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Background

The inflammatory response is associated with cardiac repair and ventricular remodeling after myocardial infarction (MI). The key inflammation regulatory factor thymic stromal lymphopoietin (TSLP) plays a critical role in various diseases. However, its role in cardiac repair after MI remains uncertain. In this study, we elucidated the biological function and mechanism of action of TSLP in cardiac repair and ventricular remodeling following MI.





Method and Result

Wild-type and TSLP receptor (TSLPR)-knockout (Crlf2-/-) mice underwent MI induction via ligation of the left anterior descending artery. TSLP expression was upregulated in the infarcted heart, with a peak observed on day 7 post-MI. TSLP expression was enriched in the cardiomyocytes of infarcted hearts and the highest expression of TSLPR was observed in dendritic cells. Crlf2-/- mice exhibited reduced survival and worsened cardiac function, increased interstitial fibrosis and cardiomyocyte cross-sectional area, and reduced CD31+ staining, with no change in the proportion of apoptotic cardiomyocytes within the border zone. Mechanistically, reduced Treg cell counts but increased myeloid cell infiltration and an increased ratio of Ly6Chigh/Ly6Clow monocyte were observed in the ani hearts of Crlf2-/- mice. Further, TSLP regulated CD4+ T cell activation and proliferation at baseline and after MI, with a greater impact on Treg cells than on conventional T cells. RNA-seq analysis revealed significant downregulation of genes involved in T cell activation and TCR signaling in the infarcted heart of Crlf2-/- mice compared with their WT counterparts.





Conclusion

Collectively, our data indicate a critical role for TSLP in facilitating cardiac repair and conferring protection against MI, primarily through regulating CD4+ T cell responses, which may provide a potential novel therapeutic approach for managing heart failure after MI.
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1 Introduction

Myocardial infarction (MI), primarily caused by thrombotic occlusion of the coronary artery, is the primary cause of high morbidity and mortality rates among all cardiovascular diseases (1–3). MI typically has catastrophic consequences and requires immediate emergency intervention (4, 5). In recent years, significant advancements have been made in managing risk factors and implementing primary reperfusion treatment for MI (2, 6–8). Despite this, heart failure after MI presents a considerable clinical challenge for individuals who survive the initial event (9, 10). Therefore, identifying new treatments and strategies for post-MI heart failure is imperative.

Thymic stromal lymphopoietin (TSLP) is a component of (IL)-2 cytokine family (11) and an IL-7 paralog (12). The functional receptor of TSLP is a heterodimer consisting of two subunits: the TSLP receptor (TSLPR, a common γ-like receptor chain) and the IL-7 receptor α chain (IL-7Rα) (13). The initial discovery of TSLP occurred in the culture medium of thymic stromal cell lines, providing support for the proliferation and maturation of B cells (14). Currently, TSLP plays a pivotal role in the pathogenesis and development of diverse diseases as an “alarmin” in response to endogenous and exogenous stimuli, including allergic disorders, host defense against infections, malignancies, metabolic disorders, and chronic inflammatory conditions by regulating inflammatory responses (15–19). TSLP also enhances type 2 inflammation, thereby promoting allergic responses (20, 21). The monoclonal antibody-tezepelumab, specifically designed to target TSLP, received approval for the management of severe asthma in 2021 (22). In thymic tissues, human TSLP is involved in the differentiation and homeostasis of Tregs via CD11c+ dendritic cells (DCs) (23). During MC903-induced skin inflammation, the TSLP/TSLPR pathway in DCs contributes to the expansion and proliferation of local Tregs (24). Furthermore, in atopic dermatitis caused by Mi-2β deficiency, TSLP can directly act on local Tregs in the skin, promoting their proliferation and differentiation into effector Treg phenotypes (25).

MI triggers a robust inflammatory response, and the role of inflammation in heart repair and ventricular remodeling following MI has attracted significant attention (26, 27). The release of danger signals from necrotic cells activates immune pathways, triggering a strong inflammatory response that aids in the removal of necrotic cell debris and scar formation. Both excessive and insufficient inflammatory responses lead to adverse ventricular remodeling and poor cardiac repair (28).

Recently, a clinical study revealed that patients with acute MI have higher plasma TSLP concentrations than those with unstable angina (UA) (29). However, the precise role and fundamental mechanism of TSLP/TSLPR in cardiac repair and ventricular remodeling following MI remain unclear. In this study, we investigated the function of TSLP/TSLPR signaling after MI.




2 Materials and methods



2.1 Mice

Male C57BL/6J mice aged 8–12 weeks were acquired from Beijing Vital River Laboratory Animal Technology (Beijing, China). Cyagen Bioscience INC (Nanjing, China) generated TSLPR knockout (cytokine receptor life factor 2 [Crlf2]-/-) mice with a C57BL/6J genetic background. All animals were accommodated at the Animal Care Facility of Tongji Medical College, where they were provided with a standard diet and maintained at 25°C. Furthermore, they were housed in a room with a strictly controlled light-dark cycle of 12:12 h. The studies involving animals were conducted in strict compliance with the guidelines issued by the National Institutes of Health and were duly approved by the Animal Care and Utilization Committee of Huazhong University of Science and Technology in China (Institutional Animal Care and Use Committee Number: 3775).




2.2 MI model establishment

The MI model was established by permanent ligation of the left anterior descending artery (LAD), following a previously established protocol (30). Briefly, the mice were anesthetized by an intraperitoneal injection of 1% pentobarbital sodium (60 mg/kg), followed by oral intubation and subsequent connection to a ventilator designed for small animals. After removing the hair from the surgical site, the surgeon proceeded to open the chest cavity and expose the heart. Subsequently, the LAD artery was ligated using a 6-0 suture. In the sham group, mice underwent the same surgical procedures as those in the experimental group, with the exception of LAD artery ligation. Finally, the chest cavity was closed and postoperative monitoring was performed.




