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Editorial on the Research Topic 


Innate Immunity in Kidney Injury, Repair and Fibrosis


Innate immunity, a vital system in animals and humans, is precisely regulated, in which a balance between offensive and defensive actions maintains its homeostasis. The innate immunity is orchestrated by immune cells, cytokines and complement under physiological and pathological conditions. The activity of innate immune cells including dendritic cells (DC), neutrophils, macrophages, and tubular epithelial cells (TEC) and endothelial cells (EC) dominates innate immune responses. These innate immune cells not only participate in the occurrence of injury and inflammation, but also play beneficial roles in post-injury repair. Over-reactive and persistent immune-inflammatory responses result in further injury, mal-repair and fibrosis. On the other hand, the timely clearing damaged cells including apoptotic and necrotic cells, often executed by phagocytes including neutrophils, macrophages and TEC, is beneficial (1). Disclosing the complicated mechanisms of renal injury and repair, and the sophisticated actions of innate immunity will facilitate the strategy of limiting inflammation, promoting repair, and preventing fibrosis in both native and transplant kidneys.

Acute kidney injury (AKI) is a life-threatening disease, which affects 10%-15% hospitalized patients and 50% intensive care patients without effective early diagnosis and cause-specific treatment worldwide. AKI also predisposes to chronic kidney disease (CKD) that unavoidably develops to end stage renal disease, with 2 million patients dying each year worldwide due to a shortage of donor kidneys for transplant (2–4). Leading causes of AKI include ischemia-reperfusion (IR) and increased usage of nephrotoxic drugs, in which TEC and EC are the most vulnerable cells and important innate immune cells that regulate injury, repair and potential fibrosis (5). It is imperative to develop cause-specific interventions that will benefit patients clinically, healthcare organizations financially and socioeconomic structures globally. Macrophages are central in the pathogenesis of kidney diseases, and also have therapeutic potential in limiting tissue injury and preventing fibrosis. The infiltration of macrophages, a major subset of innate immune cells, is a common feature after renal IR injury. The infiltrating macrophages can polarize into two distinct types: classically activated M1 macrophages, which not only inhibit infection, but also accelerate renal injury, while alternatively activated M2 macrophages, a repair phenotype, promote wound healing and subsequent fibrosis Xie et al. TSC1 is a negative regulator of the mammalian target of rapamycin (mTOR) signaling that regulates macrophage polarization in inflammation associated diseases. Hu et al. found that myeloid cell-specific TSC1 knockout mice had more severe functional and histological damage in the kidney than wild type (WT) mice during the early phase of IR injury with upregulated most M1 macrophage-related genes, but showed attenuated renal fibrosis during the repair phase with decreased M2 macrophage markers. These findings were confirmed in hypoxia-reoxygenation in vitro model. Therefore, TSC1 in macrophages contributes to the whole process of IR injury, serving as an inflammation suppressor during the early injury phase, but a fibrosis promoter over the repair. Liang et al. also reported that macrophages are main infiltrating cells in the kidney of lupus nephritis. PD-1 ligands (PD-Ls) are beneficial by contributing to M2 macrophage polarization and immunosuppression. Total glucosides of paeony (TGP) significantly decreased urinary protein and improved renal function, reducing serum anti-ds-DNA and ameliorating renal immunopathology in lupus nephritis murine model. TGP increased the frequency of splenic and peritoneal M2-like macrophages. TGP may be a potent drug to treat lupus nephritis by IL-4/STAT6/PD-L2 signaling pathway to induce M2-like macrophages. Liu et al. using C57BLKS/6J Lep db/db mice and a high glucose-induced bone marrow-derived macrophage polarization system showed that hyperoside (HPS), an active flavonoid glycoside in the Chinese herbal medicine Tu-Si-Zi, markedly reduced diabetes-induced albuminuria and glomerular mesangial matrix expansion, with a significant improvement of fasting blood glucose level, hyperlipidaemia and body weight. The pretreatment of HPS effectively regulated macrophage polarization by shifting M1 to M2 phenotype, resulting in the inhibition of M1 macrophage infiltration, reducing pre-inflammatory mediators including MCP-1, TNF-α and iNOS, and increasing anti-inflammatory cytokine Arg-1 and CD163/CD206. HPS also promoting CD4+ T cell differentiation into Th2 and Treg populations. Wen et al. reviewed recent studies and highlighted that kidney macrophages are notably heterogeneous immune cells that fulfil opposing functions in terms of clearing deposited pathogens, maintaining immune tolerance, initiating and regulating inflammatory responses, and degrading the extracellular matrix, or promoting kidney fibrosis. Macrophage origins can partially explain macrophage heterogeneity in the kidneys. Circulating Ly6C+ monocytes are recruited to inflammatory sites by chemokines, while self-renewed kidney resident macrophages contribute to kidney repair and fibrosis. Mechanisms underlying kidney macrophage heterogeneity may help develop macrophage-targeted therapies for kidney diseases. Saisorn et al. postulated that IR might be exacerbate lupus activity through neutrophil extracellular traps (NETs) and apoptosis. They performed renal IR injury in Fc gamma receptor 2b deficient (Fcgr2b-/-) lupus mice. At 24 h IR injury, NETs in peripheral blood neutrophils and in kidneys, and apoptosis in kidneys were more prominent in Fcgr2b-/- mice compared to WT. After 120 h renal IR injury, renal NETs were non-detectable, whereas glomerular immunoglobulin deposition and serum anti-dsDNA were increased in Fcgr2b-/- mice, implying that raised NETs at the early stage of IR injury have long-term impact on exacerbating lupus nephritis. Moreover, acute or chronic kidney diseases often cause micronutrient deficiency including reduced folate, an essential B vitamin, in which reabsorption of folate by TEC is important. Yang et al. reported that low plasma folate in rats subjected to kidney IR injury, which were inversely correlated to plasma creatinine, with decreased expression of folate transporters. Inhibiting folate transporter in human TEC reduced intracellular folate. These results suggest that IR injury downregulates folate transporters and folate uptake by TEC, and leads to low folate in the circulation.

Innate immunity plays multiple roles in kidney repair. Properdin, a positive regulator of complement alternative pathway, participates in renal IR injury, and also acts as a pattern-recognition molecule facilitating the phagocytic clearance of damaged cells. Wu et al. revealed that properdin knockout (PKO) mice exhibited greater injury than WT mice post 72-h IR, with more apoptotic cells and macrophages in tubule luminal areas, and further raised EPOR. Properdin siRNA reduced properdin expression in H2O2 treated TEC, but raised apoptosis. The phagocytic ability of WT TEC was promoted by H2O2, but inhibited by PKO, while only locally produced properdin plays crucial roles in opsonizing damaged cells and regulating TEC phagocytosis. Moreover, major causes of AKI including IR, not only induce injury, but also initiate self-defense system to limit injury and promote repair. One of these innate immune responses is to produce erythropoietin (EPO) that simultaneously triggers its homodimer receptor (EPOR)2 and heterodimer EPOR/β common receptor (EPOR/βcR), also called innate repair receptor (6). EPOR/βcR is expressed in several cell types including TEC at low level, but is swiftly upregulated and also translocated to cellular membrane under stress such as IR injury. EPOR/βcR mediates anti-apoptosis, anti-inflammation, pro-regeneration, and remodeling in AKI via different signaling pathways including PI3K/Akt, STAT3 and MAPK. Wu and Yang also reviewed the biological functions and mechanistic signaling pathways of these receptors in AKI, and discuss its potential clinical applications as a biomarker for early diagnosis, predicting prognosis, and guiding cell target drug delivery. AKI requires more efficient and specific treatments, rather than just supportive therapy. Mesenchymal stem cells (MSCs) are promising for cellular therapy because of their low immunogenicity and ability to expand in vitro. The main therapeutic effects of MSCs were mediated by MSC-derived extracellular vesicles (EVs) that even have more merits including lower immunogenicity, no tumorigenesis and artificially modifying potential. Li et al. reviewed the therapeutic efficacy and mechanism of MSCs and MSC-EVs in AKI and believe that MSC-EVs will become an effective approach to overcome the current limitations in AKI treatment, although it still face many challenges such as lack of clinical trials so far. Han et al. also reviewed recent studies that have provided a deeper understanding on the mechanisms of drug-induced AKI, among which acute tubular interstitial injury induced by the breakdown of innate immunity plays an important role. MSCs can inhibit kidney damage by regulating innate immunity, promote repair and prevent fibrosis. They addressed the immune pathogenesis of drug-induced AKI versus IR-induced AKI, and explored the immunomodulatory effects and therapeutic potential of MSCs for drug-induced AKI. Luo et al. further reviewed MSCs controlled the imbalance between T helper 17 cell (Th17)-mediated pro-inflammatory response and regulatory T cell (Treg)-mediated anti-inflammatory effect in renal TEC injury. Given that Th17 and Treg are derived from a common CD4+ T cell precursor, MSC-mediated inhibition of mTOR to restrain CD4+ T cell differentiation into Th17, but in turn promotes Treg generation. Therefore, MSC-mediated Th17-to-Treg polarization acts as a new immunotherapy for kidney injury. Furthermore, B cells, commonly regarded as proinflammatory antibody-producing cells, are detrimental to individuals with autoimmune diseases. However, it has been also revealed that regulatory B (Breg) cells, an immunosuppressive subset, may exert protective effects by producing immune-regulatory cytokines including IL-10, TGF-β, and IL-35. The functions of Breg cells vary according to their phenotype, but no specific marker or Breg cell-specific transcription factor has been identified. Long et al. reviewed the phenotypes and function of Breg cells and highlighted their potential therapeutic value in kidney diseases.

Renal fibrosis is the final common pathway of CKD regardless of etiology, in which innate immunity is crucial. Yin et al. demonstrated that parkinson disease protein 7 (PARK7) protects against unilateral ureteric obstruction (UUO)-induced CKD and renal fibrosis by inducing SOD2 to reduce transforming growth factor-b (TGFB1) associated oxidative stress in tubular cells. Innate immune cells, of course, are key contributors to kidney inflammation and fibrosis. Cormican and Griffin. reviewed the interactions of CX3CL1 and CX3CR1 in recruiting innate immune cells into the kidney, which that mediates the progression of CKD. They highlighted the therapeutic potential of targeting CX3CL1 or CX3CR1 to benefit CKD patients. In addition, metabolic syndrome refers to the pathological state of metabolism disorder of protein, fat, carbohydrate and other substances in human body. The kidney is an important organ of metabolism, in which various metabolic disorders can cause inflammatory response and kidney damage. Xiong et al. reviewed the function and specific regulatory mechanism of inflammasomes including NLRP3 in inflammatory infiltration, pyroptotic cell death and kidney damage caused by various metabolic disorders, and provide a new therapeutic perspective and targets for kidney diseases. Li et al. found for the first time that fibroblastic reticular cells (FRCs) increased production of extracellular matrix (ECM) fibers and remodeled the microarchitecture of the UUO kidney-draining lymph node (KLN) in mice, contributing to fibrosis that mirrored the changes in the kidney. The populations of CD11b+ antigen-presenting cells, CD11c+ DC, and activated CD4+ and CD8+ T cells were also significantly higher in the UUO KLN than that in the KLN draining the unaffected contralateral kidney, with upregulated TGFβ/TGFβR signaling pathway. Both release of ureteral ligation at 2 days following UUO and depletion of FRCs at the time of injury onset halted the progression of fibrosis in both the kidney and the KLN. Gui et al. found that everolimus (EVR) could attenuate the progression of epithelial-mesenchymal transition (EMT) and renal allograft interstitial fibrosis, and also activate autophagy in chronic allograft dysfunction rat model. EVR may retard impaired autophagic flux and block NF-κB pathway activation, and thereby prevent progression of TNF-α-induced EMT and renal allograft interstitial fibrosis. Zheng et al. reported hydroxychloroquine (HCQ) efficiently inhibited the activation of macrophages and MAPK signaling pathways, and attenuated renal fibrosis in a mouse model of IR-induced renal tubulointerstitial fibrosis. HCQ also inhibited macrophage activation in vitro, especially M2 macrophages, and promoted macrophage apoptosis. The effects of HCQ on renal fibrosis and macrophages were decreased after depletion of TLR-9. Therefore, HCQ could be a new anti-fibrotic drug and TLR-9 could be a potential therapeutic target for CKD following AKI. Wu et al. found microRNA (miR)-146a-5p was the most significant up-regulated miRNA in the TEC of renal fibrosis mouse model induced by repeated low-dose cisplatin, while Tfdp2 gene was one target gene of miR-146a-5p. Bone marrow MSCs attenuate cisplatin-induced renal fibrosis by regulating the miR-146a-5p/Tfdp2 axis in mouse renal TEC.

Innate immunity is also important in kidney transplantation. Renal IR injury and cyclosporine A (CsA) nephrotoxicity affect allograft function and survival. Zheng et al. showed that CHBP, only initiating EPOR/βcR, predominantly protects kidneys against IR injury at 2 weeks and/or CsA nephrotoxicity at 8 weeks in mouse kidneys, with different underlying mechanisms. Urinary albumin/creatinine is a good biomarker in monitoring the progression of transplant-related injuries. CsA divergently affects apoptosis in kidneys and cultured kidney epithelial cells, in which CHBP and/or CASP-3 siRNA reduces inflammation and apoptosis. Antibody-mediated rejection (AMR) represents a major cause of allograft dysfunction and results in allograft failure in solid organ transplantation. CHBP ameliorated renal allograft rejection in a renal transplantation model. Zheng et al. investigated the effect of CHBP on AMR using a secondary allogeneic skin transplantation model by transplanting skin from BALB/c mice to C57BL/6 mice. Skin allograft survival was significantly prolonged by CHBP, with reduced CD19+ B cells, splenic plasma cells, germinal center B cells, and Tfh cells in skin allografts, and ameliorated serum donor specific antibodies. CHBP inhibited AMR, which may be mediated by NF-κB signaling to suppress B cell immune responses. Acute and chronic AMR are directly mediated by B cells and difficult to treat. Long-lived plasma cells (LLPCs) in bone marrow play a crucial role in the production of the antibodies that induce AMR. LLPCs survive through a T cell-independent mechanism and resist conventional immunosuppressive therapy. Matsuda et al. reviewed the direct or indirect involvement of immunocompetent cells in the differentiation of naïve-B cells into LLPCs, the development and limitations of control methods for AMR, and their potential clinical applications. Wu et al. analyzed publicly available RNA-sequencing datasets from three mouse bulk kidney mRNA-sequencing including IR or cisplatin induced AKI and UUO induced fibrosis, and one human single-cell kidney RNA-sequencing. Regardless of causes of AKI, T cell activation was mainly related to renal fibrosis progression, while fatty acid metabolic process and arachidonic acid metabolism mainly occurred in tubule cells. The differences in the AKI-to-fibrosis process caused by different factors were connected to the different functions of immune cells and tubule cells in the kidney, which may pave the way for exploring novel potential therapeutic strategies. It is well known that the survival of transplant kidneys using deceased donor (DD) kidneys is inferior to living donor (LD) kidneys. Yang et al. conducted a microarray analysis of 24 human DD and LD kidney biopsies paired at 30 minutes and 3 months post-transplantation. 446 differentially expressed genes (DEGs) between DD and LD at 30 minutes reflected donor injury and acute immune responses, while 146 DEGs at 3 months represented adaptive immunity and immunosuppressive treatment. Some early expressed DEGs correlated with renal function and histology at 12 months were further validated by qPCR in additional 33 time point unpaired kidney biopsies. Divergent transcriptomic signatures between DD and LD might contribute to the allograft survival of two type donors. DEGs including SERPINA3 could be novel biomarkers for diagnosis and intervention over donor kidney preservation. The immune rejection is effectively controlled in the acute phase of kidney transplantation, but chronic rejection mediated by chronically activated antibodies ultimately lead to graft failure. At present, immunosuppressive agent fails to increase the long-term survival rate of allografts, and also has many adverse reactions. Zhuang et al. reviewed the latest prospects of immune cells focusing on regulatory myeloid cells to regulate the immune response in renal transplantation, and also introduce their respective progress from experimental research to clinical immunotherapy to control allograft rejection. Lin et al. also reviewed DC induce and regulate adaptive immunity in the kidney by discussing their origin, maturation, pathological effects, and interaction with effector T cells and Tregs. Divergent DCs play both positive and negative roles in IR-induced renal transplant injury, in terms of switching phenotypes to result in acute or chronic rejection, and orchestrating surface markers for allograft tolerance via alterations in metabolism. A multidimensional transcriptomic analysis of renal transplantation will facilitate the understanding DC ontogeny and subpopulations.


Conclusions

On the Research Topic of “Innate Immunity in Kidney Injury, Repair and Fibrosis”, 16 research articles and 11 review papers were published, which addressed the involvement of macrophage polarization, neutrophils, TEC and DC, regulatory myeloid cells and B cells, and kidney-draining lymph node in a broad range of acute and chronic renal injury models induced by IR, UUO, cisplatin, lupus and diabetes, as well as immune response associated DEGs in biological samples from kidney transplant patients. In addition, a variety of relevant therapeutic interventions including erythropoietin derived peptide CHBP, everolimus and Chinese medicine hyperoside in limiting injury, promoting repair and preventing fibrosis were validated in different disease models via different mechanisms and signalling pathways associated with innate immunity cells and mediators. We believe this Research Topic provides new findings of innate immunity in both native and transplant kidney diseases. We much appreciate all contributions from authors, reviewers and editors alike.
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Mesenchymal stem cells (MSCs) have regenerative properties in acute kidney injury (AKI). However, the potential function of MSCs in chronic kidney disease remains elusive. Renal fibrosis is the common endpoint of chronic progressive kidney diseases and causes a considerable health burden worldwide. In this study, the protective effects of bone marrow mesenchymal stem cells (BM-MSCs) were assessed in repeated administration of low-dose cisplatin-induced renal fibrosis mouse model in vivo as well as a TGF-β1-induced fibrotic model in vitro. Differentially expressed miRNAs in mouse renal tubular epithelial cells (mRTECs) regulated by BM-MSCs were screened by high-throughput sequencing. We found microRNA (miR)-146a-5p was the most significant up-regulated miRNA in mRTECs. In addition, the gene Tfdp2 was identified as one target gene of miR-146a-5p by bioinformatics analysis. The expression of Tfdp2 in the treatment of BM-MSCs on cisplatin-induced renal injury was evaluated by immunohistochemistry analysis. Our results indicate that BM-MSC attenuates cisplatin-induced renal fibrosis by regulating the miR-146a-5p/Tfdp2 axis in mRTECs.
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Introduction

Renal fibrosis is characterized by the activation of massive fibroblast and deposition of the fibrotic matrix in kidney tissue, which is considered as the common endpoint of chronic kidney disease (CKD) (1, 2). Renal fibrosis mainly affects over 70-years old adults who account for over 10% of the world population (3). In 2017, the global population of CKDs was about 6.97 million, and patients with CKD in China were approximately 1.32 million. Between 1990 and 2017, the global prevalence of CKD increased by 29.3%, and the global mortality rate increased by 41.5% (4). However, the therapeutic strategies for CKD, such as kidney transplantation or dialysis, are still limited. A shortage of donor organs impedes kidney transplantation, and the cost of dialysis becomes unsustainable, especially in developing countries (5). Therefore, exploring novel and better therapeutic approaches are urgently needed.

Mesenchymal stem cells (MSCs) are multipotent cells with robust capacities of self-renewal, regeneration, proliferation, and differentiating into distinct functional cells (6, 7). MSCs can differentiate into various types of cells, such as osteoblasts, chondrocytes, or adipocytes under appropriate conditions in vivo or in vitro. Therefore, MSCs are widely used in tissue engineering, gene therapy, and immunotherapy (8, 9). The immunomodulatory and paracrine capabilities of MSCs may present the potential for therapeutic capacities in response to local environmental cues. Recent studies have reported that bone marrow MSCs (BM-MSCs) possess regenerative properties and immense plasticity to contribute to their therapeutic effects in organ injury, including acute kidney injury (AKI) and CKD (10–13). However, the mechanisms by which BM-MSCs protect renal tissues are complex, such as preventing renal tubular epithelial cell apoptosis, promoting renal tubular epithelial cell proliferation, and modulating the immune system by various cytokines and growth factors (14). MicroRNAs (miRNAs) are endogenous non-coding RNAs with a length of about 21–24 nucleotides, which regulate protein translation by combining with complementary sequences in the 3’non-coding region (3’UTR) various mRNAs (15). Recently, it has been widely accepted that miRNAs play vital roles in the progression of kidney disease (16). Specific miRNAs are associated with the initiation and development of renal fibrosis by anti- or pro-fibrogenic effects (17).

In the present study, we established a mouse model with renal fibrosis by repeated administration of low-dose cisplatin. The protective effects of BM-MSCs have been examined in vivo as well as in TGF-β1-treated mouse renal tubular epithelial cells (mRTECs) with an indirect co-culture environment. Next, we performed a high-throughput sequencing to identify significantly regulated miRNAs by mRTECs and probe further the underlying indirect molecular mechanism of miRNAs in the therapeutic process of BM-MSCs.



Materials and Methods


Ethical Considerations

Experimental protocols were approved by the Animal Ethics Committee of Soochow University and were performed following the guidelines for use and care of laboratory animals of the Experimental Animal Committee of Soochow University (Approval No : ECSU-201800099).



Mouse Model of Renal Fibrosis

Eight-week-old male C57BL/6 mice were purchased from Zhao Yan Animals Co., Ltd. (Suzhou, China). On arrival, the mice were housed under antiviral and antibody-free micro-isolator conditions and fed a standard diet. Previous studies reported that multiple administrations of cisplatin cause renal fibrosis (18). We established and developed kidney injury and fibrosis C57BL/6 mice models using a low dose treatment of cisplatin once a week for 6 weeks. The mice were randomly divided into three groups as normal control (NC) group, cisplatin group, and cisplatin + BM-MSC group (n=6 for each group): 1) NC group: mice underwent intraperitoneal injection of 0.9% NaCl solution 10μl/g, once a week; from the 4th week underwent injection of 0.9% NaCl solution 0.4 ml through the tail vein, once per week. 2) Cisplatin group: intraperitoneal injection of 3.5mg/kg cisplatin solution according to the bodyweight of the mouse, once per week; from the 4th week, 0.9% NaCl solution 0.4 ml was injected through the tail vein once per week. 3) Cisplatin + BM-MSC group: intraperitoneal injection of 3.5mg/kg cisplatin solution according to the bodyweight of the mouse, once per week; from the 4th week, injection with normal saline containing 1.5×106/ml BM-MSCs, 0.4 ml per mouse, once a week. At 6th weeks post-injection, the mice were sacrificed, the kidneys and serum from all mice were collected for further investigation.



In Vitro Co-Culture Experiments

mRTECs were obtained from ScienCell Research Laboratories. BM-MSCs were gifted by Prof. Dr. Yufang Shi’s Laboratory, Soochow University. mRTECs and BM-MSCs were cultured in DMEM, low glucose medium (HyClone) with 10% FBS (Gibco), 100 units/ml penicillin, and 100 μg/ml streptomycin. All cells were maintained at 37°C in a humidified atmosphere with 5% CO2. mRTECs were seeded in 6-well plates at 1×105/well, and TGF-β1 (10 ng/ml) was added into the medium. After 48 h of stimulation, the medium of each group was changed to a complete medium without exogenous cytokine TGF-β1. A Transwell system was selected to establish the indirect co−culture environment. BM-MSCs were added to the transwell chamber at 1×105/well and indirectly co-cultured with mRTECs in a 37°C incubator for 24 h. A complete medium without BM-MSCs was added to the upper chamber for the control group.



Histological Analysis

C57BL/6 mouse kidney tissues were sectioned and fixed in formalin. Paraffin-embedded tissues were stained with Hematoxylin and eosin (H&E), Masson trichrome, and Sirius red. Sirius red staining was performed following the Sirius Red Stain Kit (Yuanye Bio-Technology, Shanghai, China). Interstitial fibrosis areas were assessed using microscopy (Olympus) by examining five randomly selected fields (×100) of the cortex. The staining figures were evaluated independently by two pathologists and quantified by histograms.



MiRNA High-Throughput Sequencing and Quantitative Real-Time Reverse-Transcription Polymerase Chain Reaction

High-throughput sequencing of miRNA was performed by Cloud-seq Biotechnology Co., Ltd (Shanghai, China). Isolation of miRNA from cultured cells and tissues was performed by using the Total RNA Miniprep Purification Kit (GeneMark). Grind fresh mouse kidney tissues with an electric grinder, total RNA was extracted from mRTECs, and grated kidney tissues by 1ml TRIzol and miRNA were isolated according to the manufacture’s instructions. Reverse transcription for specific miRNAs was performed using 2 μg miRNA and respective primers for reverse transcription (listed in Supplementary Table 1) according to the Stem-loop method. Quantitative real-time PCR was carried out using the ABsolute qPCR SYBR Green ROX Mix (Thermo Fisher Scientific) and the following cycling condition: 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 60 s. StepOne Plus device (Thermo Fisher Scientific) was used for detection. The snRNA U6 was used for normalization.



Western Blotting Analysis

The protein was extracted from fresh tissues and mRTECs by using RIPA lysate. The total protein concentration was measured using a BCA protein quantitative kit and denatured by heating. The protein samples were assessed by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), semi-dry transferred to polyvinylidene fluoride (PVDF), and incubated with primary antibody against α-SMA (1:350, Affinity, USA) and Col1α1 (1:500, Abcam, USA) at 4°C overnight. Next, after being washed by TBST three times and incubated with a specific secondary antibody (1:3,000; Boster, China) for 2 h at room temperature. Immunoreactivity was visualized using an ECL detection system.



Cell Transfection

Cells were transfected with 50nM miR-146a-5p mimics/inhibitors or Tfdp2 siRNA (RiboBio Co, Guangzhou, China) when the cell density reached 80–90% prior. Lipofectamine 2000 reagent (Invitrogen, No. 1070962) was used for siRNA transfection. The cells were transferred to low glucose-DMEM with 10% FBS complete medium 6 h after transfection. Cells were harvested after 24 h.



Immunochemistry Staining

C57BL/6 mouse kidney tissues were sectioned and fixed in formalin. After the sections were dewaxed, antigen repaired, and serum sealed, Incubate membrane and Tfdp2 primary antibody (1:200, Abcam, ab235830) overnight at 4°C. PBS was used to wash the sections, and then the samples were incubated in biotinylated anti-rabbit secondary antibody (1:200, Beyotime, China).



Statistical Analysis

All data are expressed as the mean + standard error of the mean. Multiple comparisons were performed using Student’s t-test and one-way ANOVA. Statistical analysis was processed by Prism 8 software (GraphPad Software, CA). Differences between mean values were considered statistically significant at P < 0.05.




Results


Bone Marrow Mesenchymal Stem Cells Attenuate Renal Injury and Fibrosis In Vitro and In Vivo

We established and developed kidney injury and fibrosis C57BL/6 mice models using a low dose treatment of cisplatin once a week for 6 weeks (cisplatin group). To explore the effect of BM-MSCs on renal injury and fibrosis, mice were injected with the suspension of BM-MSCs via the tail vein (cisplatin +BM-MSCs group) (Figure 1A). All mice were euthanized at 6 weeks after the first cisplatin administration. Compared to the normal control group (NC), the volume and weight of kidneys in the cisplatin group and BM-MSCs-treated group were obviously reduced, which displayed granular or nodular surface. There was no significant difference in the appearance of the kidney between cisplatin group and cisplatin +BM-MSCs group (Figure 1B). To characterize this phenotype in more details, histologic and molecular tests were performed. H&E staining, Masson staining (collagen fibers marked blue), and Sirius red staining (collagen fibers marked red) showed that the fibrotic areas of the cisplatin group were significantly induced as compared to NC group kidneys. After injected the suspension of BM-MSCs via the tail vein, the fibrotic areas were reduced as compared with the cisplatin group (Figure 1C, Supplementary Figures 1A, B). Next, the biomarkers of kidney function and injury in serum were measured. The apparent elevation of serum creatinine (SCr) and blood urea nitrogen (BUN) levels was observed in the cisplatin group. Only the BUN level was significantly decreased by the treatment of BM-MSCs (Figures 1D, E). Analysis of fibrotic gene markers by RT-qPCR showed that the transcript levels of α-SMA and Col1α1 were significantly elevated in the cisplatin group compared to NC kidney tissues, while injection of BM-MSCs reduced the levels of α-SMA and Col1α1 (Figures 1F, G). The findings were confirmed by western blot analysis in protein level (Figure 1H). These results demonstrated that multiple administrations of cisplatin induced renal injury and fibrosis in mice, which could be attenuated by treatment with BM-MSCs through decreasing the expression of α-SMA and Col1α1.




Figure 1 | The effect of bone marrow mesenchymal stem cells (BM-MSCs) on cisplatin-induced renal injury and fibrosis in vivo. (A) The schematic diagram of mice infected with cisplatin solution intraperitoneally and suspension of BM-MSCs via the tail vein. (B) Image of the morphology of kidney in mice infected cisplatin solution intraperitoneally and suspension of BM-MSCs via the tail vein. (C) H&E, Masson, and Sirius red staining. (D, E) serum creatinine (SCr) and blood urea nitrogen (BUN) levels of serum in mice were determined. The relative mRNA expression levels (F, G) and the protein levels (H) of α-SMA and Col1α1 in mice kidney tissues were evaluated by real-time PCR and Western blot, respectively. Data represent the mean ± SE from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.



To verify whether BM-MSCs had a therapeutic effect on renal fibrosis in vitro, we used exogenous cytokine TGF-β1 to stimulate mRTECs for 48h and to establish a fibrotic model in vitro. Subsequently, TGF-β1-treated mRTECs were divided into two groups: with or without BM-MSCs co-cultured treatment for 24 h. The expression of α-SMA and Col1α1 in mRTECs were detected by RT-qPCR analysis in transcript level (Figures 2A, B) and western blot analysis in protein level (Figure 2C). Our results revealed that both transcriptional and translational levels of α-SMA and Col1α1 in mRTECs were significantly reduced while co-cultured with BM-MSCs, which suggested that BM-MSCs could alleviate fibrosis in mRTECs.




Figure 2 | The effect of bone marrow mesenchymal stem cells (BM-MSCs) on TGF-β1-induced a fibrotic model in vitro. The relative mRNA expression levels (A, B) and the protein levels (C) of α-SMA and Col1α1 in mRTECs were evaluated by real-time PCR and Western blot, respectively. Data represent the mean ± SE from three independent experiments. ***P < 0.001; NS, not significant.





Screening and Validation of Differentially Expressed miRNAs in Mouse Renal Tubular Epithelial Cells Regulated by Bone Marrow Mesenchymal Stem Cells

To screen the differentially expressed miRNAs in mRTECs regulated by BM-MSCs, we performed a miRNA high-throughput sequencing (series GSE148144) for TGF-β1-treated mRTECs with or without BM-MSCs co-culture. The heatmap of all the different expressed miRNAs was shown in Figure 3A. We discovered a panel of miRNAs (miR-146a-5p, miR-12194-3p, miR-210-3p, miR-210-5p, let-7i-3p) with the top-five most significant changes in two groups, which were verified by RT-qPCR analysis and revealed that miR-146a-5p was the most significant up-regulated miRNA (Figure 3B). According to these results, we confirmed that BM-MSCs exert the anti-fibrosis function by regulating miR-146a-5p expression in mRTECs.




Figure 3 | miR-146a-5p was significantly up-regulated by bone marrow mesenchymal stem cells (BM-MSCs) in mouse renal tubular epithelial cells (mRTECs). (A) Heatmap of differential microRNA (miRNA) expression in TGF-β1-treated mRTECs with or without BM-MSCs. Gene expression data were obtained with miRNA sequence and the most obvious values are shown. Red indicates up-regulation, while green means down-regulation. (B) Top-five most significant changed miRNAs were verified by real-time PCR. (C) TGF-β1-treated mRTECs were transfected with miR-146a-5p mimics. The levels of miR-146a-5p were determined by real-time PCR. The relative mRNA expression levels (D, E) and the protein levels (F) of α-SMA and Col1α1 in mRTECs transfected with miR-146a-5p mimics were evaluated by real-time PCR and Western blot, respectively. (G) TGF-β1-treated mRTECs were transfected with miR-146a-5p inhibitor. The levels of miR-146a-5p were determined by real-time PCR. The relative mRNA expression levels (H, I) and the protein levels (J) of α-SMA and Col1α1 in mRTECs transfected with miR-146a-5p inhibitor were evaluated by real-time PCR and Western blot, respectively. Data represent the mean ± SE from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.



To investigate the function of miR-146a-5p regulated by BM-MSCs in the progression of renal fibrosis in vitro, we transiently transfected miR-146a-5p mimics into TGF-β1-treated mRTECs to significantly up-regulate the expression of miR-146a-5p (Figure 3C). In line with the previous results, both transcriptional and translational levels of α-SMA and Col1α1 in mRTECs were significantly reduced by the miR-146a-5p mimics treatment (Figures 3D–F). Next, we transiently transfected miR-146a-5p inhibitors into TGF-β1-treated mRTECs to down-regulate miR-146a-5p expression (Figure 3G). The RT-qPCR analysis and western blot analysis showed that loss of miR-146a-5p significantly increased the expression of α-SMA and Col1α1 in mRTECs (Figures 3H–J). In summary, gain- or loss-function of miR-146a-5p studies by mimic and inhibitor revealed that BM-MSCs might exert its anti-fibrosis effect by increasing the expression of miR-146a-5p in mRTECs.



Prediction and Verification of miR-146a-5p Target Genes in Mouse Renal Tubular Epithelial Cells

We predicted the potential target genes of miR-146a-5p using multiple software programs (TargetScan, miRanda, miRDB, and DIANA-microT). Totally, 59 candidate genes were identified (Figure 4A). Next, gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were performed to evaluate mRNA enrichments in terms of biological process, cellular component, and molecular function. The top 10 enriched GO terms were involved in the regulation of cellular and metabolic processes (Figure 4B). KEGG analysis revealed two pathways, including the cell cycle and the pathways in cancer (Figure 4C), which are associated with cell activation and cell proliferation. Our results suggested that the differentially expressed miRNAs might be involved in the progression of renal fibrosis.




Figure 4 | Bioinformatic prediction of miR-146a-5p target genes in mRTECs. (A) Venn diagram of identified miR-146a-5p target genes using multiple software programs (TargetScan, miRanda, miRDB, and DIANA-microT). Gene ontology (GO) analysis (B) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis (C) of candidate genes in terms of biological process, cellular component, and molecular function.



Next, six candidate target genes of miR-146a-5p were selected from the KEGG pathway analysis. Expression of one candidate gene Tfdp2 was increased by exogenous cytokine TGF-β1 stimulation and decreased after co-cultured with BM-MSCs in mRTECs (Figure 5A). Whereas the expression of the other five candidate target genes (Smad4, Traf6, Rbl1, Ar, Rarb) revealed no statistical significance (Supplementary Figures 1A–E). The experimental data confirmed Tfdp2 gene as a candidate target gene of miR-146a-5p. To explore the direct relationship between Tfdp2 and miR-146a-5p, the expression of Tfdp2 mRNA and protein in mRTECs transfected by miR-146a-5p mimics was detected by RT-qPCR and western blot analysis. Our data showed that both mRNA and protein levels of Tfdp2 were decreased significantly compared with control (Figures 5B, C). Moreover, the mRNA level of Tfdp2 was gradually decreased depending on the miR-146a-5p mimic transfection concentration (Figure 5D). In summary, our experimental data indicate that Tfdp2 is the target gene of miR-146a-5p.




Figure 5 | Verification of one candidate gene Tfdp2 in mouse renal tubular epithelial cells (mRTECs). (A) The levels of Tfdp2 were determined by real-time PCR in TGF-β1-treated mRTECs with or without bone marrow mesenchymal stem cells (BM-MSCs). The relative mRNA expression levels (B) and the protein levels (C) of Tfdp2 in mRTECs transfected by miR-146a-5p mimics were evaluated by real-time PCR and Western blot, respectively. (D) The transcript levels of Tfdp2 in mRTECs transfected by miR-146a-5p mimics with different concentrations. Data represent the mean ± SE from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.





Expression and Function of Tfdp2 in Renal Fibrosis

To evaluate the expression and function of Tfdp2 in renal fibrosis, we first transiently transfected Tfdp2 siRNA into mRTECs to down-regulate the expression of Tfdp2 in mRTECs (Figure 6A). Both transcriptional and translational levels of α-SMA and Col1α1 in mRTECs were significantly reduced by the knockdown of Tfdp2 (Figures 6B–D). These results suggested that inhibition of Tfdp2 expression can reduce the expression of fibrosis-related proteins. IHC analysis showed that a weak staining of Tfdp2 was predominantly localized to the cytoplasm in the normal tubulointerstitial compartment which was utilized as a reference. Stronger staining of Tfdp2 in renal tubular epithelial cells was observed in the renal tissues of the cisplatin group as compared with the control group, whereas the expression of Tfdp2 was obviously reduced in cisplatin + BM-MSCs group as compared to the cisplatin group. Taken together, these experimental data indicated that Tfdp2 exerts a significant function in the treatment of BM-MSCs on cisplatin -induced renal injury and fibrosis.




Figure 6 | Overexpression of Tfdp2 in cisplatin-induced renal fibrosis. (A) The transcript levels of Tfdp2 in mouse renal tubular epithelial cells (mRTECs) was down-regulated by siRNA. The relative mRNA expression levels (B, C) and the protein levels (D) of α-SMA and Col1α1 after knockdown of Tfdp2 were by real-time PCR and Western blot, respectively. (E) Representative images of Tfdp2 immunohistochemical staining in cisplatin (CP)-induced mice kidney with or without bone marrow mesenchymal stem cells (BM-MSCs) treatment. Data represent the mean ± SE from three independent experiments. **P < 0.01; ***P < 0.001.






Discussion

MSCs-based therapeutic approaches have been successfully applied to attenuate organ injury, including the kidney. Kidney fibrosis is a common endpoint outcome of CKD, which has a poor clinical outcome (19, 20). BM-MSCs are extracted from bone marrow and are defined as multipotent cells due to the robust capacities of differentiating into distinct functional cells. Most data reveal that BM-MSCs repair renal injury processes by the means of indirect secreted biomaterial, including the extracellular vesicles and multiple miRNA particles (21). In the present study, we established a model of cisplatin-induced renal fibrosis in C57BL/6 mice and found that BM-MSCs have an anti-renal fibrosis effect and renoprotection in vivo. Moreover, we showed that BM-MSCs significantly reduced the levels of α-SMA and Col1α1 in mRTECs treated by TGF-β1 in an indirect co-culture environment. Mechanically, we have identified miR-146a-5p as the most significant up-regulated miRNA in mRTECs regulated by BM-MSCs and plays a significant role in renal fibrosis in a co-culture experimental model. The results also found the gene Tfdp2 is one target gene of miR-146a-5p and exerts a vital role in the treatment of BM-MSCs on cisplatin-induced renal injury and fibrosis. Our study indicates that BM-MSC attenuates cisplatin-induced renal fibrosis by regulating miR-146a-5p/Tfdp2 axis in mRTECs.

Renal tubulointerstitial fibrosis is generally characterized by an excessive accumulation of extracellular matrix (ECM) factors (predominantly collagen type I) that prevent the regeneration of kidney tissue (22, 23). The severity of fibrosis notably correlates with the degree of kidney dysfunction and the renal failure outcome (24). TGF-β is well accepted as a critical regulator in renal fibrosis. Growing evidence indicates that exogenous cytokine, such as TGF-β1, can induce renal tubular epithelial cells to undergo phenotypic transformation into matrix-producing myofibroblasts (25, 26). Our study successfully established a mouse model to investigate the multiple low-dose cisplatin-induced renal fibrosis, which could be determined by increased levels of α-SMA and Col1α1 in mRTECs. In line with previous studies (11), we found BM-MSCs alleviate the severity of kidney dysfunction and fibrosis. Asanuma et al. (27). found arterially delivered MSCs protect against obstruction induced epithelial-mesenchymal transition (EMT) and chronic renal fibrosis involving alterations in TNF-α production. MSCs-based therapy was also reported to attenuate renal fibrosis through immune response modulation (28). However, the specific mechanisms of MSCs renoprotection remain poorly elucidative.

As a post-transcriptional regulator, miRNAs play an important role in the development, physiology, and maintenance of kidney microstructure. Dysregulation of miRNAs disrupts early kidney development, differentiation of kidney progenitor cells, and mature nephrons’ maintenance (29). Recent studies indicate that dysregulation of miRNAs is associated with the initiation and development of renal fibrosis in patients with diabetic nephropathy (DN) as well as in mouse models of DN (30, 31). Based on the function of BM-MSCs and miRNAs in renal fibrosis, we performed a high-throughput sequencing to identify the most significant regulated miRNAs by BM-MSCs in a co-culture experimental model. MiR-146a-5p was found as the most significant up-regulated miRNA, which was also verified by RT-PCR. Subsequently, we explored the function of miR-146a-5p in renal fibrosis in vitro. The gain- and loss-function of miR-146a-5p studies by mimic and inhibitor showed that the expression of α-SMA, Col1α1 mRNA, and protein were significantly altered in mRTECs. Therefore, our results indicate that BM-MSCs could inhibit the progression of renal fibrosis by regulating the expression of miR-146a-5p in mRTECs. Interestingly, a previous study has reported that miR-146a-5p acts as a negative regulator of TGF-β signaling in skeletal muscle after acute contusion, which indicates that miR-146 might have a therapeutic potential to alleviate skeletal muscle fibrosis (32). In addition, miR-146a-5p was found to inhibit the activation and proliferation of hepatic stellate cells (HSCs) in the progress of non-alcoholic fibrosing steatohepatitis (33). Therefore, miR-146a-5p exerts a critical function in the renoprotection of BM-MSCs.

Six candidate genes from the KEGG pathway analyses were confirmed by RT-qPCR. We found the transcription factor DP2 (Tfdp2) gene was increased in mRTECs stimulated by exogenous cytokine TGF-β1 and reduced after co-cultured with BM-MSCs. Consistent with miR-146a-5p targeting mRNA of Tfdp2, expression of Tfdp2 in mRTECs was significantly altered by the mimic and inhibitor of miR-146a-5p. To further investigate the function of Tfdp2 in renal fibrosis, Tfdp2 expression was knockdown by siRNA transfection. Both transcriptional and translational levels of α-SMA and Col1α1 in mRTECs were significantly reduced by the knockdown of Tfdp2. In addition, the relevance of Tfdp2 in renal fibrosis was confirmed in cisplatin-treated mouse kidney tissues by the IHC staining. Tfdp2 is a significant cofactor for the cell cycle control and gene expression, which combines with E2F family members to drive the function of c-Myc gene (34). The whole-genome analysis report for chronic kidney disease shows that Tfdp2 is related to renal function and CKD (35, 36). In the present study, we provided the first experimental evidence that BM-MSCs attenuate cisplatin-induced renal injury and fibrosis by the regulation of miR-146a-5p and the targeting gene Tfdp2, indicating that BM-MSCs may be a promising approach for developing novel therapeutics to treat renal fibrosis.

Nevertheless, our findings are only confirmed in the mouse model. The value and significance of BM-MSCs for the clinical treatment of renal fibrosis require more preclinical data support. In addition, the contribution of miR-146a-5p/Tfdp2 axis in renal fibrosis is worth further investigating and verifying in human kidney tissues.



Conclusion

In conclusion, our findings demonstrate that BM-MSCs ameliorate renal injury and fibrosis in vivo and in vitro. Our study provides the first evidence that the protection of BM-MSCs on renal fibrosis via miR-146a-5p/Tfdp2 axis in renal tubular epithelial cells. These results offer novel mechanistic insights into the renoprotection of BM-MSCs, which highlights the promising clinical studies on MSCs-based therapy for kidney diseases in the near future. Additionally, the function of miR-146a-5p/Tfdp2 axis in renal fibrosis should be further investigated in preclinical and clinical studies, which might be a potential therapeutic target for renal fibrosis.
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Kidney transplantation is a primary therapy for end-stage renal disease (ESRD) all the time. But it does not mean that we have fully unraveling the mystery of kidney transplantation and confer every patient favorable prognosis. Immune rejection has always been a stumbling block when we try to increase the success rate of kidney transplantation and improve long-term outcomes. Even if the immune rejection is effectively controlled in acute phase, there is a high possibility that the immune response mediated by chronically activated antibodies will trigger chronic rejection and ultimately lead to graft failure. At present, immunosuppressive agent prepared chemically is mainly used to prevent acute or chronic rejection, but it failed to increase the long-term survival rate of allografts or reduce the incidence of chronic rejection after acute rejection, and is accompanied by many adverse reactions. Therefore, many studies have begun to use immune cells to regulate the immune response in order to control allograft rejection. This article will focus on the latest study and prospects of more popular regulatory myeloid cells in the direction of renal transplantation immunotherapy and introduce their respective progress from experimental research to clinical research.
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INTRODUCTION

In 1954, Dr. Merril and Murray of Harvard University completed the first successful kidney transplant between a pair of twins in order to avoid allograft immunity. The patient did not take any immunosuppressive drugs, and the transplanted kidney achieved long-term survival (1). But this is a rare condition after all, and there are certain genetic differences between most donors and recipients, mainly referring to human leukocyte antigen (HLA), which greatly ascends the possibility of allograft rejection (2). Based on the onset time, the rejections that occur after kidney transplantation can be classified into hyperacute rejection reaction, accelerated rejection reaction, acute rejection reaction, and chronic rejection reaction. The most important ones are acute rejection and chronic active antibody-mediated rejection (AMR). We are going to discuss the prevention and treatment of them (3). Thanks to preoperative histocompatibility tests, more reasonable and standardized surgical procedures, improved tissue typing, and especially the advent of securer and more efficient immunosuppressive drugs, the incidence of rejection (mostly acute rejection) during the first year has gradually decreased over the years (4). Clinical kidney transplant has become the gold standard for ESRD, which improves patients' quality of life within a certain period compared with continuous dialysis (3, 5). At present, the main clinical method of chemical immunosuppressive treatment routinely after kidney transplantation is calcineurin inhibitor (CNI), and other drugs including mycophenolic acid and corticosteroids are usually used in combination (6, 7). Immunosuppressive agents seem to have reached their limits, but many problems remain, such as leading to excessive suppression of immune system and increasing the rate of infectious diseases and the incidence of tumors (8). It can also cause side effects without an immunological relationship, including nephrotoxicity, making recipients susceptible to cardiovascular dysfunction, metabolic diseases, and complications of other organs (9). Unfortunately, due to the lack of immunological or antigen specificity, CNI based immunosuppressive can hinder alloresponses, but does not ultimately prevent late dysfunction or loss. And in fact, CNI treatment even causes inhibition of regulatory T-cell development, which leaves a major challenge (10). Therefore, although these drugs reduce the rate of acute rejection, they fail to significantly improve the long-term survival of transplanted kidney (11).

Given the concerns over chemical immunosuppressive agents and the disappointing long-term results of kidney transplants, it is clearly necessary to revisit our choice of immunomodulation methods. Although immune rejection is mainly mediated by effector T cells or antibodies secreted by B cells, some other types of white blood cells can promote a tolerant immune response and extend survival of the graft (12). In kidney transplant immunity, mechanisms of tolerance are crucial because whether an allograft is acceptable to the recipient depends largely on the balance between effector cells with alloantigen reactivity and regulatory immune cells (13). Regulatory immune cells are one such group of leukocyte populations that have the potential to specifically prevent acute rejection or graft-vs.-host disease (GVHD). They gradually acquire regulatory functions during development, and the immunosuppressive property is acquired in the local microenvironment of allografts or in lymphatic tissue drained by the graft. And this immunosuppressive property will cause the surrounding environment to change toward the long-term survival of the graft, thereby preventing the graft from being rejected or GVHD. Therefore, regulatory immune cells play a critical role in influencing long-term outcomes after kidney transplantation (14).



REGULATORY MYELOID CELLS

Currently, researchers working on organ transplantation are hoping to minimize the dependence of recipients on immunosuppressive drugs and increase donor-specific immune tolerance using immunomodulatory therapy. Many animal experiments and observations have shown that regulatory immune cells can promote transplant tolerance and reduce the infection rate after kidney transplantation (15). There are also considerable experiments confirming that they could prolong the survival of kidney allografts in non-human primate (NHP) models (16, 17). Most of these experiments focus on the role of regulatory T cells (Tregs). From basic experiments to clinical related research, Tregs have excellent immune regulation effect after transplantation of various organs, and they occupied an important position in transplantation immunity (13, 18, 19). There was some small-scale clinical trials which purify Tregs from patients' own blood and perform polyclonal expansion. Experimental results show that the project is safe and well-tolerated. The infused Tregs have a certain degree of durability and stability, proven to reduce the inflammation of the transplanted kidney through biopsy (20). Another group of cells with regulatory functions, regulatory myeloid cells, has excellent immunosuppressive effects in many transplant responses, in addition to being more diverse and complex. Some of these effects received widespread attention because they may be related to Tregs (Figure 1). The regulatory myeloid cells discussed in the previous articles generally include three types, which are regulatory macrophages, regulatory dendritic cells, and myeloid-derived suppressor cells (21). Due to the homology and excellent anti-rejection prospects, here we will broadly include bone marrow mesenchymal stromal cells. We will focus on the progress of kidney transplantation immunity of several regulatory myeloid cells, and their characteristics are shown (Table 1).


[image: Figure 1]
FIGURE 1. Possible mechanism of different effects of regulatory myeloid cells on two types of T cells. IL, interleukin; CCL5, chemotactic C-C motif 5; IFN-γ, interferon-gamma; iNOS, inducible nitric oxide synthase; TGF-β, transforming growth factor-β; IDO, indoleamine 2,3-dioxygenase; PAGP, progestagen-associated endometrial protein; PGE-2, prostaglandin E2.



Table 1. Feature of regulatory myeloid cell (22–25).
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REGULATORY MACROPHAGES

Macrophages are derived from monocytes and they are an important part of innate immunity. When the body is injured, monocytes in the blood vessels are transported to the inflamed tissue and become macrophages. The accumulation of macrophages in organs has been considered a feature of allograft rejection for many years (26). Depending on the microenvironment, immunogenic monocytes will infiltrate into the allograft early after transplantation, and be renamed macrophages, which will respond to the transplanted organ and trigger organ rejection (27). The classically activated macrophages' (M1) inflammatory response is characterized by high levels of pro-inflammatory cytokines in the surrounding environment and the promotion of the Th1 response. However, in addition to the role of M1 in promoting immune responses, alternatively activated macrophages (M2) are believed to be associated with the alleviation of tissue inflammation. The latest research found that when macrophage colony-stimulating factor (M-CSF) and interferon-γ (IFN-γ) act on monocytes, they will transform into a new type of inhibitory cells called regulatory macrophages (Mregs). Mregs are another uniquely characterized group of cells that can produce interleukin 10 (IL-10) but do not generate arginase-1, which can reduce the proinflammatory immune response (28). Recent studies have shown that Mregs promote successful long-term transplantation and may be necessary for inducing transplant tolerance (29). Hutchinson et al. administered Mregs to two living donor kidney transplant recipients. After transplantation, two patients were treated with the smallest dose of tacrolimus monotherapy (aiming for trough serum levels between 4 and 8 ng/ml) in 24 weeks and maintained favorable transplant function later. No adverse effects were observed in 2 patients, with 3 years follow-up (30). It is inferred that this phenomenon may be caused by Mregs inhibiting the proliferation of effector T cells by producing IFN-γ. During cell experiments, it was found that mouse Mregs can produce induced nitric oxide synthase (iNOS) to inhibit the activity of T cells in vitro and can kill and engulf co-cultured T cells subsequently (31). The latest research also shows that Mregs can convert allogeneic CD4 + T cells into regulatory T cells, thereby non-specifically inhibiting bystander T cells and the maturation of dendritic cells. Preoperative administration of donor-sourced Mreg to kidney transplant recipients can cause a sharp increase in circulating Treg, promoting the acceptance of allogeneic transplantation by rapidly inducing Tregs (32). In addition to conducting further clinical and in vitro experiments, some researchers have proposed the concept of macrophage isolation and characterization according to the tissue environment, and the function of macrophages according to different circumstances (33). Du et al. conducted in vitro and in vivo experiments and found that insulin-like growth factor 2 (IGF-2) can induce anti-inflammatory phenotype of mature macrophages by changing their mitochondrial metabolism, and transfer them to mice can alleviate their disease (34). Maybe using IGF-2 or other inducing factors can also actively induce macrophages to produce specific cells with Mreg function based on their phenotypes for application in immune regulation after kidney transplantation.



REGULATORY DENDRITIC CELLS

Dendritic cells (DCs) are another type of cells that are essential to elicit a specific T cell response to alloantigen, but they can also enhance a tolerance response in some cases (35). DCs are functionally classified as myeloid DCs (mDCs) and plasmacytoid DCs (pDCs). Since most of them belong to mDCs, they are generally classified as myeloid immune cells. DCs belong to important antigen presenting cells (APCs), which play an essential role in the activation and adjustment of non-specific and specific immunity and induction of immune tolerance to maintain homeostasis in steady state under inflammatory conditions. Although the main function of DCs is to trigger the immune system, it seems that both mDCs and pDCs can enhance the tolerance to the same antigen (36). The two-way role of DCs in coordinating this delicate balance has attracted widespread attention. Increasing evidence indicates that the coordinate ability of DCs is dependent upon their immature state and can be regulated by many factors such as immunosuppressive molecules, genetic mechanism, certain pathogenic stimulation, signals from immune cells or apoptotic cells, and tissue or tumor microenvironment (37). Regulatory DCs (DCregs) retain the ability to present antigens to specific T cells. However, at the same time, they descend the expression of costimulatory molecules (CD80, CD86, and CD40) and pro-inflammatory cytokines (IL-12), and ascend the expression of inhibitory molecules (PDL1, CD95L, and IDO) and anti-inflammatory cytokines (TGF-β and IL-10), and is resistant to signals that induce maturation (38). The mechanisms of DCregs promoting immune tolerance include inducing T cell non-responsiveness, generating Tregs, inhibiting T cell response and inducing T cell apoptosis (39). The result published by Marin E et al. shows that DCregs regulate immune responses through lactate synthesis, inhibition of T cell proliferation and expansion of Tregs by secreting factors. The high level of lactate shifts T cell response to tolerance, delaying graft-vs.-host disease (40). At the University of Nantes, as part of the ONE Study, autologous DCreg infusion 1 day before transplant, is under examination in renal transplantation with SOC triple immunosuppressive (azathroprine, steroid, tacrolimus) (41). Therefore, researchers have begun to consider how to efficiently prepare DCregs to facilitate future large-scale use. Cai et al. produced enough high-quality functional DCregs from induced pluripotent stem cells (iPSCs) derived from murine, and named them iPS-DCregs. Even under strong stimuli, this kind of DCreg can still be in a “stable immature stage,” and can induce permanent acceptance of mouse heart allografts (42). Some researchers have successfully used mouse DCregs to perform allogeneic transplantation of mouse skin and significantly prolonged graft survival (43). Pang et al. went a step further, purifying exosomes from DCregs and injecting them into allogeneic kidney transplantation model mice. After observation, it was determined that the exosomal group significantly improved survival, reduced the levels of (CD4+) T cell and cytokines related to rejection (IFN-γ, IL-2, and IL-17), and promoted the percentage of (Foxp3+) (CD4+)T cells in mice allograft, which indicates that exosomes of DCregs are involved in the induction of immune tolerance (44). Recently, Thomson et al. have produced Good Manufacturing Practice (GMP) grade DCregs for human organ transplantation. They briefly reviewed their experience in modulating immunotherapy in organ transplantation and the generation and characterization of human monocyte-derived DCregs. And they proposed a phase I/II safety study in which the effect of donor-derived DCregs combined with traditional immunosuppressive agent treatment on subclinical and clinical allograft rejection and adverse reactions will be observed in detail (45).



MYELOID-DERIVED SUPPRESSOR CELLS

Myeloid derived suppressor cells (MDSCs) are a heterogeneous population of bone marrow-derived myeloid progenitors that suppress immune responses in different kinds of inflammatory environments, such as organ transplantation, malignant tumors, infectious diseases, and autoimmune diseases (46). They are functionally defined as a class because of phenotypically expression with characteristics related to precursors of hematopoietic cells that can stably differentiate into mature macrophages, DCs and granulocytes at all stages (47). The pivotal position of MDSCs was initially established in the field of tumor immunity (48). Since then, many researchers have begun to explore the role of MDSCs in the host's immune response during organ transplantation. Dugast et al. first reported the important role of MDSCs in inducing tolerance in rat kidney transplant models. By increasing the number of MDSCs, the proliferation of allogenic T cells can be inhibited in vivo, and MDSCs may participate in the phase of NO-dependent tolerance maintenance (49). After this groundbreaking study determined the importance of MDSCs in transplant immunity, research on the therapeutic potential and immunoregulatory effects of MDSCs has been extensively conducted. Currently, MDSC are divided in three subpopulations: polymorphonuclear (PMN), monocytic (M) and early-stage (e) MDSC, and each one has different immunosuppressive mechanism (22). Dilek et al. focused on the connection between MDSCs and Tregs in transplant immunity and discovered the importance of a chemotactic C-C motif 5 (CCL5) between the two. The results show that the gradient of CCL5 around the graft contributes to MDSC's enhancement of tolerance in kidney allograft recipients. This gradient controls the recruitment of Tregs to the graft, which may help maintain tolerance (50). Studies performed by Luan et al. revealed blood derived M-MDSCs were able to expand Treg in vitro and correlated with increased Treg numbers in vivo (51). There are also many studies focusing on the effect of using MDSCs to extend the survival time of transplants after allogeneic transplantation of organs such as heart and skin in mice (52–55). These studies have discovered pathways and mechanisms such as carbon monoxide that may be related to the immune suppression of MDSCs through animal experiments, but more teams have begun to turn more to clinical trials. Meng et al. compared the allogeneic function, severity of tissue damage, and long-term survival of patients with high and low MDSCs in vivo after kidney transplantation. Compared with the low-dose MDSCs group, the allograft function of the high-dose MDSCs group was significantly enhanced. In addition, his team also found that MDSCs isolated from transplant recipients can up-regulate Tregs and inhibit IL-17 production in vitro (56). Hock et al. found that the number of MDSCs in patients after kidney transplantation increased rapidly and reached a peak after the start of immunosuppression, but then fluctuated due to unknown reasons. Therefore, the purpose of establishing follow-up research is to explore the factors that regulate MDSC mobilization (57). Recent studies have shown that in patients with intestinal transplantation, MDSCs increase in vivo and restrain the response of effector T cells to the intestinal epithelium of the graft (58). This shows that due to the close relationship with T cells, MDSCs may have the prospect of immunosuppression for various organ transplants throughout the body. But some pessimistic points emerged, Lee et al. showed that adoptive MDSCs transfer after transplantation improves graft survival in mice, however their late depletion did not damage graft survival (59). Moreover, Utrero-Rico et al. found that higher maintained level of M-MDSC after transplantation in kidney recipients is associated with higher risk of cancer (60). These findings demonstrate together that MDSC could be beneficial early after transplantation to prolong graft survival, but, if maintained, it may promote tumoral development for patients due to excessive immunosuppression.



MESENCHYMAL STROMAL CELLS

Bone marrow-derived mesenchymal stromal cells (MSCs) are also a type of cells that have regulatory functions in transplantation immunity. Although MSCs are found in many tissues, most are derived from bone marrow, as we also include them in regulatory myeloid cells. MSCs are a kind of cells with multi-directional differentiation potential. They can induce differentiation into a variety of tissue cells under specific in vivo and in vitro environments (61). MSCs could also migrate to sites of inflammation and to transplanted organs. So, many researchers have put it into testing for autoimmune diseases and post-transplant immunomodulatory therapies (62, 63). In experiments aimed at post-transplant immunity, MSCs have shown unique, effective, and undisputed immune-modulating properties. MSCs can act on a wide range of immune cells such as T cells, B cells, macrophages, natural killer cells, dendritic cells, and granulocytes (64). The much profound impact of MSC on adaptive immune response may be closely related to its innate source, so myeloid cells may be the earliest affected cells. MSCs interact with innate and acquired immune cells and immunomodulate them to make them develop more stable (and occasionally more intense) (65, 66). They impede the differentiation of dendritic cells and inhibit their maturation, thereby downregulating the ability of antigen presenting cells in vivo and in vitro (67–69). MSCs reduce the cytotoxicity of T lymphocytes that respond to foreign antigens and prevent effector T cells from replicating at the G0/G1 phase, thereby reducing their ability to produce IFN-γ and IL-2 (70). And they also promoted T cells to differentiate into Tregs and induce graft tolerance (71, 72). In addition, MSCs alter the proliferation of natural killer cells and γδT cells (73), reduce cytotoxicity and IFN-γ production, and inhibit B cell activation and antibody secretion (74).

Although there are many studies in various fields, the exact mechanism of action of MSCs has not been obtained. However, since MSCs can be easily isolated from different tissues including bone marrow, umbilical cord or connective tissue, and based on the current advanced technology, MSCs can be expanded in vitro to achieve an applicable cell dose in a relatively short time for clinic (75). Many studies on the use of MSCs cell therapy to modulate immunity after kidney transplantation have been performed worldwide. The goal of these studies is usually to induce inhibition through various forms of treatment with MSCs, so that patients can maintain the effect of immune tolerance based on minimal doses of immunosuppressive drug therapy to get the long-time survival of graft (76).



CONCLUSION

From the above analysis, it can be found that the immune system has a natural balance. This balance consists of the coordination of pro-inflammatory and regulatory cells, which involves a large series of regulatory factors. This is a very complicated and delicate process. As an important part of the regulatory cell side and possessing capability of promoting Treg proliferation, regulatory myeloid cells are expected to enhance success of early immunosuppressive drug withdrawal and become one of the anti-rejection options for patients after renal transplantation soon. An interesting matter to remark would be the need of prospective studies regarding the regulation of myeloid regulatory cells on the long term and which is the effect of immunosuppressive regiments on these cells, as well as their relationship with clinical outcomes, in order to develop strategies to promote tolerance. Most pilot studies were highly variable in design, did not incorporate a parallel trial arm of patients. This requires us all to further carry out more clinical-based experiments based on researches that has been reproduced in order to prove the advantages of its efficacy and higher safety and operability. In addition, whether it can be made into the very promising and available cell-based medicinal products (CBMP) also requires a unified standard. The existing data is still very ambiguous on this point.
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Renal ischemia-reperfusion injury (IRI) contributes to acute kidney injury (AKI), increases morbidity and mortality, and is a significant risk factor for chronic kidney disease (CKD). Macrophage infiltration is a common feature after renal IRI, and infiltrating macrophages can be polarized into the following two distinct types: M1 macrophages, i.e., classically activated macrophages, which can not only inhibit infection but also accelerate renal injury, and M2 macrophages, i.e., alternatively activated macrophages, which have a repair phenotype that can promote wound healing and subsequent fibrosis. The role of TSC1, which is a negative regulator of mTOR signaling that regulates macrophage polarization in inflammation-linked diseases, has been well documented, but whether TSC1 contributes to macrophage polarization in the process of IRI is still unknown. Here, by using a mouse model of renal ischemia-reperfusion, we found that myeloid cell-specific TSC1 knockout mice (termed Lyz-TSC1 cKO mice) had higher serum creatinine levels, more severe histological damage, and greater proinflammatory cytokine production than wild-type (WT) mice during the early phase after renal ischemia-reperfusion. Furthermore, the Lyz-TSC1 cKO mice showed attenuated renal fibrosis during the repair phase of IRI with decreased levels of M2 markers on macrophages in the operated kidneys, which was further confirmed in a cell model of hypoxia-reoxygenation (H/R) in vitro. Mechanistically, by using RNA sequencing of sorted renal macrophages, we found that the expression of most M1-related genes was upregulated in the Lyz-TSC1 cKO group (Supplemental Table 1) during the early phase. However, C/EBPβ and CD206 expression was decreased during the repair phase compared to in the WT group. Overall, our findings demonstrate that the expression of TSC1 in macrophages contributes to the whole process of IRI but serves as an inflammation suppressor during the early phase and a fibrosis promoter during the repair phase.




Keywords: kidney, ischemia-reperfusion (IR), macrophage polarization, fibrosis, tuberous sclerosis complex 1 (TSC1)



Introduction

Renal ischemia-reperfusion injury is a major risk factor affecting the prognosis of AKI and the functional recovery and long-term survival of grafts after renal transplantation (1). Innate and adaptive immune cells, such as macrophages, dendritic cells, neutrophils, and lymphocytes, are involved in the pathogenesis of renal injury after ischemia-reperfusion injury (IRI) (2). Specifically, macrophages, which are primary components of the phagocytic system, aggravate damage during the initial stage of reperfusion but promote tubular repair and long-term renal fibrosis during the late stage after IRI (3). During the early phase, monocytes adhere to the vasa recta 2 h after IRI, and most macrophage recruitment occurs surrounding postcapillary venules (4). Then, proinflammatory monocytes/macrophages are thought to mediate tubular injury by releasing several important cytokines (such as IL-6, TNF-α, and IL-12) and nitric oxide (NO) by iNOS (3). Among all cell types associated with renal fibrogenesis, macrophages can promote the progression of renal fibrosis as a driving force; CD206+ M2 macrophages, especially those derived from bone marrow cells that can directly contribute to renal fibrosis, are strongly involved in renal fibrosis (5). In the injured kidney, macrophages from bone marrow cells can differentiate into α-SMA+ myofibroblasts termed macrophage-to-myofibroblast transition (MMT), which contribute to pathogenic collagen production during tissue fibrosis (6–8). The CD206+ α-SMA+ cells co-expressing suggests that macrophages that undergo MMT are predominantly M2 (5, 9). Moreover, some cytokines and growth factors secreted by macrophages, such as TGF-β1, IL-10, and matrix metalloproteinase (MMP), can contribute to fibrosis (10). In addition, it has been confirmed in various disease models that transforming growth factor-β (TGF-β) is a main cause of fibrosis in most forms of chronic kidney disease (CKD) (11). IL-10 is considered an anti-inflammatory and antifibrotic cytokine, but paradoxically, IL-10 appears to affect profibrotic signaling pathways that are unique to the kidney (12). Barbarin et al. reported that IL-10 inhibits the infiltration of inflammatory cells during the early stage of fibrosis but promoted fibrosis during the later stage (13).

Macrophages can differentiate into distinct phenotypes when stimulated by certain cytokines or exposed to different microenvironments (14). M1 macrophages are induced by exposure to IFNγ, LPS, TNFα, or GM-CSF and express proinflammatory cytokines, such as IL-1β, TNFα, and IL-6, while M2 macrophages resulting from IL-4/IL-13 stimulation produce anti-inflammatory factors, including IL-10 and TGFβ (15, 16). Several studies have shown that renal tubular cells participate in the activation and polarization of macrophages by producing macrophage growth factors, such as macrophage colony-stimulating factor (M-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF), and IL-34 (17–20). In coculture with tubular epithelial cells, macrophages activate and upregulate the expression of the alternative activation markers CD206 and Arginase-1 (Arg-1) (21). These conclusions imply that macrophages contribute to renal ischemia-reperfusion injury and subsequent recovery via different phenotypic polarizations.

The tuberous sclerosis complex (TSC) comprises TSC1, TSC2, and TBC1D7 (22). The mechanistic target of rapamycin (mTOR) is a serine/threonine protein kinase belonging to the PI3K-related kinase (PIKK) family that forms the catalytic subunit of two protein complexes, i.e., mTOR complex 1 (mTORC1) and mTOR complex 1 (mTORC2); the TSC1 and TSC2 proteins form a heterodimeric complex that acts as a functional unit that inhibits mTOR as the key negative regulator of mTORC1 signaling (23). Using an acute endotoxin shock model, our previous study revealed that TSC1 inhibits M1 polarization by suppressing the Ras GTPase–Raf1–MEK–ERK pathway in an mTOR-independent manner while promoting M2 properties by mTOR-dependent CCAAT/enhancer-binding protein-b (C/EBP-β) pathways (24).

This study demonstrates that TSC1 deficiency in macrophages promotes M1 polarization to aggravate kidney dysfunction during the early phase of renal IRI and attenuates renal fibrosis during the repair stage resulting from reduced M2 polarization. Therefore, these findings demonstrate that TSC1 controls macrophage polarization to affect the whole process of renal ischemia-reperfusion injury.



Methods


Mice

Myeloid cell-specific TSC1 conditional knockout mice (C57BL/6 background) were obtained by crossing TSC1loxp/loxp mice with mice expressing Cre recombinase under the control of the lysozyme promoter (LysMCre), and WT littermates were used as controls. The TSC1loxp/loxp mice were kindly provided by Dr. Hongbin Zhang (Institute of Basic Medical Sciences and School of Basic Medicine, Peking Union Medical College, and Chinese Academy of Medical Sciences, Beijing, China) (25, 26). The LysMCre mice were generous gifts from Dr. Lianfeng Zhang, Key Laboratory of Human Diseases Comparative Medicine, Ministry of Health, Institute of Laboratory Animal Science, CAMS & PUMC (27). All mice were maintained in the specific pathogen-free Laboratory Animal Centre of the Institute of Zoology, Beijing, China. All studies were performed according to the institutional guidelines and approved by the research ethics committee (IRB: [2020]02-166) of the Third Affiliated Hospital of Sun Yat-sen University.



IRI Model

Male C57BL/6 mice (aged 6–8 weeks; weight 18–22 g) were anesthetized using isoflurane (2% for induction and 1.5% for maintenance) on a 36°C warming pad using a rectal probe. Non-damaged microvascular clamps (AESCULAP YASARGIL, Cat: FT222T) were used to block the bilateral renal pedicles for 30 min. The peritoneum and skin were closed in turn with 5-0 silk threads. One milliliter of saline was injected via the intraperitoneal route to prevent dehydration. All mice were kept under 12-h light/dark cycles, and normal food was provided ad libitum. The mice were euthanized, and the kidneys were collected on days 1, 4, 7, 14, and 21 after IRI. The kidney tissue was harvested for the histology, immunohistochemistry, and immunofluorescence analyses, RNA seq and RNA extraction after fluorescence-activated cell sorting (FACS).



BMDMs and Adoptive Transfer

After separating the tibia, femur, and ilium of the mice, the cells in the bone marrow were collected with a syringe filled with Dulbecco’s modified Eagle medium (DMEM). The bone marrow cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 10 ng/ml mouse macrophage colony-stimulating factor (M-CSF) for 7 days to acquire bone marrow-derived macrophages (BMDMs). Then, the harvested BMDMs were labeled by CFSE (MedChemExpress, Cat No.: HY-D0938) as previously reported (16). CFSE-labeled WT/Lyz-TSC1 cKO BMDMs (1 × 107) were intravenously injected into WT mice 2 h before kidney IRI.



Hypoxia-Reoxygenation (H/R) Injury in RTECs In Vitro

Renal tubular epithelial cells (RTECs, BeNa Culture, Cat: BNCC340198) were cultured in DMEM supplemented with 5% FBS, penicillin (100 U/ml), and streptomycin (100 μg/ml) until they reached 90% confluence. Then, the cells were exposed to serum-free medium and cultured in a hypoxic incubator (1% O2, 94% N2, and 5% CO2) for 4 h at 37°C to induce hypoxic injury. Then, the cells were returned to 5% CO2 and 95% air for reoxygenation. The supernatants were harvested at 24 h after centrifugation to remove cell impurities. The BMDMs from the WT and Lyz-TSC1 cKO mice were treated with CM supplemented with 5% FBS, penicillin (100 U/ml), and streptomycin (100 μg/ml) for 24–48 h and were collected for RNA extraction.



Kidney Histology and Immunohistochemical and Immunofluorescence Staining

The kidney samples were embedded in paraffin. Sections at a thickness of 4 μm were used for the hematoxylin and eosin (H&E), Masson staining, and Sirius Red staining following standard protocols. Renal tubular damage was graded on a five-level scale according to the extent of necrosis in the proximal tubules as described by Jablonski et al. (28). All assessments were performed by two investigators blinded to the experimental conditions. The positively stained tissue relative to the selected field was quantified by ImageJ (National Institutes of Health, Bethesda, MD, USA). For IHC experiments, α-SMA, Collagen III, fibronectin, and KIM-1 were detected by immunohistochemistry using primary monoclonal antibodies against α-SMA (Servicebio, Cat: GB13044), Collagen III (Servicebio, Cat: GB13023-2), fibronectin (Servicebio, Cat: GB13091), and primary polyclonal antibodies against KIM-1(Sigma, Cat: SAB3500252-100ug). F4/80 and CD206 were detected by immunofluorescence using primary monoclonal antibodies against F4/80 (Abcam, Cat: ab6640) and primary polyclonal antibodies against CD206 (Abcam, Cat: Ab64693). CD206 and α-SMA were also detected by immunofluorescence using amCD206-FITC (Biolengend, Cat: 141703) and primary monoclonal antibodies against α-SMA (Abclonal, Cat: A17910). Fluorescent images were acquired using a Ti-E A1R+STORM confocal microscope.



Assessment of Renal Function

Serum creatinine was measured to assess renal function and analyzed by an AU5811 analyzer (Beckman Coulter) using the enzymatic assay method (DONGOU, Cat: 59400377071).



Flow Cytometry

The recipient mice were sacrificed and perfused with 20 ml 0.9% NaCl solution containing 125 U/ml heparin sodium in situ. The kidneys were acquired and grinded. A single-cell suspension was digested at 37°C for 30 min in 1640 medium containing 1 mg/ml type IV collagenase (Sigma, Cat: C5138-5 g) and 20 U/ml DNase I (Sigma, Cat: D5025-150 KU). Then, the cells were stained with antibodies (including CD45 [30-F11], F4/80 [BM8], CD11b [M1/70] [from eBioscience {San Diego, CA, USA}], and CD206 [C068C2] [from BD Biosciences {San Jose, CA, USA}]) against surface antigens for 30 min at 4℃. For FACS, the cells were stained with the following antibodies: anti-F4/80 (BM8) (eBioscience), anti-CD45.2 (clone 104), and anti-CD11b (M1/70) (from eBioscience). Then, the labeled cells were sorted by a MoFlo XDP sorter (Beckman). All flow cytometry data were obtained with an LSRFortessa™ X-20 instrument (BD Biosciences, CA, USA) and analyzed with FlowJo (Treestar, OR, USA).



RNA-Seq Analysis

The macrophages were sorted by CD45+F4/80+CD11b+ in the kidneys from the WT and Lyz-TSC1 cKO mice at 24 h and 2 weeks after IRI using a MoFlo XDP cell sorter (BeckMan Coulter, Brea, CA, USA). All samples were collected in tubes containing lysis components and ribonuclease inhibitors. All RNA extraction, library preparation, and sequencing were performed by Annoroad Gene Tech. (Beijing) Co., Ltd. Then, amplification was carried out by the Smart-Seq2 method. An oligo-dT primer was introduced to the reverse transcription reaction for the first-strand cDNA synthesis, followed by PCR amplification to enrich the cDNA and magbead purification step to clean the production. Then, the cDNA production was checked by Qubit® 3.0 Fluorometer and Agilent 2100 Bioanalyzer to ensure the expected production with a length of approximately 1~2 kbp. Then, the cDNA was randomly sheared by ultrasonication for the Illumina library preparation protocol, including DNA fragmentation, end repair, 3’ end A-tailing, adapter ligation, PCR amplification, and library validation. After the library preparation, a PerkinElmer LabChip® GX Touch and Step OnePlus™ Real-Time PCR System was used for the library quality inspection. Then, the qualified libraries were loaded onto the Illumina HiSeq platform for the PE150 sequencing. We downloaded macrophage polarization data from the NCBI GEO database (GSE107776).

For both the downloaded data and our data, we used the mapping software HISAT2 to map the reads to the mouse mm10 reference genome and StringTie to construct transcripts independently for each cell (29). DEseq2 was used to identify the differentially expressed genes between the WT and TSC1-deficient macrophages (30). We considered adjp < 0.05 and |log2(fold change)| > 1 indicative of a significant difference in the two cell thresholds. Gene Ontology (GO) functional annotation and KEGG pathway analysis were performed to analyze all differential genes using the DAVID Bioinformatics Resources 6.8 online search tool (https://david.ncifcrf.gov/) and the Kobas online search tool (http://kobas.cbi.pku.edu.cn/). The functional protein network analysis was performed by String (https://string-db.org/) and shown by Cytoscape software (31).



Quantitative PCR Analysis

Kidney RNA, FACS-sorted cell RNA, or cultured cell RNA was extracted with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) or E.Z.N.A. Total RNA kit I (#R6834) and reverse transcribed (Bio-Rad). The RNA was quantified using a Take3 Gen5 spectrophotometer (BioTek, Winooski, VT). The gene expression analysis was determined by quantitative real-time PCR (iTaq Universal Sybr Green Supermix; Bio-Rad) using CFX96 (Bio-Rad) and normalized to the expression level of the housekeeping gene hypoxanthine phosphoribosyltransferase.



Statistical Analysis

All results are expressed as the mean ± SEM. GraphPad Prism software (GraphPad Inc., San Diego, CA, USA) was used to analyze the data. Unpaired t-tests and analysis of variance were performed, and P < 0.05 was considered indicative of statistical significance.




Results


Elevated Injury Was Caused by Increased Proinflammatory Polarization of TSC1 Knockout Macrophages in the Kidney During the Early Phase

To explore the role of TSC1 expression in macrophages during the process of renal IRI, a standardized model of renal IRI was established in this study by blocking the bilateral renal pedicles for 30 min. The kidneys were obtained on days 1, 4, 7, 14, and 21 after IRI (Figure 1A). During the early phase after reperfusion, the Lyz-TSC1 cKO mice showed aggravated kidney dysfunction, and significantly higher serum creatinine levels were observed in the Lyz-TSC1 cKO mice 1 and 3 days after injury (Figure 1B). In addition, the renal tubular injury scores were assessed 1 and 3 days after reperfusion by H&E staining (Figure 1C). The renal tubular injury scores of the Lyz-TSC1 cKO mice were significantly higher than those of the wild-type mice, suggesting accentuation of tubular injury in the Lyz-TSC1 cKO mice (Figure 1D). Kidney injury molecule-1 (Kim-1) is an acute kidney injury (AKI) biomarker that is always upregulated during the early phase of IRI. In the sham-operated mice, the immunostaining of Kim-1 could not be detected in the kidney. However, the positively stained kidney area was significantly increased in the Lyz-TSC1 cKO mice compared to that in the WT kidneys (Figures 1E, F). These results indicate that the AKI induced by ischemia-reperfusion in the Lyz-TSC1 cKO mice is more severe than that in the control mice.




Figure 1 | TSC1 depletion in macrophage aggravated mice IR-induced tubular injury. (A) Schematic diagram. (B) Serum creatinine levels in wild-type (WT) and Lyz-TSC1 cKO mice at baseline (0) and 1 and 4 days post-IRI. (C) Representative H&E-stained renal sections of WT and Lyz-TSC1 cKO mice. Scale bar: 20 µm. (D) Quantification of H&E staining corresponding to the WT and Lyz-TSC1 cKO mice shown in (C). (E) Representative Kidney Injury Molecule 1 (KIM-1) immunohistochemistry in renal sections from WT and KO mice on day 1 post-IRI (×200). (F) Quantification of KIM-1 immunohistochemistry-stained murine renal cortical sections on day 0 and day 1 after IRI. In (B, D, F), the data are shown as the mean ± SD and were analyzed by an unpaired two-tailed Student’s t-test (n ≥ 3). *P < 0.05; **P < 0.01; NS, not significant.






Figure 2 | Increased M1 polarization of TSC1 knockout macrophages during the early phase. (A) Inflammatory cell infiltration and percentage of CD45+ cells in WT and Lyz-TSC1 cKO kidneys on day 1 after reperfusion. (B) F4/80high macrophages and F4/80low macrophages from WT and Lyz-TSC1 cKO mice gated on CD45+ cells. (C) Histogram of the top 10 most up- and downregulated KEGG pathways. (D) Dot plot of M1-related genes. The orange color represents the upregulated genes in the Lyz-TSC1 cKO macrophages. (E) Heatmap of up- and downregulated M1-related genes in the WT and Lyz-TSC1 cKO groups. (F) Relative mRNA expression of interleukin -1β (IL-1β), tumor necrosis factor-α (TNF-α), and iNOS in kidney macrophages sorted from WT and Lyz-TSC1 cKO mice 24 h after IRI. In (A, B, F), the data are shown as the mean ± SD and were analyzed by an unpaired two-tailed Student’s t-test (n ≥ 3). *P < 0.05; **P < 0.01; NS, not significant.



To ensure functional shifts of macrophages during the early stage of reperfusion, we sorted the kidney macrophages (CD45+F4/80+CD11b+) in the WT and Lyz-TSC1 cKO mice 24 h after reperfusion and performed RNA sequencing. Although the pathways related to macrophage polarization were not obvious among the most enriched pathways of DEGs, most M1-related genes (Tgfb1, Il6, Il1b, Il16, Il17c, Il18, Icam1, Ltb, Ccl2, Tnf, Tnfaip1, Tnfaip2, Tnfaip3, Tnfaip6, and Tnfaip8) in the Lyz-TSC1 cKO group were upregulated compared to those in the WT group (Figures 2C–E) (35). To further verify these results, we performed a quantitative real-time PCR analysis of FACS-sorted macrophages from kidneys 24 h post-IRI. The results show that the macrophages sorted from the kidneys of the Lyz-TSC1 cKO mice had increased expression of interleukin-1β (IL-1β), tumor necrosis factor-a (TNF-a), and iNOS, which are hallmarks of M1 polarization (Figure 2F) (34). These data demonstrate that TSC1 deficiency promoted renal macrophage inflammatory M1 polarization to enhance inflammation and aggravate early tubular epithelial injury after ischemia-reperfusion during the early phase.



Conditional Depletion of TSC1 in Macrophages Reduced Renal Fibrosis After IRI

We also explored the performance in the two groups during the late stage of renal ischemia-reperfusion. We performed Masson’s trichrome staining to assess renal fibrosis 1, 2, and 3 weeks after reperfusion (Figure 3A). Interestingly, the Masson staining of the Lyz-TSC1 cKO group showed decreased collagen deposition compared to that in the WT group, especially at 2 weeks (Figure 3B). As fibrosis-related cytokines, we examined the transcription of transforming growth factor-β (TGF-β) and IL-10 in the kidneys 14 days after ischemia-reperfusion. Compared to the control littermates, much lower IL-10 levels were detected in the knockouts, while the level of TGF-β did not significantly differ between the two groups (Figure 3C). The positive area of Sirius Red was increased during this process, with a sharp increase at day 21 (Figures 3D, E). Collagens especially collagen III (COL 3), fibronectin (FN), alpha-SMA are metabolic balance-related genes and proteins of extracellular matrix (ECM) (36). Immunohistochemistry showed that Lyz-TSC1 CKO kidneys had a reduced deposition of collagen III, α-SMA, and fibronectin (FN), compared to WT kidneys (Supplementary Figures 3A–F). We also assessed the renal tubular injury scores of the two groups by H&E staining during the repair phase after IR (Figure 3F). The renal tubular damage score of the Lyz-TSC1 cKO mice tended to be slightly higher than that of the wild-type mice during the initial stage of restoration, but the degree of damage between the two groups did not continue to deteriorate during the late phase (Figure 3G), and serum creatinine showed a similar trend (Figure 3H). The serum creatinine levels in the Lyz-TSC1 cKO mice were significantly higher 7 days post-IRI and then rapidly returned to levels comparable to those in the WT mice. These results suggest that the deletion of TSC1 in macrophages reduces kidney fibrosis after IRI in mice and prevents further deterioration of tubular injury to a certain extent.




Figure 3 | Decreased renal fibrosis after IRI in Lyz-TSC1 cKO mice. (A) Representative images of Masson’s trichrome staining of WT and Lyz-TSC1 cKO kidneys on days 7, 14, and 21 after reperfusion. Scale bar: 20 µm. (B) Quantification of Masson’s trichrome staining corresponding to the WT and Lyz-TSC1 cKO mice shown in (A). (C) Fibrosis-related cytokines (transforming growth factor-β [TGF-β] and IL-10) mRNA relative expression in kidneys from WT or Lyz-TSC1 cKO mice on day 14 after reperfusion. (D) Representative Sirius Red-stained renal sections of WT and Lyz-TSC1 cKO mice. Scale bar: 20 µm. (E) Quantification of Sirius Red staining corresponding to the WT and Lyz-TSC1 cKO mice shown in (D). (F) Representative images of HE staining of WT and Lyz-TSC1 cKO kidneys on days 7, 14, and 21 after reperfusion. Scale bar: 20 µm. (G) Renal tubular injury scores of H&E staining corresponding to the WT and Lyz-TSC1 cKO mice shown in (F). (H) Serum creatinine levels in WT and Lyz-TSC1 cKO mice on days 7, 14, and 21 after ischemia-reperfusion. In (B, C, E, G, H), the data are shown as the mean ± SD and were analyzed by an unpaired two-tailed Student’s t-test (n ≥ 3). *P < 0.05; **P < 0.01; NS, not significant.





M2 Macrophages in the Kidneys of Lyz-TSC1 cKO Mice Are Significantly Reduced During the Ischemia-Reperfusion Repair Phase

Macrophages (especially the CD206+ subset of M2 macrophages) are strongly associated with renal fibrosis and tubule repair in both human and experimental diseases (5, 21). Thus, we hypothesized that the depletion of TSC1 in macrophages would reduce fibrosis because of the attenuated polarization to M2 after ischemia-reperfusion. To verify this hypothesis, we determined whether the F4/80highCD11b+ macrophages in the kidney from the Lyz-TSC1 cKO mice were decreased 7, 14, and 21 days after IRI. M2 macrophages (also termed alternatively activated) are anti-inflammatory and tend to promote injury repair and resolution of inflammation (3). The flow cytometry analysis showed that the Lyz-TSC1 cKO kidneys had significantly fewer F4/80high (M2-like macrophages) macrophages and a lower ratio of F4/80high to F4/80low gating on CD45+ than the WT kidneys 7, 14, and 21 days after reperfusion (Figures 4A–D). Additionally, the levels of F4/80high macrophages and the ratio of F4/80high to F4/80low in the WT and Lyz-TSC1 cKO mice were comparable before ischemia-reperfusion injury (Supplementary Figure 1B). CD206 (also known as mannose receptor) is a marker of M2 macrophages that is expressed in not only monocyte-derived macrophages (MDMs) but also tissue macrophages (37). To further assess M2 macrophage expression in the kidneys, we stained the kidney tissues and performed immunofluorescence. We costained the kidney tissues with antibodies against F4/80 and CD206 to identify M2 macrophages 14 days after IR. The number of stained M2 macrophages in the kidneys from the knockout mice was significantly lower than that in the control littermates (Figure 4E). Immunohistochemistry further showed that Lyz-TSC1 cKO group had a reduced co-expressing of CD206 and α-SMA, compared to WT group 14 days after IR (Figure 4F). Also, we determined the difference in CD206 expression between the WT group and the Lyz-TSC1 cKO group by a flow cytometry analysis. The mean fluorescence intensity (MFI) of CD206 in the WT and Lyz-TSC1 cKO mice was comparable before ischemia-reperfusion injury (Supplementary Figure 1C). Notably, CD206 expression in the renal macrophages in the Lyz-TSC1 cKO groups 7, 14, and 21 days after reperfusion was significantly lower than that in the WT group (Figures 4G, H). These results indicate that the decreased renal fibrosis after IRI in the Lyz-TSC1 cKO mice may result from the attenuated M2 polarization of TSC1 cKO renal macrophages.




Figure 4 | Decreased M2 polarization in Lyz-TSC1 cKO macrophages during the repair process of renal ischemia-reperfusion. (A–D) Left panel: representative dot plots of the proportion of F4/80hi and F4/80low macrophage subsets in CD45+ cells in the WT and Lyz-TSC1 cKO kidneys. Middle panel: quantification of the proportion of F4/80hi and F4/80low macrophage subsets in CD45+ cells. Right panel: ratio of F4/80hi and F4/80low macrophage subsets. (A) Day 4 post-IRI. (B) Day 7 post-IRI. (C) Day 14 post-IRI. (D) Day 21 post-IRI. (E) M2 macrophages were double-positive for F4/80 (green) and CD206 (red) by immunofluorescence in the WT and Lyz-TSC1 cKO kidneys on day 14. Scale bar: 50 µm. (F) Kidney sections were subjected to immunofluorescence staining for CD206 and a-SMA. Scale bar: 50 µm. (G, H) CD206 mean fluorescence intensity (MFI) in macrophages in WT and Lyz-TSC1 cKO mice kidney were analyzed after ischemia-reperfusion injury on days 7, 14, and 21. Each dot represents an individual mouse. In (A–D, G, H), the data are shown as the mean ± SD and were analyzed by an unpaired two-tailed Student’s t-test (n ≥ 3). *P < 0.05; **P < 0.01; NS, not significant.





The Defective Response of TSC1 cKO Macrophages to CM Is Mediated by mTOR-C/EBPβ In Vitro

Tubular epithelial cells (TECs) play diverse roles in renal repair or progression to chronic kidney disease (CKD) by releasing bioactive mediators that drive fibrosis and are vulnerable to various injuries, especially hypoxia insult (38). We used an in vitro cell model that has been widely used to simulate renal IRI by harvesting the culture supernatant (termed conditioned medium, CM) from a mouse renal TEC cell line (mRTECs) after hypoxia-reoxygenation (H/R) injury (39–41). Bone marrow-derived macrophages (BMDMs) from WT and Lyz-TSC1 cKO mice were induced by M-CSF stimulation and then treated with CM for 48 h (Figure 5A). The treated BMDMs in each group were collected for a flow cytometry analysis. The data show that after the treatment with CM, the TSC1 cKO BMDMs expressed significantly lower levels of CD206 than the WT BMDMs (Figures 5B, C). The transcriptional level of gene expression was also determined by real-time PCR. The hallmarks of M2 macrophages, including CD206 and Arginase-1 (Arg-1), showed significantly lower expression in the TSC1 cKO macrophages. Moreover, the expression of C/EBPβ in the TSC1 cKO BMDMs was significantly lower than that in the WT BMDMs (Figure 5D). The rapamycin treatment for 48 h markedly reversed the damaged C/EBPβ expression in the TSC1 cKO macrophages (Figure 5E). These findings demonstrate that the decreased C/EBPβ expression in the TSC1 cKO macrophages may also be induced by overactivated mTOR activity, which is consistent with our previous study (24).




Figure 5 | Defective polarization to conditional medium of TSC1 cKO macrophages is mediated by mTOR-C/EBPβ in vitro. (A) Experimental design of the BMDMs from the WT and Lyz-TSC1 cKO mice, which were treated with CM from mouse renal TECs (mRTECs) cell line after hypoxia-reoxygenation (H/R) injury. (B) Representative dot plots of the CD206+ subset in the F4/80+ compartment in the WT or TSC1 cKO BMDMs treated with conditional medium. (C) Quantification of the proportion of the CD206+ subset in F4/80+ macrophages. (D) Relative expression of CD206 and Arginase-1 (Arg-1) in WT or TSC1 cKO BMDMs treated with CM. (E) Lyz-tsc1 cKO BMDMs were pretreated with Rapa (100 nM) for 1 h and then stimulated with CM for an additional 48 h. C/EBPβ expression in WT, Lyz-TSC1 cKO, and Lyz-TSC1 cKO treated with Rapa as determined by quantitative PCR after treatment with or without CM. In (C, D), the data are shown as the mean ± SD and were analyzed by an unpaired two-tailed Student’s t-test (n ≥ 3). *P < 0.05; **P < 0.01; NS, not significant.





The Decreased C/EBPβ Expression in the TSC1 cKO Macrophages During the Repair Phase of IRI May Also Be Induced by Overactivated mTOR Activity

To further verify the conclusions drawn in the previous section, we sorted the WT and Lyz-TSC1 cKO mouse kidney macrophages (CD45+F4/80+CD11b+) 2 weeks after reperfusion and performed RNA sequencing. According to previous reports, we summarized the previous enrichment of the KEGG pathway related to M2 polarization (Figure 6A). Accordingly, we enriched the related top 12 of the most up- and downregulated pathways by the differential mRNAs (Figure 6B). We further selected the gene set enrichment analysis (GSEA) results of the top M2 polarization-related items in Supplementary Figure 4, including the autophagy signaling pathway, NF-kb signaling pathway, PI3K-Akt signaling pathway, and Notch signaling pathway. However, regarding these pathways, the WT group showed a commonly lower enrichment score (ES) than the Lyz-TSC1 cKO group. By analyzing the data in the GEO database (GEO accession GSE107776), we found that during the M2 polarization process induced by IL-4, the expression of C/EBPβ was increased compared to that in the control group (Figure 6C), which is consistent with the results of the previous regulation of M2 polarization observed in our laboratory (24). Our sequencing data demonstrated that the expression of Raptor and Rictor, which are unique subunits in mTORC1 and mTORC2, respectively, was upregulated in the Lyz-TSC1 cKO group; The Lyz-TSC1 cKO group expressed lower levels of C/EBPβ than the WT group (Figure 6D). Larabee JL’s study demonstrated that C/EBPβ binding was detected in the promoter of the IL-10 gene in macrophages, which is necessary for the induction of IL-10 (42). Our sequencing data confirmed that the expression of IL-10 was consistent with the expression of C/EBPβ in the two groups. Then, the WT and Lyz-TSC1 cKO mouse kidney macrophages (CD45+F4/80+CD11b+) were sorted 2 weeks after reperfusion, and we performed real-time quantitative PCR. The macrophages from the Lyz-TSC1 cKO mouse group expressed decreased C/EBPβ, CD206, and IL-10, which is consistent with the sequencing data (Figures 6D, E). These data support our in vitro study and indicate that the M2 polarization deficiency of the TSC1KO renal macrophages after ischemia-reperfusion may also be mediated by the mTOR-C/EBPβ pathway.




Figure 6 | Decreased C/EBPβ expression in TSC1 cKO renal macrophages during the repair phase of IRI may also be induced by overactivated mTOR activity. (A) Network summary of previous enrichment of the KEGG pathway related to M2 polarization. (B) Top 12 most up- and downregulated pathways by differential mRNA. (C) C/EBPβ expression with or without IL-4 induced M2 polarization in the downloaded data. (D) TPM value of mTOR, Rictor, Raptor, C/EBPβ, and IL-10 in macrophages from WT or Lyz-TSC1 cKO mouse kidneys 2 weeks after ischemia-reperfusion. (E) Relative expression of C/EBPβ, CD206, and IL-10 in kidney macrophages sorted from WT and Lyz-TSC1 cKO mice on day 14 post-IRI. In (E), the data are shown as the mean ± SD and were analyzed by an unpaired two-tailed Student’s t-test (n ≥ 3). *P < 0.05; **P < 0.01; NS, not significant.






Discussion

We previously reported that TSC1 is an important regulator of M1 and M2 activation of macrophages (24). In this study, we found that during the early phase after renal ischemia-reperfusion, the elevated injury in the Lyz-TSC1 cKO mice was related to increased M1 polarization of TSC1 cKO renal macrophages. We also demonstrated that during the repair process of renal IRI, the depletion of TSC1 in macrophages decreased renal fibrosis by preventing M2 polarization. Collectively, TSC1 affects the overall process of ischemia-reperfusion by regulating the polarization of macrophages.

Our results show an aggravated trend of renal injury in Lyz-TSC1 cKO mice during the early stage after renal ischemia-reperfusion, including higher renal tubular injury scores, higher serum creatinine levels, and increased KIM-1 levels. We also found that elevated injury may be caused by increased M1 polarization in TSC1 knockout macrophages during the early phase rather than an increased number of infiltrated leukocytes or macrophages by RNA sequencing, flow cytometry analysis, adoptive transfer, and quantitative PCR. Our previous study and the work of others demonstrated that Lyz-TSC1 cKO mice exhibited an enhanced M1 response when treated with LPS in vivo or in vitro in an mTOR-independent or mTOR-dependent pathway (24, 43). LPS induces an acute endotoxin shock model, which is a type of septic shock (44). Therefore, we first proved that TSC1 deficiency in macrophages may promote M1 polarization to enhance inflammation and aggravate early tubular epithelial injury after ischemia-reperfusion during the early phase of ischemia-reperfusion injury, i.e., sterile inflammation. However, whether mTOR is dependent in this study needs further exploration.

During the recovery and repair phase of postischemia/reperfusion injury, we found that the renal interstitial fibrotic and cellulosic area in the Lyz-TSC1 cKO mice was decreased compared with that in the WT group. M2 macrophages perform wound healing and play profibrotic roles during renal repair (21, 45). As mentioned above, macrophages (especially the CD206+ subset of M2 macrophages) are strongly associated with renal fibrosis (5). Therefore, we hypothesized that the depletion of TSC1 in macrophages would reduce fibrosis by blocking M2 polarization after ischemia-reperfusion. First, we verified that TSC1 cKO macrophages are refractory to M2 polarization, which was confirmed by a flow cytometry analysis of M2-like macrophages (F4/80highCD11b+ cells) and CD206 expression 7, 14, and 21 days after reperfusion. The coimmunostaining of immunofluorescence with F4/80 and CD206 14 days after reperfusion also supported the above results. Reduced co-expressing of CD206 and α-SMA in Lyz-TSC1 cKO group suggests lower numbers of MMT cells and reduced fibrosis compared with WT group. Our previous study indicated that the reduced C/EBPβ expression in TSC1 cKO macrophages is induced by overactivated mTOR activity and is involved in poor M2 polarization (24). Similar to the in vivo results, the TSC1 cKO BMDMs demonstrated a decreased M2 polarization trend compared to the WT BMDMs after the treatment with CM in vitro, which is a cell model that has been widely used to study IRI (39–41). The expression of C/EBPβ in the TSC1 cKO macrophages was significantly lower than that in the WT macrophages, while the Rapa treatment reversed the expression of C/EBPβ by TSC1 cKO macrophages, which is consistent with previous reports. To verify this finding, kidney macrophages (CD45+F4/80+CD11b+) from WT and Lyz-TSC1 cKO mice were sorted for RNA sequencing and real-time quantitative PCR 2 weeks after reperfusion. Both results demonstrated that the macrophages from the Lyz-TSC1 cKO mice also expressed decreased C/EBP-β.

A previous study found that the 38 kDa isoform of C/EBPβ is indispensable for the expression of IL-10 (42). Consistent with this observation, our study demonstrated that the expression of IL-10 in Lyz-TSC1 cKO kidney macrophages was reduced based on sequencing data and real-time quantitative PCR. As previously noted, long-term IL-10 exposure or IL-10 application to chronic disease processes may promote fibrotic results (12, 13, 46, 47). Therefore, these findings may indicate that C/EBPβ has multiple regulatory effects on renal fibrosis during the recovery and repair phases. On the one hand, decreased C/EBPβ expression in TSC1 cKO macrophages is involved in poor M2 polarization, which is strongly associated with renal fibrosis. On the other hand, a decrease in IL-10 may lead to weakened subsequent tubule interstitial fibrosis by reducing C/EBPβ expression. In addition, studies have shown that the chronic fibrogenic process is detrimental to the nephron and surrounding vasculature (48–50), which might explain why the Lyz-TSC1 cKO mice showed aggravated kidney dysfunction (tubular damage and serum creatinine) after reperfusion during the early phase; however, surprisingly, during renal repair, kidney dysfunction did not continue to deteriorate, and no significant difference was observed between the groups. Besides, we did not conduct in vivo experiments using Rapa to reverse the fibrosis reduction because under pathological conditions, the mTOR activities of numerous fibroblasts in mouse kidneys are also upregulated (51, 52). Therefore, the combined effects of Rapa on overall fibrosis of the kidney are mostly considered to have an improved effect (53, 54). Guochun Chen’s study demonstrated that Rapa ameliorates kidney fibrosis by inhibiting the activation of mTOR signaling in interstitial macrophages (55). However, this conclusion is based on a report suggesting that inflammatory cell infiltration is an early feature of renal fibrosis in almost all cases (56); thus, the role of macrophage subpopulations was not considered because macrophages exhibit completely different phenotypes during kidney injury and repair.

In summary, this study demonstrates that TSC1 deficiency in macrophages may promote M1 polarization to aggravate kidney dysfunction after ischemia-reperfusion during the early phase, while during the repair process of ischemia-reperfusion, TSC1 deficiency reduced M2 macrophage polarization, leading to decreased renal fibrosis. The findings presented in this study provide new insight into therapeutic targeting in sterile renal injury and kidney fibrosis during the transition from AKI to CKD.
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Chronic kidney disease (CKD), which is associated with high morbidity, remains a worldwide health concern, while effective therapies remain limited. Hydroxychloroquine (HCQ), which mainly targets toll-like receptor-7 (TLR-7) and TLR-9, is associated with a lower risk of incident CKD. Taking into account that TLR-9 is involved in the development of renal fibrosis and serves as a potential therapy target for CKD, we investigated whether HCQ could attenuate CKD via TLR-9 signal pathway. The effects of HCQ on renal tubulointerstitial fibrosis were further explored using a mouse model of renal tubulointerstitial fibrosis after ischemia/reperfusion injury. Bone marrow-derived macrophages were isolated to explore the effects of HCQ in vitro. Judicious use of HCQ efficiently inhibited the activation of macrophages and MAPK signaling pathways, thereby attenuating renal fibrosis in vivo. In an in vitro model, results showed that HCQ promoted apoptosis of macrophages and inhibited activation of macrophages, especially M2 macrophages, in a dose-dependent manner. Because TLR-7 is not involved in the development of CKD post-injury, a TLR-9 knockout mouse was used to explore the mechanisms of HCQ. The effects of HCQ on renal fibrosis and macrophages decreased after depletion of TLR-9 in vivo and in vitro. Taken together, this study indicated that proper use of HCQ could be a new strategy for anti-fibrotic therapy and that TLR-9 could be a potential therapeutic target for CKD following acute kidney injury.
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Introduction

Acute kidney injury (AKI) is a worldwide health problem, and approximately two million deaths occur due to AKI. The incidence of AKI is rising, and patients with severe AKI have a mortality rate of >50% (1, 2). AKI is considered to represent not only acute injury, but also influences recovery from injury. Approximately 13% hospitalized patients experience AKI annually in the US; moreover, around 10% individuals worldwide develop chronic kidney disease (CKD) and end-stage renal disease consequent to AKI (3, 4). Till date, detailed mechanisms underlying the progression of AKI to CKD are poorly understood, and effective treatments for renal tubulointerstitial fibrosis following AKI are limited. Hence, novel approaches that attenuate renal tubulointerstitial fibrosis are urgently needed (5).

Hydroxychloroquine (HCQ), which was used initially as an antimalarial drug, was found to have beneficial effects on several immune diseases (6). The effects of HCQ, which include inhibition of lysosomal activity, inhibition of toll-like pattern recognition receptors (TLRs), and inhibition of RIG-I–stimulated induction of interferons, are multifaceted. Recently, HCQ was confirmed to be associated with a lower risk of incident CKD in users compared to non-users in patients with rheumatoid arthritis; however, little is known about the role of HCQ in renal tubulointerstitial fibrosis (7, 8). Although it seems that the use of HCQ is associated with benefits in some renal diseases, the mechanisms of HCQ need to be further explored (9–11).

TLRs, which serve as targets of HCQ, are pivotal components of the innate immune response and are expressed by macrophages and other immune cells (12). Although the mechanisms of action of HCQ in diseases are complex, the most important molecular targets of HCQ are TLRs. HCQ can inhibit the expression of TLR-7 and TLR-9, thereby contributing to the regulation of inflammatory responses. Recently, we found that depletion of TLR-9 could attenuate renal tubulointerstitial fibrosis; however, whether HCQ could serve as a TLR-9 inhibitor and attenuate CKD still remains to be elucidated (13).

To resolve the unsolved puzzle regarding the role of HCQ in renal tubulointerstitial fibrosis, in this study we utilized a traditional rodent model of renal tubulointerstitial fibrosis to further explore the biological effects of HCQ, especially on macrophages. A series of in vivo and in vitro assays were performed to explore the relationships among HCQ, macrophages, and renal fibrosis. A TLR-9 knockout (KO) mouse was constructed to further elucidate the underlying mechanisms of HCQ in CKD development following ischemia-reperfusion injury (IRI). Our results suggest that HCQ inhibits macrophage activation and MAPKs via the TLR-9 pathway, thereby attenuating renal fibrosis after IRI.



Materials and Methods


Animals and Ethics Statement

This study was performed in accordance with the animal welfare guidelines laid down in China (Laboratory Animal Guidelines for Ethical Review of Animal Welfare, GB/T 35892-2018) and approved by the Institutional Animal Care and Use Committee of Sun Yat-Sen University. Wildtype (WT) C57BL/6J mice were obtained from Charles River Laboratories (Beijing, China) and TLR-9 deficient (TLR-9−/−) mice with a C57BL/6J congenic background were provided by S.G. Wan (Gannan Medical University). Only male mice aged 6 to 8 weeks were used in subsequent experiments. Sources and confirmation of TLR-9 KO mice are provided in Supplementary Materials (Detailed methods and Figure S1).



Induction of IRI in Mice

IRI was induced in male mice using an established method (13, 14). Mice were randomized placed either in an IRI or sham group (details of the number of mice per group can be found in the related paragraph). The bilateral IRI (bIRI) model was used for the IRI group. Mice were euthanized using isoflurane before surgery or on days 1, 7, 14, 21, or 28 post-surgery. Renal and blood samples were harvested for subsequent analyses. For HCQ (S4430, Selleck) treatment, HCQ was dissolved in carboxymethyl cellulose (CMC) and gavages were performed 30 min after induction of IRI for 7 days. The concentrations of HCQ used for treatment were 5, 10, and 20 mg/kg/day. The effects of 5 mg/kg/day HCQ were not significant, and no significant difference was found between 10 mg/kg/day HCQ and 20 mg/kg/day HCQ; hence, a final concentration of 10 mg/kg/day was used (data not shown).



Measurement of Renal Function

Blood samples were first centrifuged at 2,000 ×g for 10 min at 4°C and then at 8,000 × g for 10 min at 4°C. Serum was collected and frozen at −80°C until use. Creatine (Cr) and blood urea nitrogen (BUN) levels were measured using an automatic biochemistry analyzer (7020; Hitachi, Tokyo, Japan).



Renal Histology and Fibrosis Assessment

Renal tissues were retrieved without perfusion and fixed in 4% paraformaldehyde. Kidney paraffin sections (4 μm) were stained with Hematoxylin and Eosin (H&E) and Periodic Acid-Schiff (PAS) to assess renal injury. Sirius Red (SR) and Masson’s trichome (MT) staining were used for assessment of fibrosis.



Immunohistochemistry and Immunofluorescence

Renal tissues were first perfused with cold saline (0.9%) followed by fixation with 4% paraformaldehyde. Paraffin-embedded slices (4 μm) were subjected to immunohistochemical staining as described in our previous study (15). Antibodies against fibronectin (FN; Ab2413; RRID: AB_2262874; Abcam), collagen I (COL I, Ab88147; RRID: AB_2081873; Abcam), α-smooth muscle actin (α-SMA; Ab32575; RRID: AB_722538; Abcam), and E-cadherin (E-Cad, Ab76319; RRID: AB_2076796; Abcam) were used to assess fibrosis and epithelial-to-mesenchymal transition (EMT). TLR-9 antibody (Ab53396; RRID: AB_883065; Abcam) was used to detect TLR-9, and cytokeratin 18 antibody (CK18; Ab668; RRID: AB_305647; Abcam) was used for verification of renal tubular epithelial cells (RTECs) (Figure S2).



Real-Time Quantitative PCR (RT qPCR)

The RNAeasy™ Animal RNA Isolation Kit with Spin Column (R0024; Beyotime, Shanghai, China) was used to obtain total RNA from fresh tissues according to the manufacturer’s guidelines. Mean fold changes were calculated by averaging three duplicate measurements, and the gene expression results were normalized to Gapdh. Relative gene expressions in treated groups were compared with those in blank or sham groups. The 2−△△CT method was used for calculation. The sequences of the primer pairs are listed in Table 1. Transcript-specific primers were generated from GenBank and primer specificity was verified using the NCBI Primer Blast. For Real-Time qPCR, 2 μg RNA was used for reverse transcription using PrimeScript ™ RT Master Mix (RR036A; Takara, Shiga, Japan); amplification was performed using SYBR Green Master Mix (Roche; Bruxelles, Belgium) and the LightCycler480 system (Roche).


Table 1 | Primer sequences for Real-time quantitative PCR.





Flow Cytometry

Flow cytometry was performed as previously described (16). Anti-mouse CD16/CD32 (553141; RRID: AB_394656, clone 2.4G2; BD Biosciences, San Jose, CA, USA) was used for blocking nonspecific Fc sites. The antibodies used in this assay were acquired from BioLegend (San Diego, CA, USA). BV421 anti-mouse CD45 (RRID: AB_2562559), APC anti-mouse F4/80 (RRID: AB_893481), PE anti-mouse CD206 (MMR) (RRID: AB_10895754), FITC anti-mouse CD86 (RRID: AB_313149), and PerCP/Cyanine5.5 anti-mouse/human CD11b (RRID: AB_893232) antibodies were employed for detection of immune cells. Annexin V-FITC Apoptosis Detection Kit was used for apoptosis detection (Thermo Fisher Scientific Cat# BMS500FI/100, RRID: AB_2575598). Data were acquired on a FACS Calibur cytometer (Becton Dickinson [BD], Bedford, MA, USA) and analyzed using FlowJo software (Tree Star, Ashland, OR, USA).



Isolation of Primary RTE Cells

RTE cells were extracted from adult male mice (6–8 weeks of age) following the method described by Ichimura et al. (17). Detailed methods can be found in the Supplementary Materials. For TGF-β culture, the second passage of RTE cells was used for subsequent assays. RTE cells isolated from WT and KO mice were exposed to TGF-β1 (10 ng/ml) (BioLegend, cat: 763102) for 72 h. Results were acquired from three independent assays.



Isolation of Bone Marrow–Derived Macrophages

Bone marrow–derived macrophages (BMDMs) were generated using an established method (18). Cells generated from mouse femur were cultured with macrophage colony-stimulating factor (M-CSF; 25 ng/ml; Novoprotein, China) for 7 days. To achieve polarization of BMDMs, BMDMs were stimulated with IL-4 (20 ng/ml, Novoprotein, China), IL-13 (20 ng/ml, Novoprotein, China) or Lipopolysaccharides (LPS) (250 ng/ml, Sigma), and IFN-γ (20 ng/ml, Sigma) for 24 h.



Cellular Immunofluorescence

For cellular immunofluorescence, cells were washed three times with phosphate-buffered saline (Sigma) to remove the culture medium. Fixation and permeability were performed for 15 min with 4% paraformaldehyde (P0099, Beyotime) for 20 min with 1% Triton X-100 (P0096, Beyotime). QuickBlock™ Blocking Buffer for Immunol Staining (P0260, Beyotime) was used to block non-specific antigens. Primary antibodies were used according to the objectives of each experiment, and the cells were incubated in appropriate antibodies overnight. Nuclear staining was performed using 4,6-diamidino-2-phenylindole (DAPI; P0131; Beyotime).



Western Blotting Assay

After perfusion with cold saline (0.9%), proteins from renal tissue were acquired using a tissue homogenizer (KZ-II; Servicebio). A total of 20 μg of protein was used for WB analysis, and 10% SDS-PAGE gels were used for WB. Polyvinylidene fluoride membranes (0.45 µm; IPVH00010; Millipore, Billerica, MA) were used for protein transfer. Primary antibodies used for WB were purchased from Cell Signaling Technology (CST). Antibodies, such as SAPK/JNK (9252; RRID: AB_2250373; CST), Phospho-SAPK/JNK (Thr183/Tyr185) (81E11) (4668; RRID: AB_823588; CST), p38 MAPK (D13E1) (8690; RRID: AB_10999090; CST), Phospho-p38 MAPK (Thr180/Tyr182) (4511; RRID: AB_2139682; CST), p44/42 MAPK (Erk1/2) (4695; RRID: AB_390779; CST), and phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (4370; RRID: AB_2315112; CST) were used to detect MAPK signaling pathways. GAPDH (D16H11) XP® Rabbit mAb (HRP Conjugate) antibody was used for GAPDH detection (8884; RRID: AB_11129865; CST).



Histology, Immunohistochemistry, and Immunofluorescence Analysis

Quantification of fibrosis, immunohistochemistry, and immunofluorescence analysis was performed using ImageJ software (NIH Image, Bethesda, MD, USA). Five randomly chosen high-resolution images per mouse (original magnification ×100) captured using the Leica system were used for quantification. Two independent investigators, blinded to the experimental conditions, performed this process.



Statistics

The Kolmogorov-Smirnov (KS) normality test was first used to test whether the data were normally distributed; all the data met this criterion. Student’s t-test (two groups) and one-way analysis of variance (for ≥3 groups) were used to analyze significant differences. All values are expressed as the mean ± standard deviation (SD). Data were analyzed using GraphPad Prism 8.0 (GraphPad Software Inc., La Jolla, CA, USA). A P-value<0.05 was considered statistically significant.




Results


HCQ Reduces Renal Tubulointerstitial Fibrosis Following IRI In Vivo

To construct a renal tubulointerstitial fibrosis model, WT mice were first used to examine the development of AKI in CKD (19). Renal tissues of WT mice subjected to bilateral clamping of renal arteries and veins for 26 min were obtained. Picrosirius red (PSR) and Masson’s trichrome (MT) were used to assess tubulointerstitial fibrosis on days 14, 21, and 28 post-injury. The degree of positive PSR- and MT-stained areas increased in a time-dependent manner, which indicated the successful construction of a renal tubulointerstitial fibrosis model after acute injury (Figure 1A). The effects of HCQ were further explored, and results suggested that renal fibrosis was attenuated in the HCQ-treated WT group than in CMC-treated WT group (Figures 1A, B) (P <0.01). Expression of FN and COL I was significantly inhibited in the HCQ-treated WT group compared to that in CMC-treated WT group (P <0.01) (Figures 1B, C). Renal function at days 7 and 14 was better preserved in HCQ-treated mice, whereas the difference was less apparent by day 21 post-IRI (Figure 1C and Figure S3).




Figure 1 | HCQ treatment reduces renal tubulointerstitial fibrosis following IRI in vivo. Mice were subjected to IRI and treated with either CMC or HCQ (10 mg/kg/day for 7 days). Serum samples and kidneys were harvested at various days following reperfusion. Tissue sections are representative of five mice per group. (A) Representative images of Sirius red and Masson’s trichrome stains on normal and injured kidneys of WT mice at various time points following reperfusion. The scale bars represent 100 μm. (B) Upper panel: Design of HCQ intervention and samples acquired; Down panel: Representative images of Picrosirius red - and Masson’s trichrome-treated FN and Col I at day 28 following reperfusion in CMC-treated and HCQ-treated groups for WT mice; the scale bars represent 100 μm. (C) Left panel: levels of serum creatinine and BUN from CMC-treated and HCQ-treated WT mice at various time-points following reperfusion; right panel: quantification of Sirius red-stained areas in sections of murine renal cortical medullary junction and semiquantitative analysis of COL I and FN immunofluorescence staining. Data are represented as means ± SD and analyzed using the Student’s t test. Magnification: 200×. NS, no significant difference, ***P < 0.001.





HCQ Treatment Inhibits Leukocyte and Macrophage Infiltration in the Kidney Following IRI In Vivo

Leukocyte infiltration is an important hallmark of inflammation during tissue injury (20). Infiltration of leukocytes, especially macrophages, which substantially contribute to IRI, was observed. Results showed that HCQ-treated mice exhibited significantly fewer CD45+ (total leukocyte) cells at day 28 post-IRI (7.46% vs. 1.63%, p = 0.001) (Figure 2A). Fewer macrophages were observed in the HCQ-treated WT group than in CMC-treated WT group post-injury (P<0.01) (Figure 2A). Macrophage phenotypes that contribute to the processes of fibrosis and tissue repair were also observed. CD11b+F4/80high cells are regarded as M2-like macrophages, whereas CD11b+F4/80low cells are M1-like macrophages (21, 22). The results showed that HCQ treatment decreased the number of M2-like macrophages to a greater extent than that of M1-like macrophages (Figures 2A, B). Cytokine and chemokine production-related M1 and M2 macrophages were also explored using RT qPCR, and the results were consistent with flow cytometry results. M1 macrophage-related (CD86, IL-1β, and IL-6) and M2 macrophages-related (CD206 and Arg-1) cytokines were inhibited in the HCQ-treated WT group, as also cytokines associated with migration (MIP-2, MCP-1, Icam-1, and Vcam-1) in renal tissue post-injury (Figure 2C). HCQ is a TLR inhibitor that can inhibit TLR-7 and TLR-9; therefore, the expression of TLRs was also assessed. Results showed that the expression of TLR-9 increased post-injury and was inhibited after HCQ treatment; however, no significant difference was found regarding the expression of TLR-7 (Figure 2C).




Figure 2 | HCQ treatment regulates leukocyte infiltration and phenotype of macrophage in the kidney following IRI in vivo. Inflammatory cell infiltration in CMC-treated and HCQ-treated kidneys at day 28 following IRI was determined using flow cytometry. (A) Representative dot plots of CD45+ cells and different types of macrophages (CD11b+F4/80high and CD11b+F4/80low). (B) Quantification of related immune cell infiltration, including CD 45+ cells, F4/80high, and F4/80low subsets in CD11b+. (C) Heatmap of mRNA expressions related to macrophages in renal tissue at day 28 post IRI. Data are represented as means and analyzed using the Student’s t test. NS, no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001.





