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IL-13 Derived Type 2 Innate Lymphocytes Ameliorates Cardiomyocyte Apoptosis Through STAT3 Signaling Pathway
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The involvement of cardiomyopathy during sepsis means higher mortality and prolonged length of hospital stay. Many efforts have been made to alleviate the apoptosis of cardiomyocytes in sepsis. The huge potential of IL-13 in tissue repair has attracted increasing attention. In the present study, we used LPS-treated mice or primary cardiomyocytes as a sepsis model to explore the anti-apoptotic ability of IL-13. It was found that an increased level of exogenous IL-13 was beneficial to the recovery of heart function in sepsis, and this anti-apoptotic effect of IL-13 was probably through enhancing the phosphorylation of STAT3 Ser727. In addition, we identified that the heart protective effect of IL-13 was associated with type 2 innate lymphocytes (ILC2). All these findings may provide a potential promising treatment for sepsis-induced cardiomyopathy.
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INTRODUCTION

Although sepsis-induced cardiac injury has been acknowledged as a leading cause of death in the intensive care unit (ICU), there is still limited knowledge about the underlying mechanism (Joseph et al., 2017; Ehrman et al., 2018). It is generally recognized that immoderate and excessive host immune responses play a central role in reducing the reactivity and exacerbating the apoptosis of cardiomyocytes (Kamisoglu et al., 2015; Akama et al., 2021). It is necessary to understand the variability of host immune responses, knowing that it may help decrease apoptosis of cardiomyocytes and develop new strategies for the treatment of sepsis-induced cardiac injury (Zechendorf et al., 2020).

IL-13 is a representative cytokine of type 2 immunity and participates in host protection through promoting tissue repair and controlling inflammation progress (Neill et al., 2010; Gause et al., 2013; Gieseck et al., 2018). IL-13 is a crucial regulator of cardiomyocyte fate by reversing transcription during heart generation, demonstrating the cardiac protection of IL-13 (O’Meara et al., 2015). Although IL-13 shows great therapeutic potential in the treatment of cardiovascular diseases (Hofmann et al., 2014; Wodsedalek et al., 2019; Zlatanova et al., 2019), the role of IL-13 in protecting the septic cardiomyopathy remains to be further understood.

In this study, we investigated the expression level of IL-13 at different times after intraperitoneal (i.p.) injection of lipopolysaccharide (LPS), knowing that it could simulate endotoxemia during the sepsis state (Ehrman et al., 2018). Subsequently, we explored the protection mechanism of IL-13 in sepsis-induced cardiomyopathy through inhibiting the apoptosis of cardiomyocytes, and found that type 2 innate lymphocyte (ILC2) was the main source of IL-13. These results demonstrated that IL-13 played a significant cardioprotective role in sepsis-induced cardiac injury, which may provide a new remedy for clinical translation.



MATERIALS AND METHODS


Materials and Regents

Materials and reagents used in this study were lipopolysaccharide (LPS), DNase I and collagenase (Sigma, United States); 0.25% trypsin, 0.25% trypsin-EDTA and fetal bovine serum (FBS) (Gibco, United States); Dulbecco’s Modified Eagle’s Medium (DMEM) and D-Hank’s balanced salt solution (D-Hank’s) (Cytiva, United States); fluorescence-labeled antibodies (Biolegend, United States; details are listed in Supplementary Table 1); ermeabilization buffer, MitoTrackerTM Deep Red and DAPI (Invitrogen, United States); antibody of cleaved caspase 3, STAT3, phospho-STAT3 (Tyr705), phospho-STAT3 (Ser727), and β-actin (CST, United States); IL-13 and IL-13Rα1 antibodies (Santa Cruz Biotechnology, United States); primers (BioTNT, China); PVDF membrane (Millipore, United States); reactive oxygen species assay kit (DCFH-DA), red blood cell lysis buffer, cell mitochondria isolation kit and antibody of α-tubulin (Beyotime, China); GentleMACS C tubes (Miltenyi Biotech, United States); Invivo anti-CD90.2 (Bioxcell, Italy); FITC-Annexin V (BD, United States); RNA purification kit (EZBioscience, United States).



