM119-si-Ccl2 or pTMEM119-Scr by a CCK-8 assay. (B, C) Cell invasion assay and migration assay by quantification (B) and by representative images (C, D) DCF assay. (E) Griess assay. (F) Arginase activity. *p<0.05. ns, non-significant. Scale bars were 100µm.







Depletion of Ccl2 in microglia reduces chronic spinal compression-associated pain

The effects of microglial depletion of Ccl2 on chronic spinal compression and its associated pain were then examined in a mouse model (ttw) in vivo. The ttw mouse has a mutation in the type IX collagen gene that leads to the development of progressive spinal degeneration similar to that seen in humans with chronic spinal compression. The pTMEM119-si-Ccl2 or pTMEM119-Scr plasmids were packaged into AAVs serotype 6 to transduce mouse microglia in vivo. The experiment included a total of 4 groups of mice that were all analyzed at 24 weeks of age. Group 1, wildtype mice of comparable age and gender (wildtype); Group 2: ttw mice (ttw); Group 3: ttw mice that had received orthotopic injection of AAVs carrying pTMEM119-Scr at 8 weeks of age; Group 4: ttw mice that had received orthotopic injection of AAVs carrying pTMEM119-si-Ccl2 at 8 weeks of age. To assess the pathology of chronic spinal compression, H&E staining was performed (Figure 5A) and the degree of the sickness was quantified by the ratio of spinal canal and cord are at site of maximal compression (mostly C2-C3) to those at the Th1 site (Figure 5B). Our data showed significant spinal compression in ttw mice that were untreated or treated with control Scr AAVs, compared to wildtype mice (Figures 5A, B). However, the spinal compression was significantly attenuated in ttw mice treated with si-Ccl2 AAVs (Figures 5A, B). The pain was measured with different methods. First, the mechanical (Figure 5C) and thermal (Figure 5D) pain was evaluated by a Von Frey filament test, showing significant defect in ttw mice untreated or treated with control Scr AAVs, compared to wildtype mice (Figures 5C, D). However, both mechanical and thermal pain were significantly attenuated in ttw mice treated with si-Ccl2 AAVs (Figures 5C, D). Next, in a cold plate experiment to assess cold-related pain, the cold plate score was significantly higher in ttw mice untreated or treated with control Scr AAVs than wildtype mice (Figure 5E). However, the cold plate score was significantly reduced in ttw mice treated with si-Ccl2 AAVs (Figure 5E). Finally, a Capsaicin test was performed to measure chemical-related pain, which showed that the paw licking duration was significantly longer in ttw mice untreated or treated with control Scr AAVs than wildtype mice (Figure 5F). However, the paw licking duration was significantly reduced in ttw mice treated with si-Ccl2 AAVs (Figure 5F). Together, these data suggest that depletion of Ccl2 in microglia reduces severity of chronic spinal compression and its associated pain.




Figure 5 | Depletion of Ccl2 in microglia reduces chronic spinal compression-associated pain. The effects of microglial depletion of Ccl2 on chronic spinal compression and its associated pain were then examined in a mouse model (ttw) in vivo. Four groups of mice were included in this experiment and all were analyzed at 24 weeks of age. Group 1, wildtype mice of comparable age and gender (wildtype); Group 2: ttw mice (ttw); Group 3: ttw mice that had received orthotopic injection of AAVs carrying pTMEM119-Scr at 8 weeks of age; Group 4: ttw mice that had received orthotopic injection of AAVs carrying pTMEM119-si-Ccl2 at 8 weeks of age. (A) H&E staining at analysis. (B) The degree of the sickness was quantified by the ratio of spinal canal and cord are at site of maximal compression (mostly C2-C3) to those at the Th1 site. (C, D) The mechanical (C) and thermal (D) pain was evaluated by a Von Frey filament test. (E) The cold plate score in a cold plate test. (F) The paw licking duration in a Capsaicin test. *p<0.05. ns, non-significant. Scale bars were 100µm.







Microglial Ccl2 levels in ttw mice are significantly reduced by si-Ccl2 virus

The spinal microglia were obtained from the mice using FACS based on TMEM119, as shown in Figure 6A. The results revealed significantly higher numbers of microglia from ttw mice untreated or treated with control Scr AAVs than in wildtype mice (Figure 6B). Conversely, the number of microglia was significantly decreased in ttw mice treated with si-Ccl2 AAVs (Figure 6B). To evaluate the levels of microglial Ccl2 protein, ELISA was used. Our results showed that Ccl2 levels were significantly higher in microglia from ttw mice untreated or treated with control Scr AAVs than in wildtype mice (Figure 6C). However, ttw mice treated with si-Ccl2 AAVs showed significantly reduced levels of Ccl2 in microglia (Figure 6C). Therefore, microglial Ccl2 levels in ttw mice are significantly reduced by si-Ccl2 virus.




Figure 6 | Microglial Ccl2 levels in ttw mice are significantly reduced by si-Ccl2 virus. (A) The spinal microglia were obtained from the mice using FACS based on TMEM119, as shown by representative flow charts. (B) Quantification of TMEM119+ microglia percentage. (C) ELISA for microglial Ccl2 levels. *p<0.05. ns, non-significant.







Depletion of Ccl2 in microglia alters pain-associated cytokines and factors in spine

Finally, we examined the underlying mechanisms of the reduced pain in ttw by microglial Ccl2 depletion. We analyzed known cytokines and factors related to pain. Interestingly, we found that all factors that induce pain such as Il1β (Figure 7A), TNFα (Figure 7B), IFNɣ (Figure 7C), Il6 (Figure 7D) and Il17 (Figure 7E) were all significantly reduced by microglial Ccl2 depletion, while all factors that reduce pain such as ARG1 (Figure 7F), CD163 (Figure 7G), TGFβ1 (Figure 7H) and Il10 (Figure 7I) were all significantly induced by microglial Ccl2 depletion.




Figure 7 | Depletion of Ccl2 in microglia alters pain-associated cytokines and factors in spine ELISA for known cytokines and factors related to pain. (A) Il1β. (B) TNFα. (C) IFNɣ. (D) Il6. (E) Il17. (F) ARG1. (G) CD163. (H) TGFβ1. (I) Il10. *p<0.05. ns, non-significant.








Discussion

Chronic spinal compression resulting from SCI can cause spinal stenosis or herniated discs (18). In this study, Ccl2 was identified as the major altered gene associated with microglia in an SCI rat model, and elevated levels of microglial Ccl2 were found in disc specimens from SCI patients with chronic spinal compression. In vitro experiments showed that depletion of Ccl2 in microglia resulted in a proinflammatory to anti-inflammatory phenotypic adaptation. Depletion of Ccl2 in microglia also reduced severity of chronic spinal compression and its associated pain in a ttw mouse model, which was confirmed by changes in pain-associated cytokines and factors in the spine. These findings suggest that Ccl2 in microglia may be a potential therapeutic target for treating chronic spinal compression/SCI-associated pain.

Previous studies have shown that microglia activation contributes to chronic pain after SCI (19), but the underlying mechanisms and the key factor important for microglial phenotypic adaptation during chronic spinal compression have not been fully understood (20). Our study provides new insight into the role of microglial Ccl2 in chronic spinal compression/SCI-associated pain and suggests that Ccl2 in microglia may be a potential therapeutic target.

CCL2 is known as a chemokine that plays a crucial role in the recruitment and activation of macrophages/microglia to sites of inflammation. The absence of CCL2 may inhibit the NF-κB pathway, which is a key regulator of proinflammatory responses, leading to reduced production of proinflammatory cytokines and chemokines to create an environment that promotes the polarization of macrophages/microglia towards an anti-inflammatory phenotype (21). In addition, CCL2 knockout in macrophages/microglia may promote STAT6 activation, which in turn increases anti-inflammatory cytokine production, such as IL-10, and the expression of anti-inflammatory surface markers, such as CD206 and Arg1 (22, 23). Furthermore, CCL2 knockout may enhance the activation of the peroxisome proliferator-activated receptor gamma (PPARγ) pathway, which promotes the anti-inflammatory phenotype by suppressing proinflammatory gene expression and inducing the expression of genes associated with tissue repair and resolution of inflammation (24, 25). Lastly, the absence of CCL2 may alter the balance of proinflammatory and anti-inflammatory macrophages/microglia in the tissue, leading to reduced infiltration of proinflammatory macrophages/microglia and allowing for a shift towards an anti-inflammatory population (26, 27). Overall, the knockout of CCL2 in macrophages/microglia can promote the proinflammatory to anti-inflammatory transition through the modulation of various signaling pathways, ultimately promoting an anti-inflammatory environment.

IL17, which is known to be generated from Th17 cells, was found significantly decreased in the microglial Ccl2-knockout group compared to the controls. The interplay between microglial cells and Th17 cells is crucial for the immune response in the central nervous system (28). Microglia secrete chemokines and cytokines, such as CCL2, which promote the recruitment and survival of Th17 cells, a subset of CD4+ T helper cells producing the proinflammatory cytokine IL-17 (29). In microglial CCL2 knockout models, the reduced expression of CCL2 may lead to impaired recruitment of Th17 cells and decreased IL-17 production, potentially attenuating the overall inflammatory response and promoting a shift towards a more anti-inflammatory environment (30). The complex and multifaceted relationship between microglial cells and Th17 cells influences each other’s function in the context of central nervous system inflammation.

However, this study has some limitations. Firstly, although SCI is a major cause or contributing factor to chronic spinal compression, the condition can also occur in individuals without a history of SCI (31). Thus, while SCI is a crucial factor in the development of chronic spinal compression, it is not the sole cause of the condition (31). Secondly, the use of a single mouse model may restrict the generalizability of the findings. It would be beneficial to replicate the results in other mouse models, larger animal models, and investigate the effects of Ccl2 depletion on other aspects of SCI, such as inflammation and neuronal damage (32). Although the ttw mouse model used in this study is a valuable tool for investigating chronic spinal compression, it is a genetic model and may not fully replicate the etiology of chronic spinal compression caused by SCI in humans (16). Moreover, the spinal degeneration in ttw mice is progressive and may not accurately represent the acute phase of SCI that leads to chronic spinal compression (16). Additionally, the ttw model may not fully capture the complexity of human spinal cord injury, including other factors contributing to the development of chronic spinal compression, such as inflammation and tissue remodeling (16). Other models that are commonly used for studying chronic spinal compression include SCI models induced by contusion, hemisection, or transection, and models of disc herniation induced by puncture or needle compression (33). These models have their own advantages and disadvantages, and the choice of model often depends on the specific research question being addressed (33). Moreover, this study only examined the effects of Ccl2 depletion in microglia, and other cells in the spine may also contribute to chronic spinal compression/SCI-associated pain (34). Future studies could investigate the effects of Ccl2 depletion in other cells in the spine and in other cell types in the nervous system, specifically focusing on the crosstalk among different cell types in the microenvironment using Ccl2 as a mediator (35). Combining these models could strengthen the power and generalizability of this study. Finally, while this study’s primary focus was on the role of microglial Ccl2 in chronic spinal compression and associated pain, the potential implications of our findings may extend to a variety of other neurological conditions. Alzheimer’s disease, for instance, is characterized by the accumulation of amyloid-beta plaques, which are known to activate microglia and induce a proinflammatory state (36). It is plausible that modulating the levels of Ccl2 in microglia could alter this inflammatory response, potentially slowing the progression of the disease (36). Similarly, in multiple sclerosis, a condition marked by chronic inflammation and demyelination, Ccl2-mediated microglial activity could be contributing to the disease pathogenesis (37). It would be of interest to explore if reducing Ccl2 levels could ameliorate the inflammatory and degenerative aspects of this condition (37). Lastly, the role of microglia and inflammation is increasingly recognized in Parkinson’s disease, where dopaminergic neuron loss occurs. Altering Ccl2 activity might impact microglial responses and, consequently, neuronal survival in this context (38). However, each of these diseases has a distinct pathological process, and the effect of Ccl2 modulation could vary accordingly. Further research is required to delineate these possibilities and uncover the full therapeutic potential of targeting Ccl2 in microglia.

In summary, our study highlights the significance of microglial Ccl2 in chronic spinal compression/SCI-associated pain. The findings suggest that targeting Ccl2 expression in microglia may be a promising therapeutic approach. While the use of AAVs for gene therapy in vivo has shown promise, it is important to acknowledge the potential limitations and risks associated with this approach (39). Long-term depletion of Ccl2 in microglia may lead to unforeseen consequences, as these cells are involved in various physiological and pathological processes (40, 41). Furthermore, translating this research to clinical applications presents numerous challenges, including safety concerns, dosage optimization, and potential off-target effects (39). To address these issues, additional preclinical studies are required to comprehensively evaluate the safety and efficacy of targeting Ccl2 in microglia and to better understand the long-term implications of this therapeutic strategy.
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Background

Macrophages are considered an essential source of inflammatory cytokines, which play a pivotal role in the development of diabetes and its sequent complications. Therefore, a better understanding of the intersection between the development of diabetes and macrophage is of massive importance.





Objectives

In this study, we performed an informative bibliometric analysis to enlighten relevant research directions, provide valuable metrics for financing decisions, and help academics to gain a quick understanding of the current macrophage-related diabetes studies knowledge domain.





Methods

The Web of Science Core Collection database was used for literature retrieval and dataset export. Bibliometrix R-package was performed to conduct raw data screening, calculating, and visualizing.





Results

Between 2000 and 2022, the annual publication and citation trends steadily increased. Wu Yonggui was the scholar with the most published papers in this field. The institute with the highest number of published papers was the University of Michigan. The most robust academic collaboration was observed between China and the United States of America. Diabetologia was the journal that published the most relevant publications. The author’s keywords with the highest occurrences were “inflammation”, “diabetic nephropathy”, and “obesity”. In addition, “Macrophage polarization” was the current motor topic with potential research prospects.