HCQ Modulates Activation of Macrophages In Vitro

To further explore the effects of HCQ on macrophages, BMDMs were acquired from the mouse femur and identified using CD11b and F4/80 (Figure 3A). M1 or M2 macrophages were induced using an established method (Figure 3B) (18, 23). Results suggested that the purity of macrophages (CD11b+F4/80+) was over 90% after co-culture with M-CSF (25 ng/ml) for 7 days. BMDMs were cultured with different doses of HCQ for 24 h, and the results indicated that HCQ promoted the apoptosis of BMDMs, including early apoptosis and late apoptosis (Figures 3C, D). Considering that the difference in apoptotic effects between 25 and 100 μM of HCQ was not significant, 25, 50, and 100 μM were used for further studies. Taken together, these results demonstrated that HCQ could inhibit the induction of M1 and M2 macrophages in vitro (Figure 3E).




Figure 3 | HCQ affects differentiation of BMDMs in vitro. (A) Models of BMDM acquisition and results of purity identification. (B) Models of polarization of BMDMs. (C) Apoptosis of BMDMs was assessed using Annexin V-FITC/PI Kit. Annexin V+ PI− represents early apoptotic cells, and Annexin V+ PI+ represents late apoptotic cells. (D) Quantitative analysis of related apoptotic cells. (E) Effects of HCQ on macrophage polarization. BMDMs were polarized into M1 or M2 subsets, and various concentrations of HCQ were added for 24 h to assess the effects of HCQ on the differentiation of macrophages. Data are represented as means and analyzed using the Student’s t test. ***P < 0.001.





TLR-9 Knockout Limits the Inhibitory Effects of HCQ on BMDMs In Vitro

HCQ is a TLR inhibitor that mainly inhibits the TLR-7 and TLR-9 pathways (12). Previous results indicated that the effects of HCQ on renal fibrosis may have relied on the inhibition of TLR-9 (Figure 2C); therefore, a TLR-9 KO mouse was constructed (Figure 4A). TLR-9 KO BMDMs were obtained from KO mice, and macrophage differentiation was induced using the same methods mentioned above. Upon induction, the proportions of M1 and M2 macrophages were found to be lower in KO BMDMs than in WT BMDMs (Figure 4B). The inhibitory effects of HCQ on proportions of CD86+ cells (M1) and CD206 cells (M2) were also observed. Proportions of M1- and M2-like macrophages were significantly reduced in KO group than in WT group (P<0.01), and it seemed that the proportion of M2 macrophages was reduced to a greater extent when treated with HCQ at the concentration of 100 μM (Figure 4C). Assessment of cytokine and chemokine production also indicated that HCQ could decrease the expression of CD86, TNF-α, IL-6, and Vcam-1 when stimulated with LPS and IFN-γ (Figure 4D). The expression of CD206, TNF-α, IL-6, TGF-β1, and Vcam-1 was also inhibited by HCQ when stimulated with IL-4 and IL-13 (Figure 4E).




Figure 4 | Effects of HCQ on differentiation of BMDMs are reduced after depletion of TLR-9 in vitro. (A) Overview of the target strategy. (B) Effects of HCQ on polarization of TLR-9−/− macrophages. TLR-9−/− BMDMs were polarized into M1 or M2 subsets, and various concentrations of HCQ were added for 24 h to assess the effects of HCQ on differentiation of macrophages. (C) Quantification of the rate of inhibition. (D) Heatmap of mRNA expressions related to macrophage polarization when stimulated with LPS + IFN-γ. (E) Heatmap of mRNA expressions related to macrophage polarization when stimulated with IL-4 + IL-13. Data are represented as means or means ± SD and analyzed using the Student’s t test. NS, no significant difference; **P < 0.01, ***P < 0.001.





HCQ Attenuates Renal Tubulointerstitial Fibrosis Through TLR-9 Receptor In Vivo

KO mice were also used to further explore the effects of HCQ on CKD in vivo, and renal tissues were acquired 28 days post-IRI. Results showed that the improved effects of HCQ on the transition of AKI to CKD were eliminated in KO mice, and no significant difference in renal fibrosis or infiltration of leukocytes was found between HCQ- and CMC- treated KO groups (Figure 5).




Figure 5 | Effects of HCQ on renal tubulointerstitial fibrosis following IRI mainly rely on the TLR-9 signal pathway in vivo. KO mice were subjected to IRI and treated with either CMC or HCQ (10 mg/kg/day for 7 days). Serum samples and kidneys were collected 28 days post- reperfusion. Tissue sections are representative of five mice per group. (A) Representative images of Sirius red- Masson’s trichrome-staining of FN and Col I at day 28 following reperfusion in CMC-treated KO mice and HCQ treated-KO mice; the scale bars represent 100 μm. (B) Left panel: serum creatinine and urea from CMC-treated and HCQ-treated WT mice at various time- points following reperfusion; right panel: quantification of Sirius red-stained areas in murine renal cortical medullary junction sections and semiquantitative analysis of COL I and FN immunofluorescence staining; (C) Representative dot plots of CD45+ cells and different types of macrophage (CD11b+F4/80high and CD11b+F4/80low). (D) Quantification of related immune cell infiltration, including CD 45+ cells, F4/80high, and F4/80low subsets in CD11b+. Data are represented as means ± SD and analyzed using the Student’s t test. Magnification: 200×. NS, no significant difference.





HCQ Down-Regulates Mitogen-Activated Protein Kinase Inflammatory Signaling Pathways During Renal Tubulointerstitial Fibrosis Vial TLR-9 In Vivo

To further determine how HCQ might affect the inflammatory signaling pathways during renal fibrosis following IRI, kidneys were acquired at day 21 post-injury to evaluate the mitogen-activated protein kinase (MAPK) signaling pathway, a major contributor to fibrosis (24, 25). Phosphorylation of p38, Erk, and JNK decreased following HCQ treatment in the WT group, while no significant difference was found after HCQ treatment in the KO group (Figures 6A, B). Cytokines related to pro-fibrotic and TLR-9 signaling pathways were also explored. Levels of TGF-β1, Smad, Snail 1, and MyD88 were downregulated in the WT group when treated with HCQ, and no significant difference was found between HCQ- and CMC-treated KO groups (Figure 6C).




Figure 6 | Depletion of TLR-9 attenuates renal fibrosis following IRI through the inhibition of MAPKs and pro-inflammatory chemokine/cytokine induction in vivo. Renal tissues were acquired on day 21 following IRI. (A) Activations of MAPKs. (B) Semiquantitative analysis of the activation of MAPKs. (C) Expression of pro-inflammatory chemokines/cytokines. Data are shown as means ± SD and analyzed using one-way analysis of variance. Each dot represents an individual mouse. *P < 0.05, **P < 0.01, ***P < 0.001. IRI, ischemia-reperfusion injury; WT, wild-type; KO, knockout; MAPK, mitogen-activated protein kinase; HCQ, hydroxychloroquine; CMC, carboxymethyl cellulose.





TLR-9 Signal Pathways Do Not Contribute to Improvement of Partial Epithelial-to-Mesenchymal Transition (EMT) In Vitro

Partial EMT, which leads to dedifferentiation of renal epithelial cells and promotes fibrosis, also plays a role in renal fibrosis (26, 27). Renal tissues were acquired at day 21 post-IRI, and the roles of TLR-9 signaling pathway in EMT were also explored. Expression of E-Cad (an epithelial marker) was significantly higher in the HCQ-treated WT group than in CMC-treated WT group in vivo (P < 0.01), whereas the expression of α-SMA (indicating a subset of activated fibrogenic cells) was lower in the HCQ-treated WT group than in CMC-treated WT group in vivo (P < 0.01) (Figures 7A, B). To further determine the effects of TLR-9 on RTECs, RTECs were isolated. A traditional EMT model involving treatment with TGF-β (10 ng/ml) was used (28). In contrast to the in vivo results, depletion of TLR-9 aggravated fibrosis (defined as high levels of FN and Col I, P < 0.001) and EMT (defined as low levels of E-Cad and high levels of α-SMA, P < 0.001) of RTECs in vitro (Figures 7C, D).




Figure 7 | TLR-9 signal pathway did not contribute to the improvement of EMT in vitro. (A) First row: representative fluorescence microscope images of E-Cad (Green), α-SMA (Red), and DAPI (Blue) staining of the kidneys of WT and KO mice that were treated with CMC or HCQ following reperfusion; the scale bars represent 100 μm.; (B) Semiquantitative analysis of E-Cad and α-SMA immunofluorescence staining. (C) Immunofluorescence of COL I, FN, E-Cad, and α-SMA was used to assess fibrosis and EMT of RTECs after being exposed to TGF-β (10 ng/ml) for 72 h; the scale bars represent 100 μm. (D) Semiquantitative analysis of E-Cad, α-SMA, FN, and COL I immunofluorescence staining of RTECs following TGF-β treatment. Data are shown as means ± SD and analyzed using one-way analysis of variance or Student’s t test. Each dot represents an individual assay. Magnification: 200×. NS, no significant difference; **P < 0.01, ***P < 0.001. EMT, epithelial-to-mesenchymal transition; RTECs, renal tubular epithelial cells; WT, wild-type; KO, knockout; E-Cad, E-cadherin; α-SMA, α-smooth muscle; COL I, collagen I; FN, fibronectin.






Discussion

IRI is a major cause of AKI that leads to CKD (5, 29). In the present study, we first identified that HCQ served as a TLR-9 inhibitor and inhibited the activation of macrophages, thereby attenuating renal fibrosis post-IRI. Treatment with HCQ decreased intrarenal infiltration of macrophages, especially M-2 macrophages, and reduced the severity of inflammation during renal tubulointerstitial fibrosis in vivo. However, the effects of HCQ on renal fibrosis or activation of macrophages decreased after TLR-9 depletion (Figure 8).




Figure 8 | Proposed mechanisms of HCQ function in renal fibrosis following IRI. After being exposed to ischemia and reperfusion, RTECs were damaged. DAMPs that were released from the damaged RTECs flowed into blood vessels and activated monocytes. DAMPs also activated the TLR-9/MyD88 signal pathway, thereby activating MAPKs. Inflammatory and profibrotic cytokines including IL-6, TNF α, TGF-β were synthesized and released, resulting in the aggravation damage and fibrosis of kidney. RTECs, renal tubular epithelial cells; TLR-9, toll-like receptor-9; IRI, ischemia-reperfusion injury; DAMP, damage-associated molecular pattern.



HCQ was first approved in the United States for the therapy and prevention of malaria in 1955. The effects of HCQ are complex, and it can not only serve as an immunomodulatory molecule, but also as an autophagy modulator (30). The functions of HCQ have been explored in some renal diseases, including IRI and IgAN (9, 11), but little is known about the effects of HCQ on renal tubulointerstitial fibrosis. In this study, we focused on the effects of HCQ on TLRs. Expression of TLR-9 but not TLR-7 in renal tissue post-IRI was inhibited by HCQ, and the results are consistent with our previous study showing that depletion of TLR-9 attenuated renal fibrosis. Previous results indicated that the use of HCQ was associated with a lower rate of incidence of CKD in rheumatoid arthritis patients (8). Our study demonstrated direct effects and mechanisms of HCQ on renal tubulointerstitial fibrosis.

TLRs are major sensors of the innate immune system and mediate inflammation and tissue regeneration (31). TLR-9, a member of the toll-like receptor family, also serves as a target of HCQ (32). Because HCQ attenuates renal fibrosis and inhibits activation of macrophages, we hypothesized that the effects of HCQ on renal tubulointerstitial fibrosis mainly rely on TLR-9. A TLR-9 KO mouse was constructed to further confirm our hypothesis. In vivo and in vitro results suggest that the effects of HCQ on macrophages and renal fibrosis decreased after depletion of TLR-9, and HCQ could not attenuate renal fibrosis post-IRI in the KO group. These results highlight that HCQ attenuates kidney fibrosis through the TLR-9 signaling pathway. Taking into account that it is difficult to distinguish between the effects of TLR-9 on CKD from those on AKI, effects of TLR-9 on AKI were also explored. The results revealed that TLR-9 was not required for the recovery of early renal function following IRI. Moreover, no significant difference was found in the levels of serum Cr or BUN between TLR-9 KO and WT mice or renal tubular injury scores at 24 and 48 h (Data not shown). These results also indicate TLR-9 could be an ideal therapeutic target for CKD.

TLR-9 is widely expressed in multiple cells, including macrophages, dendritic cells, B lymphocytes, and some interstitial tissues (33). It is primarily located in endosomes and recognizes viruses, endogenous nucleic acids, and bacteria. Following IRI injury, damage-associated molecular patterns are released and sensed by these TLR-9—expressed cells, especially macrophages (34, 35). In this study, we focused on the effects of HCQ on macrophages during CKD to further determine the relationship between HCQ and macrophages and tubulointerstitial fibrosis. In vivo and in vitro results suggest that HCQ inhibits the activation and differentiation of macrophages. A low concentration (50 μM) of HCQ decreased the differentiation of macrophages into an M1-like phenotype, while a high concentration (100 μM) of HCQ reduced differentiation of M2-like macrophages to a greater extent. M1-like macrophages mainly participate in acute inflammatory response and mediate ROS-induced tissue damage, including IRI. These results are consistent with previous results, which indicate that HCQ can attenuate renal IRI injury (11). M2-like macrophages are recognized to be anti-inflammatory and may also lead to fibrosis post-injury. Hence, inhibition of M1-like and M2-like macrophages by HCQ not only attenuates the inflammatory response during AKI, but also inhibits renal fibrosis.

Proinflammatory and profibrotic cytokines can also accelerate the progression of fibrosis (36). Activation of TLR-9 can induce several signaling pathways, especially those involving MAPKs. Moreover, proinflammatory and profibrotic cytokines, including IL-1β, IL-6, TNF-α, and TGF-β, can also be released (37, 38). Previous studies have shown that activation of MAPKs could directly contribute to fibroblast activation and renal fibrosis (39); these results were also confirmed in the present study. Consistent with the histological and immunohistochemical results, we found that inflammation and fibrosis signaling pathways were inhibited by HCQ and terminated after depletion of TLR-9.

Recently, increasing attention has been paid to the effects of renal intrinsic cells, especially RTECs, on fibrosis and inflammation. RTECs have been shown not only to contribute to the aggravation of inflammation, but also to take part in EMT (26, 27). Notably, TLR-9 deficiency did not lead to better preservation of RTECs; rather, fibrosis and EMT in TLR-9 KO RTE cells were indicative of more severe injury. These results also provide evidence that the effects of HCQ on renal fibrosis do not rely on the improvement of EMT. Inhibition of infiltrating lymphocytes and reduced pro-inflammatory cytokines may account for the improvement in EMT in vivo.

This study, nevertheless, has a few limitations. First, although the effects of HCQ on macrophages have been investigated in vitro, we focused only on the effects of HCQ on macrophages and inflammation. Other effects of HCQ on fibrosis should also be explored. Second, M2 macrophages can be divided into various subsets, including M2a, M2b, M2c, and M2d; detailed effects of HCQ on such macrophage subsets should be further explored. Finally, because the effects of HCQ were observed only in animal studies and HCQ has been used clinically, clinical trials should be performed to further confirm the effect of HCQ on patients with CKD.

Overall, the results of this study provide novel insights into the roles of HCQ in acute and chronic kidney injury. HCQ treatment attenuated renal fibrosis following renal injury in vivo, whereas the effects of HCQ could be terminated by depletion of TLR-9. Our results also provide new evidence that HCQ could be an ideal TLR-9 inhibitor for the treatment of renal tubulointerstitial fibrosis.
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Antibody-mediated rejection (AMR) represents a major cause of allograft dysfunction and results in allograft failure in solid organ transplantation. Cyclic helix B peptide (CHBP) is a novel erythropoietin-derived peptide that ameliorated renal allograft rejection in a renal transplantation model. However, its effect on AMR remains unknown. This study aimed to investigate the effect of CHBP on AMR using a secondary allogeneic skin transplantation model, which was created by transplanting skin from BALB/c mice to C57BL/6 mice with or without CHBP treatment. A secondary syngeneic skin transplantation model, involving transplantation from C57BL/6 mice to C57BL/6 mice, was also created to act as a control. Skin graft rejection, CD19+ B cell infiltration in the skin allograft, the percentages of splenic plasma cells, germinal center (GC) B cells, and Tfh cells, the serum levels of donor specific antibodies (DSAs), and NF-κB signaling in splenocytes were analyzed. Skin allograft survival was significantly prolonged in the CHBP group compared to the allogeneic group. CHBP treatment also significantly reduced the CD19+ B cell infiltration in the skin allograft, decreased the percentages of splenic plasma cells, GC B cells, and Tfh cells, and ameliorated the increase in the serum DSA level. At a molecular level, CHBP downregulated P100, RelB, and P52 in splenocytes. CHBP prolonged skin allograft survival by inhibiting AMR, which may be mediated by inhibition of NF-κB signaling to suppress B cell immune responses, thereby decreasing the DSA level.
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Introduction

Antibody-mediated rejection (AMR) represents a major cause of allograft dysfunction and results in allograft failure in solid organ transplantation (1, 2). It is driven by circulating donor-specific antibodies (DSAs), which are mainly secreted by plasma cells differentiated from B cells (2, 3). The differentiation of B cells into plasma cells involves an ordered cascade of cellular events. After antigen stimulation, IgM+IgD+ naive B cells in secondary lymphoid follicles are activated and migrate to the T–B border, where B cells proliferate and interact with T follicular helper (Tfh) cells, completing the activation (4). Thereafter, some of the activated B cells enter the center of follicles to form germinal centers (GCs) (5). In GCs, Tfh cells instruct GC B cells to proliferate and undergo affinity maturation, class switching, and eventually, differentiation into long-lived plasma cells (6). As AMR, which is mediated by B cell immune responses, is an important contributor to allograft dysfunction and failure after organ transplantation and lacks effective therapies, there is an urgent need for novel therapies for AMR.

Cyclic helix B peptide (CHBP) is a novel erythropoietin (EPO)-derived peptide (7). It was synthesized by our group in 2014 and has a thioether-cyclized structure that is resistant to proteolytic degradation while exerting its tissue protective effects. CHBP achieves its effects by binding to tissue protective receptor (TPR) and does not induce the side effects or toxicity of EPO (7). Our previous studies revealed that CHBP restored renal function and/or attenuated pathological changes in a renal ischemia–reperfusion injury (IRI) model, an aristolochic acid-induced acute kidney injury model, a unilateral IRI-induced renal fibrosis model, and a unilateral ureter obstruction-induced renal fibrosis model (8–12). Additionally, the tissue protective effect has also been shown in an acute myocardial infarction model, in which CHBP ameliorated cardiac injury and improved cardiac function (13). Moreover, there has been a single study on the effect of CHBP on allograft rejection in a renal transplantation model, and it yielded positive results (14). Thus, CHBP may inhibit transplantation rejection. The effect of CHBP on AMR, as a type of transplantation rejection, was therefore investigated.

In this study, a secondary skin transplantation model was established to evaluate the effect of CHBP on skin allograft survival. We also investigated whether the mechanism of AMR inhibition involves inhibition of B cell immune responses.



Materials and Methods


Experimental Animals

The donor mice were 8-week-old male BALB/c or C57BL/6 mice. The recipient mice were 8-week-old male C57BL/6 mice. The mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. They were bred in a specific-pathogen-free experimental animal room with a 12/12-h light/dark cycle. Before the experiments, the mice were left to acclimatize for 1 week, with free access to food and water. All animal procedures were performed in accordance with bioethics guidelines and were approved by the Bioethics Committee of Zhongshan Hospital, Fudan University, Shanghai, China.



Skin Transplantation Model

Twenty-four recipient C57BL/6 mice were randomly assigned to four groups (n = 6 each): (1) syngeneic group (donors: C57BL/6 mice), (2) allogeneic group (donors: BALB/c mice), (3) low-dose CHBP (donors: BALB/c mice) group, and (4) high-dose CHBP (donors: BALB/c mice) group. The mice in the former two groups were injected with normal saline (NS) daily after the secondary transplantation. The mice in the latter two groups, i.e., the low- and high-dose CHBP groups, were injected with 100 and 500 µg/kg CHBP daily, respectively, after the secondary transplantation.

To prepare the donor skin, both C57BL/6 and BALB/c mice were sacrificed by cervical dislocation. Skin was removed from the tails, placed in cold saline, and cut into 1.0 × 1.5 cm2 pieces. To prepare the recipient mice, C57BL/6 mice were anesthetized with intraperitoneal pentobarbital (0.1 g/kg). After being shaved and disinfected, a 1.0 × 1.5 cm2 graft bed was cut in the skin on the dorsal neck of each recipient mouse. Next, donor skin was placed into the graft bed and stitched with absorbable 6-0 sutures. The primary skin transplantation was performed on day −14, and a secondary transplantation was performed on day 0. Each graft site was wrapped with a bandage, and photographs were taken daily from day 5 after secondary transplantation with a digital camera for 19 days or until the graft was rejected completely.

After the secondary skin transplantation, hardened, sloughed off, or necrotic skin indicated immune rejection, while ruddy soft skin with hair indicated lack of immune rejection.



Hematoxylin and Eosin Staining

Skin grafts from the recipient mice were harvested on day 10, fixed in 4% paraformaldehyde, dehydrated in ethanol, and embedded in paraffin. The skin tissue was then cut into 5-µm sections, deparaffinized in xylene, and rehydrated using a graded ethanol series before H&E staining. The structure and inflammatory cell infiltration of skin allografts (0: absent; 1: discrete; 2: moderately discrete; 3: moderate; 4: moderately severe; 5: severe) were observed and photographed under light microscopy.



Immunohistochemical Staining

The paraffin-embedded skin sections were deparaffinized, rehydrated, and blocked with 3% hydrogen peroxide and then incubated at 37°C for 1 h with anti-CD19 antibody (1:1,600; Cell Signaling Technology, Inc., Danvers, MA, USA). Thereafter, the sections were washed with phosphate-buffered saline (PBS) and incubated at room temperature for 1 h with horseradish peroxidase (HRP)-conjugated secondary antibody (1:200; Abcam). The reaction was subsequently visualized with 3,3′-diaminobenzidine solution (Gene Tech Co., Ltd., Shanghai, China), and the sections were counterstained with hematoxylin. Semi-quantification of the IHC staining results was performed under a high-power field (400×).



Flow Cytometry Analysis

To obtain spleen cell suspensions, spleens were harvested from recipient mice on day 10, milled gently in PBS supplemented with 1% fetal bovine serum using a 10-ml syringe, and forced through a 200-µm nylon mesh. Lymphocytes were isolated from the spleen cell suspensions using lymphocyte separation solution (Dakewe Biotech Co., Ltd., Shenzhen, China) according to the manufacturer’s instructions. Thereafter, the isolated lymphocytes were washed with PBS and incubated with the following fluorochrome-conjugated antibodies (all from BD Biosciences, New York, USA): FITC-GL7 (1:100; #553666), APC-B220 (1:100; #553092), PE-Fas (1:100; #555293), FITC-CD4 (1:100; #553651), APC-CXCR5 (1:100; #560615), PE-ICOS (1:100; #552146), FITC-CD19 (1:100; #553666), and APC-CD138 (1:100; #561705), and then assessed using a BD FACS Aria II Cell Sorter (BD Biosciences). The percentages of CD4+CXCR5+ICOS+ Tfh cells, GL7+B220+Fas+ GC B cells, and CD19+CD138+ plasma cells were analyzed using FlowJo software 6.0 (Tree Star Inc., Ashland, OR, USA).



Circulating Donor-Specific Antibodies

The levels of circulating DSA-IgG and DA-IgM in recipient serum were assessed by flow cytometry on day 10 as previously described (15). Briefly, recipient serum was obtained by centrifugation at 2,000 g and 20°C for 10 min. Donor lymphocytes were isolated from spleen cell suspensions using lymphocyte separation solution (Dakewe Biotech Co., Ltd.). Thereafter, the recipient serum was incubated with the donor lymphocytes at 37°C for 30 min. After being washed with PBS, the lymphocytes were incubated with anti-mouse IgG (1:100; #405305; BD Biosciences) and anti-mouse IgM (1:100; #406509; BD Biosciences) at 4°C for 1 h. Subsequently, the cells were analyzed by flow cytometry, with the results represented as mean fluorescence intensity to reflect the individual serum DSA levels.



Western Blot Analysis

Recipient splenic lymphocytes were obtained using lymphocyte separation solution (Dakewe Biotech Co., Ltd.) according to the manufacturer’s instructions. The lymphocytes were homogenized in ice-cold radioimmunoprecipitation assay lysis buffer containing phenylmethylsulfonyl fluoride (PMSF) and phosphatase inhibitor. Lysates were centrifuged at 12,000 g and 4°C for 25 min, and the supernatant was subsequently collected. Total proteins were quantified by bicinchoninic acid assay. Thereafter, 20 µg proteins were separated via 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride membrane. After being blocked with 5% milk for 1 h, the membrane was incubated at 4°C overnight with the following primary antibodies (all from Cell Signaling Technology, Inc.): anti-P100/P52 (1:1,000; #4882), anti-RelB (1:1,000; #10544), and anti-β-actin (1:1,000; #3700). The membranes were washed using Tris-buffered saline with Tween-20 and incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:5,000; Abcam) at room temperature for 1 h. The proteins were visualized using an enhanced chemiluminescence system (Thermo Fisher Scientific, Rockford, IL, USA). Band intensity was analyzed using ImageJ software and normalized to the value of β-actin.



Statistical Analysis

Data are presented as mean ± standard deviation (SD). SPSS 19.0 software (IBM Corp., Armonk, NY, USA) was used for statistical analysis of data among the three groups, using one-way analysis of variance followed by Bonferroni’s correction. Differences in animal survival were analyzed using the log-rank test (with Kaplan–Meier survival curves). P <0.05 was considered statistically significant.




Results


CHBP Prolonged Skin Allograft Survival

We first investigated the effect of CHBP on skin allograft survival. Daily treatment with NS or CHBP was started after completion of the secondary skin transplantation. As shown in Figure 1A, the syngeneic group showed normal skin growth without hardening, incrustation, necrosis, or rejection. In contrast, the allogeneic group exhibited obvious rejection, starting from day 5, after the bandage was removed (which occurred on day 5), including progressive loss of hair, hardening, dermal necrosis, and scab formation. The first rejection was observed in the low-dose CHBP group (100 µg/kg) on day 6 and in the high-dose CHBP group (500 µg/kg) on day 9.




Figure 1 | CHBP prolonged skin allograft survival. (A) Photographs of skin allografts at various time points after secondary transplantation in each group. (B) Kaplan–Meier survival curves of mice in each group by day of post-transplantation. *P < 0.05: This P value is compared between the allogeneic group and the CHBP (500 µg/kg) group.



Consistent with skin allograft observations, the survival analysis showed that the syngeneic group displayed no rejection of skin allografts. In contrast, rejection in the allogeneic group started on day 11, and all the skin allografts were rejected by day 13. Additionally, rejection in the low-dose CHBP group started on day 12 and was completed on day 15, while rejection in the high-dose CHBP group started on day 14 and was completed on day 17 (Figure 1B). These results suggested that CHBP prolonged skin allograft survival, which was especially obvious in the high-dose group.



CHBP Decreased Inflammatory Cell Infiltration in the Skin Allograft

Based on the previous result, we used a dose of 500 µg/kg CHBP for the subsequent experiments. Histological examination of skin allografts in the syngeneic group on day 10 after secondary transplantation showed that the skin structure had normal morphology and low inflammatory cell infiltration in the dermis and subcutaneous tissue (Figure 2A). In contrast, obvious skin peeling and severe inflammatory cell infiltration was observed in the allogeneic group. CHBP improved the skin structure and led to a significant moderate decrease in the inflammatory cell infiltration.




Figure 2 | CHBP decreased the inflammatory cell infiltration and CD19+ B cell infiltration in skin allografts. (A) Representative images of H&E staining in the syngeneic, allogeneic, and CHBP groups and semi-quantification of inflammatory cell infiltration in the three groups. (B) Representative images of immunohistochemical staining (IHC) for CD19 in the syngeneic, allogeneic, and CHBP groups and semi-quantification of IHC staining in the three groups. *P < 0.05.





CHBP Decreased CD19+ B Cell Infiltration in the Skin Allograft

To investigate whether the CHBP-induced decrease in inflammatory cell infiltration involved B cells, CD19+ B cells in skin allografts were subjected to immunochemistry staining. As shown in Figure 2B, the CD19+ B cell infiltration was significantly increased in the allogeneic group compared to the syngeneic group. CHBP significantly decreased CD19+ B cell infiltration compared to the level in the allogeneic group, implying that the prolonged skin allograft survival may be due to decreased CD19+ B cell infiltration.



CHBP Decreased the Percentage of Plasma Cells in the Spleen

Plasma cells are important factors in organ rejection. To confirm whether plasma cells were altered (among the CD19+ B cells), the percentage of plasma cells in the spleen of recipient mice was analyzed. As shown in Figure 3A, flow cytometry revealed that CD19+CD138+ plasma cells in the spleen 10 days after secondary transplantation were significantly increased in the allogeneic group compared to the syngeneic group. However, CHBP ameliorated the increase of plasma cells, with a significantly lower level compared to the level in the allogeneic group. This shows that CHBP decreased the percentage of plasma cells in recipient mice.




Figure 3 | CHBP decreased the percentages of plasma cells, GC B cells, and Tfh cells in the spleen. Percentages of (A) CD19+CD138+ plasma cells, (B) GL7+B220+Fas+GC B cells, and (C) CD4+CXCR5+ICOS+ Tfh cells in the spleen in each group. *P < 0.05.





CHBP Decreased the Percentages of GC B Cells and Tfh Cells in the Spleen

Plasma cells are differentiated from GC B cells after being instructed by Tfh cells. The percentages of both GL7+B220+Fas+ GC B cells and CD4+CXCR5+ICOS+ Tfh cells were assessed by flow cytometry. The results revealed that the percentages of GC B cells and Tfh cells were significantly increased in the allogeneic group compared to the syngeneic group. CHBP significantly decreased the percentages of these cells compared to the levels in the allogeneic group (Figures 3B, C), suggesting that CHBP may reduce the differentiation of GC B cells into plasma cells by decreasing the percentages of Tfh cells and GC B cells.



CHBP Decreased the DSA Levels in Recipient Mice

DSAs are secreted by plasma cells. To assess whether CHBP affects the secretion of DSAs, the DSA-IgG and DSA-IgM levels in the serum of recipient mice were assessed 10 days after secondary skin transplantation. As shown in Figure 4, the levels of both DSA-IgG and DSA-IgM were significantly elevated in the allogeneic group compared to the syngeneic group. CHBP ameliorated these increases, with significantly lower levels compared to the levels in the allogeneic group, implying that CHBP may decrease the percentage of Tfh cells and GC B cells to reduce the differentiation of GC B cells into plasma cells, thereby decreasing the DSA levels.




Figure 4 | CHBP decreased donor-specific antibodies (DSAs) in recipient mice. (A) DSA-IgG and (B) DSA-IgM level in recipient serum in each group were detected by flow cytometry and expressed as mean fluorescence intensity (MFI). *P < 0.05.





CHBP Inhibited the NF-κB Signaling Pathway

The NF-κB signaling pathway is reported to be involved in B cell immune responses. To investigate whether the NF-κB pathway is involved in the inhibition of B cell immune responses by CHBP, we used western blotting to evaluate the protein expression of P100, RelB, and P52 in splenic lymphocytes. As shown in Figure 5, the NF-κB signaling pathway was activated in the splenic lymphocytes in the allogeneic group, as evidenced by significantly upregulated P100, RelB and P52 compared to the levels in the syngeneic group. CHBP obviously downregulated these proteins compared to the levels in the allogeneic group, suggesting that CHBP may inhibit the NF-κB signaling pathway and thereby inhibit B cell immune responses and decrease the DSA levels, thus reducing the occurrence of AMR.




Figure 5 | CHBP inhibited NF-κB signaling pathway. (A) Representative western blot images of P100, RelB, P52, and β-actin in the syngeneic, allogeneic, and CHBP groups. (B) Ratios of P100, RelB, and P52 to β-actin. *P < 0.05.






Discussion

CHBP is a newly synthesized peptide derived from EPO. Our previous studies indicated that CHBP protects against various conditions, including renal IRI, acute kidney injury, renal fibrosis, and acute myocardial infarction (8–13). Additionally, research has indicated that CHBP can ameliorate acute renal allograft rejection (14). Herein, the effect of CHBP on AMR was investigated. We found that treatment with CHBP prolonged skin allograft survival. The mechanism may involve inhibition of the NF-κB signaling pathway in order to inhibit B cell immune responses, thereby decreasing the DSA level and the occurrence of AMR.

AMR is mediated by immune responses involving B cells, which are one of the major cellular components that play vital roles in allograft rejection. AMR is the most vexing barrier to organ transplantation. The contributions of B cells during allograft rejection are reported to include serving as antigen-presenting cells to regulate the immune response, promoting CD4+ T cell expansion and memory formation, and differentiating into plasma cells to secrete antibodies (16). GCs are specialized structures that conventionally form within secondary lymphoid organs, such as the spleen. In GCs, B cells undergo proliferation, hypermutation, selection, and differentiation, generating plasma cells (17, 18). The GC response arises from the interactions between B and Tfh cells. Tfh cells are a specialized subset of CD4+ T helper cells, located in GCs to instruct GC B cells to proliferate and differentiate into plasma cells (19). Multiple studies have revealed that Tfh cells play an important role in B cell activation and antibody production. Chen et al. revealed that mice immunized with IL-7-overexpressing recombinant canine distemper virus (rCDV) exhibited significantly increased Tfh cell generation, GC formation, GC B and plasma cell generation, and antibody production (20). Furthermore, Elsner et al. reported that using IL-12 to block Tfh cell differentiation contributed to GC suppression, inhibiting humoral immunity (21), suggesting that inhibition of Tfh cell generation inhibits B cell immune responses and antibody production. In this study, we discovered that the percentages of Tfh cells and GC B cells were significantly elevated in the allogeneic group compared to the syngeneic group, while CHBP significantly decreased the percentages of these cells compared to the levels in the allogeneic group. Similar changes in the percentages of plasma cells were also observed, suggesting that the CHBP-induced prolonged skin allograft survival may be achieved by decreasing the percentages of Tfh cells and GC B cells, thus reducing the differentiation of GC B cells into plasma cells.

The differentiation of B cells into plasma cells to secrete DSAs is a critical component of the development of AMR and a major risk factor for allograft rejection (22–24). Given that the percentage of plasma cells decreased, the DSA levels were subsequently assessed. Consistent with the finding that CHBP significantly decreased the percentage of plasma cells compared to the level in the allogeneic group, corresponding significant decreases in the DSA-IgG and DSA-IgM levels were detected in the CHBP group compared to the allogeneic group. This implies that CHBP decreases the percentages of Tfh and GC B cells to reduce the differentiation of GC B cells into plasma cells; this, in turn, lowers the DSA levels, thus prolonging skin allograft survival.

The NF-κB signaling pathway is commonly regarded as being associated with cellular proliferation and plays an important role in the regulation of both innate and adaptive immunity (18, 25). B cells are one of the most critical components of innate and adaptive immunity, and B cell survival, apoptosis, proliferation, and class switch recombination are dependent on appropriate regulation of the NF-κB pathway (19, 25). Evidence from multiple studies has revealed that mice with constitutive activation of the NF-κB pathway exhibit autoimmunity, lymphomagenesis, and B cell hyperplasia (26–28), indicating the potential effects of NF-κB pathway activation on B cells. Another study indicated that conditional deletion of the transcription factor Relb in GC B cells led to the collapse of established GCs after day 7 of the GC response (29). In addition, knockout of the central component of the non-canonical NF-κB signaling pathway, NF-κB-inducing kinase (NIK), resulted in decreased Tfh cell generation (30), suggesting that the non-canonical NF-κB pathway may promote the development of Tfh cells and the GC response.

The NF-κB cascade is known to comprise two pathways, the canonical and non-canonical NF-κB pathways. The canonical NF-κB pathway results in the nuclear translocation of Rel, p65, and p50, and it is mainly involved in broad inflammatory responses in various cell types of the lymphoid system. The non-canonical NF-κB pathway leads to the nuclear translocation of RelB and P52, and it exhibits specific functions related to B cell biology (29, 31). In this study, non-canonical pathway signaling was assessed, and CHBP obviously downregulated P100, RelB, and P52, suggesting that CHBP may inhibit the NF-κB signaling pathway and thereby inhibit B cell immune responses, decrease the DSA levels, reduce the occurrence of AMR, and prolong skin allograft survival.

The main limitation of this study is that the NF-κB signaling pathway was assessed in splenic lymphocytes but not specifically in T and B cells. Compared to detection in splenic lymphocytes, specific detection in T and B cells would provide stronger evidence to explain the reduction in GC B and Tfh cells. Additionally, we only revealed that CHBP inhibited the occurrence of AMR in a secondary skin rejection model. The role of CHBP in AMR in other organ transplantation models, such as renal and lung transplantation, needs to be further explored.

In conclusion, this study revealed that CHBP prolonged skin allograft survival in mice. The mechanism may involve the inhibition of the NF-κB signaling pathway in order to inhibit B cell immune responses, thereby decreasing the DSA level and the occurrence of AMR.
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Dendritic cells (DCs) induce and regulate adaptive immunity through migrating and maturing in the kidney. In this procedure, they can adopt different phenotypes—rejection-associated DCs promote acute or chronic injury renal grafts while tolerogenic DCs suppress the overwhelmed inflammation preventing damage to renal functionality. All the subsets interact with effector T cells and regulatory T cells (Tregs) stimulated by the ischemia–reperfusion procedure, although the classification corresponding to different effects remains controversial. Thus, in this review, we discuss the origin, maturation, and pathological effects of DCs in the kidney. Then we summarize the roles of divergent DCs in renal transplantation: taking both positive and negative stages in ischemia–reperfusion injury (IRI), switching phenotypes to induce acute or chronic rejection, and orchestrating surface markers for allograft tolerance via alterations in metabolism. In conclusion, we prospect that multidimensional transcriptomic analysis will revolute researches on renal transplantation by addressing the elusive mononuclear phagocyte classification and providing a holistic view of DC ontogeny and subpopulations.




Keywords: dendritic cells, renal transplantation, rejection, tolerance, ischemic–reperfusion injury



Introduction

In all tissues, DCs function in a network of mononuclear phagocytes with many innate immune cells taking center stage (1). This network in the kidney is complex and heterogeneous, highly relying on macrophages and DCs (2). Discovered by Metchnikoff 150 years ago, macrophages can mediate fibrosis after renal transplantation, whereas DCs were first described in 1973 by Steinman and Cohn as even elongated or stellate cells to present antigens. Given that DCs and macrophages are both involved in innate immune networks, DCs should have overlapping functionalities as macrophages in tissue homeostasis, promoting pathogen defense and contributing to acute or chronic rejection (2, 3). But compared with macrophages, the unique roles of DCs in rejection or tolerance are still ambiguous and undefined partly because they often share similar surface markers (4–7). Equipped with increasingly available kidney biopsy data, the recent outbreak in the high-dimensional analysis of single-cell has sparked instructions for the classification of these immune cells (8–11). In this review, we first describe the consensus of DC ontogeny encompassing the origins, maturation, and pathological effects of DCs in the kidney. We then summarize the major roles of kidney DCs in three major aspects of renal transplantation, including ischemic injury when grafts are removed from the donors, rejection including acute and chronic process, and tolerance including induced or natural genic tolerance. Finally, we point out certain obstacles and disadvantages to prospect the value of multidimensional transcriptomic analysis.



DC-Linked Pathological Procedure in Renal Transplantation


The Origin and Migration of DCs in Kidney Allograft Rejection

Like other tissues, dendritic cells in the kidney are derived from bone hematopoietic stem cells (Figure 1). Traditionally, cell surface markers were used to subdivide cDCs into cDC1 and cDC2 (12). Human cDC1 mainly expressed CD11c, CD141, CLEC9A (C-type lectin domain family 9 member A) and highly expressed MHC (major histocompatibility complex) class II, while cDC2 mainly expressed CD11c, high- affinity Fc receptor for immunoglobin E, CD1c, CD1a and highly expressed CD11c and MHC class II. CD11c, MHC class II, CD26, and interferon-regulatory factor 8 (IRF8) are highly expressed in murine cDC1, and CLEC9A, XCR1, and CD103 are also expressed. In mice, cDC2 expresses high CD11c, MHC class II, CD11b, CD26, CX3CR1, interferon-regulatory factor 4, dendritic cell inhibitory receptor 2 but expresses low IRF8 and F4/80 (Table 1).




Figure 1 | DCs in the kidney originate from bone hematopoietic stem cells and involve in lymphatic recycling in vivo. When ischemia–reperfusion occurs, immature DCs start to search for interactions with T lymphocytes and change their surface proteins including CCR2, CCR5 to induce tolerance procedure (expressing PD-L1/2 and CD80/86) or rejection procedure (expressing CCR7 and MHC class II). The activation can be derived from pathogen-associated molecular patterns and danger-associated molecular patterns in the procedure of ischemia-reperfusion.




Table 1 | Remarkable features of three different types of DCs in renal transplantation.



Moreover, traditional DC subsets are described by lineage-specific transcription factors including DNA binding inhibitor 2 and interferon regulatory factor 4. In mice, the conventional DC group 1 (cDC1) express neither SiglecH nor Ly6C, while the precursor of the conventional DC group 2 (cDC2) express no SiglecH but Ly6C (21). Based on these transcription factors, phagocytes expressing major histocompatibility complex (MHC) class II and integrin CD11c are named cDCs. Another independent subgroup, unconventional plasma-like dendritic cells, expressed transcription factor E2-2 and its myeloid antigen but did not express CD123. Whether they are related to traditional DC is still doubtable.

During circulation, the precursor dendritic cells develop and differentiate into kidney-specific dendritic cells (22). In the kidney, no more than 5% of dendritic cells are cDC1 expressing CD103; most DCs express CD11b and CX3CR1 and can be categorized into cDC2. Compared with dendritic cells in other parts of the body, kidney-specific dendritic cells can be located in the lymph nodes around the kidney and the kidney itself, which is essential for the control of adaptive immunity (23) (Figure 1). In the kidney, most of these phagocytes with the ability to activate T cells are located in the cortex. It can be confirmed that cDC1 is located near the blood vessels, while most of these cells near the subcapsular and arterial connective tissue have the morphology of macrophages. The high osmotic pressure of transplanted medulla may inhibit the antigen presentation of DCS to CD8+ T cells, but the specific type of DCs still needs to be further studied.

Chemokines and corresponding receptors induce the migration of kidney-specific DCs. Chemokines are detected by receptors on the surface of precursor DCs and precursor DCs can migrate along the inverse chemical gradient pathway to the source. Receptor expression determines the specificity of kidney DCs. CX3CR1 and CCR2 are incorporated into the action of leaving the bone marrow, and CXCR4 helps precursor DCs retention in the marrow (24–26). But the inflammatory conditions after transplantation possibly alter the migration mechanism to mediate both rejection and tolerance, which remain unidentified and might be potential intervention sites in the future (Figure 1).



The Maturation of DCs in Kidney Allograft Rejection

With no stimuli, immature kidney DCs inhibit T and B lymphocytes, which also can coordinate tolerance (25). Danger-associated molecular patterns occur when ischemia and reperfusion happen, activating TLR4 (toll-like receptor 4) and leading to the maturation of DCs (27–29). This maturation induces inflammation and provokes adaptive immunity to specific antigens, such as alloantigen and so on (30, 31). According to Sporri and Reis e Sousa’s report, danger-associated molecular patterns (DAMPs) cannot make DCs promote T-helper responses, but exposure to pathogen-associated molecular patterns can (32). Taken together, DAMPs are not the most crucial pathway to activate DCs for allograft rejection (33–36). Furthermore, rejection can happen in T lymphocyte deficient conditions, implying that the maturation of DCs might be more than a complex mechanism triggered by DAMPs or pathogen-associated molecular patterns (37–40).



The Possible Downstream Effects of DCs in Kidney Allograft Rejection

Conventional hypothesis indicated donor DCs activate anti-donor rejection via migration to the host second lymphoid nodes providing alloantigen to recipient T cells (41). This hypothesis resulted from observations on mouse models: T lymphocytes respond to antigen-presenting cells with non-self-MHC (major histocompatibility complex) in vivo (42, 43). Moreover, depleting leukocytes in the allografts drives long-term survival, whereas injecting donor DCs into the host restores acute rejection (44–49). Later research established that donor and recipient DCs play equal roles in mediating the rejection process, and recipient DCs are even more stable to present antigens. Deleting recipient DCs prolonged allograft survival significantly but depleting donor DCs did not (50). Also, DCs lacking MHC or CD80/86 molecules are killed by recipient natural killer cells during migration to the lymphoid nodes (50–53). Recently, donor DCs are viewed as transporters of antigen rather than presenters of antigen (54). MHC molecules can be exchanged between the donor and recipient DCs (55, 56). Therefore, recipient DCs gain non-self MHC from donor DCs, capable to activate T lymphocytes originated from recipients through both non-self MHC and self MHC (57–62).

The basic function of mouse cDC1 is to use MHC class I molecules on its surface to extract antigens from CD8+ cytotoxic T cells and induce them to kill target cells. This plays a decisive role in the process of renal transplantation and may be directly related to cellular immunity. Also, mouse cDC1 can induce regulatory T cells in lymphatic circulation (63, 64). The function of human cDC1, which is different from that of mice, needs further study. However, compared with cDC1, cDC2 generally does not have the aforementioned antigen targeted by cytotoxic T cells (65–67). Therefore, in renal transplantation, cDC2 will not be killed by cytotoxic T cells but can induce B cells to respond through helper T cells, which may be the mechanism of antibody-mediated immune rejection (68). Finally, it has been revealed that cDC2 cells induce T helper cells to stimulate the production of pro-inflammatory mediators in the chronic renal inflammation model, so in the same chronic rejection, cDC2 may also be the center of inflammation and participate in the pathogenesis of immune effectors including antibodies.




DCs in IRI

IRI happens frequently following renal transplantation via recruitment of immune cells including DCs by pro-inflammatory cytokines like tumor necrosis factor derived from hypoxic endothelial cells (13, 69) (Figure 2). The DCs involved in IRI have not been completely defined. Current studies tend to claim that DCs involved in IRI express CD45, CD11c, MHC-II, TNF-α, CD80, CD86, CD40, CD54 (ICAM), C1d, CD8 α, but not CD4 and CD205. All the markers might be useful in further investigations (Table 1). Then hypoxia-inducible factor 1α induces kidney DC maturation, damaging renal functionality (70–72). DCs can promote harmful activations of immune effects in vivo, but they are also associated with protecting renal function from IRI. Since immature DCs are less stimulatory than mature DCs, some researchers supposed that kidney DCs’ role is to harm allograft (73–76). DCs feature in IL-10 as well as single Ig IL-1-related receptor, therefore, exhibiting the inhibiting effects on inflammation in IRI (77). On the contrary, immature kidney DCs can serve as an adverse player to mature DCs, preventing IRI (78, 79). Thrombin could release IL-12, IL-17, and C3a thus causing T helper-1 bias to influence kidney DCs’ behaviors and determine the outcomes of IRI (80). High concentrations of tissue factors in the kidney may also contribute to IRI (81). Further studies are warranted to clarify the discrepancy about kidney DCs, especially the relationship between rejection-related DCs and tolerogenic DCs (Figure 2).




Figure 2 | Immature DCs can be activated by antigens derived from ischemia-reperfusion and act as the role of powerful antigen-presenting cells to trigger antibody-mediated rejection and cell-mediated rejection. The result of antibody-mediated rejection is activated B cell releasing harmful antibodies while active cytotoxic T cells kill donor cells forming cell-mediated rejection. On the contrary, when treated by specific drugs, immature DCs can also maintain their surface markers to suppress possible inflammation caused by transplantations via signal pathways activation regulating metabolism alterations. The signal pathways include NF-κB and mTOR summarized in the section The Generation of Tolerogenic DCs. The metabolism alterations involve glycometabolism and lipid metabolism with more details in the section The Generation of Tolerogenic DCs.





Rejection-Related DCs in Allografts

The traditional function of DCS is to mediate the rejection of harmful non-autogenous substances or abnormal autogenous materials, so the research on rejection-related DCs mostly employs traditional surface markers of cDCs. Although it is not recommended to judge the types of DCs based on only one surface marker, the comprehensive use of different surface markers can still accurately define rejection-related DCs (Table 1 for specific markers).


Acute Rejection Based on the DC-Dependent Mechanism

The interaction between DCs and T lymphocytes triggers a so-called acute rejection through the conventional pathway—donor DCs present alloantigen to recipient T cells directly (82, 83) (Figure 2). At first, the ischemia–reperfusion condition drives donor DCs to induce acute rejection (14). Secondly, active DCs search for immature or memory T cells attracted by the chemical gradient of CCR7 to present the allografts (84). Early studies usually located this process in second lymphoid organs (85), while later observation indicated that second lymphoid organs are not necessary for acute rejection: acute rejection occurs even when lacking secondary lymphoid organs (86, 87). The identical role of DCs in acute renal rejection could be separated into interaction with memory T cells and naive T cells, which happens in many different places including the second lymphoid organs. Taken different DCs into consideration, recipient DCs may be germane to the acute rejection as well as donor DCs (88).



Chronic Rejection Based on the DC-Dependent Mechanism

Owing to a longer lifespan, recipient DCs are more likely to mediate the chronic rejection rather than donor DCs. According to observations in mouse kidney grafts, the recipient DCs replace most of the donor DCs within 24 h after surgery, and over 90% DCs are derived from recipients on the 7th day after transplantation (57). Subsequently, these DCs originated from monocytes in the host, but a few donor DCs still survive to activate T cells (57). The interaction between DCs and T cells has been more stable and prolonged since DCs reach into the renal cortex to arrest antigen-specific T cells around the endothelium with no regard to the chemical gradient. Independent of the chemical gradient, interruption of the protracted connection with T cells induces tolerance (89, 90). Also, infiltrating DCs activate B cells to promote chronic allograft rejection with the assist of T helper cells. This procedure depends on recipient DCs presenting antigen to recipient T helper cells, but the molecular mechanism remains elucidated (91–94). A few clinical trials are targeting this approach, whereas more current studies are paying attention to mediate tolerance taking advantage of the tolerogenic DCs and Tregs (95).




Tolerogenic DCs in Renal Transplantation


Remarkable Features of Tolerogenic DCs

As a pivotal part of innate immunity, tolerogenic DCs are usually defined as immature rejection-related DCs (96, 97). Tolerogenic DCs, also called DCregs, circulate in the body quiescently responding to endogenous or exogenous stimuli, for example, endogenous alarmins. These tolerogenic DCs exhibit poor expression of MHC, T cell co-stimulatory molecules like CD40, CD80/86, as well as T cell co-inhibitory ligands (e.g., programmed death ligand-1 and death-inducing ligands), presenting non-phagocyte properties (16–20) (Table 1). Meanwhile, these DCs express a larger amount of the macrophage inhibitor cytokine than rejection-related DCs (98). Moreover, tolerogenic DCs can change the amount of C1q on its surface approaching the mature state with the assistance of globular C1q receptors (99, 100). C1q, a complement subunit, mediates IL-10 secretion involved in the interaction between DCs and myeloid or lymphoid cells (101–103). Besides, tolerogenic DCs confine promoting inflammatory factors including IL-12p70 into a low level while producing a high level of anti-inflammatory molecular-like transforming growth factor β as well as IL-10 (104) (Figure 3).




Figure 3 | In response to specific factors including DAMPs, recipient cDCs and pDCs change into recipient rejection-related DCs. If rapamycin, IL-10, Vit D, or a low dose of GM-CSF is employed to treat recipient rejection-related DCs, recipient tolerogenic DCs can be generated. Under the control of recipient rejection-related DCs, naive T cells differentiate to CD8+ T cells with the help of IL-2 and differentiate to CD4+ T cells assisted by IL-6 and IL-4. Memory T cells (Tm cells) also originate from naïve T cells, and this alteration is associated with IL-2 and IL-15. Treg cells can occur when IL-10 and TGF-β are secreted by recipient rejection-related DCs. Besides, tolerogenic DCs reduce CD4+ T cell activation, and they can impair active CD8+ T cells. Furthermore, Tm cells tend to be anti-inflammatory promoted by tolerogenic DCs. Treg cells survive for a longer period with tolerogenic DCs than with rejection-related DCs.



According to transcription analysis, the Wnt/β-catenin pathway programs tolerogenic DCs to maintain a series of unique molecular markers (105–108), and tolerogenic DCs specifically express some genes, including CNGA1, CCL18, C1QB, MUCL1, MAP7, C1QC, CYP7B1, and CYP24A1 (109). Compared to immunologic DC, tolerogenic DCs possess a steady oxidative phosphorylation program and favor fatty acid oxidation associated with decreased reactive oxygen species (110). Based on these features, tolerogenic DCs stimulate T cells weakly or even suppress the function of T cells via anergy or apoptosis for long-term immaturity (111). Additionally, tolerogenic DCs can spare, expand, and induce Tregs as shown in Figure 3 (111–113). The interaction between tolerogenic DCs and divergent T cells results in conditions such as allograft rejection, hematopoietic stem cell transplantation, graft-versus-host diseases, and autoimmune disorders (111, 114–116). But the specific mechanism buried in these phenomena remains elusive. Therefore, an increasing number of studies incorporate tolerogenic DCs into clinical trials in organ transplantation and autoimmune diseases (117–119).



Tolerogenic DCs Possible Anti-Rejection Effects

DCs inducing tolerance was first discovered in 1995/1996 (120, 121). Tolerogenic DCs have the potential to suppress allograft rejection because DCs with CD16− markers exist in transplant recipients compared with healthy people using single-cell RNA sequence (122). Also, infusion of tolerogenic DCs appears to be reliable and acceptable with or without immunosuppressive agents, which probably provides anti-rejection therapy in the future (111, 123). Ezzelarab et al. infused donor-derived tolerogenic DCs processed by vitamin D3, IL-10 into rhesus macaque models, showing that graft survival prolonged with no evidence of host sensitization (124). Autologous tolerogenic DC infusion could also lengthen the survival time of grafts, and murine IL-10-induced DCs can function as rejection inhibitors in vivo and in vitro expressing lower levels of MHCII, CD40, CD86, CD205 (125–127).

Donor-derived tolerogenic DCs can interact with alloreactive memory T cells including CD8+ and CD4+ cells (128, 129) (Figure 3). In specific, tolerogenic DCs increase allograft survival time relying on co-inhibition of cytotoxic T lymphocyte antigen-4 (CTLA-4) downregulation (128) (Figure 3), and coinhibitory CTLA-4 blocker treatment has the potential to improve prognosis in renal allografts (130, 131). Moreover, DC-induced CD95+ memory T cells could be an immunosuppressive phenotype with increased expression of programmed death-1 as well as coinhibitory CTLA-4 via Eomesodermin (an essential transcription factor maintenance) (124, 128, 132). Thereafter, the infusion of coinhibitory CTLA-4 immune globulin and tolerogenic DCs promotes transplant tolerance (129, 133). In this promotion, high expression of immune-globulin-like transcript 3 and immune-globulin-like transcript 4 causes CD4+CD45RO+CD25+ T cells to become Tregs mediated by the enzyme indoleamine 2, 3-dioxygenase in allografts (134) (135). As a result, the identical indoleamine-2,3-dioxygenase and immunoglobulin-l like transcript 3 as well as high expressions of both MAP7 and MUCL1 genes occur in the mechanism of vitamin D3 inducted tolerogenic DCs (136–140) (Figure 3).

Donor-derived tolerogenic DCs can prolong graft survival time: treatment of these DCs ensures graft survival another 50 to 300 days (125). Donor tolerogenic DCs regulate CD8+ as well as CD4+ memory T cell responses, and this regulation prevents potential rejections (141–145). These DCs capture vesicles containing allograft antigens but choose an anti-inflammation phenotype: the number of donor-reactive IL-17+ T cells remains low (125, 146). Further, donor-derived tolerogenic DCs induced by vitamin D3 and IL-10 moderate IL-17 associated inflammation and maintain stability even exposed to inflammatory molecules (124, 147). Most importantly, humans produce no specific antibody against injecting tolerogenic DCs (124). Moreover, without active recipient T cells, harmful antibodies derived from B cells will be reduced (148). Besides, multiple subsets of freshly isolated human DCs, including non-conventional plasmacytoid DCs, can regulate immune responses as well (107, 108, 149). Table 2 summarizes the versatile roles of DCs targeting solving rejection problems in renal transplantation, implying future evaluable clinical advances (153).


Table 2 | Versatile roles of DCs in renal transplantation.





The Generation of Tolerogenic DCs

Various cytokines and similar materials serve as triggers in vivo. Exposure to donor blood and immunosuppressive mediators, rapamycin, for example, might be a useful method in a non-human primate model (124, 129). Also, effective tolerogenic DCs can be endogenous. However, recipients’ natural killer cells tend to kill donor-derived DCs that can mediate Tregs. Addressing this issue, Morelli and colleagues deleted host DCs to protect the donor-derived DCs from being killed (154). Through this method, recipient DCs acquired exosomes released by the donor tolerogenic DCs and amplified the effect of tolerance via the third mechanism mentioned in The Possible Downstream Effects of DCs in Kidney Allograft Rejection (60). A few cytokines are able to induce tolerogenic DCs in vitro, for example, IL-10 and TGF-β (optimal inducible factors) (155) (Figure 4). IL-10 decreases MHC-II expression and costimulatory molecules in DC (156, 157). TGF-β increases the expression level of programmed death-ligand 1 and Fas-ligand on DC, inducing T cell apoptosis, and Treg differentiation (158, 159). Also, valuable methods can be used to produce tolerogenic DCs in vitro such as soluble Schistosoma Mansoni egg antigen, tumor necrosis factor α-induced protein 8 like-1, human soluble CD83, and prostaglandin E2 (PGE2). Soluble Schistosoma Mansoni egg antigen increases IL-10 level and suppresses Il-12p40 secretion, implying a novel method of tolerogenic DC generation (160). Except for IL-10 and TGF-β, tumor necrosis factor α-induced protein 8 like-1 could control the T cell activation procedure (161, 162). Human soluble CD83 alone achieves kidney allograft tolerance (>100 days) involving tolerogenic DC generation and indoleamine 2,3-dioxygenase activation (163). Mature DCs treated with PGE2 could inhibit inflammation via IL-10 secretion (164, 165). Traditional immunosuppressants can also serve as inducers of tolerogenic DCs, for instance, rapamycin and dexamethasone (166–170). Tolerogenic DCs generated from dexamethasone exhibit few costimulatory molecules or pro-inflammatory cytokines (171). Besides, metastasis-associated lung adenocarcinoma transcript 1, mesenchymal stem cells, nuclear paraspeckle assembly transcript 1, LF 15-0195, and pluripotent stem cells have a potential capacity to facilitate the tolerogenic DCs since they have been proven in other organ transplants (172–174).




Figure 4 | Tolerogenic DCs are usually generated via specific substances. These stimulations derived from cytokines (IL-10, TGF-β), immunosuppressants (Rapamycin, Dexamethasone), and others (PEG2, DAMPs) mediate signal pathways involving NF-κB and mTOR activation, causing surface protein expression alterations (highly expressing PD-L1/2, CD80/86, FasL C1QBP while decreasing MHC expression) and metabolism changes (from glucose to pynuvate). All these procedures happen in the donor kidney and the immune organs including the thymus, spleen, lymph node, and bone marrow.



Tolerogenic DC activation relies on adenosine triphosphate derived from glycolysis and tricarboxylic acid. Thus, control of glycolysis regulates DCs in renal transplantation especially in a few key active sites (175, 176). For instance, insufficient energy support causes morphological alteration and disorders in migration to lymph nodes (177). Lipopolysaccharide, complement component C1q subcomponent-binding protein, 2-deoxyglucose, and 1,25-dihydroxy vitamin D3 are associated with oxidative phosphorylation, fatty acid oxidation, and reactive oxygen species. In glycolysis, lipopolysaccharide mediates fatty acid synthesis forming adenosine triphosphate to trigger DC activation (178). C1q subcomponent-binding protein participates in the tricarboxylic acid cycle via regulating pyruvate dehydrogenase as a chaperone protein (179). 2-deoxyglucose plays an essential role in reducing CD40, CD86, and MHC-II expression and secreting IL-6, IL-12p70, and TNF, which can be defined as features of tolerogenic DCs (178). Oxidative phosphorylation and fatty acid oxidation can be regulated by paracrine-derived Wnt5a protein linked tolerogenic DC generation, vitamin D3 or 1,25-dihydroxy vitamin D3 induction of tolerogenic DCs, and dexamethasone mediated tolerance (109, 180, 181). Specifically, these materials generate tolerogenic DCs through inducible nitric oxide synthase, nuclear factor E2-related factor 2: inducible nitric oxide synthase reduces oxidative phosphorylation and fatty acid oxidation, but nuclear factor E2-related factor 2 decreases the amount of inducible nitric oxide synthase expression (182, 183). As for the relationship between oxidative phosphorylation and fatty acid oxidation, miR-142 links to carnitine palmitoyltransferase-1a and induces more active fatty acid oxidation and further increases glycolysis promoting pro-inflammatory cytokines (184). Fatty acid inhibits oxidative phosphorylation and facilitates reactive oxygen species leading to more severe inflammation (185–187).

In addition to general metabolism, it is accurate and stable to induce tolerogenic DCs employing regulating signal pathways. The most well-known pathway that has been focused on is mTOR (mammalian target of rapamycin) involving mTOR complex 1 (mTORC1) as well as mTOR complex 2 (mTORC2) (Figure 4). The inhibition of mTOR produces tolerogenic DCs associated with glucose metabolism. GM-CSF, IL-4, rapamycin, alum, and graphene quantum dots have effects on mTOR mediating potential tolerance via lower adenosine triphosphate generation (167, 188–190). Specifically, mTORC2 decreases adenosine triphosphate generated from mTORC1 mediating glycolysis, and mTORC1 takes crucial tasks in DC maturation (191) (Figure 4). Also, the upstream and downstream molecules contribute to the generation of tolerogenic DCs (Figure 2). An upstream complex called adenosine monophosphate-activated protein kinase can be suppressed by polyphenol resveratrol causing poor expression of mTOR (192). A downstream complex named after the peroxisome proliferators-activated receptor plays a metabolic role in DC maturation through targeting at mTORC1 and hypoxia-inducible factor-1a as a downstream complex serves to reprogram glycolysis for DC maturation via mTOR activation (177, 193–195). Reprogramming glycolysis in DCs can be finished by another kinase known as spleen tyrosine kinase depending on the production of IL-1b through a different mechanism compared with infection (196, 197).

STAT and NF-κB have also been incorporated into the maturity of DC as a family containing STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, STAT6 as well as inhibiting STAT1, STAT2, and STAT5, and activating STAT3 induces tolerogenic DCs (198, 199) (Figures 2, 4). Targeting at STAT1, flavonoids decrease the expression of programmed death-ligand 1 to enable DCs more mature (200, 201). Silencing STAT1 with small interfering RNA in DCs causes low expression of CD83 and CD86, implying anti-inflammatory effects (202). STAT2 functions as a co-worker with STAT1 mediating cross-presentation of DC, and thus STAT2 should be suppressed when tolerogenic DCs are needed (203). STAT3 activation provides tolerogenic DCs because IFN-α-induced programmed death-ligand 1 expression is inhibited by suppressed STAT3, and STAT3-deficient DC could increase pro-inflammatory cytokines, promote antigen-dependent T cell activation (204, 205). With STAT5 inhibited by JQ1 in lipopolysaccharide-mediated DCs, the level of IL-12p70 secretion is decreased (206). Moreover, materials preventing NF-κB like small interfering RNA and Bay11-7082 have the potential to generate tolerogenic DCs in that they can serve as immunosuppressive tools in other organ transplants (207, 208) (Figure 4).




Conclusions and Possible Therapeutic Prospects

Compared with macrophages in kidney transplantation, renal DCs’ roles in ischemia–reperfusion, rejection or tolerance still need to clarify. For further investigation, a unified standard to separate kidney DCs from macrophages must be established based on the current level, since macrophages and DCs are both essential parts of innate immunity and they often function together inducing rejection or tolerance. This objective can be promoted by high-dimensional analysis of single-cell because increasing kidney biopsy samples provide an opportunity for revealing the markers and transcription different from macrophages. Additionally, the comparison of normal kidney and rejected kidney engenders valuable hypothesis and remarkable conclusions analyzed by artificial intelligence. In some respects, researchers tend to establish mouse models in experiments and this choice produces numerous discoveries and hinders translational medicine. Kidney transplantation saves tens of thousands of patients’ lives every year and costs millions of dollars handling rejection-associated problems meanwhile. Although donor DCs might mediate tolerance in vivo, patients still rely on traditional glucocorticoids and non-specific immunosuppress drugs. As a result, translational medicine should be emphasized immediately after the roles of DCs in renal transplantation being clarified. Finally, the relationship between rejection and tolerance and DCS is relatively clear, but the relationship between DCs and other complications of renal transplantation is still in a vague state. For example, infection related to renal transplantation may be related to intestinal flora, and the effect of intestinal flora on host immune status is likely to be achieved through DCs. In addition, the lifespan of donor DCS is not as long as that of recipient DCs, so the details of the interaction between the two DCS will also be the key to anti-rejection intervention at different time points after renal transplantation. On this basis, the understanding of the interaction between DCs and T cells of each transcript will also provide support for the development of anti-rejection drugs after transplantation.
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Kidney macrophages are central in kidney disease pathogenesis and have therapeutic potential in preventing tissue injury and fibrosis. Recent studies highlighted that kidney macrophages are notably heterogeneous immune cells that fulfill opposing functions such as clearing deposited pathogens, maintaining immune tolerance, initiating and regulating inflammatory responses, promoting kidney fibrosis, and degrading the extracellular matrix. Macrophage origins can partially explain macrophage heterogeneity in the kidneys. Circulating Ly6C+ monocytes are recruited to inflammatory sites by chemokines, while self-renewed kidney resident macrophages contribute to kidney repair and fibrosis. The proliferation of resident macrophages or infiltrating monocytes provides an alternative explanation of macrophage accumulation after kidney injury. In addition, dynamic Ly6C expression on infiltrating monocytes accompanies functional changes in handling kidney inflammation and fibrosis. Mechanisms underlying kidney macrophage heterogeneity, either by recruiting monocyte subpopulations, regulating macrophage polarization, or impacting distinctive macrophage functions, may help develop macrophage-targeted therapies for kidney diseases.
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Introduction

Macrophage plays an important role in kidney disease pathogenesis and is a potential therapeutic target for kidney injury and fibrosis. Kidney macrophage subpopulations can either promote or prevent the extracellular matrix deposition in the kidney, drawing the possibility of reversing kidney fibrosis (1). However, the functionally opposing macrophage subpopulations rising ambivalence in understanding macrophage activities during kidney injury and fibrosis, disturbing the development of macrophage-targeted therapies (2). Studies have focused on macrophage functional diversities mechanisms and applied novel approaches in precisely identifying macrophage subpopulations. Therefore, intriguing questions have arisen, such as the macrophage origin (kidney-resident macrophages vs. circulating monocyte precursors), macrophage differentiation (oversimplified M1/M2 categorization vs. newly subsets defined by cell surface markers and single-cell RNA-sequence), and their effector functions in the pathogenesis of kidney diseases.



Macrophage Heterogeneity

Macrophage heterogeneity attracts attention since the discovery of macrophages. Following studies expand macrophage heterogeneity definition depending on the origin, cell surface markers, and cytokines secretion (3). Macrophages obtain distinct phenotypes under physiological conditions and differentiate into functional phenotypes in response to pathological stimulation. According to their cooperation with distinct T cell subsets, macrophages have generally been classified either into classical M1 or alternative M2 macrophages. M1 macrophages are characterized by pro-inflammatory effects and engage with T helper 1 (Th1) cells, whereas M2 macrophages exhibit immunoregulatory efforts and intimately cooperate with T helper 2 (Th2) cells (4). M1 macrophage differentiation is initiated by pathogen-associated molecular patterns (PAMPs), danger-associated molecular patterns (DAMPs), and pro-inflammatory cytokines, especially under acute deleterious conditions (5). Representative functions of M1 macrophages are host defense and secretion of pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukine-1β (IL-1β), interleukine-6 (IL-6), and interleukine-12 (IL-12). M2 macrophage is typically polarized by interleukine-4 (IL-4) and interleukine-13 (IL-13), suppressing inflammation and promoting wound repair. Recent studies further classify M2 macrophages into different subsets depending on their differentiation stimuli, markers, and functions (6). While classic M2 macrophages are classified into M2a macrophages, M2b macrophages are induced by immune complexes, toll-like receptors and/or interleukine-1 receptors (IL-1R), contributing to immunoregulation and Th2 cells activation. M2c macrophages are induced by interleukine-10 (IL-10) and glucocorticoids, participating in immunosuppression, tissue repair, and matrix deposition. The simplified paradigm of M1/M2 macrophages facilitates the studies of macrophage phenotypes and functions. However, typical M1/M2 macrophages are induced in carefully regulated circumstances in vitro and not uniformly observed under the dynamic and complex environment in vivo. In fact, macrophages appear to express M1/M2 markers simultaneously during kidney injury, and their origins largely determine the functions of renal macrophages. Lineage tracing studies demonstrated that postnatal kidney macrophages predominately originate from the yolk sac EMP and hematopoietic stem cells, and bone marrow-derived monocytes infiltrate the kidney under inflammatory conditions (7, 8).



Renal Macrophage Distribution During Development, Health, and Disease

Macrophages contribute to morphogenesis during organ development. In cultured kidney explants, colony-stimulating factor-1 (CSF-1) application stimulates ureteric bud branching and nephron formation (9). By binding to the membrane receptor CSF1R, CSF-1 accelerates macrophage proliferation and differentiation (10, 11). Macrophages infiltrate the nephrogenic zone and facilitate nephron progenitor proliferation after the transient loss of nephron progenitor cells (12). Munro et al. (13) demonstrated that macrophages directly interacted with endothelium in developing cortical nephrogenic caliber vessels. These F4/80+CD206+ macrophages are perivascular and enriched for mRNAs associated with organogenesis. Moreover, the subpopulation of Gal3high myeloid cells are professional phagocytes and intermingle with pro-development F4/80+CD206+ macrophages in the developing mouse kidney. Therefore, fetal kidney macrophages possibly facilitate organogenesis by interacting with newly forming nephrogenic blood vessels. In addition, macrophages distribute around renal tubules during kidney development (9), but the underlying mechanisms are unclear. Experimental models of invertebrate species, such as Drosophila melanogaster (D. melanogaster), provide novel insights. In D. melanogaster, the Malpighian tubules are analogous to kidneys, while hemocytes are similar to macrophages. Hemocyte deposition around the developing Malpighian tubules is mediated by type IV collagen, necessary for the normal organogenesis of anterior Malpighian tubules (14). In mammalian kidneys, the renal tubular basement membrane is abundant in collagen IV and attracts macrophage recruitment (15, 16). However, it is difficult to extend these findings to mammalian kidneys due to the unique nephron structure.

In normal human kidneys, Marshall et al. (17) observed monocyte/macrophage distribution by immunoperoxidase staining of α-1-antitrypsin, muramidase, and serum 22. Most positive staining cells were scattered in glomerular capillaries and intertubular blood vessels. Macrophages rarely infiltrated into tubulointerstitium except in scarring tissues. However, the generality of these findings is limited by non-specific markers. Recently, Cao et al. (18) demonstrated that F4/80+CD11c− macrophages distribute throughout the renal cortex and medulla in healthy kidneys. In contrast, F4/80+CD11c+ mononuclear phagocytes are distributed in the renal cortex rather than the medulla under normal and injured conditions. These double-positive mononuclear phagocytes performed M1-like macrophage phenotype and aggravated kidney injury during Adriamycin nephropathy. However, a large percentage of CD11c+ dendritic cells co-express F4/80 marker in healthy kidneys, the preference to determine the nature of F4/80+CD11c+ cells should be circumspect.

Due to a double set of arterioles and capillaries, the kidney owns a unique vascular supply and receives about 25% of the cardiac output. The renal cortex exposed continuously to large amounts of blood-derived antigens and antibodies, resulting in a high sensitivity to renal glomerular diseases (19). Glomerular macrophage accumulation is an important feature in human glomerulonephritis. Macrophage clearance decreased glomerular damage in experimental glomerulonephritis (20). Further studies targeting monocyte chemotactic molecule-1 (MCP-1) or leukocyte adhesion molecules (ICAM) successfully attenuated macrophage accumulation and kidney injury in experimental models (21, 22). Interestingly, the numbers of tubulointerstitial macrophages rather than glomerular macrophages predict renal dysfunction (23, 24). Our previous studies found that tubular epithelial exosomes contribute to macrophage infiltration and activation, providing a novel insight into tubulointerstitial macrophages (25–27). This review focus on macrophage heterogeneity in the kidney and excellent works have been done to card macrophage function and distribution during acute kidney injury (AKI) and chronic kidney disease (CKD) (1, 28).



Kidney Resident Macrophage Origin and Specificity

Kidney-resident macrophages are in situ self-renewed and characterized by their phagocytic activities, expression of pattern recognition receptors (PRRs), and immunological regulation capacity, thus, maintaining kidney homeostasis (29). Kidney-resident macrophages derive from 3 sources: (1) yolk sac erythro-myeloid progenitors (EMP)-derived macrophages, (2) fetal liver EMP-derived macrophages, and (3) hematopoietic stem cells (HSC)-derived macrophages. The relative proportion of each progenitor dramatically changes during the development, adulthood, and damaged kidney state.

At embryonic day 12.5, kidney macrophages are CD45+ CD11blo F4/80hi Ly6C− cells deriving from yolk sac EMP; in contrast, CD45+ CD11bhi F4/80lo Ly6C+ monocytes are undetectable at this stage (30). Using tamoxifen-inducible Runx1Cre/EYFP and Csf1rCre/EYFP mice, fate tracing studies demonstrated that the relative proportion of yolk sac EMP-derived macrophages in the kidney decrease dramatically after embryonic day 13.5 (30). Consistently, Csf1r-Cre positive yolk sac-derived macrophages represent a minimal proportion of kidney macrophages after postnatal, possibly due to their dilution by the later arrival of fetal liver EMP-derived and HSC-derived macrophages (7). Sheng et al. (8) provided evidence of HSC-derived kidney macrophages using tamoxifen-inducible c-KitCre/EYFP mice. They further concluded that HSC precursors rather than EMPs are the source of kidney resident macrophages (8). However, the non-specific expression of c-Kit-Cre makes this conclusion debatable (31, 32). As HSCs transiently expressing Flt3-cre (33), Epelman et al. (7) distinguished the origin of HSC-derived monocytes and EMP-derived monocytes using Flt3Cre/GFP mice and found their equal contribution to the pool of resident macrophages. In contrast, Hoeffel et al. (30) demonstrated that fetal liver EMP-derived c-Myb+ monocytes are the predominant source of kidney resident macrophages. Thus, further studies based on fate-mapping studies must concern the limitations of genetic models, and single-cell RNA-sequence classifies ability worth more attention. While the kidney exposes to circulating monocytes throughout the development and adulthood, the kidney resident macrophages are mainly EMP- and HSC-derived rather than bone marrow-derived (7, 8, 30, 32, 34), partially explained by the niche competition hypothesis (35). Recent studies found that under certain types of kidney disease, expanded macrophages derive from the subset of resident macrophages, especially yolk sac-derived macrophages (36, 37). Ide et al. (37) demonstrated that CX3CR1+ yolk sac-derived macrophages have a higher proliferating capacity and progressively expand in number in older mice kidneys. Kidney resident macrophage proliferation contributes to the proangiogenic and pro-inflammatory environment after ischemic AKI and is confirmed by staining with Ki67 or BrdU (36, 38).

Kidney resident macrophages monitor trans-endothelial transport of circulating immune complexes and regulate the infiltration of lymphocytes and neutrophils (39). Using an unbiased flow cytometry approach, Kawakami et al. (40) classified kidney resident mononuclear phagocytes into five distinct subpopulations according to their cell surface markers, including CD11bhi CD11chi, CD11bhi CD11clo, CD11bint CD11cint, CD11blo CD11chi, and CD11b− CD11cint. CD11bint CD11cint F4/80high monocytes perform anti-inflammation effects as endogenous defenders. Kidney resident macrophages are in situ self-renewal and minimally differentiated from circulating monocytes after ischemic AKI. However, bone marrow-derived monocytes can replenish the kidney resident macrophages when they are depleted using polyinosinic/polycytidylic acid (poly I:C), consistent with the niche competition hypothesis (38). Interestingly, kidney resident macrophages lack major histocompatibility complex class II (MHCII) expression in the repair phase after AKI, a phenotype occurring during the nephrogenesis, and enrich Wnt ligands production, such as Axin2, Tcf4, and Jun (38). In ischemic AKI, C-C chemokine receptor type 2 (CCR2) deficiency alleviates circulating Ly6C+ macrophage recruitment and kidney injury and augments interstitial accumulation of Ly6C- embryonic yolk sac-derived resident macrophages and kidney fibrosis in late phases (41). Clodronate Liposome-induced macrophage depletion attenuates kidney injury and fibrosis, which can be restored by adoptive transfer of Ly6C− macrophages from injured wide type kidneys. While Ly6C− macrophage-derived cytokines facilitate the fibroblast-myofibroblast differentiation in vivo and in vitro, direct evidence targeting the trans-differentiation from Ly6C− macrophages to myofibroblasts remains missing (41). Similarly, CX3CR1+ resident renal phagocytes amplify leukocyte infiltration in an NLRP3-dependent manner in contrast-induced acute kidney injury (42). Accumulation of infiltrating and resident macrophages augments in autosomal dominant polycystic kidneys. In unilateral nephrectomy accelerated Pkd1 mice, lrf5 expression in resident macrophages aggravates cystic disease severity by producing pro-inflammatory cytokines (43). In ischemia-reperfusion injury (IRI) accelerated cystic mice, the phenotype of kidney resident macrophages transfers from F4/80high CD11Clow to F4/80high CD11Chigh, and reappearance of juvenile-like resident macrophages correlated with the accelerated cyst formation (44).

However, kidney resident macrophages also perform protective effects during acute and chronic kidney disease. Park et al. (45) found renal repair after ischemic AKI in mice lacking kidney resident CD45+ Ly6G− F4/80high CD11bint macrophages but containing infiltrating CD45+ Ly6G− F4/80int CD11bhigh macrophages is delayed compared to the wide type mice. V-domain Ig suppressor of T cell activation (VISTA), an inhibitory immune checkpoint molecule, is mainly expressed by CD45+ Ly6G− F4/80high CD11bint kidney resident macrophages and has the biomarker potential in distinguishing the renal macrophages (45). CX3CR1 mediated phagocytes by kidney resident macrophages initiate within the first hours during the innate host defense against Candidiasis, confirmed by CX3CR1-M280 associated susceptibility to systemic candidiasis in humans (46). CD11bint F4/80bright kidney resident macrophages protect renal artery stenosis-induced kidney injury by promoting the proangiogenic environments (36). Thus, kidney resident macrophages perform diverse effects depending on the phase and injury types. Based on a better understanding of cell surface markers and Cre specificity, further strategies should be explored to maintain protective resident macrophage phenotype during kidney disease. To advance these studies toward clinic interventions in patients, we must overcome two shortages of kidney resident macrophages. Firstly, minimal information is known about the anatomy and functions of resident macrophages in human kidney. Secondly, the similarities and differences of resident macrophages between rodent models and human kidneys remain unclear.



Monocyte as Precursors of Kidney Macrophages

While circulating monocytes minimally contribute to the renal macrophage pool under homeostasis, toxic or infectious damages result in augmented recruitment of monocyte-derived macrophages into the kidney. When renal macrophage niches are ablated, peripheral monocytes rapidly differentiate and replenish kidney macrophages (Munro et al. Nature Communications 11(1):2280 DOI:10.1038/s41467-020-16158-z). Bone marrow-derived monocyte precursors can reconstitute ischemic kidney macrophages in niches when kidney resident macrophages are depleted (38). Colony-stimulating factor-1 (CSF-1) stimulates macrophage proliferation at various time phases and tissues (47). Genetic deficiency or pharmacological blockade targeting CSF-1 inhibits macrophage proliferation, therefore prolonging the tissue repair phase after AKI (48). Rodent models revealed that Ly6Chigh pro-inflammatory monocytes infiltrate early in damaged kidneys (49, 50), depending on chemokines such as CCL2, CCL5, and CX3CR1 (26, 51–53). Initial infiltrating bone marrow-derived macrophages are characterized as Ly6C high iNOS+ cells by flow cytometry in rodent kidneys, whereas late Ly6Clow macrophages perform profibrotic M2-like effects (49, 50). CD11b diphtheria toxin receptor (DTR)-mediated depletion of monocyte/macrophages (50) or pharmacological blockade targeting chemokine pathways (54) attenuates kidney fibrosis, suggesting a profibrotic role of infiltrating macrophages in renal fibrogenesis. In severe IRI-induced AKI-CKD models, adoptive transplantation of F4/80int B7-H4high (M2c) macrophages rather than F4/80high B7-H4 int (M1) macrophages restore renal interstitial fibrosis in liposome clodronate-induced macrophage abrogated mice (55). Similarly, adoptive transfer of F4/80+ CD301+ (M2) macrophages rescue renal fibrosis in obstructed kidneys after macrophage depletion (56). Monocyte-derived kidney macrophages aggravate fibroblast activation and renal fibrosis by secreting cytokines (1, 57). Despite the direct and indirect profibrotic effects, bone marrow-derived macrophages can transdifferentiate into collagen-producing myofibroblasts via macrophage-myofibroblast transition (MMT) (58). Using Lyz2-Cre/Rosa26-Tomato mice, lineage tracing studies demonstrated that approximal 50% of the αSMA+ Collagen+ myofibroblasts derive from F4/80+ Tomato+ myeloid cells (59, 60). In contrast, a 2018 study challenges the MMT hypothesis as bone marrow-derived myofibroblasts make a limited contribution to the myofibroblasts in the obstructed kidney (61). The conflicting results come from the identification of myeloid cells by CD45+ and myofibroblasts by PDGFRβ+, as unspecific markers amplify the miscalculation. Another limitation is the deficiency of markers to distinguish bone marrow-derived fibroblasts from macrophage-derived myofibroblasts.

Moreover, macrophages perform diversified roles in renal fibrogenesis via secreting matrix metalloproteinases. Matrix metalloproteinases, especially macrophage-derived matrix metalloproteinase-9 (MMP-9), promote kidney fibrosis through stimulating extracellular matrix deposition (62, 63). In contrast, Twist1 in infiltrating macrophages promotes extracellular matrix degradation by stimulating CD11b+ Ly6Clow-derived matrix metalloproteinase-13 (MMP-13) production (64). As CD11b+ Ly6Chigh monocytes freshly infiltrate after kidney injury and represent the onset of renal inflammation, CD11b+ Ly6Cint and CD11b+ Ly6Clow populations expand in the phases of repair and fibrosis (41). The evidence that terminally differentiated macrophages rather than freshly infiltrating monocyte progenitors are the major players in kidney fibrogenesis suggests that kidney macrophages function varies due to disease types and time phases.

The Ly6Clow subpopulation of circulating monocytes is characterized by monitoring and phagocytosing circulating immune complexes (65). These Ly6Clow monocytes present antigens and activate effector CD4 + T lymphocytes in the glomerular capillaries (66). Circulating myeloid-derived suppressor cells (MDSCs) are immune suppressive populations and initially investigated in cancer (67). MDSCs were firstly reported to maintain cardiac transplant tolerance in rodent models (46), whereas renal MDSCs accumulation positively correlates with graft survival and kidney transplant recipients (68, 69). The effects of MDSCs further expand to immune-regulation and fibrogenesis during septic and metabolic kidney disease (70, 71), suggesting the therapeutic potential of MDSCs in acute and chronic kidney disease.



Heterogeneity of Human Kidney Macrophages and Clinical Transformation

Human monocyte/macrophages are classified into three distinct populations, including classical CD14++ CD16− subset, non-classical CD14+ CD16+ subset, and intermediate CD14++ CD16+ subset (72). In a 35 months cohort with 94 dialysis patients, the number of classical CD14++ CD16− monocytes can independently predict cardiovascular events and death (73). Rogacev et al. (74) demonstrated CD14++ CD16– monocytes numbers can also predict cardiovascular events in CKD patients. Non-classical CD14+ CD16+ monocytes from CKD patients express high levels of chemokines, facilitating their adhesion to vascular walls (75). Pro-inflammatory CD14+ CD16+ monocytes correlate with blood vessel stiffness in predialysis CKD patients, suggesting that non-classical CD14+ CD16+ subset damage endothelial cells (76). However, most clinical studies lack direct evidence of macrophage populations inside the kidney, and the predictive ability of human macrophage populations in kidney injury and fibrosis requires further investigations.

To expand experimental knowledge of macrophages to clinical applications, we still have to overcome several obstacles. Firstly, available data of human kidney macrophages is significantly insufficient, especially the dynamic changes of macrophage function and subpopulations. Secondly, CD14++CD16− and CD14++CD16+ monocytes resemble mouse Ly6C+ inflammatory monocytes, whereas CD14+CD16+ monocytes share phenotypic features with Ly6C- anti-inflammatory monocytes and adhering vascular endothelium (77). As classical CD14++ CD16– subset is known for the phagocytic capability, the overlapping and sometimes conflicting features of human and murine monocytes require further investigation. Thirdly, the functionality of kidney macrophages is dynamically variable and affected by the nature of kidney diseases. Thus, clinic translation must address the characteristics of kidney macrophages in different types and phases of the disease (Table 1).


Table 1 | Macrophage markers in human and mouse.



Nevertheless, characterized macrophage recruitment and maturation pathways are also appliable in patients with kidney diseases. Renoprotective effects of interventions targeting CCL2/CCR2 have been confirmed in rodent models of kidney inflammation and fibrosis (26, 41). Consistently, CCR2 inhibitor CCX140-B further attenuates albuminuria levels in patients with type 2 diabetes in addition to the standard renin-angiotensin system (RAS) blocking therapies (84). Although the definite effects of CSF1R in macrophage recruitment and proliferation, the role of CSF1R inhibitors and neutralizing antibodies have not been tested in clinical trials to treat kidney diseases. The JAK-STAT pathway regulates macrophage activation and renal function decline in patients with type 2 diabetic nephropathy (85). JAK1 and JAK2 inhibition by Bariticinib decreases albuminuria levels in patients with diabetic kidney diseases (DKD) (86). Our recent studies found that macrophage-derived extracellular vesicles are kidney-targeted drug carriers and worth further expansion into clinical trials (87).



Single-Cell RNA-Sequencing Revolution

After the qualitative leap from the oversimplified M1/M2 paradigm to individual subpopulations identified by cell surface markers, single-cell RNA-sequencing (scRNA-seq) categorizes macrophages by their function and phenotype, revealing the continuum and complexity of macrophages during the development and pathogenesis of kidney disease (88, 89). Zimmerman et al. (80) identified C1q expression as a novel marker of resident macrophage clusters in mouse kidneys, and C1q expressing clusters in other species were verified by the expression of Cd74, Cd81, and Apoe. In a rodent model of rhabdomyolysis-induced AKI, F4/80low CD11bhigh Ly6bhigh CD206low pro-inflammatory macrophages infiltrate early after rhabdomyolysis, while F4/80high CD11b+ Ly6blow CD206high reparative macrophages are dominant at late phase. However, the scRNA-seq analysis demonstrated that signal pathways do not precisely match macrophage phenotypes and the existence of individual subpopulations simultaneously expressing heterogeneous markers (81). At the late phase after ischemic AKI, macrophages expressing Ccl2 and Ccr2 infiltrate around the Vcam1+ damaged tubules (79). By evaluating the typical C1qa, Cd74, and Adgre1 expression, macrophages are defined as the predominant immune cells in diabetic glomeruli and mainly M1-like macrophages (90). The scRNA-seq analysis revealed that both extent and levels of Axl expression increased in F4/80+ macrophages from rejecting allografts compared to tolerized kidneys; and Axl promotes the differentiation of intra-graft myeloid cells towards pro-inflammatory phenotypes after transplantation (82). Moreover, the combination of scRNA-seq and lineage tracing technique attracts particular attention. Lineage tracing can elucidate the clonal relationships during development and differentiation, enable lifecycle monitoring. In contrast, scRNA-seq can identify exact cell types but unable to determine the lineage relationships. Thus, integrating scRNA-seq and lineage tracing will provide extra information about cell types, development, and differentiation in a longstanding pattern.

Stewart et al. (78) demonstrated that human kidney monocyte phagocytes (MNPs) expressing ITGAX and HLA-DRA are categorized into four distinct clusters (MNPa to MNPd). MNPa subpopulation expressing CD14 in mature kidney analogous classical monocytes, whereas MNPb expressing CD16 is transcriptionally similar to non-classical monocytes. Consistently, CD14+ CD68+ monocyte/macrophages are the most abundant immune cells in urine and account for one-third of urinary clusters. These monocyte/macrophages are enriched in genes related to antigen presentation and macrophage activation and further classified into CD16+ and CD16- subpopulations (83).



Conclusions and Perspectives

Macrophages are recruited by chemokines and contribute to the pathogenesis of kidney injury, repair, and fibrosis. Despite the wide application of the oversimplified pro-inflammatory M1 and anti-inflammatory M2 macrophage paradigm, macrophage complexity in origin, phenotype, and function has attracted attention. Macrophage subpopulations were distinguished by combining cell surface markers and using novel single-cell RNA sequence technology to explore macrophage contribution in tissue injury, regeneration, and fibrosis. Our data and others have confirmed the therapeutic potential of macrophage pathways in acute and chronic kidney diseases; however, the functionally opposing macrophage subpopulations require incisive and tissue-specific strategies (Figure 1). Moreover, an in-depth understanding of the specialty and commonality in scRNA-seq defined macrophage clusters requires further investigation.




Figure 1 | Macrophage heterogeneity during initiation and progression of kidney injury and fibrosis. Kidney resident macrophages derive from multi-sources and monitor trans-endothelial transport of circulating immune complexes. In the initial phase of kidney injury, resident macrophages stimulate leukocyte infiltration and cytokine secretion. Interestingly, kidney resident macrophages express V-domain Ig suppressor of T cell activation (VISTA), an inhibitory immune checkpoint molecule. Increased chemokines (CCL2, CCL5) promote circulating monocyte chemotaxis into the kidney, developing into infiltrating Ly-6Chi macrophages exhibiting pro-inflammatory phenotype or macrophage-myofibroblast transition (MMT). Similarly, infiltrating Ly6Clow macrophages promote kidney inflammation and fibrosis via activating T lymphocytes or pro-inflammatory cytokines. However, Ly6Chi macrophages inhibit kidney fibrosis by producing MMP-13. Overall, these mechanisms lead to extracellular matrix dynamic homeostasis during the resolution of kidney injury and fibrosis.
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Renal fibrosis is the final common pathway to chronic kidney diseases regardless of etiology. Parkinson disease protein 7 (PARK7) is a multifunctional protein involved in various cellular processes, but its pathophysiological role in kidneys remain largely unknown. Here, we have determined the role of PARK7 in renal fibrosis and have further elucidated the underlying mechanisms by using the in vivo mouse model of unilateral ureteric obstruction (UUO) and the in vitro model of transforming growth factor-b (TGFB1) treatment of cultured kidney proximal tubular cells. PARK7 decreased markedly in atrophic kidney tubules in UUO mice, and Park7 deficiency aggravated UUO-induced renal fibrosis, tubular cell apoptosis, ROS production and inflammation. In vitro, TGFB1 treatment induced fibrotic changes in renal tubular cells, which was accompanied by alterations of PARK7. Park7 knockdown exacerbated TGFB1-induced fibrotic changes, cell apoptosis and ROS production, whereas Park7 overexpression or treatment with ND-13 (a PARK7-derived peptide) attenuated these TGFB1-induced changes. Mechanistically, PARK7 translocated into the nucleus of renal tubular cells following TGFB1 treatment or UUO, where it induced the expression of SOD2, an antioxidant enzyme. Taken together, these results indicate that PARK7 protects against chronic kidney injury and renal fibrosis by inducing SOD2 to reduce oxidative stress in tubular cells.
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Introduction

Renal tubulointerstitial fibrosis (TIF) characterized by tubular atrophy, deposition of extracellular matrix and myofibroblast expansion represents the final common pathway to chronic or progressive kidney diseases (CKD) regardless of etiology (1–3). The pathogenesis of renal TIF involves major types of resident renal cells including tubular epithelial cells (TECs), endothelial cells, fibroblasts and pericytes, and also involves inflammatory cells. Accumulating evidence suggests that injury of renal TECs plays a driving role in renal TIF2, (4). After kidney injury, survival TECs undergo proliferation and then redifferentiation to replace damaged or dead TECs to repair renal tubules. Under conditions of severe or repeated injury, renal TECs under phenotypic changes to synthesize and secrete varieties of bioactive molecules that drive interstitial inflammation and fibrosis (2). Thus, understanding the molecular mechanisms responsible for TEC injury is a key to the understanding of the pathogenic mechanism of renal TIF.

Experimental studies have demonstrated that epithelial-mesenchymal transition, cell-cycle arrest at G2/M check points, mitochondrial damage, autophagy, endoplasmic reticulum(ER) stress, and excessive reactive oxygen species (ROS) production contribute to renal tubular cell injury during renal TIF (1–8). Among them, overproduction of ROS appears to be an important pathological factor for renal TIF, which is supported by the findings of ROS accumulation in renal tubules and the beneficial effects of supplementation of exogenous antioxidants in renal TIF regardless of initial etiology (9). Excessive ROS causes oxidative damage to cellular components and organelles including mitochondria, which may lead to cell death. Besides the acute destructive effects of high levels of ROS, a moderate increase of ROS might regulate various signaling pathways that are involved in kidney injury and maladaptive kidney repair, such as the hypoxia-inducible factor 1α pathway, the NLRP3-inflammasome pathway, and the transforming growth factor-β (TGFB1/TGFβ) pathway (10). Investigation of the molecules involved in oxidative stress and the anti-oxidative response in renal tubular cells during renal TIF may provide novel therapeutic targets.

Parkinson disease protein 7 (PARK7/DJ-1) was initially identified as an activated ras-dependent oncoprotein (11), but later studies have implicated PARK7 in the pathogenesis of Parkinson`s disease, diabetes, and male infertility et al (12, 13). Evidence has recently emerged that PARK7 also plays a key role in immune and inflammatory disorders, such as sepsis, and atherosclerosis (14). As a multifunctional protein, PARK7 can act as an antioxidant, transcriptional co-activator, molecular chaperone, deglycase, and/or regulator of signaling pathways (15). PARK7 is abundant in kidneys, particularly in renal tubules (16). Emerging evidence suggests a role of PARK7 in the development of both AKI and CKD (17–20). However, the role of PARK7 in renal TIF and its underlying mechanism remain largely unclear.

In the present study, by using a unilateral ureteric obstruction (UUO)-induced mouse model of renal fibrosis, and culturing renal TECs exposed to TGFB1, we demonstrated that PARK7 protects against renal TIF and related kidney injury by inducing SOD2 and scavenging ROS.



Materials and Methods


Antibodies and Reagents

The primary antibodies used in this study include anti-Fibronectin (ab19245) and anti-PARK7/DJ 1(ab18257) from Abcam, anti-cleaved caspase3 (9664), anti-α/β-Tubulin(2148) and anti-GAPDH (5174) from Cell Signaling Technology, anti-Lamin B1 (66095-1-Ig) and anti-Myc tag (6003-2-Ig) from Proteintech, anti-Collagen I (AF7001) from Affinity, anti-α-SMA(A5228) from Sigma-Aldrich, anti-SOD2(sc-137254) from Santa Cruz, and anti‐F4/80 (GB11027) from Servicebio. All secondary antibodies were purchased from Thermo‐Fisher Scientific. Special reagents were from the following sources: CM-H2DCFDA(C6827), Mito-SOX (M36008) and DHE (D11347) from Thermo Fisher Scientific, TUNEL assay kit (12156792910) from Roche Life Science, and recombinant human TGFB1 (GF111) from EMD Millipore. The PARK7-based peptide ND-13 (YGRKKRRKGAEEMETVIPVD) was synthesized by China Peptides (China).



Cells, Plasmids, Short Interfering RNA, and Transfection

The Boston University mouse proximal tubular cell line (BUMPT) was initially from Drs. William Lieberthal and John Shwartz at Boston University and maintained as previously described (21). BUMPT cells stably expressing Park7 shRNA were generated by infecting cells with lentivirus encoding Park7 shRNA followed by selection with puromycin. The shRNA target sequence of Park7 was 5′-ATCTGGGTGCACAGAATTTAT-3′. The Park7 shRNA was synthesized by Gene Pharma (Shanghai, China). The PARK7 overexpression plasmid was generated by inserting the coding sequence for C-terminal myc-tagged human PARK7 into NheI and KpnI enzyme sites of into pcDNA3.1 (+) expression vector. Transfection was performed by using Lipofectamine 2000 reagents (Invitrogen, Carlsbad, MA, USA) under the manufacturer’s instruction. TGFB1 treatment was performed as previously described (22). Briefly, cells were planted in 35mm cell culture dishes to reach >40% confluence by next day. After starving for 12 hours in serum-free high glucose DMEM medium, cells were cultured in DMEM medium containing 0.2% fetal bovine serum and 5 ng/ml of TGFB1. Cells cultured in medium containing 0.2% fetal bovine serum without TGFB1 were as controls. ND13 was dissolved in normal saline and administered at the same time with TGFB1 treatment.



Mouse Model of Unilateral Ureteral Obstruction

Animal studies were conducted under a protocol approved by the Animal Ethics Committee of the Second Xiangya Hospital of Central South University. Male C57BL/6 mice (8 ~10 weeks old) were from Hunan Slack King Experimental Animal Company (Changsha, China). Park7tm1Shn/Park7 knockout mice were purchased from the Jackson laboratory. Ureteral obstruction (UUO) surgery was performed as described in our recent studies (23). Briefly, mice were anaesthetized with pentobarbital (60 mg/kg) followed by a midline abdominal incision. The left ureter was exposed and separated, and then ligated by using 4/0 silk thread at two different sites in the middle of the ureter. Sham control mice underwent left ureter exposure, separation, but no ligations. For treatment, ND-13 (2 mg/kg of body weight) was administered via tail vein injection starting from the day after surgery, daily till the day before euthanasia.



Histological Analysis of Kidney Tissues

Hematoxylin and eosin (H&E) and Masson’s trichrome staining in kidney sections were performed as previously described (24). Renal tubules with the following histopathological changes were considered as tubular atrophy: tubular epithelial thinning, pyknotic nuclei or tubular dilation, expansion of the interstitial space, with or without protein casts. Tubular atrophy was examined in a blinded manner and scored by the percentage of atrophic tubules: 0, no damage; 1, < 25%; 2, 25-50%; 3, 50-75%; 4, > 75%. For quantification, at least 10 randomly selected fields per mouse and four mice for each group were scored. Aniline blue staining was conducted to label collagen fibrils in kidney tissues. The ratio of positively (blue) stained area to the entire area (excluding the area of glomerular, small vena cava and blood vessels) was quantitated with Image Pro Plus software. At least 10 randomly selected areas with a magnification of 200 x were assessed.



Immunohistochemical Analysis

Deparaffinized kidney sections were sequentially incubated with 0.1 M sodium citrate for antigen retrieval, 3% H2O2 to block endogenous peroxidase activity and 5% normal goat serum in phosphate-buffered saline to reduce nonspecific binding. The kidney sections were them exposed to a specific primary antibody at 4°C overnight and then biotinylated goat anti-rabbit secondary antibody (Zhongshan Jinqiao Biotechnology, Beijing, China) for 2 hours at room temperature. The signals were detected with a DAB kit. Positive staining was observed by phase contrast microscopy. For quantification, the number of positively stained tubules or cells per mm2 in at least 10 randomly selected fields from each tissue section were evaluated.



TUNEL Assay

TUNEL assay in kidney tissues and cultured cells was performed as previously described (25). Kidney tissue sections were sequentially deparaffinized, permeabilized, and incubated with TUNEL reaction mixture for 1 h at 37°C in a humidified and dark cassette. Hoechst 33342 staining was conducted to label nucleus. For quantification, the number of TUNEL-positive tubular cells per mm2 in at least 10 randomly selected fields from each tissue section were counted. For TUNEL assay in cultured cells, cells were fixed, and then sequentially subjected to permeabilization, incubation with TUNEL reaction mixture and then Hoechst 33342. The percentage of TUNEL-positive cells in 10 randomly selected fields containing around 200 cells was quantified.



Isolation of Nuclear Proteins

Isolation of nuclear proteins in cells was conducted by using a kit from Beyotime (China). Briefly, cells were centrifuged at 1000g for 5 minutes, and cell pellets were resuspended in buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 0.2 mM KCl 0.2 mM phenylmethylsulphonyl fluoride, 0.5 mM dithiothreitol). After incubation on ice for 15 minutes, the suspension was centrifuged at 14,000g for 5 minutes at 4°C to collect the nuclear pellets. The nuclear pellets were resuspended in cold buffer B(20 mmol/l N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid potassium hydroxide at pH 7.9, 420 mmol/l NaCl, 1.5 mmol/l MgCl2, 0.5 mmol/l dithiothreitol, 25% glycerol, 0.2 mmol/l dithiothreitol) and vortexed every 20 seconds for 30minutes. Finally, nuclear extracts were cleared by centrifugation at 14000g for 10 minutes to collect supernatants for immunoblotting.



Determination of Reactive Oxygen Species

Mitochondrial ROS and intracellular ROS in BUMPT cells were determined by using Mito-SOX Red (Thermo Fisher Scientific, M36008) and by CM-DCFDA (Invitrogen, C6827), respectively. ROS in kidney tissues was measured by dihydroethidium (Thermo Fisher Scientific, D11347) staining as previously described (26). Briefly, after harvesting, kidneys were snap frozen by liquid nitrogen. 20 mm sections of the kidneys were incubated with 10 mM DHE in a humidified and dark chamber at 37°C for 30 min and then counterstained with DAPI (Sigma-Aldrich, D9542). Images of the above staining were captured with fluorescence microscopy. For quantification, the fluorescence intensity in the nuclei of proximal tubular cells within 10 random optical sections was determined with ImageJ software. At least 10 randomly selected fields per mouse and four mice for each group were examined.



Immunofluorescence Staining

BUMPT cells were collected and washed once with phosphate-buffered saline (PBS), followed by fixation with 4% paraformaldehyde. After additional washing with PBS, fixed cells were sequentially underwent permeabilization with 0.1% Triton X-100, blocking with 5% bovine serum albumin hydration, and incubation with primary antibodies overnight at 4°C. And then cells were exposed to Alexa-conjugated secondary antibodies(Abcam, Cambridge, MA). Eventually, the sample were examined under fluorescence microscopy.



Immunoblotting Analysis and Real-Time PCR

Cells or renal cortical tissues were lysed with 2% SDS buffer (63 mM Tris-HCl, 10% glycerol, and 2% SDS) containing protease inhibitor cocktail (Sigma-Aldrich, P8340). Immunoblot analysis was conducted as previously described (27). RNA extraction and quantitative real-time PCR analysis were described in our recent studies (28). The sequences for the primers used in this study are listed below:

	Park7 forward, 5′-AGTCGCCTATGGTGAAGGAGATCC-3′,

	Park7 reverse, 5′-TGAGCCAACAGAGCCGTAGGAC-3′,

	Tgfβ forward, 5′-GAGCCCGAAGCGGACTACTA-3′,

	Tgfβ reverse, 5′-GTTGTTGCGGTCCACCATT-3′,

	Tnfα forward, 5′-CAGGCGGTGCCTATGTCTC-3′,

	Tnfα reverse, 5′-CGATCACCCCGAAGTTCAGTAG-3′,

	Sod2 forward, 5′- AAGGGAGATGTTACAACTCAGG-3′,

	Sod2 reverse, 5′- GCTCAGGTTTGTCCAGAAAATG-3′,

	Gapdh forward, 5′- AGGTCGGTGTGAACGGATTTG -3′,

	Gapdh reverse, 5′- GGGGTCGTTGATGGCAACA -3′.





Statistics

Statistical analysis was conducted by using GraphPad Prism software. Multiple comparisons with ANOVA and student’s t-test were applied to determine statistical differences in multiple groups and two groups, respectively. Quantitative data in the present study are representatives of at least 3 independent experiments and are expressed as means ± SEM. P < 0.05 indicates significant differences.




Results


PARK7 Is Reduced in Renal Proximal Tubules Following UUO

We first evaluated the levels of PARK7 during renal TIF in a mouse model of unilateral ureteral obstruction (UUO). Immunohistochemical analysis of kidney sections showed that in sham-operation mice, PARK7 was abundant in renal tubules, and mainly localizes in cell cytosol (Figure 1A). Compared to sham-operation mice, UUO mice had high levels of PARK7 in intact renal tubules, but atrophic tubules with dilation showed an obvious decrease of PARK7 (Figure 1A). In addition, the intact renal tubules appeared to have more PARK7 in cell nucleus (Figure 1A). Immunoblot analysis showed that UUO induced renal expression of fibrosis marker proteins like fibronectin and alpha-smooth muscle actin (α-SMA) in a time-dependent manner, while the expression of PARK7 was decreased (Figures 1B–E). Furthermore, We investigated the mRNA level of Park7 and found that UUO did not alter its transcriptional process (Figure 1F). These results indicate an overall reduction of renal PARK7 during renal TIF.




Figure 1 | PARK7 is reduced in renal proximal tubules during UUO. C57BL/6 mice (female, 8weeks old) were subjected to sham operation or UUO surgery. The mice were euthanized at 4 days, 7 days or 14 days after surgery, and the UUO-obstructed kidneys were collected. (A) Representative images of histochemical staining of PARK7 in kidney tissues. Bar: 100μm in the top images and 50μm in the bottom enlarged images. (B) Representative blots of Fibronectin (FN), α-SMA, PARK7 and GAPDH(as protein loading control). (C–E) Densitometry of FN, α-SMA, and PARK7 signals(n=4). The signal of FN, α-SMA, or PARK7 was normalized to the GAPDH signal of the same samples to determine the ratios. The values are expressed as fold change over sham control. Each symbol (circle) represents an individual mouse. (F) Quantification of Park7 mRNA levels. Error bars: SEM. **p < 0.01, ***p < 0.001. ns, not significant.





UUO-Induced Renal Interstitial Fibrosis Is Aggravated in Park7-Knockout Mice

To determine the role of PARK7 in renal TIF, Park7 knockout (KO) mice were applied. Day 7 after UUO surgery, the obstructed kidneys from wildtype (WT) or Park7 ko mice were collected. Immunoblot analysis demonstrated that Park7 ko mice had higher renal levels of fibronectin and α-SMA than WT mice after UUO (Figures 2A–C). Masson’s trichrome staining was performed to detect collagen deposition, and the results revealed that Park7 ko mice had an increase of renal collagen deposition compared to WT mice after UUO (Figures 2D, E). In addition, quantification of tubular atrophy in kidney sections stained with hematoxylin and eosin (H&E) demonstrated that following UUO, had tubular atrophy was more severe in Park7 ko mice than in WT mice (Figures 2D, F). Collectively, these findings suggest that Park7 deficiency aggravates UUO-induced renal TIF.




Figure 2 | PARK7 deficiency aggravates UUO-induced renal interstitial fibrosis. Park7 knockout (KO) and wildtype (WT) mice were subjected to either sham operation or UUO surgery. The mice were euthanized at 7 days and UUO-obstructed kidneys were collected. (A) Representative blots of PARK7, Fibronectin (FN), α-SMA and GAPDH(as a loading control). (B, C) Densitometry of FN and α-SMA signals(n=4). The signal of FN, α-SMA was normalized to the GAPDH signal of the same samples to determine the ratios. The values are expressed as fold change over sham control in WT mice. (D) Representative images of Masson’s trichrome staining and hematoxylin and eosin (H&E) staining. Bar: 100μm. (E) Quantitative analysis of Masson’s trichrome staining. (F) Tubular atrophy score(n=4). Tubular atrophy was graded by 0, 1 (1%‐25%), 2 (26%‐50%), 3 (51%‐75%), 4 (76%‐100% tubules showing atrophy. Each symbol (circle) represents an individual mouse. Error bars: SEM. *p < 0.05, **p < 0.01, ***p < 0.001.





Park7 Deficiency Increases Tubular Cell Apoptosis and Inflammation In UUO

Tubular cell death and inflammation contribute critically to the development of renal fibrosis regardless of initial etiology (2, 4). The effect of Park7 deficiency on UUO-induced tubular cell apoptosis was evaluated by TUNEL assay. As shown Figure 3A, both WT and Park7 ko mice had very few TUNEL positive cells in kidney tissues after sham-operation, but they had an obvious increase of TUNEL positive cells following UUO. Moreover, quantification analysis by cell counting revealed that Park7 ko mice had significantly more TUNEL positive cells than WT mice in response to UUO (Figure 3B). Consistent with the results of TUNEL assay, UUO-operated Park7 ko mice had higher renal levels of activated/cleaved caspase 3 compared to UUO-operated WT mice (Figures 3C, D). Immunohistochemical analysis of macrophages in kidney tissue sections was performed to evaluate inflammatory cell infiltration into kidneys. As shown in Figures 3E, F, UUO induced infiltration of macrophage into the kidney tissues of both WT and Park7 ko mice and induced significantly more infiltration of macrophage in Park7 ko kidneys than in WT kidneys. Collectively, these findings indicate that PARK7 is protective against tubular cell apoptosis and inflammation during renal fibrosis.




Figure 3 | Park7 deficiency increases tubular cell apoptosis and inflammation in UUO. Animals and their treatment were the same as described in Figure 2. (A) Representative images of TUNEL analysis of kidney tissues. Bar:100μm. (B) Quantification of TUNEL-positive cells in kidney tissues(n=4). (C) Representative immunoblots of cleaved/activated caspase3 (C-CASP3) and GAPDH(as a loading control). (D) Densitometry of C-CASP3 signals(n=4). The signal of C-CASP3 was normalized to the GAPDH signal of the same samples to determine the ratios. The values are expressed as fold change over sham control in WT mice. (E) Representative images of macrophage staining. Bar: 100μm in the top images and 50μm in the bottom enlarged images. (F) Quantification of macrophage -positive cells(n=4). Each symbol (circle) represents an individual mouse. Error bars: SEM. *p < 0.05, **p < 0.01, ***p < 0.001.





Park7 Deficiency Leads to Excessive ROS in Renal Tubular Cells Following UUO

PARK7 can act as an antioxidant (29, 30). We thus determined the effect of Park7 deficiency on the levels of ROS in renal tubules during UUO-induced renal fibrosis by dihydroethidium (DHE) staining. DHE exhibits red fluorescence in the nucleus when oxidized by ROS. WT and Park7 ko mice showed comparable low DHE signal intensity in renal tubules after sham-operation, and both WT and mutant mice had a dramatic increase of DHE signal intensity after UUO. Importantly, following UUO, Park7 ko mice exhibited significantly stronger DHE signal intensity in renal tubules compared to WT mice (Figures 4A, B). Taken together, these findings suggest that PARK7 suppresses ROS accumulation during renal TIF.




Figure 4 | Park7 deficiency accumulates ROS accumulation in renal tubular cells in UUO. Animals and their treatment were the same as described in Figure 2. (A) Representative images of dihydroethidium (DHE) staining. DHE nuclear staining indicates the presence of reactive oxygen species(ROS). Bar:100μm. (B) Quantification of DHE fluorescence intensity (n=4). Each symbol (circle) represents an individual mouse. Error bars: SEM. ***p < 0.001.





TGFB1 Treatment Alters PARK7 Expression in BUMPT cells

Transforming growth factor beta 1(TGFB1 or TGF-β1) is a critical profibrotic factor in renal fibrosis. (31) We determined the effect of TGFB1 treatment on PARK7 expression in vitro. BUMPT cells formed cobblestone monolayer with intact cell-cell connection under control condition, but, after TGFB1 treatment for 36 hours, the cells exhibited a spindle-shape, fibroblast like morphology(Figure 5A). Immunoblot analysis demonstrated that TGFB1 treatment increased the expression of fibrosis maker proteins, such as fibronectin and collagen 1, in a time-dependent manner during the observation period of 72 hours. Remarkably, TGFB1 induced a biphasic change in PARK7 expression. PARK7 increased in a time-dependent manner during 36 hours of TGFB1 treatment, but after that, it started to decrease (Figures 5B–E). In addition, We estimated the mRNA level of Park7 and found that TGFB1 did not change its transcriptional process (Figure 5F).




Figure 5 | TGFB1 treatment altered PARK7 expression in BUMPT cells. BUMPT cells were incubated with 5 ng/ml TGFB1 for 12h to 72h, and the cells treated without TGFB1 were as control (Ctrl). (A) Representative images of contrast microscopy to show cellular morphologic changes. Bar:100μm. (B) Representative immunoblot of Fibronectin (FN), Collagen 1, PARK7 and GAPDH (protein loading control) in whole cell lysates. (C–E) Densitometry of FN, Collagen 1 and PARK7(n=3). The signal of FN, Collagen 1, or PARK7 was normalized to the GAPDH signal of the same samples to determine the ratios. The values are expressed as fold change over control cells. Each symbol (circle) represents an independent experiment. (F) Quantification of Park7 mRNA levels. Error bars: SEM. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.





Park7 Knockdown Sensitizes BUMPT Cells to TGFB1-Induced Fibrotic Changes, Apoptosis, and ROS Production

To determine the role of PARK7 in TGFB1-induced changes in renal tubular cells, we knocked down Park7 with a short hairpin (sh) RNA specifically targeting Park7. Immunoblot analysis showed that Park7-shRNA significantly reduced PARK7 expression in BUMPT cells (Figure 6A). In response to TGFB1 treatment, cells expressing Park7-shRNA had higher levels of fibronectin and active/cleaved caspase 3 than the cells transfected with a scrambled-shRNA(Scr-shRNA) (Figures 6A–C). Park7 knockdown also increased the number of TUNEL-positive cells following TGFB1 treatment (Figures 6D, E). We further analyzed intracellular ROS and mitochondrial ROS by CM-H2DCFDA and Mito-SOX staining, respectively. Regardless of the status of Park7, BUMPT cells showed comparable low signal intensity of these ROS indicators under control conditions (Figures 6F–H). TGFB1 induced significant ROS, and totably, the Park7-knockdown cells had stronger signal intensity of CM-H2DCFDA and Mito-SOX than the cells transfected with scrambled-shRNA. Collectively, these findings suggest that PARK7 may protect against renal fibrosis by reducing ROS and suppressing cell death.




Figure 6 | Park7 knockdown sensitizes BUMPT cells to TGFB1-induced fibrotic changes, apoptosis and ROS production. BUMPT cells were transfected with Park7- shRNA or scrambled-shRNA(Scr-shRNA), and at 24 hours after transfection, the cells were incubated with/without 5 ng/ml TGFB1 for another 24 hours. (A) Representative immunoblot of PARK7, Fibronectin (FN), cleaved/activated caspase 3(C-CASP3) and GAPDH (protein loading control). (B, C) Densitometry of FN and C-CASP3(n=3). The signal of FN, or C-CASP3 was normalized to the GAPDH signal of the same samples to determine the ratios. The values are expressed as fold change over control cells without Park7 shRNA transfection. (D) Representative images of TUNEL assay and DAPI staining (X200). Bar:100μm. (E) Apoptosis percentage(n=3). (F) Representative images of CM-H2DCFDA and Mito-SOX staining. Bar: 100μm in the CM-H2DCFDA image, 50μm in the Mito-SOX and Merge images. CM-H2DCFDA and Mito-SOX staining was performed to evaluate intracellular and mitochondrial ROS, respectively. (G, H) Quantification of CM-H2DCFDA and Mito-SOX fluorescence intensity(n=3). Each symbol (circle, diamond and trigon) represents an independent experiment. Error bars: SEM. *p < 0.05, **p < 0.01, ***p < 0.001.





PARK7 Overexpression Attenuates TGFB1-Induced Profibrotic Changes, Apoptosis, and ROS Production

To further verify the role of PARK7, we evaluated the effect of PARK7 overexpression on TGFB1-induced cellular changes in renal tubular cells. To this end, BUMPT cells stably expressing human PARK7 conjugated with a C-terminal c-Myc epitope were generated. As shown in Figure 7A, TGFB1 induced a spindle-shape morphology in the cells stablely transfected with empty vectors, which was partially prevented in cells overexpressing PARK7. In addition, BUMPT cells overexpressing PARK7 had lower levels of fibronectin and cleaved caspase 3 compared to control cells (Figures 7B–D). In line with the results of cleaved caspase 3, cells overexpression PARK7 had fewer TUNEL-staining positive cells than control cells following TGFB1 treatment(Figures 7E, F). In addition, cells overexpressing PARK7 showed lower signal intensity of both CM-H2DCFDA and Mito-SOX staining than control cells in response to TGFB1 treatment(Figures 7G–I). Together, these findings provide further evidence that PARK7 protects against apoptosis, ROS production and fibrotic change in renal tubular cells.