Cell Culture and Treatment

Primary cardiomyocytes were extracted from the rat hearts as previously described (Hong et al., 2020). In brief, the hearts were isolated from 2-day-old SD rats, washed with D-Hank’s, cut into small pieces and incubated with 0.1% trypsin for 15 min to acquire single cardiomyocyte suspension. Then, low-glucose DMEM containing 10% FBS was added to the cardiomyocytes to terminate the digestion. This step is repeated five times until no lumps are visible. Finally, the primary cardiomyocytes were seeded into culture dishes at a density of 3–5 × 105 cells mL-1 in low-glucose DMEM containing 10% FBS for further use.



Experiment With the Sepsis-Induced Cardiac Injury Model

Sepsis-induced cardiac injury was established in animal and cell models.

Male C57BL/6 mice weighing 25–28 g (GemPharmatech Co., Jiangsu, China) were raised in a specific pathogen-free (SPF) environment in Shanghai Chest Hospital (Shanghai, China). All experimental procedures were approved and supervised by the Ethics Committee of the said hospital. 20 mg/kg LPS was injected i.p. to C57BL/6 LPS mice to establish LPS-induced cardiac injury.

In the cell model, primary cardiomyocytes were incubated with low-glucose DMEM containing 10% FBS and 10 μg/ml LPS to mimic endotoxin-induced cell damage.



RNA Extraction

RNA was extracted using the RNA purification kit. 40 mg heart tissue was put into a 1.5 ml centrifuge tube and added with 300 μl lysis buffer. Then, the tissue was homogenized in a rotor-stator homogenizer and centrifuged at 12,000 g for 2 min and mixed with an equal volume of ethanol. The mixture was added to the RNA column to bind RNA to the membrane, centrifuged at 4,000 g for 1 min, and after addition of 500 μl wash buffer into the spin column, centrifuged again at 12,000 g for 1 min. The spin column was transferred to a new RNase free tube, to which 20 μl elution buffer was added into the center of spin column at room temperature. Finally, the sample was centrifuged at 12,000 g for 1 min to remove the spin column.



Real-Time RT-PCR

Total RNA extracted from the mice heart was converted to cDNA for quantitative PCR (qPCR) using 4 × Reverse Transcription Master Mix Kits (EZBioscience, United States). The expression level of GAPDH was quantitated as an internal control according to the 2 × SYBR Green qPCR Master Mix (EZBioscience, United States) manufacturer’s instructions. The primers used in the work were purchased from BioTNT, Shanghai.



Preparation of the Single-Cell Suspension and Flow Cytometry Analysis

The C57BL/6 mouse hearts were made into single-cell suspension via gentleMACSTM Octo Dissociator for flow cytometry analysis. Briefly, the fresh mouse heart was washed with cold PBS to remove peripheral blood cells and cut into small pieces. The heart tissue was digested in D-Hank’s containing 1 mg/ml collagenase II and 10 μg/ml DNase I under the program of 37_mmu Adult Heart Procedure. Then, red blood cells (RBCs) were lysed and washed with cold PBS twice.

After 200 mesh screen filtration, the cells were ready for staining. Firstly, cells were incubated with Live/Dead dye for 15 min at room temperature, surface stained using the standard protocol for 15 min at room temperature, fixed, permeabilized with permeabilization buffer at 4°C overnight, stained with corresponding antibodies for another 30 min, washed with PBS, resuspended in 100 μl PBS, and finally detected by BDFACSFortessa 4-Laser (BD, United States).



Protein Extraction and Western Blotting Assay

Protein extraction and Western blotting were performed as previously described (Virga et al., 2021). Briefly, the protein sample (30 μg) was electrophoresed in SDS-PAGE and transferred to the PVDF membrane. The blots were incubated with the primary antibody at 4°C overnight, followed by incubation with the HRP-conjugated secondary antibody. The Western blot bands were detected by A6100 ECL imaging system (GE, United States) and quantitated with Image J software by measuring the intensity of each band compared with the internal control band.



Cell Apoptosis Assay

Apoptosis and morphology were detected simultaneously by fluorescence microscopy. Briefly, primary cardiomyocytes were incubated with FITC-labeled Annexin V diluted by the banding buffer at 37°C for 15 min. Then cells were washed with PBS and added with Mitotracker at 37°C for another 30 min. The stained cells were washed with PBS for 3 times and detected.