Conclusions

These comprehensive and visualized bibliometric results summarized the significant findings in macrophage-related diabetes studies over the past 20 years. It would enlighten subsequent studies from a macro viewpoint and is also expected to strengthen investment policies in future macrophage-related diabetes studies.
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1 Introduction

The prevalence of diabetes is skyrocketing across the globe, which has become a severe public health issue. According to current estimates from International Diabetes Federation, diabetes is a metabolic disorder affecting approximately 537 million adults in 2021, an astonishing increase of 74 million (16%) compared with 2019 (1). Type 2 diabetes(T2D) is the most common type, characterized by insulin resistance and progressive β-cell dysfunction, which gradually deteriorates glucose homeostasis from prediabetes to diabetes. It can be attributed to oxidative stress, ectopic lipid deposition, lipotoxicity, and glucotoxicity leading to long-term micro and macrovascular complications (2–4). Worth noting that each of these potential mechanisms is linked to inflammation (5). A meta-analysis based on prospective studies has revealed that elevated levels of C-reactive protein (relative risk: 1.26 [95% CI, 1.16 to 1.37]) and interleukin-6 (IL-6) (relative risk: 1.31 [95% CI, 1.17 to 1.46]) are associated with an increased risk of T2D (6). Autoimmunity is the hallmark of type 1 diabetes—this multifactorial, organ-specific autoimmune disease results from insulitis by infiltrating immune cells. During insulitis, effector T cells secrete high levels of proinflammatory cytokines like tumor necrosis factor-alpha (TNF-α), IL-1β, and IL-12, which trigger the process of β cell destruction (7, 8).

It is widely accepted that multiple immune cell types participate in initiating and maintaining metabolic disorders, including diabetes. Macrophages are considered an essential source of inflammatory cytokines, which play a pivotal role in the development of diabetes and its sequent complications (9, 10). Furthermore, macrophage activation has been commonly used to describe macrophage activity in response to diverse stimuli that include microbial products, damaged cells, and particularly inflammatory cells (11). If the inflammatory conditions are not properly dealt with, it may result in the persistent activation of the immune system, which can contribute to the development of diabetes. However, macrophages are highly plastic, indicating that distinct functional subsets undergoing different phenotypic differentiation can exert their unique biological effects, including anti-inflammatory actions. Therefore, to discover and promote new molecular targets and therapies to improve life expectancy, a better understanding of the intersection between the development of diabetes and macrophage is of massive importance. Notwithstanding, there is no comprehensive elucidation of the current state and research hotspots of macrophage-related diabetes studies (MRDS).

In 1969, Pritchard defined bibliometric analysis as “the application of mathematical and statistical methods to books and other media of communication”. As a quantitative science approach that monitors and evaluates research characteristics and trends based on published data within a specific timeframe, it has gained popularity in medical research (12, 13). Based on powerful algorithms, Bibliometrix R-package is a widely used open-source science mapping application with solid visualization and data analysis capabilities (14). In this study, we performed a bibliometric analysis to inform relevant research directions, provide valuable metrics for financing decisions, and gain a quick understanding of the MRDS knowledge domain for academics through the following steps with visualization:(1) Calculate growth trends of publications and citations; (2) Discover collaboration between core countries, authors, and institutions; (3) Investigate influential journals and top-cited publications; (4) Summarize dynamic changes of research hotspots and detect forefront topics.




2 Materials and methods



2.1 Retrieval strategy and dataset establishment

As one of the primary sources for scientometric analysis, the Web of Science (WoS) has a well-established citation network in different research fields (15). Dr. Ho Yuh-Shan proposed that the WoS topic search (TS) result in the intersectional knowledge domain may not be consistent with the article’s theme (16). Therefore, to get our bibliometric data more precisely, a systematic search strategy was developed using the following search terms based on title (TI) and author’s keyword (AK) search in the Science Citation Index Expanded (SCIE) of the WoS core collection database, regardless of language or document type: (TI=(diabet*) OR AK=(diabet*)) AND (TI=(macrophag*) OR AK=(macrophag*)). Notably, the raw data of publication records were extracted on a single day (December 4th, 2022) to avoid deviation errors from the WoSCC and saved as a TXT file.

Bibliometrix (version 3.2.1, R version 4.2.0) was performed to conduct raw data screening by two independent investigators. Publications fulfilling the following criteria would be included in our bibliometric analysis: (1) Papers that were published in English; (2) Document type should be review or article; (3) Papers that had no duplicates according to the authorship, publication title, and DOI number. Otherwise, only one of all duplicates would be retained;(4) Publication records must have complete information on authors, institutes, countries, journals, keywords, and citations. Two investigators (S.W. and Z. J.) independently screened each publication record for eligibility, and any discrepancies were settled through consultation with other authors to obtain a more precise data selection. The detailed filtering process is shown in Figure 1.




Figure 1 | Flow chart of bibliometric analysis dataset establishment. DOI: Digital Object Unique Identifier.






2.2 Data analysis and visualization

Bibliometrix R-package was applied to perform statistical and visualizing procedures. In our study, we analyzed and summarized annual publications and citations, the contribution of authors, institutes, countries, journals, and keywords to explore research trends, collaborations, reliable sources, internal structures of research hotspots, and temporal distribution of frontier topics.

Specifically, the Hirsch index (H-index), an acknowledged quantitative metric defined as the maximum value of H such that an author has H publications that have each been cited at least H times, was performed to measure the academic influence of authors (17). The strength of journal influence was assessed by Impact Factor, which was obtained from the 2021 Journal Citation Report (JCR) (http://mjl.clarivate.com/). PageRank score, proposed by Larry Page, the Google company sponsor, is an alternative and newly emerged measurement of academic impact calculated by computer-based algorithms (18, 19). It was designed to embody the relevance and importance of different web pages. In our network analysis, those with a high PageRank score implied more intensive academic connections. Our previous work has proven this quantitative metric more intuitive and efficient (20).





3 Results



3.1 Temporal distribution of publications and citations

A total of 1272 publications were selected in our bibliometric study, including 1099 original research full-length articles and 173 reviews. An apparent trend in annual publication numbers was observed in the past two decades, indicating a skyrocketed interest of endocrinologists in macrophage research (Figure 2A). Specifically, this growth could be divided into three phases: from 2000 to 2011 was the beginning study phase with less than 50 publications annually. Then, a stable growth period was found between 2012 to 2015. The number of publications has entered a tremendous development phase from 2016 onwards and peaked at 132 in 2021. The total mean citation per year represents the yearly average number of times each publication of MRDS has been cited. This metric can reveal the overall picture of the academic impact of papers published in a certain year. As shown in Figure 2B, literature published in 2005, 2006, 2014, and 2020 with higher citation times.




Figure 2 | Annual trend chart of publications and citations between 2000 and 2022. The dotted line represents linear growth with r2 = 0.906 (A) and r2 = 0.226 (B).






3.2 Visual analysis of active authors

In the past two decades, a total of 7520 authors have made their contributions to MRDS. Table 1 listed the top ten most prolific authors: Wu Yonggui was the scholar with the most published papers in this field (23 publications), followed by Stojanovic Ivana (12 publications), Aviram Michael (11 publications), and Gallagher Katherine A. (11 publications). In terms of H-index, Wu Yonggui (H-index:12), Aviram Michael (H-index:10), and Gallagher Katherine A. (H-index:9) and Stojanovic Ivana (H-index:9) ranked in the top three. The collaborations among the top 50 most prolific authors are shown in Figure 3. A total of eight academics, centered on Gallagher Katherine A. (PageRank score: 0.034), constituted the largest collaborative cluster of authors (purple group).


Table 1 | Top ten most prolific authors between 2000 and 2022.






Figure 3 | Collaboration network map of the top 50 most prolific authors. Nodes represent different authors, and lines represent connections between them. Ten isolated nodes were removed.



Additionally, we summarized the annual publication numbers and citation times of the top ten high-yielding authors, and Gallagher Katherine A. and Davis Frank M. (both from the purple cluster in Figure 3) have made a considerable contribution to this field in recent years, whose publications were all published in the last five years with higher total citations per year (Figure 4).




Figure 4 | Publications and total citations per year of the top ten prolific authors between 2000 and 2022. the size of the circles represents the number of publications, and the color of the circles represents the number of citations per year.






3.3 Collaboration map of countries and institutes

We selected the top 50 countries and institutes that ranked according to the number of publications. The PageRank score of each country or institute was calculated through their connections to others. Figure 5 and Figure 6 showed cooperative network maps of countries and institutes, respectively. From the perspective of national cooperation, the closest academic connection was observed between China and the United States of America. The blue nodes formed the largest cluster (14 countries), centered on Germany (PageRank score: 0.077) and mainly composed of European countries.




Figure 5 | Collaboration network map of the 50 top-publishing countries between 2000 and 2022. Nodes represent different countries, colors represent clusters, and lines represent connections between them. Cluster 1: red (10 items); Cluster 2: blue (14 items); Cluster 3: green (8 items); Cluster 4: orange (7 items); Cluster 5: purple (5 items); Cluster 6: brown (3 items). Three isolated nodes were removed.






Figure 6 | Collaboration network map of the 50 top-publishing institutes between 2000 and 2022. Nodes represent different institutes, colors represent clusters, and lines represent connections between them. Cluster 1: green (6 items); Cluster 2: red (8 items); Cluster 3: purple (9 items); Cluster 4: orange (7 items); Cluster 5: brown (6 items); Cluster 6: blue (3 items).11 isolated nodes were removed.



We listed the top ten high-producing countries and institutes according to the number of papers published and PageRank scores (Table 2). China was the leader in this field with 315 publications, followed by other top-publishing countries, including the United States of America (293 publications) and Japan (123 publications). The institute with the most published papers was the University of Michigan (75 publications). According to the PageRank scores, the United States of America was the most influential country, and Shanghai Jiao Tong University was the most significant research institute.


Table 2 | Top 10 most influential countries and institutions.






3.4 Influential journals overview

All the included publications of the MRDS between 2000 and 2022 were published in 537 journals. According to the 2021 edition of the JCR, seven of the ten most highly published journals were in the Q1 JCR division, and two had an impact factor greater than 10 (Supplementary Table 1). As depicted in Figure 7 and Supplementary Table 1, Diabetologia (publication:45; IF:10.460), Frontiers in Immunology (publication:28; IF:8.787), and International Journal of Molecular (publication:26; IF:6.208) were the journals that published the most relevant publications. Additionally, Diabetes (citation:3365; IF:9.305), Journal of Clinical Investigation (citation:2101; IF:19.477), and Journal of Biological Chemistry (citation:1764; IF:5.485) were journals with the highest number of citations.




Figure 7 | Cleveland dot plot of the top 20 journals ranked by publications and citations between 2000 and 2022.






3.5 Top-cited publications

Supplementary Table 2 summarized top-cited papers to reveal essential publications from our bibliometric dataset. To better show the citation trend in relatively recent years, we ranked the top ten top-cited publications between 2000 and 2022 in terms of both total citations and total citations per year, respectively. The top-cited paper with the highest total citations was “Adipocyte Death Defines Macrophage Localization and Function in Adipose Tissue of Obese Mice and Humans”, an original full-length research article that published by Saverio Cinti et al., and “Inflammation as a Link Between Obesity, Metabolic Syndrome and Type 2 Diabetes” by Nathalie Esser et al. had the highest total citations per year. Notably, a review published in 2017 named “Macrophage Phenotypes Regulate Scar Formation and Chronic Wound Healing” (Supplementary Table 2) was the most recent highly cited publication according to total citations per year.




3.6 Visual analysis of research hotspots

Keywords are well-suited to be selected for exploring research hotspots and trends as they are typically high-level summaries of the publication. In the current study, we identified 2495 authors’ keywords. In order to facilitate co-occurrence visualization, we extracted the top 50 keywords by occurrence frequency and calculated the PageRank score between them. As shown in Figure 8 and Supplementary Table 3, in the exclusion of search terms such as “diabetes” and “macrophage”, the keywords with higher occurrences were “inflammation” (277 times), “diabetic nephropathy” (123 times), “obesity” (114 times), and “insulin” (105 times). These authors’ keywords appeared more than 100 times, indicating their core position in this research field. In Figure 9, all closely related keywords were automatically grouped into four clusters and displayed in different colors. The red one, which was composed of “inflammation”, “metabolism”, “insulin” and “obesity”, was the most closely linked cluster. Among them, the term “inflammation” (PageRank: 0.183) almost intersected with all keywords that appeared in Figure 9, which undoubtedly represents it was the most exciting hotspot in this research field.




Figure 8 | Word-cloud map of top 50 authors’ keywords ranked by frequency of occurrence in publications between 2000 and 2022. The font size represents the frequency of occurrence.






Figure 9 | Co-occurrence network map of top 50 authors’ keywords ranked by frequency of occurrence in publications between 2000 and 2022. Nodes represent different keywords, colors represent clusters, and lines represent connections between them. Cluster 1: red (11 items); Cluster 2: blue (14 items); Cluster 3: green (13 items); Cluster 4: purple (12 items). None isolated nodes were detected.






3.7 Temporal distribution map of forefront research topics

After exploring the hotspots in MRDS, we made a further effort on the trend topic analysis based on keywords in combination with the evolution of time to reveal the current and promising forefront research topics. In our study, we identified the authors’ keywords from papers published from 2012 to 2022 that appear at least five times a year. Among them, a maximum of three themes were selected as annual topics. Precisely, 31 buzz topic terms of the year were calculated. The topic term at the top of Figure 10 was “exosome” which was followed by “macrophage polarization” and “epigenetics”, denoting the current motor topics with potential research prospects. While the annual topics at the bottom, such as “atherosclerosis”, “cytokine” and “apoptosis” have been studied in the past with relatively mature development. Therefore, these topics which were listed as research hotspots in Supplementary Table 3 and have not been calculated as forefront research topics.




Figure 10 | Trend topics map of Author’s Keyword for publications published between 2012 and 2022. Data and visualization were generated from the Documents menu of the Bibliometrix R-package.



Keyword Plus® are terms frequently appearing in the titles of a publication’s references, automatically extracted by Web of Science via computer algorithms, and have been confirmed with more broadly descriptive (21). Hence, using Keyword Plus® to study the change in research trends from different periods is appropriate and objective. As shown in Figure 11, we performed a thematic evolution map to display the development of MRDS based on summarizing various evolutionary associations via Keyword Plus®. To better reflect the research focus and trends, we divided the collection of publications from the past two decades into five periods: 2000-2006, 2007-2011, 2012-2016, 2017-2020, and 2021-2022. Throughout these five periods, the term “expression” and “gene expression” have been the core theme of such research, while the term “inflammation” became an emerging theme in the third period (2012- 2016), and it is still a research topic in great demand up to now. In the last two years, the fifth period, four new themes have emerged, including “polarization”, “differentiation”, “adipose-tissue” and “dysfunction” which shows the evolution of themes in MRDS has been ongoing and continues to progress.