Figure 7 | PARK7 overexpression attenuates TGFB1-induced profibrotic changes, apoptosis and ROS production. BUMPT cells were transfected with PARK7 overexpression plasmid or empty vector, and 24 hours after transfection, the cells were cultured in medium with/without 5 ng/ml TGFB1 for another 24 hours. (A) Representative images of cell morphology. Bar: 100μm. (B) Representative immunoblot of Fibronectin (FN), cleaved/activated caspase 3(C-CASP3), MCY-Tag and GAPDH (protein loading control). (C, D) Densitometry of FN and C-CASP3 (n=3). The signal of FN, or C-CASP3 was normalized to the GAPDH signal of the same samples to determine the ratios. The values are expressed as fold change over control cells without Park7 overexpression. (E) Representative images of TUNEL assay and DAPI staining (X200). Bar: 100μm. (F) Apoptosis percentage (n=3). Greater than 200 cells in each group were evaluated to determine the percentage of TUNEL-positive cells. (G) Representative images of CM-H2DCFDA and Mito-SOX staining. Bar: 100μm in the CM-H2DCFDA image, 50μm in the Mito-SOX and Merge images. CM-H2DCFDA and Mito-SOX staining was performed to evaluate intracellular and mitochondrial ROS, respectively. (H, I) Quantification of CM-H2DCFDA and Mito-SOX fluorescence intensity (n=3). Each symbol (circle, diamond and trigon) represents an independent experiment. Error bars: SEM. *p < 0.05, **p < 0.01, ***p < 0.001.





ND-13 Attenuates TGFB1-Induced Fibrosis Changes in BUMPT Cells

ND-13 is a 20-amino acid peptide composed of a 13-amino acids sequence from PARK7 (KGAEEMETVIPVD) and a TAT-derived 7-amino acid sequence (YGRKKRR) at the N-terminus for cellular permeability (32). We first evaluated the effect of ND-13 on the TGFB1-induced cellular changes in vitro. To this end, BUMPT cells were exposed to TGFB1 with/without 5~20μM of ND-13 for 24 hours to examine cell morphology and the levels of fibronectin and ROS. As shown in Figures 8A–F, ND-13 treatment partially prevented TGFB1-induced morphological changes in BUMPT cell, attenuated TGFB1-induced expression of fibronectin, and also reduced the signal intensity of both CM-H2DCFDA and Mito-SOX staining. We further evaluated the effect of ND-13 treatment on UUO-induced renal fibrosis. Administration of ND-13 (2 mg/kg of body weight) via tail veil injection starting from the day of surgery, daily for 7 days partially reduced the renal levels of Tgfβ mRNA in UUO mice (Figure 8G). ND-13 treatment also significantly reduced the expression of tumor necrosis factor alpha (TNF-α), and also reduced infiltration of macrophages into kidney tissues (Figures 8H–J). Taken together, these findings indicate a renoprotective role ND-13 against oxidative stress, inflammation, and renal fibrosis.




Figure 8 | ND-13 attenuates TGFB1-induced fibrosis changes in BUMPT cells. (A–F) BUMPT cells were cultured in medium with/without 5ng/ml TGFB1 in the presence/absence of ND13 for 24 hours. (A) Representative images of cell morphology. Bar: 100μm. (B) Representative immunoblot of Fibronectin (FN), GAPDH (protein loading control). (C) Densitometry of FN (n=3). The signal of FN was normalized to the GAPDH signal of the same samples to determine the ratios. The values are expressed as fold change over control cells. (D) Representative images of CM-H2DCFDA and Mito-SOX staining. Bar: 100μm in the CM-H2DCFDA image, 50μm in the Mito-SOX and Merge images. CM-H2DCFDA and Mito-SOX staining was performed to evaluate intracellular and mitochondrial ROS, respectively. (E, F) Quantification of CM-H2DCFDA and Mito-SOX fluorescence intensity (n=3). (G–J) C57BL/6 mice (female, 8weeks old) were subjected to sham operation or UUO surgery. Administration of ND-13 (2 mg/kg of body weight) via tail veil injection starting from the day of surgery and daily thereafter. The mice were euthanized at 7 days after surgery, and the UUO-obstructed kidneys were collected. (G, H) mRNA levels of transforming growth factor-β (Tgfβ) and tumor necrosis factor alpha (Tnfα) were measured by quantitative RT-PCR. (I) Representative images of macrophage staining. Bar: 100μm. (J) Quantification of macrophage -positive cells (n=4). Each symbol (circle, diamond and trigon) represents an independent experiment. Error bars: SEM. *p < 0.05, ***p < 0.001, ns not significant.





PARK7 Translocates Into Nucleus and Positively Regulates SOD2 Expression During Renal Fibrosis

In UUO kidneys, PARK7 showed nuclear accumulation in intact renal tubules (Figure 1A). We thus examined the nuclear levels of PARK7 in BUMPT cell with or without TGFB1 treatment. Immunofluorescence staining showed that in cells without TGFB1 treatment, PARK7 existed mainly in cytosol, and to less extent in the nucleus (Figure 9A). Immunoblotting of PARK7 in the nuclear and cytoplasmic fractions verified that PARK7 localized predominantly in the cytosol in control cells and showed a dramatical increase in both cytosolic and nuclear fractions following TGFB1 treatment (Figure 9B). Emerging evidence indicates that nuclear PARK7 may regulate gene transcription by acting as a transcriptional cofactor (33). Because PARK7 regulated ROS production in mitochondria (Figures 6F and 7G), we tested the possible regulation of SOD2 (mitochondrial superoxide dismutase 2, also known as manganese-dependent superoxide dismutase or MnSOD) by PARK7. As shown in Figures 9C, D, both WT and Park7 ko mice showed high levels of SOD2 in kidney tissues, which decreased during UUO. Notably, the SOD2 decrease was obviously more in Park7 ko mice than in WT mice. Consistently, TGFB1 treatment reduced SOD2 expression in both Park7 knockdown cells and control cells, but the reduction was significantly higher in Park7 knockdown cells. Moreover, PARK7 overexpression could partially but significantly restore SOD2 levels in TGFB1-treated cells (Figures 9E, F). Furthermore, we analyzed Sod2 mRNA, which showed the regulation by PARK7 both in vitro and in vivo (Figures 9G, H). Collectively, these findings suggest that PARK7 may protect against chronic kidney injury and renal fibrosis by inducing SOD2 and reducing ROS and oxidative stress.




Figure 9 | PARK7 translocates into nucleus and positively regulates SOD2 expression during renal fibrosis. (A, B) BUMPT cells were cultured in medium with/without 5 ng/ml TGFB1 for 24 hours. (A) Representative images of immunofluorescence staining of PARK7 in BUMPT cells. Bar:50μm. (B) Representative immunoblot of PARK7, LaminB1 (nuclear marker), and GAPDH (cytosolic marker) in cytosolic and nuclear fractions. (C, D) Animals and their treatment were the same as described in Figure 2. (C) Representative immunoblot of SOD2 and GAPDH. (D) Densitometry of SOD2 signals (n=4). (E, F) BUMPT cells were transfected with Park7 siRNA or PARK7 overexpression plasmid. 24 hours after transfection, the cells were cultured in medium with or without 5 ng/ml TGFB1 for another 24 hours. (E) Representative immunoblot of SOD2 and GAPDH. (F) Densitometry of SOD2 signals (n=3). The signal of SOD2 was normalized to the GAPDH signal of the same samples to determine the ratios. The values are expressed as fold change over control cells. (G, H) Sod2 mRNA expression. Each symbol (circle, diamond and trigon) represents an independent experiment or an individual mouse. Error bars: SEM. *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

In the present study, we have provided substantial evidence supporting a renoprotective role of renal tubular cell PARK7 in renal fibrosis. First, we showed that PARK7 expression was altered in renal tubules in UUO mice and in BUMPT cells exposed to TGFB1. Second, we demonstrated that Park7 deficiency aggravated UUO-induced renal fibrosis in mice. Park7 knockdown in BUMPT cells exacerbated TGFB1-induced fibrotic changes, while PARK7 overexpression attenuated the fibrotic changes. Third, we provided further evidence that Park7 deficiency or knockdown aggravated ROS accumulation, tubular cell apoptosis, and inflammation in renal fibrosis models. Mechanistically, we showed that during renal fibrosis, PARK7 accumulated in the nucleus in renal tubular cells, and positively regulated expression of the antioxidant enzyme SOD2. Together, these findings suggest a protective function of PARK7 in chronic kidney injury and renal fibrosis, and accordingly, enhancement of PARK7 expression and/or activity may represent a promising therapeutic approach.

Recent studies have suggested a role of PARK7 in the development of kidney diseases. For instance, Leeds et al. demonstrated that activation of PARK7 was renoprotective in lipopolysaccharides- or cecal ligation and puncture-induced septic AKI in mice (34). Shen et al. showed that increased expression of renal tubular PARK7 might represent a renoprotective response in a rat model of high glucose-induced diabetic kidney diseases (35). However, the pathophysiological role and mechanism of PARK7 in the pathogenesis of renal fibrosis remain largely unclear. Our present study has provided evidence supporting a beneficial role of renal tubular PARK7 in renal fibrosis. In vitro, TGFB1-induced fibrotic changes in BUMPT cells, including cell morphological changes and increases of extracellular matrix proteins were enhanced by PARK7 knockdown (Figures 6A, B), but attenuated by PARK7 overexpression (Figures 7A–C). In vivo, Park7 deficiency aggravated UUO-induced renal fibrosis, as manifested by more severe tubular atrophy and kidney deposition of extracellular matrix proteins in Park7 ko mice than in WT mice following UUO (Figure 2). Consistently, the latest work by Miguel et al. demonstrated the inhibitory effect of ND-13 (PARK7 peptide) on UUO-induced renal fibrosis (36). Collectively, these studies indicate that renal tubular cell PARK7 has an anti-fibrotic, protective function in kidney diseases.

PARK7 expression appears to be differently altered according to diseases conditions, and/or cell types (37, 38). For instance, PARK7 is highly expressed in lipopolysaccharides-induced acute lung injury (39), while decreased in heavy smoking-induced lung disease (40). Compared to control animals, altered PARK7 levels in kidney tissues have also demonstrated in experimental animal of kidney diseases. An increase of PARK7 levels in kidney tissues was detected in in mouse models of septic AKI, and a ischemia-reperfusion-induced rat model in diabetic kidney injury (34, 41). Eltoweissy et al. showed a disease grade dependent increase of PARK7 levels in the kidneys of a mouse model of COL4A3-deficiency-induced renal fibrosis (42). Consistently, Eltoweissy et al. also revealed that treatment of renal epithelial cells with the profibrogenic agonist ANG II or PDGF resulted in a significant up-regulation of PARK7 expression parallel to an increase in the expression of fibrosis markers (42). In a sharp contrast, in the present study, immunoblot analysis revealed that UUO mice had a dramatic reduction of PARK7 levels in kidney tissues compared to sham-operated mice (Figures 1B, E). Immunohistochemical staining further demonstrated that PARK7 decreased in atrophic renal tubules in UUO mice, but it increased in the intact renal tubules (Figure 1A). Further evaluation of Park7 mRNA levels revealed no differences between UUO- and sham-operated mice (Figure 1F). In BUMPT cells, we showed an initial increase of PARK7 followed by a decrease during TGFB1 treatment (Figures 5B, E), but TGFB1 had no effect on the levels of Park7 mRNA (Figure 5F). These results suggest an increased degradation of PARK7 in UUO, especially in those atrophic tubules. The different alteration of kidney expression of PARK7 between the present study and Eltoweissy et al. study may be attributed to the differences in the experimental models. Recent evidences have implicated that PARK7 oxidation facilitates its degradation (43, 44). In the present study, accumulation of ROS occurred in atrophic renal tubules in UUO mice as evaluated by DHE staining analysis (Figure 4). However, PARK7 oxidation and its contribution to PARK7 degradation during renal fibrosis remain to be determined. In addition, RNA modifications have been shown to affect the outcome of gene expression by modulating RNA processing, localization, translation, and eventual decay (45, 46). Whether modification in Park7 mRNA contributes to the PARK7 reduction without changing the Park7 mRNA levels in renal tubules of UUO mice remain to be explored.

PARK7 has multiple functions including antioxidant, transcriptional co-activator, molecular chaperone, deglycase, and/or regulator of signaling pathways (15). Among them, the antioxidant capacity has been demonstrated as an important cytoprotective mechanism in various disease conditions, such as PARK7 protection of rat retinal pericytes against high glucose-induced oxidative stress (47). Accumulation of ROS in renal tubules is a comment feature of chronic kidney disease, and contributes critically to the development to both AKI and CKD (48). High levels of ROS cause oxidative damage to cellular components, which may increase the tendency of cell injury and death (49). ROS are also an activator of inflammation (50). In the present study, we provided evidence that PARK7 has an important role in scavenging ROS and thereby reduces cell death and inflammation in kidneys during renal fibrosis. In vivo, Park7 deficiency led to the excessive accumulation of ROS (Figure 4), increased renal tubular cell apoptosis and inflammation in UUO mice (Figure 3). Consistently, Park7 knockdown increased the levels of ROS and apoptosis (Figure 6), while PARK7 overexpression showed opposite effects (Figure 7). Thus, PARK7 plays an important role in scavenging ROS in renal tubules during renal fibrosis.

PARK7 can act as a transcription cofactor, a molecular chaperon, and can also modulate signaling pathway involving stress response, and also regulate protein degradation, all of which may contribute to its regulation of protein expression (51). For instance, PARK7 has been shown to disrupt KEAP1 interaction with transcriptional factors NRF2, leading to nuclear translocation of NRF2 to transactivate various antioxidative stress-related genes (52). PARK7 has also been demonstrated to regulate the 20S proteasome and thus protein degradation (53). In our experimental setting, nuclear accumulation of PARK7 was detected in the intact renal tubule of UUO mice and BUMPT cells exposed to TGFB1 (Figures 1A and 9A, B). In addition, PARK7 seemed to positively regulate the protein levels of enzymatic antioxidant SOD2 (Figures 9C–H). However, the precise mechanism responsible for the regulatory role of PARK7 on SOD2 awaits future investigation.

ND-13 is PARK7-based peptide that has been shown be cytoprotective under stressful conditions, such as Cerebral reperfusion injury (32). Miguel et al. showed that UUO mice received ND-13 (3 mg/kg of body weight) via subcutaneous injection starting from the day of surgery, daily for 14 days showed reduced expression of fibrotic and inflammatory markers compared to UUO mice received vehicle, suggesting a beneficial effect of ND-13 in renal fibrosis (36). In the present study, administration of ND-13 (2 mg/kg of body weight) via tail veil injection starting from the day after surgery, daily for 7 days reduced the renal levels of Tgfβ mRNA, Tnfα mRNA and infiltration of macrophages into kidney tissues (Figures 8G–J). In addition, we showed that ND-13 treatment reduced TGFB1-induced fibrotic changes in BUMPT cells (Figures 8A–C). Thus, ND-13 may represent a potential drug for renal fibrosis.

In summary, this study provide evidence that PARK7 in renal tubular cells is renoprotective during renal fibrosis through suppressing ROS accumulation, cell apoptosis and inflammation. Thus, prevention of ROS accumulation via enhancing intracellular PARK7 levels and/or activity represents potential therapeutic strategies for renal fibrosis.
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B cells, commonly regarded as proinflammatory antibody-producing cells, are detrimental to individuals with autoimmune diseases. However, in recent years, several studies have shown that regulatory B (Breg) cells, an immunosuppressive subset of B cells, may exert protective effects against autoimmune diseases by secretion of inhibitory cytokines such as IL-10. In practice, Breg cells are identified by their production of immune-regulatory cytokines, such as IL-10, TGF-β, and IL-35, however, no specific marker or Breg cell-specific transcription factor has been identified. Multiple phenotypes of Breg cells have been found, whose functions vary according to their phenotype. This review summarizes the discovery, phenotypes, development, and function of Breg cells and highlights their potential therapeutic value in kidney diseases.
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Introduction

B lymphocytes play a critical role in adaptive immune system by secreting antibodies. They also present antigens for the activation of T cells and produce several essential cytokines. A small population of B cells known as regulatory B (Breg) cells demonstrates the ability of regulating immune responses. Breg cells are a subtype of B cells that were first discovered in 1974 when two studies described the suppressive function of B cells that could delay hypersensitivity independently (1, 2). However, few studies have focused on suppressive B cells till 1996. Wolf et al. found that in the development of experimental autoimmune encephalomyelitis (EAE), commonly considered as an animal model of multiple sclerosis (MS) mediated by CD4+ T cells, EAE is inducible without the exhibition of differences in disease onset or severity between wild-type and B cell-deficient mice. However, B cell-depleted mice recovered with increased difficulty, highlighting the modulation function of B cells in acute EAE (3). Subsequently, an increasing number of studies have found that B cells with regulatory functions are involved in the development of not only EAE but also in other inflammatory diseases (4, 5). To date, these regulatory B cell-induced immune response suppression has been observed in autoimmune diseases, HIV, pregnancy, inflammatory diseases, and transplant immunity, among others. In this review, we have described the different phenotypes and functions of Breg cells and focused on their role in several types of kidney-related diseases, as well as potential challenges in the study of these cells in the future.



What Is the Phenotype of Breg Cells?

With gradual advances in the existing knowledge since their discovery, Breg cells have not been restricted to a single phenotype, but rather displaying several phenotypes, in both humans and mice.


Phenotypes of Breg Cells Identified in Humans

B cells that regulate immune responses were initially found to exert their suppressive function in some specific diseases by producing interleukin-10 (IL-10). Subsequently, several studies have shown Breg cells exert suppressive functions mainly by secretion of IL-10 which also is the most important cytokine in Breg cells (6–10). It should also be noted that in certain circumstances IL-10 can serve as an enhancing role in the immune responses of B cells (11, 12) and CD8 T cells (13, 14). The most frequently observed phenotype for IL-10-producing B cells in peripheral blood is transitional CD19+CD24hiCD38hi B cells (9, 15–20), since IL-10+ B cells are abundant in this phenotype. Other phenotypes include plasmablasts (CD19+CD27intCD38+) (21) and regulatory B1 cells (Br1: CD19+CD25+CD71+CD73-) (22). Depending on the expression of CD27, IL-10+ B cells can be divided into naïve IL-10+ B cells (CD19+CD27-IL-10+) and memory IL-10+ B cells (CD19+CD27+IL-10+), wherein the ratio of naïve/memory IL-10+ B cells may hint at its function (7).

Additionally, Breg cells exhibit other markers. While transcription factor Forkhead Box P3 (Foxp3) is known to be expressed on several immune cells and is commonly regarded as a marker for Tregs, it has also been identified as a transcription factor of Breg cells, namely CD19+CD5+ B cells; in contrast, CD5- B cells do not express Foxp3 (17, 23–25). Another transcription factor should be noticed is T cell immunoglobulin and mucin domain 1 (Tim-1), a member of Tim family. It is first discovered on the cell surface of T cells and dendritic cells (DCs) and plays a crucial role in immune response regulation (26–28). More recently, B cells have also been found to express Tim-1 (29–31). Human IL-10+ B cells also express Tim-1, Tim-1+IL-10+ B cells are reported to suppress certain autoimmune diseases in human (32). Moreover, Tim-1 may prove to be a better marker for the identification of IL-10-producing B cells than CD5+CD1d+, since Tim-1 is predominantly expressed on IL-10+ B cells in humans (32). While not all of the Breg cells play a protective role in diseases, tumor-evoked Breg cells (tBreg cells), which are functionally different from conventional Breg cells, play negative roles in the occurrence of lung metastasis. The phenotype of tBreg cells is CD19+CD25+CD81hi (33). tBreg cells reportedly dampen the immune system in breast cancer and the mechanism relies not on the secretion of IL-10, IL-35, or activation of other suppressive pathways, but on the secretion of transforming growth factor-β (TGF-β) to facilitate Foxp3+ Treg cells (34).



Phenotypes of Breg Cells in Mice

The phenotypes of Breg cells vary considerably between humans and mice. In a murine study, Breg cells were mainly defined as IL-10-producing B cells, which varied from the IL-10+ B cell population in the peripheral blood and spleen. Interestingly, according to the analysis of tiger mice, a type of IL-10 reporter mouse, the majority of IL-10-producing cells in the spleen of WT mice comprise B cells, and not T cells (6). The majority of IL-10-producing T cells comprise CD4+ T cells (TCRβ+CD4+) (83% ± 2%), and most IL-10+ B cells include follicular (FO) B cells (CD19+CD23+CD21int) (41% ± 3%), while other IL-10-producing cells include neutrophils, monocytes/macrophages, and myeloid DCs. IL-10-producing B cells in the spleen include FO B cells (CD19+CD23+CD21int), marginal zone (MZ) B cells (CD19+CD23-CD21hi), transitional T1+T2 B cells (CD19+AA4/CD93+), plasma/plasmablast cells (CD19+/B220lo/-CD138+), and B1 a/b cells (CD19+CD138-CD21-CD23-CD43+CD5+/-) (6). In murine studies, the commonly observed IL-10+ B cells in the spleen are CD19+/B220lo/-CD1d+CD5+ cells (B10 cells) (35–40), since IL-10+ B cells are enriched in B10 cells.

Except for B10 cells, other markers or cytokines related to B cells may also play a regulatory role in immune responses. IL-35 secreted by B cells can inhibit inflammation in certain diseases, including inflammatory bowel disease, and such cells are referred to as IL-35-producing B cells (41–43). IL-35-treated mice showed increased abundance of CD4+CD25+Foxp3+ Tregs and IL-10+ Breg cells, indicating that IL-35 secreted by Breg cells might exert positive feedback on Breg cells (44, 45). CD9 is a cell surface glycoprotein that is encoded by a gene belonging to the tetraspanin family and is considered a key marker expressed on the cell surface of IL-10-producing B cells. Furthermore, most IL-10+ B cells (87.5% ± 1.69%) express CD9 on their cell surface. CD9+ B cells have been found to exert a stronger suppressive function than CD9- B cells, while a small proportion of CD9- B cells are known to also secrete IL-10. When CD9 expressed on B cells is subjected to blockade by anti-CD9 antibody, the suppression of T cell proliferation is inhibited, which is related to the ratio of T/B cells in a co-culture system, indicating that the suppressive function of CD9 is related to the establishment of T-B cell crosstalk in an IL-10-dependent manner (38). Tim-1 is not only expressed on human IL-10+ B cells, but also a marker for mouse IL-10+ B cells. Interestingly, the expression of Tim-1 in B cells is higher than that in T cells. B cells express Tim-1, including transitional B cells, MZ B cells, FO B cells, and B10 cells, and most IL-10+ B cells express Tim-1 on their cell surface. IL-4 and IL-10 secretion from Breg cells can be induced with the use of anti-Tim-1 antibody, demonstrating that Tim-1 ligation can induce B10 cell expansion (Table 1) (37).


Table 1 | Subsets of Breg cells.






Development and Function of Breg Cells

Breg cells induction in vitro under different stimuli may associate to Breg cells development in vivo. Breg cells constitute several phenotypes of B cells, including transitional B cells, FO B cells, plasmablasts and so forth. They are enriched in the spleen and peritoneal cavity, while few Breg cells exist in the blood, peripheral lymph nodes, mesenteric lymph nodes, and Peyer’s patches (53). In vitro, Breg cells can be expanded when stimulated with LPS (75), thereby inducing IL-10+ B cell differentiation into plasma/plasmablast cells after transient IL-10 production. After subjection to LPS stimulation for a period of 3 days, B10 cells gradually express CD43 and GL7 activation markers for antibody-secreting cells. Furthermore, the proportion of plasma/plasmablasts in IL-10+ B cells increased with an increase in the expression of the plasma/plasmablast-associated transcription factors, namely blimp1, xbp1, and irf4, which are related to plasma/plasmablast cell expansion (76). IL-10+ B cells can also be induced by anti-CD40 antibody (75, 77), anti-Tim-1 antibody (37), PMA/ionomycin (78), IL-21 (77, 79) and IL-35 (43, 44, 80). For example, IL-10+ B cells that mature into functional IL-10+ B cells rely on IL-21 and CD40 signaling activation, whereas IL-10 is not necessary for IL-10+ B cell development (75, 77, 79), IL-21 secreted from follicular helper T cells (Tfh) mediates the expansion of B10 cells via the phosphorylation of STAT3 (39, 40). Interestingly, IL-21-induced Breg cells exhibit a phenotype that expresses granzyme B, which is a serine protease that is expressed in the granules of NK cells and cytotoxic T cells. Granzyme B secreted by Breg cells inhibits T cell proliferation and the degradation of TCR ζ-chain (81, 82). Furthermore, IL-35 is also involved in the development and function of Breg cells. Breg cell-secreted IL-35 is a cytokine that exerts an inhibitory on the immune response. IL-35 induces the production of Treg cells, IL-10-producing Breg cells, and IL-35-producing Breg cells, indicating that Breg cell development is dependent on IL-35 signaling (43, 44, 80).

Breg cells regulate immune responses by many ways, such as anti-inflammatory cytokines IL-10, IL-35, IL-12 (83), or TGF-β (84, 85) secretion, or via the Fas-FasL (86) and PD-1/PD-L1 (86, 87) pathways. Through all these pathways, Breg cells regulate the immune system by controlling immune cell differentiation and proliferation. As the major functional cytokine secreted by Breg cells, IL-10 production is related to the B-cell linker protein (BLNK) expression, which is involved in the regulation of the immune response in allergic and autoimmune diseases (88), it regulates the differentiation of Th1 cells and Th17 cells and inhibits T cell cytokine secretion resultantly (47). IL-10+ B cells also modulate the function of Foxp3+ Tregs and CD8+ T cells. For example, the levels of IL-10 in the serum are elevated in patients with chronic hepatitis B virus (HBV) infection, and the blockade of IL-10 supports the function of virus-specific CD8+ T cells. Both the frequency of IL-10+ B cells and the secretion of IL-10 from IL-10+ B cells are facilitated in these patients, suggesting that Breg cells inhibit CD8+ T cell function in an IL-10-dependent manner (9). Additionally, IL-10+ B cells promote CD4+Foxp3+ T cell proliferation both in vivo and in vitro (89, 90) (91, 92). Evidence also indicates that IL-10 produced by Breg cells induces CD4+ T cell apoptosis (93). IL-10+ B cells function is also different among naïve IL-10+ B cells and memory IL-10+ B cells. Naïve IL-10+ B cells are involved in the prevention of immune responses in autoimmune diseases, while memory IL-10+ B cells prevent disease exacerbation (94). The ratio of naïve/memory IL-10+ B cells may be an indicator of the major function of IL-10+ B cells in specific diseases (7). Breg cells also regulate IgG production, with B10 cell depletion enhancing IgG production in WT mice (35). In a human study, Breg cells were found to impair the function of IgG4-producing B cells (22). Moreover, Breg cells inhibit the differentiation of CD4+ T cells into Tfh cells and suppress the antibody production mediated by Tfh cells (91, 92). Breg cells not only participate in the suppression of peripheral immune response but also perform inhibitory functions in the brain. They are capable of inhibiting inflammation and central nervous system damage resulting from infiltrating pro-inflammatory cells (95). Collectively, even though only 1%–2% of splenic B cells are IL-10+ B cells, they play a critical role in the regulation of immune responses (53) by suppressing immune responses and by ameliorating autoimmune diseases.

Regarding tBreg cells, which play a negative role in immune responses, anti-CD20 antibody treatment facilitates tumor escape from the immune system via the enrichment of tBreg cells that express low levels of CD20. Thus, using anti-CD20 antibody may enrich tBreg cells, which impairs the immune system and promotes breast cancer development (33).

However, the role of Breg cells in mice and human are somehow not always the same. It is also reported that CD19+CD24hiCD38hi Breg cells are enriched in some SLE patients, together with elevated serum IL-10 level from Breg cells and reduced IL-10R in circulating lymphocytes, demonstrating that IL-10 secreted from Breg cells in human is not necessarily protective in autoimmune diseases, and can be targeted in some cases (96).



What Is the Role of Breg Cells in Kidney Disease?

Breg cells exert protective effects in systemic diseases that affect the kidney, including allograft rejection (46, 97), systemic lupus erythematosus (SLE) (98), type 1 diabetes (T1D) (99, 100), anti-neutrophil cytoplasmic antibody-associated vasculitis (AAV) (101), Sjogren’s syndrome (SS) (102), Immunoglobin G4-related disease (IgG4-RD) (103), and IgA vasculitis with nephritis (IgAVN) (104), among others. Breg cell populations tend to be reduced in the above-mentioned kidney-targeting diseases. The transfer or increase of Breg cell numbers and the increased secretion of inhibitory cytokines from Breg cells alleviates disease, leading to improved kidney function. Several diseases, including AAV, T1D, and SLE, result from the generation of autoantibodies and inflammatory cytokine secretion, with or without T cell infiltration. An increased number of Breg cells reduces antibody production and CD4+ and CD8+ T cell infiltration, and promotes the infiltration of Treg cells, thereby leading to disease remission.


Kidney Transplantation

B cells play an important role in graft rejection by producing donor-specific antibodies, while increasing evidence support the role of B cells in the induction of tolerance. Long-term acceptance was more likely to be induced in kidney-transplanted rats administered with donor-derived B cells compared to donor-derived T cells (105). The importance of B cells in tolerance induction has also been demonstrated in human studies (67, 106). Based on the studies conducted using B cells collected from operational tolerant (OT) recipients, B cells were found to produce higher levels of IL-10 (107). Furthermore, the frequency of naïve B cells, memory B cells, and Breg cells increased and tended to be normal (15, 108). Breg cells may inhibit T cell function via the direct interaction of T:B cells (109). Different from most settings, IL-10 shows counter-regulatory effects in the setting of anti-CD45RB-induced tolerance. In anti-CD45RB-induced heart allograft mice model, IL-10 deficiency or IL-10 neutralization was found to improve chronic allograft vasculopathy and reduce allograft reactive antibody production. However the underlying mechanism behind this abnormality is not yet known in this specific setting (110). Breg cells in patients with tolerance were found to be similar to those in healthy individuals, while patients who experienced chronic rejection showed impaired Breg cell population (15). The immunologic injury targeting allografts is markedly related to the IL-10/TNF-α expression ratio on Breg cells (111). Therefore, elevated circulating IL-10+ Breg cells could be a marker for relatively lower risk of antibody-mediated rejection (20). More convincing evidence indicates that Breg cells are protective in inducing the tolerance or preventing the rejection of allografts in cases with IL10-/- on B cells or B cell depletion, which are more likely to be rejected; furthermore, evidence also indicates that the adoptive transfer of IL10+/+ marginal zone precursor regulatory B cells in recipients prevents rejection (46, 97). The main mechanisms involved in the induction of tolerance by Breg cells are as follows: (1) the regulation of IL-10+ Breg cells promote Foxp3+ T cell proliferation (90, 112), inhibit the proliferation (113) and induce the apoptosis (93) of CD4+ T cells, and dampen the function of CD8+ T cells (9); (2) activation of other cytokines and pathways.



Lupus Nephritis (LN)

Kidney function is commonly investigated in the prognosis of patients with SLE. As autoantibodies are the key factors in the pathogenesis of SLE and LN, increasing evidence shows the significant role of Breg cells in LN (98). Early studies have reported that the number of IL-10-producing B cells is increased in patients with SLE (114, 115). However, in patients with new-onset SLE (116) and LN patients (117), the IL-10+ B cell population is decreased. The percentages of CD19+CD24hiCD38hi subsets, including putative Breg cells in PBMCs, between SLE patients and healthy controls are similar (68, 117). However, Breg cells in the PBMCs of SLE patients secrete fewer amounts of IL-10 with an impaired CD4+ T cell suppressive capacity (118). Consistent with this finding, CD19+CD24hiCD38hi Breg cells in SLE patients produced fewer amounts of IL-10 with an impaired suppressive capacity. The suppressive effect of Breg cells on CD4+ T helper 1 cells is dependent on IL-10, CD80, and CD86, but is not TGF-β-dependent. This suppression impairment of SLE-derived Breg cells may be related to its inability to upregulate STAT3 phosphorylation upon CD40 engagement (68). Early immature B cells can produce a substantial number of self-reactive antibodies, including ssDNA-reactive antibodies (119, 120). Interestingly, IL-10-producing CD27−CD38intIgD+ pre-naïve B cells in SLE patients secrete fewer amounts of IL-10 with enhanced CD80 and CD86 expression, and this occurrence leads to the loss of self-regulation (120).

The reason for the reduced population of IL-10+ Breg cells in SLE patients may be related to the regulatory circuit between plasmacytoid dendritic cells (pDCs) and CD24+CD38hi Breg cells (69). In healthy individuals, pDCs can promote the differentiation of both Breg cells and plasmablasts by moderating IFN-α secretion and CD40 signaling. On the other hand, IL-10 produced by Breg cells can restrain the release of IFN-α by pDCs. However, in SLE patients, increased IFN-α production by hyperactive pDCs drives immature B cell differentiation with an inclination toward plasmablast generation. As a result, SLE Breg cells with reduced IL-10 production fail to restrain pDC-derived IFN-α, thus creating a vicious circle. This study also found that in SLE patients responding to rituximab, repopulated B cells contained a normal frequency of CD24+CD38hi Breg cells, and this mitigated pDC activation and restored the balance (69). Epratuzumab, which targets CD22, can reportedly inhibit B cell-derived pro-inflammatory IL-6 and TNF-α secretion while maintaining the production of IL-10 (121). This represents a potential therapeutic strategy to disrupt the vicious cycle between pDCs and Breg cells.

Another immunosuppressive agent, prednisolone, is also commonly used in SLE patients. However, the percentage of IL-10+ B cells in LN patients is negatively correlated with the daily dose of prednisolone (117) which indicates that the currently available immunosuppressive agents can affect both the effector and regulatory aspects of B cells. This might indicate that the current immunosuppressive treatment strategy failed to treat SLE/LN because of its inability to restore the natural immune balance.

Efforts have been engaged to consider and utilize Breg cells as therapeutic targets for treating LN. Human adipose-derived mesenchymal stem cells (MSCs) can trigger the expansion of IL-10-producing Breg cells in vitro and in vivo in a mouse model. After MSC treatment in the SLE mouse model, both renal histopathology improvement and autoantibody mitigation have been achieved (122). A similar effect has also been reported with the application of MDSCs, which can be subjected to blockade using an inhibitor of iNOS (89).



Type 1 Diabetes (T1D)

T1D is an autoimmune disease characterized by the destruction of cells of the islets of Langerhans, particularly beta cells. Autoantibodies, such as an anti-insulin antibody, anti-islet cell antibody, and anti-glutamic acid decarboxylase (GAD) antibody, can be detected in most T1D patients, accompanied by lymphocyte infiltration in the pancreas. Several immunosuppressive therapies have been tested, including those involving the use of cyclosporine A (CsA) and anti-CD3 monoclonal antibodies (123). Although CsA is an effective initial therapeutic strategy to confer protection to the pancreas, it is not appropriate for long-term use due to side effects (123). Although anti-CD3 antibody showed long-term effects in NOD mice, a mouse model for T1D, treatment strategies using the antibody did not achieve success in phase III clinical studies (124).

Despite considerable efforts to develop immunotherapies that target Treg or T cells for the treatment of T1D, thus far, there is a lack of effective immunotherapies. Interestingly, accumulating evidence indicates that Breg cells play an important role in the suppression of the pathology of T1D. B cell depletion by anti-CD20 antibody leads to the long-term remission of T1D in NOD mice, possibly due to the removal of autoreactive B cells and the reduction in autoantibody generation, which is critical for the development of disease in NOD mice. Another critical mechanism is the increase in the number of Foxp3+ Treg cells, which may be caused by an altered proportion of regenerated B cells (100, 125–127); however, the anti-CD20 antibody is effective only in the early stage of T1D, since pancreas-infiltrating B cells lose the ability to express CD20 (126). A similar result was obtained when B cells were subjected to depletion with the use of anti-CD22 antibody in NOD mice. When conducting the transfer of the regenerated B cells into NOD mice, Treg cells underwent expansion, anti-inflammatory cytokine secretion from Treg cells increased, and infiltrated T cell populations reduced, indicating that these regenerated B cells were regulatory and might exert a protective effect in T1D (128). Additionally, several studies have shown that Breg cells alleviate T1D pathophysiology in an IL-10-dependent manner in both mice and humans (99, 129). In a study using NOD mice of different ages, long-term normoglycemic NOD mice (average age, 30 weeks) exhibited reduced lymphoid infiltration with an increase in pancreas-infiltrating IL-10-producing B cells compared with glycemic NOD mice. To elucidate the role of IL-10+ B cells in NOD mice, a reduction in IFN-γ production by CD4+ T cells was observed when the cells were co-cultured with IL-10+ B cells and DCs. Additionally, milder disease pathology was observed when IL-10+ B cells were transferred with diabetogenic CD4+ T cells into NOD mice compared to the mice subjected to transfer with IL-10-producing B cells, demonstrating that IL-10+ B cells played a protective role in the development of T1D in NOD mice (99, 130). In a study conducted in humans, the proportion of CD5+CD1d+ B cells was positively correlated with blood C-peptide levels, a test performed to analyze insulin secretion, indicating that B10 cell reduction was related to islet destruction (129). Taken together, Breg cells seem to play a protective role in the development of type 1 diabetes in an IL-10-dependent manner, suggesting that Breg cells may be a potential target for the treatment of type 1 diabetes.



Anti-Neutrophil Cytoplasmic Antibody (ANCA)-Associated Vasculitis (AAV)

ANCAs are autoantibodies that target neutrophil cytoplasmic antigens, such as proteinase 3 (PR3) and myeloperoxidase (MPO). Over 75% of the patients with AAV present with rapidly progressive glomerulonephritis, which is an important predictor of mortality (131). Studies have shown that CD19+CD24hiCD38hi cell populations are decreased in active AAV patients, while its suppressive functions and the ability to produce IL-10 are not altered (101, 132). However, during remission in AAV patients, one study found that this subset was subjected to continuous reduction (101) while another study found that the frequency of this subset did not vary from that of healthy controls. The CD19+CD24hiCD27+ subset, supposedly comprising B10 memory Breg cells, is reportedly reduced during an active disease state and restored during remission (132). Human CD5+ B cells are considered to produce IL-10 and TGF-β (133, 134). This CD5+ B cell population decreases in active AAV patients and rebounds after remission, highlighting its potential role as an indicator of disease activity, remission, and relapse (135, 136). Following B cell depletion with rituximab, a lower CD5+ percentage in B cells was correlated with a shorter time of relapse (137). However, whether CD5 alone is a practicable putative surrogate marker for Breg cells and whether its status can be considered as an indicator of AAV disease activity warrant investigation. Another study found that CD5+ B cells were inversely correlated with disease activity during relapse after treatment with rituximab; however, they were could not be used to predict the time to subsequent relapse (138).



Sjogren’s Syndrome (SS)

Sjogren’s syndrome is one of the most common autoimmune diseases, characterized by impaired exocrine function due to lymphocyte infiltration (139). The clinically overt implication of the kidney has been reported in approximately 5% of SS patients, with a low incidence of progression to end-stage disease (140, 141). Most cases of renal involvement comprise tubulointerstitial nephritis (TIN). Biopsies have shown the infiltration of T cells, B cells, and plasma cells (142). SS patients have been reported to present with a higher frequency of CD19+CD24hiCD38hi Breg cells, whose suppression ability is compromised (102, 143). However, IL-10+ B cell populations are substantially lower in both primary SS patients and SS mice models, and such a phenomenon is caused by a decreased production of IL-10 by CD19+CD24hiCD38hi cells. The adoptive transfer of IL-10-producing Breg cells can be used to ameliorate SS progression in a mouse model, thereby revealing the potential therapeutic effect of Breg cells (144). Another study found no significant difference in the percentage of CD5+ B cells compared to that observed in healthy controls; however, IL-21 receptor and Granzyme B expression in CD5+ B cells in primary SS patients were markedly enhanced, indicating the elicitation of an increased counter-regulatory reaction (145).



Immunoglobin G4-Related Disease (IgG4-RD)

IgG4-RD is a rare fibroinflammatory disease histologically characterized by lymphoplasmacytic infiltration enriched with IgG4+ plasma cells and with the occurrence of storiform fibrosis. Approximately 15% of the IgG4-RD patients exhibit clinical implications in the kidney (146). In type 1 AIP (pancreatic manifestation of IgG4-RD), CD19+CD24hiCD38hi Breg cell populations were found to be significantly increased, while the CD19+CD24hiCD27+ subset was decreased. IL-10-producing B cells were found to be similar between type 1 AIP and healthy controls (103). However, in another study involving 48 newly diagnosed IgG4-RD patients, CD19+CD24hiCD38hi Breg cells showed a marked reduction (143). This may be attributed to the heterogeneity of IgG4-RD.



IgA Vasculitis With Nephritis (IgAVN)

IgA vasculitis, formally known as Henoch-Schönlein purpura, is a type of IgA-mediated small-vessel vasculitis (147). Studies have reported that, compared with healthy controls, all CD19+CD24hiCD38hi, CD19+CD5+, and CD19+IL-10+ subsets are decreased in patients with IgAVN (54, 104). Moreover, even the concentration of IL-10 in the serum has been found to be considerably lower. After treatment, mainly with the glucocorticoid prednisolone, an increase was observed among CD5+CD1d+, CD5+CD1d+IL-10+, and IL-10+ B cell subsets, accompanied by an increase in the serum IL-10 concentration (54).



Breg Cells in Other Kidney Diseases

Numerical changes or functional alterations of Breg cells have also been observed in other immune-related kidney diseases. IgA nephropathy (IgAN) patients tend to have a lower frequency of CD5+CD1d+CD19+ Breg cells with a reduced IL-10 expression. CD5+CD1d+CD19+ Breg cells and Breg-derived IL-10 concentrations are negatively correlated with serum IgA and Gd-IgA1 levels, respectively (148). Similar findings have been reported in diabetic nephropathy (DN) patients in terms of the CD19+CD24hiCD38hi Breg subtype (149). However, among patients with hepatitis B virus-associated membranous nephropathy (HBV-MN), higher proportions of CD5+CD19+ and IL-10+CD19+ B cells and serum IL-10 levels have been reported (150). These differences could be attributed to various distinct Breg cell phenotypes or Breg cell changes that occur depending on the immunological environment. However, whether these numerical or functional changes in Breg cells are a cause or an effect of immune-related kidney diseases should be elucidated in future studies.

In addition carious studies have shown that renal fibrosis, as an inevitable outcome of nearly every kind of chronic kidney diseases, can be driven by TGF- β (151). On the other hand, IL-10 was found as a protective factor in animal studies (152–154). Presumably Breg cells might play a role in renal fibrosis through cytokine production or interactions with other immune cells such as macrophage, T cells etc. However, currently few works has been done regarding the effects of Breg cells on renal fibrosis which calls for further study.




Discussion

Breg cells regulates immune responses through the secretion of several inhibitory cytokines such as IL-10, IL-35 and TGF-β or PD1/PDL1, Fas/FasL pathways, thus facilitate Treg cells, impair CD4+ T cells, CD8+ T cells, DCs, Th1/Th17 and IgG production. These aspects are crucial to achieve successful treatment of autoimmune diseases, inflammation disease regulation, tumor growth prevention, and transplant tolerance induction. Breg cells exhibit several phenotypes, including transitional B cells, MZ B cells, and plasma/plasmablasts, among others. As a result, there is no single specific marker that can be considered for identifying effective Breg cells. Therefore, Breg cells are generally identified via their secretion of suppressive cytokines such as IL-10. Since Breg cells secrete several cytokines, including IL-10, IL-35, and TGF-β, to regulate immune responses, IL-10+ B cells may constitute a considerable population of Breg cells, but cannot represent all Breg cells.

Breg cells exert protective effects against many inflammatory diseases and tolerance induction, While IL10 KO in B cells result in deterioration of inflammatory disease conditions. The transfer of IL-10+ B cells ameliorates autoimmune responses and induces tolerance. Although Breg cells possess properties that are beneficial in the immune response, they cannot be easily utilized in clinical trials. Unlike Treg cells, Breg cell development is not well understood due to its variation in phenotypes. Thus, the identification of a surface marker pattern or lineage-specific transcription factor involved in Breg cell development remains a challenge.

In summary, Breg cells are a robust inhibitory phenotype of B cells that secrete several suppressive cytokines, such as IL-10, TGF-β, and IL-35. Among these, IL-10-producing B cells are the most extensively studied cells in research. These cells have been proven to exhibit inhibitory functions in autoimmune diseases, inflammation, and transplantation. Its role in transplantation is a topic of immense interest, with Breg cells being comprehensively studied for their crucial role in countering graft rejection and inducing tolerance. The activation of tBreg cells has also attracted attentions of many researchers in cancer immunology field. The protective role of Breg cells have been well studied in many kidney-affecting diseases such as SLE, T1D, AAV and other inflammatory diseases, also including kidney transplantation (Figure 1). Cell therapy with in vitro induction of effective Breg cells to alleviate immune responses and to induce tolerance in clinical settings could be a major focus for future studies in kidney.




Figure 1 | Functional properties of Breg cells and role in kidney-related diseases. Through the secretion of IL-10, IL-35, TGF-β, or the PD1/PDL1 pathways, Breg cells facilitate Treg cells, impair CD4+ T cells, CD8+ T cells, Th1/Th17, DC and IgG production from plasma cells, therefore, Breg cells play a protective role in allograft rejection and several kidney-related inflammatory diseases.
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The increase in T helper 17 cell (Th17)-mediated pro-inflammatory response and decrease in regulatory T cell (Treg)-mediated anti-inflammatory effect aggravate renal tubular epithelial cell (RTEC) injury. However, increasing evidence indicated that mesenchymal stem cell (MSC) possessed the ability to control the imbalance between Th17 and Treg. Given that Th17 and Treg are derived from a common CD4+ T cell precursor, we summarize the current knowledge of MSC-mediated inhibition of the mammalian target of rapamycin (mTOR), which is a master regulator of CD4+ T cell polarization. During CD4+ T cell differentiation, mTOR signaling mediates Th17 and Treg differentiation via hypoxia-inducible factor-1α (HIF-1α)-dependent metabolic regulation and signaling pathway, as well as mTOR-mediated phosphorylation of signal transducer and activator of transcription (STAT) 3 and 5. Through interfering with mTOR signaling, MSC restrains CD4+ T cell differentiation into Th17, but in turn promotes Treg generation. Thus, this review indicates that MSC-mediated Th17-to-Treg polarization is expected to act as new immunotherapy for kidney injury.
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Introduction

Renal tubular epithelial cell (RTEC) injury due to ischemia–reperfusion injury (IRI), nephrotoxicity and other causes lead to a rapid decline in renal function and over-activated inflammatory immune response. If the inflammatory damage to RTEC was not controlled timely, a continuous renal injury would result in renal fibrosis and failure (1–3). Unfortunately, current pharmacological interventions have failed to prevent intrarenal inflammatory cascade. However, increasing studies showed that a diverse mesenchymal stem cell (MSC) population could form a balanced inflammatory microenvironment and protect injured RTEC by regulating mammalian target of rapamycin (mTOR)-mediated balance between pro-inflammatory T helper 17 cell (Th17) and anti-inflammatory regulatory T cell (Treg) (4–7).

In this review, we will introduce the imbalance between Th17 and Treg in RTEC injury, subsequently discuss MSC control for Th17 and Treg balance, and ultimately integrate current major mechanisms of MSC regulation on mTOR-mediated Th17 and Treg differentiation.



The Imbalance and Functions of Th17 and Treg in RTEC Injury

Th17 characterized by the expression of specific transcription factor RAR-related receptor γ thymus isoform (RORγt) plays a vital role in RTEC damage by producing IL-17 and other pro-inflammatory cytokines (8, 9). However, through the specific immunoregulatory functions, Treg that express the transcription factor forkhead box protein P3 (Foxp3) can inhibit Th17-mediated inflammatory response, promote inhibitory cytokine secretion, and ultimately protect renal injury (5, 6, 10).


Th17-Dominant Kidney Damage

Numerous studies indicated that Th17 participated as the main kidney infiltrating inflammatory mediator in RTEC injury due to ureteral obstruction, acute kidney injury, chronic kidney disease, etc (11–14). Moreover, some studies reported that the Th17 number and Th17/Treg ratio were positively associated with the level of renal injury. Meanwhile, Th17 deficient mice due to IL-17 or RORγt null significantly alleviated RTEC injury (15).

The predominant Th17 exerted a robust pro-inflammatory response in renal injury via the expressions of IL-17 and C−C−motif chemokine receptor (CCR) 6 (9, 16–18). For example, Kaneko et al. reported that Th17-secreting IL-17 bound to the corresponding receptor and promoted the expression of C-C motif chemokine ligand (CCL) 20, which attracted pro-inflammatory lymphocytes, dendritic cells, monocytes, and neutrophils to RTEC and ultimately led to immune-mediated damage to the kidney (9). Moreover, IL−17 was also found to increase CCL2 and IL−8 expressions in human proximal RTEC (19). Meanwhile, in obstructive renal injury, Th17 may contribute to the fibrotic transition from acute kidney injury to chronic kidney disease due to IL-17A expression (11, 12). In addition, some studies indicated that Th17 exerted distinct effector functions by necessarily migrating to target organs, which was mediated by chemokines [such as CCL20] and corresponding receptors [such as CCR6] (16, 19, 20). Moreover, Th17 was reported to induce CCL20 expression in RTEC, promoting the recruitment of other leukocytes to the kidney (19).



Treg-Weak Renoprotection

A recent study of single-cell RNA-seq of renal immune cells showed that Treg in regenerating renal existed the high expression of tissue repair- and pro-angiogenesis-related genes. This finding suggested that Treg provided potential kidney protection from kidney damage (21). Indeed, Treg was reported to exert a key role in preventing kidney injury and facilitating renal repair (22–24). For instance, Treg can prevent inflammatory cell accumulation and promote anti-inflammatory M2-macrophage generation, which exerted a renoprotective function during acute or chronic renal injury (5, 10). In addition, some studies reported that Treg depletion in mice enhanced inflammatory response and aggravated kidney injury (25–28). Moreover, the deficiency of Foxp3 in Rag1-/- mice also caused severe kidney damage (28). These studies indicated Treg renoprotection.

Unfortunately, Cao et al. reported that low percentages of Treg in intrarenal leucocytes existed in mice renal at 24 h after IRI (25). Moreover, Dong et al. also found decreased Treg number in patients with acute kidney injury (29). Meanwhile, increasing studies indicated that lower Treg infiltration, compared with Th17, existed in the injured kidney (30–32). Some studies also found that the adoptive transfer of Treg reduced pro-inflammatory IFN-γ and TNF-α generation, improved kidney function, and relieved acute tubular necrosis after migration to the postischemic kidney (33–35). These transferred cells were also able to inhibit innate immune-related renal injury via switching ATP into adenosine mediated by CD73 on the surface of Treg. Subsequently, the adenosine bound to the A2a receptor and then enhanced the expression of PD-1, which exerted a vital renoprotective effect during IRI (34, 36).




The Balance Between Th17 and Treg Controlled by MSC

MSC is a fibroblast-like cell population extracted from fat, bone marrow, umbilical cord, and other tissues, with an immune privilege due to low immunogenicity (8). Recent studies showed that the most intriguing role of MSC was the immunomodulatory effect on the CD4+ T cell polarization, with induction of Treg and suppression of Th17 differentiation (9, 37). For example, in an arthritis model, human MSC infusion could reduce Th17 number, promote Treg generation and enhance IL-10 production (38). Ghannam et al. reported that MSC induced a regulatory Th17 generation with RORγt downregulation and FOXP3 upregulation, which suppressed T cell proliferation and alleviated inflammation (39). Therefore, MSC-mediated Th17-to-Treg polarization creates anti-inflammatory processes and then protects injured RTEC.


The Enhancement of Treg Effect

Hu et al. reported that MSC infusion increased Treg proportion in the renal and spleen, protecting the injured kidney (40, 41). Moreover, Casiraghi et al. found that transfer of MSC expanded Treg proportion in lymphoid organs and further prolonged kidney allograft survival (42). Similarly, autologous transfer of MSC to patients after kidney transplantation possessed the ability to generate Treg (43). Indeed, it was demonstrated that Treg depletion eliminated MSC protection for organ injury (44).

It is well established that Treg and Th17 derive from a common CD4+ T cell precursor, which offers the potential for MSC-mediated CD4+ T cells differentiating into Treg but not Th17 (45). For instance, English et al. reported that CD4+ T cells and MSC coculture suppressed lymphocyte proliferation due to an increased Treg differentiation (46). Meanwhile, Liu et al. reported that the coculture of T cells and mice MSC showed a significant increase in Foxp3 expression and Treg proportion (47), which was similar to the human MSC coculture experiment (48). Moreover, both in vivo and in vitro, MSC favored Treg generation and their immunosuppressive function (49).



The Attenuation of Th17 Effect

Numerous studies indicated that the inhibition of Th17 and corresponding function could act as effective methods of protecting renal injury (12, 50–52). In vitro experiments from rat and human indicated that MSC possessed the ability to decrease Th17 generation from naive T cells and inhibit IL-17 and IL-22 secretion from Th17 (39, 53). Meanwhile, in vivo, the application of MSC suppressed EAE progress by reducing the secretion of IL-17 and IL-23 (54).

Furthermore, Th17 was reported to possess the ability to transdifferentiate into Foxp3-IL−10+ type 1 Treg (Tr1) with suppressive properties (55, 56). Moreover, MSC also was found to promote Foxp3 expression with increased IL-10 secretion, but suppress RORC expression with reduced IL-17 and IL-22 in differentiated Th17. Meanwhile, MSC stimulated by inflammatory cytokine showed a high CD54 expression, which contributed to the adhesion of Th17 to MSC and the induction of T cell with regulatory features (39). These findings suggest a new approach of treating injured RTEC by intervening pathogenic Th17 into suppressive Th17.

In addition, some studies indicated that Treg also possessed the ability to inhibit Th17-mediated kidney injury (12, 45, 57, 58). Particularly, recent studies reported a specialized Treg type 17 that colocalized with Th17 and exclusively inhibited Th17-mediated effect via spatial interaction, IL-10 production, and CCR6 expression (19, 59).




MSC-Mediated mTOR Inhibition Regulating Th17/Treg Axis

Mechanistically, MSC regulates the balance between Th17 and Treg predominantly via indoleamine 2, 3-dioxgenase (IDO) and TGF-β secretions as well as other mechanisms, which mimic the rapamycin effect of inhibiting mTOR, including mTOR complex 1 (mTORC1) and 2 (mTORC2) (8, 9, 60–65). Accumulating evidence indicates that mTOR, a serine/threonine kinase, acts as a key regulator of metabolic programmers and signaling pathways in CD4+ T cell differentiation (62, 66, 67). For example, stimulating mTOR activation in CD4+ T cell drove glycolytic metabolism and promoted RORγt expression. However, MSC-mediated mTOR downregulation during CD4+ T cell differentiation induced Treg generation by fostering oxidative metabolism and Foxp3 transcription. Thus, MSC-mediated mTOR inhibition in CD4+ T cell promotes Th17-to-Treg polarization, conducive to protecting injured RTEC (5, 6, 8, 62–64) (Figure 1).




Figure 1 | Mesenchymal stem cell (MSC) protects kidney injury via mTOR-mediated Th17-to-Treg polarization. (A) MSC inhibits mTOR signaling during CD4+ T cell differentiation via IDO and TGF-β secretions as well as other mechanisms, which restrains Th17 differentiation, but promotes Treg generation. Consequently, MSC-mediated Th17-to-Treg polarization alleviates kidney injury. (B) TGF-β phosphorylates Smad3, which inhibits PI3K/Akt/mTOR pathway. TGF-β also inhibits S6-mediated mTOR signaling. Moreover, TGF-β promotes microRNA expression, which can inhibit Akt/mTOR pathway. IDO can deplete tryptophan (Try), which results in mTOR inhibition mediated by the Rag and following Rheb. Additionally, MSC-mediated low ATP concentration increases kinase B1, subsequently phosphorylates AMPK, ultimately inhibits mTOR signaling. However, mTOR signaling can inhibit microRNA-155 and SOCS3 expression, but promote HIF-1α generation. Briefly, microRNA-155 inhibits SOCS1 expression, which can restrain STAT5 phosphorylation. The phosphorylation of STAT5 not only restrains STAT3 phosphorylation, but also upregulates Foxp3 expression, which promotes Treg differentiation. SOCS3 can promote STAT5 phosphorylation, but inhibit STAT3-mediated HIF-1α and RORγt expression, which ultimately reduces Th17 differentiation. Moreover, STAT3 possesses the ability to inhibit Foxp3 expression. HIF-1α can promote RORγt expression and increase histone acetylation (His) with RORγt collaboration, which possesses the ability to induce Th17 differentiation. Meanwhile, HIF-1α inhibition can promote Treg but not Th17 differentiation by mediating glycolysis (Gly) switching into the oxidative phosphorylation (Oxi).




MSC Inhibition on mTOR Signaling

Several studies showed that MSC-producing IDO could inhibit Th17 differentiation, induce Treg generation, and subsequently prevent renal injury (9, 61, 64). IDO is the main enzyme for promoting tryptophan catabolism into kynurenine. However, tryptophan was reported to possess the ability to activate the Rag complex, which recruited and linked mTORC1 to Rheb on the lysosomes. Subsequently, mTORC1 was activated due to the spatial regulation of Rheb and Rag (68–70). These findings may explain the phenomenon that IDO-mediated tryptophan exhaustion caused mTORC1 (as a nutrient sensor) inhibition, which further suppressed Th17 number and function but promoted Treg generation. Moreover, IDO depletion or tryptophan supplement reversed the effects (9, 61, 62, 64).

In addition to IDO, TGF-β secreted by MSC plays a role for inducing Treg generation due to mTOR inhibition (8, 61, 63). Priyadharshini et al. found that exposure of Treg to TGF-β repressed S6 and Akt phosphorylation targeting mTORC1 and mTORC2, respectively. Moreover, TGF-β reprogrammed Treg metabolism by inhibiting PI3K-mediated mTOR signaling (63). These results are in line with the report that Smad3 phosphorylation mediated by the interaction between TGF-β/TGF-β receptor limited CD4+ T cell proliferation and inhibited classic PI3K/Akt/mTOR pathway, which resembled rapamycin inhibition of mTOR signaling (65). Moreover, in vitro, the stimulation of TGF-β altogether with all-trans retinoic acid promoted the expression of a set of microRNAs such as microRNA-15b/16, which inhibited Akt/mTOR signaling and further induced Treg generation (71, 72).

Additionally, Yoo et al. demonstrated that MSC suppressed CD25 expression on the surface of T cells via increased liver kinase B1 and AMP-activated protein kinase phosphorylation induced by low adenosine triphosphate (ATP) concentration (66). Liver kinase B1, a serine/threonine kinase, can increase phosphorylation of AMP-activated protein kinase and then inhibit mTORC1 signaling, which ultimately reduces inflammatory cytokine secretion in T cells (60, 66).



mTOR-Mediated Th17/Treg Axis

Increasing studies showed that mTOR-low populations of CD4+ T cells with increased oxidative phosphorylation were likely to become Treg with high signal transducer and activator of transcription (STAT) 5 and Foxp3 expression, while mTOR-high populations with enhanced hypoxia-inducible factor-1α (HIF-1α)-mediated glycolysis were enriched for Th17 with high STAT3 and RORγt expression (22, 73, 74). Moreover, the transfer of Treg pretreated by pharmacological mTOR inhibition to kidney injury mice following by IRI can improve the renal function recovery and reduce kidney fibrosis due to enhanced immunoregulatory effect of Treg (75). These studies indicated that mTOR inhibition played a vital role in renal protection by promoting Treg but not Th17 differentiation, which involved mTOR-dependent energy metabolism and protein translation networks.


mTOR/HIF-1α-Mediated Metabolic Reprogramming

With CD4+ T cell activation, some glycolytic molecules, such as glyceraldehyde-3-phosphate dehydrogenase, lactate dehydrogenase and glucose transporters were upregulated to promote glucose uptake due to the increased bioenergetic demands (66). The process can be regulated by mTOR-mediated signaling, such as the transcription factor HIF-1α expression (76). For example, mTOR was reported to promote STAT3 activation, which increased HIF-1α expression via direct binding of STAT3 to the HIF-1α gene promoter region (45, 62). Subsequently, increased HIF-1α can mediate oxidative phosphorylation switching into aerobic glycolysis by targeting glycolytic genes such as glycolytic enzymes hexokinase 2, monocarboxylic acid transporter member 4, and glucose transporter 1, which are vital for Th17 differentiation and IL-17 expression (22, 62). Consequently, HIF-1α-mediated glycolytic molecules act as main metabolic checkpoints to regulate CD4+ T cell polarization. For instance, HIF-1α deficiency in CD4+ T cells resulted in less Th17 and IL-17 generations by diminishing glycolytic molecule expression (22, 45, 62). In addition, the glucose analogue 2-deoxyglucose was also reported to promote Treg differentiation but dampen the generation of Th17 during CD4+ T cell polarization by inhibiting key glycolytic molecules (22). Therefore, HIF-1α-dependent metabolic reprogramming mediated by mTOR signaling distinguishes the lineage decisions between Treg and Th17.



mTOR/HIF-1α-Mediated Signaling Pathway

In addition to metabolic regulation, mTOR-mediated HIF-1α also directly binds to RORγt gene promoter region and subsequently promotes RORγt transcription. Moreover, HIF-1α with RORγt collaboration activates p300-mediated histone acetyltransferase, which increases histone acetylation, opens up the chromatin structure, and ultimately facilitates Th17 differentiation (45, 77). Additionally, HIF-1α was reported to activate the process that promoted the degradation of Foxp3, which inhibited the differentiation of Treg. Foxp3 degradation may explain that Foxp3+RORγt+ Treg/TH17 precursors committed to the differentiation of Th17 by diminishing Foxp3 transcription (45). Moreover, HIF-1α could drive the IL-23 receptor upregulation, vital for IL-17 and Th17 generation (22, 78). These results were in line with the report that HIF-1α has high expression during the differentiation of Th17, while Treg showed a low level of HIF-1α (26). Correspondingly, HIF-1α absence mediated by mTOR inhibition impaired Th17 differentiation as well as IL-17 and IL-23 receptor expressions, but upregulated Foxp3 expression (22, 79). Meanwhile, Foxp3 upregulation antagonizes RORγt expression and Th17 generation. Furthermore, Shi et al. also indicated that Ctla4 and Gpr83 molecules on the surface of Treg were upregulated due to HIF-1α absence (22). Therefore, mTOR-mediated HIF-1α signaling would be expected to act as a key regulator of CD4+ T cell polarization.



mTOR/STATs-Mediated Signaling Pathway

Several studies showed that mTORC1 could activate STAT3 by inhibiting the suppressor of cytokine signaling (SOCS) 3 expression, which could repress STAT3 phosphorylation or induce proteasomal degradation of STAT3 (76, 80, 81). Moreover, mTORC1 inhibited STAT5 activation by downregulating microRNA-155, an inhibitor of the SOCS1 (82–84). Similarly, mTORC1 inhibition was reported to increase the phosphorylation of STAT5 by inhibiting SOCS3 expression (76, 85).

Accumulating studies showed that STAT3 induced RORγt and IL-17 expressions, while the deficiency of STAT3 impaired the expressions of RORγt and IL-17, but increased Foxp3 expression (62, 76, 86, 87). However, through competition with STAT3, STAT5 could bind to IL-17a gene sites, subsequently modifying the IL-17 gene locus due to a decrease in histone-3 lysine-4 trimethylation (IL-17 expression promoter) and increase in histone 3 lysine 27 trimethylation (IL-17 expression inhibition) (62, 87). Moreover, STAT5 activation was reported to promote the differentiation of Treg by upregulating the expression of Foxp3 (76, 88, 89). Interestingly, several studies indicated that Foxp3+RORγt+ Treg/TH17 precursors under an anti-inflammatory environment (such as high TGF-β levels without IL-6) showed a high Foxp3 expression that antagonized the binding of RORγt to DNA via an exon 2-encoded sequence interaction, which inhibited IL-17 expression and further pushed T cell differentiation towards the Treg. Reversely, given that STAT3 activation stimulated by pro-inflammatory cytokines (such as IL-21 or IL-6 with low TGF-β levels) overcame Foxp3 antagonism of RORγt, the precursors tended to IL-23 receptor upregulation and subsequently pushed T cell differentiation into Th17 (45, 90). Therefore, the activation of STAT3 or STAT5 mediated Th17 or Treg differentiation.





Conclusions and Perspectives

Currently, MSC has been extensively reported as a promising therapy for renal injury due to its renoprotection for injured RTEC (91–93). However, the therapeutic effect of MSC was greatly weakened in the light of the fact that a majority of MSC were stuck in the lungs after adoptive transfer, with a small part reaching to the spleen, liver, renal, and other organs (1, 94). In view of a similar mechanism of mTOR inhibition, the transfer of MSC combination with rapamycin was also reported to exert immunosuppressive effect and protect injured RTEC to a higher degree (66). Although MSC-mediated Th17-to-Treg polarization mainly depended on mTOR inhibition, the immunoregulatory mechanism was complex and not fully understood. Therefore, a successful application would rely on deep exploration and further resolution of the unanswered question.
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Acute kidney injury (AKI) is a common and potential life-threatening disease in patients admitted to hospital, affecting 10%–15% of all hospitalizations and around 50% of patients in the intensive care unit. Severe, recurrent, and uncontrolled AKI may progress to chronic kidney disease or end-stage renal disease. AKI thus requires more efficient, specific therapies, rather than just supportive therapy. Mesenchymal stem cells (MSCs) are considered to be promising cells for cellular therapy because of their ease of harvesting, low immunogenicity, and ability to expand in vitro. Recent research indicated that the main therapeutic effects of MSCs were mediated by MSC-derived extracellular vesicles (MSC-EVs). Furthermore, compared with MSCs, MSC-EVs have lower immunogenicity, easier storage, no tumorigenesis, and the potential to be artificially modified. We reviewed the therapeutic mechanism of MSCs and MSC-EVs in AKI, and considered recent research on how to improve the efficacy of MSC-EVs in AKI. We also summarized and analyzed the potential and limitations of EVs for the treatment of AKI to provide ideas for future clinical trials and the clinical application of MSC-EVs in AKI.
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Introduction

Acute kidney injury (AKI) is a common and sometimes life-threatening disease in patients admitted to hospital, affecting 10%–15% of all hospitalizations and around 50% of patients in the intensive care unit (1). AKI is mainly caused by ischemia reperfusion injury (IRI), medication toxicity, and sepsis (1). Severe, recurrent, and uncontrolled AKI progresses to chronic kidney disease (CKD) or end-stage renal disease (2, 3). Treatments are currently limited to dialysis and kidney transplantation; however, these are restricted by the shortage of donor organs and high costs (4, 5), and there is thus a need to develop new and effective ways of treating AKI. The common pathological features of AKI include renal tubular epithelial cell (TEC) damage (6). TECs are injured as a result of an excessive inflammatory response, and undergo apoptosis via Bax/Bcl pathway activation (7, 8). In addition, the mechanistic target of rapamycin/mitogen-activated protein kinase (MAPK) signaling is consistently activated in TECs and the mitochondria are damaged, leading to maladaptive repair of the injured TECs, interstitial fibrosis, and the progression of AKI into CKD (9–12). Meanwhile, expression changes in various cytokines can be detected in AKI, including vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and insulin-like growth factor-1 (IGF-1) (13, 14). These mechanisms involving TECs are regarded as potential therapeutic targets in AKI.

Different types of stem cells have recently been transplanted to prevent kidney damage. Among these, mesenchymal stem cells (MSCs) are considered to be one of the most promising types of cells for cellular therapy because of their ease of harvesting, low immunogenicity, and ability to be stored and expanded in vitro (15, 16). Notably, numerous preclinical and clinical studies have confirmed the potential role of MSCs in kidney protection and repair (17–22). However, the mechanisms by which MSCs exert their therapeutic effects remain controversial. Researchers previously believed that MSCs replaced injured cells through differentiation after introduction into the body, but this view was challenged by the fact that MSCs disappeared from the injured kidney and other organs within 72 h after administration, suggesting that differentiation and replacement of damaged cells by stem cells is probably a rare and late event in AKI in vivo (22, 23).

Several studies have also demonstrated that MSCs depend on complex and powerful endocrine and paracrine functions, and secrete extracellular vesicles to promote the recovery of renal function in AKI (24, 25). Secretion of growth factors, regulation of the inflammatory response, promotion of mitosis and cell proliferation, anti-apoptosis and anti-inflammatory effects, the reduction of fibrosis, and the promotion of angiogenesis have been reported in multiple studies (17). However, the main therapeutic effects of MSCs appear to be mediated by MSC-EVs, rather than by the MSCs themselves (26). Compared with MSCs, MSC-EVs have lower immunogenicity, easier storage, no tumorigenesis, and the ability to be artificially modified (24, 27–29). Increasing numbers of researchers have accordingly recognized the curative potential of MSC-EVs for AKI, and extensive preclinical research has proven their effectiveness and safety in AKI (30).

In this paper, we review the possible therapeutic mechanisms of MSCs and MSC-EVs in AKI, and consider recent research aimed at improving the therapeutic efficacy of MSC-EVs in AKI. Finally, we summarize and analyze the potential and limitations of EVs for the treatment of AKI, to provide ideas for future clinical trials and clinical applications of MSC-EV-based therapy.



Mechanisms of MSC Therapy in AKI

MSCs are the most widely used cells for AKI treatment and allograft protocols because they can be obtained from bone marrow and expanded in culture (17). MSCs originate from the mesoderm and have the ability to differentiate into mesenchymal and non-mesenchymal cell lines, including bone and cartilage (17).

Although MSCs are mainly obtained from bone marrow, they can also be isolated from other tissues such as liver, muscle, adipose tissue, and cord blood. Such cells are distinguished by their adherent growth in culture, expression of CD90, CD73, and CD105, and lack of expression of CD34, CD45, CD19, CD11a, and human leukocyte antigen-DR (18).

Previous studies indicated that the therapeutic effect of MSCs was largely dependent on their homing ability to injured organs (31). MSCs rely on their homing ability to localize in damaged tissues. In addition to their anti-inflammatory and vascular-support effects, the homing ability of MSCs supplements their paracrine function, and is involved in protecting microvessel density (32). Transplanted MSCs detect signals from injured kidney cells and are chemoattracted to the damaged site (33). During AKI, endothelial cells express high levels of tumor necrosis factor (TNF) and interleukins (ILs), which can up-regulate the β subunit of very late antigen-4 and vascular adhesion molecule 1 to mediate the effect of bone marrow MSCs on endothelial cell adhesion (33). CXC motif chemokine receptor 4 (CXCR4) is a specific receptor for chemokine stromal cell-derived factor-1 (CXCL12), and CXCR4 cells are responsible for the renal repair function in AKI (34). Location of the damaged tissue by MSCs can be mediated by stromal cell-derived factor-1, which is robustly up-regulated during AKI and mobilizes CXCR4 cell homing to the injured kidney tissue (35).

MSCs can exert significant therapeutic effects in terms of repairing the injured kidney and improving renal function after AKI, and are distributed to the spleen, lung, lymph nodes, and kidney following intravenous administration (36). However, intravenously administered MSCs disappear within 72 h, although some MSCs can remain around the glomerulus and perirenal capillaries following renal artery injection (37), suggesting that MSCs are unlikely to treat AKI through differentiation and the replacement of damaged cells. Meanwhile, MSCs located in the lung were also shown to affect AKI through a secretory function (38), and the hypothesis that the therapeutic effects of MSCs are mainly caused by a secretory mechanism appears to be more credible. Indeed, MSCs are involved in immune regulation, anti-inflammation, anti-apoptosis, and angiogenesis promotion in the local microenvironment in injured tissue, unrelated to their differentiation ability (39). Animal models of AKI are accompanied by significant changes in cytokines, including VEGF, HGF, epidermal growth factor (EGF), IGF-1, and transforming growth factor-β (TGF-β), which participate in endothelial cell apoptosis during AKI (40). These growth factors are also widely recognized as essential components in cell regeneration and kidney repair (41). MSCs secrete molecules directly or secrete EVs that carry molecules such as VEGF, HGF, IGF-1, IL-10, fibroblast growth factor (FGF), and TGF-α, and down-regulate the inducibility of related proinflammatory molecules (such as IL-1b and TNF-α), thus, having anti-inflammatory and anti-apoptosis effects and promoting kidney repair (42). Expression levels of related cytokines have been shown to be up-regulated during the treatment of AKI with MSCs, while kidney tissue inflammation was reduced, indicating the relationship between cytokines and kidney repair in MSC-based therapy; however, more studies are needed to identify the specific mechanism involved (43).



MSC-EVs Mediate the Therapeutic Effects of MSCs in AKI

Further research into MSC therapy of AKI has shown the presence of MSC-EVs in AKI models treated with MSCs (44). MSCs can also release proteins (43), RNA (45), and mitochondria (46) into injured kidney tissue via EVs, in addition to their secretory function (30) (Figure 1). Various cytokines and their mRNAs are found in MSC-EVs, and there is gradual recognition that the therapeutic effects of MSCs are mainly mediated by MSC-EVs (43, 47). The effects exerted by MSC-EVs are similar to those reported following MSC administration in previous studies (48). EVs derived from cells such as MSCs act as messengers mediating cell-to-cell communication by carrying a train of biologically active molecules, which is regarded as a critical mechanism in AKI (24, 45). As intercellular messengers, EVs implement the therapeutic effects of MSCs, including regulating the damaged local microenvironment, regulating gene expression in injured kidney cells, improving the survival of damaged cells, resisting apoptosis, regulating inflammation, and reducing mitochondrial damage (49). In MSC-EV-based therapy of AKI, EVs can locate to the injured kidney tissue spontaneously after administration (50). Importantly, this effect is specific to MSC-EVs, involving the EV adhesion molecules CD44 and CD29, while EVs obtained from fibroblasts are ineffective (51). EVs, as endocytic vesicles, are bound to the membrane and are released by eukaryotic cells in an evolutionarily conserved manner, enabling cell-to-cell communication (52). MSC-EVs are generated by the paracrine and secretory functions of MSCs, carrying proteins, lipids, and nucleic acids into injured tissues (53). EVs can also deliver mRNAs and microRNAs (miRNAs) via endocytosis to regulate target cells at the transcriptional level (Figure 2) (45). As an intercellular messenger, EVs are responsible for regulating the damaged local microenvironment, regulating gene expression in AKI cells, improving the survival of damaged cells, resisting apoptosis and inflammation, and reducing mitochondrial damage (11, 12, 54).




Figure 1 | MSC-EVs mediate transportation of biological modules to injured cells in AKI. Created with BioRender.com.






Figure 2 | MSC-EVs carry various contents to exert therapeutic effects in AKI. Created with BioRender.com.



To identify the candidate therapeutic factors in EVs, Eirin et al. used proteomics to characterize the protein content of MSC-EVs derived from porcine MSCs from abdominal fat (42). The expression characteristics of MSC and EV markers detected by liquid chromatography-tandem mass spectrometry proteomics analysis showed that proteins enriched in MSC-EVs were related to a wide range of biological functions, including angiogenesis, blood coagulation, apoptosis, extracellular matrix remodeling, and inflammation regulation (43). Thus, EVs include selectively enriched protein cargo with specific biological characteristics, and these proteins are used for cell-to-cell communication to promote tissue repair. For example, MSC-derived EVs directly transferred IGF-1 receptors to renal tubular cells (13), accelerating kidney repair after AKI and reducing AKI by enhancing the activation of the Nrf2/ARE pathway to exert antioxidant effects (46, 55). Human adipose-derived MSCs (AD-MSCs) activated SOX9 in renal tubules and prevented the transformation of TGF-β1 into the pro-fibrotic phenotype induced by EV shuttling, resulting in anti-fibrotic effects (35, 56, 57).

Cytokines delivered by MSC-EVs and paracrine factors such as HGF, TGF, IGF-1, VEGF, and FGF-2 can regulate inflammation, resist apoptosis, promote damaged cell repair, and prevent fibrosis in AKI (36).

MSC-EV-based treatment of AKI involves the transport of various cytokines, including IGF-1. MSC-EVs secrete IGF-1 receptor mRNA directly to renal TECs, as well as directly secreting IGF-1 and carrying IGF-1 receptors to promote kidney repair in AKI (13). Several studies have indicated that this occurs via IGF-1-induced activation of the Akt survival pathway (38). AKI is associated with increased expression of the pro-apoptotic protein Bcl-2-associated X protein (Bax) and decreased expression of anti-apoptotic Bcl-2 (58). EVs can be integrated into injured renal TECs to promote the recovery of renal function and morphology. The beneficial effect of MSCs on renal tissue was related to the inhibition of renal tubular oxidative damage in a cisplatin-induced AKI model, manifested by the expression of nitrotyrosine and induction of Akt phosphorylation (59). IGF-1 activates Akt, as a kinase located on the phosphoinositide-3 kinase (PI3K) signaling pathway with an important regulatory role, through phosphorylation modification to inhibit Bax to resist apoptosis and up-regulate the Bcl-2 survival pathway, and to block mitochondrial caspase-9 to reduce inflammation and resist apoptosis (60). At the same time, IGF-1 activates the MAPK pathway to promote cell proliferation (13, 61). Morigi et al. confirmed that MSC treatment significantly increased phospho-Akt and activated downstream targets for cell proliferation and cell survival in a cisplatin-induced AKI model (56). In an in vitro model, proinflammatory factors such as TNF-α and IL-1b significantly reduced proximal tubular cell injury following treatment with MSCs and cisplatin (56). IGF-1 has demonstrated several biological effects in mouse kidney tissues treated with bone marrow MSCs, including promoting cell proliferation, changing the hemodynamics, and reducing apoptosis (13). In the same experimental model, Imberti et al. tested the effects of cord blood MSCs, which can improve kidney function and enhance the protective effect in AKI animal models. As a mitogenic and pro-survival factor, IGF-1 helps recruit self-derived progenitor cells or stem cells, thus, promoting the regeneration process in the kidney (62).

In addition to IGF-1, other growth factors transported by MSC-EVs also protect the microenvironment of the injured site and damaged cells. FGF-2 affects AKI via its anti-fibrotic effect, and knockout of FGF-2 blocked the repair process and induced a fibrotic response (63). TGF-β binds to the TGF receptor and activates downstream Smad and non-Smad pathways to perform a variety of biological effects in AKI (64). Acting via TGF-β-dependent macrophages, it can prevent ischemic kidney injury and tubular interstitial fibrosis (56, 60, 65). Up-regulation of VEGF receptor-2 can also be observed in kidney tissue during the ischemic AKI response, suggesting that VEGF may also be a potential therapeutic target (66–68). VEGF stabilized microvessel density to protect the renal microvascular structure and promote renal recovery through mitogenic and anti-apoptotic mechanisms (32). HGF can reduce kidney damage by promoting cell proliferation, anti-inflammation, and anti-apoptosis. HGF also promoted kidney repair and the proliferation of kidney cells via tyrosine phosphorylation of the c-met receptor in kidney injury induced by IRI and glycerol (13). Moreover, HGF gene therapy and HGF-modified MSCs had a significant therapeutic effect in AKI in an anti-apoptotic manner (13, 69, 70).

MSC-EVs can be internalized into renal TECs to treat AKI at the translational level. Recent studies showed that mRNAs for factors such as IL-10, IGF-1R, HGF, DNA-directed RNA polymerases I, II, and III subunit RPABC1, and VEGF could be loaded into EVs and transported to the target cells to exert translational effects, including anti-inflammation, anti-fibrosis, and anti-apoptosis effects, promoting proliferation, improving renal function, and reducing kidney injury (43, 71). Notably, the efficacy of MSC-EVs was partly mediated by miRNAs loaded in EVs, which directly regulated transcription and translation (50). EV-mediated miRNAs have also been shown to play a significant role in AKI (72). For example, miR-148b-3p and miR-548c-5p promoted cell viability (73, 74), miR-199a-3p reduced AKI via anti-apoptotic effects (75), miR-30 stabilized mitochondria, improved renal function, and exerted anti-apoptotic effects (76), and miRNA let-7a-5p reduced cell morbidity and improved cell survival (77, 78). Other miRNAs are regulated and actively participate in the regeneration process involving miR-21 in MSC-EV therapy of AKI, possibly related to renal tubular epithelium repair and internal cell reprogramming (79). EVs can also stabilize mitochondria through miRNAs, especially miRNA-200a-3p, which shuttles to TECs via MSC-EVs and targets the Keap1-Nrf2 signaling pathway to normalize mitochondrial membrane potential by reducing mitochondrial fragmentation, increasing the number of mitochondrial DNA copies, and protecting mitochondrial function in TECs during kidney repair (55, 71).

Mitochondria are considered to play an integral role in AKI development (80), suggesting the possibility that mitochondria might be transferred horizontally into kidney cells to reprogram cell metabolism and promote kidney recovery. Mitochondrial DNA or mitochondria can be transported directly into the damaged site by EVs, thus reducing kidney damage (81). Spees et al. first showed in 2006 that MSCs could serve as mitochondrial donors in cell survival (82). Actively transferring healthy mitochondria from MSCs can restore aerobic metabolism and protect cells from being eliminated (83). Plotnikov et al. subsequently confirmed the transport of mitochondria from MSCs to renal tubular cells in normal in vitro culture medium (84). In addition to renal tubular cells, vascular endothelial cells are also damaged during AKI. The delivery of mitochondria from MSC-EVs reduced apoptosis and increased cell viability, and restored the normal balance between aerobic respiration and glycolysis, indicating the re-establishment of aerobic respiration (12, 81). EVs derived from MSCs have previously demonstrated huge therapeutic potential in AKI via transporting proteins and RNAs with biological activity, and by conveying mitochondria and their DNA directly, suggesting that modifying the contents of MSC-EVs to affect specific signaling pathways may represent a promising therapeutic approach (28, 85).



EVs Participate in the Immune Regulation of MSCs in AKI

MSCs-EVs have shown strong immune regulation in AKI treatment (Figure 3) and have demonstrated significant regulatory effects in a variety of immune cells, including inhibiting the transendothelial migration and chemotaxis of neutrophils, promoting macrophage M2 type polarization, inhibiting T cell activation, and inhibiting IFN-γ secretion (86–90). These processes were mainly mediated by TNF-α-stimulated gene 6 (TSG-6), which regulates inflammation with multiple functions (91–93). Apart from TSG-6, MSC-EVs also depend on IL-6, IL-10, prostaglandin E2, HGF, and indoleamine2,3-dioxygenase to regulate the immune microenvironment (94, 95), secreting miRNAs involving miR-155 regulate inflammation on the extracellular environment interact with dendritic cells to regulate endotoxin-induced inflammation (96–99). In addition, MSC-derived signals mediated by EVs can inhibit the proliferation of natural killer cells, reduce the activity of B lymphocytes, and secrete IL-17 to promote T cell transformation into Treg cells (86, 100).




Figure 3 | MSC-EVs mediate immune regulation in AKI. Created with BioRender.com.



As noted above, AKI is usually associated with disorders and abnormal activation of the immune system, which can in turn be affected by treatment with MSCs and their EVs, suggesting that utilizing and modifying EVs to regulate the immunomicroenvironment might be an efficient and effective therapeutic approach for AKI (100–106). Although some researchers have reported that MSCs and MSC-EVs can affect the immune function and immune microenvironment in AKI both in vitro and in vivo, the findings have been inconsistent (107). Unfortunately, the specific mechanism by which MSC-EVs act as immune mediators remains elusive, and further research into the therapeutic mechanisms of EVs in AKI is warranted.



MSC-EVs Are Superior to MSCs and Can Be Modified Artificially as Medication Carriers, With Rare Adverse Reactions

Although many preclinical studies have shown the effectiveness of MSCs and MSC-EVs in AKI, few clinical trials have utilized MSC-EVs for the clinical treatment of patients (49, 108, 109). Compared with MSCs, MSC-EVs generate a reduced inflammatory response with lower immunogenicity after administration, with beneficial effects in terms of administration dose and frequency, as well as reducing stem cell-associated risks such as cytokine release syndrome, ectopic tissue caused by poor differentiation, and tumorigenesis (31, 48, 110–113). In a comparative study, MSC-EVs were at least as effective as MSCs, indicating that many of the therapeutic effects of MSCs could be attributed to EVs (114, 115). In addition, MSCs may have more efficient homing ability than EVs (116, 117).

Preclinical studies in vitro and in vivo showed that EVs may have advantages over MSCs and may thus have great potential for future stem cell therapies (118, 119). First, MSC-EVs are highly stable and suitable for long-term storage without the need to add potentially toxic cryopreservatives (120, 121). Second, MSC-EVs can transfer functional proteins and miRNAs directly to recipient cells, inducing stronger signal transmission via cell-to-cell communication (45). Third, MSC-EVs have a lower risk of a rejection reaction, and an immune response after allogeneic application is rare (72). In addition, MSC-EVs avoid the potential tumorigenicity of MSCs, with no evidence of carcinogenic potential to date and no signs of unwanted differentiation (24, 28, 110). In contrast, MSCs have the possibility of tumorigenesis and poor differentiation (122). One study reported that MSC-EVs with anti-tumor activity inhibited tumor growth both in vivo and in vitro (123).

EVs have important unique characteristics. MSC-EVs may have a weaker homing ability than MSCs, which could partly reduce the accuracy of EV-based therapy; however, EVs are safe, with few adverse reactions (24, 28). EVs also show plasticity, and their contents can be modified artificially to improve and enhance not only their homing ability, but also their therapeutic effects (28, 29, 85). However, robust evidence is still lacking, and more research involving animal models and clinical studies is needed.



How to Administer MSC-EVs

When administered via peripheral intravenous injection, most MSCs or MSC-EVs distribute to the lung, spleen, or celiac lymph nodes, thus, reducing their therapeutic efficacy (36). Moreover, the homing ability of EVs is lower than that of MSCs. However, a recent study showed that renal artery administration could transport more EVs and generate better therapeutic effects to injured kidney tissue with greater precision compared with other administration routes (30, 50, 124). Renal artery puncture in clinical patients may be performed under ultrasound image guidance (124). However, although EV injection via the renal artery provides a possible approach, this administration route is more difficult and is associated with ethical concerns in clinical practice (49, 114).

Bruno et al. utilized MSC-derived microvesicles, a kind of EVs, in lethal cisplatin-induced AKI and showed that increased administration times improved the therapeutic effects due to anti-apoptosis in AKI. The single administration of EVs ameliorated renal function and morphology and improved survival, but had no effect on chronic tubular injury and persistent increases in blood urea nitrogen (BUN) and creatinine. They also found that using multiple injections of EVs significantly reduced the mortality of mice, and mice surviving at day 21 showed normal histology and renal function (125).

Recent meta-analyses investigating the effects of administration and cell source on the therapeutic effects of EVs have indicated the importance of these factors in clinical research and applications. A meta-analysis using serum creatinine (Scr) as an indicator of efficacy compared the timing of administration in various studies (between 1 h and 3 days after the occurrence of AKI), and showed a better treatment effect following administration of MSC-EVs within 1 h after the occurrence of AKI, suggesting that they should be administered as early as possible (114). Current research mainly focuses on EVs secreted by MSCs derived from adipose tissue, bone marrow, and cord blood. However, the source tissue also has an impact on MSC-EVs (47, 126). For example, compared with cord blood-derived MSCs, signals mediated by EVs derived from bone marrow MSCs had greater effects on bone growth and differentiation (49, 114). In addition, adipose-derived MSCs had similar immune regulation effects to bone marrow-derived MSCs (17). The EV source should be selected flexibly according to the type of kidney injury and treatment needs. Meanwhile, because MSC from different sources have different characteristics, the EVs secreted by them will also differ. The therapeutic effects of EVs from other sources of MSCs in AKI are still unclear, and there is much need for further research. Bone marrow-derived MSCs may be more likely to express specific proteins via lentiviral expression vector transduction, such as angiogenin-1, IGF-1, and Akt, thus, influencing the restructuring and repair of injured tissue (13). This research could indicate the ability to utilize lentiviral vectors to modify MSCs to produce EVs with specific efficacies (127).



How to Improve the Therapeutic Effect of MSC-EVs

Several studies have focused on improving MSC-EVs in a variety of areas (128) (Table 1). These studies have mainly involved improving the technology for the isolation of EVs, investigating potential administration routes, the use of pulsed focused ultrasound (pFUS), preconditioning EVs, and inducing the overexpression of EVs by lentiviral vector transduction.


Table 1 | Recent research into the therapeutic effects of MSC-EVs.



EVs are traditionally separated by ultracentrifugation, but this method has major limitations, including the co-precipitation of EVs with contaminants including protein aggregates, loss of EV function due to aggregation or distortion during the isolation process, and functional inhibition of EVs by the media used for density gradient ultracentrifugation (129). AKI is common in clinical practice, and improved large-scale production of EVs would be needed to satisfy the requirements if EVs were applied for the clinical treatment of these patients (1). Large-scale isolation of single-batch EVs by ultracentrifugation is also restricted by the limited instrument capacity (130). Lee et al. showed that it was possible to isolate adipose tissue-derived MSC-EVs stably and reproducibly on a large scale without loss of function using tangential flow filtration (131), with successful life-preserving effects in a cisplatin-induced lethal rat model of AKI. Other studies have indicated that the production of EVs by three-dimensional (3D) culture of MSCs could improve the efficacy and increase yield. Cao et al. produced EVs in 3D culture and showed that, compared with conventional 2D culture, the 3D culture system increased the total yield of EVs 19.4-fold, thus, indicating that the 3D culture system had a higher EV-collection efficiency. Surprisingly, EVs obtained by 3D culture were taken up more efficiently by renal TECs, showing better anti-inflammatory effects and increasing the survival rate of TECs in vitro (130).

pFUS was shown to alter the kidney microenvironment to enhance homing of subsequently infused MSCs. Mujib et al. investigated if the combined use of pFUS with MSC-EVs could improve the therapeutic effect by improving the homing ability of EVs in AKI (132). Surprisingly, although pFUS did not up-regulate local cytokine expression or improve bone marrow MSC homing, it did enhance the therapeutic efficacy of MSC-EVs in AKI. Further analysis showed that this effect was related to the up-regulation of heat shock protein (HSP) 20/HSP40 and subsequent PI3K/Akt signaling. This indicated that pFUS had independent as well as synergistic therapeutic effects in the context of AKI, and is thus, a promising affiliated method for MSC-EV therapy (132). Further studies of the combined use of MSC-EVs and pFUS showed that pFUS affected HSP70-mediated NLRP3 inflammasome suppression to improve the anti-inflammatory and regenerative effects (133). In addition, Mujib et al. also showed that pFUS upregulated the proliferative signaling (MAPK/extracellular signal-regulated kinase, PI3K/Akt) and regenerative pathways (endothelial nitric oxide synthase, sirtuin 3) to suppress inflammation in AKI (134).

The low stability and retention of MSC-EVs have partly limited their therapeutic efficacy, and methods involving novel biological materials such as arginine-glycine-aspartate (RGD) peptides and collagen matrix have been investigated with the aim of improving these features. Zhang et al. developed an RGD peptide scaffold to increase EV integrin-mediated loading, and found that RGD hydrogels facilitated MSC-EVs containing miRNA let-7a-5p, which improved their repair potential in AKI (78). Liu et al. isolated EVs from human placental mesenchymal stem cells and wrapped them in a collagen matrix, and Gaussia luciferase imaging confirmed that the collagen matrix effectively encapsulated the EVs and augmented their efficacy in AKI by improving the stability and promoting the sustained release of EVs (135). Biological modules can be used to cover EVs and interact with the microenvironment in AKI to improve the positive effects of MSC-EV-based therapy (78, 135, 136). However, few studies have investigated the mechanisms involved in the interaction between the injured tissue microenvironment and biological modules covering EVs. This warrants further investigation to guide clinical trials aimed at identifying the most efficient artificial biological modules to improve the therapeutic effects of MSC-EVs.

Scientists have also tried to improve the effects of MSC-EVs in AKI by preconditioning them with medications to prevent further damage deterioration and help renal recovery. Alzahrani et al. tested MSC-EVs preconditioned with melatonin in AKI induced by IRI with bilateral renal artery clipping, and showed that melatonin-preconditioned MSC-EVs performed better than untreated EVs in terms of alleviating kidney damage and inflammation, promoting regeneration, angiogenesis, and anti-oxidation, and inhibiting oxidative stress (136). EVs can also be artificially modified to overexpress specific modules. Zhang et al. transduced MSCs with Oct-4 via a lentiviral vector to produce Oct-4-overexpressing MSCs, which significantly reduced attenuated apoptosis, Scr and BUN levels, promoted renal TEC proliferation, and rescued renal fibrosis in IRI-induced AKI (137).

Recent studies concentrating on improving the limitations of MSC-EV-based therapy showed that it was possible to safely modify MSC-EVs and enhance their therapeutic effects. As noted above, their homing ability and tissue stability limit the therapeutic effects of EVs, but these issues can be overcome by the use of collagen matrix and RGD peptides (78, 135). In addition to enhancing the effects of EVs, 3D culture and tangential flow filtration may also allow the large-scale clinical application of EVs (130, 131). However, MSC-EVs still face numerous challenges and limitations before they can be clinically applied in patients.



Limitations and Future Perspectives of MSC-EVs

Various challenges still need to be overcome before MSC-EVs can be utilized in clinical treatments. First, there is significant heterogeneity between MSC-EVs in terms of size, leading to variations in the secreted components and functional characteristics of the EVs (15). Further studies are therefore needed to choose the specific size of EVs according to their cargo (138). Second, the isolation and storage methods of EVs may affect their therapeutic efficacy (139). Ensuring the quality of EVs is an important problem, and producers are supposed to confirm that the EVs are derived from cellular matrix, rather than being components from cells damaged during cryopreservation and mechanical failure (130, 131, 135). It is advisable to optimize and confirm the preservation conditions to maintain the efficacy of the EVs after defrosting (128). Importantly, the follow-up time in previous studies was only between 1 day and 2 weeks, which is inadequate for evaluating the long-term outcome and prognosis (114), and more clinical trials with long-term follow-up are therefore needed to provide more robust evidence. Catering for the demands of large-scale clinical applications and producing enough high-quality MSCs then become critical issues (99). In addition, even though EVs have demonstrated similar effects to MSCs, their homing ability is much weaker than that of MSCs, representing a limitation of MSC-EV-based therapy that needs improving. Zhang et al. recently used monocyte mimics to enhance the homing ability of MSC-EVs to the injured site in a myocardial IRI model, suggesting a possible approach for improving the homing ability of MSC-EVs for the therapy of AKI (140). Regarding monitoring the distribution of EVs, their physicochemical properties may be affected by some lipophilic markers, which could affect the observations (13), and new tracing markers will be needed to detect the distribution and effects of EVs in clinical practice. Increasing research is currently focused on investigating ways of modifying the cargo of MSC-EVs to improve their therapeutic efficiency (28, 141). Clinical trials are currently required to verify and approve the use of customized EVs and to assess the safety and tolerance of modified MSC-EVs.



Conclusion

MSC-EVs are responsible for the main therapeutic effects of MSCs in AKI, and demonstrate specific therapeutic effects and improve the efficacy of regenerative stem cell therapies. However, the lack of clinical trials means that MSC-EVs still face many challenges before they can be used for clinical treatment. Nonetheless, we believe that MSC-EVs will become an effective approach to overcome the current limitations of AKI treatment.
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Drug-induced nephrotoxicity is an important and increasing cause of acute kidney injury (AKI), which accounts for approximately 20% of hospitalized patients. Previous reviews studies on immunity and AKI focused mainly on ischemia-reperfusion (IR), whereas no systematic review addressing drug-induced AKI and its related immune mechanisms is available. Recent studies have provided a deeper understanding on the mechanisms of drug-induced AKI, among which acute tubular interstitial injury induced by the breakdown of innate immunity was reported to play an important role. Emerging research on mesenchymal stem cell (MSC) therapy has revealed its potential as treatment for drug-induced AKI. MSCs can inhibit kidney damage by regulating the innate immune balance, promoting kidney repair, and preventing kidney fibrosis. However, it is important to note that there are various sources of MSCs, which impacts on the immunomodulatory ability of the cells. This review aims to address the immune pathogenesis of drug-induced AKI versus that of IR-induced AKI, and to explore the immunomodulatory effects and therapeutic potential of MSCs for drug-induced AKI.
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Introduction

In the past decade, pharmaceutical companies have developed many life-saving drugs for patients with cancer. Unfortunately, some of these drugs are associated with nephrotoxicity, which remains an important and more frequent cause of acute kidney injury (AKI). Currently, AKI represents a serious global public health challenge, with significant adverse economic and medical burden, that affects approximately 13.3 million people annually (1, 2). Drug-induced AKI is a particularly important category, accounting for 19–26% of AKI cases (2). The use of nephrotoxic drugs is the main cause of severe AKI in critically ill patients. Moreover, drug-induced nephrotoxicity is one of the main factors leading to unsuccessful drug development, leading to loss of money and time in the pharmaceutical industry (3). Notably, approximately 19% of phase 3 clinical trial failures are caused by nephrotoxicity (3).

Recent studies have provided a deeper understanding of the mechanisms underlying drug-induced AKI. In particular, oxidative stress was shown to activate inflammatory responses, by promoting the release of pro-inflammatory cytokines and the accumulation of inflammatory cells in tissues, which supports the progression of AKI (4). Mesenchymal stem cell (MSC) therapy has been considered to hold great potential for the treatment of drug-induced AKI given its powerful immune regulatory effects (5). Previous studies on the immune pathogenesis of AKI and MSC therapy mostly focused on ischemia-reperfusion (IR), but drug-induced AKI is also important and needs more attention. The immune pathogenesis of IR and drug-induced AKI were reported to be different, which may also impact on the efficiency of MSC treatment on drug-induced AKI. Therefore, the differences between these two types of AKI could provide a good reference for scientists to explore MSC-based treatment strategies for drug-induced AKI in the future. In addition, it is very important to notice that MSCs can be derived from various sources and their immunomodulatory ability may differ based on their origin. When using MSCs for clinical treatment of patients, it should be considered the difficulty of obtaining these cells, as well as the number of cells and ethical limitations. Therefore, understanding the immunomodulatory ability, proliferative potential, and clinical application characteristics of MSCs from different sources can aid to choose the most appropriate MSC population for clinical use in AKI treatment.

In this review, we provide an in-depth, comprehensive summary of the immune pathogenesis of drug-induced AKI and subsequent molecular mechanisms, including the different types of immune cells, cytokines, and related signaling pathways. The immunomodulatory effects of MSCs for the treatment of drug-induced AKI were also explored based on the latest research progress. In particular, we compared the different immune pathogenesis of drug-induced and IR-induced AKI, as well as the different immune regulatory abilities of MSCs from different sources.



Drug-induced AKI and Common Nephrotoxic Drugs: The Cisplatin Example

Several recent, large-scale epidemiological studies have shown that nephrotoxic drugs cause severe acute renal failure in many critically ill patients (2), for whom the use of potentially nephrotoxic drugs is, in most cases, unavoidable (6). Drug-induced AKI usually presents as one of two types: acute tubular necrosis, which is directly related to nephrotoxicity to the renal tubular epithelial cells, or immune-mediated acute interstitial nephritis, which develops from drugs that cause allergic reactions. Approximately 60% of patients with hospital-acquired AKI experience nephrotoxic induced by medications (7). Among the various cellular mechanisms of drug-induced AKI, the most important is the accumulation of inflammatory cells in the tissue, which in turn activates the inflammatory response and oxidative stress that triggers the release of pro-inflammatory factors. Nephrotoxic injuries often occur in the proximal renal tubules due to the administration of cisplatin, aminoglycosides (gentamycin, kanamycin, streptomycin, or tobramycin), amphotericin B, antiviral agents (adefovir, cidofovir, or tenofovir), radiocontrast, bisphosphonate, among other drugs (4).

Cisplatin is a chemotherapy drug, and is the most classic and commonly used model for basic research on drug-induced AKI, with a reported frequency of cisplatin-induced AKI ranging from 20% to 30% due to dose-limiting side effects in the treatment of various solid cancers, including testicular, ovarian, cervical, breast, lung, head and neck, bladder, and gastric cancer (8). Although there are other less common cisplatin-induced toxicities (such as ototoxicity, gastrotoxicity, and myelosuppression), nephrotoxicity has a major impact on the patient health and should be the first side effect to be monitored and evaluated in patients undergoing cancer chemotherapy. Notably, the accumulation of toxic intermediates in the kidney limits the use of cisplatin, which leads to incomplete chemotherapy. Therefore, the mechanism reviewed hereafter is mainly based on basic research conducted with the cisplatin-induced AKI model.

The typical histological features of drug-induced AKI are severe tubule damage comprising lumen dilation, significant cytoplasmic simplification, increased cytoplasmic eosinophilia, and disappearance of brush borders and of the tubule epithelium. First, several events, such as loss of polarity and cytoskeletal integrity, and cell necrosis and apoptosis, occur in the proximal tubular epithelial cells of the kidney over time (9, 10). Subsequently, necrosis induces inflammation, and damage-associated molecular patterns (DAMPs) and other pro-inflammatory molecules are released, resulting in the activation of the innate immune system via membrane surface receptors. Inflammatory cells, such as white blood cells, are recruited into the peritubular interstitium. Furthermore, inflammation accelerates the damage to the renal tubular tissues and causes necroptosis and the release of tumor necrosis factor alpha (TNF-α) and other inflammatory factors that continue to drive cell necrosis. This leads to tubular necrosis and renal insufficiency, forming an inflammation-necrosis amplification loop (11, 12). Another mechanism of drug-induced AKI is oxidative stress. Drug nephrotoxicity directly acts on the proximal renal tubules and causes cell damage, such as mitochondrial dysfunction, lysosomal hydrolase inhibition, phospholipid damage, and increased intracellular calcium concentrations, thereby leading to the formation of reactive oxygen species (ROS) (13). The pathogenic mechanisms of ROS have three main aspects: first, nephrotoxic drugs react with cellular antioxidants (such as glutathione) when they are in a highly reactive form (14, 15), thus, depleting or inactivating them, leading to the accumulation of endogenous ROS in cells. ROS activates the intracellular mitogen-activated protein kinases, p53, p21, and other pathways, leading to the death of renal tubular cells. Second, ROS directly or indirectly promotes fibrosis by promoting tissue inflammation. Fibrosis and inflammation will, in turn, promote positive feedback pathways, further increasing ROS production and stimulating the secretion of inflammatory factors. Third, nephrotoxic drugs affect the normal respiration of mitochondria, making them dysfunctional and increasing the production of ROS (16).



Different Immune Mechanisms of Drug-Induced and IR-Induced AKI

AKI is mainly triggered by IR injury, which causes high morbidity and mortality in both adults and children (17). IR-induced AKI results from acute hypoxia caused by reduced blood perfusion in the renal tissue, which is prone to occur in the renal tubule region. Reperfusion leads to the production of metabolites, such as nitric oxide and ROS, which can damage the cell membranes and lead to cell apoptosis. However, drug-induced AKI is more common in infants and older people with underlying cardiovascular diseases and renal dysfunction, such as intravascular volume depletion, diabetes, congestive heart failure, chronic kidney disease, and sepsis (18, 19). Drug-induced renal injury, which results from the direct damage to the renal tubular epithelial cells, occurs when the increasing concentration of nephrotoxic drugs in the renal tubule reaches a toxic level. Therefore, the degree of damage is related to the drug dose administrated. Noteworthy, there are several differences in the pathogenesis of IR-induced and drug-induced AKI; however, there are very limited systematic reviews comparing the differences in the pathogenesis between these two models. Understanding the differences in their immune pathogenesis may be helpful for the management of AKI. A summary of these differences is provided in Table 1.


Table 1 | Comparison of the immune mechanisms between drug-induced and ischemia reperfusion-induced AKI.



T cells play an important role in AKI. In IR-induced AKI, CD8+ cells have no obvious pathogenic effects. However, in the cisplatin-induced AKI model, CD8-deficient mice had significantly less damage than wild-type mice, indicating that CD8+ cells have an important pathogenic role in this model (20). No obvious differences in other subpopulations of T cells were found between the two models. During the inflammatory response to IR injury, the main role of renal dendritic cells (DCs) is to serve as antigen-presenting cells to T cells, release TNF-α, upregulate adhesion molecules, and promote leukocyte extravasation (21, 22). However, renal DCs play a protective role in drug-induced AKI. In one study, infiltration of DCs in damaged tissues resulted in secretion of cytokines such as interleukin (IL)-10 to prevent AKI progression (23). In the IR model, inhibition of neutrophil recruitment can significantly reduce kidney damage, which suggests that neutrophil infiltration is one of the pathogenic mechanisms of renal IR injury (24). In contrast, inhibition of neutrophil infiltration has no effect on cisplatin-induced kidney injury, indicating that neutrophil infiltration is not necessary for cisplatin-induced kidney damage (25). Importantly, macrophages have pro-inflammatory (M1) and anti-inflammatory (M2) cell phenotypes and their roles in the two AKI models are similar (26), with M1 cells being dominant in the damage stage, whereas M2 cells playing an important role in the repair stage. In addition, the relationship between the complement system and AKI has been studied more in the IR injury model than in the drug-induced AKI model. However, the mechanism of action of the complement system in both models is mainly mediated by the activation of the complement component 5a and its receptor (C5a/C5aR)–nuclear factor kappa B (NF-κB) pathway (27).

Cytokines and chemokines are differently expressed in drug-induced and IR-induced AKI, which may be due to the different cellular origins and actions of the molecules. IL-11 is upregulated in IR-induced (but not in cisplatin-induced) AKI (28). In addition, inhibition of IL-18 can significantly reduce IR-induced renal injury but not cisplatin-induced nephrotoxicity (29), which suggests that IL-18 may be an important factor in IR-induced AKI. Moreover, the expression of the C-C motif chemokine ligand (CCL) 5 and IL-1α is significantly increased in cisplatin-induced AKI, but only slightly increased in the IR injury model (28). Furthermore, TNF-α-deficient mice are resistant to cisplatin nephrotoxicity, thereby suggesting that TNF-α plays an important role in the pathogenesis of cisplatin-induced renal injury. Accordingly, TNF-α inhibitors can ameliorate renal dysfunction and reduce the structural damage caused by cisplatin, and inhibition of TNF-α more effectively reduce cisplatin-induced than IR-induced kidney damage (28). In addition, the nucleotide-binding oligomerization domain-like receptors (NLR) family pyrin domain containing 3 (NLRP3) pathway is critical in the pathogenesis of IR-induced AKI, but is less important in cisplatin-induced AKI (30).



Different immunoregulation capability of MSCs from various origins

MSCs are pluripotent stem cells with anti-inflammatory and immune tolerance potential (31), which were first identified in the bone marrow stroma where supported the development and differentiation of hematopoietic stem cells. In recent years, with research advances, MSCs have been increasingly used in clinical practice given their immunosuppressive functions and tissue repair ability (32). Hence, stem cell therapy is another medical revolution that may be considered after drug therapy and surgical treatment. MSCs can easily expand in vitro into high numbers in a short period of time. This is an important prerequisite for MSCs that are widely used in experimental research and clinical practice, including AKI treatment (33). Moreover, MSCs can be cultured from adipose tissue, cord blood, umbilical cord, placenta, and fetal lungs. However, the biological characteristics of the MSCs originating from these various tissues are different, especially concerning their immune regulation capacity (34). The immunological activity of MSCs from different tissues may differ because of the different original activation states of these cells in the source tissues (35–37). The differences in the immunomodulatory ability, proliferation potential, and clinical application characteristics of MSCs from different sources is summarized in Table 2.


Table 2 | Immunomodulatory ability, proliferation potential, and clinical application characteristics of MSCs from different sources.



Current studies have shown that the immunological activity of MSCs originating from different tissues is “strong” or “weak” rather than “present” or “absent” (38). Yoo et al. compared the immune regulatory functions of adipose-derived MSCs (AD-MSCs), umbilical cord blood-derived MSCs, umbilical cord-derived MSCs (UC-MSCs), and bone marrow-derived MSCs (BM-MSCs) on T lymphocytes (34), and found that all four types of MSCs inhibited the proliferation of activated T cells and the secretion of interferon-γ and TNF-α. Moreover, Bochev et al. found that both BM-MSCs and AD-MSCs could inhibit the secretion of immunoglobulins by activating B lymphocytes (39). However, the inhibitory effects of AD-MSCs on immunoglobulin secretion were stronger than those of BM-MSCs. Some study also reported that AD-MSCs have higher indoleamine 2,3-dioxygenase (IDO) activity and secret more IL-6, IL-10, and transforming growth factor (TGF)-β than BM-MSCs (35, 40). Moreover, Barcia et al. found that compared with BM-MSCs, UC-MSCs have stronger immunomodulatory abilities, can more efficiently inhibit CD3- and CD28-induced lymphocyte proliferation, and can more efficiently induce the production of CD3+CD4+CD25+Foxp3+ regulatory T cells (Tregs) (41).

Nevertheless, some studies have shown that the in vitro expansion capabilities of MSCs from different tissues are not completely the same. Different microenvironments may be the reason for these differences. Li et al. compared the proliferative capacity of BM-MSCs and AD-MSCs, and found that AD-MSCs have stronger proliferation potential (42). However, as the age of the donor increases, the number and proliferation capacity of BM-MSCs and AD-MSCs significantly decreases. MSCs derived from perinatal tissues (such as umbilical cord, placental chorion, and amniotic membrane) have much stronger proliferation potential than BM-MSCs. Comparing MSCs isolated from umbilical cord tissue and bone marrow, more MSCs can be obtained from umbilical cord tissues, and with greater proliferation ability than BM-MSCs (43). After 30 generations, the proliferative capacity of UC-MSCs did not change significantly, whereas BM-MS showed weakened proliferation ability and prolonged doubling time after six passages.

In summary, perinatal MSCs (MSCs derived from the umbilical cord and placenta) generally have higher immunomodulatory capabilities, while BM-MSCs show higher potential to support the regeneration process, such as neuronal differentiation and development (43). These differences between perinatal and bone marrow-derived MSCs may impact on their clinical application. In addition, when MSCs are used in the clinical treatment of diseases, the feasibility of its acquisition, the number of cells, and ethical limitations must be considered. For example, BM-MSCs and AD-MSCs have several limitations. They are generally obtained from adults and the number of cells available is limited. Moreover, there are restrictions regarding the age of the donor. However, MSCs in the perinatal period have stronger expansion capacity and have no ethical restrictions. After expansion, the basic properties and morphology of MSCs have no obvious changes, so that a large number of MSCs can be obtained from the same sample to meet the needs of the clinical cell therapy (43). Therefore, compared with adult-derived stem cells that proliferate slowly, perinatal MSCs have unique advantages. From this perspective, MSCs derived from umbilical cord and placenta are an ideal choice.



Immunomodulatory Effects of MSCs on Drug-Induced AKI

The strong ability of MSCs to differentiate is one of the main mechanisms contributing for tissue damage repair. Although the initial focus on MSCs was on their regenerative ability to differentiate into various tissue cell types (33), more attention is currently addressed onto their ability to regulate immune responses (44). In vivo and in vitro studies have shown that MSCs can directly inhibit the proliferation, differentiation, and effector mechanisms of T cells by preventing the externalization and maturation of DCs. In addition to T cells and DCs, the target cells of MSCs include many other types of immune cells, including natural killer cells, B cells, neutrophils, and macrophages (45). MSCs regulate the function of these cells, including the secretion of cytokines and their subsequent cytotoxic effects, eventually exerting anti-inflammatory effects and/or inducing an immune tolerance state. To date, the immune regulation mechanisms of MSCs remain poorly understood, but it is generally believed that MSCs have an immunosuppressive function mainly through cell-to-cell contact with a variety of immune cells and secretion of soluble factors, such as prostaglandin E2 (PGE2) and IDO, thereby reducing tissue damage caused by inflammation (46). MSCs have low immunogenicity, that is, MSCs do not express major histocompatibility complex class II molecules or costimulatory molecules, and do not cause the activation and proliferation of allogeneic lymphocytes, which provides the possibility for the clinical application of allogeneic MSCs transplantation (47). These cells inhibit the proliferation of activated T lymphocytes and the secretion of interferon-γ, the proliferation of B lymphocytes and the secretion of immunoglobulins, the killing activity of natural killer cells, the differentiation of M1 macrophages, the secretion of pro-inflammatory factors, and the differentiation of monocytes into DCs (48).

There is a very close connection between the immune system and the kidney system (49). Pro-inflammatory DAMPs, pathogen-associated molecular patterns (PAMPs), toll-like receptors (TLRs), oxidative stress, complement system, resident DCs, neutrophils, T lymphocytes, macrophages, and secreted cytokines and chemokines, all participate in the immunopathological mechanism of drug-induced AKI and promote disease progression (20, 28, 50–53). Therefore, imbalance of the immune system has a direct or indirect impact on the progression of kidney disease. If the immunopathological process of AKI continues, this may lead to renal fibrosis and/or chronic kidney disease. The immunomodulatory mechanism of MSCs in AKI treatment is shown in Figure 1.




Figure 1 | Immunomodulatory effects of mesenchymal stem cells on drug-induced AKI. Gray, therapeutic effect of mesenchymal stem cells on the kidney; Red, damage effect of AKI on the kidney; Purple, interaction between immune cells; Solid line, promoting effect; dashed line, inhibiting effect. AKI, acute kidney injury; iDCs, immature dendritic cells; mDCs, mature dendritic cells; Th, helper T cells; Treg, CD3+CD4+CD25+Foxp3+ regulatory T cells; HGF, hepatocyte growth factor; IDO, indoleamine 2,3-dioxygenase; PGE2, prostaglandin E2; TGF-β, transforming growth factor β.





The Immune Microenvironment of Drug-Induced AKI


T Cells

Approximately 30% of the circulating white blood cells in healthy adults are T cells from the thymus (51). T cells are important immune regulators of drug-induced AKI, as T cell infiltration was observed in damaged renal tissues within 1 h after cisplatin administration, which reached a peak at 12 h and decreased after 24 h (54). Compared with wild-type mice, T cell knockout significantly improved renal function and prolonged survival in cisplatin-induced AKI mice. Furthermore, infiltration of neutrophils and macrophages into the kidney was reduced in T cell knockout mice, suggesting that T cells play a critical role in the recruitment of immune cells to the site of injury. CD4+ T cells are activated and quickly infiltrate the damaged kidneys, mediating further renal tissue damage (54, 55). Depending on the regulation of the immune microenvironment, naive CD4+ cells can differentiate into helper T cells (Th) or Tregs, and play different roles. Cisplatin nephrotoxicity causes naïve CD4+ T cells to differentiate into Th, resulting in a strong immune response and kidney damage. Tregs are believed to play a protective role against cisplatin-induced AKI. They enter the kidney tissue and directly modulate the response of cells to inhibit the pro-inflammatory signals promoted by cisplatin toxicity, reduce renal macrophage infiltration, as well as the levels of TNF-α and IL-1β, thereby reducing renal dysfunction. CD4+ T cells complete the immune response to cisplatin through the paracrine pathway (secreting TNF-α, IL-17, IL-33, and IL-10), whereas cytotoxic CD8+ T cells induce renal cell injury in a contact-dependent manner (54). Cisplatin can upregulate the expression of Fas receptors on damaged renal tubular epithelial cells, allowing it to interact with Fas ligands on CD8+ T cells infiltrating the kidney, and then trigger the apoptosis of damaged cells (49). MSCs can inhibit the production and activation of Th and CD8+ T cells, and reduce inflammation in cisplatin-induced AKI. Furthermore, MSCs promote the differentiation of naïve CD4+ T cells into Tregs by secreting hepatocyte growth factor, TGF-β, PGE2, and IDO, which in turn secrete IL-10. Moreover, PGE2 and IDO secreted by MSCs can promote the differentiation of macrophages into the anti-inflammatory M2 phenotype (56). Therefore, the anti-inflammatory effects of MSCs can be further improved, and the kidney damage caused by cisplatin can be reduced.



Dendritic Cells

DCs are the most common immune cells that maintain renal homeostasis. Renal DCs are located between the renal tubules and the peritubular capillaries. They act as effector cells and intermediates between endothelial and epithelial cells (21). In the injured state, renal DCs express specific cytokines through toll-like receptors, nod-like receptors, cell fragments, or other DAMPs, and present antigens to T cells to complete the transition from innate to adaptive immunity (57, 58). Similar to macrophages, DCs have two types: a pro-inflammatory phenotype (mature DCs; mDCs) and an anti-inflammatory phenotype (immature DCs; iDCs). Renal DCs are capable of immune induction and/or immune tolerance; thus, imbalanced immune regulation leads to the occurrence and progression of AKI. In cisplatin-induced AKI, IL-4 and TNF-α activate iDCs into mature phenotypes at the initial stage, causing kidney damage. IL-10, which is mainly derived from renal iDCs and plays an important role in immune regulation, has a nephroprotective effect and can reduce the nephrotoxicity of cisplatin in an inducible nitric oxide synthase-dependent manner (59). Hence, inhibition of nitric oxide synthase activity leads to a reduced number of IL-10-secreting DCs and loss of the renal protective effect of BM-MSCs (60). Furthermore, clearance of IL-10-secreting DCs can aggravate cisplatin-induced nephrotoxicity (52, 59). MSCs can inhibit the maturation of DCs and promote their transition to a tolerant immunosuppressive phenotype. They can also inhibit the differentiation of monocytes into iDCs by secreting PGE2, monocyte colony-stimulating factor, IL-6, IL-10, and TGF-β. Furthermore, MSCs can inhibit the maturation of iDCs into mDCs by secreting hepatocyte growth factor, TGF-β, PGE2, and IDO (56). PGE2 can inhibit the production and secretion of osteopontin, a cytokine released from DCs, which contributes to tissue inflammation (61). In the inflammatory microenvironment, iDCs stimulated by IL-10 (produced by MSCs) fail to express markers of mDCs (62). These iDCs do not produce TNF-α and, thus, can inhibit the progression of inflammation at the site of injury (63, 64). In addition, iDCs can promote the production of Tregs and exert anti-inflammatory effects. Some studies have shown that MSCs reduce the expression of major histocompatibility complex class II, CD40, and CD86 costimulatory molecules by mDCs, which is the cause of the decrease in T cell proliferation and weaker immune responses (65). MSCs also inhibit the antigen-presenting effects of DCs on CD4+ and CD8+ T cells in inflammatory lymph nodes (66), and reduce the production of pro-inflammatory factors, such as interferon-γ and IL-17 (67). These immunomodulatory effects help to reduce cisplatin-induced kidney damage.