2.3 Western blotting

Whole hearts were harvested from the mice, and the atria were removed as previously described (31). The ventricles were washed, dried, weighed, subjected to protein lysis (Servicebio, Wuhan, China), and centrifuged (12,000 rpm for 10 min). After centrifugation, the supernatant was collected. Protein levels were measured using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). The samples were supplemented with loading buffer (Epizyme, Shanghai, China) and then boiled at 99 °C for 10 min. Using 12.5% sodium dodecyl sulfate–polyacrylamide gel electrophoresis, the proteins were separated (120 V for 1.2 h) and then transferred to a polyvinylidene difluoride membrane. The membrane was blocked using a 5% milk solution for 2 h, followed by overnight incubation at 4°C with either the anti-TSLP antibody (Abcam, Cambridge, MA, USA) at a concentration of 1 µg/mL or the anti-β-actin antibody (Proteintech, Wuhan, China) at a concentration of 0.2 µg/mL. The membranes were subsequently washed in Tris-buffered saline containing Tween 20 (TBS-T) for three cycles of 10 min each. Following this, they were incubated with horseradish peroxidase–conjugated (HRP-conjugated) secondary antibody (Proteintech, Wuhan, China) at a concentration of 0.025 µg/mL for 2 h, maintained at room temperature. They were subjected to three 10-min washes in TBS-T and then developed using an Omni-ECL™ Enhanced Pico Light Chemiluminescence Kit (Epizyme, Shanghai, China). The ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA) was used to detect and quantify the chemiluminescent signals.




2.4 Isolation of adult mouse cardiomyocytes

Cardiomyocytes were isolated from WT mice or the sham group on day 7 after MI using the Langendorff method, as previously described (32). Buffers were prepared as follows: liquid A consisted of modified Tyrode’s solution (Solarbio, Beijing, China) and EGTA tetrasodium salt (HUSHI, China); liquid B contained Tyrode’s solution (Solarbio, Beijing, China), CaCl2 (HUSHI, Shanghai, China), and glucose (HUSHI, Shanghai, China); liquid C consisted of modified Tyrode’s solution (Solarbio, Beijing, China), CaCl2 (HUSHI, Shanghai, China), collagenase, and protease (both from Worthington Biochemical Corporation, Lakewood, NJ, USA); liquid D contained modified Tyrode’s solution (Solarbio, Beijing, China) and CaCl2 (HUSHI, Shanghai, China). The perfusion system was rinsed with Tyrode’s solution and filled with liquid A after drainage. A 20-g blunt needle and 1-ml syringe (Jinta, Shanghai, China) were filled with liquid B, connected to the microscope arm, and adjusted to the best position. Mouse hearts were harvested, and the arteries and veins were quickly removed. The needle was inserted into the aorta and secured using 6-0 sutures for perfusion of the heart with liquid A. Next, the heart was fixed in a perfusion device filled with liquid C and subjected to perfusion circulation for approximately 7–10 min. The hearts were excised and digested in liquid C. The resulting cell suspensions were subsequently sieved through a 100-μm cell strainer (Biosharp, Hefei, China) and managed with liquid D to stop the digestion process. The centrifugation process was applied to the suspension at 20 x g for 2 min, subsequently discarding the supernatant. Pre-warmed cardiomyocyte medium (ScineCell, Carlsbad, CA, USA) containing CaCl2 was added to the supernatant. Finally, the cardiomyocytes obtained were extracted for further experiments.




2.5 PCR



2.5.1 Real-time quantitative PCR

Cardiomyocytes and cardiac tissues were rapidly cryopreserved in liquid nitrogen and then stored at –80°C. The TRIzol reagent (Vazyme, Nanjing, China) was used to extract total RNA. The concentration of the extracted RNA was measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The complementary DNA (cDNA) was generated using a HiScript III RT SuperMix for q (+gDNA wiper) kit (Vazyme, Nanjing, China). The gene amplification process was facilitated using a custom-designed 96-well plate, and the PCR mixture was meticulously prepared using the ChamQ SYBR Green PCR Master Mix (Vazyme, Nanjing, China). The plate was centrifuged for 1 min at 500 x g. The plate was subsequently sealed and subjected to analysis using the CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Samples were examined in duplicate, and the relative expression of target genes was standardized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) using the 2-ΔΔCT approach. The primer sequences for Tslp were as follows: TSLP-F, 5′-GGTTCTTCTCAGGAGCCTCTTCATC-3′; TSLP-R, 5′-AGGGCAGCCAGGGATAGGATTG-3′. For Gapdh, the primers employed were as follows: GAPDH-F, 5’-AGAAGGTGGTGAAGCAGGCATC-3’; GAPDH-R, 5’-CGAAGGTGGAAGAGTGGGAGTTG-3’.




2.5.2 Qualitative PCR for genotypic identification

Mouse tails were collected and assigned unique numbers, followed by DNA extraction using the TIANamp Genomic DNA kit (TIANGEN, Beijing, China). Target sequences were amplified using the PCR system, and subsequent agarose gel electrophoresis was conducted to detect DNA fragments for accurate genotype determination. The following PCR primers were used for the identification of WT and positive heterozygous mice: Crlf2-F, 5’-GCTACAGTTCTTGGGCCTCTCGTT-3’; Crlf2-R, 5’-TCACCTGTGAGTCGAGTGGCGT-3’. The PCR primers for identifying positive homozygous or heterozygous mice were as follows: Crlf2-F, 5’-CTAGCGAGTGGACAGCGGTGAC-3’; Crlf2-R, 5’-TCACCTGTGAGTCGAGTGGCGT-3.’