Figure 11 | Thematic evolution map of Keyword Plus® in publications published between 2000 and 2022. Data and visualization were generated from the Conceptual Structure menu of the Bibliometrix R-package. Column 1 (2000-2006): expression, tumor necrosis factor, t cells, glycation end products, low density lipoprotein, gene expression; Column 2 (2007-2011): expression, insulin resistance, gene expression, glucose, apoptotic cells, cells; Column 3 (2012-2016): inflammation, expression, nf kappa b, glucose, gene expression; Column 4 (2017-2020): activation, inflammation, injury, gene expression, insulin resistance, expression; Column 5 (2021-2022): polarization, inflammation, injury, expression, differentiation gene expression, adipose tissue, dysfunction.







4 Discussion

To our knowledge, this is the first bibliometric analysis to reveal the structural associations and temporal dynamics in macrophage research related to the diabetes field. Our objective was to conduct a comprehensive bibliometric analysis of the evolution of this field over the past two decades using the Bibliometrix R-package. Through visualized results, the quantitative data on authors, institutes, countries, sources, and keywords provided valuable insights into research hotspots and trends.



4.1 Bibliometric information

The annual publication analysis of 1272 papers published between 2000 and 2022 has shown a steady increase on the whole. After a long phase of knowledge accumulation from 2000 to 2011, identified as the beginning period, MRDS has entered a growth trend since 2012, especially in the past five years. The intense interest in macrophage function in influencing the process and treatment of diabetes reached its peak in 2021. Notwithstanding that our publication was conducted before the end of 2022, the fitting curves in Figure 2 indicated that this popular trend would continue. Macrophage studies were expected to become a future direction and offer enlightening insight into the general landscape of the diabetes domain.

Regarding research productivity by authors, Wu Yonggui, the most prolific scholar with the highest H-index (23 publications, H-index:12) from Anhui Medicine University, mainly contributed to how herbal extracts regulate the pathological process of diabetic nephropathy (DN) through macrophages (22). The geographical distribution of this field was obtained by exploring productive countries and institutes, which could reflect their degree of influence and research skills. Chinese scholars published the most papers (315 publications), followed by American scholars with 203 publications. This situation might be related to the fact that China has a sizeable population with diabetes, and thus extra emphasis is placed on diabetes-related studies at the bench and clinical (23). As expected, five of the top ten high-yield research institutes were located in the United States of America, and four in China, reflecting the core position of these two countries in this field.

Based on the PageRank algorithm, we visualized the cooperation and influence of authors, countries, and institutes, respectively. This newly emerged bibliometric methodology can more objectively reflect the weight of items through the co-occurrence times (20). The most robust academic collaboration was observed between China and the United States of America in Figure 5. Although Chinese scholars published the most papers on macrophage studies related to diabetes, the United States of America was located in the most central position in this field, which also illustrates, to some extent, that Chinese scholars should pay more attention to international academic collaboration with other countries to break down knowledge barriers. However, no apparent core authors and institutes were observed in Figure 3 and Figure 6 due to no evident difference in PageRank scores. It is worth noting that there still needs to be more in-depth cooperation and communication among these active scholars and institutes.

When evaluating the significance of a publication, it is common to consider the number of citations it receives. Highly-cited papers usually serve as the foundation and framework of the field. Our study enumerated the top ten highly cited papers according to total and annual citations, respectively. The top-cited paper, a full-length original research article ranked by total citations, mainly discussed how macrophage infiltration in white adipose tissue is associated with the metabolic complications of obesity (24). Interestingly, the top-ranked publication by the total citations per year also reviewed the association of inflammation, represented by macrophage infiltration, with obesity, metabolic syndrome, and diabetes (25). The link between inflammation and metabolic disease is a hot topic in macrophage research.




4.2 Detection of research hotspots

The decrease in insulin-stimulated glucose uptake, known as insulin resistance, is an essential antecedent pathophysiological feature and a significant underlying etiology of T2D (5). Several interrelated mechanisms have been proposed to explain this process, all of which are associated with inflammation or the induction of an inflammatory response. These mechanisms include glucotoxicity, lipotoxicity, oxidative stress, endoplasmic reticulum stress, etc. (2–4). Metabolic disorders, such as obesity and dyslipidemia, increase the risk of overt T2D and its progression through the activation immune system and secondary chronic low-grade inflammation (26). Hence, inflammation is the pathogenic clue that links obesity, insulin resistance, and T2D (27). This association can be observed in the red cluster of Figure 9, and the central position of inflammation in the macrophage research related to diabetes is also well illustrated in Figure 8.

Pro-inflammatory macrophages, as a primary effector cell type, play a role in this phenomenon by its recruitment, accumulation, and activation in the insulin target tissue, in particular adipose tissue, upregulating the production of adipose-derived pro-inflammatory cytokines (25, 28). Adipose tissue is regarded as a highly specialized tissue that exerts endocrine functions based on autocrine and paracrine activities. Instead of solely storing energy, it synthesizes and secretes adipokines (29). Moreover, Adipose tissue inflammation is an important event in obesity and T2D, negatively affecting the transmission of insulin signals, which is mainly attributed to the pro-inflammatory effect of adipose tissue macrophages. Macrophages account for approximately 10% of adipose tissue in lean mice, while in obese and leptin-deficient mice, this proportion increases to more than 50% (30, 31). Additional studies have shown that preventing macrophage accumulation in adipose tissue or pro-inflammatory macrophage signaling can improve glucose metabolism and alleviate insulin resistance in obese mice (32, 33). The major mechanistic evidence can be ascribed to the inflammatory modifications by the enhanced secretion of pro-inflammatory cytokine mediated by macrophages. Hotamisligil et al. found elevated gene expression levels of TNF-α in adipose tissue of insulin resistance and obese rodents (34). In the following years, macrophage-derived TNF-α was identified as the major source (35, 36). Higher TNF-α concentrations in plasma result from macrophage accumulation, which significantly affects the regulation of insulin sensitivity (29, 37).

Kidney inflammation is a critical factor in the pathogenesis of DN, which is characterized by excessive extracellular matrix deposition (38). In the context of DN, elevated glucose levels and metabolites contribute to cellular inflammation, glomerular sclerosis, and tubulointerstitial fibrosis (39). The role of macrophages in the pathogenesis of DN has attracted mounting attention. Specifically, the activation and infiltration of macrophages in this process play a crucial role in promoting renal inflammation and fibrosis in both glomeruli and the tubulointerstitium (40, 41). Macrophage infiltration has been confirmed to be responsible for multiple pathological changes, including renal interstitial proliferation and irreversible pathological changes in glomeruli, aggravating the development of DN (42–44). The NADPH oxidase Nox4 is an isoform of the catalytic subunit of NADPH oxidase and is primarily responsible for generating renal reactive oxygen species in rodent models of DN induced by streptozotocin. Removing Nox4 can reduce glomerular macrophage infiltration and provide renal protection against glomerular injury (45).

Additionally, it is worth mentioning that the green cluster in Figure 9 reflects metabolic disease augmentation on vascular disease mediated by macrophages and common mechanisms underlying atherosclerosis, diabetes, and obesity. As the primary cause of coronary artery disease, a common comorbidity of obesity and diabetes, atherosclerosis is a chronic inflammatory disease that has received considerable attention (46). Compared with purely inflammatory vascular disease individuals, macrophages from patients with coronary artery disease show significantly higher levels of glucose utilization and expression of pro-inflammatory cytokines, particularly TNF-α (47). Macrophage substrate metabolism is sensitive to extracellular glucose and lipid levels due to hyperglycemia further promotes lipid accumulation and lipotoxicity by increasing the expression of long-chain acyl CoA synthetase-1, and this glycemic condition could also lead to protein glycosylation and formation of advanced glycation end products producing massive pro-inflammatory cytokines (48, 49).




4.3 Future direction and breakthrough

The classical view of the macrophage polarization model describes two opposite phenotypic states: pro-inflammatory M1-like macrophages, the classic phenotype, which can be triggered by bacterial lipopolysaccharide, interferon-γ, and secret several pro-inflammatory cytokines including TNF-α, IL-1β, IL-6. In contrast, M2-like macrophages, the alternative phenotype induced by IL-4 and IL-13, play a role in anti-inflammation by producing IL-10 (50, 51). Multiple stimulating factors determine the phenotype of macrophages, and new subtypes are also being discovered (31). Although it is too polarized to generalize different subtypes of macrophages through highly simplified phenotype dichotomy, we mainly mentioned macrophages as either M1 or M2 for clarity purposes in this work.

Epigenetics, a fast-growing research field, is currently defined as an alteration in gene function in response to external stimuli that modify gene expression with no change in DNA sequence via DNA methylation, histone modifications, and non-coding RNAs (51). Due to the remarkable plasticity of macrophages, M1/M2 polarization is a dynamic process that can be reversed under different pathophysiological conditions and is associated with epigenetic modification (52). The predominance of these phenotypically distinct macrophages at specific times plays different roles. Figure 10 and Figure 11 showed that macrophage polarization could be a breakthrough point in this field. Here we discuss the current understanding of macrophage polarization in diabetic complications.

Wound healing involves four classical phases: hemostasis, inflammation, proliferation, and remodeling. This complex and well-coordinated process is promoted by multiple factors, among which the convergence of macrophages at the wound site is a decisive step in the healing process (53, 54). Specifically, the early inflammatory phase is dominated by the M1 macrophages, which are responsible for events such as bacterial phagocytosis, tissue debris, and the release of cytokines (e.g., TNF-α, IL-1β, nitric oxide synthase, IL-6) (55). Over time, the M2-like macrophage subtype becomes dominant, triggering the proliferative phase. The function of M1-like macrophages transforming into anti-inflammatory phenotype plays a vital role during normal wound repairment (51). However, under the influence of diabetic circumstances, this transition is impeded, leading to excessive wound inflammation and problematic wound resolution (56–58). Diabetic wounds tend to experience a higher presence of M1 macrophages, which can lead to delayed healing (59). Gallagher Katherine A. from the University of Michigan, USA, who made outstanding contributions to diabetic wound repair in the past five years (Figure 4), reversed the inflammatory macrophage phenotype and alienated wound repair by inhibiting the cyclooxygenase 2/prostaglandin E2 pathway (60).

As mentioned, macrophages are regarded as an indispensable source of TNF-α. Increased TNF-α levels in the kidney have been well-validated in models of DN (61). To support this, recent evidence has pointed out that compared with control mice, conditional ablation of TNF-α in macrophages significantly reduced albuminuria, alleviated the increase of plasma creatinine and blood urea nitrogen, and improved histopathological changes (62). M1 is the primary macrophage type located at the site of diabetic renal injury, producing inflammatory cytokines, such as IL-1β and TNF-α, which are aggravated by hyperglycemia (10). More importantly, the number of M1 macrophages that infiltrated the kidneys of mice with diabetes could gradually increase over time (63). Evidence from experimental models of diabetes also has shown a positive correlation between increased M1 polarization and renal injury (64). However, M2 therapies would become profibrotic at some point because M2 macrophages could release high levels of transforming growth factor-β1 to enhance kidney fibrosis (65). Although the exact M2 repolarization phenotype remains to be further elucidated, inhibiting the activation of M1 macrophages and promoting the polarization of M2 macrophages have the potential to prevent podocyte damage, reduce proinflammatory cytokines, and reduce profibrotic proteins against DN (66–69).

Initiation and maintenance of atherosclerosis (AS) are well acknowledged as a chronic inflammatory state of the arterial wall in which several immune cells participate, and atherosclerotic plaque formation and progression are highly associated with the epigenetic regulation of macrophages, particularly macrophage-produced cytokines (70, 71). According to histological analysis of human atherosclerotic plaques, compared with M2 macrophages, M1 macrophages were most located in lipid-enrich areas. In vivo, the increase of M1 macrophages could accelerate the progression of AS contributing to necrotic core formation, plaque rupture, and coagulation cascade activation. In contrast, the rise in M2 macrophage polarization could suppress this process (72, 73).

Patients with diabetes have a high risk of complicating coronary artery disease, which leads to more diffuse AS under the influence of increased infiltration of inflammatory macrophages (74). Macrophages can be polarized toward the M1 phenotype within the atherosclerotic plaque in response to the exposition of various oxidized derivatives and growth factors. As a representative pathological toxic metabolite of diabetes, advanced glycation end products could trigger macrophages to polarize toward M1 by interacting with its receptors via RAGE/TLR4 signaling, leading to the inducement and aggravation of AS, and specifically inhibiting the activation of TLR4 signaling could effectively reduce plaque M1 macrophage infiltration and arterial stenosis (70, 75). Another key finding was that the overexpression of brain-derived neurotrophic factors (BDNF) could promote the M2 macrophage polarization to alleviate diabetes-related AS (76). As a critical regulator of the survival, differentiation, and growth of neurons, expression of BDNF is observed in activated macrophages and promotes the transformation of macrophages from M1 to M2 (77). In the acute phase of human coronary artery AS, the plasma level of BDNF decreases, which can also be observed in individuals with diabetes (78, 79). Taken together, it reflects diabetes augmentation on vascular disease mediated by macrophages. Promoting the polarization of M1 macrophages to M2 can be a breakthrough to better interpret and alleviate inflammatory diseases, including diabetes-related conditions.

Notably, exosomes, a type of cell vesicle with lipid bilayer membranes containing functional protein and nucleic acids, have been attractive in macrophage-related diabetes studies (Figure 9). As mentioned, macrophages are the predominant immune cells, and their polarization can mediate the inflammatory process. In this scenario, exosomes can further control the inflammatory conditions in various inflammatory diseases by regulating the differentiation of macrophages (80). Through this mechanism, exosomes which were originated from stem cells transferred into macrophages to induce the anti-inflammatory M2 macrophage polarization through the transactivation of arginase-1 with remarkably increased anti-inflammatory factors including IL-10, but no significant changes in those of M1-related cytokines which in turn evoked inflammatory responses and enhanced insulin sensitivity (81). The development of neuronal injury in rats could be accelerated by the miR−21−5p, carried by exosomes derived from dorsal root ganglia neurons, inducing microglia, which served as brain macrophage, differentiated into the proinflammatory M1 phenotype (82). Lv et al. found that high levels of miR-19b-3p positively correlated with the severity of tubulointerstitial inflammation in patients with DN and demonstrated that exosomal miR-19b-3p mediated the communication between injured tubular epithelial cells and macrophages, leading to M1 macrophage activation and further tubulointerstitial inflammation (83). In addition, exosomes secreted from human serum albumin−treated HK−2 cells released miR−199a−5p, which targeted the TLR4 pathway to induce M1 polarization, resulting in the progression of DN (84).