Deletion of Innate Lymphoid Cells

Innate lymphoid cells (ILCs) of C57BL/6 mice were deleted by i.p. injection of CD90.2 antibody at a dose of 12 mg/kg for 4 times at a 4-day interval. The deletion efficiency of ILC2 was determined by flow cytometry.



Data Analysis and Statistics

All experiments were repeated with three or more biological replicates. Data were analyzed by PRISM software (Graphpad, United States) and presented as the mean ± standard deviation (SD). One-way ANOVA was used to analyze differences between multiple groups and the two-tailed Student’s t-test was used for comparison between two groups. P-value < 0.05 was considered statistically significant.



RESULTS


IL-13 Underwent Changes in a Time-Dependent Manner After Intraperitoneal Injection of Lipopolysaccharide in Mice

The protein expression of IL-13 in the mouse myocardium was continuously monitored by Western blot within 48 h after i.p. injection of LPS, showing a trend of rapid decline, transient rise and continuous low expression. At the same time, the two type receptors of IL-13, IL-13Rα1, and IL-13Rα2 increase steadily (Figures 1A,B). The mRNA of IL-13, and IL-13Rα1 showed similar changes in a time-dependent manner by qPCR (Figure 1C and Supplementary Figure 1). Although the transcription level of IL-13 increased continuously, the protein expression of IL-13 did not remain at a high level, indicating that IL-13 may be consumed heavily. Lactate dehydrogenase (LDH) and creatine kinase isoenzymes (CK-MB) as markers of myocardial injury were detected in the mouse plasma within 48 h after i.p. injection of LPS. It was found that the time-dependent change of LDH and CK-MB was related to the expression of IL-13 (Figures 1D,E). The critical turning point was observed at 12 h after LPS exposure, when the expression of IL-13 protein in the mouse myocardial tissue was reconfirmed to be significantly decreased as shown by immunofluorescence and histochemistry staining (Figures 1F,G). In addition, the level of IL-13 in the mouse plasma was also decreased significantly at this time point, suggesting that IL-13 may play an important role in septic cardiomyopathy.
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FIGURE 1. IL-13 underwent changes in a time-dependent change after i.p. injection of LPS in mice. (A) Determination of IL-13, IL-13Rα1, and IL-13Rα2 relative expressions in the myocardial tissue by Western blot after i.p. injection of LPS in mice. (B) Quantification of (A). (C) Detection of mRNA expression of IL-13 in the myocardial tissue by RT-qPCR. (D) Serum LDH change. (E) Serum CK-MB change. (F,G) Immunofluorescence and Immunohistochemical images of IL-13 in the mouse myocardium after 12-h exposure to LPS, Scale bar = 50 μm. All the experiments were repeated three times. Data were expressed as the mean ± SD (n = 3). **p < 0.01.




IL-13 Alleviated Lipopolysaccharide-Induced Cardiac Dysfunction and Reduced Apoptosis in Mice

To explore the role of IL-13 in LPS-induced myocardial injury, mice injected i.p. with LPS were treated with recombinant IL-13 (rIL-13, 100 μg/kg). As shown in Figures 2A,B, rIL-13 effectively recovered the myocardial contractile function induced by LPS. Specifically, Cardiac output (CO), Ejection fraction (EF), and Fractional shortening (FS) all recovered in varying degrees. These results suggest that IL-13 could improve cardiac function. The production of reactive oxygen species (ROS), which is known to be closely related to myocardial injury, is shown in the images of dihydroethidium (DHE). As shown in Figures 2D,F, IL-13 significantly reduced the level of DHE oxidation induced by LPS. Furthermore, the degree of myocardial apoptosis was detected by TUNEL, and the result showed that IL-13 effectively reduced myocardial apoptosis (Figures 2C,E).
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FIGURE 2. IL-13 alleviated LPS-induced cardiac dysfunction and reduced apoptosis in mice. (A) Representative images of M-mode echocardiography. (B) Quantification of cardiac output (CO), ejection fraction (EF) and fractional shortening (FS) by echocardiography. (C) Representative TUNEL staining in the cardiac tissue, Scale bar = 50 μm. (D) Representative images of dihydroethidium (DHE) in the cardiac tissue, Scale bar = 50 μm. (E) Percentage of TUNEL-positive nuclei. (F) DHE oxidation values represent the mean fluorescent intensity (MFI). Data were expressed as the mean ± SD (n = 6). *p < 0.05, **p < 0.01, ****p < 0.0001.