2.6 Histological analysis

Mouse hearts were harvested and stored overnight in 4% paraformaldehyde at 4 °C. Subsequently, the hearts were paraffin-embedded and sliced into 3-μm thick sections for further analysis. Five to six sections from the apex to the base at equal distances were obtained. On the 28th day after MI, the scar size and interstitial fibrosis were quantified using Masson’s trichrome staining (Biossci Biotechnology, Wuhan, China). Scar size was determined using the equation “(epicardial infarct ratio + endocardial infarct ratio)/2 × 100%” for each section and averaged from 5–6 sections, as previously described (33). Infarct thickness was measured at five equidistant points along the infarct scar in the papillary muscle section and then averaged. Interstitial fibrosis was measured at the papillary muscle level. To evaluate fibrosis, five random fields were selected within the border zone at 200× magnification. Using ImageJ software (National Institutes of Health, Bethesda, MD, USA), we calculated the collagen volume fraction by measuring the ratio of the blue-stained collagen area to the total tissue area (34).

For immunofluorescence staining, sections were processed according to a previously described protocol. To assess angiogenesis, one section per heart was selected and stained with anti-CD31 (eBioscience, San Diego, CA, USA). The area of CD31-positive staining was quantitated in five randomly chosen high-power fields located within the border area (35). The cross-sectional area of cardiomyocytes was measured using staining with wheat germ arginine conjugated with fluorescence (WGA-AF488) (Sigma Aldrich, St. Louis, MO, USA) (36). Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) staining was conducted using the In Situ Apoptosis Detection kit (Servicebio, Wuhan, China). Slices were stained with rabbit anti-mouse TSLP, rabbit anti-mouse CD31, rabbit anti-mouse alpha smooth muscle actin (α-SMA), rabbit anti-mouse vimentin, rabbit anti-mouse actinin (all above antibodies from Servicebio, Wuhan, China), and goat anti-rabbit secondary antibodies (Servicebio, Wuhan, China). Prior to scanning and capturing representative images with a Nikon A1Si microscope (Nikon, Tokyo, Japan), the nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (Servicebio, Wuhan, China). Microscopic images were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

For 2,3,5-triphenyl tetrazolium chloride (TTC) staining, hearts were collected on day 1 after MI and cut into 4–6 pieces. All pieces were stained with TTC solution (Servicebio, Wuhan, China) and incubated in the dark at 37°C for 30 min, followed by capture of images (Nikon, Tokyo, Japan). ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used for quantification.




2.7 Echocardiography

On day 28 post-MI, a Vivo 3100 high-resolution microimaging system (Fujifilm VisualSonics, Tokyo, Japan) was used for echocardiography. The procedure was performed by a skilled technician that was unaware of the treatment groups, ensuring unbiased and accurate assessments. Mice were anesthetized with 1.5% isoflurane, and long-axis images were acquired using the parasternal long axis (PLAX) view. In addition, three distinct levels were imaged through the parasternal short axis (PSAX) view in B-mode for comprehensive echocardiographic analysis: one near the apex of the heart (SimpAreaDist), one at the midsection near the papillary muscle level (SimpAreaMid), and one just under the base of the aorta (SimpAreaProx). At each level, the endocardial border was traced during diastole and systole. The left ventricular ejection fraction (LVEF), left ventricular end-diastolic volume (LVEDV), and left ventricular end-systolic volume (LVESV) were calculated from the digital images using a previously described standardized formula (37). The heart rate during echocardiography was maintained between 400 and 600 bp/min.




2.8 Flow cytometry

The spleen, peripheral blood, mediastinal lymph nodes (MLNs), and heart were collected from mice under both healthy and post-MI conditions. The spleens and MLNs were surgically removed, homogenized, and subsequently passed a 70-μm cell strainer (Biosharp, Hefei, China). Using Red Blood Cell Lysis Buffer (Solarbio, Beijing, China), we processed peripheral blood samples to isolate purified leukocytes for subsequent analysis. The hearts were minced and digested in a 0.1% solution of collagenase B (Roche, Basel, Switzerland), as previously described (34). The single cell suspensions were gathered and prepared through the use of a 40-μm cell strainer for filtering (Biosharp, Hefei, China), followed by purification of the leukocyte-enriched fractions using a 37/70% Percoll gradient (Sigma-Aldrich, St. Louis, MO, USA) (31).

TSLPR expression was determined on immune cells in the heart and spleen on day 7 after MI. DCs, neutrophils, and monocytes/macrophages were stained with BV510 FVD (BD Biosciences, San Jose, CA, USA) and FITC anti-CD45, PE/Cy7 anti-CD11b, APC-Cy7 anti-Ly6G, PE-Cy5.5 anti-CD11c, PE anti-major histocompatibility complex (MHC)-II, and APC anti-TSLPR (all from BioLegend, San Diego, CA, USA) at 4°C in the dark. CD4+T cells and Treg cells were stained with BV510 FVD, FITC anti-CD45, PE/Cy7 anti-CD4, and APC anti-TSLPR (all from BioLegend, San Diego, CA, USA) at 4°C in the dark. After washing, the cells were fixed and permeabilized using Foxp3/Transcription Factor Fixation/Permeabilization Concentrate and Diluent solution, along with Permeabilization buffer (10X) (both from Thermo Fisher Scientific, Waltham, MA, USA), followed by staining with PE anti-Foxp3 antibodies (eBioscience, San Diego, CA, USA).

To quantify the cardiac-infiltrating lymphocytes on day 3 and day 7 after MI, the collected cells were stained with BV510 FVD (BD Biosciences, San Jose, CA, USA), FITC anti-CD45, PE/Cy7 anti-CD4, PE anti-CD19, and Percp-Cy5.5 NK1.1 (all from BioLegend, San Diego, CA, USA) for 30 min in the dark at 4 °C. Next, the cells were washed thoroughly and stained with PE anti-forkhead box P3 (Foxp3) (eBioscience, San Diego, CA, USA) before being fixed and permeabilized using Foxp3/Transcription Factor Fixation/Permeabilization Concentrate and Diluent solution and Permeabilization buffer (10X) (both from Thermo Fisher Scientific, Waltham, MA, USA).