Admittedly, our work has some common limitations of bibliometric analysis. First, Boolean search terms (OR/AND) were performed to establish our bibliometric database by merging the publication information of diabetes and macrophage fields. However, this process would inevitably result in an amount of included literature that did not fit our research topic. To address this issue, we refined our search strategies and manually screened each publication record. Second, due to the limited number of publications included, co-citation analysis could not be conducted to obtain interpreted results. In addition, our research mainly focused on analyzing and mining quantitative metrics to describe the current state and temporal dynamics in MRDS systematically. However, qualitative analyses were not performed and the final results should be explained cautiously (85).





5 Conclusions

With the help of the bibliometrix R-package, a comprehensive bibliometric analysis was performed to visualize the temporal dynamics and research trends of the MRDS knowledge domain from 2000 to 2022. Overall, the annual quantity of publications has increased steadily. China, the University of Michigan, and the Diabetologia journal have the highest volume of publications compared to other countries, institutes, and journals. Our findings delineate the mainstream of MRDS mainly focused on inflammation and its related mechanisms. Macrophage polarization is currently the most cutting-edge topic. This pathophysiological mechanism has been explored in diabetes and its complications which has the potential as a fulcrum for future diabetes-related translational research. We aimed to provide valuable insights and clues for endocrinologists and academics to conduct further studies. Furthermore, the results of this study are also expected to strengthen investment policies in future macrophage-related diabetes research.
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hsCRP was significantly decreased, but MACE (death, stroke, recurrent MI) was
increased

Decreased incidence of MACE but increased incidence of neutropenia and fatal
infections

Effectively reduced perioperative myocardial injury
No significant effect on MI size and associated clinical events
No significant effect on MI size and associated clinical events

Reduced perioperative myocardial injury

Effectively reduced postoperative myocardial injury

(70)

(71)

(72)

(73)

(74)

(75)

(80)
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Cell type

Peak infil-
tration

Active molecule

Biological effect

Potential

Monocytes

Macrophages

Neutrophils

DCs

T cells

B cells

MDSCs

NK cell

Classical
monocytes

Non-
classical
monocytes

Ml-

macrophages

M2-
macrophages

N1-
Neutrophils

N2-
Neutrophils

<DCs

pDCs

CD4" T cells

CD8" T cells

Tregs

YT

Bl-
lymphocytes

B2-
lymphocytes

Bregs

M-MDSCs

PMN-
MDSCs

Ly-6C" CCR2"
CX3CRI®"

Ly-6C'*" CCR2"
CX3CRI™

CD11b* CD45"* F4/
80" CD80" CD86"

CD11b" CD45" F4/
80"
CD163"CD206"

CD11b" CD45* Ly-
6G"
CD206™

CD45" CD11b' Ly-
6G"
CD206"

<DC1:CD11c*
CD103* XCR1"

<DC2:CD11c*
CD11b* CD172a*

CDl11c" CD123"
BDCA2"

CD3" CD4"

CD3" CD8" AT2R"

CD3"* CD8" AT2R"

CD4" CD25*
Foxp3*

CD3' CD8", 6
TCR

CD19* CD22*

CD20*

CD5*

CD11b* CD14"
CD15+
HLA-DR" CD33*

CD11b* CD14*
CD15
HLA-DR"" CD33"

CD56"

Day 5 after
MI

Day 7 after
MI

Day 5 after
M1

Day 7 after
MI

Day 1 after
MI

Day 7 after
MI

Day 7 after
MI

Day 7 after
MI

Day 7 after
MI

Day 7 after
MI

Day 7 after
MI

Day 7 after
M1

Day 7 after
MI

IL-1B, IL-6, TNF-0,
MMP

VEGF, IL-10, TGF-B

IL-1B, IL-6, TNF-a1,
MMP, iNOS, 1L-23,
Exosomes

VEGF, IL-10, TGE-B,
Arg-1,
Exosomes

ROS, MPO, NET, NE,
MMP,
Pro-inflammatory
cytokines

annexin Al, lipocalin,
lactoferrin

1L-10, TGF-B

Exosomes

IFN-1

Pro-inflammatory
cytokines

IL-10
Sparc, IL-10, TGF-B, IL-
33,

Cst7, TNESF11, FGL2,

MATN?2, IGF2,
Exosomes

IL-17a

IgM, IgG, CCL7

IL-10, TGF-B?IL-35?

1L-10, NO

TNF-a, IEN-y

Promoting inflammatory environment
Engulfing necrotic tissue

Promoting angiogenesis, scar formation and
inflammation resolution

Powerful phagocytosis and pro-inflammatory ability

Powerful reparative and anti-inflammatory abilities

Promoting inflammatory environment
Engulfing necrotic tissue
Promoting polarization of M2 macrophages

Regulating fibrosis and protecting heart function

Activating CD4" T cells and CD8" T cells
The specific effects on ventricular remodeling need to
be further elucidated depending on the different

subtypes

No significant effect on cardiac function

Reducing the inflammatory response
Promoting cardiac healing

Promoting inflammatory response

Promoting scar formation
Reducing infarct size

Reducing the inflammatory response
Promoting scar formation

Stimulating cardiomyocyte regeneration
Promoting polarization of M2 macrophages

Promoting inflammatory and cardiomyocyte death
Antibody deposition

Promoting inflammation and myocardial injury

Reducing inflammation and myocardial injury

‘Whether MDSCs can protect cardiomyocytes is still
controversial and needs further investigation

Pro-inflammatory effect
Protective effect in the later stages?

Target

Ep3

Lgrd,
Dectin-1,
miR-155

NR4A1,
IRF-5, miR-
148a
miR-24-3p,
miR-1271-
5p

OxPL

miR-494-3p,
IRAK-4,
miR-181a,
miR-150

AT2R

Sparc,
mTORC,
CCL17

miR-21/
HIF-1a,
BAFF
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Healthy controls PTB P value T2DM PTB with T2DM P value

Number 12 14 12 12
Male 8 9 1.00 8 8 1.00
Smoking 0 5 0.20 5 0 0.04
Hypertension 2 / NA 7 4 041
Cardiovascular disease 0 / NA 3 2 1.00
Mean (SD)
Age (years old) 59.90 (8.25) 58.15 (12.00) 0.094 59.91 (10.50) 60.15 (12.25) 0.95
Body build index (kg/m?) 22.89 (1.78) 20.50 (3.70) <0.05 24.61 (3.02)** 21.91 (1.50)*## <0.01
Body Weight (kg) / / / 72.36 (11.26) 67.18 (13.56) 0.323
Systolic pressure (mmHg) / / 144.27 (21) 132.15 (16.25) 0.12
Diastolic blood pressure (mmHg) / J 84.94 (8) 84.24 (15.75) 0.45
White blood cell count (x10°/L) 5.13 (0.93) 6.36 (1.18) 0.014 5.98 (1.71) 6.21 (4.44) 0.66
Neutrophils (x10°/L) 3.00 (0.66) 4.00 (1.44) 0.032 3.39 (1.03) 3.86 (3.25) 0.71
Monocytes (x10°/L) 0.30 (0.06) 0.49 (0.22)* 0.002 0.38 (0.17) 0.50 (0.10)** 0.073
Lymphocytes (x10°/L) 1.75 (0.26) 1.56 (0.5) 0.353 1.95 (0.58) 143 (1.70) 0.25
Einosinophils (x109/L) 0.06 (0.02) 0.15 (0.09) 0.007 0.15 (0.07) 0.74 (0.11) 0.20
Basophils (xlO’/L) 0(0) 0.04 (0.04) 5.64x10° 0.03 (0.01) 0.14 (0.03) 0.008
Red blood cell count(x10'%/L) 4.47 (0.19) 4.25 (0.69) 0.216 4.51 (0.79) 4.37 (0.86) 0.73
Blood platelet count (x10°/L) 270.33 (284) 30441 (82.8)"" 0.643 219.76 (64.4)* 239.77 (87.8)**##xex <0.0001
Biochemistry data
Serum creatinine(pmol/L) 58.46 (6.38) 49.70 (15) 0.063 62.38 (22.16) 63.41 (12.75) 0.82
EGFR (mL/min/1.73 m2) 116.52 (12.5) 114.03 (15.84) >0.05 97.98 (13.40)* 100.95 (23.41)* >0.05
Total cholesterol (mmol/L) 5.03 (1.28) 4.16 (0.55)**## 0.004 5.07 (0.80) 4.45 (0.75)*# 0.013
LDL-c (mmol/L) 2.85 (0.93) 2.6 (0.62) 0.071 3.02 (0.66) 2.70 (1.12) 0.27
HDL-C cholesterol (mmol/L) 1.52 (0.25) 1.15 (0.19)** 0.006 1.05 (0.42)* 1.46 (0.54)% 0.11
Serum triglyceride (mmol/L) 0.51 (0.31) 0.80 (0.53)* 0.025 1.40 (0.67) 1.16 (0.64)** 0.75
Fasting glucose (mmol/L) 5.28 (0.26) 5.47 (0.2) 0.197 6.38 (0.64) 8.33 (3.41)™xx 0.012
Total bile acid(umol/L) 223 (1.88) 3.89 (2.9) 0.015 3.90 (3.55) 3.82 (247) 0.73
Blood uric acid (umol/L) 25823 (11.9) 340.15 (223.8) 0.020 304.52 (89.2)* 346.32 (173.8)""% 0.27
Total bilirubin (umol/L) 7.24 (1.68) 8.60 (4.75)"" 0.642 14.67 (6.08)** 8.18 (4.48)* 0.004
Haemoglobin (g/L) 120.00 (4.73) 117.00 (24.26) 0.717 141.00 (16.50) 135.40 (19.24) 0.544
Total protein (g/L) 75.39 (3.30) 70.29 (5.85) 0.053 69.19 (6.18) 66.08 (7.50) 0.285
CO, (mmol/L) 25.75 (0.28) 25.41 (1.47) 0.003 25.35 (2.00) 27.00 (2.22) 0.060
Alanine aminotransferase (IU/L) 9.98 (1.51) 11.07 (11.04) 0.155 21.04 (15.03) 23.42 (23.43) 0.908
Aspartate aminotransferase (IU/L) 14.47 (2.15) 16.07 (12.06) 0.736 18.21 (10.88) 13.21 (7.76) 0.214
Alkaline phosphatase (IU/L) 47.39 (14.28) 72.29 (23.60) 0.014 72.28 (29.76) 82.67 (16.12) 0.112
Adenosine deaminase (IU/L) 9.43 (2.08) 14.43 (7.98) 0.022 14.35 (6.70) 23.84 (11.71) 0.061
Glutamyl transpeptidase (IU/L) 13.10 (4.32) 19.83 (14.5) 0.215 31.82 (15.10) 47.06 (48.75) 0.065
Lactate dehydrogenase (U/L) 140.16 (27.5) 166.02 (45.8) 0.030 150.37 (31.2) 197.48 (54.8) 0.11

eGFR refers to estimated glomerular filtration rate obtained from serum creatinine through chronic kidney disease epidemiological collaboration (CKD-EPI) equation; LDL-c, low density
lipoprotein cholesterol; HDL-c, high density lipoprotein cholesterol. P value is used for tuberculosis, type 2 diabetes as well as the difference between tuberculosis and type-2 diabetes.
xrepresents statistic difference compared with PTB group (P < 0.05);%%represents significant statistic difference compared with PTB group (P < 0.01).





OPS/images/fimmu.2022.958790/table2.jpg
Adhesion molecules

ICAM-1
ICAM-2
VCAM-1
ESAM

Gene Family

Immunoglobulin superfamily
Immunoglobulin superfamily
Immunoglobulin superfamily

Immunoglobulin superfamily

Functions

Adhesion, rolling and crawling of leukocyte
Crawling of leukocyte and initiation of diapedesis
Adhesion, rolling and crawling of leukocyte

Increased endothelial permeability and initiation of diapedesis

References

(99-102)
(24, 102)
(29, 103, 104)
(22,24)
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MicroRNAs

miR-21

miR-23a

miR-20b

miR-19b-3p

miR-29b
miR-29¢

miR-27a
miR-31

miR-124

miR-93
miR-192
miR-195
miR-200a
miR-802

miR-455-3p

miR-374a

miR-544
miR-346
miR-451

miR-199a-3p

miR-377

Expression
in DN

Up-regulated
Up-regulated

Down-regulated
Up-regulated

Down-regulated

Up-regulated

Up-regulated

Down-regulated
Up-regulated

Down-regulated
Up-regulated
Up-regulated
Down-regulated

Up-regulated
Down-regulated
Down-regulated

Down-regulated
Down-regulated

Down-regulated
Down-regulated

Up-regulated

Targets

MMPY/TIMP1, Smad7, PPAR-o.
Ubiquitin editor A20

Kruppel-like family gene, TXNIP,
1L-8

SOCS-1 gene

Spl gene and T-bet gene
Sprouty homolog 1

Nrf2/Keapl pathway

E-selectin
Integrin 03

Vascular endothelial growth factor A
E-box repressors(8EF1 and SIP1)
SIRT1

TGF-f2

NF-kB-repressing factor
Rho-associated coiled coil-containing
protein kinase 2

MCP-1

Fatty acid synthase
Smad3/4
LMP7, PSMD11, NF-xB

Inhibitor kappa B kinase

PAK1, SOD1/2

Functions

Increasing fibrosis and inflammation

Macrophage activation and renal tubulointerstitial
inflammation

Increasing renal inflammatory
response

M1 macrophage activation and renal tubulointerstitial
inflammation

Increasing microalbuminuria, renal fibrosis, and inflammation

inducing apoptosis and increasing fibronectin synthesis in
podocytes

Increasing Inflammation and oxidative stress

Increasing inflammation and interaction between leukocytes and
endothelial cells

Damaging podocytic adhesive

capacity

Increasing microalbuminuria and leading to thrombotic glomerular injury
Increaseing renal fibrosis and proteinuria

Reducing the apoptosis of renal mesangial cells

Reducing Renal Fibrogenesis

NF-kB activation and renal inflammatory
response

Reducing glomerular hypertrophy, mesangial amplification, and renal
fibrosis

Reducing renal inflammatory
response

Reducing glomerulosclerosis and renal inflammation
Reducing renal fibrosis

Promoting the expression of pro-inflammatory molecules and proliferation
of mesangial cells, resulting in glomerular injury

Reducing high glucose-induced apoptosis
and inflammation

Increasing fibronectin production and inflammation

References

(196-198)

(199)

(200)

(201)

(202)
(203)

(204)
(205)

(206)

(207)
(208, 209)
(210, 211)

(212)

(213)

(214)

(215)

(216)
(217)
(218, 219)

(220)

(221)
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Cytokines
IL-1

IL-2
IL-6

IL-10
IL-18
TNF-o.