IL-13 Alleviated Lipopolysaccharide-Induced Cardiomyocyte Apoptosis

To identify the effect of IL-13 on cardiomyocytes, the primary cardiomyocytes were extracted as the experimental object in vitro. Firstly, the two receptors of IL-13 were detected by Western blot in the primary myocardium. The results showed that both receptors existed in the primary myocardium and increased upon LPS stimulation, with the increase of IL-13Rα1 more significant (Figures 3A,B). The production of reactive oxygen promoted DCFH transformation into DCF, and the mean fluorescence intensity of DCF was measured to represent the level of ROS in primary myocardiocytes. As shown in Figures 3C,D, cardiomyocytes ROS production induced by LPS was effectively inhibited by IL-13. Next, apoptosis was detected by flow cytometry. Compared with LPS treatment alone, the apoptosis of primary cardiomyocytes exposed to IL-13 (50 ng/ml) was significantly decreased, involving both early and late stages (Figures 3E–G). In the apoptosis process, phosphatidylserine (PS) was translocated from the inner to the outer leaflet of the plasma membrane, thus exposing PS to the external cellular environment. Annexin V labeled with a fluorophore was used to identify apoptotic cells by binding to PS exposed on the outer leaflet. As presented in Figure 3H, LPS accelerated PS exposure to the external environment of cells and weakened mitochondrial fluorescence. On the contrary, IL-13 effectively reversed this process.
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FIGURE 3. IL-13 alleviated LPS-induced cardiomyocyte apoptosis. (A) Determination of IL-13Rα1 and IL-13Rα2 relative expressions in the primary cardiomyocytes by Western blot. (B) Quantification of (A). (C) DCF fluorescent images, Scale bar = 50 μm. (D) DCF mean fluorescent intensity. (E) Flow cytometry analysis of apoptosis. (F,G) Quantification of apoptosis. (H) Cardiomyocytes stained with mitoitrcacker (red) and Annexin V(green), Scale bar = 50 μm. Data were expressed as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.




The Transcription Level of STAT3 but Not STAT6 Was Altered in the Signaling Pathway Affected by IL-13

Heart tissues of LPS treated or untreated mice were collected for RNA sequence (RNA-seq). Gene Ontology (GO) analysis showed that a number of genes underwent changes in the three fields including the biological process, molecular function and cell composition with sepsis induced via i.p. injection of LPS (Figure 4A). The signaling pathways affected by LPS were further analyzed with Kyoto Encyclopedia of Genes and Genomes (KEGG) (Figure 4B). To determine the mechanism by which IL-13 reduced myocardial apoptosis caused by LPS, rIL-13 treatment of LPS-induced myocardial tissue in septic mice was included in RNA-seq. Stat6 is a typical transcription factor that mediates downstream transcription activated by IL-13 in immune cells. In other cell types, it is described that Stat3 is activated by Jak signaling downstream of IL-13Rα1. In the mouse myocardium, the Jak-STAT signaling pathway was identified by RNA-seq as being significantly changed after LPS stimulation (Figure 4B). As shown in Figure 4C, the transcription of IL-13Rα1 and Stat3 was highly expressed under the action of LPS, while the transcription of Stat6 changed slightly, suggesting that IL-13 reduced apoptosis in the myocardial tissue through the transcription factor Stat3. IL-13Rα2 is a decoy receptor, and we did not explore its effect in this study.
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FIGURE 4. The transcription level of STAT3 but not STAT6 was altered in the signaling pathway affected by IL-13. (A) GO analysis covered three domains including the biological process, molecular function and cellular component. The transcription of the heart tissue in mice receiving i.p. injection of LPS vs. control mice. (B) KEGG analysis revealed the most important signaling pathways involved in gene involvement. The transcription of the heart tissue of mice receiving i.p. injection of LPS vs. control mice. (C) Illustration of the downstream key genes in the heart tissue regulated by IL-13 as shown by RNA sequencing (RNA-seq). Data are presented as heatmap (log2-fold change). Red indicates higher expression, and blue indicates lower expression (n = 6).