Neutrophilic Granulocytes

When AKI occurs, many neutrophils are transported and accumulate in the blood vessels of the kidney, leading to blockage of the microvascular network. With the help of endothelial chemokines and adhesion molecules, neutrophils are attracted to the damaged site, mediate inflammation, and assist in the elimination of damaged cells in preparation for the repair of the kidney (68). However, this effect is a double-edged sword. If the inflammatory response is insufficient, damaged or dead cells cannot be cleared in a timely manner, resulting in delayed tissue healing and AKI may eventually develop into chronic kidney disease. However, if the inflammatory response is excessive, cytotoxic compounds (ROS, proteases, and inflammatory cytokines) secreted by neutrophils will adhere to the kidney endothelial cells in large quantities, which triggers inflammatory factor infiltration and impairs the cell repair processes. A study reported that neutrophil infiltration increased in a group of cisplatin-treated mice compared to the control group (25). Interestingly, when caspase-11 was inhibited, neutrophil infiltration decreased, suggesting that cisplatin can induce neutrophil infiltration via caspase-11 activation (69). Other ways to significantly reduce neutrophil infiltration after administration of cisplatin include the use of TNF-α inhibitors, TLR-4 antagonists, or anti-intercellular adhesion molecule-1 antibodies (53), thereby partially improving cisplatin-induced AKI. Studies have shown that when MSCs are used to treat AKI, the migration and infiltration of neutrophils in the kidneys, as well as the serum creatinine and blood urea nitrogen levels, are significantly reduced, and renal function and kidney pathological damage is ameliorated (31, 70).



Macrophages

The mononuclear-macrophage system plays a crucial role in the immune response. According to changes in the microenvironment at the injury site, macrophages can differentiate into pro-inflammatory (M1) or anti-inflammatory (M2) cell phenotypes, which play an important role in the stage of damage and repair, respectively (26). After acute renal tissue destruction, monocytes are immediately recruited to the damaged site and are stimulated by DAMPs and PAMPs (TNF-α, interferon-γ, saturated fatty acids, and IL-6) to differentiate into the M1 phenotype and participate in the innate immune response (71, 72). Additionally, through the production and secretion of various cytotoxic substances, such as chemokines, pro-inflammatory cytokines, and inducible nitric oxide synthase, M1 cells amplify the renal inflammatory response in AKI and exacerbate disease progression (50). However, blockage of macrophage recruitment does not completely prevent cisplatin-induced AKI (73). Some studies have shown that the M2 phenotype inhibits excessive inflammatory reactions by secreting anti-inflammatory mediators (such as IL-10 and TGF-β), and promotes renal cell repair (74, 75). MSCs therapy can significantly reduce cisplatin-mediated immune cell infiltration in damaged kidney tissues, such as macrophages, DCs, neutrophils, and CD4+ and CD8+ T cells. As a result, it inhibits the production of inflammatory factors, but stimulates the secretion of the anti-inflammatory factors IL-10, IL-6, nitric oxide, and kynurenine (60). In addition, MSCs can promote the differentiation of macrophages into the anti-inflammatory M2 phenotype by secreting various factors including PGE2, IL-10, and IDO (67). Furthermore, the M2 phenotype can secrete CCL1 to promote Treg production. Therefore, the anti-inflammatory effects of MSCs can be further improved, and the kidney damage caused by cisplatin can be ameliorated.



Complement System

The complement system plays an important role in innate immunity and is activated by either of three pathways: classical, alternative, or lectin pathways (76), which eventually lead to the cleavage of C5 into C5a and C5b. These two allergenic proteins later form the complement membrane in the first step of forming the attack complex. Studies have shown that N-acetylcysteine can reduce the nephrotoxic effect of cisplatin by inhibiting the binding of C5a to C5aR. In addition, inhibiting C5aR can reduce neutrophil infiltration and the effects of inflammatory factors (77). When MSCs were used to treat AKI, serum C5a levels and C5aR expression in renal tissues were significantly reduced, and NF-κB translocation was also reduced. Hence, MSCs can reduce AKI by inhibiting the activation of the C5a/C5aR–NF-κB pathway (27).




Conclusion and Perspective

To date, the safest route of administration of MSCs in clinical applications is through vascular injection; thus, the number of MSCs that can reach the kidney is very small (47). Several scientists have attempted to improve the efficacy of MSCs through various methods. Improving the immunomodulatory ability of MSCs is key to improving their therapeutic effect. Studies have been conducted to regulate the relevant immune responses by innovative pretreatment methods, thereby enhancing the kidney repairing effect (78, 79). Currently, most reviews focus on AKI due to ischemia-reperfusion. However, there are relatively few studies on drug-induced AKI, especially on the role of the complement system. Drugs-induced kidney injury is also one of the biggest causes of AKI (4). Future research in this area will help deepen our understanding of the immune regulation mechanism of MSCs therapy for AKI, and discover more potential therapeutic targets.
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Acute or chronic kidney disease can cause micronutrient deficiency. Patients with end-stage renal disease, kidney transplantation or on dialysis have reduced circulating levels of folate, an essential B vitamin. However, the molecular mechanism is not well understood. Reabsorption of folate in renal proximal tubules through folate transporters is an important process to prevent urinary loss of folate. The present study investigated the impact of acute kidney injury (AKI) on folate transporter expression and the underlying mechanism. AKI was induced in Sprague-Dawley rats that were subjected to kidney ischemia (45 min)-reperfusion (24 h). Both male and female rats displayed kidney injury and low plasma folate levels compared with sham-operated rats. The plasma folate levels were inversely correlated to plasma creatinine levels. There was a significant increase in neutrophil gelatinase-associated lipocalin (NGAL) and IL-6 mRNA expression in the kidneys of rats with ischemia-reperfusion, indicating kidney injury and increased inflammatory cytokine expression. Ischemia-reperfusion decreased mRNA and protein expression of folate transporters including folate receptor 1 (FOLR1) and reduced folate carrier (RFC); and inhibited transcription factor Sp1/DNA binding activity in the kidneys. Simulated ischemia-reperfusion through hypoxia-reoxygenation or Sp1 siRNA transfection in human proximal tubular cells inhibited folate transporter expression and reduced intracellular folate levels. These results suggest that ischemia-reperfusion injury downregulates renal folate transporter expression and decreases folate uptake by tubular cells, which may contribute to low folate status in AKI. In conclusion, ischemia-reperfusion injury can downregulate Sp1 mediated-folate transporter expression in tubular cells, which may reduce folate reabsorption and lead to low folate status.
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Introduction

Acute kidney injury (AKI) is characterized by a rapid decline of kidney function over a short period of time and often progresses to chronic kidney disease (CKD). Despite improvements in renal replacement therapy, AKI is associated with a high morbidity and mortality (1). AKI occurs in patients with kidney transplantation, cardiac surgery, sepsis or critical illness (2–4). The principal function of the kidneys is to maintain body fluid volume, electrolyte and acid-base balance as well as regulating the excretion of wastes and reabsorption of nutrients or metabolic products (5, 6). Micronutrient deficiency is common in patients with kidney disease and malnutrition is an independent predictor of AKI mortality (7). Patients with CKD or end-stage renal disease have reduced circulating folate levels despite adequate dietary intake or receiving renal replacement therapy (8–13). A recent study reported a decreased circulating folate level with an elevated homocysteine level in adolescents and young adults undergoing kidney transplantation (14).

Folate is an essential micronutrient (vitamin B9) that participates in methylation reactions, nucleic acid synthesis and sulfur-containing amino acid metabolism. Folic acid, a synthetic form of folate, is used as a supplement or in fortified foods (15, 16). General populations in countries with mandatory fortification policies have achieved adequate intake of folate (15). The kidneys play an important role in maintaining folate homeostasis in the body through glomerular filtration and tubular reabsorption process. Folate in the circulation, mainly in the form of 5-methyltetrahydrofolate (5-MTHF), is freely filtered in glomeruli. Much of the filtered folate is reabsorbed in the proximal tubules. This reabsorption process is an important mechanism to prevent urinary loss of folate (17). Folate receptor alpha or folate receptor 1 (FOLR1) is the major transporter for folate reabsorption in the kidneys. FOLR1 is located on the apical surface of proximal tubular cells. Folate is transported by FOLR1 from the lumen of tubules into tubular cells via receptor-mediated endocytosis (17–19). The promoter region of FOLR1 gene contains transcription factor Sp1 binding sites (20–22). Tubular cells also express other folate transporters. The reduced folate carrier (RFC) is located in the basolateral membrane of proximal tubular cells. RFC transports folate into the peritubular capillaries through a bidirectional anion-exchange mechanism (23). Proton-coupled folate transporter (PCFT), mainly responsible for dietary folate absorption in the intestine, is also present in the kidneys (24).

Ischemia-reperfusion is one of the most common causes for AKI (6). Proximal tubular cells are more susceptible to ischemia-reperfusion injury (25, 26). We have observed tubular damage and declining kidney function in animal models with ischemia-reperfusion induced AKI (27–34). The expression of folate transporters is closely linked to folate status and its biological function. Although low serum folate levels have been reported in patients with CKD, kidney transplant recipients or on dialysis, limited information is available regarding the impact of AKI on folate transporter expression and folate status. In the present study, we investigated (1) the impact of ischemia-reperfusion on renal folate transporter expression and folate status in rats; and (2) the potential mechanism of altered folate transporter expression in human proximal tubular cells.



Materials and Methods


Induction of Kidney Ischemia-Reperfusion in Rats

Sprague-Dawley rats (270-300 g, male and female) were randomly divided into two groups that were subjected to kidney ischemia-reperfusion or sham-operation. Kidney ischemia was induced by clamping the left renal pedicle with a non-traumatic vascular clamp for 45 min. At the end of ischemia, the clamp was removed to allow blood flow to the left kidney (reperfusion) and right nephrectomy was performed as described in our previous studies (27–31). Rats were sacrificed 24 h after reperfusion. In the sham-operated group (control), rats were subjected to the same surgical procedure but without inducing kidney ischemia and were sacrificed at the corresponding time point. All procedures were performed in accordance with the Guide to the Care and Use of Experimental Animals published by the Canadian Council on Animal Care and approved by the University of Manitoba Protocol Management and Review Committee. Plasma creatinine was measured using the Cobas C111 analyzer (Roche, Laval, Canada). Total folate in the plasma and proximal tubular cells was measured by using the L. rhamnosus coated microtitre plates according to the manufacturer’s instructions provided in the Folic acid Vitamin B9 Microbiological Test Kit (ALPCO, Salem, NH).



Histological and Immunohistochemical Staining

Kidneys were excised and immersion-fixed in 10% neutral-buffered formalin, embedded in paraffin and sectioned at 5 µm. Sections were stained with hematoxylin and eosin (H&E) to examine histological changes in the kidney (28, 35). For immunohistochemical staining, sequential sections (10 µm) were prepared from cryofixed kidney. Sections were incubated with primary antibodies, rabbit anti-FOLR1 monoclonal antibody (1:100 Abcam, Cambridge, MA) or rabbit anti-SLC19A1 (RFC) (1:100, Abcam) monoclonal antibody and then with biotinylated goat anti-rabbit IgG (1:200, Dako, Glostrup, Denmark) secondary antibody followed by incubation with streptavidin-horse radish peroxidase (HRP) conjugate (Zymed Laboratories, Inc., San Francisco, CA). For a negative control, non-specific rabbit IgG was used as primary antibodies. The images from H&E and immunohistochemical staining were captured by using Olympus BX43 light microscope equipped with an Olympus Q-Color3 camera.



Induction of Hypoxia-Reoxygenation in Tubular Cells

Human kidney proximal tubular cell line (HK-2) was purchased from the American Type Culture Collection (ATCC, Manassas, VA). Cells were cultured at 37°C in a normal atmosphere of 95% air and 5% CO2 in keratinocyte-serum free medium supplemented with human recombinant epidermal growth factor and bovine pituitary extract (Life Technologies, Carlsbad, CA). Hypoxia-reoxygenation was induced in tubular cells to simulate ischemia-reperfusion injury as described in previous studies (30, 31, 36). In brief, hypoxia was induced in tubular cells by incubation for 2 h in a modified Krebs buffer (137 mM NaCl sodium chloride, 15.8 mM KCl potassium chloride, 0.49 mM MgCl2 magnesium chloride, 0.9 mM CaCl2 calcium chloride, 4 mM HEPES) supplemented with 10 mM 2-deoxyglucose, 20 mM sodium lactate, 12 mM KCl potassium chloride and 1 mM sodium dithionite (pH 6.4) in a hypoxia chamber (Billups-Rothenberg, Inc., Del Mar, CA) containing 95% N2/5% CO2 at 37°C. After 2 h hypoxia, the modified Krebs buffer was replaced with keratinocyte-serum free medium and cells were cultured for 48 h to 72 h in 95% air and 5% CO2. Cells without induction of hypoxia were used as a control.



Measurement of mRNA Expression

Total RNA was isolated from kidneys or proximal tubular cells by using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA) and 1-2 µg was converted to cDNA through reverse transcription. The real-time PCR reaction mixture consisted of 2 µL of cDNA product, 0.4 µM of 5’ and 3’ primers and iQ-SYBR green supermix reagent (Bio-Rad, Mississauga, Canada). The mRNA expression of folate receptor-1 (FOLR1), reduced folate carrier (RFC), proton-coupled folate transporter (PCFT), specificity protein-1 (Sp1), neutrophil gelatinase-associated lipocalin (NGAL) and interleukin-6 (IL-6) was determined by using a StepOnePlus™ Real-Time PCR System (Life Technologies). The mRNA expression was calculated using the threshold cycle (2−ΔΔCT) method with β-actin as an internal reference. The primer sequences used in this study are listed in Table 1.


Table 1 | Gene primer sequences of human and rat used for real-time PCR.





Western Immunoblotting Analysis

The folate receptor proteins (FOLR1, RFC and PCFT) were determined by Western immunoblotting analysis. Proteins (10-50 µg) isolated from kidneys or proximal tubular cells were separated in SDS-PAGE (10-12%) and subsequently transferred to a nitrocellulose membrane. The membrane was probed with primary antibodies, rabbit anti-FOLR1 monoclonal antibody (1:1000, Abcam), rabbit anti-SLC19A1 monoclonal antibody (RFC, 1:1000, Abcam) or rabbit anti-HCP1 (PCFT) monoclonal antibody (1:1000, Abcam) followed by HRP conjugated anti-rabbit IgG secondary antibody (1:2000, Cell Signaling Technology, Danvers, MA). For Sp1 protein, the membrane was probed by goat anti-Sp1 polyclonal antibody (1:1000, Santa Cruz Biotechnology, CA, USA) followed by HRP conjugated anti-goat IgG secondary antibody (1:1000, Thermo Fisher Scientific). Equal protein loading of each sample was confirmed by probing the nitrocellulose membrane with rabbit anti-β-actin monoclonal antibody (1:1000, Cell Signaling Technology). The protein bands were visualized by using Luminata Crescendo chemiluminescent HRP detection reagent (Millipore Ltd, Etobicoke, Canada).



Electrophoretic Mobility Shift Assay

Nuclear proteins were isolated from kidney tissue and the Sp1/DNA binding activity was measured by electrophoretic mobility shift assay (EMSA). In brief, oligonucleotides were biotin-labelled by using the Biotin 3’ End DNA labelling kit (Thermo Fisher Scientific). The sequence of the Sp1 oligonucleotide probe was 5´-CTGGGCTGGGC-3´. The EMSA was performed by using the LightShift Chemiluminescent EMSA Kit (Thermo Fisher Scientific).



Cell transfection With Sp1 Small Interfering RNAs (siRNAs)

Proximal tubular cells were transfected with human Sp1 siRNA duplex oligoribonucleotides (25 pmol, Stealth RNAi™, Invitrogen, Carlsbad, CA) by using Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer’s instructions. As a control, cells were transfected with Stealth™ RNA negative control (Invitrogen) consisting of a scrambled sequence that was unable to inhibit gene expression. At 72 h after transfection, cells were harvested and total mRNAs were prepared. The Sp1 mRNA and FOLR1 mRNA were determined. In another set of experiments, intracellular folate content was measured 72 h after transfection.



Statistical Analysis

The results were analyzed by using two-tailed Student’s t-test or Pearson correlation test. The data were presented as mean ± standard error (SE). A p value less than 0.05 was considered as statistically significant.




Results


Ischemia-Reperfusion Impaired Kidney Function and Reduced Circulating Folate Levels in Rats

Kidney ischemia-reperfusion caused a significant elevation of plasma creatinine levels in male and female rats (Figures 1A, B), indicating that kidney function was impaired. There was a significant decrease in plasma folate levels in rats subjected to kidney ischemia-reperfusion (Figures 1A, B). The plasma folate levels were inversely correlated with plasma creatinine levels in both male and female rats (Figures 1A, B). The histological analysis of the kidney tissue revealed irregular glomerular structure, red blood cell accumulation and tubular cell necrosis in rats subjected to ischemia-reperfusion (Figure 2A). There was a significant increase in the expression of NGAL and IL-6 mRNA in the kidneys of rats with ischemia-reperfusion (Figures 2B, C), indicating kidney injury and increased inflammatory cytokine expression.




Figure 1 | Plasma creatinine and folate measurement in rats. Rats were subjected to kidney ischemia-reperfusion (IR) or sham operation (sham). Plasma creatinine and folate were measured in (A) male and (B) female rats. Pearson’s correlation between plasma folate levels and plasma creatinine levels was analyzed. Results are expressed as mean ± SE (n = 6). *P < 0.05 when compared with the value obtained from the sham-operated group.






Figure 2 | Kidney histology and expression of NGAL and IL-6. Rats were subjected to kidney ischemia-reperfusion (IR) or sham operation (sham). (A) Representative hematoxylin and eosin (H&E) staining images of kidney sections are shown (magnification x200). Arrows and stars point the area having red blood cell accumulation and irregular glomerular structures, respectively. The bar on the images represents 100 μm. The mRNA of NGAL (B) and IL-6 (C) was measured by real-time PCR analysis. Results are expressed as mean ± SE (n = 6). *P < 0.05 when compared with the value obtained from the sham-operated group.





Ischemia-Reperfusion Decreased Folate Transporter Expression in the Rat Kidneys

The expression of folate transporters in the rat kidneys was examined. Ischemia-reperfusion caused a significant decrease in FOLR1 mRNA and protein levels in the kidney tissue of male and female rats (Figure 3A). Ischemia-reperfusion also reduced RFC mRNA and protein levels in the kidney tissue (Figure 3B). There was no significant change in PCFT expression upon ischemia-reperfusion (Figure 3C). Immunohistochemical staining of the kidneys detected FOLR1 and RFC proteins that were mainly localized in kidney tubules (Figures 4A, B).




Figure 3 | Expression of folate transporters in rat kidneys. Rats were subjected to kidney ischemia-reperfusion (IR) or sham operation (sham). The mRNA and protein of (A) folate receptor 1 (FOLR1), (B) reduced folate carrier (RFC) and (C) proton-coupled folate transporter (PCFT) in the kidneys of male and female rats were determined by real-time PCR and Western immunoblotting analysis, respectively. Results are expressed as mean ± SE (n = 6). *P < 0.05 when compared with the value obtained from the sham-operated group.






Figure 4 | Immunohistochemical staining of folate transporters in rat kidneys. Rats were subjected to kidney ischemia-reperfusion (IR) or sham operation (sham). Immunohistochemical staining for (A) folate receptor 1 (FOLR1) and (B) reduced folate carrier (RFC) in the kidney tissue was carried out with anti-FOLR1 antibodies and anti-RFC antibodies, respectively (magnification x100 and x400). As a negative control, immunohistochemical staining was performed by using non-specific rabbit IgG as primary antibodies. Arrows point to the areas stained with FOLR1 or RFC antibodies (brown color). All staining analyses were performed in kidneys isolated from 6 rats of each group. Representative photos were shown. The bar on the image represents 100 µm.





Hypoxia-Reoxygenation Decreased Folate Transporter Expression in Human Proximal Tubular Cells

Folate reabsorption in the kidneys mainly occurs in the proximal tubules where folate transporters are abundantly expressed in tubular cells. Experiments were performed in human proximal tubular cells with hypoxia-reoxygenation that simulated ischemia-reperfusion. Hypoxia-reoxygenation caused a significant decrease in FOLR1 mRNA and protein levels in tubular cells (Figure 5A). Hypoxia-reoxygenation also reduced RFC expression in tubular cells (Figure 5B) but did not change PCFT expression (data not shown). There was a significant decrease in intracellular folate levels after hypoxia-reoxygenation (Figure 5C). Hypoxia-reoxygenation significantly increased IL-6 mRNA in tubular cells (Figure 5D).




Figure 5 | Effect of hypoxia-reoxygenation on folate transporter expression and folate levels in proximal tubular cells. Cells were subjected to 2 h hypoxia followed by reoxygenation (HR) for 48 h or 72 h. The mRNA and protein expression of (A) folate receptor-1 (FOLR-1) and (B) reduced folate carrier (RFC) were determined by real-time PCR analysis 48 h after hypoxia-reoxygenation and by Western immunoblotting analysis 72 h after hypoxia-reoxygenation, respectively. (C) Intracellular folate was measured 72 h after hypoxia-reoxygenation. (D) IL-6 mRNA was determined. Cells cultured under normal condition were used as control. Results are expressed as mean ± SE (n = 5-6). *P < 0.05 when compared with the value obtained from the control cells.





Reduced Sp1 Activity Might Contribute To Decreased Folate Transporter Expression During Ischemia-Reperfusion

To investigate the mechanism by which ischemia-reperfusion decreased folate transporter expression, siRNA transfection was conducted in tubular cells. Cells were transiently transfected with Sp1 siRNA or a scrambled siRNA control. Inhibition of Sp1 expression by Sp1 siRNA transfection resulted in a significant reduction of Sp1 mRNA (Figure 6A) and FOLR1 mRNA expression in tubular cells (Figure 6B). Furthermore, silencing Sp1 caused a significant decrease in intracellular folate levels (Figure 6C) and a significant increase in IL-6 mRNA (Figure 6D). Sp1 is a transcription factor that regulates FOLR1 expression. The nuclear proteins in the kidney tissue were prepared and the EMSA was performed. Compared to the sham-operated group, there was a significant decrease in the Sp1/DNA binding activity in the kidneys collected from rats subjected to ischemia-reperfusion (Figure 7A). The super-shift assay was also performed to confirm the presence of Sp1 in the EMSA complex (Figure 7B). These results suggested that Sp1 might contribute to the down-regulation of FOLR1 expression in the kidney, which in turn, decreased folate reabsorption in tubular cells during ischemia-reperfusion injury. However, there was no significant change in Sp1 mRNA (Figure 7C) and protein (Figure 7D) levels in the kidneys upon ischemia-reperfusion. Furthermore, there was no change in Sp1 mRNA in proximal tubular cells that were subjected to hypoxia-reoxygenation (Figure 7E).




Figure 6 | Effect of Sp1 siRNA transfection on folate receptor expression, folate content and IL-6 expression in proximal tubular cells. Cells were transfected with Sp1 siRNA or scrambled RNA (ScrRNA) as a control. (A) Sp1 mRNA, (B) folate receptor (FOLR-1) mRNA, (C) intracellular folate and (D) IL-6 mRNA was determined by real-time PCR analysis. Results are expressed as means ± SE (n = 4-6). *P < 0.05 when compared with the value obtained from cells transfected with ScrRNA.






Figure 7 | Sp1/DNA binding activity and expression in rat kidneys and proximal tubular cells. Rats were subjected to kidney ischemia-reperfusion (IR) or sham operation (sham). Nuclear proteins were isolated from the kidneys. (A) The DNA binding activity of Sp1 was determined by EMSA. The binding activity in the sham-operated group was expressed at 100%. (B) In the supershift assay, the nuclear protein and DNA oligonucleotides were incubated in the absence (lane 1) or presence of anti-Sp1 antibody (Abcam, 2 μL in lane 2 and 4 μL in lane 3) for supershift assay. The shift of the Sp1/DNA complex is indicated by an arrow. (C) The mRNA of Sp1 in the kidneys was determined by real-time PCR analysis. (D) The Sp1 protein in the kidneys was determined by Western immunoblotting analysis. (E) Proximal tubular cells were subjected to 2 h hypoxia followed by reoxygenation (HR) for 48 h. Cells cultured under normal condition were used as control. The mRNA of Sp1 was measured. Results are expressed as mean ± SE (n = 5-6). *P < 0.05 when compared with the value obtained from the sham-operated group or the control cells.






Discussion

The kidneys play an important role in folate homeostasis through transporter-mediated reabsorption in proximal tubules. In the present study, ischemia-reperfusion caused severe kidney injury and a decrease in plasma folate levels in rats. Our results, for the first time, demonstrated that kidney ischemia-reperfusion significantly reduced the expression of folate transporters (FOLR1, RFC) in the kidneys of both male and female rats. Such an inhibitory effect might be mediated, in part, via down-regulation of transcription factor Sp1. The plasma folate levels were inversely correlated to plasma creatinine levels, suggesting that low circulating folate levels were associated with impaired kidney function.

Patients with end-stage renal disease or kidney transplantation often develop nutrient deficiency. A recent prospective study indicates that altered micronutrient status is common in patients with severe AKI regardless of receiving continuous renal replacement therapy (37). It has been reported that kidney transplant recipients have reduced blood folate levels and elevated homocysteine levels (hyperhomocysteinemia) (14), the latter is a risk factor for cardiovascular disease. Reduced serum folate and elevated homocysteine levels have also been observed in patients with chronic renal failure (11, 12). However, the mechanism of low circulating folate levels associated with kidney disease is not fully understood. In the present study, we examined the effect of AKI on plasma folate levels in a rodent model. Rats with kidney ischemia-reperfusion injury had significantly low levels of plasma folate. Further analysis revealed that the plasma folate levels inversely correlated to creatinine levels. These results suggested that as kidney function deteriorated, the peripheral circulating folate level decreased. Folate is an essential micronutrient that is required for many biochemical reactions in the body. Nutritional support is a key element for AKI patients to ensure adequate nutrient balance. According to the Kidney Disease Improving Global Outcomes (KDIGO) Clinical Practice Guideline for AKI, improving nutritional status in AKI patients is critical for better clinical outcomes (7). Our results suggest that patients with AKI may be at a higher risk of developing folate deficiency.

The 5-MTHF is the predominant form of folate in the circulation. It is estimated that 20% of circulating 5-MTHF in rats is protein-bound (17, 38). The non-protein bound folate (5-MTHF) is freely filtered in the glomeruli. Reabsorption of folate in renal proximal tubules through folate transporters is an important process to prevent urinary loss of folate. In healthy individuals, folate is reabsorbed from the lumen into tubular cells, a process primarily mediated by FOLR1 (17, 19, 39). Such a reabsorption of folate in renal proximal tubules is an important process to prevent urinary loss of folate. Diminished folate transporter expression in tubular cells might contribute to impaired folate reabsorption in the kidneys, which, in turn, led to reduced plasma (circulating) folate levels. Several lines of evidence from the present study suggested that impaired FOLR1 expression might be one of the mechanisms contributing to low circulating folate levels in AKI. Ischemia-reperfusion significantly reduced FOLR1 mRNA and protein in the kidneys. Simulation of ischemia-reperfusion in proximal tubular cells by hypoxia-reoxygenation decreased FOLR1 expression and significantly reduced intracellular folate levels. The expression of folate receptor can be regulated by a transcription factor Sp1. The human and rat folate receptor gene contains Sp1 binding sites in its promoter region (20–22). There are three Sp1 binding sites identified in human folate receptor and the binding of Sp1 to all these sites are necessary for optimal transcriptional regulation (21, 22). In the present study, ischemia-reperfusion decreased Sp1/DNA binding activity and the expression of FOLR1 in the kidney. Silencing Sp1 by siRNA transfection caused a reduction of FOLR1 expression and low folate levels in human proximal tubular cells. In a previous study, we observed that ischemia-reperfusion could reduce the phosphorylation of Sp1, which, in turn, decreased its transcriptional regulation of cystathionine-beta-synthase expression in the kidneys (30). However, it remains to be investigated whether ischemia-reperfusion alters the binding of Sp1 to the promoter region of FOLR1 in the kidneys. Aside from FOLR1-mediated folate reabsorption in the kidney, RFC is involved in transporting folate from tubular cells into the peritubular capillaries (23). Ischemia-reperfusion also inhibited RFC expression in the kidneys, which might cause less folate being transported into the circulation. Taken together, our results demonstrated that ischemia-reperfusion injury could inhibit folate transporter expression in the kidneys and reduce folate levels in the circulation.

The present study included both male and female rats. To the best of our knowledge, this is the first study reporting a downregulation of renal folate transporter expression and low plasma folate levels in a rodent model with ischemia-reperfusion induced AKI. However, the present study also had some limitations. First, down-regulation of renal folate transporter expression and low plasma folate levels were observed in rats 24 h after ischemia-reperfusion injury. It remains to be investigated whether such an injury has a long-term impact on folate homeostasis. Second, ischemia-reperfusion elicited inflammatory response in the kidneys. Folate deficiency is associated with increased oxidative stress, inflammatory response and/or hepatic steatosis in metabolic disease (40–44). Folic acid supplementation can attenuate high fat diet/fatty acid induced inflammatory cytokines including IL-6 in the liver and hepatocytes (42, 45). Our previous studies have shown that folic acid supplementation can also attenuate hyperhomocysteinemia-induced inflammatory response in the aorta (46) as well as reduce oxidative stress in rat liver and kidneys (47, 48). However, there is no direct evidence of a causal relationship between a decreased folate transporter expression/low folate levels and an increased inflammatory response in the kidneys upon ischemia-reperfusion injury. Future studies are warranted to investigate (1) whether folic acid supplementation can attenuate ischemia-reperfusion induced inflammatory cytokine expression in the kidneys; and (2) the impact of inflammation on folate transporter expression and folate status in patients with kidney injury. Third, cautions should be taken to interpret results obtained from an animal model. Results obtained from the present study need to be corroborated with clinical investigation in patients with AKI to confirm an inverse correlation between kidney function parameters and folate levels in the circulation as well as its impact on clinical outcomes. It remains to be investigated if folate supplementation can improve AKI associated biochemical and pathological changes such as inflammatory cytokine expression, oxidative stress and kidney injury. Furthermore, the present study focused on the impact of AKI on folate status and the mechanism involved. The impact of AKI on the status of other micronutrients and clinical outcomes remains to be investigated in future studies.

In conclusion, the present study has identified a significant association between kidney function and plasma folate levels. Our results, for the first time, demonstrate that kidney ischemia-reperfusion injury decreases renal folate transporter expression, in part, mediated via Sp1 transcriptional downregulation and causes a significant reduction of plasma folate levels in a rat model. Future studies are warranted to confirm if circulating folate level is inversely correlated with kidney function in AKI patients. Improvement of folate status in patients with kidney disease may be critical for better clinical outcomes.
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Innate immune cells are key contributors to kidney inflammation and fibrosis. Infiltration of the renal parenchyma by innate immune cells is governed by multiple signalling pathways. Since the discovery of the chemokine fractalkine (CX3CL1) and its receptor, CX3CR1 over twenty years ago, a wealth of evidence has emerged linking CX3CL1-CX3CR1 signalling to renal pathologies in both acute and chronic kidney diseases (CKD). However, despite the extent of data indicating a pathogenic role for this pathway in kidney disease and its complications, no human trials of targeted therapeutic agents have been reported. Although acute autoimmune kidney disease is often successfully treated with immunomodulatory medications, there is a notable lack of treatment options for patients with progressive fibrotic CKD. In this article we revisit the CX3CL1-CX3CR1 axis and its functional roles. Furthermore we review the accumulating evidence that CX3CL1-CX3CR1 interactions mediate important events in the intra-renal pathophysiology of CKD progression, particularly via recruitment of innate immune cells into the kidney. We also consider the role that systemic activation of the CX3CL1-CX3CR1 axis in renal disease contributes to CKD-associated cardiovascular disease. Based on this evidence, we highlight the potential for therapies targeting CX3CL1 or CX3CR1 to benefit people living with CKD.
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Introduction

Innate immune cells are key contributors to kidney inflammation and fibrosis. Infiltration of the renal parenchyma by innate immune cells is governed by multiple signalling pathways. Since the discovery of the chemokine fractalkine (CX3CL1) and its receptor, CX3CR1 over twenty years ago, a wealth of evidence has emerged linking CX3CL1-CX3CR1 signalling to renal pathologies in both acute and chronic kidney diseases (CKD). However, despite the extent of data indicating a pathogenic role for this pathway in kidney disease and its complications, no human trials of targeted therapeutic agents have been reported. Although acute autoimmune kidney disease is often successfully treated with immunomodulatory medications, there is a notable lack of treatment options for patients with progressive fibrotic CKD. In this article we revisit the CX3CL1-CX3CR1 axis and its functional roles. Furthermore we review the accumulating evidence that CX3CL1-CX3CR1 interactions mediate important events in the intra-renal pathophysiology of CKD progression, particularly via recruitment of innate immune cells into the kidney. We also consider the role that systemic activation of the CX3CL1-CX3CR1 axis in renal disease contributes to CKD-associated cardiovascular disease. Based on this evidence, we highlight the potential for therapies targeting CX3CL1 or CX3CR1 to benefit people living with CKD.



Discovery of the CX3CL1-CX3CR1 Axis as a Regulator of Chemotaxis and Adhesion

CX3CL1 was identified independently by two separate research groups in 1997 and termed neurotactin and fractalkine by the respective authors (1, 2). Neurotactin may also refer to a surface glycoprotein first identified in Drosophilia melanogaster and this term has therefore not remained in extensive use (3, 4). Throughout this article we will refer to this unique chemokine as CX3CL1.

Pan et al. identified CX3CL1 following sequencing of the murine choroid plexus while Bazan et al. identified it by searching for chemokine-like sequences in an expressed sequence tag database in the National Centre for Biotechnology Information (NCBI). Both groups identified a cDNA clone which corresponded to a large protein containing a sequence of hydrophobic residues suggestive of a transmembrane domain. Pan et al. reported that messenger RNA for CX3CL1 was identified in most human tissues with the notable exception of peripheral blood cells but corresponding analyses of protein expression were not reported in this paper. Human endothelial and epithelial cell lines transfected with the coding region of CX3CL1 were found to express CX3CL1 on the cell surface, consistent the hypothesis that the newly discovered protein was membrane-bound. Bazan et al. showed that CX3CL1 could also be released into cell culture supernatants. The authors described disparate results for chemotactic assays with CX3CL1 which was reported to induce in vitro neutrophil chemotaxis by Pan et al. and in vitro monocyte and lymphocyte chemotaxis by Bazan et al. The latter also reported that surface CX3CL1 triggered adhesion of monocytes or T-cells. Notably, Pan et al. observed that CX3CL1 was upregulated in the brains of mice treated with lipopolysaccharide or in mice with experimental autoimmune encephalitis, suggesting a pro-inflammatory role. Thus, CX3CL1 was demonstrated to be a new and structurally unique chemokine which was comprised of CX3C domain and a mucin stalk. The CX3C domain may be shed from the mucin stalk to act as a soluble chemokine or may be expressed on the cell surface via this transmembrane mucin stalk.

In the same year, Imai et al. identified that the orphan receptor V28 was a high-affinity receptor for CX3CL1 and that this receptor mediated in vitro CX3CL1-induced chemotaxis (5). This G protein coupled receptor (GPCR) was previously reported by Raport et al. who used degenerate PCR to identify GPCRs related to the IL-8 receptor with potential relevance to immune function. Notably V28 had been identified as highly expressed in neural and lymphoid tissue but no known chemokines were found to trigger Ca2+ influx in V28 transfected cell lines (6). In contrast, CX3CL1 ligation of the V28 receptor induced calcium influx which was inhibited by pertussis toxin, indicating that CX3CL1 signal transduction is mediated by a Gαi class G-protein. This work further demonstrated that V28 is capable of inducing cellular adhesion through a mechanism independent of G-protein signalling. V28 surface expression was identified on natural killer cells, T-cells and monocytes but not on granulocytes and was capable of triggering trans-endothelial migration of both lymphocytes and monocytes. Finally, endothelial expression of the fractalkine protein was shown to induce adhesion of V28 transfected cells or natural killer cells to the endothelium (5). The mechanism of adhesion was shown to require both the CX3C and mucin stalk domains of the CX3CL1 protein. Overall, these initial studies demonstrated that CX3CL1 functions as both a chemokine and an adhesion molecule via binding of the V28 receptor. The V28 receptor was subsequently re-named CX3CR1 and remains the only receptor through which CX3CL1 has been shown to function (5). Combadiere et al. reached similar conclusions and also reported that CX3CR1 may function as a fusion co-receptor in HIV infection (7).

In the years following these discoveries, the role of the CX3CL1-CX3CR1 axis in inducing chemotaxis and adhesion of leucocyte populations was pursued in detail by several groups. Al-Aoukaty et al. further confirmed that engagement of CX3CR1 results in G-protein activation in the cellular membrane, specifically Gi or Gz proteins (8). Al Aoukaty et al. postulated that the mucin stalk contained within CX3CL1 was key to the mechanism of CX3CL1-CX3CR1 mediated adhesion. CX3CL1-CX3CR1 interactions were shown by Fong et al. to be capable of inducing monocyte, CD8+ lymphocyte and NK-cell arrest and firm binding under physiologic flow conditions, including when CX3CL1 was expressed on the surface of endothelial cells (9). Work by Goda et al. indicated that exposure to CX3CL1 also enhances the ability of both THP-1 cells and ex vivo monocytes to bind to integrins and fibronectin (10). With regards to the effect of inflammation on regulation of CX3CL1-CX3CR1 signalling, Harrison et al. demonstrated that CX3CL1 is expressed at a low level by rat endothelial cells in steady state but that both mRNA and protein expression are increased after in vivo treatment with lipopolysaccharide (LPS) or the pro-inflammatory cytokines tumour necrosis factor-alpha (TNF-α) and interleukin-1 (IL-1) (11). It was subsequently demonstrated that CX3CL1 induction by pro-inflammatory stimuli is mediated by nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signalling (12).

In relation to the kidney, the signalling pathways involved in TNF-α−mediated CX3CL1 expression within mesangial cells were first dissected by Chen et al. (13). Mesangial cells stimulated with TNF-α upregulate CX3CL1 expression at the mRNA and protein levels. The protein produced is cleaved by matrix metalloproteinases (MMPs) and can then induce transmigration of a monocytic cell line. Intracellular signalling cascades triggered by TNF-α were investigated using protein kinase inhibitors and inhibitors of NF-κB. Inhibitors of protein kinase C (PKC) or of p42/44 (ERK1/2) mitogen activated protein kinase (MAPK) reduced CX3CL1 expression after TNF-α stimulation, as did inhibition of NF-κB or activation protein-1 (AP-1). Overall, these data indicate that TNF-α induces CX3CL1 through multiple intracellular signalling including PKC, ERK1/2 MAPK, NF-κB and AP-1.



Physiological Roles of CX3CL1-CX3CR1 Beyond Chemotaxis

A further physiological role for CX3CR1 was reported by Auffray et al. (14). This work used real-time intra-vital microscopy and CX3CR1gfp/+ mice to demonstrate that Ly6Clo monocytes crawl on the luminal surface of blood vessels and extensively patrol the endothelial surface (14). This patrolling process, which is dependent on both the integrin LFA-1 (CD11a/CD18) and CX3CR1, plays a role in immune surveillance and allows early response to tissue damage or infection. Subsequently, Cros et al. demonstrated, using adoptive transfer of human nonclassical monocytes into Rag-/- mice, that human nonclassical monocytes, the equivalent of murine Ly6Clo monocytes, also patrol the vasculature (15).

CX3CL1-CX3CR1 signalling has also been reported to play an anti-apoptotic role in myeloid cell development and survival during steady-state conditions (16). Lyszkiewcz et al. demonstrated that, in steady-state, CX3CR1 deficiency results in accelerated turnover of myeloid precursors in the bone marrow. In a competitive adoptive transfer model, CX3CR1-deficient dendritic cells, monocytes, macrophages and granulocytes have a survival disadvantage. These effects are not seen in animals subjected to sub-lethal whole body irradiation suggesting that the survival disadvantage conferred by CX3CR1 deficiency is overcome in inflammatory conditions (17). This indicates a role for the CX3CL1-CX3CR1 pathway in homeostatic but not inflammation-driven generation of myeloid cells. It has also been demonstrated, however, that anti-apoptotic signalling through the CX3CL1-CX3CR1 pathway is important for monocyte survival within atherosclerotic plaques (18). This elegant work demonstrated less severe atherosclerosis with reduced monocyte survival and increased apoptotic monocytes within atherosclerotic plaques of CX3CR1-deficient mice - effects that were reversed by enforced expression of the anti-apoptotic protein Bcl-2. Furthermore, cultured human monocytes are rescued from cell death by treatment with recombinant CX3CL1. The anti-apoptotic effects of CX3CL1 appear to be G-protein mediated as they are abolished by exposure to pertussis toxin. Interestingly, monocytes isolated from individuals carrying the M280 mutation in the CX3CR1 gene are not rescued from apoptosis by exposure to CX3CL1 (19) and homozygotes for this mutation are protected from atherosclerotic cardiovascular disease (20) while being at increased risk of systemic candidiasis (21) – suggesting important, non-redundant, biological roles for this pathway in human atherogenesis and immunity. CX3CL1-CX3CR1 anti-apoptotic signalling may also enable T-cell survival during inflammation (22). Furthermore, CX3CL1 mediates survival and proliferation of vascular smooth muscle cells through ERK- and Akt-dependent signalling - with Akt phosphorylation mediated by transactivation of the epidermal growth factor receptor (EGFR) (23).

It is evident that the CX3CL1-CX3CR1 axis is key in leucocyte trafficking throughout the body and immune cell survival in certain circumstances. CX3CR1 is also expressed by microglia in the brain and CX3CL1-CX3CR1 is of importance in neurodevelopment and inflammatory disease of the central nervous system (24, 25). Certain cells of mesenchymal origin including smooth muscle cells and mesangial cells also express CX3CR1, as discussed later in this review. Within the central nervous system it has been shown that CX3CL1 signalling may stimulate increased pro-inflammatory cytokine production through in a p38-MAPK dependent fashion (26). Whether such a role exists in other organs or circulating immune cells remains to be seen. CX3CL1- CX3CR1 signalling may be of broader importance in embryonic development, including nephrogenesis, as both CX3CL1 and CX3CR1 are expressed by various structures and cells within the developing kidney (27). Table 1 summarises the expression of CX3CR1 by different immune cells and its functional roles in these cells. These data present a breakdown of CX3CR1 expression and responses to CX3CL1 by cell type based on data published early in the twenty first century. It should be noted that each leucocyte population referred to in this table is comprised of multiple, functionally distinct, subpopulations. Further work examining lymphocyte and monocyte subtype-specific expression and functional responses would be of value in elucidating the precise role of this pathway in immune cell function. Multiple signalling pathways mediate various cellular responses to CX3CL1 binding to CX3CR1 including intracellular calcium release and the MAP/ERK, PI3K/Akt, JAK/STAT pathways, as illustrated in Figure 1.


Table 1 | Summary of expression of CX3CR1 and chemotactic, adhesive and other physiological responses to CX3CL1 in major immune cell subtypes.






Figure 1 | Multiple signalling pathways are activated by both soluble and membrane-bound CX3CL1 (blue spheres) as outlined here. CX3CR1 is a G-protein coupled receptor linked to Gi and Gz proteins (8). Calcium release resulting in chemotaxis was demonstrated by Harrison et al. (29). CX3CL1 also contributes to intercellular adhesion through mechanisms which do not appear to be G-protein sensitive (5). Enhanced cellular survival is mediated by both the Akt and ERK pathways, including via transactivation of the EGFR receptor (16). CX3CL1 ligation of the CX3CR1 receptor also leads to nuclear translocation of transcription factors (30) including NFκB (31), CREB (32) and STAT (33) with resulting modulation of gene expression. Created with BioRender.com.





The CX3CL1-CX3CR1 Axis in Kidney Disease: Early Discoveries (1998–2002)

Shortly after the discovery of CX3CL1 and its cognate receptor CX3CR1, studies examining the role of the CX3CL1-CX3CR1 axis in multiple disease states and the potential for therapeutic blockade emerged. The first such study of relevance to kidney disease examined the potential for chemokine receptor blockade by viral macrophage inflammatory protein-II (vMIP-II), a chemokine analogue produced by human herpes virus-8, in experimental anti-GBM glomerulonephritis in Wistar-Kyoto rats (34). This study confirmed that v-MIP-II competitively inhibits CX3CL1 binding to immune cells and showed that administration of v-MIP-II in this rat model of glomerulonephritis attenuated disease severity. However, v-MIP-II is an antagonist of multiple chemokine receptors and there results could not be definitively ascribed to blockade of CX3CL1/CX3CR1 interaction (34). A subsequent study looked more specifically at the effects of CX3CR1 blockade in the same model of acute glomerular inflammation. Expression of both CX3CL1 and CX3CR1 were increased after the induction of anti-GBM glomerulonephritis. CX3CL1 expression was induced on the glomerular endothelium while CX3CR1 expression was identified on infiltrating T-cells and macrophages. Notably, these cells, once isolated from inflamed kidneys, were capable of undergoing chemotaxis towards a CX3CL1 gradient. In keeping with the proposed pathological relevance of CX3CL1 in kidney inflammation, daily treatment with an anti-CX3CR1 antibody resulted in attenuated disease severity (35). In a study of human renal biopsy samples from 23 patients with crescentic glomerulonephritis, CX3CL1 expression was shown to be increased in acute disease and decreased after steroid treatment (36). These findings provoked interest in the therapeutic use of chemokine blockade in renal disease (37, 38).

In 2002, Cockwell et al. examined the expression of CX3CL1 in renal biopsies from patients with acute glomerulonephritis due to ANCA-associated vasculitis (AAV) or with acute transplant rejection, using either normal tissue obtained at the time of tumour nephrectomy or biopsies showing minimal change disease as negative controls. At gene expression level, mRNA for CX3CL1 was increased in the glomeruli of patients with acute AAV and increased to a lesser extent in patients with acute transplant rejection. In the tubulointerstitium, mRNA for CX3CL1 was increased in both groups compared to control tissue but to a greater degree in transplant rejection. At protein level, CX3CL1 expression, determined by immunohistochemistry, was higher in biopsies with renal inflammation. Serial section analysis demonstrated that CX3CL1 positivity was localised to areas of T-cell or macrophage infiltrates (39). Related in vitro work demonstrated that proximal tubular epithelial cells (PTEC) upregulate CX3CL1 expression after TNF-α stimulation and that this upregulation is capable of supporting adhesion of either THP-1 cells or ex vivo natural killer (NK) cells (40).

Segerer et al. further studied the expression of CX3CR1 by infiltrating cells in human kidney disease using similar control samples (41). Serial section analysis was used to correlate the location of CX3CR1 positivity with the presence of T-cell or monocyte/macrophage infiltrates, identified by anti-CD3 and anti-CD68 staining, respectively. The negative control or uninflamed tissue showed occasional CX3CR1 positive cells and minimal cellular infiltration. By comparison, kidney biopsies of membranous nephropathy, focal segmental glomerulosclerosis or collapsing glomerulopathy had more CX3CR1 positive cells, corresponding to the locations of T-cell or monocyte/macrophage infiltration. In crescentic glomerulonephritis, cellular infiltration was much more pronounced with a preponderance of CD68+ monocyte/macrophages. CX3CR1 was highly expressed and, similarly, corresponded to the location of monocyte/macrophage or T-cell infiltration. Of note, these and other early studies in animal models and human kidney samples focused primarily on expression patterns and associations of the CX3CL1-CX3CR1 axis in acute settings. Although clearly of potential mechanistic importance in the intense inflammation associated with acute kidney diseases, insights into the expression and functional significance of CX3CL1/CX3CR1 signalling in CKD was lacking. For the remainder of this article, we focus on subsequent evidence that CX3CL1 interaction with CX3CR1 is of distinct pathophysiological importance to the progression of fibrosis and impaired renal function in CKD.



The Role of the CX3CL1-CX3CR1 Axis in Chronic Kidney Disease: Evidence From Animal Studies

Animal models have indicated that the CX3CL1-CX3CR1 axis is important in the progression of chronic renal diseases such as diabetic nephropathy (DN). Kikuchi et al. (42) showed, in rats with streptozocin-induced DN, that mRNA expression of CX3CL1 and CX3CR1 was increased four and eight weeks after induction of diabetes. Immunohistochemistry demonstrated that endothelial expression of CX3CL1 and number of CX3CR1 positive cells within the glomeruli were increased. Treatment with the ACE-inhibitor temocapril reduced intra-renal mRNA and protein levels of CX3CL1 and CX3CR1 eight weeks after induction of diabetes. Subsequently, micro-dissected glomeruli from normal rat kidneys were shown to upregulate CX3CL1 expression following in-vitro exposure to high concentrations of glucose, TNF-α or advanced glycation end-products (AGEs). These data demonstrate that CX3CL1 expression is induced in DN and may be modulated by therapeutic strategies already in use (43). The streptozocin-induced DN model was used in CX3CR1 knockout mice by Song et al. to further elucidate the role of CX3CL1 signalling in the development of DN (44). Renal fibrosis was induced in wild-type diabetic mice but was attenuated in CX3CR1-deficient animals. The streptozocin-treated knockout mice also had reduced mRNA expression of TGF-β, fibronectin and collagen-related genes and reduced macrophage accumulation within kidney tissue compared to their wild-type counterparts. In vitro work examined the role of CX3CL1 signalling in mesangial cells under diabetic conditions. In response to high glucose concentrations, mesangial cells increased expression of mRNA and protein for CX3CL1 and CX3CR1 and released greater amounts of CX3CL1 into the culture medium. Treatment of mesangial cells with CX3CL1 or with other diabetes-related stimuli also induced higher expression of the pro-fibrotic molecules TGF-β, collagen 4α1 and fibronectin at both mRNA and protein levels. Furthermore, small interfering (si)-RNA-mediated reduction of CX3CL1 expression attenuated these changes. These data highlight that CX3CL1 signalling via CX3CR1 contributes to macrophage infiltration and renal fibrosis in mouse models of DN and that mesangial cells both produce and respond to CX3CL1. Such findings related to mesangial cells in DN are consistent with reports in an acute glomerulonephritis model, indicating that CX3CL1, produced by mesangial cells plays a role in monocyte recruitment to the kidney (45) and in in vitro culture systems demonstrating that murine monocytes adhere to mesangial cells in a CX3CL1-CX3CR1 dependent fashion (46).

The importance of the CX3CL1-CX3CR1 axis in renal fibrosis following acute kidney injury has been studied by Furuichi et al. using an ischemia reperfusion injury (IRI) model. In this study, IRI resulted in increased expression of CX3CL1 protein in the kidney but did not demonstrate a corresponding change in mRNA levels. Furthermore, the location of CX3CL1 expression within the kidneys changed, being limited to endothelial cells in sham-operated animals while also detected on tubular epithelial cells and in association with infiltrating cells following IRI. Renal expression of CX3CR1 was increased at both protein and mRNA levels following IRI with protein expression mostly observed in association with infiltrating cells. The lack of correlation between mRNA and protein expression may simply reflect a technical limitation given the correlation between mRNA and protein level expression described by other authors. The severity of acute tubular necrosis following IRI did not differ between wild type (WT) and CX3CR1-/- mice. However, collagen deposition was reduced in the CX3CR1-/- animals, as was intra-renal macrophage infiltration while lymphocyte and neutrophil numbers were unaffected. Overall, this work was consistent with a role for CX3CR1-dependent macrophage-mediated fibrosis following IRI. To account for the possibility of developmental differences in macrophage lineages in CX3CR1-/- mice, Furuichi et al. also used pharmacological blockade by administering a CX3CR1-neutralising antibody following IRI. Animals treated with the blocking antibody had significantly reduced post-IRI renal fibrosis compared to controls (47). Overall these data suggested that the CX3CL1-CX3CR1 axis was of mechanistic importance in the development of renal fibrosis and a potential for it to be targeted therapeutically.

Oh et al. also demonstrated increased CX3CL1 expression after IRI, using immunoblotting and immunohistochemistry. In this study, blockade of CX3CR1 was associated with protection against acute renal impairment, as assessed by histology and blood urea and creatinine levels, and with reduced macrophage infiltration (48). Another mouse model of IRI demonstrated that CX3CR1 deficiency is associated with protection against renal impairment after IRI and reduced infiltration of the renal parenchyma with monocyte-derived macrophages. Macrophage infiltration of the kidney was restored and protection from renal impairment attenuated after adoptive transfer of CX3CR1-competent blood monocytes (49). These results supported the conclusion that CX3CR1-signalling is required for monocyte/macrophage migration into the kidney and that CX3CR1-dependent migration has deleterious effects on renal function following IRI (49). Overall, these data from animal model studies are consistent with a mechanism by which intra-renal induction of CX3CL1 expression following IRI plays a key role in monocyte-derived macrophage infiltration of the renal parenchyma and in the subsequent severity of renal fibrosis. Whether this pathway is also an important, targetable mechanism of AKI progression to CKD in humans remains less well understood and merits more detailed investigation.

Other animal models of pro-fibrotic kidney injury have also provided compelling evidence of a role for CX3CL1 in mediating renal leucocyte infiltration and renal functional impairment. For example, in a mouse model of radiation-induced renal injury, increased CX3CL1 expression within glomeruli was observed at 30 and 40 weeks after irradiation (50) and correlated with areas of leucocyte infiltration on serial section analysis. Similarly, in a mouse model of hypertension, the combination of deoxycorticosterone and high salt diet following unilateral nephrectomy resulted in elevated mRNA for both CX3CL1 and CX3CR1 within the kidneys. In this study, CX3CL1 was chiefly expressed by PTEC, peritubular capillaries and vascular endothelial cells. Treated animals exhibited F4/80+ macrophage infiltration of the kidneys with interstitial fibrosis and these changes, along with intra-renal TGFβ1 level, were ameliorated in CX3CR1-deficient mice (51). Mice with cisplatin-induced renal impairment have also been reported to have increased CX3CL1 expression within the kidneys. However, in this model of acute kidney injury, neither treatment with an anti-CX3CR1 neutralising antibody nor genetic CX3CR1 deficiency reduced the peak creatinine level, peak blood urea nitrogen level or macrophage infiltration of the kidney after injury (52). In a rat model of renovascular hypertension, serum CX3CL1 levels are increased in hypertensive rats, with or without concomitant Trypanosoma cruzi infection (53). High fructose diet-induced kidney injury is also ameliorated in CX3CR1-deficient mice via a reduction in NF-kB signalling (54).

Utilising the mouse unilateral ureteric obstruction (UUO) model, Peng et al. investigated the role of CX3CL1 in recruitment of different monocyte subsets into the obstructed kidney (55). This model demonstrated that both Ly6Chi/CX3CR1lo (classical) and Ly6Clo/CX3CR1hi (nonclassical) monocytes are recruited to the kidney after obstruction, albeit within different time-frames. The authors reported that, while Ly6Chi monocytes are the major producers of the proinflammatory cytokines TNF-α and IL-1β, Ly6Clo monocytes produce more of the pro-fibrotic cytokines TGF-β and platelet-derived growth factor (PDGF). Similar to other reported models, renal fibrosis was attenuated in CX3CR1-deficient mice after UUO. Further analyses demonstrated a specific lack of nonclassical monocyte accumulation within the obstructed kidneys of CX3CR1-deficient mice. Interestingly, this deficit was due to increased apoptosis rather than impaired recruitment, in keeping with the role of CX3CR1 signalling in cell survival outlined (18). Several of the studies described heretofore have indicated that macrophage accumulation is promoted via the CX3CR1-CX3CL1 axis. Of relevance to this literature, recent work has shown that the CX3CL1-CX3CR1 axis mediates blood monocyte infiltration of the colon and, thus, contributes to macrophage accumulation and tissue damage (56). More specifically, it was shown that CX3CL1 mediates crawling of monocytes on the colonic veins and that blockade of CX3CR1 prevents monocyte crawling and macrophage accumulation within the colon. Similar mechanisms may be responsible for macrophage accumulation in kidney injury.

To better address the potential relevance of CX3CL1-mediated signalling in CKD, Koziolek et al. (57) used a mouse folic acid nephropathy (FAN) model. Animals treated with a single high-dose intraperitoneal injection of folic acid consistently developed progressive tubulointerstitial fibrosis with renal functional impairment and proteinuria. Subsequent analyses of FAN kidneys demonstrated upregulation of CX3CL1 and CX3CR1 mRNA and protein for more than a hundred days after treatment. Compared to control kidneys, the location of CX3CL1 expression changed from limited expression on endothelial cells to expression on glomerular and peritubular capillaries, mesangial cells, tubular cells and cells within the interstitium. Immunohistochemistry also demonstrated increased expression of collagen-1, CD3+ (T-cell) infiltrates and S100A4, a protein expressed by fibroblasts and associated with epithelial-to-mesenchymal transition (57). The intensity of CX3CL1 expression correlated with the degree of tubulointerstitial fibrosis. Further work utilised in vitro analyses of murine renal tubular epithelial cell lines and demonstrated that these cells were capable of upregulating CX3CL1 expression and demonstrated increased chemotactic potency for peripheral blood mononuclear cells after stimulation with cytokines such as TNF-α, IL-1β or TGF-β (57). This animal study indicated that many of the functional effects of CX3CL1 demonstrated in more acute models of renal disease are also relevant to CKD. Finally, treatment of human renal fibroblast cell lines with CX3CL1 was shown to further upregulate CX3CL1 expression and to result in increased cell numbers, due to both increased proliferation and increased survival (57).

In contrast to the studies summarized above, work by Engel et al. has raised questions about the role of CX3CR1-CX3CL1 signalling in promoting renal fibrosis, instead providing experimental evidence that CX3CR1 deficiency can result in accelerated renal fibrosis under some circumstances (58). In this study, renal fibrosis following UUO was increased in CX3CR1-deficient mice compared to their wild type counterparts. CX3CR- deficient mice had a slightly decreased total number of mononuclear phagocytes after UUO but further analyses demonstrated a relative increase in blood monocyte-derived macrophages with a decrease in resident macrophages and dendritic cells. TGF-β producing macrophages were also increased in the CX3CR1-deficient mice, suggesting a mechanism for increased fibrogenesis. Finally, this work indicated that increased macrophage proliferation within the kidney occurred in CX3CR1-deficient mice. Overall, the authors proposed that lack of the CX3CR1 receptor allows macrophage proliferation within the renal parenchyma after injury, thus driving renal fibrosis (58). More recently, Ahadazadeh et al. examined the role of CX3CR1 in angiotensin-induced hypertension in mice. Greater albuminuria, more severe glomerular injury and increased renal fibrosis were seen in the CX3CR1-deficient mice, although blood urea nitrogen did not differ from that of wild type mice. Alongside these differences, increased neutrophil and F4/80+ macrophage infiltration of the kidneys and reduced dendritic cell numbers were seen in the CX3CR1-deficient mice. Cardiac injury was also assessed and was not reduced by CX3CR1 deficiency. In a different disease scenario, it has also been demonstrated that CX3CR1-dependent mechanisms protect against acute kidney injury in sepsis (59). These studies, which indicate that there may be counter-regulatory roles for CX3CR1-expressing myeloid cells during pro-fibrotic renal inflammation, must be taken into consideration when evaluating the clinical potential of CX3CR1 blockade in human CKD from diverse causes. It should be noted, however, that they depend on unconditional, whole-animal knockout of CX3CR1. Thus, differences in embryonic development, such as altered seeding of the renal tissue yolk sac-derived macrophages, may have impacted on the study findings. In order to better determine the potential for CX3CR1 targeting studies, incorporating a pharmacological blockade strategy at the time of renal injury or an inducible CX3CR1 knockout model should be utilised wherever possible.



The Role of the CX3CL1-CX3CR1 Axis in Chronic Kidney Disease: Evidence From Studies of Human Tissue and Cells

In 2007, Koziolek et al. studied CX3CR1 expression within the renal parenchyma of patients with >40% interstitial fibrosis associated with only minor cellular infiltration compared to normal renal parenchyma obtained at the time of tumour nephrectomy. In normal kidneys, CX3CR1 expression was absent or minimal but, in fibrotic kidneys CX3CR1+ cells were identified within both scarred glomeruli and the tubulointerstitial compartment. Serial sectioning indicated that some of the CX3CR1+ cells were CD68+ monocyte/macrophages or CD3+ T-cells but not all cells co-stained with these markers and double immunofluorescence studies indicated that, in advanced renal fibrosis, tubular epithelial cells, myofibroblasts (α-SMA+) and dendritic cells (CD11c+) also express CX3CR1. In keeping with this, human renal fibroblast cell lines also express CX3CR1 and migrate towards a CX3CL1 gradient suggesting a functional role for the CX3CL1- CX3CR1 in promoting renal fibrogenesis through fibroblast recruitment (60). Wang et al. demonstrated that exposure to AGEs increases human renal mesangial cell expression of CX3CL1. Production of matrix metalloproteinase two (MMP-2), an enzyme required for extracellular matrix degradation is inhibited in mesangial cells by AGEs and in a monocytic cell line by CX3CL1. Thus, extracellular matrix degradation may be reduced in diabetes due, in part, to increased CX3CL1 expression and this may contribute to renal extracellular matrix deposition and progression of renal impairment in DN (61).

In a different clinical setting, Yoshimoto et al. reported glomerular CX3CL1 expression and CD16+ monocyte infiltration in biopsies from people with acute lupus nephritis (62). Similar observations were subsequently reported in a mouse model of lupus nephritis. Of note, human CD16+ monocytes are now conventionally subdivided on the basis of CD14 expression into intermediate and nonclassical subsets (63) and have been shown to circulate in higher numbers in CKD, atherosclerosis and multiple other pro-inflammatory conditions (64, 65). Despite the demonstrated expansion of these populations in CKD and their association with CKD progression (64), the extent to which they infiltrate the renal parenchyma and contribute to renal inflammation and fibrosis during CKD is incompletely understood (66). Further investigation of the role of CX3CL1 in mediating inflammatory monocyte subset activities in human CKD will be of value in elucidating these issues.

In addition to its reported role in renal monocyte/macrophage recruitment and activation, data also exist to indicate that CX3CL1-CX3CR1 signalling is important for the recruitment and retention of dendritic cells (DCs) and for their pro-fibrotic effects in human kidneys. For example, Kassianos et al. used flow cytometric analysis of leukocytes within human fibrotic and non-fibrotic kidneys to demonstrate that CD1c+ DCs express CX3CR1 and are important producers of TGF-β within fibrotic kidneys. Immunohistochemical analyses of the same kidneys demonstrated upregulation of CX3CL1 on PTEC and co-localisation of CD1c+ DCs with the CX3CL1-expressing tubular cells (67). In vitro analyses confirmed that PTEC-derived CX3CL1 is capable of mediating chemotaxis and adhesion of DCs. Overall, this study provides strong evidence that upregulation of CX3CL1 by PTEC is a mechanism by which pro-fibrogenic DCs are recruited and retained in the renal parenchyma in CKD.

Of potential relevance to these tissue-based observations, a number of groups have investigated the association between single nucleotide polymorphisms (SNPs) within the CX3CR1 gene and the presence of CKD or end stage kidney failure (ESKF). One such polymorphism is V249I. The frequency of the I allele and the II genotype were found to be increased in ESKF by two groups (68, 69). In contrast, Yadav et al. reported that the II genotype was more common in controls (70) without significantly different allelic frequency of the I allele. Variations in the frequency of T280M CX3CR1 polymorphisms have also been observed in CKD. Interestingly, these same polymorphisms may influence the risk of cancer (71) and of delayed graft function (72) after renal transplantation.



Atherosclerosis in Chronic Kidney Disease: Contribution of Systemic Dysregulation of the CX3CL1- CX3CR1 Axis

It is well established that atherosclerosis is accelerated and cardiovascular morbidity and mortality increased among people with CKD (73, 74). One contributing factor to the burden of cardiovascular disease in CKD is a chronic micro-inflammatory state which may include systemic activation of the CX3CL1- CX3CR1 axis. Leucocyte recruitment into the blood vessel wall is required for the development of atherosclerotic plaques and CX3CL1-CX3CR1-mediated signalling has been shown to be an important mechanism in this process (75–77). This has prompted several groups to address the role of the CX3CL1-CX3CR1 axis in atherosclerosis acceleration in CKD.

In the first place, it has been reported that serum CX3CL1 concentrations are higher in people with CKD compared to age-matched controls (70, 78, 79) and correlate with eGFR (80). Additionally, serum CX3CL1 concentration been shown to be predictive of all-cause mortality and myocardial infarction in CKD cohorts (80, 81). Such observations have also been made in non-CKD populations (82, 83). Expression of CX3CR1 by circulating leukocytes may also be altered in CKD or ESKF. Blood monocytes were reported to have higher CX3CR1 expression in dialysis patients (84), although it is unclear from the data reported whether this was caused by upregulation of CX3CR1 expression by the whole monocyte population or by an increase in the proportion of CX3CR1hi intermediate and nonclassical monocytes. Increased CX3CR1 expression has been found in the arterial walls of people with CKD undergoing renal transplantation (80). The proportion of CX3CR1 expressing T-cells also increases in ESKF and CKD, largely due to an expansion of CX3CR1hi/CD4+/CD28- T-cells, the proportion of which is associated with intima-media thickness of the common carotid artery (79). Overall, these data favour a conclusion that CX3CL1-CX3CR1 signalling is increased in CKD. From a mechanistic perspective, one study indicated that in vitro exposure to the uremic toxin p-cresol (85), reduced trans-endothelial leukocyte migration and endothelial cell production of CX3CL1. However, high p-cresol concentrations were used in this study with potential implications for physiological relevance.

Importantly, animal and human data have also suggested a specific role for CX3CR1 expression by T-cells in CKD-associated acceleration of atherosclerosis (86). In a mouse model of CKD, atherosclerosis was attenuated in CX3CR1-deficient animals. Although macrophage infiltration of atherosclerotic lesions was reduced, reconstitution with CX3CR1+ monocytes did not restore the deficit. Instead, the authors observed that CX3CR1 deficiency resulted in reduced T helper 17 (TH17) cell polarization within atherosclerotic plaques and that this was necessary for the development of CKD-driven atherosclerosis. Adoptive transfer of CX3CR1+ T-cells restored atherosclerosis progression in mice with renal impairment, suggesting a specific contribution of CX3CR1+ T-cells to atherosclerosis in setting. This is in keeping with the study of Yadav et al. which an association between intima-medial thickening of the carotid artery and CX3CR1+/CD4+ T-cells in patients with CKD (79). Kim et al. examined upregulation of CX3CL1 by endothelial cells and the interactions between blood monocytes, endothelial cells and CD4+/CD28- T-cells under ESKF-like in vitro conditions (87). Exposure of cultured endothelial cells to conditioned medium from monocytes treated with the uremic toxin indoxyl sulfate or directly to recombinant TNF-α resulted in upregulation of cell surface CX3CL1. In contrast, exposure to indoxyl sulphate itself did not increase endothelial CX3CL1. Treatment of CD4+ T-cells with TNF−α increased the proportion of CD4+CD28-CX3CR1+ T-cells – a subpopulation that is increased in ESKF – and co-culture of endothelial cells with CD4+CD28-CX3CR1+ T-cells resulted in increased endothelial apoptosis. The authors propose that chronic uraemia leads to increased monocyte production of TNF-α which induces endothelial CX3CL1 expression and accumulation of CD4+ CD28- CX3CR1+ T-cells. This T-cell population may then bind to CX3CL1-expressing endothelial cells expressing CX3CL1 and compromise endothelial integrity (87).

Activation of the renin-angiotensin system and systemic angiotensinaemia may also contribute to CX3CL1-CX3CR1 dysregulation in CKD. Li et al. recently reported that mice with renal impairment have elevated expression of CX3CL1 and CX3CR1 in the aortic wall and that these levels were reduced by treatment with losartan. In vitro work using vascular smooth muscle (MOVAS) cells also showed that treatment with angiotensin increased CX3CR1 expression and that this was reduced by concomitant treatment with losartan. The induced CX3CR1 was functional, leading to increased migration of angiotensin-treated MOVAS cells compared to untreated cells and to cells treated with angiotensin + losartan (88).



Progress Toward Therapeutic Modulation of CX3CL1/CX3CR1 Axis in CKD

Modulation of fractalkine expression by existing medications or investigational medical products (IMP) has been reported and may be a mechanism by which they contribute to renal protection in CKD. This was highlighted in the animal studies above regarding RAS blockade (42). Mesenchymal stromal cells (MSCs) and MSC-derived microcellular vesicles (MSC-MVs) are recently developed advanced medical therapies with ongoing clinical trials for multiple medical conditions, including chronic kidney disease (89). A pre-clinical study investigated the effect of human umbilical cord-derived MSC-MVs on renal inflammation and impairment in a rat renal IRI model. Rats treated with MSC-MVs following IRI were protected from renal fibrosis and renal functional impairment two weeks after injury. Macrophage infiltration of the renal tissue and CX3CL1 expression within the kidney were also reduced in the MSC-MV treated group. In vitro, endothelial cells subjected to hypoxia also demonstrated increased CX3CL1 expression, which was reduced by MSC-MV treatment. MSC-MVs were also found to contain six micro-RNAs matched to CX3CL1 mRNA. Although not conclusive, this study suggests that modulation of CX3CL1 expression may be a mechanism by which MSCs or MSC-MVs exert therapeutic effects (90). Studies of MSCs in animal models of other diseases, including myocarditis and amyotrophic lateral sclerosis have pointed to an increase in CX3CL1 in MSC treated animals, although with an overall beneficial effect of MSC treatment (91, 92). These discrepancies could be the result of tissue specific effects, particularly in the central nervous system where the pro-survival effects of CX3CL1 may be neuroprotective under certain circumstances (93). Another investigational medical product M4PTB, a histone de-acetylase inhibitor, has been shown to decrease CX3CL1 expression and fibrosis in a mouse model of ischemia renal IRI (94)

One of the first reports of a strategy to develop a therapeutic antagonist of CX3CR1 was made in 2009 by Dorgham et al. (95). A CX3CR1 antagonist was developed using PCR mutagenesis and phage selection. The resulting antagonist, termed ‘F1’, was capable of inhibiting CX3CL1-induced calcium signalling and chemotaxis of both a HEK293 cell line and primary human leukocytes. The antagonist also inhibited adhesion of CX3CR1+ cell lines to CX3CL1 in vitro. Furthermore, the authors demonstrated that in vivo CX3CR1 antagonism with F1 led to reduced leukocyte recruitment in a mouse model of thioglycolate induced peritonitis. Neutralising antibodies are commonly used in vitro or in vivo to establish the pathogenic significance of a biological pathway and several experimental studies described in previous sections have utilized anti-CX3CR1 antibodies (35, 47, 48, 52). In the last two decades, monoclonal antibodies targeting pro-inflammatory chemokines or receptors have been a significant advance in treatment of numerous medical conditions, including malignancies and autoimmune disease. The potential for therapeutic targeting of the CX3CL1-CX3CR1 axis in inflammatory or fibrogenic diseases has been noted (96, 97). Toward this goal, the development of a variable domain of camelid, heavy chain only (VHH) antibody targeting CX3CR1 has recently been described in detail (98). A 30mg/kg dose of this “nanobody”, named BI665088, which was developed by Ablynx™ in collaboration with Boehringer Ingelheim™ was shown to inhibit atherosclerosis development in mice with knock-in human CX3CR1 expression. A press release in 2016 reported planned initiation of a Phase I trial of an anti-CX3CR1 nanonbody in patients with CKD but further details have not been published to date (99). An anti-CX3CL1 monoclonal antibody has also been developed (100) and data from early stage clinical trials suggests possible benefit in patients with rheumatoid arthritis (101).

Small molecule inhibitors of CX3CR1 also have therapeutic potential. The pharmaceutical company, Astra Zeneca, reported the development of orally available small molecule inhibitors of CX3CR1. These were developed by systematically varying compounds capable of binding other chemokine receptors and selecting those with high CX3CR1 binding capacity (102). One of the identified proteins, named AZD8797, was shown by Cederblad et al. to function as a non-competitive allosteric modulator of CX3CR1, capable of preventing both CX3CL1-CX3CR1-mediated adhesion and downstream G-protein mediated signalling pathways (103). Animal studies indicated that AZD8797 may be effective in treating multiple sclerosis (104, 105). E6130, a pyrrolidin-3-ylacetic acid derivative with CX3CR1 modulating capacity was patented by Eisai Co. in 2013 and subsequently published data demonstrated that this compound downregulates CX3CR1 expression on NK cells and prevents CX3CL1-mediated chemotaxis (106). Moreover, this compound reduces the severity of a murine model of inflammatory bowel disease. A further small molecule inhibitor of CX3CR1, termed JMS 17-2 has been developed and used in animal studies regarding the potential for therapeutic targeting of this axis to prevent cancer metastasis (107). Most of the therapies developed to date, summarised in Table 2, focus on blockade of the CX3CR1 receptor, either through direct binding of the active site or through allosteric modulation. Targeting of the downstream signalling pathways, as illustrated in Figure 1, may also be of therapeutic value, albeit with less specificity.


Table 2 | Pharmacological agents targeting the CX3CL1-CX3CR1 axis currently reported to be in development or clinical trials and disease of interest.





Conclusions

More than 10% of the global population live with CKD (108). It is estimated that two million people worldwide have ESKF (109) and that more than one million deaths occur each year as a direct result of CKD (110). Despite this high burden, disease-modifying treatments for progressive CKD are lacking and new therapeutic strategies are needed. In this article we have highlighted a wealth of research from the past two decades that indicates a predominantly pathogenic role for the CX3CL1- CX3CR1 axis during both acute and chronic renal diseases. The CX3CL1-CX3CR1 axis is an attractive therapeutic target because it consists of a unique ligand/receptor pair which do not interact with other partners, limiting the potential for off-target effects. Multiple animal models have demonstrated that renal injury is associated with upregulation of CX3CL1 expression by multiple cell types within the kidney. This pathway is of particular importance in the recruitment of innate immune cells into the kidney tissue and to their subsequent pro-inflammatory and pro-fibrotic activities as illustrated by the role of CX3CL1-CX3CR1 in macrophage accumulation in the kidney. Furthermore, although not universally reported, several studies have indicated that either genetic or pharmacological targeting of the CX3CL1-CX3CR1 pathway attenuated renal fibrosis after injury. In vitro experiments have also demonstrated that exposure of renal tubular epithelial cells to CKD-related injurious stimuli such as high glucose, uremic toxins and pro-inflammatory cytokines may directly or indirectly induce increased CX3CL1 expression. In keeping with these observations, immunohistochemical studies of fibrotic human kidney specimens have demonstrated increased CX3CL1 expression and serial section analyses suggest an association between CX3CL1 expression and monocyte or T-cell recruitment. Interestingly, genetic polymorphisms in CX3CR1, may influence the risk of ESKF development, further suggesting a key role for this pathway in influencing progression of CKD in humans. Several studies suggest that dysregulation of the CX3CL1-CX3CR1 axis also occurs within the blood stream and vasculature of individuals with CKD and that this may contribute to the accelerated atherosclerosis typically seen in CKD. In Figure 2, we have summarised the cell types both within and outside of the kidney which produce or respond to CX3CL1. Finally, we have reviewed a number of recently developed small molecule inhibitors and monoclonal antibodies targeting the CX3CL1-CX3CR1 axis. We suggest that the time is ripe for further study of these agents in individuals with progressive fibrotic CKD.




Figure 2 | Cell types which either express (left) or respond to (right) CX3CL1 in CKD within the kidney (top) and vasculature (bottom). Of note, mesangial cells may both express and respond to CX3CL1. Created with BioRender.com.
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Renal ischemia is the most common cause of acute kidney injury (AKI) that might be exacerbate lupus activity through neutrophil extracellular traps (NETs) and apoptosis. Here, the renal ischemia reperfusion injury (I/R) was performed in Fc gamma receptor 2b deficient (Fcgr2b-/-) lupus mice and the in vitro experiments. At 24 h post-renal I/R injury, NETs in peripheral blood neutrophils and in kidneys were detected using myeloperoxidase (MPO), neutrophil elastase (NE) and citrullinated histone H3 (CitH3), as well as kidney apoptosis (activating caspase-3), which were prominent in Fcgr2b-/- mice more compared to wild-type (WT). After 120 h renal-I/R injury, renal NETs (using MPO and NE) were non-detectable, whereas glomerular immunoglobulin (Ig) deposition and serum anti-dsDNA were increased in Fcgr2b-/- mice. These results imply that renal NETs at 24 h post-renal I/R exacerbated the lupus nephritis at 120 h post-renal I/R injury in Fcgr2b-/- lupus mice. Furthermore, a Syk inhibitor attenuated NETs, that activated by phorbol myristate acetate (PMA; a NETs activator) or lipopolysaccharide (LPS; a potent inflammatory stimulator), more prominently in Fcgr2b-/- neutrophils than the WT cells as determined by dsDNA, PAD4 and MPO. In addition, the inhibitors against Syk and PAD4 attenuated lupus characteristics (serum creatinine, proteinuria, and anti-dsDNA) in Fcgr2b-/- mice at 120 h post-renal I/R injury. In conclusion, renal I/R in Fcgr2b-/- mice induced lupus exacerbation at 120 h post-I/R injury partly because Syk-enhanced renal NETs led to apoptosis-induced anti-dsDNA, which was attenuated by a Syk inhibitor.
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Introduction

Prevalence of the dysfunction polymorphism in Fc gamma receptor 2b (Fcgr2b), which is the only one inhibitory receptor in Fc gamma receptor (FcgR) family (1–3), is usually found in Asian population. Fcgr2b is associated with systemic lupus erythematosus (SLE), a common autoimmune disease mostly associated with anti-dsDNA (4). Deficiency of the inhibitory Fcgr2b signaling causes SLE through the increased antibody production by hyper-reactive B cells (5), whereas Fcgr2b deficiency enhances the protection against malarial infection. Indeed, Fcgr2b is detectable in several immune cells (except for T cells and NK cells) (6) and the loss of Fcgr2b could induce macrophage hyper-responsiveness as demonstrated in Fcgr2b knockout (Fcgr2b-/-) macrophages (7). Additionally, Fcgr2b-/- mice develop age-dependent lupus characteristics, including asymptomatic lupus prone (less than 16 weeks old), asymptomatic lupus with anti-dsDNA (16-24 weeks old) and full-blown lupus (40 weeks old), which have been used as a representative model of lupus (8). Although the hyper-responsiveness of Fcgr2b-/- mice against several pathogen molecules, including pneumococcal antigens and lipopolysaccharide (LPS), has been demonstrated (2, 7, 8), studies on Fcgr2b-/- neutrophils are still very limited. However, lupus exacerbation is well-known for neutrophil apoptosis and neutrophil extracellular traps (NETs)-induced cell death (NETosis) (9, 10).

As such, apoptosis (cellular shrinkage, membrane blebbing and chromatin condensation) is triggered by intrinsic pathway containing the caspase 3 activation through cell damage and reactive oxygen species (ROS), and extrinsic pathway through several external death factors (11). The profound apoptosis (with an insufficient clearance) causes secondary necrosis that enhances the exposure to nuclear autoantigens (12) and accelerates anti-dsDNA production in lupus (13). Likewise, NETosis is a release of extracellular DNA networks by neutrophils in either infectious or non-infectious condition (14) through peptidylarginine deiminase 4 (PAD4)-induced citrullinated histone H3 (CitH3) (15). Extracellular DNA networks from NETosis, both of NADPH oxidase 2 (NOX2)-dependent and NOX2-independent pathways, enhance exposure of nuclear contents (16), including dsDNA that is normally contained in nuclei (17), and increased anti-dsDNA which is a specific auto-antibody in lupus (18, 19). With profound cell death, the free dsDNA is recognized as a damage associated molecular patterns (DAMPs) by innate immune cells (17) and processed by adaptive immune cells supporting the lupus exacerbation from inflammatory responses (20, 21). Not only cell death of the immune cells, but also the dying process of other cell types, exacerbate lupus as the avoidance of ultraviolet light, that induces keratinocyte cell death (22–24), is a current mandatory recommendation for lupus (17). Due to the abundance of neutrophils, cell death of neutrophils in the host with lupus-prone condition (loss of tolerance) (25), but not the normal host, might profoundly enhance the exposure of dsDNA that increases anti-dsDNA production. Besides, the susceptibility to program cell death of Fcgr2b-/- neutrophils might be higher than WT cells that have been triggered the lupus activity.

In parallel, acute kidney injury (AKI) is the common health care problem worldwide, which is mainly caused by ischemia (26) that was often represented by renal ischemia reperfusion injury (I/R) animal model (27, 28). As such, renal ischemia induces accumulation of immune cells, including neutrophils, as a response to the injury (29–31) and the injury also causes apoptosis (and necrosis) in renal parenchymal cells and neutrophils (32, 33). Consequently, the ischemic injury directly induces program cell deaths of neutrophils, including NETosis, in several organs after renal injury (34). After the renal ischemia, cell apoptosis and NETosis might be exacerbated the lupus disease activity due to the lupus exacerbation from the program cell deaths (35). Because of the prominent responses against several stimulators of the Fcgr2b-/- mice (2, 7, 8), apoptosis and NETosis derived from renal I/R might be more profound than the responses in the normal mice. TLR-4 is the significant pathway that induces both apoptosis and NETosis (36), while spleen tyrosine kinase (Syk) is the shared downstream signaling pathway of TLR-4 and FcgR (20, 21, 37, 38). Therefore, the Syk inhibitor may be an interesting drug to manipulate cell death in renal-I/R mediated cell death in lupus (39). Indeed, the Syk inhibitor (fostamatinib, previously known as R788) is a US FDA (the United States Food and Drug Administration) approved drug for autoimmune diseases (40–43). Here, we reported the in vitro and in vivo experiments to determine the effect of renal-I/R on lupus and evaluated the Syk inhibitor on Fcgr2b-/- lupus mice.



Materials and Methods


Animals

The animal study protocol was approved from the Institutional Animal Care and Use Committee of the Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand, under approval number 009/2564, following the animal care and use protocol of the National Institutes of Health (NIH), USA. Fcgr2b-/- mice on a C57BL/6 background were provided by Dr. Silvia Bolland (NIAID, NIH, Maryland, USA). The wild-type (WT) mice were purchased from the Nomura Siam International (Pathumwan, Bangkok, Thailand). Due to the age-dependent lupus characteristic (44, 45), 8-week-old Fcgr2b-/- female mice represented asymptomatic lupus prone mouse model and age-matched female WT mice were used in all experiments.



Renal Ischemia Reperfusion Injury Model and NETs Inhibitors

Renal I/R was performed following a previous publication (27). In brief, bilateral renal arteries were clamped for 35 min through the abdominal incision under ketamine anesthesia on a 37°C heated operation table. In sham surgery, renal arteries were only identified before closing the abdominal wall. Tramadol, 20 mg/kg diluted in 0.5 mL normal saline (NSS) was administered subcutaneously after surgery and at 24 h post-I/R. Mice were sacrificed in several time-points after I/R under isoflurane anesthesia for sample collection. Serum was kept at −80°C until analysis and organs were processed in 10% formalin or Tissue-Tek O.C.T Compound (Sakura Finetek, CA, USA) for histological analysis or snap frozen and stored separately at -80°C. The Syk inhibitor was used for testing the anti-inflammatory effect (42) and a possible association between activating-FcgRs and Syk signaling (46). As such, a Syk inhibitor (R788 disodium, Selleckchem, Houston, USA) in 0.1 M citrate buffer (pH 6.8) at 25 mg/kg/dose was orally administered daily for 2 days, at 6 h prior to surgery, and at 6 h after renal-I/R. In parallel, a Cl-amidine (PAD4 inhibitor; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich). The stock solution was dissolved in normal saline at 10 mg/kg/dose and injected intraperitoneal 3 h prior to renal-I/R at once daily after following a previous publication (47) to test the influence of NETs in lupus model with renal-I/R. Mice were sacrificed with sample collection under isoflurane anesthesia.



Blood and Urine Analysis

Parameters of lupus characteristics, serum cytokines, liver injury, and NETosis were evaluated from blood samples. Lupus characteristics including serum creatinine (QuantiChrom Creatinine-Assay, DICT-500, BioAssay, Hayward, CA, USA), serum anti-dsDNA, and proteinuria were determined. Symptomatic lupus was defined as increased serum anti-dsDNA, high serum creatinine, and increased proteinuria when compared with the WT mice. The anti-dsDNA was evaluated using a protocol with coated-calf thymus DNA (Invitrogen, Carlsbad, CA, USA) with a minor modification (48). Briefly, each analyzed plate was coated with calf thymus DNA (for dsDNA) and ssDNA that was prepared using the thermal denaturation of calf thymus DNA (49). Briefly, the plates were incubated overnight at 4°C, filled with blocking solution at room temperature, and washed with 1X TBS 0.05% Tween 20, respectively. Subsequently, mouse serum samples were added into the plates and incubated overnight at 4°C. Then, HRP-conjugated goat anti-mouse antibodies and TMB peroxidase substrate (TMB Substrate Set; BioLegend, San Diego, CA, USA) were added to analyze the plates, and 2 N H2SO4 was added to stop the reaction. The measurement at a wavelength of 450 nm was determined using a Varioskan Flash spectrophotometer (Thermo Scientific, Waltham, MA, USA). The reported anti-dsDNA was represented from the values of calf-DNA coated plates subtracted by ssDNA-coated plates.

Proteinuria was calculated using spot urine protein creatinine index (UPCI) with the equation; UPCI = urine protein (mg)/urine creatinine (mg/dL). Urine protein and creatinine were measured by Bradford Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA) and QuantiChrom Creatinine-Assay (DICT-500) (BioAssay), respectively. Serum pro-inflammatory cytokines (TNF-α and IL-6) and IL-1β, a NETs associated cytokine (50), were measured using enzyme-linked immunosorbent assay (ELISA) (Invitrogen). Liver injury was determined by alanine transaminase (ALT) using EnzyChrom ALT assay (EALT-100, BioAssay). For the evaluation of NETs in peripheral blood neutrophils, neutrophils were isolated using Polymorphprep (Alere Technologies AS, Norway) according to the manufacturer’s instructions (51, 52), and hypotonic lysis buffer was used for red blood cell de-contamination. Blood neutrophils were resuspended in RPMI (Roswell Park Memorial Institute media)-1640 media and the purity was assessed by Wright’s stains. The samples with >95% neutrophils were further used to determine the NETs formation as mentioned in the section of in vitro experiments. Additionally, NETs formation in serum was also determined using Quant-iT™ PicoGreen dsDNA Assay Kit (Thermo Scientific), and serum MPO was measured by ELISA (Sigma Aldrich, St. Louis, MO, USA).



Polymerase Chain Reaction

Several molecules associated with inflammation (cytokines), neutrophil extracellular traps (NETs), and the possible downstream signals from mouse organs and the cell culture were evaluated by real time polymerase chain reaction (RT-PCR). Gene expression of several molecules, including inflammatory cytokines; TNF-α, IL-6, and IL-10, genes of NETs formation; peptidyl arginine deiminase 4 (PAD4) and IL-1β, genes of the downstream signals; spleen tyrosine kinase (Syk) and nuclear factor kappa B (NFκB), were evaluated. Total RNA was prepared from the samples with an RNA-easy mini kit (Qiagen, Hilden, Germany) and was quantified by Nanodrop 100 Spectrophotometer (Thermo Scientific) before the determination of gene expression. Total RNA reverse transcription was processed with a High-Capacity cDNA Reverse Transcription (Thermo Scientific). Samples were performed using SYBR Green PCR Master Mix for quantitative RT-PCR with QuantStudio6 Flex Real-time PCR System (Thermo Scientific), respectively. The results were demonstrated in terms of relative quantitation of the comparative threshold (delta-delta Ct) method (2-ΔΔCt) as normalized by β-actin (an endogenous housekeeping gene). The list of primers is shown in Supplementary Table 1.



Histological Analysis and Immunofluorescent Imaging

The semi-quantitative evaluation of renal and lung histology on paraffin-embedded slides was performed after 10% neutral buffered formalin fixation, followed by Hematoxylin and Eosin (H&E) staining at 200× magnification in 10 randomly selected fields for each animal (53–55). Renal injury was defined as tubular epithelial swelling, loss of brush border, vacuolar degeneration, necrotic tubules, cast formation, and desquamation using the scoring method as follows: 0, area of damage <5%; 1, area of damage 5%–10%; 2, area of damage 10%–25%; 3, area of damage 25%–50%; and 4, area of damage >50%. Lung injury was determined by alveolar hemorrhage, alveolar congestion, neutrophil infiltration, and alveolar wall thickness with the following score: 0, no injury in the observed field;1, injury up to 25%; 2, injury up to 50%; 3, injury up to 75%; and 4, injury in the entire field.

In parallel, immunofluorescent histological analysis was performed following previous publications (8, 13, 56). In brief, the internal organs were prepared in Tissue-Tek O.C.T Compound (Sakura Finetek, CA, USA) and three sections of each organ were stained as follows; i) NETs were detected with antibody against neutrophil elastase (NE; ab68672), myeloperoxidase (MPO; ab25989), and citrullinated histone H3 (citrulline R2 + R8 + R17; ab5103) (Abcam, Cambridge, MA, USA) with DAPI (4′,6-diamidino-2-phenylindole), a blue-fluorescent DNA stain (Sigma Aldrich), ii) cell apoptosis was visualized by anti-Cleaved Caspase 3 (Asp175, 9661S) (Cell Signaling Technology, Boston, MA, USA) with the secondary antibodies; goat anti-rabbit IgG (ab150077) (green color), goat anti-mouse IgG (ab150115), and donkey anti-rabbit IgG (ab150075) (red color) and iii) immunoglobulin deposition was performed using goat anti-mouse IgG (green color) (ab150113; Abcam, Cambridge, MA, USA). The images were analyzed with ZEISS LSM 800 (Carl Zeiss, Germany).



Flow Cytometry Analysis of Spleen

Spleen lymphocytes were explored to compared between Fcgr2b-/- and WT mice after 120 h post renal-I/R (or sham), were following a previous published protocol (41). In short, spleens were dispersed through a cell strainer to generate a single-cell suspension in supplemented RPMI-1640 prior to centrifuged at 300 × g for 5 min at 4°C. Red blood cells were eliminated using an osmotic agent (ACK buffer; NH4Cl, KHCO3, and EDTA). Then, the cells were resuspended in staining buffer (0.5% bovine serum albumin and 10% fetal bovine serum in PBS), and were stained with fluorochrome-conjugated antibodies against different mouse immune cells, including anti-B220 (leukocyte common antigen) together with anti-CD138 (plasma cells), anti-major histocompatibility complex (MHC) class II (active immune cells), CXCR5 (follicular B cells), and anti-CD19 along with anti-GL-7 (germinal center B cells) (BioLegend, San Diego, CA, USA). All stained cells were examined by flow cytometry using BD LSR-II (BD Biosciences) and the data were analyzed by FlowJo software (Tree Star Inc., Ashland, OR, USA).



The In Vitro Experiments on Neutrophils

The apoptosis and NETosis susceptibility between Fcgr2b-/- and WT neutrophils, and the attenuation by inhibitors were tested using the in vitro experiment. Accordingly, neutrophils were derived from peritoneum using a published protocol (57). Briefly, 1 mL of 3% thioglycolate was intraperitoneal administered in 8-week-old mice. At 3 h after administration, mice were sacrificed and peritoneal cavity was thoroughly collected and washed with ice-cold phosphate buffer solution (PBS) before centrifugation at 1,800 × g, 4°C for 5 min to separate the cells and evaluated by Wright’s-stains (55). Only the preparation with more than 90% neutrophils was further used for the experiments. Then, neutrophils at 2 × 105 cells/well in 24-well-plates containing RPMI media were incubated with phorbol myristate acetate (PMA), a NETs stimulator, (Sigma-Aldrich) at a final concentration of 25 ng/mL or lipopolysaccharide (LPS) (Escherichia coli 026: B6; Sigma-Aldrich) at 100 ng/mL under 5% CO2 at 37°C for 4 h. Supernatants were used for cytokine measurement by ELISA (Invitrogen) and were quantified for dsDNA using PicoGreen assay kit (Invitrogen, Canada) following the manufacturer’s protocol. Nuclei morphology has been identified with DAPI nuclear staining (58), which was presented by the percentage of cells with NETs formation, and PAD4 expression was determined using RT-PCR as the previously mentioned. Additionally, neutrophils were suspended in PBS at a concentration of 5 × 105 cells/mL, stained for apoptosis/necrosis by annexin V-FITC and propidium iodide (PI) (5 µL/well) (BD Biosciences), respectively. Then, the samples were washed with FACS flow buffer, PBS supplemented with 1% (v/v) FBS, and 0.05% NaN3 and processed by the BD LSR II Flow Cytometry (BD Biosciences) using the FlowJo software (Tree Star Inc.). Reactive oxygen species (ROS) was determined by DHE (Dihydroethidium) assay (ab236206; Abcam, Cambridge, MA, USA), according to the manufacturer’s instructions. In addition, the active metabolites Syk inhibitor (R406; Selleckchem) at a final concentration of 5 µg/mL or nuclear factor kappa B (NFκB) inhibitor (BAY11-7082; Sigma–Aldrich) at a final concentration of 2 µg/mL were used in the experiments. RPMI 1640 supplemented with 10% FBS was used as the control.



Western Blot Analysis

Western blot analysis was performed as previously described (59) to determine the abundance of Syk and NFκB in activated neutrophils. In brief, cell lysate (in 1X SDS lysis buffer) was supplemented with the inhibitors against protease and phosphatase enzymes (Thermo-Scientific) and incubated on ice for 30 min before centrifugation at 10,000 rpm at 4°C. Protein quantification was performed by BCA assay (Pierce BCA Protein Assay) before administration in the 10% SDS-PAGE (Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis) and transferred onto a nitrocellulose membrane, respectively. Then, the membranes were blocked with Intercept blocking buffer (Lincoln, NE, USA) and incubated with primary antibodies against Syk (D3Z1E), phospho-Zap-70 (Tyr319)/Syk (Tyr352) (65E4) (Cell Signaling Technology, Boston, MA, USA), NFκB p65 (NFκB; D14E12) and phospho-NFκB p-65 (p-NFκB (Ser536) (93H1); Cell Signaling Technology), and Beta-actin (β-actin, a house-keeping protein) (D6A8; Cell Signaling Technology). Subsequently, the secondary antibody is anti-rabbit IgG (DyLight 680 conjugate) was used and visualized by Odyssey CLx imaging system (Lincoln, NE, USA). The target bands were determined using Image Studio Lite version 5.2.



Statistical Analysis

Statistical differences among groups were examined using the unpaired Student’s t-test or one-way analysis of variance (ANOVA) with Tukey’s comparison test for the analysis of experiments with two groups or more than two groups, respectively, all of which are presented as the mean ± standard error (SE). Statistical comparisons of data were conducted by paired Student’s t-test in the experiment condition of before and after treatment. SPSS 11.5 software (SPSS, Chicago, IL, USA) was used for all statistical analysis.




Results

Although the renal I/R induced the renal excretory dysfunction (serum creatinine) at 24 h post-renal I/R of Fcgr2b-/- mice was similar to those of wild type (WT) mice, there was higher NETs and apoptosis in glomeruli which led to lupus nephritis possibly through Syk signaling after 120 h post-I/R.


Similar Organ Injury but More Prominent Neutrophil Extracellular Traps (NETs) and Glomerular Apoptosis at 24 h Post-Renal I/R in Fcgr2b-/- Lupus Mice Compared With WT

Fcgr2b-/- mice spontaneously developed full-blown lupus nephritis (impaired renal function, proteinuria, and increased anti-dsDNA) at 40 weeks old (Supplementary Figures 1A–C) without polyarthritis and serositis (data not shown). The renal I/R was performed in 8-week-old Fcgr2b-/- mice, asymptomatic lupus prone condition, and age-matched WT mice demonstrated that there was a similar kidney injury between Fcgr2b-/- and WT mice at 24 h post-renal I/R. Consequently, blood urea nitrogen (BUN), serum creatinine (Scr), proteinuria (UPCI), renal histology (Figures 1A–E), and gene expression of cytokines (TNF-α, IL-6 and IL-10) in renal tissue (Supplementary Figures 1D–F) have no the difference between Fcgr2b-/- and WT mice. Notably, the highest renal injury occurred at 24 h post-renal I/R of both mouse strains supporting a previous publication (28). The remote organ injury at 24 h post-renal I/R has the similarity between both mouse strains, including liver enzyme (serum alanine transaminase), lung injury score, and serum cytokines (Figures 1F–J), except for gene expression of cytokines in liver, heart, and lung (Supplementary Figures 1G–O). However, prominent NETosis in Fcgr2b-/- mice was demonstrated as follows, i) peripheral blood neutrophils were detected using nuclear morphology (DAPI), which were co-stained with MPO and NE, as well as CitH3 staining, and gene expression of PAD4 and IL-1β (Figures 2A–H), ii) serum (serum IL-1β and serum dsDNA) (Figures 2I, J), iii) glomeruli were visualized using co-staining of MPO and NE with PAD4 and IL-1β expression (Figures 3A–D), CitH3 staining and IL-1β in renal tissue (Figures 4A–C), iv) lungs were performed using co-staining of MPO and NE, PAD4 and IL-1β expression (Supplementary Figures 2A–D), except liver and heart (Supplementary Figures 2E–J).




Figure 1 | Renal ischemia reperfusion injury (I/R) at 24 h induced lupus disease exacerbation at 120 h. The time-point characteristics of Fcgr2b-/- or wild-type (Fcgr2b+/+) mice after I/R as determined by i) renal injury; blood urea nitrogen (BUN), serum creatinine, and proteinuria (protein creatinine index; UPCI) along with the histological score of the representative images in Hematoxylin and Eosin (H&E) staining (original magnification 200x) (A–E), ii) liver injury (serum alanine transaminase) (F), iii) lung injury score (G), and iv) the parameters in serum; serum pro-inflammatory cytokines (TNF-α and IL-6) (H, I) and serum anti-dsDNA, a major auto-antibody in lupus (J) are demonstrated (n = 6–7/time-point). Notably, the renal histological pictures at 24 h post sham of Fcgr2b+/+ mice and at 120 h post sham (both mouse strains) are not demonstrated due to the similarity to Fcgr2b-/- mice at 24 h post sham (normal histology).






Figure 2 | Renal ischemia reperfusion injury (I/R) at 24 h induced more prominent neutrophil extracellular traps (NETs) in blood of lupus prone mice. Characteristics of NETs in peripheral blood neutrophils from Fcgr2b-/- or wild-type (Fcgr2b+/+) mice after renal ischemia reperfusion injury (I/R) as determined by the nuclear morphology by 4’,6-diamidino-2-phenylindole (DAPI) staining (blue color) (A), co-staining of myeloperoxidases (MPO) and neutrophil elastase (NE) (B), citrullinated histone H3 (CitH3) staining (C) with the representative pictures from peripheral blood neutrophils at 24 h post-I/R (or sham) from both mouse strains with DAPI staining (original magnification 200x) (D), and immunofluorescence of MPO/NE and CitH3 (original magnification 630x) (E, F) are demonstrated. Additionally, the gene expression of PAD4 and IL-1β (G, H) together with serum IL-1β (I) and serum ds-DNA (J) are also demonstrated (n = 6–7/time-point).






Figure 3 | Renal ischemia reperfusion injury (I/R) at 24 h induced more prominent neutrophil extracellular traps (NETs) in renal glomeruli of lupus prone mice. Characteristics of NETs in kidneys from Fcgr2b-/- or wild-type (Fcgr2b+/+) mice after renal ischemia reperfusion injury (I/R) as determined using co-detection of myeloperoxidases (MPO) and neutrophil elastase (NE) at 24 h post-I/R (A) (n = 5–8/group) and gene expression in the time-point of IL-1β and PAD4 (B, C) (n = 6–7/time-point) with the representative immunofluorescent pictures of NE (green), MPO (red) and 4’,6-diamidino-2-phenylindole (DAPI, blue nuclear staining) at 24 h post-I/R (or sham) (original magnification 630x) (D) are demonstrated.






Figure 4 | Renal ischemia reperfusion injury (I/R) at 24 h induced more prominent neutrophil extracellular traps (NETs) in renal glomeruli of lupus prone mice. Characteristics of NETs in kidneys from Fcgr2b-/- mice or wild-type (Fcgr2b+/+) mice after renal ischemia reperfusion injury (I/R) as determined by immunofluorescent staining of citrullinated histone H3 (CitH3) at 24 h post-I/R (A) (n = 5–6/group) and IL-1β from renal tissue (B) (n = 5–6/time-point) with the representative immunofluorescent pictures of CitH3 (red) and 4’,6-diamidino-2-phenylindole (DAPI, blue nuclear staining) at 24 h post-I/R (or sham) (original magnification 630x) (C) are demonstrated.



The negative results of NETosis in liver and heart at 24 h post-renal I/R (Supplementary Figures 1G–L) suggested that the NETs inflammatory pathways in the remote organ injury post-renal I/R have not occurred. In parallel, apoptosis in glomeruli and lungs, excluding the immunoglobulin (Ig) deposition, was more prominent in Fcgr2b-/- mice compared with WT at 24 h post-renal I/R (Figures 5A–C and Supplementary Figures 3A–C). These data imply a prominent cell injury (apoptosis and NETosis) in Fcgr2b-/- mice than WT at 24 h post-renal I/R, whereas the functional renal damage was not different.




Figure 5 | Renal ischemia reperfusion injury (I/R) induced more prominent apoptosis at 24 h post-I/R and immunoglobulin G (IgG) deposition at120 h post-I/R in renal glomeruli of lupus prone mice. Characteristics of renal injury from Fcgr2b-/- or wild-type (Fcgr2b+/+) mice after renal ischemia reperfusion injury (I/R) as evaluated by glomerular apoptosis (activated caspase 3) (A), glomerular IgG deposition (B) (n = 6–7/time-point) with the representative immunofluorescent glomerular pictures (activated caspase 3 and IgG deposition) from mice at 0, 24, and 120 h post-I/R (original magnification 630x) (C) are demonstrated.





Recovery of Neutrophil Extracellular Traps (NETs) and Apoptosis at 120 h Post-Renal I/R With Enhanced Anti-dsDNA and Immunoglobulin Deposition in Fcgr2b-/- Lupus Mice

At 120 h post-renal I/R, renal function (BUN and Scr), non-renal organ damage, and serum cytokines, excepting proteinuria (UPCI), were returned to the baseline level in WT mice (Figures 1A–I). Notably, the sustained proteinuria that has a normal renal excretory function (BUN and Scr) supports the renal ischemia-induced podocyte injury (60, 61). In contrast, all the organ injury and serum cytokines in Fcgr2b-/- mice highly increased at 120 h post I/R (Figures 1A–I and Supplementary Figures 1D–P) with elevated anti-dsDNA (Figure 1J), suggesting an exacerbation of lupus disease activity. The rapid elevation of anti-dsDNA in 8-week-old Fcgr2b-/- lupus prone mice after 120 h post-I/R suggesting the non-specific activation of autoreactive B cells in Fcgr2b-/- mice post-renal I/R that was similar to a previous publication (62). Indeed, plasma cells (CD138 and B220 positive cells) and activated B cells (MHC class II and B220 positive cells), except germinal center B cells (CD19 and GL7 positive cells) and follicular B cells (CXCR5 and B220 positive cells), in Fcgr2b-/- mice spleen increased rapidly when compared with WT at 120 h post-renal I/R injury (Supplementary Figures 4A–E) that might be responsible for the rapid elevation of anti-dsDNA at 5 days post-renal I/R. Notably, the plasma cells and activated B cells in spleen of Fcgr2b-/- mice and WT were not different from sham control groups (Supplementary Figures 4A, B), implied that B cell activation in Fcgr2b-/- mice more rapid than WT, despite a similar B cells baseline state. In addition, NETs of both mouse strains were undetectable at 120 h post-renal I/R (Figures 2A–J, 3A–D, 4A–C and Supplementary Figures 2A–J) with glomerular apoptosis in Fcgr2b-/- mice, in contrast to WT (Figures 5A–C). Meanwhile, glomerular IgG deposition was detectable in both mouse strains with more prominent in Fcgr2b-/- mice at 120 h post-renal I/R (Figures 5B, C). The IgG deposition at 120 h post I/R, which was a part of the wound healing process (63), was more profound in Fcgr2b-/- mice than WT, partly indicated an increased antibody production from ischemia induced inflammation (64) in lupus mice. These data suggested that prominent NETs and apoptosis (16) at 24 h post-renal I/R enhanced lupus disease exacerbation (12), and increased the auto-antibody production at 120 h post-renal I/R.



Prominent Apoptosis and Neutrophil Extracellular Traps (NETs) in Fcgr2b-/- Neutrophils, Compared With WT Cells, at 2 h and 4 h of the Stimulation, Respectively, and an Impact of Spleen Tyrosine Kinase (Syk) Signaling

Because i) both apoptosis and NETosis exacerbate lupus disease activity (35), ii) both PMA and LPS could activate apoptosis and NETs (65–67), and iii) Fcgr2b-/- neutrophils might be more susceptible to apoptosis and NETosis than WT cells (the loss of inhibitory signaling) (20, 21), PMA and LPS are used as the representative stimulators. After the 2 h stimulation by PMA or LPS, Fcgr2b-/- neutrophils demonstrated more prominent apoptosis (and necrosis) than WT cells (Figures 6A, B), accompanying with the increased production of ROS (Dihydroethidium; DHE) (Figure 6C). Furthermore, LPS induced more severe necrosis with lower ROS in Fcgr2b-/- neutrophils when compared with PMA (Figures 6B, C). At 4 h of the stimulation, NETosis occurred in neutrophils from both mouse strains as indicated using dsDNA, PAD4 expression, DAPI nucleus morphology, and co-staining of MPO and NE (Figures 6D–H). However, PMA similarly induced NETs in neutrophils of both mouse strains at 4 h post-stimulation, while LPS inducing higher NETs (Figures 6G, H, 7) with the prominent pro-inflammatory cytokine production (TNF-α and IL-6) (Figures 8A–C) in Fcgr2b-/- than WT cells. Because spleen tyrosine kinase (Syk) and nuclear factor kappa B (NFκB), a downstream signaling of Syk (68), are the possible shared downstream signaling of PMA and LPS (20, 21, 69, 70), these molecules are explored. At 4 h post-stimulation, PMA upregulated Syk only in Fcgr2b-/- neutrophils, while LPS upregulated Syk in neutrophils of both mouse strains (Figures 8D, E). In parallel, both PMA and LPS similarly upregulated NFκB in neutrophils of both mouse strains (Figures 8D, E). Meanwhile, both stimulators (PMA and LPS) induced the higher abundance of phosphorylated-Syk and phosphorylated-NFκB in Fcgr2b-/- neutrophils when compared with WT cells (Figures 8F, G). As such, detection of NETs (Figures 6D–H, 7) along with Syk and NFκB (gene expression and protein abundance) (Figures 8A–G) at 4 h post-stimulation by PMA and LPS implied the association between NETosis and Syk or NFκB, especially in Fcgr2b-/- neutrophils.




Figure 6 | Prominent apoptosis (with oxidative stress) and neutrophil extracellular traps (NETs) at 2 h and 4 h of the stimulation in neutrophils of lupus prone mice. Responses of Fcgr2b-/- and wild-type (Fcgr2b+/+) neutrophils after 2 h activation by phorbol myristate acetate (PMA), which is a NETs activator, or lipopolysaccharide (LPS), which is a TLR-4 stimulator, as evaluated using i) cell apoptosis, positive (+ve) Annexin V with negative (-ve) Propidium iodide (PI) or necrosis, -ve Annexin V negative with +ve PI, with the representative flow cytometry patterns (A, B) and ii) reactive oxygen species (ROS) using dihydroethidium (DHE) with the representative flow cytometry patterns (C) are demonstrated. Additionally, NETs were determined in time-points by supernatant dsDNA (D), PAD4 expression (E), nuclear morphology by 4’,6-diamidino-2-phenylindole (DAPI), a blue nuclear staining (F) and the co-staining of myeloperoxidases (MPO), and neutrophil elastase (NE) (G) or citrullinated histone H3 (CitH3) (H) at the 4 h of stimulation using immunofluorescence are demonstrated (independent triplicated experiments were performed).






Figure 7 | Prominent neutrophil extracellular traps (NETs) at 4 h of the stimulation in neutrophils of lupus prone mice. The representative immunofluorescent pictures of NETs formation in Fcgr2b-/- and wild-type (Fcgr2b+/+) neutrophils after 4 h activation by phorbol myristate acetate (PMA), a NETs activator, or lipopolysaccharide (LPS), a TLR-4 stimulator, as evaluated by the co-staining of myeloperoxidases (MPO) and neutrophil elastase (NE) (upper part) or citrullinated histone H3 (CitH3) (lower part) are demonstrated.






Figure 8 | Prominent cytokine production at 4 h through Spleen tyrosine kinase (Syk) and nuclear factor kappa B (NFκB) in neutrophils of lupus prone mice. Responses of Fcgr2b-/- and wild-type (Fcgr2b+/+) neutrophils after activation by phorbol myristate acetate (PMA), a NETs activator, or lipopolysaccharide (LPS), a TLR-4 stimulator, as evaluated in time-points by supernatant cytokines (TNF-α, IL-6 and IL-10) (A–C) and the downstream signals (at 4 h of the stimulation) in gene expression (Syk and NFκB) (D, E) and protein abundances (Syk/phosphorylated-Syk and NFκB/phosphorylated NFκB) with the representative pictures of Western blot analysis (F, G) are demonstrated (independent triplicated experiments were performed).





Inhibition of Neutrophil Extracellular Traps (NETs) by Inhibitors Attenuated Renal I/R-Induced Lupus Exacerbation

Due to the possible Syk and NFκB mediated NETs after PMA and LPS stimulation, inhibitors against Syk and NFκB were tested using the in vitro experiments. As such, both inhibitors attenuated i) NETosis by PMA or LPS, which was evaluated by dsDNA, PAD4 expression and co-detection of MPO with NE (Figures 9A–H) and ii) cytokine production (TNF-α, IL-6 and IL-10) (Supplementary Figures 5A–F) in neutrophils of both mouse strains (more prominent response to Fcgr2b-/- neutrophils than WT). Because of the NETosis attenuation of Syk inhibitor (39, 71) and the clinically availability of this drug (42) different from other NETs inhibitors, Syk inhibitor was further tested in mice. As such, Syk inhibitor attenuated NETosis (serum dsDNA, MPO, and glomerular NETs) and glomerular apoptosis (Figures 10A–E) in Fcgr2b-/- mice at 24 h post renal-I/R affected to decreased glomerular Ig deposition and attenuated lupus activity (anti-dsDNA, proteinuria and Scr) after 120 h post renal-I/R (Figures 10F–I). These data indicated that the attenuation of program cell death (apoptosis and NETosis) in renal injury by the Syk inhibitor could prevent lupus disease exacerbation. Although the reduced NETs along with the decreased anti-dsDNA by Syk inhibitor implied an association between NETs and auto-antibody production of post-renal I/R, Syk inhibitor might directly block the antibody production through FcgR signaling (20, 21), except for NETs attenuation. To further support the association between NETs formation and auto-antibody production, a PAD4 inhibitor, a direct NETs inhibitor, was administered in Fcgr2b-/- mice with renal I/R. Indeed, PAD4 inhibitor decreased NETs (serum dsDNA, serum MPO, and glomerular NETs) at 24 h post-renal I/R and attenuated lupus characteristics (anti-dsDNA, proteinuria and Scr) at 120 h post-renal I/R (Figures 11A–G) supporting an impact of NETs formation on anti-dsDNA production and lupus exacerbation.




Figure 9 | The inhibitors against Spleen tyrosine kinase (Syk) or Nuclear factor kappa B (NFκB) attenuated neutrophil extracellular traps (NETs). NETs formation in Fcgr2b-/- and wild-type (Fcgr2b+/+) neutrophils after 4 h activation by phorbol myristate acetate (PMA), a NETs activator, with or without inhibitors against Syk (Syk inhibitor) or NFκB (NFκB inhibitor) as determined by supernatant dsDNA (A), PAD4 expression (B) and co-staining of myeloperoxidase (MPO) and neutrophil elastase (NE) with the representative immunofluorescent pictures (C, D) are demonstrated. In parallel, NETs formation after activation by lipopolysaccharide (LPS), a TLR-4 stimulator, with or without the inhibitors as determined by the same parameters (E–H) are also demonstrated (independent triplicated experiments were performed). RPMI, Roswell Park Memorial Institute media (for neutrophils); Control group using only RPMI without the stimulation.






Figure 10 | Spleen tyrosine kinase (Syk) inhibitor decreased neutrophil extracellular traps (NETs) at 24 h after renal ischemia reperfusion injury (I/R) and attenuated lupus characteristics (anti-dsDNA, glomerular immunoglobulin deposition and lupus nephritis) at 120 h post-I/R in lupus prone mice. Characteristics of Fcgr2b-/- mice after renal I/R with Syk inhibitor or phosphate buffer solution (PBS) as determined by i) indicators of NETs in serum; serum dsDNA and serum myeloperoxidase (MPO) (A, B), ii) NETs in kidneys; expression of PAD4 and IL-1β (C) and co-staining of MPO and neutrophil elastase (NE) with the representative pictures (D), iii) glomerular apoptosis (active caspase 3 staining) and immunoglobulin deposition with the representative pictures (E, F), and iv) lupus nephritis characteristics; serum dsDNA, proteinuria (urine protein creatinine index; UPCI), and serum creatinine (G–I) are demonstrated (n = 5–7/group).






Figure 11 | Peptidylarginine deiminase 4 (PAD4) inhibitor decreased neutrophil extracellular traps (NETs) at 24 h after renal ischemia reperfusion injury (I/R) and attenuated lupus characteristics (anti-dsDNA, glomerular immunoglobulin deposition and lupus nephritis) at 120 h post-I/R in lupus prone mice. Characteristics of Fcgr2b-/- mice after renal I/R with PAD4 inhibitor or phosphate buffer solution (PBS) as determined by indicators of NETs in serum; serum dsDNA and serum myeloperoxidase (MPO) (A, B), NETs in kidneys; co-staining of MPO and neutrophil elastase (NE) with the representative pictures (C, D) and characteristics of lupus nephritis; serum dsDNA, proteinuria (urine protein creatinine index; UPCI), and serum creatinine (E–G) are demonstrated (n = 4–5/group).






Discussion

Renal injury at 24 h post renal-I/R prominently induced neutrophil extracellular traps (NETs) and apoptosis in kidneys of Fcgr2b-/- lupus mice that exacerbated the lupus activity at 120 h post renal-I/R. However, the inhibitors against Syk and PAD4 attenuated the NETs at 24 h post-renal I/R and prevented lupus exacerbation at 120 h post-renal I/R.


Program Cell Death Exacerbates Lupus Disease Activity

To avoid an influence of lupus-induced renal impairment on the renal-I/R model, 8-week-old Fcgr2b-/- mice (asymptomatic lupus prone mice) were used in all experiments and lupus disease activity parameters (anti-dsDNA, proteinuria and Scr) were observed (72). They are well-known for apoptosis (with secondary necrosis), NETosis, and apoNETosis, the pathways of program cell death that cause exposure of auto-antigens from nuclei, which could exacerbate lupus activity (35). Indeed, both of NOX2-dependent NETosis and caspase 3-associated apoptosis after renal-I/R (34, 73) as well as apoNETosis (NOX2-independent NETosis together with caspase 3 activation in the same neutrophils) were activated by high intensity of ultra-violet light (16) might enhance lupus disease activity. Although a simultaneous detection of apoptosis and NETosis at 24 h post renal-I/R was demonstrated, these characteristics was not the apoNETosis (apoptosis and NETosis in the same neutrophils). Perhaps, glomerular apoptosis at 24 h post renal-I/R might be consisted of apoptosis in both renal parenchymal cells and neutrophils. The exploration in this topic is outside the scope of this study. Nevertheless, the enhanced exposure of self-antigens through any cell death pathways possibly exacerbates lupus disease activity (35).