TGE-B
IFN-y

Cell Source
Monocytes, macrophages, fibroblasts epithelial cells,
endothelial cells, astrocytes

T cells, NK cells

T cells, macrophages, fibroblasts

T cells

Monocytes, macrophages, T cells, proximal tubular cells

Macrophages, monocytes, T cells

Macrophages, T cells
T cells, NK cells

Cell Target
T cells, B cells, endothelial cells

T cells, B cells, monocytes
T cells, B cells

Macrophages, T cells

T cells, NK cells

T cells, B cells, endothelial cells
Macrophages, T cells

Monocytes, macrophages,
endothelial cells

Functions

Costimulatory molecule activation, acute
phase reactants

Growth and activation

Costimulatory molecule activation, acute
phase reactants

Inhibits APC activity and cytokine
production

Costimulatory molecule activation, acute
phase reactants

Costimulatory molecule activation, acute
phase reactants

Inhibits activation and growth

Activation increased class I and II MHC

References

(66-68)

(69)
(70, 71)

(72)

(73-75)

(68, 76-78)

(79-81)
(82)
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Variable Odds Ratio 95% Confidence Interval P Value

LMR 0.617 0.428-0.889 0.010

LMR, lymphocyte-to-monocyte ratio.
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Age
Sex (male)
BMI
Hypertension
Diabetes
Smoking
Drinking
Degree of stenosis
70-99%
50-69%
< 50%
Stenosis site
Anterior circulation
Posterior circulation
White blood cell (x10°/L)
Lymphocyte (x10°/L)
Neutrophil (x10°/L)
Monocyte (x10°/L)
Platelet (x10°/L)
Cholesterol (mmol/L)
Triglyceride (mmol/L)
HDL (mmol/L)
LDL (mmol/L)
Apolipoprotein E (mg/L)
hsCRP (mmol/L)
NLR
LMR
SII
Plaque burden

Plaque enhancement

Total (n=59)

584 9.7

2 (54.2%)
247 £33
42 (71.2%)
21 (35.6%)
9 (32.2%)
10 (16.9%)

34 (57.6%)
15 (25.4%)
10 (16.9%)

46 (78.0%)
13 (22.0%)
75%1.9
21407
4.1 (2.6-84)
06+0.2
250.2 + 53.3
49+15
1.5 (0.6-4.5)
11+03
32+12
369 +10.3
1.7 (02-64.6)
2.0 (1.0-6.8)
42+18
491.1 (94.3-2333.5)
081 +0.08
41 (69.5%)

Symptomatic Stenosis (n=34)

59.0 + 9.8
21 (61.8%)
242 +30
26 (76.5%)
14 (41.2%)
10 (29.4%)
6 (17.6%)

24 (70.6%)
5 (14.7%)
5 (14.7%)

26 (76.5%)
8 (23.5%)
79 %21
20£06

5.0 (2.6-9.0)
06+ 02

2546 + 51.8
4815

1.5 (0.6-3.9)
11£03
31x12

359 +10.7

1.4 (0.2-64.6)

2.6 (1.2-6.8)

35+ 14
568.3 (246.5-2333.5)
0.82 + 0.08
29 (85.3%)

Asymptomatic Stenosis (n=25)

57.5+96
11 (44.0%)
254 +34
16 (64.0%)
7 (28.0%)
9 (36.0%)
4(16.0%)

10 (40.0%)
10 (40.0%)
5 (20.0%)

20 (80.0%)
5 (20.0%)
70+16
22+07
3.5 (2.7-7.3)
0.5+0.2
249.0 +56.3
5115
1.5 (0.8-4.5)
1203
33+12
382+99
1.9 (0.3-26.9)
1.7 (1.0-4.6)
51+18
410.8 (94.3-1114.4)
0.79 +0.09
12 (48.0%)

P Value

0.574
0.176
0.190
0.296
0.296
0.593
1.000
0.045

0.747

0.072
0.241
0.018
0.026
0.696
0.414
0.443
0.166
0.623
0.394
0.624
0.011
0.001
0.053
0.119
0.002

ICAS, intracranial atherosclerotic stenosis; BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; NLR,

neutrophil-to-lymphocyte ratio; LMR, lymphocyte-to-monocyte ratio; SII, systemic immune-inflammation index.





OPS/images/fimmu.2022.915126/table4.jpg
Variable Odds Ratio 95% Confidence Interval P Value

LMR 0.625 0.421-0.928 0.020
Plaque enhancement 4.074 1.078-15.392 0.038

LMR, lymphocyte-to-monocyte ratio.
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Cytokines
(ng/mL)
GM-CSE
IFN-y
IL-1B
IL-2

IL-4

IL-5
IL-6
IL-10
IL-12p70
IL-13
IL-17
IL-17F
IL-21
IL-22
IL-23
IL-28A
MIP-3a
TGF-B1
TNF-o.
TNE-B

Healthy controls

14.86 (8.22)
591 (7.50)
1096 (15.17)
8.21 (6.61)
1.83 (1.81)
222 (1.41)
33.78 (45.47)
0.91 (0.57)
1.14 (1.08)
2,12 (1.51)
0.26 (0.41)
1059 (9.67)
7285 (441.0)
40.26 (26.95)
16.84 (9.77)
4.86 (2.58)
115 (1.13)
369.3 (380.7)
26.77 (37.25)
1.081 (0.83)

Pulmonary
tuberculosis (PTB)

1930 (14.73)
571 (3.91)
1826 (11.12)
6.63 (1.88)
1.08 (1.10)
215 (1.37)
33.15 (27.77)
1.78 (0.85)*
0.80 (1.08)
1.49 (3.40)
1.80 (0.82)
92.79 (98.46)
590.5 (582.8)
25.99 (31.40)
837 (10.03)
492 (1.34)
1.59 (1.43)
382.0 (825.6)
14.79 (23.87)
0.78 (0.71)

P value

0.230
0.74
0.53
0.60
0.90
0.46
0.92

0.002
0.78
0.74
0.26

0.0054
0.40

0.274

0.117

0.051

0.297

0.349

0.438

0.625

Type-2 diabetes
mellitus (T2DM)

56.79 (9.34)
1051 (3.09)
58.49 (10.10)
1239 (2.78)
1111 (1.71)
2.95 (1.80)
43.94 (14.66)
1.61(0.64)
6.06 (2.10)
1.55 (3.66)
0.36 (0.35)
175.46 (10.76)
4134 (416.8)
55.68 (36.10)
26.93 (3.12)
18.46 (1.16)
3854 (2.318)
8.63 (28.64)
64.27 (10.35)
1.68 (1.04)

PTB plus T2DM

1692 (6.99)
8.45 (3.44)
21.26 (12.46)
8019 (332)
1.06 (1.14)
279 (2.81)
36.52 (17.87)"
3.32 (2.31)™##
1.91 (0.62)
1.93 (1.72)
0.73 (0.54)
111.45 (94.11)
456.0 (416.8)
32.87 (24.38)
23.35 (9.15)
237 (1.96)
2.77 (4.00)
84.02 (101.7)
67.18 (46.76)
1.18 (0.84)

P value

0.266
0.039
093
0.16
0.76
0.44
0.040
0.003
0.98
0.59
0.046
0.16
0.55
0.590
0.068
0.303
0.755
0.015
0.192
0.977

Data were expressed as mean (SD). * represents statistic difference compared with JK group (P < 0.05); ** represents significant statistic difference compared with JK group (P < 0.01);
# represents statistic difference compared with T2DM group (P < 0.05); ##represents significant statistic difference compared with T2DM group (P < 0.01); 3% represents statistic difference
compared with PTB group (P < 0.05);3% represents significant statistic difference compared with PTB group (P < 0.01).
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Exposure

Outcome

Pleiotropy test

Lymphocyte count

Neutrophil count

Atrial fibrillation

Atrial fibrillation

Method OR (95% Cl) p value
p value

MR-Egger 0.99 (0.90-1.08) 0.762 0.66
Weighted median 0.93 (0.88-0.99) 0.014
MR-PRESSO (Raw) 0.97 (0.92-1.01) 0.147 <0.001
MR-PRESSO (remove 9 outliers) 0.97 (0.93-1.01) 0.129
IVW (remove 25 outliers identified by cook’s distance) 0.96 (0.92-1.00) 0.051
MR-Egger 1.17 (1.05-1.29) 0.003 0.013
Weighted median 1.09 (1.03-1.16) 0.006
MR-PRESSO (Raw) 1.04 (0.99-1.10) 0.095 <0.001
MR-PRESSO (remove 9 outliers) 1.04 (0.99-1.09) 0.131
IVW (remove 19 outliers identified by cook’s distance) 1.04 (0.99-1.09) 0.17
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variables

Age (years old)
IL-2 (p g/ml)
[FN-y (p g/ml)
GM-CSF (p g/ml)
y-GT (IU/L)
ALP (IU/L)
TBIL (1 mol/L)
Hb (g/L)

WBC (x109/L)
anti-SP100 (%)
anti-Gp210 (%)
ANA (%)

HR (95%)

1.065 (1.012-1.121)
0.771 (0.606-0.981)
1.003 (0.996-1.010)
0.970 (0.931-1.011)
1.002 (1.000-1.004)
0.997 (0.993-1.001)
1.008 (1.003-1.013)
0.981 (0.962-1.001)
0.669 (0.472-0.946)
2.285 (1.448-3.606)
1.400 (0.920-2.430)
0.800 (0.496-1.289)

Univariate

P-value

0.015
0.034
0.386
0.145
0.031
0.148
0.001
0.068
0.021
0.000
0.117
0.359

Multivariate
HR (95%)

1.062 (1.008-1.118)
0.779 (0.628-0.966)

1.008 (1.003-1.012)

1.945 (1.313-2.881)

P-value

0.023
0.023

0.001

0.001

[L-2, interleukin-2; IFN-y, interferon-y; GM-CSF, Granulocyte-macrophage colony-stimulating factor; y-GT, y-glutamyl transpeptidase; ALP, alkaline phosphatase; TBIL, total bilirubin;
HB, hemoglobin; anti-Sp100, Anti-Sp100 antibody; anti-Gp210, anti-Gp210 antibody; ANA, antinuclear antibodies. All bold letters represent P values less than 0.05 and are statistically

significant.
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Parameters Patients not developing liver failure (n=142) Patients who developed liver failure (n=18) P-value
Age (years old) 5072 + 11.44 56.35 + 10.80 0.050
Gender, male/female (%) 20(14.1%)/122(85.9%) 3(16.7%)/15(83.3%) 0.000
IL-10(p g/ml) 513 +8.11 369 + 3.83 0430
IL-2(p g/ml) 811 +10.75 246 + 1.93 0.028
IL-4(p g/ml) 7.73 +25.93 318 + 431 0459
IL-6(p g/ml) 33.58 = 84.70 1537  19.03 0366
IFN-y (p g/ml) 2697 +102.73 24.26 £ 37.26 0912
GM-CSF (p g/ml) 1067 +35.87 9.01 + 1218 0.846
ALB(g/dL) 3813 £7.03 36.07 + 5.08 0231
y-GT(1U/L) 264.69 + 332.40 29833 + 327.86 0686
ALP(IU/L) 23930 + 225.44 23133 +202.17 0.887
TBA(1 mol/L) 64.62 = 73.01 126,08 + 113.79 0.044
TBIL (1 mol/L) 59.10 = 78.67 106.39 + 104.39 0.079
CHOL (mg/dL) 522 +4.27 5.89 + 5.5 0553
ALT(IU/L) 181.77 + 467.62 35152 + 604.88 0265
AST(IU/L) 193.52 + 462.57 358.79 + 504.07 0201
IgG(mg/dL) 18.14 + 6.93 17.69 + 4.98 0792
IgA (mg/dL) 355+ 1.76 385+ 1.94 0503
IgM(mg/dL) 320 + 2.4 333 +242 0.842
anti-Sp100, positive/negative (%) 18(13.8%)/124(86.2%) 4(22.2%)/14(77.8%) 0.000
anti-gp210, positive/negative (%) 37(26.1%)/105(73.9%) 5(27.8%)/13(72.2) 0.000
ANA, positive/negative (%) 127(89.4%)/15(10.6) 15(83.3%)/3(16.7%) 0.000

IL-10, interleukin-10; IL-2, interleukin-2; IL-4, interleukin-4; IL-6, interleukin-6; IFN-y, interferon-y; GM-CSF, Granulocyte-macrophage colony-stimulating factor; ALB, albumin; y-GT, y-
glutamyl transpeptidase; ALP, alkaline phosphatase; TBA, total bile acid; TBIL, total bilirubin; CHOL, cholesterol total; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
IgG, immunoglobulin G; IgM, immunoglobulin M; IgA immunoglobulin A; ANA, antinuclear antibodies;anti-Sp100, anti-Sp100 antibody; anti-gp210, anti-gp210 antibody. All bold letters
represent P values less than 0.05 and are statistically significant.
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Variables

Age (years old)
Gender, male/female (%)
IL-10 (p g/ml)
IL-2 (p g/ml)
IL-4(p g/ml)
IL-6(p g/ml)
EN-y (p g/mi)
GM-CSF (p g/ml)
ALB(g/dL)
y-GT(IU/L)
ALP(IU/L)
TBA(umol/L)
TBIL(umol/L)
CHOL (mg/dL)
ALT(IU/L)
AST(IU/L)
IgG(mg/dL)
IgA(mg/dL)
[gM(mg/dL)

anti-Sp100, positive/negative (%)
anti-Gp210, positive/negative (%)

ANA, positive/negative (%)

Mean + SD/n (%) (n=160)

51.35+ 1147
23(14.4%)/137(85.6%)
4.96 £ 7.75
7.47 £10.29
7.21 £24.50
31.35 + 80.21
26.67 + 97.50
10.48 + 34.01

37.90 + 6.85
268.52 + 331.02
238.39 + 222.321

71.28 + 80.28

64.42 + 82.93

5.29 +4.37
201.11 + 485.95
212.35 + 468.75
18.09 + 6.78
3.59 £ 1.78
3.22£243
22(13.8%)/138(86.2%)
42(26.3%)/118(73.7%)
142(88.8%)/18(11.2%)