To quantify cardiac-infiltrating myeloid cells on day 3 and day 7 after MI, the cells were labeled with BV510 FVD (BD Biosciences, San Jose, CA, USA), FITC anti-CD45, PE/Cy7 anti-CD11b, APC anti-Ly6G, PE anti-F4/80, BV421 anti-Ly6C, PE anti- MHC-II, and Percp-Cy5.5 anti-CD11c (all from BioLegend, San Diego, CA, USA).

To quantify the abundance of immune cells under physiological conditions in the spleen, MLNs, and peripheral blood, the collected cells were labeled with FITC anti-CD45, PE/Cy7 anti-CD11b, APC anti-Ly6G, PE anti-CD19, APC-Cy7 anti-CD3, and Percp-Cy5.5 anti-NK1.1 (all from BioLegend, San Diego, CA, USA).

To assess the activation of T cells on day 7 after MI, cells from the heart, spleen, and MLNs were stained with BV510 FVD (BD Biosciences, San Jose, CA, USA) and FITC anti-CD45, PE/Cy7 anti-CD4, and APC anti-CD69 (all from BioLegend, San Diego, CA, USA) at 4°C in the dark. After thorough washing, the cells were fixed and permeabilized using Foxp3/Transcription Factor Fixation/Permeabilization Concentrate and Diluent solution, along with Permeabilization buffer (10X) (both from Thermo Fisher Scientific, Waltham, MA, USA), ensuring effective staining and analysis of the target antigens. Subsequently, the cells were stained with PE anti-Foxp3 and APC anti-Ki67 antibodies (eBioscience, San Diego, CA, USA).

Flow cytometry was conducted using a BD LSRFortessa X-20 instrument (BD Biosciences, San Jose, CA, USA). FlowJo (Version 10.4, TreeStar, Ashland, OR, USA) was used for data analysis.




2.9 RNA sequencing

Infarcted hearts from WT and Crlf2-/- mice were quickly collected on day 7 post-MI. RNA was extracted as described in Section 2.5.1, following which 1% agarose gel electrophoresis was employed to evaluate potential contamination and degradation of the samples. Quantification and qualification of RNA were performed using the RNA Nano 6000 Assay Kit (Agilent, USA) on the analyzer 2100 system (Agilent Technologies, CA, USA). mRNA was isolated from the RNA mixture using poly-T oligo-attached magnetic beads (Thermo Fisher Scientific, Waltham, MA, USA), a technique that efficiently captures and purifies mRNA molecules, ensuring their purity for downstream applications. Subsequently, cDNA synthesis was performed, and the resulting product underwent selective purification using the AMPure XP system (Beckman Coulter, Miami, FL, USA). This purification step was crucial in obtaining cDNA fragments with lengths ranging from 370 to 420 base pairs, ensuring the accuracy and reliability of downstream analysis. The quality of the library was assessed using a Qubit2.0 Fluorometer (Life technologies corporation, Gaithersburg, MD, USA), and the insert size was determined using an Agilent 2100 analyzer (Agilent Technologies, CA, USA). The Illumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA) was used to sequence the library preparations, resulting in 125 bp/150 bp paired-end reads.

Processed raw data using FASTP software (v0.19.4, HaploX, Shenzhen, China) to ensure clean, high-quality data with determined Q20, Q30, and GC content for further analysis. Using Hisat2 (version 2.0.5, JHU, Baltimore, MD, USA), the reference genome was indexed to facilitate alignment. Subsequently, the paired-end clean reads were precisely mapped to the indexed reference genome. To quantify the levels of gene expression, we employed the featureCounts tool (version 1.5.0-p3). The Fragments Per Kilobase of the exon model per Million mapped reads (FPKM) for each gene was calculated, considering exon length and the number of successfully mapped reads, offering a normalized measure of gene expression, factoring in gene size and sequencing depth.

Using the DESeq2 R package (v1.20.0), we performed differential expression analysis. To enhance accuracy and reduce false positives, we adjusted the P-values using the Benjamini-Hochberg method. The threshold for significant differential expression was set at Padj ≤ 0.05 and |log2(foldchange)| ≥ 0.5. The ggplot2 R package (version 3.0.3) was used to conduct principal component analysis (PCA) and correlation analysis between WT and Crlf2-/- mice, while the VennDiagram R package was employed to generate the Venn diagram. The clusterProfiler R package (version 3.8.1) was used to perform Gene Ontology (GO) enrichment analysis on differentially expressed genes (DEGs) and to assess the statistical enrichment of genes exhibiting differential expression within Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.




2.10 Statistical analysis

The data are presented as mean ± standard error of the mean (SEM). Kolmogorov-Smirnov test with Lilliefors correction assessed data normality, whereas the F test evaluated variance equality. Unpaired Student’s t-test was used for normally distributed data, and Mann–Whitney U test for non-normal data. One-way ANOVA and two-way ANOVA with Tukey’s post hoc test analyzed multiple group differences. Kaplan–Meier method plotted survival curves, followed by the log-rank test for comparison. Significance was set at 2-tailed P < 0.05. All statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Prism, San Diego, CA, USA).





3 Results



3.1 TSLP expression is elevated in the infarcted heart following MI

To investigate the potential involvement of TSLP in cardiac remodeling, we examined its expression in the heart. Compared with the sham-operated group, TSLP expression in the cardiac tissue of MI mice significantly increased, peaking on day 7 and gradually decreasing by day 14, yet remaining elevated until day 28 (Figures 1A–C, Supplementary Figure S1). TSLP has been reported to be highly expressed by epithelial cells, particularly in the airway epithelium (38, 39). The main parenchymal cells in cardiac tissue consist of cardiomyocytes, fibroblasts, endothelial cells, and smooth muscle cells. We observed the highest levels of TSLP expression in cardiomyocytes located in the infarct border zone on day 7 after MI (Figures 1D, E). Additionally, TSLPR is known to be broadly expressed in immune cells, including mast cells, myeloid lineage cells, and lymphocytes (40, 41). Therefore, we investigated TSLPR expression in various types of immune cells in infarcted hearts and spleen on day 7 after MI, then found that the highest expression of TSLPR occurred in DCs, followed by T cells (Figures 1F, G, Supplementary Figure S2).