Prominent NETs and Apoptosis in Fcgr2b-/- Lupus Mice at 24 h Post-Renal I/R

Both NETosis and apoptosis in several cells after renal I/R have been previously mentioned (34, 73, 74), which might be associated with lupus disease exacerbation. Here, there was a similar kidney damage at 24 h post-renal I/R between Fcgr2b-/- and WT mice, but NETs formation (in peripheral blood neutrophils and the internal organs) and apoptosis (in kidneys and lungs) were more prominent in Fcgr2b-/- mice. These data supported the more susceptibility to NETs and apoptosis of Fcgr2b-/- mice than the WT. For the renal I/R-induced NETs, NETs in neutrophils locally accumulated in the injured kidneys and remotely deposited in the lungs through the induction of damage, which was associated with the Damage Associated Molecular Patterns (DAMPs) from renal tubular necrosis as previously published (75). However, the effect of renal I/R on Fcgr2b-/- mice was more prominent than WT mice perhaps through the hyper-responsiveness from inhibitory Fc gamma receptor (FcgR) deficiency (76). The upregulation of activating-FcgRs without Fcgr2b inhibitory signaling partly generated the increased responses of Fcgr2b-/- macrophages (8, 77). Because i) NETosis from activation on TLR-4, one of the receptors for DAMPs (78, 79), is well-known (80), ii) the crosstalk between TLR-4 and activating-FcgRs (20, 21, 59), which is the profound reaction against DAMPs of Fcgr2b-/- mice, is possible, and iii) both TLR-4 and FcgRs are presented on neutrophils (78, 81). Therefore, the more severe NETosis at 24 h post-renal I/R in Fcgr2b-/- mice is probably resulted from the TLR-4/activating-FcgRs cross-talk on neutrophils, which is similar to the Fcgr2b-/- macrophages (20, 21). However, renal ischemia induced liver and cardiac injury (27, 28) was not associated with NETs that would be consistent with the non-detectable NETs in these organs. Notably, the upregulated PAD4 and IL-1β without the positive detection of MPO and NE in livers and hearts supported pro-inflammatory activation (27, 28) in these organs without NETosis.

On the other hand, the renal I/R induces apoptosis of the renal parenchymal cells and the accumulated immune cells (32, 33), especially neutrophils (29–31). At 24 h post-renal I/R, apoptosis in kidneys and lungs of Fcgr2b-/- mice was more prominent than WT mice, possibly due to the hyper-inflammation induced apoptosis. Accordingly, DAMPs-activated TLR-4 induces massive apoptosis in parenchymal cells (kidneys and lungs) and immune cells (macrophages and neutrophils) after renal-I/R is well-known (82–85). Furthermore, the enhanced TLR-4 activation in Fcgr2b-/- mice through TLR-4/activating-FcgRs cross-talk (20, 21), might also be responsible to immune hyper-responsiveness and profound apoptosis. Nevertheless, both NETs and apoptosis were more prominent in Fcgr2b-/- mice than WT at 24 h post-I/R, which possibly enhanced self-antigens presentation and increased auto-antibody production (12, 16).



Prominent Anti-dsDNA and Immune Complex Deposition, but Not NETs, in Fcgr2b-/- Lupus Mice at 120 h Post-Renal I/R Exacerbates the Lupus Activity

The association between the program cell death pathways and the lupus exacerbation through the enhanced auto-antibody production is well-established (35). Here, the program cell deaths (NETosis and apoptosis) at 24 h post-renal I/R enhanced the production of anti-dsDNA in Fcgr2b-/- mice at 120 h post-renal I/R were demonstrated. The prominent anti-dsDNA, which is a major lupus auto-antibody, in Fcgr2b-/- mice at 120 h post-renal I/R suggests an impact of the loss of immune tolerance in these lupus mice (25). Interestingly, anti-dsDNA is inducible very shortly after I/R (5 days) in 8-week-old Fcgr2b-/- mice (asymptomatic lupus prone mice), despite the low-level of anti-dsDNA at baseline which is similar to the level in WT mice, indicating the existence of auto-reactive B cells in Fcgr2b-/- mice. Indeed, the clonal expansion of self-reactive B cells in germinal center is one of the main pathogenesis of autoimmune diseases (86). In this study, plasma cells and activated B cells in spleen of Fcgr2b-/- mice were higher than WT at 120 h post-renal I/R, supporting that a prominent activity of these immune cells in lupus that might be responsible for the rapid induction of anti-dsDNA. Therefore, the loss of inhibitory FcgRs in autoreactive B cells of Fcgr2b-/- mice might be more susceptible to the non-specific inflammatory activation from renal-I/R, which led to a rapid clonal expansion and an acceleration of the auto-antibody production (62).

Additionally, the prominent immune complex (IC) deposition at 120 h post-renal I/R in Fcgr2b-/- mice possibly resulted in mononuclear cell infiltrations and inflammatory responses in several organs. In contrast, the only abnormality in WT mice at 120 h post-renal I/R was proteinuria (with normal Scr) due to the incomplete recovery of proximal renal tubules (87). At 120 h post-renal I/R, Fcgr2b-/- mice demonstrated the lupus characteristics as indicated by Scr, anti dsDNA, proteinuria, and glomerular IC deposition. Due to the non-detectable renal MPO and NE in lupus mice at 120 h post-I/R, renal injury was not directly caused by NETs but perhaps the enhanced glomerular IC deposition. Hence, profound NETs and apoptosis at 24 h post renal-I/R in Fcgr2b-/- mice further caused the lupus exacerbation at 120 h post-I/R which might be due to i) accelerated auto-antibody production from the enhanced self-antigen presentation by NETosis and apoptosis (88–90) and ii) IC deposition induced inflammation (91). These results indicated that acute kidney injury in lupus acted as an exacerbating factor through the program cell death pathways.



The Increased Susceptibility to Apoptosis and NETosis of Fcgr2b-/- Neutrophils and the Syk Inhibition: A Potential Clinical Translation

Although the activation of inhibitory-Fcgr2b in T cells could induce the T cell apoptosis (92), the hyper-inflammatory responses of Fcgr2b-/- macrophages (due to the inhibitory loss) cause the profound LPS-induced apoptosis (13). Because the inhibitory Fcgr2b presents in all myeloid cells (93) (not only macrophages but also neutrophils), Fcgr2b-/- neutrophils might be more susceptible to the cell death pathways. Although, PMA (94) and LPS (95) are a well-known NETs stimulator and a potent apoptosis inducer, respectively, both agents could induce both apoptosis and NETosis (65–67, 96, 97). Indeed, PMA and LPS induced the more prominent apoptosis and NETosis through Syk and NFκB in Fcgr2b-/- neutrophils compared with WT at 2 h and 4 h, respectively, supported the previous publications (69, 98). Because the data of NETosis were less compared to apoptosis in Fcgr2b-/- immune cells, NETosis was further explored. As such, both gene expression and protein quantification of Syk and NFκB in Fcgr2b-/- neutrophils were higher than WT cells and the inhibition of both Syk and NFκB attenuated the NETosis, indicating a possible association between Syk and Fc gamma receptors (46, 99). In addition, the association between NETs and lupus exacerbation was demonstrated in renal I/R Fcgr2b-/- mice along with the inhibitors against NETs (Syk and PAD4 inhibitors). Both inhibitors effectively attenuated NETs at 24 h post-renal I/R and decreased anti-dsDNA at 120 h of the model, supporting that NETs blockade could prevent the renal I/R-induced lupus exacerbation.

The working hypothesis of the in vivo and in vitro experiments is presented in Figure 12. Accordingly, TLR-4 is an important pathway for apoptosis and NETosis (36), which could be induced by LPS, DAMPs (from renal-I/R), and DNA histones (from NETosis of PMA and renal-I/R) (100) possibly through the NADPH oxidase 2 (NOX2) dependent pathway (66, 102, 103). Likewise, Fc gamma receptors are the initiation of NETosis through Syk activation (37). Because i) Syk is a downstream of Fc gamma receptors and TLR-4 through immunoreceptor tyrosine-based activation motif (ITAM) and non-ITAM dependent pathways, respectively (37), ii) Syk is a possible shared downstream signaling from TLR-4, Fc gamma receptors and PMA (Figure 10), which activated the Syk through ROS from NOX2-dependent PMA stimulation (102), and iii) Syk also enhances ROS production (104, 105) that could accelerate both apoptosis and NETosis (102), and this inhibitor is an interesting drug for use in lupus. Thus, a possible mechanism that is responsible for prominent apoptosis and NETosis in Fcgr2b-/- neutrophils over WT might be an enhanced TLR-4 activity due to the crosstalk between TLR-4 and activating Fc gamma receptors (106) through Syk (and NFκB) without the inhibitory Fcgr2b (Figure 12). Despite an incomplete data on the association between Syk and Fc gamma receptors, the attenuation of NETosis and apoptosis with the prevention on lupus exacerbation by Syk inhibitor in Fcgr2b-/- mice with renal-I/R is interesting. Since Syk inhibitors are clinically available (107–110) for either lupus (42) or non-lupus conditions (20, 21, 101, 111), Syk inhibitor might be useful for the prevention of renal injury-induced lupus exacerbation. Future studies are of interest.




Figure 12 | The working hypothesis. Spleen tyrosine kinase (Syk) is a possible shared-downstream signaling of i) reactive oxygen species (ROS) derived from NADPH oxidase 2 (NOX2)-dependent PMA stimulation (100), ii) direct TLR-4 activation through DAMPs (damage associated molecular patterns) from renal ischemia (in mice) or lipopolysaccharide (LPS) (in vitro), iii) indirect TLR-4 activation from DNA histone released from PMA-induced NETosis (99) and iv) Fc gamma receptors (FcgRs) (98). Indeed, Syk, activated through immunoreceptor tyrosine-based activation motif (ITAM) and non-ITAM dependent signals from FcgRs and TLR-4, respectively (37), could enhance both apoptosis (2 h post-stimulation) and NETosis (4 h post-stimulation) (100, 101). Hence, prominent Syk activation in Fcgr2b-/- neutrophils compared with wild-type (WT) might be due to the crosslink between TLR-4 and activating-FcgRs (20, 21, 58) without the inhibitory receptor (blue cross line). After that, the profound free nuclear antigens, including dsDNA, from apoptosis and NETosis exacerbates lupus activity from the prominent anti-dsDNA production in Fcgr2b-/- mice but not in WT (+ve, positive signal; -ve, negative signal).



In conclusion, the prominent NETs and the Syk activation were observed in Fcgr2b-/- mice after renal I/R injury that induced lupus exacerbation. The attenuation of NETs using Syk inhibitor, possibly through reduction of the downstream signaling of TLR-4 and Fc gamma receptors, was proposed as an interesting strategy for the treatment in lupus. Further studies are warranted.
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Supplementary Figure 1 | The age-dependent lupus characteristics of Fcgr2b-/- mice and the injury from renal ischemia reperfusion injury (I/R). Age-dependent lupus nephritis of Fcgr2b-/- mice compared with wild-type (Fcgr2b+/+) mice; serum creatinine, urine protein creatinine index (UPCI) and serum anti-dsDNA, (A–C) and the characteristics in time-point of Fcgr2b-/- or Fcgr2b+/+ mice after renal ischemia reperfusion injury (I/R) as determined by gene expression of cytokines (TNF-α, IL-6 and IL-10) in kidneys (D–F), liver (G–I), heart (J–L), lung (M–O) and the representative Hematoxylin and Eosin (H&E) staining (original magnification 200x) of liver and lung at 120 h post renal I/R (P) are demonstrated (n = 6–7/time-point). Notably, the renal histological pictures at other time-points of both mouse strains are not demonstrated due to the similarity to Fcgr2b-/- mice at 120 h post I/R (normal histology).

Supplementary Figure 2 | Renal ischemia reperfusion injury (I/R) induced more prominent neutrophil extracellular traps (NETs) in lungs of lupus prone mice. Characteristics of NETs in lungs from Fcgr2b-/- or wild-type (Fcgr2b+/+) mice after renal ischemia reperfusion injury (I/R) as determined by co-staining of myeloperoxidases (MPO) and neutrophil elastase (NE) at 24 h post-I/R (A) (n = 5–8/group) and gene expression in the time-point of IL-1β and PAD4 (B, C) (n = 6–7/time-point) with the representative immunofluorescent pictures of NE (green), MPO (red) and 4’,6-diamidino-2-phenylindole (DAPI, blue nuclear staining) at 24 h post-I/R (or sham) (original magnification 630x) (D) are demonstrated. Additionally, the score of MPO and NE co-staining at 24 h post-I/R (E) with IL-1β and PAD4 in liver (F, G) and in hearts (H–J) (n = 6–7/group or time-point) are also demonstrated.

Supplementary Figure 3 | Renal ischemia reperfusion injury (I/R) induced more prominent apoptosis and immunoglobulin G (IgG) deposition in lungs of lupus prone mice. Characteristics of lung injury from Fcgr2b-/- or wild-type (Fcgr2b+/+) mice after renal ischemia reperfusion injury (I/R) as evaluated by apoptosis (activated caspase 3) (A), IgG deposition (B) (n = 6–7/time-point for A–D) with the representative immunofluorescent pictures (activated caspase 3 and IgG deposition) from mice at 0, 24 and 120 h post-I/R (original magnification 630x) (E) are demonstrated.

Supplementary Figure 4 | Prominent activation of plasma cells and activated B cells in spleen of lupus mice at 120 h post-renal I/R. Characteristics of immune cells in spleen at 120 h after sham or renal ischemia reperfusion injury (I/R) from Fcgr2b-/- and wild-type (Fcgr2b+/+) mice as indicated by the abundance in spleen of plasma cell (CD138 and B220 positive cells) (A), activated B cells (MHC II and B220 positive cells) (B), germinal center B cells (CD19 and GL7 positive cells) (C), follicular B cells (CXCR5 and B220 positive cells) (D) and the representative flow cytometry analysis of plasma cells and activated B cells (E) are demonstrated (n = 4-5/group).

Supplementary Figure 5 | Inhibitors against Spleen tyrosine kinase (Syk) or Nuclear factor kappa B (NFκB) attenuated neutrophil cytokine production. Supernatant cytokines (TNF-α, IL-6 and IL-10) in Fcgr2b-/- and wild-type (Fcgr2b+/+) neutrophils after 4 h activation by phorbol myristate acetate (PMA), a NETs activator, with or without inhibitors against Syk (Syk inh) or NFκB (NFκB inh) (A–C) or activation by lipopolysaccharide (LPS), a TLR-4 stimulator, (D–F) are demonstrated (independent triplicated experiments were performed). RPMI, Roswell Park Memorial Institute media (for neutrophils); Control group using only RPMI without the stimulation.
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Acute kidney injury (AKI) is a health problem worldwide, but there is a lack of early diagnostic biomarkers and target-specific treatments. Ischemia-reperfusion (IR), a major cause of AKI, not only induces kidney injury, but also stimulates the self-defense system including innate immune responses to limit injury. One of these responses is the production of erythropoietin (EPO) by adjacent normal tissue, which is simultaneously triggered, but behind the action of its receptors, either by the homodimer EPO receptor (EPOR)2 mainly involved in erythropoiesis or the heterodimer EPOR/β common receptor (EPOR/βcR) which has a broad range of biological protections. EPOR/βcR is expressed in several cell types including tubular epithelial cells at low levels or absent in normal kidneys, but is swiftly upregulated by hypoxia and inflammation and also translocated to cellular membrane post IR. EPOR/βcR mediates anti-apoptosis, anti-inflammation, pro-regeneration, and remodeling via the PI3K/Akt, STAT3, and MAPK signaling pathways in AKI. However, the precise roles of EPOR/βcR in the pathogenesis and progression of AKI have not been well defined, and its potential as an earlier biomarker for AKI diagnosis and monitoring repair or chronic progression requires further investigation. Here, we review biological functions and mechanistic signaling pathways of EPOR/βcR in AKI, and discuss its potential clinical applications as a biomarker for effective diagnosis and predicting prognosis, as well as directing cell target drug delivery.
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Introduction

Acute kidney injury (AKI) is a critical syndrome characterized by a sudden decline of renal function, with high morbidity and mortality (1–3). The poor prognosis of AKI is also evidenced by the high risk of progression to chronic kidney disease and end-stage renal disease over time, characterized by tubulointerstitial fibrosis (4, 5). Effective management of AKI is urgently needed including early diagnosis as well as target-specific treatment.

Renal ischemia-reperfusion (IR) injury is a common contributor to AKI, which could result from various clinical settings such as kidney transplantation, cardiac surgery, shock, vomiting, diarrhea, and burns (6). Parallel to injury, the kidney also develops defensive responses to restrict cellular damage and promote repair, one of which is associated with the classical hormone erythropoietin (EPO). Recombinant EPO, 5000 U/L in hemoperfusate, markedly decreased apoptotic cells in tubular areas, but increased the apoptotic cell death of inflammatory cells and their clearance in isolated porcine kidneys (n = 6) (7). In vivo, EPO at 1000 U/kg significantly improved renal function and structure at the acute stage (24 h) of IR-induced AKI in rats (n = 6) (8). These observations suggest a therapeutic opportunity of using EPO to improve the outcome of AKI. However, a large dose of EPO is needed for tissue protection, so it often results in side effects such as hypertension and thrombosis due to its high affinity to the classical homodimer (EPOR)2. The renoprotective receptor of EPO was a complex composed of the EPO receptor and β common receptor (EPOR/βcR), also known as innate repair receptor (9), but EPO has a low affinity to EPOR/βcR. Therefore, EPO-derived helix B surface peptide (HBSP) or its cyclic form CHBP was designed, which recognizes only EPOR/βcR, but not (EPOR)2, thus dissociating tissue protection and erythropoiesis (10).

Our previous work demonstrated the renoprotective effects of HBSP and CHBP in a series study using both animal and cellular models. It was shown that the expression of EPOR/βcR was greatly triggered by IR injury in kidneys, and in particular located in tubular epithelial cells (TECs) (11), while its ligand HBSP or CHBP protected the kidney against IR-induced AKI, as well as cyclosporine A-induced fibrotic damage in kidneys (12). Mechanically, HBSP or CHBP was found to regulate the activation of transient receptor potential melastatin 7 ion channels and endoplasmic reticulum stress in tubular epithelia (13, 14). Exploring the role of EPOR/βcR in renal IR-induced AKI could help researchers to better understand its self-defense mechanisms, its signaling pathways and associated outcomes, as well as assessing its role as a potential biomarker to facilitate timely diagnosis, monitor the progression of kidney injury, and direct cell target drug delivery.



EPO and its Derivatives

EPO is a highly-glycosylated protein with a molecular weight of around 30.4 kDa (15). In adults, interstitial fibroblasts in the kidneys are the major cells of EPO production, which maintain the level of EPO in the circulation by feedback signals (16). The main function of EPO is enabling the terminal differentiation of erythroid progenitor cells by inhibiting apoptosis and activating pro-survival signaling pathways (17–19). However, the action of EPO is not restricted to the hematopoietic system. Initial research observed a neuroprotective effect of recombinant EPO against ischemia-induced neuron damage in the brain (20). A similar effect was also described in other organs including the kidney, heart, and liver against ischemia-related injuries, by improving autophagy, anti-apoptosis, and anti-inflammation (21–23). It indicates that these organs have a receptor of EPO, which mediates the protection of tissues. Accumulated evidence suggests that heterodimer EPOR/βcR is responsible for the tissue protective effects (24–26). Upon injury, the expression of EPOR/βcR is instantly elevated, but EPO production in the site of injury is usually postponed, for example in astrocytes of the brain (27). Thus, there is a therapeutic window for exogenous supplement of EPO and its derivatives (9). Due to the much lower binding affinity of EPO to (1-20 nM) EPOR/βcR than to classic homodimer (EPOR)2 (100-200 pM) (28), a significantly higher dose of EPO is required to induce cytoprotection compared to erythropoiesis. Nevertheless, a high dose of EPO showed no significant tissue-protective effect in clinical trials, including four trails of renal transplantation (29–32) and one trail of AKI (33). Additionally, a number of studies indicated a high risk of mortality and adverse events related to the cardiovascular system by raising hematocrit and enhancing the activation of platelets and endothelia after EPO administration (34–37). Therefore, the application of EPO is restricted due to significant risk compromising its benefit. Looking into the 3D structure of EPO, helices A, C, and D binding with (EPOR)2 are associated with erythropoiesis, but only aqueous helix B binding with EPOR/βcR is related to tissue protection. Therefore, EPO was modified in a variety of ways to generate molecules retaining tissue protection and avoiding hematopoiesis, which included desialated EPO, carbamylated EPO (CEPO), and glutaraldehyde EPO. However, these EPO derivatives have different pitfalls including either short half-life, immune stimulation, or tissue permeability and compatibility (38–42).

Nevertheless, a small peptide derived from EPO, helix B surface peptide (HBSP), was designed and synthesized. It is a linear peptide formed by 11 amino acids, derived from the exterior aqueous surface of helix B, also known as ARA290 (10). HBSP possesses specific and powerful roles in tissue protection but without the side effect of erythropoiesis (43). Unfortunately, the plasma half-life of HBSP is short, around 2 min, which might affect its function in vivo. Scientists from the Chinese Academy of Sciences optimized the metabolic stabilization of HBSP in plasma by the conformational constraining of the head-to-tail connection that forms cyclic HBSP (CHBP) via thioether. CHBP gained proteolytic resistance significantly and prolonged its half-life time to at least 300 min in vivo (44). Preclinical studies proved that CHBP was renoprotective against IR injury in rodents (45) and large animal porcine models (3). The clinical application of CHBP, in particular HBSP, is promising as it is easily obtained, is an ambient dry powder for transportation, has low cost, and potential high efficacy for organ protection (45). However, metabolic characteristics such as serum stability, safety, tissue permeability, and cytoprotective efficacy in humans still need to be further investigated.

The effectiveness of a ligand drug is not only dependent on its specificity and tissue permeability, but also relies on the responsiveness of the receptor type. EPOR was reported to be associated with chronic fibrosis of the kidney by receiving persistent signals from EPO or excessive expression (46, 47). It was also reported that recombinant EPO provided renoprotection against fibrosis in adenine-induced CKD (48). However, EPO protected the IR kidney at the acute stage but promoted renal fibrosis in the long term. It is necessary to note that recombinant human EPO greatly increased myofibroblast numbers and collagen deposition in kidneys at 28 days post IR (46). The same study revealed that EPO stimulated profibrotic transforming growth factor β, oxidative stress and phosphorylation of ERK in IR kidneys, and also promoted epithelial-to-mesenchymal transition and activated fibroblasts under oxidative stress in vitro. Through overexpression of EPOR in tubules, evidence also demonstrated that higher EPO/EPOR signaling caused fibrosis in the IR-injured kidney at 14 days post IR by suppressing basal autophagy activity and upregulating apoptotic events through modifying microtubule-associated protein 1A/1B-light chain 3 and active caspase-3 expression, respectively (47). This evidence indicates that the homodimer (EPOR)2 could contribute to the fibrotic development of IR kidneys, as the heterodimer EPOR/βcR was demonstrated to have an anti-fibrotic role in the kidney after IR through its specific ligands such as CHBP (45). Thus, an advantage of EPO derivatives is that they only specifically bind to EPOR/βcR, avoiding the side effects of EPO caused by not only erythropoiesis but also pro-fibrosis. Understanding the expression, regulation, and function of (EPOR)2 and EPOR/βcR under different diseases would be beneficial to increase the effectiveness of their respective ligand drugs, reduce side effects, and avoid invalid use.



Physical Interaction Between EPOR and βCR

The protective role of EPO revealed in different organs indicates that a variety of non-hematopoietic tissues have the receptor of EPO. EPOR, a member of the type I cytokine receptor family, is present on the surface of erythroid progenitor cells at a high level, and assembly of the homodimer (EPOR)2 mediates erythropoiesis upon receiving signals from EPO (49). During the developmental stages of embryos, EPOR was found broadly expressed in many organs and cells, such as the kidney, brain, and heart (50–52). It appeared predominantly in the kidney after the first two trimesters. Knockout of EPOR in a mouse fetus resulted in death of the mouse, which may be partially due to erythropoiesis and the development of organs including the kidney (53). Thus, the signaling of EPO/EPOR is crucial in the normal development of mouse fetuses, showing its potentially broader roles apart from erythropoiesis. However, EPOR expression was gradually decreased in the kidney cortex and became stable until the maturation of the kidney postnatally (54). In adult rats, EPOR expression in kidneys remains very low or absent under normal conditions, mainly in TECs (55). This expressional change of EPOR indicates its multiple functions that may be involved in the different periods of life.

Alike EPOR, βcR also belongs to the type I cytokine receptor family. βcR is a shared common β chain with a receptor of interleukin (IL)-3, IL-5, and granulocyte-macrophage colony stimulating factor (GMCSF), which binds to a corresponding α chain (56–58). βcR mainly locates on the surface of hematopoietic cells and exerts immune regulation (59). In 1995, βcR was found to be responsive to EPO as the tyrosine phosphorylation of βcR was observed upon EPO treatment to cultured cells (60). Paul and his colleagues (61) transfected B lymphocytes with vectors expressing both EPOR and βcR genes and then obtained their heterologous expression in these cells. The two receptors associated with each other as EPOR/βcR were demonstrated in transfected cells by the detection of co-immunoprecipitation. In 2004, Brines and his colleagues demonstrated that EPOR and βcR were physically linked via cysteine residues (24), which might be already assembled in the absence of the EPO molecule (61). Co-expression of EPOR and βcR has been detected in various organs, such as the kidney, heart, and nervous system (62, 63).



Signaling Pathways Mediated By EPOR/βCR

EPOR and βcR do not contain an intrinsic kinase domain for downstream signaling but could induce Janus kinase 2 (JAK2) auto-phosphorylation by spatial conformational change upon receptor occupancy (60, 64, 65). As EPO signals go through both homodimer and heteromer receptors, molecular pathways specifically associated with EPOR/βcR were demonstrated by non-erythropoietic tissue-protective compounds, primarily HBSP and CEPO (42). Three dominant pathways followed by JAK2 phosphorylation have been identified, which were similar to those used in the hematopoietic system followed by homodimer receptor (EPOR)2 binding (Figure 1).




Figure 1 | Signaling pathways identified in IR-induced AKI via EPOR/βcR activation. EPO-derived tissue protective components such as CEPO, HBSP, and CHBP lead to the phosphorylation of EPOR/βcR-linked JAK2, and subsequently activates several downstream cascades. Biological processes that were influenced through EPOR/βcR signaling included immune response (blue box), cell death (purple box), and kidney repair/preventing renal fibrosis (yellow box).



Firstly, the phosphatidylinositol 3-kinase (PI3K)/Akt (also known as protein kinase B) pathway was involved through EPOR/βcR in the kidney, liver, and heart (66–70). In a mouse renal IR model, autophagy was induced by CHBP via inhibition of mammalian target of rapamycin complex 1 (mTORC1), but activation of mTORC2 led to renoprotective effects (44). Forkhead box O 3α (FoxO3α), a downstream effector of Akt, was activated by CHBP and linked to anti-fibrotic effect in a kidney IR model (45). Nevertheless, upon CEPO treatment, FoxO3α was dephosphorylated and consequently stimulated p27 expression, which was a key factor responsible for the negative regulation of cell cycle and cell proliferation demonstrated in human acute myeloid leukemia cell line UT-7 (71).

The second major molecular pathway involves signal transducer and activator of transcription 3 (STAT3) signaling. Phosphorylation of STAT3 in murine kidneys was found upregulated by IR insult, along with decreased apoptotic events (44). The activation of the STAT3 pathway was reported to occur in a cardiovascular system insulted by IR by the blockade of apoptosis and inflammation (68, 69, 72). In addition, in a rat renal allograft model, JAK2/STAT3 signaling induced the downstream pathway of the suppressor of cytokine signaling 1 expression for inhibiting toll-like receptor-induced dendritic cell maturation, as well as pro-inflammatory cytokine production of these cells (73). Most recently, the same group discovered that the JAK2/STAT3 pathway was also essential to enhance the immunosuppressive capability of myeloid-derived suppressor cells (74).

A third pathway refers to mitogen-activated protein kinases (MAPKs) identified in the heart, liver as well as the kidney via EPOR/βcR signaling (67–69). Extracellular signal-regulated kinase (ERK)1/2, a downstream pathway of MAPK, plays an important role in the protection of EPO from IR-induced renal apoptosis (75). Activation of ERK signals also accelerates repair of TECs and inhibits progression of interstitial fibrosis, and its correlation with EPOR/βcR needs investigation (76).

Additionally, both the PI3K and MAPK pathways inhibit glycogen synthase kinase 3β (GSK3β), which leads to stabilization of the mitochondrion, reduces oxidative stress damage, and subsequently inhibits death signals (72, 77). HBSP enhanced the phosphorylation of GSK3β in the rat kidney post IR and ultimately reduced inflammation by inhibiting nuclear factor-κB (NF-κB) (39). Moreover, an oxidative pathway including NADH-ubiquinone oxidoreductase Fe-S protein 6, alpha-aminoadipic semialdehyde synthase, and ATP-binding cassette subfamily D member 3 was also elicited by EPOR/βcR, leading to the renoprotective effect of CHBP (78).



Renoprotection Mediated By EPOR/βCR

The signaling pathways of EPOR/βcR bring multiple favorable effects on IR-injured kidney, not only against the injury, but also promotes repair. Upon IR insult, kidney cells were stressed with energy exploitation, waste retention, and accumulation of reactive oxygen species, then underwent sublethal, lethal damage, resulting in the release of alarm signals and evoking a sterile inflammatory reaction (7). Although the kidney has the capability to self-renew, maladaptive repair characterized as the deposition of collagen in tubulointerstitial areas cannot be avoided completely (79). As expected, the instant injury at an early stage of IR injury was greatly reversed by EPO and its derivatives through ameliorating kidney apoptosis and inflammatory response. Moreover, early intervention of EPO derivatives seems to turn on the switch of long-lasting biological actions as it can also inhibit chronic renal fibrosis. It was thought that EPOR/βcR mediated the balance of the microenvironment at injury sites, which benefited the recovery of the injured organ. However, the exact mechanism is still not very clear. The cell types in the kidney possessing EPOR/βcR were summarized (Figure 2), with detailed discussion below.




Figure 2 | EPO derivatives with tissue protective features benefited IR-injured kidneys at both acute and chronic stages. CEPO, HBSP and CHBP occupied EPOR/βcR on identified cells, reduced the apoptotic death of TECs, and the infiltration, pro-inflammatory transformation and maturation of inflammatory cells at the acute injury stage. The potential role of EPOR/βcR on the phagocytic function of TECs needs further study. These EPO derivatives also promoted the proliferation of TECs and transformation of macrophages to the M2 phenotype (anti-inflammatory) and reversed the proliferation of myofibroblasts and deposition of extracellular matrix proteins including collagen in interstitial areas at the chronic repair stage.




Ameliorating Apoptotic Cell Death

Injury of renal TECs was the most predominant pathological change of renal IR injury. These cells demand a high amount of oxygen and ATP, and thus are susceptible to ischemic insult. Severe stress to TECs could lead the cells to a variety of cell death modes including apoptosis (80). In both rodent and large animal experiments, inhibiting apoptotic pathways demonstrated substantial benefits to the recovery of IR kidneys (81, 82). Anti-apoptotic effect through EPOR/βcR in IR-induced AKI was also evidenced in animal models (3, 39, 83). The underlying mechanism could be manifested by the instant expression of EPOR/βcR on kidney TECs, which helps to construct an image that HBSP directly binds to EPOR/βcR on these cells and transmits protective signals inhibiting apoptosis (11). Evidence also suggested that the anti-apoptotic effect of EPOR/βcR activation would also contribute to the reduced level of oxidative (78) and enhanced autophagy via inhibition of mTORC1 and activation of mTORC2 (44), which rescues the TECs from apoptotic cell death. In addition, sustained dysfunction of the endothelium post reperfusion results in the obstruction of capillaries and a local ‘no-reflow’ phenomenon, which could lead to continuous hypoxia and cumulative apoptosis (84). Sautina et al. defined the association of vascular endothelial growth factor receptor 2 with EPOR/βcR to elicit downstream signals in the endothelium and attenuated microvascular damage (85, 86). It is indicated that EPOR/βcR would also mediate the maintenance of microvasculature and reduce further damage to tubules.



Regulating Immune Response


Neutrophils, Macrophages, Dendritic Cells, and T Cells

Inflammatory cells accumulated at the site of damage are usually a double-edged sword. These cells cause further damage at the early stage of AKI, and also initiate the clearance of injured cells and inflammation to limit damage and promote tissue repair. However, sustained inflammatory cell infiltration leads to uncontrolled inflammation in the kidney, further tissue injury, and maladaptive repair (87). Others and our previous work demonstrated that HBSP reduced infiltration of neutrophils and production of pro-inflammatory cytokines such as IL-1, IL-6, and tumor necrosis factor α by inhibiting the NF-κB pathway in rodent renal IR injury models (39, 44). Furthermore, in a large animal model, CHBP protected isolated porcine kidney and restored renal function by reducing interstitial neutrophils and decreasing pro-inflammatory cytokine transcripts 3 h after reperfusion (3). It has been found that EPOR/βcR presented or functioned in several types of immune cells, such as macrophages and dendritic cells (25). HBSP inhibited the transformation of macrophages to the pro-inflammatory M1 phenotype (88) but markedly increased the ratio of the anti-inflammatory M2 phenotype (89), of which the latter supports the transition from tubule injury to tubule repair in IR kidneys (90). In addition, CHBP also inhibited the maturation of dendritic cells through the JAK2/STAT3 signaling pathway (73), suggesting the expression of EPOR/βcR on dendritic cells. This effect of CHBP also suppressed the infiltration of T cells, which would reduce tissue damage caused by excessive immune activation (91). The expressional and functional profile of EPOR/βcR on dendritic cells, antigen-presenting cells, and T cells should be further defined, which may influence the outcome of diseases.



Phagocytosis of TECs

Additionally, timely clearance of damaged cells also benefits the injured kidney from secondary inflammatory injury (92). Bangwei Luo et al. reported that apoptotic cell-released sphingosine 1-phosphate activated EPO/EPOR signaling in macrophages, which enhanced dying cell clearance (93). However, whether the phagocytic function of macrophages was enhanced through EPOR homodimer or hetero-receptor EPOR/βcR upon EPO binding remains unclear. Nevertheless, surviving TECs are the main (semi-professional) phagocytes to uptake dead cells in the kidneys subjected to IR injury by expressing kidney injury molecule-1 (KIM-1) (94). KIM-1, a specific molecule expressed by TECs upon injury, recognizes phosphatidylserine on apoptotic cells and transforms TECs to phagocytes (94). The mechanism of EPOR/βcR ameliorating IR injury in kidneys may also relate to the phagocytic function of TECs and facilitate clearance of apoptotic cells. Using a bioinformatics method, STAT3 was identified as an upstream regulator of KIM-1 expression (95), which could also be activated via EPOR/βcR. It is suggesting that ligands to EPOR/βcR might trigger signals for TECs turning into phagocytes.



Promoting Regeneration/Remodeling

The kidney could recover from IR injury that resulted in substantial loss of TECs (96). Nevertheless, kidney repair is often maladaptive when the injury is severe or mild but frequent (97). The sources of cells that contribute to the replenishment of the population of TECs after injury mainly originate from endogenous surviving TECs (98). Many injury factors, especially long-term hypoxia resulted from sustained loss of peritubular microvessels (99), and disturbance of immune-respondent components such as chronic activation of macrophages of the M1 phenotype (100, 101) have been suggested to contribute to post-ischemic fibrosis. These factors may then induce epigenetic changes in resident myofibroblasts, which result in prolonged fibroblast activation and fibrogenesis (102). Imbalanced regeneration of renal parenchymal cells and repair were characterized by interstitial fibrosis that might be the key determiner for the fate of the injured kidney in terms of its long-term outcome.

The activation of EPOR/βcR was observed to decrease the expression of α-smooth muscle actin (α-SMA), a specific marker for myofibroblasts, and deposition of the extracellular matrix in rodent IR injury and unilateral ureteral obstruction models (44, 83). EPOR/βcR signaling also compromised the pro-fibrotic effect of transforming growth factor-β in cultured TECs by maintaining the level of E-cadherin and lowering vimentin, attenuating their epithelial-mesenchymal transition in vitro (3, 45). This action would contribute to the reduced expression of pro-fibrotic FoxO3α on TECs through EPOR/βcR signaling. In addition, CEPO, which specifically recognizes EPOR/βcR, decreased α-SMA expression, a marker of myofibroblasts, in a 14-day rat AKI model induced by unilateral ureteral obstruction (103). These findings suggest that signals after EPOR/βcR activation would block the way of fibrogenesis by modifying the behavior of both parenchymal cells and interstitial cells, however, the exact mechanism needs further investigation. Evidence has shown that EPOR/βcR mediated the proliferation of endothelial cells and neural progenitor cells (26, 104). However, whether EPOR/βcR mediates the dedifferentiation and proliferation of surviving TECs is unknown. Moreover, communication among cells is critical to kidney repair, such as crosstalk between TECs and myofibroblasts, pericytes, or macrophages, which would lead to regeneration of kidney parenchymal cells or the bulk production of the extracellular matrix. Investigation of EPOR/βcR on cell-to-cell communication would not only lead to further understanding of its pro-repair and anti-fibrotic action but also benefit the determination of the pathogenesis of renal IR injury.





EPOR/βCR as Potential Biomarker


Regulation and Modulation of EPOR/βcR

On a genomic level, the upstream regulation of EPOR expression has been studied in various studies involving the kidney. Hypoxia inducible factor-1α (HIF-α) is a major transcription factor mediating the cellular response to hypoxia and plays a pivotal role in the resolution of AKI (105). Exogenous HIF-α improved the survival of rat AKI induced by IR insult, as well as increased the downstream effector EPOR, indicating the association between EPOR and HIF-α (106). In addition, overexpression of transmembrane Klotho or administration of secreted Klotho exerted protective effects against IR-induced AKI (107, 108). Hu and colleagues reported that EPOR was a downstream effector of Klotho (55, 109). It was also suggested that tumor necrotic factor α and its receptor were required for the upregulation of EPOR and the therapeutic effects of EPO (110, 111). Furthermore, Youn-Soo Lee et al. found that deficiency of the Von Hippel-Lindau gene resulted in the development of tumors in the kidney, characterized by consistent upregulation of EPO and EPOR in renal carcinoma (112). Thus, it indicated that Von Hippel-Lindau might be an upstream inhibitor of EPO or EPOR, of which the latter genes are responsible for the proliferation of immature mesenchymal cells (113). Besides, EPO induces the ubiquitination and internalization of EPOR via clathrin-mediated endocytosis, following by the degradation of its intracellular part by the proteasome, preventing further signal transduction (114, 115). Nevertheless, the regulation of βcR expression in kidney parenchymal cells at the genomic level remains unreported, for which studies might be limited by the lack of specific ligands for (βcR)2. The potential effect of upstream genes on EPOR regulation and EPOR/βcR formation for enhancing protection needs to be further explored.

Both EPOR and βcR belong to the type I cytokine superfamily, of which one family member usually creates a complex with the other in the same family as stimulated by the ligand. In addition, EPOR could be translocated from the nucleus to the cytoplasm and cellular membrane under hypoxia (116). In addition, it was claimed that EPOR could be recruited into membrane lipid raft fractions within 1 min post the exposure of the growth factor, reaching a peak at 10 min (117). There is also evidence regarding the βcR migration to lipid rafts under stimulation of the ligand GMCSF in hematopoietic cells (118). Similarly, the altered cell surface expression of βcR in fibroblasts and macrophages that immediately occurred under stress indicated the swift translocation of the receptor (119). It was assumed that homodimer (EPOR)2 and (βcR)2 translocated from the cytoplasm to the plasma membrane quickly upon stimulation and assembled a heteroreceptor at the molecular level. Additionally, the regulation of heteroreceptor EPOR/βcR expression has been also shown by its ligand treatment in different disease models. CEPO promoted the complex association of EPOR and βcR on myocardium at 4 h post-reperfusion in a mouse myocardial IR injury model (70). However, the level of EPOR/βcR was decreased by HBSP in a 48-h mouse renal IR model, which may contribute to the decreased degree of kidney injury (11). These regulatory observations indicated potential differences in the underlying mechanisms of EPOR/βcR expression.



Potential Diagnostic Biomarker

Up to date, the diagnosis for AKI in the clinic mainly relies on the change of serum creatinine level and/or urine output (120). However, the functional alteration of the kidney always results from massive structural disorder, so the supreme timing for targeted therapeutics is often missed, which is crucial for the long-term outcome. Minor damage in the kidney might result in the poor prognosis without timely diagnosis and intervention (97). An ideal biomarker is one that can diagnose AKI at the early stage, monitor the development of the injury, direct the therapeutic interventions, and predict the prognosis of disease (33). The instant expression of EPOR/βcR in the kidney upon renal stress or insult suggested that EPOR, βcR, and/or EPOR/βcR might be a potential early biomarker(s) for IR-induced AKI. However, kidney biopsy is not a routine examination for AKI patients. Dropped off damage parenchymal cells and/or apoptotic inflammatory cells to the tubular lumen provided an opportunity for detecting these receptors in the urine, which might also reflect the level of these receptors in the kidney and the occurrence of renal injury. However, there is no available report regarding EPOR/βcR in plasma and urine so far, which may be due to the challenge of EPOR/βcR detection. Nevertheless, EPOR was found as a soluble protein in plasma that corresponds to the extracellular domain of EPOR on the cellular membrane. Biologically, the soluble EPOR exists in human plasma to bind excessive EPO and maintains the latter at a constant level (121). It has been reported that the level of soluble EPOR may contribute to erythropoietin resistance in end stage renal disease, and that its production may be mediated by pro-inflammatory cytokines such as TNF-α and IL-6 (122), indicating soluble EPOR as a potential biomarker of cell injury. However, the regulation of soluble EPOR in the plasma of animals or humans with IR-injured kidneys remains unclear. Understanding the expression and regulation of EPOR in different forms, as well as EPOR/βcR could benefit its potential application in AKI diagnosis and progression.

Therefore, exploration of the dynamic expressional profile of EPOR and potentially EPOR/βcR in the serum and urine post renal IR at different stages of injury would provide essential evidence to assess the diagnostic potential of these receptors. The association between the expression of these receptors and the development of renal IR injury might give information on the monitoring of disease. Early intervention using EPO derivatives that specifically activate EPOR/βcR will be beneficial for not only the short-term but also long-term outcome of IR-induced AKI. The dynamic change of EPOR/βcR in the kidney post insults such as IR at the initiation and the development of injury, as well as repair stage, might direct the application of specific ligand drugs.




Challenges and Opportunities

Apart from the availability of the clinical specimens, the sensitivity and specificity of detection for the level of EPO and its receptors including EPOR, βcR, and EPOR/βcR in liquid specimens should be optimized. Especially for the heterocomplex, a co-immunoprecipitation assay needs a large sample with adequate expression. Whether EPOR or βcR protein, as well as the mRNA level of these receptors, could represent the level of heteroreceptor remains unclear and requires further study. Additionally, the complexity of disease may compromise the sensitivity of detection as various diseases may increase the expression of this protective receptor especially in patients with problems in other organs except the kidney or possessing complex kidney problems. Besides, there is also crosstalk between the kidney and other organs such as the brain, liver, and lung post renal IR (123). The level of EPOR, βcR, or EPOR/βcR in urine might not reflect the exact injury in the kidney, making the assessment of renal injury difficult. However, the functions, underlining mechanisms, and diagnostic potential regarding EPOR/βcR in AKI would also be applicable to other organs with acute injury. There are clinical trials using HBSP (also named ARA290) on neural systems (NCT02070783, NCT02039687) and the endocrine system (NCT01933529) indicating that HBSP possesses a wide range and great potential for clinical applications in different organ systems. EPOR/βcR has been found widely expressed in many kinds of cells including progenitor cells. The potential side effect of in vivo administration of EPOR/βcR ligands such as HBSP/CHBP in the clinic shall consider the potential that the repair signal of the receptor might lead to excessive proliferation of progenitor cells, resulting in tumorigenesis or fibrosis. In addition, EPOR/βcR might also be a natural guider for specific cell target drug delivery such as small interfering RNA conjugated with its ligand HBSP or CHBP, as TECs are most vulnerable to IR injury and highly expressed EPOR/βcR.



Conclusion

The timely and spatial expression of EPOR/βcR in the injured kidney upon IR suggests its potential for early diagnosis and monitoring progression, as well as cell target drug delivering such as siRNA conjugated to its ligand. The key facts and messages are summarized as follows:

	Hypoxia and inflammatory cytokines stimulate the swift translocation of EPOR and βcR to the cellular membrane and assemble the heterodimer.

	EPO-derived peptide HBSP or CHBP only activates EPOR/βcR, possessing great renoprotection against IR injury. The metabolic profile and potential side effect of EPO derivatives should be further investigated before their clinical applications.

	The signaling pathways of PI3K/Akt, STAT3, and MAPK were involved in the renoprotective effects of EPOR/βcR such as anti-apoptosis of TECs and endothelial cells and anti-inflammation at the acute stage, promoting proliferation of parenchymal cells and anti-fibrosis at the chronic stage.

	Highly expressed EPOR/βcR in damaged cells provides a great opportunity for cell target delivery of drugs that was conjugated with its ligand such as siRNA conjugated with HBSP to precisely treat IR-induced AKI, promote repair/remodeling, and prevent its chronic progression to fibrosis.
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Both acute and chronic antibody-mediated allograft rejection (AMR), which are directly mediated by B cells, remain difficult to treat. Long-lived plasma cells (LLPCs) in bone marrow (BM) play a crucial role in the production of the antibodies that induce AMR. However, LLPCs survive through a T cell-independent mechanism and resist conventional immunosuppressive therapy. Desensitization therapy is therefore performed, although it is accompanied by severe side effects and the pathological condition may be at an irreversible stage when these antibodies, which induce AMR development, are detected in the serum. In other words, AMR control requires the development of a diagnostic method that predicts its onset before LLPC differentiation and enables therapeutic intervention and the establishment of humoral immune monitoring methods providing more detailed information, including individual differences in the susceptibility to immunosuppressive agents and the pathological conditions. In this study, we reviewed recent studies related to the direct or indirect involvement of immunocompetent cells in the differentiation of naïve-B cells into LLPCs, the limitations of conventional methods, and the possible development of novel control methods in the context of AMR. This information will significantly contribute to the development of clinical applications for AMR and improve the prognosis of patients who undergo organ transplantation.
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Introduction

Experiments by using thymectomized mice or chickens conducted during the mid-1960s show that T cell mediated immunity in tissue and organ allografts. Consequently, most immunosuppressive therapies for preventing allograft rejection were targeted on T cells, and the studies of the in vitro effects of immunosuppressive agents against the proliferating T cells significantly contributed to controlling T cell-mediated rejection (TCMR) (1). Although T cells mediate the activation of the humoral immune response to transplanted grafts through activating B cells, efforts to control antibody-mediated allograft rejection (AMR) using conventional immunosuppressive therapy have been still challenging until now (2–16).

Therefore, further understanding of B cell biology related to the differentiation of long-lived plasma cells (LLPCs) and the regulation of the production of antibodies that induce the development of AMR are required to improve disease prognosis.

During AMR development, naïve-B cells recognize donor-specific human leukocyte antigen (HLA) and differentiate into activated B cells. These activated B cells undergo negative selection in germinal centers (GCs), and only cells with high affinity for donor-specific HLA survive, subsequently differentiate into memory B cells (MBCs) or migrate into the bone marrow (BM), and differentiate into LLPCs. LLPCs maintain long-term donor-specific HLA antibodies (DSAs) production (17–19) and conventional immunosuppressive therapy is ineffective for removing these PCs, because their survival is independent on the activities of T cells and expression of CD20 is reduced on these PCs (19, 20). Moreover, the intramedullary environment may prevent these PCs from undergoing apoptosis induced by desensitization therapy (21). Therefore, the development of accurate and rapid techniques to evaluate humoral immune activation targeting transplanted grafts, independent of antibodies, are urgently required to control AMR.

Identifying of the antigen specificity of MBCs circulating in the peripheral blood, as measured using an ELISpot assay or in vitro assay system, will be useful to evaluate the activation of the humoral immune response to donor-specific HLA antigens (22–27). Furthermore, microarray techniques and next-generation sequencing (NGS) may provide detailed information that will contribute to therapeutic control of AMR, including the identification of antibodies that injure transplants and individual differences in patients’ susceptibilities to immunosuppressive agents (28–36).

In addition, the components of humoral immunity involved in immune tolerance as well as in the repair of injured tissues are attracting attention, particularly in the fields of autoimmune diseases, severe infectious diseases, and others (37–42). Here, we discuss the possibility of AMR control by referring to the involvement mechanism of these components in the humoral immunity-associated pathology and the possibilities of these components as well as novel humoral immune monitoring in solving the problems associated with conventional AMR control.



Molecular Pathophysiology in AMR

In the pathways or events leading to the development AMR, molecules such as donor-specific HLA antigens, non-HLA antigens, and self-antigens are recognized by antigen-presenting cells (APCs) that express the major histocompatibility complex (MHC) II on their surface. These latter molecules are presented to follicular helper T cells (Tfhs) through the interaction of MHC II with the T cell receptor (TCR), resulting in the activation of Tfhs (17). The B cell receptor (BCR), which is expressed on the surface of naïve-B cells, is activated through cross-linking to the aforementioned antigens in a T cell-dependent manner, and B cells monoclonally proliferate after stimulation by activated Tfhs in secondary lymphoid tissues. These activated B cells form GCs. After immunoglobulin class switching, they undergo affinity maturation and the cells with low affinity for foreign antigens or high affinity for self-antigens undergo apoptosis as a negative selection mechanism, followed by differentiation into MBCs or LLPCs that bind these antigens with high affinity. MBCs migrate to secondary lymphoid tissue to counter the ensuing invasion by foreign antigens, and LLPCs persist and continue to produce antibodies that induce AMR (17, 18, 43–45) (Figure 1).




Figure 1 | The pathway of naïve-B cell differentiation into plasma cell in the context of AMR development. We show how immunocompetent cells are involved in the onset of AMR, focusing on B cells. Naïve-B cell recognises donor-specific HLA antigen and present the antigen peptides from MHCII to T cell receptor and activate T cells. The activated T cells regulate the growth and survival of B cells through the production of IL4, 6, 7, 10, 21, TNF-α, IFNγ, etc (46). Activated B cell migrates to secondary lymphoid tissue, class-switches to IgG and then undergoes gene conversion and hypersomatic mutation in the germinal center to have a high affinity for donor-specific HLA antigen. These cells migrate into the bone marrow and differentiate into long-lived plasma cells, and keep producing IgG DSAs for a long term. Furthermore, TLR 7/9 is expressed on the surface of naïve-B cells. TLR7 plays an important role in T cell activation and germinal center B-cell development (24). TLR9 recognizes the CpG motif and supports the survival and proliferation of B cells through IL-6 production and T cell activation (47). T cells regulate B cells’ activation and sustain the interaction between follicular helper T cells and germinal center B cells through the association between the B7 family and CD28, ICOS, PD-1, CTLA-4 expressed by B cells, and CD 40 ligand and CD40 expressed by B cells. Regarding macrophages and natural killer cells function as antigen-presenting cells and induce B cells and T cells activation. IgG-type DSA binds to Fcγ on the macrophages and natural killer cells’ surface and activates them. Complement activates adaptive immunity against thymus dependent antigen, or it activates the membrane attack complex and induces inflammation and tissue damage on vascular endothelial cells, thereby supporting the onset of AMR. AMR, Antibody-mediated allograft rejection; APRIL, A proliferation-inducing ligand; BCR, B cell receptor; CD40L, CD40 ligand; CTLA-4, Cytotoxic T-lymphocyte associated antigen 4; DSA, Donor-specific HLA antibody; FcγR, Fc gamma receptor; IFN, Interferon; ICOS, Inducible T-cell co-stimulator; MHC, Major histocompatibility complex; PD-1, Programmed cell death – 1; TNF, Tumor Necrosis Factor; TLR, Tool-like receptor.



Regarding the involvement of T cell in AMR development, Tfhs reside in the peripheral secondary lymphoid tissues and strongly promote the production of antigen-specific antibodies through the support of the GC reactions. The B7 (CD80/86) family of costimulatory molecules B7-1 and B7-2 binds to CD28 and cytotoxic T-lymphocyte associated antigen 4 (CTLA-4) on the surface of T cells binds more strongly to CD80/86 than to CD28 to release control over the generation of Tfhs (2). Human B7 homolog 1 (B7H-1) binds programmed death-ligand 1 (PD-L1) expressed by activated T cells and inhibits T cell activation through the interaction between PD-L1 and programmed cell death1 (PD-1). Human B7 homolog 2 (B7H-2) binds inducible T cell costimulator (ICOS) expressed by CD4/CD8 T cells to increase the secretion of interferon (IFN)-γ and interleukin (IL)-10. ICOS-ligand is expressed on the surface of B cells and supports their migration into B follicles (3, 4). In addition, Thfs support the formation of the GC through the interaction between CD40 and CD40-ligand (CD40-L) (5–9); and the G-protein-coupled receptor sphingosine-1-phosphate receptor 2 (S1PR2) cooperates with CXCR5 to retain Thfs in the GC (10). Members of the signaling lymphocyte activation molecule (SLAM) family act to maintain stable contacts between Tfhs and GC B cells to maintain the differentiation of Thfs, formation of the GC, and proliferation and survival of LLPCs and MBCs (11–16). In contrast, follicular regulatory T cells (Tfrs) inhibit the production of IL-21 by Thfs, and the CTLA-4-mediated signals cooperate with IL-10 and transforming growth factor (TGF)-beta to support the inhibitory effect on humoral immunity (48).

Macrophages (MPs) and natural killer (NK) cells also play an important role in the development of AMR (49). MPs present antigens to Tfhs via MHC class II, serve as a source of co-stimulatory signaling and cytokines required for activation of T cells, and subsequently activate B cells (50). Moreover, IgG DSAs have been revealed to bind to Fc gamma receptor (FcγR) such as FcγRIIIa on the cell membrane of MPs and NK cells, and subsequently, these cells are activated. These activated cells produce proinflammatory cytokines such as IFN-γ, Tumor Necrosis Factor (TNF), and granzyme B, which induce coagulation, inflammation, vascular permeability, and leukocyte trafficking on the vascular endothelium (51).

Regarding the involvement of the complement pathway in AMR development, the humoral immune response to thymus-dependent (TD) antigens requires complementary activation, which is required for the localization of the antigen and C3 ligand to follicular dendritic cells (FDCs). These events maintain the long-term memory function of B cells (52).

As the detailed involvement mechanism in B cell activation and proliferation, the interaction of C3 fragments with CD21 is required for the internalization of antigens by B cell and their presentation. CD21 is a receptor that binds to complement C3d and Epstein–Barr virus and is expressed by mature B cells and FDCs. CD-21 plays a crucial role in B cell activation (53). The internalized antigen is presented to T cells by MHCs II and I, and it then activates T cells (54–57). Therefore, complement activation is required for the uptake of antigen by B cell and inhibiting CD21-mediated signal with polyclonal antibodies significantly inhibits antigen uptake and presentation. Furthermore, B cell uptake of C3d-coated antigen and engagement of the BCR and CD21 by C3d-opsonized antigen is required for the formation and maintenance of the GC and differentiation of MBCs into PCs (57, 58). CD35, an antagonist of CD21, inhibits B cell activation (59), and the CD21/CD19/Target of the Antiproliferative Antibody-1 (Tapa-1) receptor reduces the threshold of survival of follicular B cells and serves as a unique signal that promotes their survival in the GCs, which, in turn, contributes to adaptive immunity (52).

Therefore, complement activation indirectly induces the development of AMR through B cell activation or directly induces inflammation and damage in vascular endothelial cells through formation of the membrane attack complex (60).



Challenges of Conventional AMR Control

Although the pathway described in “MOLECULAR PATHOPHYSIOLOGY IN AMR” is inhibited by immunosuppressive therapy, AMR control remains challenging.

The cause is that signals from immunocompetent cells, including T cells, to B cells are not well regulated, and humoral immune responses to transplanted graft have not been accurately detailed.

Furthermore, B cell subsets include IL-10-producing regulatory B cells (Bregs) (CD19+CD24highCD38high transitional immature B cells), whose reduction is associated with the incidence of posttransplant rejection (61, 62). Regulatory T cells (Tregs) induce tolerance to transplanted grafts through suppression of the humoral immune response. Calcineurin inhibitor (CNI) and mammalian Target of Rapamycin (mTOR) reduce the levels of Bregs, whereas mTOR expands and CNI reduces the levels of Tregs (63). Under pathological conditions, common variable immunodeficiency (CVID) is a pathology characterized by the loss of resistance to bacterial and viral infections due to decreased antibody production. This disease is associated with decreased expression of a proliferation-inducing ligand (APRIL), which supports the growth and survival of MBCs and PCs. An anti-APRIL antibody may serve as a therapeutic agent for SLE (64, 65). In contrast, APRIL supports the growth and survival of naïve-B cells in vitro, and administration of an anti-APRIL antibody may therefore suppress immune tolerance mediated by naïve-B cells (66).

In the other words, some immunosuppressive agents may inhibit the normal functions of these regulatory cells and the identification of the mechanisms through which the populations of these regulatory cells are reduced by immunosuppressive therapy and the differences of drug susceptibilities in subset-specific lymphocyte may help development of more appropriated immunosuppressive agents that maintain the functions of these regulatory cells. For example, IL-2 lengthens the survival and enhances the suppressive effects of Tregs, which increases the survival rates of transplanted grafts, because the decrease in the number of Tregs by CNI is the result of limiting the activity of IL-2 (67).

In addition, desensitization therapies such as plasmapheresis and low-dose intravenous immunoglobulin (IVig), alone or combined with recombinant antithymocyte globulin (rATG), do not significantly influence the number of CD138+ antibody-secreting cells (ASCs), alloantibody production, and the frequency of HLA-producing ASCs in the BM before and after treatment (68). The resistance of ASCs to IVig and rATG may be explained by the inhibition of apoptosis mediated by the microenvironment of the BM and soluble and factors produced from the BM niche (21). Alternatively, the interaction of some receptors expressed on LLPC and their ligands expressed on niche play a critical role in the migration of LLPCs to the BM and their longevity in the BM (20, 69, 70). In the other words, the removal of antibody from the serum using desensitization therapy may not be mediated by the reduction of the numbers and functions of ASCs, but by antibody adsorption to the transplanted graft (68). Thus, further elucidation of the mechanisms of drug resistance in LLPCs and blockade of the signals supporting the migration of LLPCs into the BM and their longevity in the BM may contribute to the development of more effective immunosuppressive therapy.

As a diagnostic method, it is necessary for AMR control to establish a humoral immune monitoring method to evaluate AMR pathology in more detail and predict the development of AMR before antibodies, which induce AMR development, are detected in the serum (71, 72). In addition, it has been reported that the antigen specificity of the progenitor cells of LLPCs can be determined using an in vitro assay system (22–27), but there are no unambiguous criteria for predicting whether antibodies against donor-specific HLA antigens cause humoral immunity-mediated injury in transplanted grafts (73–75). It is therefore necessary to develop a method that evaluates the reactivity of the antibody to transplanted grafts.



Development in AMR Control


Agents Targeting Complement System

The involvement of the complement system in the development of AMR has been reported. In the field of transplantation, the effects of C1-q–positive DSAs on the development of AMR and the incidence of glomerulopathy, as well as the prognosis of transplantation outcomes, have been reported administration of the humanized anti-C5 monoclonal antibody eculizumab, a C5 inhibitor, inhibits the cleavage of C5 to C5a and C5b and the formation of the membrane attack complex C5b-9, and this drug is effective against acute AMR, as indicated by its effective improvement of histopathology in lung transplantation (76–79). In immunologically high-risk cases, the incidence of biopsy-proven AMR following heart or kidney transplantation was significantly lower than that achieved using conventional antibody reduction therapy (80–83).

In addition, C1 esterase inhibitor (C1 INHs) effectively prevents ischemia reperfusion injury (IRI)/delayed graft function (DGF), which has been reported to be involved in the development of AMR through B cell activation, DSA development, and C1q-positive DSA production (84–86). Thus, C1 INHs can be expected to be effective in the maintenance of transplanted graft function by suppressing the aforementioned processes (87, 88). In contrast, no significant inhibitory effects on DSA production and the development of chronic AMR were observed in long-term DSA-positive patients, and no therapeutic effect on AMR was observed in patients with complement-negative DSA (86). Thus, this complement inhibitor should be considered in combination with antibody reduction therapy for AMR control, and it has been reported that transplanted renal graft function and pathological findings are improved by treatment with the standard AMR treatments such as plasmapheresis, IVig, and human plasma-derived C1 INHs (88, 89).

The classic complement pathway inhibitor anti-C1s inhibits C4d deposition, but it does not affect DSA levels and graft function or significantly improve the pathological findings associated with AMR control and clinical prognosis (90, 91). Therefore, it is necessary to elucidate the mechanism by which these complement inhibitors participate in the development of AMR in more detail and improve treatment outcomes in consideration of the administration time and method.



Agents Targeting Costimulatory Signaling

As a clinical potential of agents targeting costimulatory signaling, the fusion protein belatacept comprises the Fc fragment of human IgG1 linked to the extracellular domain of CTLA-4 and inactivates T cells selectively (92).

In immunosuppressed patients who received of administration of belatacept, their survival and function of their grafts are significantly higher after 7 years of kidney transplantation (93). Compared with cyclosporine-based immunosuppression, this therapy is efficacious for maintaining the function of the transplanted grafts, reduces cardiovascular complications, improves the metabolic profile, and mitigates posttransplant lymphoproliferative disease associated with Epstein-Barr virus infection 1–2 years after transplantation (94). In mice model, an example of an immunosuppressive therapy that may effectively treat DSA-specific MBCs is provided using findings collapsing the GC in a mouse model 7 and 14 days after allo-sensitization directly involves B cells, independent of intervention by graft-specific CD4+ Tfhs. Therefore, administration of CTLA- 4 Ig may exert a therapeutic effect on antigen-challenged B cells (95). In contrast, belatacept inhibits the expansion of the Tregs population, which is mediated through the methylation of CpG islands within the Treg-specific demethylation region of the gene encoding FoxP3 (96, 97).

The CTLA-4 Ig fusion protein abatacept, which inhibits CD28-mediated costimulatory signals by binding to CD80/CD86 on the surface of APCs, effectively suppresses T cell activation and cytokine production, which are associated with the development of rheumatoid arthritis (98–100). In the field of transplantation, the function of the transplanted graft persists, and no obvious immunological consequences are observed through the conversion from treatment of a CNI early after transplantation (100).

Action of conventional immunosuppressive therapies and these novel therapies targeting the complement system and co-stimulatory signaling in immune system and their clinical potential for AMR control, their clinical potential for AMR control, are presented in Table 1 and the pathways of differentiation of naïve-B cells into LLPCs and the immunosuppressive agents that influence these processes are shown in Figure 2. In addition, the involvement mechanism and clinical potential of cytokines involved in the differentiation of naïve-B cells into LLPCs in the context of AMR are summarized in Table 2A, and the clinical applicability of these molecules and possible use in AMR control are summarized in Table 2B.


Table 1 | Effects of immunosuppressive therapy on the immune system and its clinical role in AMR control.







Figure 2 | How immunosuppressive agents influence the AMR development. We summarised how immunosuppressants are involved in regulating AMR onset at each B cell differentiation stage, direct or indirect involvement of T cells, macrophages or natural killer cells and the complement system. The alphabet represents immunosuppressants that are effective in the differentiation process indicated by arrows. AMR, Antibody-mediated allograft rejection; ATG, Antithymocyte globulin; BAFF, B Cell Activating Factor; CD40L, CD40 ligand; CTLA-4, Cytotoxic T-lymphocyte associated antigen 4; DSA, Donor-specific HLA antibody; FcγR, Fc gamma receptor; C1 INH, Human plasma-derived C1 esterase inhibitor; CNI, Calcineurin inhibitor; Ides, IgG-degrading enzyme of streptococcus pyogenes; IVig, Intravenous Immunoglobulin; MHC, Major histocompatibility complex; MPA, mycophenolic acid.




Table 2A | Involvement of cytokines in the immune system and clinical applicability for AMR.




Table 2B | Molecules expressed by B cells and clinical applicability for AMR control.





Agents Targeting Molecules Expressed in B Cell

In addition to these listed molecules, CD19-mediated signaling reduces the threshold for BCR-mediated signal and promotion of B cell development (190). Under pathological conditions, inebilizumab (humanised anti-CD19 monoclonal antibody) significantly reduced autoantibodies and relapse rates in patients with neuromyelitis optica (191).

Although antibodies targeting CD20 are used for the treatment of AMR, CD19 is expressed at all B cell differentiation stages, is more widely expressed than CD20 and is expressed in PCs. Therefore, CD19-targeting therapy may be more useful than CD20-targeting therapy in AMR treatment (19, 20) and the safety and tolerability of inebilizumab alone or in combination with VIB4920 (Fc-deficient CD40 Ligand antagonist) are currently being investigated in highly sensitised patients on the waiting list for kidney transplantation at clinicalTrials.gov (study identifier NCT04174677) (192).

CD138, a member of the integral membrane family of heparan sulfate proteoglycans, is highly expressed on PCs (193). CD138 increases heparan sulfate levels in ASCs, and APRIL and IL-6 support the growth and survival of ASCs by binding to heparan sulfate (194).

In other words, CD138 plays an important role in the maintenance of long-term humoral immunity (195).

In the field of transplantation, the relative abundance of CD138-positive cells is closely related to AMR development, the degree of humoral immunity-associated injury progression, and DSA production (196), and a higher frequency of CD138-positive cells and the co-existence of CD20-positive cells are associated with poor allograft function and poor response to treatment after acute rejection including TCMR and AMR (197). In addition, pathological findings indicate that the CD138-positive PCs infiltrates are associated with AMR development (196). Therefore, CD138-targeting therapy may be applicable for AMR control and the maintenance of graft function after further elucidation of the involvement mechanism of CD138-mediated signaling in the activation of humoral immunity to transplanted grafts (43). However, as described in B−cell based therapy, B cells contain a subset that has an immune regulatory function. Therefore, any clinical application for AMR control needs to be fully examined for the susceptibility of these agents for each of the B cell subsets, and the effect it will have upon their function.



B-Cell Based Therapy

In this section, we will discuss B cell subsets with immunoregulatory function because the expansion of regulatory cells that induces immune tolerance that may lead to the reduction of immunosuppressants.

Bregs mediate immune tolerance through mechanisms that involve the production of cytokines such as IL-10, IL-35, and TGF-beta as well as through cell–cell contact (154–161). Although IL-10 has been the focus of attention, IL-10 and IL-35 produced from Breg play important roles as negative regulators of immunity, which are involved in the antigen-presenting function and cytokine secretion of macrophages, dendritic cells, and B cells and activation of inflammatory T cells (156). B-1 cells and marginal zone (MZ) B cells exhibit innate-like immune functions (198). MZ-autoreactive B cells are required to maintain tolerance to self-antigens and the rapid acquisition of immunoregulatory function through the maintenance of the levels of natural IgM antibody and IL-10 (199, 200). Furthermore, ILBs serve as important sources of Bregs that play crucial roles in autoimmunity, inflammation, and infection in the models of autoimmune disease (201, 202).

As other B cell subsets that have been reported to be involved in the induction of immune tolerance, naïve-B cells function as APCs and induce the conversion of CD4+ CD25− T cells into CD25+ Foxp3− Tregs, which express lymphocyte activation gene 3 (LAG3), ICOS, glucocorticoid-induced TNF receptor family-regulated gene (GITR), OX40, PD1, and CTLA-4, to sustain immune tolerance through the production of anti-inflammatory cytokines such as IL-10. These findings indicate that naïve-B cells cooperate with Tregs to induce T cell tolerance, maintain the homeostasis of Tregs, and suppress inflammation by functioning as APCs (203, 204). In addition, IgM+CD138hiTACI+CXCR4+CD1dintTim1int PCs expressing the transcription factor Blimp1 produce IL-10, IL-35 during infections with Salmonella species. Furthermore, CD138+ PCs provide the major source of IL-35 and IL-10 in patients with experimental autoimmune encephalomyelitis (EAE) (156).

In the field of transplantation, IL-10 produced by Bregs is associated with drug resistance in AMR, and higher frequencies of transitional B cells and naïve-B cells and high production of IL-10 are related to the induction of immune tolerance following kidney transplantation. In contrast, the results are opposite in cases of chronic AMR (205), and CD138+ PCs may be involved the induction of immune tolerance and the expansion of these B cells may mitigate the adverse effects of immunosuppressants and thereby improve the prognosis of patients who undergo transplantation.




Development of Diagnostic Methods


Monitoring Humoral Immunity Using Memory-B Cell

The MBC pool has recently attracted more attention than humoral antibodies as a potential diagnostic tool to monitor the humoral immune response to donor-specific HLA antigens, which is evaluated according to the frequency of DSA-specific MBCs circulating in peripheral blood. For example, to determine the antigen specificities of MBCs circulating in the periphery, B cells or peripheral blood mononuclear cells (PBMCs) are induced to differentiate into ASCs with mitogens and cytokines suitable for the proliferation of MBCs and survival in a polyclonal activation-dependent manner. These findings were acquired through analysis of culture supernatants using a solid-phase assay platform with HLA-coated multiplex beads (23–29).

In the field of transplantation, current studies focus on the diagnostic value of IgG antibodies against HLA expressed in donor-derived vascular endothelial cells. On the other hands, there is currently no consensus on the clinical role of IgM antibodies (206).

We examined the clinical potential of DSA-specific IgM-MBCs as early diagnosis and humoral immune monitoring in the context of AMR; DSA-specific IgM-MBCs may achieve higher sensitivity when employed for conventional immunosuppressive therapy compared with IgG-MBCs (207). Therefore, the detection of DSA-specific IgM-MBCs contributes to the inhibition of AMR development by enabling early intervention using less invasive immunosuppression after elucidation of the optimal conditions for inducing DSA-specific IgM-MBC differentiation into IgG-PCs, the process that leads to AMR. In addition, the availability of an in vitro assay system capable of inducing the differentiation of MBCs into ASCs may lead to the introduction of more effective immunosuppressive therapy that recognizes differences in pathology or in patients’ drug sensitivities (208).

However, it is unclear whether in vitro drug susceptibility data can be applied to patients because conventional two-dimensional culture may not reproduce the three-dimensional structure or function such as lymphoid tissue or organs in the living body. Organ-on-a-chip technology is attracting attention because it reproduces organs in functional units while maintaining the in vivo three-dimensional organ structure and physiological function. Thus, pharmacokinetic analysis using this model may be useful for resolving the aforementioned problem (209–212).



Microarray Technique

Attempts are being made to apply microarray technology or NGS to the field of transplantation. Microarrays simultaneously analyze the expression of tens of thousands of genes and obtain information about the transcriptional profiles. Furthermore, pathological changes in gene expression can be obtained, which will provide information to increase the accuracies of classification, diagnosis, and prognosis of diseases (28, 29). Errors frequently occur in analyses of single genes when small data sets are employed. Recently, Chen et al. focused on transcripts that are known to be associated with disease. Microarray evaluation of pathogenesis-based transcript sets, corresponding to events that mainly occur during allograft rejection, is useful for the diagnosis of AMR as well as identification of pathology and prediction of clinical course. For example, biopsy-based microarrays identified 45 genes upregulated in pediatric kidney transplants as well as in pediatric and adult heart transplants undergoing acute rejection. Among them, serum PECAM1 shows the greatest promise as a biomarker (89% sensitivity and 75% specificity) for analyzing renal transplant rejection, suggesting that microarray analysis will be useful for discovering new serum protein biomarkers by mining publicly available data sets (30). Thus, it is possible to identify the gene group associated with graft rejection and pathological condition by enabling comprehensive gene analysis; early diagnosis of the development of rejection is possible and genes related to immune status or drug resistance has also been identified (213).



Next-Generation Sequencing

NGS determines several million base pairs per run and provides the ability to distinguish different isoforms and allelic expression, which is an advantage over microarray analysis and detects somatic mutations with high accuracy and high specificity, which enables identification of candidate genes that cause disease. As an example of the application of NGS to transplantation, comparison of the complementary determining region 3 (CDR3) of the TCR beta chains expressed in AMR (+) and AMR (−), may lead to the prediction of the development of rejection before patients undergo transplantation (31). In addition, this technique can be applied to increase our understanding of the diversity of the variable regions of heavy and light chains of BCRs. Thus, detailed characterization of this repertoire, including reactivity with antigen, becomes possible and may be applied to predict the production of donor-specific antigen-reactive antibodies (32–34) and both specific sequences and the full length of genes including introns and untranslated regions are analyzed by NGS, and thus, HLA alleles can be analyzed in transplantation, ensuring better histocompatibility between donors and recipients (214, 215).

In addition, gene polymorphisms affect the distribution and drug metabolism. For example, Single Nucleotide Polymorphism (SNP) of CYP3A4/3A5, ABCB1 in CNI, CYP3A5 in sirolimus, TPMT in azathioprine, UGT1A9, ABCC2 in Mycophenolic acid (MPA), and MDR1 in tacrolimus affects their pharmacokinetics. Thus, NGS analysis of these SNP will likely provide useful information for developing more effective immunosuppressive therapy, which considers differences in pathology and drug susceptibility (35, 36).

In the other words, these techniques have potential application in developing strategies for controlling AMR and improving the prognosis of transplanted grafts.




Novel Appliable Components in AMR

As mentioned above, we are closely evaluating the possibility of using an IgM antibody in AMR control (207). Therefore, we evaluate its possible use not only as an early diagnosis tool but also as a treatment method. Here, we discuss the involvement, as well as their clinical applicability of humoral immunity-associated components involved in IgM antibody in AMR control whilst referring to reports on the involvement mechanisms in pathological conditions in fields outside of transplants.


Role of IgM Receptors

IgM is the first immunoglobulin produced in response to antigen challenge, and B cell activation is enhanced by stimulatory IgM Fc receptor (FcμR)-mediated signals during the early stage of the immune response. The levels of IgG exceed those of IgM during the late stage of the adaptive immune response, during which the activation of B cells is inhibited by FcγRIIB-mediated inhibitory signals, indicating that stimulatory or inhibitory signals transduced by IgM or IgG may regulate B cell activation and antibody production (216).

FcμR is mainly expressed by B, T, and NK cells in humans and by B cells of mice (216–219). The expression levels of mouse FcμR differ depending on the B cell subset, and FcµR expressed in the trans-Golgi network restricts the transport of IgM-BCR to the B cell surface. FcμR expression is downregulated during GC reactions and at a higher level in plasma blast cells compared with those expressed by PCs and expressed in class-switched B cells (187). In contrast, FcμR-deficient MZBs are significantly mitigated in a mouse knockout model, in which the number of B cell subsets is altered or tonic signaling through the reduction of BCR expression (216, 219, 220). The FcμR-mediated signal contributes further to the maturation of B cell subsets and enhances B cell survival in response to treatment with anti-IgM antibodies (216, 221). These findings indicate that signals transmitted by the FcμR and BCR may cooperate to activate B cells and maintain their survival. In addition, this signal regulates the expression of IgM-BCR in immature B cells, which regulates the signal emitted when antigen activates the BCR through their cross-linking by antigen binding (220). In FcμR KO mice, the levels of natural IgM antibodies in the peripheral blood circulation are increased, and the formation of the GC, MBCs, differentiation of PCs, and production of antigen-specific IgG1 antibodies are reduced. These findings support the conclusion that the FcμR is required for the maintenance of the adaptive immune response and the control of the homeostasis of B-1/B-2 cells (216, 219).

Under pathological conditions, FcμR-mediated signaling controls the production of harmful autoreactive IgG antibodies and is involved in the development of autoimmune and inflammatory diseases, chronic lymphocytic leukemia, and others (37). In a model of severe human multiple sclerosis, the development of EAE is suppressed through the regulation of the functions of dendritic cell and Tregs (222). FcμR-mediated signal transduction increases self-Ag-triggered BCR signaling in immature B cells and contributes to the deletion, anergy, or both of autoreactive immature B cells in the BM, which induces immune tolerance (38).

Soluble IgM is a ligand for CD22 and forms a complex with an antigen. This complex suppresses the CD22-mediated BCR signaling via its binding to CD22 expressed on the B cell surface. CD22, which is expressed on the surface of mature B cells, is an inhibitory receptor. Specifically, phosphorylated CD22 signals through the BCR to downregulate B cell activation that prevents the overactivation of the immune system and development of autoimmune disease (223, 224).

In CD22-deficient mice, BCR ligation promotes the mobilization of intracellular calcium and inhibits BCR signaling. Furthermore, CD22 signaling contributes to the differentiation of B cells and is required for the expansion of B1-b cells after BCR ligation (225, 226). The response to the TD antigen is normal during adaptive immunity; however, Thfs do not support B cells in CD22-deficient mice, because the CD22-CD22-ligand (CD22L) interaction is required for the activation of T cells (224, 226). In CD22-deficient mice, naïve-B cells differentiate into GCB cells but cannot differentiate into MBCs or PCs (221, 222). CD22-mediated inhibition of the BCR signal is associated with B cell tolerance, and CD22-CD22L interactions are required to maintain self-tolerance (227, 228).

Under pathological conditions, CD22 is involved in the control of autoimmune diseases and genetic variants of CD22 are related to the susceptibility of individuals to autoimmune diseases through a defect in B cell tolerance (39, 40). In patients with autoimmune diseases such as rheumatism, T1-diabetes, and SLE, inactivating mutations are frequently found in the CD22-ligand (229–231). Although CD22 is not a major cause of susceptibility to SLE in humans, CD22 deficiency may exert additive or synergistic effects on susceptibility to disease. Moreover, CD22 regulates the B cell response in autoimmune disease through regulation of BCRs and Tool-like receptors (TLRs) (224, 232).



Role of Scavenger Protein

Accumulation of foreign pathogens, apoptotic or necrotic dead cells, and their debris causes chronic inflammation and induces an autoimmune response, which must be eliminated to prevent their onset.

Apoptosis inhibitor of macrophage (AIM, also called CD5L) is a circulating protein that is a member of the scavenger receptor cysteine-rich superfamily. Normally, high levels of AIM bind to IgM pentamers and circulate in the peripheral blood in the inactivated state (233).

In B cells, AIM cooperates with TGF–beta1 to suppress B cell proliferation strongly and persistently and inhibit antibody production. TGF-beta1-mediated increased expression of AIM receptors on the surface of B cells is required for AIM to exert an effect on these cells (234). In addition, it has been reported that IL-10 protects transplanted grafts from recipient immunity and exert anti-inflammatory effects by inhibiting NLRP3 inflammasome activation or MPs with proinflammatory phenotypes by increasing AIM expression. Therefore, regulation of AIM expression may be related to the induction of immune tolerance (35).

Under pathological conditions, IgM dissociates from AIM during the recovery from renal injury through the enhanced clearance of a luminal obstruction during acute renal injury (234–236). Specifically, free AIM bound to debris interacts with kidney injury molecule 1 (KIM-1) that is expressed by injured tubular epithelial cells, resulting in enhanced phagocytic clearance of AIM-bound debris by epithelial cells (234, 237–239). Thus, free AIM is involved in the repair of acute kidney injury, because delayed or deficient removal of dead cells, or both, may cause secondary inflammation and fibrosis in tissues and may impair the repair of tissue damage and the regeneration of such tissues (237). Alternatively, macrophages produce AIM (236), which is involved in the pathophysiology of inflammatory colitis through the maintenance of the survival of macrophages, and the elimination of dead cells and toxic substances in hepatitis by supporting the phagocytic activity of macrophages (239–241). In the field of transplantation, it has been reported that the blood concentration of free AIM increases during acute cellular rejection in cardiac allograft rejection (242).



Role of IgM Antibody

Natural IgMs exert anti-inflammatory effects through clearing pathogens, scavenging toxins, inhibiting the production of inflammatory mediators, neutralizing cytokines, and scavenging complement to directly protect antigens from humoral immune attack (207, 243–248). These antibodies suppress inflammation and injury of target tissues caused by IgG autoantibodies through anti-idiotype activity, competitive inhibition of binding of IgG autoantibody to antigens, and suppression of IgG autoantibody production via signals from the FcµR expressed on the surface of B cells (249). Furthermore, these antibodies significantly inhibit T cell proliferation in lectin-stimulated PBMCs in vitro through the suppression of IL-2 production that enhances the functions of immunocompetent cells, bacterial aggregation, and opsonic activity (37). A polyclonal antibody preparation designated trimodulin, which contains IgM (~23%), IgA (~21%), and IgG (~56%), decreases the levels of TLR2, 4 as well as those of coagulation receptors (CD11b and CD64) in monocytes and inhibits lymphocyte proliferation and regulate of the production of pro- and anti-inflammatory cytokines, including TNF-α and IL-10. Therefore, these antibodies achieve a protective effect to alleviate the inflammatory reaction to target organs through these extents of involvement in immune system (243, 246, 247, 250–252).

In a model of renal ischemia-reperfusion-induced injury, the tissue-protective effects of IgM antibodies that recognize and inhibit the activities of danger-associated molecular patterns reflect human pathology. These mechanisms support the regeneration of damaged hepatocytes in a model of liver ischemia (42). In patients with sepsis, IgM-enriched IVig ameliorates pathology and reduces mortality through the improvement of the peripheral circulation, such that the numbers of circulating B cells and levels of IgM are significantly reduced in nonsurvivors compared with survivors, indicating that IgM is required to achieve successful therapy (253–256).

In an in vitro model of xenotransplantation, compared with IVig, IgM-enriched IVig more strongly inhibits the classical complement pathway and complement-dependent cytotoxicity caused by the deposition of C4 and C3 on the cell surface of pig cells treated with human serum and suppresses the development of hyperacute rejection of a xenotransplanted graft (257).

In allograft transplantation, IgM inhibits complement activity 10-times more than IgG (258). In the case of de novo DSA production after lung transplant recipients; treatment with IgM-enriched IVig is associated with the DSA-clearance effect, which improves the prognosis of transplantation. In early DSA-positive cases, treatment with IgM-enriched IVig and rituximab was superior to that with plasma exchange and rituximab, and the patients were comparable to the DSA-negative group in 1-year survival after transplantation; treatment with IgM-enriched IVig was superior to treatment with plasma exchange and rituximab in DSA clearance (259). In addition, a tissue biopsy confirms no AMR after treatment only by IgM-enriched IVig injection, when AMR develops after heart transplantation (258).



Clinical Potential of Humoral Immunity–Associated Components in AMR

Further elucidation of the involvement of AIM in the humoral immune response to transplanted grafts will be applicable for AMR control. Newly discovered cytokines, antibodies, and receptors involved in antibody production may be expected to be translated to the clinical application in early diagnosis, management, and prognosis prediction. These efforts require the identification of the roles of these components in the underlying mechanisms of AMR.

In the field of transplantation, FcμR-mediated signaling maintains the homeostasis of B1/B2 cells (216, 219) and potentially alleviates the pathology of AMR (38), and elucidation of the involvement of this signaling in AMR development will likely contribute to the development of therapies designed to protect target grafts from humoral immune responses mounted by recipients.

CD22-mediated signaling may be expected to be useful as B cell depletion therapy in AMR control, because IVig is administered as a treatment for AMR, and one of the mechanisms is the induction of mature B cell apoptosis via binding between sialylated IVig and CD22 (71). It is therefore important to evaluate the involvement of CD22-targeting agents in the activation of humoral immunity against transplanted grafts in the same manner as they are applied to the treatment of autoimmune diseases to effectively manage AMR (231, 232).

As a diagnostic method, clinical application of these receptors to new diagnostic methods will be achieved if the functions and structural properties of these receptors can be shown to be involved in humoral immunity to transplanted grafts.

As scavenger protein, it has also been reported that an increase in AIM blood concentrations is associated with the development of acute rejection following heart transplantation, indicating that the blood concentration of free AIM may increase in the early stage of humoral immunity activation in transplanted grafts, and it is expected to be useful as an early diagnostic method for AMR (242). Therefore, the utility of AIM as a diagnostic modality can be ascertained after elucidating its AIM in the development of AMR. In addition, AIM controls inflammation and repairs damaged tissues via phagocytosis of apoptotic cells.

Although IVig has been commonly used for AMR control, the significance of IgM-enriched IVig has been reported in the field of severe infection and organ ischemia (42, 253–258). IgM-enriched IVig may exert more strongly inhibits complement activation as compared with IVig (258, 259). Therefore, identifying the detailed mechanism of IgM involvement in humoral immune activation to transplanted grafts and the significance of IgM-enriched IVig compared with that of IVig will likely lead to further clinical application of IgM-enriched IVig to manage AMR.

Significantly, in addition to the potential induction of immune tolerance of humoral immunity-associated components to transplanted grafts (35, 243, 247, 248, 250–252), AIM and IgM-enriched IVig have a tissue repair and regeneration effect through the clearance of injured tissue (42, 224, 233–235). Therefore, humoral immunity associated injury after the onset of AMR, which was considered irreversible, could be recovered by clinical application of these humoral immunity-associated components.

We summarized clinical potential of these components in the context of AMR control (Figure 3).




Figure 3 | How these novel applicable components improve the prognosis of AMR. We summarised the clinical potential of novel humoral immunity-associated components in AMR control and AMR development mechanisms. (A) As an IgM receptor, the FCu receptor-mediated signal controls harmful autoreactive IgG antibodies production and controls autoimmunity and inflammation through regulating immunoregulatory cells (37, 38, 216, 219, 222). In addition, this signal is associated with immune tolerance induction by promoting deletion and energy of immature B cells (38). CD22-mediated signaling also induces immune tolerance via CD22-CD22L interaction and CD22-mediated inhibition of the BCR-mediated signal (227, 228) and CD22 (+) mature B cell apoptosis (71). (B) As a scavenger protein, it has been reported that free Apoptosis inhibitor of macrophage (AIM) works to suppress inflammation, tissue injury and tissue regeneration through phagocytic activity during acute kidney injury (233–241) and AIM mediates immune tolerance induction by IL-10 and suppresses the immune response by inducing macrophages with immunosuppressive phenotype activation (35) and cooperates with TGF-beta to suppress B cell proliferation and antibody production (233). (C) As a polyclonal IgM antibody, IgM-enriched IVig strongly suppresses cell proliferation, has a inhibitory effect in complement activity (257, 258), and alleviates the humoral immunity-associated pathological condition in severe infection, organ ischemia, and transplants (42, 253–256, 258, 259). BCR, B cell receptor; DSA, Donor-specific HLA antibody; IVig, Intravenous immunoglobulin; TGF, Transforming Growth Factor.






Concluding Remarks

In this study, we discussed the pathways by which naïve-B cells are sensitized to donor-specific HLA antigens and differentiate into LLPCs, which produce DSAs. This study also presented evidence regarding the mechanism by which immunocompetent cells participate in the signal transduction pathways that contribute to AMR and the mechanisms of immunosuppressive therapy designed to suppress the development of AMR (17–19).

Although immunosuppressive therapies that may be useful for suppressing each process during AMR development have been developed, AMR control remains challenging. The main cause of poor AMR control is that positivity for antibodies to donor-specific HLA is used as a reference as one of the diagnostic methods for AMR (17); however, LLPCs, which produce antibodies inducing AMR, may be difficult to remove by applying conventional immunosuppressive therapy and the pathological condition progresses irreversibly when these antibodies are present in serum (20, 71, 72, 260). In addition, the information needed to improve management after transplantation including individual differences in pathological conditions and drug susceptibility has not been discovered.

It has been reported that humoral monitoring methods for better evaluating the humoral immune response to the transplanted graft might contribute to resolving this problem by analyzing the antigenic specificity of MBCs circulating in peripheral blood using in vitro assay systems (22–27) and further possibility of gene-based control method in the context of AMR as following; Microarray techniques can be used to elucidate the molecular mechanisms that induce the migration of LLPCs to BM and promote their longevity (259). Thus, these techniques may permit inhibition of the differentiation of LLPCs. Further; NGS analysis of antibody reactivity to transplanted grafts can be applied to predict the antibodies that cause AMR (28–36). This knowledge, combined with the identification of genetic polymorphisms associated with drug sensitivity, will undoubtedly contribute to the development of optimal management strategies.

In addition to the development of these diagnostic methods, recent studies revealed relevant factors, such as anti-inflammatory effects, reduction of harmful IgG autoantibodies production, tissue regeneration, and their clinical applicability in the fields of autoimmune diseases and inflammatory disease and severe infection disease, and the others (37–42). Therefore, in the field of transplantation, by further clarifying the mechanism of their involvement in AMR, methods for improving the control of AMR including early diagnosis, suppression of AMR development, and alleviation of pathology may be developed. 

Although IgG antibody has been the main focus in the field of transplants, we focused on the clinical potential of detecting DSA-specific IgM and IgG-MBC differentiation using in vitro assay systems as an early diagnostic method and biomarkers that enable the inhibition of AMR development with less invasive therapeutic intervention (207). The findings supported the clinical applicability of the detection of DSA-specific IgM-MBC differentiation after elucidating the optimal conditions for inducing the differentiation of DSA-specific IgM-MBC differentiation into IgG-PCs, the detailed mechanism leading to AMR.

Alternatively, IVig has been administered for AMR control mainly, but IgM-enriched IVig has been reported to improve the pathological condition and prognosis in severe infectious diseases and organ ischemia (42, 253–256). Therefore, further elucidation of how signal mediated by IgM-enriched-IVig are involved in the AMR development may contribute to the establishment of AMR control.

Therefore, focusing on the involvement mechanism of humoral immunity-associated components in the pathological conditions regardless of the difference in fields and conventional knowledge and elucidating the mechanism by which these humoral immunity-associated components participate in AMR development will likely be applicable to the development of new diagnostic and therapeutic methods for improving AMR management.
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The survival of transplant kidneys using deceased donors (DD) is inferior to living donors (LD). In this study, we conducted a whole-transcriptome expression analysis of 24 human kidney biopsies paired at 30 minutes and 3 months post-transplantation using DD and LD. The transcriptome profile was found significantly different between two time points regardless of donor types. There were 446 differentially expressed genes (DEGs) between DD and LD at 30 minutes and 146 DEGs at 3 months, with 25 genes common to both time points. These DEGs reflected donor injury and acute immune responses associated with inflammation and cell death as early as at 30 minutes, which could be a precious window of potential intervention. DEGs at 3 months mainly represented the changes of adaptive immunity, immunosuppressive treatment, remodeling or fibrosis via different networks and signaling pathways. The expression levels of 20 highly DEGs involved in kidney diseases and 10 genes dysregulated at 30 minutes were found correlated with renal function and histology at 12 months, suggesting they could be potential biomarkers. These genes were further validated by quantitative polymerase chain reaction (qPCR) in 24 samples analysed by microarray, as well as in a validation cohort of 33 time point unpaired allograft biopsies. This analysis revealed that SERPINA3, SLPI and CBF were up-regulated at 30 minutes in DD compared to LD, while FTCD and TASPN7 were up-regulated at both time points. At 3 months, SERPINA3 was up-regulated in LD, but down-regulated in DD, with increased VCAN and TIMP1, and decreased FOS, in both donors. Taken together, divergent transcriptomic signatures between DD and LD, and changed by the time post-transplantation, might contribute to different allograft survival of two type kidney donors. Some DEGs including FTCD and TASPN7 could be novel biomarkers not only for timely diagnosis, but also for early precise genetic intervention at donor preservation, implantation and post-transplantation, in particular to effectively improve the quality and survival of DD.
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Introduction

Kidney transplantation is a life-change treatment for end-stage renal failure patients. It has been reported that 1-year allograft survival increased to around 90% in deceased donors (DD) and 95% in living donors (LD), but 10-year survival fell to 51% and 68% respectively (1, 2). Immunological and non-immunological factors affect chronic allograft injury (CAI) and allograft survival via different mechanistic signaling pathways (3, 4), which need to be explored. Serum creatinine (SCr) or estimated glomerular filtration rate and histopathological score have been widely used, but clinical limitations also appeared in predicting early CAI (5). Virtually no conventional methods or available biomarkers well fit clinical requirements in timely diagnosis and personalized therapy (6).

High throughput genomic technologies, such as microarray, enable investigating hundreds of thousands of genes in one sample at one time, and identifying differentially expressed genes (DEGs) involved in allograft/recipient survival. The microarray analysis has been used to disclose the mechanism of CAI (7), delayed graft function (DGF) (8), rejection (9) and the nephrotoxicity of calcineurin inhibitors (10). A meta-analysis using 150 microarray samples from ischemia-reperfusion (IR) kidneys identified DEGs, corrected the bias in models and species. 26 DEGs including LCN2, CCL2, HMOX1, ICAM1 and TIMP1 were associated with kidney transplantation injury (11). The enrichment of hypoxia and complement-and-coagulation pathways were found in DD kidneys, which might be targeted in donors to improve allograft survival (12). An additional multicenter prospective study reported that 13 genes from 159 renal biopsies at 3 months post-transplantation with stable renal function could discriminate allografts at high or low risk of CAI before irreversible histological damage occurred at 12 months (13). Candidate genes and/or their proteins such as HAVCR1 (KIM-1) and LCN2 (NGAL) in body fluids were also associated with kidney injury (14). The ultimate goal of these studies is to identify and validate DEGs as potential biomarkers to predict and diagnose CAI and improve post-transplantation care.

In this study, genomic analyses were performed in surveillance renal biopsies at 3 months post-transplantation, as well as in paired biopsies obtained at 30 minutes, using DD and LD, for two purposes. Purpose 1 was to identify DEGs between two types of donors (DD vs LD) or two time points (3 months vs 30 minutes) in the first cohort (discovery cohort) of 24 renal biopsies by microarray analysis. The hypothesis was that the difference between DD and LD in terms of survival might be ascribed to the panel of DEGs and maladjusted signaling pathways, and changed by time post-transplantation. Purpose 2 was to validate the DEGs previously identified and involved in kidney diseases and explore the correlation between their expression and functional and histological readouts at prolonged time points in 24 microarray samples and in a second cohort (validation cohort) of 33 renal allograft biopsies (unpaired time points) by reverse transcription quantitative polymerase chain reaction (qPCR). The hypothesis was that selected DEGs at the early time point might be potential biomarkers for early diagnosis and specific intervention of CAI to offering effective personalized post-transplantation care. This study revealed divergent transcriptomic signatures between DD and LD, changed by time post-transplantation, might contribute to the different survival of two type kidney allografts. Some of identified and validated DEGs, such as SERPINA3, SLPI, CBF, FTCD, TASPN7, VCAN, TIMP1 and FOS, could be novel biomarkers, which reflected initial donor injury, acute immune responses and adaptive immunity, and associated with inflammation, cell death, remodeling or potential fibrosis in transplant renal biopsies.



Materials and Methods


Study Design and Sample Collection

In Leicester, United Kingdom, 80-100 patients per year are transplanted with kidneys: comprising 61% LD including living related and unrelated donors; and 39% DD including donation after brain death and donation after cardiac death. This study was approved by the Ethics Committee, the University Hospitals of Leicester (EDGE34225/UHL10587). From November 2008 to October 2010, 24 renal biopsies were collected from LD and DD paired at 30 minutes (a 30-minute biopsy missed replaced with one collected at day 7 of involved patient) and 3 months post-transplantation for microarray analysis, while additional 33 biopsies time point unpaired were also collected for qPCR validation (Figure 1). With the consent of patients, surveillance renal biopsies were obtained under ultrasound guidance. Routine biopsy samples were fixed in 10% neutral buffered formalin for histopathological diagnosis, while an additional core of renal tissue was snap-frozen in liquid nitrogen until further research analysis.




Figure 1 | Schematic picture illustrated the study design.





Total RNA Extraction

Total RNAs were extracted from renal biopsies using an RNeasy® Plus Mini Kit (Qiagen, West Sussex, UK) with gDNAs eliminated columns. Briefly, 10-15 mg tissues were homogenized in 350 μl of RLT Plus buffer containing guanidine thiocyanate, 1% 2-mercaptoethanol, garnet matrix and a ceramic sphere using a FastPrep®-24 homogenizer (MP Biomedicals, Cambridge, UK). Total RNA integrity and quantity were assessed by Bioanalyzer 2100 (Agilent Technologies, Cheshire, UK). Samples with RNA integrity number exceeding 6.5 were qualified for downstream processing (7, 15).



Microarray Analysis

Whole-transcriptome profiling was performed using Illumina HumanHT-12 v4 Expression BeadChips (Illumina, Essex, UK), which interrogate 47,231 transcripts targeting 28,688 well-established annotated genes. Raw microarray data were normalized by quantile normalization using the control panel in the GenomeStudio Software v2010.3 (Illumina). The quality and intensity of average background were determined in the samples of compared groups. The probes with signal intensity below the average background signal of 120 were excluded.



Reverse Transcription qPCR Validation

Total RNA was reverse-transcribed into cDNA using a Thermo Scientific RevertAid H minus First Strand cDNA Synthesis Kit (Fisher Scientific, Loughborough, UK). The primers were designed to target the same transcripts of the Illumina microarray Beadchips (Table 1). For each target gene, qPCR was performed using 1× Maxima SYBR Green qPCR master mix (Fisher Scientific) and 3.3 µM of forward and reverse primers. Expression values were normalized using the geometric mean of UBC, PGK1 and HPRT1, which were identified as stable housekeeping genes from microarray data. To identify potential biomarkers, 20 DEGs selected from microarray analysis, P <0.05, fold change (FC) > 1.5, and involved in renal injury, plus 2 previously interested genes CASP1 and CASP3, were further validated by qPCR in 24 microarray samples and 33 biopsies (Supplemental Table 1). FC > 1.5 was chosen after balancing a number of DEGs between compared groups that could best describe the nature of available data, and disclose their association with biological events referring previous publications, as well as further qPCR validation (7, 16).


Table 1 | 20 highly DEGs selected from microarray analysis for qPCR validation.





Identifying Networks, Pathways, and Biological Functions

The Ingenuity Pathway Analysis Software v4.0 (Ingenuity® Systems, Redwood City, CA) was used to map each DEG to its corresponding gene object in the Ingenuity Pathways Knowledge Base (17). P-values were calculated using a Right-Tailed Fisher’s Exact Test, which reflected the likelihood and association between a set of DEGs in the input dataset and a given process/pathway/transcription neighborhood is due to random chance. Gene networks were algorithmically generated based on their connectivity and assigned score to identify biological functions and/or diseases.



Relevant Clinical End-Points

Clinical data including the age of donors and recipients, warm and cold ischemic time, anastomosis time, DGF and rejection were collected (18). As chosen clinical end-points SCr and Sirius red (SR) staining were also followed up either at 1-7 days, 1, 3, 6, 12 and 24 months, or 30 minutes, 3 and 12 months. SR staining representing extracellular matrix collagens I and III deposition (19–21), were performed in paraffin sections using 0.1% SR in saturated aqueous picric acid overnight. Slides were rapidly dehydrated by consequential washing in 0.01 N HCl, 70, 80, 90, 100% ethanol and xylene, and then mounted by DPX mountant. The field of entire renal cortex in each biopsy was semi-quantitatively analyzed at 400 magnification using Image Pro Software (Media Cybernetics, Bethesda, USA).



Statistical Analysis

Non-parametric Man Whitney-U test was performed using Illumina GenomeStudio Software v2010.3. Unsupervised hierarchical clustering analysis (HCA, Manhattan average distance) and principal component analysis (PCA, autoscale) were also performed using Array Track (22). Correlation analyses between the expression level of DEGs and SCr or SR were performed with Microsoft Excel 2007 and SPSS v20 using the Pearson correlation coefficient. Clinical data such as SCr and SR staining score were expressed as means ± SEMs. Significance was assigned to P ≤ 0.05.




Results


Demographics of Patients and Clinical Data

Warm ischemic time was shorter, but cold ischemic time was longer in DD vs LD for 12 microarray analysis and 33 qPCR validation patients (Tables 2A, B). In addition, anastomosis time was also longer in DD at 30-minute qPCR validation patients. There were no significant differences in other parameters such as DGF and rejection episodes. The immunosuppression of all patients was consisted of tacrolimus, mycophenolate modetil and prednisolone.


Table 2 | 






Gene Expression Analysis

All confidently detected genes were analyzed by PCA and unsupervised HCA. Distinct separate clusters were revealed at 30 minutes and 3 months regardless of donor types (Figure 2). Interestingly, the DD biopsy collected at day 7 clearly fell into the gene cluster of 3 months.




Figure 2 | Heat map of raw data analysis of microarray, unsupervised hierarchical clustering and principal component analysis. (A) 899 significant DEGs (P < 0.05 and FC > 1.5) in 24 microarray analyzed samples were included in the heat map for unsupervised hierarchical clustering analysis illustrated as Euclidean + Average of non-normalized data. (B) Samples from biopsies at 30 minutes (dots in pink for DD and blue for LD) and 3 months (dots in black for DD and green for LD) were located into two clearly separated areas demonstrating clear differences in the overall gene profile between two different time points post-transplantation, rather than two donor types, expect one day 7 sample. The bigger was the dot size, the closer was the dot to the reader.



The transcriptomic profile was then assessed in 5 DD vs 6 LD biopsies at 30 minutes. 1735 probes corresponding to 1517 annotated DEGs (P < 0.05) were identified, with 446 DEGs at FC > 1.5 (Figure 3). With a view to assessing whether different DEGs were restored later, similar analyses were performed in 6 DD vs 6 LD biopsies at 3 months, with 11 biopsies matched to 30 minutes. 1610 probes corresponding to 1444 annotated DEGs (P < 0.05) were identified, with 149 DEGs at FC > 1.5 (Figure 3). The Venn diagram showed 190 commonly DEGs (DD vs LD, P < 0.05) between two time points, which was reduced to 25 DEGs at FC > 1.5 (Figure 3), including GSTM1, SOD2, CCND1 and SLPI (Supplemental Table 2).




Figure 3 | Venn diagrams of DEGs. There were 1517 DEGs (DD vs LD) at 30 minutes and 1444 genes at 3 months when P < 0.05, with 190 genes in common over two time point, while the number of genes was reduced 446 or 149 at each respective time points when P < 0.05 and FC > 1.5, with only 25 genes in common.



The top 10 up and down-regulated DEGs (DD vs LD and 3 months vs 30 minutes) is presented (Figure 4). DEGs changed by time post-transplantation, with up-regulation of SERPINA3, FGA, SLPI and SOD2 at 30 minutes (27, 8, 6 and 4 fold-difference between DD vs LD respectively, Figure 4A), and 2-3 folds up-regulation of SLPI, GSTM1, GSTM2 and VCAN at 3 months in DD vs LD (Figure 4B). Interestingly, at 3 months, the two types of donors exhibited different DEGs, with up-regulation of COL3A1, MMM9 and VCAN (9, 6 and 6 fold-difference respectively) and 10-fold down-regulation of FGA in DD (Figure 4D). Also,  at 30 minutes vs 3 months, SERPINA3 was found up-regulated by 8 folds in LD vs DD, whereas COL1A1 and COL1A2 were found upregulated by 8 to 10 folds, and FOSB, FOS, ATF3, EGR1, DUSP1, JUN and ZFP36 were downregulated by 8 to 74 folds in both donors (Figures 4C, D).




Figure 4 | The list of DEGs. Top 10 up and down-regulated genes (DD vs LD, P < 0.05, FC > 1.5) at 30 minutes and 3 months were shown (A, B). In addition, top 10 up and down-regulated genes (3 months vs 30 minutes, P < 0.05 and FC > 1.5) in LD and DD (C, D) respectively were also demonstrated.





Functional Annotation, Network, and Pathway Analysis

Functional annotation analysis revealed many up-regulated acute phase response genes at 30 minutes (DD vs LD) including AGT, CFB, TIMP1 and TNFSF10, except SERPINA3, SLPI, SOD2, GSTM1 and FGA described above, were found associated with the cell death including kidney cell apoptosis, proximal tubular toxicity and renal tubule injury (Figure 5A). Some of these dysregulated genes including SLPI, TIMP1 and GSTM1 also seen at 3 months are involved in oxidative stress, inflammation, tubular injury and cell proliferation (Table 3). In addition, adaptive immune response genes in DD or LD kidneys (3 months vs 30 minutes) were also revealed, for instance up-regulated CASP1, CCL5, CX3CR1, VWF, TIMP1 and LCN2 apart from COL3A1 and VCAN; and down-regulated AGT, EGF, CDKN1A and PLG apart from FGA, FOS, FOSB and DUSP1 described above, are associated with immune responses, cell death including apoptosis and necrosis, cell proliferation and tissue remodeling (Figure 5B).




Figure 5 | Functional annotation of DEGs in acute phase response and adaptive immunity by Ingenuity Pathway Analysis. (A, B) P-values were calculated using a Right-Tailed Fisher’s Exact Test to reflect the association between DEGs and a given process.




Table 3 | Significantly dysregulated genes in 33 additional biopsies validated by qPCR among 20 DEGs relevant to renal diseases.



The example network of DEGs was illustrated including SLPI, GSTM1, GSTM2, CD14, CD163, VCAN and CCND1 at 3 months (DD vs LD, Figure 6), as well as the signaling pathway of GSTM1/GSTM2/SLPI-JNK-AKT-ERK-NF-ĸB-VCAN. An additional schematic picture demonstrated signaling pathways of acute phase response DEGs at 30 minutes, such as TNF-α/IL-1-JNK1/2-P38/MARK-NF-ĸB/c-FOS-SOD2/CFB, IL-6-PI3K/AKT-mTOR/STAT3-FGA/SERPINA3, and RAS-MEK1/2-ERK1/2-NF-IL6-SERPINA1 in the nucleus, cytoplasm and extracellular space including plasma (Figure 7).




Figure 6 | This schematic figure demonstrated an example of complicated key network links in DEGs between DD and LD at 3 months generated by function annotation using Ingenuity Pathway Analysis, as well as certain signaling pathways, with red or green color highlighted up or down-regulated genes.






Figure 7 | This schematic picture illustrated an example of acute phase response signaling pathways in the different compartment of cells such as the nucleus, cytoplasm and extra cellular space produced by Ingenuity Pathway Analysis, with red or green color highlighted up or down-regulated genes.





qPCR Validation

To validate microarray analysis, 25 genes (Table 1) were quantified by qPCR in the discovery cohort of samples analyzed by microarray. Excellent correlations were shown between both detection platforms with correlation coefficient R2 range from 0.70 to 0.94 for most DEGs, for example R2 = 0.974, 0.885 and 0.780 for SERPINA3, TIMP1 and CCND1 respectively at 30 minutes, R2 = 0.938, 0.775 and 0.832 for SLPI, VCAN, VHL respectively at 3 months, and R2 = 0.748 for CASP1 at both time points. The most P-values were significant, except a few genes at borderlines or not confidently detected.

These 25 genes were also quantified by qPCR in a validation cohort of 33 additional biopsies to identify potential biomarkers. In DD, up-regulated SERPINA3 and SLPI, and marginally down-regulated CCND1 were shown at 30 minutes (Table 3), with up-regulated TIMP1, down-regulated SERPINA3 and FOS, marginally up-regulated VCAN at 3 months. At 3 months, up-regulated TIMP1 and VCAN, and down-regulated FOS were revealed in LD, with marginally increased SLPI, CD14, CFB, VHL and UNC5CL (Table 3).



Renal Function and Histological Changes

The patients enrolled in microarray-based gene expression analysis were followed up for 24 months, with relatively stable renal function (Figure 8A), no graft loss, although one patient who had received a DD kidney died due to sepsis-cardiac arrest. No significant differences in SCr (obtained from the clinical database of the University Hospitals of Leicester NHS Trust) between two types of donors were shown at any time points, with a consistent better trend in LD (vs DD) at 2-7 days, 1, 6, 12 and 24 months, except pre-transplantation, 1 day and 3 months. Renal fibrosis assessed by SR staining in 24 microarray and additional 33 biopsies, mainly located in tubulointerstitial areas and scattered in glomerular areas, was increased in DD at 3 and 12 months compared with 30 min, without significant difference in LD (Figure 8B).




Figure 8 | Dynamic change of renal function and Sirius Red staining in 12 patients (6 LD and 6 DD) over a prolonged period up to 2-year post-transplant. (A) The data of SCr were collected at pre-transplantation, day1-7 daily, 1, 3, 6, 9, 12 and 24 months post-transplantation. (B) The change of Sirius Red staining at 30 minutes, 3 and 12 months. The staining was mainly located in tubulointerstitial areas, which was significantly increased at 3 and 12 months compared with 30 minutes in DD, without significant difference between time points in LD. *P < 0.05; **P < 0.01.





Correlation Between DEGs and Clinical Outcomes

To assess whether DEGs at 30 minutes or 3 months could be potential biomarkers to predict allograft survival, the correlations between the expression level of these DEGs, SCr and SR staining were analyzed at the same and extended time points. Using the microarray signal intensity of DD and LD at 30 minutes, a list of top 120 genes was identified significantly correlated with SCr and/or SR staining. For instance, SERPINA3 was found negatively correlated with SCr at 1-7 days, and TNFSF10 was found positively correlated with SCr at 1, 3, 6 and 12 months (Figures 9A, B). The expression levels of 10 DEGs (highly expressed and involved in renal physiopathology based on GO terms or previous publications) GSTM1, COQ2, CCND1, CFB, FTCD, UNC5CL, SERPINA3, RAI14, TSPAN7 and SOD2 were correlated with both SCr and SR staining at 12 months (Supplemental Table 2). Moreover, at 3 months TSPAN7, BTG3 or COQ2 expression was correlated with SCr, while FAU, UMOD, TSPO, IMPDH2, ADSS, RAF1, ARG2, AGTR1 or PDE6D expression was correlated with SR staining. In addition, other DEGs PTPN6, CNNM3, CSTF3, CHURC1, UCRC, COX7B, FXYD5, CD74, MRPL42P5, SENP2, TMEM129, EIF2AK1, FAM165B, C6ORF66 and ATP5J were also found in four patients with a rejection compared to those without.




Figure 9 | Correlations between microarray analysis detected DEGs and renal function in the first cohort of 24 biopsies. (A) Negative correlations between SERPINA 3 and SCr at early time points from day 1 to 7; (B) Positive correlations between TNFSF10 and SCr at later time points from 1, 3, 6 to 12 months.



Above 10 DEGs correlated with both SCr and SR staining were further validated by qPCR in the second cohort of 33 biopsies. In DD (vs LD), there were four up-regulated genes FTCD, SERPINA3, TASPN7 and CFB (P < 0.05) at 30 minutes, with a trend of increased SOD2 and decreased CCND1, while raised FTCD and TSPAN7 (P < 0.001) were also seen at 3 months, with marginally up-regulated CCND1 and SOD2.

The correlation between the 10 DEGs and SCr or SR at 12 months in the second cohort of 33 biopsies was further analyzed respectively using Pearson correlation coefficient. CFB (R=-0.669, P=0.034) and COQ2 (R=-0.649, P=0.042) at 30 minutes were significantly correlated with SR at 12 months, while UNC5CL (R=0.553, P=0.098) at 30 minutes was marginally correlated with SCr at 12 months. Other genes at 3 months such as COQ2 (R=0.482, P=0.059) or SERPINA3 (R=0.405, P=0.095) were also marginally correlated with SCr or SR at 12 months respectively (Figure 10).




Figure 10 | Correlations between qPCR validated DEGs at 30 minutes or 3 months and SCr or SR at 12 months in the second cohort of 33 renal biopsies. The significant positive or marginal negative correlations were shown between COQ at 3 months or UNC5CL at 3 minutes and SCr at 12 months, as well as COQ, CFB or SERPINA3 at 30 minutes and SR at 12 months, respectively.



In addition, some DEGs such as SERPINA3, SLPI, VCAN, FOS and SOD2 revealed in this study by microarray analysis, validated by qPCR and associated with kidney injury, were also reported by a previous publication (14) (Supplemental Table 3).




Discussion

An increasingly severe shortage of kidney donors leads to the expansion of donor pools by including DD for transplantation. However, the survival of transplant kidneys using DD is not as good as LD. In this study, the microarray analysis of renal allograft biopsies showed divergent transcriptomic signatures between LD and DD, which shifted from acute immune responses at 30 minutes to tissue injury/repair and remodeling/fibrosis at 3 months and might contribute to different long-term survival. DEGs might be attributed to initial donor conditions, innate and adaptive immune responses, persistent inflammation associated with immunosuppressants. Some DEGs including SERPINA3, SLPI, CBF, FTCD, TASPN7, VCAN, TIMP1 and FOS might be novel biomarkers to facilitate timely diagnosis and early therapeutic intervention in donor kidney preservation, implantation or post-transplantation, in particular, effectively improve the donor quality and allograft survival of DD.

Clearly different gene clusters revealed in allograft biopsies between two time points regardless of donor types indicates time post-transplantation playing crucial roles. DEGs affected by time post-transplantation might mask initial differences of cold or warm ischemic time in donors, as donation trauma and acute immune responses were overwhelming in implantation. The dramatic changes were eased off, which was reflected by 3 times more DEGs at 30 minutes than 3 months.

We then prioritized to analyze how DEGs (DD vs LD) associated with allograft survival. The functional annotation revealed up-regulated acute response genes SERPINA3, FGA and SLPI, together with inflammation and nephrotoxicity associated genes SOD2, GSTM1, VCAN and TIMP1, but down-regulated repair related genes FGA, CCND1 and FOS in DD at 30 minutes. More fibrotic genes COL3A1, TIMP4 and MMP9 were raised in DD, with increased TIMP1, VCAN, COL1A1 and COL1A2 in both donors at 3 months. The dynamic change of these DEGs well reflected donor initial injury and recipient adaptive immunity via different networks and signaling pathways such as TNF-α/IL-1-JNK1/2-P38/MARK-NF-ĸB/c-FOS-SOD2/CFB and GSTM1/GSTM2/SLPI-JNK-AKT-ERK-NF-ĸB-VCAN. These results were consistent with a study using 59 protocol kidney biopsies that showed immune pathway activation, fibrotic gene expression and cell proliferation-repair-remodeling at 1, 3 and 12 months respectively (7). 40% DEGs and 50% pathways initially activated were persisted to 3 months, while pro-fibrotic genes were expressed before observed microscopic interstitial fibrosis, suggesting that DEGs might be early biomarkers.

FGA protein is crucial in coagulation, inflammation and tissue regeneration. Soluble fibrinogen-like protein 2 (sFGL2) increased in the circulation of allograft rejection patients, contributed to the apoptosis of cultured tubular epithelial cells (TECs), which is detrimental in early injury, but also initiates remodeling (23, 24). Increased sFGL2 in the recovery stage of auto-transplanted porcine kidneys was associated with inflammatory cell apoptosis and decreased inflammation (25). However, reduced FGA in the plasma of FGA+/- mice protected IR kidneys against TEC death and inflammation, with increased CCND1 and proliferation (26). Taken together, down-regulated FGA and CCND1 in DD at 3 months might affect allograft recovery.

SOD2 encoding mitochondrial enzyme protects against IR injury and inflammation (27). SOD2 was found decreased in the urine of aged-mice with increased oxidative stress, apoptosis tubulointerstitial fibrosis and proteinuria (28). GSTM1 protects against xenobiotic compounds and toxicity caused by immunosuppressants in renal transplant recipients. Up-regulated GSTM1 was protective to increased oxidative stress in chronic kidney disease (29). However, GSTM1 was also linked to high rejection risks and unfavorable to long-term allograft outcomes (30, 31). In this study, highly expressed SOD2 and GSTM1 in DD at 30 minutes and 3 months might reflect initial donor injury, as well as self-defense.

Strong positive correlations between two detection methods were shown for most detected DEGs, and potential biomarkers were also identified and validated by qPCR. Up-regulated SERPINA3 and SLPI were shown in DD at 30 minutes with SLPI remained high at 3 months, and raised both in LD at 3 months. SERPINA3 is a secreted acute phase protein associated with inflammatory diseases, a potential pharmacological target (32, 33). Elevated serum SERPINA3 in mice increased the transendothelial permeability of retina associated with diabetic retinopathy (34). Urine SERPINA3 was positively correlated with the activity of lupus nephritis, with SERPINA3 located in endothelial cells and TECs (35), and predicted renal inflammation and fibrosis, especially early transition of AKI to CKD (36). SLPI protein, an inhibiting proteolytic enzyme, participates in mucosa anti-microbial defense by mediating the production of anti-inflammatory cytokines, IL-10 and TGF-β (37). Up-regulated SLPI in epithelial cells plays active roles in defending airways upon inflammation (38). SLPI expressed in TECs of heathy renal biopsies and elevated in serum of uremic patients (39) to regulate proteolytic activity in inflammatory sites (40). SLPI in plasma and urine were increased in AKI post-transplantation, aortic aneurysm repair and cardiac surgery (41–43). SERPINA3 and SLPI, therefore, might be ideal biomarkers of kidney injury.

TIMP1 and VCAN were up-regulated in both DD and LD at 3 months, with reduced FOS. TIMP1 associated with renal IR injury (11), together with matrix metalloproteinases (MMPs), plays important roles in the progression of CAI (44). Urinary/serum TIMP1/MMPs was/were active in acute tubulointerstitial injury/inflammation (45). VCAN, an indicator of AKI post-transplantation and ongoing parenchymal injury, predicts allograft loss (14). FOS, a transcription factor, involves in MAPK signaling pathway (46). FOS protein has been described as stimulating central opioid receptors, activated renal sympathetic nerves and enhanced IR-induced AKI in mice (47). c-FOS and VEGF play synergistic roles in inflammation and angiogenesis in the peritoneal membrane upon inflammation and lead to ultrafiltration failure (48). The selective inhibitor of c-FOS/activator protein-1 (AP-1, a redox-sensitive transcription factor) inhibited proinflammatory cytokines and improved the survival of lipopolysaccharide-induced AKI (49).