[L-10, interleukin-10; IL-2, interleukin-2; IL-4, interleukin-4; IL-6, interleukin-6; IFN-Y,
interferon-y; GM-CSF, Granulocyte-macrophage colony-stimulating factor; ALB,
albumin; y-GT, y-glutamyl transpeptidase; ALP, alkaline phosphatase; TBA, total bile
acid; TBIL, total bilirubin; CHOL, cholesterol total; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; IgG, immunoglobulin G; IgM, immunoglobulin M; IgA
immunoglobulin A; ANA, antinuclear antibodies.;anti-Sp100, anti-Sp100 antibody;

anti-Gp210, anti-Gp210 antibody.
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Variables

C-reactive protein
SOFA score
POVPC-D1
Lactate

Variables

C-reactive protein
SOFA score
POVPC-D3
Lactate

Univariate analysis

OR 95% CI

1.018 1.001-1.036
1.418 1.035-1.943
1.011 1.002-1.02
2.104 0.966-4.582
Univariate analysis

OR 95% CI

1.018 1.001-1.036
1.418 1.035-1.943
1.009 1.001-1.016
2.104 0.966-4.582

P value

0.04
0.03
0.017
0.061
P value

0.04
0.03
0.018
0.061

Multivariate analysis

OR 95% ClI
1.036 0.994-1.08
1.664 0.746-3.71
1.018 1.0-1.036

Multivariate analysis

OR 95% Cl
1.029 0.995-1.063
1.453 0.895-2.36
1.012 1.001-1.023

P value

0.001
0213
0.046

P value

0.094
0.131
0.035

SOFA, sequential organ failure assessment; OR, odds ratio; Cl, confidence interval; POVPC-D1, 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-phosphatidylcholine at Day 1; POVPC-D3, 1-
palmitoyi-2-(5-oxovaleroyl)-sn-glycero-phosphatidyicholine at Day 3. p value <0.05 was in bold.
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Variables

Complications, n (%)

Acute kidney injury

Liver dysfunction

Acute heart failure
Gastrointestinal bleeding
Pleural effusion
Treatment and progress, n (%)
IMV

ECMO

CRRT

Vasopressor

Sedative

Parenteral nutrition

ICU days

Ventilator-free days

IMV, invasive mechanical ventilation; ECMO, extracorporeal membrane oxygenation; CRRT, continuous renal replacement therapy; ICU, intensive care unit.

Total (n=25)

14 (56.0)
14.0)

4(16.0)

16 (64.0)

18 (72.0)

12 (48.0)
12.0 (8.0~17.0)
24.0 (17.0~26.0)

Sepsis (n=25)

Survivors (n=14)

2 (14.29)
4 (28.57)
1(7.14)
3(21.43)
7 (50)

7 (50)
1(7.14)
1(7.14)

8 (57.14)

1 (78.57)
5(35.71)
11.0 (8.0~19.3)
24.5 (20.3-26.0)

Non-survivors (n=11)

12.0 (7.0~17.0)
23.0 (15.0-26.0)

P value

0.199

0.565
0.656
0.414

0.589
0.366
0.288
0.677
0.656
0.238
0.68
0.678
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Cytokines-D1/D3

sCD40L
G-CSF
GRO-a
IFN-a
IFN-r
IL-1a
IL-1beta
IL-1RA
IL-2
IL-4
IL-5

IL-27
IP-10
MCP-1
MCP-3
M-CSF
MDC
MIG
MIP-1a
MIP-1b
PDGFAA
PDGFBB
RANTES
TGF-a
TNF-a
TNF-b

POVPC-D1

r

-0.10
-0.23
-0.15
0.09
-0.02
0.13
-0.01
-0.11
0.11

0.24
0.09
-0.19
0.00
-0.02
0.06
0.25
0.10
0.44
0.35
-0.02
0.31

0.29
-0.14
-0.39
-0.02
-0.12
-0.04
0.08
-0.30
-0.06
-0.08
-0.10
-0.31
-0.27
-0.31
0.29
0.03
0.22

p-value

0.65
0.27
0.48
0.68
0.94
0.52
0.96
0.60
0.61
0.25
0.67
0.35
1.00
0.91
0.79
0.22
0.63
0.03
0.08
0.94
0.14
0.16
0.50
0.06
0.92
0.56
0.84
0.69
0.15
0.76
0.88
0.62
0.13
0.19
0.13
0.16
0.87
0.29

POVPC-D3

r

-0.18
-0.07
0.02
0.00
0.04
0.13
0.02
0.29
0.11

0.39
0.10
-0.02
-0.02
0.18
0.03
0.21

-0.01
0.42
0.27
0.18
0.19
0.53
0.03
0.02
0.04
-0.01
-0.07
0.23
-0.62
0.06
-0.02
-0.28
-0.22
-0.24
-0.15
0.23
0.37
0.04

p-value

0.40
0.72
0.91
1.00
0.84
0.54
0.94
0.15
0.61
0.06
0.62
0.92
0.91
0.40
0.90
0.32
0.97
0.04
0.18
0.40
0.36
0.01
0.87
0.93
0.86
0.96
0.73
0.26
0.001
0.77
0.93
0.18
0.29
0.24
0.48
0.27
0.07
0.86

Cytokines-D1/D3, the levels of cytokines in plasma of patients on Day 1 or Day 3 of sepsis. POVPC-D1/D3, the levels of 1-palmitoyl-2-(5-oxovaleroy)-sn-glycero-phosphatidylcholine on

Day 1 or Day 3 of sepsis. p value <0.05 was in bold, underiine text denotes statistically significant index.
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Outcomes

APACHE Il score
28-day mortality, n (%)
SOFA score
C-reactive protein
HDL-C

Lactate

Outcomes

APACHE Il score
28-day mortality, n (%)
SOFA score
C-reactive protein
HDL-C

Lactate

APACHE II, Acute Physiology and Chronic Health Evaluation Il: SOFA, sequential organ failure assessment; HDL-C,

POVPC levels in HDL at Day 1 after septic diagnosis P value
POVPC < 397.5 ng/pl POVPC > 397.5 ng/ul
(n=16) (n=9)
13.0 (8.5-25.8) 27.0 (12.5-32.5) 0.041
3(18.8) 8(88.9) 0.002
7 (4.5-10) 11 (8-12) 0.087
86.0 (14.8-120) 114.0 (83.7-114.3) 0.979
0.9(0.8-1.2) 0.9 (0.3-1.4) 0.368
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POVPC levels in HDL at Day 3 after septic diagnosis P value
POVPC < 252.7 ng/uL POVPC > 252.7 ng/uL
(n=9) (n=16)
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0.9(0.8-1.2) 0.9 (0.4-1.3) 0.914
1.4 (11-2.2) 1.9 (1.2-3.3) 0.245

high-density lipoprotein cholesterol. p value < 0.05 was in bold.
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Variables

Age (years)

Men, n (%)

Body mass index (kg/cm?)
Total cholesterol (mmol/L)
HDL-C (mmol/L)

LDL-C (mmol/L)

Targeted metabolic analysis
POVPC-D1 (ng/pL)
POVPC-D3 (ng/pL)
POVPC-D7 (ng/uL)&
PGPC-D1, detected, n (%)
PGPC-D3, detected, n (%)
PGPC-D7, detected, n (%)4

Septic patients
(n=25)

71 (59-82.5)
17 (68)
23.5 (21.6~25.4)
3.0 (1.8~4.1)
0.9(06~1.2)
1.6 (0.8~2.4)

292.0 (254.7~456.0)

313.7 (282.6~506.7)

288.7 (209.5~458.7)
5(20.0)
6(24.0)
4(19.0)

Healthy controls
(n=10)

64.0 (62.8-69)
6 (60)

24.2 (20.6~25.5)
4.7 (4.3-56)
1.5(1.1~1.8)
27 (2.0~32)

224.9 (210.3~239.8)

ND
ND
ND

P value

0.411
0.706
0.959
0.0001
0.001
0.008

0.0004*
0.033%
0.004*

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; POVPC-D1/D3/D7, the 1-palmitoyi-2-(5-oxovaleroyl)-sn-glycero-phosphatidylcholine levels in
HDL at Day 1 or Day 3 or Day 7; PGPC-D1/D3/D7: the detected numbers of subjects of 1-palmitoyl-2-glutaroyi-sn-glycero-phosphatidyicholine at Day 1 or Day 3 or Day 7; ND, not

detected. & compared to healthy controls. A , a total of 21 plasma samples were collected due to the death of 4 patients at Day 7. p value <0.05 was in bold.
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Variables Total (n=25) Sepsis (n=25)

Survivors (n=14) Non-survivors (n=11) P value
Age (years) 71 (59~82.5) 64 (54~79.8) 76 (67~84) 0.051
Men, n (%) 17 (68) 9(64.3) 8(72.7) 0.496
Body mass index (kg/cm?) 23.5 (21.6~25.4) 23.7 (21.9~26.5) 23.3 (19.3~23.7) 0.311
Etiology, n (%)
Pneumonia 20 (80.0) 11 (78.6) 9(81.8) 1
Abdominal infection 5(20.0) 3(21.4) 2(18.2) 1
Underlying diseases, n (%)
Hypertension 4 (32.0) 4 (28.6) 4 (36.4) 0.648
Cardiovascular disease 12 (48.0) 5(35.7) 7 (63.6) 0.238
Chronic kidney disease 5(20.0) 4 (28.6) 10.1) 0.341
Malignancy 5 (20.0) 2(14.3) 3(27.3) 0.623
Laboratory data at day 1
White blood cell (*1079/L) 11.1(8.4~17.9) 11.0(8.56~13.9) 16.9 (7.3~18.7) 0.352
NE (*1079/L) 10.0 (7.1~15.9) 10.0 (7.7~12.9) 11.7 (7.0~17.7) 0.547
Hemoglobin (g/L) 102 (91.5~112.5) 105.5 (94.8~117.5) 96 (91~109) 0.473
Platelet (*1079/L) 168 (90~232) 193.5 (79.8~283.5) 147 (97~198) 0.233
NLR (%) 18.5(9.4~31.7) 23.8(8.6~44.2) 16.6 (10.3~29.5) 0.459
C-reactive protein (mg/L) 109.1 (37.5~123.5) 119.1 (92 56.0) 210.9 (120.0~281.6) 0.025
Procalcitonin (ng/mL) 5.3(0.3-19.3) 40.8 (3.69~100.0) 10.8 (6.3~53.9) 0913
PH 7.48 (7.44~7.52) 7.48(7.47~7.52) 7.5 (7.43~7.54) 0.742
PaCO, (mmHg) 42.0 (36.0~70.4) 45.3 (38.0~78.0) 37.0 (32.0~80.0) 0.38
HCO;™ (mmol/L) 25.4 (20.7~29.7) 27.9(22.8~31.9) 21.1 (16.4~26.5) 0.33
Pa0,/FiO, (mmHg) 228.6 (168.5~337.0) 229.5 (177.8~344.9) 228.6 (143~266.7) 0.482
Lactate (mmol/L) 1.6 (1.25~2.85) 21(1.4~32 5.2 (2.1~6.0) 0.048
SOFA score 9.0 (6.5~12.0 7.5 (4~11.3) 11.0 (9-12) 0.015
APACHE Il score 14.0 (10.5~28.5) 28.4 (13.0~29.5) 32.0 (25.0~33.8) 0.118
Total cholesterol (mmol/L) 3.0 (1.8~4.1) 3.2(2.1~4.1) 2.1 (1.3~4.2) 0.375
HDL-C (mmol/L) 0.9 (0.6~1.2) 1.0(0.8~1.3) 0.8 (0.3~1.0) 0.067
LDL-C (mmol/L) 1.6 (0.8~2.4) 1.6(1.0~2.9) 0.9 (0.8~2) 0.415
TBIL (umol/L) 14.8 (9.5~53.2) 85.6 (11.3~181.7) 32.1(16.5~64.2) 0.511
Creatinine (umol/L) 111.0 (51.5~186.9) 146.7 (84.9~213.1) 295.0 (142.9~398.2) 0.189
Targeted metabolic analysis
POVPC-D1 (ng/uL) 292.0 (254.7~456.0) 270.0 (239.1~322.0) 451.0 (289.8~635.1 0.002
POVPC-D3 (ng/uL) 313.7 (232.6~505.7 239.5 (207.2~369.3) 406.4 (313.7~636.0) 0.003
POVPC-D7 (ng/pL)* 288.7 (209.5~458.7) 296.4 (225.5~435.6) 440.0 (288.7~584.9) 0.205
PGPC-D1, detected, n (%) 5(20.0) 1(7.1) 4 (36.4) 0.133
PGPC-D3, detected, n (%) 6(24.0) 4(28.6) 2(18.2) 0.661
PGPC-D7, detected, n (%)* 4(16.0) 2(14.3) 2 (28.6) 0.574

NE, neutrophil granulocyte; NLR, neutrophil to lymphocyte ratio; PaCO,, arterial carbon dioxide tension; PaOy, arterial oxygen tension; FiO,, fraction of inspired oxygen; SOFA, sequential
organ failure assessment; APACHE I, Acute Physiology and Chronic Health Evaluation II; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TBIL,
total bilirubin; POVPC-D1/D3/D7, the levels of 1-palmitoyl-2- (5-oxovaleroyl)-sn-glycero-phosphatidylcholine in HDL at Day 1 or Day 3 or Day 7; PGPC-D1/D3/D7: the detected number of
subjects of 1-palmitoyl-2-glutaroyl-sn-glycero-phosphatidyicholine at Day 1 or Day 3or Day 7; A , a total of 21 plasma samples (14 survivors and 7 non-survivors) were collected due to the
death of 4 patients at Day 7. p value <0.05 was in bold, underiine text denotes statistically significant index.





OPS/images/fimmu.2022.893929/fimmu-13-893929-g004.jpg
—_ D
S

n

SOFA score

=

o

r=0035
p=0.868
L]
] L]
L [ ]
(1] [ d
L]
L) L]
[ 1]
[ ]
[ ]
o0
) o0

Lactate, mmol/L

200 400 600
POVPC-D1, ng/uL

800

r=-0.156
p=0.458
L4
.
° °
. .
.
co:..n. L) % e o
200 400 600
POVPC-D1, ng/uLL

800

4007 r= 0,048
p=0818
300 °

CRP(mg/L)
g
[ ]
L ]

POVPC-D1, ng/u

8007 r=0.834
p<0.0001 .