Figure 1 | Thymic stromal lymphopoietin (TSLP) levels are elevated in cardiac tissues following myocardial infarction (MI). (A) MI was induced in C57/B6J mice in vivo and western blotting analysis of TSLP expression in heart tissues was performed on day 7 later, using β-actin as a loading control; each lane represents an independent mouse heart (n = 5 per group). (B) Tlsp mRNA levels in the heart tissues of mice on day 7 post-MI. Transcripts were normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (n = 7 per group). (C) A representative western blotting analysis was conducted to assess TSLP expression in mouse cardiac tissues at baseline (BL) and day 1, day 7, day 14, and day 28 post-MI (n =5–8 per group). (D) Tslp mRNA expression was evaluated in myocardial cells isolated using the Langendorff perfusion system from mice in both the MI and sham groups on day 7 post-surgery (n = 7 per group). (E) TSLP representative immunofluorescence staining in myocardial tissues of mice on day 7 post-MI: TSLP (red), α-actinin (green, upper left images), CD31 (green, upper right images), alpha smooth muscle actin (α-SMA; green, bottom left images), and vimentin (green, bottom right images). The sections were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) to visualize nuclei (blue; scale bar: 50 μm) (n = 5 per group). (F, G) Surface expression of TSLP receptor (TSLPR) on CD4+ T cells, T regulatory (Treg) cells, dendritic cells, neutrophils and monocytes/macrophages (Mono/Macro) in the spleen and heart on day 7 post-MI (n = 4–9 per group). Mann–Whitney U test was used to analyze the data in (A, B, D), whereas the data in (C, F, G) were analyzed using one-way ANOVA, followed by Tukey’s multiple comparisons test. *P< 0.05 compared with BL; #P< 0.05 compared with 1D.






3.2 The absence of TSLP/TSLPR signaling leads to reduced survival and worsened cardiac function

To investigate the functional significance of TSLP in MI, we utilized targeted gene knockout TSLPR (Crlf2-/-) mice (Supplementary Figure S3A). Compared with WT mice, Crlf2-/- mice showed significantly reduced survival on day 28 post-MI (Figure 2A). In addition, the absence of TSLP/TSLPR signaling negatively impacted post-MI cardiac function, as evidenced by decreased LVEF and increased LVESV and LVEDV in Crlf2-/- mice compared with in WT mice on day 28 after MI (Figures 2B–E). Consistent with these findings, Crlf2-/- mice showed significantly higher heart weight (HW) and lung weight (LW) to body weight (BW) ratios than WT mice on day 28 after MI (Figures 2F, G).




Figure 2 | The absence of the thymic stromal lymphopoietin (TSLP)/TSLP receptor (TSLPR) signaling pathway exacerbates cardiac injury and decreases cardiac function in mice after MI. (A) Survival analysis of wild-type (WT)-MI mice (n = 48) and TSLPR KO (cytokine receptor like factor 2 [Crlf2]-/-)-MI mice (n = 52) up to 28 days following MI. (B) Representative B-mode echocardiographic images taken at 28 days post-surgery in each experimental group depicting both systolic and diastolic periods. The images include the parasternal long axis and the three parasternal short axes views from left to right. (C–E) Analysis of left ventricular ejection fraction (LVEF, %), left ventricular end-systolic volume (LVESV; μL), and left ventricular end-diastolic (LVEDV; μL) at baseline and on day 28 after MI (n = 7–17 per group). (F, G) Heart weight (HW) and lung weight (LW) were normalized to body weight (BW) after MI (n = 10 per group). Data are presented as the mean ± SEM. Survival rates were estimated using the Kaplan-Meier method and compared using log-rank tests. The data in (C–G) were analyzed using unpaired t-test.






3.3 The absence of TSLP/TSLPR signaling results in adverse ventricular remodeling

Myocardial remodeling, which refers to pathological alterations in the structure or function of the heart, has significant prognostic implications for MI (42, 43). Therefore, we investigated the potential effect of TSLP/TSLPR deficiency on cardiac repair and ventricular remodeling. Our findings indicate that, while there were no significant differences in infarct size between WT and Crlf2-/- mice at 1 day after MI, Crlf2-/- mice exhibited a larger and thinner infarct scar at 28 days post-MI (Figures 3A–C, Supplementary Figures S3B, C). Furthermore, compared with WT mice, Crlf2-/- mice exhibited increased interstitial fibrosis (Figures 3D, E) and reduced CD31+ staining (Figures 3F, G) in the peri-infarct region, and increased cross-sectional area of cardiomyocytes (Figures 3H, I) in the remote region. Nevertheless, no statistically significant difference in the proportion of TUNEL+ cardiomyocytes within the border area of the infarction was observed between the two groups (Supplementary Figures S3D, E).