Of note, in the top 10 down-regulated gene list, 7 genes FOSB, FOS, ATF3, EGR1, DUSP1, JUN and ZFP36 were down-regulated in both LD and DD at 3 months. All of them are transcription factors, and immediate early genes in the mouse mononuclear phagocyte system, while they co-expressed with cytokines and chemokines indicates disaggregated cells (50). Hydrogen peroxide-induced apoptosis in mesangial cells via JNK/c-FOS/c-JUN/AP-1 pathway (51). ATF3, a rapidly induced transcription factor by IR, strongly represses the transcription of inflammatory cytokines, plays essential roles in anti-apoptosis, anti-migration and anti-inflammation (52). EGR-1 is urea-inducible early gene transcription factor in renal inner medullary collecting ducts (53). Biological effects of these genes on CAI are worthy to explore.

Finally, the expression level of 10 DEGs at 30 minutes were found positively corrected with both renal function and histology at 12 months and were validated in 33 additional biopsies to identify more biomarkers. Up-regulated SERPINA3, FTCD, TSPAN7 and CFB were confirmed in both DD and LD at 30 minutes. FTCD, a liver-specific enzyme integrating Golgi complex with vimentin filament cytoskeleton, is linked to autoimmune hepatitis and glutamate formiminotransferase deficiency (54, 55). FTCD appears to be the molecular “glue” crosslinking vimentin filaments into fibers (56). TSPAN7 plays a role in cell and membrane compartmentalization and regulates the trafficking and function of its partner proteins (57), associated with cancer metastasis-suppressive interactions (58–60). It has been hard to find a direct link between FTCD or TSPAN7 and kidney diseases so far. CFB is involved in the complement alternative pathway and atypical hemolytic uremic syndrome (aHUS) (61). Recurrence risk and kidney allograft outcome in recipients with aHUS were associated with thrombotic microangiopathy and de novo CFB mutation (62, 63). CBF was highly expressed in DD at 30 minutes and fell at 3 months, but increased in LD, implying that CBF, similar to SERPINA3, might be adjusted at different stages to limit damage and encourage remodeling.

Nevertheless, there are certain limitations in this study. A small size of 24 biopsies were used for microarray analysis, but DEGs were revealed between DD and LD at as early as 30 minutes after implantation (a precious therapeutic window), and some of these DEGs were persistent at 3 month. In addition, selected DEGs were also further validated by qPCR in the 24 microarray analyzed samples and additional 33 time point unpaired renal biopsies, and were correlated with renal function and renal fibrosis at extended time points up to 24 months. CASP1 and CASP3, intensively investigated in our previous studies, were not on the list of DEGs, but their importance in transplant-related injuries cannot be excluded as FC > 1.5 and P < 0.05 were selected.

The preliminary data from this study need to be cross-validated in large clinic cohorts with long-term follow-up, or in subgroups with/without DGF and/or rejection. There was no clinical difference in terms of DGF and rejection between LD and DD, but DEGs such as PTPN6, CNNM3, CSTF3, CHURC1 and UCRC were revealed in four patients with a rejection compared to without rejection. To validate these DEGs as biomarkers, analyzing samples collected from a large cohort of patients who received either LD or DD kidneys and showed clear allograft dysfunction, rejection or loss would be ideal dataset to explore associations between DEGs measured before 3 months post-transplantation and adverse outcomes or long-term survival. It has been reported that other DEGs detected by microarray such as HuMig and MIP-3β were abundant in patients with acute rejection (64), CD20 was associated with B cell infiltration and acute rejection (9), and KRT15 and HOXB7 at 6 months were linked to chronic rejection at 12 months (Supplemental Table 3) (65).

The microarray analysis used cDNA synthesized based on total RNA extracted from kidney homogenates might average DEGs in different cells/cell types due to their heterogeneity in kidneys (66). Laser captured microdissection and single cell sequence may be solutions. The relations between DEGs, upstream regulating miRNAs, corresponding proteins and downstream biological events were difficult to fully dissect. Current translational human studies require concurrent genomic, proteomic and metabolomic analysis in small tissues (67). The real time central molecular assessment of kidney transplant biopsies based on Molecular Microscope Diagnostic System classifier algorithms offers a useful new dimension in biopsy interpretation (68), although mining DEGs in bioinformatics data and transferring to clinical applications are still challenging.

Moreover, a great potential of gene therapy using RNAi has been demonstrated in translational medicine. Registered clinical trials of siRNAs (www.ClinicalTrials.gov) rapidly increased, only I5NP targeting p53 has been validated in kidney injury. siRNA target caspase-3 was renoprotective in our previous studies used a serial of biological models including TECs and mouse IR kidneys (69, 70). In particular, local and systemic administrating serum stabilized caspase-3 siRNA effectively silenced caspase-3, favorably changed serum cytokines, reduced apoptosis and inflammation, and protected cold static or normothermic machine preserved and auto-transplant porcine kidneys (71, 72). Therefore, siRNA therapy is promising in preservation/resuscitation donors and reducing declined rate of DD (73), and in implantation and post-transplantation to effectively prolong allograft survival.

In conclusion, the transcriptional profile of allograft biopsies is different between 30 minutes and 3 months, with more DEGs between DD and LD at 30 minutes reflected donor injury and recipient innate immunity. Consistent DEGs at 3 months mainly represented adaptive immunity, remodeling or fibrosis. Some DEGs such as SERPINA3, SLPI, CBF, FTCD, TSPAN7, VCAN, TIMP1 and FOS might be novel biomarkers for not only timely diagnosis, but also facilitating precise genetic intervention in donor preservation, implantation and the early stage of post-transplantation, monitoring CAI progression and therapeutic responses, and effectively improving the donor quality and allograft survival of DD.
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Macrophages, a major subset of innate immune cells, are main infiltrating cells in the kidney in lupus nephritis. Macrophages with different phenotypes exert diverse or even opposite effects on the development of lupus nephritis. Substantial evidence has shown that macrophage M2 polarization is beneficial to individuals with chronic kidney disease. Further, it has been reported that PD-1 ligands (PD-Ls) contribute to M2 polarization of macrophages and their immunosuppressive effects. Total glucosides of paeony (TGP), originally extracted from Radix Paeoniae Alba, has been approved in China to treat some autoimmune diseases. Here, we investigated the potentially therapeutic effects of TGP on lupus nephritis in a pristane-induced murine model and explored the molecular mechanisms regulating macrophage phenotypes. We found that TGP treatment significantly improved renal function by decreasing the urinary protein and serum creatinine, reducing serum anti-ds-DNA level and ameliorating renal immunopathology. TGP increased the frequency of splenic and peritoneal F4/80+CD11b+CD206+ M2-like macrophages with no any significant effect on F4/80+CD11b+CD86+ M1-like macrophages. Immunofluorescence double-stainings of the renal tissue showed that TGP treatment increased the frequency of F4/80+Arg1+ subset while decreasing the percentage of F4/80+iNOS+ subset. Importantly, TGP treatment increased the percentage of both F4/80+CD11b+PD-L1+ and F4/80+CD11b+PD-L2+ subsets in spleen and peritoneal lavage fluid as well as the kidney. Furthermore, TGP augmented the expressions of CD206, PD-L2 and phosphorylated STAT6 in IL-4-treated Raw264.7 macrophages in vitro while its effects on PD-L2 were abolished by pretreatment of the cells with an inhibitor of STAT6, AS1517499. However, TGP treatment did not affect the expressions of STAT1 and PD-L1 in Raw264.7 macrophages treated with LPS/IFN-γ in vitro, indicating a possibly indirect effect of TGP on PD-L1 expression on macrophages in vivo. Thus, for the first time, we demonstrated that TGP may be a potent drug to treat lupus nephritis by inducing F4/80+CD11b+CD206+ and F4/80+CD11b+PD-L2+ macrophages through IL-4/STAT6/PD-L2 signaling pathway.
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Introduction

Lupus nephritis (LN) is one of the most common complications in patients with systemic lupus erythematosus and represents a leading cause of end-stage renal failure (1). LN is a complex autoimmune and inflammatory disease resulting from sustained imbalance between pro- and anti-inflammatory immune responses. The substantial infiltration of inflammatory cells in the kidney is a morphologic hallmark of human and experimental lupus nephritis. It is generally accepted that macrophages are the main infiltrating immune cells and play a unique role in the immune-based pathogenesis of lupus nephritis. Infiltrating macrophages can alter the renal microenvironment by interacting with other immune cells, renal stromal cells or propria cells, which then determine the outcome of renal diseases (2, 3). Macrophages with different phenotypes exert diverse or even opposite effects on the development of lupus nephritis (4). A number of studies have demonstrated that inhibiting macrophage infiltration or promoting macrophage M2 polarization is beneficial in the context of chronic kidney disease (5–7). M2 macrophage is capable of inducing Tregs, suppressing the activation of T cells, phagocytosing apoptotic cells and inducing anti-inflammatory factors (8). Further, it has been reported that PD-1 ligands (PD-Ls) contribute to the M2 polarization and immunosuppressive effects of macrophages (9–11). In parallel with effects of PD-Ls on macrophages, adoptive transfer of PD-L2+ M2 macrophages delayed the progression of murine experimental autoimmune encephalomyelitis (EAE) (12). In view of the crucial roles for macrophages in the pathogenesis of LN, it is necessary to explore the mechanisms underlying macrophage activation and to seek an efficient therapeutic strategy of treating LN via rebalancing macrophage activation.

Total glueosides of paeony (TGPs) are the total glucosides originally extracted from Radix Paeoniae Alba, and TGPs have been approved in China for the treatment of some autoimmune diseases. Indeed, TGP treatment suppressed joint destruction and histological changes in experimental rheumatoid arthritis (13, 14), attenuated skin inflammation in psoriatic patients (15) and animal models (16, 17) and improved renal function in diabetic rats. Mechanistically, TGP treatment suppressed macrophage activation in both gouty arthritis (18) and diabetes in experimental rats (19). In addition, TGP reportedly increased the PD-L1 expression on CD14+ monocytes in PBMCs from patients with primary Sjögren’s syndrome (20). Therefore, we hypothesized that TGP could be effective in treating lupus nephritis by inducing PD-Ls+ M2 macrophages.

In the present study, we determined whether TGP treatment would suppress lupus nephritis using a pristane-induced murine model of lupus nephritis. We demonstrated that TGP treatment for eight weeks significantly improved renal injury and function in pristane-induced LN mice by inducing PD-L2+ macrophages through acting on IL4/STAT6/PD-L2 signaling pathway.



Materials and Methods


Mice and Reagents

Female wild-type C57BL/6 mice were obtained from Guangdong Medical Laboratory Animal Center (Fushan, Guangdong, China). All mice were housed in a SPF facility, and all animal experiments were approved by the Animal Ethics Committee of Guangdong Provincial Academy of Chinese Medical Sciences. Pristane and lipopolysaccharide (LPS, L2637, from Escherichia coli O55:B5) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Recombinant mouse IL-4 and IFN-γ were purchased from PeproTech (Rocky Hill, NJ).

Total glucosides of paeony (TGP) were bought from Daosifu Bio-Technique Inc (Nanjing, China). STAT6 inhibitor AS1517499 were obtained from MCE (NJ, USA) and dissolved in dimethylsulfoxide (DMSO). Anti-CD45-BV605 (Clone 30-F11), anti-F4/80-APC (Clone BM8), anti-CD11b-V450 (Clone M1/70), anti-CD206-PE-cy7 (Clone MR6F3), anti-CD86-FITC (Clone GL-1) and anti-CD16/CD32 Abs were bought from BD Biosciences (CA, USA). Anti-PD-L1-Percyp-efluor710 (Clone B7-H1) and anti-PD-L2 (Clone B7-DC) monoclonal antibodies were purchased from eBioscience (San Diego, CA), while rabbit iNOS (Clone D6B6S), Arg1 (Clone D4E3M™), STAT6 (Clone D3H4), p-STAT6 (Clone Tyr641), STAT1 (Clone D1K9Y), p-STAT1 (Clone Tyr701) and PD-L1 Abs (Clone E1J2J™) were purchased from Cell Signaling Technology (Danvers, MA). Mouse F4/80 (Clone C-7) and PD-L2 (Clone TY25) Abs were from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti-ds-DNA Ab ELISA kit was purchased from Wuhan Huamei Biotech Co., Ltd (Wuhan, China). Creatinine sarcosine oxidase creatinine assay kits were from Nanjing Jian Cheng Bioengineering Institute (Nanjing, China).



Animal Treatment

Female C57BL/6 mice (6-8 weeks old) were acclimatized for 2 weeks before experiments and then received a single intraperitoneal injection of 0.5 ml pristane in phosphate-buffered saline (PBS) to induce murine lupus nephritis. About six months (24 weeks) after pristane injection, 24-h urinary protein was measured, and mice with more than 0.4 mg/24 h urinary protein were included in the subsequent experiments. The included mice were randomized into different groups and treated orally without or with TGP (200 mg/kg or 100 mg/kg, prepared with distilled water containing 0.4% CMC-Na) daily for another two months. Serum creatinine (Scr) levels were measured 24 hours after the last drug treatment. Blood, spleen, peritoneal lavage fluids and kidney were also collected 24 hours after the last drug administration.



Measurement of Renal Function

Proteinuria was measured by collecting 24-h urine every 2 weeks before and during TGP treatment. All mice were prohibited from getting food but allowed for free access to water during the collection of urine samples. The urine samples were centrifuged at 400g for 5 min and tested with Cobas-8000 automatic biochemical analyzer (Roche). Serum creatinine (Scr) and serum anti-dsDNA Ab levels were detected using sarcosine oxidase creatinine assay kits and murine anti-dsDNA standard enzyme-linked immunosorbent assay (ELISA) kits, respectively.



HE Staining of Renal Tissue

Kidneys were fixed in 4% paraformaldehyde for 24h and then embedded in paraffin. Tissues were then cut into 3μm sections for hematoxylin and eosin (H&E) staining. Glomerular pathology and renal interstitial infiltration were examined under light microscope fields.



Flow Cytometric Analysis

Spleens and kidneys were harvested while single-cell suspensions were prepared by passing the tissues through a 70-μm cell strainer. For analysis of peritoneal macrophages, peritoneal lavage fluid was obtained after flushing the peritoneal cavity with 4 ml of cold PBS. Cells were blocked with anti-CD16/CD32 Abs and then stained for surface makers, including anti-CD45-BV605, anti-F4/80-APC, anti-CD11b-V450, anti-CD206-PE-cy7, anti-CD86-FITC, Anti-PD-L1-Percyp-efluor and anti-PD-L2-PE Abs. The populations of CD206+, CD86+, PD-L1+ and PD-L2+ cells in spleen/peritoneal F4/80+CD11b+macrophages or in vitro treated Raw264.7 cells were also analyzed. The CD86+PD-L1+ and CD206+PD-L2+ macrophages in the kidney finally were calculated.



Immunofluorescence

For immunofluorescence stainings of renal macrophages, kidney tissues were embedded in OTC and cut into 3μm-thick sections. Sections then were fixed in precooled acetone for 10 min and blocked with 0.5% BSA containing 0.1% Tween 20 for 1h. For double-stainings of immunofluorescence, tissues were incubated with mixed primary antibodies (mouse F4/80 with rabbit iNOS, or mouse F4/80 with rabbit Arg1) that were diluted with blocking buffer at 4°C overnight. The next day, the slides were incubated with a mixture of fluorescence- labeled goat anti-rabbit and anti-mouse secondary antibodies for 1h. Pictures were acquired using an inverted fluorescence microscope or confocal laser microscopy (400×).



Cell Culture

Raw264.7 cell lines were purchased from Cell Resource Center of Shanghai Institute of Life Sciences, Chinese Academy of Sciences (Shanghai, China). Cells were seeded in 12-well or 24-well plates at a concentration of 2×105 or 3×105 per well, respectively. 12 hours after incubation, cells were pretreated with IL-4 (20 ng ml−1) or LPS (50 ng·ml−1) plus IFN-γ (20 ng·ml−1) for 12h to generate M1 and M2 macrophages and maintained for another 48h with or without TGP (20 ug/ml, or 40 ug/ml, dissolved in DMSO), and with or without 100nM STAT6 inhibitor, AS1717499, which was dissolved in DMSO. The final concentration of DMSO in all wells was 0.1%. Cells finally were harvested for whole cell lysates or for flow cytometric analysis.



Western Blot

Whole protein was obtained using RAPA buffer and protein concentrations were measured using BCA Kit. Samples were run on 10% SDS-PAGE gels and transferred onto a PVDF membrane. After blocking with 5% milk prepared in TBST buffer, membranes were incubated at 4°C overnight with the primary anti-p-STAT6, anti-p-STAT1, anti-PD-L1 and anti-PD-L2 Abs. The next day, membranes were washed and incubated with HRP-labeled secondary antibody for 1 h at room temperature. For detecting of STAT6 and STAT1 and GAPDH, membranes were stripped and reblotted with anti-STAT6, anti-STAT1 and GAPDH Abs. Signals were revealed by ECL system and analyzed using Image J Program software.



Statistical Analyses

Data were presented as the mean ± SD and comparisons of the means were analyzed by one-way ANOVA using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). A value of P < 0.05 was considered statistically significant.




Results


TGP Treatment Improves Renal Function and Pathology in Mice With Pristane-Induced Lupus Nephritis (LN)

It’s well known that one-time injection of pristane can induce multiple pathological manifestations resembling human lupus nephritis, including autoantibodies, progressive proteinuria and renal injury. Here, we established a lupus nephritis animal model in C57BL/6 mice via intraperitoneal injection of pristane. 24 weeks after injection, almost all mice had an increase in autoantibodies to a high level of around 100 ug/L (data not shown). Almost 80% mice developed mild proteinuria of around 0.45 mg/24h 24 weeks after the injection and progressed to a level of 0.6 mg/24h at the point of 26 weeks with a statistical significance compared with that of normal control mice (Figure 1A). However, although mice treated with TGP also showed an increase of proteinuria compared to normal control group. TGP treatment at 200 mg/kg significantly decreased the pristine-induced proteinuria 6 or 8 weeks after TGP treatment (30 and 32 weeks after pristane injection, respectively), while TGP treatment at 100 mg/kg reduced the proteinuria only 8 weeks after TGP treatment (32 weeks after pristane injection) (Figure 1A). Meanwhile, TGP treatment for 8 weeks also decreased the serum levels of creatinine (Scr, Figure 1B) and anti-dsDNA Ab (Figure 1C). Moreover, we performed HE staining of renal tissue and found that mice injected with pristane exhibited obvious interstitial and glomerular cellular infiltration with proliferative glomerular basilar membrane and mesangium (Figure 1D). TGP treatment at both 100 mg/kg and 200 mg/kg significantly attenuated the cellular infiltration and improved glomerular injury induced by the pristane.




Figure 1 | TGP treatment improves renal pathology and function in mice with pristane-induced lupus nephritis. (A) 24 weeks after pristane injection, 24-h urinary protein was determined every two weeks and mice with >0.4 mg/24 h urinary protein were also treated with total glucosides of paeony (TGP) in subsequent experiments starting at the same 24-week point. The effects of TGP on kinetics of 24-h urinary protein in pristane-induced lupus mice were observed. In addition, eight weeks after TGP treatment, the serum creatinine (Scr) (B) and serum anti-ds-DNA (C) were measured using sarcosine oxidase creatinine assay kits and murine anti-dsDNA standard enzyme-linked immunosorbent assay (ELISA) kits, respectively. Data are presented as means ± SD (n=5-6, ** p < 0.01 compared with control, and ##p < 0.01 or #p < 0.05 compared with pristane-treated mice). (D) HE staining of the kidney in the pristane-induced lupus mice 8 weeks after TGP treatment (200×, with black arrows pointing to infiltrating immune cells).





TGP Promotes Macrophage M2 Polarization in Mice With Pristane-Induced LN

In general, macrophages are divided into the “classically” activated macrophages (M1) and “alternatively” activated macrophages (M2). An important approach to inhibiting the immune responsiveness in autoimmune diseases includes an induction of M2 macrophage polarization. To determine whether TGP affects macrophage polarization in LN mice, M1 and M2 macrophages in spleen and peritoneal lavage fluid were detected via FACS analysis. As shown in Figure 2, pristane induced a marked decrease in the subset of F4/80+CD11b+CD206+ M2 but not F4/80+CD11b+CD86+ M1 macrophages. While TGP did not alter the frequency of F4/80+CD11b+CD86+ M1 macrophages in spleen and peritoneal lavage fluid of LN mice (Figures 2A, C, D), it (either 100 or 200 mg/kg) significantly increased the percentage of F4/80+CD11b+CD206+ cells in both spleen and peritoneal lavage fluid compared to that of pristane alone group (Figures 2B, E, F). These data suggest that TGP promotes macrophage M2 polarization.




Figure 2 | TGP treatment promotes macrophage M2 polarization in pristane-induced lupus mice. Single-cell suspensions from spleens and peritoneal lavage fluids were collected 8 weeks after TGP treatment following pristane injection 24 weeks ago. The effects of TGP on the frequency of CD86+ (A) and CD206+ (B) subsets in the splenic and peritoneal F4/80+CD11b+ macrophages were analyzed via flow cytometry. (C, D) The percentages of CD86+ subset in splenic and peritoneal F4/80+CD11b+ macrophages are shown as means ± SD. (E, F) Shown also are the means ± SD of the percentages of CD206+ subset in splenic and peritoneal F4/80+CD11b+ macrophages. (n=6, *p < 0.05 compared with control, and #p<0.05 compared with pristane-treated mice).





TGP Upregulates Expression of PD-Ls on Macrophages in Pristane-Induced LN Mice

The role of PD1/PD-L1/PD-L2 pathway in regulating immunological tolerance and immune-mediated tissue damage has been highlighted previously. PD-L1 and PD-L2 are expressed on macrophages, monocytes, endothelial cells and cancer cells, and they influence both macrophage polarization and macrophage function. Here, we asked whether TGP would affect the PD-Ls expression on macrophages. As displayed in Figure 3, pristane alone upregulated PD-L1, but not PD-L2, expression on F4/80+CD11b+ macrophages in spleen and peritoneal lavage fluid of LN mice. TGP treatment at high, but not low, doses significantly increased the frequency of F4/80+CD11b+PD-L1+ and F4/80+CD11b+PD-L2+ macrophages in both spleen and peritoneal lavage fluid. These data suggest that an increase in PD-L1/PD-L2 expression on macrophages may contribute to one of the mechanisms responsible for the effects of TGP on lupus nephritis.




Figure 3 | TGP treatment upregulates macrophage expression of PD-Ls in pristane-induced lupus mice. Single-cell suspensions from spleens and peritoneal lavage fluids were collected 8 weeks after TGP treatment following pristane injection 24 weeks ago. The effects of TGP on the frequency of PD-L1+ (A) or PD-L2+ (B) subsets in splenic and peritoneal F4/80+CD11b+ macrophages were determined via FACS. (C, D) The percentages of PD-L1+ subset in splenic and peritoneal F4/80+CD11b+ macrophages are shown as means ± SD. (E, F) Shown are the means ± SD of the percentages of PD-L2+ subset in splenic and peritoneal F4/80+CD11b+ macrophages. (n=5-6, *p < 0.05 compared with control, and ##p < 0.01 or #p < 0.05 compared with pristane treated mice).





TGP Promotes Renal PD-Ls+ Macrophage Infiltration in Pristane-Induced LN Mice

Macrophages are a predominant population of immune cells that infiltrate the kidney during lupus nephritis. Thus, infiltration of macrophages into the kidney was analyzed in pristane-induced LN mice. Immunofluorescence staining showed that there were very few F4/80+ macrophages in normal control mice. In contrast, extensive F4/80+ macrophage infiltration was seen in the tubular and glomeruli of pristane-treated mice, indicating the likely participation of macrophages in the renal pathology of lupus nephritis. TGP treatment did not appear to alter F4/80+ macrophage infiltration compared with the pristane group. However, as shown in Figure 4, TGP treatment at doses of 200 mg/kg decreased the F4/80+iNOS+ macrophages (Figure 4A), but increased F4/80+Arg1+ macrophage infiltration in the kidney (Figure 4B), when compared to the pristane-alone group. Further, the percentages of CD86+/CD206+ and PD-L1+/PD-L2+ macrophages in the kidney were evaluated by flow cytometry. As shown in Figures 4C–G, among the total F4/80+CD11b+ macrophages, CD206+, PD-L1+ and PD-L2+ macrophage subsets were decreased in pristane-treated group, compared with normal control group, while TGP treatment significantly increased the percentages of CD206+, PD-L1+ and PD-L2+ macrophages in the kidney compared to pristane-alone group. However, neither pristane nor TGP treatment had a significant effect on the frequency of CD86+ macrophage subset. Therefore, TGP preferentially promoted infiltration of macrophages expressing PD-L1/PD-L2 in the kidney of pristane-treated LN mice.




Figure 4 | TGP treatment increases renal PD-Ls+ macrophage infiltration in pristane-induced lupus mice. (A) Immunofluorescence double-stainings for F4/80 and iNOS or (B) for F4/80 and Arg1 in the kidney of pristane-induced LN mice 8 weeks after TGP treatment (400×). (C) Kidney infiltrating cells were isolated 8 weeks after TGP treatment following pristane injection 24 weeks ago and the total infiltrating macrophages were gated on CD45+F4/80+CD11b+ population. The percentages of kidney infiltrating CD86+ (D), CD206+ (E), PD-L1+ (F) or PD-L2+ (G) macrophages were determined via flow cytometer, as shown by the bar graphs, in which data are presented as means ± SD (n=5-6, **p < 0.01 compared with control, and #p < 0.05 compared with pristane-treated mice).





TGP Enhances M2 Polarization of PD-Ls+ Macrophages In Vitro

We then determined the effects of TGP on macrophage polarization in vitro. Raw264.7 cells were pretreated with LPS/INF-γ or IL-4 to mimic the in vivo polarization. Expression of PD-L1/PD-L2 was determined via flow cytometry and represented as mean fluorescence intensity (MFI). As shown in Figures 5A, B, at basal state, expression of PD-L2 on Raw264.7 cells was significantly lower than that of PD-L1. Although LPS/INF-γ treatment increased expression of CD86 and PD-L1 on macrophages, addition of TGP did not further alter their expression compared to LPS/INF-γ group (Figures 5C, E, F). However, macrophages alternatively activated by IL-4 exhibited an increase in PD-L2, while addition of TGP further augmented their expression of both CD206 and PD-L2 compared with IL-4 alone group (Figures 5D, G, H). Thus, TGP significantly increases CD206 and PD-L2 expressions in IL-4 treated macrophages but not CD86 and PD-L1 expressions in LPS/INF-γ-treated ones.




Figure 5 | TGP promotes PD-Ls-expressing macrophage polarization in vitro. (A) Representative FACS plots show the expression of PD-L1 in CD86- and CD86+ Raw264.7 macrophages stimulated with LPS/IFN-γ. (B) Representative FACS plots display the expression of PD-L2 in CD206- and CD206+ Raw264.7 macrophages stimulated with IL-4. (C) The expression of CD86 or PD-L1 in LPS/IFN-γ-treated Raw264.7 cells was determined via FACS. (D) The expression of CD206 or PD-L2 in IL-4-treated Raw264.7 cells was determined via FACS. (E–H) Data are shown as the mean percentages of CD86 (E) and PD-L1 (F) expression in LPS/IFN-γ-treated Raw264.7 cells or CD206 (G) and PD-L2 (H) expression in IL-4-treated Raw264.7 cells. Data are presented as means ± SD (n=3-4, **p<0.01 or *p < 0.05 compared with control, and ##p < 0.01 or #p < 0.05 compared with LPS/IF-γ or IL-4 group without TGP).





TGP Increases PD-L2 Expression on Macrophages via Phosphorylating STAT6

It has been reported that STAT6 is involved in IL-4-mediated macrophage M2 polarization and PD-L2 expression, while STAT1 is involved in LPS/IFN-γ mediated macrophage M1 polarization and PD-L1 expression. Therefore, we adopted an in vitro model of macrophage polarization to see how the polarization of macrophages alters PD-Ls expression and whether TGP induces PD-L2 expression on macrophages by activating STAT6 signaling pathway. As shown in Figure 6, LPS/IFN-γ induced phosphorylation of STAT1 and upregulated PD-L1 expression. TGP only slightly reduced p-STAT1 and PD-L1 expression but with no statistical significance (Figure 6A). IL-4 upregulated both p-STAT6 and PD-L2 expression in macrophages, while TGP treatment further enhanced IL-4-induced phosphorylation of STAT6 and PD-L2 expression compared to IL-4 alone group (Figure 6B). More importantly, the induction of PD-L2 expression by TGP was abolished by a STAT6 inhibitor, AS1517499 (Figure 6C), indicating that TGP exerts its effects on macrophage polarization and PD-L2 expression mainly through activating STAT6/PD-L2 signaling pathway.




Figure 6 | TGP augments PD-L2 expression on macrophages via phosphorylating STAT6. (A) Raw264.7 cells were pretreated with LPS/IFN-γ for 12 h and treated with TGP for another 48 h, then protein expressions of p-STAT1, STAT1 and PD-L1 were detected via western blot analyses. (B) Raw264.7 cells were pretreated with IL-4 for 12 h and treated with TGP for another 48 h, the protein expressions of p-STAT6, STAT6 and PD-L2 were then detected via western blot analyses. (C) To determine if TGP regulates PD-L2 expression via STAT6 pathway, Raw264.7 cells were treated with a STAT6 inhibitor, AS1517499, and detected for the expressions of p-STAT6 and PD-L2. Overall, GAPDH was used as internal references. The expressions of p-STAT1, STAT1, PD-L1, p-STAT6, STAT6 and PD-L2 were calculated relatively to GAPDH. Data are presented as means ± SD (n=3, **p<0.01 or *p<0.05, as indicated for direct comparisons, ns, not significant).






Discussion

Renal macrophage infiltration represents a prominent feature of inflammation and immunopathology for lupus nephritis. Macrophage phenotypes and functions directly impact the progression and prognosis of lupus nephritis. This present study demonstrated that few PD-L1+ and PD-L2+ macrophages infiltrated in the kidney of mice with pristane-induced lupus nephritis. However, TGP treatment induced both PD-L1+ and PD-L2+ macrophages with less renal infiltration of iNOS+ macrophages, thereby ameliorating lupus nephritis in pristane-treated mice. Furthermore, using an in vitro macrophage polarization model, our study revealed that STAT6 signaling contributed to the expression of PD-L2 on macrophages. These results suggest that induction of PD-Ls+ macrophages represents a strategy for treating lupus nephritis or even other autoimmune kidney diseases.

TGP is a group of glycosides extracted from the dried root of Paeonia lactiflora Pallas, and it has been approved for marketing in China to treat rheumatoid arthritis. TGP have been widely used in clinic for the treatment of inflammatory diseases and autoimmune diseases, including rheumatoid arthritis, SLE, psoriasis and Sjögren’s syndrome (21, 22). Moreover, previous studies have shown that TGP treatment attenuates renal inflammation in experimental diabetes (23, 24). In this study, we demonstrated that TGP attenuated proteinuria, decreased serum Scr and anti-dsDNA, and improved renal histology in mice with pristane-induced lupus nephritis. Therefore, TGP treatment could be beneficial to patients with lupus nephritis. Researchers have also shown that TGP was effective in modulating activation of various immune cells, including Treg, Th17, B cells, DCs and macrophages. It was reported that TGP treatment inhibited macrophage proliferation and accumulation in the kidney of diabetic rats (24). In our present study, TGP treatment promoted M2 polarization to CD206+PD-L2+ macrophages via STAT6 signaling. These results indicate that TGP treatment not only affects the macrophage proliferation, but also alters the polarization of macrophages and their phenotypes.

Macrophages are a main subset of immune cells infiltrating the kidney in lupus nephritis, dominating the renal inflammation and immune responses. Here, using pristane-induced lupus mouse models, we found large infiltrates of F4/80+ macrophages in both renal interstitium and glomeruli, which was consistent with the results from renal histology of patients (25). The functions of macrophages rely on their phenotypes, which are classically defined as M1 and M2 macrophages. Compelling evidence indicates that the M1 macrophage infiltration is strongly correlated with the severity of renal injury in both acute (26) and chronic kidney disease (27, 28). However, M2 macrophages were predominant during the anti-inflammatory or repair process. In the present study, mice treated with pristane exhibited a remarkable decrease in M2 macrophages in the spleen, peritoneal lavage fluid and kidney. In contrast, the M1 macrophage infiltration was increased, but only in the kidney. This discordance between renal tissues and lymphoid organs might be due to the difference in local immune microenvironment and sources of macrophages. TGP treatment for 8 weeks significantly increased the CD206+ frequency in both spleen and peritoneal lavage fluid. In addition, TGP enhanced the kidney infiltration of F4/80+Arg1+ macrophages and decreased that of F4/80+iNOS+ macrophages. Our data suggest that TGP treatment can rebalance the M1/M2 polarization in the kidney of the mice with lupus nephritis.

Besides polarization, the phenotype changes during polarization play an important role in the macrophage function. The programmed death-1 (PD-1) and its ligands (PD-Ls: PD‐L1 and PD-L2) are acknowledged as critical immunosuppressive factors in immune responsiveness and autoimmunity (29). Deficiency of PD-Ls is strongly associated with the pathogenesis of many autoimmune diseases, including lupus nephritis, Type 1 diabetes mellitus, RA and so on (29–31). PD-L1 is constitutively and widely expressed on T cells, B cells, macrophages, monocytes, and some nonhemopoietic parenchymal cells. In contrast, PD-L2 expression is limited to activated M2 macrophages and DCs (32). More importantly, at the same ligand concentration, PD-L1 had a delayed interaction with its receptor PD-1 compared with PD-L2 (33). In this study, we demonstrated that PD-L1 was mainly induced by LPS/IFN-γ and expressed on CD86+ macrophages, while PD-L2 was mainly induced by IL-4 and expressed on CD206+ macrophages. Previous studies have shown that the expressions of PD-Ls on monocyte/macrophage contribute to the induction of Tregs and suppression of effector T cells (9, 10). In addition, previous research has also indicated potential associations between PD-Ls expression and polarization, implying that macrophages highly expressing PD-Ls are more prone to M2 polarization (34–36). Taken together, these data suggest that PD-Ls influence both the polarization and immunomodulatory function of macrophages. In this study, we showed that pristane increased PD-L1 expression in splenic and peritoneal macrophages with no effect on PD-L2 expression. However, we found a different expression pattern of PD-Ls in the renal macrophages. Both PD-L1 and PD-L2 expressions in kidney-infiltrating macrophages were actually decreased in pristane-treated mice compared with normal control mice. It was previously reported that in mice with nephrotoxic serum nephritis, PD-L1 and PD-L2 were largely responsible for the protective role of macrophages in attenuating the kidney disease, although an increase in PD-L1 and PD-L2 expressions on renal macrophages was seen (37). We speculate that the differential expression pattern of PD-Ls between nephrotoxic serum nephritis and pristane-induced lupus nephritis may be due to the different timing for establishing models. But, in both models, TGP treatment significantly increased both PD-L1 and PD-L2 expressions in splenic, peritoneal and renal infiltrating macrophages, confirming the actively immunomodulatory roles of PD-Ls on macrophages in inflammatory kidney diseases.

We also studied the effects of TGP on macrophage polarization and the molecular mechanisms underlying its effects on PD-Ls expression. It has been reported the PD-L1 is mainly regulated by Th1 cytokines and STAT1 pathway (38, 39), while PD-L2 is modulated largely by Th2 cytokines and STAT6 pathway (11, 40). In present study, we found that TGP treatment activated the IL-4/STAT6/PD-L2 pathway in M2 macrophages. Unlike its effects on PD-L1 in pristane-induced mice in vivo, TGP treatment had no significant effects on STAT1 signaling or PD-L1 expression in vitro. The reason for this discrepancy remains to be determined. But it still suggests that TGP does not directly impact STAT1 pathway or PD-L1 expression on M1 macrophages in vitro. TGP could alter their PD-L1 expression in vivo via indirect effects on other immune cells, which in turn interact with the macrophages.

In conclusion, we demonstrated that TGP treatment not only promoted the macrophage M2 polarization but also increased the PD-L1 and PD-L2 expressions on macrophages, thereby ameliorating the renal inflammation and injury in lupus nephritis. These findings will enhance our understanding of the immunomodulatory effects of TGP on autoimmune diseases. Further in-depth studies on how and why TGP modulates PD-L1 and PD-L2 expressions on the macrophages are warranted, and may help improve the treatment of various autoimmune diseases in the near future.
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Metabolic syndrome (MS) is a group of complex metabolic disorders syndrome, which refers to the pathological state of metabolism disorder of protein, fat, carbohydrate and other substances in human body. The kidney is an important organ of metabolism, and various metabolic disorders can lead to the abnormalities in the structure and function of the kidney. The recognition of pathogenesis and treatment measures of renal damage in MS is a very important part for the renal function preserve. Inflammatory response caused by various metabolic factors is a protective mechanism of the body, but persistent inflammation will become a harmful factor and aggravate kidney damage. Inflammasomes are sensors of the innate immune system that play crucial roles in initiating inflammation in response to acute infections and chronic diseases. They are multiprotein complex composed of cytoplasmic sensors (mainly NLR family members), apoptosis-associated speck-like protein (ASC or PYCARD) and pro-caspase-1. After receiving exogenous and endogenous stimuli, the sensors begin to assemble inflammasome and then promote the release of inflammatory cytokines IL-1β and IL-18, resulting in a special way of cell death named pyroptosis. In the kidney, NLRP3 inflammasome can be activated by a variety of pathways, which eventually leads to inflammatory infiltration, renal intrinsic cell damage and renal function decline. This paper reviews the function and specific regulatory mechanism of inflammasome in kidney damage caused by various metabolic disorders, which will provide a new therapeutic perspective and targets for kidney diseases.
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Introduction

Metabolic syndrome (MS) is a group of complex metabolic disorders syndrome, which refers to the pathological state of metabolism disorder of protein, fat, carbohydrate and other substances in human body (1). In the 1990s, the overall prevalence of adult MS in the United States was 22%, and the prevalence increased with age, among which the prevalence rates of 20-29, 60-69 and over 70 years old were 6.7%, 43.5% and 42%, respectively (2). By the 2000’s, the prevalence continued to increase to 34.5% (3). The etiology of MS has not been clear, and it is considered to be the result of multi gene and multi environment interaction, which is closely related to genetics and immunity (4). The disease is affected by many environmental factors, mainly manifested in the high fat, high carbohydrate diet structure, low labor intensity and less exercise (4). MS includes a variety of metabolic disorders, including obesity, hyperglycemia, hypertension, dyslipidemia, high blood viscosity, high uric acid, high fatty liver incidence and hyperinsulinemia (5). At present, it is believed that the common causes of these factors are insulin resistance and hyperinsulinemia caused by obesity, especially central obesity (6). MS is a risk factor for a variety of diseases, such as hypertension, coronary heart disease, stroke, chronic kidney disease (CKD), and even some cancers, including breast cancer, endometrial cancer, prostate cancer related to sex hormone, as well as pancreatic cancer, hepatobiliary cancer, colon cancer in digestive system (6–8).

The kidney is an important organ of metabolism, and various metabolic abnormalities can affect the structure and function of kidney. Among people with MS, the prevalence of CKD exceeds 20%, which is much higher than that of the general population. At the same time, among patients with CKD, the prevalence of MS and subgroup metabolic disorders is much higher than that of non-CKD patients (9). A retrospective analysis of more than 6,000 American adults aged over 20 years found that MS was an independent risk factor for CKD (10). The probability of CKD and microalbuminuria was 2.6 times and 1. 9 times of that of the normal population, and the more abnormal components of MS metabolism, the greater the risk (10). A study of 75,468 Chinese people also supported the above view. The incidence of CKD in MS patients and those without MS was 57% and 28%, respectively (11). The clinical manifestations of MS related renal damage include glomerular hyperfiltration, microalbuminuria, proteinuria, changes in renal tubular function, eGFR < 60ml/(min·1.73m2), and increase of renal vascular resistance by ultrasonic. Insulin resistance is the central link of MS. Insulin receptors are widely expressed in the kidney, such as podocytes, mesangial cells, endothelial cells and renal tubular epithelial cells (12). Observation of kidney tissue pathology of donor kidneys revealed that chronic pathological changes were more common in kidney tissues of MS patients, manifested as varying degrees of glomerular sclerosis, renal tubular atrophy, renal interstitial fibrosis and arteries hardening (13).

Therefore, exploring the pathogenesis and prevention measures of renal damage in MS is a very important part of the prevention and treatment of CKD. This article summarizes the important role of inflammasome in renal damage caused by different metabolic factors, and provides a new perspective for the treatment of CKD in the future.



General Introduction of NLRP3 Inflammasome

Nod like receptor protein 3 (NLRP3) inflammasome is a macromolecular polyprotein complex with a molecular weight of about 700 kDa, which has the function of regulating chronic inflammatory response. NLRP3 inflammasome consists of nucleotide-binding domain–like receptors (NLRs), apoptosis-associated speck-like protein containing caspase recruitment domain (ASC) and caspase protease. The structure of NLRs mainly includes the middle nucleotide-binding and oligomerization domain (NACHT), the downstream adapter protein pyrindomain (PYD) or caspase recruitment domain (CARD), and leucine-richrepeats (LRRs). Caspase-1 is the activated form of pro-caspase-1, which can cleave cytokine precursors such as interleukin (IL)-1β, IL-18 and other cytokine precursors, transform them into mature form, and participate in the inflammatory reaction (14).

The inflammasome is a complex composed of a variety of proteins in the cytoplasm, which integrates different damage stimulating signals and activates the innate immune defense function (14, 15). The innate immune system recognizes invading microorganisms and danger signals in the body through specific pattern recognition receptors (PRRs). Currently known PRRs are divided into two types, namely toll-like receptors (TLRs) located on the cell membrane and NLRs located in the cytoplasm (16). NLRP3 is the most well-studied and most comprehensive inflammasome in the family of NLRs. After LRRs of NLRP3 recognizes specific signal, it exposes and polymerizes the NACHT domain, and recruits ASC and pro-caspase-1 through PYD-PYD and CARD-CARD. Through the cleavage of pro-caspase-1 to mature caspase-1, cytokine precursors of IL-1β and IL-18 are cleaved into an active form and secreted out of the cell. In addition to promoting the maturation and secretion of IL-1β and IL-18, it can also mediate a special programmed cell death pyroptosis by activating caspase-1, which is characterized by the formation of caspase-1-dependent plasma membrane pore size, a large number of release of inflammatory mediators and DNA damage, and finally leads to osmotic disintegration of cells (17).

Many endogenous and exogenous factors can stimulate the production of NLRP3 inflammasome through different mechanisms. There are clear reports about crystals or particles (cholesterol crystals, asbestos, silica, etc.), bacterial toxins, microorganisms (viruses, bacteria and fungi), and some vaccine adjuvants (18, 19). Given that NLRP3 inflammasome is an intracellular recognition receptor and the diversity of recognition substances, these activators may have a common endogenous signal transduction molecule, however this common endogenous signal transduction molecule is not clear yet (20). At present, there are mainly three different modes to illustrate the activation mechanism of NLRP3 inflammasome. These three modes include potassium channel open and outflow, cathepsin-B secretion caused by lysosomal damage and rupture, and the production of reactive oxygen species (ROS) (21). Various microbial toxins, enzymes and extracellular ATP can activate ATP-P2X7 receptors, make potassium ions outflow, and activate NLRP3 inflammasome (22). Crystalline substances such as silicon dioxide, antibiotics and antifungal drugs activate inflammasome through ROS and cathepsin-B (23, 24).

Renal inflammatory response is the immune response of the kidney to infectious or non-infective activators. The specific expression of NLRP3 inflammasome components in kidney tissues has not yet been fully clarified. Renal mononuclear phagocytes, such as dendrites and macrophages, can express the components of NLRP3 inflammasome and may induce cell death by activating caspase-1 (25). At the same time, some studies have confirmed that renal tubular epithelial cells and podocytes also activate the NLRP3-ASC-caspase-1 axis, express and release mature IL-1β and IL-18 (26–28). As an intracellular pattern recognition receptor, NLRP3 inflammasome plays an important role in stimulating and regulating immune inflammation. The activation of NLRP3 inflammasome is involved in the acute and chronic inflammation of the kidneys by inducing the secretion of IL-1β and IL-18, leading to the automatic defense and inflammatory response (26, 29). NLRP3 inflammasome also participates in the occurrence and development of a variety of metabolic diseases as an important member (30). Therefore, the in-depth study on the mechanism of NLRP3 inflammasome associated with metabolic disorders and kidney injury will provide new ideas and directions for the treatment of metabolic related kidney diseases. The specific formation and activation of NLRP3 Inflammasome was shown in Figure 1.




Figure 1 | Formation and activation of NLRP3 inflammasome. The effect of extracellular stimulating factors activates the intracellular NF-κB pathway. The activation of NF-κB pathway promotes the expression of inflammasome NLRP3, IL-1β, and IL-18. The activation of the inflammasome NLRP3 promotes the activation of caspase-1, and the activated caspase-1 promotes the maturation of IL-1β and IL-18, which are then secreted into the extracellular to exert biological effects. NLRP3, nod like receptor protein 3; IL, interleukin.





NLRP3 Inflammasome in Metabolic-Associated Kidney Diseases


Diabetic Nephropathy

Diabetes mellitus (DM) is a group of metabolic diseases characterized by hyperglycemia. When DM continues to progress, it often causes chronic damage to the eyes, kidneys, blood vessels, and feet. Among them, diabetic nephropathy (DN) is the most harmful inflammatory complication. It is also the main microvascular of DM and the main cause of end-stage renal disease (ESRD). Inflammatory response is the key factor for the sustainable development of DN. The activation of various inflammatory factors, such as C-reactive protein (CRP), monocyte chemoattractant protein-1 (MCP-1) and inflammasomes, promote macrophage infiltration, renal tubular fibrosis, and eventually accelerate glomerulosclerosis (31).

The activation of NLRP3 inflammasome was detected in DN patients and diabetic mice (32). MCC950 was a selective and potent inhibitor of NLRP3 inflammasome, the use of which improved renal function, podocyte injury and renal fibrosis in db/db mice (33). Homozygous and hemizygous caspase-1 deficiency had protective effect on db/db mice, while caspase-3 deficiency had not, suggesting that caspase-3-dependent cell death had no significant effect on the formation of DN, while caspase-1-dependent inflammatory activation played an important role (34). Moreover, the use of a novel monoclonal antibody of IL-1β in diabetic mice reduced renal damage markers, ameliorated fibrosis, and preserved the number of podocytes (35). Thioredoxin-interacting protein (TXNIP) was a mediator of oxidative stress and has been reported to interact with NLRP3 inflammasome, leading to its activation (36). The expression of TXNIP and NLRP3 was both significantly increased in diabetic rats (36). Polyphenols, natural antioxidants, have been proved to reduce pyroptosis in DN, probably due to the inhibition of TXNIP/NLRP3 pathway (37). Other drugs with antioxidant function have also been confirmed to improve DN by targeting NLRP3 inflammasome, suggesting that NLRP3 inflammasome plays a crucial role in the pathogenesis of DN (38–40).

Podocytes, namely glomerular visceral epithelial cells, participate in stabilizing glomerular capillaries, maintaining the function of glomerular filtration barrier, regulating ultrafiltration coefficient K/f and maintaining the normal morphology of glomerular basement membrane (GBM) (41). Studies have shown that podocyte injury plays a key role in the pathogenesis of DN (41). High glucose (HG) activated the NLRP3 inflammasome in mouse podocytes, which was manifested by increased protein levels of NLRP3, ASC and caspase-1, and the activity of caspase-1 was also significantly elevated (42). After the podocytes were transfected with NLRP3-small interfering RNA (siRNA), the expression of caspase-1 and IL-1β was reduced, while the expression of the podocyte functional protein nephrin was significantly increased (43). The mechanism of NLRP3 inflammasome on podocytes has not been fully elucidated. It has been found that activation of NLRP3 inflammasome aggravated podocyte autophagy and reduced nephrin expression, while NLRP3 silencing effectively restored podocyte autophagy and alleviated podocyte injury induced by HG, suggesting that autophagy might participate in the regulation of NLRP3 inflammasome on podocytes (44).

Glomerular mesangial cells play an important role in the process of glomerular injury and repair. Early DN mainly manifested in the proliferation of mesangial cells, which then synthesize and secrete of a large number of mesangial matrixes, gradually occlude the capillaries and lead to glomerulosclerosis. It was found that the activation of NLRP3 also existed in glomerular mesangial cells stimulated by HG (45). Some extracts of traditional Chinese medicine have been found to target NLRP3 to alleviate HG induced mesangial cell proliferation (46, 47).

Renal tubular injury is one of the important determinants of progressive renal failure in DN. In vitro, the expression of NLRP3 and the release of IL-1β, IL-18 and ATP were significantly increased in HK-2 cells stimulated by HG (48). Knockdown of NLRP3 resisted HG induced tubular EMT by inhibiting ROS production and the phosphorylation of Smad3, p38MAPK and ERK1/2 (49). The overproduction of mitochondrial ROS (mtROS) plays a key role in inflammation. Treating HK-2 cells with the mtROS antioxidant MitoQ inhibited the dissociation of thioredoxin (TRX) from TXNIP, and then blocked the interaction between TXNIP and NLRP3, resulting in the inactivation of NLRP3 inflammasome and the inhibition of IL-1β maturation (50). Another study confirmed that ATP-P2X4 signaling mediated the activation of HG-induced NLRP3 inflammasome, regulated the secretion of IL-1β, and caused the development of tubulointerstitial inflammation in DN (48). IRE1α was endoplasmic reticulum stress (ERS)-related factor. Using IRE1α RNase specific inhibitor (STF-083010) in HG-induced NRK-52E cells inhibited the TXINP/NLRP3 pathway-mediated pyroptosis and renal damage, suggesting that ERS might also leading to the activation of NLRP3 inflammasome (51).

In general, HG stimulation can activate NLRP3 inflammasome through a variety of pathways, which will lead to the abnormalities of intrinsic cells in kidney (Figure 2). Current studies have proved that NLRP3 activation was widespread in DN, and targeted therapy of NLRP3 played an important role in the improvement of DN.




Figure 2 | Mechanism of NLRP3 inflammasome in diabetic nephropathy. High glucose stimulation activates NLRP3 inflammasome mainly through K+ outflow, ROS and lysosomal rupture. TNXIP binding to NLRP3 is a pivotal mechanism of NLRP3 inflammasome activation. The activation of NLRP3 inflammasome will lead to podocyte lose, glomerulosclerosis and tubulointerstitial fibrosis. NLRP3, nod like receptor protein 3; ROS, reactive oxygen species; EMT, epithelial mesenchymal transition.





Hypertension-Related Nephropathy

Hypertension-related nephropathy is the damage of renal structure and function caused by primary hypertension. The kidney can excrete excess water and sodium salt through urine, and prevent protein and blood cells from leaking out of blood vessels. High blood pressure increases the blood pressure in the blood vessels, leading to the leakage of protein into the urine, causing damage to the renal filter system. Long term poor control of hypertension will cause irreversible damage to the kidney. Clinical hypertension is related to kidney inflammation and increased circulating levels of IL-1β and IL-18, indicating that inflammasome activity may be involve in the blood pressure fluctuation and kidney injury (52).

In mice with deoxycorticosterone acetate and saline (1K/DOCA/salt)-induced hypertension, the mRNA levels of NLRP3, ASC, pro-caspase-1 and pro-IL-1β were evaluated, as well as the protein expression of active caspase-1 and mature IL-1β (53). ASC−/− mice exhibited a sluggish pressor response and the treatment of NLRP3 inflammasome inhibitor MCC950 reversed the hypertension in 1K/DOCA/salt treated mice (53). Nitric oxide (NO) inhibition and salt overload lead to hypertension, albuminuria, glomerulosclerosis, glomerular ischemia and interstitial fibrosis. In this model, allopurinol (ALLO), an NLRP3 inhibitor, significantly improved hypertension, proteinuria and interstitial inflammation and fibrosis (54). In a CKD model of 5/6 nephrectomy (5/6 Nx), the degree of tubulointerstitial fibrosis and proteinuria was decreased in NLRP3−/− mice, meanwhile, the mitochondrial morphology and CKD-related hypertension were also ameliorated (55). So far, some literatures have confirmed the important role of NLRP3 activation in hypertension-related nephropathy, but the specific regulatory mechanism still needs to be further explored.



Obesity-Related Nephropathy

In 1974, Weisinger et al. firstly reported that severe obesity can lead to a large amount of proteinuria, and named this disease as obesity-related nephropathy (ORG) (56). Since then, clinical studies and animal experimental models have confirmed that obesity has a significant effect on the structure and function of the kidney (57). In recent years, although there are many studies on ORG, its specific pathogenesis is not fully understood. It is generally believed to be related to glucagon and insulin resistance, the role of adipocytokines, inappropriate activation of renin-angiotensin-aldosterone system (RAAS), release of inflammatory factors, lipid metabolism disorder and structural changes of kidney caused by obesity itself (58).

It was found that the mRNA levels and protein expressions of NLRP3, ASC and caspase-1 in renal cortex of ORG mice were significantly up-regulated (59). Also accompanied a significant increase by P2X7R, an activation molecule of NLRP3. The treatment of P2X7R antagonist (KN−62 or A438079) reversed the changes of NLRP3 inflammasome components as well as attenuated podocytes injury treated by leptin (59). The expression of IL-1β and IL-18 levels also gradually increased in the kidney of high-fat diet (HFD) fed mice detected by immunohistochemistry (60). Knockdown of caspase-1 expression with siRNA inhibited palmitate-induced death and apoptosis of HK-2 cells (60). Some natural substances and traditional Chinese medicine components have been shown to affect ORG by regulating the activation of NLRP3 inflammasome. Fisetin (FIS) is a natural flavonoid, which significantly attenuated HFD-induced histological changes in renal tissue samples, reduced the expression of kidney injury molecule-1 (KIM-1) and altered the expression of nephrin and podocin, thus improving renal insufficiency (61). In this process, the expression of NLRP3 inflammasome components was also decreased, suggesting that its mechanism might be related to inflammasome (61). Coptidis Rhizoma, a classical traditional Chinese herb, reduced dyslipidemia and improved urinary albumin to creatinine ratio and creatinine clearance rate in obesity-prone (OP) rats with high protein and high fat diet (62). The expression of NLRP3 inflammasome was also downregulated under Coptidis Rhizoma treatment (62).

At present, the research on the pathogenesis and treatment of ORG is relatively lacking, and the activation of NLRP3 may be an important link. Therefore, more extensive and in-depth research will give us a deeper understanding of ORG.



Hyperuricemia

Uric acid is a kind of anionic organic acid which is slightly soluble in water. It is the end product of purine metabolism by xanthine oxidase. About 70% of uric acid in normal human body is excreted through kidney, and the remaining 30% is excreted through bile duct and intestine (63). The generation and excretion of uric acid in healthy human body is in dynamic balance. Once this balance is broken, the generation or excretion of uric acid increase or decrease, resulting in the accumulation of uric acid in the body, which will lead to hyperuricemia. Fasting serum uric acid level > 420 mmol · L - 1 (male) and > 360 mmol · L - 1 (female) is usually used as the diagnostic criteria of hyperuricemia.

Hyperuricemia can easily lead to renal hemodynamics, histology and function changes, causing serious consequences such as renal tubulointerstitial inflammation, kidney stones, renal fibrosis and polycystic kidney disease (64). The study of 266 patients with hyperuricemia found that the incidence of nephropathy was 15.11%, while the incidence of nephropathy was only 2.19% in the population with normal serum uric acid level (65). Another study among 190 patients with chronic gout found that the incidence rate of renal damage was 86.13%, significantly higher than 7.14% in the control group, suggesting that hyperuricemia was closely related to the incidence of renal damage and was another risk factor for kidney diseases (66).

At present, it is believed that hyperuricemia induced kidney injury is mainly related to hyperuricemia induced RAAS hyperfunction, inflammatory reaction, renal microvascular injury and so on, but the exact mechanism remains unclear. Affiliated Bao’an Hospital of Shenzhen conducted a cohort study among control, hyperuricemia and gouty nephropathy patients. The results showed that the expression of the NLRP3 inflammasome in peripheral blood mononuclear cells, and the levels of IL-1β and IL-18 in the plasma were upregulated in the gouty nephropathy group compared with the control and hyperuricemia groups (67). In rats with hyperuricemia and dyslipidemia induced by fructose, NLRP3 inflammasome in kidney tissues was activated, which manifested by overexpression of NLRP3, ASC and caspase-1, resulting in excessive production of IL-1β, IL-18, IL-6 (68). Using the CRISPR/Cas9 system to functionally disrupt expression of urate oxidase (UOX) in Wistar rats spontaneously and persistently increased serum uric acid level compared with wild-type rats. UOX-KO rats established increased interstitial fibrosis, macrophage infiltration, increased expression of NLRP3 and IL-1β, and activation signaling pathways associated with autophagy, indicating that autophagy and NLRP3-dependent inflammation played crucial role in the development of hyperuricemia induced kidney injury (69). The activation of NLRP3 inflammasome has been proved to be a target of hyperuricemia induced renal injury. A large number of natural extracts have been found to improve renal function by inhibiting the activity of NLRP3 inflammasome in hyperuricemia (70–73).

Although there are a lot of epidemiological and experimental research reports on the relationship between uric acid and kidney injury, the underlying pathological mechanism still needs further research. The mechanism of hyperuricemia-induced renal injury has a wide range of cross-talks. The activation of NLRP3 inflammasome plays a complex and important role in promoting the occurrence and development of renal disease. The mechanism of its interaction with other factors still needs to be further explored.



Hyperhomocysteinemia

Hyperhomocysteinemia (hHcys) is a disease characterized by elevated homocysteine in the blood, which has been recognized as one of the important risk factors of kidney disease. HHcys can cause anabolism of cholesterol and triglycerides, impaired endothelial function, thrombosis, and monocyte activation (74). Hyperhomocysteinemia is present in 85% of patients with chronic renal failure, and persists after the initiation of dialysis or kidney transplantation (75).

In 2012, Zhang et al. firstly discovered that all the components of NLRP3 inflammasome were existed in podocytes and were significantly evaluated by the treatment with L-homocysteine (L-Hcys) (76). Silencing the ASC gene or inhibiting caspase-1 activity could alleviate podocyte injury and improve glomerulosclerosis in mice with hHcys (76). Podocin, nephrin and desmin are critical markers of podocyte injury. Another study demonstrated that in folate free (FF) diet induced hHcys mice, NLRP3−/− mice showed increased protein level of podocin and nephrin but decreased expression of desmin compared to wild-type mice, indicating the potential pathogenic effects of NLRP3 inflammasome activation (77). The production of ROS plays an important role in the activation of NLRP3 inflammasome in hHcys-induced kidney injury. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is considered to be the main source of superoxide in the kidney. NADPH oxidase inhibition (NOX) reversed the upregulated protein levels of NLRP3, ASC and caspase-1 stimulated by Hcys in mouse podocytes (78). In vivo, NOX inhibition also protected glomeruli and podocytes from hHcys-induced damage, which was manifested by reduced proteinuria and glomerular sclerosis (78). TEMPOL is a recognized antioxidant. In hHcys mice, the treatment of TEMPOL reduced colocalization of NLRP3 with ASC, caspase-1 activation and as well as IL-1β production, suggesting the treatment inhibited the activation of NLRP3 inflammasome (79). Meanwhile, the glomerular injury induced by hHcys has also been improved (79). As in other metabolic-associated kidney diseases mentioned above, the binding of TXNIP to NLRP3 is a key signaling mechanism in hHcys-induced kidney injury as well. Inhibition of TXNIP by verapamil or TXNIP shRNA transfection broke the binding and disrupted the formation of glomerular inflammasome (80).

As a crucial role in the pathogenic process of hHcys-induced kidney injury, NLRP3 inflammasome has been regarded as a novel target for the treatment of glomerular injury in hHcys. Many compounds with anti-inflammatory properties, such as anandamide, DHA metabolites-resolvins, resolvin D1 (RvD1) and 17S-hydroxy DHA (17SHDHA), blocked podocyte injury and glomerular sclerosis during hHcys via the suppression of NLRP3 inflammasome activity (81–83).




Conclusion

MS is a group of clinical syndromes of chronic inflammation and metabolic disorders caused by insulin resistance. With the improvement of the economic level and the spread of unhealthy lifestyles, the prevalence of MS is on the rise globally, especially in developing countries and regions. Recent studies have found that MS is an independent risk factor for CKD. The pathogenesis of kidney damage caused by MS is related to poor primary disease control, insulin resistance, chronic inflammation, and endothelial function damage. NLRP3 inflammasome is the sensor of the innate immune system that initiates inflammatory response to stimulations, and participates in the occurrence and development of various metabolic diseases and kidney injury (Table 1). As we mentioned above, a variety of metabolic disorders leads to the activation of NLRP3 inflammasome in the kidney. The activation of NLRP3 inflammasome aggravates renal inflammatory infiltration and tissue damage through many pathways including autophagy, inflammatory factor release and EMT. At the same time, factors related to tissue damage, such as ROS, autophagy related molecules continue to stimulate the activation of NLRP3 inflammasome and impair renal function. Therefore, the activation of inflammasome and kidney injury are mutually reinforcing.


Table 1 | The role of NLRP3 inflammasome in the kidney under different metabolic disorders.



Because inflammasomes are intracellular recognition receptors, scientists believe that there may be common factors for their activation. In the kidney damage caused by different metabolic factors, there are currently three recognized activation pathways, namely the outflow of potassium ions, the release of ROS, and the rupture of lysosomes. But for each metabolic factor, specific activators are also found. For example, in DN, NLRP3 inflammasome can also be activated by endoplasmic reticulum stress and autophagy.

Accordingly, to explore the specific mechanism and important role of NLRP3 in kidney injury induced by metabolic disorders will provide new ideas and directions for the prevention and treatment of metabolic-associated kidney diseases.
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Renal ischemia–reperfusion (IR) injury and cyclosporine A (CsA) nephrotoxicity affect allograft function and survival. The prolonged effects and underlying mechanisms of erythropoietin derived cyclic helix B peptide (CHBP) and/or caspase-3 small interfering RNA (CASP-3siRNA) were investigated in mouse kidneys, as well as kidney epithelial cells (TCMK-1), subjected to transplant-related injuries. Bilateral renal pedicles were clamped for 30 min followed by reperfusion for 2 and 8 weeks, with/without 35 mg/kg CsA gavage daily and/or 24 nmol/kg CHBP intraperitoneal injection every 3 days. The ratio of urinary albumin to creatinine was raised by IR injury, further increased by CsA and lowered by CHBP at 2, 4, 6 and 8 weeks, whereas the level of SCr was not significantly affected. Similar change trends were revealed in tubulointerstitial damage and fibrosis, HMGB1 and active CASP-3 protein. Increased apoptotic cells in IR kidneys were decreased by CsA and CHBP at 2 and/or 8 weeks. p70 S6 kinase and mTOR were reduced by CsA with/without CHBP at 2 weeks, so were S6 ribosomal protein and GSK-3β at 8 weeks, with reduced CASP-3 at both time points. CASP-3 was further decreased by CHBP in IR or IR + CsA kidneys at 2 or 8 weeks. Furthermore, in TCMK-1 cells CsA induced apoptosis was decreased by CHBP and/or CASP-3siRNA treatment. Taken together, CHBP predominantly protects kidneys against IR injury at 2 weeks and/or CsA nephrotoxicity at 8 weeks, with different underlying mechanisms. Urinary albumin/creatinine is a good biomarker in monitoring the progression of transplant-related injuries. CsA divergently affects apoptosis in kidneys and cultured kidney epithelial cells, in which CHBP and/or CASP-3siRNA reduces inflammation and apoptosis.
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Introduction

Kidney transplantation is the life-changing treatment for patients with end-stage renal disease, whereas chronic allograft dysfunction (CAD) and donor shortage are still major obstacles (1). Ischemia–reperfusion (IR) injury, unavoidable in organ transplantation, is associated with delayed graft function, acute rejection, and subsequent CAD (2). IR injury initiates immune responses, oxidative damage, inflammation and cell death, in which tubular epithelial cells (TECs) are most vulnerable (3–5). Survived TECs participate in alleviating injury and promoting repair (6) via dedifferentiating and entering cell cycle within a few hours post injury (7). Cyclosporine A (CsA) as an immunosuppressant was used after kidney transplantation to reduce acute rejection and early graft losses (8). However, CsA has not improved long-term graft survival due to its nephrotoxicity (9), characterized by tubulointerstitial fibrosis and afferent arteriolar hyalinosis (10).

Erythropoietin (EPO) protected solid organs including kidneys against IR injury through a heterodimer EPO receptor and β-common receptor (EPOR/βcR), also named as innate repair receptor. EPOR/βcR is pharmacologically distinct from the homodimer receptor of (EPOR)2, a mediator of erythropoiesis (11–13). We showed that EPO protected kidneys against IR injury by decreasing tubular cell apoptosis, but promoting inflammatory cell apoptosis (4, 14, 15). However, the renoprotection of EPO required a large dosage that often causes hypertension and thrombosis (16). Helix B surface peptide (HBSP) was then developed from the 3D structure of EPO, composed of 11 amino acids. HBSP only interacts with EPOR/βcR, without stimulating (EPOR)2, but with a short serum half-life only few minutes (17). A novel metabolic stable cyclic HBSP (CHBP) was further produced by Chinese scientists, with prolonged half-life and potent renoprotection (17–20).

Caspase-3 (CASP-3) is a crucial player in CAD, which executes apoptosis and inflammation in transplant-related renal injuries (21, 22). In addition, HMGB1, a damage-associated molecule, is rapidly released from nuclei to extracellular domains upon injury, mediating apoptosis and inflammation (23), and subsequent fibrosis (24, 25). Our previous study showed that CASP-3 and HMGB1 were associated with the degree of renal IR injury and fibrosis (22, 26), while CHBP and CASP-3 siRNA (CASP-3siRNA) reduced CASP-3 and HMGB1 and improved renal injury (18, 22). CHBP improved endoplasmic reticulum stress at 12 h, inhibited inflammation and apoptosis at 5 and 7 days in mouse IR kidneys (18, 26), and also effectively restored kidney function and structure in isolated porcine IR kidneys and kidney grafts with acute rejection (19, 27, 28). In addition, the continuous administration of HBSP mitigated CASP-3, apoptosis, inflammation and fibrosis in 2-week IR ± CsA kidneys, while CHBP administered at the onset of injury reduced renal fibrosis after 12-week IR (19, 20). CHBP protected aristolochic acid induced acute kidney injury and unilateral ureter obstruction induced tubulointerstitial fibrosis (29, 30). CHBP also ameliorated acute myocardial infarction and acute lung injury by inhibiting apoptosis and inflammatory responses (31, 32).

Prolonged effects of CHBP and underling mechanisms are worth exploring. In this study, therefore, the effect of CHBP on IR and/or CsA-induced combinational injuries in mouse kidneys at 2 and 8 weeks (to avoid prolonged time increasing mortality) and kidney epithelial cells, were further investigated. We demonstrated that CHBP protected kidneys against transplant-related injuries, which might be attributed to different mechanistic signaling pathways at two time points, but both with reduced CASP-3. CHBP and CsA may share comparable immune regulations with the reduction of apoptosis in IR kidneys, whereas CHBP and/or CASP-3siRNA protected kidney epithelial cells against CsA-induced apoptosis.



Materials and Methods


Renal IR Injury Model

Male BALB/c mice 25–30 g were randomly divided into five groups: Control, IR, IR + CsA, IR + CHBP, and IR + CsA + CHBP, with 5–8 mice in each group using power calculation according to the key parameters of our previous studies (19–21). All animal procedures were performed according to the guidelines from the Animal Care and Use Committee of Nantong University and the Animal Care Ethics Committee of Jiangsu Province. Mice were anesthetized by 1% pentobarbital (0.01 ml/g), and bilateral renal pedicles were clamped for 30 min and reperfused for 2 or 8 weeks. The color changing of kidneys was confirmed for the efficacy of occlusion and reperfusion. For the sham control, abdominal cavity and renal pedicels were exposed without occlusion. CsA (Novartis Pharma GmbH, Eberbach, Germany) was dissolved in olive oil, gavage daily, 35 mg/kg body weight (BW). CHBP (Shanghai Institute of Materia Medica, Chinese Academy of Sciences) was dissolved in 0.9% saline, intraperitoneally injected after reperfusion every 3 days, 24 nmol/kg BW (19, 27). Urine samples were collected every 2 weeks using metabolic cages and used all 2-week urine samples including end time point collection at 2 weeks end time points for analysis. At 2 and 8 weeks, the blood was drawn, animals were sacrificed and harvested kidneys were fixed with 10% (w/v) neutral buffered formalin or snap frozen in liquid nitrogen (Figure 1A). However, not all mice survived to the end point, but at least n ≥3 were used for the each group in all detections. Urinary albumin/creatinine and serum creatinine (SCr) were measured using an automatic biochemistry analyzer (Siemens, Berlin, Germany).




Figure 1 | Schematic picture of in vivo study design and urinary albumin/creatinine. (A) Bilateral renal pedicles were clamped for 30 min followed by reperfusion for 2 and 8 weeks. Approximately 35 mg/kg CsA gavage daily, and/or 24 nmol/kg CHBP intraperitoneal injection every 3 days. Urine samples were collected every 2 weeks, blood samples were drawn and animals were sacrificed at 2 and 8 weeks. (B–E) The ratio of urinary albumin/creatinine was shown in the IR group with/without CsA treatment at 2, 4, 6 and 8 weeks. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. (F) The dynamic profile of urinary albumin/creatinine at all-time points. †P < 0.05, ††P ≤ 0.01, ††††P ≤ 0.0001 versus IR; #P < 0.05, ###P ≤ 0.0005 versus IR + CsA and $P < 0.05 versus the control. Data were expressed as the mean ± SD of each group (n ≥ 3).





TCMK-1 Cell Model

TCMK-1 cells (a mouse kidney epithelial cell line, CCL­139™, American Type Culture Collection, Manassas, USA) (18) were incubated in DMEM/F12 medium supplemented with 10% (v/v) of fetal bovine serum (FBS, Gibco Technologies, Logan, USA), 100 unit/ml penicillin G (Gibco), and 100 μg/ml streptomycin (Gibco) at 37°C in 5% CO2 atmosphere. The cells grown to about 80% confluent in monolayer in 6-well plates were treated by CsA (2.5, 5, 10, 20 and 40 μg/ml) with/without CHBP (2.5, 5, 10, 20 and 40 ng/ml) for 24 h. TCMK-1 cells were transfected with CASP-3siRNA (10, 20, 30 and 40 nM) by Lipofectamine@ RNAiMAX 4–6 h before above treatments (18, 26). The sequences of CASP-3siRNA are: 5’-GCUUCUUCAGAGGCGACUAtt-3’ and 5’-UAGUCGCCUCUGAAGAAGCta-3’, with the negative control siRNA not targeting any known mammalian genes (Thermo Fisher Scientific, Waltham, USA). Obtained data were from three independent experiments at least (Figure 7A).




Histological Assessment

Approximately 4 µm paraffin sections were stained by hematoxylin and eosin (H&E). The tubulointerstitial damage (TID) include tubular dilation and vacuolation, interstitial expansion (edema or fibrosis), inflammatory cell infiltration, protein or cell casts in tubular lumina was semi-quantitatively evaluated using 0–4 scales: <5% score 0; 5–25% score 1; 25–50% score 2; 50–75% score 3; and exceeding 75% score 4. Approximately 12 cortical fields of each section at 200× magnification were scored by two examiners blinded to experimental groups (19, 22, 27).

Tubulointerstitial fibrosis was evaluated by Masson’s trichrome staining of collagen deposition (19). Twenty fields of cortical areas were quantified at 400× magnification using the Image-Pro Plus software (Media Cybernetics, Rockville, USA).



Detection of Apoptotic Cells

Fragmented DNAs in paraffin sections were in situ end labeled (ISEL) using an ApopTag peroxidase kit (S7100, Appligene Oncor, Illkirch, France) and 3’-amino-9-ethylcarbazole (SK-4200, AEC, Vector, Burlingame, USA) as substrate. Apoptotic cells were counted in tubular, tubular luminal and interstitial areas in 20 fields at 400× magnification (19, 22).

TCMK-1 cells were tripsinized, re-suspended in binding buffer and incubated with FITC-conjugated annexin-V and propidium iodide (PI) for 15 min. Approximately 10,000 cells were analyzed by BD FACS Calibur flow cytometry (BD Biosciences, Franklin Lakes, USA). Living cells (Annexin-V−/PI−), early apoptosis (Annexin-V+/PI−), later apoptosis (Annexin-V+/PI+) or necrosis (Annexin-V−/PI+) were shown as quadrant dot plots and the percentage of the gated cells (18, 26).



Immunohistochemistry

Immunohistochemistry staining of F4/80, a marker of macrophages, was performed on 4 µm paraffin sections treated by 40 µg/ml proteinase K (Sigma, Dorset, UK) at 37°C, 30 min for antigen retrieving. F4/80 (1:50, ab11101, Abcam, Cambridge, UK) was incubated at 4°C overnight. DAKO EnVision™ + Dual Link System-HRP was used as the secondary antibody (DAKO, Glostrup, Denmark). The antibody binding was revealed by 3,3’-diaminobenzidine (SK-4100, DAB, Vector, Burlingame, USA) with hematoxylin counterstaining. The number of macrophages in the tubular, interstitial, and tubular lumen areas were semi-quantitatively analysed in 20 fields at 400× magnification.



Western Blotting Analysis

Kidney proteins (25 µg) were separated by electrophoresis using 12–15% polyacrylamide gels and blotted onto 0.4 μm polyvinylidene difluoride membranes (Roche Diagnostics GmbH, Mannheim, Germany). Membranes were blocked with 5% milk before incubated with full-length CASP-3 (1:200, sc-7148, Santa Cruz Biochemicals, Santa Cruz, USA), HMGB1 (1:1,000, #3935, Cell Signaling Technology, Beverly, USA) or β-actin antibody (1:1,000, ab6276, Abcam, Cambridge, UK). After incubation with peroxidase-conjugated secondary antibody, the binding was revealed by ECL substrate using a Molecular Imager Chemi Doc XRS+ system and semi-quantitatively analyzed by Image Lab Software (Bio-Rad, Berkeley, USA). Optical volume density values of target proteins were expressed as the percentage of average controls after loading correction by β-actin (19, 22).



RT-qPCR

The level of CASP-3 mRNA in kidneys and TCMK-1 cells was detected by reverse transcription (RT) quantitative real-time polymerase chain reaction (qPCR) using a StepOne Plus Real-Time PCR system (Applied Biosystems, Foster City, USA). Approximately 1 μg of total extracted RNAs was used for RT of complementary DNA (cDNA). cDNA was amplified in qPCR reaction buffers (15, 18, 21, 22). The probes of CASP-3 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 6-carboxy-fluorescein (FAM) labeled (Thermo Fisher Scientific). The reaction conditions were as follows: 2 min at 95°C, 40 cycles of 95°C for 10s, then 60°C for 10s. CASP-3 mRNA normalized by GAPDH was calculated against control kidneys using a 2−ΔΔCt method.



Antibody Array Analysis

Eighteen well-characterized phosphorylated or cleaved signaling molecules were simultaneously detected using 50 µg kidney proteins by a slide-based PathScan® Intracellular Signaling Array Kit (#7323, Cell Signaling Technology) according to the manufacturer’s instructions. Images were acquired by briefly exposing the slide to the Chemi Doc XRS+ system (Bio-Rad), and semi-quantitatively analyzed by scanning volume density using Alpha View Software 3.3 (Cell Biosciences, Santa Clara, USA) (33).



Statistical Analysis

Data were represented as the mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was used to compare more than two groups, while two-tailed Student’s t-test was used for two groups using GraphPad Prism 6.0 (GraphPad Software, San Diego, USA). P ≤0.05 was considered to be statistically significant.




Results


CHBP Reduced Urinary Albumin/Creatinine

The ratio of urinary albumin to creatinine (mg/µmol) was increased by CsA compared with that produced by IR kidneys at 4 weeks (Figures 1B, C), while this ratio was also increased by IR compared with the sham controls at 6 and 8 weeks (Figures 1D, E). Most impressively, CHBP significantly decreased urinary albumin/creatinine produced by IR kidneys with/without CsA treatment at all-time points (Figures 1B–E).

The dynamic profile of urinary albumin/creatinine was higher in the IR group compared with the control and CHBP treated groups, and further increased by CsA at all-time points over 2–8 weeks (Figure 1F). The difference between the control and IR groups was enlarged by prolonged time, and minimized by CHBP treatment with/without CsA. The change trends in two CsA groups were surprisingly similar, peaked at 4 weeks, decreased at 6 weeks and leveled up to 8 weeks.

Nevertheless, there was no significant difference in the level of SCr between all groups at 2 and 8 weeks (Supplementary Figures 1A, B).



CHBP Improved Tissue Damage

The semi-quantitative score of TID in H&E sections was significantly increased by IR compared with the control at both time points (Figures 2A–D), further increased by CsA with statistical significance at 8 weeks. Most interestingly, TID was improved by CHBP in IR kidneys at 2 weeks only, and in the CsA-treated kidneys at 2 and 8 weeks.




Figure 2 | The semi-quantitative score of TID in H&E staining sections. (A, C) Tubular dilation, epithelial cell vacuolation, interstitial expansion with edema or inflammation, and cells or cell debris in tubular lumens were mainly seen in IR kidneys. (B) CHBP treatment improved the TID compared with IR and IR + CsA groups at 2 weeks. (D) The score was further increased in the IR + CsA group but reversed by CHBP at 8 weeks. Data were expressed as the mean ± SD of each group (n ≥ 3). *P ≤ 0.05; **P ≤ 0.01.



Interstitial fibrosis revealed in Masson’s trichrome stained sections was significantly increased by IR compared with the control, but improved by CHBP at both time points (Figures 3A–D), while CsA increased interstitial fibrosis was significantly decreased by CHBP at 8 weeks only.




Figure 3 | The score of interstitial fibrosis in Masson’s trichrome stained sections. (A, C) Masson’s trichrome staining revealed the interstitial fibrosis. (B, D) Interstitial fibrosis was increased by IR compared with the control, but improved by CHBP at both time points. (D) The score of fibrosis was significantly decreased by CHBP in the CsA treated group at 8 weeks. Data were expressed as the mean ± SD of each group (n ≥ 3). **P ≤ 0.01.





Cellular Apoptosis in Kidneys Reduced by CHBP and CsA

Apoptotic cells detected by ISEL were mainly located in the tubular and interstitial areas (Figures 4A–J), some of them had polymorphic nuclei (4B1, C1), with very few seen in glomerular areas. The total number of apoptotic cells, summed up from that in tubular and interstitial areas and tubular lumina, was greatly increased by IR, but decreased by CsA at 2 and 8 weeks, and by CHBP at 8 weeks (Figures 4K, L).




Figure 4 | Apoptotic cells detected by labelling fragmented DNAs. (A–J) Apoptosis were mainly shown in tubular and interstitial areas. (B1–D1, G1–I1) Enlarged pictures were from (B–D) and (G–I). (K, L) The number of apoptotic cells was greatly increased by IR, but decreased by CsA at 2 and 8 weeks. CHBP treatment decreased apoptotic cells in the IR kidneys at 8 weeks. Data were expressed as the mean ± SD of each group (n ≥ 3). *P ≤ 0.05; **P ≤ 0.01.





Macrophages in Kidneys Affected by CHBP and CsA

F4/80+ macrophages were mainly located in the interstitial areas (Supplementary Figure 2A). The number of macrophages in interstitial areas increased by IR was numerically decreased by CsA and CHBP at 2 weeks, but did not reach statistical significance (Supplementary Figure 2B). In addition, the increase trend induced by CsA was also seen at 8 weeks, but there was no statistical significance (Supplementary Figure 2C).



CASP-3 mRNA and Its Active Protein Reduced by CHBP

CASP-3 mRNA measured by qPCR was increased by IR at both time points, and further increased by CsA at 2 weeks, but decreased by CHBP in the CsA group at 8 weeks (Figures 5A, E).




Figure 5 | CASP-3 mRNA and protein, and HMGB1 protein expression. (A, E) The relative expression of caspase 3 mRNA was increased by IR at both time points, and further increased by CsA at 2 weeks, but decreased by CHBP in the CsA group at 8 weeks. (B–D, F, G) The level of 17 kD active CASP-3 protein was increased by IR and reversed by CHBP at 2 weeks, and increased by CsA at 8 weeks and also reversed by CHBP. (H–J) The expression of HMGB1 protein in 2 and 8 weeks was detected by western blotting. The level of HMGB1 was significantly decreased by CHBP in the IR group at 2 weeks, increased by CsA compared with the IR group and reversed by CHBP at 8 weeks. Data were expressed as the mean ± SD (n ≥ 3). The volume density of western blots was corrected by against 42 kD β-actin as a loading control. *P ≤ 0.05; **P ≤ 0.01.



CASP-3 protein was detected by western blotting, (Figures 5B, C, F). Approximately 17 kD active CASP-3 was increased by IR and reversed by CHBP at 2 weeks; further increased by CsA at 8 weeks was also reversed by CHBP (Figures 5D, G).



HMGB1 Protein Decreased by CHBP

CHBP decreased the increased HMGB1 protein by IR at 2 weeks (Figures 5H, I) and the further increased HMGB1 by CsA compared with IR kidneys at 8 weeks (Figures 5H, J), detected by western blotting.



Different Proteins Changed at 2 and 8 Weeks

Eighteen proteins in the kidney were detected at the same time by slide-based antibody array (Figures 6A, B). In IR kidneys with/without CHBP treatment, CsA decreased p70 S6 kinase, mTOR and CASP-3 at 2 weeks, and GSK-3β and CASP-3 at 8 weeks (Figures 6C–E, G, H). However, S6 ribosomal protein (S6RP) was decreased by CsA in IR kidneys, but reversed by CHBP (Figure 6F). CASP-3 was decreased by CHBP in CsA treated IR kidneys at 2 weeks and in IR kidneys at 8 weeks (Figures 6E–H).




Figure 6 | Simultaneous detection of 18 proteins by slide-based antibody array. (A, B) The expression of 18 proteins in the kidneys revealed by slide-based antibody array. (C–E) CsA decreased p70 S6 kinase, mTOR and caspase-3 at 2 weeks. (F–H) S6RP was decreased by CsA in IR kidneys, but reversed by CHBP. CsA decreased GSK-3β and caspase-3 at 8 weeks in IR kidneys with/without CHBP treatment. (E–H) Caspase-3 was decreased by CHBP in CsA treated IR kidneys at 2 weeks and in IR kidneys at 8 weeks. Data were expressed as the mean ± SD (n ≥ 3). The volume density was corrected by against the control. *P ≤  0.05; **P ≤ 0.01.





CHBP Reduced CASP-3 and Apoptosis Increased by CsA in TCMK-1 Cells

CASP-3 mRNA was gradually increased by 2.5–20 μg/ml CsA (Figure 7B), so was early apoptotic cells, and reached statistical significance at 10 and 20 µg/ml (Figure 7C). However, early apoptotic cells were gradually reduced by 2.5–40 ng/ml CHBP, and reached statistical significance at 20–40 ng/ml (Figures 7D, E).




Figure 7 | Schematic picture of in vitro study design and effects of CsA, CHBP and CASP-3siRNA on TCMK-1 cells. (A) TCMK-1 cells were transfected with CASP-3siRNA 4–6 h before treated by CsA with/without CHBP for 24 h. (B) The level of CASP-3 mRNA was gradually increased by 2.5–20 μg/ml CsA. (C) The percentage of early apoptotic cells was significantly increased by CsA by 20–40 μg/ml and peaked at 20 μg/ml. (D, E) Early apoptotic cells was gradually reduced by 2.5–40 ng/ml CHBP, and reached statistical significance at 20–40 ng/ml. (F) The expression of CASP-3 mRNA was reduced by 10–30 nM/ml CASP-3siRNA compared with the control treated by 20 μg/ml CsA or with NCsiRNA, but the suppression was maximized at 30 nM/ml with 64.85% reduction. (G) CASP-3 mRNA were significantly increased by 20 μg/ml CsA, but reversed by 20 ng/ml CHBP with/without 30 nM CASP-3siRNA. (H, I) Early apoptotic cells was significantly increased by 20 μg/ml CsA, but reversed by CHBP with/without CASP-3siRNA or NCsiRNA. Data were expressed as the mean ± SD, (n = 3). *P < 0.05, **P < 0.01.





CASP-3siRNA Decreased CASP-3 mRNA and Apoptosis in TCMK-1 Cells

CASP-3 mRNA was reduced by 10–30 nM/ml CASP-3siRNA compared with the control treated by 20 μg/ml CsA or with NCsiRNA. The suppression was maximized by CASP-3siRNA at 30 nM/ml with 64.85% reduction (Figure 7F). CASP-3 mRNA were significantly increased by 20 μg/ml CsA, but reversed by 20 ng/ml CHBP with/without 30 nM CASP-3siRNA (Figure 7G).

Early apoptotic cells was also significantly increased by 20 μg/ml CsA, but reversed by CHBP with/without CASP-3siRNA or NCsiRNA (Figures 7H, I). Most interestingly, the combined treatment of CHBP and CASP-3siRNA further reduced early apoptotic cells compared with the CsA + CHBP + NCsiRNA group.




Discussion

The renoprotection of CHBP against IR injury and HBSP against IR and CsA-induced injury has been shown previously (18, 20, 26, 27). However, there has been no report regarding the long-term effect of CHBP on IR and CsA-induced combinational injury in mouse models. In this study, the renoprotection of CHBP was confirmed not only in renal IR injury but also with CsA nephrotoxicity at 2 and 8 weeks, which better mimicked human kidney transplantation. Urinary albumin/creatinine was more sensitive than SCr in detecting transplant-related injuries, which was supported by changes in apoptosis, inflammation, TID and tubulointerstitial fibrosis. The renoprotective mechanisms of CHBP on IR injury and CsA nephrotoxicity might be different, with decreased mTOR and p70 S6 kinase at 2 weeks, GSK-3β and S6RP at 8 weeks, and CASP-3 protein at both time points. These changes may reflect the dynamic nature of two different injuries, in terms of IR injury gradually eased off in 2 weeks, but CsA nephrotoxicity continuously built up over 8 weeks. In addition, the effect of CsA on apoptosis appeared differently in kidneys having different cell types and kidney epithelial cells in vitro (Supplementary Figure 3).

CsA is widely used in organ transplantation to prevent rejection, but its nephrotoxicity cannot be ignored (34, 35). Previous long-term studies of kidney IR injury revealed that CsA increased interstitial inflammation and renal fibrosis (19, 21). To explore the pathogenesis of CAD in-depth, the mouse model subjected to renal transplant-related injuries, IR injury and CsA nephrotoxity, was established at 2 and 8 weeks. Urinary albumin/creatinine was increased by IR injury, together with TID, interstitial fibrosis and apoptotic cells in tubular areas. CsA further increased urinary albumin/creatinine from 2 and 4 weeks. However, SCr was not statistically different between groups. Urinary albumin/creatinine, therefore, is a non-invasive and more sensitive biomarker than SCr in monitoring renal transplant-related injuries for middle/long-term.

CsA reduced apoptotic cells in IR kidneys at both time points, which was contradictory to the change in TID, CASP-3, HMGB1, tubulointerstitial fibrosis, and CsA-induced early apoptosis in TCMK-1 cells. Apoptosis is an inevitable phenomenon in transplant-related kidney damage (36), while the apoptosis in different types of cells could lead to inverse outcomes: on one hand excessive TEC apoptosis resulting in tubular atrophy and dysfunction; on the other hand, inflammatory cell apoptosis facilitating the clearance of inflammation, renal structure remodeling and functional recovery (37, 38). Furthermore, the number of macrophages was detected to evaluate the effect of CHBP/CsA on infiltrated inflammatory cells. The results showed that IR increased macrophages mainly located in the interstitial areas were numerously decreased by CsA and further decreased by CHBP at 2 weeks, both of which were reversed at 8 weeks. Because of the large variation between individual animals, there was no any statistically significant difference between groups. Therefore, we concluded that CsA might help renal structure remodeling and functional recovery by decreased apoptosis of TECs at 2 weeks. However, the intensive inflammation at 8 weeks, with decreased apoptosis of inflammatory cells, might aggravate the structural damage of kidneys, impede functional recovery, and lead to tubulointerstitial fibrosis that characterizes CsA-induced long-term nephrotoxicity (21).

The renoprotection of CHBP against IR injury and/or CsA nephrotoxicity was also demonstrated. Given that urinary albumin/creatinine was decreased by CHBP in IR injury and/or CsA groups from 2, 4, 6 to 8 weeks, and TID, active CASP-3 and HMGB1 expression and fibrosis were improved by CHBP in IR kidneys at 2 weeks. IR-induced apoptotic cells were decreased by CHBP at 8 weeks only, which implies the nature of the model in terms of the apoptosis in different types of cells. In addition, CHBP improved interstitial fibrosis, decreased CASP-3 mRNA and 17 kD protein, and HMGB1 in IR kidneys with additional CsA only at 8 weeks, which suggests that the accumulated nephrotoxicity of CsA might further facilitate the renoprotection of CHBP. Therefore, the renoprotection of CHBP was embodied in either improving IR injury, TID and inflammation at 2 weeks, or reducing accumulated CsA nephrotoxicity, apoptosis and interstitial fibrosis at 8 weeks.

To further investigate whether CHBP has comparable immune regulating responses with CsA or what different underlying mechanisms involved in IR injury with/without CsA at 2 and 8 weeks, the expression of multiple mechanistic signaling proteins was analyzed in the same sample by a slide based antibody array. p70 S6 kinase, mTOR, and CASP-3 were decreased by CsA in IR kidneys at 2 weeks, while S6RP, GSK-3β and CASP-3 were reduced at 8 weeks. CHBP also downregulated CASP-3 in IR + CsA treated kidneys at 2 weeks and in IR kidneys at 8 weeks, but upregulated S6RP at 8 weeks in IR kidneys with CsA treatment. It suggests that CHBP protecting IR injury and/or CsA nephrotoxicity might be associated with different mechanistic signaling pathways, with CASP-3 at convergent point. Therefore, CASP3siRNA therapy might be an additional treatment to CHBP for transplant-related renal injury.

Our previous studies have shown the up-regulated CASP-3 in TECs associated with apoptosis and inflammation in different IR-induced acute and chronic kidney injuries (3, 18, 19, 21, 39), and the renoprotection of CASP-3siRNA (22, 40, 41). In order to dissect the effect and mechanism of CHBP and CsA, TCMK-1 cells were stimulated by CsA, and also treated with CHBP and/or CASP-3siRNA. Approximately 20 μg/ml CsA and 20 ng/ml CHBP were most effective at 24 h. CASP-3 mRNA and early apoptotic cells were dose-dependently increased by CsA, but reversed by CHBP with or without CASP-3siRNA, while early apoptotic cells were further decreased by CHBP together with CASP-3siRNA. These results reveal that CHBP combined with CASP-3siRNA had a profound protection against CsA-induced TEC injury by anti-apoptosis. The synergistic effect of both was also revealed in mouse IR kidneys at 48 h in one of our more recent studies (42).

This finding needs to be further validated in animal models at the suitable stage of injury using modified CASP-3siRNA via optimized delivery route. The results from this study guide our near future investigations: whether CHBP has comparable immune regulating function with CsA; how different is the underlying mechanism of IR injury and/or CsA nephrotoxity at 2 and 8 weeks; how to combine CHBP with siRNA for therapeutic applications at different stages of injury. The precise mechanism of CHBP and combined effect with CASP-3siRNA are worth further investigating.

In conclusion, the predominant renoprotection of CHBP against IR injury was at 2 weeks, and against CsA nephrotoxicity was at 8 weeks, with urinary albumin/creatinine as a good biomarker in monitoring the progression of transplant-related chronic injuries. The renoprotection of CHBP was associated with different mechanistic signaling proteins such as mTOR at 2 weeks and GSK-3β at 8 weeks, and CASP-3 at both time points. CHBP combined with CASP-3siRNA had a profound protection against CsA-induced injury in TECs, although CsA divergently affected apoptosis in kidneys and TECs.
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Properdin, a positive regulator of complement alternative pathway, participates in renal ischemia–reperfusion (IR) injury and also acts as a pattern-recognition molecule affecting apoptotic T-cell clearance. However, the role of properdin in tubular epithelial cells (TECs) at the repair phase post IR injury is not well defined. This study revealed that properdin knockout (PKO) mice exhibited greater injury in renal function and histology than wild-type (WT) mice post 72-h IR, with more apoptotic cells and macrophages in tubular lumina, increased active caspase-3 and HMGB1, but better histological structure at 24 h. Raised erythropoietin receptor by IR was furthered by PKO and positively correlated with injury and repair markers. Properdin in WT kidneys was also upregulated by IR, while H2O2-increased properdin in TECs was reduced by its small-interfering RNA (siRNA), with raised HMGB1 and apoptosis. Moreover, the phagocytic ability of WT TECs, analyzed by pHrodo Escherichia coli bioparticles, was promoted by H2O2 but inhibited by PKO. These results were confirmed by counting phagocytosed H2O2-induced apoptotic TECs by in situ end labeling fragmented DNAs but not affected by additional serum with/without properdin. Taken together, PKO results in impaired phagocytosis at the repair phase post renal IR injury. Properdin locally produced by TECs plays crucial roles in optimizing damaged cells and regulating phagocytic ability of TECs to effectively clear apoptotic cells and reduce inflammation.
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Introduction

Acute kidney injury (AKI) has high morbidity and mortality and also has a potential of developing chronic kidney disease (CKD) (1–3). Renal ischemia–reperfusion (IR) injury, a major cause of AKI, is characterized by circulatory disturbance, complement activation, tubular injury, interstitial inflammation, and eventual fibrosis (4, 5). Tubular epithelial cells (TECs) are most vulnerable to IR injury but also actively participate in repair through dedifferentiation, proliferation, and clearing injured cells by phagocytosis (6–8). However, these functions may be maladaptive in severe and repeated mild injury, resulting in persistent complement activation, inflammation, and fibrosis (9, 10).

Complement activation via the alternative pathway (AP) is key to induce renal IR injury in rodent models. The suppression of the AP promotor, complement factor B, using monoclonal antibodies (mAb) or genetic modification significantly preserved renal function and morphology in mice subject to IR injury (11, 12). Conversely, the depletion of the AP inhibitors, decay-accelerating factor (DAF) and CD59, also exacerbates renal IR injury (13).

Properdin, the only known positive regulator of the AP, mainly produced by inflammatory cells (14–17), stabilizes complement 3 (C3) convertase (C3bBb), thereby providing a C3b amplification loop, and then stabilizes C5 convertase (18, 19). Inhibiting properdin by either antimouse mAb or gene deletion in DAF and CD59 double-knockout (DAF−/−CD59−/−) mice ameliorated early renal IR injury at 24 h (20).

Properdin also functions as a pattern-recognition molecule (PRM) by binding to targets such as damaged cells or bacteria, independent of its main ligand C3b (21–24). Properdin may also bind to the luminal membrane of proximal TECs in the proteinuric kidneys to mediate complement activation (25). However, the precise role of properdin in renal IR injury and repair and its potential function as a PRM in kidneys and TECs are incompletely defined. We hypothesized that properdin may have different roles at different stages of IR injury, either detrimental in the early injury stage by activating AP or beneficial at the late repair stage by facilitating phagocytic clearance of damaged cells.

In this study, properdin knockout (PKO) mice and counterpart wild-type (WT) mice were subject to 30 min of bilateral renal ischemia followed by 72 h reperfusion. TCMK-1 cells (mouse kidney cell line) and TECs isolated from PKO and WT mice, respectively, were exposed to hydrogen peroxidase (H2O2) to mimic the oxidative stress of IR injury. The role of properdin as a PRM and beyond was explored at the repair stage of kidneys post IR and in TECs subjected to IR-related injury, focusing on phagocytosis, apoptosis, and inflammation.



Materials and Methods


Animal Model

Properdin-deficient mice were generated by site-specific targeting and maintained at University of Leicester (17). Male C57BL/6 WT and PKO mice aged 8–12 weeks were used in this study. All procedures were performed in accordance with the institutional guidelines reviewed by the Animal Welfare and Ethical Review Body and under the license approved by the UK Home Office (Project License, 70/8169 and Personal License, IA536CDE7). Mice were randomly divided into four groups: (I) WT sham (n = 4), (II) PKO sham (n = 5), (III) WT IR (n = 9), and (IV) PKO IR (n = 7). The animals were anesthetized by inhalation of 2.5% isoflurane in oxygen, and experimental procedures were optimized and refined based upon published protocols (26). The body temperature of animals during surgery was maintained at 36.5°C–37°C. Bilateral renal pedicles were exposed in the lateral position, dissected and clamped with a non-traumatic vascular clip for 30 min. After application of clips, the kidney was observed until patchy blanching developed and then replaced into the abdominal cavity. After removal of clips, gradual appearance of a normal pink color indicated kidney reperfusion.

After 72 h, the animals were bled by cardiac puncture and then sacrificed. The kidneys were harvested and snap frozen in liquid nitrogen or fixed in 4% (w/v) formaldehyde in 10% normal saline for further analysis. The animal experimental design is shown in Figure 1A.




Figure 1 | PKO alleviated kidney structural damage at 24 h but aggravated renal functional and structural injury at 72 h post IR. (A) Schematic illustration of mouse experimental design. Bilateral kidney ischemia for 30 min and reperfusion for 24 h or 72 h were performed in male WT and PKO C57BL/6 mice. (B, C) SCr, BUN, and semiquantitative score of TID in both WT and PKO mice at 24 h were increased by IR, but only TID was improved by PKO (sham: n = 3–4; IR: n = 6–8). (D, E) At 72 h, SCr, BUN, and TID score in both WT and PKO mice were also elevated by IR, but all parameters were further increased by PKO (sham: n = 4–5; IR: n = 7–9). Data were shown as means ± SEMs, and analyzed by one-way ANOVA and LSD test. *p < 0.05; **p < 0.01. (F) Representative H&E stained images showing the cortex structure of the kidney at 72 h post IR. Scale bar: 100 μm.





Renal Function

Serum creatinine (SCr) and blood urine nitrogen (BUN) were determined using the QuantiChrom™ Creatinine or Urea Assay Kit (BioAssay System, Hayward, USA). All procedures were performed according to the manufacturer’s instructions.



Histology

Paraffin-embedded kidney tissues were sectioned at 4 µm and stained by hematoxylin and eosin (H&E). The scoring of tubulointerstitial damage (TID) and counting of mitotic figures in the cortex was performed blindly to experimental groups by two independent researchers. The criteria of TID scoring included the loss of tubular epithelia, tubular cell vacuolation, tubular dilatation, luminal cast formation, and interstitial expansion (27). A histological score was assigned based on the percentage of affected areas in observed regions: 0, no damage <1%; 1, 1%–25%; 2, 26%–50%; 3, 51%–75%; and 4, >75%. In addition, mitotic figures were counted as condensed chromosomes aligned in metaphase in dividing cells (28). TID and mitotic figures were evaluated in 12 or 20 non-overlapping cortical fields at 200× or 400× magnification, respectively.



In Situ End Labeling of Apoptotic Cells

Apoptotic cells in kidneys were identified by in situ end labeling (ISEL) of fragmented DNA using terminal deoxynucleotidyl transferase-mediated uridine triphosphate provided in ApopTag® Peroxidase Kit (Merck Millipore, Darmstadt, Germany) (27). The ISEL+ cells were counted respectively in the tubular areas, tubular lumens, and interstitial areas of the renal cortex of 20 non-overlapping fields at 400× magnification.



Immunoblotting

Twenty-five micrograms of protein was separated by the electrophoresis of polyacrylamide denaturing gels and transferred onto polyvinylidene fluoride membrane. The primary antibodies, rabbit–antimouse caspase-3 (1:400, 9662, CST, Danvers, USA), rabbit–antimouse high-mobility group box-1 protein (HMGB1, 1:1,000, 3935, CST), mouse–antimouse proliferating cell nuclear antigen (PCNA, 1:1,000, M0879, DAKO, Glostrup, Denmark), rabbit–antimouse erythropoietin receptor (EPOR, 1:1,000, PAB18350, Abnova, Taiwan), rabbit–antimouse properdin (1:1,000, AB186834, Abcam, Cambridge, USA) and mouse–antimouse β-actin (1:5,000, A5441, Sigma, Dorset, UK), were applied to the membranes overnight at 4°C, followed by the incubation of horseradish peroxidase-labeled secondary antibody (goat–antirabbit/mouse, K4063, DAKO) and developed by enhanced chemiluminescence (Thermo Fisher Scientific, Rockford, USA). The ratio of target protein to β-actin in volume density, as an endogenous loading control, was calculated for each detection, and then, the fold change of detected protein in the experimental group against the WT sham control was obtained as final results (27).



Immunohistochemistry

Antigen retrieval was performed using 20–40 µg/ml proteinase K (Sigma) digestion at 37°C for 15 min. The sections were then blocked with 10% goat serum and 0.5% bovine serum albumin (BSA) in 3% milk for 1 h at room temperature, followed by primary antibody labeling, mouse–antimouse F4/80 (1:100, ab100790, Abcam) or rabbit–antimouse erythropoietin receptor (EPOR, 1:800, PAB18350, Abnova) at 4°C overnight. The next day, DAKO secondary (K4063) was applied to the sections for 30 min. The antibody binding was then revealed by 3,3′-diaminobenzidine (DAB, Vector, Burlingame, USA) and hematoxylin counterstaining.

For double labeling of properdin and F4/80 in the kidneys of WT mice, proteinase K at 40 µg/ml was used for antigen retrieval at 37°C for 30 min. After the staining of F4/80 was obtained, the sections were then incubated with primary antibody rabbit–antimouse properdin (1:200, ABF185, Merck Millipore) at 4°C overnight. Afterwards, biotinylated secondary goat–antirabbit immunoglobulin G (IgG) was applied to the slides for 30 min at 37°C (1:300, BA-1000, Vector), followed by alkaline phosphatase streptavidin (1:200, SA-5100, Vector) for 30 min at 37°C, and then developed by Fast Red (Sigma) for 8 min.



Real-Time Quantitative PCR

Total RNA was extracted using Trizol reagent (Thermo Fisher Scientific). Three micrograms of total RNA was used for reverse transcription (Thermo Fisher Scientific). One microliter of complementary DNA (cDNA) product was amplified with SYBR Green reaction system (Bioline, London, UK) containing 250 nM forward and reverse primers (Sigma, Table 1) at 95°C for 10 min followed by 40 cycles of 95°C for 20 s, 60°C for 30 s, and 72°C for 20 s. The level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) messenger RNA (mRNA) was detected as an endogenous control.


Table 1 | The sequence of primers for real-time quantitative PCR.





Double Labeling of Apoptotic TCMK-1 Cells With Properdin

TCMK-1 cells (American Type Culture Collection, Manassas, USA), mouse kidney epithelial cell line, were grown in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium (Gibco, Carlsbad, USA) with 10% (v/v) fetal calf serum (Gibco), 2 mM L-glutamine (Gibco), 100 U/ml penicillin G, and 100 mg/ml streptomycin (Sigma, Dorset, UK) at 37°C in a 5% CO2 humidified atmosphere.

TCMK-1 cells were cultured in serum-free DMEM/F-12 medium (Gibco, Carlsbad, USA) and stimulated with 200 μM H2O2 for 24 h. The cells were then fixed and subjected to ISEL and developed with 3,3′-diaminobenzidine (DAB) chromogen (Vector). Antiproperdin antibody (ab186834, Abcam) diluted 1:100 was applied followed by biotinylated goat–antirabbit IgG (1:300, BA-1000, Vector) and alkaline phosphatase streptavidin (1:200, SA-5100, Vector). Binding was detected by Fast Red (Sigma) and hematoxylin counterstaining. For the negative control, the primary antibody was substituted with normal rabbit IgG of same species (Merck Millipore) at same protein concentration.



TCMK-1 Cells Treated by Properdin siRNA

Cells were seeded onto six-well plates at 2 × 105 density. When 50% confluence was reached, the cells were transfected with small interfering RNA (siRNA) targeting properdin (siP, Thermo Fisher Scientific) or negative control siRNA (siNC, does not target any known mammalian genes) at 16 nM, assisted with Lipofectamine™ RNAiMAX (Invitrogen, Carlsbad, USA). After 6 h transfection, the cells were treated with 200 μM H2O2 and then lysed at 18 h to extract whole protein for detecting properdin and HMGB1 by Western blotting. In addition, the number of apoptotic cells was evaluated by Annexin V/PI staining (Roche, Mannheim, Germany) according to the manufacturer’s instruction and then detected by a flow cytometer (BD, Bergen, USA). Briefly, TCMK-1 cells were tripsinized, resuspended in binding buffer, and incubated with fluorescein isothiocyanate (FITC)-conjugated Annexin-V and propidium iodide (PI) for 15 min. Cells (10,000) were analyzed by BD FACS Calibur flow cytometry (BD Biosciences, Franklin Lakes, USA). Living cells (Annexin-V−/PI−, lower left quadrant), early apoptosis (Annexin-V+/PI−, lower right quadrant), late apoptosis (Annexin-V+/PI+, upper right quadrant), or necrosis (Annexin-V−/PI+, upper left quadrant) were shown as quadrant dot plots and the percentage of the gated cells (29). In each experiment, two replicates per group were used, while the individual experiment was repeated at least three times.



Primary Isolated TECs From WT and PKO Mice

The TECs were primary isolated from the kidneys of both WT and PKO C57BL/6 male mice aged 8–12 weeks using a well-established method that led to the functional characterization of TECs in the group (30). Briefly, small cortical pieces from the kidney were pulverized and passed through a serial set of sieves with the size from 250, 125, 75, and 45 μm. The primary isolates were maintained in DMEM/F-12 medium containing 10% heat-inactivated fetal bovine serum (FBS, Sigma) and other basic additives as the same for TCMK-1 cells, but with additional recombinant human epithelial growth factor (0.1 µg/ml), insulin (5 µg/ml), transferrin (5 µg/ml), sodium selenite (5 ng/ml), triiodothyronine (4 pg/ml), and hydrocortisone (36 ng/ml). At confluence, TECs (passage 0) were split using trypsin/ethylenediaminetetraacetic acid (EDTA) (Invitrogen), and cells at passages 2–3 were used for experiments. The characterization of isolated TECs was previously validated by the positive staining of cytokeratin and γ-glutamyl transpeptidase and the negative staining of factor VIII and α-smooth muscle actin that are the markers of endothelial cells and mesangial cells, respectively (30). In addition, the morphological characteristics of newly isolated and cultured TECs that formed domes are illustrated in Supplementary Figure 1 (31).



Assessing Phagocytosis of WT and PKO TECs

Escherichia coli (E. coli) bioparticles (FITC-labeled pHrodo E. coli Bioparticles® Conjugate P35366, Thermo Fisher Scientific) were used to assess the phagocytic ability of WT and PKO TECs by flow cytometry. Primary isolates of WT and PKO TECs at passage 2 or 3 were seeded into a 24-well plate at 1.8 × 105 and cultured in the complete medium containing 10% heat-inactivated FBS. Following attachment, the cells were then exposed to 200 µM H2O2 for 24 h and followed by incubation with 500 µl of E. coli bioparticles (0.5 mg/ml, suspended in DMEM/F12 medium) for 2 h. Non-phagocytosed E. coli bioparticles were removed, and the cells were trypsinized and resuspended. On a fluorescence-activated cell sorting (FACS) system (BD), a total of 10,000 gated cells were analyzed for the fluorescent intensity of FITC. Due to the different level of auto fluorescence in WT TECs and PKO TECs, a different threshold was set up for each phenotype. To make two phenotypes comparable, the fold change of positive cells or FITC fluorescent intensity of total cells was calculated against that of the control—E. coli group for each phenotype.

The primary cultured WT TECs and PKO TECs at passage 2 or 3 were also seeded onto glass coverslips precoated with poly-D-lysine (0.1 mg/ml; Sigma) and cultured in the above-described culture medium, either without serum or with 2% serum from WT or PKO mice without heat inactivation for 24 h. The cells were stimulated with 200 μM H2O2 for another 24 h. The TECs were fixed by 1% paraformaldehyde for 10 min and then by an ice-cold mixture of ethanol and acetic acid (2:1) at −20°C for 5 min, followed by ISEL staining. The number of ISEL+ cells, phagocytosed ISEL+ cells (normal TEC overlapping with ISEL+ cells), and total cells were counted in 20 random fields at 400× magnification.



Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM). One-way ANOVA was used to check the homogeneity of variance, followed by post-hoc least significant difference (LSD) test for multiple comparisons or unpaired Student’s t-tests for comparison between two groups, using SPSS Statistics Standard V26.0 software (IBM, New York, USA). p < 0.05 was considered statistically significant.




Results


PKO Preserved Kidney Structure at Early Stagy but Aggravated Kidney Damage at Late Phase Post IR

To differentiate whether properdin has different roles at the different stages of IR injury, we established bilateral renal IR model in mice with 30 min ischemia followed by reperfusion for 24 h as an early predominate injury stage and 72 h for a late kidney repair stage. The experimental design was shown in Figure 1A. Compared to sham controls, SCr, BUN, and TID score in H&E-stained sections were elevated by IR in both WT and PKO mice at 24 h (Figures 1B, C), with significantly lower TID score in IR PKO kidneys than WT controls. At 72 h, SCr, BUN, and TID score were also elevated by IR in both WT and PKO mice, while, notably, all these parameters were significantly higher in PKO mice than WT controls (Figures 1D–F).



PKO Increased Apoptotic Cells in Tubular Luminal Areas Post 72-h IR

As properdin has potential PRM function of labeling apoptotic cells for their recognition by phagocytes, absence of properdin could result in delayed phagocytosis of apoptotic cells and the accumulation of these cells in injured kidneys. Thus, the level of renal apoptosis was assessed by in situ labeling of apoptotic cells in IR kidneys of both WT and PKO mice. Apoptotic cells with typical morphologic features, detected by ISEL-fragmented DNAs, mainly distributed in tubulointerstitial areas (Figure 2A), were dramatically increased by IR in both WT and PKO kidneys, but were scant in sham kidneys (Figure 2B). In the tubular lumen, apoptotic cells were significantly greater in IR PKO kidneys compared with WT kidneys. Similarly, apoptotic cells in tubules and interstitial areas were increased by IR in WT and PKO kidneys, without significant differences between phenotypes.




Figure 2 | PKO increased the number of apoptotic cells in tubular lumina post IR at 72 h. (A) Representative photomicrographs showed apoptotic cells in the indicated groups and tubular lumina, tubular and interstitial areas, revealed by ISEL with AEC (3-amino-9-ethylcarbazole). All images were taken from the renal cortex. Scale bar: 100 μm (upper row) and 50 μm (lower row). (B) The number of ISEL+ cells in tubular lumina was increased by IR and furthered by PKO, whereas in the area of tubule, interstitium and tubulointerstitium PKO caused a slightly higher level of apoptosis than the WT control but did not reach statistical significance. Data were shown as means ± SEMs and analyzed by one-way ANOVA and LSD test. *p < 0.05; **p < 0.01.





PKO Increased Inflammation and Its Mediators in Kidneys Post 72-h IR

PKO-associated more severe IR kidney damage at 72 h was further examined closely by assessing infiltrated inflammatory cells in kidneys by the immunostaining of F4/80, a marker of macrophages, and examining injury markers including 17 kDa active caspase-3 and HMGB1 in kidney homogenates using Western blot. F4/80+ macrophages in tubular lumina and tubulointerstitial areas were remarkably increased by IR compared to sham groups, and further elevated by PKO (Figures 3A, B). The expression of 17 kDa active caspase-3, an executer of apoptosis (32) and inflammation (33, 34), was increased by IR compared to sham controls of WT and PKO mice, and further raised in IR kidneys by PKO compared to WT (Figure 3C). The same change pattern was also revealed in HMGB1 protein (Figure 3D), a recruiter of inflammatory cells and activator of complement (35–38).




Figure 3 | PKO increased the infiltration of inflammatory cells and the expression of injury markers post IR at 72 h. (A, B) Representative images of F4/80 immunostaining in the indicated groups, and the semiquantitative analysis, showed more F4/80+ cells in the interstitium and tubulointerstitium of PKO kidneys than WT controls (sham: n = 4; IR: n = 6–7). The images were taken from the cortical area of the kidney. Scale bar: 50 μm. (C, D) Seventeen kilodaltons active caspase-3 and HMGB1 protein in the kidney determined by Western blot was increased by IR and furthered by PKO (sham: n = 4-5; IR: n = 7–9). Data were shown as means ± SEMs and analyzed by one-way ANOVA and LSD test. *p < 0.05; **p < 0.01.





IR Raised Mitosis and PCNA With PKO Increased EPOR Post 72-h IR

As repair was initiated at 72 h post IR, the compensatory response under the absence of properdin was assessed by mitotic cells and the proliferative marker PCNA. Mitotic cells in H&E-stained sections, reflected kidney repair, were increased by IR in WT and PKO kidneys compared to the phenotype sham (Figure 4A), while a similar change was seen in PCNA protein detected by Western blot, without significant differences between PKO and WT (Figure 4B).




Figure 4 | Kidney repair parameters in PKO kidneys post IR at 72 h. (A) Mitotic cells with typical morphological features in tubular and interstitial areas were pointed by blue and red arrows (upper panels, WT IR kidneys; lower panels, PKO IR kidneys). The number of mitotic cells was increased by IR in both WT and PKO mice assessed by semiquantitative analysis. Scale bar: 20 μm. (B) The expression of PCNA protein in the kidney determined by Western blot was increased by IR in both WT and PKO mice. (C) The expression of EPOR protein was also increased in the IR kidneys of both genotypes with a further elevation by PKO compared to WT controls. Data were shown as means ± SEMs and analyzed by one-way ANOVA and LSD test. *p < 0.05; **p < 0.01. (D) Representative images of EPOR immunostaining in the cortex of kidneys, and the area from a dashed box was enlarged and necrotic tubules were pointed by arrows. Scale bar: 100 and 50 μm (the enlarged image). (E) The linear correlation showed EPOR protein positively correlated to mitosis and PCNA, respectively.



To further understand the role of PKO in the repair phase post IR, the expression and localization of EPOR, a part of innate repair receptor (39) EPOR/βcR and essential for the phagocytic function of macrophages (40), were evaluated by Western blot and immunostaining. EPOR was increased by IR in WT and PKO kidneys compared to respective sham controls, further elevated by PKO compared to WT (Figure 4C). The weak staining of EPOR was evenly distributed in the cytoplasm of TECs in the cortical areas of sham kidneys, greatly enhanced by IR, mainly localized around severely damaged tubules, in WT and PKO mice (Figure 4D). The level of EPOR was positively correlated with mitotic figures and PCNA (Figure 4E).



Elevated Properdin in IR Kidneys Was Localized in TECs and Macrophages

To observe the involvement of properdin in IR injury and whether properdin tags apoptotic inflammatory cells, the expression of properdin mRNA and protein in IR kidneys was first examined and then followed by its double immunostaining with F4/80 proteins. Exons 3–7 of properdin DNA was absent in PKO mice (17), so properdin mRNA was detected by quantitative PCR (qPCR) using primers recognizing properdin inside the exons 3–7. The level of properdin mRNA was raised by IR compared to sham controls in WT kidneys (Figure 5A), in which properdin protein was also elevated, but absent in PKO kidneys (Figure 5B).




Figure 5 | Properdin expression and localization in kidneys post IR at 72 h, as well as its co localization with F4/80+ macrophages. (A) The expression of properdin mRNA in kidneys analyzed by qPCR was raised by IR in contrast to the sham control in WT mice. (B) The expression of properdin protein in kidney homogenates detected by Western blot was increased by IR in WT mice but was not seen in PKO mice (sham: n = 3–4; IR: n = 7). Data were shown as means ± SEMs. Significance was assessed by unpaired t-test for qPCR result and one-way ANOVA and LSD test for Western blots. *p < 0.05. (C) Representative images of properdin immunostaining in the cortex of WT sham and IR kidneys, with the boxed area enlarged and properdin staining on the apical surface of tubular cells was pointed by an arrow. All scale bar represent 50 μm. (D) Properdin and F4/80 double-stained cells were visualized in tubular areas, interstitial areas, and tubular lumina (pointed by arrows), with the boxed area enlarged. Most of double staining positive cells had typical apoptotic features including reduced cell volume, and the cellular membrane becoming ruffling and blebbing were also shown. Scale bar: 50 μm (upper row) and 20 μm (lower row).



The immunostaining of properdin was mainly localized on the apical surface of TECs and raised by IR in WT kidneys (Figure 5C). Properdin and F4/80 double-stained cells with typical apoptotic morphological features were observed in tubular areas, interstitial areas, and tubular lumina in IR WT kidneys (Figure 5D).



Properdin Tagged Apoptotic Cells Phagocytosed by Healthy Cells

To further examine the effect of properdin as a PRM on apoptotic renal parenchymal cells, the double staining of properdin and ISEL was performed in H2O2-treated TCMK-1 cells in vitro. Patchy properdin staining was observed mainly in the cytoplasm of cells, without any staining in negative control cells incubated with normal rabbit IgG (Figure 6A). Some properdin+ cells having typical apoptotic features, shrunken nuclei with halos and condensed cytoplasm, or properdin and ISEL double+ cells, and ISEL+ cells were adjacent to or phagocytosed by healthy cells.