Effect of IL-13 on the Phosphorylation of STAT3 in Cardiomyocytes

Total protein, cytosol protein and mitochondrial protein were extracted from the primary cardiomyocytes and analyzed by Western blot. It was found that the LPS-induced increase of cleaved Caspase-3 was effectively inhibited by IL-13 (Figures 5A,B). Meanwhile, the expression of STAT3 Serine 727 (Ser727) and phosphorylation of STAT3 Tyrosine 705 (Tyr705) were both increased by IL-13. It is worth noting that the phosphorylation level of STAT3 Ser727 in the cytoplasm did not increase after LPS stimulation. In addition, the leakage of cytochrome C from mitochondria was increased after LPS stimulation, and IL-13 reduced this leakage (Figures 5C,D). Subsequently, mitochondrial protein expression was further confirmed by Western blot. Phosphorylation of STAT3 Tyr705 was not detected in the protein extracted from mitochondria. However, the phosphorylation of STAT3 Ser727 was increased by IL-13 in the mitochondrion (Figures 5E,F).
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FIGURE 5. Effect of IL-13 on the phosphorylation of STAT3 in cardiomyocytes. (A) Western blot images of total protein expression. (B) Quantification of (A). (C) Western blot images of the cytosol protein expression. (D) Quantification of (C). (E) Western blot images of the mitochondrial protein expression. (F) Quantification of (C). Data are expressed as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Change of ILC2 in the Myocardial Tissue After Lipopolysaccharide Treatment Was Correlated With the Change of IL-13

As ILC2 is one of the main sources of IL-13, we detected ILC2 change in the heart of mice treated with LPS by flow cytometry. The mouse heart tissue was first processed into single cells and incubated with fluorescence-labeled antibodies, and then ILC2 was further gated as Lineage-, CD45+, CD90.2+, and ST2+ cell (Supplementary Figure 3). As shown in Figures 6A,B, the percentage of ILC2 exhibited a time-dependent change, and this trend was similar to that of IL-13. In addition, LPS increased IL-13 positive ILC2 in the heart (Figures 6C,D). ILC2 is a CD3 negative T cell, and IL-13 in the heart appeared to be mainly derived from CD3 negative cells (Figure 6E). After treating the mice with CD90.2 antibody, ILC2 in the heart was almost completely eliminated (Figure 6F). At the same time, IL-13 of the myocardial tissue was almost cleared (Figures 6G,H). Interestingly, after ILC2 was cleared with CD90.2 antibody, not only IL-13 was reduced but the phosphorylation of STAT3 Ser727 was also inhibited. In contrast, the phosphorylation of STAT3 Tyr705 was enhanced by LPS (Supplementary Figure 4).
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FIGURE 6. ILC2 change in the myocardial tissue after LPS treatment was correlated with the change of IL-13. (A) Change of ILC2 in the myocardial tissue after LPS treatment. (B) Quantification of (A). (C) Change of IL-13 positive ILC2 in the myocardial tissue of mice treated with LPS. (D) Quantification of (B). (E) IL-13 secreted by CD3-negative or CD3-positive T cells; (F) CD90.2 antibody depletion efficiency of ILC2. (G) Expression of IL-13 in the myocardial tissue of mice after CD90.2 antibody treatment. (H) Quantification of (G). Data were expressed as the mean ± SD (n = 3). *p < 0.05.




DISCUSSION

During sepsis, activation of type 1 immune response leads to the release of abundant cytokines, which is recognized as the common feature of sepsis, known as “cytokine storm” (Virga et al., 2021). Intriguingly, activation of anti-inflammatory type 2 immune response can antagonize proinflammatory type 1 immunity (Verhoef et al., 2019). A retrospective study observed that pre-existing type 2 immune activation could prevent the progression of sepsis (Krishack et al., 2017). Type 2 immunity is commonly observed in tissues repair and allergic inflammation as represented by the production of type 2 cytokines such as IL-4, IL-5, IL-9, and IL-13 (Flayer et al., 2021). Lai et al. showed that IL-9 derived from ILC2 mediated type 2 immune response and reduced inflammation following sepsis (Lai et al., 2018). In addition, IL-33, IL-13, and IL-5 have also been reported to prevent acute lung injury during sepsis (Linch et al., 2012; Nascimento et al., 2017; Califano et al., 2018). There is evidence that the protective effects of these type 2 cytokines are related to ILC2. The aim of the present study was to explore the effect of IL-13 on the heart during sepsis.