POVPC-D3,ng/uLL
=
s
3

0 200 400 600 800
POVPC-D1, ng/uLL





OPS/images/fimmu.2022.893929/fimmu-13-893929-g005.jpg
A

ROC curve of POVPC-D B

1.0q

T
0.0 0.2 04 06 08 1.0

0.0 0.2 0.4 0.6 08 1.0

1 - Specificity 1- Specil
ROC curve
1.0
0.8
0.6
0.44 RS
POVPC-DI  POVPC-D3 SOFA CRP Lactate
AUC 0.828 0.851 0.757 0.766 0.734
P value 0.004 0.003 0.031 0.025 0.049
95% CI 0.677-0.998 0.702-1 0.565-0.948  0.578-0.955  0.521-0.946
Yuden index 0.656 0.643 0.461 0.429 0.532
Sensitivity 0.727 1.0 0.818 1.0 0818
Specificity 0929 0.643 0.643 0.571 0714
Cutoff 397.5 252.7 8.5 1148 1.55






OPS/images/fimmu.2023.1282078/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.973211/fimmu-13-973211-g004.jpg
ECM synthesis

“ BAIAP2
ADAMTS1 CORO1A
ADAM9 — | WAS
ADAM15 | TNS1
TMEM30A

—

ECM e Cell

degradation motility






OPS/images/fimmu.2022.973211/fimmu-13-973211-g003.jpg
@ Cardiac B cells

® Peripheral blood
- B cells

Match probability

10

08

06

04

02

00

Fold-change Direction Match Probability

S — T 5O B0 G0 OIEATDI0 0 O O CNEED D @O ©

T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05

p-value

@ Cardiac B cells

®  Peripheral blood
By B cells

¢

10188
Mouse

9403
HCA





OPS/images/fimmu.2023.1178638/fimmu-14-1178638-g001.jpg
>

TMEM119

m

Relative mRNA

w0 o

Netrin-1

I o '

TMEM119

DCC UNC5a

w0

UNC5b UNC5c

o w0t 10f

TMEM119

A2R

-n

Relative protein

o

%TMEM119+ cells

in total CD45+ cells

20
15
10

Netrin-1

x102 per mm?
cerebral area

DCC UNC5a UNC5b UNC5¢c A2B

-
N

o W o ©

- AIS

- NC
< AIS






OPS/images/fimmu.2022.973211/fimmu-13-973211-g002.jpg
@ B cells
@ Tcelis

P

@B cells (MS4A1+) ® Tcells (CD3G+)

C
logz(m:‘aunr%l’%;%’m)

Bone Marrow Common Lymphoid Progenitor
Fetal Liver Common Lymphoid Progenitor _

Pre-proB
Bone Marrow Fraction F
Splenic T1 (transitional)

Spleen Follicular B cells o
Spleen Germinal Center B cells

Marginal Zone B cells i

B1b, Peritoneal Cavity

B-1a, Peritoneal Cavity

D [ —

0 s 6 4 2 o 2 s
Bone Marrow Common Lymphoid Progenitor | I ——
Bone Marrownewly formed8 —
Splenic T1 (ransitional) —_—
Splenic 8 cells ——
Female splenic 8 cells —
Splenic Plasmablasts -
Splenic Plasma Cells -—

Bone Marrow Plasma cells 18






OPS/images/fimmu.2023.1178638/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.973211/fimmu-13-973211-g001.jpg
D

Cells per 10 high power fields

@
3

2
S

N
S

o

p=7.47E-26
k%
—

m

Cells per 10 high power fields

B cells B cells
Epicardium  Myocardium

-\

N
z
W\ing .
v » |
) 5 .
\
\
2 . (VY
i
) * ’
'
«
v A
Nead T © . 50.0 ym,
N & (N |

Cells per 10 high power fields

Intravascular  Interstitial
B cells B cells
MYOCARDIUM

Cells per 10 high power fi

Intravascular  Interstitial
Bcells B cells
EPICARDIUM






OPS/images/fimmu.2023.1138247/table3.jpg
Group | p-value
n 20 20 20
Demographics ‘
Age (years), mean + SD 62.80 + 4.83 57.95 + 7.40 59.75 + 7.74 0.089 1
Sex, n men/women 4/16 1/19 4/16 0308

Clinical features ‘

Diseased vessels 1.76 + 0.75 2.30 +0.51 1.69 + 0.74 0.012
Number of stents 1.25 +0.82 2.50 + 1.02 1.80 £ 0.78 0.010
Type of stent, n BMS/DES 17/3 12/8 16/4 0.155
Stent length, mean + SD 18.05 + 8.19 26.55 + 17.61 2435+ 1733 0.112
Diameter, mean + SD 3371035 323+£0.39 340+ 038 0430
ISR, n(%) 4 (20.0) 15 (75.0) 11 (55.5) 0.002
Stable angina, n(%) 3 (15.0) 10 (50.0) 14 (70.0) 0.002
Events at follow-up, n(%) 0 (0.0) 6 (30.0) 1(5.0) 0.007
Hypertension, n(%) 15 (75.0) 9 (45.0) 13 (65.0) 0.139
Diabetes, n(%) 7 (35.0) 5(25.0) $ (40.0) 0.592
Dyslipidemia, n(%) 17 (85.0) 18 (90.0) 16 (80.0) 0.676
Smoking, n(%) 6 (30.0) v9 (45.0) 4 (20.0) 0.231

Skin healing outcomes

Patterns, n He/Ex/Hy 9/11/3 8/3/7 12/1/6 0.029
Hypertrophic outcome, n(%) 3(15.0) 6(35.0) 6 (30.0) 0.126

Differences across groups were evaluated by Kruskal-Wallis or chi-squared tests, as appropriate. P-values reaching statistical significance were highlighted in bold.
He, healing; Ex, exudative; Hy, hypertrophic.
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OR 95% Cl

Univariate

Hypertrophic pattern, yes 2.895 0.860 - 9.745 0.077
Multivariate

Hypertrophic pattern, yes 4.544 1.044 - 18.073 0.033
Stent length (mm), per unit 1.047 0.996 - 1.100 0.074
Diameter (mm), per unit 0.151 0.024 - 0.956 0.045
Diabetes, yes 1.630 0.420 - 6.322 0.480
Dyslipemia, yes 3.376 0.452 - 25.178 0.174
Smoking, yes 0.239 0.030 - 1.886 0.174
Hypertension, yes 0.460 0.119 - 1.779 0.260

The association between ISR and hypertrophic pattern occurrence was analyzed by logistic regression in univariate and multivariate models. P-values reaching statistical significance were
highlighted in bold.
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Univariable Cox regression

HR (95% CI)

Age (>54.5) 3.064
NLR (>5.105) 3.233
MLR (>0.675) 1.193
PLR (>127.985) 0.458
SIT (>596.910) 2.675
SIRI (>3.990) 4.362
Acute/Chronic 4.427
Location of primary intimal tear 7.052
The length of proximal landing zone (1.45cm) 13.435
Adjunctive procedures 3.683

P-value

<0.001

<0.001
0.483
0.087
0.006

<0.001
0.035
0.632
0.008
0.055

Multivariable Cox regression

HR (95% CI)

3.264 (1.690-6.305)

4.281 (2.458-7.455)

P-value

< 0.001
0316
0.685

< 0.001
0.137
0.786
0.146

NLR, Neutrophil-to-lymphocyte ratio; MLR, Monocyte-to-lymphocyte ratio; PLR, Platelet-to-lymphocyte ratio; SII, Systemic immune inflammation index; SIRI, Systemic inflammatory response.
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All patients

n 60 30 30
Demographics

Age (years), mean + SD 60.10 + 7.02 60.86 + 6.20 59.37 +7.74
Sex, n men/women 51/9 25/5 26/4

Clinical features

Diseased vessels (number), mean + SD 1.88 + 0.80 1.77 £ 0.77 2.00 +0.83
Type of stent, n BMS/DE 45/15 30/0 15/15
Stent length (mm), mean + SD 22.65 + 15.17 19.77 + 8.07 25.53 + 19.65
Diameter (mm), mean + SD 3.33+037 343 £031 3.24 £ 041
Stable angina, n(%) 26 (43.3) 16 (53.3) 10 (33.3)
Events at follow-up, n(%) 7 (11.6) 0 (0.0) 7(23.3)
Diabetes, n(%) 20 (66.6) 8(26.6) 12 (40.0)
Dyslipidemia, n(%) 51 (85.0) 24 (80.0) 27 (90.0)
Smoking, n(%) 54 (90.0) 28 (93.3) 26 (86.6)
Hypertension, n(%) 37 (61.6) 20 (66.7) 17 (56.7)

Skin healing outcomes
Patterns, n He/Ex/Hy 29/15/16 14/11/5 15/4/11
Hypertrophic outcome, n(%) 16 (26.6) 5 (16.6) 11 (36.6)

Blood cell counts

Leukocytes, mean + SD 7.63 +2.54 7.10 +2.43 8.11 +2.54
Lymphocytes, mean + SD 223+ 082 2.05 + 0.69 240 +0.89
Monocytes, mean + SD 0.53 £ 0.20 0.48 £ 0.16 0.58 +0.22
Neutrophils, mean + SD 4.43 + 1.94 4.14 £ 1.75 4.52 +2.21

Demographics and clinical features of study participants, as whole group and stratified according to ISR status. Variables were summarized as mean + SD or n(%), as appropriate. He, healing; Ex,
exudative; Hy, hypertrophic.
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AAEs

NLR
MLR
PLR
SI
SIRI

cut-off value

5.105
0.675
127.985
596.91
3.99

AUC

0.746
0.782
0.534
0.625
0.807

sensitivity

0.667
0.587
0.693
0.893
0.707

specificity

0.762
0.865
0.405
0.325
0.817

NLR, Neutrophil-to-lymphocyte ratio; MLR, Monocyte-to-lymphocyte ratio; PLR, Platelet-to-lymphocyte ratio; SII, Systemic immune inflammation index; SIRI, Systemic inflammatory

response index; OR, odds ratio; CI, confidence interval; AUC, the area under the receiver operating characteristic curve.
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Demographics
Age

Gender

Male

Female

Risk factors and comorbidities
Hypertension

Smoking

Alcohol

Diabetes

History of CAD

History of AMI

History of CVD

History of CKD

Medication on admission
Antiplatelet

Anticoagulant

Statin

Phase

Acute

Subacute

chronic

Location of primary intimal tear
73

74

The length of proximal landing zone (mm)
Length of stent-graft (mm)
Adjunctive procedures
Preoperative hematological parameters
Serum creatinine (>115pmol/L)
eGFR (<100 ml/min/1.73m?)
Cholesterol (mmol/L)
Triglycerides (mmol/L)

LDL (mmol/L)

HDL (mmol/L)

Albumin (<35g/L)

WBC (x10”1)

Neutrophil (x 10”L)

Monocyte (x10”L)
Lymphocyte (x10”L)

Platelet (><109/L)

NLR (>5.105)

MLR (>0.675)

PLR (>127.985)

SII (>596.910)

SIRI (>3.990)

General population (n=201)

59.11 + 12.46

162
39

151 (75.1)
54 (26.9)
23 (11.4)
18 (89.6)
10 (49.8)
1(05)
6(29.9)
6(29.9)

9 (4.5)
1(0.5)
6(2.9)
175 (80.6)
131 (65.2)
30 (14.9)
14 (7.0)

127 (63.2)
9 (4.5)
1.72
184.3
13 (6.5)

43 (214)
149 (74.1)
17 (8.5)
33 (16.4)
50 (24.9)
42 (20.9)
75 (37.3)
75 (37.3)
74 (36.8)
75 (37.3)
69 (34.3)
40 (19.9)
55 (27.4)
74 (36.8)
61 (30.3)
152 (75.6)
76 (37.8)

AAE group (n=75)

63.11 + 11.13

60 (80.0)
16 (21.3)

61 (81.3)
21 (28.0)
5(6.7)
5(6.7)
2(27)
0
1(13)
2(2.7)

3 (4.0)
0
2(2.7)

47 (62.7)
12 (16.0)
2(2.7)

39 (52.0)
2(27)
1.67
186
3 (4.0)

16 (21.3)
57 (76.0)
7(9.3)
7(9.3)
20 (26.7)
10 (13.3)
30 (40.0)
26 (34.7)
32 (42.7)
19 (25.3)
32 (42.7)
11 (14.7)
25 (33.3)
23 (30.7)
44 (58.7)
67 (89.3)
53 (70.7)

non-AAE group (n=126)

57.59 + 1147

102 (81.0)
23 (18.3)

90(71.4)
33 (26.2)
18 (14.3)
13 (103)
8 (6.4)
1(0.8)
5 (4.0)
4(32)

6 (4.8)
1(0.8)
4(3.2)

84 (66.7)
18 (14.3)
12 (9.5)

88 (69.8)
7(5.6)
1.74
183.5
10 (7.9)

27 (21.4)
92 (73.0)
10 (7.9)
26 (20.6)
30 (23.8)
32 (25.4)
45 (35.7)
49 (38.9)
42 (333)
56 (44.4)
37 (29.4)
29 (23.0)
30 (23.8)
51 (40.5)
17 (13.5)
85 (67.5)
23 (18.3)

P-value

0.001 ¥

0.625 %

0.067 %
0.780
0.101
0.381 %
0.246 ¥
0.194
0.288
0.838 ¥

0.801 #
0.194
0.838 ¥
0.221

0.592

0.400 1
0.605
0.272

0.987 %
0.640 ¥
0.537 ¥
0.068
0.714 ¢
0.084 ¥
0.055
0.549
0.001
0.002
0.001
0.004
< 0.001 %
0.163 ¥
<0.001 %
<0.001 %
<0.001 %

SBP, systolic blood pressure; DBP, diastolic blood pressure; CAD, coronary artery disease; AMI, acute myocardial ischemia; CVD, cerebrovascular disease; CKD, chronic kidney disease;
eGFR, estimated glomerular filtration rate; LDL, low-density lipoprotein; HDL, high-density lipoprotein; WBC, white blood cell; NLR, neutrophil to lymphocyte ratio; MLR, monocyte to
lymphocyte ratio; PLR, platelet to lymphocyte ratio; SII, the ratio of platelet count multiply neutrophil count to lymphocyte count; SIRI, the ratio of monocyte count multiply neutrophil

count to lymphocyte count.