Figure 6 | Properdin tagged apoptotic TCMK-1 cells and inhibiting properdin increased apoptotic cells and HMGB1 expression in H2O2-treated TCMK-1 cells. (A) Properdin protein was visualized in TCMK-1 cells after H2O2 treatment for 24 h (indicated by a circle and two arrows nearby), in which the staining of properdin was negatively controlled by normal rabbit IgG. ISEL+ apoptotic TCMK-1 cells and its colocalization with properdin protein were also seen (pointed by another two arrows, n = 3). Scale bar: 5 μm. (B) The expression of properdin and HMGB1 detected by Western blot was increased by H2O2 treatment for 24 h, whereas siP reduced properdin expression but increased HMGB1 (n = 3). (C) The early and late apoptotic TCMK-1 cells detected by flow cytometry analysis were both increased by H2O2 treatment for 24 h and furthered by siP (n = 3). FITC fluorescein was tagged to Annexin V, thus can reveal the binding of Annexin V to the cellular surface of apoptotic cells that exposed phosphatidylserine (PS). Propidium iodide (PI) passed leaky necrotic cells to stain the DNA. Data were shown as means ± SEMs and analyzed by one-way ANOVA and LSD test. siP, siRNA targeting properdin; siNC, negative control siRNA. *p < 0.05; **p < 0.01.



The effect of properdin on TECs was further verified by siP in H2O2-treated TCMK-1 cells, in which siP downregulated properdin expression but further increased HMGB1 (Figure 6B) and the number of early and late apoptotic cells in contrast to the negative control (siNC, Figure 6C).



Phagocytic Ability of TECs Reduced by PKO

Lastly, whether properdin affects the phagocytic ability of TECs was assessed by flow cytometry using pHrodo E. coli bioparticles. The threshold of fluorescent intensity for WT TECs was set lower than that for PKO TECs, as PKO had higher auto fluorescent intensity (Control - E. coli, Figure 7A), which was not changed by H2O2 treatment (H2O2 - E. coli). The fold change of FITC fluorescent intensity in all gated cells was increased by H2O2 only in WT TECs compared to the controls but decreased by PKO (Figure 7A, i), which were also seen in the fold change of positive cells (Figure 7A, ii). Moreover, compared to WT TECs, PKO decreased the fold change of FITC fluorescent intensity treated by H2O2 and also decreased the fold change of positive cells without H2O2.




Figure 7 | Properdin contributes to the phagocytic efficacy of primary isolated TECs. (A) Flow cytometry analysis of phagocytosed FITC-labeled E. coli by primary isolated WT and PKO TECs with or without H2O2 treatment for 24 h (n = 3). The fluorescent intensity of FITC conjugated E. coli reflected the phagocytic function of TECs. (i) The fold change of the average intensity of FITC fluorescence among total cells, calculated against the control (−E. coli) group, was increased in WT TECs but decreased in PKO TECs by H2O2. (ii) The fold change of E. coli positive cell counts (P1 area) in each group against the control (−E. coli) group was increased in WT TECs by H2O2 but stayed low in PKO TECs of either the control or H2O2 groups compared to corresponding WT groups. (B) Representative images of apoptotic WT and PKO TECs detected by ISEL (ISEL+ cells indicated by arrows, n = 3). Scale bar: 50 μm. (C) Healthy WT TECs approaching, partially engulfing, and phagocytosing adjacent ISEL+ cells were demonstrated and indicated by arrows. Scale bar: 5 μm. (D) Semiquantitative analysis showed that the percentage of ISEL+ cells against the total number of cells was increased by PKO regardless of serum conditions, while the percentage of phagocytosed ISEL+ cells against the total number of ISEL+ cells was decreased by PKO after H2O2 treatment for 24 h (n = 3). Data were shown as means ± SEMs and analyzed by one-way ANOVA and LSD test. *p < 0.05; **p < 0.01.



Apoptotic TECs were approached, engulfed, and phagocytosed by adjacent healthy-appearing TECs (Figures 7B, C). The percentage of apoptotic cells against the number of total cells were increased by PKO compared with WT TECs, regardless of serum conditions (Figure 7D). However, the percentage of phagocytosed apoptotic cells against the number of apoptotic cells in the PKO TECs was lower than that in WT TECs under all serum conditions.




Discussion

Properdin has diverse and disease-dependent effects that may be modified by the genetic background of animal models (20, 41). In 24-h post renal IR mice, depleting negative regulators of the AP increased properdin and AP activation and TEC injury, whereas inhibiting properdin ameliorated renal IR injury (20, 42). Conversely, PKO aggravates C3 glomerulopathy in mice (43, 44). In addition, emerging evidence indicates that properdin tagging apoptotic/necrotic T cells leads to their uptake by phagocytes via C3b opsonization or independent of C3b (22). The present study using sole PKO mice demonstrates that properdin has beneficial effects at 72-h kidney repair stage post IR injury, which was attributed to properdin regulating the phagocytic activity of TECs apart from as a PRM optimizing damaged cells (Figure 8).




Figure 8 | Properdin mediated and enhanced phagocytosis of TECs. Schematic illustration of the role of properdin in the phagocytosis of living TECs from WT and PKO mice. Properdin produced by living TECs tags adjacent apoptotic TECs to facilitate their uptake by neighbor living TECs, promoting damage reduction and inflammatory clearance. Lack of properdin impaired TECs phagocytosing damaged cells and resulted in more severe inflammation and tissue damage and compromised repair activities. Thus, properdin associated phagocytic function of TECs facilitates the balance between injury and repair of the kidney.



More severe damage in the PKO IR kidneys at 72 h was associated with increased apoptotic cells in tubular luminal areas, and elevated active caspase-3 and HMGB1. Caspase-3 executes apoptosis and activates inflammatory mediators, while HMGB1 activates the Toll-like receptor 4 (TLR4)/nuclear factor kappa B (NF-κB) signaling pathway (45) and cytokine/chemokine production (35–38). PKO resulted in persistent apoptosis and inflammation in the IR kidneys due to absence of properdin-assisted phagocytic clearance of apoptotic cells (22, 46, 47). The accumulation of apoptotic cells in the tubular lumen of PKO IR kidneys may represent an adaptive mechanism of direct elimination, while recruited macrophages may phagocytose apoptotic cells and also penetrate through tubular epithelia into the lumen. Properdin-labeled apoptotic macrophages were shown in the different compartment of IR kidneys of WT mice in this study, thus rendering them susceptible to phagocytes in vivo.

EPOR is expressed on TECs, where it forms heterodimers with βcR (EPOR/βcR), an innate repair receptor (39), and ameliorates renal damage and promotes tissue self-repair following IR (27, 48). Distributed mainly around damaged tubules (49), EPOR maintains tissue homeostasis by inhibiting the proinflammatory function of macrophages and enhancing their phagocytic function (40, 50). Increased EPOR, therefore, may also represent the compensatory response of repair in PKO IR kidneys at 72 h.

TECs serve as major local semiprofessional phagocytes (8) and express various complement components, with C3 and factors H, B, I, and D being the most predominant (42, 51). Here, properdin was expressed in renal TECs being protective in terms of limiting HMGB1 and apoptosis under oxidative stress. Properdin, released from TECs, binds to the glycosaminoglycan chains of cell surface proteoglycans in apoptotic TECs to facilitate healthy TECs uptake these cells (22). Effectively clearing apoptotic cells by phagocytosis is crucial to limit renal injury and at the same time promote repair/remodeling post IR (8, 52, 53), in which the process of opsonizing damaged cells was absent in PKO kidney resulting in higher level of apoptosis and severer damage.

Additionally, the effect of properdin on the phagocytic ability of TECs was detected by the uptake of fluorescence labeled E. coli particles, and oxidative-stress-induced apoptotic cells. Under unstressed and oxidative-stressed condition, PKO significantly reduced the number of phagocytic cells, which indicates that properdin might affect the transformation of TECs to phagocytes. Moreover, PKO significantly decreased the fluorescence intensity of gated PKO TECs under oxidative stress, which was increased in WT TECs, indicating that properdin is essential for upregulating the phagocytic ability of TECs under stress.

PKO may affect the expression of PRM including properdin per se and pattern-recognition receptors (PRRs) on TECs. Apart from certain “eat me” signals expressed on damaged cells, the PRM further facilitates their recognition by phagocytes. Properdin might also be a constitutive “eat me” marker as it was expressed on the plasma membrane of TECs. For instance, the molecule of kidney injury molecule 1 (KIM-1) is one of the PRRs, expressed on TECs (as semiphagocytes) subjected to injury. KIM-1 as a receptor binds to its ligand, phosphatidylserine, as an “eat me” marker exposed on damaged cells (8). The evidence of reduced phagocytosis in PKO TECs indicates that properdin might not only tag apoptotic cells mediating phagocytosis but also directly affect the phagocytic ability of TECs. In addition, the phagocytic feature of WT and PKO TECs was not affected by additional serum with or with properdin, indicating that only locally produced properdin was essential for phagocytosis. Taken together, this study demonstrates for the first time that properdin has a key direct role in the phagocytic ability of TECs.

There are certain limitations in this study. First, the interaction and mechanism of properdin, KIM-1 and EPOR on the phagocytosis of TECs, and macrophages in renal injury and repair are worthy of further investigation. Second, a time-course model of renal IR in PKO mice will be useful to disclose the dynamic change and the precise role of properdin in injury, recovery, or chronic progression.

In conclusion, this study showed that lack of properdin had harmful effects on kidneys at the repair stage post IR injury, which was attributed to properdin not only opsonizing damaged cells but also affecting the phagocytic ability of TECs to effectively clear apoptotic cells and subsequent inflammation. Therefore, a novel mechanism in IR injury and repair was found, in which properdin is crucial for phagocytosis in the repair stage after IR-induced injury.



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 author.



Ethics Statement

All animal procedures were subject to institutional review by the Animal Welfare and Ethical Review Body and approved under UK Home Office Project License PPL 70/8169.



Author Contributions

BY and CS designed and supervised the study. YW, ZZ, XZ, and HW carried out experiments. YW, ZZ, CS and BY analyzed the data and constructed the figures. RC supervised cell culture work. YW, BY, CS and NB wrote and revised the paper. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Leicester Kidney Care Appeal, the University Hospitals of Leicester NHS Trust Research and Innovation Department, the University of Leicester; project grants (81570677 and 81873622) from the National Natural Foundation of China; and also a project grant (JC2020036) from Nantong Science and Technology Foundation.



Acknowledgments

The authors acknowledge the Division of Biomedical Services, Preclinical Research Facility, University of Leicester, for technical support and the care of experimental animals.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.697760/full#supplementary-material



References

1. Mehta, RL, Cerda, J, Burdmann, EA, Tonelli, M, Garcia-Garcia, G, Jha, V, et al. International Society of Nephrology’s 0by25 Initiative for Acute Kidney Injury (Zero Preventable Deaths by 2025): A Human Rights Case for Nephrology. Lancet (2015) 385(9987):2616–43. doi: 10.1016/S0140-6736(15)60126-X

2. Zhao, Y, and Yang, L. Perspectives on Acute Kidney Injury Strategy in China. Nephrol (Carlton) (2018) 23(Suppl 4):100–3. doi: 10.1111/nep.13458

3. Yang, L, Xing, G, Wang, L, Wu, Y, Li, S, Xu, G, et al. Acute Kidney Injury in China: A Cross-Sectional Survey. Lancet (2015) 386(10002):1465–71. doi: 10.1016/S0140-6736(15)00344-X

4. Mehta, RL, Burdmann, EA, Cerda, J, Feehally, J, Finkelstein, F, Garcia-Garcia, G, et al. Recognition and Management of Acute Kidney Injury in the International Society of Nephrology 0by25 Global Snapshot: A Multinational Cross-Sectional Study. Lancet (2016) 387(10032):2017–25. doi: 10.1016/S0140-6736(16)30240-9

5. Bellomo, R, Kellum, JA, and Ronco, C. Acute Kidney Injury. Lancet (2012) 380(9843):756–66. doi: 10.1016/S0140-6736(11)61454-2

6. Kumar, S. Cellular and Molecular Pathways of Renal Repair After Acute Kidney Injury. Kidney Int (2018) 93(1):27–40. doi: 10.1016/j.kint.2017.07.030

7. Rosen, S, and Heyman, S. Concerning Cellular and Molecular Pathways of Renal Repair After Acute Kidney Injury. Kidney Int (2018) 94(1):218. doi: 10.1016/j.kint.2018.04.001

8. Yang, L, Brooks, CR, Xiao, S, Sabbisetti, V, Yeung, MY, Hsiao, LL, et al. KIM-1-Mediated Phagocytosis Reduces Acute Injury to the Kidney. J Clin Invest (2015) 125(4):1620–36. doi: 10.1172/JCI75417

9. Takaori, K, Nakamura, J, Yamamoto, S, Nakata, H, Sato, Y, Takase, M, et al. Severity and Frequency of Proximal Tubule Injury Determines Renal Prognosis. J Am Soc Nephrol (2016) 27(8):2393–406. doi: 10.1681/ASN.2015060647

10. Yang, L, Besschetnova, TY, Brooks, CR, Shah, JV, and Bonventre, JV. Epithelial Cell Cycle Arrest in G2/M Mediates Kidney Fibrosis After Injury. Nat Med (2010) 16(5):535–43. doi: 10.1038/nm.2144

11. Thurman, JM, Ljubanovic, D, Edelstein, CL, Gilkeson, GS, and Holers, VM. Lack of a Functional Alternative Complement Pathway Ameliorates Ischemic Acute Renal Failure in Mice. J Immunol (2003) 170(3):1517–23. doi: 10.4049/jimmunol.170.3.1517

12. Thurman, JM, Royer, PA, Ljubanovic, D, Dursun, B, Lenderink, AM, Edelstein, CL, et al. Treatment With an Inhibitory Monoclonal Antibody to Mouse Factor B Protects Mice From Induction of Apoptosis and Renal Ischemia/Reperfusion Injury. J Am Soc Nephrol (2006) 17(3):707–15. doi: 10.1681/ASN.2005070698

13. Yamada, K, Miwa, T, Liu, J, Nangaku, M, and Song, WC. Critical Protection From Renal Ischemia Reperfusion Injury by CD55 and CD59. J Immunol (2004) 172(6):3869–75. doi: 10.4049/jimmunol.172.6.3869

14. Schwaeble, W, Huemer, HP, Most, J, Dierich, MP, Strobel, M, Claus, C, et al. Expression of Properdin in Human Monocytes. Eur J Biochem (1994) 219(3):759–64. doi: 10.1111/j.1432-1033.1994.tb18555.x

15. Schwaeble, W, Dippold, WG, Schafer, MK, Pohla, H, Jonas, D, Luttig, B, et al. Properdin, A Positive Regulator of Complement Activation, Is Expressed in Human T Cell Lines and Peripheral Blood T Cells. J Immunol (1993) 151(5):2521–8.


16. Schwaeble, WJ, and Reid, KB. Does Properdin Crosslink the Cellular and the Humoral Immune Response? Immunol Today (1999) 20(1):17–21. doi: 10.1016/s0167-5699(98)01376-0

17. Stover, CM, Luckett, JC, Echtenacher, B, Dupont, A, Figgitt, SE, Brown, J, et al. Properdin Plays a Protective Role in Polymicrobial Septic Peritonitis. J Immunol (2008) 180(5):3313–8. doi: 10.4049/jimmunol.180.5.3313

18. Fearon, DT, and Austen, KF. Properdin: Binding to C3b and Stabilization of the C3b-Dependent C3 Convertase. J Exp Med (1975) 142(4):856–63. doi: 10.1084/jem.142.4.856

19. Harboe, M, and Mollnes, TE. The Alternative Complement Pathway Revisited. J Cell Mol Med (2008) 12(4):1074–84. doi: 10.1111/j.1582-4934.2008.00350.x

20. Miwa, T, Sato, S, Gullipalli, D, Nangaku, M, and Song, WC. Blocking Properdin, the Alternative Pathway, and Anaphylatoxin Receptors Ameliorates Renal Ischemia-Reperfusion Injury in Decay-Accelerating Factor and CD59 Double-Knockout Mice. J Immunol (2013) 190(7):3552–9. doi: 10.4049/jimmunol.1202275

21. Spitzer, D, Mitchell, LM, Atkinson, JP, and Hourcade, DK. Properdin Can Initiate Complement Activation by Binding Specific Target Surfaces and Providing a Platform for De Novo Convertase Assembly. J Immunol (2007) 179(4):2600–8. doi: 10.4049/jimmunol.179.4.2600

22. Kemper, C, Mitchell, LM, Zhang, L, and Hourcade, DE. The Complement Protein Properdin Binds Apoptotic T Cells and Promotes Complement Activation and Phagocytosis. Proc Natl Acad Sci USA (2008) 105(26):9023–8. doi: 10.1073/pnas.0801015105

23. Kemper, C, Atkinson, JP, and Hourcade, DE. Properdin: Emerging Roles of a Pattern-Recognition Molecule. Annu Rev Immunol (2010) 28:131–55. doi: 10.1146/annurev-immunol-030409-101250

24. O’Flynn, J, Kotimaa, J, Faber-Krol, R, Koekkoek, K, Klar-Mohamad, N, Koudijs, A, et al. Properdin Binds Independent of Complement Activation in an In Vivo Model of Anti-Glomerular Basement Membrane Disease. Kidney Int (2018) 94(6):1141–50. doi: 10.1016/j.kint.2018.06.030

25. Gaarkeuken, H, Siezenga, MA, Zuidwijk, K, van Kooten, C, Rabelink, TJ, Daha, MR, et al. Complement Activation by Tubular Cells Is Mediated by Properdin Binding. Am J Physiol Renal Physiol (2008) 295(5):F1397–403. doi: 10.1152/ajprenal.90313.2008

26. Wei, Q, and Dong, Z. Mouse Model of Ischemic Acute Kidney Injury: Technical Notes and Tricks. Am J Physiol Renal Physiol (2012) 303(11):F1487–94. doi: 10.1152/ajprenal.00352.2012

27. Wu, Y, Zhang, J, Liu, F, Yang, C, Zhang, Y, Liu, A, et al. Protective Effects of HBSP on Ischemia Reperfusion and Cyclosporine a Induced Renal Injury. Clin Dev Immunol (2013) 2013:758159. doi: 10.1155/2013/758159

28. Lauren Brasile, NH. Giuseppe Orlando, Bart Stubenitsky. Potentiating Renal Regeneration Using Mesenchymal Stem Cells. Transplantation (2019) 103(2):307–13. doi: 10.1097/TP.0000000000002455

29. Zhang, Y, Wang, Q, Liu, A, Wu, Y, Liu, F, Wang, H, et al. Erythropoietin Derived Peptide Improved Endoplasmic Reticulum Stress and Ischemia-Reperfusion Related Cellular and Renal Injury. Front Med (Lausanne) (2020) 7:5. doi: 10.3389/fmed.2020.00005

30. Chana, RS, Sidaway, JE, and Brunskill, NJ. Statins But Not Thiazolidinediones Attenuate Albumin-Mediated Chemokine Production by Proximal Tubular Cells Independently of Endocytosis. Am J Nephrol (2008) 28(5):823–30. doi: 10.1159/000137682

31. Detrisac, CJ, Sens, MA, Garvin, AJ, Spicer, SS, and Sens, DA. Tissue Culture of Human Kidney Epithelial Cells of Proximal Tubule Origin. Kidney Int (1984) 25(2):383–90. doi: 10.1038/ki.1984.28

32. Yang, B, Hosgood, SA, and Nicholson, ML. Naked Small Interfering RNA of Caspase-3 in Preservation Solution and Autologous Blood Perfusate Protects Isolated Ischemic Porcine Kidneys. Transplantation (2011) 91(5):501–7. doi: 10.1097/TP.0b013e318207949f

33. Yang, B, Jain, S, Ashra, SY, Furness, PN, and Nicholson, ML. Apoptosis and Caspase-3 in Long-Term Renal Ischemia/Reperfusion Injury in Rats and Divergent Effects of Immunosuppressants. Transplantation (2006) 81(10):1442–50. doi: 10.1097/01.tp.0000209412.77312.69

34. Yang, B, Elias, JE, Bloxham, M, and Nicholson, ML. Synthetic Small Interfering RNA Down-Regulates Caspase-3 and Affects Apoptosis, IL-1 Beta, and Viability of Porcine Proximal Tubular Cells. J Cell Biochem (2011) 112(5):1337–47. doi: 10.1002/jcb.23050

35. Ricklin, D, Hajishengallis, G, Yang, K, and Lambris, JD. Complement: A Key System for Immune Surveillance and Homeostasis. Nat Immunol (2010) 11(9):785–97. doi: 10.1038/ni.1923

36. Kinsey, GR, Li, L, and Okusa, MD. Inflammation in Acute Kidney Injury. Nephron Exp Nephrol (2008) 109(4):e102–107. doi: 10.1159/000142934

37. Schiller, M, Heyder, P, Ziegler, S, Niessen, A, Classen, L, Lauffer, A, et al. During Apoptosis HMGB1 Is Translocated Into Apoptotic Cell-Derived Membranous Vesicles. Autoimmunity (2013) 46(5):342–6. doi: 10.3109/08916934.2012.750302

38. Nauser, CL, Farrar, CA, and Sacks, SH. Complement Recognition Pathways in Renal Transplantation. J Am Soc Nephrol (2017) 28(9):2571–8. doi: 10.1681/ASN.2017010079

39. Brines, M, Grasso, G, Fiordaliso, F, Sfacteria, A, Ghezzi, P, Fratelli, M, et al. Erythropoietin Mediates Tissue Protection Through an Erythropoietin and Common Beta-Subunit Heteroreceptor. Proc Natl Acad Sci USA (2004) 101(41):14907–12. doi: 10.1073/pnas.0406491101

40. Luo, B, Gan, W, Liu, Z, Shen, Z, Wang, J, Shi, R, et al. Erythropoeitin Signaling in Macrophages Promotes Dying Cell Clearance and Immune Tolerance. Immunity (2016) 44(2):287–302. doi: 10.1016/j.immuni.2016.01.002

41. van Essen, MF, Ruben, JM, de Vries, APJ, van Kooten, C, and consortium, C. Role of Properdin in Complement-Mediated Kidney Diseases. Nephrol Dial Transplant (2019) 34(5):742–50. doi: 10.1093/ndt/gfy233

42. Miao, J, Lesher, AM, Miwa, T, Sato, S, Gullipalli, D, and Song, WC. Tissue-Specific Deletion of Crry From Mouse Proximal Tubular Epithelial Cells Increases Susceptibility to Renal Ischemia-Reperfusion Injury. Kidney Int (2014) 86(4):726–37. doi: 10.1038/ki.2014.103

43. Ruseva, MM, Vernon, KA, Lesher, AM, Schwaeble, WJ, Ali, YM, Botto, M, et al. Loss of Properdin Exacerbates C3 Glomerulopathy Resulting From Factor H Deficiency. J Am Soc Nephrol (2013) 24(1):43–52. doi: 10.1681/ASN.2012060571

44. Lesher, AM, Zhou, L, Kimura, Y, Sato, S, Gullipalli, D, Herbert, AP, et al. Combination of Factor H Mutation and Properdin Deficiency Causes Severe C3 Glomerulonephritis. J Am Soc Nephrol (2013) 24(1):53–65. doi: 10.1681/ASN.2012060570

45. Chen, CB, Liu, LS, Zhou, J, Wang, XP, Han, M, Jiao, XY, et al. Up-Regulation of HMGB1 Exacerbates Renal Ischemia-Reperfusion Injury by Stimulating Inflammatory and Immune Responses Through the TLR4 Signaling Pathway in Mice. Cell Physiol Biochem (2017) 41(6):2447–60. doi: 10.1159/000475914

46. Zwaini, Z, Dai, H, Stover, C, and Yang, B. Role of Complement Properdin in Renal Ischemia-Reperfusion Injury. Curr Gene Ther (2017) 17(6):411–23. doi: 10.2174/1566523218666180214093043

47. Morelli, AE, Larregina, AT, Shufesky, WJ, Zahorchak, AF, Logar, AJ, Papworth, GD, et al. Internalization of Circulating Apoptotic Cells by Splenic Marginal Zone Dendritic Cells: Dependence on Complement Receptors and Effect on Cytokine Production. Blood (2003) 101(2):611–20. doi: 10.1182/blood-2002-06-1769

48. Yang, C, Hosgood, SA, Meeta, P, Long, Y, Zhu, T, Nicholson, ML, et al. Cyclic Helix B Peptide in Preservation Solution and Autologous Blood Perfusate Ameliorates Ischemia-Reperfusion Injury in Isolated Porcine Kidneys. Transplant Direct (2015) 1(2):e6. doi: 10.1097/TXD.0000000000000515

49. Humphreys, BD, Valerius, MT, Kobayashi, A, Mugford, JW, Soeung, S, Duffield, JS, et al. Intrinsic Epithelial Cells Repair the Kidney After Injury. Cell Stem Cell (2008) 2(3):284–91. doi: 10.1016/j.stem.2008.01.014

50. Bohr, S, Patel, SJ, Vasko, R, Shen, K, Iracheta-Vellve, A, Lee, J, et al. Modulation of Cellular Stress Response via the Erythropoietin/CD131 Heteroreceptor Complex in Mouse Mesenchymal-Derived Cells. J Mol Med (2015) 93(2):199–210. doi: 10.1007/s00109-014-1218-2

51. Delpech, PO, Thuillier, R, SaintYves, T, Danion, J, Le Pape, S, van Amersfoort, ES, et al. Inhibition of Complement Improves Graft Outcome in a Pig Model of Kidney Autotransplantation. J Trans Med (2016) 14(1):277. doi: 10.1186/s12967-016-1013-7

52. Ferenbach, DA, Sheldrake, TA, Dhaliwal, K, Kipari, TM, Marson, LP, Kluth, DC, et al. Macrophage/monocyte Depletion by Clodronate, But Not Diphtheria Toxin, Improves Renal Ischemia/Reperfusion Injury in Mice. Kidney Int (2012) 82(8):928–33. doi: 10.1038/ki.2012.207

53. Li, L, Huang, L, Sung, SS, Vergis, AL, Rosin, DL, Rose, CE Jr., et al. The Chemokine Receptors CCR2 and CX3CR1 Mediate Monocyte/Macrophage Trafficking in Kidney Ischemia-Reperfusion Injury. Kidney Int (2008) 74(12):1526–37. doi: 10.1038/ki.2008.500




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.


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 © 2021 Wu, Zwaini, Brunskill, Zhang, Wang, Chana, Stover and Yang. 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: 10 September 2021

doi: 10.3389/fimmu.2021.698894

[image: image2]


Myeloid-Derived Suppressor Cells Alleviate Renal Fibrosis Progression via Regulation of CCL5-CCR5 Axis


Yue Qiu 1,2†, Yirui Cao 3,4†, Guowei Tu 1†, Jiawei Li 3,4, Ying Su 1, Fang Fang 2, Xuepeng Zhang 1,2, Jing Cang 2*, Ruiming Rong 3,4* and Zhe Luo 1,5*


1 Department of Critical Care Medicine, Zhongshan Hospital, Fudan University, Shanghai, China, 2 Department of Anesthesiology, Zhongshan Hospital, Fudan University, Shanghai, China, 3 Department of Urology, Zhongshan Hospital, Fudan University, Shanghai, China, 4 Shanghai Key Laboratory of Organ Transplantation, Shanghai, China, 5 Department of Critical Care Medicine, Xiamen Branch, Zhongshan Hospital, Fudan University, Xiamen, China




Edited by: 

Bin Yang, University of Leicester, United Kingdom

Reviewed by: 

Qingrong Huang, Cornell University, United States

Yang Zhao, Institute of Zoology (CAS), China

*Correspondence: 

Jing Cang
 cang.jing@zs-hospital.sh.cn

Ruiming Rong
 rong.ruiming@zs-hospital.sh.cn 

Zhe Luo
 luo.zhe@zs-hospital.sh.cn


†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology


Received: 22 April 2021

Accepted: 23 August 2021

Published: 10 September 2021

Citation:
Qiu Y, Cao Y, Tu G, Li J, Su Y, Fang F, Zhang X, Cang J, Rong R and Luo Z (2021) Myeloid-Derived Suppressor Cells Alleviate Renal Fibrosis Progression via Regulation of CCL5-CCR5 Axis. Front. Immunol. 12:698894. doi: 10.3389/fimmu.2021.698894




Background

Renal fibrosis is inevitable in all progressive chronic kidney diseases (CKDs) and represents a serious public health problem. Immune factors contribute to the progression of renal fibrosis. Thus, it is very possible that immunosuppression cells, such as myeloid-derived suppressor cells (MDSCs), could bring benefits to renal fibrosis. Herein, this study investigated the antifibrotic and reno-protective effect of MDSCs and the possible mechanisms.



Methods

Murine and cell models of unilateral ureter obstruction (UUO) renal fibrosis were used. Bone marrow-induced MDSCs and granulocyte–macrophage colony-stimulating factor (GM-CSF) were pretreated before surgery. Kidney weight, pathological injury, extracellular matrix deposition, and epithelial–mesenchymal transition progression were examined. Transforming growth factor (TGF)-β1)/Smad/Snail signaling pathway involvement was investigated through Western blotting and quantitative PCR (qPCR). Accumulation of MDSC, CD4+ T cell, regulatory T (Treg), and T helper 1 (TH1) cell accumulation, and CCL5 and CCR5 expression level in MDSCs and non-MDSCs were evaluated using flow cytometry.



Results

In vitro- and in vivo-induced MDSCs significantly ameliorated UUO-induced tubulointerstitial fibrosis, inhibited the TGF-β1/Smad/Snail signaling pathway, and enhanced MDSC and Treg infiltration in the kidney while downregulating the TH1 cells. Both in vitro and in vivo experiments confirmed CCL5 elevation in the two MDSC-treated groups.



Conclusion

In vitro- and in vivo-induced MDSCs alleviated renal fibrosis similarly through promoting the CCL5–CCR5 axis interaction and TGF-β1/Smad/Snail signaling pathway inhibition. Our results indicate an alternative treatment for renal fibrosis.
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Introduction

Renal fibrosis is the common outcome of all progressive chronic kidney diseases (CKDs), which brings a great burden to public health (1). Excessive extracellular matrix (ECM) deposition and epithelial–mesenchymal transition (EMT) play essential roles during disease deterioration. Moreover, ameliorating or reversing renal fibrosis progression is difficult. Hence, it is of great urgency to explore feasible treatments to address this challenge.

Several immune factors are reported to contribute to the progression of renal fibrosis (2–4), including immune cells, inflammatory cytokines, chemokine receptors, and their ligands (5–7). Targeted mainly on T cells, myeloid-derived suppressor cells (MDSCs) are a distinctive myeloid cells population with strong immunosuppressive capacity. In mice, MDSCs are characterized by CD11b (integrin α-M) and myeloid differentiation antigen Gr-1 expression (8). Adoptive transference of MDSCs have an excellent performance in autoimmune disease treatment and allograft protection (9–11). Recently, their treating effects have also been confirmed in acute renal injury and chronic renal fibrosis (12). However, the mechanism through which MDSCs ameliorate renal fibrosis remains unclear.

Granulocyte colony-stimulating factor (G-CSF) and granulocyte–macrophage colony stimulating factor (GM-CSF) are capable of inducing in vitro and in vivo MDSCs expansion (9, 13). Recent studies have indicated that G-CSF pretreatment attenuates acute ischemia–reperfusion injury and subsequent renal fibrosis by increasing MDSC infiltration into the kidney (12). GM-CSF also stimulates neutrophils to MDSCs conversion in early human pregnancy (14). Since there is also an evidence that bone marrow (BM)-induced MDSCs exhibit more potent suppressive function than mice-isolated MDSCs (13), here raises new questions: is there a difference in the function of MDSCs induced in vitro or in vivo? Is there another mechanism that mediates the enhanced infiltration of MDSCs into renal injury?

Interactions between chemokines and chemokine receptors are involved in MDSC recruitment (15), such as C–X–C motif chemokine ligand (CXCL) 8 and its receptor (16), CXCL1-CXCR2 (17), and C–C chemokine receptor (CCR) 5 and its ligands (18, 19). The C–C motif chemokine ligand (CCL) 5–CCR5 axis, a potential therapeutic target for cancer (19) and human immunodeficiency virus (HIV) (20) infection, is highly involved in MDSC-mediated immunosuppression (21). A previous study has showed that interleukin (IL)-6 and GM-CSF upregulate CCR5 expression during in vitro MDSC induction (18). However, in renal fibrosis, whether the CCL5–CCR5 axis plays a role in MDSC recruitment and if there is a difference in the expression level of this axis between in vivo- and in vitro-induced MDSCs remain unknown.

The transforming growth factor (TGF)-β1/Smad signaling pathway is one of the canonical fibrogenic growth signaling pathways and considered one of the most important renal fibrosis regulators (22–24). The Smad complex is formed and transferred to the nucleus to modulate the expression of target genes after TGF-β1-triggered Smad2 and Smad3 phosphorylation. Among these target genes, Snail is a ubiquitous zinc-finger transcription factor that suppresses E-cadherin expression and accelerates EMT (25) and fibrosis (26, 27). However, it is unclear whether the TGF-β1/Smad/Snail signaling pathway is involved in the renoprotective effect of MDSCs.

In this study, BM and GM-CSF were used to induce MDSCs in vitro and in vivo, respectively, and their efficacy on renal fibrosis progression was evaluated. To further elucidate the potential mechanisms, the TGF-β1/Smad/Snail signaling pathway and the interaction between CCL5–CCR5 axis were examined. Our results indicate an alternative method for renal protection during CKD.



Materials and Methods


Animals and Unilateral Ureter Obstruction-Induced Renal Fibrosis Model

Male 6- to 8-week-old C57BL/6J mice weighing 20–25 g were obtained from the Shanghai SLAC Laboratory Animal Co., Ltd., and bred in a specific pathogen-free (SPF)-grade animal room. All animal procedures were approved by the Animal Ethical Committee of Zhongshan Hospital, Fudan University. Mice were allocated randomly into four groups (n = 6): (1) sham group, (2) unilateral ureter obstruction (UUO) group, (3) UUO + MDSC group (MDSC), and (4) UUO + GM-CSF group (GM-CSF). The UUO-induced renal fibrosis model was established as previously described (28). Briefly, the mice were anesthetized with 100 mg/kg pentobarbital intraperitoneally. After the midline incision, the left kidney was exposed. The left ureter was isolated and ligated at two points with non-absorbable 4–0 silk sutures and then cut between the ligatures. Sterile saline (1 mL) was administered intraperitoneally before the abdominal closure. In the sham group, the left ureter was isolated but not ligated. In the MDSC group, mice were pretreated with 1 × 105 BM-induced MDSCs via the tail vein just before the surgery. In the GM-CSF group, 10 µg GM-CSF (PeproTech; RH, USA) was administered intraperitoneally for seven consecutive days prior to UUO. The animals were sacrificed 10 days after the operation.



Cell Culture and Treatment

Mouse renal tubular epithelial cells (mTECs) were purchased from the American Type Culture Collection (ATCC) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C and 5% CO2 for 24 h. They were divided into four groups for different treatments and seeded into 24-well plates (1 × 105 cells/well): (1) control, (2) TGF-β1, (3) TGF-β1 + 1 × 104 MDSCs (MDSC-L), and (4) TGF-β1 + 1 × 105 MDSCs (MDSC-H). Each group was administered with 10 ng/ml TGF-β1, except the control, which was administered with the same amount of sterile phosphate-buffered saline (PBS). All cells were further cultured for 24 h before being harvested and processed for Western blot and flow cytometry analyses.



In Vitro Induction, Isolation, and Adoptive Transference of MDSC

BM cells collected from 6- to 8-week-old C57BL/6 mice tibia and femur were flushed with PBS. Red blood cell (RBC) lysis buffer (BD Biosciences; CA, USA) was used to lyse red blood cells. Cells (2 × 106) were cultured at 37°C and 5% CO2 for 7 days in 6 cm dishes containing 3 ml Roswell Park Memorial Institute (RPMI)-1640 with 10% FBS, 1% streptomycin and penicillin, 1% MEM nonessential amino acids (NEAA) solution, 1% sodium pyruvate (Gibco, NY, USA), 2 μl 2-mercaptoethanol (Sigma-Aldrich, St. Louis, USA), 50 ng/ml GM-CSF (PeproTech), and 40 ng/ml interleukin (IL)-6 (PeproTech). The cells were harvested for testing or sorting by FACS Aria III (BD Biosciences, CA, USA) using CD11b-fluorescein isothiocyanate (FITC) (eBioscience, CA, USA) and Gr-1-PerCP Cy5.5 (eBioscience). Flow cytometry verified that all isolated MDSCs yielded >90% pure population. The purified MDSCs were then adoptively transferred to mice via the tail vein just before UUO. For cell tracing, some UUO mice were injected with MDSCs and stained with CFSE (Invitrogen).



Single-Cell Suspension Preparation

One-fourth kidney from the damaged side was dissected and finely minced with a gentleMACS Dissociator (Miltenyi Biotec, CA, USA) in Hank’s buffer without Ca2+ (Gibco) containing 10% type IV collagenase (Gibco) and 0.002% DNase I (Invitrogen). The spleen was ground and filtered through a 70-μm cell mesh and resuspended in PBS. BM cells were flushed with PBS. Red blood cells were lysed for all the single-cell suspensions. The cells were then filtered and resuspended in PBS + 10% FBS for further experiments.



Cell Staining and Flow Cytometry

The cells were divided into several groups and then stained with fluorophore-conjugated antibodies, including CD11b-FITC or BV421 (eBioscience), Gr-1-PerCP Cy5.5 or APC (eBioscience), CCR5-APC or PE (BioLegend, CA, USA), CD45-AmCyan (BioLegend), CD4-PE (eBioscience), and CD25-FITC (eBioscience) for 30 min at 4°C in staining buffer (PBS with 10% FBS). CCL5-PE/Cyanine7 (BioLegend), Foxp3-APC (eBioscience), and interferon-gamma (IFN-γ)-FITC (eBioscience) were used for intracellular staining after culturing with fixation/permeabilization medium (eBioscience). Data were acquired through FACS AriaIII (BD Biosciences) and analyzed with FlowJo X (BD Biosciences).



Pathological Assessment

Paraffin-embedded one-fourth injured kidney was cut into 5-mm sections from the maximum side and subsequently deparaffinized and rehydrated. Hematoxylin and eosin (H&E) staining, Masson trichrome, and Sirius red staining were performed as previously described. Ten fields of each specimen were randomly chosen for observation at 200× magnification. For H&E staining, the severity of histological injury was evaluated randomly and independently by two renal pathologists according to the grading system described by Lin et al. Semiquantitative assessment of Sirius red and Masson trichrome was performed using ImageJ bundled with Java 1.8.0_172 (Media Cybernetics, MD, USA) to evaluate ECM deposition in the renal interstitium.



Immunofluorescence Staining

α-Smooth muscle actin (SMA) and E-cadherin were detected after staining using a rabbit anti-SMA primary antibody (Abcam, Cambridge, UK) with Alexa Fluor 594-donkey antirabbit secondary antibody (1:1,000; Invitrogen, MA, USA) and a mouse anti-E-cadherin primary antibody (1:200; Cell Signaling Technology, Boston, MA, USA) with Alexa Fluor 488-donkey antimouse antibody (1:200, Invitrogen). Finally, 4′,6-diamidino-2-phenylindole (DAPI) was used for counter-staining.



Western Blot Analysis

Western blot analysis was performed as described previously (29). Briefly, the total protein was extracted from kidney tissue samples or cultured cells (15 μg each) and separated using electrophoresis. After transferring on a polyvinylidene difluoride (PVDF) membrane, the membrane was incubated with 1:1,000 diluted primary antibodies, including anti-α-SMA, anticollagen-I, antifibronectin (all from Abcam), anti-E-cadherin, anti-p-Smad3, anti- Smad2/3, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (all from Cell Signaling Technology), anti-p-Smad2, anti-Snail (all from Beyotime; SH, China), and anti-CCL5 (ABclonal; WH, China). Goat antirabbit secondary antibody (Abcam) was added and visualized using an enhanced chemiluminescence system (Thermo Fisher Scientific, IL, USA). Band intensity was analyzed using ImageJ software and normalized to the value of GAPDH.



Quantitative Real-Time PCR

Total RNA was extracted from kidney tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Then, 1 µg RNA was reverse transcribed into complementary DNA (cDNA) using HiScript II Q RT SuperMix for qPCR (Vazyme, NJ, China) in accordance with the manufacturer’s instructions. Real-time PCR was performed as described in our previous report using a Mastercycle reprealplex system (Eppendorf, Hamburg, Germany). Target gene expression levels were evaluated by reference to the value of GAPDH using the 2−ΔΔCt method. The PCR primers (including those for fibronectin, collagen I, E-cadherin, α-SMA, TGF-β1, Snail, and GAPDH) were synthesized according to sequences provided by PrimerBank (Table 1).


Table 1 | Primers sequences used for RT-PCR.





Enzyme-Linked Immunosorbent Assay for Serum TGF-β1

TGF-β1 levels in the serum samples were measured using a commercially available ELISA kit (MLBio, Shanghai, China) according to the manufacturer’s instructions.



Statistical Analysis

Data are presented as means ± standard deviation (SD). GraphPad Prism 9 (GraphPad Software Inc., CA, USA) was used for the statistical analyses. Two-tailed independent Student’s t-test was applied for comparison between two groups and one-way analysis of variance (ANOVA) followed by Bonferroni’s correction for more groups. Statistical significance was set at p < 0.05.




Results


BM-Induced MDSCs and GM-CSF Alleviate Renal Fibrosis

Mice kidney were harvested 10 days after surgery (Figure 1A). The kidney weight significantly decreased on the ligation side, and the pelvis and calices were severely dilated with atrophied renal parenchyma in the UUO group (Figure 1B). H&E staining showed severe tubular dilation, interstitial expansion, and inflammatory cell infiltration (Figure 1C). However, kidney weight increased in the MDSC or GM-CSF groups (Figure 1B), and renal fibrosis injury was significantly alleviated (Figure 1C). There were no significant differences between the two groups.




Figure 1 | BM-induced MDSCs and GM-CSF alleviate renal fibrosis induced by UUO. (A) Flow chart of the in vivo study. (B) Kidney size and weight at 10 days after UUO. (C) Representative micrographs of H&E staining of kidney sections (scale bar, 20 μm) and semiquantitative data of tubule injury score. (D) Representative micrographs of Sirius red staining and semiquantitative data of fibrosis area. (E) Representative micrographs of Masson staining and semiquantitative data of fibrosis area. Data are presented as the mean ± SD (n = 6). ***p < 0.001. ns^P > 0.05.



Collagen deposition was detected using Sirius red and Masson staining (Figures 1D, E, respectively). Compared with that in the sham group, collagen accumulation in the renal interstitium increased significantly in UUO groups, while MDSC transplantation and GM-CSF pretreatment decreased interstitial collagen deposition, although these results were not comparable with those of the sham group. This evidence indicates a definite and similar renoprotective effect of MDSC transplantation and GM-CSF pretreatment.



BM-Induced MDSCs and GM-CSF Reduce ECM Deposition and EMT

The mRNA and protein levels of fibronectin and collagen I were examined to evaluate ECM deposition (Figures 2A, B, respectively). ECM deposition increased in the UUO group but was similarly downregulated in MDSC or GM-CSF groups. This indicated that MDSC transplantation or GM-CSF pretreatment could both inhibit ECM deposition.




Figure 2 | BM-induced MDSCs and GM-CSF reduce ECM deposition and EMT. (A) Relative mRNA levels of fibronectin and collagen I in renal tissue. (B) Western blot analysis of fibronectin and collagen I in renal tissue and their relative expression level to GAPDH. (C) Relative mRNA levels of E-cadherin and α-SMA in renal tissue. (D) Western blot analysis of E-cadherin and α-SMA in renal tissue and their relative expression level to GAPDH. (E) Representative immunofluorescence staining images of E-cadherin (red), α-SMA (green), and DAPI (blue). (F) Western blot analysis of fibronectin, collagen I, E-cadherin, and α-SMA in in vitro experiment and their relative expression level to GAPDH. Data are presented as the mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001. ns^P > 0.05.



We then examined the epithelial marker E-cadherin and the mesenchymal marker α-SMA to evaluate EMT. qPCR and Western blot analysis revealed high E-cadherin expression and low α-SMA expression in the sham group (Figures 2C, D, respectively); however, the result was reversed 10 days after UUO, indicating EMT occurrence. However, α-SMA expression decreased and E-cadherin expression increased significantly in the MDSC and GM-CSF groups than those in the UUO group, which were verified using immunofluorescence (Figure 2E). These results further confirmed the similar protective role of the two treatments in renal fibrosis.

To further verify the antifibrotic role of BM-induced MDSCs, we conducted an in vitro experiment using mTECs. Corresponding to the results of the in vivo experiments, Western blot analysis also showed a dose-dependent decrease in ECM and EMT markers after treatment with different MDSC concentrations (Figure 2F). Thus, BM-induced MDSCs directly influenced TECs.



BM-Induced MDSCs and GM-CSF Play Their Renoprotective Role by Inhibiting TGF-β1 Signaling Pathway

To explore the mechanism by which MDSCs alleviate renal fibrosis, TGF-β1 expression in serum and kidney tissue were examined using ELISA, qPCR, and Western blotting (Figures 3A–C, respectively). TGF-β1 was upregulated significantly in the UUO group, whereas treatments downregulated its expression. We further investigated whether the TGF-β1 signaling pathway was involved in the renoprotective effect of BM-induced MDSCs or GM-CSF. As shown in Figures 3B, C, Smad2 and Smad3 phosphorylation was significantly elevated in the UUO group, while both BM-induced MDSCs or GM-CSF significantly ameliorated them. The target gene of the Smad complex, Snail, was also upregulated in the UUO group and downregulated in the two treatment groups. Later, in the in vitro experiment, TGF-β1, phosphorylated Smad2 and Smad3, and Snail expression levels in mTEC cells were also upregulated in the TGF-β1 group but downregulated in the MDSC-L group and strongly downregulated in the MDSC-H group (Figure 3D). These results suggested that BM-induced MDSCs or GM-CSF alleviates UUO by intervening in the TGF-β1/Smad/Snail signaling pathway. The number of MDSCs may affect their antifibrotic effects.




Figure 3 | BM-induced MDSCs and GM-CSF play their reno-protective role by inhibiting TGF-β1 signaling pathway. (A) Serum concentration of TGF-β1 in all groups. (B) Relative mRNA levels of TGF-β1 and Snail in renal tissue. (C) Western blot analysis of TGF-β1, Smad2/3, p-Smad2, p-Smad3, and Snail in renal tissues and their relative expression level to GAPDH. (D) Western blot analysis of TGF-β1, Smad2/3, p-Smad2, p-Smad3, and Snail in in vitro experiment and their relative expression level to GAPDH. Data are expressed as the mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001. ns^P > 0.05.





Enhanced MDSC Recruitment Is an Important Mechanism for In Vivo or In Vitro Induced MDSCs to Alleviate Renal Fibrosis

We then evaluated MDSC accumulation in the kidney after UUO. Compared with that in the sham group, a small number of MDSCs were recruited to the kidneys in the UUO group, while more MDSCs were recruited to the kidneys in both treatment groups (Figure 4A). There were no significant differences in the number of MDSCs in the kidneys between the two treatment groups. In addition, among all MDSCs recruited to injury site in the MDSC group, 44.95 ± 0.21% MDSCs were CFSE labeled (incubated with MDSCs before adoptive transference; Figure 4B). These results suggest that artificially induced MDSCs (in vivo or in vitro) have stronger recruitment ability than natural MDSCs, and the recruitment ability of in vitro- and in vivo-induced MDSCs were comparable.




Figure 4 | Enhanced MDSC recruitment is an important mechanism for in vivo or in vitro induced MDSCs to alleviate renal fibrosis. Flow cytometry detected the percentage of (A) CD11b+ Gr-1+ MDSCs in kidney, (B) BM-induced MDSCs (CFSE labeled) among all MDSCs in kidney, (C) CD4+ T cells in kidney, (D) CD4+CD25+Foxp+ Tregs in kidney, (E) CD4+IFNγ+ TH1 in kidney. Data are expressed as the mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001. ns^P > 0.05.



Observing the MDSC downstream effector cells showed that CD4+ T, regulatory T (Treg), and T helper (TH) 1 cell recruitment to the kidney increased after UUO (Figures 4C–E, respectively). However, the number of TH1 cells in the kidney decreased significantly after treatment, while the number of Treg cells increased. These results indicated that MDSCs also alleviate renal fibrosis indirectly by affecting the balance between TH1 and Tregs. This effect was related to their elevated recruitment to the injury site.



Increased CCL5 Expression in In Vitro- or In Vivo-Induced MDSCs Mediate the Enhanced MDSC Accumulation

To explain the mechanism of enhanced recruitment ability of in vitro- or in vivo-induced MDSCs, the CCL5 and CCR5 expression levels in MDSCs and non-MDSCs of different tissues (kidney, spleen, and BM) were measured. CCL5 expression increased in the MDSCs located in all tissues in the UUO group than that in the sham group and further increased in the two treatment groups (Figures 5A, E, F). However, although CCR5 expression also increased in non-MDSCs located in the kidneys after UUO, they did not differ between UUO and the two treatment groups (Figure 5D). Moreover, CCR5 expression level in MDSCs and CCL5 expression in in non-MDSCs were also comparable between UUO and the two treatment groups (Figures 5B, C, respectively). In vitro experiments further confirmed that the CCL5 and CCR5 expression levels in non-MDSCs (mainly mTEC cells) were not altered (Figures 6A, B).




Figure 5 | Expression level of CCL5 and CCR5 in MDSCs and non-MDSCs in mice. Flow cytometry detected the percentage of (A) CCL5+ MDSCs in kidneys, (B) CCR5+ MDSCs in kidney, (C) CCL5+ non-MDSCs in kidney, (D) CCR5+ non-MDSCs in kidney, (E) CCL5+ MDSCs in spleen, and (F) CCL5+ MDSCs in bone marrow. Data are expressed as the mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001.  ns^P > 0.05.






Figure 6 | CCL5 expression in in vitro- and in vivo-induced MDSCs. Flow cytometry detected the percentage of (A) CCL5+ non-MDSCs in in vitro experiment, (B) CCR5+ non-MDSCs in in vitro experiment, (C) CCL5+ MDSCs in in vitro-induced cells, and (D) CCL5+ MDSCs in bone marrow of mice pretreated with GM-CSF. Data are expressed as the mean ± SD (n = 6). *p < 0.05. ns^P > 0.05.



Finally, we tracked CCL5 expression in in vitro- and in vivo-induced MDSCs. In vitro-induced MDSCs were harvested and examined 1, 3, and 7 days after induction. In vivo-induced MDSCs were separated from the BM of mice 1, 3, and 7 days after GM-CSF treatment. We found that CCL5 increased gradually for 7 days after in vitro induction (Figure 6C), and the expression level in in vivo-induced MDSCs were similar (Figure 6D). Thus, in vitro and in vivo MDSC induction stimulate CCL5 expression. This may also explain the comparable ability of MDSCs to recruit and alleviate renal fibrosis in both regimens.




Discussion

In this study, we found that BM-induced MDSCs or GM-CSF pretreatment increased MDSC infiltration and significantly ameliorated UUO-induced tubulointerstitial fibrosis. TGF-β1 inhibition and its downstream signaling pathway were involved in this renoprotective process. We further elucidated that induced MDSCs, both in vitro and in vivo, enhanced CCL5 secretion, which promoted their recruitment to kidneys to play immunosuppressive and anti-fibrotic roles (Figure 7).




Figure 7 | The pictorial summary of induced MDSCs on renal fibrosis. In vitro- and in vivo-induced MDSCs increased their infiltration to injury by promoting CCL5-CCR5 interaction. In addition, they alleviate renal fibrosis to a similar extend by inhibiting TGF-β1/Smad/Snail signaling pathway and rebalance Th1/Treg.



Overexpression of ECM components, such as fibronectin and collagen I, causes ECM deposition (30), thereby destroying the kidney parenchyma and deteriorating renal function, resulting in renal fibrosis progression. In our study, Masson and Sirius red staining showed increased ECM deposition in UUO group, while adoptive transference of MDSCs or GM-CSF pretreatment attenuated it. Western blotting and qPCR showed that fibronectin and collagen I expression also changed similarly. These results demonstrated that adoptive transference of MDSCs or GM-CSF pretreatment effectively ameliorate ECM deposition and eventually delay renal fibrosis progression.

EMT is a process that depicts the transition from epithelial cells to mesenchymal cells, which contributes a lot to the progression of renal fibrosis. TECs acquiring a mesenchymal phenotype have been deemed as the main source of activated myofibroblasts in the injured kidney (31), and they secrete a wide range of proinflammatory cytokines, which further aggravate renal fibrosis. In our study, EMT activation was also observed through immunofluorescence in the UUO group. Western blot and qPCR also confirmed the reduced E-cadherin and elevated α-SMA expression. However, adoptive transference of MDSCs or GM-CSF pretreatment reversed this trend and caused weight gain in the kidneys. These findings further confirmed the renoprotective role of MDSCs and GM-CSF.

TGF-β1 belongs to the TGF-β superfamily and is considered to be an essential mediator of renal fibrosis (22, 23). It promotes ECM production and EMT (32) by regulating inflammatory cells, including T cells and macrophages (23, 24). The TGF-β1/Smad signaling pathway is one of the canonical fibrogenic growth signaling pathways. Once TGF-β1 binds to its receptor, Smad2 and Smad3 phosphorylation is triggered, and the Smad complex is formed by the combination with Smad4. The Smad complex is then transferred to the nucleus to drive the expression of target genes, including Snail, which also contributes to EMT (25) and fibrosis (26, 27). In this study, we detected significant TGF-β1/Smad/Snail signaling pathway activation in the UUO group, which was inhibited by adoptive transference of MDSCs or GM-CSF pretreatment. These phenomena indicate that MDSCs or GM-CSF play a renoprotective role partly by counteracting the TGF-β1/Smad/Snail signaling pathway.

Immune factors, including immune cells, inflammatory cytokines, chemokine receptors, and their ligands, may contribute to renal fibrosis progression (2–7). Recently, researchers have focused on the effect of MDSCs in renal fibrosis (12, 33). MDSCs develop in various chronic inflammatory conditions, such as infection, tumors, autoimmune diseases, and graft-versus-host disease (GVHD). It suppresses T helper (TH) cell accumulation and induces Tregs through signal transducer and transcription activator (9). Tregs further inhibit CD4+ TH cell proliferation and function by secreting cytokines such as IL-10 and inhibiting IL-2 availability for CD4+ TH cells (34, 35). The balance between TH1 and Treg cells has drawn great attention in cancer (36), various inflammatory diseases (37, 38), and autoimmunity diseases (39). Treg accumulation and TH1 cell downregulation are also necessary for the convalescence of crescentic glomerulonephritis (40). In our study, both in vitro- or in vivo-induced MDSCs promoted MDSC and Treg infiltration in the kidney and downregulated the total CD4+ T and TH1 cell infiltration in the kidney. These results suggest that Tregs might partially contribute to MDSC/GM-CSF-induced renal fibrosis remission, which may be mediated by MDSC-induced immunosuppression.

Although natural MDSCs increase their number in inflammation, their immunosuppressive activity might be limited in a highly inflammatory environment due to myeloid differentiation, inflammatory mediator production, and cell-intrinsic inflammasome upregulation (41). Nevertheless, researchers have found that in vitro-induced MDSCs after culturing BM cells with G-CSF and GM-CSF obtained a phenotype similar to that of natural MDSCs with a protective effect in various primary target organs and inhibited GVHD-correlated death by 80% (42, 43). This indicated the potent treatment efficiency of adoptive transference of MDSC-enriched populations after in vitro expansion. However, the mechanism underlying the maintenance of the immunosuppressive phenotype by in vitro-induced MDSCs remains unclear. In our study, approximately half of the MDSCs accumulated to the injury site were BM induced, which further inhibited TH1 and promoted Treg expansion. In addition, in vitro experiments showed that a high MDSC dose had a strong ability to inhibit ECM and EMT. These results suggest that the number of MDSCs accumulated may have an effect on the maintenance of the immunosuppressive phenotype.

The clinical application of GM-CSF is more convenient than MDSC-adoptive therapy. However, whether they can achieve similar efficacy in renal fibrosis remains unclear. A recent study has reported that enhanced G-CSF and GM-CSF expression promotes MDSC generation and migration (12, 44), indicating that G-CSF and GM-CSF are both efficient for inducing MDSC expansion. However, although G-CSF is more commonly used in clinical settings, GM-CSF is well accepted for in vitro MDSC induction because it can induce both MDSC phenotypes (CD11b+Ly6GintLy6Clow and CD11b+Ly6GintLy6Clow populations) in a balanced manner. However, their ability to induce MDSCs or immunosuppression in vivo remains controversial (45, 46). Thus, we selected GM-CSF for simple and effective MDSC induction. In accordance with our expectations, GM-CSF pretreatment promotes the MDSC infiltration and significantly ameliorates renal fibrosis. The adoptive transference of BM-induced MDSCs showed a similar efficacy. Thus, our results proved the equivalent efficacy of GM-CSF and BM-induced MDSCs and provided an alternative and convenient method for treating renal fibrosis.

The CCL5–CCR5 axis is involved in MDSC recruitment and its immunosuppressive role (19, 47). A previous study has also showed that IL-6 and GM-CSF upregulate CCR5 expression during in vitro MDSC induction (18). However, we did not find an increase in CCR5 expression in kidney MDSCs or non-MDSCs or in vitro experiments in the treatment groups. In contrast, we found that CCL5 was significantly elevated in MDSCs located in the kidney, spleen, and BM in the two treatment groups. We also found that CCL5 expression gradually increased with time. These results indicated that GM-CSF could increase CCL5 expression in both in vitro- or in vivo-induced MDSCs. Enhanced CCL5 expression further promotes MDSC recruitment to injuries to exert their immunosuppressive function. A recent case–control study has provided evidence for this hypothesis. Researchers found that decreased serum CCL5 and TGF-β concentrations were highly correlated with reduced blood MDSCs and Tregs in patients with recurrent implantation failure (RIF) (48). Previous research also found that MDSCs from CCL5-knockout mice with breast tumors expressed less NOS2 and S100A8/9 and showed an immune-stimulatory phenotype (21). All these studies indicated that CCL5 plays an important role in the immunosuppressive function of MDSCs.

This study had some limitations. Although UUO is a well-accepted renal fibrosis animal model, it rarely causes renal fibrosis or progressive kidney failure in clinical settings. Thus, whether GM-CSF or MDSC treatment could have similar therapeutic effects in other obstruction-induced renal fibrosis diseases remains to be explored. Second, considering the higher metabolic rate in mice than that in humans, the effective GM-CSF dose used for in vivo induction is much higher than that for clinical use. Therefore, further studies should determine the optimal GM-CSF dose for inducing human MDSCs. Third, GM-CSF affects several cell types, including macrophages and granulocytes. Future studies should explore its role in influencing renal fibrosis. Finally, CCL5 and CCR5 are not unique ligand receptors, and they are not the only chemokine or receptor expressed in MDSCs. Future studies should focus on ruling out the involvement of other receptors or ligands.

In conclusion, our study demonstrated that in vitro- and in vivo-induced MDSCs alleviate renal fibrosis similarly, both by promoting the CCL5–CCR5 axis interaction and TGF-β1/Smad/Snail signaling pathway inhibition. Our results indicate an alternative treatment for renal fibrosis.
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Acute kidney injury (AKI) and chronic kidney disease (CKD) represent different stages of renal failure; thus, CKD can be regarded as a result of AKI deterioration. Previous studies have demonstrated that immune cell infiltration, oxidative stress, and metabolic mentalism can support renal fibrosis progression in AKI cases. However, the most important triggers and cell types involved in this pathological progression remain unclear. This study was conducted to shed light into the underlying cellular and molecular features of renal fibrosis progression through the analysis of three mouse whole kidney and one human single-cell RNA-sequencing datasets publicly available. According to the different causes of AKI (ischemia reperfusion injury [IRI] or cisplatin), the mouse samples were divided into the CIU [control-IRI-unilateral ureteral obstruction (UUO)] and CCU (control-cisplatin-UUO) groups. Comparisons between groups revealed eight different modules of differentially expressed genes (DEGs). A total of 1,214 genes showed the same expression pattern in both CIU and CCU groups; however, 1,816 and 1,308 genes were expressed specifically in the CCU and CIU groups, respectively. Further assessment of the DEGs according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway and Gene Ontology (GO) showed that T-cell activation, fatty acid metabolic process, and arachidonic acid metabolism were involved in the fibrosis progression in CIU and CCU. Single-cell RNA-sequencing data along with the collected DEGs information also revealed that the T-cell activation mainly happened in immune cells, whereas the fatty acid metabolic process and arachidonic acid metabolism occurred in tubule cells. Taken together, these findings suggest that the fibrosis process differed between the CIU and CCU stages, in which immune and tubule cells have different functions. These identified cellular and molecular features of the different stages of fibrosis progression may pave the way for exploring novel potential therapeutic strategies in the clinic.
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Introduction

Kidney diseases can be classified into glomerular, tubulointerstitial, and renal vascular diseases based on anatomic features. They can also be divided into acute kidney injury (AKI) and chronic kidney disease (CKD). Ischemia reperfusion injury (IRI) is a pathophysiological phenomenon triggered by the damage caused by reperfusion of ischemic tissue after reestablishing blood supply (1) and is a common cause of AKI. Administration of cisplatin can also lead to AKI, being characterized by a complex pathophysiological profile that has been associated to cellular uptake and efflux, apoptosis, vascular injury, oxidative and endoplasmic reticulum stress, and inflammation (2). CKD is defined as persistent functional or structural abnormalities of the kidney, in which the excretory function is impaired due to loss of functional nephrons. Overall, AKI and CKD represent kidney failure at different time phases. However, currently, no clinically targeted, highly effective, and with low toxicity drug and/or treatment are available for AKI or CKD. Indeed, clinical treatments are very passive, and the current renal replacement therapies are limited. Therefore, early diagnosis, prevention, and treatment of AKI and CKD are prominent problems in acute and chronic renal injuries. Mechanistic research and enhanced treatment plans for these diseases urgently needed.

The etiology of renal fibrosis progression is complicated; nevertheless, injury is believed to be the main cause. Moreover, the AKI-to-CKD transition is a complex process mainly facilitated by maladaptive repair mechanisms. Several studies have suggested that it is related to inflammation in the kidneys, as many immune cells are recruited to injured organs (3). However, engagement of innate immune receptors provides tubular epithelial cells with the metabolic flexibility necessary for their plasticity during injury and repair, which drives tubule metabolism to also be involved in injury and fibrosis progression (4). Studies have also reported that oxidative stress caused by injury can hamper cell repair and promote tissue fibrosis (5). Despite of these knowledge advances, the underlying reasons for AKI deterioration and renal fibrosis progression remain unclear.

In this study, we found that regardless of whether AKI was caused by IRI or cisplatin, T cell activation was mainly related to renal fibrosis progression. Fatty acid metabolic processes mainly occurred in tubule cells, and most related genes were both involved in IRI and cisplatin-induced AKI, but only few genes were enriched in cisplatin-induced AKI deterioration. However, arachidonic acid metabolism was significantly different in AKI deterioration, in which genes were changed distinctly in different AKI modules. Our findings emphasize the differences in the AKI-to-fibrosis process caused by different factors and connect these functions with the cell types in the kidney, which made a deeper analysis and understanding of fibrosis caused by injury.



Materials and Methods


Data Source

Three mouse bulk kidney mRNA-sequencing data (GSE10669, GSE145053, and GSE153625) and one human single-cell kidney RNA-sequencing data (GSE131685) were obtained from the National Center of Biotechnology Information (NCBI) Gene Expression Omnibus database (GEO). All mouse data were based on C57BL/6 mice and comprised eight cisplatin samples, four IRI samples, nine unilateral ureteral obstruction (UUO) samples, and 12 control samples. GSE131685 comprised three healthy kidney samples, including 23,366 cells.



Data Preprocessing

All raw RNA-sequencing data were obtained using the NCBI SRA (Sequence read archive) Toolkit, and all reads were alignted to the GRCm38 reference genome using hisat2 (version 2.1.0) algorithm. The average overall mapping rate is more than 90%. After the data was sorted using samtools (version 1.7), htseq (version 0.11.3) algorithm was used to calculated gene counts.



Identification of Differentially Expressed Genes

Several groups were compared as follows: (i) UUO vs. AKI (IRI or cisplatin), (ii) AKI (IRI or cisplatin) vs. control. The batch effect between each sample was removed by limma (version 3.42.2): remove batch effct. Deseq2 (version 1.24.0) was used to normalize the count data and identify DEGs, and Benjamini-Hochberg correction was used to adjust P-value obtained from multiple test. Finally, genes with |log2Fold Change| > 2 and adjusted P-value < 0.0001 were considered as DEGs.



Gene Enrichment Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology (GO) enrichment analyses were performed using ClusterProfiler (version 3.14.3) from Bioconductor. An adjusted P-value < 0.05 and false discovery rate < 0.02 were set as the cutoff criteria to identify significantly enriched KEGG pathways and GO terms.



Single-Cell RNA-Sequencing Data Processing and Analysis

The 10X gene matrix data were loaded in Seurat tool and were filtered based on cells with >3,000 features and 50% mitochondria. The remaining cells were reduced in dimension by Principal Component Analysis (PCA) and then clustered using Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) tool. Cell type classification was performed using markers as previously described. Specific gene sets were packed using the AddModuleScore function to calculate the average expression of each gene set per cell type.



AKI and CKD Mouse Models

C57BL/6 mice (male, 6–8 w, 20–25 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd and maintained in the animal facility in Zhongshan Hospital, Fudan University. Kidney IRI, Cisplatin, and Unilateral ureteral obstruction (UUO) model were as our previous study (6, 7).



PCR

Total RNA was extracted from mouse kidneys with TRIzol (Invitrogen) reagent according to the manufacturer’s instructions. Total RNA (3–5 μg) was transcribed into cDNA by Superscript II reverse transcriptase and random primer oligonucleotides (Vazyme). The gene-specific forward and reverse primers for mouse RAC2 and CBR1 are presented in Table 1. qPCR was carried out using the Hieff qPCR SYBR Green Master Mix (yeason).


Table 1 | Primers used for qPCR.






Results


Dataset Collection and Analysis Workflow

Three bulk RNA-sequencing datasets (GSE10669, GSE145053, and GSE153625) comprising 12 AKI samples (including eight cisplatin-induced AKI and four IRI-induced AKI models) and nine renal fibrosis samples (induced by UUO) were evaluated and compared to identify the dynamic gene expression patterns during AKI progression and deterioration. The samples were divided according to the AKI cause in two groups that were used to represent the progression from IRI-induced or cisplatin-induced AKI to renal fibrosis (CIU and CCU groups, respectively). Then, function analysis was performed to identify the common and specific pathways involved in the different AKI-to-fibrosis progression, based on the compared gene modules in CIU and CCU groups. Finally, we mapped the renal fibrosis-related genes to human single-cell data to explore the cell types involved in AKI deterioration and progression (Figure 1).




Figure 1 | Diagram of the workflow of the study.





Gene Expression Analysis and Module Selection

PCA was used to investigate the distribution of the different datasets. The gene expression profiles were found to be significantly different between AKI and renal fibrosis samples; however, IRI-induced and cisplatin-induced AKI groups showed similar gene expression landscapes (Figure 2A). Then, we used AKI as a dividing line to separate the progression of fibrosis into early and latter processes. This pattern during the fibrosis process divided the DEGs into eight different modules, and we used −1, 0, and 1 to show the downregulated, no significantly changed, and upregulated gene sets (Figure 2B). During the occurrence and deterioration of AKI, the proportion of genes in the different modules changed. Based on the diverse IRI- and cisplatin-induced pathological effects, the module gene ratios during the occurrence and deterioration of the two different AKIs were compared. Overall, a clear difference in the proportion of different gene modules between cisplatin- and IRI-induced AKI was noticeable (Figure 2C).




Figure 2 | Dynamic gene expression patterns in acute kidney injury (AKI)-to-fibrosis progression. (A) Principal component analysis of all datasets. (B) Gene expression modules in AKI development and deterioration Fibrosis samples were compared within AKI samples and between AKI and healthy samples. Up shows increased differentially expressed genes (DEGs), down shows decreased DEGs, and Ns shows DEGs that have no significant difference in the comparison. (C) The distribution of each module in different AKI progressions. CCU, from healthy to cisplatin-induced AKI to fibrosis; CIU, from healthy to IRI-induced AKI to fibrosis. All data are available at GEO database (GSE10669, GSE145053, GSE153625).





Common and Specific Functions in CIU and CCU Pattern

To investigate the commonalities and specificities of the dynamic gene expression patterns during AKI development and deterioration to fibrosis progression, we compared the DEGs identified in the CIU and CCU groups. A total of 1,214 genes were found to have similar expression patterns in both CIU and CCU groups; however, 1,816 and 1,308 genes were expressed specifically in the CCU and CIU groups, respectively (Figure 3A). The whole GO analysis of different modules are presented in Supplementary Figure 1. Noteworthy, the genes showing the same expression patterns in the CIU and CCU groups were mainly related to T-cell activation and immune cell regulation, such as regulation of T-cell activation and regulation of leukocyte cell-cell adhesion (Figure 3B). Furthermore, GO and KEGG analyses confirmed that T-cell activation was enriched in both CIU and CCU exclusive patterns, and genes involved in module_0_1 and module_1_1. Fatty acid metabolic processes were enriched in both CIU and CCU exclusive patterns in module_−1_0 and module_0_−1; however, some genes involved in fatty acid metabolic processes were specifically enriched in the CCU exclusive pattern with module_−1_0. Arachidonic acid metabolism was shared by CIU and CCU exclusive patterns. Some genes were enriched in the module_1_−1 in the CIU exclusive pattern, whereas others were enriched in the module_−1_0 in the CCU exclusive pattern (Figure 3C).




Figure 3 | Common and specific functions in CIU and CCU progression patterns. (A) Venn plot showing the number of genes in the same or different modules in the CIU and CCU groups. (B) Gene ontology enrichment of genes with common expression patterns in CIU and CCU groups. (C) Functional analysis of genes in each group. Pattern is referred to as gene modules. CIU (from healthy to IRI-induced AKI to fibrosis) or CCU (from healthy to cisplatin-induced AKI to fibrosis), genes in this pathway are specific to CIU or CCU, respectively; Common, genes in this pathway are shared in the same module of CIU/CCU. The total differential data can be found in Supplementary CSV File.





Mapping Common and Specific Genes in Single Cell Data

To investigate which cell types were involved in the progression of AKI to renal fibrosis, three healthy human single-cell RNA-sequencing data were analyzed to explore the cells that expressed the genes related to renal fibrosis progression. Cells were classified into 11 different cell types, including proximal cells, collecting ducts, distal tubules, natural killer (NK) cells, and T-cells (Figure 4A). Then, the functions analyzed from the RNA-sequencing data were merged with the cell types in the kidneys. According to the violin plot, T-cell activation was enriched in the module_0_1, which was identified as a common function in both CIU and CCU patterns, and was mainly related with immune cells, especially in NK cells and T-cells. However, T-cell activation in module_1_1 was mainly mapped to the glomerular parietal epithelial cells. Fatty acid metabolic processes, regardless of the common pattern or CCU exclusive pattern, were found to occur in tubule cells, such as the proximal tubule, distal tubule, and collecting duct. However, arachidonic acid metabolism was different in the CIU and CCU patterns. In the CIU pattern, which was in the module_1_−1, the genes were mainly mapped to the distal tubule and collecting duct intercalated cells, whereas the arachidonic acid metabolism was specifically related to the proximal tubules in the CCU pattern (module_−1_0) (Figure 4B). According to the cell change prediction, B cells were increased in the CCU pattern, and the counts of monocyte in the IRI model were higher than them in the Cisplatin-induced AKI model. However, counts of NK cells were increased in the Cisplatin-induced AKI, but decreased when AKI transite to CKD (Figure 4C).




Figure 4 | Mapping common and specific genes in single cell data. (A) Cell type distribution of human kidney single-cell RNA-sequencing data. (B) Enrichment of different pathways in each cell type. Aam, arachidonic acid metabolism; Fa, fatty acid metabolic process; T, T cell activation. CIU (from healthy to IRI-induced AKI to fibrosis) or CCU (from healthy to cisplatin-induced AKI to fibrosis), genes in this pathway are specific to CIU or CCU, respectively; Common, genes in this pathway are shared in the same module of CIU/CCU. 1−1, −10, 01, 11, and 1−1, refer to the gene module. (C) Cell counts in different patterns.





Function of the Identified DEGs in Different Cell Types

DEGs identified as having different functions were selected and mapped according to single-cell RNA-sequencing data (GSE131685) (Figure 5A). RAC2 was found to be mainly involved in T-cell activation while enriched in both CIU and CCU groups in module_0_1. Noteworthy, it was mainly expressed in immune cell subsets, especially in NK cells and T cells. Interestingly, CBR1 and CBR3 were found to be mainly expressed in tubule cells (comprising collecting duct intercalated cells and distal duct), which were also enriched for arachidonic acid metabolism in the CIU group within the module_1_−1. GGT1 was also found to be involved in the arachidonic acid metabolism but in the CCU group within the module_−1_0, and it was mainly expressed in the proximal convoluted tubule and proximal straight tubule. ACAT1 and PDK2 were identified as being related with the fatty acid metabolic process in the CCU group within the module_−1_0, being expressed in nearly all the tubule cells (Figure 5B). Cell-and-cell interactions are presented in Figure 5C and protein-and-protein interaction networks of different modules are in Figure 5D.




Figure 5 | Gene expression profile in each cell type. (A) The normalized expression of each gene in the human kidney. (B) Violin plot showing the gene expression in each cell type. (C) Cell-and-cell interaction between different clusters. (D) Protein-and-protein interaction network of different modules.



In addition, we established AKI models, RAC2 and CBR1 expression were presented in Figure 6.




Figure 6 | RAC2 and CBR1 mRNA expression in each group. (A) Serum Creatinine in sham, IRI, and Cisplatin group after 24 h, 7 d, and 30 d. (B) mRNA expression of RAC2 and CBR1 in T cells from kidneys and kidneys. ***P < 0.001, **P < 0.01, *P < 0.05, n.s., no significant differences.






Discussion

Progression of the long-term consequences of AKI to renal fibrosis has been well recognized in clinical studies and experimental in vivo models. The pathophysiology of AKI relies on a complicated network with multidimensional regulation and the contribution of various factors, such as the immune response, metabolic regulation, and signaling transduction, which in turn results in AKI heterogeneity. IRI- and drug-induced AKI are common in the clinic, both of which contribute to the high incidence of renal fibrosis. Therefore, a better understanding of the cellular and molecular patterns of the progression from IRI- and cisplatin-induced AKI to renal fibrosis may offer promising insights into potential therapeutic advances.

Adaptive immunity, especially T-cell activation, plays an essential role in the progression of AKI. In particular, our previous work showed that inhibition of T-cell immunoglobulin mucin-1-mediated T-cell activation by a histone methylation inhibitor greatly ameliorates renal IRI (6). In a cisplatin-induced AKI mouse model, Miyagi et al. also indicated that T cells with high expression of CD69 and CD25 are present in the spleens of AKI mice after cisplatin treatment (8). Taken together, both studies showed a common pattern of T-cell activation during AKI induction.

The independent characteristics of IRI-induced AKI and cisplatin-induced AKI in renal fibrosis remain unclear. Our analysis indicated that, notably, arachidonic acid metabolism showed completely different patterns during the two processes: the metabolism was enhanced in the phase of IRI-induced AKI, but decreased in the subsequent fibrosis phase, whereas it dramatically decreased in the phase of cisplatin-induced AKI, and remained unchanged thereafter. In a murine model of cisplatin-induced AKI, significant fatty acid oxidation dysfunction and extensive lipid deposition in the mice with AKI were found (9). In addition, histone deacetylase activity (HDAC) was inhibited in kidneys of high-fiber fed mice, and dietary manipulation of the gut microbiome could protect against AKI and subsequent CKD, mediated by HDAC inhibition and activation of two G protein-coupled receptors GPR41 and GPR109A by Short-chain fatty acids (10). Arachidonic acid can be converted into prostaglandin E2 by the cascade catalysis of cyclooxygenase (COX)-1 and -2 and prostaglandin E synthase (PGES). Membrane-associated PGES deletion attenuated cisplatin-induced renal dysfunction and tubular damage, suggesting that decreased metabolism of arachidonic acid plays an important role in cisplatin-induced AKI (11). Moreover, Yamamoto et al. also reported decreased arachidonic acid metabolism with the accumulation of COX-2, PGES, and the PGE receptor EP4 in renal tubules (12). In addition, several studies showed that 20-HETE, another important product of arachidonic acid metabolism, is elevated after IRI (13, 14).

Next, the characteristics of common genes correlated with T-cell activation were evaluated. Among these, RAC2 has been shown to interact with nitric oxide synthase 2A and correlate with renal fibrosis (15). Another study indicated that RAC2 is a key control gene in the pathogenesis of chronic glomerulonephritis (16). As for the specific genes enriched in different cell types of IRI-induced renal fibrosis, CBR1 was mainly expressed in tubule cells and some types of immune cells. CBR1 was reported to be a therapeutic target for hepatic IRI during liver transplantation, as it may be involved in the inhibition of lipid peroxide formation (17). Although no evidence has proven that CBR1 may function in the process of kidney IRI, Alshogran et al. demonstrated that the expression of CBR1 and CBR3 was correlated with end-stage renal disease (18), which highlighted the potential role of CBR in IRI-induced renal fibrosis. Based on the analysis of specific genes expressed in cisplatin-induced renal fibrosis, ACAT1, GGT1, and PDK2 were predominantly expressed in tubule cells. Indeed, upregulated expression of ACAT1 was found during renal fibrosis by participating in the oxidation of fatty acids (19). Although no correlation between cisplatin and kidney injury has been shown, several studies have indicated that PDK2 may mediate cisplatin resistance in head and neck cancer and adenocarcinoma (20, 21). In addition, GGT1 may metabolize cisplatin in the proximal tubule cell, suggesting that the expression of GGT1 is correlated with the accumulation of cisplatin in the kidneys (22). Taken together, these findings of the characteristics of IRI-or cisplatin-induced AKI may provide information for exploring potential clinical therapeutic targets.
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Accumulating evidence reveals that both inflammation and lymphocyte dysfunction play a vital role in the development of diabetic nephropathy (DN). Hyperoside (HPS) or quercetin-3-O-galactoside is an active flavonoid glycoside mainly found in the Chinese herbal medicine Tu-Si-Zi. Although HPS has a variety of pharmacological effects, including anti-oxidative and anti-apoptotic activities as well as podocyte-protective effects, its underlying anti-inflammatory mechanisms remain unclear. Herein, we investigated the therapeutic effects of HPS on murine DN and the potential mechanisms responsible for its efficacy. We used C57BLKS/6J Lep db/db mice and a high glucose (HG)-induced bone marrow-derived macrophage (BMDM) polarization system to investigate the potentially protective effects of HPS on DN. Our results showed that HPS markedly reduced diabetes-induced albuminuria and glomerular mesangial matrix expansion, accompanied with a significant improvement of fasting blood glucose level, hyperlipidaemia and body weight. Mechanistically, pretreatment with HPS effectively regulated macrophage polarization by shifting proinflammatory M1 macrophages (F4/80+CD11b+CD86+) to anti-inflammatory M2 ones (F4/80+CD11b+CD206+) in vivo and in bone marrow-derived macrophages (BMDMs) in vitro, resulting in the inhibition of renal proinflammatory macrophage infiltration and the reduction in expression of monocyte chemoattractant protein-1 (MCP-1), tumor necrosis factor (TNF-α) and inducible nitric oxide synthase (iNOS) while increasing expression of anti-inflammatory cytokine Arg-1 and CD163/CD206 surface molecules. Unexpectedly, pretreatment with HPS suppressed CD4+ T cell proliferation in a coculture model of IL-4-induced M2 macrophages and splenic CD4+ T cells while promoting their differentiation into CD4+IL-4+ Th2 and CD4+Foxp3+ Treg cells. Taken together, we demonstrate that HPS ameliorates murine DN via promoting macrophage polarization from an M1 to M2 phenotype and CD4+ T cell differentiation into Th2 and Treg populations. Our findings may be implicated for the treatment of DN in clinic.




Keywords: diabetic nephropathy, macrophage polarization, hyperoside, renal inflammation, Th1 cell, Treg cell



Introduction

Diabetic nephropathy (DN) is a serious microvascular complication in patients with diabetes mellitus (DM) and is increasingly regarded as an inflammatory process (1–3). Macrophages are important cells involved in the initiation of inflammatory responses and play a critical role in the pathogenesis of DN by secreting various proinflammatory mediators. They can differentiate into proinflammatory M1 macrophages through the classical activation and anti-inflammatory M2 macrophages via the alternative activation (4). In addition, Th1, Th2, Th17 and cytotoxic T cells are also involved in the development and progression of DN (5, 6). Maintaining the M1/M2, Th1/Th2 and Th17/Treg immune balances can reduce the production of proinflammatory cytokines and improve DN (7). Therefore, we hypothesized that the imbalance in both innate (M1/M2) and adaptive immunities (Th1/Th2 and Th17/Treg) could play a crucial role in the pathogenesis of DN, while rebalancing these immune responses might represent a novel approach for the treatment of DN.

As a traditional herbal ingredient, Hyperoside (HPS) is one of the main active components in the Chinese herb Tu-Si-Zi (8) (Supplementary Figure 1), which exhibits the anti-inflammatory, anti-oxidant and anti-cancerous properties. Because of its high efficacy and low toxicity, HPS is commonly used in treating a variety of ischemic brain and heart diseases. In recent years, emerging evidence has shown the anti-inflammatory effects of HPS on various diseases, such as non-alcoholic fatty liver disease (9), osteoarthritis (10), DM-induced cognitive dysfunction (11) and pulmonary fibrosis (12) in vivo, and on lipopolysaccharide (LPS)-stimulated cell injury in a model of in vitro experiments (13–15) by suppressing activation of the NF-κB signaling pathway. Studies have also confirmed that HPS can inhibit the high glucose (HG) induced inflammatory injury in vitro and in vivo. For example, it can suppress vascular inflammation caused by HG in the human umbilical vein endothelial cells (HUVECs) in vitro and in mice (16, 17). And it alleviates HG-induced apoptosis and inflammatory responses of HK-2 cells through the miR-499a-5p/NRIP1 axis (18). However, very few studies have explored the mechanisms underlying the effects of HPS on renal inflammatory injury in diabetic condition. Thus, the effects HPS on DN and its molecular mechanisms of action remain unclear and warrant further investigation.

In the present study, we aimed to investigate the potentially therapeutic effects of HPS on DN and to delineate the mechanisms underlying the therapeutic effects of HPS in a type-2 DN model of db/db mice and in vitro by focusing on its immunologically regulatory mechanisms responsible for the differentiation and activation of macrophages and CD4+ T cells. We found that HPS indeed attenuated DN in a mouse model of type 2 diabetes mellitus by regulating macrophage polarization.



Materials and Methods


Antibodies and Reagents

The micro-albumin assay kit was obtained from Abcam Biotechnology (Abcam, Cambridge, UK). Hyperoside with a purity higher than 98% was purchased from Sigma-Aldrich (St Louis, USA) and was suspended in 0.5% carboxymethyl cellulose sodium salt high viscosity (CMCNa) (MP Biomedicals, LLC, USA) solution for animal experiments or dissolved in 0.1% DMSO for cell culture experiments. Glucose was purchased from Sigma-Aldrich (St Louis, MO, USA) while Trizol reagents were manufactured by Invitrogen (California, USA). cDNA Kit was purchased from Promega (Promega Corporation, Madison, WI). 24-well transwell chamber was bought from Corning (Corning, Shenzhen, China). All flow cytometric antibodies, including F4/80, CD11b, CD86, CD206, CD4, IL4, and Foxp3 were purchased from eBioscience or Biolegend. And details of the antibodies used in this study are listed in the Table 1.


Table 1 | Antibodies used for flow cytometry, IHC and IF.





A Mouse Model of Diabetic Nephropathy in db/db Mice

Male db/db mice (C57BL/KsJ) (19) at the age of 8 weeks were used in this study. The db/db mice and heterozygote age-matched db/m mice were originally obtained from Model Animal Research Center of Nanjing University, Jiangsu, China and were maintained following guideline “Principles of Laboratory Animal Care and Use in Research” (Ministry of Health, Beijing, China). Animals were placed in a controlled environment of humidity (about 60%) and room temperature (about 24 ± 1°C) with an alternating 12h light and dark cycle. The animals were allowed free access to standard laboratory tap water and food. The mice were then randomly divided into four groups and treated without or with HPS intraperitoneally for 12 consecutive weeks, as described below: 1) Control db/m mice (n=6) received the same volume of distilling water; 2) Control db/db mice (n=6) were given with the same volume of distilling water; 3) db/db +HHPS mice (n=7) received Hyperoside at a high dose of 80mg/kg/day; 4) db/db +LHPS mice (n=7) were treated with Hyperoside at a low dose of 40mg/kg/day.

Fasting blood glucose levels were measured twice weekly using the Bayer glucose monitor (Bayer, Bergkamen, Germany). Mice were sacrificed 12 weeks after HPS treatment to determine serum concentrations of total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C). Serum and urinary creatinine levels were measured using the enzymatic colorimetric method via an automatic biochemistry analyzer (Toshiba-120FR, Tokyo, Japan). Urinary albumin concentration was measured using the ELISA kit with an anti-mouse albumin antibody (Cusabio, Wuhan, China) and was normalized to the urinary creatinine levels and expressed as urinary mAlb/Cr. UACR was calculated according to the following equation: UACR (mg/g) = urinary albumin(mg)/urinary creatine(g). All animal experiments were approved by the Institutional Animal Care and Use Committee of Guangzhou University of Chinese Medicine.



Renal Pathology

The kidney tissues were fixed in 10% formalin buffer and then embedded in paraffin for light microscopic examination. Serial tissue sections (5μm) were stained with hematoxylin & eosin (HE) and periodic acid-Schiff (PAS). Mesangial matrix expansion was determined by assessing PAS-positive materials in the mesangial region. A percentage of the PAS-positive area was analyzed using Image-Pro Plus (Version 5.1.0.20, Media Cybernetics, Silver Spring, MD, USA) and Leica Q500MC image analysis software. Semi-quantitative analysis was performed with 20 glomeruli randomly selected for each subject (at least five mice in each group) and evaluations were made in coded slides.



Immunohistochemistry

Immunohistochemical staining was performed on paraffin sections using a microwave-based antigen retrieval technique, which involved heat-induced antigen retrieval (HIAR) with sections incubated in ethylenediaminetetraacetic acid (Tris-EDTA) buffer (pH 9.0). The sections were further incubated with the following primary antibodies at 4°C overnight: anti-CD68 (catalog no. ab201340, Abcam) and anti-MCP-1 (catalog no. ab7202, Abcam), followed by the appropriate secondary antibody. The sections were then developed with 3, 3-diaminobenzidine (DAB) to produce a brown product and were counterstained with hematoxylin.



Immunofluorescence

Frozen renal tissue sections embedded in OCT were fixed in precooled acetone for 15min, blocked with 1%BSA for 30 min and then incubated with IFN-γ (catalog no. AF-585-NA, R&D), IL-17 (catalog no. 374218, Santa Cruz), FoxP3 (catalog no. 53876, Santa Cruz), F4/80 (catalog no. ab16911, abcam), or CD206 (catalog no. ab64693, abcam) at a dilution of 1:100 overnight at 4°C, followed by secondary anti-goat IgG (catalog no. NL001, R&D), Cy3-labeled goat anti-mouse IgG (catalog no. A0521, Beyotime) or goat anti-rabbit IgG Alexa Fluor-488(catalog no. ab150081, abcam). After staining, the cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI), and images were obtained using confocal microscopy(400x).



Isolation of Bone Marrow-Derived Macrophages (BMDMs) and Induction of M2 Macrophages

Bone marrow-derived macrophages were isolated from male C57/BL6 mice, as previously described (20), using F4/80 (macrophage marker) and CD11b (myeloid marker), and double-positive macrophages were confirmed with a high purity (about 94.9% of F4/80-positive and CD11b-positive cells on day 7 of culture in vitro) (Supplementary Figure 2). Briefly, 6-week-old mice were sacrificed, and femur and tibia bone marrow cells were flushed into phosphate-buffered saline (PBS) that contained 2% heat-inactivated fetal bovine serum (FBS), followed by centrifuging at 500g for 5min and lysis with RBC lysis buffer (BOSTER, Wuhan, China). The cells were then suspended in 15% L929-conditioned medium (RPMI-1640 medium containing 10% FBS, 1% penicillin/streptomycin, and 15% L929 cell culture supernatant) and left to adhere for 24 hrs at 37°C in an atmosphere of 5% CO2. The adherent cells were re-plated in a six-well plate with 15% L929-conditioned medium at a density of 1x10^6 per well for seven days to obtain BMDMs with the medium being changed every two days. The BMDMs were then exposed to high glucose in the presence or absence of HPS for 48 hrs: (1) Control group (8mM glucose); (2) HG group (35mM glucose); (3) HG+HHPS group (35mM glucose +50uM HPS); (4) HG+MHPS group (35mM glucose +25uM HPS); (5) HG +LHPS group (35mM glucose +12.5uM HPS).

Besides, M2 macrophages were obtained through addition of 20ng/ml of recombinant murine IL-4 (cat no.21414, Peprotech) to the bone marrow cells before incubation at 37°C with 5% CO2 for 36 hrs to induce the differentiation of BMDMs into M2 macrophages.



Real-Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated from kidney tissues or HG-induced macrophages in vitro using Trizol reagent (Qiagen, San Diego, CA, USA) following the manufacturer’s instructions. 1ug RNA was reversely transcribed to cDNA using Oligo(dT)15 primer and superscript reverse transcriptase (Promega Corporation, Madison, WI). Target gene expression was quantified by real-time PCR using SYBR Green Supermix and the ABI Real-Time PCR Reaction System (Bio-Rad Laboratories). PCR conditions were described as the following: denaturation at 95°C for 3 min, followed by 40 cycles at 95°C for 15 s, 57°C for 30 s, and 72°C for 30 s, with final elongation at 72°C for 10 min. A mouse housekeeping gene β-actin was selected as the internal control. Three independent experiments were performed by calculating the relative mRNA levels using 2-△△Ct methods with values normalized to the reference gene β-actin. The primer sequences (Sangon Biotech, Shanghai, China) that were used are listed in Table 2.


Table 2 | The primer sequences used in quantitative real-time PCR.





Purification of Splenic T Cells

The purification of CD3+ T cells was carried out by nylon wool columns as described previously (21). Briefly, spleens from 6-week male C57/BL6 mice were gently and mechanically disassociated through a 70um cell strainer and lysed with RBC lysis buffer (BOSTER, Wuhan, China) to obtain splenic cells suspension. Autoclaved and sterile nylon fibers (0.5g) were put into a 10mL column, and then the column was equilibrated by 20mL warm RPMI-1640 medium, sealed and incubated at 37°C and 5% CO2 for 1 hour. Spleen cells (1x10^8) were added to the column, sealed and incubated at 37°C and 5% CO2 for 1 hour. Cells subjected to nylon wool purification were resuspended with 2mL warm RPMI-1640 medium, and the column was washed with 2mL warm RPMI-1640 twice. Finally, cells were collected, centrifuged and resuspended for further experiment.



Co-Culture of M2 Macrophages and T Cells

Transwell coculture of mouse M2 macrophages and T cells was performed using a 24-well multi-well chamber and polycarbonate membranes (0.4-um porous). Briefly, T cells were collected and seeded in the upper 24-well transwell plate (5x10^4 cells/well) with 10ng/mL IL-2 (Peprotech, USA) and 1x PMA/ionomycin (Multi-Science Biotechnology, China) in complete RPMI-1640 medium, while M2 macrophages were cultured in the lower 24-well transwell plate (5x10^5 cells/well) with complete RPMI-1640 medium in the absence or presence of different concentrations of HPS for 72 hrs. After co-culture, T cells were collected and centrifuged (400g, 4°C, 5min) for flow cytometric analysis.



Cell Proliferation Assays

T cell proliferation in the coculture was determined using Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) Cell Proliferation Assay and Tracking Kit (Beyotime, China). For CFSE staining, T cells were isolated, purified and resuspended to 1x10^6 cells/ml in 1x CFSE cell labeling solution at 37°C for 10 min, followed by centrifuging and washing with RPMI-1640 complete medium. After the coculture, CFSE-labeled T cells were collected to perform co-further culture with M2 macrophages for 72 hrs, and finally analyzed using a flow cytometer (Novocyte Quanteon). Data were interpreted as the percentage of proliferated cells.



Flow Cytometric Analysis

Single-cell suspensions from spleens were prepared as the following. Briefly, spleens from the db/m and db/db mice were minced and filtered through 40μm nylon meshes, and then the splenic cells were suspended in PBS and lysed with red blood cell-lysis buffer, followed by centrifuging (400g, 4°C) for 5min. As for the bone marrow-derived macrophages (BMDMs), they were first isolated and cultured as described above. Then the splenic T cells and BMDMs were incubated with fluorochrome-conjugated Abs against various surface makers at room temperature for 30 min, including APC-conjugated anti-mouse F4/80 (catalog no. 123116, Biolegend), V450- Rat anti-mouse CD11b (catalog no. 560455, BD), FITC-conjugated anti-mouse CD86 (catalog no. 105005, Biolegend) and PE-Cyanine7-conjugated anti-mouse CD206 (MMR) (catalog no. 25-2061-82, eBioscience). To observe the effects of HPS on the generation of Th2 and Treg cells in a co-culture model of M2 and T cells, T cells were cultured in medium containing 1x BFA/Moensin (Multi-Science Biotechnology, China) for 8 hrs before cells were collected. The T cells were centrifuged, washed and incubated with APC anti-mouse CD4 Ab (catalog no. 100516, Biolegend). For intracellular staining, the cells were permeabilized using FoxP3/Transcription Factor Fixation/Permeabilization Concentrate and Diluent Kit (eBioscience, USA) and then stained with brilliant Violet 421-anti-mouse FoxP3(catalog no. 126419, Biolegend) and PE anti-mouse IL-4 Abs (catalog no.554389, BD). For cell proliferation assays, T cells were first labeled with CFSE before coculture. After 48 hrs of the coculture, T cells were collected, centrifuged, resuspended, and incubated with APC anti-mouse CD4 Ab (catalog no. 100516, Biolegend). Cells finally were analyzed via a flow cytometer (Novocyte Quanteon).



Statistical Analysis

All data were expressed as mean ± standard deviation (SD) and analyzed using Graphpad Prism 8.0 software (San Diego, CA, USA). One-way ANOVA with a one-tailed Student’s t-test was used to identify significant differences in multiple comparisons. The post hoc comparisons using the Student-Newman-Keuls tests were performed for inter-group comparisons of multiple variables. A probability of P < 0.05 was considered to be statistically significant.




Results


Hyperoside (HPS) Reduces Albuminuria and Improves Glycolipid Metabolism Dysfunction in db/db Mice

We first determined the effects of HPS on proteinuria as well as glycolipid metabolism in db/db mice. Compared with control db/m mice, the levels of urine albumin-creatine ratio (UACR), body weight (BW), fasting blood glucose (FBG), total cholesterol (TC), and low-density lipoprotein-cholesterol (LDL-C) were significantly higher in db/db mice (Figure 1). Administration of HPS (either 40 or 80mg/kg/day) for 12 weeks resulted in a significant reduction of these indicators in db/db mice (Figure 1 and Table 3).




Figure 1 | Clinical and metabolic parameters in four groups of mice: db/m, db/db, db/db +LHPS, and db/db +HHPS mice. (A) Body weight (g), (B) Urine albumin-to-creatinine ratio (UACR) (mg/g), (C) Fasting blood glucose (FBG) (mmol/L), (D) Total cholesterol (TC) (mmol/L), and (E) Low density lipoprotein-cholesterol (LDL-C) (mmol/L) were measured after HPS treatment. db/m, non-diabetic normal control mice; db/db, DN mice treated with distilled water; db/db+ LHPS or HHPS, db/db mice treated with 40 (LHPS) or 80 mg/kg/day (HHPS) of HPS, respectively. Data are presented as the mean ± SD (n=6-7, with individual donors shown as dots, ##P < 0.01 vs db/m; *P < 0.05 and **P < 0.01 vs db/db).




Table 3 | The effects of Hyperoside pre-treatment on clinical and metabolic parameters of db/db mice.





HPS Improves Renal Morphological Abnormalities in db/db Mice

Mesangial matrix expansion and glomerular basement membrane thickening were observed in the kidneys of db/db mice and were ameliorated in HPS-treated db/db mice (Figure 2A). The mesangial expansion index and glomerulosclerosis index, indicating the progression of the mesangial changes in DN, were significantly increased in db/db mice compared to db/m control mice. However, HPS treatment for 12 weeks significantly decreased both the mesangial expansion index and glomerulosclerosis index, resulting in a reduction of renal mesangial expansion and extracellular matrix accumulation in db/db mice (Figures 2B, C).




Figure 2 | Hyperoside ameliorates mesangial matrix expansion in glomeruli of db/db mice. The db/db mice were treated with HPS, while control mice receiving vehicle treatment were administered with the same volume of vehicle used to prepare HPS. (A) Renal morphology was analyzed by H&E staining on kidney sections while glomerular mesangial matrix fractions and glomerulosclerosis were analyzed using PAS staining in mice at the age of 12 weeks. Figures for representative sections are shown at ×400 magnification. (B) Shown is quantification of the glomerulosclerosis index (GSI) for each group. (C) The PAS stained areas for each group are also quantified. Values (mean ± SD) were obtained from 3 animals in each group (n=3 per group). Differences between experimental groups were evaluated using ANOVA (##P < 0.01 vs db/m; **P < 0.01 vs db/db; ns, not significant). db/m, non-diabetic normal mice; db/db, diabetic nephropathy mice; db/db +LHPS, diabetic nephropathy group mice treated with a low dose of HPS; db/db+HHPS, diabetic nephropathy group mice treated with a high dose of HPS; H&E, Hematoxylin and Eosin; PAS, Periodic Acid–Schiff.





HPS Treatment Reduces Total Macrophages and Chemokine MCP-1 in db/db Mice

To determine an impact of HPS on total macrophage numbers in the kidney of db/db mice, immunohistochemistry (IHC) staining was performed. We found that compared to control db/db mice, administration of HPS remarkedly decreased the number of CD68-positive macrophages in the renal tissue, although they were significantly increased in control db/db mice compared to non-diabetic db/m control mice (Figures 3A–E). On the other hand, IHC staining also showed that HPS significantly reduced MCP-1 expression in the kidney tissue of db/db mice (Figures 3F–J), indicating that overall, HPS is anti-inflammatory in murine DN.




Figure 3 | Immunohistochemical staining of CD68 and MCP-1 in glomeruli and interstitial areas (×400, bar=20um) of the kidney in db/db mice. Immunohistochemical analysis of CD68-positive (A–D) and MCP-1-positive cells (F–I) was performed after HPS treatment. The color was developed by incubating with diaminobenzidine and counterstaining with hematoxylin (Magnification x 400). Shown also is quantification of the CD68+ (E) or MCP-1+ area (J). The data are presented as the mean ± SD (n = 5 per group, ##P < 0.01 vs db/m; *P < 0.05 and **P < 0.01 vs db/db, with each symbol color representing a particular group).





HPS Alters the Balance of Pro-Inflammatory and Anti-Inflammatory Cytokines in db/db Mice

Quantitative real-time PCR analysis was performed to measure the gene expression of the inflammatory cytokines and chemokines in the kidney of db/db mice. We found that HPS treatment decreased the gene expression of the pro-inflammatory cytokines/chemokines, including iNOS, MCP-1, IFN-γ, IL-17 and TNF-α, in the renal tissue, whereas it increased the expression of anti-inflammatory cytokines Arg-1 and IL-10 (Figure 4). Our results suggest that HPS indeed exerts anti-inflammatory effects in a murine model of DN.




Figure 4 | Hyperoside reduces the expression of proinflammatory cytokines while increasing the expression of anti-inflammatory cytokines in the kidney. Quantitative real-time PCR analysis of the proinflammatory cytokines iNOS (A), TNF-α (B), IL-17 (C), MCP-1 (D) and IFN-γ (E), and anti-inflammatory cytokines Arg-1 (F) and IL-10 (G) in the kidney tissue in four groups following HPS treatment: db/m, db/db, db/db +LHPS, and db/db +HHPS mice. Relative mRNA expression levels were normalized to β-actin. Data are representatives of three independent experiments and presented as means ± SD (n = 6 per group, #P < 0.05 and ##P < 0.01 vs db/m; *P < 0.05 and **P < 0.01 vs db/db; ns, not significant).





HPS Promotes M2 Macrophage Polarization in the Kidney of db/db Mice

Immunofluorescence staining was performed to determine the effects of HPS on M2 macrophage polarization in the kidney of db/db mice since M2 macrophages play an important role in controlling renal inflammation. The results showed that expression of F4/80, a marker of total macrophage population, was increased in the kidney of db/db mice compared to db/m mice while HPS treatment significantly reduced its expression (Figures 5A, C). On the other hand, the downregulated expression of M2 macrophage marker CD206 in the kidney of db/db mice was markedly increased by HPS (Figures 5B, D). The results indicate that HPS reduces renal inflammatory injury in db/db mice via promoting M2 macrophage polarization.




Figure 5 | The M2 macrophage polarization in the kidney of db/db mice treated with Hyperoside. Immunofluorescence staining showed that Hyperoside promoted the polarization of M2 macrophages and reduced total number of macrophages in the kidney. (A) Macrophages were stained for F4/80 (red) in glomeruli of db/db mice by immunofluorescence after Hyperoside treatment. (B) M2 macrophages were stained for CD206 (green) in glomeruli of db/db mice by immunofluorescence. DAPI was used to stain the cellular nucleus. (Original magnification: ×400. Scale bars = 50 μm). Shown is also quantification of F4/80 (C) and CD206 expression (D), as presented as MFI.  (n=5 per group, ##P < 0.01 vs db/m; **P < 0.01 vs db/db).





HPS Promotes Splenic M2 Macrophage Generation in db/db Mice

Flow cytometric analysis showed that HPS reduced the total population of splenic MØ macrophages (F4/80+CD11b+) in both db/db +LHPS and db/db +HHPS mice (Figures 6A, D). The decreased percentage of F4/80+CD11b+CD206+ cells in spleen of db/db mice was significantly increased after HHPS treatment (Figures 6C, F). We also found a downward trend for the percentage of F4/80+CD11b+CD86+ cells in db/db mice treated with HHPS. However, there were no statistically significant changes in the percentage of F4/80+CD11b+CD86+ cells in control db/db mice, compared to db/m control mice or HPS treated db/db mice (Figures 6B, E). These data indicate that HPS promotes splenic M2 macrophage generation in db/db mice.




Figure 6 | The M2 macrophage polarization in the spleen of db/db mice treated with Hyperoside. After HPS treatment, the phenotypes and percentages of MØ (F4/80+CD11b+) (A, D), M1 (CD86+ gated on F4/80+CD11b+) (B, E) and M2 (CD206+ gated on F4/80+CD11b+) macrophages (C, F) in the spleen of db/db mice were determined via flow cytometry. Data are presented as mean ± SD (n = 5 per group, #P < 0.05 and ##P < 0.01 vs db/m; *P < 0.05 and **P < 0.01 vs db/db; ns, not significant).





HPS Also Reduces Protein Expression of Proinflammatory Cytokines Associated With CD4+ T-Cells but Increases FoxP3 Expression in the Kidney of db/db Mice

To explore whether HPS restores the balance of Th cell subsets or cytokines, we investigated the biological effects of HPS on the protein expression of IFN-γ, IL-17 and FoxP3 in the renal tissue using immunofluorescence (IF) staining. We found that HPS treatment significantly downregulated IFN-γ and IL-17 expressions (Figures 7A, B) but upregulated the expression of FoxP3 in the kidney of db/db mice compared to that of control db/db mice (Figure 7C). The same results were confirmed when MFI was analyzed statistically (Figures 7D–F), indicating that HPS can alter the balance of Th1/Th17/Treg cells.




Figure 7 | The effects of Hyperoside on the imbalance of T cell differentiation in the kidney. Immunofluorescence staining shows the expressions of CD4+ T-cell associated cytokines, IFN-γ [red, (A)], IL-17 [red, (B)], and Foxp3 [red, (C)] in kidney tissue of db/db mice treated with HPS. Quantitative analyses of IFN-γ (D), IL-17 (E), and Foxp3 (F) expressions in kidney tissue were also performed (Original magnification: ×400, scale bar = 50 μm). Values are presented as the means ± SD. Differences between experimental groups were evaluated using ANOVA. (n = 5 per group, #P < 0.05 and ##P < 0.01 vs db/m; **P < 0.01 vs db/db; ns, not significant).





HPS Alters the Balance of Pro-Inflammatory and Anti-Inflammatory Cytokines in BMDMs In Vitro Under High Glucose Condition

To examining whether HPS could reverse the inflammatory responses in vitro, bone marrow-derived macrophages (BMDMs) were incubated and divided into five groups: (1) Control group (8mM glucose); (2) HG group (35mM glucose); (3) HG+HHPS group (35mM glucose +50uM HPS); (4) HG+MHPS group (35mM glucose +25uM HPS); (5) HG+LHPS group (35mM glucose +12.5uM HPS). Compared with the control group (low glucose), upregulation of pro-inflammatory cytokines, including iNOS, TNF-α, IL-17, MCP-1 and IFN-γ (Figures 8A–E), and downregulation of anti-inflammatory cytokines Arg-1 and IL-10 (Figures 8F, G) were observed in HG group, indicating that HG can trigger an inflammatory response in vitro, mimicking a diabetic condition in vivo. Compared with the HG group, however, HG plus HPS groups reduced mRNA levels of M1 macrophage-associated pro-inflammatory mediators iNOS, TNF-α, IL-17, MCP-1 and IFN-γ (Figures 8A–E), while the mRNA levels of anti-inflammatory cytokines Arg-1 and IL-10 (Figures 8F, G) were increased in the group with high concentrations of HPS. These data suggest that HPS can diminish pro-inflammatory responses stimulated by HG in BMDMs.




Figure 8 | Effects of Hyperoside on the gene expressions of the proinflammatory and anti-inflammatory cytokines in high glucose (HG)-induced BMDMs. BMDMs were treated with high glucose (35mM) for 48 hrs, followed by pretreatment with high-dose HPS (HHPS) (50uM) or low-dose HPS (LHPS) (12.5uM), and then related mRNA expression was determined by qRT-PCR. Relative mRNA expressions of the proinflammatory cytokines iNOS (A), TNF-α (B), IL-17 (C), MCP-1 (D) and IFN-γ (E), and anti-inflammatory cytokines Arg-1 (F) and IL-10 (G) were shown. Values are presented as means ± SD with n = 5 per group. Differences between experimental groups were evaluated using ANOVA (#P < 0.05 and ##P < 0.01 vs Control; *P < 0.05 and **P < 0.01 vs HG; ns, not significant). HG, high glucose treated group; HG+LHPS, high glucose and low dose of HPS treatment group; HG+MHPS, high glucose and middle dose of HPS treatment group; HG+HHPS, high glucose and high dose of HPS treatment group.





Hyperoside Promotes M2 Macrophage Formation in High Glucose (HG)-Induced BMDMs

We then examined the effects of HPS on macrophage polarization in vitro. BMDMs were pretreated with HG to mimic the in vivo diabetic condition. M1/M2 macrophage polarization was determined via flow cytometry and represented as mean fluorescence intensity (MFI). The percentage of F4/80+/CD206+ BMDMs was significantly decreased in the presence of HG, but increased after HPS treatment (Figures 9B, D), indicating that HPS promotes M2 macrophage polarization, which otherwise is inhibited by HG. Meanwhile, we found that the proportion of F4/80+/CD86+ cells had an upward trend in HG-induced BMDMs and a downward one with a high concentration of HPS treatment (HHPS) (Figures 9A, C), yet without a statistical significance. These results indicate that the promotion of M2 macrophage formation may be critical for HPS mediated anti-inflammatory effects in BMDMs in the face of HG.




Figure 9 | Hyperoside promotes M2 macrophage polarization in high glucose (HG)-induced BMDMs in vitro. BMDMs were treated with high glucose (35mM) for 48 hrs, followed by pretreatment with high-dose HPS (HHPS) (50uM) or low-dose HPS (LHPS) (12.5uM), and then collected for flow cytometric analysis. The results showed that there was no significant difference in the proportion of F4/80+/CD86+ macrophages between groups with or without Hyperoside treatment (A, C). However, the proportion of F4/80+/CD206+ macrophages was decreased in BMDMs with high glucose but increased after Hyperoside treatment (B, D). Differences between experimental groups were evaluated using ANOVA (#P < 0.05 vs Control; *P < 0.01 vs HG; ns, not significant). HG, high glucose treated group; HG+LHPS, high glucose and low dose of HPS treatment group; HG+HHPS, high glucose and high dose of HPS treatment group.





HPS Inhibits T Cell Proliferation and Drives T Cell Differentiation Towards Th2 and Treg Populations in a Co-Culture Model of T Cells/M2 Macrophages

Given that M2 macrophages affect Treg/Th cell differentiation, we examined the effect of HPS on T cell proliferation and Th2/Treg generation in the coculture of T cells and M2 BMDMs. As shown in the Figure 10, T-cell proliferation was inhibited by addition of M2 macrophages to the coculture (MT) as compared with T cell culture alone (T) without M2 macrophages (Figures 10A, D), while compared with the coculture group of M2 plus T cells (MT), HPS showed more effective inhibition of T cell proliferation (Figures 10A, D). Hence, these results indicate that M2 macrophages suppress T cell proliferation and that HPS plus M2 macrophages can further enhance their suppression of T-cell proliferation. Furthermore, we asked whether HPS also affected the differentiation of T cells co-cultured with M2 macrophages. As shown in Figure 10, more T cells co-cultured with M2 macrophages expressed Th2 cytokine IL-4 (CD4+IL4+) (Figures 10B, E) and FoxP3 (CD4+Foxp3+) (Figures 10C, F) than T cells without M2 macrophages.




Figure 10 | Hyperoside suppresses T cell proliferation while increasing Th2 or Foxp3+ Treg generation in the co-culture with M2 macrophages. T cells cocultured with M2 macrophages at a ratio of 1:10 (T cell/M2 macrophages) were treated with high-dose HPS (HHPS) (50uM) or low-dose HPS (LHPS) (12.5uM) for 72hrs, and then analyzed via flow cytometry. (A, D) For proliferation assays, T cells were first labeled with CFSE before the co-culture, and the CFSE dilution of CFSE-labeled CD4+T cells was detected by flow cytometry. Flow cytometric analysis showed T-cell proliferation was inhibited by addition of M2 macrophages to the coculture system, and the inhibition was further enhanced by HPS. (B, E) The percentage of IL4-expressing CD4+ T cells was increased by HPS treatment compared with a control group (MT). (C, F) The percentage of CD4+Foxp3+ T cell subsets was also increased by HPS treatment compared with a control group (MT). Differences between experimental groups were evaluated using ANOVA (#P < 0.05 and ##P < 0.01 vs T group; *P < 0.05 and **P < 0.01 vs MT group). T, T cells alone; MT, T cells cocultured with M2 macrophages; MT+LHPS, T cells cocultured with M2 macrophages treated with low-dose HPS (12.5 μM); MT+HHPS, T cells cocultured with M2 macrophages treated with high-dose HPS (50 μM).



Interestingly, compared with the M2 and T cell coculture group (MT) alone, the groups treated with HPS (MT+LHPS or +HHPS) showed further upregulation of the frequency of Th2 (CD4+IL4+) (Figures 10B, E) and CD4+Foxp3+ Treg cells (Figures 10C, F). These results indicate that HPS may enhance the ability of M2 macrophages to suppress inflammation by promoting T cell differentiation into Th2/Treg subsets.




Discussion

Proteinuria or albuminuria is a clinical risk of the onset and development of diabetic nephropathy (DN) (22, 23). The results of this present study showed that Hyperoside (HPS) dramatically attenuated albuminuria, which is usually accompanied by dyslipidemia and obesity in db/db mice. We also investigated the mechanisms underlying effects of HPS on DN and revealed that HPS regulated inflammation by promoting M2 macrophage polarization in addition to shifting Th cell balance towards Treg and Th2 cells, thus attenuating the pathogenesis of DN. This study provides a rationale for developing HPS as a drug for the treatment of DN.

In this study, a significantly higher urine albumin-to-creatinine ratio (UACR), hyperglycemia, and an increase in body weight, LDL-C and TC in db/db mice suggested that the animals developed DN. When compared with db/db mice, significant decreases in UACR were observed in HPS-treated db/db mice, suggesting that HPS ameliorated proteinuria in diabetic mice. In addition, the levels of fast blood glucose, LDL-C, TC, and body weights were significantly reduced after treatment with HPS, indicating that it exerted an effect on hyperglycemia and hyperlipidemia. However, the parameters of the renal function, such as Scr and BUN, were not significantly improved by HPS. The effects of HPS on hyperglycemia, hyperlipidemia and renal function index is not totally consistent with the report by Zhang J et al (24), which showed that HPS decreased the Scr in DN mice, although it did not affect the glucose and lipid metabolism. This discrepancy may be due to the differences in animal models used in these two studies. The db/db mice used in our study have a background of C57BLKS/J strain, which is a widely used mouse model for type 2 diabetes and an approved model of albuminuria associated with DN, and the renal function in these diabetic mice declines at 15-18 weeks without a significant change of serum biochemical indicators, whereas Zhang et al. used low-dose of STZ to induce type 1 diabetes in rats, resulting in obvious deterioration in serum renal function indicators. In the present study, we confirmed the potential protective effects of HPS on glomerulosclerosis in DN. When db/db mice were treated with HPS, their histopathology was remarkably improved, which was still consistent with the findings by Zhang L et al (25) that HPS was involved in the epigenetic regulation of glomerulosclerosis.

Our results demonstrated that HPS exerted an anti-inflammatory effect on DN by regulating macrophage polarization. Macrophages are one of the most abundant innate immune cells in renal tissue of individuals with DN. Activation of macrophages plays a key role in renal inflammatory injury in DN (26). Recently, the role of M1/M2 macrophage polarization in DN progression has been paid more attention (27, 28). M1 macrophages produce large amounts of pro-inflammatory cytokines iNOS, TNF-α, MCP-1, and other pro-inflammatory mediators that amplify inflammation, resulting in further damages during DN pathogenesis (29, 30). On the other hand, M2 macrophages inhibit renal inflammation and ameliorate injury by secreting anti-inflammatory cytokines, such as IL-10 and Arg-1 (31, 32).

Accumulating evidence has suggested that the levels of proinflammatory factors (proinflammatory cytokines and chemokines) increase with the development of DN and are independently associated with urinary albumin excretion in DN (33, 34). Proinflammatory cytokines that are synthesized and secreted by macrophages in the local microenvironment can directly damage the renal architecture and then trigger the renal fibrosis (35). Therefore, regulation of M1/M2 macrophage phenotypes exhibits anti-proteinuric and renoprotective effects on DN progression (36–38). However, there have been few studies exploring drugs that can regulate macrophage polarization in DN. In this study, we demonstrated that HPS effectively regulated macrophage polarization by shifting proinflammatory M1 macrophages to M2 ones, resulting in the inhibition of proinflammatory macrophage infiltration in the kidney, and thus altered the balance of pro-inflammatory and anti-inflammatory cytokines in db/db mice and in BMDMs in vitro. Taken together, our results indicated that the anti-inflammatory effects of HPS via the regulation of M1/M2 macrophage polarization may be critical for the direct attenuation of proteinuria and improvement of renal tissue damage.

As reported previously, the inflammation and its progression result from not only innate immune responses dominated by macrophage-mediated effects, but also the adaptive immune responsiveness mediated by lymphocytes. Consistently, in addition to the regulation of macrophage polarization, our study showed that HPS also altered the balance of Th1/Th17/Treg cells. Th1 and Th17 cells have been positively associated with renal damages in DN (39). The hallmark of Th1 and Th17 cells is the production of two cytokines interferon γ (IFNγ) and interleukin (IL)-17, which are abundant in diabetic kidneys and play important roles in the development and progression of inflammatory injury in DN (40, 41). Targeting Th17 cells by mycophenolate mofetil or IL-17A neutralizing antibody could attenuate albuminuria and tubulointerstitial fibrosis in mice with DN (6, 42). On the other hand, Treg cells expressing a specific transcription factor forkhead box P3 (FoxP3) have been implicated in the inhibition of DN progression by suppressing the activation of effector T-cells and exerting anti-inflammatory activity (43). Depletion of Tregs exacerbated diabetic-associated renal injury in db/db mice, whereas the adoptive transfer of Tregs or induction of Tregs had the opposite effect (44–48). Studies have reported that Th17/Treg imbalance contributed to the development and progression of DN (41, 45, 49), and reversing the imbalance by Dapagliflozin attenuated albuminuria and tubulointerstitial fibrosis independently of glycemic control in db/db mice (50). Therefore, the renoprotective effects of HPS in this study may be also associated with its reversal of Th1/Th17/Treg imbalance.