IL-13 has been extensively studied as a classic type 2 cytokine for its effect on immune cells, and the direct effect of IL-13 on target tissue cells has also been explored more recently (Heredia et al., 2013; Wynn, 2015). Some studies reported that IL-13 level was increased after sepsis, while other studies argued that IL-13 was decreased after sepsis (Matsukawa et al., 2000; Akama et al., 2021). The possible reason for this discrepancy is that the specific time points of concern may be different between these studies. A more unified view is that IL-13 plays a protective role during sepsis. In the present study, we detected the expression level of IL-13 in the heart after sepsis over time and found that the expression of IL-13 was not simply a phenomenon of increase or decrease in the early stages of sepsis. Besides, unlike protein expression, the transcription level of IL-13 has always been increased. We found that the serum markers of myocardial injury were noted to return to the normal level 12 h after sepsis, when IL-13 transcription was further enhanced but protein expression was decreased. A possible explanation is that IL-13 is over-consumed. The results of this study showed that IL-13 protected cardiomyocytes against apoptosis during sepsis. IL-13 is known to polarize macrophages toward M2 phenotype, and this effect is beneficial to the survival of cardiomyocytes. To determine whether IL-13 had a direct effect on cardiomyocytes, primary cardiomyocytes were studied in vitro. The results showed that IL-13 directly inhibited cardiomyocyte apoptosis caused by LPS.

IL-13 is generally considered to function by activating STAT3 or STAT6 (Yu et al., 2018). However, our RNA-seq showed that Stat6 was not significantly changed in the myocardial tissue. STAT6 signaling has been described as transient in the field of heart research, whereas STAT3 activation is required for cardiomyocytes in response to injury (Fang et al., 2013). In this work, the treatment of rIL-13 did increase the phosphorylation of STAT3 and reduced the pro-apoptotic activity of cleaved-Caspase-3. However, the phosphorylation of STAT3 ser727 did not increase correspondingly in the cytosol. Cytochrome C plays a vital role in the mitochondrial electron transport chain in normal cells (Kalpage et al., 2019). It is reported that Cytochrome C in the cytosol resulted in a positive-feedback mechanism, causing more Cytochrome C release and activation of apoptosis (Li et al., 2000). Thus, the phenomenon that IL-13 suppressed cytochrome C in the cytosol attracted our attention. We hypothesized that the phosphorylated STAT3 Ser727 was transferred into the mitochondrion. The result of our experiment demonstrated that phosphorylated STAT3 Ser727 in mitochondria was increased by IL-13. At the same time, phosphorylated STAT3 Tyr705 was almost undetectable. Previous studies showed that the activation of STAT3 protected cardiomyocytes against apoptosis (Wang et al., 2020). This study supports the protective effect of IL-13 on the myocardium to a certain extent based on the activation of STAT3.

As one of the main sources of IL-13, ILC2 is recognized in tissue repair and macrophage activation (Neill et al., 2010; Guo et al., 2012). However, few studies have focused on the source of IL-13 in the heart. Therefore, multi-label flow cytometry was applied to determine the source of IL-13 in the heart. According to the description of previous studies (Meyer et al., 2020), we applied CD90.2 antibody in vivo to eliminate ILC2 and found that IL-13 decreased drastically after eliminating ILC2. Based on these results, the main source of IL-13 in the heart is determined to be ILC2.

The in vivo application of CD90.2 antibody not only eliminates ILC2 and reduces IL-13 but directly reduces phosphorylated STAT3 Ser727. Combined with the results of the in vitro molecular experiments, it is supported that IL-13 activates the phosphorylation of STAT3 Ser727 to exert anti-apoptotic effects.

In summary, our investigations have demonstrated the importance of IL-13 in alleviating myocardial apoptosis caused by sepsis. IL-13 increases the phosphorylation of STAT3 Ser727 and transfers it into the mitochondria, and reduces the release of cytochrome C. In addition, IL-13 in the heart is derived from ILC2, and the absence of ILC2 will make this protective effect disappear. All these results suggest that IL-13 has therapeutic potential in cardiomyopathy caused by sepsis.
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