Figure 3 | The absence of the thymic stromal lymphopoietin (TSLP)/TSLP receptor (TSLPR) signaling pathway aggravates ventricular remodeling following myocardium infarction (MI) in mice. (A) Heart sections were stained with Masson’s trichrome to obtain representative images (scale bar: 2 mm). (B, C) Quantitative analyses of infarct size and scar thickness on day 28 post-MI (n = 10 per group). (D, E) Representative images showing collagen volume (blue) in the border zone and quantification of the collagen volume fraction (CVF) per high-power field after Masson’s trichrome staining on day 28 post-MI (scale bar: 100 μm) (n=8 per group). (F, G) Representative images showing CD31+ staining in the peri-infarct region on day 7 post-MI (scale bar: 20 μm) and quantification of the CD31+ area (n = 10 per group). (H, I) Representative images showing WGA staining in the remote region on 28 days post- MI (scale bar: 20 μm) and quantification of the average myocardial area (n = 8–9 per group). Data are presented as the mean ± SEM. The Mann–Whitney U test was utilized to analyze the data in (B, E), while unpaired t-test was employed for statistical analysis in (C, G, I).






3.4 TSLP regulates the infiltration of immune cells into the infarcted heart

Previous research has established that MI triggers the infiltration of diverse innate and adaptive immune cells into cardiac tissue (44, 45). Given the pivotal role of TSLP in regulating inflammatory responses, we examined the effects of TSLPR deficiency on MI-induced inflammatory responses. We found no significant difference in the number of immune cell subsets between WT and Crlf2-/- mice in the spleen, MLNs, and blood at baseline (Supplementary Figure S4). After MI, Crlf2-/- mice had a significantly higher total number of heart-infiltrated CD45+ cells than WT mice. The gating strategies are illustrated in (Figures 4A-C. Infiltration of myeloid cell subsets (Figure 5A), including neutrophils, monocytes and macrophages, increased significantly, while DC cells decreased. Furthermore, Crlf2-/- mice showed a higher Ly6Chi/Ly6Clow monocyte ratio in the infarcted hearts (Figures 4D–K). In lymphocyte subsets (Figure 5A), a significant decrease in the number of Treg cells and a reduction in the Treg/Tconv ratio were observed post-MI in Crlf2-/- mice (Figures 5B–E). However, there was no alteration in the numbers of B and NK cells (Supplementary Figures S5B, C).




Figure 4 | The absence of the thymic stromal lymphopoietin (TSLP)/TSLP receptor (TSLPR) signaling pathway facilitates the infiltration of myeloid cells into cardiac tissue following myocardium infarction (MI). (A–C) The gating strategies employed in identifying CD45+FVD- total CD45+ cells, CD45+FVD-CD11b+Ly6G+ neutrophils, CD45+FVD-CD11b+Ly6G- monocytes/macrophages (Mono/Macro), CD45+FVD-CD11b+Ly6G-Ly6Clow monocytes, CD45+FVD-CD11b+Ly6G-Ly6Chi monocytes, CD45+FVD-CD11b+Ly6G-F4/80+ macrophages, and CD45+FVD-CD11c+MHC II+ dendritic cells in the heart. (D–K) Absolute numbers of the above cells per gram of cardiac tissue and the Ly6Chi/Ly6Clow monocyte ratio were determined on day 3 and day 7 post-MI (n = 6–9 per group). Data are presented as the mean ± SEM and unpaired t-test was used to analyze in data (D–K).






Figure 5 | The absence of the thymic stromal lymphopoietin (TSLP)/TSLP receptor (TSLPR) signaling pathway impairs T regulatory (Treg) cells infiltration in cardiac tissue post-MI. (A) The gating strategies employed in identifying infiltrated CD45+FVD-CD4+T cells, CD45+FVD-CD4+Foxp3+ Treg cells, and CD45+FVD-CD4+Foxp3- conventional T (Tconv) cells in the heart. (B–E) Absolute cell counts per gram of cardiac tissue and the Treg/Tconv cell ratio were determined on day 3 and day 7 post-MI (n = 5–9 per group). Data are presented as the mean ± SEM and were analyzed using unpaired t-test in (B–E).






3.5 TSLP regulates the activation and proliferation of CD4+ T cells

We delved into the regulation of CD4+ T cells by TSLP/TSLPR signaling. CD69 is considered an early activation marker and Ki67 is considered a late activation and proliferation marker of T cells. At baseline, the absence of TSLP/TSLPR signaling had no effect on the expression of CD69 on lymphoid or splenic CD4+ T cells, Treg cells, and Tconv cells. After MI, the expression of CD69 on these cells increased significantly. In Crlf2-/- mice, the induction of CD69 by MI was completely abolished in Treg cells and partially abolished in CD4+ T cells and Tconv cells of MLNs and spleens. Furthermore, the expression of CD69 on cardiac CD4+ T cells, Treg cells, and Tconv cells were reduced in Crlf2-/- mice after MI (Figure 6).




Figure 6 | The absence of the thymic stromal lymphopoietin (TSLP)/TSLP receptor (TSLPR) signaling pathway inhibits the early activation of CD4+T cells and their subsets in the mediastinal lymph nodes (MLNs), spleen and heart post-MI. (A) The gating strategies employed in identifying CD45+FVD-CD4+T cells, CD45+FVD-CD4+Foxp3+ regulatory T (Treg) cells, and CD45+FVD-CD4+Foxp3- conventional T (Tconv) cells in the heart. (B–E) The expression of CD69 on CD4+ T cells, Treg cells and Tconv cells in the MLNs and spleen at baseline (BL) and on day 7 post-MI (n = 6 per group), as well as in the heart on day 7 post-MI (n = 6–7 per group) was analyzed. Data are expressed as the mean ± SEM. Data in (C, D) were analyzed using two-way ANOVA, followed by Tukey’s multiple comparisons test, while unpaired t-test was used to analyze data in (E).



At baseline, the absence of TSLP/TSLPR signaling significantly reduced the expression of Ki67 on splenic CD4+ T cells, Treg cells, and Tconv cells, but not on MLNs. After MI, the expression of Ki67 on splenic CD4+ T cells, Treg cells, and Tconv cells, as well as on lymphoid Treg cells, increased significantly. In Crlf2-/- mice, the induction of Ki67 by MI was completely abolished in lymphoid Treg cells and partially abolished in splenic CD4+ T cells, Treg cells and Tconv cells. Furthermore, the expression of Ki67 on cardiac CD4+ T cells, Treg cells, and Tconv cells was reduced in Crlf2-/- mice after MI (Figure 7). Taken together, TSLP regulated CD4+ T cells activation and proliferation at baseline and after MI, with a greater impact on Treg cells than Tconv cells.