Interaction of renal tissue macrophages with T cells produces various reactive oxygen species, proinflammatory cytokines, metalloproteinases and growth factors, which in turn enhance the local immune responses and increase inflammation within the kidney in DN (7, 51, 52). Given that HPS remarkedly promoted M2 macrophage polarization in HG-induced BMDMs, we performed co-culture of M2 macrophages and T cells and found that HPS could enhance the ability of M2 macrophages to promote T cell differentiation into Treg and Th2 subsets. Regulation of T-cell proliferation and differentiation by macrophages are well documented in various disease settings, including DN (29, 53, 54). Although the mechanisms of crosstalk between these cells are not clear, it has been reported that M2-polarized macrophages can produce Th2-type and anti-inflammatory cytokines that in turn inhibit T-cell proliferation (55). Therefore, the renoprotective effects of HPS may be attributed to its contribution to the shift of macrophage polarization towards an anti-inflammatory M2 phenotype, which then modulate Th1/Th2 or Th17/Treg balance and thus suppress renal inflammation.

In conclusion, we demonstrated that HPS ameliorates renal inflammatory injury in DN via promoting macrophage polarization from an M1 to M2 phenotype and CD4+ T cell differentiation into Th2 and Treg populations. Moreover, HPS may enhance the ability of M2 macrophages to suppress inflammation by indirectly promoting T cell differentiation into Th2/Treg subsets. Our findings may be implicated for the treatment of DN in clinic. Further studies on how HPS modulates macrophage polarization are warranted.
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Although the primary organ has been the subject of intense investigation in the field of organ fibrosis over the past several decades, the presence of lymph node fibrosis due to persistent activation of the immune response in its partner organ remains largely unknown. Previously, we demonstrated that activation of the immune response following ischemia-reperfusion injury (IRI) and crescentic glomerulonephritis (CGN) in the kidney was associated with extracellular matrix (ECM) production by fibroblastic reticular cells (FRCs) of the kidney-draining lymph node (KLN). Here, we sought to determine whether FRCs in the KLN become similarly fibrogenic following unilateral ureteral obstruction (UUO) of the kidney. We subjected 6–8-week-old C57BL/6J mice to UUO for 2, 7, and 14 days. We examined the microarchitecture of the kidney and KLN by immunofluorescence staining at each timepoint, and we quantified immune cell populations in the KLN by flow cytometry. The contralateral kidney unaffected by UUO and its partner KLN were used as controls. We found through immunofluorescence staining that FRCs increased production of ECM fibers and remodeled the microarchitecture of the UUO KLN, contributing to fibrosis that mirrored the changes in the kidney. We also observed by flow cytometry that the populations of CD11b+ antigen-presenting cells, CD11c+ dendritic cells, and activated CD4+ and CD8+ T cells were significantly higher in the UUO KLN than the KLN draining the unaffected contralateral kidney. Expression of the TGFβ/TGFβR signaling pathway was upregulated and colocalized with FRCs in the UUO KLNs, suggesting a possible mechanism behind the fibrosis. Both release of ureteral ligation at 2 days following UUO and depletion of FRCs at the time of injury onset halted the progression of fibrosis in both the kidney and the KLN. These findings for the first time highlight the association between fibrosis both in the kidney and the KLN during UUO, and they lay the groundwork for future studies that will investigate more deeply the mechanisms behind the connection between FRCs and KLN fibrosis.
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Introduction

Organ fibrosis has been the subject of intense research over the decades, but the development of fibrosis in draining lymph nodes (DLNs) due to the inflammation and injury responses in the upstream tissues remains unknown.

Lymph nodes (LNs) are the primary sites where the adaptive immune response is determined following injury to the corresponding organ, and increasing evidence indicates that the stromal compartment of DLNs is essential to striking a balance between immunity and tolerance (1). Fibroblastic reticular cells (FRCs) are the major cells that populate the stromal compartment of the T cell zone in the DLN, and they perform several essential functions that maintain the structural and immunological homeostasis of DLNs, including the production of extracellular matrix (ECM) fibers (2). We have demonstrated previously the critical importance of the activity of FRCs in the kidney-draining lymph node (KLN) to the immune response in mouse models of renal ischemia-reperfusion injury (IRI) and crescentic glomerulonephritis (CGN) (3, 4). FRCs inhibit pro-inflammatory properties of T cells through direct contact (1). The loss of the tolerogenic effects of this contact, due to separation of T cells from FRC by the buildup of ECM fibers, may lead to an unchecked local adaptive immune response that results in organ fibrosis. In the IRI study, we found that fibrotic remodeling of the KLN correlated with a higher severity of renal damage following recurrent IRIs (4). However, the importance of FRCs and deposition of ECM in the stromal compartment of the KLN to kidney damage during unilateral ureteral obstruction (UUO) have not been studied before.

UUO is a common preclinical model of chronic kidney disease, and its correlate of obstructive nephropathy in human patients is an important cause of renal damage that occurs commonly following compression of the ureter, often by a malignant intraabdominal or intrapelvic lesion (5). Major advantages to UUO as an in vivo model of renal damage include its role as a model of both acute and subacute kidney injury as well as the presence of the contralateral kidney in the animal as a negative control. Numerous previous studies have detailed the molecular pathways that cause fibrosis of the kidney during UUO, and blockade or ablation of these signaling cascades holds major clinical significance for potential prevention of chronic kidney disease (6, 7). Although the presence of a single functional kidney in UUO precludes the usefulness of serological markers, such as blood urea nitrogen (BUN) and serum creatinine (Cr), for assessment of renal damage, the accumulation of fibrosis in the obstructed kidney correlates with its loss of function over time (7). This fibrosis in the obstructed kidney during UUO has been investigated extensively across many years and by a multitude of investigators, but nobody has found whether similar changes occur simultaneously in the stromal compartment of the KLN.

In this study, we performed UUO in mice and examined the correlation between fibrosis in the kidney and ECM deposition by FRCs in the KLNs up to 14 days following ureteral ligation. We found that the density of ECM fibers increased in the UUO KLNs over time, and that FRCs in the KLN produced these fibers. Early release of ureteral ligation 2 days following UUO halted the progression of fibrosis in both the kidneys and KLNs. Ablation of FRCs also resulted in less extensive fibrosis in both the kidney and KLN. These observations reveal new mechanisms of LN fibrosis and set the stage for investigating the utility of entirely innovative therapies targeting FRCs as a novel adjunct treatment for organ fibrosis, for which no therapy exists currently.



Materials and Methods


Mice

6-8-week-old C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were used in all experiments. UUO was performed by ligation of the left ureter as described (7), and the mice were euthanized 2, 7, or 14 days following the operation. Kidneys and KLNs were harvested at the time of euthanasia and stored at appropriate temperatures for subsequent analysis.



UUO Release

The UUO release (R-UUO) model was achieved as described by Cochrane et al. (8). Ureteral ligation was performed on the left kidney, and the clamp was removed under general anesthesia 2 days or 7 days after the UUO surgery. The UUO release mice were euthanized at 21 days following UUO. Animal studies were approved and conducted according to the Institutional Animal Care and Use Committee of Brigham and Women’s Hospital, Boston, MA.



FRC Depletion Using DT

CCL19-Cre (CCL19Cre [Tg (CCL19-cre)489Biat] mice were originally a gift from Shannon Turley (Genentech, South San Francisco, CA). C57BL/6-Gt (ROSA)26Sortm1 (HBEGF)Awai/J (C57BL/6-iDTR) mice were purchased from Jackson Laboratories. The C57BL/6-iDTR mice were backcrossed with the CCL19-Cre mice to create CCL19-Cre x iDTR mice, a transgenic mouse strain of C57BL/6 background in which FRCs can be depleted significantly following administration of diphtheria toxin (DT) (3, 9). These mice were injected with 100 ng of diphtheria toxin (DT) intraperitoneally (i.p.) daily for 5 days following UUO (Days 0-4) to deplete FRCs. CCL19-Cre x iDTR mice that did not receive DT were used as the control group.



Immunofluorescence Staining

KLNs were frozen and sectioned with a cryomicrotome. After blocking with 3% (vol/vol) bovine serum albumin in phosphate-buffered saline (PBS) for nonspecific antigens, sections were incubated overnight with primary antibodies at 4°C, followed by secondary conjugated antibodies for 1 hour at room temperature. The following antibodies were used: rat anti-MECA79 (Novus Biologicals, 1:200), goat anti-PDPN (R&D Systems, 1:200), rabbit anti-fibronectin (Abcam, 1:300), rabbit anti-collagen I (Abcam,1:300), rabbit anti-LYVE-1 (Abcam, 1:300), fluorescein (FITC)-conjugated rat anti-LYVE-1 (BioLegend, 1:100), and rat anti-TGFβR1 (Santa Cruz, 1:200). The secondary antibodies used were either FITC-anti-rat, Cy3-anti-rabbit/goat, or aminomethylcoumarin acetate (AMCA)-anti-goat (Jackson ImmunoResearch, 1:200). Images were captured using a EvosFL Auto2 fluorescence microscope. Areas of positive staining were assessed semi-quantitatively by ImageJ software (NIH). Statistical analysis was performed using two-tailed Student’s t tests by Prism (GraphPad Software, Inc).



Real-Time PCR Experiments

Kidneys and KLNs were stored at -80°C after harvest from the mice. RNA from KLNs was isolated by Direct-zol RNA Miniprep Plus kit (Zymo research, Irvine, CA), as per the manufacturer’s protocol. The following primers were used: Gapdh forward 5’-AGCCACATCGCTCAGACAC-3’ and reverse 5’-GCCCAATACGACCAAATCC-3’; Tgfb1 forward 5’-CAACAATTCCTGGCGTTACCTTGG-3’ and reverse 5’-GAAAGCCCTGTATTCCGTCTCCTT-3’; Tgfbr1 forward 5’-TGCCATAACCGCACTGTCA-3’ and reverse 5’-AATGAAAGGGCGATCTAGTGATG-3’; Tgfbr2 forward 5’- AGCATCACGGCCATCTGTG-3’ and reverse 5’-TGGCAAACCGTCTCCAGAGT-3’; Smad7 forward 5’-GGGCTTTCAGATTCCCAACTT-3’ and reverse 5’-CACGCGAGTCTTCTCCTCC-3’; Bmp7 forward 5’-CAAGCAGCGCAGCCAGAATCG-3’ and reverse 5’-CAATGATCCAGTCCTGCCAGCCAA-3’.



Flow Cytometry

KLNs were harvested at time of euthanasia, then crushed and filtered through a 70-μm cell strainer. The resulting single-cell suspension was centrifuged at 1,500 rpm for 5 minutes, resuspended in DMEM, then counted manually utilizing 0.4% trypan blue (Thermo Fisher Scientific) to exclude dead cells. The cell suspension was placed in 96-well round-bottom plates for intracellular cytokine staining. The cells were first incubated with phorbol 12-mystirate 13-acetate (100 ng/ml) (Sigma-Aldrich), ionomycin (1 mg/ml) (Sigma-Aldrich), and GolgiStop protein transport inhibitor (BD Biosciences, San Jose, CA) at 37°C for 4 hours. Then the cells were washed and stained according to standard protocols, and flow cytometry was performed via BD FACSCanto II flow cytometer (BD Biosciences). Results were analyzed using FlowJo software (FlowJo LLC). All antibodies were purchased from BD (Becton Dickinson Franklin Lakes, NJ).



Electron Microscopy

KLNs were fixed in Karnovsky fixative and processed as previously described (4). Sections were visualized using an FE-SEM (Zeiss Crossbeam 540), using the aSTEM detector.



Statistical Analysis

Data are presented as means ± SEM. Differences between two groups were analyzed for significance by unpaired two-tailed Student’s t test, and differences among groups were analyzed for significance by analysis of variance (ANOVA). P values less than 0.05 were considered significant. All statistical analysis was performed using GraphPad Prism.




Results


Podoplanin (PDPN)+ FRCs Produce ECM Fibers More Extensively in UUO KLNs

As the prominent cells of the stromal compartment in DLNs, FRCs are PDPN+ resident stromal cells that support the integrity of the microarchitecture by producing ECM. We have demonstrated previously the importance of ECM deposition and fibrosis in the KLN to the pathogenesis of two other preclinical kidney disease models: renal ischemia-reperfusion injury (4) and glomerulonephritis (3), In those studies, we found that the activity of FRCs is critical to the fibrogenesis in the KLN. However, the contributions of FRCs and ECM deposition in the KLN to the pathogenesis of UUO have not been investigated. Therefore, we examined the KLNs in the UUO model at different time points following ureteral ligation for histological evidence of these changes. To identify the contribution of FRCs in the KLNs after UUO, we investigated whether PDPN colocalized with the ECM markers collagen 1 and fibronectin through immunofluorescence staining. We noticed that the collagen 1 and fibronectin fibers colocalized with PDPN+LYVE-1- cells, the molecular signature consistent with FRCs, at 2 days, 7 days, and 14 days (Days 2, 7, and 14) following UUO (Figures 1A, B). In addition, the density of collagen fibers was significantly higher in the UUO KLN than the KLN draining the unaffected contralateral kidney at all three time points, and the fibronectin fiber density was significantly higher at Days 7 and 14. Moreover, we found through co-staining of PDPN+ cells with αSMA, PDGFRβ, and vimentin that FRCs in the UUO KLNs expressed significantly higher levels of these fibrosis markers than those in the contralateral KLNs (Figures 1C–E and Supplementary Figures 1A–C). Electron micrographs of the UUO KLN at Day 14 also revealed evidence of extensive ECM deposition within fibrils extending from FRCs (Supplementary Figure 1D). This fibrosis was also reflected in a higher overall density of ECM fibers in the UUO KLNs, as indicated by Masson’s trichrome stain (Supplementary Figure 1E).




Figure 1 | Contribution of FRCs to increase in ECM density in the KLN over time. (A) Fluorescence micrographs of Lyve-1+ lymphatic vessels (green), collagen 1 fibers (red), and PDPN+ cells (blue) demonstrate increased density of collagen I fibers and colocalization with Lyve-1-PDPN+ FRCs through Day 14. Semiquantitative analysis and comparison of collagen I+-stained area between the UUO and contralateral (control) KLNs show significantly higher density of collagen 1+ fibers normalized to DAPI-positive area in the UUO KLN at all time points (n=15 random fields of sections from 3 mice). (B) Fluorescence micrographs of Lyve-1-PDPN+ FRCs (blue) and fibronectin fibers (red) show increased density of fibronectin fibers and colocalization with FRCs through Day 14. Semi-quantitative analysis and comparison of fibronectin+-stained area shows significantly higher density of fibronectin fibers at Days 7 and 14 in UUO KLN as compared to contralateral (control) KLN (n=15 random microscopic fields of sections from 3 mice). (C–E) Fluorescence micrographs of UUO KLN and contralateral (control) KLN sections at Day 14 demonstrate increased expression of (C) α-SMA (green), (D) PDGFRβ (green), and (E) vimentin (green), and increased colocalization (yellow) with PDPN+ FRCs (red) in UUO KLN at Day 14 (DAPI nuclear stain, blue). Data represented by means ± SEM. *p < 0.05, **p < 0.01.





Antigen-Presenting Cells Infiltrate the KLN, and T Cells Are Activated Within the KLN Following UUO

The position of the KLN as the primary secondary lymphoid organ that drains the kidney situates it as the prime site for modulation of adaptive immunity in the kidney, through regulation of the interplay between the innate and adaptive immune responses. Therefore, we sought to investigate this interaction by determining whether macrophage infiltration and T cell activation increase concurrently in the KLN following UUO. We stained the KLNs for CD11b+ antigen-presenting cells by immunofluorescence, and we found that they increased progressively through Day 14 (Figure 2A). Semiquantitative analysis indicated that the CD11b+ macrophage population was higher in the UUO KLN than the contralateral KLN; although the comparison did not quite reach significance (p=0.06) at Day 7, a significant increase (p<0.01) was observed at Day 14 (Figure 2B). In addition, the CD11c+ dendritic cell population was significantly higher in the UUO KLN, as quantified by flow cytometry (Figure 2C). Moreover, flow cytometric analysis revealed that the TNFα-producing CD4+ and CD8+ T cell populations and IFNγ-producing CD8+ T cell population were significantly higher in the UUO KLN (Figures 2D–F). The UUO KLN also contained a higher population of CD4+IFNγ+ cells, although this comparison did not achieve significance (Figures 2F, G). Finally, we stained the KLNs for LYVE1+ lymphatics, through which antigen-presenting cells likely traffic from the kidney to the KLN (10, 11), and MECA79+ high endothelial venules, through which naïve T cells enter the KLN from the systemic circulation. We found that the expansion of LYVE1+ lymphatic vessels peaks at Day 14, when the lymphatic vasculature is significantly more extensive than in the contralateral KLN (Supplementary Figures 2A, B).




Figure 2 | Infiltration of antigen-presenting cells and activation of lymphocytes in the UUO KLN. (A, B) (A) Fluorescence micrographs of CD11b+ antigen-presenting cells (green) and (B) semiquantitative analysis of CD11b+ staining normalized to DAPI+ area (blue) indicate that the density of CD11b+ antigen-presenting cells increases in the UUO KLN over time, and it is significantly higher than the contralateral (control) KLN at Day 14. (C–G) Flow cytometric analysis of KLNs at Day 14 indicate significantly higher percentages of (C) CD45+CD11c+ dendritic cells, (D) CD4+TNFα+ T cells, (E) CD8+TNFα+ T cells, (F) CD8+IFNγ+ T cells, and higher percentage of (G) CD4+IFNγ+ T cells in the UUO KLN than the contralateral (control) KLN at Day 14 (n=3-4 mice). Data represented by means ± SEM. *p < 0.05, **p < 0.01. NS, not significant.





TGFβ/TGFβR1 Pathway Is Activated in the KLN Following UUO

Expression of TGFβ has been linked to fibrosis in secondary lymphoid organs in preclinical HIV models, suggesting a possible signaling pathway that could be responsible for the fibrosis observed in the KLN (12). Hence, we interrogated whether the TGFβ/TGFβR1 pathway is activated in the KLN following UUO. We found through co-staining of PDPN+LYVE-1- cells with TGFβR1 that FRCs in the UUO KLNs expressed higher amounts of TGFβR1 than those of contralateral KLNs (Figure 3A), indicating a possible route for the increase in fibrosis. Gene expression levels of TGFβ, TGFβR1, TGFβR2, the GFβ regulator Smad7, and the TGFβ family member BMP-7 were all significantly higher in the UUO KLNs at Day 7 as compared to the contralateral KLNs (Figure 3B). These data suggest that the TGFβ signaling pathway could function as a chief mediator of ECM production by FRCs in the KLN during UUO.




Figure 3 | TGFβ/TGFβR signaling pathway is active in the UUO KLN. (A) Fluorescence micrographs of UUO and contralateral (control) KLNs demonstrate co-staining (yellow) of TGFβR1 (green) with PDPN+ FRCs (red) through Day 14. (B) RT-PCR shows significantly higher expression of TGFβ, TGFβR1, TGFβR2, Smad7, and BMP-7 in UUO KLN than contralateral KLN at Day 7. Each sample was performed in duplication (n=3). Data represented by means ± SEM. *p < 0.05, **p < 0.01.





Release of Ligation at 2 Days Following UUO Halts Kidney and KLN Fibrosis but Does Not Alter the Course at 7 Days

A major question within the field of chronic kidney disease is whether the fibrosis associated with impaired kidney function can be reversed. Previous studies of UUO mouse models have sought to answer this question by releasing the ligated ureter at various time points following UUO. These experiments have demonstrated mixed results— the fibrosis that occurs in the kidney following UUO may or may not reverse after the obstruction has resolved (8, 13, 14). However, whether the fibrosis in the KLN resolves following release of ureteral ligation has never been published. Here, we released the ureter from ligation at Day 7 and euthanized the mice at Day 21. Then, we performed immunofluorescence staining to compare the fibrosis in both the kidney and the KLN to the corresponding organs of the mice in which the ureter remained ligated for 21 days. First, we found no significant difference in the extent of fibrosis between the two kidneys, as shown by both collagen I and fibronectin (Figures 4A, B). Then, we sought to determine whether this persistence in fibrosis is reflected in the KLN, and we found by immunofluorescence staining that the density of ECM fibers in the KLN was also similar between the UUO and R-UUO groups (Figure 4C). Then, we investigated whether releasing the ureteral ligation at an earlier time point could halt progression of fibrosis by releasing the ureters at Day 2 and euthanizing the mice at Day 21. The fibrosis in the R-UUO KLN, as determined by collagen 1 and fibronectin staining, was significantly less dense than the UUO KLN (Figures 4D, E). Semiquantitative analysis indicated that the density of collagen I fibers in the R-UUO KLN also was significantly lower, as compared to the UUO KLN (Figure 4F).




Figure 4 | Release of UUO (R-UUO) at Day 2 halts fibrosis in the kidney and KLN but has no effect at Day 7. (A, B) Fluorescence micrographs of collagen 1 fibers (green) and fibronectin fibers (green) reveal no difference in fibrosis between the UUO and R-UUO kidneys at Day 21 following release of ureteral ligation at Day 7 (PDPN glomerular stain, red; DAPI nuclear stain, blue). (C) Fluorescence micrographs of collagen 1 fibers (red) demonstrate no difference in fibrosis between the UUO and R-UUO KLNs at Day 21 following release of ureteral ligation at Day 7 (DAPI nuclear stain, blue). (D, E) Fluorescence micrographs and semiquantitative analysis show significantly higher density of (D) collagen 1 fibers (green) and (E) fibronectin fibers (green) normalized to DAPI-stained area (blue) in UUO kidneys than R-UUO kidneys at Day 21 following release of ureteral ligation at Day 2 (PDPN glomerular stain, red) (n=15 random microscopic fields of sections from 3 mice). (F) Fluorescence micrographs and semiquantitative analysis show significantly higher density of collagen 1 fibers (green) normalized to DAPI-stained area (blue) in UUO KLNs than R-UUO KLNs at Day 21 following release of ureteral ligation at Day 2 (n=15 random microscopic fields of sections from 3 mice). Data represented by means ± SEM. *p < 0.05, **p < 0.01.





Depletion of FRCs Is Associated With Less Extensive Fibrosis in the Kidney and KLN Following UUO

As demonstrated here in Figure 1, FRCs colocalize closely with the nidus of fibrogenesis that appears in the KLN following UUO. Therefore, we investigated whether FRCs are the major source of fibrosis in the UUO KLN, through the use of CCL19-Cre x Rosa26-diphtheria toxin receptor (CCL19-Cre x iDTR) mice, a transgenic mouse strain of C57BL/6 background in which FRCs can be depleted significantly following administration of diphtheria toxin (DT) (3, 9). We demonstrated in previous studies of renal IRI and CGN in mouse models that depletion of FRCs was associated with lower kidney damage (3, 4). Here, we sought to determine whether depletion of FRCs would exert similar amelioration of kidney injury following UUO. In this model, we injected C57BL/6 mice with 100 ng of DT daily on 5 days following UUO and euthanized the mice at Day 14. Semiquantitative analysis of immunofluorescence staining of the KLNs revealed significantly lower density of collagen I (Figure 5A) and fibronectin fibers (Figure 5B) following depletion of FRCs in comparison to the CCL19-Cre x iDTR mice that did not receive DT. Interestingly, this reduction in fibrosis in the KLN was accompanied by a similar significant decrease in fibrosis in the kidneys of the mice that underwent FRC depletion, as reflected by immunofluorescence staining of collagen I and fibronectin (Figures 5C, D). CCL19+ cells were non-existent in the control (contralateral) kidney, and they were present in sparse amounts in the UUO kidney. However, these few CCL19+ cells did not co-stain with PDPN (Supplementary Figure 3). These observations reflect our earlier findings in models of renal IRI and CGN (3, 4), and they reinforce the concept that the FRCs in the KLN function as prominent arbiters of the direction of the immune response and fibrogenesis observed in the kidney following renal injury.




Figure 5 | Depletion of FRCs reduces fibrosis in KLNs and kidneys following UUO. (A, B) Fluorescence micrographs and semiquantitative analysis reveal significantly lower density of (A) collagen 1 fibers (green) and (B) fibronectin fibers (green) normalized to DAPI-stained area (blue) in KLNs from CCL19-Cre x iDTR mice following FRC depletion (+DT) at Day 14 (n=5 random microscopic fields of sections from 3 mice). (C, D) Fluorescence micrographs and semiquantitative analysis reveal significantly lower density of (C) collagen 1 fibers (green) and (D) fibronectin fibers (green) normalized to DAPI-stained area (blue) in kidneys from CCL19-Cre x iDTR mice following FRC depletion (+DT) at Day 14 (PDPN glomerular stain, red) (n=15 random microscopic fields of sections from 3 mice). Data represented by means ± SEM. *p < 0.05, **p < 0.01.






Discussion

Organ fibrosis is a major subject of investigation, but little is known about fibrosis of the corresponding DLN. Similarly, the importance of LNs to the generation of adaptive immunity is well-established, but the impact on the immune response of massive, continuous changes to the stromal compartment of a DLN during chronic organ dysfunction represents a less explored area of research.

DLNs receive lymphatic drainage from their corresponding organs via afferent lymphatic vessels. This anatomical position situates DLNs as prime surveillance sites for the immunological milieu in the organs from which they collect the lymph. Moreover, millions of naive immune cells enter LNs via HEVs daily. Therefore, DLNs are dynamic organs wherein antigens are shuttled continuously via lymphatics by dendritic cells that present them to T cells that arrive via HEVs (15, 16).

FRCs are the prominent cells of the paracortical stroma in DLNs, and they have a well-characterized dual phenotype, typified by both pro-inflammatory and immunoregulatory properties (17). These multifaceted aspects of FRCs are apparent during the immune response to organ injury, as they proliferate and produce ECM during the early phase, expanding the size of the LN and permitting space for the influx of lymphocytes and antigen-presenting cells (18). However, during the late phase, these pro-inflammatory properties of FRCs must resolve, or the FRCs must adopt anti-inflammatory properties to permit the LN to return to its steady state and prevent prolonged inflammation, which can result in fibrosis of the LN (18). Interestingly, Gregory et al. have shown that an expanded FRC network with quiescent gene expression in the LN is associated with the resolution of a viral infection, and this “primes” the LN to respond to future infections (19). On the other hand, dysregulation of the stromal compartment of the LN results in fibrosis, as has been described in studies of patients infected with human immunodeficiency virus (HIV) (20). Therefore, perturbation of this fragile balance in between healing and fibrosis in the LN that leads to hypersecretion of ECM fibers by FRCs is one possible mechanism behind the fibrosis we have observed in the KLN following recurrent or continuous kidney injuries in the IRI and UUO models, respectively.

The interactions of FRCs with T cells are crucial particularly to guiding the direction of adaptive immune responses that contribute to organ damage following an immunogenic or non-immunogenic insult (21). Though we have demonstrated the importance of FRCs in the KLNs to the pathogenesis of a classically cell-mediated disease, such as CGN (3), we have also shown that the activity of FRCs is equally critical to kidney damage in an insult of primarily vascular origin, such as IRI (4). In the latter investigation, we demonstrated that fibrosis within the kidney caused by repetitive IRI was associated with fibrosis and dysregulation of the stromal compartment of the KLN (4). This fibrosis may have interfered with anti-inflammatory effects of FRCs, for which contact with T cells are requisite.

In this study, we sought to determine whether the microarchitecture of the KLN was subject to similar changes as the kidney became fibrotic during UUO, and whether FRCs were implicated in these changes. We found that production of collagen 1 and fibronectin fibers by FRCs led to dramatic remodeling of the KLN stroma during UUO. Interestingly, we found that both fibers increased in the UUO KLN over time, and this increase occurred in parallel to the expansion of the lymphatic vasculature.

LN fibrosis has been described previously in preclinical models of human/simian immunodeficiency virus (HIV/SIV) infection, and pronounced scarring is seen at late stages (12, 22). This scarring has been attributed to sequelae from chronic activation of the immune response (12). However, LN fibrosis has not been studied extensively in other models. Here, we establish for the first time that the KLN undergoes frank fibrosis during UUO. The data from this study in combination with the findings from our previous investigations of renal IRI and CGN suggest that FRC activation in the KLN is a common correlate of the immune activation caused by kidney injury, irrespective of its primary origin—immunogenic or non-immunogenic. Thus, the process of FRC activation and ECM deposition in the KLN appears to be a common pathway following immune-mediated, ischemic, and mechanical sources of kidney injury. However, the specific mechanisms by which fibrosis in the KLN impact immunity and kidney damage remain unclear.

CD11c+ dendritic cells have been found previously to circulate between the kidney and the KLN constitutively in usual states of health (10, 23) and to migrate to the KLN following immune challenge with ovalbumin in mice (11). Here, we demonstrate similarly that the population of CD11b+ and CD11c+ antigen-presenting cells in the KLN increases following UUO. This increase is accompanied by a higher population of activated CD4+ and CD8+ T cells in the UUO KLN, a finding that reflects previous data following ovalbumin administration, IRI, and CGN (3, 4, 11). These expanding T cell subsets could migrate subsequently to the kidney. In future studies, we could investigate whether these CD4+ and CD8+ T cells and their descendants home to the kidney during UUO following adoptive transfer of fluorescently labeled naïve T cells in lymphocyte-deficient RAG-1-/- mice.

Organ fibrosis is thought to be an irreversible condition, during which organ function is lost irretrievably in part due to dysregulation of the stromal compartment. In contrast, the stromal compartment of the LN has the capacity to regenerate following extensive scarring. This capability may arise from the fact that leukocytes vastly outnumber the stromal cells in the LN, which constitute merely ~1% of the cellular population (24). Furthermore, the beneficial effects of preventing the remodeling of the KLN stroma may be suggested by our finding that administering unstimulated FRCs to mice undergoing recurrent renal IRI halted fibrotic changes in the KLN and blunted renal damage (4). Therefore, future investigations could test the efficacy of FRC therapy as a method of prevention for organ fibrosis. Whether administering FRCs will reverse fibrosis in the DLN is another important question that also must be addressed.

The balance between expression of the pro-inflammatory, fibrogenic phenotype and immunoregulatory phenotype in FRCs of the UUO KLN could be crucial to the pathogenesis of kidney injury in this model. TGFβ is known as an important cytokine involved in organ scarring and fibrosis, and our study suggests that activation of the TGFβ-TGFβR signaling pathway should be examined more closely in FRCs of the UUO KLN for its effect on their expression of ECM genes. The source of the TGFβ gene expression in the UUO KLN is unclear, although the antigen-presenting cells that arrive from the kidney are potential culprits. Future research is needed to identify the signaling pathways that govern the important transition of FRCs to an immunoregulatory phenotype, as these pathways are not well understood currently. The lymphotoxin-β receptor (LTβR) signaling pathway is one possible mechanism responsible for control of this phenotypic switch, as previous studies have highlighted its importance in guiding the activity of FRCs during an immune response (1). Thus, blockade of signals that govern formation of the pro-inflammatory phenotype of FRCs and enhancement of those that potentiate anti-inflammatory their properties could serve to reduce kidney damage following UUO.
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Chronic allograft dysfunction (CAD) is the major cause of late graft loss in long-term renal transplantation. In our previous study, we found that epithelial–mesenchymal transition (EMT) is a significant event in the progression of renal allograft tubulointerstitial fibrosis, and impaired autophagic flux plays a critical role in renal allograft fibrosis. Everolimus (EVR) has been reported to be widely used to prevent the progression of organ fibrosis and graft rejection. However, the pharmacological mechanism of EVR in kidney transplantation remains to be determined. We used CAD rat model and the human kidney 2 (HK2) cell line treated with tumor necrosis factor-α (TNF-α) and EVR to examine the role of EVR on TNF-α-induced EMT and transplanted renal interstitial fibrosis. Here, we found that EVR could attenuate the progression of EMT and renal allograft interstitial fibrosis, and also activate autophagy in vivo. To explore the mechanism behind it, we detected the relationship among EVR, autophagy level, and TNF-α-induced EMT in HK2 cells. Our results showed that autophagy was upregulated upon mTOR pathway inhibition by EVR, which could significantly reduce expression of TNF-α-induced EMT. However, the inhibition of EVR on TNF-α-induced EMT was partly reversed following the addition of autophagy inhibitor chloroquine. In addition, we found that TNF-α activated EMT through protein kinase B (Akt) as well as nuclear factor kappa B (NF-κB) pathway according to the RNA sequencing, and EVR’s effect on the EMT was only associated with IκB-α stabilization instead of the Akt pathway. Together, our findings suggest that EVR may retard impaired autophagic flux and block NF-κB pathway activation, and thereby prevent progression of TNF-α-induced EMT and renal allograft interstitial fibrosis.
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Introduction

Renal transplantation has long been regarded as the best therapeutic intervention for patients with end-stage organ failure in recent years (1). While immunosuppression induced by the calcineurin inhibitors tacrolimus (FK506) or cyclosporine A (CsA) has significantly improved short-term graft survival in kidney transplantation, a satisfactory rate of long-term renal allograft survival has not been achieved over the last two decades (2). Chronic allograft dysfunction (CAD), formerly known as chronic allograft nephropathy, is the most prevalent cause of late renal graft loss in kidney transplantation and has a significant impact on the long-term survival of the transplanted kidney (3).

CAD is characterized by glomerulosclerosis, peritubular capillary loss, chronic inflammation and interstitial fibrosis/tubular atrophy (IF/TA) (4). Interstitial fibrosis is an essential factor in determining the outcome of the renal allograft, although the underlying mechanisms are unknown. Several studies, including our previous research, have demonstrated that renal graft interstitial fibrosis is characterized by the accumulation of extracellular matrix (ECM), as a result of increasing fibroblasts and myofibroblasts (5, 6). Myofibroblasts are formed from a variety of distinct cell types, including epithelial cells, endothelial cells, bone marrow-derived fibroblasts, and microvascular pericytes (7, 8). The epithelial–mesenchymal transition (EMT) is the process through which epithelial cells gradually lose their markers, such as E-cadherin, and gain mesenchymal markers such as α-smooth muscle actin (α-SMA) (9). It is divided into several subtypes, with type 2 EMT being involved in tissue regeneration, wound healing, and organ fibrosis (10). EMT occurs as an inherent mechanism to support neovascularization and cardiac healing; this could imply that EMT plays a prosthetic and protective role in pathogenesis following myocardial infarction (11). However, Andugulapati et al. demonstrated that they could inhibit pulmonary fibrosis in vitro and in vivo by suppressing the transforming growth factor-β (TGF-β)-mediated EMT, myofibroblast differentiation, and collagen deposition. Thus, EMT has been implicated in the development of pulmonary fibrosis by generating collagen-producing myofibroblasts (12). Additionally, it was demonstrated that EMT plays a critical role in renal fibrosis. In the unilateral ureteral obstruction mice model, EMT-related protein Vimentin expression was required for renal fibrosis (13). The characteristics of EMT that are essential for wound healing also link EMT to interstitial fibrosis of the transplanted kidney. Our previous study established that EMT aggravated renal allograft interstitial fibrosis in CAD patients (14).

Organ fibrosis is a complex process involving numerous cytokines and growth factors. Among them, tumor necrosis factor-α (TNF-α) is first synthesized as transmembrane TNF-α, which is then cleaved by the TNF-α converting enzyme to release secretory TNF-α into the bloodstream and exert its effects (15). Several studies have already established a link between TNF-α and renal fibrosis; for example, TNF-α acted as a central mediator of a broad range of biological activities in kidney tubules, including cell proliferation, cell death, differentiation, as well as induction of inflammation and immune modulation, indicating that TNF-α was involved in obstructive kidney disease and diabetic nephropathy fibrosis (16). Our previous research established that TNF-α may activate EMT progression and that process was a critical mediator of renal graft interstitial fibrosis via regulation of ECM synthesis (14). Thus, inhibiting TNF-α-induced EMT could improve the survival of renal allografts.

Everolimus (EVR) is a pharmacological agent that was previously used to treat some types of solid tumors. EVR is approved by the Food and Drug Administration (FDA) for the treatment of metastatic renal cell carcinoma, advanced pancreatic neuroendocrine tumors, and advanced hormone receptor-positive breast cancer (17). EVR was recently reported to be used in some foreign clinical trials for anti-rejection therapy following kidney transplantation. According to the clinical study findings, EVR can significantly improve assessed glomerular filtration rate when compared to no change in the CsA group; however, it is associated with several adverse events (18, 19). In addition, a number of other pharmacologic actions of EVR have also been reported in some fibrotic diseases. According to the latest research, it has been reported that EVR attenuates tacrolimus-induced renal interstitial fibrosis in rats through suppressed TGF-β1 production (20). However, one research demonstrated that EVR led to serious pulmonary fibrosis and interstitial pneumonitis after administration in some cancer patients (21). Similarly, EVR also has the double face during the progression of EMT and fibrosis in in hepatic stellate cell and human liver cancer cells (22). Regrettably, the precise anti-fibrosis functional role of EVR in rat kidney transplant CAD model is not fully expounded. Previous studies always focused on the immunosuppression role of EVR. Therefore, a thorough examination of the underlying pharmacological mechanisms of EVR is critical for CAD prevention.

EVR, like Sirolimus and Tamsilorimus, exerts its anti-rejection effect by inhibiting the mammalian target of rapamycin (mTOR), a phosphoinositide 3-kinase-related protein that regulates cell cycle, protein synthesis, angiogenesis, and autophagy (23). Our research group previously revealed that ATG16L-dependent autophagic flux decreased gradually over time following kidney transplantation. In that study, we found that autophagy was downregulated in CAD patients and decreased LC3 predicted poor prognosis in CAD patients (24). Additionally, autophagy and EMT are two critical regulators of organ fibrosis progression and are closely related according to recent evidence (25). Just as autophagy plays a dual role in a variety of diseases, it also has a dichotomous effect in EMT, depending on the cell type and stage of fibrosis progression. Several investigations demonstrated that autophagy promoted EMT by upregulating the expression of an integrin-linked kinase, whereas autophagy enabled epithelial cells to acquire a mesenchymal phenotype (26). On the other hand, other results suggested that autophagy promoted TGF-β2-induced fibrosis by expressing the EMT phenotype during posterior capsular opacification (27). Therefore, the interaction between autophagy and EMT is complex and environment-specific.

In light of these findings, we postulated that EVR contributes to the prevention of interstitial fibrosis through modulating EMT. In this study, we revealed that EVR alleviated the progression of EMT and improved autophagic flux in kidney-transplanted rats. We then found that TNF-α-induced EMT was inhibited when the autophagy level was altered using EVR. Additionally, we investigated autophagy-independent potential underlying mechanisms of EVR using RNA sequencing. We found that the nuclear factor-κB (NF-κB) pathway was involved in TNF-α-induced EMT and that EVR could reverse this pathway activation by specifically stabilizing IκB-α.



Results


EVR Prevented Allograft Renal Function Impairment and Renal Interstitial Fibrosis in CAD Rat Model

In order to explore the effect of EVR on renal allograft function and renal interstitial fibrosis progression in CAD rat model, we applied EVR (1.5 mg/kg, i.g., qod) to the syngeneic (syn) recipient rats and allogeneic (allo) recipient rats for different times. Masson’s trichrome staining and PAS staining assays were chosen to detect the pathological and renal allograft fibrosis level in each group of rats. Masson’s trichrome staining results of transplanted kidney samples showed that the Syn group had no renal interstitial fibrosis, while renal interstitial fibrosis was found in the Allo group at 4 weeks, and aggravated after 8 weeks. The results of Masson’s trichrome staining also showed that the blue-colored collagen fibers were gradually increased at 8, 14, and 20 weeks after kidney transplantation, compared with the Syn group. PAS staining assays of kidney tissue indicated varying degrees of glomerulosclerosis, tubular atrophy, and interstitial fibrosis in the Allo group at weeks 4, 8, 14, and 20 after kidney transplantation. The tubulointerstitial damage scores represented by PAS staining and the area of renal interstitial fibrosis represented by Masson staining were shown to indicate the development of CAD and renal interstitial fibrosis after renal transplantation in rats. However, treatment with EVR could obviously reduce structural damages and collagen deposition, as shown in PAS staining and Masson’s trichrome staining assays of transplanted kidneys (Figures 1A–D).




Figure 1 | EVR prevented allograft renal function impairment and renal interstitial fibrosis in CAD rat model. (A, B) Representative images (n = 6) of Masson’s trichrome staining and PAS staining (scale bar: 25 μm) from kidneys of different treatment group rats. (C) Semi-quantitative analyses results of Masson’s trichrome staining positive area that represented the area of the renal interstitial fibrosis from kidneys of different treatment group rats. Values represented the mean ± SD (n = 6, ***p < 0.001). (D) The statistical analyses of tubulointerstitial damage scores in different treatment group rats. Values represented the mean ± SD (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001). (E–G) Changes of renal function parameters—serum Cr, BUN, and 24-h urine protein of different treatment group rats. Values represented the mean ± SD (n = 6, ***p < 0.001 compared with control group, #P < 0.05, ##P < 0.01, ###p < 0.001 compared with Allo group); EVR, everolimus; PAS, periodic acid–Schiff; Cr, creatinine; BUN, blood urea nitrogen.



Serum creatinine (Scr), blood urea nitrogen (BUN), and 24-h urine protein are the most commonly used indicators of renal function. In order to test the effect of EVR on renal allograft function, the native right kidney from recipient rats was removed during kidney transplantation. The results showed that the renal allograft function started to be continuously deteriorated in the Allo group after the resection of right kidney compared with the Syn group. However, the increases of serum Cr, BUN, and 24-h urine protein in the Allo group were downregulated and they remained at a relatively low level when rats were treated by EVR at same time (Figures 1E–G).



EVR Alleviated the Progression of EMT in CAD Rat Model

In our previous study, we proved the increase of EMT in rat allograft kidney after kidney transplantation (24). Here, we explored the role of EVR in ameliorating the progression of renal allograft EMT after transplantation. EMT is characterized by cells that gradually lose epithelial cell markers, such as E-cadherin, and gain mesenchymal or myofibroblastic phenotype, such as α-smooth muscular actin (α-SMA) and fibronectin (FN). The results of immunohistochemistry (IHC) assays revealed the remarkably high expressions of α-SMA and FN and low expression of E-cadherin in the Allo group compared with the Syn group. However, the positive areas of α-SMA and FN in transplanted kidneys were remarkably decreased and the reduction of E-cadherin was relieved after the treatment of EVR in the Allo group (Figures 2A, B). Western blot (WB) analyses results also confirmed the outcomes of IHC assays (Figures 2C, D).




Figure 2 | EVR alleviated the progression of renal tubular EMT in CAD rat model. (A) Representative IHC images of EMT markers (E-cadherin, α-SMA, and FN) in kidney sections from different treatment group rats (scale bar: 20 μm). (B) Semi-quantitative analyses results of IHC positive area in kidney sections from different treatment group rats. Values represented the mean ± SD (n = 6, **p < 0.01, ***p < 0.001). (C) Representative Western blotting results of EMT markers (E-cadherin, α-SMA, and FN) in kidney tissues from different treatment group rats. (D) Semi-quantitative analyses results of relative protein abundances of E-cadherin, α-SMA, and FN in kidney tissues from different treatment group rats. Values represented the mean ± SD (n = 6, **p < 0.01, ***p < 0.001); IHC, immunohistochemistry; α-SMA, α-smooth muscle actin; EVR, everolimus; EMT, epithelial–mesenchymal transition; FN, fibronectin.





EVR Activated Autophagy Flux in CAD Rat Model

The clinical utility of EVR is dependent on its ability to inhibit the mTOR pathway activation, which is frequently involved in protein synthesis, cell cycle and growth, angiogenesis, and autophagy. In our previous study, we discovered that autophagic flux generated by kidney transplantation gradually decreased over time (24). Therefore, we hypothesized that autophagy was involved in the effect of EVR on the progression of EMT and allograft renal interstitial fibrosis. Although IHC assays suggested that autophagy levels increased following kidney transplantation, EVR further up‐regulated LC3-II expression (Figures 3A, B). Again, WB assay results confirmed the accuracy of IHC assays and demonstrated that EVR could retard the impaired autophagic flux from 8 to 20 weeks (Figures 3C, D).




Figure 3 | EVR activated autophagy in CAD rat model. (A) Representative IHC images of LC3-II in kidney sections from different treatment group rats (scale bar: 15 μm). (B) Semi-quantitative analyses results of IHC positive area in kidney sections from different treatment group rats. Values represented the mean ± SD (n = 6, ***p < 0.001). (C) Representative Western blotting results of autophagy markers (SQSTM1 and LC3-II) in kidney sections from different treatment group rats at 8 and 20 weeks. (D) Semi-quantitative analyses results of relative protein abundances of SQSTM1 and LC3-II in kidney sections from different treatment group rats at 8 and 20 weeks. Values represented the mean ± SD (n = 6, ***p < 0.001). EVR, everolimus.





EVR Activated Autophagic Flux Through the mTOR/ULK1 Pathway in HK2 Cells

We hypothesized that EVR might affect autophagy activity in HK2 cells. SQSTM1 is an autophagy substrate; its degradation and increase in MAP1LC3B-II (LC3-II) are markers of increased autophagy activity. WB analysis revealed that EVR increased LC3-II accumulation and decreased SQSTM1 in a dose- and time-dependent manner in HK2 cells. Autophagy level was found to be significantly increased following a 4-h exposure to EVR at a concentration of 10 nM (Figures 4A–D). The transmission electron microscope was used to demonstrate the typical organized cytoplasmic structure (autophagosome and autolysosome) formation. The autophagic process is completed when the autophagosome fuses with the lysosome to produce an autolysosome in which the substrates are degraded. As shown in Figure 4E, we found that EVR-treated HK2 cells had a greater number of autophagic vacuoles than the control group (Figures 4E, F). To further investigate EVR’s role in autophagic flux regulation, we then treated HK2 cells with EVR and chloroquine (CQ), simultaneously. CQ, a known inhibitor of autophagosome–lysosome fusion, results in increased autophagosomes, implying that autophagy is inhibited. When CQ inhibits autolysosome breakdown, the sustained increase in LC3 in response to stimulation indicates that the upstream of autophagy is activated. WB analysis revealed that when EVR was combined with CQ, the abundance of LC3-II and SQSTM1 was greatly increased in HK2 cells compared to when EVR was administered alone (Figures 4G, H). This illustrated that the role of EVR was to induce autophagy upstream.




Figure 4 | EVR activated autophagic flux through mTOR/ULK1 pathway in HK2 cells. (A) Representative Western blotting results of the expressions of SQSTM1 and LC3-II in HK2 cells after EVR treatment for different dosages. (B) Semi-quantitative analyses results of relative protein abundances of SQSTM1 and LC3-II in HK2 cells after EVR treatment for different dosage. Values represented the mean ± SD (n = 6, *p < 0.05, ***p < 0.001). (C) Representative Western blotting results of the expressions of SQSTM1 and LC3-II in HK2 cells after EVR treatment for different times. (D) Semi-quantitative analyses results of relative protein abundances of SQSTM1 and LC3-II in HK2 cells after EVR treatment for different times. Values represented the mean ± SD (n = 6, ***p < 0.001). (E) Representative TEM images of autophagosomes (red double arrow) and autolysosomes (red single arrow) in HK2 cells treated with or without EVR (10 nM) for 24 h (scale bar: 2 and 500 μm). (F) Qualitative analyses results of the number of autophagic vacuoles in control and EVR treatment groups under TEM. Values represented the mean ± SD (n = 6, ***p < 0.001). (G) Representative Western blotting results of the expression of LC3-II in HK2 cells treated with EVR (10 nM) and/or CQ (20 μM) for 24 h. (H) Semi-quantitative analyses results of relative protein abundance of LC3-II in HK2 cells treated with EVR and/or CQ for 24 h. Values represented the mean ± SD (n = 6, ***p < 0.001). (I) Representative Western blotting results of the expressions of p-mTOR, mTOR, p-70S6K, 70S6K, p-4E-BP1, 4E-BP1, and ULK1 in HK2 cells after EVR treatment for different times. (J) Semi-quantitative analyses results of relative protein abundances of p-mTOR, mTOR, p-70S6K, 70S6K, p-4E-BP1, 4E-BP1, and ULK1 in HK2 cells after EVR treatment for different times. Values represented the mean ± SD (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001). TEM, transmission electron microscope; IF, immunofluorescence; EVR, everolimus; CQ, chloroquine.



mTOR signaling is critical for autophagy regulation, with activated mTOR suppressing autophagy, and blocking of mTOR inducing it. Additionally, as shown in Figure 4E, we used WB assays to detect total mTOR and mTOR phosphorylation (p-mTOR). As expected, EVR significantly blocked mTOR activity, as did phosphorylation of both 4E-BP1 and p70S6K, which are downstream mediators of mTOR in HK2 cells. Meanwhile, EVR-treated HK2 cells exhibited an increase in ULK1, one of the major downstream targets of the mTOR pathway involved in autophagy regulation. Taken together, these findings indicate that EVR can significantly increase the autophagic flux in HK2 cells via the mTOR/ULK1 pathway (Figures 4I, J).



EVR Alleviated TNF-α‐Mediated EMT, Cell Migration, and Invasion in HK2 Cells

Our previous research established that TNF-α-induced EMT plays an important role in the progression of allograft kidney fibrosis (28). HK2 cells were treated with 50 ng/ml TNF-α with or without EVR to mimic the in vivo condition. EVR significantly decreased the protein expressions of α‐SMA and FN induced by TNF-α, while partially restoring the expression of E‐cadherin (Figures 5A, B). Additionally, the results of IF staining for FN and E-cadherin revealed that EVR can inhibit the EMT progression of HK2 cells generated by TNF-α (Figure 5C).




Figure 5 | EVR alleviated the TNF-α‐mediated EMT, cell migration, and invasion in HK2 cells. (A) Representative Western blotting results of EMT markers (E-cadherin, α-SMA, and FN) and LC3-II in HK-2 cells treated with TNF-α (50 ng/ml) and/or EVR (10 nM) for 48 h. (B) Semi-quantitative analyses results of relative protein abundances of E-cadherin, α-SMA, FN, and LC3-II in HK-2 cells treated with TNF-α and/or EVR for 48 h. Values represented the mean ± SD (n = 6, **p < 0.01, ***p < 0.001). (C) Representative IF staining images of E-cadherin and FN in HK-2 cells treated with TNF-α (50 ng/ml) and/or EVR (10 nM) for 24 h (scale bar: 20 μm). (D) Representative wound healing test images on HK-2 cells treated with TNF-α (50 ng/ml) and/or EVR (10 nM) for 48 h (scale bar: 20 μm). (E) Representative transwell assay images on HK-2 cells treated with TNF-α (50 ng/ml) and/or EVR (10 nM) for 48 h (scale bar: 20 μm). (F) Semi-quantitative analyses results of relative IF staining intensity of E-cadherin and FN in HK-2 cells treated with TNF-α (50 ng/ml) and/or EVR (10 nM) for 24 h. Values represented the mean ± SD (n = 3, **p < 0.01, ***p < 0.001). (G) Quantitative analyses results of the motility index of HK-2 cells treated with TNF-α and/or EVR for 48 h; the motility index has determined by the formula “migration cell number of control group/migration cell number of the other treatment group”. Values represented the mean ± SD (n = 3, *p < 0.05). (H) Quantitative analyses results of the migration index of HK-2 cells treated with TNF-α and/or EVR for 48 h; the migration index as determined by the formula “migration cell number of the other treatment group/migration cell number of control group”. Values represented the mean ± SD (n = 3, *p < 0.05, ***p < 0.001). α-SMA, α-smooth muscle actin; EVR, everolimus; EMT, epithelial–mesenchymal transition; FN, fibronectin; TNF-α, tumor necrosis factor-α.



Additionally, we assessed changes in cell migration and invasion ability, which are highly associated with EMT. The wound healing test and Transwell assays were used to assess the acquisition of migratory and invasive capacity following treatment with TNF-α and EVR, or in their absence. TNF-α significantly increased the chemokinetic motility of HK2 cells in wound healing experiments, an effect that was reversed by EVR. EVR, similarly, significantly inhibited the TNF-α-induced chemotactic response and migration (Figures 5D–H). These findings supported the hypothesis that treating HK-2 cells with EVR could ameliorate TNF-induced EMT.



Blockade of Autophagy Promoted TNF-α‐Mediated EMT and Diminished Action of EVR on This Process

To further demonstrate the involvement of autophagy in EVR inhibition of TNF-α‐meditated EMT in vitro, we first examined the protein expression of α‐SMA, E‐cadherin, and FN in HK2 cells treated with various concentrations of TNF-α and CQ. The WB results demonstrated that CQ at 20 and 40 µM significantly promoted the progression of TNF-α‐induced EMT (Supplementary Figure 1A). Meanwhile, we found that EVR was capable of decreasing α‐SMA and FN expression while increasing E‐cadherin expression in the TNF-α+EVR group compared to the TNF-α group. Additionally, the progression of EMT was aggravated in the TNF-α+EVR+CQ group compared to the TNF-α+EVR group, and it was almost recovered with the same level of treatment with TNF-α alone (Supplementary Figure 1B). These changes in EMT marker expression were accentuated by co-stimulation with TNF-α and CQ, and the protective effect of EVR against TNF-α‐induced EMT could be recovered if CQ was used to block autophagy.



EVR Suppressed TNF-α-Mediated EMT via Blocking NF-κB Instead of Akt Signaling Pathway in HK-2 Cells

To further elucidate mechanisms of EVR on TNF-α-induced EMT, besides autophagy, we first performed whole-transcriptome RNA sequencing (RNA-seq) on HK2 cells treated with or without TNF-α. A comparison of the TNF-α group and control groups revealed that 2011 differentially expressed genes were highly expressed while 1332 genes showed decreased expression (Figure 6A). The number of downregulated differentially expression gene with log fold change (FC) value lower than minus 2 and p-value less than 0.05 is 531. The number of upregulated differentially expression gene with logFC value higher than 2 and p-value less than 0.05 is 355.




Figure 6 | EVR suppressed TNF-α-mediated EMT via blocking NF–κB instead of Akt signaling pathway in HK-2 cells. (A) The RNA sequencing results of differential genes in HK-2 cells treated with or without TNF-α (50 ng/ml) for 24 h (n = 5). (B) KEGG pathway analyses results of the top 20 KEGG enriched gene pathways base on RNA sequencing results. (C) Representative Western blotting results of the expression of p-p65 in HK2 cells after TNF-α (50 ng/ml) treatment for different times. (D) Semi-quantitative analyses results of relative protein abundance of p-p65 in HK2 cells after TNF-α treatment for different times. Values represented the mean ± SD (n = 6, ***p < 0.001). (E) Representative Western blotting results of the expressions of p-p65 and FN in HK2 cells treated with TNF-α (50 ng/ml) and/or QNZ (20 nM) for 24 h. (F) Semi-quantitative analyses results of relative protein abundances of p-p65 and FN in HK2 cells treated with TNF-α and/or QNZ for 24 h. Values represented the mean ± SD (n = 6, ***p < 0.001). (G) Representative IF staining images of p65 in HK-2 cells treated with TNF-α (50 ng/ml) and/or EVR (10 nM) for 24 h (scale bar: 50 μm). (H) Representative Western blotting results of p65 in cytoplasmic and nuclear fractions of HK-2 cells treated with TNF-α (50 ng/ml) and/or EVR (10 nM) for 24 h. (I) Semi-quantitative analyses results of relative protein abundance of p65 in HK-2 cells treated with TNF-α and/or EVR for 24 h. Values represented the mean ± SD (n = 6, *p < 0.05, ***p < 0.001). TNF-α, tumor necrosis factor-α; KEGG, Kyoto Encyclopedia of Genes and Genomes; FN, fibronectin; QNZ, NF−κB inhibitor quinazoline; IF, immunofluorescence; EVR, everolimus.



KEGG pathway analysis of the RNA-seq data revealed that a total of 167 pathways were identified, 26 of which were significantly enriched in the TNF-α group compared to the control group. Top pathways identified by KEGG analysis ranked by p-values (Figure 6B). In our previous study, we demonstrated that Akt and NF-κB signaling pathway activation was induced by TNF-α in HK2 cells. In our KEGG pathway analysis, the input gene numbers of Akt and the NF-κB signaling pathway are 82 and 28, respectively (p-value < 0.001). To corroborate the RNA-seq data, we used WB analysis to determine whether TNF-α activated the Akt signaling pathway in a time-dependent manner (Supplementary Figures 2A, B). To investigate the involvement of the Akt pathway in TNF-α-induced EMT, we suppressed Akt phosphorylation in HK2 cells using MK2206, an Akt pathway-specific inhibitor, and observed that MK2206 significantly decreased FN expression induced by TNF-α (Supplementary Figures 2C, D).

When we investigated the effect of EVR on the TNF-activated-Akt pathway, however, we found that the TNF-activated Akt pathway was not significantly inhibited by EVR intervention (Supplementary Figures 2E, F). This phenomenon could be explained by the fact that EVR acts as an inhibitor of mTOR, whereas Akt is the upstream effector of the mTOR pathway.

To investigate a second latent mechanism through which EVR inhibits TNF-α-induced EMT, we identified many important mediators and their phosphorylation levels in the NF-κB pathway, which was also significantly enriched by the KEGG pathway analysis. The results confirmed our expectations that TNF-α may promote phospho-p65 (p-p65), a marker of the NF-κB pathway activation, in a time-dependent manner (Figures 6C, D). TNF-α-induced EMT progression was reversed following treatment with QNZ, a specific inhibitor of the NF-κB pathway that inhibited p-p65 expression (Figures 6E, F). Given that p-p65 has been shown to activate the NF-κB pathway by promoting p65 nuclear translocation, we also investigated the effect of EVR on p65 nuclear translocation. The results of IF staining indicated that TNF-α promoted p65 nuclear translocation while increasing cytosolic p65 increased and decreasing nuclear p65 following the addition of EVR in TNF-α-treated HK2 cells (Figure 6G). Consistent with the IF staining results, the WB analysis of p65 protein expression in the nucleus and cytoplasm yielded the same results (Figures 6H, I).



EVR Inhibited TNF-α-Mediated EMT by Inhibiting Degradation of IκB-α in HK-2 Cells, and Skp2 Played an Essential Role in This Process

Given that phosphorylation/degradation of IκB-α precedes nuclear translocation of NF-κB and that upstream mediator IKK activates phosphorylation/degradation of IκB-α, we investigated IκB-α and IKK phosphorylation to elucidate the inhibitory effect of EVR on the upstream event of NF-κB. Then, using a Western blot assay, we identified several key downstream mediators of the NF-κB pathway in whole-cell lysates (WCL). We found that EVR significantly upregulated IκB-α and downregulated p-p65 protein in the presence of TNF-α stimulation, whereas total p65, IKK-α, and their protein phosphorylation levels remained unchanged compared to the TNF-α-treated group (Figure 7A). To ascertain if IκB-α degradation was responsible for NF-κB pathway activation, we also examined the relationship between IκB-α and ubiquitination. We found that IκB-α was coprecipitated with ubiquitin following TNF-α treatment and that this trend could be reversed by EVR (Figures 7A, B). Next, we determined whether TNF-α treatment-induced IκB-α downregulation was due to increased degradation or decreased synthesis at the transcriptional level. In contrast to IκB-α protein, NFKBIA mRNA (encoding IκB-α) was increased in TNF-α-treated cells and EVR pretreatment has no effect on this response (Figure 7C). This revealed that the EVR-mediated upregulation of IκB-α may be related to increased protein stability rather than increased mRNA expression. Therefore, we identified the roles of two major pathways—autophagy and ubiquitination, which are thought to be responsible for protein degradation on IκB-α protein levels. With TNF-α treatment, the presence of MG132, a ubiquitin–proteasome-mediated degradation inhibitor, significantly increased the stability of IκB-α protein. However, there was no significant variation in IκB-α protein levels when different concentrations of CQ were used (Figures 7D, E). The IF co-staining for ubiquitination (red immunofluorescence) and IκB-α (green immunofluorescence) also indicated that the ubiquitin–proteasome pathway was primarily responsible for IκB-α degradation (Figure 7F).




Figure 7 | EVR inhibited TNF-α-induced EMT by inhibiting degradation of IκB-α in HK-2 cells, and Skp2 played an essential role in this process. (A) Representative Western blotting results f p-IKK-α, IKK-α, IκB-α, p-p65, and p65 in WCL of HK-2 cells treated with TNF-α (50 ng/ml) and/or EVR (10 nM) for 24 h. In addition, immunoprecipitation was performed with a IκB-α antibody, and Western blot assays were used to examine the ubiquitin conjugation among the indicated groups. (B) Semi-quantitative analyses results of relative protein abundances of p-IKK-α, IKK-α, IκB-α, p-p65, and p65 in WCL of HK-2 cells treated with TNF-α and/or EVR for 24 h. Values represented the mean ± SD (n = 6, ns, not significant, ***p < 0.001). (C) Relative expression of the NFKBIA in HK-2 cells treated with TNF-α (50 ng/ml) and/or EVR (10 nM) for 24 h. Values represented the mean ± SD (n = 6, ns, not significant, **p < 0.01). (D) Representative Western blotting results of IκB-α in HK2 cells treated with TNF-α (50 ng/ml) and different concentrations of CQ (20 and 40 μM)/MG132 (10 and 20 μM) for 24 h. (E) Semi-quantitative analyses results of relative protein abundance of IκB-α in HK-2 cells treated with TNF-α and CQ/MG132 for 24 h. Values represented the mean ± SD (n = 6, ns, not significant, ***p < 0.001). (F) Representative IF co-localization staining images of IκB-α and ubiquitin in HK-2 cells treated with TNF-α for 4 or 8 h (scale bar: 50 μm). (G) The network map of E3 ubiquitin ligase related to IκB-α predicted by UbiBrowser. (H) Representative Western blotting results of Skp2, Smurf1, and Smurf2 in HK2 cells treated with TNF-α (50 ng/ml) and/or EVR (10 nM) for 24 h. (I, J) Representative Western blotting results of negative control (NC) and small interfering RNA (si-Skp2) transfection efficiency in HK2 cells. (K, L) Representative Western blotting results of IκB-α, E-cadherin, α-SMA and FN in WCL of HK-2 cells treated with TNF-α (50 ng/ml) after transfecting si-Skp2 or si-NC. Immunoprecipitation was also performed with an IκB-α antibody, and Western blot assays were used to examine the ubiquitin conjugation among the indicated groups. Values represented the mean ± SD (n = 6, *p < 0.05, ***p < 0.001). WCL, whole-cell lysates; IF, immunofluorescence; EVR, everolimus; CQ, chloroquine; α-SMA, α-smooth muscle actin; FN, fibronectin.



To elucidate the mechanism by which EVR inhibited IκB-α ubiquitination and degradation, we predicted the E3 ubiquitin ligase of IκB-α using UbiBrowser, an integrated bioinformatics platform (http://ubibrowser.ncpsb.org) (Figure 7G). According to our predicted results, we screened 3 genes (Skp2, Smurf1, and Smurf2) that were upregulated by TNF-α. Among these, EVR significantly decreased the Skp2 protein expression (Figure 7H). To further elucidate the function of Skp2 on IκB-α, Skp2 was knocked down using small interfering RNA (siRNA) (Figures 7I, J). As demonstrated in our previous study, si-Skp2 functions were similar to EVR. Knockdown of Skp2 expression decreased EMT progression and attenuated the IκB-α decrease in TNF-α-treated HK2 cells (Figures 7K, L).



EVR Upregulated IκB-α Protein and Downregulated Skp2 and p-p65 in CAD Rat Model

We used WB and IHC staining assays to confirm that IκB-α protein plays an essential role in the EVR-induced EMT inhibition in rat allograft kidneys. The results of WB demonstrated that the allo group expressed remarkably high levels of Skp2 and p-p65, and low expression of IκB-α, whereas EVR was able to reverse these proteins’ expressions (Figures 8A, B). Additionally, the IHC staining experiment corroborated the results of the Western blot assay (Figures 8C, D). These findings suggested that the mechanism by which EMT progresses in CAD allografts may be related to dysregulation of IκB-α protein degradation and that EVR may play a role in stabilizing IκB-α protein by inhibiting Skp2.




Figure 8 | EVR upregulated IκB-α protein and downregulated Skp2 and p-p65 in the CAD rat model. (A) Representative Western blotting results of Skp2, IκB-α, and p-p65 in kidney tissues from different treatment group rats. (B) Semi-quantitative analyses results of relative protein abundances of Skp2, IκB-α, and p-p65 in kidney tissues from different treatment group rats. Values represented the mean ± SD (n = 6, ***p < 0.001). (C) Representative IHC images of Skp2, IκB-α, and p-p65 in kidney sections from different treatment group rats (scale bar: 10 μm). (D) Semi-quantitative analyses results of IHC positive staining of Skp2, IκB-α, and p-p65 in kidney sections from different treatment group rats. Values represented the mean ± SD (n = 6, ***p < 0.001).






Discussion

In the present study, we demonstrated that EVR inhibited the TNF-α-induced EMT by activating autophagy and stabilizing IκB-α protein degradation, thus attenuating interstitial fibrosis in transplanted kidneys (Figure 9). TNF-α promotes EMT in HK2 cells by activating both the Akt and NF-κB pathways. However, it appeared as though EVR had an effect on NF-κB activation rather than the Akt signaling pathway. Although EVR is considered an immunosuppressive agent, it is only used in a few countries in the clinical treatment of rejection reactions. Since EVR can inhibit the mTOR pathway, it is able to regulate autophagy. However, a limited number of studies have been reported that show that EVR influences organ fibrosis through autophagy. Only one reported that EVR reduces postoperative arthrofibrosis inducing autophagy-mediated fibroblast apoptosis (29). To the best of our knowledge, this is the first study to examine the effects and underlying mechanism of EVR on renal interstitial fibrosis in CAD recipients to prevent impaired autophagic flux. Our findings provide new insights into allograft renal interstitial fibrosis treatment and prevention. Additionally, our findings revealed additional novel insights into EVR pharmacological targets that may facilitate CAD modulation. A pharmaceutical intervention that inhibits autophagy, such as EVR, is a promising first-line treatment option for patients who have undergone kidney transplantation.




Figure 9 | A model is proposed to illustrate the protective mechanisms of EVR on the pathogenesis of transplanted renal tubular EMT and interstitial fibrosis in CAD. TNF-α could induce renal tubular EMT and then promote transplanted renal interstitial fibrosis through Akt and NF-κB signaling pathway activation in CAD recipients. Of these, NF-κB signaling pathway activation was due to IκB-α decrease and p-p65 increase. On the one hand, EVR could inhibit progression of renal tubular EMT via blocking the mTOR/ULK1 pathway to activate autophagy flux directly. On the other hand, EVR could also affect Skp2 (a E3 ubiquitin ligase) activity and inhibit IκB-α ubiquitin degradation, and thus restrain progression of renal tubular EMT through impacting NF-κB pathway activation. Red arrows represent the effect of TNF-α and dark blue arrows represent the effect of EVR.



Although CAD manifests in a variety of ways and causes a variety of different forms of kidney injury, the underlying molecular process remains unknown. EMT is the initial stage of irreversible tubular injury and interstitial fibrosis, which is followed by increasing loss of renal function and eventually results in an annual loss of approximately 5% of allograft function. Unfortunately, while numerous studies demonstrated that EMT was a classic source of myofibroblasts and fibroblasts during renal fibrosis, few effective clinical therapeutic strategies for reversing the course of these modifications were discovered. We previously demonstrated that TNF-α promoted EMT in HK2 cells by activating the Akt pathway, and this process may play a critical role in exacerbating interstitial fibrosis in CAD patients with transplanted kidneys (28). Therefore, in this study, we sought to discover a novel therapeutic agent capable of reversing the course of CAD by inhibiting TNF-α-induced EMT.

Recently, due to its immunosuppressive effect, EVR has garnered much greater attention as a molecular targeting drug (18). Meanwhile, EVR has anti-pulmonary fibrosis, anti-renal fibrosis, anti-arthrofibrosis, and anti-hepatic fibrosis therapeutic potential in addition to its widespread use in traditional anti-cancer therapies (21, 29, 30). However, overall safety data for EVR in CAD patients, obtained from controlled research with the CsA group, revealed that EVR was superior to measured glomerular filtration rate (mGFR), but was associated with more adverse events (19). This study suggested that poor tolerance to EVR was closely related to its dose-limiting toxicity (19). Therefore, we investigated the dose-dependent effect of EVR on HK2 cells treated with different concentrations of EVR, i.e., 5, 10, 50, and 100 nM for 24 h. We discovered that autophagy levels were much lower in the high-dose EVR-treated group than in the control group. Therefore, when we performed other interventions with cells in this study, the concentration of EVR was strictly controlled. The findings were consistent with those from previous studies that high-dose EVR (at least more than 100 nM) could induce EMT in airway epithelial cells and exacerbate pulmonary fibrosis (31). Furthermore, other investigations revealed that the results in intact animals were consistent with the in vitro findings that high-dose EVR induced worsening of renal function, but that early treatment with a low dose of EVR was effective in preventing rat kidney injury (32). According to some reports, we assumed that this side effect of EVR was caused by excessive autophagic activation (33, 34).

We previously established that ATG16L and autophagic flux were activated in the early stages of kidney transplantation, but that autophagic flux reduced in a dynamic range at a late stage. mTOR signaling inhibition has been shown to have a positive effect on the cellular autophagy cascade (33, 35). On this basis, we hypothesized that EVR exerted its anti‐fibrosis effects through the resistance of impaired autophagic flux following kidney transplantation. To investigate the association between EVR, autophagy, and TNF-α-induced EMT in the transplanted kidneys, EVR was used at an optimum selection concentration in the CAD rat model and HK2 cells. We explored whether EVR could help alleviate renal allograft interstitial fibrosis and the progression of EMT in CAD rats. Meanwhile, autophagy was increased in the Allo+EVR group compared to rats that had only received transplantation, and EVR aided in maintaining a stable state of autophagy flux. These findings were also confirmed in HK2 cells, where EVR restored epithelial cell markers and decreased mesenchymal marker expressions in TNF-α-treated HK2 cells via autophagy activation. However, our findings appeared to contradict the findings of Nakagawa et al., that EVR-induced autophagy aggravates tubular dysfunction during kidney injury recovery (34). We hypothesized that the mechanism of action would differ according to the role of autophagy in different pathological environments.

To gain additional insights into the potential mechanisms of EVR on TNF-α-mediated-EMT, total RNA from HK2 cells treated with TNF-α and control cultures were sequenced by RNA-seq. KEGG pathway analysis revealed a significant enrichment of the Akt pathway, which is well known to regulate mTOR upstream. Therefore, we first assumed that EVR had a direct effect on TNF-α-mediated EMT via the Akt pathway. Contrary to expectations, we discovered that TNF-α could activate Akt but EVR did not affect Akt phosphorylation. However, other investigations revealed that EVR could reduce arthrofibrosis by downregulating the expression levels of p-PI3K, p-Akt, and p-mTOR (29). Additionally, RNA-seq data revealed a link between EVR and TNF-α-mediated EMT in HK2 cells via the NF-κB pathway.

Members of the IκB family include NF-κB1 (p105), NF-κB2 (p100), IκB-α, IκB-β, and IκB-ϵ. Among the IκB family proteins, IκB-α mainly mediates basal inhibition of NF-κB activity. The activated IκB kinase complex phosphorylates IκB-α, which is then followed by the ubiquitination of IκB-α and its subsequent degradation by the proteosome. External stimulatory signals first activate the IκB kinase (IKK), which subsequently phosphorylates IκB-α and decomposes the NF-κB–IκB complex. This process is a prerequisite for NF-κB pathway activation, with p-p65 nuclear translocation being the outcome (36). Therefore, we examined the effect of EVR on the expression of IKK, p-IKK, IκB-α, p65, and p-p65 proteins following TNF-α and/or EVR treatment. In general, p-IKK-mediated IκB-α phosphorylation resulted in its ubiquitination and subsequent degradation (36). Nevertheless, several investigations demonstrated that TNF-α promoted biphasic degradation of IκB-α in intestinal epithelial cells via autophagy and the proteasome (37). However, our data indicated that autophagy played a lesser role in the stabilization of IκB-α in epithelial cells of the renal tubules. According to the WB analysis results, EVR had no effect on TNF-α-activated IKK phosphorylation but inhibited IκB-α ubiquitylation degradation. Next, we performed a predictive screening of E3 ubiquitin ligases known to affect IκB-α degradation and found that EVR could decrease IκB-α degradation by inhibiting Skp2 expression. The relationship between rapamycin and Skp2 has been previously described in breast cancer (38). Coincidentally, it has been demonstrated that EVR leads to a suppression of their paracrine and accelerate osteoclast activity by interfering with the NF-κB pathway (39). However, there is no in-depth research to explain how EVR affects this pathway. Our research suggests that derivatives of rapamycin-EVR may also prevent TNF-α-induced EMT by downregulating Skp2 to inhibit IκB-α ubiquitination degradation and NF-κB pathway activation.

Our research has several limitations. The current validation of EVR’s effects on TNF-α-induced EMT and renal allograft interstitial fibrosis was conducted in an epithelial cell line and animal model, which may not accurately mimic the complexity of in vivo changes occurring during CAD progression. Although we successfully established a rat CAD model to investigate the effects of EVR on the establishment of renal tubular EMT and interstitial fibrosis in allograft kidneys, further confirmation of the role of NF-κB signaling pathway and IκB-α protein on this process may require using knockout mice. Additionally, data from patients treated with EVR after kidney transplantation are also important. At the time of reporting, no therapy with EVR had been attempted in our patients. EVR’s safety and long-term effects as an immunosuppressant must still be explored further before it is approved for clinical use.

The findings presented in this paper demonstrate that EVR can attenuate TNF-α-induced EMT and interstitial fibrosis in renal allografts. Our findings further demonstrate that EVR’s therapeutic potential is not limited to its ability to induce autophagy, but also to its effect on NF-κB signaling inactivity by inhibiting IκB-α protein ubiquitylation degradation, and Skp2 may serve as a novel target protein between EVR and IκB-α. The findings of this study provide novel insight into the role of EVR in the autophagy-dependent and autophagy-independent pathways. The development of more autophagy-targeting drugs for the treatment and prevention of renal interstitial fibrosis and CAD progression in kidney transplant recipients is expected in the near future. Altogether, the present investigation will contribute to the development of new clinical interventions for CAD patients, and EVR may be recommended as a novel option for the prevention and treatment of renal allograft interstitial fibrosis, in addition to its immunosuppressive effects.



Materials and Methods


Rats and Animal Models

First, to minimize alloimmunity, isogeneic transplants were performed between inbred rats. Based on our pervious observations (28) and on the literature (40, 41), a classical rat model of kidney transplantation was established. The stability of the genetic background in inbred rats avoided the fluctuation in the parameters. Thus, adult male Lewis (LEW/Crl; LEW) inbred rats and F344 (F344/DuCrl; CDF) inbred rats (Age 6 to 8 weeks, weight 250 ± 10.3 g) were purchased from Charles River Laboratories (Beijing, China). To observe ethical codes of research, approval of Institutional Animal Care and Use Committee at Nanjing Medical University was obtained (ID: IACUC-2010020). Animal handling was done adhering to the guidelines for animal handling at the Nanjing Medical University and the guidelines published by the US National Institutes of Health. The place for animal experiments was the Laboratory Animal Center of Nanjing Medical University.

Orthotopic left kidney transplantation was performed between F344 and Lewis rats as previously described (28). Right nephrectomy was performed simultaneously. The cold ischemia time was defined as the grafts were stored in cold saline and the warm ischemia time was defined as the period between the cessation of donor blood supply to an organ and the beginning of cold perfusion. Mean cold ischemia time for the kidney transplants was less than 30 min, and for the warm ischemia, it was less than 10 s. A low dose of cyclosporine A (5 mg/kg, qd, ip; Neoral, Novartis, Switzerland) was administered for 10 days after kidney transplantation surgery to prevent acute rejection.

Rats were randomly divided into four groups of 6 rats each before kidney transplantation: Lewis rats used as syngeneic donors were defined as the Syn group (Lewis to Lewis), Lewis rats used as recipients were defined as the Allo group (F344 to Lewis), and the Syn and Allo group rats treated with EVR (1.5 mg/kg body weight, Novartis, Basel, Switzerland) were defined as the Syn+EVR group and the Allo+EVR group. Both groups were treated with EVR or a matched vehicle by oral gavage once per 2 days, continuing for 8 to 20 weeks. Kidneys, serum, and urine samples were collected at 8, 12, 16, and 20 weeks after kidney transplantation. The levels of blood urea nitrogen and serum creatinine were measured to examine renal function by using rat QuantiChromassay kits (Jiancheng, Beijing, China). The 24-h urinary protein concentration was determined by the commercial kit (Mlbio, Shanghai, China) according to the instructions of the manufacturer.



Renal Histological Pathology Analyses

Histological analyses were performed by using periodic acid–Schiff (PAS) and Masson’s trichome staining. PAS and Masson’s trichome staining were performed as previously described (28), which was used to evaluate the severity of tubular injury (tubular lumen dilation, cast formation, tubular cell sloughing, atrophy, and basement membrane thickening) and the area of renal interstitial fibrosis separately. Two pathologists double-blindly read the pathological sections and used Image‐Pro Plus (Media Cybernetics, Rockville, MD) to quantify the morphometric changes of the transplanted kidneys.



Immunohistochemistry Staining Assay

Kidney samples were fixed in 10% neutral formalin and embedded in paraffin. Three-micrometer-thick sections were used for immunohistochemical staining assay. Simply, paraffin-embedded kidney sections were deparaffinized, hydrated, and antigen-retrieved, and endogenous peroxidase activity was quenched by 3% H2O2. Sections were then blocked with 10% normal donkey serum, followed by incubation with anti-FN (Abcam, USA), anti-α-SMA (Abcam, USA), anti-E-cadherin (Abcam, USA), anti-LC3 (CST, USA), anti-p-p65 (CST, USA), and anti-Skp2 (CST, USA) overnight at 4°C. After incubation with secondary antibody for 1 h, sections were incubated with ABC reagents for 1 h at room temperature before being subjected to substrate 3-amino-9-ethylcarbazole or 3,3′diaminobenzidine (Vector Laboratories, Burlingame, CA). The stained slides were photographed using a Nikon Eclipse 80i microscope equipped with a digital camera (DS-Ri1, Nikon, Shanghai, China).



Indirect Immunofluorescence Staining Assay

For tissue indirect immunofluorescence staining, the staining method was the same as in (24). For HK2 cell indirect immunofluorescence staining, a total of 5 × 105 cells were seeded into laser confocal dishes with a preplaced glass slide. Cells were treated by 50 ng/ml TNF-α with or without EVR for 24 h. Then, the cells were fixed with methanol for 15 min at room temperature and washed twice with PBS. After blocking was completed, sections were co-incubated with anti-FN (Abcam, USA), anti-E-cadherin (Abcam, USA), anti-p65 (CST, USA), anti-ubiquitin (Santa Cruz, USA) and anti-IκB-α (CST, USA) overnight at 4°C. Next, the cells were stained with 4,6-diamidino-2-phenylindole (DAPI) to visualize the nuclei and washed twice with PBS. Finally, cells were detected under a Nikon Eclipse 80i microscope (DS-Ri1, Nikon, Shanghai, China).



Wound Healing and Transwell Migration Experiments

HK2 cells that had been treated with TNF-α were seeded into 6-well culture plates. For the wound-healing experiment, a straight scratch was made in the cell monolayer with a 200-μl pipette tip when the cells were 90% confluent. DMEM/F12 with 10% fetal bovine serum (FBS) was changed to serum-free DMEM/F12 (DFSF) for 24 h. The scratch was examined and photographed under a light microscope, and the cell-free area was quantified using the ImageJ software.

For the Transwell migration assay, the cells were seeded into the upper chamber of 24-well Transwell plates with 200 μl of medium. Then, the lower chamber was filled with 600 μl of 10% FBS-supplemented DFSF, and the HK2 cells were cultured for 12 h. Subsequently, the cells on the upper surface of the chamber were removed using a cotton swab. The cells on the bottom surface were fixed in 4% paraformaldehyde (PFA) for 30 min and stained with 0.1% crystal violet for 10 min. The migrated cells were photographed under a microscope, and the images were analyzed using ImageJ software.



Cell Culture and Treatment

The HK2 cells were purchased from KeyGEN BioTECH (Nanjing, China). The cells were cultured in DFSF medium containing 10% FBS (Gibco, Carlsbad, CA, USA) at 37°C with 5% CO2, supplemented with 1% penicillin-streptomycin. HK2 cells were seeded on six-well culture plates for 24 h in complete medium containing 10% FBS. After starvation with DFSF for 16 h, the cells were modulated with TNF-α (50 ng/ml, Peprotech, Rocky Hill, NJ, USA) and/or EVR (5, 10, 50, and 100 nM, Selleck, Houston, TX, USA) for 48 h. In some experiments, cells were pretreated with CQ (20 μM, Selleck, Houston, TX, USA) or protein kinase B (Akt) inhibitor MK2206 (10 μM, Selleck, Houston, TX, USA) or QNZ (100 nM, Selleck, Houston, TX, USA) for 2 h before the addition of TNF-α and/or EVR. The cells were then collected for different assays. For small interfering RNA (siRNA) transfection assay, HK-2 cells at 80% confluence were transfected with Skp2-specific siRNA by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the instructions. Then, cells were treated as previously described after transfection for 6 h. The siRNAs were obtained from HanHeng Biotechnology (Shanghai, China). All the experiments were repeated at least three times.



Western Blot and Coimmunoprecipitation Assay

Cells and kidney tissue were lysed by RIPA lysis buffer containing cocktail protease inhibitors for 30 min on ice. To isolate nuclear proteins, HK-2 cells were collected and nuclear were extracted according to the instruction of Nuclear and Cytoplasmic Extraction kit (KeyGEN BioTECH, Nanjing, China). Proteins from HK-2 cells and rat tissues were fractionated by electrophoresis on 8%–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, electroblotted to polyvinylidene fluoride filter membranes, and incubated with the primary antibody at 4°C. For the co-IP experiment, briefly, the cell supernatants were pre-treated with protein A/G agarose (Santa Cruz Bio-technology, sc-2003) beads for 1 h at 4°C. Then, 2 μg of the corresponding primary antibody was added to the supernatants overnight at 4°C. Next, 50 μl of protein A/G agarose was added for 4 h. The beads were washed more than three times using ice-cold PBS or cell lysis buffer, and the bound proteins were boiled in loading buffer for further analysis. The primary antibodies were as follows: anti-β-actin (CST, Danvers, MA, USA), anti-Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (CST, Danvers, MA, USA), anti-Histone H3 (CST, Danvers, MA, USA), anti-β-tubulin (CST, Danvers, MA, USA), anti-E-cadherin (SAB Biotech, College Park, MD, USA), anti-α-SMA (SAB Biotech, College Park, MD, USA), anti-FN (BD Biosciences, USA), anti-Akt (CST, Danvers, MA, USA), anti-phospho-Akt (CST, Danvers, MA, USA), anti-mammalian target of rapamycin (mTOR) (CST, Danvers, MA, USA), anti-Unc-like kinase 1 (ULK1) (CST, Danvers, MA, USA), anti-phospho-mTOR (CST, Danvers, MA, USA), anti-phospho-P70S6K (CST, Danvers, MA, USA), anti-IκB Kinase α (IKKα) (CST, Danvers, MA, USA), anti-phospho-IKKα (CST, Danvers, MA, USA), anti-IκB-α (CST, Danvers, MA, USA), anti-phospho-IκB-α (CST, Danvers, MA, USA), anti-nuclear factor kappa B (NF-κB) p65 (CST, Danvers, MA, USA), anti-phospho-NF-κB p65 (CST, Danvers, MA, USA), anti-ubiquitin (Santa Cruz, USA), anti-Smurf1 (SAB Biotech, College Park, MD, USA), and anti-Smurf2 (SAB Biotech, College Park, MD, USA). This step was followed by incubation with an anti-rabbit or anti-mouse secondary antibody (1:4,000; ZSGB-BIO, Beijing, China). GAPDH, β-actin, and Histone H3 were used to verify equal loading of proteins. The intensity of the indicated bands were measured by Image Lab software (Bio-Rad, Hercules, CA, USA).



Quantitative Real-Time Polymerase Chain Reaction

Total RNAs were extracted from tissues and cells with the RNA Extraction Kits (TIANGEN, Beijing, China). Detailed steps are described in (24). Gene expressions were measured by real-time PCR assay (Vazyme, Nanjing, China) and a DNA Engine Opticon 2 System (BioRad Laboratories, Hercules, CA, USA). Every experiment was repeated at least three times. The specific primers used were as follows:

NFKBIA: 5′‐CTCCGAGACTTTCGAGGAAATAC‐3′ (F)

5′‐GCCATTGTAGTTGGTAGCCTTCA‐3′ (R)



Electron Microscopy

The samples were fixed with ice-cold glutaraldehyde (3% in 0.1 M cacodylate buffer, pH 7.4) and further processed by the Core Facility (Servicebio, Wuhan, China). Observations were performed on a JEOL JEM-2100 transmission electron microscope.



Transcriptome Sequencing

Total RNA was used as input material for the RNA sample preparations. Sequencing libraries were generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) following manufacturer’s recommendations and index codes were added to attribute sequences to each sample.

Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer (5×). First strand cDNA was synthesized using random hexamer primer and M-MuLV Reverse Transcriptase (RNase H). Second-strand cDNA synthesis was subsequently performed using DNA Polymerase I and RNase H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase activities. After adenylation of 3’ ends of DNA fragments, NEBNext Adaptor with hairpin loop structure was ligated to prepare for hybridization. In order to select cDNA fragments of preferentially 250–300 bp in length, the library fragments were purified with AMPure XP system (Beckman Coulter, Beverly, USA). Then 3 μl of USER Enzyme (NEB, USA) was used with size-selected, adaptor-ligated cDNA at 37°C for 15 min followed by 5 min at 95°C before PCR. Then, PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers, and Index (X) Primer. Last, PCR products were purified (AMPure XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 system.



Statistical Analysis

GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analysis. Data were presented as means ± standard error of the mean (SEM) from at least three independent experiments. Comparison between and within multiple groups was performed using one-way analysis of variance followed by Student-Newman-Keuls test. p-values of <0.05 were considered significant.
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Class

Modified CX3CR1 Ligand
VHH Antibody to CX3CR1

Humanised monoclonal
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Small molecule inhibitor

Small Molecule Inhibitor
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Animal Models Reported
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Pharmacokinetics in cynomolgus monkeys
reported
Spinal Cord Injury
Multiple Sclerosis
Inflammatory Bowel Disease
Breast Cancer Metastasis
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Cell Type CX3CR1 Expression Chemotactic Response

to CX3CL1
Monocytes  Yes (higher on non-classical monocytes)  Yes (variable data regarding subset-
specific response)
Macrophages Yes Yes
Dendritic High expression by ¢DC, low or absent Yes (cDC)
Cells expression on pDC
T-cells Some subtypes Some subtypes
B-cells No No
NK-cells Yes Yes
Neutrophils No (MRNA expression reported) Varying Reports*

Adhesion Response
to CX3CL1

Yes

Not reported
Not reported

Some subtypes
No
Yes (after activation)
No

Other Responses to CX3CL1

Crawling on vasculature (nonclassical subset)
Survival via anti-apoptotic signalling in both
steady state and atherosclerosis
Maturation and survival
Maturation and survival

Cell survival in inflammatory lung disease
N/A
None reported
Possible cell survival role in steady-state

cDC, conventional dendritic cells; pDC, plasmacytoid dendritic cells; *Pan et al. reported an effect on neutrophil chemotaxis but this was not shown in subsequent studies, Becker et al.

suggested a possible role ir

in vivo recruitment (28).
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Source Immunomodulatory ability'

Bone marrow +

Umbilical cord +H+

Placenta +++

Adipose tissue ++

"Higher number of + represents a stronger degree.

Proliferation potential’

o

+++

o+

++

Clinical application characteristics

The related research started earlier and is more thorough.

The number of cells that can be extracted is relatively small.

The passage ability that can maintain the characteristics is weak.

The number of extractable cells is obviously more than that of bone marrow.

Strong ability of passage.

No ethical limit.

The number of extractable cells is more than that of umbilical cord and bone marrow.
No ethical limit.

Easy to get relatively large number of cells from rich resource of adipose tissue.
Whether the cells can adapt to the environment in vivo remains to be further studied.
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Authors Title Year EVs source AKI model Intervention Effects

Lee, JH et al. (128) Reproducible large-scale isolation of exosomes fom 2020  Adipose tissue-derived ~ Cisplatin-induced Al Produce ASC-EVs with EV yield1; EV qualityt
adipose tissue-derived mesenchymal stem/stromal MSCs tangential flow fitration
cells and their application in acute kidney injury
Cao, Jet al. (127) Three-dimensional cuture of MSCs produces 2020  Fresh human umbilical ~ Cisplatin-induced AKI ~ Produce MSC-EVs witha  EV yield; EV quality; therapeutic efficacy1;
exosomes with improved yield and enhanced cord-derived MSCs hollow fiber bioreactor- collection efficiency1; efficiency of TECs
therapeutic efficacy for cisplatin-induced acute kidney based three-dimensional  uptaket
injury culture system
Ulah, M et al. (129) Reversing acute kidney injury using pulsed focused 2020 Bone marrow-derived  Cisplatin-induced Al Combine pFUS pretreatment  No significant improvement in homing abilty
ultrasound and MSC therapy:  role for HSP-mediated MSCs of the kidney with MSC- of EVs; kidhney injury markers|; renal
PISK/AKT signaling derived EVs functionl; inflammation|; apoptosis|; cell
profferationt
Ulah, M et al. (130) HSP70-mediated NLRPS inflammasome suppression 2020 Bone marrow-derived  Cisplatin-induced Al Combine pFUS pretreatment HSP701; NLRPS inflammasomelIL-11; IL-
underiies reversal of acute kidney injury following MSCs of the kidney with MSC- 181; therapeutic eflects of MSC-EVst; anti-
extracellular vesicle and focused ultrasound derived EVs inflammation; cel regenerationt
combination therapy
Ulah, M et al. (131) Pulsed focused utrasound enhances the therapeutic 2020 Bone marrow-derived  Cisplatin-induced AKI  Combine pFUS pretreatment - MAPK/ERKI; PI3K/AktT; eNOST; SIRT31;
effect of mesenchymal stromal cel-derived MSCs of the kidney with MSC- Kidney injury markers!; renal function!;
extracellular vesicles in acute kidney injury derived EVs inflammation; apoptosis}; cel
proiferationt; survivalt
Zhang, C et . (77) Supramolecular nanofibers containing arginine-glycine- 2020 Human placenta- Ischemic reperfusion  Precondition EVs with RGD  Stabilty and retention of MSC-EVst; anti-
aspartate (RGD) peptides boost therapeutic efficacy of derived MSCs injury-induced AKI peptides fibrosis in the chronic phaset; kidney
extracelular vesicles in kidney repair injury; cel prolferationt; EV integrin-
mediated loading?
Liu, Y etal. (132) Enhanced therapeutic effects of MSC-derived 2020 Human placenta- Ischemic reperfusion  Preconition EVs with Anglogenesist; apoptosis|; stabilty and
extracelular vesicles with an injectable collagen matrix derived MSCs injury-induced AKI collagen matrix retention of MSC-EVst; therapeutic
for experimental acute kidney injury treatment efficacyt
Alzahrani, FA et al. (133)  Melatonin improves therapeutic potential of 2019 Bone marrow-derived  Ischemic reperfusion  Precondition EVs with Kidney damagel; inflammation; renal
mesenchymal stem calls-derived exosomes against MSCs injury-induced AKI melatonin regenerationt; angiogenesist; anti-
renal ischemia-reperfusion injury in rats oxidationt; oxidative stress)
Zhang, ZY etal. (134)  Oct-4 enhanced the therapeutic effects of 2020 Human umbiiical cord-  Ischemic reperfusion  Overexpress Oct-4 by Apoptosis!; Scrl; BUNJ; renal fibrosisl;
mesenchymal stem cell-derived extracellular vesicles in derived MSCs injury-induced AKI lentiviral vector transduction  renal tubular epithefial cell prolferationt

acute kidney injury

EV, extracellular vesicle; MSC, mesenchymal stem cell: AKI, acute kidney injury; FUS, pulsed focused ultrasound; HSP70, heat shock protein 70; NLRP3, NLR Family, Pyrin Domain Containing Protein 3; I, interleukin; TEC, tubular epithelil
cal: RGD, aninine-ghcine-aspartate: MAPK. milogen-activated protein kinase; ERK. extraceltar regulated profein kinase: Scr. serum creatinine; BUN. blood urea nitrogen: eNOS, enidothelial nitric oxide synthase.
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Immune system Mechanism of IR-induced AKI (e.g., organ grafting) Mechanism of drug-induced AKI (e.g., cisplatin)
component

T cells CD8" cells have no obvious pathogenic effect in IR injury (20). Inhibition of CD8" can significantly improve kidney damage (20).

Dendritic cells Higher proportion of mature dendritic cells, antigen presentation effect and  Higher proportion of immature dendritic cells, promote kidney repair
pro-inflammatory response (21, 22). (23).

Neutrophils Infiltration at the injury site, but inhibition of neutrophils can significantly Infiltration at the injury site, but inhibition of neutrophils cannot
reduce kidney damage (24). significantly reduce kidney damage (25).

Macrophages Macrophages have similar actions in drug-induced and IR-induced AKI. M1 cells are the dominant cells in damage stage; M2 cells play a role in

tissue repair (26).
Complement system  The mechanism of action of the complement system in drug-induced and IR-induced AKI involves the activation of C5a/C5aR-NF-kB pathway
@7).

Cytokines/pathway  The levels of IL-11 increase (28). The levels of IL-11 do not increase (28).
Inhibition of IL-18 can significantly prevent kidney damage (29). Inhibition of IL-18 cannot significantly prevent kidney damage (29).
CCLS and IL-1a slightly increase (28). CCLS5 and IL-1a. significantly increase (28).
Inhibition of TNF-o. cannot significantly reduce kidney damage (28). Inhibition of TNF-o. can significantly reduce kidney damage (28).
NLRP3 pathway is the key pathogenesis of inflammation (30). NLRP3 pathway is less important (30).

AKI, acute kidney injury; C5a, complement component 5a; C5aR, complement component 5a receptor; CCL5, C-C motif chemokine ligand 5; IL, interfeukin; IR, ischemia-reperfusion; M1,
pro-inflammatory macrophages; M2, anti-inflammatory macrophages; NF-xB, nuclear factor kappa B; NLRP3, NLR family pyrin domain containing 3; TNF, tumor necrosis factor.
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Target gene Forward Primer (5’-3’) Reverse Primer (5’-3’) Size (bp)

Human

FOLR1 ACTGGACTTCAGGGTTTAACAAG GTAGGAGTGAGTCCAGATTTCATT 110
RFC ATGGTGCCCTCCAGCCCAGCGGTG TCACTGGTTCACATTCTGAACACC 1780
PCFT ATGCAGCTTTCTGCTTTGGT GGAGCCACATAGAGCTGGAC 100
Sp1 GCCTCCAGACCATTAACCTCAG TCATGTATTCCATCACCACCAG 148
IL-6 AGGAGACTTGCCTGGTGAAA GTCAGGGGTGGTTATTGCAT 182
B-actin AGATCAAGATCATTGCTCCTCCT GATCCACATCTGCTGGAAGG 95
Rat

FOLR1 CGGAGACAAGGGTAGGTGTG TTGAGAAGTTCGGTCCTGGC 166
RFC CATGCTAAGCGAACTGGTGA TTTTCCACAGGACATGGACA 122
PCFT AAGCCAGTTATGGGCAACAC GGATAGGCTGTGGTCAAGGA 300
Sp1 GGCTACCCCTACCTCAAAGG CACAACATACTGCCCACCAG 103
NGAL GATCAGAACATTCGTTCCAA TTGCACATCGTAGCTCTGTA 91
IL-6 CCGGAGAGGAGACTTCACAG ACAGTGCATCATCGCTGTTC 161
B-actin ACAACCTTCTTGCAGCTCCTC GACCCATACCCACCATCACA 198

FOLR1, folate receptor 1; RFC, reduced folate carrier; PCFT, Proton-coupled folate transporter; Sp1, Specificity protein-1; NGAL, neutrophil gelatinase-associated lipocalin; IL-6,

interleukin-6.
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24 renal allograft biopsies in 4 groups
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1LDat7days) paired
6 DD at 30 min 6DDat3M
‘Whole-geneome expression profiling
47,231 probes targeting 28,688 annotated genes
1

18t gPCR validation of microarray analysis

20 genes in 24 microarray samples

2nd gPCR validation of biomarkers

33 additional Renal allograft biopsies;

2
6LDat30minf~ = —18LDat3M
i unpaired 3
6DD at 30 min |==|13DDat3M
Serum creatinine at 1-7 Sirius red staining
days, 1,6,128&24M

at30min, 3 & 12 M,
39 gPCR further identifying biomarkers

33 additional Renal allograft biopsies
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Molecules Involvement mechanism in Immune system Clinical applicability for AMR control Reference

CD38 Support of B cell activation and proliferation as co-receptors for  Daratumumab (humanized, CD38-targeting antibody) reduce DSA level (175-179)
cytokine receptors and inhibit apoptosis of GC B cell through rapidly and extent graft survival
phosphorylation of CD19
Reduction of plasma cells in the BM
CD40 Support of proliferation and survival B cell through CD40/CD40  Inhibiting signaling through the CD40/CD40 L pathway inhibits B cell (180, 181)
ligand interaction activation, suppresses plasma cells differentiation, and suppresses TD
antigen-specific IgG production
Blocking the CD28/B7 and CD40/CD40L interaction at the same time
delay or prevent allograft rejection

TACI Inhibition of B cell expansion. Atacicept is effective in the reduction of DSA levels and extension of graft (172,
Regulation of serum BAFF level survival 182-185)
Promotion of GC B cells apoptosis TACI mRNA expression level significantly unregulated in chronic AMR
Promotion of plasma cells survival and differentiation, and compared with graft function stable and healthy donors in renal
antibody production transplants

BCMA Induction of the antigen presentation response Elevation of BCMA level is an effective biomarker for the development (66, 172,
Support the survival of late memory-B cell and all plasma cells by  of de novo alloantibody responses in a mouse skin allograft transplant 186-189)
binding APRIL mouse model

BCMA mRNA expression level significantly unregulated in chronic AMR
compared with graft function stable and healthy donors in renal transplants

APRIL, A proliferation inducing ligand; AMR, Antibody-mediated allograft rejection; BAFF, B Cell Activating Factor; BCMA, B-cell maturation antigen; BM, Bone marrow; CD40L, CD40
ligand: DSA, Donor-specific HLA antibody; GC, Germinal center: TACI, Transmembrane activator and calcium-modulating cyclophilin ligand interactor; TD, Thymus-dependent.
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Cytokine Involvement of cytokines in the
immune system

IL-2 Plasma cell generation

IL-6 Support of B cell growth and survival
including isotype switching,
spontaneous germinal center
formation, and IgG production
Induction of IL-10-producing B cells
Induction of Th 17 cell differentiation

IL-7 Support of B cell development,
immunoglobulin gene rearrangement
Induction of Th17 cells
Extension of the function of FoxP3 (+)
natural regulatory T cells

IL-10 Down-regulation of antigen-specific T
cell response
I-15 Support of B cell proliferation and

antibody production
Induction of regulatory CD8 (+) CD122
(+) T cell and NK cell-derived IFN-
gamma
Inhibition of pathogenic Th17-cell
differentiation,

IL-21 Support of plasma cell differentiation,
Support of IL-10-producing regulatory
B cells differentiation

IL-35 Induction of IL-10 producing B cell
Expansion of regulatory B cell and
regulatory T cell
Antagonizing Th1/Th17 responses

TNF-o. Augmentation of B-cell proliferation,
polyclonal B-cell, B cell malignancies
Development of germinal center B cell
Generation of extra follicular T-bet (+)
B cell

TGF-beta  Induction of immune tolerance
Inhibition of antibody production
Enhancement of FoxP3 and CTLA-4
expression in Tregs

BAFF Promotion of B cell growth and
survival, and antibody production
Maintenance of survival of high-affinity
B cell clones

Clinical applicability for AMR control

Extension of heart allograft survival by IL-2 gene expression inhibition in a mouse model

Tocilizumab (anti-IL -6 receptor monoclonal antibody) showed significant improvement in graft survival,
function, and DSA reduction 6 months after the treatment in chronic active AMR

Clazakizumab (anti-IL-6) showed significant reduction of DSA levels and the suppression of AMR
activity, progression

Anti-IL-7 monoclonal antibody targeting IL-7 receptor o. showed extension of allograft survival and
induction of allograft tolerance in heart transplants and promotion of long-term allograft survival by IL-7
inhibition in combination with T cell depletion synergized with either CTLA-4 Ig administration or
tacrolimus in pancreatic islet allografts

Circulating IL-10 (+) Breg levels indicate the AMR resistance after kidney transplantation

Antagonistic mutant IL-15/Fc fusion protein (miL-15/Fc) is effective in the prevention of allograft
rejection induce antigen-specific tolerance in minor histocompatibility complex-mismatched recipients
and extend cardiac allograft survival in fully MHC-mismatched recipients

IL-15 is a biomarker of acute and chronic allograft rejection

Anti-IL-15 therapy is effective in the prevention of acute and chronic allograft rejection using classic
immunosuppression

The administration of IL-21 receptor fusion protein (R-Fc) prevents chronic cardiac allograft
vasculopathy in a heart allograft transplant mouse model

Frequency of donor-specific IL-21 producing cells is effective as a biomarker for the prediction of
rejection

IL-35 gene therapy prolonged graft survival in a mouse heterotopic abdominal heart transplantation
model combined with a methyltransferase inhibitor treatment

Serum level of TNF-a. is associated with histologically findings and is eflective as a biomarker for AMR
development

Anti-TGF-beta antibody treatment significantly reduces chronic rejection and prevent dysfunction of
renal allografts in rats

Belimumab, a human monoclonal antibody that inhibits BAFF, removes complement-binding anti-HLA
class | and class Il antibody in pre-HLA sensitized patients

Elevation of perioperative BAFF level predicts the risk of acute AMR development

The BAFF mRNA expression level significantly unregulated in chronic AMR compared with graft
function stable and healthy donors in renal transplants

Reference

(137-139)
(140-149)

(150-153)

(154-161)

(162-164)

(165-167)

(154-161)

(168-170)

(48, 154-
161)

(171-174)

AMR, Antibody-mediated allograft rejection; BAFF, B Cell Activating Factor; CTLA-4, cytotoxic T-lymphocyte(associated)antigen 4; DSA, Donor-specific HLA antibody; HLA, human
leukocyte antigen; IFN, Interferon; IL, Interfeukin; MHC, major histocompatibility complex; NK cell, Natural killer cell; TGF-beta, Transforming Growth Factor-beta; Th, T helper; TNF, Tumor

Necrosis Factor.
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Involvement mechanism in Immune system
Effocts on The Call Cyclo

Inhiiton of ol dvison, el rofferaton, and angogenesis through
nibiton oftho phosphoryaton of mammalan targets of apamych

and formation of a complex with the FKS08-binding prote (FK@p)-12

Inhiiton of DNA sythesis i mphocytos trough ihdiion of the

actiy of IMPDH 2 and reduction of the sizes of mtracokar pools o

uanosie nuciectide
Effects on Molecules Expressed By B Cells

Inducton of 8 cel apoptoss hrough binding to CDS2, whch s
froquenty expressed by 8 cels

Inducton of CD20 () B os apoptosi teough s binding to CD20,
which s found on mature B cel

Effects on Antibody-producing Cells and Antibody

Inducton of apoptoss of antbody-producing ool xough inbiting the

proteasomo.

Removalof antHLA antbodies through the cleavage of G at

Spedic amino acd sequence wilhn the hnge regon and reducton of

antbody producing cels
Effects on Antibody-Receptor
Inducton of mature B cal apoptosis

Suppression of pofiammatory ytokine production such a tha of

TNF-a tiough the nactation of macrophages medited by FOR.
Dlocking

Effects on T Calls

Inaciiaton of the calcneurin-dependent NFAT pttway and T cels
hvough the formation o 2 compiex vith cyckophern or FKS0S
Inducton of T cels depletion

Inducton of T cals depltion trough reaction with the achain (CD25)

ofthe L2 receptor expressed by Tcels

Effects on The ostimulatory Signaling
Reducton of antgen-challenged 8 ool
naciivaton of T ool

nititon of Treg expansion

Inaciivaton of T el hvough nhibison of CD28-medated costimuatory

‘signals by binding to CDBO/CDBG on the suface of APCs.
Effects on The Comploment System
Blocking membeane attack compiex fomation and s ucton

Inaciiaton of G and G proteases i the C1 complex of cassical

patiway of complmen.

Glinical roe for AMR control

Increased sk orthe development of DSA and AMR by
oveoimus based mmuncsuppresson

Increased sk or the development of de novo DSA by eary.
conversion of CNi o everoimus

No efec on the sk of e novo DSA development by late
conversion of s to vcioimus.

Induction of Tregs

Reducton of ant-HLA class | and Il antbody prodcion
Improvement of ptient and grat sunival an ecucion of
ejection epsode whle usig with CaA and sterods

Reducton of inidenco of o novo DSAs and AVR
‘development by Aermiuzumab nducton therapy.
Reducton of e isk of AMR by using Aemiuzumab
inducton theapy combined ith beatacept and raparmyc
Improvement o suvival n carcac alogralt AMR
Reducton of DSA levels-and mirooicuition nfarmmaton
after ate AV by usg wih sterordg

Maintenance of renal gt survival ater e oocustencs of
AMR vith high probabiy using combined wihrtudnab
‘and methyreciisoons, and pasmephiresis

Reducton of DSA eels and preventon of AV
sonsitzed patents wih crossmatchposiive and dloated
DSAin cardiac transplant

Reducton of antHLA antbodies vl

Reducton of DSA vl and C4d depositon tensty afer
acute AMR using plasmapheresis and ropeated nfusons of
Vg

Provention of 8 novo DSA formation

Depltion of 0S4
No efec on the vascuar AMR outcom and transpiant
prognosis mprovement
Provention of the efction doselopmant, especalyin
ddney vansplaniation

Depleionof plasma cels produsing DSA and reduction of
DSAleves n active AVR.

Extension of graftsurvivalwith combined bortezomi se
2 sonsitzed animal Kicey transplant model

Improvement of Kstopathology and transplanted gratt
functon and prevention of eary active o chvonic AVR
development i posiive crossmatch HLA ncompatio

Proventon of AMR development trough IRIDGF
caianiion
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(A) Demographic and cinical characteristics of 12 patients for microarray analysis.
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2 previously validated genes (CASP3 and CASP1) and 3 unchanged genes (UBC, PGK1 and HPRT1) were also included.

Name

SERPINA3
SLPI
VCAN
TIMP1
GSTM1
CFB
FGA
FOS
CCND1
DUSP1
cXxscL1
VHL
CD14
ACTRT1
ARRDC4
TMEM149
DBI
UNCSCL
DARC
SOST
CASP3
CASP1
UBC
PGK1
HPRT1

Forward sequence

CTGACCTGTCAGGGATCACA
AATGCCTGGATCCTGTTGAC
CAAGCATCCTGTCTCACGAA
CTTCTGGCATCCTGTTGTTG
TCGTGTGGACATTTTGGAGA
AAGCTGACTCGGAAGGAGGT
AGCCGATCATGAAGGAACAC
GAGAGCTGGTAGTTAGTAGCATGTTGA
CCTGTCCTACTACCGCCTCA
GTACATCAAGTCCATCTGAC
TCTGCCATCTGACTGTCCTG
AGGTCACCTTTGGCTCTTCA
CGACCATGGAGCGCGCGTCCTG
GCGTGGACTGGTAACAGGAT
TCCCACCTGTTACTCCATCC
GAGGTGCTGGAAGAGCTGAT
TGGCCACTACAAACAAGCAA
AGCTGCGGATGTTATTGGAG
CTGATGGCCCTCATTAGTCC
TGCTGGTACACACAGCCTTC
AGAACTGGACTGTGGCATTGAG
GCTTTCTGCTCTTCCACACC
ATTTGGGTCGCGGTTCTTG
AAGTGAAGCTCGGAAAGCTTCTAT
GCCAGACTTTGTTGGATTTGA

Reverse sequence

TGCAGAAAGGAGGGTGATTT
AAAGGACCTGGACCACACAG
CAACGGAAGTCATGCTCAAA
AGAAGGCCGTCTGTGGGT
GGGCTCAAATATACGGTGGA
TCCACTACTCCCCAGCTGAT
AAAAGCCATCCTCCCAAACT

AATTCCAATAATGAACCCAATAGATTAGTTA

CCAGGTCCACCTCCTCCT
GGTTCTTCTAGGAGTAGACA
CTGTGCTGTCTCGTCTCCAA
TGACGATGTCCAGTCTCCTG
GGCATGGATCTCCACCTCTA
TGACACAGGCAGAGGCATAG
CCACATCTGCATAATTTGGTG
CTTGCCACCACCATCTCAAT
TGGCACAGTAACCAAATCCA
TGACGGTCATGAGGTAGTGC
CTCCATCTGGGAAGGAATCA
GTCACGTAGCGGGTGAAGTG
GCTTGTCGGCATACTGTTTCAG
CATCTGGCTGCTCAAATGAA
TGCCTTGACATTCTCGATGGT
AGGGAAAAGATGCTTCTGGG
ATTTTGCTTTTCCAGTTTCACT
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E-cadherin
0-SMA
TGF-B1
Snail

GAPDH

Primers

F: 5-TGGAGAGACAGGAGGAAATAGC-3’
R: 5'-CAGTGACAGCATACAGGGTGAT-3’
F: 5-GAGAGAGCATGACCGATGGA-3'

R: 5’-CGTGCTGTAGGTGAATCGAC-3'

F: 5'-CAGGTCTCCTCATGGCTTTGC-3'

R: 5’-CTTCCGAAAAGAAGGCTGTCC-3
F: 5-GTCCCAGACATCAGGGAGTAA-3’
R: 5'-TCGGATACTTCAGCGTCAGGA-3’
F: 5-CTCCCGTGGCTTCTAGTGC-3'

R: 5'-GCCTTAGTTTGGACAGGATCTG-3
F: 5-CACACGCTGCCTTGTGTCT-3'

R: 5’-GGTCAGCAAAAGCACGGTT-3'

F: 5'-TCACCATCTTCCAGGAGCGAGAC-3’
R:5’-TGAGCCCTTCCACAATGCCAAAG-3'
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Subsets Mouse Human Reference
Transitional 2 marginal zone precursor B cells (T2-MZP cells) cb19*cp21M CD23*sigM™ (46-49)
CD23*CD24" slgD*CD35"
IgMMigD*
Marginal zone B cells CD19*CD23'CD21* - (50-52)
B10 cells cbs*eD1d CD5*CD1d"/ (51, 53-57)
cD24"cD27*
CD1d" B cells cD19*CD1d™ cD19*CD1d" (58, 59)
Plasma cells/plasmablasts CD138*CD22° CD27"CD38* (21, 60, 61)
Peritoneal Bla B cells CD19*CD5* - (50, 62)
CD11b*
Tim-1* B cells CD19*Tim-1* CD19*Tim-1* (37, 63-66)
Immature B cells - CD19*CD24" (67-73)
cpag"
Circulating B cells - CcD19*CD25" (74)

cp27"cpid"cDes™
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Forward 5'to.3'

GAARTGCCACCTITIGACAGTG
TAGTOCTTCCTACCOCAATITOC
GCTCACACTCAGATCATCTTCT
CTCOCGTGACTICTAGT
TGTTTCOGTGGAGACGOAAG
CICTGTICAGCTATIGGACGG
‘GGTCTCAACCOOCAGCTAGT
GCTCTTACTGACTGGCATGAG
TICCTGOTGTTICTOITACACCT
ACCTGCTGCTACTGATICAC
AGGAGCTGTCATTAGGGACATC.
TGTTTCCTGCCTCTGAAG
AGTIGGGGATTCGGTTGTICT
GCTTOGTGAAGGGTIGEGE
TCATGTICTOGATACOCTTGGT
CACACGCTGOCTTGTGTCT
CCAGTTTGICAGAGGGAGCC
AATGGATTTGGACGCATTGGT

Reverse 5’ 103"

TOGATGOTCTOATCAGGACAG
TIGGTCCTTAGOCACTCOTTC
GOTACGACGTGGGOTACAG
GCCTTAGTTTGGACAGGATCTG
TIGAGCCTTTGTAAATGGGCA
CGGAATTTCTGGGATTCAGCTTC
GCOGATGATCTCTCTCAAGTGAT
OGCAGCTCTAGGAGCATGTG.
CTGTCTGOCTOTTTIGGTCAG
TIGAGGTGGTTGTGGAMAG
CTCCAAGOOAMGTOCTTAGAG
CTTCGTTTGIGATOCTO0G
CCCCTCATICOTTAGOAGSS
CGGATGARATAGGATIGTGGGG
ARACTGOGAGTGGGGTCAG
GGTCAGCAAAAGCACGGTT
GGACAGGTGGACGAAGICAS
TTTGCACTGGTACGTGTTGAT
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Gene Primer Forward Sequence (5’-3’) Reverse Sequence (5-3’)

B-actin GCTTCTTTGCAGCTCCTTCG GGCCTCGTCACCCACATAG

INOS GACATTACGACCCCTCCCAC GCACATGCAAGGAAGGGAAC

TNF-ou CACCTGGCCTCTCTACCTTG CGATTACAGTCACGGCTCCC

MCP-1 TTGACCCGTAAATCTGAAGCTAAT TCACAGTCCGAGTCACACTAGTTCAC
Arg-1 ACATTGGCTTGCGAGACGTA ATCACCTTGCCAATCCCCAG

IFN-y CACGGCACAGTCATTGAAAG CATCCTTTTGCCAGTTCCTC

IL-10 CCAAGCCTTATCGGAAATGA TCCTGAGGGTCTTCAGCTTC

IL-17 GTCCAAACACTGAGGCCAAG ACGTGGAACGGTTGAGGTAG

iINOS, inducible nitric oxide synthase; TNF-e;, tumor necrosis factor o; MCP-1, monocyte chemoattractant protein-1; Arg-1, arginase-1; IFN-y, interferon gammay; IL-10, interfeukin 10;
IL-17, interleukin 17.
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Antibody name Source Catalogue number Dilution
Antibodies used for flow cytometry

F4/80 Biolegend 123116 (0.5pg)/test
CD11b BD Pharmingen 560455 (0.5pg)/test
CD86 Biolegend 105005 (0.5ug)/test
CD206 (MMR) eBioscience 25-2061-82 (0.5ug)/test
IL-4 BD Pharmingen 554389 (0.5ug)/test
CD4 Biolegend 100516 (0.5ug)/test
Foxp3 Biolegend 126419 (0.5pg)/test
Antibodies used for IHC

Anti-CD68 Abcam ab201340 1:400
Anti-MCP1 Abcam ab7202 1:100
HRP conjugated Goat Anti-Mouse IgG (H+L) Servicebio GB23301 1:200
HRP conjugated Goat Anti-Rabbit IgG (H+L) Servicebio GB23303 1:200
Antibodies used for IF

IL-17 antibody Santa Cruz 374218 1:100
Foxp3 antibody Santa Cruz 53876 1:100
IFN-y antibody R&D AF-585-NA 1:100
Anti-Mannose Receptor antibody Abcam ab64693 1:100
Anti-F4/80 antibody Abcam ab16911 1:100
Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) preadsorbed Abcam ab150081 1:1000
Cy3-labeled anti-mouse antibody Beyotime A0521 1:200
NL557-labeled anti-Goat antibody R&D NLOO1 1:200
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Index db/m
BW(g) 25.38 + 2.68
UACR (mg/g) 893 +4.14
FBG (mmol/L) 6.27 + 0.98
TC (mmol/L) 2.15+0.36
TG (mmol/L) 1.37 £+ 0.95
LDL-C (mmol/L) 0.20 £ 0.05
HDL-C(mmol/L) 1.08 +.0.21
BUN (mmol/L) 9.89 +2.21
SCr (umol/L) 10.00 + 1.90
UA (umol/L) 224.30 + 64.48
ALB (g/L) 4212 +3.14

db/db

59.18 + 2.60"*
290.33 + 73.20"*
33.22 +0.08"

5.12 + 4.22%
162 +0.81

0.37 + 0.09"*
1.99 +0.42
942+ 196
8.40 = 3.36

317.40 + 97.57"
46.04 + 8.51

db/db +HHPS

4466 + 8.39"
129.61 + 45.85™
28.53 + 4.31*
3.49 + 3.32"
1.97 +0.85
0.25 + 0.07*
1.90 +0.39
8.51 +1.86
9.38 £ 2.07
352.25 + 64.67
44.23 +8.49

db/db +LHPS

47.14 £ 9.67*
121.89 + 65.09"
29.41 £ 2.42*
3.74 + 351
1.95+0.74
0.19+0.07"
1.97 + 047
8.61+1.85
8.50 £ 3.30
376.50 + 75.92
45.18 £ 2.38

db/m: normal mice; db/db: treated with vehicle solution; LHPS and HHPS: db/db mice were treated with 40 or 80 mg/kg/d Hyperoside for 12 weeks after DM establishment respectively.

Data are presented as mean + SD. n=6-7. *P < 0.05 vs db/m mice; **P < 0.01 vs db/m mice; *P < 0.05 vs db/db mice; *'P < 0.01 vs db/db mice.

BW, body weight; UACR, urine albumin creatine ratio; FBG, fasting blood glucose; TC, total cholesterol; TG, Triglyceride; LDL-C, low density lipoprotein cholesterol; HDL-C, high density

lipoprotein cholesterol: BUN, blood urea nitrogen; SCr, serum creatinine; UA, uric acid: ALB, serum albumin.
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