Continuous variables are presented as means with standard deviations.

t test or Mann-Whitney test.
*Pearson chi-square test or Fisher’s exact test.
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Do preoperative inflammatory biomarkers individually and collectively impact the prediction of
postoperative aorta-related adverse events (AAEs) after TEVAR for type B aortic dissection?
November 2016 - November 2020

\,,,ao"’ AAEs: 75 patients
Non-AAEs: 126 patients

>0
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Wk
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Elevated preoperative SIRI and age were independently associated with postoperative AAEs after TEVAR.

Preoperative increased SIRI levels serve as an effective prognostic indicator for type B aortic dissection.
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Biomarker B1 (SFR) B2 (TP) B3 (SA)
Estimate 95% CI P-value Estimate 95% CI P-value Estimate 95% CI P-value

Pro-inflammatory cytokines

IL-1B -1004 -1425 to -582.1 <0.0001 -0.14 -0.2242 to -0.05079 0.0025 -1260.00 -1990 to -528.8 0.0011
TNF-o. -1420 -2152 to -688.6 0.0003 -0.16 -0.3063 to -0.01220 0.0344 -1511.00 -2693 to -329.1 0.0134
IL-7 -48.99 -114.8 to 16.83 0.1411 0.01 -0.006534 to 0.01769 0.3593 -138.00 -236.5 to -39.45 0.0070

Anti-inflammatory cytokines

IL-10 -28.58 -63.14 to 5.977 0.1027 0.01 -0.0007415 to 0.01136 0.0839 34.61 -15.06 to 84.29 0.1673
[L-1ra 6789 -11588 to 12946 09118 1.44 -0.7203 to 3.606 0.1860 -10361.00 -27250 to 6528 0.2232
IL-13 -14 -5.164 to 2.364 0.4584 0.00002 -0.0006713 to 0.0007138 0.9510 -7.53 -13.17 to -1.899 0.0098

Thl cytokines

INF-y -203.2 -293.3 to -113.1 <0.0001 -0.01 -0.02559 to 0.009516 0.3621 -268.10 -412.4 to -123.8 0.0005
IL-12 -95.17 -149.8 to -40.57 0.0010 0.0001 -0.01158 to 0.01181 0.9839 -111.20 -231.0 to 8.631 0.0681
IL-2 -51.75 -168.5 to 65.02 0.3764 0.01 -0.01105 to 0.02759 0.3926 -101.20 -256.2 to 53.74 0.1947
IL-15 -1646 -2743 to -549.1 0.0042 0.09 -0.08248 to 0.2678 0.2915 -1437.00 -2738 to -136.9 0.0311

Th2 cytokines

IL-4 12.40 -15.44 to 40.23 0.3749 0.0008 -0.004335 to 0.005998 0.7476 -0.66 -42.46 to 41.15 0.9749
IL-5 -364.70 -717.2 to -12.31 0.0428 0.08 0.01411 to 0.1405 0.0177 -321.70 -828.8 to 185.5 0.2078
IL-6 -16.06 -75.43 to 43.31 0.5890 0.01 -0.001201 to 0.01928 0.0823 -53.39 -136.3 t0 29.56 0.2018
IL-9 -135 -413.8 to 1439 0.3353 0.04 -0.01059 to 0.09260 0.1166 -369.60 -785.9 to 46.67 0.0805

Thi7 cytokines

IL-17 -71.61 -165.6 to 22.42 0.1305 0.01 -0.008725 to 0.02322 0.3619 -114.50 -244.0 to 15.01 0.0811
Chemokines

[P-10/CXCL10 461.1 -11789 to 12711 0.9395 0.53 -1.737 to 2.796 0.6378 -5490.00 -23305 to 12326 0.5353
MCP-1/CCL-2 966.5 -4713 to 6646 0.7316 0.91 -0.04701 to 1.874 0.0616 -3751.00 -11428 to 3927 0.3278
MIP-10./CCL3 173 -5.336 to 8.794 0.6237 0.0003 -0.0009817 to 0.001500 0.6756 -1.04 -10.85 to 8.772 0.8318
MIP-13/CCL4 -76.88 -210.4 to 56.61 0.2502 0.02 -0.004143 to 0.03899 0.1099 -30.18 -207.7 to 147.3 0.7320
EOTAXIN/CCL11 -55.7 -156.5 to 45.13 0.2713 0.02 -0.002567 to 0.03407 0.0900 -113.80 -257.8 to 30.26 0.1184
RANTES/CCL5 -68.6 -181.4 to 44.23 0.2266 0.004 -0.01666 to 0.02434 0.7071 -123.90 -285.1 to 37.27 0.1283
IL-8/CXCL8 -7653 -15638 to 331.0 0.0598 0.37 -1.031 to 1.778 0.5936 -6509.00 -16925 to 3906 0.2133

Growth factors

G-CSF 356.1 -424.0 to 1136 0.3620 0.10 -0.03098 to 0.2291 0.1317 -733.60 -1766 to 298.7 0.1588
GM-CSF -20.19 -35.16 to -5.229 0.0096 0.003 -0.0000714to 0.005429 0.0559 -3.11 -25.11 to 18.88 0.7755
VEGF 5955 -20628 to 3389 0.1550 1.05 -1.312 to 2.941 0.4442 8625.00 -27903 to 6886 0.2297
FGF basic -63.56 -154.9 to 27.80 0.1680 0.01 -0.005870 to 0.02664 0.2048 -93.14 -223.5 to 37.19 0.1570
PDFG-BB -1351 -4402 to 1700 0.3754 0.35 -0.1875 to 0.8833 0.1961 -5402.00 -9444 to -1360 0.0102

Bold indicates statistically significant results.
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Parameter Control group Study group Study NS Study HS P-value

n=30 n=30 n=17 n=13
ANOVA Study NSvs. Study HSvs.  Study HS vs.
Control Control Study NS
Salivary gland function
SFR (mL/min) 0.38 +£0.05 029 +0.12 0.37 £ 0.09 0.18 + 0.03 <0.0001 >0.9999 <0.0001 <0.0001
TP (ug/mL) 1923 + 589.7 1563 + 553.2 1715 £ 549.7 1364 + 511.2 0.0204 >0.9999 0.0296 0.694
SA (umol/mg 0.20 +0.07 0.14 £ 0.04 0.15+ 0.02 0.14+ 0.05 <0.0001 0.0705 0.0003 0.6414
protein)
Dental examination
DMFT 17.63 + 1,52 17.80 + 1.5 17.53 £ 1.7 18.15 + 1.14 0.6795 >0.9999 >0.9999 >0.9999
PBI 1.12 £ 033 L11+0.3 1.16 £ 0.22 1.05 + 04 0.8755 >0.9999 >0.9999 >0.9999
GI 1.01 £ 0.61 1.01 +£0.59 111 £ 0.59 0.88+ 0.58 0.5722 >0.9999 >0.9999 0.951

DMEFT, decayed, missing, filled teeth index; GI, gingival index; HS, hyposalivation; NS, normal salivation; PBI, papilla bleeding index; SA, salivary amylase; SER, saliva flow rate; TP; total
protein content.
Bold indicates statistically significant results.
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Rank Keyword Count Centrality Rank Keyword Count Centrality
1 atherosclerosis 273 0.05 " alternative activation 67 0.01
2 macrophage polarization 253 0.06 12 differentiation 61 0.04
3 inflammation 223 0.05 18 insulin resistance 59 0.08
4 activation 184 0.07 14 mechanism 55 0.1
5 cell m 0.15 15 disease 53 0.03
6 monocyte 94 0.03 16 smooth muscle cell 52 0.03
7 gene expression 82 0.04 17 LDL 50 0.1
8 mice 78 0.12 18 foam cell 50 0.07
9 NF kappa B i g 0.01 19 phenotype 49 0.03
10 macrophage 68 0.07 20 receptor 47 0.06
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Rank Author Title Journal Centrality  Co-

Citation

1 Stoger JL Distribution of macrophage polarization markers in human atherosclerosis Atherosclerosis 0.04 67
(2012) (16)

2 Tabas | (2016)  Macrophage Phenotype and Function in Different Stages of Atherosclerosis Circulation Research 0.05 64
(17)

3 Moore KJ Macrophages in atherosclerosis: a dynamic balance Nature Reviews 0.02 63
(2013) (18) Immunology

4 Chinetti- Macrophage subsets in atherosclerosis Nature Reviews 0.1 61
Gbaguidi G Cardiology
(2015) (19)

5 Khallou-Laschet Macrophage Plasticity in Experimental Atherosclerosis Plos One 0.04 57
J (2010) (20)

6 Murray PJ Macrophage Activation and Polarization: Nomenclature and Experimental Guidelines Immunity 0.06 51
(2014) (21)

7 Moore KJ Macrophages in the Pathogenesis of Atherosclerosis Cell 0 48
(2011) (22)

8 Leitinger N Phenotypic Polarization of Macrophages in Atherosclerosis Arteriosclerosis 0.02 38
(2013) (23) Thrombosis and Vascular

Biology

9 Mantovani A Macrophage Diversity and Polarization in Atherosclerosis Arteriosclerosis 0.02 38

(2009) (24) Thrombosis and Vascular
Biology
10 Chinetti- Human Atherosclerotic Plaque Alternative Macrophages Display Low Cholesterol Handling  Circulation Research 0.08 37

Gbaguidi G but High Phagocytosis Because of Distinct Activities of the PPARy and LXRa. Pathways
(2011) (25)
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Sample Sex Age (years) Thompson’s grade Pain Score Disc NLRP3 level readout at OD450

1 F 41 1 0 1.43
2 F 39 I 0 1.64
3 M 38 1 1 1.93
4 M 42 I 2 237
5 F 51 i 1 2.03
6 M 52 )i 2 1.83
7 M 48 i 3 3.01
8 M 64 it 3 2.59
9 M 42 it 4 3.19
10 M 49 it 2 1.93
11 F 52 it 2 2.19
12 F 55 it 1 2.09
13 M 48 it 6 4.46
14 F 35 v 3 3.79
15 F 56 v 4 1.89
16 M 46 v 6 3.96
17 F 34 v 3 2.44
18 M 58 v 5 3.63
19 F 47 v 4 3.17
20 F 39 v 4 2.69
21 M 42 \4 7 3.94
22 M 67 v 6 4.13
23 M 59 v 5 4.10
24 M 63 v 4 2.10
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Label

ORF1
ORF2
ORF3
ORF4

Strand

Frame

Start

28

36

128
138

Stop

180
>251
>3
43

Length (nt|aa)

153|50
216[71
126}41
9631

Nucleotide sequence

MSVCGSPLGSTSRKVTKCLSSMASGPSPGSCSFKSRHRPWPRFSMAWPAW
MWVTVGLYLQEGHKVPQFHGKWPFSRFLFFQEPASAV ASFLNGLASLVML
CRYRTFVPASSPMYHTCVAFAW
MKEQEPGEGPLAMELRHFVTFLEVEPNGDPHTLILTVVPTGP
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circRNA ID

hsa_circRNA_102062
hsa_circRNA_400285
hsa_circRNA_100724
hsa_circRNA_053944
hsa_circRNA_000758
hsa_circRNA_100104
hsa_circRNA_009127
hsa_circRNA_102632
hsa_circRNA_001459
hsa_circRNA_001389
hsa_circRNA_404695
hsa_circRNA_406908

N/A, Not available.

circbase ID

hsa_circ_0007990
hsa_circ_0114507
hsa_circ_0020460
hsa_circ_0053944
hsa_circ_0000758
hsa_circ_0000034
hsa_circ_0009127
hsa_circ_0052793
hsa_circ_0000301
hsa_circ_0000729

N/A

N/A

Position

chr17: 37840849-37842272 strand: -
chrl: 93580244-93581175 strand: +
chr10: 128850944-128860040 strand: +
chr2: 33808728-33810511 strand: -
chrl7: 34151081-34165557 strand: +
chrl: 26772806-26774151 strand: +
chr9: 36594624-36607670 strand: +
chr2: 15735268-15735677 strand: +
chrll: 47379617-47379952 strand: -
chr16: 90098243-90098338 strand: +
chrl: 244640842-244682000 strand: +
chr7: 7916911-7923977 strand: +

Gene

PGAP3
MTE2
DOCK1
FAM98A
TAF15
DHDDS
MELK
DDX1
SPI1
GAS8
Clorfl01
RPA3-AS1

Chr

17
1
10
2
17

LogFC

1.5440902
1.4553306
1.4365029
1.4354857
1.3864204
1.3732708
1.3232472
1.3094958
1.7396791
1.5706839
1.5649027
1.3492812

P-value

0.046706765
0.029050504
0.01294899
0.047122417
0.023292637
0.04457919
0.044595488
0.031947264
0.043873347
0.034928521
0.044375298
0.043894901

Type

exonic
exonic
exonic
exonic
exonic
exonic
exonic
exonic
intronic
intronic
exonic

intronic

Regulation

up
up
up
up
up
up
up
up
up
up
up
up
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Age (yr)
Female
Hypertension
Smoking

Size

Location

Anterior circulation
Posterior circulation
Irregular shape

CRstalk

hsa_circ_0007990

UIA patients with AWE (n = 12)

53.0 +13.9
8 (66.7%)
7 (58.3%)
2 (16.7%)

6.15
(3.8-16.2)

11 (91.7%)
1(83%)
7 (58.3%)

0.48
(0.32-0.75)

4.19 + 1.48

UIA patients with non-AWE (n = 6)

452+ 103
2 (33.3%)
2 (33.3%)
2 (33.3%)

4.15
(3.2-6.5)

14 (77.8%)
3 (50%)
2 (33.3%)

0.23
(0.07-0.26)

1.78 £ 0.51

AWE, aneurysm wall enhancement; CRstalk, aneurysm-to-pituitary stalk contrast ratio; UIA, unruptured intracranial aneurysm.

N/A, Not available.

Healthy control (n =5)

248 £2.5
0
0
0
N/A

N/A
N/A
N/A
N/A

1.00 + 0.19

P Value

0.001
0.035
0.076
0.379
0.025

0.083

0.620
0.001

< 0.001
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Characteristics of the datasets

Datasets AAA Normal Platform
GSE57691 49 (29 large, 20 small) 10 GPL10558
GSE47472 14 8 GPL10558
GSE7084 T 8 GPL2507

GSE166676 4 2 GPL24676
GSE98278 31 (16 large, 15 small) 0 GPL10558

AAA, abdominal aortic aneurysm. large, mean maximum aortic diameter > 55 mm; smal,

mean maximum aortic diameter <55 mm.
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