Figure 7 | The absence of the thymic stromal lymphopoietin (TSLP)/TSLP receptor (TSLPR) signaling pathway inhibits the late activation and proliferation of CD4+T cells and their subsets in the mediastinal lymph nodes (MLNs), spleen and heart post-MI. (A) The gating strategies employed in identifying CD45+FVD-CD4+T cells, CD45+FVD-CD4+Foxp3+ regulatory T (Treg) cells, and CD45+FVD-CD4+Foxp3- conventional T (Tconv) cells in the heart. (B–E) The expression of Ki67 in CD4+ T cells, Treg cells and Tconv cells in the MLNs and spleen at baseline (BL) and on day 7 post-MI (n = 6 per group), as well as in the heart on day 7 post-MI (n = 5–7 per group) was analyzed. Data are expressed as the mean ± SEM. Data in (C, D) were analyzed using two-way ANOVA, followed by Tukey’s multiple comparisons test, while unpaired t-test was used to analyze data in (E).



To gain deeper insights, we collected the peri-infarcted and infarcted heart tissues from WT and Crfl2-/- mice on day 7 post-MI for RNA sequencing analysis (Figure 8A). The PCA analysis and co-expressed genes in WT and Crlf2-/- mice are presented in Figures 8B, C, while the correlation analysis is depicted in Supplementary Figure S6A. A comprehensive analysis revealed 172 DEGs with significance thresholds of an adjusted P value ≤ 0.05 and |log2(foldchange)| ≥ |0.5|. Notably, 92 of these genes were upregulated in Crlf2-/- mice compared with their WT counterparts, while 80 were downregulated, highlighting the distinct transcriptional profiles between the two groups (Figure 8D). GO and KEGG pathway analyses of downregulated genes revealed a reduction in T cell activation and TCR signaling in the infarcted hearts of Crlf2-/-mice (Figures 8E, F). Specifically, key genes involved in both T-cell activation and TCR signaling, including Lck, Cd6, Icos, Hsph1, Cd3e, Ccl5, H2-Aa and Zbtb16, were downregulated in Crlf2-/- mice (Figures 8G, H). GO and KEGG analyses of the upregulated genes in the infarcted heart of Crlf2-/-mice were presented in Supplementary Figures S6B, C.




Figure 8 | Bulk RNA sequencing was performed on heart tissues from mice subjected to left anterior descending artery (LAD) ligation. (A) Experimental design: on day 7 post-MI, the peri-infarcted and infarcted heart tissues were collected from wild-type (WT) and cytokine receptor like factor 2 (Crlf2)-/- mice (n = 3 per group). (B) Principal component analysis (PCA) was conducted on the two groups. (C) Venn diagram representation of the sum of co-expressed genes in WT and Crlf2-/- mice. (D) A volcano plot displaying differentially expressed up- and down-regulated genes between WT and Crlf2-/- mice. (E, F) Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of downregulated genes. (G, H) Heat maps illustrating the gene expression patterns associated with T-cell activation in GO enrichment and with TCR signaling pathway in KEGG pathway analysis.






Figure 9 | TSLP regulates immune cell response and facilitates cardiac repair after MI. TSLP expression is increased in infarcted hearts and originates primarily from cardiomyocytes in the infarct border zone. Compared to WT mice, Crlf2-/- mice exhibited reduced survival rates, impaired cardiac function, and increased adverse ventricular remodeling after MI. Meanwhile, the absence of TSLP-TLSPR signaling results in decreased CD4+ T-cell activation and proliferation, reduced Treg cell number and a lower Treg/Tconv ratio, but increased myeloid cell infiltration and a higher Ly6Chigh/Ly6Clow monocyte ratio.







4 Discussion

TSLP is a cytokine that responds to external and internal danger signals and occupies a pivotal position at the forefront of the inflammatory cascade (46). Its biological functions are pleiotropic, encompassing roles in the development, differentiation, and maintenance of immune homeostasis. In addition, TSLP contributes to the occurrence and development of various types of diseases, such as asthma, variant dermatitis, inflammatory bowel disease, and breast cancer (47–49). Despite its wide-ranging effects, the impact of TSLP on ventricular remodeling after MI has not been fully explored. In our study, we identified that TSLP was upregulated after MI. Utilizing Crlf2-/- mice, which lack TSLP/TSLPR signaling in vivo, we found that TSLP regulated CD4+ T cell activation and proliferation with a greater impact on Treg cells than on conventional T cells, thereby playing an essential role in post-MI cardiac repair.

TSLP is predominantly expressed by epithelial cells and keratinocytes (50), specifically including the epithelial cells of Hassall bodies in the human thymus (23). In pathological states, additional cell types such as mast cells, fibroblasts, dendritic cells, trophoblasts, and hepatocytes secrete TSLP (51–55). In our study, TSLP was primarily produced by myocardial cells located in the infarct border zone of mice, reaching a significant elevation on day 7 post-infarction. Recent investigations have shown that patients with acute MI exhibit higher plasma TSLP levels than those with unstable angina (29), suggesting that TSLP may trigger cardiac-specific responses in mice through autocrine or paracrine mechanisms, and systemic inflammatory responses in humans through an endocrine mechanism. Numerous effector cytokines, such as IL-1β, IL-6, and IL-10 (56) are involved in the healing process after MI, exerting direct or indirect effects. Similarly, these cytokines can induce, enhance, or inhibit TSLP production. For example, IL-1β and tumor necrosis factor-α activate nuclear factor kappa B in human airway epithelial cells, leading to TSLP production (57). Nevertheless, how MI increases TSLP secretion by myocardial cells remains unclear.

TSLP, through a heterodimer receptor consisting of TSLPR and IL-7Rα, sequentially activates intracellular Janus kinase 1/2 and signal transducer and activator of transcription 5, ultimately promoting the transcription of target genes, including those encoding IL-4/IL-13 (58). TSLPR, as a unique functional receptor of TSLP, is expressed across a range of immune cells, such as DCs, monocytes/macrophages, basophils/eosinophils, CD4+ T cells, CD8+ T cells, NK cells, and mast cells (52, 57, 59–62). Moreover, certain parenchymal cells, like human airway smooth muscle cells and tracheal fibroblasts, not only secrete TSLP but also express TSLPR, potentially amplifying the effects of TSLP (53, 63). TSLPR expression varies across different cell subpopulations and organs, with distinct expression patterns even within a single cell group depending on their resting or activated state (64). Our research revealed that after MI, TSLPR is predominantly expressed on the surface of DCs, CD4+T cells, and Treg cells in the myocardium. This suggests that TSLP may regulate post-infarction inflammatory responses by acting on these immune cells via paracrine or endocrine mechanisms.

Our study focused on the impact of the TSLP/TSLPR signaling pathway on the local infiltration of immune cells after MI. Consistent with previous reports (65), our findings indicated that the absence of TSLP/TSLPR signaling had no effect on the number of lymphocytes in mice at baseline levels. Following MI, neutrophils are initially recruited and reach their peak within 1-3 days; pro-inflammatory Ly6Chi monocytes exhibit a peak on day 3, while, anti-inflammatory Ly6Clow monocytes (66), along with T and B lymphocytes show their peak on day 7 (67). Based on this observation, we investigated the impact of TSLP on immune cell infiltration in the infarcted heart on both day 3 and day 7 after MI.

Compared with WT mice, changes in the infiltration of various immune cells in the hearts of Crlf2-/- mice mainly occurred on day 7 post-MI, coinciding with a local increase in TSLP levels in the heart. In previous studies, the main immune cell subset responsive to TSLP was bone marrow-derived DCs. TSLP-activated CD11c+ DCs are crucial for maintaining CD4+ T cell homeostasis. Triggering the self-peptide MHC can induce the proliferation of immature CD4+ T cells, producing polyclonal T cells with a central memory phenotype and function (68). In the context of allergic diseases like asthma or atopic dermatitis, TSLP secreted by epithelial cells stimulates DCs in an antigen-specific manner, increasing the expression of surface co-stimulatory molecules such as CD80 and CD86, and inducing inflammatory helper T (Th)-2 cell polarization through OX40/OX40L interaction with immature CD4+ T cells, secreting cytokines such as IL-4 and IL-13. In addition, TSLP is involved in the maintenance and polarization of chronic Th2 inflammation and CRTH2+ Th2 effector memory cells (69, 70). DCs can also generate TSLP under certain conditions, forming a positive feedback loop (71). Some studies have also shown that during the adaptive immune process, TSLP can directly bind to TSLPR on CD4+ T cells in the mouse spleen and lymph nodes, thereby inducing and amplifying Th2 type inflammation (72–74).

In a series of studies, DCs have been observed to improve myocardial remodeling and cardiac function after MI by regulating the polarization of Treg cells. This type of DC possesses a certain degree of tolerance, characterized by low expression of CD40 and the costimulatory molecules CD80 and CD86 (75, 76). Meanwhile, day 7 post-MI is the peak of lymphocyte infiltration, and CD4+T cells consist primarily of two functionally opposing subgroups: pro-inflammatory Th1 cells that produce interferon-γ and Treg cells that support cardiac healing. Our research findings indicate a decline in the number of Treg cells on day 7 post-MI, further emphasizing the pivotal role of Treg cells in cardiac healing. Further investigation is needed to determine whether reduced DCs number is involved in the reduction of cardiac infiltrating Treg cells.

Treg cells not only facilitate cardiac healing by secreting IL-10, TGF-β, insulin-like growth factor 2, etc., but also suppress the pro-inflammatory differentiation of monocytes following MI, resulting in the downregulation of pro-inflammatory genes such as IFN-γ expression (77, 78). Previous studies have reported that in viral myocarditis, adoptive transfer of Treg cells can protect the heart from inflammatory damage and fibrosis by modulating the balance between Ly6Chigh and Ly6Clow monocytes (79). Our results suggest a disruption of the balance between Ly6Chi and Ly6Clow monocytes in Crlf2-/- mice after MI. Nevertheless, the mechanism by which TSLP mediates its effects on monocytes, either directly or indirectly via Treg cells, has not been elucidated.

According to some research reports, the activation and proliferation of CD4+ T cells induced by MI facilitate collagen deposition, which is crucial for preventing heart rupture and promoting wound healing (80). Nevertheless, the continuous activation of CD4+ T cells and excessive expansion of dysfunctional Treg cells also increase the risk of residual inflammation, aggravating adverse ventricular remodeling in chronic ischemic heart failure (81, 82). Our results suggest that TSLP/TSLPR signaling plays a significant role in the expansion and activation of CD4+ T cells including Treg cells and Tconv cells after MI, with a greater impact on Treg cells than Tconv cells. Consistent with these findings, RNA sequencing analysis of cardiac tissue from both groups of mice at day 7 post-MI suggested that the downregulated genes in the Crlf2-/- mice were primarily associated with T cell activation and the TCR signaling pathway.

In summary, our investigation underscores the cardioprotective effects of TSLP in modulating CD4+ T-cell response after MI, deepening our understanding of its role in cardiac repair. Our findings suggest that TSLP may play a pivotal immunomodulatory role in post-MI heart failure, hinting at its potential as a therapeutic option for patients.
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